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ABSTRACT
The copper, nickel and zinc complexes of isoniazid (ISO, isonicotinic acid hydrazide), an anti-tubercular drug, have been investigated to 
determine whether these metal-ions improve the permeability and bioavailability of the drug. Since such properties of isonazid depend 
on its solution speciation, the latter was investigated by determining the equilibrium constants for the reaction of H+, Cu(II), Ni(II) and 
Zn(II) with isonazid in aqueous solution at 25.00 ± 0.01 °C and 0.15 M (NaCl), using glass electrode potentiometry. The structure of the 
copper complex of isoniazid was investigated using ultraviolet-visible spectroscopy. The results support the structures postulated from 
the potentiometric data. This study also considered membrane permeability using a Franz cell and octanol/water distribution coefficients. 
Distribution coefficient studies showed that ISO and its metal complexes are hydrophilic. The incorporation of a metal-ion improves the 
hydrophilicity of the ligand. The presence of a metal ion greatly enhanced the permeation of ISO through an artificial membrane in the 
order Cu(II) > Ni(II) > Zn(II) > ISO at pH 2 and Zn(II) > Ni(II) > ISO > Cu(II) at pH 4.
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INTRODUCTION:

Tuberculosis (TB) is a global health problem that results in 1.4 million 
deaths annually.1 It is the leading cause of death by a single treatable 
infectious disease, killing approximately 4000 people per day 
worldwide. The burden of TB is particularly high in Africa, which 
accounts for 25% of cases with South Africa responsible for 14.4% of 
the case reported in 2020.1

In developing countries, TB is a leading cause of death.2 An 
important associated problem is an alarming increase in drug-
resistant microbial strains (MDR-TB) that makes it difficult to 
effectively control the disease. To further complicate matters, 
drug–drug interactions between TB medicines and anti-HIV 
treatments or other chronic illness medications such as those used in 
patients with diabetes should also be considered.3-7 For these reasons, 
innovation in TB drug discovery and evolving strategies to develop 
new agents with better performance is a current health priority.8 The 
prime goal of anti-tuberculosis treatment includes the rapid killing of 
actively multiplying bacilli, prevention of acquired drug resistance, 
and sterilisation of infected host tissue to prevent clinical relapse. 
One approach to obtaining new anti-mycobacterial drugs is the 
development of new molecules by modifying old drugs with the aim 
of improving their anti-mycobacterial activity and obtaining better 
resistance profiles, bioavailability and tolerability, among others.9

The first-line anti-TB drugs, usually administered at the onset 
of the disease, are antibiotics, isoniazid, rifampicin, streptomycin 
and pyrazinamide.10 For latent TB, isoniazid is used independently. 
However, with active TB, rifampicin, streptomycin and pyrazinamide 
are co-administered. Isoniazid is a prodrug activated by a catalyse-
peroxidase enzyme in M. tuberculosis. Upon activation, isoniazid 
inhibits the synthesis of mycolic acids, an essential component of the 
bacterial cell wall. These drugs are effective, but the problem is that 
the bacterium often develops drug resistance because of spontaneous 
genetic mutations involving the molecular targets of the drugs.11 
The single-drug-resistant (SDR) and multi-drug resistant strains 
of M. tuberculosis have led to the use of second-line drugs, namely 

ciprofloxacin, ethionamide, kanamycin and p-aminosalicylic acid.12 
These drugs also, unfortunately, have adverse side effects. Hence there 
is a need for new or modified drugs which can overcome bacterial 
resistance and at the same time have fewer side effects.

This research aims to investigate the use of metal complexes to 
improve the membrane permeability of isoniazid relative to the parent 
drug and hence increase its bioavailability. Since the solubility and 
hence permeability and bioavailability of the drugs depend on their 
solution speciation, the equilibrium constants for the reaction of H+, 
Cu(II), Ni(II) and Zn(II) with the ligand were measured in an aqueous 
solution at 25.00 ± 0.01 °C and ionic strength of 0.15 M (NaCl) using 
glass electrode potentiometry. The structures of the complexes in 
solution were studied using UV-Vis spectroscopy. The lipophilicity 
and hydrophilicity of the complexes were measured using octanol/
water distribution coefficients. The permeability of metal complexes 
was assessed using Franz cell diffusion measurements.

