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’ INTRODUCTION

Radiotherapy with radionuclides is common to treat various
cancer types such as thyroid cancer.1,2 For such radiotherapy,
mostly β� emitters are used.1,3 Radioactive decay of many radio-
nuclides (e.g., 111In, 125I, or 99mTc) is accompanied with emission
of several so-called Auger electrons (AEs) with relatively low
energy, which are emitted during reorganization of the electron
shell of the atom after decay. Since a charged particle, like an
electron, loses its energy in material most effectively (i.e., has the
highest linear energy transfer, LET) just before it completely stops
(“Bragg peak”4), AEs are biologically potent ionizing radiation
within a very short range in living tissue (typically ca. 100 nm2).
However, their very short range means that, if AE emitting radio-
nuclides are intended to be used as radiotherapeuticals, they must
be brought into cell nucleus and preferentially directly intoDNA, as
the main ionizing radiation biological target, to be effective by
inducing double-strand breaks.2,5,6 Especially advantageous in such
cases are AE emitter-bearing antisense oligonucleotides,7

nucleosides,5,6 and intercalators,8�11 e.g., 125I-iodinated daunoru-
bicin derivative,8�10 which target and accumulate the radionuclide
directly in DNA. Such isotopically labeled intercalators would be
extra beneficial in connection with drug delivery system (see
Figure 1), which would ensure selective targeted delivery of the
radionuclide into tumor tissue (first targeting by enhanced

permeation and retention - EPR - effect). Solid tumors sponta-
neously accumulate biocompatible polymers, polymer micelles,
liposomes, and nanoparticles of the <200 nm size due to the leaky
nature of the newly formed tumor neovasculature and poor or
missing lymphatic drainage in the solid tumor tissue. Polymer size is
thus the targeting mechanism here. This so-called EPR effect is
quite universal for many solid tumors. In the tumor tissue, an
intercalator bearing the radionuclide is released in its active form
(second targeting by pH or enzyme-triggered release). The inter-
calator then brings the radionuclide into the cell nuclei (third
targeting).Thiswoulddecrease themaindisadvantageof radionuclide
delivery system—radiation burden of healthy tissues during transport
into target tumor tissue—while keeping the advantage of the
possibility to follow the biodistribution by real time γ-imaging from
theprimaryγ-rays of the decay (which are far less biologically effective
thanAEs). To the best of our knowledge, the systemdescribed in this
paper is the first one of this type in the literature to date.

In this paper, we describe a newpolymeric systemwithAE emitter
125I covalently bound in the form of DNA-intercalating ellipticine
(5,11-dimethyl-6H-pyrido[4,3-b]carbazole) derivative 1-(9-iodo-
5,11-dimethyl-6H-pyrido[4,3-b]carbazol-2-ium-2-yl)-2-butanone
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ABSTRACT: Radioactive decay of some radionuclides produces a shower of
Auger electrons, potent ionizing radiationwithin a very short range in living tissue
(typically ca. 100 nm). Therefore, they must be brought to DNA-containing cell
compartments and preferentially directly toDNA to be fully biologically effective.
They may be used for a triple-targeting approach (first targeting, polymer-based
system targeting into tumor tissue due to EPR effect; second targeting, pH-
controlled release of intercalator-bound Auger electron emitter in slightly acidic
tumor tissue or endosome; third targeting, into DNA in cell nucleus by the
intercalator) minimizing radiation burden of healthy tissues. We describe a first
system of this type, an ellipticine derivative-bound iodine-125 attached to
hydrazide moieties containing poly[N-(2-hydroxypropyl)methacrylamide].
The system is stable at pH 7.4 (0% intercalator released after 24 h incubation),
while iodine-containing biologically active intercalator is released upon decrease
of pH (25% intercalator released after 24 h incubation at pH 5.0—model of late endosomes). Both 2-N-(2-oxobutyl)-9-
iodoellipticinium bromide and the noniodinated 2-N-(2-oxobutyl)ellipticinium bromide are potent intercalators, as proven by
direct titration with DNA and ethidium displacement assay, and readily penetrate into cell nuclei, as proven by confocal microscopy.
They retain chemotherapeutical antiproliferative properties of ellipticine against Raji, EL-4, and 4T1cells with IC50 in the range
0.27�8.8 μmol/L. Polymer conjugate of 2-N-(2-oxobutyl)-9-iodoellipticinium bromide is internalized into endosomes, releases
active drug, possesses cytotoxic activity, and the drug accumulates in cell nuclei.
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conjugated to biocompatible poly[N-(2-hydroxypropyl)metha-
crylamide-co-1-N-(6-hydrazino-6-oxohexyl)-2-methylacrylamide]
(pHPMA-MAAcap hydrazide) via hydrolytically labile hydrazone
bonds. To study biological and physicochemical properties of
the system in detail and to compare the effect of iodination on
chemotherapeutical cytostatic effectivity, intracellular distribu-
tion, intercalation ability, and so forth, we synthesized, as models,
the system substituted with natural (stable) iodine and the system
with the ellipticinium derivative without iodine.

’EXPERIMENTAL PROCEDURES

Materials. No-carrier-added Na125I solution (24 GBq/mL)
was purchased form Lacomed Ltd. (Czech Republic). All other
chemicals were purchased from Sigma-Aldrich Ltd. (Prague,
Czech Republic). The 9-iodoellipticine (1b) was synthesized
by acetomercuration of ellipticine followed by the reaction with
iodine according to ref 12.
Quaternization of Ellipticine and 9-Iodoellipticine

(see Figure 2 for scheme). Ellipticine (1a, 10 mg, 0.041 mmol)
or 9-iodoellipticine (1b, 15 mg, 0.041 mmol), respectively,
and 1-bromo-2-butanone (25 μL, 0.245 mmol, 6 equiv)
were added to methanol (1 mL) and the reaction mixture was
stirred overnight at room temperature. Then, the reaction
mixture was evaporated under reduced pressure and recrystal-
lized from hexane-diethyl ether (2:1 v/v) to give 2a or 2b,
respectively.
Melting point temperatures were determined on a Kofler’ s

block (VEB Analytik Dresden, Germany). NMR spectra were
measured on a Bruker Avance MSL 300 MHz NMR spectro-
meter (Bruker Daltonik, Germany). UV/vis spectra were mea-
sured on a SPECORD 205 Spectrometer (Analytik Jena AG,
Germany).

2-N-(2-Oxobutyl)ellipticinium Bromide (2a). Yield 11 mg
(68%) of orange crystals, mp (hexane-diethyl ether 2:1 v/v) =
213�215 �C; Rf (ethanol�water 5:1 v/v) = 0.15; anal.
(C21H21N2OBr) C, H, N; 1H NMR (300 MHz, CD3OD)
δ ppm 9.46 (s, 1H), 8.05�7.91 (m, 3H), 7.44 (t, J = 7.5, 1H),
7.33 (d, J = 8.1, 1H), 7.17 (t, J = 7.5, 1H), 5.69 (s, 2H), 2.87�2.79
(m, 5H), 2.46 (s, 3H)1.21 (t, J = 7.2, 3H); 13C NMR (75 MHz,
CD3OD) δ ppm 203.94, 147.82, 145.79, 143.64, 134.30, 133.93,
132.56, 129.83, 127.34, 124.14, 123.25, 122.15, 121.26, 120.67,
112.44, 111.15, 68.12, 34.13, 15.29, 12.08, 7.53; MS (ESIþ): m/z
(relative intensity) 317.22 (100%, Mþ - Br�), 260.60 (6%, Mþ -
Br� - CH3CH2CO); UV (CH3OH) λmax, nm (ε): 295 (30482).
2-N-(2-Oxobutyl)-9-iodoellipticinium Bromide (2b). Yield

16 mg (88%) of orange crystals, mp (hexane-diethyl ether 2:1
v/v) = 135�137 �C; Rf (ethanol�water 5:1 v/v) = 0.16; anal.
(C21H20N2OBrI) C, H, N; 1H NMR (300 MHz, DMSO-d6)
δ ppm 12.29 (s, 1H, NH), 9.94 (s, 1H), 8.64 (s, 1H), 8.47 (d, J =
7.19 Hz, 1H), 8.27 (d, J = 7.27Hz, 1H), 7.89 (d, J = 8.37Hz, 1H),
7.47 (d, J = 8.42 Hz, 1H), 5.77 (s, 2H), 3.21 (s, 3H), 2.81 (s, 3H),
2.68 (q, J = 7.03 Hz, 2H), 1.03 (t, J = 7.19 Hz, 3H); 13C NMR
(75 MHz, DMSO-d6) δ ppm (DEPT - 135) 202.87 (0), 148.41
(þ), 146.16 (0), 143.30 (0), 138.37 (þ), 135.37 (0), 134.65 (0),
133.76 (þ), 130.36 (þ), 128.40 (0), 125.97 (0), 121.81 (þ),
114.81 (þ), 114.58 (0), 112.11 (0), 66.64 (-), 32.70 (-), 15.31
(þ), 12.25 (þ), 7.29 (þ); MS (ESIþ): m/z (relative intensity)
442.99 (100%,Mþ - Br�), 387.37 (8%, Mþ - Br� - CH3CH2CO),
316.19 (10%, Mþ - Br� -I); UV (CH3OH) λmax, nm (ε): 315
(27466).
Conjugation of 2a and 2b with pHPMA-MAAcap Hydrazide

(see Figure 2 for scheme). The pHPMA-MAAcap hydrazide
(weight average molecular weight Mw = 26.8 kDa, polydispersity
I =Mw/Mn = 1.87, whereMn is number-average molecular weight,
7.5 mol % hydrazide monomeric unit) was synthesized by radical

Figure 1. Scheme of triple targeting approach.
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copolymerization of 1-N-(2-hydroxypropyl)methacrylamide with
1-N-(6-hydrazino-6-oxohexyl)-2-methylacrylamide using azobis-
(isobutyronitrile) as an initiator according to ref 13. The solution
of pHPMA-MAAcap hydrazide (40mg), ellipticiniumderivative 2a
or 2b, respectively (10 mg) and acetic acid (100 μL) in methanol
(900 μL) was stirred at room temperature for 4 days. The polymer
was then isolated by gel filtration on Sephadex LH-20 column
(60 mL bed volume) using methanol as eluent, concentration of
polymer-containing fractions under reduced pressure, precipitation
into diethyl ether (5 mL), filtration, and drying. Yield 32 mg of 3a
and 38 mg of 3b, respectively.
The drug content was assayed by UV�vis spectrophotometry

in methanol using above-stated maximum wavelengths and
molar absorbtivities. Molecular weights of the polymers were
determined by gel permeation chromatography (GPC) in a
mixture of acetate buffer (pH 6.5, 0.3 mol/L) and methanol
(20:80 v/v) on a TSK 4000 column (Polymer Laboratories Ltd.,
U.K.) using a HPLC System Shimadzu (Shimadzu GmbH.,
Czech Republic) equipped with RI, UV, and multiangle light-
scattering DAWN DSP-F detectors (Wyatt, U.S.A.).
Synthesis of [125I]-2b and [125I]-3b. The [125I]-2b was

synthesized by the same method as nonradiolabeled 2b starting
from 3.0 mg of ellipticine with additional Na125I stock solution
(10 μL, 240 MBq) being added to nonradioactive iodine carrier.
Yield 2.5 mg (39% chemical yield after two steps) of [125I]-2b
containing 20.4 MBq 125I (8.5% radiochemical yield), i.e.,
specific radioactivity 8.2 MBq/mg.
Radioactivity of the product was measured on a ionization

chamber Bqmetr 4 (Empos Ltd., Czech Republic). Purity was
assayed byHPLCan a ShimadzuHPLC system (ShimadzuGmbH,
Czech Republic) using a reverse-phase column (Chromolith
Performance RP-18e 100� 4.6 mm, Merck Ltd., Czech Republic)
with UV�vis diode array detection. A mixture of water�
acetonitrile was used as the eluent at a gradient 0�100 vol %
and a flow rate of 2 mL/min. The product was homogeneous
(single peak, Rt = 9.06 min) with all radioactivity in the 2b peak
(the particular fraction was collected and compared to radioactivity
of the injected amount; nonradiolabeled 2b was used as standard).
Conjugation to polymer was done in the same way as for

the nonradiolabeled polymer, but using higher excess of polymer
(15 mg) to N-2-oxobutyl-9-iodoellipticinium (2.0 mg). Yield
15 mg of the conjugate containing 1.95 wt % 9-iodoellipticine
(UV�vis), 187 kBq/mg 125I.

In Vitro Drug Release Study. Solutions of the drug conjugates
(1mgmL�1, 1mL) in phosphate buffered saline of pH5.0, 6.5, and
7.4, respectively, were incubated in a water bath at 37 �C. At each
time point, a sample (10 μL) was taken from each solution, diluted
with drymethanol (990μL), and filtered through a 0.22μmsyringe
filter. Immediately after that, the amount of released ellipticinium
derivative was determined by gel permeation chromatography in a
mixture of acetate buffer (pH 6.5, 0.3 mol 3L

�1) and methanol
(20:80 v/v) on a TSK 3000 column (Polymer Laboratories Ltd.,
U.K.). UV�vis detection at absorbance maxima of the correspond-
ing free drugs, i.e., 295 nm for 2a and 315 nm for 2b, were used for
calculation of the drug release according to eq 1

r ¼ Sf=ðSf þ SpÞ � 100 ð1Þ

In eq 1, r is the released amount of drug in %, Sf is the peak area of
free drug (low-molecular-weight fraction) and Sp is the peak area of
polymer-bound drug (high-molecular-weight area). All experi-
ments were carried out in duplicate.
In Vitro DNA Intercalation Studies. To evaluate the inter-

calating ability of synthesized compounds, both direct titration of
DNA and ethidium bromide displacement assay by a modified
procedure according to reported method11 were used. In the direct
titration method, the concentration dependence of fluorescence
intensity of synthesized compounds with and without the presence
of DNA was determined. So, the different volumes of the solution
ofmeasured compound in phosphate buffer saline (pH= 7.4) were
added into two cuvettes with the 2 mL of phosphate buffer saline
(pH = 7.4) with and without calf thymus DNA (100 μg.mL�1).
After 5 min incubation at room temperature, the fluorescence
excitation and emission spectra of both samples were recorded in
the particular emission/excitation maxima.
In the ethidium displacement method, the binding affinity of

compounds to DNA was measured as the dependence of DNA�
ethidium bromide complex fluorescence intensity decrease with
ascendant concentration of the measured compound. Different
volumes of measured compounds were added to the cuvette
containing calf thymus DNA (100 μg.mL�1) and ethidium
bromide (50 μg.mL�1). After 5 min of incubation, the intensity
of emission at 583 nm was measured (excitation wavelength
546 nm, using this excitation, the fluorescence intensity of free
ellipticine derivatives, as well as their complexes with DNA, was
neglectable at this wavelength).

Figure 2. Synthesis of polymer-bound ellipticine and 9-iodoellipticine derivatives. Reagents and conditions: (a) Hg(OAc)2, AcOH, 60 �C; (b) I2;
(c) 1-bromo-2-butanone, MeOH, RT; (d) pHPMA-MAAcap hydrazide, 9:1 MeOH/AcOH, RT.
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In Vitro Cytotoxicity Assay and Internalization into the
Cells. In vitro cytotoxicity of the micelles was assessed with either
human or murine cancer cell lines. Ninety-six-well flat-bottomed
microplates (NUNC,Roskilde,Denmark)were seededwith cancer
cells: Raji, human B-cell lymphoma (1 � 10 cells per well); EL-4,
murineT-cell lymphoma (5� 103); 4T1,murinemammary tumor
cell line (1� 104 cells per well). The tested samples (in triplicates)
were then added to the wells to obtain the desired drug concentra-
tion (0.1�2660 ng mL�1 free drug equivalent). The plates were
incubated at 37 �C in humidified 5% CO2 þ 95% air atmosphere
for 72 h. Cell viability was then evaluated by a standard MTT test
according to ref 14. This assay is based on bioreduction of the
yellow soluble 3-(4,5-dimethyldiazol-2-yl)-2,5 diphenyl tetrazo-
lium bromide (MTT) to insoluble blue formazan bymitochondria.
Formazan is then solubilized with detergent andmeasured spectro-
photometrically at 540 nm. Cells cultivated in fresh medium were
used as controls. The results are the means of four independent
experiments; the standard deviation was lower than 5%.
Internalization of the ellipticine derivatives and conjugates

into cells was assayed with 4T1 cells on confocal microscope
using the intensive ellipticine-fluorophore caused fluorescence in
analogy as described for doxorubicin conjugates.15 Cell nuclei
were visualized with the Hoechst 33342 nucleic acid dye.

’RESULTS AND DISCUSSION

Ellipticine (1a) is natural alkaloid from plant Ochrosia elliptica
with well-known anticancer properties; several of its derivatives
have been introduced into clinical practice. We have chosen it as
an 125I carrier because of its potent DNA-intercalating activity
and for its fluorescent properties (i.e., its intracellular fate may be
easily followed by fluorescence microscopy without additional
labeling). Furthermore, its electrophilic iodination via acetomer-
curo intermediate proceeds easily and leads to defined chemically
stable 9-iodoellipticine (1b).12 Although biological characteriza-
tion of 1bwas not reported, 9-bromoellipticine was reported16 to
have similar IC50 values to ellipticine against selected cancer cell
lines, so we expected the iododerivative to retain intercalating
activity. We synthesized “cold” (stable natural iodine containing)

1b in high yield (74%) by acetomercuration of ellipticine and
subsequent one-pot exchange of the acetomercuro group with
iodine to form the iododerivative 1b (see Figure 2).

A hydrazone bondwas chosen to connect ellipticine derivatives to
polymer because of its susceptibility to hydrolysis under acidic
conditions, as well as relative stability toward hydrolysis at neutral
pH.13,17�19 The conjugate would thus be relatively stable during
transport in blood plasma at pH 7.4.17,18 However, in more acidic
tumor tissue (pH ca. 6.517,18) or even after internalization into the
tumor cell (pH in late endosomes is ca. 5.017,18) the active
intercalator would be rapidly released from the polymer carrier.
Considering that ellipticine does not contain ketone, aldehyde, or
hydrazide group, it has to be derivatizedwith a suitable linker. For this
derivatization, we have chosen the tertiary isoquinoline-type nitrogen
in position 2, whichmay be quaternizedwith suitable alkylating agent
containing ketone moiety. Quaternization introduces permanent
positive charge into the molecule, which increases solubility in water
(this is important since both ellipticine and 9-iodoellipticine are only
poorly soluble in water) and should contribute to the intercalation
effectivity since DNA has negative charge due to phosphates.
Quaternary ellipticine derivatives (as Celiptium) show similar or
even higher activity than parent ellipticine while being readily water-
soluble. For this purpose, commercially available 1-bromo-2-buta-
none was used. It readily reacts at room temperature with both
ellipticine (1a) and 9-iodoellipticine (1b) to form the 2-N-(2-
oxobutyl)ellipticinium derivatives 2a and 2b, respectively, in high
yields (68% and 88%, respectively). These derivatives are readily
soluble in both water and methanol in contrast to unquaternized
compounds.When radiolabeled [125I]-2b is synthesized, radioiodine
should be introduced before quaternization since the positive charge
decreases reactivity toward conventional electrophilic radioiodina-
tion and also bromide counteranion interferes by simultaneous
electrophilic bromination.

All synthesized compounds retain strong fluorescent proper-
ties of ellipticine, makes following of intracellular fate of these
derivatives easier (see below). The original ellipticine (1a) has
emission maximum in acetic acid (i.e., in protonated form) at
517 nm with excitation maxima 277, 316, 356, and 413 nm

Figure 3. Fluorescence emission spectra of different 2b concentrations with and without DNA (excitation wavelength at 310 nm).
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(relative intensities normalized to peak at 277 nm = 1.00 are 0.72
for 316 nm, 0.36 for 356 nm, and 0.27 for 413 nm), while 2a has
emission maximum shifted toward longer wavelengths at
540 nm. Also, the excitation spectrum of 2a is shifted toward
longer wavelengths (maxima at 283, 317, 363, and 425 nm; the
relative intensities normalized to peak 283 nm = 1.00 are 0.65 for
peak 317 nm, 0.31 for peak 363 nm, and 0.25 for peak 425 nm).
The emission spectra of iodoellipticine 1b has emission max-
imum at 451 nm, the excitation maxima were 283, 332, and
385 nm (relative intensity 1.00, 0.17, and 0.14, respectively),
whereas the emission maximum of 2b was at 532 nm and the
excitation maxima at 310, 360, and 421 nm (relative intensities
1.00, 0.14, and 0.10, respectively).

Intercalation abilities of synthesized compounds were tested
both directly on DNA (change in fluorescence intensity when
added to DNA) and by ethidium bromide displacement assay. In
direct intercalation titration, the fluorescence spectra at different
concentration of 2b in the presence of calf thymus DNA, as well
as without it (blank sample), were measured. It was clearly
observed that the intercalation of 2b into the DNA caused
enhancement of quantum fluorescence yield and therefore
increase of fluorescence intensity in comparison with the blank
sample (Figure 3). Self-quenching, high for free drug, was also
suppressed by DNA-intercalation.

