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Abstract

To improve the quality of the target product, the possibility of replacing zinc with ascorbic acid in the synthesis of
maleic complexes of Cu+ and copper-containing composites based on them was investigated. The analysis of the
results of potentiometric titration of a solution of 1M CuSO4, 1M maleic acid (HzM) with a neutralised solution of 1M
ascorbic acid (HzAsc) showed that HAsc- anions behave exclusively as a one-electron reducing agent, and the existing
conjugation of the redox systems [Cu(HM)]+/[Cu(HM)] and HAsc/*Asc- contributes to a decrease in the yield of the
target product, the maleate Cu* complex. It has been found that about 50% of ascorbic acid reacts with [Cu(HM)]+
ions, and this figure is unchanged in the range of low reducing agent concentrations (up to 0,01M) and in the range of
high concentrations (up to 1 M). A two-step scheme for the synthesis of the {[Cu(HM)(Hz20)]xCu} composite was
implemented, in which the reduction of copper ions was carried out exclusively with ascorbic acid. At the first stage,
the [Cu(HM)]* complex was reduced to [Cu(HM)]. At the second stage, the required amount of 1M CuSO4 solution was
added to the suspension of [Cu(HM)] in a 1M solution of neutralised ascorbic acid to obtain the composite
{[Cu(HM)(Hz0)]0,5Cu}. It was found that the [Cu(HM)] complex isolated from the ascorbate solution is a highly stable
form with respect to atmospheric oxygen. Microbiological studies of the effect of the obtained substances on
Staphylococcus aureus and Escherichia coli strains confirmed the high bactericidal activity of the maleinate complex
compared to the composite.
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CUHTE3 TA AHTUBAKTEPIAJIbHA AKTUBHICTh MAJIETHATHUX KOMILIEKCIB Cu*
MIBUILEHOI CTIMKOCTI

BikTop ®. Baprasiok, Bonogumup A. [lononcbkult, Hagis B. Cteup, Onekcanap B. Jlaryta
/Jlninpoecwbkuli HayioHabHuli yHieepcumem imeHi Onecs 'oHuapa, npocn. Hayku, 72, /lHinpo, 49010, Ykpaina

AHoTarnjiga

JL1q noJiinieHHs AKOCTi iJIbOBOT0 NPOAYKTY AOC/AiJ)KeHa MOXJ/IUBICTh 3aMiHU IMHKY Ha aCKOPGiHOBY KHUCJIOTY B
CHMHTe3i MaJleiHaTHMX KoMIulekciB Cu* Ta MiAbBMICHMX KOMIO3HUTIB Ha iX OCHOBi. AHaJi3 pe3yabTaTiB
NMOTEeHI[iOMeTPUYHOr0 TUTPYBAHHA po3urHy 1M CuSO4, 1M MaseiHoBoi kucaotTu (HzM) HeliTpa 1i30BaHUM PO3YHMHOM
1M ackop6iHoBoi kuciotH (H:2Asc) nmokasas, mo aHioHu HAsc BeayTb ceGe BUKJ/IIOYHO fIK OJAHOE/IEKTPOHHMIt
BiJHOBHMK, a HasABHA CIIPSAKEHiICTb OKMCHO-BiJHOBHUX cucTeM [Cu(HM)]+/[Cu(HM)] i HAsc/*Asc cnipusi€ 3MeHILIEHHI0
BHUXOAY LiJIbOBOT0 NPOAYKTY - MaJieiHaTHOro KoMmiuiekca Cu*. BcraHoBJ/ieHo, 0 3 iioHamu [Cu(HM)]+* pearye 6/1u3bK0
50 % ackopG6GiHOBOI KUCIOTH, IPUYOMY Lieil MOKAa3HMK € He3MiHHUM i B 06/1aCTi HU3bKMX KOHILeHTPallill BiJHOBHUKA
(o 0.01M), i B o6Gaacti BUCOKMX - A0 1M. PeasizoBaHO /JBOCTyHmiHYaTy CXeMy CHHTe3y KOMIO3UTY
{[Cu(HM)(H20)]xCu}, B paMKax fIKOi Bi/JHOBJIEHHsl HOHIiB KynpyMy Be/IOCbh BUK/JII0YHO aCKOpPGiHOBOIO KHCJI0TO0. Ha
nepuomy erani komimiekc [Cu(HM)]+ BigHoBmoBaBca o [Cu(HM)]. Ha apyromy - ao cycnensii [Cu(HM)] B 1M po34uHi
HelTpa/i30BaHOI aCKOPGiHOBOI KUC/IOTH J0/aBa/Iu He06XiJHy KiibKicTb 1M po3unHy CuSO4 i oTpyMyBa/ii KOMIIO3UT
{[Cu(HM)(H20)]0,5Cu}. BctaHOB/IEHO, 1110 BH/i/IeHUI1 3 acCKOPGiHAaTHOrO po3uuHy KoMmiuiekc [Cu(HM)] sBase co6or0
BHUCOKOCTA6i/IbHY N0 BiAHOLIEHHIO 10 aTMOocdepHOro KucHO ¢popmy. Mikpo6Gioioriuni gocaigxeHHs Ail oTpuMaHUX
pe4oBUH Ha WITaMu Staphylococcus aureus ta Escherichia coli nizTBepan/IM BUCOKY 6aKTepUIMAHICTh MajleIHATHOTO
KOMILJIEKCY NOPiBHAHO 3 KOMIIO3MTOM.