MATERIALS AND METHODS 

All solutions for potentiometry were prepared in glass distilled 
water which had been boiled to remove dissolved carbon dioxide. 
Recrystallised NaCl was used as a background electrolyte to 
maintain a constant ionic strength of 0.15 M. All other reagents were 
commercially available and of analytical grade. These were used 
without purification. NaOH stock solutions were prepared from 
Merck Titrisol ampoules and standardised by titrating with potassium 
hydrogen phthalate (KHP) using a standard method of Vogel.13 HCl 
solutions were prepared from 0.01M HCl Merck Titrisol ampoule. The 
standarisation of the NaOH and the HCl solutions were cross-checked 
by titration against each other. The carbonate contamination of the 
sodium hydroxide titrant solutions was checked by acid-base titration 
using the Gran method.13

All pH measurements were carried out at 25 °C and a stable ionic 
strength of 0.15 M (NaCl) using an 848 Titrino plus. The Nernstian 
slope of the glass electrode, which varied from 57.13 to 58.27, was 
calibrated with a set of pH buffers.14,15 The data from acid/base titrations 
were used to calculate the electrode response intercept, E0, and the ion 
product of water, pKw. Under these conditions, the ionisation constant 
of water was determined to be 13.73 log units.
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Isonazid (99.0% pure)was purchased from Sigma-Aldrich (South 
Africa) and used without further purification. Solutions of the ligand 
(0.01 M) were freshly prepared in 0.01 M HCl. The metal solutions 
were prepared by dissolving NiCl2.6H2O, CuCl2.2H2O and ZnCl2 in 
boiled out glass distilled water to yield 0.01 M solutions. The solutions 
were standardised against 0.01 mol dm−3 EDTA. The protonation 
constants of the ligand were calculated from data recorded during 
titrations of acidified solutions of isoniazid against a standardised 
solution of NaOH. For the metal formation constants, data from 
titrations of solution mixtures of isoniazid and metal against NaOH 
were used. The M:L molar ratios varied between 1:1 and 1:2.

The data were analysed using the ESTA suite of computer 
programs.16 The protonation constants of the ligand and the overall 
metal formation constants are defined for the equilibrium:

	
(1)

by

 	  (2)

UV-Vis spectra were recorded on a Hewlett Packard 8452A Diode 
Array spectrophotometer. Spectra of Cu(II) and isoniazid were 
recorded in the region 300-800 nm as a function of pH. Small amounts 
of 0.1 M NaOH or HCl were used to adjust the pH during the titration. 

The distribution coefficients of the pure drug and those of its 
metal complexes were determined using the shake flask method. The 
organic phase, 1-octanol, was pre-saturated with water.17 A 0.1 mM 
solution of the drug was prepared in deionised water. 5 cm3 of the 
solution was dispersed into ten glass vials. The pH of the solution was 
adjusted using 0.100 M NaOH.18,19 Then 5 cm3 of 1-octanol (99%) 
was added to each vial, and the mixture was shaken for 5 minutes at 
a constant temperature of 25 ± 0.1 °C. After standing, 2 cm3 of each 
phase was removed, and the drug concentrations were determined 
spectrophotometrically. Each experiment was repeated three times. For 
measurement of the distribution coefficients of the metal complexes, 
an analogous procedure was used with solutions containing metal and 
drug in a 1:1 molar ratio. The distribution coefficient, log Dorg/aq, was 
calculated using:

	  (3)

The permeability coefficient (Kp) is the velocity of the drug passing 
through the membrane in cm h-1. The equation below gives the relation 
between permeability coefficient and steady-state flux:

