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Complex Formation between Gallium(III) and Adriamycin in Aqueous Solutions
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The complex formation between gallium(III) and adriamycin (ADR) was investigated in 0.1 M KNO; at 25°C.
With excess concentration of Ga(III) compared to ADR, Ga(III) was found to be coordinated with ADR in the low
pH region below about 4.0. The spectrophotometric titration data supported the hypothesis that one proton is released
as a result of complexation between Ga(II) and ADR via a 1:1 stoichiometry, and a phenolic oxygen on the ADR is
involved. The stability constant of the complex was obtained by two different spectrophotometric methods. First, the
absorbance development and pH changes reflecting the release of a proton due to complexation were monitored and
the stability constant was estimated using the method of Hildebrand-Reilley. Secondly, ADR was titrated with increasing
Ga(III) at constant pH 3.0 and analyzed by the Benesi-Hildebrand method. We took into consideration gallium hydrolysis
in the calculation. The stability constants, 1.24 x 10° and 3.06 x 10® M~ ' obtained by the two different methods, showed

good agreement within an order-of-magnitude range.
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Introduction

Adriamycin (ADR) is an antitumor antibiotic exhibiting
activity against a variety of human cancers." However, the
presence of dose-limiting toxic side effects has stimulated
the development of analogs with the hope of improved
efficacy and tolerability without cardiotoxicity.

Complexation of ADR with metal ions has been examined
for this purpose. Quelamycin, consisting of three ADR
molecules chelated to one Fe(IIl) ion, was reported to
produce less cardiotoxicity as compared to ADR alone.”
Physicochemical characteristics of Fe(II[)~>ADR and
Fe(IlI)-daunorubicin complexes have been extensively
investigated.® Complexation with Cu(II) and Pd(III) has
been also studied.*>

The radionuclide gallium-67 has been used extensively as
a tumor-imaging reagent.® Injection of the citrate complex
Ga(III)(citrate), results in enhanced uptake of the metal
into a variety of malignant tumors.” Similar uptake of
gallium complexes with other organic ligands may be
expected, as a possible antitumor activity of the
Fe(III)-ADR complex is suggested.® In this report we
examined the complex formation between Ga(III) and
ADR, and the stability constant was determined by
spectrophotometric titration methods.

Experimental

Chemicals Purified ADR was kindly provided by Kyowa Hakko Kogyo
Co., Tokyo. Ga(NQj;);-xH,0, ethylenediaminetetraacetic acid (EDTA),
and 1-(2-pyridylazo)-2-naphthol (PAN) were purchased from Wako Pure

Chemical Industries, Ltd., Osaka. All other chemicals were of reagent

grade.

Apparatuses Absorption spectra were recorded on a Shimadzu UV-260
spectrophotometer (Kyoto). Circular dichroism (CD) spectra were
obtained on a Jasco J-600 spectrometer (Tokyo). Spectral changes were
expressed in terms of the molar absorptivity for absorption spectra, and
as de=g_ —s (molar CD coefficient) where & and & are the molar
absorptivities for left and right circularly polarized lights. Fluorescence
spectra were recorded on a spectrofluorophotometer (RF-520, Shimadzu,
Kyoto) at an excitation wavelength of 460nm. pH measurements were
made with a Horiba F-7, ¢ digital pH meter having a precision of +0.005
pH unit (Tokyo).

Determinations of Ga(IIl) and ADR The content of Ga(III) was de-
termined by means of EDTA titrations with PAN as an indicator.¥
ADR concentration was determined based on the molar absorptivity at
480 nm (&, 11500).”) As anthracycline solutions are generally sensitive to
light and oxygen, the stock solution was prepared with water bubbled by

nitrogen gas for 10min and stored at —20°C.