Katouosi cnoea: ackop6iHOBa KUC/I0Ta; MasiefHAT Cut; CHHTE3; 6aKTEPULUAHICTD; CTadi/IOKOK; KUIIKOBA MaJU4Ka.
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Introduction

Copper complex compounds are known to have
significant bioactivity potential [1]. It is noted that
they are promising substances for targeted next-
generation anticancer drugs [2-6], as well as an
effective alternative to classical antibiotics [7-14].
A high level of bactericidal activity of Cu+ maleate
complexes and copper-containing composites
based on them with the general composition
{[Cu(C404H3)(H20)]xCu} was reported in [15].
Based on the established dependence between the
inhibitory effect of the drug on microorganisms
and the content of atomic copper in it, the
possibility of programmable control of the
bioactivity of this class of substances was
considered. It was noted that the active bioactive
component of the composites is the
[Cu(C404H3)(H20)] complex, the practical
application of which is hampered by the ability to
decompose under the influence of oxygen and
moisture. Therefore, to stabilise the drug, the
mononuclear complex [Cu(C404H3)(H20)], which
is active with respect to oxygen, was combined
with an inert binuclear complex
[Cuz(C404H3)(H20)2]. Such composites indeed
acquired the necessary stability, but at the same
time lost bactericidal activity. It also turned out
that the method used to synthesise
{[Cu(C404H3)(H20)]xCu} did not produce a
substance of homogeneous chemical composition.
The copper content within one sample varies from
47 wt. % to 74 wt. % [16]. The reason for such a
wide range was the use of zinc as a reducing agent.
After all, the reaction of reduction of Cu* ions and
the addition of the resulting Cu® atoms to the
complexes [Cu(C4+04H3)(H20)]

7Zn + 4[CU(C404H3) (HzO)] =7n2+ +
Z[CUZ(C404H3) (HzO)z] + 2C404H3"
is heterogeneous and occurs only on the surface
of zinc crystals, creating a high concentration of
Cu atoms and, accordingly, binuclear complexes
in this zone.

It takes time for the reaction products to move
deeper into the solution, so the further away from
the zinc surface, the lower the copper
concentration becomes. Since the final product in
the form of a composite is a water-insoluble
substance, its composition was not averaged after
the process.

An analysis of the literature has shown that the
use of ascorbic acid, which is well soluble in water,
is quite successful for the synthesis of
nanodispersed copper [17]. However, an attempt
to synthesisethe composite
{[Cu(C404H3)(H20)]xCu} by the action of ascorbic

acid on the [Cu(C404H3)(H20)] complex was
unsuccessful. Obviously, due to the replacement of
the water molecule in Cu* aqua complexes with an
acidic maleinate ion, the redox potential of the
[Cu(C404H3)(H20)]/Cu system has changed
significantly relative to the redox potential of the
[Cu(H20)2]*/Cu system. Therefore, ascorbic acid is
no longer a reducing agent for [Cu(C404H3)(H20)]
complexes.

We have investigated the possibility of
implementing a two-step scheme for the
homogeneous synthesis of a copper-containing
composite, in which copper ions are reduced by
ascorbic acid. We also studied the bactericidal
properties of the resulting substances.

Experimental procedure

Distilled water was used to prepare the
solutions. The reagents had the following
qualifications by purity class: CuSO4-5H,0 and
NaOH - chemically clean; maleic acid - pure for
analysis. Zinc powder (made in Germany) and
ascorbic acid (made in China) contained 99.0 %
and 99.7 % of the basic substance, respectively.

The acidity of the solutions was monitored with
an EV-74 ionometer.

The redox potential was measured on a
platinum electrode, which was previously cleaned
with a suspension of MgO and thoroughly rinsed
with distilled water. The comparison electrode
was a silver chloride semi-element in a saturated
KCl solution. The salt bridge was filled witha 1 M
Na»S04 solution.