	 (4)

where J is the amount of permeant crossing the membrane at a 
constant rate (mg cm−2 h−1), Ci is the concentration of a ligand in the 
donor phase. The amount of permeant crossing the membrane J can 
be expressed as:

 
	  (5)

where Q (mg) is the quantity of ligand/complex transported through 
the membrane in time t (h), and A is the area of exposed membrane 
in cm2.The steady-state flux J dictates the rate and ease with which 
the permeant crosses a membrane under specified conditions. It is 
a dynamic property expressed in the unit of area per time (h).20 The 
temperature is kept constant. The magnitude of the diffusion coefficient 
depends on the properties of the drugs, the diffusion medium and the 
interaction between them. The diffusion coefficient is an important 
parameter indicative of diffusion mobility. 

The receiver cell was filled with 20 cm3 of 0.02 M HCl. The ligand/
complex solutions (0.002 M) were prepared in 0.02 M HCl, and a 
20 cm3 sample at either pH 2.0 or 4.0 was placed in the donor phase 
compartment with a semi-permeable membrane used as a barrier 
between the two compartments. The experiment was carried out at pH 
2.0 and 4.0 to mimic the acidic condition of the stomach of black South 
Africans,21 who bear a high burden of TB. The artificial membrane was 
prepared using a filter paper (Whatman, 2.54 cm2 disc and thickness 
0.002 cm), which was submerged in Cerasome 9005 and dried for a 
few minutes at room temperature. To determine the quantity of lipid 
absorbed, the membrane was weighed before and after soaking in 
Cerasome 9005. The available diffusion area between the cells was 
0.6217 cm2. The medium was magnetically stirred for uniform drug 
distribution and was maintained at a temperature of 25 °C; samples 
were removed at different times. During the experiment, both cells 
were covered to prevent evaporation. The ligand concentration 
in each phase was determined spectrophotometrically at 265 nm. 
Measurements were done in triplicate over a 56-hour period. Results 
are expressed as mean ± SE.

Two formation functions, ZM-bar and QM-bar, were used to visualise 
and analyse the potentiometric data. The average number of ligands 
bound to the metal ion, ZM-bar, is given by: 22-24

	  (6)

where TL and TM are the total concentrations of ligand and metal, 
respectively, and the free-ligand concentration, [L], is given by

	  (7)

ZM-bar is plotted as a function of the negative logarithm of the free 
ligand concentration (pL). This function is strictly only defined for 
simple, mononuclear complexation, as no account is taken of any 
deprotonation reactions. Even so, it is useful for visualising the 
experimental data as deviations of the function from ideal behaviour 
indicate what species are formed in solution. Thus, if the ZM-bar 
bends backwards, the formation of MLH-n species is indicated. The 
disadvantage of this function is that the free ligand concentration can 
become negative (a physical impossibility but mathematically possible 
given the assumptions in calculating pL) if the concentration of the 
hydroxyl species is too large.

For this reason, the QM-bar function is also used. While this function 
is not as easy to interpret as ZM-bar, it has the advantage that it is 
plotted against the measured pH and not some derived function. QM-
bar is the average number of protons released due to complexation. 
When compared with the number of protons on the ligand (n-bar) at 
a particular pH, the stoichiometry of the predominant species can be 
estimated.

Qm-bar and n-bar are given by

 	
 (8)

	

 (9)

where TH is the total proton concentration and T*
H is the calculated 

total concentration of protons that would be necessary to give 
rise to the observed pH in the absence of metal ions or rather if no 
complexation took place.
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RESULTS AND DISCUSSION

Potentiometry 

The overall protonation constants of isoniazid (ISO) are given in 
Table 1. The measured values of 3.67 and 10.95 correspond to the 
stepwise protonation of the pyridine nitrogen and the hydrazide 
groups, respectively. These values are in good agreement with the 
literature. They are close to the pKa values of pyridine (3.8) and 
hydrazide (10.8),25 and lower than that of acetyl hydrazide (11.86).26