Spectrophotometric Titration of ADR Solution All titrations were
carried out in KNOj (ionic strength 0.1) at 25+0.1°C. ADR (9.9 um) was
titrated with a KOH solution. Carbonate-free 0.0748 +0.0002 M KOH was
prepared adding barium hydroxide to remove the CO, from the KOH
solution and exchanging barium for potassium by passing a column of
Amberlite IR 120B in the potassium form.'® The KOH solution was
successively increased to 1400 ul by a microsyringe. The mixing of the
solution was carried out by gently bubbling nitrogen gas. Once the volume
of KOH solution was added, the pH, absorption spectra and absorptivity
at 590nm of ADR solution were measured. The decreased concentration
of ADR by the addition of a KOH solution was counterbalanced by
changing the full scale of a spectrophotometric recorder. Since ADR
decomposes at alkaline pHs,'"’ the spectrum was recorded as quickly as
possible after the pH was raised to the desired value. Titrations were
performed in triplicate. Protolytic dissociation constants were obtained
for each run and the average values were determined by nonlinear
least-squares computer analysis.***%

Spectral Changes of ADR with Ga(NO;); ADR (40 uMin 0.1 M KNO,)
was titrated by successively adding 10mm Ga(NO;); at the molar ratio
up to 200. The absorption and fluorescence spectra were recorded after
about 10min standing, at which time spectral changes were generally
settled. The pH changes were also measured.

Spectrophotometric Titration of ADR-Ga(Ill) Complex An ADR
(40 um) solution containing 4mmM Ga(NO;); was titrated with a small
amount of 0.02M HCI or 0.02M KOH. The absorbance changes at 567 nm
in the pH region from 2.3 to 3.9 (final pHs after titration) were monitored
and a stability constant was derived according to the Hildebrand-Reilley
method.'¥

In the meantime, ADR (40 um) was titrated by Ga(III) at molar ratios
up to 175 where the pH was always maintained at 3.0 by adding 0.02M
HCl or 0.02M KOH. The absorptivity at 567 nm was monitored and the
stability constant estimated according to the Benesi-Hildebrand method.*®

Results and Discussion

Deprotonation Constants of ADR The interactions of
the ADR with metal ions and other biologically important
substances depend on its various prototropic forms. The
protolytic equilibria of the drug in citrate and phosphate
buffers and sulfuric acid solution were intensively
investigated in this respect.!? Before studying a Ga(III)-
ADR system where gallium was used as Ga(NOj)s,
deprotonation constants of ADR were determined by
spectrophotometric titration in 0.1 M KNO;.

Figure 1 shows the individual stage of protolytic equilibria
of ADR with the microscopic dissociation constants, Kcy,
Kez, Kna and Kz,. Defined similarly to previous lit-
erature,!? the Koy and Ky, correspond to the equilibria
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Fig. 1. Structure of Adriamycin and a Chart of Its Protolytic Equilibria
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Fig. 2. Absorption Spectra of Adriamycin without Ga(III) as a Function
of pH in 0.1 KNO,
pH: (1), 6.39;(2), 8.33; (3), 8.79; (4), 9.26; (5), 9.57; (6), 9.82; (7), 10.06: (8), 10.34.

between the singly charged cation and the neutral species,
and between neutral species and the singly charged anion,
respectively. The K, and K, correspond to the equilibria
between the singly charged cation and zwitterionic species,
and between zwitterionic species and singly charged anion,
respectively.

Figure 2 shows the visible absorption spectra of ADR
in the pH range 6.39—10.34. As the pH was raised, the
absorbance at 480 nm decreased and the band shifted to
a higher wavelength at maxima 555 and 590 nm with the
isosbestic points at 398 and 517 nm (Fig. 2). The color of
ADR solution changed from red to purple at basic pH.
This large shift can be attributed to the deprotonation
of one phenolic group.*”® Since the amino group of the
amino sugar moiety is located apart from the aromatic
chromophore of the aglycone, the deprotonation of the
amino group is unlikely to affect the spectrum of ADR.

The microscopic constants represented in Fig. 1 have
the following relation to the macroscopic constants, K,
and K, which represent first and second deprotonation,
respectively.'?