The potential of the platinum electrode was
recorded with a digital amperovoltmeter Sh-4313.

The temperature in all experiments was kept
constant at 20 °C by a UTU-2/82 thermostat.

The total copper content in the composites was
determined using the complexometric method.
Details are given in [16].

The bactericidal effect of the synthesised
substances was studied using clinical strains of
Staphylococcus aureus (St. aur.)) and Escherichia
coli (E. coli). The methods of microbiological
experiments are described in our previous work
[18].

Results and discussion

Ascorbic acid anions (HAsc") in a slightly acidic
environment (pH =4-6) can be a two-electron
reducing agent [19]

HAsc- - & — *HAsc —» (1
H* + *Asc-
*Asc- - € - DHA, (2)
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here, *HAsc and *Asc- are the corresponding
radical forms of oxidised ascorbic acid; DHA is
dehydroascorbic acid.

Therefore, to determine the quantitative ratios
of the reagents, we performed potentiometric
measurements during the action of a neutralised
solution of ascorbic acid on a solution of acidic
maleate Cu?+,

The solution of acidic maleate Cu?* was
prepared by adding to a 0.1 M CuSO, solution the
corresponding weight of maleic acid (H:M) in a
molar ratio (Cu?*):(H:M) = 1:1. Next, the pH
value was raised to 2 with a concentrated NaOH

solution (1 M). According to [20], under these
conditions, the dominant form in solution is
monosubstituted acidic maleate [Cu(HM)]*.

Redox titration was performed with a
neutralised (pH=6) solution of 1M HAsc.
According to [19], both H2Asc and DHA are highly
soluble in water. The same applies to acidic Cu?*
maleate. However, the maleic complex Cu* has a
limited solubility at the level of 0.006 M [15].
Therefore, we chose the range of 0.001-0.01 M as
the working range of ascorbic acid concentrations.

The results of potentiometric measurements
are shown in the figure.
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Figure. Dependence of the redox potential measured in a solution of 0.1M CuSO4, 0.1M H>M (pH=2) + xM H2Asc
(pH=6) on the amount of ascorbic acid Co(Hz2Asc), M.

As can be seen from the figure, the
experimental dependence of the redox potential
on the logarithm of the ascorbic acid
concentration is clearly linear and has an angular
coefficient of 0.056 V, which practically coincides
with the theoretical value (2.3RT/F)=0.058 V for
the one-electron transition. Thus, the process
under study is reduced to the reaction of

[Cu(HM)]* + HAsc™ — (3)
[Cu(HM)] + *Asc- + H*.

It was also of interest to calculate the
completeness of the interaction of ascorbic acid
with copper ions, ie., the product yield. This
parameter determines the absolute value of the
compromise equilibrium potential (E¢) in
accordance with the two conjugate redox
equilibria [Cu(HM)]*/[Cu(HM)] and HAsc-/*Asc:

Ec = Eo(Cu?*/Cu*) + 0.0581g(K1/K>) + 0.058lg{C(CuHM*)/C(CuHM)} (4)
e = Eo(*Asc- /HAsc") + 0.0581g{C(*Asc-)C(H*)/C(HAsc)}. (5)

Here, K;1 and K; are the stability constants of the
[Cu(HM)] and [Cu(HM)]* complexes, respectively;
C(CuHM+*) and C(CuHM) are the equilibrium
concentrations of [Cu(HM)]* ions and [Cu(HM)]
molecules in solution.

To estimate the completeness of the reduction
of [Cu(HM)]* to [Cu(HM)], we represent the ratio
C(CuHM+*)/C(CuHM) in equation (4) as follows:
{Co(CuHM*) - C(CuHM)}/C(CuHM), where

Co(CuHM*) is the initial concentration of
[Cu(HM)]*. As noted in [20], at pH=2, almost
100 % of Cu?* ions are bound to the [Cu(HM)]*
complex. That is, under our experimental
conditions, we can assume that
Co(CuHM*) = 0.1 M.

In calculating the values of C(CuHM) according
to equation (4), we used the reference value
Eo(Cu?*/Cu*) =0.159 B (n.h.e.) = -0.042 B (s. sil.
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chl. e.) and literature data on stability constants:
Ki=1.2-104[21] and K»=1.6-102 [22].

Table 1 shows the results of the calculations. As
can be seen from the data in Table 1, the product
yield is indeed incomplete and amounts to about
50 %.