Figure 1 shows the complex formation (ZM-bar), and Figure 2 shows 
the deprotonation (QM-bar) curves for the Cu(II), Ni(II) and Zn(II)-
ISO systems. In the Cu(II)-ISO system, neither the ZM-bar function 
nor the QM-bar function starts at zero in the acidic solution, indicating 
that some complexation had already taken place at the start of the 
titration. At pH 3.5 in the QM-bar curves and at –log[L] of 9.8, the 
ZM-bar curves have a hump, indicating the formation of a protonated 
species. A log β110 of 6.52 has been reported in the literature for the 
[Cu(ISO)]2+ complex at 30 °C and I= 0.10 M NaClO4.25 Our value of 
8.98 is much higher than this. However, the previous study did not 
consider the formation of the protonated species. The value of log β111 
= 14.57, reported for formic hydrazide,26 is in good agreement with 
our value of 13.77.

The formation curves for the Ni(II)/ISO system are very different 
from the ones obtained with Cu(II). The main reason for this is the 
pH. In the case of Ni(II), the titration could be continued to pH 11, 
whereas with Cu(II), precipitation occurred above pH 5. Using acetyl 
hydrazine or formic hydrazine, precipitation appeared earlier at 

Table 1: Stability constants (log βpqr) for ISO with H+, Cu(II), Ni(II) and 
Zn(II) at I = 0.15 M (NaCl), T = 25 °C. βpqr = [MpLqHr]/[M]p[L]q[H]r, 
RH

f     is the Hamilton R-factor and RH
lim is the limiting value based on the estimated 

errors in the titrations. σpqr denotes standard deviation in log βpqr.

Ligand Metal p q r log βpqr(σpqr)  RH
f      RH

lim 

ISO H+ 0 1 1 10.95(0.01)
H+ 0 1 2 14.62(0.01) 0.003 0.001

Cu(II) 1 1 1 13.77(0.01)
1 1 0 8.98(0.01) 0.009 0.003

Ni(II) 1 1 1 12.92(0.02)
1 1 0 4.92(0.01) 0.015 0.003
1 1 −1 −4.04(0.01)

Zn(II) 1 1 0 5.50(0.03)
1 1 −1 −2.10(0.01) 0.02 0.005

Figure 1: Experimental and theoretical formation function curves for ISO 
with (a) Cu(II), (b) Ni(II) and (c) Zn(II) at metal:ligand ratios between 1:1 and 
1:2. Solid lines are theoretical, calculated using the models given in Table 1 

Figure 2: Experimental and theoretical deprotonation curves for ISO with (a) 
Cu(II), (b) Ni(II) and (c) Zn(II) at metal:ligand ratios between 1:1 and 1:2. 
The coloured solid lines are theoretical, calculated using the models given in 
Table 1 
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pH 3.53 and 2.14–2.48, respectively.26 For Ni(II), classic formation 
functions were obtained. The hump at –log[L] =10 indicates the 
presence of a protonated species, while the fanning back at –log[L] = 4.9 
indicates hydroxy species formation. The formation function of the 
Zn(II)/ISO system is similar to that of Ni(II) except that no protonated 
species is formed. Stability constants for these complexes are given in 
Table 1. A log β110 of 5.11 has been reported in the literature for the 
[Ni(ISO)]2+ complex and 5.71 for [Zn(ISO)]2+ at 30 °C and I = 0.10 M 
NaClO4.27 These are in good agreement with our values of 4.92 and 
5.50. However, in our experiments, additional protonated species 
were identified, which are important at low pH values, which are 
encountered in the stomach.

The reproducibility of repeat titrations and excellent agreement 
at the different metal to ligand ratios between the theoretical and 
experimental formation and deprotonation function curves gives 
confidence to the result. The Hamilton  RH

f    factor indicates that the 
models are a good description of the equilibria occurring in solution. 