To determine the DNA-binding affinity of prepared com-
pounds [which is the driving force of accumulation of the
(radiolabeled) intercalator in DNA in cell nuclei due to shifting
equilibrium toward intercalator binding toDNA], the decrease of
ethidium bromide (50 μg.mL�1)�calf thymus DNA complex
fluorescence intensity with rising concentration of all com-
pounds was measured. All compounds showed similarly strong
affinity to the DNA (Figure 4). For each compound, an attempt
tomeasure EC50, the concentration that caused the 50% decrease
of ethidium bromide/DNA fluorescence intensity, has been
done. The EC50 values of quaternized products 2a and 2b were
170 μM and 140 μM, respectively. However, the EC50 of
ellipticine (1a) and 9-iodoellipticine (1b) could not be deter-
mined due to their poor solubility (which is also probably the
main reason for lower apparent binding of 1b compared to other
ellipticine derivatives tested; however, since 1b is only a synthetic
intermediate in our case, we did not go into detailed study). The

ellipticine derivatives thus proved to have sufficient DNA binding
potential; however, for accumulation in cell nuclei, the ability to
also penetrate into the cell nucleus is essential. This was tested in
in vitro cell culture (see below). Mitochondrial DNA is generally
considered as a less important target of DNA-damaging agents
compared to nuclear DNA, mainly due to the overwhelming
amount of DNA in cell nuclei compared to mitochondria, and
also intercalators may easily pass through nuclear pore, but to
reach mitochondrial DNA, they need to translocate across the
mitochondrial membranes. This is why mitochondrial DNA was
not considered in our study as a primary target.

Both ketones 2a and 2b were conjugated with polymer
pHPMA-MAAcap hydrazide by acetic acid-catalyzed condensa-
tion in analogy to conjugation of anticancer anthracycline anti-
biotic doxorubicin,13,17,18 also containing ketone moiety, forming
derivatives 3a and 3b, respectively (the obtained drug loading was
10.0 wt % for 3a and 8.5 wt % for 3b). No significant change in
molecular weights of the conjugates was observed, confirming no
cross-linking or other side reactions.

Drug release in vitro was followed in phosphate buffered
saline, pH 7.4 (pH of blood plasma), pH 6.5 (typical pH of tumor
interstitial space due to partly hypoxic lactic acid metabolism),
and pH 5.0 (typical pH of late endosomes after internalization of
the system into cells). The drug release profiles for both 3a and
3b (see Figure 5) show similar trends—relatively fast release
at pH 5.0 (22.8% released drug after 24 h for 3a and 25.1% for
3b)—while the conjugates are stable at both pH 6.5 and pH 7.4
(1.4% released drug after 24 h for 3a and 1.5% for 3b at pH 6.5
and 0.3% released drug after 24 h for 3a and 0% for 3b at pH 7.4).
This means that the conjugate should be stable during transport
in blood and the active intercalator should be released only after
uptake by cells in their endosomes.

If we compare these release profiles with other hydrazones, one
can see that the drug release rate as a function of pH highly
depends on the chemical surrounding of hydrazone bond to be
hydrolyzed, sterical aspects, eventual conjugation with adjacent
double bonds, and electron density on theCdNcarbon (onwhich
hydrolysis takes place) play a role. In our case, as we hypothesize
due to vicinity of the quaternary ammonium cation, the release rate
is highly pH dependent. This is similar to the release rates of
doxorubicin,13,17,18 where vicinity of the hydroxyl groups plays the

Figure 4. Decrease of ethidium bromide/DNA emission fluorescence intensity at 583 nm as a function of intercalator concentration (excitation
wavelength 546 nm).
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critical role. However, the release rate in our case is considerably
slower than that described for doxorubicin.13,17,18 On the other
hand, hydrazones with the same hydrazide part but with 2-hex-
anone or levulinic acid as ketone components are hydrolyzed
much more rapidly and with lower relative pH dependence (fast
hydrolysis of these compounds readily occurred even at neutral
conditions)20 than the (9-iodo)ellipticinium derivatives described
in this paper or doxorubicin described in refs 13,17,18. However,
fast hydrolysis of these compounds readily occurred even at pH-
neutral conditions.

The radioiodinated derivatives were synthesized in analogy
with the stable-iodine-containing derivatives. We first tested the
no-carrier-added approach with direct radioiodination of ellipticine
to 1b using the chloramine method; however, high amounts of
ellipticine-N-oxide and radioiodinated ellipticine-N-oxide were pro-
duced as byproducts. This is why we have chosen the analogy with
the synthesis of nonradioactive 1b (acetomercuration with subse-
quent reaction with iodine). This approach gave radiolabeled 1b;
although chromatographic purification is necessary, carrier-added
iodinemust be used and the yield is relatively low. The relatively low
radiochemical yield may be mostly explained by the fact that one-
half of the radioiodine is wasted as mercury-bound iodide during
exchange reaction with the acetomercuro intermediate. The sub-
sequent quaternization to 2b and conjugation with polymer was
than done in analogy with the nonradiolabeled conjugate.

We tested antiproliferative activity of the synthesized derivatives
on selected cell lines (Raji, EL4, and4T1, respectively; seeTable 1 for
the IC50 values). Antiproliferative activity is useful if the conjugates
would be used as chemotherapeuticals and for the indirect demon-
stration of the ability of the ellipticine derivatives to achieve DNA in
living cells, because intercalation activity is essential for the cytotoxi-
city of ellipticine derivatives. The MTT test was used to assay

Figure 5. In vitro release of derivatives 3a (above; a) and 3b (below; b).

Table 1. Cytotoxicities of Ellipticine Derivatives on the
Selected Cell Linesa

derivative IC50 (Raji) IC50 (EL4) IC50 (4T1)

1a 8.8 0.27 6.7

1b 3.6 1.4 1.7

2a 2.0 1.3 6.9

2b 1.0 2.3 7.7

3b 7.6 11.5 16.5
aRaji, EL4, and 4T1; the IC50 values are stated in μmol/L.
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cytotoxicity, since the standard [3H]-thymidine assay would be
useless for radioactive samples containing 125I due to interference
with radioactivity of tritium. Cytotoxicity of ellipticine and its low-
molecular-weight derivatives was in the range 0.27�8.8 μmol/L.
The cell lines differ in their sensitivity toward 1a, 1b, 2a, and 2b
within ca. 1 order of magnitude, with EL-4 beingmore sensitive than
the other lines for all the substances tested except 2b. Iodination of
ellipticine 1a to 9-iodoellipticine 2b increases its cytotoxic activity for
the Raji and 4T1 cell lines but decreases the activity against the EL-4
cell line, but all effects were within 1 order ofmagnitude. Quaterniza-
tion with 1-bromo-2-butanone also has effects only within 1 order of
magnitude, for Raji cell line toxicity was increased by quaternization
for both iodinated and noniodinated ellipticine and for EL4 and 4T1
cell lines quaternization somehow decreased cytotoxicity. One can
thus conclude that the chemical modifications necessary to make
ellipticine radioiodinable and conjugable with polymer (iodination
and quaternization) did not compromise its biological effectivity.
This is in agreement with expectations that 9-bromoellipticine does
not differ in its cytotoxicity from ellipticine16 and quaternary
ellipticinium derivatives as Celiptium (N2-methyl-9-hydroxyelliptici-
nium) are effective anticancer agents.

We also studied cytotoxicity of polymer-bound 2b (i.e., 3b) to
confirm that the effective 2b may be released from the hydrazone
conjugate 3b in living cells. Polymer conjugates usually show lower
cytotoxicity than free drugs, because the conjugate is ineffective in its
polymer form unless free drug is released, so the main power of
polymer conjugate is in selectivity of toxicity toward cancer cells. The
polymer conjugate 3b, a nonradioactive model of the AE emitter
delivery system, was only 2�8-times (dependent on cell line) less
effective than free drug 2b. This means that the polymer 3b is able to
be internalized into the cells and to release free drug 2b more
effectively than similar hydrazone conjugates described in literature.
For comparison, doxorubicin hydrazone conjugates are usuallymore
than 10-times less biologically effective in vitro than the correspond-
ing free drug.13,17,18 This should be beneficial for the biological
effectivity, because of low necessary dosage of the radiolabeled
intercalator. Cytotoxicity also depends on the capacity of endocytosis
of the cells, which is higher for tumor cells than for normal cells,
which may further contribute to selectivity of the anticancer effect.
Detailed study of the contribution of this factor in vitro and in vivo in
the murine model will be a topic of further contributions.

The next step was direct proof that the ellipticine derivatives
studied in this paper are effective intercalators not only on
isolated DNA (see above the fluorescence studies), but also
inside living cells. One can clearly see from the internalization
study using fluorescence microscopy (Olympus, AX70-Provis)
that ellipticinium derivative-related fluorescence is visible in cell
nuclei for all 1a, 1b, 2a, 2b, and 3b (see Figure 6). Localization in
cell nuclei was confirmed by simultaneous staining of nuclear
DNA by the Hoechst 33342 dye and overlay of the images.

Since only low specific activities (8.2 MBq/mg for [125I]-2b
and 187 kBq/mg for [125I]-3b) compared to daunorubicin deri-
vatives described in the literature9 (ca. 100 GBq/mg) were
obtained, only statistically insignificant differences between
cytotoxicities of radiolabeled and nonradiolabeled 2b and 3b
were obtained (data not shown). Improvement of both radio-
chemical yield and specific activity of the radiolabeled derivatives
is thus still a challenge for future work.

’CONCLUSIONS

The new type of polymer conjugates carrying Auger electron
emitter-labeled intercalator was successfully synthesized and
characterized. The system is designed for a triple-targeting
approach (first targeting, polymer-based system targeting into
tumor tissue; second targeting, pH-controlled intratumoral or
intracellular release; third targeting, into cell nucleus by a DNA
intercalator) minimizing the radiation burden of healthy tissues.
The system is stable at the pH of blood plasma (pH 7.4) and
releases active intercalator in acidic milieu with pH close to late
endosome content (pH 5). It was confirmed that the studied
ellipticine derivatives retain intercalation and cytotoxic proper-
ties of ellipticine and are accumulated in cell nuclei after exposure
to cells in vitro. The systemwas synthesized in radiolabeled form;
however, to achieve effective Auger electron cytotoxic effect
specific radioactivity of the intercalator still has to be improved.
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a b s t r a c t

Polymer conjugates of anticancer drugs have shown high potential for assisting in cancer treatments. The
pH-labile spacers allow site-specific triggered release of the drugs. We synthesized and characterized
model drug conjugates with hydrazide bond-containing poly[N-(2-hydroxypropyl)methacrylamide] dif-
fering in the chemical surrounding of the hydrazone bond-containing spacer to find structure–drug
release rate relationships. The conjugate selected for further studies shows negligible drug release in a
pH 7.4 buffer but released 50% of the ellipticinium drug within 24 h in a pH 5.0 phosphate saline buffer.
The ellipticinium drug retained the antiproliferative activity of the ellipticine.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Ellipticine (5,11-dimethyl-6H-pyrido[4,3-b]carbazole) is an iso-
quinoline-type alkaloid that naturally occurs in the Ochrosia elliptica
plant.1 Ellipticine shows a strong antineoplastic effect based mainly
on the DNA intercalation and topoisomerase II inhibition.2–6 How-
ever, the low water solubility of ellipticine prevented it from enter-
ing clinical trials.7 Therefore, its water-soluble derivatives with a
quaternary ammonium structural motif were synthesized.8 These
include elliptinium (Celiptium�, i.e., 2-methyl-9-hydroxyellipti-
cine),9,10 methoxycelliptium (9-methoxy-2-methyl-ellipticine)11

datelliptium [2(diethylamino)ethyl-9-hydroxyellipticine],12 retel-
liptine (1-diethyl-aminopropylamino-9-methoxyellipticine),13

elliprabin (e-arabinosyl-9-hydroxyellipticine)14,15 or the bis-ellip-
ticinium derivative ditercalinium.15 From these, elliptinium and
datelliptium have been used for the treatment of advanced breast
cancer.9 However, severe side effects, including nephrotoxicity,16

renal toxicity, hemolysis,17 xerostomia, nausea and vomiting,18

have been observed.
The targeted delivery and controlled release using water-solu-

ble polymer carriers became a widely studied approach to improve
the solubility and circumvent the side effects of anticancer
drugs.19–22 The drug is attached to a polymer carrier. This biologi-
cally inactive prodrug conjugate is delivered to the cancer tissue,
where it accumulates through for example, Enhanced Permeation

and Retention (EPR)23,24 of macromolecules or ligand-based target-
ing.25,26 The conjugate releases its cargo in a biologically active
form in the tissues or cells of tumors. A suitable linker between
the drug and the carrier is essential for such a delivery system.27

This linker must be stable during the transport through the blood
and must rapidly hydrolyze to release the drug in the tumor, trig-
gered by various factors such as a pH change after crossing from
the blood into the tumor or tumor cell environments.1

A hydrazone bond was first used as a part of the spacer connect-
ing doxorubicin to a polymer carrier,28–30 and it quickly became
popular for the synthesis of polymer conjugates with pH-con-
trolled drug release.31 It is relatively stable in pH of blood (7.4),
thus allowing the derivative to reach the tumor tissue without a
substantial chemical change. However, in the mildly acidic envi-
ronment of the tumor interstitial space (pH variable around 6.5
depending on actual oxygen supply and metabolic activity in each
part of the tumor) or even in the pH of late endosomes (as low as
pH 5.0), the drug cargo rapidly releases from the polymer.32,33 The
release profile of the drug can be strongly influenced by variations
in the chemical structure of the spacer in the vicinity of the hydra-
zone bond, and it can be fine-tuned for the delivery of each
drug.34,35 Due to this and because ellipticine lacks the oxo group
needed for conjugation with hydrazine or the hydrazide group-
bearing polymer carrier, functionalization of the drug with suitable
oxo group-containing linker is necessary. However, when modify-
ing it, one must take care not to hamper the biological activity of
the original drug because it will then be released in its substituted
form. To connect ellipticine to the polymer, the drug may be
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converted to its derivative by quaternization of the ellipticines’ iso-
quinoline-type nitrogen using a suitable linker, as previously de-
scribed by our group.36 A higher affinity between these
derivatives and DNA (due to the permanent positive charge in
the molecule) also benefits this function.37

In this paper, we describe the effect of the structural changes of
the linker that is used to connect the ellipticinium drug with the
polymer carrier on the pH-dependent release profile of the drug.
Understanding these structural changes will allow us to fine-tune
the ellipticinium drug delivery systems. To the best of our knowl-
edge, no such study on ellipticine derivatives has been published
so far, and the only study on ellipticinium hydrazone conjugates
was our paper on the multilevel targeting of an Auger electron
emitter 125I.36

2. Materials and methods

Detailed description of the materials, characterization of prod-
ucts and experimental procedures could be found in Supplemen-
tary Data.

3. Results and discussion

Isoquinoline was used as a cheap and relatively nontoxic model
for the release profile screening of ellipticine. This compound was
quaternized readily with plethora bromo- or tosyloxy ketones to
produce oxo-alkyl isoquinolinium salts 1a–f. These were conju-
gated with hydrazide groups-containing HPMA copolymer
(Mw = 24.5 kDa, Mw/Mn = 1.87) by acetic acid-catalyzed condensa-
tion,33 forming derivatives 2 (Fig. 1). The molecular weights and
polydispersity indexes of all conjugates confirmed no cross-linking
of chains, and the content of isoquinolinium salts was 0.8–5.6% wt.
See Supplementary Data for detailed experimental procedures and
characterization data.

To assess the influence of steric hindrance on the cleavage of
acidic hydrazone, the isoquinolinium conjugates containing
methyl (2a), ethyl (2b), isopropyl (2c) and tert-butyl (2d) groups
adjacent to the ketone were synthesized, and their hydrolytic re-
lease profiles were determined. In the phosphate buffer that was

used to model the pH of blood (pH 7.4), nearly no low molecular
weight isoquinolinium models were released in any instance. This
could be explained by the strong electron-withdrawing effect of
the permanent positive charge in the beta position to the ketone.
The release of the drug was significantly faster when exposed to
a pH of 5.0, which simulated the pH in late endosomes. Sterical
hindrance had a dramatic effect on the release rate, the polymer
conjugate of the methyl derivative 2a had the fastest release rate,
and the polymer conjugate of tert-butyl derivative 2d had the
slowest release rate. This slow release rate could be ascribed to
the steric hindrance of the transition state, which is most likely
to have hybridization close to the sp2 state.38

To determine the influence of adjacent permanent positive
charge on the rate of hydrolysis, we compared the release of
the aforementioned derivative 1a, which contained a positive
charge in the b-position respective to the oxo-group, with the
derivatives with positive charges in the c- (1e) and d- (1f),
respectively, d- (1f) positions, from their conjugates. It can be
clearly observed in Figures 2 and 3 that the presence of a posi-
tive charge proximal to the original ketone substantially reduces
its release rate. This decrease of release rate made the derivative
with the closest charge (b-oxo derivative 2a) the most stable
derivative, whereas the conjugate with most remote charge (d-
oxo derivative 2f) was the most labile conjugate, even at a pH
of 7.4 (77% of the drug released within 24 h). The release rate
of the latter two conjugates (i.e., 2e–f) is comparable with the
release rates obtained with common aliphatic linkers (e.g., levu-
linic acid) studied for the conjugation of drugs to polymers via
the hydrazone bond.34

This behavior could be explained by the electrostatic disinclina-
tion of hydrazones with proximate positive charges towards their
protonation as the first step of the hydrolysis mechanism. A similar
explanation was also used in the case of the hydrolysis of charged
acetals.39

Of all the linkers described above, the simplest 2-oxopropyl lin-
ker showed the best release profile for cancer applications (negligi-
ble at pH 7.4 and sufficiently fast in a slightly acidic milieu) and
was thus chosen to connect ellipticine to the hydrazide-containing
pHPMA polymer in the same manner as described for the model

Figure 1. Syntheses and structures of the polymer conjugates.
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isoquinolinium derivatives above. The drug release profile of the
modified ellipticinium polymer conjugate (5) was determined
(Fig. 4). At a pH of 7.4, conjugate 5 has shown remarkable stability,
and only a negligible amount of ellipticinium 4 was released. At a
pH of 5.0, over 50% of the drug was released from the polymer
within 24 h. This slightly slower release rate than that of the con-
jugate 2a can be explained by the enhanced electron delocalization
of hydrazones’ p-electrons in the aromatic system of the elliptici-
nium in comparison with isoquinolinium. However, the release
of the drug is still more than twofold faster than in the case of
the conjugate with the oxobutyl-linker described in our previous
work.36

To assure the DNA-intercalation ability, the solution of elliptic-
inium derivative 4 was titrated with the solution of calf-thymus
DNA, and the fluorescence of the mixture was measured.40 As a re-
sult, the fluorescence emission of the solution gradually rises with
the addition of DNA, which confirms intercalation. The blue shift in
fluorescence emission maximum is also consistent with more
hydrophobic microenvironment of the intercalated molecule com-
pared to free molecule in aqueous solution. The DNA affinity con-
stant of the ellipticinium 4 and of ellipticine was determined using
a Scatchard plot.41 As described previously, the ellipticine deriva-
tives exhibit two different binding modes depending on the

drug/DNA ratio.42 At a low drug/DNA ratio, ellipticinium derivative
4 binds with the intercalation constant K = 2.17 � 107 M�1 (bp)
(see Table 1 and Supplementary Data), with an average of one mol-
ecule of ellipticine to 4.57 DNA base pairs (bp), which is in the
same range as the ellipticine standard (K = 3.81 � 107 M�1 (bp)
and a ratio of 5.42 bp per molecule of the drug). Lower (0.57-times)
stability of the complex of derivative 4 with DNA compared to sim-
ilar complex with protonated ellipticine may be explained by ster-
ical reasons on the quaternary amine, which is sterically more
demanding than just protonated ellipticinium.

At high drug/DNA ratios, the second binding mode occurs, and
the higher intercalation density of 2.18 bp per molecule of the
ellipticinium 4, as well as the lower intercalation constant
K = 6.12 � 105 M�1 (bp), are observed (for the ellipticine standard,
the values K = 5.9 � 105 M�1 (bp) and a ratio of 2.65 bp/drug were
determined). All values are consistent with those described in the
literature for similar compounds and thus confirm the retention of
the intercalation ability of 4.42

Furthermore, we tested the antiproliferative activity of 2-N-(2-
oxopropyl)ellipticinium bromide (5) on selected cell lines (4T1,
Raji and EL4, respectively).34 Cytotoxicities, expressed as the IC50

values, were in the range of 2.7–7.1 lmol/L for 4, whereas those
of ellipticine were in the range of 1.0–8.3 lmol/L (Table 1). The
EL4 cell line was the most sensitive, and the 4T1cell line was the
least sensitive to both compounds. The differences between the
IC50 values for different cell lines were statistically significant
(analysis of variance, ANOVA on the level a = 0.05) for both ellipti-
cine and 4. However, the IC50 values were not statistically signifi-
cantly different when comparing ellipticine and 4 for any cell
line tested (analysis of variance, ANOVA on the level a = 0.05).
One can thus conclude that ellipticine and its low molecular
weight derivative 4 possess equal antiproliferativeactivities for
all of the tested cell lines and thus that quaternization does not
lead to the loss of activity.
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Figure 4. The release profile of derivative 4 from conjugate 5 in phosphate buffer
media at 37 �C.

Table 1
DNA binding and antiproliferative activity of ellipticinium derivative 4 and ellipticine

Compound Ka [107 M�1 (bp)] IC50
b (lmol/L)

4T1 Raji EL4

4 2.17 ± 0.29 7.1 ± 0.8 2.8 ± 0.7 2.7 ± 0.5
Ellipticine 3.81 ± 0.62 8.3 ± 0.8 7.7 ± 1.1 1.0 ± 0.2

a DNA-intercalation constant obtained from the compound fluorescence changes
upon the addition of CT-DNA (K ± standard deviation).

b Concentrations caused a 50% inhibition in the MTT test (IC50 ± standard devia-
tion, n = 5) in lmol/L.
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Figure 2. The release profile of derivatives 1a–d from their conjugates 2a–d in
phosphate buffered media at 37 �C. The release in the pH 7.4 phosphate buffer was
under 2% after 24 h.