To determine the product yield by weight, the
complex was synthesised by mixing 50 ml of a
solution of 0.1 M CuSO4, 0.1M H;M (pH =2) and
50 ml of 0.1 M H;Asc (pH=6). After decantation,

washing the precipitate with distilled water, and
filtration, the complex was dried at 120 °C.
According to [20], the complex obtained under
these conditions corresponds to the formula
[Cu(C404H3)(H20)]. Weighing and comparing the
obtained mass of the complex (1.008 g) with the
calculated amount (1.965 g) showed that the gross
yield of the target product was 51.3 %. This
confirms the reliability of the calculations of redox
equilibria in the studied system: acidic maleic acid

Cu?+, Cu*-ascorbic acid.
Table 1

The results of equilibrium potential measurements when titrating a solution of 0.1 M CuS04, 0.1 M HzM (pH = 2) with
a solution of 1 M HzAsc (pH = 6) and calculating the ratio between the amount of complex formed C(CuHM) and the
amount of ascorbic acid added Co(H2Asc): X=C(CuHM)/Co(HzAsc)

Ee, B (Hac. x.c.e.) Co(H2Asc), M C(CuHM), M X, %
0.202 0.001 0.00055 55.0
0.185 0.002 0.00098 49.0
0.176 0.003 0.00152 50,7
0.168 0.004 0.00210 52.5
0.163 0.005 0.00251 50.2
0.159 0.006 0.00296 49.3
0.156 0.007 0.00331 47.3
0.153 0.008 0.00370 46.3
0.151 0.009 0.00431 47.9
0.149 0.010 0.00498 49.8

The information obtained made it possible to
plan and successfully implement a two-stage
scheme for the synthesis of a copper-containing
composite based on acidic Cu* maleate using
ascorbic acid as a reducing agent.

At the first stage, an equimolar solution of
neutralised ascorbic acid (pH = 6) was added to a
solution of 0.1 M CuSO4 0.1 M H;M (pH=2). A
yellow precipitate of the complex
[Cu(C404H3)(H20)] was obtained.

At the second stage, the complex suspension
obtained and washed with distilled water was
mixed with a neutralised 1M ascorbic acid
solution. Then, gradually, CuSO4 was added as a

1M solution under vigorous stirring, maintaining
the final molar ratio of CuSO4: complex=1: 2. The
colour change of the dispersed phase from yellow
to light brown indicated the formation of the
composite. The analysis of the copper content in
the composite showed that the quantitative
composition of the components corresponded to
the formula {[Cu(C4+04H3)(H20)]0.5Cu} and was
absolutely homogeneous.

The results of the study of the effect of the
obtained samples of the complex and copper-
containing composite on clinical strains of
Staphylococcus aureus and Escherichia coli are

presented in Table 2.
Table 2

The content of colony-forming units (CFU/ml) in the control sample and in the presence of the complex
[Cu(C404H3)(H20)] or the composite {|Cu(C+04H3)(H20)]0.5Cu} depending on the exposure time (t)

t, hours control complex composite
Strain St. 1 10° 104 105
aur 2 109 103 104
4 109 101 102
. 1 100 102 104
it;?m E 7 10 101 109
4 10° 0 10t

As can be seen from this table, the bactericidal
activity of the Cu* maleate complex is significantly
higher than that of the copper-containing
composite. Bactericidal ratios close to the above
were also recorded in the case of products
synthesized using zinc metal as a reducing agent
[15]. However, it was noted that the practical use

of Cu* maleate complexes is hampered by their
instability.

We have studied the behaviour of samples of
the [Cu(C404H3)(H20)] complex obtained using
ascorbic acid. It was found that the composition of
the complex did not change during 6 months of
observations - no traces of Cu?* ions, which could
have arisen as a result of oxidation of Cu?* ions by
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air oxygen, were recorded. Obviously, the residues
of ascorbic acid adsorbed on the crystals of the
complex together with DHA prevent its
degradation.

This allows us to consider the obtained highly
stable form of the maleic acid complex Cu* as an
effective bactericidal preparation.

Conclusions

The analysis of the results of potentiometric
titration of a solution of 1M CuSQO4, 1M maleic acid
(H2M) with a neutralised solution of 1M ascorbic
acid (Hz2Asc) showed that HAsc- anions behave
exclusively as a one-electron reducing agent, and
the existing conjugation of the redox systems
[Cu(HM)]*/[Cu(HM)] and HAsc-/*Asc- contributes
to a decrease in the yield of the target product -
maleic complex Cu* . It has been found that about
50 % of ascorbic acid reacts with [Cu(HM)]* ions,
and this figure is unchanged in the range of low
reductant concentrations (up to 0.01 M) and in the
range of high concentrations (up to 1 M).

A two-step scheme for the synthesis of the
{[Cu(HM)(H20)]xCu} composite was
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