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Abstract

The results presented in this study include the prediction of the antifungal activity of 24 oxazolo derivatives based
on their topological and electrostatic molecular descriptors, derived from the 2D molecular structures. The artificial
neural network (ANN) method was applied as a regression tool. The input data for ANN modeling were selected by
stepwise selection (SS) procedure. The ANN modeling resulted in three networks with the outstanding statistical char-
acteristics. High predictivity of the established networks was confirmed by comparisons of the predicted and experi-
mental data and by the residuals analysis. The obtained results indicate the usefulness of the formed ANNs in precise
prediction of minimum inhibitory concentrations of the analyzed compounds towards Candida albicans. The Sum of
Ranking Differences (SRD) method was used in this study to reveal possible grouping of the compounds in the space
of the variables used in ANN modeling. The obtained results can be considered to be a contribution to development of
new antifungal drugs structurally based on oxazole core, particularly nowadays when there is a lack of highly efficient

antimycotics.

Keywords: Artificial neural networks; Antifungal activity; Molecular topology; Electrostatic descriptors;

QSAR; Sum of Ranking Differences

1. Introduction

Quantitative structure-activity relationship (QSAR)
approach is an attempt to remove the trial-and-error ele-
ment from drug design by using high-quality mathemati-
cal relationships which relate measurable physicochemical
parameter(s) as independent variable(s) and a biological
response (a dependent variable).! These variables have
been correlated in many QSAR studies applying various
chemometric regression methods, as linear regression
(LR), multiple linear regression (MLR), polynomial re-
gression (PR), artificial neural networks (ANN), partial
least squares regression (PLS), principal component re-
gression (PCR), etc.>”® Any high-quality model obtained

by aforementioned chemometric techniques may be used
by the chemist in order to facilitate the synthesis of more
effective drugs. A high-quality QSAR model must be based
on reasonable number of tested compounds, characterized
by good values of statistical parameters, defined for partic-
ular application domain and suitably validated by internal
and external validation approaches. Using these QSAR
models, it is possible to precisely calculate the theoretical
activity of compounds prior to their synthesis, and thus
decrease financial expenses and time needed for the exper-
imental work.

The selection of appropriate regression method de-
pends on nature of the variables. ANN method is suitable
for correlation analysis when there is a complex relation-
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ship between the variables, as in the case of biological sys-
tems. The complex relationships between biological activ-
ity and molecular characteristics are not unusual, since
there are many factors which have certain influence on
biological effect of a compound, such as lipophilicity, dis-
sociation, molecular weight, presence of polar/non-polar
functional groups, conformation, etc. In the present pa-
per, the electrostatic and topological characteristics of
benzoxazoles and oxazolo[4,5-b]pyridines were used as
predictors of their antifungal activity against Candida al-
bicans. Topological descriptors of a compound can be cal-
culated based on molecular graphs that are hydrogen-sup-
pressed. In these graphs the bonds are presented by edges
and atoms by vertices.” Simple topological descriptors are
based on the counting of some specific graph elements
(Kier shape descriptors, Hosoya Z index, pat/walk shape
indices, self-returning walk counts), but the most com-
mon topological descriptors are obtained by using some
algebraic operators.® In QSAR and quantitative structure-
property relationship (QSPR) modeling, the graph-in-
variants have been effectively used in characterization of
the structural similarity and dissimilarity of compounds.’
There is no need for energy minimization of the molecu-
lar structure for calculation of topological descriptors.
Electrostatic descriptors describe many of the electrical
characteristics of molecules, such as polarity, dipole mo-
ment, polarizability, ionization energy, etc. These charac-
teristics certainly have an influence on interactions be-
tween the molecule and its surroundings, in example
interactions with cell membranes, extra- and intercellular
molecules.

The most popular classes of molecules that are used
in treatment of infections caused by Candida species are
polyenes, azoles, analogs of nucleosides, allylamines, etc.
In treatment of Candida albicans infections, fluconazole,
as one of the members of azoles, is definitely one of the
most popular antifungals. According to previous studies,
Candida has developed high-level resistance toward some
azole antifungal drugs.! However, some oxazole analogs,
such as oxazolo[4,5-b]pyridines and benzoxazoles ex-
pressed significant antifungal activity and are considered
to be a very good basis for development of new antifungal
therapeutics. This study presents our efforts to define so-
phisticated QSARs that would be limited on prediction of
antifungal activity of structurally similar oxazolo[4,5-b]
pyridines and benzoxazoles toward Candida albicans. The
existing QSARs have been defined on the basis of MLR,
PCR and PLS regression methods applying lipophilicity
and some physicochemical descriptors.!!"'* The ANN
method with absorption, distribution, metabolism and ex-
cretion (ADME) descriptors was applied for the same pur-
pose as well.'* However, this study explores the impor-
tance of topological and electrostatic characteristics of a
series of benzoxazoles and oxazolo[4,5-b]pyridines in pre-
diction of their antifungal activity toward Candida albi-
cans.

2. Material and Methods

2. 1. The Studied Series of Oxazolo[4,5-b]
pyridines and Benzoxazoles

Structural formulae of the analyzed benzoxazoles
and oxazolo[4,5-b]pyridines are presented in Figure 1. The
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Figure 1. The molecular structures of the analyzed oxazole deriva-
tives
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analyzed compounds possess various types of substitu-
ents/functional groups, including tert-butylphenyl, ethyl-
phenyl, dimethyl, chlorophenyl, nitrophenyl, fluorophe-
nyl, methoxyphenyl, ethoxyphenyl and acetamide groups.
The experimental results of determination of the antifun-
gal activity of studied derivatives against Candida albicans
MTCC 183 are given in literature.!> Antifungal activity in
the form of minimum inhibitory concentration (MIC),
that was used in further QSAR-ANN modeling, was
mathematically transformed in the form of logarithm of
the MIC reciprocal value, log(1/cyc)-

2. 2. Electrostatic and Topological Descriptors
Calculation

The set of 35 electrostatic and 10 topological descrip-
tors was calculated by using PreADMET online software.'®
The structural optimization and energy minimization
were not required since the molecular descriptors were
calculated on the basis of 2D structures. The values of the
calculated descriptors are shown in Supplementary data
(Table S1).

2. 3. Chemometric Methods

The first step in chemometric analysis was the selec-
tion of the most appropriate descriptors which will be used
as inputs in ANN modeling. For this purpose, stepwise se-
lection (SS) procedure was applied by using NCSS statisti-
cal software.!” In the SS procedure minimum change in the
root mean square error (RMSE) was used as a measure for
removing or adding variables. In the present analysis, the
limit of RMSE change was set at 0.05.

Artificial neural networks are a non-linear chemom-
etric tool. They have been widely applied in modeling of
complex relationships between different type of variables,
which is usually the case in prediction of biological activity
of many biologically active compounds. An ANN consists
of several layers: the input layer, one or more hidden lay-
ers, and one output layer.!® The ANNs were trained apply-
ing the feedforward multilayer perceptron (MLP) ANN
function with Broyden-Fletcher-Goldfarb-Shanno (BFGS)
learning algorithm in Statistica 10.0 software.!® The data
normalization was carried out by min-max normalization
method.?2!

Prior to ANN modeling, the analyzed compounds
were divided into the training set (compounds 1, 2, 3, 4, 5,
6,8,9,11,13,15,17, 18, 19, 20, 21, 22 and 23), validation
set (compounds 12, 14 and 24) and test set (compounds 7,
10 and 16).

The estimation of the contribution of every input
variable in a network was done by calculation of Global
sensitivity analysis (GSA) coefficients.?? A GSA coefficient
describes the ANN’s outputs changes that are caused by
variations in the parameters that affect the ANN. If the
GSA index is higher than 1, the greater change in ANN’s

performance is achieved with minor variation in the input
variable.?> 23

The ANN models’ validity was estimated on the basis
of the following statistical parameters: R (correlation coef-
ficient), R;, (correlation coeflicients of training set), R;
(correlation coefficients of test set), R, (correlation coeffi-
cients of validation set), RMSE (root mean square error),
RMSE,, (root mean square error of training set), RMSE;
(root mean square error of test set), RMSE, (root mean
square error of validation set), F-test, variation coeflicient
(VC) and significance level (p). Also, the analysis of resid-
uals and the graphical comparison of predicted and exper-
imental data were carried out in order to estimate predic-
tive ability of ANN models.

SRD method was used as relatively new approach in
comparison of samples, compounds, models.* The pur-
pose of the SRD analysis in this study was to reveal possi-
ble similarities or dissimilarities among the analyzed mol-
ecules on the basis of their topological and electrostatic
descriptors used in ANN modeling. In the SRD analysis
the row average values were used as the reference ranking.
It is substantially different than hierarchical cluster analy-
sis (HCA) and principal component analysis (PCA) ap-
proaches. The SRD methodology, its algorithms and prac-
tical uses are described in details in literature.?4-26 The
validation of SRD analysis was done by comparison of
ranks by random numbers (CRRN) and 7-fold cross-vali-
dation.?*

3. Results and Discussion

3. 1. The Selection of Suitable Variables —
SS Procedure

SS analysis was conducted after the descriptors cal-
culation procedure. The significance level of 0.05 was re-
quired for a variable to enter the equation, while the signif-
icance level of 0.20 was used as a criterion for removal of
variables from the model. The iterations number was set at

Table 1. The results of stepwise selection procedure.

Iteration

Action Variable R?>  Sqrt(MSE)
number
0 Unchanged 0.0000  0.1253
1 Added RPCS 0.2914 0.1078
2 Added PNSA1 0.5010 0.0926
3 Added RNCS 0.5764 0.0874
4 Added EFNSA1 0.6175 0.0853
5 Added Rouvray_Index 0.6963 0.0780
6 Added FPSA1 0.8093 0.0636
7 Added WI 0.8990 0.0477
8 Added Gutman_2D_MTI 0.9150 0.0452
9 Added TNC 0.9240 0.0443
10 Unchanged 0.9240  0.0443
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500. As a result of SS analysis, the subset of 9 calculated
descriptors was formed (Table 1).

The selected descriptors, suggested by SS analysis,
are the following: RPCS (relative positive charge surface
area), PNSA1 (partial negative surface area 1% type),
RNCS (relative negative charge surface area), FNSAl
(fractional charged partial negative surface area 1% type),
Rouvray index, FPSA1 (fractional charged partial posi-
tive surface area 1% type), WI (Wiener index), Gutman
2D MTI (Gutman 2D molecular topological index) and
TNC (total negative charge). This subset of 9 descriptors
was used as the input variables for further ANN model-
ing.

3. 2. ANN Modeling and Validation
of Models

The ANN modeling resulted into three statistically
very good models, whose activation functions and statisti-

Table 2. The results of ST-ANN procedure.

Network MLP9-7-1 MLP9-13-1 MLP 9-14-1
architecture
Rypin 0.9701 0.9759 0.9726
R 0.9534 0.9909 0.9786
j: 3 0.9986 0.9997 0.9986
RMSE, ., 0.002930  0.002456 0.002875
RMSE, 0.001077  0.000669 0.000082
RMSE, 0.005169 0.013497 0.003369
F-test 350.7 295.6 431.6
VC(%) 0.79 0.84 0.68
p-value 0.000000 0.000000 0.000000
Hidden activation Tanh Tanh Tanh
Output activation ~ Exponential Exponential Exponential
Training algorithm  BFGS 20 BEGS 20 BEGS 19

=)

o

o
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=

e

=]

9]

c
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o

2

3 E

Input layer Hidden layer Output layer

Figure 2. The general architecture of the established QSAR-ANN
models.

cal parameters are presented in Table 2. The comparison of
statistical quality of the obtained ANNs was done based on
these parameters. Exponential (Exp) and tangent (Tanh)
functions were used as MLP activation functions for hid-
den and output neurons. The total number of 150 ANNs
was obtained, but only three ANNs were chosen as the best
ones. During the training of the networks, the number of
neurons in the hidden layer varied in the range of 2-20.
The architecture of the obtained ANNG is presented in Fig-
ure 2.

Based on the data given in Table 2 it can be seen that
the statistical quality of selected ANNss is very similar. The
comparison of the ANNs quality was estimated by com-
paring their R and RMSE values (Figure 3). The compari-
sons of RMSE and R indicate that the network MLP 9-14-1
make the best concurrence of the data (the highest R) with
the lowest RMSE values (Figure 3).

0.978 0.09
oRr
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] @rRMsE
0.974 = — 0.07
bl o
0.972 % ‘r}ﬁ 0.06
0.970 s s
i AaR 0.05
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- e =i 0.04 &
' ﬂ Eﬁ 0.03
0.964 = o
e san 0.02
0.962 i i
0.960 o et 0.01
o) 1
0.958 =2 b 0.00
9-13-1 9-7-1 9-14-1
Networks

Figure 3. Comparisons of R and RMSE values of the established
networks.

The prediction ability of the established networks
is tested by the graphical comparison of the predicted
and experimental log(1/cyyc) values (Figure 4). The
outstanding concurrence between the predicted and ex-
perimental values and small scattering of the points
around linear relationship indicate high quality of the
obtained models. Also, the slope of this linear relation-
ship is very close to 1 and the intercept is very close to
zero. This is another proof of the outstanding predictive
ability of the ANNs. The residuals versus predicted
log(1/cpnc) values plots for the established networks are
presented in Figure 5. The presented ANN models fit
the data well since the residuals behave randomly,
which is obvious from the presented plots. The ampli-
tude of the residuals is in acceptable range. The applica-
tion of the external test set confirmed the quality of the
established networks.

Other confirmation of reliability of the obtained net-
works is individual percentage deviations (IPD%) for ex-
perimental-predicted values pairs. Figure 6 shows that all
three ANNs have almost all IPD% values lower than 2.0%
which indicates acceptable differences between predicted
and experimental log(1/cygc) values.
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Figure 4. Correlations between the experimental and predicted antifungal activity of the analysed compounds.
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Figure 5. Predicted vs. residual values plots.

3. 3. Global Sensitivity Analysis

PREDICTED log(1/cy,c)

ery input variable. A GSA coeflicient is presented in the

following form:

As the result of global sensitivity analysis, the GSA

coeflicients were calculated by the applied software for ev-

GSA = ERR,/ ERR,
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Figure 6. Individual percentage deviations (IPD%) of predicted values compared with the experimental values.

where ERR, is the network error when the observed input
variable is omitted and ERR,, is the network error when the
observed input variable is included in the model. The GSA
coefficients for MLP 9-7-1, MLP 9-13-1 and MLP 9-14-1
networks are given in Figure 7. As it is shown in the pie
charts, each input variable is described by GSA coefficient
higher than 1. This indicates a significance of each input
variable, particularly the significance of RPCS, FPSA1 and
PNSA1 descriptors (the highest average GSA coefficients).
In comparison with the results of QSAR analysis of
oxazolo[4,5-b]pyridines and benzoxazoles previously
published in literature,!>!* the results described in the
present paper are based on non-linear prediction of their
antifungal activity based on topological and electrostatic
descriptors, while in the previous studies!? the linear mod-
eling (PCR and PLS) of the antifungal activity have been
carried out on the basis of some physicochemical and lipo-
philicity descriptors, as well as non-linear prediction
(ANN) of antifungal activity based on some ADME de-
scriptors.! The presented results emphasized the influence
of electrostatic and topological molecular features on the
antifungal activity based on the established non-linear
models. These models can be considered slightly statisti-
cally better than the models presented in literature.!®!*

3. 4. Sum of Ranking Differences Analysis

of Oxazolo[4,5-b]pyridines and

Benzoxazoles

SRD analysis was carried out on the basis of average
row values as the reference value of the variables included in
the ANN models (consensus ranking). The results of the
SRD analysis (Figure 8) indicate the separation of the com-
pounds into three main groups and detection of one outlier.

The first group (the compounds 2, 10, 13, 17, 19, 20, 21, 22
and 23) is characterized by the ranking number 0, which
means that these compounds have the same ranking as the
reference one. The second group (the compounds 1, 3, 4, 5,
7, 8, 11, 12, 14, 15 and 16) has the ranking number 2 and
third group (the compounds 6, 9 and 24) the ranking num-
ber 4. The second and third group are considered to be very
close to the reference ranking and contain most of the ben-
zoxazole derivatives. However, the compound 18, with the
ranking number 6, is separated from the other compounds,
but still can be considered relatively close to the reference
ranking in the variable space (since it fits very well in the es-
tablished QSAR models, it is not considered to be an outlier
in the QSAR models). This compound has most of the mo-
lecular descriptors that are significantly different from the
molecular descriptors of other compounds. Generally, oxaz-
olo[4,5-b]pyridines are placed in the first group, indicating
their distinctiveness regarding RPCS, PNSA1, RNCS,
FNSA1, Rouvray index, FPSA1, WI, Gutman 2D MTI and
TNC molecular features. The compounds 9 and 24 from the
third group are specific due to the presence of -NO, func-
tional group in their structures. The presented results of SRD
analysis of oxazolo[4,5-b]pyridines and benzoxazoles re-
vealed particular similarities/dissimilarities among the ana-
lyzed derivatives. This fact could be particularly interesting
for further 3D-QSAR and 4D-QSAR modeling and molecu-
lar docking studies of antifungal activity of oxazolo[4,5-b]
pyridines and benzoxazoles toward Candida albicans.