The log β110 value for [Cu(ISO)]2+ is 8.98; this is much higher than 
the stability constants of [Cu(II)(NH3)]2+ (4.8), [Cu(II)(pyridine)]2+ 
(2.49), and [Cu(II)(benzyhydrazide)]2+ (1.73), suggesting that the 
ligand is not monodentate.25 Similarly, the log β110 values for pyridine 
complexation with Ni(II) is 1.87.25 These values are much lower than 
the values obtained in this study, indicating that the coordination for 
CuL and NiL is not via the pyridine nitrogen. The log β110 values are 
similar to those of ethylenediamine; [Cu(II)(en)]2+ (10.5), [Ni(en)]2+ 
(6.97) and [Zn(en)]2+ (5.59), suggesting that the ligand is bidentate. 
Thus, we suggest that the metal ion is coordinated, as shown in Figure 
3. Note that, according to the HSAB theory, the coordination by an 
oxygen atom would decrease the stability of the Cu(II) and Ni(II) 
complexes but increase the stability of the Zn(II) complex of ISO 
relative to ethylenediamine.

In the proposed structure for the metal complexes of ISO, the Cu(II) 
is coordinated to the isoniazid carbonyl oxygen and hydrazide amino 
nitrogen atoms. In the MLH species, the pyridine is protonated (Figure 
3a). The coordination geometry is a five-membered chelate ring. If 
these structures are correct, deprotonation of the pyridinium cation of 
MLH to form ML (Figure 3b or c) should have a pKa similar to that of 
pyridine. The equilibrium constant for the deprotonation of [Cu(ISO)
H]3+ is (log βMLH − log βML (13.77 − 8.98) = 4.79), which is similar to 
the pKa of pyridine (5.21).28 Two isomers are presented for [Cu(ISO)]2+ 
as the hydrazine could coordinate in the enol or keto form. 

Ni(II) and Zn(II) also form hydroxyl species. Here, the calculated 
pKa values (log βML - log βMLH-1) for the deprotonation of ML to form 
MLH-1 were 8.96 and 7.60 for Ni(II) and Zn(II), respectively. The 
value of 8.96 is 0.9 log units lower than the first hydrolysis constant of 
Ni(II) ( 9.86).29 Similarly, the pKa of [Zn(ISO)]2+ is 1.57 log units lower 
than the first hydrolysis constant of Zn(II) (9.17), which suggests that 
a coordinated water molecule is being deprotonated to form MLH-1. 
However, hydrazide can exist in a keto or enol form, and it has been 
suggested that the enol form predominates in an alkaline medium. 
Thus, it is possible that the proton is lost from the coordinated enol 
form of isoniazid (Figure 3d).

The structures presented in Figure 3 are supported by the electronic 
spectra of [Cu(ISO)H]3+ and [Cu(ISO)]2+ (supplementary data). 
As the pH of the solution increases from 2 to 4, the absorption 
band shifts to a shorter wavelength with an increase in intensity. 
The values of λmax and εmax for CuLH and CuL are estimated to be 
746 nm and 43 dm3 mol−1 cm−1. This λmax value is the same as that of 
[Cu(NH3)(OH2)5]2+ (745 nm). Similar values have also been reported 
for Cu(II) complexes of L-3,4-dihydroxyphenylalanine and δ-DL-
hydroxylysine.30,31 The fact that the two ISO species have the same 
λmax is consistent with the two species having the same coordination 
to Cu(II). Also, the value of λmax suggests coordination by a single 
nitrogen. Since a carbonyl gives rise to the same d-orbital splitting as 
a coordinated water molecule, it is not possible to tell if the carbonyl 
is coordinated or not. 

Distribution coefficients

Lipophilicity of an organic compound is frequently described with 
reference to the distribution coefficient.32-34 The octanol:water system 
has been widely used as a model of the lipid phases as it mimics the 
lipid membrane/water systems found in the body.35 Figure 4 shows 
the distribution coefficients, log Doct/aq of ISO as a function of pH. In 
order to understand the trend in the distribution coefficient, Figure 4 
also has the percentage formation of each isoniazid species present in 
the solution.