0 12 24 36 48
0

20

40

60

80

100

R
el

ea
se

 (%
)

t (h)

1e pH 7.4
 1e pH 5.0
 1f pH 7.4
 1f pH 5.0

Figure 3. The release profile of derivatives 1e–f from their conjugates 2e–f in
phosphate buffer media at 37 �C.
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The cytotoxicity of the conjugates was not tested because we
showed by the HPLC that the free drug in its original form was re-
leased from its conjugates without side reactions. The data on the
in vitro cytotoxicity of the conjugates may thus be misleading due
to the significantly different concentrations of the drug released
into the media during incubation with the cells compared with
the in vivo situation.30 This is because in an in vivo situation, the
system is opened, that is, the released drug is being continuously
removed by internalization into cells or diffusion out of the tumor
tissue. In addition, the pH of tumor tissue is generally slightly
acidic but varies according to the exact location in the tumor by
1–1.5 pH units, which has a dramatic effect on the drug release rate
and therefore the published IC50 values of hydrazone conjugates
are not relevant. The values of hydrazone conjugates are typically
one order of magnitude higher than the IC50 values of free drugs
and generally do not correspond with in vivo antitumor
effectiveness.30

4. Conclusion

We have shown that ellipticinium derivatives with antiprolifer-
ative activity can be bound to a polymer carrier by a hydrolytically
labile bond with a widely tunable release rate. The key structural
features that determine the release rate are proximity of the posi-
tive charge and the sterical hindrance. The optimized derivative
showed no less antiproliferative activity when compared with
ellipticine. The optimized derivative also exhibited a negligible re-
lease rate at pH modeling blood plasma (pH 7.4) and a sufficient
release rate in an environment that modeled pH in late endosomes
(pH 5.0; 50% drug released within 24 h of incubation). The rules
found for the described system have the potential to aid further de-
signs of biodegradable spacers for biomedicinal applications also in
other drug delivery systems.
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5672 O. Sedláček et al. / Bioorg. Med. Chem. 21 (2013) 5669–5672



1 
 

Supporting information: Fine Tuning of the pH-Dependent Drug Release Rate from 

PolyHPMA-Ellipticinium Conjugates 

 

Ondřej Sedláčeka, Martin Studenovskýa, David Větvičkab, Karel Ulbricha, Martin Hrubýa* 

 

aInstitute of Macromolecular Chemistry AS CR, v.v.i., Heyrovsky Sq. 2, 162 06 Prague 6, 

Czech Republic 

bInstitute of Biophysics and Informatics, First Faculty of Medicine, Charles University in 

Prague, Salmovska 1, 120 00 Prague 2, Czech Republic 

*-corresponding author, e-mail: mhruby@centrum.cz, Tel: + 420 296 809 230, Fax: 

+420 296 809 410 

 



2 
 

Materials and general procedures 

The poly[N-(2-hydroxypropyl)methacrylamide-co-1-N-(6-hydrazino-6-oxohexyl)-2-

methylacrylamide] (poly(HPMA-co-MAAcap-NHNH2) hydrazide, weight average molecular 

weight Mw = 24.5 kDa, polydispersity I = Mw/Mn = 1.87, where  Mn is number-average 

molecular weight, 7.5 mol % of hydrazide monomer unit) was synthesized by radical 

copolymerization of N-(2-hydroxypropyl)methacrylamide with N1-(6-hydrazino-6-oxohexyl)-

2-methylacrylamide using azobis(isobutyronitrile) as an initiator according to the reference.1 

6-Bromohexan-2-one2 and 3,3-ethylenedioxy-1-p-toluenesulfonate3 were synthesized 

according to the references.2,3 All other chemicals were purchased from Sigma-Aldrich Ltd. 

(Prague, Czech Republic) and were used without further purification. Analyses were 

performed on a HPLC chromatograph (Shimadzu, Japan) using a reverse-phase column 

(Chromolith Performance RP-18e 100 x 4.6 mm) and UV detection. A mixture of water and 

acetonitrile was used as the eluent with a gradient of 0-100 vol. % and a flow rate of 2 

mL/min. NMR spectra were measured with a Bruker Avance MSL 300 MHz NMR 

spectrometer (Bruker Daltonik, Germany). Molecular weights of the polymers were 

determined by gel permeation chromatography (GPC) using an HPLC Shimadzu system 

equipped with a GPC column (TSKgel G3000SWxl 300 x 7.8 mm, 5 µm), UV/VIS, refractive 

index (RI) Optilab®-rEX and multiangle light scattering (MALS) DAWN EOS (Wyatt 

Technology Co., USA) detectors using a methanol and sodium acetate buffer (0.3 M, pH 6.5) 

mixture (80:20 vol. %, flow rate of 0.5 mL/min). UV/VIS spectra were measured on a 

SPECORD 205 Spectrometer (Analytik Jena AG, Germany). Fluorescence spectra were 

measured on Jasco spectrofluorometer. The content of the drug in the conjugate, as well as the 

release profile of the conjugates were determined as reported previously (by UV-VIS 

spectrophotometry or GPC, respectively).4 For the drug release measurement, the phosphate 

buffer saline (150 mM, pH 7.4), respectively the acetate buffer (150 mM, pH 5.0), were used 
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Synthesis 

General procedure: Synthesis of alkyl isoquinolinium derivatives 

Bromo- or toluenesulfonyloxyketone (0.5 mmol, 1.2 eq.) was dropwise added to the solution 

of isoquinoline (50 µL, 0.4 mmol, 1 eq.) in dry acetone (2 mL). The reaction mixture was 

stirred at room temperature for 3 h and solvent was evaporated in vacuo to give crude alkyl 

isoquinolinium bromide. The raw product was triturated with diethyl ether and recrystallized 

from the acetone-ethanol mixture to give the purified product 1a-d or 1f, respectively. 

 

N-(2-oxopropyl)isoquinolinium bromide (1a) was synthesized according to the general 

procedure in 84% yield. 1H NMR (300 MHz, MeOD) δ ppm 9.66 (s, 1H), 8.54-8.34 (m, 3H), 

8.29-8.12 (m, 2H), 8.09-7.91 (m, 1H), 5.79 (s, 2H), 2.35 (s, 3H); 13C NMR (75 MHz, MeOD) 

δ ppm 202.85, 155.66, 146.73, 144.83, 142.38, 141.97, 141.20, 135.85, 135.40, 132.97, 

131.73, 72.51, 24.47; MS (ESI+) m/z 186.2 (calcd): 186.3 [M]+; Anal. calcd for C12H12NOBr: 

54.16% C, 4.54% H, 5.26% N; found: 54.07% C, 4.61% H, 5.19% N. 

 

N-(2-oxobutyl)isoquinolinium bromide (1b) was synthesized according to the general 

procedure in 92% yield. 1H NMR (300 MHz, MeOD) δ  ppm 9.73 (s, 1H), 8.48-8.40 (m, 3H), 

8.25-8.17 (m, 2H), 7.99 (t, J = 7.50 Hz, 1H), 5.88 (s, 2H), 2.77 (q, J = 7.25 Hz, 2H), 1.11 (t, J 

= 7.25 Hz, 3H); 13C NMR (75 MHz, MeOD) δ ppm 202.6, 152.4, 139.1, 138.7, 137.0, 132.6, 

131.7, 128.8, 128.5, 126.8, 68.8, 34.2, 7.4; MS (ESI+) m/z 200.3 (calcd): 200.3 [M]+; Anal. 

calcd for C13H14NOBr: 55.73% C, 5.04% H, 5% N; found: 55.62% C, 5.10% H, 4.93% N. 

 

N-(3-methyl-2-oxobutyl)isoquinolinium bromide (1c) was synthesized according to the 

general procedure in 77% yield. 1H NMR (300 MHz, MeOD) δ ppm 9.74 (s, 1H),  8.43 (m, 
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3H), 8.23 (m, 2H), 8.01 (t, J = 6.90Hz, 1H), 5.98 (s, 2H), 2.96 (sept., J = 6.93 Hz, 1H), 1.23 

(d, J = 6.95 Hz, 6H); 13C NMR (75 MHz, MeOD) δ ppm 205.7, 152.5, 139.1, 138.8, 137.0, 

132.7, 131.7, 128.9, 128.6, 126.9, 67.8, 40.1, 18.2; MS (ESI+) m/z 214.3 (calcd): 214.2 [M]+; 

Anal. calcd for C14H16NOBr: 57.16% C, 5.48% H, 4.76% N; found: 57.04% C, 5.55% H, 

4.70% N. 

 

N-(3,3-dimethyl-2-oxobutyl)isoquinolinium bromide (1d) was synthesized according to the 

general procedure in 86% yield. 1H NMR (300 MHz, MeOD) δ ppm 9.81 (s, 1H), 8.48 (m, 

3H), 8.28 (m, 2H), 8.06 (t, J = 7.45 Hz, 1H), 6.15 (s, 2H), 1.36 (s, 9H); 13C NMR (75 MHz, 

MeOD) δ ppm 207.4, 152.7, 139.1, 138.8, 137.1, 132.7, 131.7, 128.9, 128.6, 126.9, 66.2, 

44.7, 26.5; MS (ESI+) m/z 228.3 (calcd): 228.2 [M]+; Anal. calcd for C15H18NOBr: 58.45% 

C, 5.89% H, 4.54% N; found: 58.29% C, 5.93% H, 4.48% N. 

 

N-(4-oxopentyl)isoquinolinium bromide (1f) was synthesized from 6-bromohexan-2-one 

according to the general procedure in 72% yield. 1H NMR (300 MHz, MeOD) δ ppm 9.76 (s, 

1H), 8.64 (m, 1H), 8.47 (m, 2H), 8.21 (m, 2H), 8.01 (m, 1H), 7.63 (d, J = 7.98 Hz, 2H), 7.15 

(d, J = 7.55 Hz, 2H), 4.72 (t, J = 8.17 Hz, 2H), 2.69 (t, J = 6.80 Hz, 2H), 2.27 (m, 2H), 2.09 

(s, 3H); 13C NMR (75 MHz, MeOD) δ ppm 212.4, 151.6, 143.6, 141.4, 135.5, 134.9, 132.0, 

131.9, 130.7, 130.0, 43.3, 37.1, 32.9, 24.4; MS (ESI+) m/z 214.3 (calcd): 214.4 [M]+; Anal. 

calcd for C14H16NOBr: 57.16% C, 5.48% H, 4.76% N; found: 57.03% C, 5.51% H, 4.80% N. 

 

Synthesis of N-(3-oxobutyl)isoquinolinium p-toluenesulfonate (1e) 

1e

TsO- TsO-
MeCN MeOH/acetone

TsOH

O

N +N +
OO

OTs
OO

N
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Due to the rapid elimination of HBr from β-bromoketones instead of alkylation, another 

approach of oxo-containing isoquinolinium synthesis was used. 

 Isoquinoline (250 µL, 2 mmol, 1 eq.) and 3,3-ethylenedioxy-1-p-toluenesulfonate (1.14 g, 

4 mmol, 2 eq.) were stirred in DMF (10 mL) at 70 °C. After 10 h, the solvent was removed 

under reduced pressure and the residue was triturated with ethyl acetate (2 x 20 mL). 

Chromatography of the crude product (silica, methanol/chloroform 1 : 4) afforded 470 mg 

(56%) of 2-[2-(2-methyl-[1,3]dioxolan-2-yl)-ethyl]-isoquinolinium p-toluenesulfonate as a 

colorless oil. 1H NMR (300 MHz, MeOD) δ ppm 9.90 (s, 1H), 8.63 (dd, J = 6.82, 1.43 Hz, 

1H), 8.43 (dd, J = 12.49, 4.03 Hz, 2H), 8.31-8.13 (m, 2H), 8.01 (dd, J = 8.21, 6.77, 1H), 7.67 

(d, J = 7.42 Hz, 2H), 7.17 (d, J = 7.45 Hz, 2H), 4.84 (t, J = 7.06, 2H), 3.98-3.80 (m, 4H), 2.50 

(t, J = 7.09 Hz, 2H), 2.28 (s, 3H), 1.35 (s, 3H); 13C NMR (75 MHz, MeOD) δ ppm 151.4, 

143.5, 141.7, 138.9, 138.3, 136.0, 132.5, 131.5, 129.8, 129.1, 128.5, 127.2, 126.9, 109.4, 65.6, 

58.4, 40.0, 24.0, 21.3; MS (ESI+) m/z 244.3 (calcd): 244.5 [M]+; Anal. calcd for 

C15H18NO2.C7H7O3S: 63.60% C, 6.06% H, 3.37% N; found: 63.78% C, 6.13% H, 3.34% N. 

 

2-[2-(2-Methyl-[1,3]dioxolan-2-yl)-ethyl]-isoquinolinium p-toluenesulfonate (300 mg, 

0.72 mmol) and p-toluenesulfonic acid (25 mg, 0.14 mmol, 0.2 eq.) were dissolved in the 

mixture of methanol and acetone (1:1, 10 mL) and stirred at 50 °C for 10 h. The solvents were 

evaporated in vacuo and the residue was purified by column chromatography (silica, 

MeOH/CHCl3 1:4) to give 185 mg (69%) of N-(3-oxobutyl)isoquinolinium p-toluenesulfonate 

(1e) as a colorless solid. 1H NMR (300 MHz, MeOD) δ ppm 9.85 (s, 1H), 8.56 (m, 1H), 8.36 

(m, 2H), 8.15 (m, 2H), 7.95 (m, 1H), 7.63 (d, J = 7.98 Hz, 2H), 7.15 (d, J = 7.55 Hz, 2H), 

4.88 (t, J = 6.24 Hz, 2H), 3.35 (t, J = 6.23 Hz, 2H), 2.28 (s, 3H), 2.08 (s, 3H); 13C NMR (75 

MHz, MeOD) δ ppm 207.1, 152.0, 141.8, 139.0, 138.3, 136.2, 132.5, 131.6, 129.8, 129.0, 
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128.4, 127.9, 127.2, 127.0, 57.4, 43.8, 29.7, 21.3; MS (ESI+) m/z 200.3 (calcd): 200.3 [M]+; 

Anal. calcd for C13H14NO.C7H7O3S: 64.67% C, 5.70% H, 3.77% N; found: 64.81% C, 5.78% 

H, 3.73% N. 

 

Synthesis of N-(3-oxobutyl)ellipticinium bromide (4) 

N-(3-Oxobutyl)ellipticinium bromide was synthesized from ellipticine and bromoacetone 

according to the general procedure in 85% yield. 1H NMR (300 MHz, MeOD) δ ppm 12.18 (s, 

1H), 9.91 (s, 1H), 8.48-8.23 (m, 3H), 7.63 (t, J = 5.85, 2H), 7.40-7.30 (m, 1H), 5.79 (s, 2H), 

3.22 (d, J = 7.66 Hz, 3H), 2.80 (s, 3H), 2.32 (s, 3H); 13C NMR (75 MHz, MeOD) δ ppm 

198.3, 145.7, 142.6, 140.6, 131.5, 130.6, 129.9, 126.7, 124.0, 122.5, 120.1, 118.9, 117.8, 

117.8, 109.6, 108.5, 65.1, 25.1, 13.0, 10.0; MS (ESI+) m/z 303.4 (calcd): 303.3 [M]+; Anal. 

calcd for C20H19N2OBr: 62.67% C, 5.00% H, 7.31% N; found: 62.60% C, 5.04% H, 7.27% N.  

 

 

Figure 1. 1H NMR spectra of 4. 
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Figure 2. 13C NMR spectra of 4. 

 

 

Figure 3. ESI+ MS spectra of 4. 
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Synthesis of polymer conjugates 

The solution of poly(HPMA-co-MAAcap-NHNH2 (40 mg), oxo-group-containing derivative 

1a-f, or 4, respectively (10 mg) and glacial acetic acid (80 µL) in methanol (800 µL) was 

stirred at room temperature overnight. The polymer was then isolated by gel filtration on a 

Sephadex LH-20 column (60 mL bed volume) with methanol as the eluent, the polymer-

containing fractions were collected, concentrated under reduced pressure and the polymer was 

precipitated with diethyl ether. The precipitated polymer conjugate was filtered off and dried 

in vacuo. Yield of 40-45 mg (80 - 96 %) of 2a-f or 5, respectively (see Table 1). 

 

Conjugate Oxo compounda Mw (kDa) Mw/Mn Drug content (wt.%) 

2a 1a 26.3 1.94 5.6 

2b 1b 26.5 2.03 4.3 

2c 1c 25.8 1.88 1.9 

2d 1d 25.2 1.92 0.8 

2e 1e 28.0 2.07 4.7 

2f 1f 26.7 1.95 5.2 

5 4 27.4 1.98 6.0 

Table 1. Characteristics of polymer conjugates; aellipticinium drug 1a-f or isoquinolinium 

drug model 4 used for synthesis of the conjugate. 

 

DNA intercalation study. 

The DNA intercalation study was conducted as reported elsewhere.5 Briefly, the solutions 

containing the corresponding ellipticinium derivative (4 or ellipticine standard, c = 20µM) in 

phosphate buffer saline (PBS buffer) with 1 mM EDTA-2Na, as well as the stock solution of 

calf thymus DNA (CT-DNA, c = 0.96 mM) in the same buffer, were prepared. After addition 

of accurate volume of CT-DNA solution into the solution of the drug in the spectroscopic 

cuvette and incubation for 20 min at 25°C, the fluorescence emission spectra was measured, 
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using excitation at 283 nm (Figure 4). This was repeated for different concentrations of added 

CT-DNA (in the range of 0 – 400 µM). From the dilution-corrected fluorescence intensity at 

544 nm, the intrinsic equilibrium binding constant (K), and the number of DNA binding sites 

(base pairs) occupied by the bound drug (see Table 2) were determined by Scatchard plotting 

(Figure 5), where r is the amount of drug bound per unit of DNA and Cf is the concentration 

of the free drug, both determined from fluorescence measurement at each point of titration.5 

All measurements were made in triplicates. 
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Figure 4. Fluorescence emission spectra of 4 after increasing addition of CT-DNA, gradually 

from cDNA=0 µM to cDNA=200 µM. Inset graph: Fluorescence emission of 4 at 544 nm as a 

function of rising CT-DNA concentration. Excitation wavelength was 283 nm. 
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Figure 5. Scatchard plot of the titration of 4 with CT-DNA; Cf - concentration of the free 

drug, r - amount of drug bound per unit of DNA. 

 

Compound 

Binding mode 1  Binding mode 2 

K (107 M-1(bp))a nb 
 K (105 M-

1(bp))a 
nb 

4 2.17 ± 0.29 4.57  6.12 ± 0.53 2.18 

ellipticine 3.81 ± 0.62 5.42  5.90 ± 0.31 2.65 

 

Table 2. Binding of 4 and ellipticine to CT-DNA. a DNA-intercalation constant obtained from 

the compound fluorescence change upon addition of CT-DNA (K  ± standard deviation). 

bEquilibrium molar ratio of CT-DNA (in base-pairs) and the drug upon binding. 
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Determination of in vitro cytotoxicity 

In vitro cytotoxicity of ellipticine and ellipticinium derivative 4 was determined for human 

cancer cell lines as describer before.4 Briefly, ninety-six-well flat-bottomed microplates 

(NUNC, Roskilde, Denmark) were seeded with 4T1, Raji and EL4 cancer cells (5 x 104 

cells/well). The tested samples (in triplicate) were then added to the wells to obtain the 

desired drug concentration (0.1 - 2660 ng.mL-1 drug equivalent). The plates were incubated at 

37 ºC in a humidified atmosphere with 5 % CO2 and 95 % air for 72 h. The cell viability was 

then evaluated by a standard MTT test according to a reference on a plate reader UT-2100C 

(MRC, Israel). Statistical evaluation of the differences (analysis of variance, ANOVA) was 

performed on level α = 0.01 using Microcal Origin program, version 5.0 (Microcal Software 

Inc., Northampton, MA, U.S.A.). 
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a b s t r a c t

Acridines are potent DNA-intercalating anticancer agents with high in vivo anticancer effectiveness, but
also severe side effects. We synthesized five 9-anilinoacridine-type drugs and their conjugates with
biocompatible water-soluble hydrazide polymer carrier. All of the synthesized acridine drugs retained their
in vitro antiproliferative properties. Their polymer conjugates were sufficiently stable at pH 7.4 (model of
pH in blood plasma) while releasing free drugs at pH 5.0 (model of pH in endosomes). After internalization
of the conjugates, the free drugs were released and are visible in cell nuclei by fluorescence microscopy.
Their intercalation ability was proven using a competitive ethidium bromide displacement assay.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

9-Anilinoacridines are potent DNA intercalators and strong topo-
isomerase II inhibitors used as anticancer agents.1–3 Amsacrine
(m-AMSA) was the first 9-anilinoacridine clinically employed for
the treatment of leukemia and lymphoma (see Fig. 1).2,4 Since that,
an enormous effort was made to investigate their structure–activity
relationship.5–7 Consequently, several 9-anilinoacridine derivatives
have shown superior antileukemic activity and a broader spectrum
of antitumor activity as compared to amsacrine. Among them, 3-(9-
acridinylamino)-5-hydroxymethylaniline8 (AHMA, 1, Fig. 1) has
greater antitumor efficacy against murine leukemia and solid
tumors than amsacrine, and its blood circulation time is prolonged
because it is less sensitive to deactivation by oxidation to the
corresponding quinone.8–10 Furthermore, it was proven that func-
tionalization of AHMA at certain positions, especially at positions
4 and 5 of the acridine ring, can even potentiate its activity.11,12

Despite their remarkable antitumor effects and preferable accumu-
lation in tumor tissue, 9-anilinoacridines suffer from severe
systemic toxicity and side effects.13–15

Polymer conjugates of anticancer drugs with tumor-specific
activation are widely studied due to their ability to deliver antican-

cer drugs into the tumor tissue while lowering their concentration
elsewhere in the organism.16–18 Furthermore, the optimal polymer
carrier delivers the drug in the inactive polymer-bound form into
the solid tumor tissue, where the free active drug needs to be re-
leased. Solid tumors spontaneously accumulate biocompatible
polymers, polymer micelles, liposomes and nanoparticles with
sizes <200 nm because of the leaky nature of the newly formed tu-
mor vasculature and the poor or missing lymphatic drainage sys-
tem in the solid tumor tissue.19 This so-called Enhanced
Permeation and Retention (EPR) effect is relatively universal for
many solid tumors and allows increased accumulation of the poly-
mers when compared to the surrounding tissue by an order of
magnitude or higher. In addition, this accumulation may be further
improved, for example, by ligand-mediated targeting.19,20
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A hydrolytically labile hydrazone bond is a popular option for
binding anticancer drugs, such as doxorubicin,21–23 to carriers to
achieve pH-controlled drug release.24 The hydrazone bond is sus-
ceptible to hydrolysis under mildly acidic conditions (e.g., at pH
ca 6.5, typical for tumor interstitial space, or even at pH typical
for endosomes after internalization, which may be as low as ca
5.0), but it is relatively stable towards hydrolysis at neutral pH
(e.g., in blood plasma at pH 7.4). The rate of free active drug release
by hydrolysis of the hydrazone bond at different pH values can be
fine-tuned by changing the steric hindrance, electron density and
conjugation of the substituent with the p-system on the –C@N–
part of the hydrazone bond.25 The structure of the acyl substituent
on the hydrazone bond also influences the release kinetics but sig-
nificantly less.21 However, because the original ketone is a part of
the drug after hydrolysis, one must be cautious to not disrupt the
drug’s biological activity. The conversion of a 9-anilinoacridine’s
side phenyl ring amino group to an amide with various acids,
including the oxo-acids (e.g., levulinic acid), does not limit its bio-
logical activity.8 This property makes 9-anilinoacridines ideal for
fine-tuning of their release rate to achieve an optimal release pro-
file (slow release at pH 7.4 and fast release at pH 5.0).