4. Conclusions

The conducted variable selection procedure and arti-
ficial neural network modeling resulted in three reliable
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Figure 8. The result of SRD-CRRN analysis of oxazolo[4,5-b]pyridines and benzoxazoles. The statistical properties of theoretical distribution func-
tion are: first icosaile (5%), XX1 = 16; first quartile, Q1 = 22; median, Med = 26; last quartile, Q3 = 32; last icosaile (95%), XX19 = 36.

neural networks which can be used in prediction of anti-
fungal potential of structurally similar oxazolo[4,5-b]pyri-
dines and benzoxazoles. The prediction ability of the ob-
tained networks has been confirmed by adequate statistical

measures, by comparisons of the experimental and pre-
dicted data including the residuals analysis. Applying step-
wise selection procedure, the most important electrostatic
and topological descriptors were determined: RPCS,
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PNSA1, RNCS, ENSAI, Rouvray index, FPSA1, WI, Gut-
man 2D MTI and TNC. These descriptors can be used as
predictor variables in assessment of minimum inhibitory
concentrations of novel oxazolo[4,5-b]pyridine and ben-
zoxazole derivatives prior to their synthesis, and in that
way, facilitate synthesis of more effective antifungal agents.
The SRD-CRRN analysis, which was based on the molecu-
lar descriptors included in the ANN models and average
row values as a reference ranking, detected certain struc-
tural similarities in the applied variable space.
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Povzetek

Rezultati, predstavljeni v tej $tudiji, vkljuCujejo napoved protiglivi¢ne aktivnosti 24 derivatov oksazola, ki temeljijo na
njihovih topoloskih in elektrostati¢nih molekularnih deskriptorjih, ki izhajajo iz 2D molekularnih struktur. Metoda
umetnega nevronskega omrezja (ANN) je bila uporabljena kot regresijsko orodje. Vhodni podatki za modeliranje ANN
so bili izbrani s postopnim izbiranjem (SS). Modeliranje ANN je privedlo do treh mreZ z izjemnimi statisti¢nimi znacil-
nostmi. Visoka predvidljivost vzpostavljenih omreZij je bila potrjena s primerjavami predvidenih in eksperimentalnih
podatkov ter s preostalo analizo. Dobljeni rezultati kazejo na koristnost nastalih ANN pri natan¢ni napovedi minimalnih
inhibitornih koncentracij analiziranih spojin proti Candida albicans. V tej $tudiji je bila uporabljena metoda vsote raz-
vrstitvenih razlik (SRD), da bi razkrili mozno zdruzevanje spojin v prostoru spremenljivk, uporabljenih pri modeliranju
ANN. Dobljene rezultate lahko stejemo kot prispevek k razvoju novih protiglivi¢nih zdravil, ki strukturno temeljijo na
oksazolnem jedru, $e posebej v danasnjih ¢asih, ko primanjkuje visoko u¢inkovitih antimikotikov
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Abstract

Co-amorphous (COAM) systems of ibuprofen (IB) and paracetamol (PA), in clinical dose ratios, were prepared by ball
milling to enhance solubility and dissolution of IB. Subsequently, COAM were characterized by solubility, processabil-
ity, XRPD, DSC, ATR-FTIR, SEM, in-vitro dissolution and accelerated stability studies. Maximum increase in aqueous
solubility of IB was seen in 500:200 mg dose ratio (COAM 1) with 6.7 fold rise from 78.3 + 1.1 to 522.6 + 1.29 pg/ml.
COAM 1 exhibited 99.80 + 0.58% dissolution of IB at 20 min in phosphate buffer, significantly high (P < 0.05) compared
to plain IB. Thus saturation solubility and dissolution rate of IB was found significantly improved unlike PA. The flow-
ability/processability of COAM system was remarkably improved compared to pure IB, speculated due to as formation
of miniscular forms of PA-IB, having strong adhesive interactions. XRPD and DSC results confirmed amorphization of
IB. ATR-FTIR results evidenced hydrogen bonding interactions between both the drugs. In accelerated stability studies,
flowability, XRPD, DSC and in-vitro dissolution studies demonstrated insignificant changes, thus confirming successful
stabilisation of IB by PA.

Keywords: Ibuprofen; co-amorphism with paracetamol; improved processability; solubility and dissolution of ibuprofen

1. Introduction

Ibuprofen (2-(4-(2-methylpropyl) phenyl) propionic
acid) is a widely used non-steroidal anti-inflammatory
drug having poor solubility and high permeability (BCS IT),
and limited bioavailability.! However, it has a poor process-
ability due to its low glass transition temperature (Tg), thus,
enunciating difficulty in the design of solid dosage forms.

So as to overcome its aforesaid problems, solid dis-
persions (SDs) using polyethylene glycol, polyvinyl pyrro-
lidone, microcrystalline cellulose, colloidal silicon diox-
ide, HPMC, soluplus, employing techniques like spray
drying, freeze drying, electro-spinning, hot melt extru-
sion, ball milling etc. have been attempted.>® These SDs
demonstrated solubility and dissolution enhancement by
amorphization, solid solution formation, non-covalent in-
teractions like hydrogen bonding etc. However, ibuprofen

due to its low melting temperature devitrifies rapidly and
post process residual crystallites act as nuclei for further
crystallisation. Additionally, a large quantity of polymer
increases the bulk of the final dosage form.!° Hence, com-
mercial applications of SDs have been limited due to their
stability, reproducibility, and scale up constraints.!*12 Un-
like SDs, micronization of Ibuprofen has been found to be
of limited significance due to a slight reduction in its crys-
tallinity. When processed alone, its in-situ homodimer for-
mation impedes crystallinity reduction and vitrification,
and consequently results into poor solubilisation.!> Rela-
tively, crystal habit change and co-crystallisation have
been found to be promising crystal engineering techniques
aiming aforesaid improvements.'* Use of ionic liquids and
self assembled mixed micelles of surfactant have also been
reported for solubility enhancement of ibuprofen.!>-16 But,
safety and toxicity of solvent, surfactant, and co-crystal
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former are prime concerns. Recently, a new technique us-
ing mesoporous silica has been introduced to overcome
the solubility and stability problems of ibuprofen.!” Use of
mesoporous SBA-15, modified SBA-16, and MCM-41 has
been attempted to stabilise amorphous state and enhance
its dissolution. However, it possesses high manufacturing
costs due to expensive silica sources and surfactants used
in the fabrication.!® To alleviate cost, its stabilization has
also been attempted using inexpensive mesoporous mag-
nesium carbonate.!® Recently, co-processing of Ibupro-
fen-magnesium trisilicate has been carried out by ball
milling and freeze drying for imparting amorphism and
improved drug release of former.?

Two decades ago, the concept of co-amorphism was
introduced, demonstrating potential binary amorphous
system, comprising two or more small molecules instead of
polymers.?!~2? Studies have shown that small molecules
like amino acids, sugar, urea, citric acid, kaolin, aluminium
hydroxide? or other API can improve physical stability of
the amorphous drugs more effectively than polymers.24-26
The main reason for the stability of the co-amorphous sys-
tem was attributed to molecular interactions between the
drugs/excipient in the system. It was reported that unstable
drug like Naproxen could be stabilized by Indomethacin
and Cimetidine, and dissolution rates of these systems were
also enhanced.?” Lobmann et al. have reported improve-
ment in both stability and solubility of Glipizide when
combined with Simvastatin.?® Further, ball milled Nateg-
linide-Metformin hydrochloride co-amorphous system has
demonstrated improved dissolution of Nateglinide.? Inter-
estingly, carbamazepine, citric acid and L-arginine ternary
system was ball milled for inducing coamorphism, to en-
hance Tg and solubility/dissolution.*

Keeping in view benefits reaped from appropriate
co-amorphous combinations of two drugs, we have at-
tempted to improve processability, solubility and in vitro
dissolution, and amorphous state stability of Ibuprofen us-
ing Paracetamol, which is a BCS class III drug. Clinically
relevant combinations of both drugs are available in the
market and have been widely recommended for analgesic,
antipyretic, and anti-inflammatory conditions. Predomi-
nantly available three clinical dose combinations viz; 500
mg: 200 mg, 500 mg: 400 mg and 325 mg: 400 mg of Parac-
etamol: Ibuprofen were ball milled for coamorphism. The
simplicity, versatility and green nature of ball milling tech-
nique has compelled us to employ same. Eventually, pre-
pared coamorphous mixtures (COAM) were character-
ized by solubility, micromeritic properties, flowability,
ATR-FTIR, DSC, XRPD and In-vitro dissolution studies.

2. Experimental
2. 1. Materials

Ibuprofen and Paracetamol were provided as a gift
samples by Wintech Pharmaceuticals, Nashik, India and

Sanofi India Ltd., Mumbai, India respectively. All other re-
agents used in the study were of analytical grade.

2. 2. Methods

2. 2. 1. Preparation of COAM and Saturation
Solubility Studies

Paracetamol (PA) and Ibuprofen (IB) were ball
milled (Lab Hosp, Mumbai, India) together in clinically
available dose ratios 500 mg: 200 mg (COAM 1), 500 mg:
400 mg (COAM 2) and 325 mg: 400 mg (COAM 3) of PA:
IB respectively. The COAM of PA and IB were ball milled
using 8 mm stainless steel balls at critical speed of 120 rpm
for 2 h. The milling speed and time was optimised after
taking trials, based on increase in solubility of COAM.
Also, both pure drugs were ball milled separately, PA
(BMP) and IB (BMI) at same milling parameters. Physical
mixtures (PM) of pure PA and IB were prepared, and all
aforementioned samples were stored in desiccators until
further use.

Subsequently, saturation solubility of PA and IB was
determined by adding excess amount of each drug in 10
mL distilled water separately. The dispersions were kept on
an orbital shaker (Remi Instruments Ltd., Mumbai, India)
for 72 h at 37 °C and further centrifuged at 7000 rpm for
10 min. The supernatant was filtered through 0.45 um sy-
ringe filter and the concentration of each drug was deter-
mined by simultaneous UV-spectrophotometric analysis
(Jasco V 530, India) at absorption maxima 243 nm (A1) for
PA and 219 nm (A2) for IB.

c = Azay; — Ajay, (1)
axpay, — ax,ay;

Ajax, — Ajax
c, = 18X 28Xy 2)
ax,ay, — ax,ay,

Where, C, and C, = Concentration of PA and IB respectively in COAM
A;and A, = Absorbance of PA at \; and IB at A, respectively

ax; and ay; = Absorptivity of PA and IB respectively at A;

ax, and ay, = Absorptivity of PA and IB respectively at A,

The saturation solubility of PA and IB at various pH
viz. 1.2,4.5, 6.8 and 7.2 was also determined using the same
procedure. The experiments were performed in triplicate.

2. 2. 2. Micromeritics

The particle size analysis of PA, IB, BMP, BMI and
COAM 1 was performed by Image] software using scan-
ning electron microphotographs taken.

Flowability of PA, IB, BMP, BMI, PM and COAM 1
was assessed from angle of repose (0). The value of 6 was
determined using fixed funnel free-standing cone method,
performing measurement in triplicate, using the formula,

0 = tan (£) 3)

R
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Where, H (cm) is height between lower tip of funnel and
base of sample, and R (cm) is the radius of the base of heap
formed.!

The samples were also evaluated for Carr’s compress-
ibility index (CCI) and Hausner’s ratio (HR) using the fol-
lowing formula,

cer = (22) x 100 (4)

HR= 12 (5)

BED

Where, TD and BD are tapped density and bulk density.>?

2. 2. 3. X-ray Powder Diffraction (XRPD)

XRPD patterns of PA, IB, BMP, BMI and COAM 1
were recorded at room temperature on X-ray diffractome-
ter (Philips analytical XRPD, PW 3710, Holland) with
CuKa radiation (1.54 A), at 30 kV, 10 mA and passing
through a nickel filter. Samples were scanned between 10°
and 70° 26 with a step time of 16.5 sec and step size of 0.02°.

2. 2. 4. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was used to assess
thermal changes in PA, IB, BMP, BMI, and COAM 1. The
study was carried out on model SDT Q600 V20.9 Build 20
(TA Instruments, USA). The DSC instrument was calibrat-
ed for temperature and heat flow using high-purity stan-
dards of indium. The samples (3-5 mg) were heated 30 °C
to 300 °C at the rate of 10 °C/min. under dry nitrogen
purge (80 mL/min) in crimped and pin-holed aluminium
pans. The melting points were determined using TA-Uni-
versal Analysis software (version 4.7A).

The percent crystallinity of all samples was calculat-
ed using an equation given by Rawlinson et al.3?

Crystallinity = 6::’;;2:: X 100 (6)
Where, SHmCOAM is the melting enthalpy of the
co-amorphous sample (J g™'), SHmDrug is the melting en-
thalpy of drug (J g™!), and W is the weight fraction of drug
in co-amorphous system (W =2/7 =0.285 for IBand W =
5/7 = 0.714 for PA).

2. 2. 5. Attenuated Total Reflectance- Fourier
Transform Infrared Spectroscopy
(ATR-FTIR)

ATR-FTIR spectra of PA, IB, BMI, BMP and COAM
1 were recorded using attenuated total reflectance infra red
spectrophotometer (Bruker Alpha-T, India) to study the
possible interactions between both drugs. About 3-4 mg
of powdered sample was directly placed onto the ATR
crystal and the spectrum was recorded over the wave
number 400-4000 cm™! on spectrophotometer.

2. 2. 6. Scanning Electron Microscopy (SEM)

Scanning electron microphotographs of PA, IB,
BMP, BMI, and COAM 1 were taken using SEM coupled
EDAX (Model-JEOL-SEM 6360 A, Tescan, Brno-Czech
Republic). An accelerating voltage of 12 kV for PA and 18
kV for IB and COAM was used. Before taking micropho-
tographs, the samples were coated with gold using Gold
coating machine JEOL JFC-1600.

2. 2. 7. In-vitro Dissolution Studies

The in-vitro dissolution study for PA, IB, BMI, BMP
and COAM 1 was carried out in USP type-II dissolution
test apparatus (Electrolab Ltd., TDT 08L, Mumbai, India).
Quantities equivalent to 500 mg of PA and 200 mg of IB
were placed in the dissolution medium. The study was car-
ried out for 2 h in 0.1 N HCl and 2 h in phosphate buffer
(pH 7.2) with a rotation speed of 100 rpm and dissolution
media of 900 ml at 37 °C (n = 3). Five ml of samples were
withdrawn and immediately replaced with same volume of
fresh dissolution media. The filtered samples were anal-
ysed on UV-spectrophotometer (Jasco V-530, Japan) using
simultaneous equation method.

2. 2. 8. Accelerated Stability Studies

The COAM 1 samples were stored at 40 °C/75% RH
for 3 months for accelerated stability studies. The samples
were withdrawn after 0, 30, 60, 90 days and analyzed for
angle of repose, XRPD, DSC and in-vitro dissolution.

3. Result and Discussion

3. 1. Preparation of COAM and Saturation
Solubility Studies

The saturation solubility of PA in distilled water, pH
1.2, pH 4.5, pH 6.8, pH 7.2, was found to be 17790.6 + 1.8,
18616 +2.4,18726.3 +2.1,18022.2 £ 1.9, 18092.5 + 2.5 g/
mL respectively. And, for IB in distilled water, pH 1.2, pH
4.5, pH 6.8, pH 7.2 was 78.3 £ 1.1,47.1 £ 1.2,65.2 £ 1.6,
128.9 + 0.9, 181.1 + 1.0 pg/mL respectively. These values
indicated that, PA solubility at various pH was invariably
same, however, IB showed pH-dependent solubility. The
reason for pH dependent solubility is its weak acidic na-
ture, which enhances solubility at higher pH values and
reduces solubility at lower pH.**** The water solubility of
BMP and BMI was found to be 18050.4 + 1.6 and 90.4 +
1.3 pg/mL respectively (solubility data for other pH values
not shown). Which indicated that, although size reduction
was noted (particle size data given under micromeritics)
for BMP and BMI, significant increase in solubility was
not demonstrated.

A combination of PA and IB was successfully ball
milled in different clinical dose ratios to form COAM. The
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method involved mechanical activation of both the drugs
using a ball mill and optimisation of milling time and
speed after taking many trials in the view of conversion of
a crystalline drug into amorphous counterpart and parti-
cle size reduction enhancing solubility and dissolution.>¢-%°
In COAM, saturation solubility of IB in distilled water was
altered after ball milling and was different for all dose com-
binations with PA, whereas, it was invariably same for PA,
as depicted in Table 1. Maximum increase in aqueous sol-
ubility of IB was seen in 500 mg: 200 mg dose ratio (COAM
1), indicating role of PA and coamorphism towards solu-
bility enhancement of IB, even if its solubility is pH depen-
dent. Rise in aqueous saturation solubility of IB in COAM
1 from 78.3 + 1.1 pg/ml to 522.6 + 1.29 pg/ml, confirmed
6.7 fold increase.

All the three clinical combinations showed increase
in solubility of IB, but amongst them, COAM 1 showed
maximum increase in solubility of IB. Thus, COAM 1 was
selected for further characterization.

Table 1. Saturation solubility of PA and IB in COAM in various
dose combinations

Dose combination Saturation solubility in water (ug/ml)

(mg) (PA +IB) PA 1B

500 + 200 (COAM 1) 17798.9 + 2.05 522.6 +1.29
500 + 400 (COAM 2) 17794.9 + 0.74 387.7 £ 3.24
325 + 400 (COAM 3) 177913 + 1.11 83.9 +1.93

3. 2. Micromeritics

The average particle size of IB, BMI, PA, BMP and
COAM 1 was found to be 191.07 + 12.69 pm, 143.30 £ 4.51
pm, 17.06 + 2.11 um, 15.23 + 0.87 um and 4.75 + 0.37 um
respectively. Which indicated the complimentary role of
PA and IB towards size reduction in COAM during ball
milling.