Figure 4: Octanol-water distribution coefficients and speciation graph of (a) 
ISO, (b) Cu-ISO, (c) Ni-ISO and (d) Zn-ISO systems as a function of pH. [M] 
= 0.002 M, [ISO] = 0.004 M 

Figure 3: Possible structures for (a) [Cu(ISO)H]3+ and (b) [Cu(ISO)] keto 
form (c) [Cu(ISO)] enol form and (d) [M(ISO)H-1]+. M = Ni2+ or Zn2+
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Figure 4a shows that in the pH range 3.77–9.36, the predominant 
species in solution is IsoH+, and so a log Doct/aq of −0.61 can be assigned 
to this species. This value compares well with the literature value of 
−0.67.36 Note that at pH 2, the log Doct/aq of the ISO H2

2+ is only −1.4.
The distribution coefficient curve and the speciation graph for the 

Cu, Ni and Zn-ISO systems are plotted as a function of pH in Figures 
4b, 4c, and 4d, respectively. It is evident that complexes of ISO are 
more soluble in water than in 1-octanol since the log Doct/aq values 
were negative.37

For the Cu/ISO system, at pH 2.2, log Doct/aq is −1.3 and increases to 
−0.6 at pH 3.7, when 60% of the ISO is complexed as [Cu(ISO)H]3+. 
From pH 3.7 to 4.8, log Doct/aq remained at −0.6 while [Cu(ISO)H]3+ is 
converted to [Cu(ISO)]2+, suggesting that the two species have similar 
distribution coefficients.

The variation in the distribution coefficient of isoniazid with pH in 
the presence of Ni(II) is shown in Figure 4c. At pH 2, none of the 
Ni(II) is complexed, and the distribution coefficient is that of ISOH2

2+. 
As the pH is raised (pH 4–6), the ISO complexes to the Ni(II) forming 
[Ni(ISO)H]3+ with a log Doct/aq of −0.75. At pH 8, [Ni(ISO)]2+ and  
[Ni(ISO)H-1]+ start to form and log Doct/aq increases slightly to −0.68.

For the Zn(II)/ISO system, the speciation graph (Figure 4d) shows 
the existence of four ligand species, [(ISO)H]+

, [(ISO)], [Zn(ISO)]2+ 
and [Zn(ISO)H-1]+ in the pH range 2.2 to 10.2. In the pH range 2–5, 
no Zn(II) complexation occurs, and the distribution curve is that of 
the free ligand. Above pH 5, Zn(II) complexes start to form, and the 
distribution coefficient drops slightly to −0.85.

Permeability

Figure 5 shows a plot of the amount of ISO diffusing through an 
artificial membrane as a function of time. The steady-state flux was 
calculated from the gradient, and the permeability coefficient (Kp) 
was obtained from the relationship between the flux and the initial 
concentration of ISO added to the donor phase. The variation in Kp for 
the different metal systems is shown in Figure 5b.

ISO has a molecular weight of 137.14 g mol−1 and is ideally suited 
for passive diffusion through bio-membranes.37 The permeability of ISO 
through porcine skin has been reported as 0.033 ± 0.006 cm h−1.38 In 
our experiment, the permeability coefficient was 0.068 ± 0.009 cm h−1, 
which is higher, but this is expected for an artificial membrane.39 From 
Figure 5, it is clear that the metal ions can promote the passage of ISO 

through the membrane. The permeability is in the order Cu(II) > Ni(II) 
> Zn(II), with enhancement factors of 5.8, 2.9 and 2.1 for Cu(II), Ni(II) 
and Zn(II), respectively. These experiments were performed at pH 2 and 
4 as ISO is absorbed in the stomach, and this is the typical pH range 
found in rural black South African subjects.21 For Ni(II) and Zn(II), Kp 
increases with pH, but for Cu(II) it decreases. The most probable reason 
for this decrease precipitation, as in the potentiometry experiments, the 
Cu complex is precipitated at pH 5. It is interesting to note that there was 
no correlation between the distribution coefficient and the permeability 
coefficient. This absence of correlation has been noted before and 
attributed to the importance of solvation of the charged complexes.