In this paper, the results of the study of the relationship be-
tween the structure of 9-anilinoacridine substituents and the
hydrolytic stability of the hydrazone bond between the drug and
the polymer carrier are given. We synthesized conjugates of five
oxo-group-containing 9-anilinoacridine-type amides with poly[N-
(2-hydroxypropyl)methacrylamide-co-N1-(6-hydrazino-6-
oxohexyl)methacrylamide] with drugs bound to the polymer car-
rier via hydrolytically labile hydrazone bonds, and we tested the
drugs’ in vitro release profiles and in vitro biological properties.
To the best of our knowledge, no such polymer derivatives of acri-
dine drugs have been described to date.

2. Results and discussion

2.1. Chemistry

The oxo moiety-containing 9-anilinoacridines 2a–e were syn-
thesized by selective acylation of AHMA with thiazolidine-2-thi-
one-activated carboxylic acids 3a–e in outstanding yields,

82–90% (Scheme 1). This activation was chosen due to the good
reactivity of thiazolidine-2-thione amides with amines, while
being rather stable towards alcoholysis.31 The respective
oxo-derivatives 2a–e were linked to pHPMA-MAAcap hydrazide
to produce conjugates 4a–e. This polymer precursor was chosen
because of its good biological behavior when used as a doxorubicin
carrier.32 Using this method, one can attach 0.54–6.2 wt.% drug to
the polymer, depending on the steric availability of the oxo-group
(Table 1).

However, part of the acridine was also bound in a non-cleavable
manner as the product of a side reaction. In this case, the hydrazide
group of the polymer substituted the aniline group at position 9 of
the acridine ring. When the oxo-derivative was more sterically hin-
dered, the hydrazone bond formed slower and more of the
uncleavable acridine-polymer product was produced (Table 1).
To clarify this process, we treated the sterically hindered acridine
derivative 2e with the hydrazide monomer 5. Using this reaction,
we isolated almost entirely product of the unwanted acridine
nucleophilic substitution 6 and no hydrazone derivative 7 (Scheme
2). A similar reaction (nucleophilic substitution of the aniline part
of the 9-anilinoacridines) was described in the stability study of
cytostatic 9-anilinoacridines with various amines and thiols in
aqueous solution modeling the physiological milieu (the typical
half-lives of 9-anilinoacridines were ca 1 h with thiols and several
hours with various amines at 37 �C).33–35 Although hydrazides are
not strong nucleophiles as compared to thiols, we assume that the
non-cleavable fraction of the acridine is bound to the polymer in
the same way. Therefore, during further drug release experiments,
we only took into account the hydrolytically cleavable part of the
bound drug (i.e., the amount cleaved by 0.1 M HCl was equal to
100%). This strategy is relevant from a biological point of view be-
cause the polymer bearing the drug bound via a non-cleavable
linkage is most likely to be biologically inert, as described for
doxorubicin.36

For the biological studies, we synthesized the conjugate with
the best release profile (see below) bearing the acridine drug
bound only via hydrazone bond using a different synthetic strategy
(Scheme 2). We obtained conjugate 8 with Mw = 21.5 kDa and acri-
dine 2e content of 6.3% wt. In this case, all of the acridine drug was
bound via a hydrazone bond, as proven by cleavage with 0.1 M HCl
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after which the polymer did not absorb light at wavelengths over
280 nm.

2.2. In vitro drug release profiles of the conjugates

The drug release from conjugates 4a–e at pH 7.4 (a model of the
pH in blood where the conjugate should be as stable as possible)
and at pH 5.0 (a model of the pH in late endosomes where the drug
should be quickly released) was followed. As shown in Figs. 2 and
3, the release rate of the anilinoacridine derivatives is strongly
pH-dependent. A relatively fast rate was observed at pH 5.0, and
a slower to negligible rate was observed at pH 7.4. Therefore, in
some cases, the basic stability requirements for polymer–drug con-
jugates are fulfilled.

There are basically two main effects in the structure-release
rate relationship: conjugation with the aromatic ring and steric ef-
fects. Figure 2 displays the effects of conjugation of the hydrazone
bond with the aromatic ring. The conjugates 4a and 4b, where the
hydrazone bond is not conjugated with an aromatic ring, behave
similarly. They release their 9-anilinoacridine derivatives very
quickly at pH 5.0 (quantitatively within 2 h) and at a moderate rate

at pH 7.4 (conjugate 4a: 64% anilinoacridine released within 24 h,
conjugate 4b: 55% anilinoacridine released within 24 h). The

Figure 2. The release of 9-anilinoacridine derivatives 2a–c from conjugates 4a–c at
different pH (calculated as hydrolytically cleavable amount of drug = 100%).
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Table 1
Yields of conjugation of 9-anilinoacridines to polymer

Polymer Method of synthesisa Mw (kDa) Mw/Mn AHMA-a. (%wt)b 4 Isomer ratio (i/ii)c

4a A 21.9 2.91 5.0 95/5
4b A 20.7 2.24 4.8 96/4
4c A 20.0 2.19 6.2 91/9
4d A 17.8 2.14 2.1 85/15
4e A 17.6 2.25 0.54 43/57
8 B 21.5 1.75 6.3 —d

a A, reaction of hydrazide polymer with oxo-acyl acridine derivatives; B, radical copolymerization.
b Total acridine content.
c Molar ratio of hydrolytically cleavable/stable bound acridine derivative (Scheme 2).
d All the drug bound via a hydrazone bond.
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slightly slower release rate observed with conjugate 4b compared
to conjugate 4a at pH 7.4 is probably caused by the steric hin-
drance caused by the benzyl group in the proximity of the hydra-
zone bond.25 On the contrary, conjugate 4c contains a hydrazone
bond conjugated with the phenyl aromatic ring and released the
drug slowly even at pH 5.0 (17% after 24 h), and it did not release
any drug at pH 7.4. The most plausible explanation is that the con-
jugation stabilizes the hydrazone bond by delocalization of its elec-
trons into the aromatic ring, which dramatically slows down the
rate of hydrolysis.37

The effect of steric hindrance next to the hydrazone group on its
release rate was studied using conjugates 4a, 4d and 4e, differing
only by their substituents adjacent to the original oxo-group,
which were methyl (4a), i-propyl (4d) and t-butyl (4e), respec-
tively. Steric hindrance of the hydrazone increases in the order
4a < 4d < 4e. One can clearly see from Figure 3 that steric hindrance
does not influence the drug release rate at pH 5.0 (it is nearly quan-
titative within the initial 2 h in all cases) but has a dramatic effect
at pH 7.4. A greater steric hindrance induces a slower release rate
at pH 7.4. This observation allows us to fine-tune the release rate
and create a conjugate that is almost entirely stable at the pH of
blood (7.4) but can quickly release the drug after internalization
into the target cell at pH 5.0. As we have shown from an in vitro
cytotoxicity assay (see below), the acyl substituent has only a small
effect on cytotoxicity; therefore, one can use it to modify the re-
lease rate. The t-butyl group-containing conjugate 4e has optimal
release rate in this study.

However, strong steric hindrance of the oxo-group by the
t-butyl group also slows the formation of conjugate 4e, which leads
to side reactions, namely, the nucleophilic substitution at the 9 po-
sition of the acridine ring with hydrazide. To overcome this prob-
lem, we synthesized the HPMA copolymer conjugate of 2e (with
the best release profile) using a procedure that avoided these side
reactions (Scheme 2). The product formed, conjugate 8, contained
all acridine drug bound via an acid-cleavable hydrazone bond. As
shown in Fig. 4, this conjugate is fairly stable at pH 7.4 (7% drug
released during 24 h) and should not quickly release the drug dur-
ing its transport to the target tumor tissue. In a slightly acidic envi-
ronment at pH 6.5 (a model of pH in tumor interstitial space), the
drug was released considerably faster (57% drug released during
24 h), whereas at pH 5.0 (a model of pH in the endosomal environ-
ment), the drug was released very quickly and quantitatively.

2.3. In vitro biological studies

The affinity of the acridine drugs to DNA often correlates with
their antiproliferative activity.38 Therefore, the relative intercalation

strength of the drug into the double helix of DNA was measured
using a DNA–ethidium bromide (EtBr) displacement test.28 In this
experiment, the mixture of calf-thymus (CT) DNA and EtBr in HEPES
buffer was titrated with a solution of AHMA (1) or drug derivatives
2a, 2d and 2e. The concentration of drug that produces a 50% drop in
the fluorescence of the DNA–EtBr complex (CC50, see Table 2) is
approximately inversely proportional to its DNA affinity. Our results
show that the intercalation strength of the synthesized oxoacri-
dines, 2a, 2d and 2e, (22.8–36.6 lmol/L) is only slightly lower than
that of the parent compound, AHMA (1, 21.3 lmol/L).

Furthermore, we tested the antiproliferative activity of the syn-
thesized derivatives in several human cell lines (MCF-7—breast
cancer, HepG-2–hepatocellular liver carcinoma and PC-3—prostate
adenocarcinoma; see Table 2 for the IC50 values). The cytotoxicities
of the 9-anilinoacridines, expressed as IC50 values, were in the
range of 0.6–6.2 lmol/L, which is in accordance with reported lit-
erature data for other AHMA derivatives.8,11,12 The cell lines differ
in their sensitivity towards AHMA (1), 2a, 2d and 2e. The cell line
HepG-2 is considerably more sensitive to the tested compounds
than the remaining two cell lines. Compound 2a is the most
cytotoxic of the compounds tested. Acyl substituent on the AHMA
amino group thus possesses a moderate effect on cytotoxicity. The
differences in IC50 values are within one order of magnitude but are
statistically significant (analysis of variance, ANOVA, on level
a = 0.01). Our most important observation is that changing the acyl
group to optimize the release profile does not compromise antipro-
liferative activity. Compound 2e was chosen to optimize the poly-
mer conjugate synthesis because it fulfills both of the basic
requirements; it is sufficiently cytotoxic and has a favorable re-
lease profile from the polymer hydrazone at different pH values
(minimal release at pH 7.4 and relatively fast release at pH 5.0).
The cytotoxicity of the conjugates was not tested because we

Figure 4. The release of the 9-anilinoacridine derivative 2e from its conjugate 8 at
different pH.

Table 2
DNA binding and antiproliferative activity of 9-anilinoacridines

Compound CC50
a, lmol/L IC50

b, lmol/L

MCF-7 HepG-2 PC-3

1 (AHMA) 21.3 ± 0.6 4.5 ± 0.6 0.6 ± 0.4 3.3 ± 0.5
2a 22.8 ± 0.4 2.9 ± 0.4 1.4 ± 0.6 2.3 ± 0.7
2d 36.6 ± 0.4 4.8 ± 0.4 2.1 ± 0.6 2.3 ± 0.7
2e 30.7 ± 0.8 6.2 ± 1.0 1.6 ± 0.6 2.2 ± 0.6

a Acridine drug concentration in lmol/L that reduces fluorescence of DNA–
ethidium bromide complex (cDNA:cEtBr = 1.26:1) to 50% (CC50 ± standard deviation).

b Concentrations causing 50% inhibition in the MTT test (IC50 ± standard devia-
tion) in lmol/L.

Figure. 3. The release of 9-anilinoacridine derivatives 2a and 2d–e from conjugates
4a and, 4d–e at different pH (calculated as hydrolytically cleavable amount of
drug = 100%).
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showed by HPLC that free drug in its original form is released from
the conjugates after incubation in media. Therefore, the data on
in vitro cytotoxicity of the conjugates may be misleading due to
significantly different concentrations of the drug released into
the media during incubation with the cells (pH 7.4) compared to
the in vivo situation. This is because in an in vivo situation, the sys-
tem is opened, i.e. the released drug is being continuously removed
by internalization into cells or diffusion out of the tumor tissue. In
addition, pH in tumor tissue is generally slightly acidic, but varies
according to the exact site in the tumor within 1–1.5 pH units,
which has dramatic effect on the drug release rate (see above)
and therefore the published IC50 values of hydrazone conjugates,
typically one order of magnitude higher than the IC50 values of free
drugs,21–23 generally do not correspond with the in vivo antitumor
effectivity.

The intracellular fate of the 9-anilinoacridines and their conju-
gates was studied by confocal microscopy. The free 9-anilinoacri-
dine derivative 2e, which is significantly cytotoxic due to
intercalation with DNA, penetrates into cells and subsequently into
cell nuclei (Fig. 5a). A portion of the acridine-related fluorescence
was observed in vesicles inside the cells. The fluorescence of 2e
belonging, with high probability, to its polymer conjugate 8, was
clearly visible within intracellular vesicles of the cells (Fig. 5b).
However, its fluorescence in cell nuclei was less than that observed
from cells incubated with the same amount of free drug. This result
is probably due to a portion of 2e that was released from the con-
jugate and intercalated in DNA as well as portion of conjugate
internalized into cells and subsequently released in endosomes.
The results are also influenced by the fact that the fluorescence
intensity of acridines greatly decreases after intercalation.14

3. Conclusions

New types of biodegradable polymer-conjugates of anilinoacri-
dines were synthesized. In these conjugates, the acridine drug
derivatives were connected to the water-soluble polymer
(poly[N-(2-hydroxypropyl)methacrylamide-co-N1-(6-hydrazino-6-
oxohexyl)methacrylamide]) via a pH-labile hydrazone bond. The
dependence of the drug release on the linker structure was exam-
ined. The best release profile, where the conjugate was almost
completely stable at physiological pH (7.4) but sufficiently labile
at the pH of late endosomes (pH 5.0), showed the conjugate con-
taining a linker with the strongest steric hindrance of the original
oxo-group. However, this conjugate could not be easily synthe-
sized by reaction of the ketone linker-bearing acridine drug with
the hydrazide group-containing polymer because of unwanted side
reactions. Therefore, the acridine drug-containing monomer was
synthesized first, followed by its radical copolymerization. All of
the synthesized acridine drugs retain their in vitro antiproliferative
activity (the free intercalators have IC50 values in the range of
0.6–6.8 lmol/L in MCF-7, HepG-2 and PC3 tumor cell lines), inter-

calate into DNA and readily penetrate into the cell, as shown by
confocal microscopy.

4. Experimental part

The 3-(9-acridinylamino)-5-hydroxymethylaniline (AHMA, 1)
was prepared from 9-chloroacridine and 3-amino-5-(hydroxy-
methyl) aniline in 92% yield, according to the literature procedure.8

The p-oxopropylbenzoic acid (9b) was obtained from Rieke Metal.
The 5-methyl-4-oxohexanoic acid (9d) was synthesized in 68%
yield, according to the literature procedure.26 The poly[N-(2-
hydroxypropyl)methacrylamide-co-1-N-(6-hydrazino-6-oxohex-
yl)-2-methylacrylamide] (pHPMA-MAAcap hydrazide, weight
average molecular weight Mw = 17.5 kDa, polydispersity I = Mw/
Mn = 1.87, where Mn is number-average molecular weight, 7.5 mol%
hydrazide monomer unit) was synthesized by radical copolymeriza-
tion of N-(2-hydroxypropyl)methacrylamide with N1-(6-hydrazino-
6-oxohexyl)-2-methylacrylamide (5) using azobis(isobutyronitrile)
as an initiator according to reference.27 All other chemicals were pur-
chased from Sigma–Aldrich Ltd. (Prague, Czech Republic) and were
used without further purification. Analyses were performed on a
HPLC chromatograph (Shimadzu, Japan) using a reverse-phase col-
umn (Chromolith Performance RP-18e 100 � 4.6 mm) and UV detec-
tion. A mixture of water and acetonitrile was used as the eluent with
a gradient of 0–100 vol.% and a flow rate of 2 mL/min. The melting
point temperatures were determined with a Kofler’s block (VEB Anal-
ytik Dresden, Germany). NMR spectra were measured with a Bruker
Avance MSL 300 MHz NMR spectrometer (Bruker Daltonik, Ger-
many). The molecular weights of the polymers were determined by
gel permeation chromatography (GPC) using an HPLC Shimadzu sys-
tem equipped with a GPC column (TSKgel G3000SWxl 300� 7.8 mm,
5 lm), UV/VIS, refractive index (RI) Optilab�-rEX and multiangle light
scattering (MALS) DAWN EOS (Wyatt Technology Co., USA) detectors
using a methanol and sodium acetate buffer (0.3 M, pH 6.5) mixture
(80:20 vol.%, flow rate of 0.5 mL/min). UV/VIS spectra were measured
with a SPECORD 205 Spectrometer (Analytik Jena AG, Germany).

Figure 5a. The cellular internalization of 9-anilinoacridine 2e (c = 5 lg/mL). The images are sequentially shown according to the channels used (left to right): brightfield,
Hoechst 33342 dye (cell nuclei stained), acridine fluorescence, merged channels of Hoechst 33342 dye and acridine fluorescence.

Figure 5b. The cellular internalization of polymer conjugate 8 (c = 5 lg (9-
anilinoacridine 2e equivalent)/mL). The images are sequentially shown according
to the channels used (left to right): brightfield, acridine fluorescence.
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4.1. Synthesis of dimethyl pivalylmethylmalonate

Sodium methoxide (615 mg, 11.4 mmol) in methanol (5 mL)
was added dropwise to the solution of dimethyl malonate
(1.3 mL, 11.4 mmol) in methanol (50 mL). After stirring for
30 min, bromopinacolone (2 g, 11.4 mmol) was added dropwise
and the mixture was refluxed for 2 h. The solution was partitioned
between water and diethyl ether. The organic phase was separated,
dried with anhydrous magnesium sulfate and evaporated under re-
duced pressure. The crude product was purified by column chroma-
tography (silica, hexane/ethyl acetate 4:1) to obtain 1.28 g (49%) of
the title compound as colorless oil. Rf (hexane/ethyl acetate
4:1) = 0.56; 1H NMR (300 MHz, CDCl3) d ppm 3.88 (t, J = 7.18, 1H),
3.74 (s, 6H), 3.13 (d, J = 7.18 Hz, 2H), 1.16 (s, 9H); 13C NMR
(75 MHz, CDCl3) d ppm 212.6, 169.6, 52.9, 46.8, 44.0, 36.3, 26.5;
MS (ESI+) m/z 230.26 (calcd): 253.24 [M+Na]+, Anal. calcd for
C11H18O5: 57.38% C, 7.88% H; found: 57.36% C, 7.90% H.

4.2. Synthesis of 5,5-dimethyl-4-oxohexanoic acid
(pivalylpropionic acid, 9e)

Dimethyl pivalylmalonate (1.2 g, 5.2 mmol) and KOH (1 g,
17.8 mmol) were refluxed in 50% aqueous methanol (10 mL) for
2 h. The reaction mixture was then neutralized with 1 M HCl and
the resulting malonic acid derivative was precipitated by excess
of aqueous calcium chloride as described by Hill.39 The white solid
was filtered off, dissolved in 1 M HCl, extracted in diethyl ether and
evaporated. The resulting malonic acid derivative was decarboxyl-
ated by heating at 145 �C for 2 h without solvent. After cooling, the
crude product was recrystalized from petroleum ether to give
640 mg (78%) of the title compound 9e as white needles.
Mp = 66–69 �C; 1H NMR (300 MHz, CDCl3) d ppm 2.80 (t,
J = 6.54 Hz, 2H), 2.60 (t, J = 6.38 Hz, 2H), 1.15 (s, 9H); 13C NMR
(75 MHz, CDCl3) d ppm 213.9, 179.1, 43.8, 31.2, 28.0, 26.4; MS
(ESI+) m/z 158.20 (calcd): 181.08 [M+Na]+; Anal. calcd for
C8H14O3: 60.74% C, 8.92% H; found: 60.71% C, 8.95% H.