Studies have revealed poor flowability parameters
for PA, IB, BMP, BMI and PM as given in Table 2. Both
drugs possess poor flow properties, especially IB has very
poor flow and processability problems due to its sticky na-
ture.*0-42 However, PA and IB in COAM 1 form demon-
strated excellent flowability as indicated from CCI (19.2 +

0.08) and HR (1.25 * 0.04). Noteworthy, 0 value, 30.3 +
0.51% has clearly enunciated free flowing nature of COAM
1. Statistically, improvement in 6 value of COAM 1 was
significant (P < 0.05), compared to rest all samples. More-
over, aforementioned flow parameters were also not satis-
factory for BMP and BMI, although improved a bit with
size reduction. Thus, remarkably improved flow property
of IB in COAM is an indicator of reduced stickiness, uni-
form and size reduced particles, which divulges pivotal
role of PA in improving flow, especially in COAM, unlike
PM. In tabletting, addition of glidant has been recom-
mended to improve flow properties by reducing strong in-
terparticulate interactions. Herein, both PA and IB in
COAM1 seem to perform the role of glidants. Newly gen-
erated fines of PA and IB during ball milling undergo
strong adhesive interactions and deposits on energetic sur-
faces of PA crystals, thereby overcoming cohesive interac-
tions. The deposit of PA-IB on paracetamol crystals may
resemble miniscular form of solids designed, in which big-
ger but distorted PA crystals acts a carrier on which fine
particulates of PA-IB deposit.** Thus, such non-sticky par-
ticulates having improved processability, may increase its
speed of production, reduces risk of stoppage and im-
proves blend quality, filling procedures and end product
quality. Conclusively, micromeritic properties have clearly
unveiled, a new form of IB in COAM 1 which has resolved
poor processability associated with its stickiness.

3. 3. X-ray Powder Diffraction (XRPD)

X-ray diffractograms of PA, IB, BMP, BMI and
COAM 1 have been depicted in Fig. 1. Crystalline peaks of
PA have been noted at 26 values 23.2, 24.1, 26.3. Similarly,
distinct and intense peaks of IB have been observed at
12.3, 16.7, 20.1, and 22.4. Powder X-ray diffractogram of
individually ball milled drugs, BMP and BMI showed high
intensity peaks revealing partial amorphism in PA and IB.
This limited reduction in crystallinity of IB might be at-
tributed to homodimer formation impeding crystallinity
disruption. As anticipated, remarkable reduction in crys-
tallinity of both PA and IB was divulged from diffracto-
gram of COAM 1. The XRPD of COAM 1 shows some
peaks of PA and two very low intensity peaks of IB which
suggests almost complete amorphization of IB and out-
weighs role of PA, along with milling force, in disruption

Table 2. Data for micromeritic properties of PA and IB (API, separately ball milled API, physical mixture, COAM 1)

Drug/s Bulk density Tapped density Carr’s compressibility Hausner’s Angle of

(g/ml) (g/ml) index (%) ratio repose (0)
PA 0.216 + 0.01 0.284 +0.07 23.90 +0.14 1.31 +0.06 39.8 £0.80
IB 0.231 +0.09 0.324+0.12 28.70 +0.22 1.40 +0.03 43.4+1.21
BMP 0.271 +0.05 0.355+0.03 23.66 +0.18 1.31+0.10 37.7+0.53
BMI 0.246 + 0.01 0.333 +£0.20 26.12+0.13 1.35+0.08 40.9 +0.80
PM 0.321 +0.05 0.431 + 0.06 25.52 +0.31 1.34+0.13 40.0 + 0.67
COAM 1 0.353 +0.02 0.437 + 0.04 19.20 + 0.08 1.25 +0.04 30.3+£0.51
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Figure 1. XRPD diffractogram of plain PA and IB, ball milled PA
and IB, and COAM 1 samples

of IB geometry. The conversion of IB in co-amorphous
form was responsible for increase in its aqueous solubility,
although it has pH dependent solubility.*4°

3. 4. Differential Scanning Calorimetry
(DSC)

The DSC thermogram (Fig. 2) of PA and IB showed
sharp endothermic transitions at 170.05 °C (Fig. 2a) and
77.9 °C (Fig. 2c) respectively, corresponding to their melt-
ing points. A second endothermic peak seen in thermo-
gram of IB at 223 °C, was corresponding to its boiling
point.*® The figure depicts slight changes in the crystallin-
ity of BMP (Fig. 2b) and BMI (Fig. 2d), whereas, in COAM
1, significant transformation of both crystalline PA and IB
to amorphous form. Interestingly, shift in melting point of
PA from 170.05 °C (in PA) to 159.6 °C (in COAM 1) has
been noted (Fig. 2e) and boiling point of IB at 223 °C was
also not observed in DSC of COAM 1, indicating strong
solid state interactions between PA and IB, and partial dis-
solution of PA in molten IB.?8 The details of % crystallinity
of both the drugs have been given in Table 3. The % crys-
tallinity of PA and IB in COAM 1 sample was found to be
44.37% and 9.63% respectively. Whereas, % crystallinity of
BMP was 77.44%, and 91.42% for BMI, which was quiet
high, compared to COAM 1.

Heat

Flow
W/,

(W/g) (b)

L T B e e e B e |

Temperature °C

Figure 2. DSC thermogram of (a) PA, (b) BMP, (c) IB, (d) BMI and
(e) COAM 1

Table 3. Enthalpy and % crystallinity of COAM 1 after a) 0 days, b)
30 days, c) 60 days and d) 90 days (accelerated stability samples)

COAM 1 Enthalpy (J/g) % Crystallinity
PA 1B PA 1B
0 days 79.87 12.40 44.37 9.63
30 days 83.94 12.90 46.63 10.01
60 days 86.45 13.80 48.02 10.71
90 days 88.54 14.20 49.18 11.03

3. 5. Attenuated Total Reflectance- Fourier
Transform Infrared Spectroscopy
(ATR-FTIR)

Till date, ATR-FTIR has been considered as a work-
horse for studying drug-drug interactions. The ATR-
FTIR spectra of COAM 1 (Fig. 3¢) reveals shift in pheno-
lic C=0 stretch of PA (1372.1 cm™!) to higher wave num-
ber 1396.84 cm™!. Similarly, N-H stretch of amide in PA
at 3162.69 cm~! was also shifted to higher wave number.
For 1B, C=0 stretch of carboxylic acid (1714.41 cm™)
was shifted to lower wave number at 1647.77 cm™!. And,
O-H stretch of carboxylic acid of IB at 2953.45 cm™! was
shifted to higher wave number (2980.20 cm™'). The ATR-
FTIR spectra (Fig. 3) shows shift in wave numbers sug-
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Figure 3. ATR-FTIR spectra of (a) PA, (b) IB, and (c) COAM 1

gesting strong hydrogen bonding interactions between
PA and IB.

As mentioned previously, increased solubility and
dissolution of IB in COAM 1 system was due to molecular

interactions between PA and IB.2"?? Even, adsorption of
PA-IB fine particulates on PA, might have generated a
miniscular form as discussed earlier. Such strong adhesive
molecular interactions might have lead to band shifts in
the IR spectra.?8 These shifts are also observed when a
crystalline drug is converted into its amorphous form.*
Here, molecular interaction between PA and IB were con-
firmed due to shift of phenolic C=0 stretch, N-H stretch
(amide) of PA and C=O stretch, O-H stretch (carboxylic
acid) of IB.

3. 6. Scanning Electron Microscopy
(SEM)

The microphotographs taken using SEM showed
long, slender, needle shaped crystals of IB (Fig. 4a and 4b),
and Fig. 4c shows irregular shaped crystals of PA. Distort-
ed crystal morphology and extensively reduced grain size
along with congregated PA and IB clearly indicated partial
transformation of crystal form of PA to its amorphous
state, and almost complete crystallinity loss for IB in
COAM 1 (Fig. 4d).

X188 188mm 8882 SUK-PHY

SBrm BBBZ SUK-FPHY

Figure 4. Scanning electron microphotograph of (a) IB [50x], (b) IB [100 x], (c) PA [500x] and (d) COAM 1 [300x]
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3. 7. In-vitro Dissolution Studies

In-vitro dissolution profile of PA, IB, BMP, BMI, and
COAM 1 in 0.1 N HCI and phosphate buffer pH 7.2 is de-
picted in Fig. 5. It is known that particle size reduction en-
hances dissolution of drugs**-*° but, is not a sole reason for
improved dissolution. This can be explained by the disso-
lution profile of BMP and BMI, in which the dissolution of
individually milled drug was not improved. It has also
been reported in previous studies that both ball milling at
room temperature and cryogenic ball milling of IB only
slightly reduced its crystallinity.* For plain PA to dissolve
in phosphate buffer pH 7.2, it took 40 min (Fig. 5¢; data
not shown in table), and in co-amorphous form showed
80% dissolution in 0.1 N HCI, in 20 min (Fig. 5a). There
was a insignificant difference (P < 0.05) found in the disso-
lution of PA, BMP, and PA in its co-amorphous form in
both dissolution media.

On the contrary, IB in co-amorphous form showed
improved dissolution in both the dissolution media. In 0.1
N HCI, dissolution of IB, BMI, and IB in PM was poor
(10.26 £ 0.41% in 2 h for plain IB) which can be seen in
Fig. 5b, whereas, remarkable improvement was noted in
dissolution of IB in COAM 1 (14.55 + 0.45% in 2 h), which
was 1.5 times more. Interestingly, in phosphate buffer pH
7.2, COAM 1 showed 99.80 + 0.58 % dissolution of IB in
20 min (Table 4), which was significantly high (P < 0.05)
compared to plain IB (63 + 0.27 %). Moreover, at 5 and 10
minute time points, the dissolution of IB in COAM was
double to that of plain IB, highlighting likely rapid onset of
action. For plain IB to be completely dissolved it took 90
min (98.3 + 0.69 %), and similar were observations for dis-
solution of IB from BMI and PM (Fig. 5d).

3. 8. Stability Studies

Angle of repose of COAM 1 demonstrated an insig-
nificant change for stability samples (data not shown). Dif-
fractometric analysis demonstrated slight increase in in-
tensity of the peaks of COAM 1, as seen in Fig. 6. Similarly,
slight increase in enthalpy and % crystallinity was ob-
served in DSC thermogram of COAM 1. Percent crystal-
linity of IB after three months was raised to 11.03% from
initial 9.63% and of PA was increased to 49.18% from ini-
tial 44.37%. Slight increase in crystallinity of IB has been
reflected in its In vitro dissolution profiles. With slight in-
crease in crystallinity and reduction in amorphism, % IB
dissolved has been slightly reduced (Table 4).

Accelerated stability studies suggested that the
COAM 1 samples were stable up to 3 months. Neither the
flowability, XRPD, DSC results nor the in-vitro dissolution
studies showed significant change thus confirming stabili-
ty of the product. Inhibition of propensity of amorphous
material to devitrify was evident from these findings.
Eventually, PA not only assisted in disruption of IB crystal-
linity, but, also stabilised its amorphous form at molecular
level.

Table 4. In-vitro dissolution data of IB in COAM 1 sample in 0.1 N HCl and phosphate buffer pH 7.2 after a) 0 days, b) 30 days, c) 60 days and d) 90 days (accelerated stability samples)

% cumulative IB dissolved in phosphate buffer pH 7.2

% cumulative IB dissolved in 0.1 N HCI

Time

COAM 1

30 days

Plain IB

COAM 1

30 days

Plain IB

(min.)

90 days

60 days

0 days

90 days

60 days

0 days
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46.17 £ 0.49
79.52 £0.82

46.90 + 1.10

48.28 £ 0.97

49.13 £ 0.63
83.65 +£0.71

23.8£0.47
42.8+0.88
63.0 £ 0.27
89.7 £ 0.49
97.9 £0.54
98.1£0.11
98.3 £ 0.69
99.1 £0.37

1.01 £0.73
2.19+£0.28
3.58 £1.02
6.50 £ 0.91
9.83+0.33
11.18 £ 0.85
12.59 + 0.46
12.84 £ 0.97

1.02 £ 0.44
2.22£0.59
3.57+£0.31
6.53 £ 0.56
9.84 £ 0.41
11.57 £ 0.27
12.72 £ 0.66
12.92 £ 0.73

1.18 £0.24
2.35+0.39
3.65+0.49
6.61 £0.42
9.98 £0.53
11.79 £ 0.48
12.94 + 0.36
13.37 £ 0.83

1.21 £0.03
243 +0.11
3.79 £0.02
6.76 £ 0.31
10.11 £0.23
12.14 £ 0.76
14.08 + 0.84
14.55 + 0.45

0.5 +0.06

2.1£0.19
4.23+0.27
6.81 £0.29
7.94 +£0.48
9.99 +£0.39
10.18 £ 0.20

10.26 £ 0.41

80.14 £ 0.88
98.22 + 0.84

99.06 + 0.90

82.43 £ 0.72

10
20
30
45

98.11 + 1.03
98.57 +0.79

98.91 + 091
98.80 + 0.61

99.80 + 0.58
101.33 £0.22

99.29 +1.21

99.15 + 1.05
99.57 £ 0.50

99.68 + 0.69
99.78 + 0.84

101.51 £0.97

99.15 + 0.44
99.53 +0.38

99.94 + 1.02
100.16 £ 0.87

101.74 £ 0.16

60
90

102.12 £ 0.39

99.64 + 1.05

100.12 £ 0.59 99.86 + 1.32

102.48 £ 0.40

120
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Figure 5. In-vitro dissolution profile of (a) PA in 0.1 N HCI, (b) IB in 0.1 N HCl, (c) PA in phosphate buffer (pH 7.2) and (d) IB in phosphate buffer
(pH7.2)
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Figure 6. XRPD of COAM 1 after a) 0 days, b) 30 days, c) 60 days and d) 90 days at accelerated stability conditions
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4. Conclusion

Paracetamol-Ibuprofen co-amorphous system was
successfully generated by ball milling technique. Flow
properties of IB were satisfactorily improved in co-amor-
phous form, thus overcoming its problem of stickiness,
processability and homodimer formation during sizing
down. Diffractometric studies have revealed amorphism/
reduced crystallinity of IB and its subsequent stabilisation
by PA. Amorphization and subsequent adsorption of IB on
PA can speculate generation of a particulate system similar
to miniscular dosage form. As a consequence, the COAM
1 form of IB demonstrated approximately seven fold solu-
bility enhancement and threefold increase in dissolution
of IB. Since, individually ball milled drugs did not show
any significant increase in solubility and dissolution, the
role of coamorphism for IB and essential role of PA has
been unveiled. The presence of PA with IB in COAM could
outweigh over the role of particle size of both in solubility
and dissolution enhancements. Hence, work has demon-
strated generation of COAM form of PA and IB in clinical
dose ratio 500 mg: 200 mg, which may overcome poor
processability, solubility and dissolution, and bioavailabil-
ity constraints of IB. The method being simple, green, cost
effective, and novel for PA-IB combination, holds great in-
dustrial potential.
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Material (oznaka COAM) sestavljen iz amorfega paracetamola (PA) in ibuprofena (IB) smo pripravili z mletjem v
krogli¢nem mlinu. Namen raziskave je bil pripraviti material z vi§jo topnostjo in bolj$im raztapljanjem ibuprofena.
Tako pripravljeno amorfno mesanico paracetamola in ibuprofena smo karakterizirali z rentgensko praskovno difrak-
cijo (XRDP), diferen¢no dinami¢no kalorimetrijo (DSC) infrardeco spektroskopijo (ATR-FTIR), vrsti¢no elektronsko
mikroskopijo (SEM) in opravili in vitro Studije raztapljanja in stabilnosti. Najve¢je povecanje (6,7-kratno) topnosti ibu-
profena v vodi smo opazili v vzorcu, ki smo ga pripravili v odmerkih 500 (PA) : 200 (IB) mg (oznaka COAM 1). Topnost
se je povecalaiz 78,3 + 1,1 ug/mlna 522,6 + 1,29 pug/ml. V vzorcu (COAM 1) smo dolo¢ili 99,80 + 0,58 % raztapljanje ibu-
profena v dvajsetih minutah v fosfatnem pufru, kar kaze na znatno povecanje v primerjavi s samim ibuprofenom. Tako
je bila za razliko od paracetamola ugotovljena bistveno izbolj$ana topnost in hitrost raztapljanja ibuprofena. V vzorcu
(COAM 1) je bila tudi izjemno izbolj$ana preto¢nost v primerjavi s ¢istim ibuprofenom. Le-ta je najverjetneje posledica
moc¢nih adhezivnih interakcij v sistemu PA-IB. Rezultati XRPD in DSC so potrdili amorfno obliko ibuprofena. Rezultati
ATR-FTIR spektroskopije kaZejo na prisotnost interakcij preko vodikovih vezi med obema udinkovinama. Pospeseni
testi stabilnosti, rezultati meritev preto¢nosti, XRPD, DSC in testi in vitro raztapljanja so potrdili uspesno stabilizacijo

ibuprofena s paracetamolom.
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Abstract

Carboxylated nanocrystalline cellulose (CNCC) was prepared by oxidation degradation of microcrystalline cellulose
(MCC) using ammonium peroxydisulfate and modified with Fe;0, nanoparticles to form Fe;0,-CNCC nanocomposite
via simple refluxing process. The Fe;0,-CNCC nanocomposite doped poly(3,4-ethylenedioxythiophene) (PEDOT) was
successfully decorated on the glassy carbon electrode (GCE) by electrochemical deposition. The PEDOT/Fe;0,-CNCC
modified GCE with enlarged real electrochemical surface area was used to determine nitrite with high selectivity, sen-
sitivity and outstanding reproducibility. Using amperometric current-time (i-t) curve, the proposed sensor provided a
wider linear range (0.5-2500 uM) and a lower detection limit (0.1 uM) towards nitrite compared with the method of
differential pulse voltammetry (DPV). This analytical method gave good selectivity in the practical measurement of

nitrite in pickles.