K, =Ken+Key 0]

11 1 ®
K, Kna Kza

obtained.

TABLE 1. Negative Logarithms of Dissociation Constants of Adriamycin

Constant Value
Pk, 9.10
pK, 9.97
PKen 9.25
pKcz 9.64
PKza 9.43
PKya 9.82

The reproducibilities of the K, and K, values obtained from Eq. 3 by nonlinear
least-squares analysis were within 9% and 7%, respectively.

Based on these equilibria, the observed molar absorptivity
of ADR, ¢, corresponding to total absorbance at an
analytical wavelength may be expressed by

ec[H™ 1+ K, [H* Jen + K, Kty
E=—
[H*P*+K,[H"]+K,K,

where ec[N]+e,[Z]=en(IN]+[Z]), and &c, &y and ¢,
refer to the species ADRH;, ADRH, and ADRH",
respectively. As the fully protonated species does not absorb
at 590 nm (ec=0), the absorptivity at 590 nm was used to
determine deprotonation constants, K; and K. Figure 3
shows the plot of ¢54, as a function of pH. When the value
of ¢4, 10800 was held constant, the parameters ¢y, K, and
K, were estimated using Eq. 3. The ratio of [N] to [Z],
represented as (¢4 —&n-)/(en — &), Was calculated to be 2.45.
Thus, according to Eqs. 1 and 2, the microscopic constants
were obtained as summarized in Table I. A solid line in
Fig. 3 represents the calculated curve based on these values.
Spectral Changes of Ga(III)-ADR Complex Formation
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Fig. 4. Absorption Spectra of Adriamycin Titrated by Gallium Nitrate
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Fig. 5. Fluorescence Spectra of Adriamycin in the Presence of Ga(NO;);

ADR concentration was 4.0 x 10~ M. [Ga(NO;);]/[ADR] and pH: (1), 0, 6.46;
2), 50, 3.11; (3), 100, 3.00 in 0.1 KNO;, 1, =460nm.

Figure 4 shows the spectral changes of ADR in the pres-
ence of various amounts of Ga(NO,); in which the mo-
lar ratio of the metal ion to the drug varied from 0 to
200. The scanning spectra exhibited new absorption maxima

at 496, 526 and 567 nm, accompanied by color changes from -

red to red-purple. The spectral shift was more appreciable,
especially when Ga(I1I) was more than 10-fold the amount
of ADR. As no spectral changes of the drug were observed
in the acidic region, these shifts are the result of induction
by Ga(III) and suggest the formation of a complex between
Ga(II) and ADR. The spectra also exhibited isosbestic
points at 387 and 487nm, showing that a single
gallium-ADR complex is formed. We also performed a
spectroscopic study at physiological pH, but a shift of
spectra was not detected. This may have been due to
hydrolysis of gallium ion, which will be discussed later.
Concerning the complex formation, there are three
possibilities: Ga(III) ion is bound to ADR through (i) the
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Fig. 6. CD Spectra of Adriamycin in the Absence and Presence of
Ga(NO;); at pH 3.0
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Fig. 7. Spectrophotometric Titration of Ga(IIT)-Adriamycin Complex

[ADR], 4.0 x 1075 M; [Ga(NO3);], 4.0 x 10~* M. Titration was carried out using
0.02M KOH or HCl in 0.1 M KNO;.

hydroxyl group on C,, (ii) the hydroxyl group on Cs, or
(iii) the amino group of the sugar. The shift of the band to
higher wavelengths could be assigned to deprotonation of
the phenolic groups.*>® Thus, the observation suggests that
the first or the second is feasible.

Figure 5 shows representative fluorescence spectra of
ADR in the presence of Ga(NOs;); under similar conditions
to Fig. 4. It exhibits an isoemissive point at 572nm. This
also strongly suggests the involvement of phenolic
chromophores in reference to the fluorescence spectrum of
ADR at alkaline pH.'? Considering the similarity to the
complexes formed between ADR and Fe(III), Cu(Il), or
Pd(ID),>*>%) Ga(Ill) is most probably bound to the
C,,-phenolate oxygen and the C;,-carbonyl oxygen of
ADR.