4.3. General procedure for synthesis of thiazolidine-2- thione
(TT) activated oxoacids 3a–e

A mixture of the respective oxoacid 9a–e (2 mmol) and thiazol-
idine-2-thione (262 mg, 2.2 mmol) in dichloromethane (3 mL) was
cooled to 0 �C in an ice-water bath. Then, N,N0-dicycloehexylcarbo-
diimide (DCC, 515 mg, 2.5 mmol) in dichloromethane (2 mL) was
added. The reaction mixture was allowed to warm to ambient tem-
perature and stirred for 2 days. The precipitated N,N0-dicyclohexyl-
urea was filtered off and the filtrate was evaporated under reduced
pressure. The crude product was purified by column chromatogra-
phy (silica, hexane/ethyl acetate 4:1) yielding activated acid deriv-
atives 3a–e.

4.3.1. 1-(2-Thioxo-thiazolidin-3-yl)-pentane-1,4-dione (3a)
Synthesized from levulinic acid (9a) as yellow solid in 84% yield.

Rf (hexane-ethyl acetate 4:1) = 0.45; 1H NMR (300 MHz, CDCl3) d
ppm 4.50 (t, J = 7.54 Hz, 2H), 3.39 (t, J = 6.02 Hz, 2H), 3.26 (t,
J = 7.54 Hz, 2H), 2.77 (t, J = 5.92 Hz, 2H), 2.15 (s, 3H); 13C NMR
(75 MHz, CDCl3) d ppm 206.9, 201.6, 173.7, 56.0, 37.9, 33.2, 29.9,
28.5; MS (ESI+) m/z 217.31 (calcd): 218.22 [M+H]+; Anal. calcd
for C8H11NO2S2: 44.22% C, 5.10% H, 6.45% N; found: 44.24% C,
5.18% H, 6.40% N.

4.3.2. 1-[4-(2-Thioxo-thiazolidine-3-carbonyl)-phenyl]-propan-
2-one (3b)

Synthesized from p-(2-oxopropyl)-benzoic acid (9b) as yellow
solid in 67% yield. Rf (hexane/ethyl acetate 4:1) = 0.52; 1H NMR

(300 MHz, CDCl3) d ppm 7.63 (d, J = 8.34 Hz, 2H), 7.19 (d,
J = 8.43 Hz, 2H), 4.47 (t, J = 7.24 Hz, 2H), 3.69 (s, 2H), 3.41 (t,
J = 7.24 Hz, 2H), 2.11 (s, 3H); 13C NMR (75 MHz, CDCl3) d ppm
205.2, 202.0, 171.0, 139.4, 132.4, 130.0, 129.5, 56.6, 50.8, 29.8,
29.6; MS (ESI+) m/z 279.38 (calcd): 280.25 [M+H]+; Anal. calcd
for C13H13NO2S2: 55.89% C, 4.69% H, 5.01% N; found: 55.79% C,
4.64% H, 4.96% N.

4.3.3. 1-[4-(2-Thioxo-thiazolidine-3-carbonyl)-phenyl]-
ethanone (3c)

Synthesized from p-acetylbenzoic acid (9c) as yellow solid in
70% yield. Rf (hexane-ethyl acetate 4:1) = 0.54; 1H NMR
(300 MHz, CDCl3) d ppm 7.90 (d, J = 8.60 Hz, 2H), 7.68 (d,
J = 8.61 Hz, 2H), 4.51 (t, J = 7.24 Hz, 2H), 3.45 (t, J = 7.24 Hz, 2H),
2.57 (s, 3H); 13C NMR (75 MHz, CDCl3) d ppm 202.0, 197.3, 170.4,
139.5, 137.9, 129.4, 128.2, 56.3, 29.9, 26.9; MS (ESI+) m/z 265.35
(calcd): 266.26 [M+H]+; Anal. calcd for C12H11NO2S2: 54.32% C,
4.18% H, 5.28% N; found: 54.17% C, 4.21% H, 5.25% N.

4.3.4. 5-Methyl-1-(2-thioxothiazolidin-3-yl)hexane-1,4-dione
(3d)

Synthesized from 5-methyl-4-oxohexanoic acid (9d) as yellow
oil in 86% yield. Rf (hexane/ethyl acetate 4:1) = 0.52; 1H NMR
(300 MHz, CDCl3) d ppm 4.54 (t, J = 7.53 Hz, 2H), 3.44 (t,
J = 5.88 Hz, 2H), 3.30 (t, J = 7.53 Hz, 2H), 2.85 (t, J = 5.91 Hz, 2H),
2.71–2.59 (m, J = 6.92 Hz, 1H), 1.12 (d, J = 6.96 Hz, 9H); 13C NMR
(75 MHz, CDCl3) d ppm 212.9, 201.6, 174.0, 56.0, 40.8, 34.8, 33.2,
28.5, 18.3; MS (ESI+) m/z 245.36 (calcd): 246.23 [M+H]+; Anal.
calcd for C10H15NO2S2: 48.95% C, 6.16% H, 5.71% N; found:
48.85% C, 6.20% H, 5.66% N.

4.3.5. 5,5-Dimethyl-1-(2-thioxothiazolidin-3-yl)hexane-1,4-
dione (3e)

Synthesized from 5,5-dimethyl-4-oxohexanoic acid (9e) as yel-
low oil in 73% yield. Rf (hexane/ethyl acetate 4:1) = 0.60; 1H NMR
(300 MHz, CDCl3) d ppm 4.49 (t, J = 7.53 Hz, 2H), 3.37 (t,
J = 5.88 Hz, 2H), 3.25 (t, J = 7.53 Hz, 2H), 2.85 (t, J = 5.78 Hz, 2H),
1.12 (s, 9H); 13C NMR (75 MHz, CDCl3) d ppm 214.3, 201.6, 174.1,
56.1, 44.0, 33.2, 31.6, 28.6; MS (ESI+) m/z 259.39 (calcd): 260.27
[M+H]+; Anal. calcd for C11H17NO2S2: 50.94% C, 6.61% H, 5.40% N;
found: 50.81% C, 6.63% H, 5.76% N.

4.4. General procedure for the synthesis of AHMA-amides 2a–e

3-(9-Acridinylamino)-5-hydroxymethylaniline (AHMA, 1,
158 mg, 0.5 mmol) and the respective TT-activated oxo-acid 3a–e
(0.6 mmol) were stirred in N,N-dimethylformamide (DMF) at room
temperature overnight. The solvent was evaporated under reduced
pressure, and the residue was purified by column chromatography
(silica, chloroform-methanol 4:1) followed by crystallization from
ethanol.

4.4.1. 3-(9-Acridinylamino)-5-hydroxymethylaniline N-
levulinate (2a)

Activated oxo-acid 3a was used. Yield 79% of orange crystals. Rf

(chloroform/methanol 4:1) = 0.38; mp (ethanol) = 198–201 �C; 1H
NMR (300 MHz, DMSO-d6) d ppm 9.75 (s, 1H), 8.06 (brs, 2H), 7.42
(s, 4H), 7.25 (s, 1H), 7.14 (s, 3H), 6.83 (1H), 5.07 (br s, 1H), 4.34
(s, 2H), 2.63 (t, J = 6.05 Hz, 2H), 2.44 (t, J = 6.13, 2H), 2.04 (s, 3H);
13C NMR (75 MHz, DMSO-d6) d ppm 207.4, 170.1, 154.6, 150.7,
144.4, 142.8, 140.3, 137.6, 131.2, 127.1, 124.4, 120.5, 116.7,
109.9, 106.3, 63.0, 37.6, 30.1, 29.7; MS (ESI+) m/z 413.48 (calcd):
414.37 [M+H]+; Anal. calcd for C25H23N3O3: 72.62% C, 5.61% H,
10.16% N; found: 72.59% C, 5.67% H, 10.28% N.
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4.4.2. 3-(9-Acridinylamino)-5-hydroxymethylaniline N-(p-
oxopropylbenzoate) (2b)

Activated oxo-acid 3b was used. Yield 81% of orange crystals. Rf

(chloroform/methanol 4:1) = 0.48; mp (ethanol) = 218–221 �C; 1H
NMR (300 MHz, DMSO-d6) d ppm 10.11 (s, 1H), 8.01 (s, 2H), 7.81
(d, J = 8.28 Hz, 2H), 7.63 (s, 4H), 7.48 (s, 1H), 7.35 (s, 1H), 7.25 (d,
J = 8.29 Hz, 2H), 7.08 (s, 2H), 6.64 (s, 1H), 5.16 (br s, 1H), 4.40 (s,
2H), 3.81 (s, 2H), 2.10 (s, 3H); 13C NMR (75 MHz, DMSO-d6) d
ppm 205.5, 165.3, 151.4, 147.2, 144.5, 142.9, 140.3, 138.6, 135.0,
133.7, 133.1, 132.3, 129.6, 127.6, 120.5, 119.1, 113.8, 111.6,
107.2, 62.7, 49.2, 29.6; MS (ESI+) m/z 475.55 (calcd): 476.36
[M+H]+; Anal. calcd for C30H25N3O3: 75.77% C, 5.30% H, 8.84% N;
found: 75.72% C, 5.31% H, 8.80% N.

4.4.3. 3-(9-Acridinylamino)-5-hydroxymethylaniline N-(p-acety
lbenzoate) (2c)

Activated oxo-acid 3c was used. Yield 74% of orange crystals. Rf

(chloroform/methanol 4:1) = 0.49; mp (ethanol) = 236–239 �C; 1H
NMR (300 MHz, DMSO-d6) d ppm 10.25 (s, 1H), 8.00 (br s, 6H),
7.39 (s, 4H), 7.28 (s, 2H), 7.08 (s, 1H), 6.44 (s, 1H), 5.14 (br s, 1H),
4.43 (s, 2H), 2.58 (s, 3H); 13C NMR (75 MHz, DMSO-d6) d ppm
197.6, 164.5, 153.8, 150.2, 149.4, 144.5, 143.9, 139.9, 138.8, 131.3,
130.2, 129.5, 128.1, 127.9, 124.4, 120.7, 111.4, 110.5, 107.8, 62.9,
26.9; MS (ESI+) m/z 461.52 (calcd): 462.36 [M+H]+; Anal. calcd for
C29H23N3O3: 75.47% C, 5.02% H, 9.10% N; found: 75.33% C, 5.06%
H, 9.04% N.

4.4.4. 3-(9-Acridinylamino)-5-hydroxymethylaniline N-(5-methyl
-4-oxohexanoate) (2d)

Activated oxo-acid 3d was used. Yield 82% of orange crystals. Rf

(chloroform/methanol 4:1) = 0.43; mp (ethanol) = 166–169 �C; 1H
NMR (300 MHz, DMSO-d6) d ppm 9.91 (s, 1H), 7.99 (s, 2H), 7.65 (s,
4H), 7.27 (s, 1H), 7.15 (s, 3H), 6.58 (s, 1H), 5.15 (s, 1H), 4.36 (s, 2H),
2.69 (t, J = 6.41 Hz, 2H), 2.57 (m, J = 6.92 Hz, 1H), 2.45 (t,
J = 6.40 Hz, 2H), 0.95 (d, J = 6.92 Hz, 6H); 13C NMR (75 MHz,
DMSO-d6) d ppm 213.5, 170.9, 151.9, 145.3, 142.5, 141.7, 141.0,
133.4, 126.9, 122.7, 121.4, 119.8, 117.2, 112.7, 109.4, 63.3, 40.9,
35.0, 30.6, 18.7; MS (ESI+) m/z 441.53 (calcd): 442.38 [M+H]+; Anal.
calcd for C27H27N3O3: 73.45% C, 6.16% H, 9.52% N; found: 73.29% C,
6.16% H, 9.47% N.

4.4.5. 3-(9-Acridinylamino)-5-hydroxymethylaniline N-(5,5-
dimethyl-4-oxohexanoate) (2e)

Activated oxo-acid 3e was used. Yield 90% of orange crystals. Rf

(chloroform/methanol 4:1) = 0.49; mp (ethanol) = 145–148 �C; 1H
NMR (300 MHz, DMSO-d6) d ppm 9.91 (s, 1H), 7.97 (s, 2H), 7.64
(s, 4H), 7.27 (s, 1H), 7.14 (s, 3H), 6.56 (s, 1H), 5.16 (s, 1H), 4.36
(s, 2H), 2.75 (t, J = 6.39 Hz, 2H), 2.45 (t, J = 6.41 Hz, 2H), 1.03 (s,
9H); 13C NMR (75 MHz, DMSO-d6) d ppm 214.1, 170.4, 151.2,
144.7, 141.3, 140.5, 132.6, 126.4, 122.0, 119.3, 119.2, 116.7,
112.4, 111.8, 108.6, 62.7, 43.3, 31.1, 30.1, 26.3; MS (ESI+) m/z
455.56 (calcd): 456.39 [M+H]+; Anal. calcd for C28H29N3O3:
73.82% C, 6.42% H, 9.22% N; found: 73.75% C, 6.40% H, 9.21% N.

4.5. N-[5-(N0-Acridin-9-yl-hydrazinocarbonyl)-pentyl]-2-methyl-
acrylamide (6)

9-Anilinoacridine 2e (227 mg, 0.5 mmol) and 6-methacry-
lamidohexanohydrazide (5, 107 mg, 0.5 mmol) were stirred with
50 lL of acetic acid in methanol (2 mL) at room temperature over-
night. The solvent was evaporated under reduced pressure, and the
residue was purified by column chromatography (silica, chloro-
form/methanol 9:1) to give 72 mg (37% yield) of 6 as an orange
solid. Rf (chloroform-methanol 9:1) = 0.56; 1H NMR (300 MHz,
DMSO-d6) d ppm 10.52 (br s, 1H), 8.26–6.97 (m, 10H), 5.58 (s, 1H),
5.23 (t, J = 1.50, 1H), 3.07 (dd, J = 12.90, 6.74 Hz, 2H), 2.23

(t, J = 7.24 Hz, 2H), 1.79 (s, 3H), 1.58–1.16 (m, 6H); 13C NMR
(75 MHz, DMSO-d6) d ppm 169.1, 167.3, 145.9, 140.8, 140.1, 138.5,
133.4, 126.0, 120.9, 120.4, 118.6, 38.8, 34.3, 29.0, 26.3, 25.1, 18.7;
MS (ESI+) m/z 390.49 (calcd): 391.30 [M+H]+; Anal. calcd for
C23H26N4O2: 70.75% C, 6.71% H, 14.35% N; found: 70.53% C, 6.75%
H, 14.29% N.

4.6. 5,5-Dimethyl-4-{[6-(2-methyl-acryloylamino)-hexanoyl]-
hydrazono}-hexanoic acid [3-(acridin-9-ylamino)-5-hydroxy
methyl-phenyl]-amide (7)

Pivalylpropionic acid (9e, 158 mg, 1 mmol), 6-methacry-
lamidohexanohydrazide (5, 214 mg, 1 mmol) and 2,5-di-tert-butyl-
hydroquinone (5 mg) were stirred with 50 lL of acetic acid in
methanol (2 mL) at 60 �C overnight. The mixture was evaporated
under reduced pressure, dissolved in DMF (3 mL) and cooled to
0 �C. N,N’-Dicyclohexyl carbodiimide (DCC, 309 mg, 1.5 mmol)
and N,N-dimethylaminopyridine (10 mg) were added, and the mix-
ture was stirred while cooling. After 2 h, 3-(9-acridinylamino)-5-
hydroxymethylaniline (AHMA, 1, 316 mg, 1 mmol) was added.
The reaction mixture was allowed to warm to ambient tempera-
ture and stirred overnight. The solvents were evaporated under re-
duced pressure, the residue was extracted with dichloromethane
and the suspension was filtered. The filtrate was evaporated and
purified on preparative TLC (silica, chloroform/methanol/triethyl-
amine 9:1:0.2) to give the title compound 7 as an orange solid in
26% yield. Rf (chloroform/methanol/triethylamine 9:1:0.2) = 0.40;
1H NMR (300 MHz, DMSO-d6) d ppm 10.01 (br s, 1H), 8.03–7.31
(m, 11H), 6.63 (s, 1H), 5.56 (s, 1H), 5.26 (s, 1H), 5.22 (t, 1H), 4.34
(s, 2H), 3.25 (t, J = 6.84 Hz, 2H), 2.87 (t, J = 6.50 Hz, 2H), 2.52 (t,
J = 6.54 Hz, 2H), 2.29 (t, J = 6.43 Hz, 2H), 2.07 (s, 3H), 1.65–1.41
(m, 6H), 1.08(s, 9H); 13C NMR (75 MHz, DMSO-d6) d ppm 177.4,
171.2, 169.8, 166.7, 150.0, 149.1, 147.6, 143.5, 140.6, 140.2,
132.6, 125.9, 121.7, 119.3, 117.4, 116.8, 113.5, 112.2, 108.7, 62.4,
40.6, 39.8, 35.8, 32.5, 27.0, 26.3, 24.4, 23.9, 22.7, 18.5; MS (ESI+)
m/z 650.83 (calcd): 651.69 [M+H]+; Anal. calcd for C38H46N6O4:
70.13% C, 7.12% H, 12.91% N; found: 70.040% C, 7.09% H, 12.87% N.

4.7. Conjugation of 2a-e with pHPMA-MAAcap hydrazide

A solution of pHPMA-MAAcap hydrazide (40 mg), AHMA deriv-
ative 2a–e (10 mg) and glacial acetic acid (80 lL) in methanol
(800 lL) was stirred at room temperature overnight. The polymer
was then isolated by gel filtration on a Sephadex LH-20 column
(60 mL bed volume) with methanol as the eluent, and the poly-
mer-containing fractions were collected and concentrated under
reduced pressure. The solution was poured into an excess of
diethyl ether, and the precipitated polymer conjugate was filtered
off and dried under vacuum. A yield of 40-45 mg (80–90%) of 4a–e
was obtained.

4.8. Synthesis of polymer 8 by radical copolymerization

Monomer 7 (12 mg) was mixed with N-(2-hydroxypropyl)-
methacrylamide (88 mg) and azobis(isobutyronitrile) (AIBN,
20 mg) in dry dimethylsulfoxide (0.6 mL), introduced under argon
into a polymerization ampoule and sealed. The reaction mixture
was stirred under argon at 60 �C overnight. The polymer was then
precipitated with diethyl ether and purified by gel filtration on a
Sephadex LH-20 column (60 mL bed volume) using methanol as
the eluent. A yield of 55 mg (55%) of polymer 8 was obtained.

4.9. Determination of drug content

The molar ratio of the cleavable (i) versus non-cleavable (ii) acri-
dine drug bound to the polymer was determined by size exclusion
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chromatography (SEC) on a TSK3000 column with UV detection at
408 nm after hydrolysis with a 0.1 M HCl solution. It was calcu-
lated as a wagered ratio of polymer peak to low molecular weight
peak area at 408 nm using the equation (1), where Ip is the area un-
der the polymeric peak representing the non-cleavably bound acri-
dine content, Ia is the area under the low molecular weight peak
representing the hydrazone-bound anilinoacridine, en is the molar
absorption coefficient of the non-cleavable monomer derivative 6 at
408 nm (8761 L mol�1 cm�1), eh is the molar absorption coefficient
of the hydrazone monomer 7 at 408 nm (8490 L mol�1 cm�1).

i : ii ¼ Ip

en
:

Ia

eh

Because the UV–VIS absorption spectra and molar absorptivities
of the acridine derivatives 2a–e do not substantially differ from
that of 7, the same eh value was used for all acridine conjugates.
The total amount of acridine drug in the conjugate was determined
using the sum of the wagered peak areas (i and ii in (1)).

4.10. In vitro drug release study

The drug release profiles of the polymer conjugates were eval-
uated by size exclusion chromatography (SEC) at pH 5.0 and 7.4
(also, at pH 6.5 for conjugate 8) using 10 mM acetate buffer (pH
5.0 or 6.5) or phosphate buffer saline (pH 7.4). The conjugate
(0.1 mg) was dissolved in the appropriate buffer (1 mL) and placed
into a thermostatted autosampler of the SEC instrument (37 �C).
After 0, 2, 6, 12 and 24 h, 20 lL of the conjugate solution was in-
jected directly on the TSK3000 column. The drug release was deter-
mined from the integral areas of the low molecular weight (free
drug) and high molecular weight (polymer conjugate) peaks. After
the last measurement (24 h), the solutions were analyzed by re-
verse-phased HPLC chromatography to confirm that only the anili-
noacridine derivatives 2a–e were released.

4.11. In vitro ethidium bromide displacement assay

The ethidium bromide displacement assay was performed using
a solution of 1.26 lM(bp) calf thymus (CT) DNA (concentration
determined spectrophotometrically, e260 = 12,824 M(bp)�1 cm�1)
and 1 lM ethidium bromide in HEPES buffer (10 mM HEPES,
76 mM NaCl, 0.1 mM ethylenediaminetetraacetic acid, pH = 7.0).27

This solution was titrated with a solution of the measured drug in
the same buffer to determine the drug concentration, CC50, which re-
duced the fluorescence (excitation 546 nm, emission 595 nm) of the
DNA–ethidium bromide complex by half. None of the compounds
showed fluorescence emission at 595 nm. All experiments were
carried out in triplicate.

4.12. In vitro cytotoxicity assay and cellular internalization

In vitro cytotoxicity of the 9-anilinoacridine derivatives was as-
sessed with human cancer cell lines. Ninety-six-well flat-bottomed
microplates (NUNC, Roskilde, Denmark) were seeded with MCF-7
(breast cancer), HepG-2 (hepatocellular liver carcinoma) and
PC-3 (prostate adenocarcinoma) cancer cells (5 � 104 cells/well).
The tested samples (in triplicate) were then added to the wells to
obtain the desired drug concentration (0.1–2660 ng mL�1 free drug
equivalent). The plates were incubated at 37 �C in a humidified
atmosphere with 5% CO2 and 95% air for 72 h. The cell viability
was then evaluated by a standard MTT test according to a refer-
ence29 on a plate reader UT-2100C (MRC, Israel).