Keywords: Carboxylated nanocrystalline cellulose; Fe;0, nanoparticle; Poly(3, 4-ethylenedioxythiophene); Ampero-

metric sensor; Nitrite

1. Introduction

Nanocellulose (NCC), one kind of sustainable func-
tional nanomaterials, is derived from native cellulose.!
Their morphology mainly depends on the source of pre-
cursor cellulose and the conditions of preparation. NCC
exhibits remarkable properties, such as high surface area,
thermally stable, renewable, biodegradable, non-toxic®®
and accessible industrially in large scale.” NCC has been
extensively researched as key components in the design of
super capacitors,'%-12 aerogels,'® sensors,'* pharmaceuti-
cals,!® chiral materials'® and catalysts.!” They are generat-
ed by the removal of amorphous regions of different
sources of cellulose using acid hydrolysis, enzymatic or
mechanical treatments. As a functional derivative of
NCC, carboxylated nanocrystalline cellulose (CNCC)
possesses better dispersibility and stability compared to
NCC because of high density of carboxyl groups on its
surface. In this work, CNCC was prepared using a strong

oxidant, ammonium peroxydisulfate, instead of conven-
tional acid hydrolysis.'®

As an important magnetic nanomaterial, Fe;0,
magnetic nanoparticle received much attention and ex-
tensive investigation in the past years for its excellent elec-
trocatalytic activity, biocompatibility and absorption abil-
ity.!9-23 For example, a sensitive electrochemical biosen-
sor for the detection of H,O, from living cells has been
developed based on graphene blended with Fe;0,
nanoparticles.?* Fe;O, nanosphere decorated with Au
nanoparticles was used as a kind of catalyst for the detec-
tion of As(IIl) in water.?> However, Fe;O, nanoparticles
are thermodynamically unstable and tend to aggregate to
form bulk particle. To overcome this problem, Fe;O,-
CNCC was synthesized by dispersing Fe;O, nanoparticles
on the surface of CNCC in this work. Fe;O0,-CNCC can
be doped into poly(3,4-ethylenedioxythiophene) (PE-
DOT) to enhance its electrical conductivity.?® Electro-
chemically polymerized PEDOT composites with differ-
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ent dopant have been widely used in various kinds of elec-
trochemical sensors.?’-30

Nitrite, a kind of food additive, is widely used in the
food industry. However, excessive nitrite is detrimental to
human health.332 In human body, nitrite can lead to the
irreversible oxidation reaction of hemoglobin to methe-
moglobin and also can be converted into nitrosamine,
which would cause hypertension and cancer.3® Therefore,
the accurate detection of nitrite becomes a pressing issue
both in the human body and food industries. Till now, var-
ious analytical techniques have been used to detect nitrite.
For example, Zhang used chemiluminescence to detect ni-
trite with the detection limit of 0.024 uM.** Huang adopt-
ed spectrofluorimetry to determine nitrite in human saliva
with the detection limit of 0.5 pM.3> However, most of
these methods are lengthy, expensive, require complicated
procedure and expert knowledge that make them unsuit-
able for routine analysis. To the contrary, electrochemical
techniques®®3” provided a highly sensitive and rapid ni-
trite determination. Besides, the electrochemical approach
was an environmentally friendly method because no extra
chemical loading is required.

In this paper, Fe;0,-CNCC was synthesized through
a simple refluxing process and then doped PEDOT onto a
glass carbon electrode by electrochemical deposition.
Combining the advantages of CNCC, Fe;0,, and PEDOT,
the fabricated sensor can determine nitrite with high se-
lectivity, sensitivity and outstanding reproducibility. This
method gave good selectivity in the practical measure-
ment of nitrite in pickles.

2. Experimental

2. 1. Materials

Microcrystalline cellulose with the length of 20-30
pum, ammonium peroxydisulfate (APS), 3,4-ethylenedi-
oxythiophene (EDOT), ferrous sulfate (FeSO4 7H,0), fer-
ric chloride (FeCl; 6H,0), ammonia solution (NH; H,0),
sodium nitrite (NaNQO,) were obtained from Aladin Ltd.
(Shanghai, China). All chemicals used in this research
were analytical grade. The 0.2 M phosphate buffer solu-
tions (PBS, pH 7,4, containing 0.9% NaCl) was prepared
by mixing stock solutions of 0.2 M NaH,PO, and 0.2 M
Na,HPO, and it was used as supporting electrolyte in the
detection of nitrite. Deionized water from a Milli-Q water
purifying system was used throughout.

2. 2. Apparatus and Measurements

All electrochemical experiments were performed us-
ing a conventional three-electrode system containing a
bare or PEDOT/CNCC, PEDOT/Fe;0,-CNCC modified
glassy carbon working electrode (3 mm diameter), a plati-
num wire counter electrode and a saturated calomel refer-
ence electrode on a CHI660D (Shanghai CH Instruments

Co., China) electrochemical work station. The structure
and morphology of the samples were characterized by
transmission electron microscopy (TEM; Hitachi
High-Technology Co., Ltd., Japan) and field emission scan-
ning electron microscopy (SEM; Hitachi High-Technology
Co., Ltd., Japan). XRD spectra were recorded on an X-ray
diffractometer (Shimadzu7000S, Shimadzu Analytical, Ja-
pan) equipped with CuKa radiation (A = 0.154 nm). Zeta
potentials of samples were measured with the Malvern Ze-
tasizer Nano ZS90 (Malvern InstrumentsLtd., UK).

2. 3. Synthesis of CNCC

CNCC was prepared by a one-pot green procedure
treatment of the mixture of MCC and APS. In brief, 2.5 g
MCC and 57.05 g APS were dissolved in 250 mL of deion-
ized water to form white suspension. The mixture was
heated at 70 °C under stirring for 12 h to give a suspension
of CNCC and then cooled to room temperature naturally.
The suspension was centrifuged and washed with deion-
ized water for several times until the pH of the suspension
was close to that of deionized water. Finally, the product
was lyophilized to yield a white powder.

2. 4. Synthesis of Fe;0,-CNCC Composite

Fe;04-CNCC was synthesized through a simple re-
fluxing process. Typically, 100 mL of the as-synthesized
CNCC (8 mg mL™), 0.1127 g of FeSO, 7H,0 and 0.1918 g
FeCl; 6H,0 were added to the three-necked flask. Then the
pH value of solution was buffered close to 10 using 25 %
NH; H,0, and the solution was heated at 60 °C in flow of N,
for 2 h. The prepared reaction products were put into the
reaction still and heated at 80 °C for 2 h. The obtained solu-
tion was isolated in a centrifugal machine at the rate of
10000 rpm for 5 min and then washed thoroughly and dis-
persed with deionized water. Eventually, the Fe;0,-CNCC
was composed following the processes discussed previously.

2. 5. Preparation of the PEDOT/Fe;0,-CNCC
Modified Electrode

Before the modification, GCE was polished with 0.3
pm, 0.05 pm alumina slurries in sequence and then cleaned
by ultrasonication in deionized water, ethanol and deion-
ized water for 3 min, respectively. For preparation of PE-
DOT/Fe;0,-CNCC modified electrodes, CNCC-Fe;0,
nanocomposites were first decorated on the GCE by elec-
trochemical deposition in a solution containing 1 mg mL™!
CNCC-Fe;04 and 0.02 M EDOT. The electrodeposition
was performed at a potential of 1.2 V (vs. SCE) for 180 s.

As control, PEDOT/CNCC modified electrode was
prepared under the same conditions without the presence
of Fe;04. GCEs modified with the PEDOT/Fe;O,-CNCC
and PEDOT/CNCC were denoted as PEDOT/Fe;O,-
CNCC/GCE and PEDOT/CNCC/GCE, respectively.
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2. 6. Electrochemical Measurements

Electrochemical impedance spectroscopy (EIS)
measurements were recorded in 5.0 mM [Fe(CN)¢]*>/4
solution containing 0.1 M KCI within a frequency range of
1-100,000 Hz. The amplitude of the applied sine wave was
5 mV, and the direct current potential was set at 0.80 V.
Both cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV) used to study the electrochemical reac-
tion of nitrite were carried out in 0.2 M phosphate buffered
saline (PBS, pH 7.4, containing 0.9% NaCl) containing 5
mM nitrite. The CV was recorded from 0.4-1.1 V at a scan
rate of 100 mV s7!, while the DPV was performed from
0.4-1.4 V with the following parameters: pulse amplitude
50 mV; pulse width 0.2 s and pulse period 0.5 s. Ampero-
metric current-time (i-t) curve was performed in stirring
PBS (0.2 M, pH 7.4) with the potential set at 0.80 V. All
experiments were conducted at ambient temperature.

2. 7. HPLC Measurements

The HPLC technique was employed as a reference
method to measure nitrite in real samples. The measure-
ment was based on the national standards of China (GB
5009.33-2016 138)),

3. Results and Discussion

3. 1. Working Mechanism of PEDOT/
Fe;0,-CNCC Modified Electrode

The electrode modification and electrocatalytic
mechanism are shown in Fig 1. CNCC was prepared by
degradation of MCC using ammonium peroxydisulfate,
and then Fe;0,-CNCC was synthesized by a simple reflux-
ing process. The obtained Fe;0,-CNCC nanocomposite
doped poly(3,4-ethylenedioxythiophene) (PEDOT) was

OH OH H OH
E

successfully decorated on the GCE by electrochemical
deposition. The PEDOT/Fe;0,-CNCC modified electrode
was used to determine nitrite in PBS. Based on the follow-
ing results of the electrochemical tests, the corresponding
transformation is shown as follows:

NOz_ + HzO - 26_9NO3_ + 2H".

3. 2. Characterization of the Fe;0,-CNCC

Fig S1 shows the zeta potentials of different materi-
als. The zeta potentials of NCC and CNCC were measured
as -20.46 mV and -30.05 mV, which were ascribed to the
high density of the carboxyl groups on the CNCC surface.
Therefore hydrophilic CNCC has good dispersiveness and
stability. The zeta potential of Fe;0,-CNCC was -34.05
mYV, which made it easily to be doped in the polymerizing
EDOT to neutralize the positive charges on the backbone
of PEDOT.

The XRD patterns of CNCC and Fe;O,-CNCC com-
posite are shown in Fig S2. The diffraction peaks at 20 =
16.5°, 22.5° and 34.5° (labeled by the star) correspond to
(110), (200) and (004) planes of CNCC respectively.* In
the case of CNCC-Fe;O,4 composite, the emerging diffrac-
tion peaks were from the (022), (400), (333) and (044)
crystallographic planes of cubic structure of Fe;0,,2° indi-
cating that Fe;O, has been successfully modified on
CNCC.

The TEM images of the CNCC and Fe;O,-CNCC are
shown in Fig 2. Clearly, the CNCC was rod-like and the
average diameter of CNCC was about 10 nm (Fig 2a).
When modified on CNCC, Fe;O, nanoparticles formed
uniformly on the surface of CNCC (Fig 2b). PEDOT/
CNCC (Fig 2c¢) exhibited a network-like wrinkled surface
morphology. Compared to PEDOT/CNCC, the obtained
PEDOT/Fe;0,-CNCC (Fig 2d) showed different mor-
phology and the diameter of the PEDOT/Fe;0,-CNCC
was significantly wider than that of the PEDOT/CNCC.
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Fig 1. Schematic illustration of the preparation of the PEDOT/Fe;0,-CNCC/GCE and the proposed mechanism for the nitrite detection.
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Fig 2. TEM images of CNCC (a), Fe;0,-CNCC (b). SEM images of PEDOT/CNCC (c) and PEDOT/Fe;0,-CNCC (d).

3. 3. Electrochemical Characterization
of PEDOT/Fe;0,-CNCC/GCE

CV and EIS were useful tools to research the nature
of the modified electrodes and the influence of nanoparti-
cles on electron-transfer kinetics.*’ Fig 3A shows CVs re-
corded in a 0.1 M KCl aqueous solution containing 5 mM
Fe(CN)g>/4~. The bare GCE (curve a) showed poor elec-
tron-transfer kinetics for the Fe(CN)¢*/*~ redox couple
with an obvious peak-to-peak separation (AE,). Both the

A) 3004
2004

100 -

Current / pA
o
L

-100 ~

-200 ~

-300 1 1 Ll 1 1
-0.2 0.0 0.2 0.4 0.6

Potential / V

PEDOT/CNCC/GCE (curve b) and PEDOT/Fe;0,-
CNCC/GCE (curve c) exhibited a reversible redox re-
sponse. The reversible redox peak currents at PEDOT/
Fe;04-CNCC/GCE (curve c) was larger than that at bare
GCE and PEDOT/CNCC/GCE, indicating that the intro-
duction of Fe;0, could markedly increase the electron
transfer ability of the electrode. The EIS for Fe(CN)4>"/4~ at
different electrodes are shown in Fig 3B. The diameter of
semicircle could be used to estimate the electron-transfer
resistance (Ret) [37]. The Ret value obtained at bare GCE
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Fig 3. Cyclic voltammograms (A) and electrochemical impedance spectroscopy (B) of 5.0 mM [Fe(CN)4]*>~/#~ on bare GCE (a), PEDOT/CNCC/GCE
(b), PEDOT/Fe;0,-CNCC/GCE (c) in 0.1 M KCl solution. The scan rate is 100 mV s~!.
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(curve a, 197.8 Q) was significantly higher than that of the
PEDOT/CNCC/GCE (curve b, 53.54 Q). The PEDOT/
Fe;04-CNCC/GCE (curve c) was linear curve, implying
that the Ret was close to zero, which may be ascribed to
PEDOT/Fe;0,-CNCC composite film being highly con-
ductive and the unique microstructure of the PEDOT/
Fe;04-CNCC can increase the effective surface area of the
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modified electrode. The PEDOT/Fe;0,-CNCC/GCE
showed much lower electron-transfer resistance than PE-
DOT/CNCC/GCE and bare GCE, which was quite in
agreement with the results obtained from CV.

The real electrochemical surface areas of different
electrodes (Fig 4) were characterized by CV in 5 mM
Fe(CN)¢>/*" containing 0.1 M KCl at various scan rates.
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Fig 4. Cyclic voltammograms of 5 mM Fe(CN)¢**/4-at bare GCE (a), PEDOT/CNCC/GCE (c), PEDOT/Fe;0,-CNCC/GCE (e) with different scan
rate, and (b), (d), (f) the corresponding plots of current at a, ¢, e versus the square root of the scan rate, respectively.
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According to the Randles—Sevcik equation [24], i, = (2.69
x 10°) n¥2ACDY?n!2, the real electrochemical surface ar-
eas of the bare GCE, PEDOT/CNCC/GCE, PEDOT/
Fe;0,-CNCC/GCE were calculated to be 0.0145, 0.0175,
and 0.0209 cm™2, respectively. These results further re-
vealed that the introduction of CNCC and Fe;O,4 nanopar-
ticles could enlarge the electrochemical active electrode
surface.

3. 4. Electrochemical Detection of Nitrite
at the PEDOT/Fe;0,-CNCC/GCE

The electrochemical response of the different elec-
trodes toward nitrite was examined by CV, as shown in Fig
5. The voltammetric peaks observed at 0.7-1.05 V were
ascribed to the oxidation of NO,™ to NOj;". The bare GCE
showed no obvious anodic peak after the addition of ni-
trite (curve a). The oxidation currents and peak potentials
of nitrite on the PEDOT/CNCC/GCE (curve b) and PE-
DOT/Fe;0,-CNCC/GCE (curve c) were measured to be
130 pA, 237 pA and 0.88 V, 0.76 V, respectively. More neg-
ative oxidation peak potential (~ 0.1 V) confirmed that
Fe;O,4 nanoparticles could notably increase the catalytic
activity of the PEDOT/Fe;0,-CNCC/GCE.
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Fig 5. CV curves of different electrodes in PBS (0.2 M, pH 7.4) in

the presence of 5.0 mM nitrite at 100 mV s~!: bare GCE (a), PE-
DOT/CNCC/GCE (b), PEDOT/Fe;04-CNCC/GCE (c).

As shown in S3, DPV detection gave similar results.
5 mM nitrite showed a peak current (I;) of 38.96 mA with
the peak potential of 1.05 V at the bare GCE (a). The I, of
5 mM nitrite was 100.42 pA at the PEDOT/CNCC/GCE
with the peak potential of 0.87 V (b), and 142.2 pA at the
PEDOT/Fe;0,-CNCC/GCE with the peak potential of
0.80 V (¢). Significantly improved peak current and more
negative peak potential were obtained for nitrite oxidation
at the PEDOT/Fe;0,-CNCC/GCE.

The effect of scan rate on the anodic current from
nitrite oxidation on the PEDOT/Fe;O,-CNCC/GCE was

also investigated. As shown in Fig S4A, the oxidation cur-
rent increased with the increasing of the scan rate and a
liner relationship can be obtained between the peak cur-
rent versus square root of scan rate in the range from 0.05
t0 0.19 V/s (R? = 0.997). The diffusion-controlled irrevers-
ible electrochemical process of nitrite oxidation on the PE-
DOT/Fe;0,-CNCC/GCE was determined. Fig S4B also
confirmed that sodium nitrite did not adsorb to the elec-
trode surface and therefore did not affect the subsequent
experimental determination.

3. 5. Amperometric Response to Nitrite
Detection

For better nitrite detection, the effect of deposition
time was investigated. As exhibited in Fig 6, when the
deposition time reached 180 s, the oxidation peak current
of nitrite reached the maximum. With a shorter deposition
time, the deposited PEDOT/Fe;0,-CNCC was not suffi-
cient, and with a longer deposition time, the thicker
PEDOT/Fe;0,-CNCC composite will peel off during the
reaction. Therefore, 180 s was selected as the optimal
deposition time.
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Fig 6. Effects of deposition time on the oxidation peak current of 5.0
mM nitrite at the prepared PEDOT/Fe;0,-CNCC/GCE.