It has been shown that the dimeric form of ADR could
accommodate two Pd(II) ioms.” In the case of the
Ga(IIT)-ADR system, the existence of the dimer of ADR
was examined by CD spectrum. Figure 6 shows the CD spectra
at the molar ratios of Ga(III) to ADR 0: 1 and 150: 1 when
the pH was maintained at 3.0. If ADR were in the dimeric
form, the CD signal should be of the couplet type with a
positive band at 445 nm and a negative one at 530 nm, while
if it were in the monomeric form, only one positive band
at 480 nm should appear.!® As the CD spectrum exhibited
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no negative band at 530 nm in the Ga(III)-ADR system, it
can be ruled out that Ga(III) ions are bound to the dimeric
form of ADR.

Stability Constants for Ga(Il)-ADR Complex Forma-
tion Figure 7 shows spectrophotometric titration by the
addition of 0.02M KOH or 0.02 M HCl when the molar ratio
of Ga(III) to ADR was held constant at 100. The absorbance
at 567 nm reflecting the complex formation was monitored
in the pH region 2.3—3.8. At pHs ranging from 2.3 to 3.0
the absorbance increased with increasing pH value as the
result of complexation. The maximum absorbance was
shown at pH 3.0, followed by diminished absorbance with
further increase in pH. The decreased absorbance observed
in the pH region greater than 3.0 could be explained by
hydrolysis of the Ga(III) ion. The gallium ion is hydrolyzed
to form Ga(OH)**, Ga(OH); and Ga(OH),.'”'® The
values of the hydrolysis constants of gallium have been
reported previously,'® with log K3y =2.91, log K3;,,=3.70
and log K3;;=4.40 corresponding to the formation of the
species described above, respectively. The prevailing forms
of the metal in the pH region examined (2.3—3.8, Fig. 7)
are Ga®* and Ga(OH)?*. Therefore, the concentration of
the unhydrolyzed metal ion decreases with increasing pH.

To estimate the stability constant of the complex, the
following two methods were used. First, the pH-absorption
profile reflecting the complex formation shown in Fig. 7
was analyzed according to the method of Hildebrand and
Reilley.'® Assuming that the Ga3* species is responsible
for the complex formation and the complex is formed at a
1:1 stoichiometry, the stability constant, B, is defined as
follows:

Ga®* + ADRH,=[Ga(ADRH,)]**

4 " [Ga®*][ADRH,] @

Ga* + ADRH; =[Ga(ADRH,)]** +H*

_[Ga(ADRH,)**J[H*]
~ [Ga®*][ADRH;]

£3

(€)

where f* is the equilibrium constant. The logarithmic form
of Eq. 5 is given by
LGil(ADRHz)“]__ 34T TT ok
log [ADRHI] log[Ga®" ] =pH —pp 6
in which pf* means (—log f*). The first term of the left
member can be represented by

[Ga(ADRH,)**]
[ADRH;]

A—4;
A, —A

Q)

where A4 is absorbance for ADR in the presence of excess
Ga(IlI) concentrations, 4; the absorbance for free ADR
which is constant in the acidic region, and A4 the absorbance
when ADR is fully complexed with Ga(III). On plotting
the absorbance changes according to Eqgs. 6 and 7, it should
be born in mind that the concentration of unhydrolyzed
metal species, [Ga**], in Eq. 6 could not always be
approximated to the initial concentration of the metal ion
if the metal ion were in excess of the drug. As mentioned
earlier, this is because the concentration of the Ga3* species
is determined by the hydrolysis constants and pH examined.
A complex formation may also diminish the unhydrolyzed
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metal ion. However, the influence of the pH changes is likely
to be much larger than that of the complex formation
because of an excess metal ion compared to the drug.
Therefore, the analysis of the spectral changes was made in
the lower pH region (2.28—2.62) to avoid such complexity
where the effective concentration of the Ga3* species was
adjusted by only the hydrolysis constant at each pH ex-
amined.