Internalization of the acridine derivatives and conjugates into
murine MCF-7 cells was assayed by confocal microscopy using

the intensive acridine fluorophore caused fluorescence in analogy
as described for the doxorubicin conjugates.30 The cell nuclei were
also visualized using the Hoechst 33342 nucleic acid dye. Statisti-
cal evaluation of the differences (analysis of variance, ANOVA) was
performed on level a = 0.01 using Microcal Origin program, version
5.0 (Microcal Software Inc., Northampton, MA, U.S.A.).
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Optimized protocol for the radioiodination of hydrazone-type polymer
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H I G H L I G H T S

� Hydrazone-type drug delivery systems with doxorubicin were radioiodinated.
� Radioiodination was performed via polymer-bound phenolic moiety.
� Radioiodination step must be performed before deprotection and drug binding.
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a b s t r a c t

Hydrazone conjugates of polymers with doxorubicin represent a very promising tool for cancer
chemotherapy. However, these conjugates are very difficult to radiolabel with iodine radionuclides,
which possess otherwise very advantageous nuclear properties to, e.g., follow biodistribution. In this
study, we developed a robust protocol for the high-yield radioiodination of hydrazone-type drug
delivery systems with doxorubicin. In particular, it is crucial that the polymer radioiodination step be
performed before the deprotection of the hydrazide and doxorubicin binding.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer drug delivery systems represent an efficient way of
suppressing the disadvantageous properties of drugs, such as poor
water solubility, short half-life in the blood plasma or unfavorable
biodistribution (Allen and Cullis, 2004; Langer, 1998; Moses et al.,
2003). These systems are based on bioactive components attached to a
biocompatible polymer carrier through a degradable bond (Binauld
and Stenzel, 2013; Schmaljohann, 2006). This polymer prodrug is then
delivered to the target tissue in an inactive form, and the drug in its
fully active form is released from the polymer into the target tissue
(Omelyanenko et al., 1998). This technique enables antiproliferative
drugs such as doxorubicin (DOX) to be delivered preferentially to the
cancer tissue due to the Enhanced Permeability and Retention (EPR)
passive effect, possibly further enhanced by ligand targeting, resulting
in increased efficacy and reduced side effects (Kopeček et al., 2001). In
addition to targeting, the key step is site-specific activation. Hydrazone

bonds are especially advantageous for the delivery of oxo group-
containing anticancer drugs, such as DOX or ellipticinium derivatives,
to solid tumors due to the pH-dependence of their hydrolysis (Willner
et al., 1993). The hydrazone bond is relatively stable in the blood
plasma (pH 7.4) and is hydrolyzed rapidly in the mildly acidic milieu of
the tumor interstitial space or in endosomes after internalization into
cancer cells (the pH value of late endosomes can drop as low as 5.0)
(Lee et al., 1996; Sedláček et al., 2013). This results in cancer tissue-
specific drug activation. Not surprisingly, modern hydrazone-based
polymer anticancer drug delivery systems are very popular, accounting
for 126 entries in the Web of Knowledge (query: hydrazone AND
polymer AND drug delivery), including 106 DOX (query: hydrazone
AND polymer AND doxorubicin) conjugates as of the submission date
of this paper.

A favorable biodistribution is critical for the therapeutic effect of any
drug (Owens III and Peppas, 2006). The easiest and most accurate way
to study the biodistribution of compounds (including polymer drug
conjugates) in vivo in real time is the use of radiolabeled systems
(Rosebrough, 1993). Depending on the radionuclide decay mode,
the biodistribution of a compound of interest may be followed with
single photon emission computed spectroscopy (SPECT, γ-emitters)
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(Brinkhuis et al., 2012) or with positron emission tomography (PET,
βþ-emitters) (Welch et al., 2009). However, for polymer prodrugs, it is
especially important to note that radioimaging essentially allows the
fate of the radiotracer, which may be attached to the drug, the carrier
or both, to be followed; double-labeled systems using radionuclides
with different nuclear properties allow the fates of the drug and carrier
to be simultaneously followed (Nori and Kopeček, 2005). Radiolabeling
also allows theranostic possibilities (therapyþdiagnostic) for the indi-
vidual customization of therapy (Lammers et al., 2011). The use of
radionuclides provides benefits for those anticancer drugs that have
synergic effects with radiation, which is especially the case for DOX
(Chenoufi et al., 1998). Radiation potentiates the therapeutic effects of
DOX due to the in situ production of a DNA-intercalating alkylating
agent fromDOX (Sun et al., 2009). Such a system has been proposed for
local chemoradiotherapy with a thermoresponsive system (Hrubý
et al., 2008).

Radiolabeling may be performed through either chelating
approaches (e.g., metal radionuclides, e.g., 99mTc and 177Lu) (Liu,
2004) or covalent approaches (e.g., 18F and iodine radionuclides)
(Stockhofe et al., 2014). The chelating approach has certain
advantages, such as technical ease, but some chelating approaches
also have some drawbacks, such as sensitivity to metal impurities,
significant changes in the system properties due to the necessary
introduction of the chelators, kidney-targeting properties (e.g.,
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid-DOTA or
6-hydrazinonicotinic acid) (Froidevaux et al., 2005) and the need
to heat up the system during radiolabeling (e.g., radiolabeling via
DOTA), which may be incompatible with some drugs or targeting
moieties, such as antibodies (Breeman et al., 2003). However,
covalent radiolabeling does not have these disadvantages. In
particular, iodine radionuclides are advantageous due to the wide
selection of available radionuclides with various half-lives and
decay modes (Seevers and Counsell, 1982). Namely, 131I (T1/2¼8.04
days) is a theranostic β- and γ-emitter that is suitable for both
therapy and SPECT, (Moderegger, 2012) 125I (T1/2¼60.14 days)
decays by electron-capture and can be utilized in biological assays,
SPECT and endoradionuclide therapy, (Sedlacek et al., 2014a)
124I (T1/2¼4.18 days) is a relatively long-lived positron emitter
that is suitable for PET, (Simone et al., 2012) and 123I (T1/2¼13.13 h)
is an electron capture emitter well suited for low-radiation-burden
SPECT diagnostics (Culbert and Hunter, 1993).

However, direct electrophilic radioiodination may be tricky for
polymer systems because it is not fully compatible with several
groups, including hydrazones, (Pross and Sternhell, 1970) hydra-
zides, (Curtius, 1894; Yang and Tian, 2013) other reducing groups
(Knight and Welch, 1978) and DOX (Wolf et al., 1997).

To the best of our knowledge, there are no reports of efficient
methods for the radioiodination of hydrazone-type DOX conju-
gates. In this paper, we describe for the first time a robust
radioiodination protocol for the high-yield chemically stable radi-
olabeling of a hydrazone-type drug delivery system using DOX
(which has synergistic biological effects with ionizing radiation) as
a model drug. This system also accounts for all structural and
chemical obstacles to radioiodination that are common in such
polymer drug delivery systems, making it an ideal model for the
development of a universal protocol for the radioiodination of
hydrazone-containing polymer conjugates.

2. Materials and Methods

2.1. Materials

Carrier-free iodine-125 (as [125I]-NaI) was purchased from Lacomed
Ltd. (Rez, Czech Republic). N-methacryloyl-L-tyrosinamide (MATA),
(Hrubý et al., 2005b) N-(2-hydroxypropyl) methacrylamide (HPMA)

and N-boc-methacryloyl-6-aminocaproic hydrazide were synthesized
as described previously (Chytil et al., 2010). All other chemicals,
including phosphate-buffered saline pH 7.4 (PBS) in tablet form, were
purchased from Sigma-Aldrich Ltd. (Prague, Czech Republic).

2.2. General methods

NMR spectra were measured on a Bruker Avance MSL 300 MHz
NMR spectrometer (Bruker Daltonik GmbH., Germany). The mole-
cular weights of the polymers were determined by size exclusion
chromatography (SEC) using an HPLC Dionex Ultimate 3000
system (Pragolab Ltd., Prague, Czech Republic) equipped with a
SEC column (TSKgel G3000SWxl 300�7.8 mm2; 5 μm) and the
following detectors: UV/VIS, Flow Star LB 513 radiodetector (Bert-
hold Technologies GmbH & Co. KG, Germany), RI Optilabs-rEX and
MALS DAWN EOS (both Wyatt Technology Co., USA). A methanol-
sodium acetate buffer (0.3 M; pH 6.5) mixture (80:20 v-v) was
used as the mobile phase at a flow rate of 0.5 mL/min. The applied
refraction index increment was dn/dc¼0.168, as determined by
differential refractometry. UV/VIS spectra were measured on a
SPECORD 205 Spectrometer (Analytik Jena AG, Germany). The
radioactivity of the samples was measured using a Bqmetr
4 ionization chamber (EMPOS Ltd., Prague, Czech Republic).

2.3. RAFT copolymerization

Polymers were synthesized in a similar way to the procedure
described before (Chytil et al., 2010) with a molar ratio of monomers:
chain transfer agent:initiator of 500:2:1. Different ratios of monomers
were used for the synthesis of polymers 1a–d; see Table 1 for details.
Briefly, for 1b, HPMA (159mg, 1.11 mmol), N-Boc-methacryloyl-6-
aminocaproic hydrazide (39mg, 0.125 mmol), MATA (3.1 mg,
12.5 mmol), 2-cyano-2-propyl benzodithioate (0.82 mg, 5.0 mmol) and
2,20-azobis(2-methylpropionitrile) (AIBN, 0.55 mg, 2.5 mg) were dis-
solved in tert-butanol (1.4 mL), and the solution was purged with
argon. The ampoule was then sealed and stirred at 70 1C for 7 h. The
polymer was subsequently precipitated in ethyl acetate, filtered and
dried, yielding 171mg of product (84%). The resulting polymer was
dissolved in dimethyl sulfoxide (2 mL); AIBN (22 mg, 0.1 mmol) was
subsequently added, and the mixture was stirred at 60 1C for 3 h. The
reaction mixture was diluted with methanol (2 mL) and purified on a
Sephadex LH-20 column with methanol as the eluent. The polymer-
containing fractions were collected, concentrated under reduced
pressure and precipitated into diethyl ether. The precipitate was
collected and dried, resulting in 1b (156 mg, 91%) as a white powder.

The content of MATAwas determined by 1H NMR from the ratio
of signal integrals at δ¼6.79 ppm (2-Ar-H of MATA) and at
δ¼3.87 ppm (CH-OH of HPMA).

Table 1
Characteristics of ternary copolymers of MATA with HPMA and N-Boc-methacry-
loylaminocaproic hydrazide.

Polymer aTheoretical content
of MATA (mol%)

bContent of MATA
(mol%)

cMw (kDa) cMw/Mn

1a 0 – 24.8 1.18
1b 1 0.93 24.3 1.21
1c 2 1.97 25.6 1.16
1d 5 4.82 25.1 1.19

a As present in the monomer reaction mixture.
b Calculated from 1H NMR.
c Measured by SEC chromatography.
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2.4. Radiolabeling of DOX-containing conjugate 2 with 125I

The DOX-containing polymer conjugate precursor 2 was pre-
pared from 1b as previously described (Chytil et al., 2010). For the
labeling, polymer 2 (20 mg) was dissolved in PBS (100 μL),
chloramine T or Iodogens solution (1 mg/mL in PBS, 10 mL) and
[125I]-NaI solution (3 μL, 59 MBq) were added, and the mixture
was incubated at room temperature for 15 min. After the addition
of an ascorbic acid solution (50 μL, 25 μg/mL in PBS) and an
additional 15 min of incubation at room temperature, the mixture
was separated on a preparative Sephadex PD-10 SEC column using
distilled water as the mobile phase. The amount of radioactivity
that was bound to the polymer was calculated as the radioactivity
of the polymer fractions divided by the initial radioactivity applied
to the column. The radiochemical yields were 5% and 3% when
using chloramine T or Iodogens oxidation, respectively.

2.5. Radiolabeling of 1b with 125I

Polymer 1bwas radiolabeled using the aforementioned chloramine
T method. The reaction mixture was quenched with an ascorbic acid
solution, diluted with methanol (200 mL) and then separated on an
LH-20 column with methanol as the eluent. The polymer-containing
fractions were mixed and evaporated under reduced pressure. The
yield was 18 mg of polymer 125I-1b (95%) with 46.4 MBq of iodine-125
in the polymer (radiochemical yield 79%).

2.6. Conjugation of DOX to 125I-1b

First, the Boc protecting groups were removed. The radiola-
beled polymer 125I-1 (18 mg) was dissolved with shaking at room
temperature in a mixture of trifluoroacetic acid and triisopropyl-
silane (9:1 v/v, 200 μL). The mixture was shaken for 2 min, diluted
with methanol (300 μL) and immediately separated on a Sephadex
LH-20 column (bed volume, 10 mL) with methanol as the eluent.
The polymer-containing fractions were evaporated, yielding Boc-
deprotected polymer 125I-1b. The complete deprotection was
confirmed by 1H NMR (loss of Boc- C(CH3)3 proton signals at
δ¼1.44 ppm). The deprotected polymer (10 mg) and DOX (5 mg)
were dissolved in a mixture of methanol (450 mL) and glacial acetic
acid (50 mL), and the mixture were shaken at room temperature in
the dark for 48 h. The mixture was then purified on a Sephadex
LH-20 column in methanol to yield 10 mg of polymer 125I-2. The
total amount of DOX was determined by UV-spectrophotometry in
water using a molar absorptivity of ε488¼9800 L mol�1 cm�1.

2.7. Determination of radiochemical stability

The radiochemical stability of the polymer conjugates was
determined by incubating approximately 2 MBq of the radiola-
beled polymer in PBS (500 mL) for 24 h at 37 1C and separating the
solution on a PD-10 column with distilled water as the eluent. The
ratio of the radioactivity of the polymer-containing fractions to the
initial radioactivity applied to the column was used as a measure
of the stability.

2.8. In vitro DOX release

The DOX release profiles of polymer conjugate 125I-2 were mea-
sured by size-exclusion chromatography in 10 mM acetate buffer (pH
5.0) or 10 mM phosphate buffer (pH 7.4) (Sedláček et al., 2012). The
conjugate (0.5 mg) was dissolved in an appropriate buffer (1 mL) and
placed in the thermostatted (37 1C) autosampler of the HPLC instru-
ment. At predetermined intervals, the conjugate samples (50 mL) were
analyzed using the same SEC procedure as described above for
the determination of the molecular weight. All experiments were

performed in triplicate. The drug release profile was determined from
the integral area ratio of the polymer peak and free DOX peak at
488 nm, as previously described (Hrubý et al., 2005a).

3. Results and discussion

The radioiodination of the polymers for further use is similar in
principle to the radiolabeling of low-molecular-weight compounds.
Commonly established methods, such as direct electrophilic iodination
with Iodogens or chloramine T, (Hussien et al., 2011) oxidative
iododestannylation (Eisenhut and Mier, 2011) or isotope exchange,
(Sedlacek et al., 2014b) can be exploited for this step. The electrophilic
iodination of polymers is the simplest and most universal method; in
most cases, this approach is used as the last synthetic step just prior to
use. It is usually performed with copolymers in the presence of a small
amount of a phenolic moiety-containing monomeric unit (such as
MATA) and is followed by the separation of the polymer from the
reaction mixture after radiolabeling by size-exclusion chromatography
(Hrubý et al., 2005b). Methacrylamide derivatives containing radio-
iodinated tyrosine are known for their stability against in vivo enzy-
matic deiodination (Schomburg and Schomburg, 2013). However, the
more complex nature of the polymers may present obstacles. One of
the most problematic cases is the iodination of hydrazone-bound DOX
conjugates.

These conjugates usually contain some amount of free hydrazides;
hydrazides and hydrazones are readily oxidized by chloramine T,
(Koupparis and Hadjiioannou, 1978) iodine monochloride or elemental
iodine, (Bark and Grime, 1975) resulting in carboxylic acid and
nitrogen gas, which in turn compromise the radiochemical yields.
Furthermore, DOX itself can be radioiodinated, (Wolf et al., 1997)
either covalently in the aromatic ring or non-covalently via the
absorption of iodine by the carbohydrate part of the DOX molecule
(daunosamine), as often seen as an obstacle to the radioiodination of
polysaccharides, poly (N-vinylpyrrolidone) and poly (ethylene oxide)
(Rosenmund et al., 1986). In addition, the simultaneous iodination of
tyrosinamide on the main polymer chain of DOX, which should be
released in a controlled way, makes the biodistribution results even
more questionable. Because the biodistribution of polymer conjugates
is typically evaluated using a polymer-bound radiotracer, we wished to
achieve the stable binding of the radionuclide to the polymer.

Because the radioiodination of tyrosine derivatives proceeds
very rapidly, (Mayberry et al., 1964) the first logical approach
was to radioiodinate the tyrosine-containing polymer with already
bound DOX to determine whether the radioiodination of the
polymer occurred significantly faster than the aforementioned
potential side-reactions (hydrazide oxidation and DOX iodination).

The polymer precursor was prepared by the RAFT
copolymerization of the tert-butyloxycarbonyl (Boc)-protected
hydrazide-containing monomer N-Boc-methacryloyl-6-aminoca-
proic hydrazide, the main monomer HPMA and the iodine-
labelable co-monomer MATA. To prove that the presence of MATA
in the monomer mixture does not interfere with the course of RAFT
copolymerization even at its relatively high content, a series of
ternary copolymers of HPMA 1a–dwith different amounts of MATA
(up to 5 mol%, see Table 1 and Fig. 1) and N-Boc-methacryloyl-6-
aminocaproic hydrazide (10 mol%) were prepared, and the semi-
telechelic dithiobenzoate end groups were quenched with excess
AIBN. As a result, the molecular weights and polydispersities of the
copolymers with incorporated MATA (1b–d) did not substantially
differ from the values of polymer 1a, for which MATA was absent.
Furthermore, the content of MATA in the polymer was consistent
with the content of MATA in the monomer mixture, as calculated
from the 1H NMR spectra. A narrow molecular weight distribution
is crucial for applicability in vivo because the material must behave
homogenously, and the biological properties of the polymer (such
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as accumulation in solid tumors due to the Enhanced Permeability
and Retention effect or renal excretion, which has a threshold of
approximately 45 kDa for HPMA-based polymers) also depend on
molecular weight (Owens III and Peppas, 2006). The polymer with
1% MATA (1b) was selected for further synthesis because this
amount was sufficient for radiolabeling, and this conjugate was the
least influenced in properties with the lowest amount of the MATA
monomeric unit.

After the deprotection of the hydrazide groups with trifluor-
oacetic acid, DOX was attached by acid-catalyzed hydrazone bond
formation using the previously described protocol (Chytil et al.,
2010). The content of DOX in 2 was determined to be 10.1 wt%.

The DOX-containing polymer 2 was radiolabeled with 125ICl
formed in situ by the oxidation of Na125I with either chloramine T
or Iodogens, respectively, in aqueous phosphate buffer solution
(Fig. 2). After 15 min, the amount of radioactivity in the polymer
was determined by preparative size-exclusion chromatography on
a Sephadex LH-20 column. However, the radiolabeling yields were
very low (Fig. 3); only 5% and 3% of the radioactivity was in the
polymer for the chloramine T and Iodogens procedures, respec-
tively. The radioactivity followed macromolecular fraction after
treating the purified radioiodinated conjugate with diluted
(0.1 mol L�1) hydrochloric acid (i.e. after complete cleavage of
DOX conjugated with acidolabile hydrazone linkage) showing
preferential iodination of L-tyrosinamide stably bound to polymer
and not DOX. The low yield may be explained by the rapid
decomposition of the iodination mixture by free hydrazides.

Low yield
< 5 %

i

125I-2

125I-1b

1b

1b

2

125I-2

ii, iii

ii, iii

i

A

B

Fig. 2. Synthesis of radioiodinated polymeric conjugate 125I-2. Reaction conditions: (i) Na125I, chloramine-T, ascorbic acid/phosphate buffer, room temperature, 15 min;
(ii) TFA, triisopropylsilane, room temperature, 2 min; (iii) DOX.HCl, AcOH/MeOH, room temperature, 48 h.

1a-d

i,ii

Fig. 1. Synthesis of polymer precursors 1a–d. Reaction conditions: (i) AIBN,
2-cyano-2-propyl benzodithioate/t-BuOH, 70 1C, 7 h; (ii) AIBN/DMSO, 60 1C, 3 h.
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Due to the unsatisfactory results of this procedure, we chose
another approach. We found that when the hydrazide functionalities
are protected with a tert-butyloxycarbonyl (Boc) group, they can be
iodinated directly via the chloramine T method. Therefore, we
moved the radiolabeling step before the Boc deprotection and
DOX conjugation steps. Thus, the tyrosine residues of the Boc-
protected polymer (1b) were iodinated to result in a good radio-
chemical yield of 125I-1b (79%) without any polymer crosslinking
(Fig. 4, Table 2). The deprotection of the Boc moieties was performed
by a quick treatment with a trifluoroacetic acid-triisopropylsilane
mixture (9:1) followed by separation on an LH-20 SEC column (the
prolongation of this procedure may lead to unwanted and uncon-
trolled polymer crosslinking). DOX conjugation was performed by a
modified method according to the reference, (Hrubý et al., 2005a)
yielding hydrazone-conjugated 125I-2 containing 8.7 wt% of DOX
(Fig. 2) and resulting in only a negligible increase in Mw and
polydispersity (Table 2). Radiolabeled conjugate 125I-2 was also
radiochemically stable; 498% of the total radioactivity remained
on the polymer after 24 h of incubation in PBS.