The impact of pH on the electro-oxidation behavior
of nitrite was analyzed in the pH range from 4.0-8.0 in 0.2
M PBS by DPV technique (Fig 7). The maximum peak
current was obtained at pH 7 and then decreased slowly.
We chose pH 7.4 for further studies because it was closely
related to our physiological pH ranges.

The detection of nitrite with different concentrations
at PEDOT/Fe;0,-CNCC/GCE was performed under the
optimized deposition time. A well-defined anodic peak
was observed at about 0.8 V (vs SCE), and the peak current
increased with the increase of nitrite concentration (Fig 8).
Moreover, the peak current (Ip) has good linear relation-
ship with the concentration (c) of nitrite in a wide range of
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Fig 7. The influence of pH on the oxidation peak current (DPV) of
0.5 mM nitrite at the prepared PEDOT/Fe;O,-CNCC/GCE.

15 uM to 993 uM. The linear regression equation was de-
termined to be L,/pA = 0.074 ¢ + 1.637 with a coefficient of
R?=0.999, and the limit of detection (LOD) was 15 pM.
In addition, amperometric (i-t) technique was also
employed to detect nitrite. From Fig 9, the amperometric
current response of the oxidation of nitrite on PEDOT/
Fe;0,-CNCC/GCE at an applied potential of 0.8 V and the
rotation speed of 1200 rpm with successive addition of
varying concentrations of nitrite in 0.2 M PBS solution
(pH 7.4). The sensor responded quickly to the change of
nitrite concentration and achieved a steady state current
within 2 s after the injection of nitrite. The linear range for
the nitrite electrocatalysis was 0.5-2500 uM with linear re-
gression equation of I,/uA = 0.079 ¢ + 0.495 (0.50-270.8
UM, R? = 0.999) and [,/uA = 0.074 ¢ + 2.83 (270.8-2500
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Fig 8. DPVs of nitrite with different concentrations on PEDOT/
Fe;0,-CNCC/GCE in PBS (0.2 M, pH 7.4) at a scan rate of 100 mV
s'.. The inset is the linear relationship between peak currents and
concentrations of nitrite.

UM, R% = 0.996) The LOD was calculated to be 0.1 M. We
achieved to develop a nitrite sensor with low LOD and
wide liner range that is superior to previously reported
sensors, as listed in Table 1.

3. 6. Selectivity, Stability, Repeatability,
and Reproducibility

The selectivity of a sensor is a crucial factor for its
practical application. Some possible interfering substances
in electrochemical detection of nitrite, such as ascorbic
acid (AA), dopamine (DA), uric acid (UA), sodium citrate
and sodium benzoate were added to nitrite solution (Fig
10). Clearly, a large oxidation peak current was obtained in
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Fig 9. (A) Amperometric responses of the PEDOT/Fe;O,-CNCC/GCE in stirring PBS (0.2 M, pH 7.4) at an applied potential of 0.8 V to various
concentrations of nitrite from 0.5 mM to 2500 mM. Inset shows the magnified amperometric response to the low nitrite concentration (0.5-5 uM).
(B) The corresponding calibration plot for the PEDOT/Fe;O,-CNCC/GCE (the nitrite concentrations were 0.50, 11.7, 25.6, 43.7, 65.9, 93.6, 128.0,
216.7,270.8, 337.7, 417.2, 508.9, 612.1, 726.4, 851.2, 997.9, 1165.2, 1351.2, 1554.2, 1772.4, 2003.9, 2246.9 and 2500.0 pM in sequence). Inset shows
the corresponding calibration plot for the low nitrite concentration (0.50-270.8 pM).
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Table 1. Comparison of the performances of different electrochemical sensors for the determination of nitrite.

Analysis methods Material used Analytical LOD Reference
Range [uM] [mM]
Amperometric CeOrGo 0.7-385 0.18 41
Amperometric PANI-MoS, 4-4834 1.5 42
DPV Au-RGO/PDDA 0.05-8.5 0.04 43
DPV N-aceytl-L-methionine 1-500 0.75 44
Squre-wavevoltammetry Cu/MWCNT/RGO 0.1-75 0.03 45
Squre-wavevoltammetry AgPs-IL 50-1000 3 46
Cyclic voltammetry CNT-PPy-Pt 0.5-2000 0.5 47
Amperometric PEDOT/AuNPs 3-300 0.1 48
Amperometric poly(1,3-DAB) film 10-1000 2 49
Amperometric cellulose acetate membrane 1-100 0.5 50
Amperometric PEDOT/Fe;0,-CNCC 0.5-2500 0.1 This work

PBS (0.2 M, pH 7.4) containing 0.1 mM nitrite (Fig 10a).
After 0.5 mM AA, 0.5 mM DA, 1 mM UA, 1 mM sodium
citrate and 1 mM sodium benzoate were added into 0.1
mM nitrite solution, the nitrite oxidation peak current de-
clined by 4% but oxidation peak potential was not changed
(Fig 10b). These electroactive species and food additives
have no obvious interference on the determination of ni-
trite. The developed sensor can easily distinguish DA, AA,
UA, and nitrite. The results suggested that the PEDOT/
Fe;04-CNCC exhibited high selectivity for nitrite detec-
tion.

154
0.1 mM NaNO,
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g {
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Fig 10. DPVs of the PEDOT/Fe;0,-CNCC/GCE in the absence (a)
and presence (b) of 0.5 mM AA, 0.5 mM DA, 1.0 mM UA, 1 mM
sodium citrate and 1 mM sodium benzoate in PBS (0.2 M, pH 7.4)
containing 0.1 mM nitrite.

The selectivity of proposed sensor was also evaluated
by amperometric method at the potential of 0.8 V. A 0.1
mM amount of nitrite, 0.5 mM AA, 0.5 mM DA, 1.0 mM
UA, 1.0 mM sodium citrate, 1.0 mM sodium benzoate, and
a second injection of 0.1 mM nitrite were added into PBS
(pH 7.4) to investigate the selectivity of the PEDOT/

Fe;0,-CNCC/GCE. Figure S5 displays that the addition of
AA, DA, and UA exhibited measurable current responses.
DPV method should be used when nitrite coexists with
AA, DA, and (or) UA in biological samples to avoid the
interferences.

The stability of PEDOT/Fe;0,-CNCC/GCE was in-
vestigated by amperometric (i-t) technique in 0.2 M PBS
with the presence of 200 uM nitrite. The current response
of nitrite oxidation was recorded over a long operational
period of 2500 s and retained about 96.7% of its original
current. Furthermore, the PEDOT/Fe;O,-CNCC/GCE
was fabricated and the nitrite oxidation response moni-
tored for 2 weeks. The prepared sensor achieved 95.3% of
efficiency towards the detection of nitrite, revealing the
excellent long-term stability. The repeatability was ob-
served for 10 consecutive measurements with one modi-
fied electrode in the presence of 200 uM nitrite with rela-
tive standard deviation (RSD) of 4.6%, suggesting an ac-
ceptable repeatability of the PEDOT/Fe;0,-CNCC modi-
fied electrode. In addition, three independent PEDOT/
Fe;0,-CNCC modified electrodes were chosen for the
determination of nitrite with an RSD of 3.7% that dis-
played a good reproducibility.

3. 7. Determination of Nitrite in Pickles

To demonstrate the practical feasibility of such an
electrochemical sensor, the PEDOT/Fe;O,-CNCC/GCE
was used to detect nitrite in pickles. The pickle samples
were purchased from the local market in Qingdao, Shan-
dong, and were pretreated as follows. The samples were
ground adequately in a juicer, a portion of 10 g of puree
was mixed with 50 mL of water, followed by sonication for
30 min in a beaker. Then the resulting mixture was centri-
fuged for 10 min at 4000 rpm. Finally, the supernatant was
diluted to 100 mL using 0.2 PBS (pH 7.4). The recovery of
nitrite was calculated using the standard addition method.
The standard HPLC method was employed for the com-
parison. Table 2 lists the results obtained by these two
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Table 2. Results of the determination of nitrite in pickles (n = 4).

Samples The proposed electrochemical method HPLC method
Detected Added Found Recovery RSD Detected Relative
[mgkg'] [uM] [uM] [%] (%] [mg kg'] error[%]
1 3.48 10 9.65 96.5 3.01 3.62 3.87
2 3.57 20 19.54 97.7 2.86 347 -2.88
3 3.73 30 30.60 102 2.71 3.92 4.85
4 4.21 40 39.76 99.4 2.94 4.32 2.55

methods. The recoveries from 96.5% to 102% suggest that
results from the proposed method are comparable with
those from HPLC. Noticeably, without the use of ex-
traction columns which are required for HPLC, the simple
and rapid pretreatment of the proposed method is suitable
for on-site detection. These results imply the good accura-
cy, reliability, and feasibility of PEDOT/Fe;0,-CNCC/
GCE for the detection of nitrite in pickle samples.

4. Conclusions

A simple electrochemical sensor was developed
based on PEDOT/Fe;0,-CNCC composite and used to
determine nitrite. It is confirmed that rod-like CNCC
works as a substrate and the Fe;0, magnetite nanoparti-
cles grow on the surface of CNCC. The prepared
Fe;0,-CNCC nanocomposite can be doped into PEDOT
to enhance its electrical conductivity. As a key element of
the nitrite sensor, the PEDOT/Fe;0,-CNCC nanocom-
posite combines the advantages of CNCC and Fe;0,, as
well as PEDOT, and can enhance the measurement of ni-
trite. The PEDOT/Fe;0,-CNCC/GCE has been applied to
determine nitrite with high selectivity, low detection limit
(0.1 mM), large linear range (0.5-2450 uM) and outstand-
ing stability and reproducibility. More importantly, the
electrochemical sensor based on PEDOT/Fe;0,-CNCC
has shown great potential application for nitrite detection
in food safety analysis.
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Karboksilirano nanokristalini¢no celulozo (CNCC) smo pripravili z oksidativnim razkrojem mikrokristalini¢ne celuloze
(MCC) z amonijevim peroksidisulfatom in jo modificirali z Fe;O,4 nanodelci ter pridobili Fe;0,-CNCC nanokompozitni
material s preprostim postopkom z refluksom. Z Fe;0,-CNCC nanokompozitom dopirani poli(3,4-etilendioksitiofen)
(PEDOT) smo uspe$no nanesli na elektrodo iz steklastega ogljika (GCE) z elektrokemi¢no depozicijo. GCE modificirana
z PEDOT/Fe;0,-CNCC je imela vecjo elektrokemi¢no-aktivno povr$ino in smo jo uporabili za dolo¢itev nitrita z visoko
selektivnostjo, obcutljivostjo in izjemno obnovljivostjo. Ob uporabi amperometri¢ne tokovno-¢asovne (i-t) krivulje je
predlagani senzor imel $irSe linearno obmocje (0,5-2500 uM) in nizZjo mejo zaznave (0,1 uM) za nitrit v primerjavi z
metodo diferencialne pulzne voltametrije (DPV). Predlagana analizna metoda je pokazala dobro selektivnost pri prak-

ti¢cnem doloc¢anju nitrita v vloZeni zelenjavi.
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Abstract

Amberlite XAD-4 resin (AXAD-4) was chemically modified to an aminated Amberlite XAD-4 (AAXAD-4) resin and
characterized by infrared spectroscopy. AAXAD-4 resin was used as an efficient solid phase for the preconcentration and
speciation of Cr(III) and Cr(VI) ions by column technique. The concentration of chromium species was determined by
microsample injection system-flame atomic absorption spectrometer (MIS-FAAS). Selective retention of Cr(III) ions was
achieved at pH 8.0 and eluted using 1.0 mL of 3.0 mol L-'HCl and 1.0 mL of 2.0 mol L~! NaOH, successively, at the flow
rate of 5.0 mL min~!. The maximal sorption capacity of AAXAD-4 resin for Cr(III) ions was found to be 67.0 mg g~!. The
limit of detection (LOD) and limit of quantitation (LOQ) for Cr(III) ions were found to be 0.041 and 0.131 pg L, respec-
tively, with preconcentration factor (PF) of 375 and relative standard deviation (RSD) of 3.75% (n = 11). The method was
validated using certified reference materials (CRMs) and successfully applied to the real samples, spiked with Cr(III) and

Cr(VI) ions.

Keyword: Aminated Amberlite XAD-4 resin; column; solid-phase; chromium speciation; MIS-FAAS

1. Introduction

Speciation of chromium is still one of most important
long-standing analytical challenges due to its impact on en-
vironmental chemistry, ecotoxicology, clinical toxicology
and food industry. Among several redox states, chromium
exists mostly in the trivalent Cr(III) and hexavalent Cr(VI)
redox states with contrasting chemical, biological and toxi-
cological properties. While water insoluble Cr(III) is an es-
sential ion for mammals, water soluble Cr(VI) is a human
carcinogen, mutagen and toxin due to its high oxidation
potential and relatively small size. Compounds of Cr(VI)
are 10 to 100 times more toxic than those of Cr(III).!2
Cr(III) and Cr(VI) also cause dermatologic allergy during
contact. Thus, US EPA and WHO recommend the thresh-
old value for total chromium as 100 pg L' for drinking wa-
ter and 50 pug L™! Cr(VI) as tolerance level, respectively.>*

The toxicity of metals strongly depends on their oxi-
dation states rather than their total concentrations.’ There-
fore, metallic species have become a prime task for analyti-
cal chemists for years.® Various techniques, such as flame
atomic absorption spectrometry (FAAS), graphite furnace

atomic absorption spectrometry (GF-AAS), inductively
coupled plasma mass spectrometry (ICP-MS), inductively
coupled plasma atomic emission spectrometry (ICP-AES),
inductively coupled plasma optical emission spectrometry
(ICP-OES), thermospray flame furnace atomic absorption
spectrometry (TS-FF-AAS) and electrothermal atomic ab-
sorption spectrometry (ET-AAS), have been routenly used
for the determination of total chromium.” Unfortunately
these techniques cannot differentiate Cr(III) from Cr(VI)
ions. For the speciation and preconcentration of chromium
species, several methods based on solid-phase extraction
(SPE),3-!! coprecipitation,'?1 cloud point extraction'® and
liquid phase microextractions'é-!® have been developed.
Among these, SPE has advantages such as easy operation,
smallest consumption of toxic solvents, recycling of solid
phases and high selectivity.!* For speciation of chromium
species, activated carbon,?! silica gel,”? sawdust,?® chelating
resins!!"1823-25 and Amberlite XAD resin series have been
used as solid phase.?>"*” Amine group was incorporated on
the polymeric matrix of Amberlite XAD-4 resin. This mod-
ified resin was used as effective solid phase for SPE specia-
tion and preconcentration of chromium species.
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2. Experimental
2. 1. Apparatus

A Perkin-Elmer flame atomic absorption spectrome-
ter (AAnalyst 200) equipped with a chromium hollow
cathode lamp, an air-acetylene flame atomizer and hand-
made microinjection system was used for chromium de-
termination. The instrumental parameters were estab-
lished as recommended by manufacturer: wavelength,
357.9 nm; lamp current, 30.0 mA; slit width, 0.7 nm; acet-
ylene flow, 2.0 L min~! and air flow, 17.0 L min~!. As re-
ported in the previous study, a 100 uL volume (for all sam-
ple and standard solutions) was injected manually into a
micropipette tip of the microinjection system connected
to the nebulizer of FAAS.'* The pH of solution was careful-
ly measured using a digital pH meter (Hanna 211, Germa-
ny). ATR-IR spectrometer (UATR Spectrum Two from
PerkinElmer) was used for recording ATR spectra. The
reverse osmosis system (Human Corp., Seoul, Korea) was
used to obtain ultrapure (UP) quality water (resistivity,
182 MQ cm™).

2. 2. Reagents and Solutions

Analytical grade chemicals and UP water were
used throughout the study. Stock solutions of Cr(III) and
Cr(VI) were prepared using high-purity Cr(NOs3);
9H,0 (Sigma-Aldrich, St. Louis, MO, USA) and K,Cr,0,
(Merck, Darmstadt, Germany), respectively. The work-
ing and reference solutions were prepared daily by dilut-
ing the stock solutions. Amberlite XAD-4 resin was pur-
chased from Alfa Aesar (Germany). The pH was adjusted
using CH;COOH/CH;COONa buffer to pH 3-6, a solu-
tion of equal volume of 1.0 mol L' HCl and 1.0 mol L}
NaOH solutions for pH 7 and NH,NO;/NH; buffer for
pH 7.5-10.

2. 3. Sampling

The bottled drinking and mineral water samples
were purchased from a local market in Denizli, Turkey.
The waste water samples were collected from outlet of the
wastewater treatment plant in Denizli, Turkey. The foun-
tain water was taken from Incilipinar, Denizli, Turkey. The
waste water samples were immediately transported to the
laboratory and filtered with 0.45 pum cellulose nitrate
membrane (Sartorius, GmbH, Germany) under vacuum
to remove suspended materials and then analysed by the
proposed procedure within 24 h.

2. 4. Chemical Modification of Amberlite
XAD-4 resin
Amberlite XAD-4 resin (polystyrene divinyl ben-

zene) was chemically modified by the reported proce-
dure.??7 5.0 g of Amberlite XAD-4 resin was put into 250

mL round bottom flask and a nitrating mixture of 10 mL of
concentrated HNO; and 25 mL of concentrated H,SO,
was added. The system was stirred for 1 h at 60 °C. Reac-
tion mixture was poured into an ice-cold water and fil-
tered. The nitro derivative was washed repeatedly with
cold water until acid was rinsed out and air-dried. The ni-
tro group was reduced to amino derivative by refluxing
with 40 g of SnCl, and 60 mL of 2.0 mol L' HCl in 100 mL
of ethanol. The amino product (AAXAD-4) was treated
thoroughly with 2.0 mol L™! sodium hydroxide to decom-
pose the tin-amine complex, followed by 1.0 mol L' HCI
in order to remove the excess stannous chloride. Finally,
the product was washed with excess water and dried at 75 °C
in drying oven for 24 h. The final resin product was con-
firmed by infrared spectroscopy.