Figure 8 shows the relationship between the absorbance
changes reflecting the complex formation monitored at
567nm and the pH according to Egs. 6 and 7. The plot
showed a linear dependency on the pH, producing a slope
of 1.21. This result supports the idea that one proton is
most likely to be released from the ADR as a result of the
1:1 complex formation. Subsequently, the equilibrium
constant f* could be estimated from the intercept on the
ordinate according to Eq. 6. Taking in the first depro-
tonation constant, K; and the B* value obtained, 9.82 x
1072, the stability constant (f=f*/K,) thus obtained was
given as 1.24 x 108 M~ 1,

Secondly, the stability constant was determined by the
method of Benesi-Hildebrand.*® In a set of experiments in
which ADR (40 um) was titrated by Ga(NO,); at molar
ratios up to 175, the pH was held constant at 3.0 by adding
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1.6 L L L L I

log (A—A1)/(Aw—A)—log [Ga®']

pH

Fig. 8. Plots for Determining the Equilibrium Constant (B*) of
Ga(IlI)-Adriamycin Complex According to Eqs. 7 and 8

The effective concentration of Ga(II) was adjusted by the hydrolysis constant of
the metal ion with changes of pH. Temperature: 25°C.
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Fig. 9. Absorption Spectra of Ga(Ill)-Adriamycin Solution at pH 3.0

ADR concentration was 4.0 x 10~ *M. [Ga(NO;),1/[ADR]: (1), 50; (2), 75; (3),
100; (4), 125; (5), 150; (6), 175 in 0.1 M KNO,.
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Temperature: 25°C.

0.02M HCl or 0.02 M KOH. Figure 9 shows spectral changes
as a function of the metal concentration. Assuming that the
1:1 complex formation is responsible for these changes, the
following equilibrium equations can be derived: -

Ga** + ADRH!=[Ga(ADRH,)]** + H*

.. [Ga(ADRH,**]

K )= e ] ®
ADR], 1 1 1

_ADRL ©

N -_— . +
A—e[ADR], K(e,—é) [Ga*™] ey~

where K is an arbitrary constant. 4 is the absorbance at
567nm. g and g, represent molar absorptivities for free
ADR and complexed ADR, respectively. [ADR], is the
initial concentration of ADR. [Ga3*] is the concentration
of the unhydrolyzed metal ion calculated from the initial
concentration and the hydrolysis constant at pH 3.0.

Figure 10 shows a plot according to Eq. 9, which allowed
calculation of the K value, 2.43 x 10*M~ !, from the slope
and subsequently the stability constant. The stability
constant (f=K[H"']/K,) 3.06 x 103M~ !, finally obtained
was in good agreement with that obtained by the previous
method.

The complex formation between ADR and Ga(III) was
only observed in the low pH region. It is therefore most
probable that ADR is unable to form complexes with
Ga(III) as the pH increases because of the hydrolysis of the
metal ion. In contrast with the above, such a phenomenon
was not found in the complexation of ADR-Fe(IlIl), in
which the spectroscopic titration data showed an ab-
sorbance plateau with increasing pH up to 7, although
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Fe(III) also formed ferric hydroxide.® Precise kinetic data
including the hydration rate of the metal ions may be needed
to explain this difference. The intrinsic difference of these
metal ions is that Ga(IIl) is a trivalent d*°-system metal
ion while Fe(III) belongs to transition elements, possibly
making use of its 3d, 4s and 4p orbitals in forming hybrids.
Finally, the lack of complex formation of ADR and Ga(III)
in the neutral pH region seems to be at a disadvantage for
therapeutic use because the complex would not be able to
remain unmodified in biological fluids.
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