The profile of in vitro DOX release from conjugate 125I-2 (Fig. 5) at
body temperature (37 1C) is very similar to that of other water-
soluble DOX hydrazone conjugates reported elsewhere; (Chytil et al.,
2010) it was released rapidly in buffer with a pH of 5.0 (mimicking

the pH in late endosomes after internalization, where the drug
should be released, with 85% released within 24 h) and very slowly
in buffer with a pH of 7.4 (the pH of blood plasma during transport to
a solid tumor; here the conjugate should be stable, and 8% was
released within 24 h). This release profile is ideal for the chemor-
adiotherapy of solid tumors, where the chemotherapeutic effect is
synergistically supported by radiation if a higher dose of 131I would
be used (Sun et al., 2009). Furthermore, the use of a radiotracer at
lower concentrations enables us to follow the fate of the polymer
carrier in vivo(Pan et al., 2008).

4. Conclusions

We developed a robust radioiodination protocol for the high-yield,
chemically stable labeling of a hydrazone-type drug delivery system
using DOX, which possesses synergic biological effects with ionizing
radiation, as a model drug. The presence of MATA in the copolymer-
ization mixture does not interfere with the RAFT polymerization
procedure; in other words, MATA is useful for the synthesis of defined
labeled HPMA polymers. It is crucial that the polymer radioiodination
steps should be performed before the deprotection of the hydrazide
and DOX binding. Presence of some amount of free hydrazides
(reductants) in the radioiodination reaction mixture could definitely
scavenge the oxidative properties of chloramine-T (added in the
amount of around 35 nmole) required for oxidation of radioiodine
and its incorporation into MATA moiety in the hydrazine-type poly-
mer with DOX and this is probably the major reason of low radio-
iodination yield 3–5%. Indeed, the optimized approach where groups
are protected with Boc groups is much more promising and gives
better results. The release rate of DOX from the polymer conjugate
corresponds to the values published elsewhere and is not affected by
radiolabeling. This system may be useful for the synergistic chemo-
radiotherapy of solid tumors or for tracking the fates of radiolabeled

Table 2
Characteristics of the radiolabeled copolymers.

Polymer Specific radioactivity
(MBq/mg)

DOX content (wt%) aMw (kDa) aMw/Mn

125I-1b 2.58 – 24.4 1.21
125I-2 2.23 8.7 26.9 1.25

a Measured by SEC chromatography.
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Fig. 5. Release of DOX from polymer conjugate 125I-2 in buffer media at pH 7.4 and
pH 5 at 37 1C.
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Fig. 3. Radiolabeling of DOX containing polymer 2 by the chloramine T method:
SEC chromatogram of the radiolabeling mixture before work-up (solid line,
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polymer conjugates, depending on the doses and iodine radioisotopes
employed.
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a b s t r a c t

Auger electrons-emitting radioisotopes (such as iodine-125) are a potentially effective cancer treatment.
They are extremely biologically effective, but only within a short range (nanometers). Their use as an
effective cancer therapy requires that they will be transported within close proximity of DNA by an
intercalator, where they induce double-strand breaks leading to cell death. This type of therapy may
be even more beneficial when associated with drug delivery systems. In this report, we describe an
optimized triple-targeted polymer delivery system for the intercalator ellipticine, which contains
radioisotope iodine-125 with high specific radioactivity (63.2 GBq/mg). This compound is linked to an
N-(2-hydroxypropyl)methacrylamide copolymer via an optimized acid-sensitive hydrazone linker. The
system is stable at pH 7.4 (representing the pH of blood plasma), and the radioiodine-containing
biologically active intercalator is released upon a decrease in pH (44% of the intercalator is released after
24 h of incubation in pH 5.0 buffer, which mimics the pH in late endosomes). The active compound is a
potent intercalator, as shown with direct titration with a DNA solution, and readily penetrates into cell
nuclei, as observed by confocal microscopy. Its polymer conjugate is internalized into endosomes and
releases the radioactive intercalator, which accumulates in the cell nuclei. In vivo experiments on
mice with 4T1 murine breast cancer resulted in a statistically significant increase in the survival of mice
treated with the polymer radioconjugate. The free radiolabeled intercalator was also shown to be
effective, but it was less potent than the polymer conjugate.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Internal radiotherapy is one of most effective means of cancer
treatment enabling a theranostic approach (simultaneous therapy
and diagnostics of the tumor); however, its effectiveness is depen-
dent on the selective delivery of the radionuclide to the target tissue
(Bernhardt et al., 2001; O’donoghue and Wheldon, 1996; Ting et al.,
2010; Wheldon et al., 1991). In most cases, therapy with b�

emitters is used (Wheldon et al., 1991; Balan et al., 1994). However,
this therapy suffers from many drawbacks due to the relatively long
range of b� radiation in living tissues (typically several millimeters
depending on the energy) particularly the radiation burden of the
healthy tissues (Foerster et al., 1986; Huang et al., 2012). Radioac-
tive decay of many radionuclides (e.g., 111In, 125I or 99mTc) is accom-
panied by the emission of several Auger electrons (AEs), which have
relatively low energy and are emitted during the electron shell
reorganization after nuclear decay (Weiss et al., 1988). The AEs
are a form of potent ionizing radiation within their very short range
in living tissue (typically a few nanometers, i.e., tens of chemical
bonds) (Kassis, 2003; Volkert et al., 1991). However, to be effective
as radiotherapeuticals, they must be localized within the cell
nucleus, preferentially within close proximity to or into (e.g., as
[125I]-iododeoxyuridine) deoxyribonucleic acid (DNA) (which is
the main biological target for ionizing radiation) (Feinendegen,
1975). Here they can induce double-strand breaks leading to cell
apoptosis, rather than mutations that are caused by other types of

http://dx.doi.org/10.1016/j.ejps.2014.07.012
0928-0987/� 2014 Elsevier B.V. All rights reserved.

Abbreviations: AEs, Auger electrons; ANOVA, analysis of variance; bp, base pair;
EPR (effect), Enhanced Permeation and Retention effect – EPR (effect); GPC, gel
permeation chromatography; HPMA, N-(2-hydroxypropyl)methylacrylamide;
MALS, multiangle light scattering; MS, mass spectrometry; PBS, phosphate buffered
saline; poly(HPMA-co-MAAcap-hydrazide), poly[N-(2-hydroxypropyl)methacryla-
mide-co-1-N-(6-hydrazino-6-oxohexyl)-2-methylacrylamide]; RAFT, reversible
addition–fragmentation chain-transfer; SEC, size exclusion chromatography; UV–
VIS, ultraviolet–visible range (spectrometry).
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DNA damage (Kassis et al., 1999a; Häfliger et al., 2005). AEs emitter-
bearing intercalators, such were [125I]-iodinated daunorubicin
(Ickenstein et al., 2006) or acridine derivatives (Gardette et al.,
2014, 2011), are especially advantageous in such cases because
they transport the radionuclide directly to the DNA. Such isotopi-
cally labeled intercalators may be more effective when combined
with a drug delivery system (Fig. 1), which would ensure selective,
targeted delivery of the radionuclide into tumor tissue (first target-
ing by, e.g., passive tumor accumulation due to the Enhanced Per-
meation and Retention (EPR) effect) (Sedláček et al., 2011; Etrych
et al., 2001; Ulbrich and Šubr, 2010; Maeda et al., 2000). In solid
tumor tissue, the AE emitter-bearing intercalator can be released
from its carrier in a controlled fashion, for example, by including
an acid-labile hydrazone linker between the carrier and the radio-
labeled intercalator that will break upon the decrease in pH in a
hypoxic tumor microenvironment (second targeting by pH-activa-
tion). According to our preliminary studies, the pH-dependent drug
release rate may be precisely adjusted so that the conjugate is sta-
ble during transport in the bloodstream at pH 7.4, and subse-
quently, the intercalator is released in late endosomes after
internalization into tumor cells (where pH may drop to 5.0)
(Sedláček et al., 2012, 2013). The conjugate should be also relatively
stable in tumor interstitial space (where pH is around 6.5) to pre-
vent washing out redistribution of the active released radioiodin-
ated intercalator within organism. After being released, the
intercalator transports the radionuclide into the cell nuclei due to
its affinity for DNA and ability to passively cross phospholipid bilay-
ers (third targeting). This decreases the radiation burden of healthy
tissues during transport into the target tumor tissue and allows the
biodistribution to be followed by real time c-imaging from the pri-
mary c-rays of the decay (which are far less biologically effective
than AEs). The first system for the delivery of the AEs emitter-con-
taining intercalators employing triple targeting approach was
recently developed in our group (Sedláček et al., 2011). However,
this system, consisting of polymer-bound [125I]-iodinated ellipti-
cine, had limited biological efficacy because of the low specific

activity of the radiotherapeutical (8.2 MBq/mg). Further, Gedda et.
al. published a system containing [125I]-iodinated daunorubicin
enclosed in a liposome (Fondell et al., 2010). However, in these
non-covalent systems, the release of the bioactive component can-
not be managed as well as in covalent conjugates (the second tar-
geting step is disputable). Therefore, we optimized our first
preliminary system and evaluated the biological efficacy of the
upgraded system in an in vivo animal cancer model.

This report describes a conceptually new finely tuned antican-
cer delivery system for the Auger electron emitter 125I (half-life
T1/2 = 59.4 days, electron capture decay mode) for the first time
with a precisely tailored triple-targeting approach. It consists of a
derivative of the potent DNA intercalator ellipticine (which was
chosen on the basis of its strong intercalating ability, facile
straightforward functionalization chemistry to hydrazide-conjuga-
ble radioiodinated derivative and relative chemical stability) that
contains 125I, a radioisotope with high specific radioactivity
(63.2 GBq/mg). This is linked, via an optimized hydrazone linker,
to the N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer
(see Fig. 2), which has a narrow molecular weight distribution
[synthesized by reversible addition–fragmentation chain-transfer
(RAFT) copolymerization]. The copolymer of HPMA was chosen
because of its known biocompatibility and favorable biodistribu-
tion of the HPMA copolymers in general (Lammers et al., 2005;
Shiah et al., 2001). The preliminary in vivo therapeutical evaluation
was performed using an animal cancer model. This system should
be efficient while reducing whole-body radiation burden.

2. Materials and methods

2.1. Materials and general procedures

The poly[N-(2-hydroxypropyl)methacrylamide-co-1-N-(6-
hydrazino-6-oxohexyl)-2-methylacrylamide] (poly(HPMA-co-
MAAcap-hydrazide)), weight-average molecular weight
Mw = 25.4 kDa, polydispersity I = Mw/Mn = 1.21, where Mn is

Fig. 1. Mechanism of the triple-targeting approach: (1) The polymer-bound radioactive intercalator is accumulated in the tumor tissue by EPR effect. (2) The radioactive
intercalator is released from the polymer due to the hydrolysis of the pH-responsive hydrazone linker in the acidic environment of the endosome. (3) After intercalation into
the DNA, the radioactive decay of the Auger electron emitter causes severe damage of DNA, leading to cell apoptosis.
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number-average molecular weight, 7.5 mol% of hydrazide monomer
unit) was synthesized by reversible addition and fragmentation
(RAFT) copolymerization of N-(2-hydroxypropyl)methylacryla-
mide with N-Boc-protected N-(6-hydrazino-6-oxohexyl)-2-
methylacrylamide using azobis(isobutyronitrile) as an initiator and
2-cyano-2-propyl benzodithioate as chain transfer agent, followed
by deprotection according to Chytil et al. (2010). 9-Iodoellipticine
(1) was synthesized according to Devraj et al. (1996) in 66% yield.
Tosylacetol was synthesized from propargylalcohol according to
Dickschat et al. (2005) in 51% overall yield. No-carrier-added
Na125I solution was purchased from Lacomed Ltd. (Czech Repub-
lic). All other chemicals were purchased from Sigma–Aldrich Ltd.
(Prague, Czech Republic) and were used without further purifica-
tion. Analyses were performed on a HPLC chromatograph (Dionex
Ultimate 3000, Dionex, USA) using a reverse-phase column (Chro-
molith Performance RP-18e 100 � 4.6 mm, Merck, Germany) and
UV detection. FlowStar LB 513 Radio Flow Detector (Berthold Tech-
nologies, Germany) was used for the in-line radioactivity measure-
ments. Mixture of water and acetonitrile was used as the eluent
with a gradient of 5–100 vol.% of acetonitrile with 0.1% of trifluoro-
acetic acid in 5 min at a flow rate of 5 mL/min, unless stated other-
wise. NMR spectra were measured with a Bruker Advance MSL
300 MHz NMR spectrometer (Bruker Daltonik, Germany). The
molecular weights of the polymers were determined by size
exclusion chromatography (SEC) using HPLC Ultimate 3000 system
(Dionex, USA) equipped with a GPC column (TSKgel G3000SWxl
300 � 7.8 mm, 5 lm), UV/VIS, refractive index (RI) Optilab�-rEX
and multiangle light scattering (MALS) DAWN EOS (Wyatt Tech-
nology Co., USA) detectors using a methanol and sodium acetate
buffer (0.3 M, pH 6.5) mixture (80:20 vol.%, flow rate of 0.5 mL/min).
UV/VIS spectra were measured on an Evolution 220 Spectrometer
(Thermo Scientific, USA). Fluorescence spectra were measured on
Jasco spectrofluorometer (Jasco, USA). The content of the ellipticine
derivative in the conjugate, as well as the release profile of the

conjugates were determined as reported previously (by UV–VIS
spectrophotometry or GPC, respectively) (Etrych et al., 2001). For
the drug release measurement, the phosphate buffer saline
(150 mM, pH 7.4), respectively the acetate buffer (150 mM, pH
5.0), were used. Radioactivity of the products was measured using
a ionization chamber Bqmetr 4 (Empos Ltd., Czech Republic).

2.2. Synthesis of 2-oxopropyl 9-iodoellipticinium tosylate (2)

Tosylacetol (90 mg, 0.4 mmol) was added to the solution of 9-
iodoellipticine (1, 30 mg, 80 lmol) in dry acetonitrile (0.5 mL)
and the reaction mixture was stirred at room temperature over-
night. Then, it was evaporated in vacuo and the orange solid was
triturated three times with ethyl acetate. The crude product was
purified by the preparative TLC (silica, MeOH–CHCl3 3:7 with 1%
AcOH) to give 2 (42 mg, 88% yield) as an orange solid.

1H NMR (300 MHz, DMSO-d6) d ppm 12.41 (s, 1H), 10.00 (s, 1H),
8.73 (s, 1H), 8.54 (d, J = 7.23 Hz, 1H), 8.33 (d, J = 7.31 Hz, 1H), 7.96
(d, J = 8.40 Hz, 1H), 7.55 (d, J = 8.39 Hz, 1H), 7.47 (d, J = 8.05 Hz,
2H), 7.11 (d, J = 7.98 Hz, 2H), 5.82 (s, 2H), 3.29 (s, 3H), 2.88 (s,
3H), 2.37 (s, 3H), 2.28 (s, 3H); 13C NMR (75 MHz, DMSO-d6) d
ppm 200.2, 148.2, 145.7, 144.4, 141.8, 137.4, 136.7, 136.5, 134.4,
134.1, 132.8, 132.3, 132.1, 127.9, 125.4, 124.8, 124.6, 119.9,
114.0, 110.9, 67.1, 27.0, 20.7, 15.0, 12.0; MS (ESI+) m/z
429.3(calcd): 429.2 [M]+; Anal. calcd for C27H25IN2O4S: 54.01% C,
4.20% H, 4.67% N; found: 54.04% C, 4.27% H, 4.59% N.

2.3. Synthesis of polymer conjugate 3

The solution of poly(HPMA-co-MAAcap-hydrazide) (Mw = 25.4
kDa, I = Mw/Mn = 1.21; 50 mg), iodoellipticinium derivative
(10 mg) and glacial acetic acid (50 lL) in methanol (500 lL) was
stirred at room temperature for 3 days. The polymer was then
isolated by gel filtration on Sephadex LH-20 column (80 mL bed

Fig. 2. Synthesis of the polymer conjugates. Polymer: poly[N-(2-hydroxypropyl)methacrylamide-co-1-N-(6-hydrazino-6-oxohexyl)-2-methylacrylamide] (poly(HPMA-co-
MAAcap-hydrazide)); (1) – 9-iodoellipticine; (2) – 2-oxopropyl 9-iodoellipticinium tosylate; (3) – polymer conjugate of 2-oxopropyl 9-iodoellipticinium tosylate; (4) – 9-
(trimethylstannyl)ellipticine; (5) – 2-oxopropyl-9-(trimethylstannyl)ellipticinium tosylate.
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volume) using methanol as eluent, concentration of polymer-con-
taining fractions under reduced pressure, precipitation into diethyl
ether (10 mL), filtration and drying. Yield 46 mg of conjugate 3.
Mw = 26.8 kDa, Mw/Mn = 1.24; content of iodoellipticinium 2 in
the conjugate 6.2% wt.

2.4. Synthesis of 9-(trimethylstannyl)ellipticine (4)

9-iodoellipticine (1, 30 mg, 80 lmol), hexamethylditin (50 lL,
0.24 mmol) and dichlorobis(triphenylphosphine)palladium(II)
(9.2 mg, 13.2 lmol) were dissolved in 4 mL of dimethylformamide
and the reaction mixture was stirred 2 h at 80 �C under argon
atmosphere. The solvent was then evaporated under vacuum and
the solid was extracted with diethyl ether. The dark cloudy solu-
tion was filtered, concentrated under vacuum, diluted with hexane
and concentrated again to crystallization. The same procedure was
repeated once again to obtain pale yellow crystals of pure product
4 (10 mg, 61% yield).

1H NMR (300 MHz, DMSO-d6) d ppm 11.35 (s, 1H), 9.67 (s, 1H)
8.43–8.39 (m, 3H), 7.61–7.52 (m, 2H), 3.26 (s, 3H), 2.76 (s, 3H), 0.33
(t, 9H); 13C NMR (75 MHz, DMSO-d6) d ppm 149.3, 142.6, 140.2,
139.9, 133.7, 132.1, 130.4, 129.8, 127.7, 123.3, 122.8, 121.7,
115.5, 110.4, 107.6, 14.1, 11.6, �9.2; MS (ESI+) m/z 409.1 (calcd):
410.0 [M+H]+; Anal. calcd for C20H22N2Sn: 58.72% C, 5.42% H,
6.85% N; found: 58.54% C, 5.46% H, 6.79% N.

2.5. 2-Oxopropyl-9-(trimethylstannyl)ellipticinium tosylate (5)

Compound 4 (12 mg, 29 lmol) was quaternized with tosylace-
tol (33 mg, 0.15 mmol) in dry acetonitrile (0.5 mL) at room temper-
ature overnight. After precipitation in ethyl acetate and filtration
the product was isolated on Sephadex LH-20 column (100 mL
bed volume) using methanol as an eluent to produce after solvent
evaporation product 5 (14 mg, 73% yield) as yellow solid.

1H NMR (300 MHz, DMSO-d6) d ppm 12.43 (s, 1H), 9.95 (s, 1H),
8.55–8.52 (m, 2H), 8.31 (d, J = 7.17 Hz, 1H), 7.78–7.69 (m, 2H), 7.46
(d, J = 8.04 Hz, 2H), 7.10 (d, J = 7.91 Hz, 2H), 5.81 (s, 2H), 3.30 (s,
3H), 2.89 (s, 3H), 2.36 (s, 3H), 2.28 (s, 3H), 0.38 (t, 9H); 13C NMR
(75 MHz, DMSO-d6) d ppm 200.2, 147.6, 145.7, 144.3, 142.9,
137.4, 135.6, 133.4, 132.8, 132.6, 131.9, 131.4, 128.6, 127.9,
125.9, 125.3, 122.6, 119.9, 111.5, 110.4, 67.0, 26.9, 20.6, 13.8,
11.9, �9.0; MS (ESI+) m/z 466.2 (calcd): 466.3 [M+H]+; Anal. calcd
for C30H34N2O4SSn: 56.53% C, 5.38% H, 4.40% N; found: 56.41% C,
5.39% H, 4.36% N.

2.6. Synthesis of [125I]-2 and [125I]-3

To the mixture of stannylated precursor 5 (0.5 mg in 40 lL of
acetonitrile) were added 12 lL of glacial acetic acid, 8 lL of hydro-
gen peroxide (30% aqueous solution) and 18 lL of Na125I stock
solution (334 MBq). The reaction tube was sealed and vortexed
for 20 min. Then, the reaction mixture was separated using the
Chromolith Performance RP-18e HPLC column. The separation
was carried out with the gradient of acetonitrile in water (5–
100% acetonitrile in 20 min) with 0.1% of trifluoroacetic acid at a
flow rate of 2 mL/min, using 120 lL injection loop and radiodetec-
tion. The radioactive peak (Rt = 8.5 min) was collected and evapo-
rated in vacuo. The yield was 289 MBq of [125I]-2 (87%
radiochemical yield, specific radioactivity 63.2 GBq/mg). The pur-
ity and the specific radioactivity of [125I]-2 was assayed by the
same HPLC system as above, using gradient of acetonitrile in water
(5–100% in 5 min) with 0.1% of trifluoroacetic acid at a flow rate of
5 mL/min, using 20 lL injection loop, radiodetection and UV–VIS
detection, as well. The specific radioactivity of [125I]-2 was calcu-
lated from the ratio of its UV–VIS and radiodetection peak areas.

For this purpose, the UV–VIS detector calibration was carried out
using 2 as a standard.