2. 5. Preparation of SPE Column

A purchased empty Chromabond column SPE car-
tridge tube (3 mL) from Macherey-Nagel, Diiren, Germa-
ny, was packed with 185 mg of aminated resin (ground).
Glass wool was used to pack both ends of the column to
avoid the loss of the resin during experiments. The flow
rate of the sample solution was controlled with Chroma-
bond vacuum manifold. The SPE column was decontami-
nated by washing with acetone, 1.0 mol L' HCI, 1.0 mol
L-!NaOH and water, respectively. For adjusting pH of the
resin to 8, NH,NO;/NH; buffer was passed through the
column.

2. 6. Speciation and Preconcentration
Procedure

The model solutions in the range of 10-750 mL in-
cluding 5-10 pg Cr(III) or Cr(VI) were adjusted to pH 8
and passed through the column. Cr(III) ions were retained
on the resin and Cr(VI) ions were passed as effluent.
Cr(III) ions were eluted by sequential use of 1.0 mL of 3.0
mol L' HCl and 1.0 mL of 2.0 mol L-! NaOH at the flow
rate of 5.0 mL min~!. The Cr (III) ions in the eluent were
determined by MIS-FAAS. The recovery of Cr(III) ions
was quantitatively achieved. The total concentration of
chromium was determined by the same procedure after
the reduction of Cr(VI) to Cr(III) ions using reported re-
ducing mixture of 0.5 mL of ethanol and 0.5 mL of concen-
trated H,S0,.%°

3. Results and Discussion

3. 1. Characterization

The modification of Amberlite XAD-4 resins was
characterized by infrared spectroscopy. In supporting in-
formation, ATR-IR spectra of unmodified Amberlite
XAD-4 resin (Figure S1), nitro derivative (Figure S2) and
amino derivative (Figure S3) are given. By comparing
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spectra (Figure S1 and S2), the additional strong peaks in
Figure S1 spectrum at 1525 and 1347 cm™, respectively,
correspond to the asymmetric and symmetric stretching
vibrations of N=O bond in nitro derivative.?® By compar-
ing spectra in Figure S2 and Figure S3, appearance of two
characteristic peaks at 3359 and 3217 cm™! in Figure S3
spectrum corresponds to N-H bond in amino derivative
(primary amine). The spectral information revealed that
Amberlite XAD-4 resin was successfully converted to ami-
no derivative.

3. 2. Effect of pH

The pH is an important parameter that strongly in-
fluences the retention of metal species on the surface of
the resin. Thus, the effect of pH between 2 and 9 on the
adsorption of Cr(III) and Cr(VI) ions was studied sepa-
rately. For optimization, 50 mL of model solutions at pH
from 2 to 9 was passed through the column individually.
The adsorbed Cr(III) and Cr(VI) ions were eluted by se-
quential use of 2.5 mL of 3.0 mol L-! of HCl and 2.5 mL of
2.0 mol L' of NaOH and determined by MIS-FAAS. At pH

100 4
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§ == Cr(lll)
> 60 A == Cr(VI)
[
[=]
2
x 40

20 4

0
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pH

Figure 1. Effect of pH on recoveries of 1.0 ug L~! Cr(III) and 1.0 pg
L! Cr(VI) ions from 50 mL sample solution (n = 3).

7 through 9, the recoveries of Cr(III) and Cr(VI) ions were
295% and <10%, respectively, as shown in Figure 1. There-
fore, pH 8 was selected as the best point for the separation
of Cr(IIT) and Cr(VTI) ions. Very low uptake of Cr(VI) ions
at pH 7 through 10 can be explained as amino group of
AAXAD-4 resin became negatively charged in alkaline
medium and possessed electrostatic repulsion with CrO,2-
ions that caused a decrease in the uptake of Cr(VI) ions. At
low pH values, Cr(III) exists as its kinetically non-reactive
aqua-complex Cr(H,0);** that leads to its low uptake due
to possible electrostatic repulsion between Cr(H,0);**
and protonated amino group of AAXAD-4 resin. As pH
was increasing, the coordinated water molecules were re-
placed by the more reactive hydroxide ions, transforming
the former complex (Cr(H,0);3*) to a more active form
(Cr(H,0),(OH)** or Cr(H,0)(OH),*), which leads to
comparatively better interaction with amino group (-NH,)
of AAXAD-4 resin.*!

3. 3. Effect of Fluents

The effects of type, volume and concentration of elu-
ents were tested for the quantitative desorption of Cr(III)
ions from the column. Figure 1 clearly indicates the per-
centage decrease in recoveries below pH 3 for the uptakes
of Cr(III) ions by AAXAD-4 resin. Thus, 5.0 mL of HCI
with concentration range from 1.0 through 7.0 mol L!
was tested to elute the Cr(III) ions. The recovery of Cr(III)
was not achieved quantitavely up to 7.0 mol L' HCI as
shown in Table 1. At pH>8.5 (Figure 1) the uptake of
Cr(III) ions decreased due to the conversion of Cr(OH);
to highly soluble tetrahydroxo complex (Cr(OH),"). Thus,
5.0 mL of NaOH with concentration range from 1.0
through 4.0 mol L! was tested to elute the Cr(III) ions.
The quantitative recovery of Cr(III) ions was not achieved
until up to 4.0 mol L' NaOH (Table 1). Based on these
results, a consecutive use of 2.5 mL of 3.0 mol L' HCl and
2.5 mL of 2.0 mol L~! NaOH solutions was tested for de-
sorption of Cr(III) ions and resulted in quantitative recov-

Table 1. Effect of type, concentration and volume of eluents on the recovery of 1.0 pg L-! Cr(I1I) ions

in 100 mL sample from the column (n = 4)

Eluents

Recovery + RSD, %

5.0 mL 1.0 mol L~ HCl
5.0 mL 3.0 mol L~ HCl
5.0 mL 5.0 mol L~ HCl
5.0 mL 7.0 mol L~ HCl
5.0 mL 1.0 mol L~ NaOH
5.0 mL 2.0 mol L~ NaOH
5.0 mL 4.0 mol L' NaOH

2.5 mL 3.0 mol L' HCI and then 2.5 mL 2.0 mol L-! NaOH
2.0 mL 3.0 mol L™! HCI and then 2.0 mL 2.0 mol L-! NaOH
1.0 mL 3.0 mol L-! HCI and then 1.0 mL 2.0 mol L-! NaOH
0.5 mL 3.0 mol L"! HCI and then 0.5 mL 2.0 mol L-! NaOH
0.25 mL3.0 mol L' HCl and then 0.25 mL 2.0 mol L-! NaOH

44.7 £ 0.8
51.7+2.1
67.2+1.0
69.1+1.2
262+1.4
384+1.3
402+ 1.1
979+1.2
95.1+1.2
96.3+2.1
787 +1.1
485+ 1.1
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ery. The volume of eluent solutions was further decreased
to 1.0 mL of 3.0 mol L~ HCI and 1.0 mL of 2.0 mol L™!
NaOH (to obtain high preconcentration factor) and re-
sulted in quantitative recovery of Cr(III) ions (Table 1).
Thus, a consecutive use of 1.0 mL of 3.0 mol L-' HCI and
1.0 mL of 2.0 mol L-! NaOH solutions was selected as the
best eluetion solvent for the desorption of Cr(III) ions in
further experiments.

3. 4. Effect of Sample Volume

Another strategy to concentrate analyte at very low
concentration is to increase the volume of sample. There-
fore, the effect of sample volume on the retention of Cr(III)
was studied. The recovery of Cr(IIl) ion was achieved
quantitatively (=95%) up to the sample volume of <750 mL
as shown in Figure 2. Thus, the PF was calculated to be 375
as the ratio of maximal sample volume (750 mL) to mini-
mal eluent volume (2.0 mL). Considering time factor, the
volume of real samples for analysis was fixed to 100 mL.

105
100
95 1
90 A
85 A
80 A

Recovery, %

75 4
70 4

65 T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100

Volume of sample solution, mL

Figure 2. Effect of sample volume on retention of 1.0 pg L-! Cr(III)
ions by the column at pH 8 (n = 4).

3. 5. Effect of Flow Rate of Eluent and Sample

Solution
In order to decrease the preconcentration time, the
flow rates of sample and eluent solutions were optimised

105

100
% _%; i
95 L i

=
> 9%
]
3
g 85
(4 «=9==E|uent
80 =#=Sample
75
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Flow rate, mL min-

Figure 3. Effect of flow rate of eluent and sample solutions on the
recovery of 1.0 ug L~! Cr(III) ions from 25.0 mL samples (n = 4).

in the range of 0.5-6.0 mL min~!. The results (Figure 3)
demonstrated that the quantitative retention and per-
centage recovery of Cr(III) ions were achieved at the flow
rate of 5.0 mL min~! of sample solution and eluent as
well.

3. 6. Adsorption Capacity

The adsorption capacity of the resin is a significant
parameter that determines the minimal quantitity of ad-
sorbent required for quantitative uptake of analyte from a
sample solution. Based on a previous report in refer-
ence®!, the capacity experiments were conducted. Buff-
ered at pH 8.0 in room temperature, 10 mL of model solu-
tions containing Cr(III) in the concentration range of
0.5-400 mg L~! were equilibrated with 10 mg AAXAD-4
up to 24 h to saturate amino groups. The adsorption iso-
therm (Figure 4) was plotted as concentrations of Cr(III)
ions against adsorbed amount of Cr(III) ions per gram of
AAXAD-4 resin. The adsorption capacity of Cr(III) ions
was found to be 67.0 mg g! as a value at which the ad-
sorbed amount of Cr(III) ions remained constant al-
though the concentration of Cr(III) was increased.
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Figure 4. Adsorption isotherm for Cr(III) ions. Conditions: 10 mg
adsorbent, 0.5-400 mg L~! Cr(III), Saturation time: 24 h and pH =
8.0 (n = 3).

3. 7. Sorption Competition of Coexisting Ions
with Cr(III) Ions

Environmental water samples contain many heavy
metal ions and some common alkali and alkaline earth
metals as coexisting ions. For this reason, the effect of
present coexisting ions on the preconcentration of Cr(III)
needs to be evaluated at optimal conditions. For this pur-
pose, 20 mL of model solution containing 1.0 ug L' of
Cr(III) ions was spiked with possible interfering ions and
subjected to the column according to the proposed meth-
od. The Cr(III) ions were quantitatively recovered in the
presence of coexisting ions at tolerance limits, taken as a
relative error < +5%. It can be seen from Table 2 that the
presence of main cations and anions cause an insignificant
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Table 2. The influence of the common coexisting ions on recovery
of 1.0 pg L1 Cr(III)

Tolerance limits

Coexisting ions .
J of the ions, mg L!

Nat & K* 40000
Ca**& Mg** 250
CH,COO" 8000
Cl- 60 000
H,PO, 10 000
50,2 1000
COs> 3000
Zn**, Ni%*, Mn?* & Pb* 50
Cu?*, Hg?**, Fe* & Fe3* 10

influence on the retention of Cr(III) ions onto AAXAD-4
resin. This shows us that AAXAD-4 resin is highly selec-
tive for Cr(III) ions for the analysis of various real water
samples.

3. 8. Cr(III) Determination in Presence
of Cr(VI) and Determination of Total
Chromium Amount

The applicability of the proposed method was tested
in presence of Cr(VTI) ions for the determination of Cr(III)
ions. For testing, the synthetic aqueous solutions includ-
ing various mixtures of Cr(III) and Cr(VI) ions at differ-
ent concentration levels were passed through the column
at optimal conditions. Cr(III) ions were quantitatively
separated and retained while Cr(VI) ions were almost
completely passed through the column. This was ob-
served by analyzing the effluent. The recoveries of Cr(III)
ions were achieved quantitatively as shown in Table 3. In
further study, the usability of the method for the determi-
nation of total chromium amount was also tested. Total
chromium was determined after the reduction of Cr(VI)
ions to Cr(III) ion by adding a mixture of 0.5 mL of con-
centrated H,SO, and 0.5 mL of ethanol to 50 mL of sam-

ple solution containing Cr(VI) and Cr(III) ions at differ-
ent concentration levels (Table 3).2° The recovery of total
chromium was also achieved quantitatively as shown in
Table 3.

3. 9. Analytical Performance of the Proposed
Method

The accuracy and validation of proposed method
was confirmed by analysing different CRMs such as indus-
trial wastewater (BCR-715), drinking water (TMDW-500)
and lyophilised water (BCR-544) for the determination of
Cr(III) ions and total chromium. It was checked by Stu-
dent’s t-test whether the difference between the certified
value and the found value was significant. The results
shown in Table 4 indicated that there is not a significant
difference between certified and found values.

After preconcentration of Cr(III) ions, the linear
equation was A = 5.5259X + 0.0008 and r* = 0.9995 for
600 mL with concentration range of 2-12 pg L™! of Cr(III)
ions. Before preconcentration, the linear equation was A
=0.0191X + 0.0021 and r* = 0.998 within the concentra-
tion range of 0.2-5.0 pg mL™! of Cr(III) ions. Theoretical
PF was calculated to be 289 as the ratio of slope of linear
equation after preconcentration to the slope of linear
equation before preconcentration close to the experimen-
tal PF of 300, indicating the retention and eluation of the
analyte was quantitative with recovery of 96%. The sensi-
tivity was found to be 5.53 pg L~! from the slope of the
calibration curve.?? The reproducibility of the overall pre-
cocentration method in terms of RSD was calculated to
be 3.75% (n = 11) at the concentration of 0.5 pg L!
Cr(III) ions. LOD (blank + 30) and LOQ (blank + 100,
where ¢ is RSD of blank analysis, n = 20) are defined by
IUPAC and were calculated accordingly.3** The LOD
and LOQ of Cr(III) ions were found to be 0.041 and
0.131pg L, respectively. AAXAD-4 resin was successful-
ly reused more than 250 times without significant loss in
its performance.

Table 3. Test of proposed method for the determination of 1.0 pg L™! Cr(III) in presence of Cr(VI) ions and determination of total chromium (Sam-

ple volume: 50 mL & n = 4)

Added, pg Found, pg, mean = SD Recovery,%

Cr(1II) Cr(VI) Cr Cr(III)? Cr(VI)® Cre Cr(III) Cr(VI) Cr
5 5 10 4.74+0.5 4.85 +0.06 9.48 +0.16 95+ 10 97 + 1 95+ 2
5 10 15 4.79+0.14 9.86 +0.30 14.28 + 0.13 95+3 99+ 3 95+ 1
5 20 25 525+0.12 19.64 + 0.24 24.15 +0.41 105+2 98 + 1 97 +2
5 30 35 5.01 +£0.06 30.07 +0.37 33.37 +0.34 100+ 1 100+ 1 95+ 1

10 5 15 9.40 +0.33 5.05+0.10 14.49 + 0.24 94+3 101 +2 97 +2

20 5 25 18.97 £ 0.34 4.88+0.13 23.85+0.52 95+ 2 98 +3 95+ 2

30 5 35 28.39 +0.68 5.03+£0.10 33.84+0.84 95+ 2 101 +2 97 +2

Cr(IIT)*: Found amount of Cr(III) ions in presence of Cr(VI) ions.

Cr(VI)®: Total amount of Cr(V1I) ions by subtracting Cr(III) amount from total amount of Cr added.
Cre: Total amount of Cr determined after reducing Cr(VI) to Cr (III) ions in sample solutions
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Table 4. Analysis of some certified reference materials (n = 3, final vol.: 2 mL)

Certified reference materials/sample volume/concentrations

BCR-715 CRM TMDW-500 BCR-544
Analytes industrial waste drinking water/ Lyophilised water,
water/5mL/pg mL™! 50mL/ug L! 50mL/pg L!
Total Cr Certified 1.00 = 0.09 20.0+£0.1 49.6 + 1.4°
Found 1.05 £ 0.02 19.1+0.4 475+ 14
Recovery,% 105 95.5 95.6
tiest Value 4.3(ns) 3.9(ns) 2.6(ns)
Cr(III) Certified - - 26.8+1.0
Found 0.56 £ 0.02 9.7+0.1 254+1.1
Recovery,% - 94.8
trest Value 2.2(ns)
Cr(VI) Certified - - 22.8+1.0
Found 0.49 £ 0.022 94+0.3% 22.1+£0.9*
Recovery,% - - 96.9
tiest Value 1.4(ns)

aCalculated from found total Cr and Cr(III) concentrations. ®Calculated from the certified Cr(III) and Cr(VI),

“Significance of t-test (n = 3) at 95% confidence level, t ;.. = 4.30; ns: Not Significant.

3. 10. Application of the Developed Method Cr(VI) ions. The recoveries of Cr(IIl) ions from the
samples were achieved quantitatively as shown in Table

The proposed method was applied successfully on 5. The total chromium levels of Incilipinar drinking
different real water samples for the determination of fountain water and outlet water of waste water plant
Cr(III) ions and total chromium. The samples were ana- (Denizli, Turkey) samples do not pose a risk for public

lysed before and after spiking with Cr(III) ions and health.

Table 5. Determination of Cr(IIT) and Cr(VI) in various water samples (sample volume: 100 mL, n = 4).