Solid-state studies

Since isoniazid is normally administered in tablet form, attempts 
were made to prepare solid samples of the metal complexes. To 
this end, the solvothermal method was used, a blue crystalline 
product being obtained for Cu(II). Elemental analysis, spectroscopic 
analysis and single-crystal analysis showed the product to be 
[Cu(isonicotinate)2(H2O)4]. The structure shown in Figure 6 was 
the same as the previously reported structure of hydrated copper(II)
isonicotinate,40 with the Cu(II) coordinated to the pyridyl nitrogen. 
During the synthetic procedure, in the presence of Cu(II), the 
hydrazide hydrolysed to the acid. An analogous hydrolytic reaction 
was reported when pyridine-2-carboxamide underwent prolonged 
reflux in water in the presence of Cu(II) ions.41 Full details of these 
solid-state aspects will be published elsewhere.

CONCLUSION

This study shows that the two measurable acid dissociation constants 
of 3.67 and 10.95 for isoniazid correspond to the protonation 
of the pyridine nitrogen and the hydrazide group, respectively. 
The equilibrium constant for the deprotonation of Cu(ISO)H  
(log βMLH − log βML = 13.77 − 8.98) is 4.79. This value is similar to the 
pKa of pyridine (5.21), which suggests that the pyridinium cation is 
deprotonated to form ML from MLH.

The log β value of 8.98 for CuISO is quite close to the log β 
of [Cu(II)(en)]2+ (10.5), suggesting that the ligand has a similar 
binding mode. Ni(II) forms a relatively stable complex with ISO, but 
the stability is lower than that of Cu(II). Trends in the equilibrium 
constant are in accordance with the Irving-Williams stability series. 
According to the spectroscopic study, the λmax obtained for CuLH is 
similar to that of [Cu(NH3)(OH2)]2+ (745 nm). This similarity suggests 
that the hydrazide amino nitrogen atom of ISO is coordinated to the 
copper and that the pyridine nitrogen is protonated, which agrees with 
the potentiometric results. It was observed that the log Doct/aq values 
were all negative, suggesting that the complexes are hydrophilic. The 
variation of the distribution coefficients with pH is consistent with the 
metal complex speciation.

The presence of Cu(II), Ni(II) and Zn(II) greatly enhanced the 
permeation of ISO through an artificial membrane in the order Cu(II) 
> Zn(II) > Ni(II) at pH 2 and Zn(II) > Ni(II) > Cu(II) at pH 4. For 

Figure 6: The molecular structure of [Cu(isonicotinate)2(H2O)4] with atomic 
labelling and thermal ellipsoids of the non-H atoms drawn at the 50% 
probability level 

Figure 5: (a) Variation in the amount of ISO vs time diffusing through a 
Cerasome 9005 membrane at pH 2.00. (b) Effect of metals on the permeability 
of ISO through Cerasome 9005 membrane at pH 2.0 and 4.0
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Ni(II) and Zn(II), increasing the pH increased the permeation rate. It 
is interesting to note that Caon et al. have advocated the transdermal 
administration of isoniazid.38 Our permeation rates for the Zn(II) and 
Ni(II) complexes of isoniazid are higher than those of Caon et al. So it 
would be interesting to see if administration of these metal complexes 
through the skin is a viable option. Statistical analysis of the results 
showed no correlation between the logarithm of distribution and 
permeability coefficients. This absence of correlation implies that log 
Kp is a better measure than log Doct/aq of the bioavailability of metal 
complexes of ISO.
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Figure S1: UV-Visible electronic absorption spectra for Cu(II) ISO with [M(0.015) – (0.03 M)] 

at different pH values. 

 