Conjugation to the polymer was done in the same way as for the
non-radiolabeled polymer, but using higher excess of polymer
(10 mg) to N-2-oxopropyl-9-iodoellipticinium [125I]-2 (160 MBq).
Yield 10 mg of the conjugate [125I]-3 containing 145 MBq of
[125I]-2 (91% radiochemical yield).

2.7. In vitro intercalation

The solution of 2 in PBS buffer (20 lM, 3 mL) with 1 mM EDTA–
2Na in spectrophotometric cuvette was titrated with aliquots of
calf thymus DNA in phosphate buffered saline (PBS, 4.3 mM)
(Volkert et al., 1991). After each addition of DNA, the fluorescence
emission spectra were recorded (Fig. 3), using the excitation wave-
length of 350 nm. The titration continued until the spectra changes
of were minimal. From the function of fluorescence emission inten-
sity at 534 nm (spectra maximum) on the amount of added DNA,
the binding affinity was determined. The drug binding fraction a
at each titration point was calculated from the equation:

a ¼ Cb=C ¼ ð1� Cf Þ=C ¼ ðI � If Þ=ðIb � IfÞ

where Cb and Cf is the concentration of fully bound and free drug 2,
respectively, C is the total concentration of 2, I is the fluorescence
emission intensity at each point of titration, If and Ib are the fluores-
cence intensities of free and fully bound drug 2, respectively. Then
the amount of drug bound per unit of DNA r at each point of titra-
tion can be determined as r = a � C/CDNA, where CDNA is the total con-
centration of DNA in the sample. The intrinsic binding constant Ki

was then calculated using the equation r/Cf = Ki(n � r), where n rep-
resents the number of DNA base pairs occupied by the bound drug
(Volkert et al., 1991). The experiments were performed in
triplicates.

2.8. In vitro cell internalization

Internalization of the ellipticine derivatives and their conju-
gates into cells was assayed with murine mammary carcinoma cell
line 4T1 (ATCC, USA) cell line. The cells were seeded on sterile
microscopic glass inserted into 24-well polystyrene plates (TPP,
Switzerland; well diameter 1.5 cm). The seeding density was
30,000 cells/well, i.e. 17,000 cells/cm2. The cells were cultivated
for 48 h in 1.5 mL RPMI media (Sigma, U.S.A.) supplemented with
fetal bovine serum (Sebak GmbH, Germany) and gentamicine
(LEK, Slovenia) (Maeda et al., 2000).

After that nonradioactive 2-oxopropyl-9-iodoellipticinium (2)
and its conjugate 3 (as 1 wt.% stock solutions in dimethyl sulfox-
ide), respectively, were added to reach the final concentration
0.1 mg/mL (free ellipticinium or equivalent bound to polymer). Cell
nuclei were stained with nuclear dye Hoechst # 33342 (Sigma,
U.S.A.) for live cells. The dye was added 5 min before observation
of the particular specimen at the given time interval. Internaliza-
tion was followed in time intervals 2.5 h, 5 h and 24 h, the cells
were observed on a confocal microscope Leica SPE (Leica,
Germany).

2.9. In vivo experiments

All animal experiments described hereinafter in this manuscript
have been performed in accordance with The Law of Animal Pro-
tection against Cruelty (Act No. 359/2012) of the Czech Republic,
which is fully compatible with the corresponding European Union
directives, and was approved by the Ethical Committee as
requested by the above stated legislative. The pre-cultivated 4T1
tumor cells were applied subcutaneously (107 cells per animal)
as a mixture with BD Matrigel™ (I.T.A.-Interact, Ltd., Prague, Czech
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Republic) into the back of female Balb/C mice (The Jackson Labora-
tory, Maine, USA, 6 weeks old). When the tumors reached the size
of about 6 mm in diameter (after 7 days), the mice with uniformly
grown tumors (n = 25) were randomly divided into three groups.
Each animal in group received single dose of therapeutic in phos-
phate buffered saline (PBS) i.v. into the tail vein as follows:

Group 1 (n = 9): [125I]-2 (2 MBq, in 70 lL of PBS).
Group 2 (n = 8): [125I]-3 (2 MBq, in 40 lL in PBS).
Controls (n = 8) untreated control group.

After application, survival of mice was observed. Moreover,
mice were shaved in the area of the tumor and tumor growth
was recorded twice a week. Tumor volumes were measured by a
caliper and calculated by the following equation:

V ¼ a� b� b� p
6

where V was the tumor volume, a was the length and b was the
width of the surface area. The statistical evaluation of data was per-
formed with an OriginPro 8.1 (OriginLab Corporation, MA, U.S.)
computer program. Calculation of analysis of variance (ANOVA)
was performed at significance level a = 0.05 and a = 0.10,
respectively.

3. Results and discussion

An ellipticine analogue with the stable isotope of 127I was syn-
thesized (Fig. 2) to determine the main physico-chemical charac-
teristics of the iodinated ellipticine derivative, such as the in vitro
drug intercalation, internalization, and the release rate of the ellip-
ticine derivative from the conjugate, all of which are largely inde-
pendent of the isotope of the iodine used. 9-Iodoellipticine (1) was
prepared through the acetomercuration of ellipticine followed by
the iodination of the mercuro-intermediate (Devraj et al., 1996).
Because the 9-iodoellipticine moiety does not contain an oxo
group, which is necessary for the formation of hydrazone bond, it
was quaternized with 2-oxopropyl-p-toluenesulfonate to form
the N-(2-oxopropyl)-9-iodoellipticinium p-toluenesulfonate (2).
This compound was used as the non-radioactive analogue of the
radioactive drug described below. For the quaternization, 2-oxo-
propyl-p-toluenesulfonate was used instead of the more accessible

bromoacetone because the bromide anion, unlike the tosylate,
would be partly oxidized to bromine by hydrogen peroxide during
the radioiodination (see below) and would therefore interfere in
the destannylation process to produce bromoderivative, which is
hard to separate from the iododerivative (Moeriein and Coenen,
1985).

The efficacy of the AE emitters is highly dependent on their
proximity to the DNA (O’donoghue and Wheldon, 1996; Kassis
et al., 1999b). Thus, the high DNA binding ability of the iodinated
intercalator is essential for efficacy of the whole system. The inter-
calation constant was determined by direct titration of the iodoel-
lipticinium 2 with a solution of calf thymus DNA followed by
measurement of the fluorescence emission spectra (excitation
wavelength of 350 nm) (Fox, 1997). Upon each addition of DNA,
the intensity of the fluorescence emission increased (Fig. 3). The
drug-DNA intercalation constant was determined using a Scat-
chard plot, based on the dependence of the fluorescence intensity
at maxima (534 nm) on the amount of added DNA at each point
of titration (Sorace and Sheid, 1978; Kohn et al., 1975). Similarly
as described previously for ellipticine and quaternary ellipticinium
derivatives (Sedláček et al., 2013), the 9-iodoellipticine exhibits
two different binding modes depending on the drug/DNA ratio.
The calculated constant was Ki = 4.3 ± 0.32 � 106 M�1 (bp) with
an average binding density of one molecule of iodoellipticinium
2 to 4.05 base pairs (bp) of DNA. These values are slightly lower
than those measured for the similar ellipticinium compound lack-
ing iodine (Sedláček et al., 2013). This may be attributed to the ste-
ric and hydrophobic effects of the iodine atom. However, the
intercalation constant is high enough that 2 may be considered
as an effective intercalator (for comparison, the DNA affinities of
ethidium bromide and acridine orange are Ki = 1.5 � 105 M�1 (bp)
(Gaugain et al., 1978) and Ki = 3.2 � 104 M�1 (bp) (Lyles and
Cameron, 2002), respectively).

The non-radioactive iodoellipticinium 2 was linked to the
hydrazide group containing the HPMA copolymer (Mw = 25.4 kDa,
I = Mw/Mn = 1.21) to form the polymer conjugate 3. The molecular
weight and polydispersity (Mw = 26.8 kDa, Mw/Mn = 1.24) being
only slightly higher compared to starting HPMA copolymer indi-
cates the absence of cross-linking during the conjugation reaction.
The content of iodoellipticinium 2 in the conjugate was 6.2% wt.,
and the yield of conjugation with respect to the ellipticinium deriv-
ative was 76%. Furthermore, the rate of drug 2 release from the
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Fig. 3. Enhancement of the emission fluorescence intensity of 2 with increasing concentration (10 lM increments) of calf thymus DNA from CDNA = 0 lM (bp) to
CDNA = 120 lM (bp). Inset graph: Scatchard plot of the fluorescence titration at 534 nm. Excitation wavelength was 350 nm.
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HPMA copolymer at 37 �C was determined by HPLC. The results
indicated that hydrolysis of the low molecular weight drug–poly-
mer hydrazone linker was highly pH sensitive (Fig. 4). At pH 7.4
(mimicking the pH of the blood plasma), the linker was stable
and almost no drug was released from the polymer (0.11% in
24 h). However, at pH 5.0 [mimicking the pH in late endosomes,
where the polymer conjugates typically get into after internaliza-
tion (Etrych et al., 2001)] rapid release of drug 2 was observed
[47% of the drug 2 was released within 24 h, which is fully consis-
tent with typical tumor accumulation curves for HPMA conjugates
giving maximum after ca 24 h and plateau/slow elimination for
several following days (Etrych et al., 2001)]. Importantly, the
release at pH 6.5 (model of tumor interstitial space) is also rela-
tively slow, less than 6 % within 24 h, assuring that unwanted
redistribution of the released radioiodinated intercalator within
the body would be minimal. These values are consistent with our
previous results (Sedláček et al., 2013), in which the structure of
ketone linkers was optimized with respect to the hydrolysis rate
of the hydrazone conjugates.

The release of drug 2 from polymer 3 in the pH 5.0 buffer is
approximately twice as fast as of the release in our first system
(Sedláček et al., 2011), and the conjugate in the present study
remained intact at pH 7.4. This represents a significant improve-
ment of the system with respect to the second targeting step
(pH-responsive drug release).

Internalization of ellipticine derivatives can be directly
observed without additional staining due to their inherent fluores-
cence properties (Bawa et al., 2012). The use of fluorescence of the
nonradioactive drug instead of radioactivity of the radiolabeled
compound allows not only to follow internalization of the ellipti-
cine derivative as whole, but also intracellular localization in real
time. However, Hoechst # 33342 nuclear stain was applied to visu-
alize the co-localization in the cell nuclei. Hoechst # 33342 dye and
the ellipticinium derivative 2 both possess DNA intercalating abil-
ity, which is a crucial requirement for the therapeutic effect of the
studied system. For both the free (2) and polymer-bound drug (3),
the co-localization in the cell nuclei can be visualized after 24 h
(Fig. 5A and B), indicating effective intercalation in vitro as well
as effective release of the intercalator from the polymer conjugate
in the cells. Staining of the cell nuclei with 2-oxopropyl-9-iodoel-
lipticinium occurs more slowly for the polymer conjugate 3 than
for the free drug 2; this may be explained by the fact that free drug
must be released from the conjugate before it acts as an intercala-
tor, a process that takes time. For HPMA copolymers the diffusion
itself in cells is much faster than the in vitro release rate observed

for the system described in this manuscript so this is unlikely to be
a significantly diffusion-controlled effect. Furthermore, this obser-
vation indicates the anticipated release of drug 2 from the polymer
carrier after cell internalization. It is interesting to note that the
extranuclear space in the cell (i.e., cytoplasm and organelles such
as endosomes) was stained more in the case of the free drug than
for the conjugate, especially after 24 h. One would expect the
opposite because the ellipticine derivative is most likely released
from the conjugate in the acidic environment of late endosomes,
which are expected to remain fluorescent in the meantime. It is
likely that an excess of the free drug exists outside of the cell, thus
oversaturating the binding sites within the cells, including the cell
nuclei. In addition, cytoplasmic binding sites with lower affinity,
such as RNA or proteins, may bind the ellipticinium derivative 2
(Wilson et al., 1993). In contrast, only the intracellularly released
drug from the polymer conjugate is available in the cells and is
present in a lower quantity; this quantity is most likely not suffi-
cient to saturate the cell nucleus that contains DNA to which the
intercalator has a high binding affinity. As we have shown on
in vitro release, the ellipticine derivative remains bound to the
polymer in a neutral environment in the cultivation media (Fig. 4).

After observing satisfactory in vitro results using the non-radio-
active system, the same system was developed using the Auger
emitting radioisotope 125I in place of the naturally occurring non-
radioactive isotope 127I (Fig. 2). Because the high specific radioactiv-
ity of the radiolabeled intercalator is desirable, it is necessary to
synthesize a radioisotope without an added carrier; thus, the radio-
iodination step needs to occur quickly and have a high yield, and the
radioactive product needs to be easily separated from the reaction
mixture. The direct radioiodination of ellipticine used previously
had a low yield (and thus required a large excess of carrier-added
iodine) (Sedláček et al., 2011); therefore, the iododestannylation
approach was chosen. This reaction fulfils all of the necessary crite-
ria (Krause et al., 1997). First, the trimethylstannyl group was intro-
duced to the ellipticine base by reaction of 9-iodoellipticine (1) with
hexamethylditin in the presence of the palladium complex catalyst.
This yielded 9-(trimethylstannyl)ellipticine (4), which was subse-
quently quaternized with 2-oxopropyl-p-toluenesulfonate to pro-
duce the precursor that is suitable for radiolabeling (5). The
precursor was radioiodinated with 125I2, formed in situ from
Na125I, hydrogen peroxide and acetic acid. The reaction was com-
pleted at room temperature within 20 min. The product [125I]-2
was separated using an HPLC system (RP-C18 Chromolith column).
The HPLC-retention time of the isolated product [125I]-2 (monitored
by an in-line flow radiodetector) was the same as that of the non-
radioactive analogue 2 (monitored by an UV detector) (Fig. 6A).
By comparing the peak area of [125I]-2 measured using the radio-
and UV-detectors, the specific radioactivity was determined to be
63.2 GBq/mg (37.8 TBq/mmol), which is in four orders of magni-
tude higher than in our previous system (Sedláček et al., 2011).
After successful radioiodination, the drug [125I]-2 was attached to
the hydrazide-containing HPMA copolymer analogous to the non-
radioactive copolymer, yielding conjugate [125I]-3. The SEC chro-
matogram of this compound (Fig. 6B; monitored by FlowStar radio-
detector) was nearly identical with that of the unlabeled hydrazide-
containing HPMA copolymer (monitored by RI detector) which
indicates the absence of the polymer cross-linking by radioactivity.
Subsequently, the release of the drug [125I]-2 from the polymer con-
jugate [125I]-3 was measured. As expected, the release profile of the
radiolabeled drug from its conjugate (negligible release in pH 7.4
buffer, 44% release within 24 h in pH 5.0 buffer) did not substan-
tially differ from the release profile of its non-radioactive analogue
2. Therefore, the high specific radioactivity did not have any effect
on the stability of the hydrazone bond.

In the in vivo experiment with Balb/C mice inoculated with 4T1
mammary carcinoma, it was a priority to monitor the survival of
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Fig. 4. The release profiles of derivatives 2 (solid line) and [125I]-2 (dashed line)
from their conjugates 3, [125I]-3, in buffered media at 37 �C.
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the mice treated with radioactive drugs [125I]-2 and [125I]-3,
respectively (Fig. 7). The dose of the radiolabeled intercalator and
its conjugate (2 MBq per animal) was chosen on the basis of previ-
ously published studies on low-molecular-weight Auger electron
emitter-radiolabeled intercalators (Fondell et al., 2010; Gardette
et al., 2011; Ickenstein et al., 2006). The treated groups had longer
survival times compared to the untreated Controls
(27.1 ± 6.1 days); the average survival time in Group 1, treated with
the low molecular weight drug [125I]-2 (2 MBq per mice), was
36.0 ± 9.9 days after drug administration, and in Group 2, treated
with [125I]-3 (2 MBq per mice), the survival time was

45.5 ± 11.5 days. There was a statistically significant difference
(a = 0.05) between Group 2 and Controls (P = 0.0022). The differ-
ence between Group 1 and Controls was statistically significant
(P = 0.057) at the level a = 0.10 but not at the level a = 0.05.
Survival was noticeably longer in Group 2 (radioellipticinium
derivative on polymer [125I]-3) in comparison with Group 1 (free
radioellipticinium [125I]-2), although the difference was not statis-
tically significant due to variance in the values within each group.
Therefore, the therapy with the intercalator-targeted Auger elec-
tron emitter 125I is effective compared to controls, and the thera-
peutic effect is even more pronounced when the ellipticinium is

Fig. 5. (A) Internalization of free 2-oxopropyl-9-iodoellipticinium 2: 2-Oxopropyl-9-iodoellipticinium channel: a, after 2.5 h; b, after 24 h. Merged 2-oxopropyl-9-
iodoellipticinium + Hoechst # 33342 channels: c, after 2.5 h; d, after 24 h. Field = 150 � 150 lm. (B) Internalization of polymer conjugate 3. 2-Oxopropyl-9-iodoellipticinium
channel: a, after 2.5 h; b, after 5 h; c, after 24 h. Merged 2-oxopropyl-9-iodoellipticinium + Hoechst # 33342 channels: d, after 2.5 h; e, after 5 h; f, after 24 h. Field = 150 � 150
lm.
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bound to a polymer, as in the polymer conjugate [125I]-3. This is
most plausibly due to additional two targeting steps in our triple
targeted polymer conjugate [125I]-3 (EPR effect, pH-triggered
release) compared to free radiolabeled intercalator [125I]-2 as
explained in the Introduction section.

The localization of the tumor in the subcutaneous tissue of the
back may affect the survival time of mice because mice were even-
tually paralyzed due to tumor penetration into the spine. Paralysis
resulted in immobility and the inability to eat, which could gener-
ally reduce average survival; however, this effect would be

comparable in all groups. Tumor growth and volume were also
observed in this experiment. There was little difference in tumor
volume and growth between all groups, especially in the first
10 days after treatment. This difference was not statistically signif-
icant, and the tumor sizes were similar at the time of death:
5.9 ± 1.9 cm3 in Group 1, 5.9 ± 1.3 cm3 in Group 2 and
5.8 ± 1.4 cm3 in Controls group. In one animal from Group 2, the
tumor disappeared and was impalpable on day six after treatment,
but the tumor appeared again on day 10. Accordingly, it is likely
that the extended survival of the treated groups is more a result

A 

B 

Fig. 6. (A) RP-18 HPLC chromatograms of the synthesized compounds: A. Chromatogram of the stannylated precursor 5, detected by UV spectroscopy. B. Chromatogram of 2,
detected by UV spectroscopy. C. Chromatogram of [125I]-2 measured by FlowStar radiodetector; conditions: gradient 5–100% of acetonitrile in 0.1% aqueous TFA in 5 min, flow
rate of 5 mL/min; (B) SEC chromatograms of the hydrazide-containing HPMA copolymer (dash-dotted line, RI detection) and [125I]-3 (solid line, FlowStar radiodetector).
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the suppression of the metastatic process rather than the inhibi-
tion of growth of the primary tumor, which was not statistically
significant. The similar behavior was before described for the acri-
dine-bound 125I low molecular weight drugs (Gardette et al., 2014).
Therefore, not only the Enhanced Permeation and Retention (EPR)
effect but also the extended circulation time and the resulting
higher effective dose when using a polymer conjugate are most
likely important in this case. As described before (Etrych et al.,
2001; Ulbrich and Šubr, 2010; Lammers et al., 2005; Shiah et al.,
2001), extended blood circulation times of poly(HPMA) conjugates
compared to free drugs are given by polymer molecular weight and
are only very slightly influenced by chemical nature of the hydra-
zone-bound drug unless there is some specific targeting moiety
such as peptide (and there is no such moiety in the case of the sys-
tem described in this paper).

Further detailed experiments on biodistribution, toxicity data,
employing alternate dosages and specific radioactivities to opti-
mize the treatment are needed as well as confirmation that the
treatment decreases the development of metastases as primary
mode of action. These experiments are currently underway.

4. Conclusions

We developed and characterized a fine-tuned system for the
selective delivery of Auger electron emitter 125I with a precisely
tailored triple-targeting approach. It is composed of the derivative
of the potent DNA intercalator ellipticine, which contains 125I with
high specific radioactivity, linked to the HPMA copolymer, with a

narrow molecular weight distribution (synthesized by RAFT copo-
lymerization), using an optimized hydrazone linker. The in vivo
evaluation of the therapeutical effect was performed using an ani-
mal cancer model and resulted in prolonged survival of cancer-
bearing mice after administration of the radioconjugate. Thus,
the concept of the triple-targeting approach of the Auger electron
emitter is worth pursuing. Further detailed biological experiments
are currently underway.

Acknowledgements

Financial support provided by the Ministry of Industry and
Trade of the Czech Republic (Grant # MPO TIP FR-TI4/625), the
Academy of Sciences of the Czech Republic (Grant #
M200501201) and the Ministry of Education, Youth and Sports of
the Czech Republic (Grant # MSMT KONTAKT II LH14079) is grate-
fully acknowledged.

The authors declare no competing financial interest.

References

Balan, K.K., Raouf, A.H., Critchley, M., 1994. Outcome of 249 patients attending a
nuclear medicine department with well differentiated thyroid cancer; a 23 year
review. Br. J. Radiol. 67, 283–291.

Bawa, R., Fung, S.Y., Shiozaki, A., Yang, H., Zheng, G., Keshavjee, S., Liu, M., 2012. Self-
assembling peptide-based nanoparticles enhance cellular delivery of the
hydrophobic anticancer drug ellipticine through caveolae-dependent
endocytosis. Nanomed. Nanotechnol. Biol. Med. 8, 647–654.

Bernhardt, P., Forssell-Aronsson, E., Jacobsson, L., Skarnemark, G., 2001. Low-energy
electron emitters for targeted radiotherapy of small tumours. Acta Oncol. 40,
602–608.
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