Samples Added, pg L! Found, pg L! Recovery,%
Cr(III) Cr(VI) Cr(III) Cr(VI)? Total Cr? Cr (11I) Cr(VI)
Nestle bottled - - n.d. n.d. n.d. - -
drinking water 20 20 20.72 £ 0.79 19.29 + 2.02 40.01 + 1.86 104 £4 96 + 10
40 20 40.81 + 1.75 20.31 £ 1.81 61.12 +£0.46 102 +4 102+ 9
20 40 21.18 £ 1.39 38.11+1.74 58.29 £ 1.05 106 £ 7 93+4
Pure bottled - - n.d. n.d. n.d. - -
drinking water 20 20 19.10 £ 0.22 20.59 + 1.14 39.69 £ 1.12 96+ 1 103+ 6
40 20 39.36 £ 1.21 20.49 + 1.42 59.85+0.76 98+ 3 1027
20 40 19.55 +0.76 39.74 £ 1.20 59.29 £ 0.93 98+4 99 +3
Mineral water - - n.d. n.d. n.d. - -
40 40 42.13 +1.99 37.21£3.29 79.34 £ 4.90 1055 93+8
80 40 79.48 £+ 2.66 41.22 +3.24 120.70 £ 3.05 99 +3 103+ 8
40 80 41.40 + 0.31 78.45 £ 4.58 119.85 £ 4.57 1041 98+ 6
Incilipinar - - 1.14 £ 0.07 0.79+£0.11 1.93 £0.08 - -
drinking 20 20 21.22 £0.63 19.69 + 1.11 40.91 £ 0.91 106 £3 98+6
fountain water 40 20 41.11 + 1.39 19.89 + 1.74 61.00 £ 1.05 103 +4 99+9
20 40 20.91 £ 1.00 40.26 + 1.44 61.17 £ 1.04 1055 1013
Outlet water - - 6.45+0.12 1.22 £ 0.54 7.67 £ 0.53 - -
of waste water 20 20 19.60 £+ 0.65 21.26 + 1.08 40.86 + 0.86 98+ 3 106 £ 5
plant (Denizli) 40 20 40.90 + 0.97 20.25 + 1.58 61.15+1.25 102 £2 101+ 8
20 40 20.02 £ 0.87 41.10 £ 1.26 61.12 £0.91 101 £4 1033

2 Calculated from found total Cr and Cr(III) concentrations.
bTotal amount of Cr determined after reducing Cr(VI) to Cr (III) ions in sample solutions
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3.10. Comparison

Analytical performance of the proposed method was
compared with recently reported methods. In comparsion,
LOD and PF of reported method are better than those of
reported methods shown in Table 6.

4. Conclusion

In this work, a modified AAXAD-4 resin column
was evaluated for the speciation of Cr(III) and Cr(VI)
ions, providing for selective preconcentration of Cr(III)
at high pH. Besides its good selectivity between Cr(III)
and Cr(VI) ions, it also has some characteristics such as
good stability under working conditions, fast sorption
and desorption kinetics, large adsorption capacity and
good tolerance to coexisting ions. The used SPE system
could recover more than 95% of Cr(III) from aqueous
solution at pH=8. The feasibility of speciation at pg L!
levels make it an efficient sorbent for Cr(III). By com-

bining AAXAD-4 minicolumn SPE with MIS-FAAS, the
developed method was successfully applied for chromi-
um speciation in various water samples with low LOD,
high PF, good accuracy and repeatability. Because of its
simplicity, low cost and safety, it could be adopted
for routine use for the speciation of Cr(III) and Cr(VI)
ions.
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Table 6. Comparison of proposed method with reported methods for speciation of Cr(IIT) and Cr(VI) ions based on SPE

Resins/Techniques Speciation Sample LOD, PF RSD, Refs
Modality V, mL pg L % #

Amberlite XAD-16 loaded Cr(1II) sorption/ 10 0.10 79 1.2 i

with salicylic acid/on-line column Cr(VI) reduction

Silica gel modified by N,N'-bis- Cr(1II) sorption/ 0.024 50 3.1 2

(a-methyl salicylidene)-2,2-dimethyl- Total Cr By GFAAS 500

1,3-propa- nediimine/ column

Amberlite XAD-16 modified with Cr(III) sorption/ 10 0.14 76 1.03 2

a-benzoin oxime/on-line column Cr(VI) reduction

Maleic acid-functionalized Cr(III) sorption/ 6000 150 300 0.2 35

XAD sorbent/column Cr(VI) reduction/

Cr(VI) reduction C-18 bonded Cr(VI) sorption/ 1500 20 150 11.2 36

phase silica/ SPE disks Cr(III) oxidation

Dowex M 4195 Cr(VI) sorption/ 250 1.94 31 <10 37

chelating resin/column Cr(III) oxidation

MWCNTs-D2EHPA/ Cr(III) sorption 300 50 60 <10 8

batch Cr(VI) reduction

(MAD) chelating Cr(III) sorption/ 2000 0.01 200 1.2 39

resin/column Cr(VI) reduction

Poly(1,3-thiazol-2-yl- Cr(VI) sorption/ 150 24 30 3.2 4

methacrylamide)-co-4-vinyl Cr(III) oxidation

pyridine-co-divinyl benzene /

column

Chromium(III)-cochineal Cr(III) sorption/ 800 1.4 94 <5 41

red A chelate/filter Cr(VI) reduction

Diphenylcarbazone-incorporated Cr(1II) sorption/ - 30 - 3.2-37 2

resin/column Total Cr by GFAAS

Aminated XAD-4 / Cr(III) sorption/ 750 0.041 375 3.75  This work

column

Cr(VI) reduction
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Povzetek

S kemi¢no modifikacijo smo Amberlite XAD-4 smolo (AXAD-4) pretvorili v aminirano Amberlite XAD-4 (AAXAD-4)
smolo in jo okarakterizirali z infrarde¢o spektroskopijo. AAXAD-4 smolo smo uporabili kot u¢inkovito trdno fazo za pred-
koncentracijo in speciacijo Cr(III) in Cr(VI) ionov s kolonsko tehniko. Koncentracijo kromovih zvrsti smo dolo¢ili z mikrov-
zorcevalnim injekcijskim sistemom in plamenskim atomskim absorpcijskim spektrometrom (MIS-FAAS). Selektivno re-
tencijo Cr(III) ionov smo dosegli pri pH 8,0 in elucijo z 1,0 mL 3,0 mol L' HCl ter 1,0 mL 2,0 mol L~! NaOH zaporedoma pri
pretoku 5,0 mL min~!. Maksimalna sorpcijska kapaciteta AAXAD-4 smole za Cr(III) ione je bila 67,0 mg g™'. Meja zaznave
(LOD) za Cr(III) ione je bila 0,041 pg L, meja dolocitve (LOQ) 0,131 pg L}, medtem ko je bil predkoncentracijski faktor
(PF) 375 in relativni standardni odmik (RSD) 3,75% (n = 11). Metodo smo validirali s certificiranimi referen¢nimi mate-
riali (CRM) in jo uspe$no uporabili za analizo realnih vzorcev z dodanimi Cr(III) in Cr(VT) ioni.
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Abstract

The photocyclodimerization mechanisms of two oxo tautomers of uracil and 6-azauracil were studied at the CC2 level of
theory and cc-pVDZ basis functions. Uracil was explored in three orientations of the monomers - cis-anti, trans-syn and
trans-anti, while 6-azauracil - in all four orientations. Conical intersections Sy/S; were found at the CASSCF(2,2)/6-31G*
theoretical level. The study propose a photophysical mechanisms of photoformation and photodestruction of cyclodi-
mers (CDs), which occur through the 'nn” electron excited states (spectroscopically bright states). The photophysical
relaxations (internal conversions) to the ground states are mediated by conical intersections Sy/S;, which we found and

discussed in the current paper.

Keywords: Ab initio calculations; CASSCF optimizations; Conical intersections Sy/S;; Pyrimidine cyclodimers; Uracil;

6-azauracil

1. Introduction

The photostability of nucleobases has a fundamental
role in the protection of living organisms from the damag-
ing UV light.! The nucleic acid bases are main UV chro-
mophores in cells. They absorb UV radiation under 300
nm and participate in a number of photoreactions - in par-
ticular internal conversions to ground states. These pro-
cesses are connected with ring deformations and they are
responsible for the photostability of nucleobases.>> The
competitive [2+2] cyclodimerizations through excited
states are the second most common response of the pyrim-
idine nucleobases exposed to UV irradiation.>*

The cyclodimers (CDs), formed by two adjacent py-
rimidine bases are considered to be the most prevailing
lesions of cellular DNA induced by the UV radiation. They
can cause death of cells and skin cancer.*!! The yield of
formation of the CDs with a four-membered cyclobutane
ring is larger than other photoadducts.”!2~!7 The recogni-
tion and the repair of such DNA lesions is possible through
different enzyme pathways. For example, the DNA pho-
tolyase catalyzes the cleavage of the cyclobutane bonds
formed between the monomers. Thus the pyrimidine CD
turns back in the initial stacked dimer.!31°

The found possible orientations of pairs of pyrimi-
dines to form CD are four: cis-syn, trans-syn, cis-anti and
trans-anti. Such structures are shown in Fig. 1.2°

Cis-anti

Cis-syn

Trans-syn Trans-anti

Fig. 1. Four CDs of pyrimidine nucleobases

After irradiation of frozen water solution of uracil
(U) the cis-syn and cis-anti CDs are predominantly
formed.?!=23 The trans-syn and trans-anti isomers are also
present but in significantly lower amounts.?* The analysis
(NMR, chromatography, etc.) has shown that the cis-syn
CD is the major photoproduct.?!>* All four CDs are
formed after irradiation of a fluid solution (water or aceto-
nitrile) and when the aqueous solution is acetone sensi-
tized.23-26 The trans-syn cyclodimers of U can be formed
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also by irradiation of denaturated DNA.?” The molecular
and crystal structure of cis-syn photodimer of U has been
proposed by Adman.?*

6-Azauracil (6-AU) is a close analogue to U. The
compound has an extra nitrogen atom in the aromatic
ring. With respect to the biological effects, 6-AU has been
shown to inhibit animal tumors,?® human acute leuke-
mia? and growth of a large number of microorgan-
isms®3L. The compound is also used as an antiviral drug.>?
The IR absorption spectrum of 6-AU in low temperature
matrix has shown that the diketo tautomer is predomi-
nant.’* In the UV absorption spectra of 6-AU in acetoni-
trile; two peaks are registered — at 200 nm and 260 nm.**
The last one has been assigned to a n->m* electron transi-
tion as in U. Some authors claimed that the main relax-
ation process of 6-AU is the intersystem crossing (ISC)
mechanism involving a triplet state (*7z7r*).347%6 Irradiation
with a wavelength of 308 nm has confirmed that the ISC
process is predominant in 6-AU but it is accompanied with
weak fluorescence.?*

The mechanisms of formation of the cis-syn cyclo-
photodimer of thymine¥~% uracil®*? and cytosine*>
have been proposed also by theoretical computations. It
has been concluded that these processes are ultrafast and
barrierless photoreactions in which the driving state is the

U

HOMO LUMO

first 'nr* excited state which relaxes through a conical in-
tersection (CI) Sy/S;.*> The triplet states have been also
suggested to play a role in the photodimerizations of py-
rimidine bases.!24647 It has been found that upon 266 nm
radiation the CDs are formed via the singlet channel which
is 30 times more efficient than the triplet one. By increas-
ing the irradiation wavelength, the importance of the sin-
glet channel is also increased.*?

The aim of this study is to investigate theoretically
the two close analogues U and 6-AU in order of their abil-
ity to form CDs through the bright 'nn” excited states in
the gas phase. It is interesting to see whether the extra ni-
trogen atom in the ring of 6-AU as compared to U would
influence the photophysics of the compound.

2. Theoretical Methods

The structures of the stacked dimers (SDs), conical
intersections Sy/S;, and CDs of U and 6-AU were opti-
mized with the Complete-active-space self-consistent field
(CASSCF) method and 6-31G* basis functions. The active
space was constructed by two electrons on two orbitals:
HOMO and LUMO - they are shown in Fig. 2 (the re-
maining MOs are given in the electronic supplementary

6-AU

cis-syn

cis-anti

trans-syn

trans-anti

Fig. 2. HOMO and LUMO molecular orbitals of the conical intersections Sy/S, included in the active space (2,2)
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information). Since the structures under study are rather
complicated - including valent and non-valent bonds — we
applied a limited active space for the optimizations. Our
experience imposes this because the extension of the ac-
tive space usually leads to serious troubles with the config-
uration wavefunction. — In other words a large active space
includes a great many excited states and thus leads to a lo-
cation of wrong conical intersections So/S;. In order to be
consistent with the level of computation, the branching
space vectors (the gradient difference and derivative cou-
pling vectors) were computed at the same theoretical level.
Subsequently, we reoptimized the structures of the geome-
tries-minima at the CC2 level (approximate second-order
coupled-cluster method)*® with cc-pVDZ basis functions.
Additional computations of the CC2-vertical excitation
energies of the CDs and SDs of U and 6-AU were per-
formed at this level either. No symmetry and geometry
restrictions were applied for the optimizations of CBDs
and the conical intersections Sy/S;.

All SDs were optimized by freezing of one or two dis-
tances between the monomers forming the four-mem-
bered ring (see electronic supplementary information).
The freezing of one of the distances is required since the
structures lie in very shallow minima on the hyperPESs
and the fully relaxed optimizations lead to planar Watson-
Crick dimers. To find the distance(s) for freezing we per-
formed preliminary SCAN computations of the CDs with
respect to the responsible distance(s). We located the min-
imal distance(s) at which only Van der Waals forces start to
act between the two monomers.

The excited-state reaction paths connecting the SDs
and the CDs through conical intersections Sy/S; were
found by the linear-interpolation-in-internal-coordinates
approach (LIIC). It was performed in two steps: 1) inter-
polation between the SD and the conical intersection Sy/
S1, and 2) interpolation between the conical intersection
So/S; and the CD. The internal coordinates of the interpo-
lated structures (g;) along the reaction paths were generat-
ed by equation (1):

qi= Qr+€(qP—CIr), (1)

where g, - internal coordinate of the reactant (one of the
minima in this case); q,- internal coordinate of the prod-
uct (the conical intersection S;/S; in this case); € - inter-
polation parameter, which varies from 0 (at the reactant)
to 1 (at the product).

In each LIIC-step several intermediate structures
were generated and their CC2-excitation energies were
computed for the construction of the excited-state reac-
tion paths. The proposed mechanisms concern the reac-
tions in the gas phase.

The geometry optimizations of the conical intersec-
tions Sy/Sy, the calculations of the branching space vectors,
and the equilibrium structures of the minima were carried
out with the GAUSSIAN 03 program package.” The reac-

tion paths (CC2) were studied with the Turbomole pro-
gram.’! The programs MOLDEN®>? and Chemcraft>* were
used for the visualization of the results.

3. Results and Discussion

The CASSCF equilibrium geometries of the CDs,
SDs as well as the conical intersections Sy/S; of U and 6-AU
are shown in Fig. 3. The frontier MO included in the active
space (HOMO and LUMO) of the conical intersections S,/
S}, depicted in Fig. 2 are of n-type. The typical m->m* charge
transfer states are those in cis-anti and trans-anti conical
intersections Sy/S; of U and in cis-syn and trans-syn coni-
cal intersections Sy/S; of 6-AU.

The aromatic rings of the CDs of U are nonplanar.
The nonplanarity is a result of the repulsion between the
n-electron clouds of the rings and of the lone electron
pairs of the oxygen atoms. The C-C’ bonds between the
monomers are about 1.55 A long. The rings have envelope
conformations, mutually twisted one to another (see elec-
tronic supplementary information). In contrast to the
CDs, the SD structures of U have planar aromatic rings. In
the anti- configurations, the C-C’ distances have close
lengths, whereas in the trans-syn structure they differ with
about 0.62 A. In the cis-syn structure, obtained by Domcke
et al.?® the corresponding difference is about 0.16 A. In the
SDs, the aromatic rings of the cis-anti U are slightly twisted
one to another. In the trans-syn isomer, the rings are high-
ly twisted which means that the formation of the cyclodi-
mer includes a reorientation of the aromatic rings of the
SD (see the electronic supplementary information). In the
trans-anti SD, instead twisting of both rings there is a par-
allel translation of the monomers and they form a “sand-
wich”-like structure.

The CDs of 6-AU and U are with nonplanar aromat-
ic rings and “envelope” conformations. In the syn- 6-AU
structures, the four-membered ring has one N-N*and one
C—C‘ bond, which show difference about 0.075 A. In the
anti- orientations, these bonds are of N-C’ (or C-N) type
and they are equal in length. The SDs of 6-AU are general-
ly very similar to the corresponding structures of U. The
aromatic rings of the syn- structures are highly twisted one
to another, while the structure of trans-anti is a “sand-
wich”-like; analogous to U. The SDs of 6-AU are with al-
most planar aromatic rings, like those of U and the single
monomers.

3. 1. Conical Intersections S,/S,

All conical intersections So/S; of U (Fig. 3) are struc-
turally closer to the cyclodimers than to the SDs and have
nonplanar aromatic rings. Only the hydrogen atoms from
the four-membered rings deviate considerably from the
planarity. The C—C’ distances between the two pyrimidine
monomers are shorter than those of the SDs and differ in
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lengths. The anti- structures are with mutually twisted
rings. The conical intersections Sy/S; of U exhibit a twist-
ing of the ring C=C bond, typical for the single pyrimidine
conical intersections Sy/S;%**->? which have found to be
the main channel for internal conversions in nucleobases.

All conical intersections Sy/S; of 6-AU have nonpla-
nar aromatic rings, similar to those of U. The two closest
distances between the two monomers depend on the ori-
entation of the rings. In the syn-isomers we have different
in length distances C-C’ and N-N" In the anti-isomers
these are the two C-N° distances which are equidistant.
The conical intersections Sy/S; of 6-AU, like those of U, are
structurally closer to the cyclodimers than to the SDs. The
conical intersections Sy/S; of 6-AU are in general similar to
those of U, but their aromatic rings are not as much twist-
ed one to another as in U.

The calculated branching space vectors of the conical
intersections Sy/S, are illustrated in the electronic supple-
mentary information. They indicate clearly the trend of
the systems to form four-membered rings. We believe that
the found conical intersections Sy/S; mediate the photocy-
clodimerizations of U and 6-AU via internal conversions.

3. 2. Vertical Excitation Energies

The CC2/cc-pVDZ vertical excitation energies of the
systems SDs and CDs of the two compounds are listed in
Table 1. One can see that for U the cis- and trans-anti CDs
have higher vertical excitation energy of the bright lmm*
excited states than the trans-syn CD. The first two excited
states of all isomers of U (for SDs and CDs) are the spec-
troscopically dark 'nm* states.

Comparing the vertical excitation energies of the
CDs of U with the UV absorption maximum of uracil in
the gas phase — 4.79 eV (259 nm),%%6! it can be seen that the

cyclodimerization of two U monomers leads to a blue shift
of the UV absorption maximum. This tendency is also the-
oretically supported, since for all CDs of U we found higher
Ln* vertical excitation energies (more than 6 eV) than the
calculated value of the uracil monomer (5.54 €V). The SDs
of U have lower vertical excitation energies of the !n* ex-
cited state in comparison to the monomer.

The CDs of 6-AU have two low-lying 'nn* excited
states. The cis-syn isomer has the lowest vertical excitation
energy of the first nn* excited state while the trans-syn
isomer has the highest. The calculated (CC2/cc-pVDZ)
vertical excitation energy of the low-lying nn* excited
state of the monomer of 6-AU is 5.19 eV. This value is
higher than the vertical excitation energies of the first
bright 'nn* excited state of the CD structures and lower
than those of the SDs. Therefore, in contrast to U, a red
shift of the calculated UV absorption spectra should be ex-
pected for 6-AU in the course of the photocyclodimeriza-
tion. Opposite to the computed data, according to the ex-
perimental '7tn* absorption maximum of 6-AU monomer
(4.779 eV), a blue shift is expected in the course of the cy-
clodimerizations to cis-anti, trans-syn and trans-anti iso-
mers and no shift for the formation of the cis-syn isomer
(4.774 V).

The SDs of U have lower 'n* vertical excitation en-
ergy than the corresponding CDs. The trans-syn isomer has
higher lnn* vertical excitation energy than cis-anti and
trans-anti systems. In the SDs of 6-AU, similar to U, the two
low-lying excited states are of 'nm* character. In contrast to
U, the 'n* excited-state energy of the cis-syn, cis-anti and
trans-anti SDs of 6-AU is higher than that of the corre-
sponding CDs, although that difference is very small in the
cis-anti and trans-anti isomers — about 0.076 eV and 0.003
eV, respectively. The trans-syn SD of 6-AU has higher 'nrr*
vertical excitation energy than the CD, like U.

Table 1. Vertical excitation energies (CC2) of the SDs and CDs of U and 6-AU, all in eV. In brackets are given the oscillator strengths

CDs
cis-syn cis-anti trans-syn trans-anti
U 5.204(0.0006) Inm* 5.223(0.0016) lnm* 5.176(0.0006) Inm* 5.193(0.0006) Inm*
5.271(0.0015) Inm* 5.232(0.0017) lnm* 5.227(0.00008) Inm* 5.218(0.0007) Inm*
6.177(0.0148) Lt 6.207(0.0119) Lot 6.046(0.0710) Lt 6.213(0.0043) Lt
6-AU 4.774(0.0417) Lt 4.942(0.0166) Lot 5.157(0.0276) Lt 4.929(0.00000001) Lt
4.955(0.0060) Lt 4.996(0.00002) Lot 5.200(0.0239) Lt 5.184(0.0052) Inm*
5.176(0.0166) Inm* 5.503(0.0044) lnm* 5.241(0.00002) Inm* 5.647(0.00000003) Lt
SDs
cis-syn cis-anti trans-syn trans-anti
U 4.785(0.0002) Inm* 4.874(0.0001) lnm* 4.911(0.0002) Inm* 4.866(0.00005) Inm*
4.813(0.0002) Inm* 4.875(0.0006) lnm* 4.912(0.0001) Inm* 4.867(0.0005) Inm*
5.386(0.0883) Lt 5.283(0.0368) Lot 5.426(0.1107) Lt 5.226(0.0004) Lt
6-AU 4.373(0.0001) Inm* 4.387(0.0001) lnm* 4.381(0.0004) Inm* 4.381(0.0003) Inm*
4.406(0.0001) Inm* 4.399(0.0002) lnm* 4.385(0.000002) Inm* 4.384(0.000002) Inm*
5.043(0.0685) Ly 5.015(0.0549) Lot 4.915(0.0040) Ly 4.912(0.00008) Ly
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3. 3. Excited-state Reaction Paths

In Figs. 4-7 are given the excited-state reaction paths
of the proposed gas-phase mechanisms of CD formation
of U. The relative energies are referred to the ground-state
equilibrium geometries of the SDs, calculated at the CC2/
cc-pVDZ level of theory. In Fig. 4 includes only the cy-
clodimerization mechanism of cis-syn 6-AU since it has
been already investigated for U.40-42

The excited-state reaction paths show that after
UV-irradiation of the SDs the 'nn* excited states can
reach the conical intersections Sy/S; without barriers
along the excited-state reaction paths. An exception is
the trans-syn (U) mechanism where small energy barrier
is estimated (Fig. 6). After the conical intersections Sy/S;
the systems can relax non-radiatively (internal conver-
sion) to the ground states Sy of SD or CD. The low-lying
It excited states in the Frank-Condon region of cis-an-
ti (Fig. 5a), trans-syn (Fig. 6a) and trans-anti (Fig. 7a)
CDs of U have higher energies than those of the corre-
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Fig. 4. Excited-state reaction paths (CC2/cc-pVDZ) of the photod-
imerization of " 6-AU. The full circles (e) correspond to opti-
mized structures (CASSCF(2,2)/6-31G*), while the open circles (0)
correspond to linearly-interpolated structures. The conical intersec-
tion is designated with x. The relative energy E , is referred to the
optimized CC2 energy of the SD (-859.439819 a.u.)
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Fig. 5. Excited-state reaction paths (CC2/cc-pVDZ) of the photodimerization of a) “*"% U and b) “**" 6-AU. The full circles (®) correspond to
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Fig. 6. Excited-state reaction paths (CC2/cc-pVDZ) of the photodimerization of a) ™" U and b) <" 6-AU. The full circles (®) correspond to
optimized structures (CASSCF(2,2)/6-31G*), while the open circles (O) correspond to linearly-interpolated structures. The conical intersection is
designated with x. The relative energy E,., is referred to the optimized CC2 energy of the SD (-827.453428 a.u. for U and -859.439129 a.u for 6-AU)
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sponding SDs. Therefore for the photodestruction of the
CDs of U by these mechanisms is required higher energy
than the energy required for their formation. 6-AU
shows opposite effect — for the photodestruction of the
CDs are required lower energies than for their forma-
tion.

Conical intersections S,/S; (!nm*/!nm*) are found
along all reaction paths of U as well as along the reaction
paths of 6-AU starting from the SDs. They are channels
through which the excited system can be trapped to the
dark 'nm* excited state. As a result, low intensive fluores-
cent transitions could be expected as competitive reactions
to the cyclodimerizations. On the other hand as competi-
tive mechanisms the reactions can occur through the dark
Inm* excited states but these reactions will be objects of our
special future attention.

All non-radiative mechanisms of photocyclodi-
merization of U and 6-AU studied here are summarized in
two energy-level diagrams illustrated in Fig. 8. (The data
for cis-syn U is taken from Ref. 41). The driven excited
state of the reactions is of 'nn* type. The excited-state reac-
tion paths of the nr* excited states connect the SDs and
the CDs through the conical intersections Sy/S;. The rela-
tive energies of the ground states of the SDs and their 'nn*
vertical excitation energies are similar for U and 6-AU. The
CDs of U have lower relative energies of the ground states
and higher 'nn* vertical excitation energies than the corre-
sponding structures of 6-AU. All conical intersections Sy/
S, of 6-AU have energies higher than 4 eV, similar to the
trans-syn isomer of U. The cis-syn,** cis-anti and trans-anti
conical intersections So/S; of U have lower energies which
indicates that they could be accessed easily with smaller
energy gradient in the course of the reactions in compari-
son to those of 6-AU.

4. Conclusion

The theoretical study (CC2/cc-pVDZ) on the relax-
ation mechanisms of the photo-induced cyclodimeriza-
tion reactions of uracil and 6-azauracil to cis-syn, cis-anti,
trans-syn and trans-anti cyclodimers proposes gas-phase
mechanisms through 'nr* excited-state reaction paths as
one of the possible reactions. The mechanisms indicate
that the formation of CDs as well as their destruction is a
non-radiative reaction passing through conical intersec-
tion Sy/S;, which is in accordance with recent studies. 042
The destruction of the CDs of U requires much higher
excitation energies than their formation. Opposite to U,
the formation of the CDs of 6-AU requires higher ener-
gies than the energies for their destruction. In other
words, according to the proposed mechanisms, the cy-
clodimerization of two U molecules to CD would pro-
voke a blue-shift of the UV absorption maximum, while
the formation of CD of 6-AU leads to a corresponding
red-shift.
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Povzetek

Z uporabo cc-pVDZ baznih funkcij smo na CC2 teorijskem nivoju preucevali fotociklodimerizacijske mehanizme dveh
okso tautomerov uracila in 6-azauracila. Uracil smo raziskovali pri treh orientacijah monomerov - cis-anti, trans-sin in
trans-anti, medtem ko so bili za 6-azauracil racuni izvedeni za vse §tiri orientacije. Na CASSCF(2,2)/6-31G* teorijskem

nivoju smo ugotovili stozéasta presecisca Sy/S; ter predlagali fotofizikalne mehanizme fotoformacije in fotodestrukcije
ciklodimerov, ki nastajajo preko nint * elektronsko vzbujenih stan.
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Abstract

Two new triazaspiro tetracycles have been synthesized, the compounds have been characterized using spectroscopy, mi-
croanalysis and single crystal X-ray diffractometry. The single crystal X-ray crystallography of 4-methyl-81,101,171-tri-
azaspiro[cyclohexane-1,91-teracyclo[8.7.02,7.011,16]heptadecane]-11(17),21(71),31,51,111,131,15I-heptaene (compound
I) has been discussed. The DFT computed bond angles have been obtained for both compounds and contrasted with
experimental results for compound I. The atoms that make up the frontier orbitals which contribute to the reactivity of

the compounds have been discussed.

Keywords: Aminophenylbenzimidazole; Triazaspirotetracyclics; 3-methylcyclohexanone; 4-methylcyclohexanone;

Frontier molecular orbitals.

1. Introduction

The conversion of 2-(2’-aminophenyl)-1H-benzim-
idazoles to triazatetracycles provides a backbone on which
to construct different tetracyclic compounds that are also
biologically active. It is well known that amines undergo
condensation reactions with aldehydes and ketones but
utilization of this transformation in the formation of cyclic
amines often requires a more intricate procedure. Thus,
cyclic amines have been accessed via a sequence of depro-
tection followed by intermolecular reductive amination of
Boc-protected amino ketones (Boc is tert-butyloxycarbon-
yl group) under asymmetric transfer hydrogenation con-
ditions.! Cyclizations of diamines and ketones have also
been catalyzed by HY zeolite at 50 °C under solvent-free
conditions yielding benzodiazepines.? Benzodiazepine
formation has also been reported to occur in the absence
of a catalyst.® A three-component allylation and cyanation
reactions utilising a ketone and N-methoxyamine have
been reported, and the high nucleophilicity of the N-me-
thoxyamine and high electrophilicity of the corresponding
iminium ion enable the concise synthesis of X-trisubstitut-
ed amines in a single step.* A fourth method reported in
the literature, the treatment of N-tosylaldimines with ace-
tophenone at room temperature has been reported to give
the corresponding N-tosyl f-amino ketones in high yields
within 6-9 h. Subsequent reduction and cyclization of the

compounds in this case afforded 2,4-disubstituted N-to-
sylazetidines, comprising a three step high-yielding syn-
thesis from aldimines.’

Twelve N-glycosyl amines were synthesized using
4,6-O-benzylidene-D-glucopyranose and different substi-
tuted aromatic amines, including some diamines that re-
sulted in bis-glycosyl amines. Another set of six N-glycosyl
amines was synthesized using different hexoses and pen-
toses with 2-(0-aminophenyl)benzimidazole. In these re-
actions only the 2-amino group reacted with the hydroxyl
groups of 2-(0-aminophenyl)benzimidazole.® Reactions of
substituted aldehydes with 2-(0-aminophenyl)benzimid-
azole have been reported to yield Schiff’s bases.” The syn-
theses of 2-(2-nitrophenyl)-1-benzoyl-1H-benzimidazole
derivatives and their reduction to the corresponding
2-benzimidazoylbenzamides have been reported. The
compounds were cleanly and efliciently converted to the
corresponding 6-arylbenzimidazo[1,2-c]quinazolines by
microwave activation using SiO,-MnO, as a solid inor-
ganic support.® In our case the products were accessed via
a solvent-free method. Some triazatetracycles have been
synthesized heating 2-(2-aminophenyl)benzimidazole
and aryl aldehydes under reflux in ethanol for 5 h.” Also
triazatetracyclic compounds with substituents on the aryl
ring have been synthesized from aminophenylbenzimid-
azole and substituted aryl aldehydes at room temperature
in mixtures of ethanol and acetic acid.!” The synthesis of

Odame and Hosten: Synthesis, Characterization and Computational ...

531


mailto:felixessah15@gmail.com

532

Acta Chim. Slov. 2018, 65, 531-538

1,3,8-triazaspiro[4.5]decane-2,4-diones (spirohydantoins)
as a structural class of pan-inhibitors of the prolyl hydrox-
ylase (PHD) family of enzymes for the treatment of ane-
mia has also been reported.!!

This work presents the synthesis and characteriza-
tion of two new triazaspiro tetracycles, their characteriza-
tion with IR, NMR, GC-MS and microanalysis. The bond
angles of compounds I and II computed using the func-
tionals B3LYP, B3PW91 and wB97XD have been com-
pared with experimental bond angles of compounds 1.

2. Experimental

2. 1. Materials and Instruments

Analytical grade reagents and solvents for the syn-
thesis, such as 2-(2’-aminophenyl)-1H-benzimidazole
were obtained from Sigma Aldrich (USA), whilst 4-meth-
ylcyclohexanone, tetrahydrofuran, ethanol and 3-methyl-
cyclohexanone were obtained from Merck Chemicals
(SA). The chemicals were used as received (i.e. without
further purification). 'H and '*C NMR spectra were re-
corded on a Bruker Avance AV 400 MHz spectrometer
operating at 400 MHz for 'H and 100 MHz for '3C using
deuterated dimethyl sulfoxide as the solvent and te-
tramethylsilane as the internal standard. Chemical shifts
are expressed in ppm. FT-IR spectra were recorded on a
Bruker Platinum ATR Spectrophotometer Tensor 27. Ele-
mental analyses were performed using a Vario Elementar
Microcube ELIII. Melting points were obtained using a
Stuart Lasec SMP30 whilst the mass spectra were deter-
mined using an Agilent 7890A GC System connected to a
5975C VL-MSC with electron impact as the ionization
mode and detection by a triple-axis detector. The GC was
fitted with a 30 m x 0.25 mm x 0.25 pm DB-5 capillary
column. Helium was used as the carrier gas at a flow rate of
1.63 mL.min"! with an average velocity of 30.16 cm s~! and
a pressure of 63.73 kPa.

2. 1. 1. 4-Methyl-8,10%,17!-triazaspiro[cyclo-
hexane-1,9-teracyclo[8.7.0%7.01>16]
heptadecane]-11(17),21(7"),3%,5%, 115,131,
15!-heptaene (I)

2-(2’-Aminophenyl)-1H-benzimidazole (3.14 g,

0.015 mol) was heated under reflux with 10 mL of 4-meth-

ylcyclohexanone for 6 h. The reaction mixture was dis-

solved in ethanol and allowed to stand overnight. The
white solid obtained was recrystallized as a white crystal
from ethanol:THF (1:1), yield 72%; mp 192-193 °C. IR

(Voo €m~ D)z 3300 (N-H), 2941 (C-H), 1615 (C=N), 1530

(C=C), 1479 (C-N), 'H NMR (400 MHz) & (ppm): 7.91 (d,

J=7.6Hz,1H, ArH),7.82 (d,J=7.6 Hz, 1H, ArH), 7.64 (d,

J = 6.8 Hz, 1H, ArH), 7.26 (t, ] = 7.6 Hz, 1H, ArH), 7.18 (q,

J=6.8 Hz, 2H, ArH), 7.12 (t, ] = 8.0 Hz, 1H, ArH), 6.80 (t,

J=7.6 Hz, 1H, ArH), 6.74 (s, 1H, ArH), 2.50 (s, 3H), 2.09

(d,] = 12.8 Hz, 2H, CH,), 1.59 (dd, J, = 12.8 Hz, J, = 12.0
Hz, 2H, CH,), 1.00 (m, 2H, CH,). 3C NMR (100 MHz) §
(ppm): 148.2 (C), 144.8 (C), 142.7 (C), 132.9 (CH), 132.1
(C), 125.3 (CH), 122.4 (CH), 122.2 (C), 119.6 (CH), 118.6
(CH), 115.9 (CH), 113.1 (CH), 113.0 (C), 74.4 (C), 34.8
(CH), 31.2 (CH,), 30.0 (CH), 22.2 (CH,). Anal. calcd. for:
CyoH, N3: C, 79.17; H, 6.98; N, 13.85. Found: C, 79.05; H,
6.84; N, 13.78. LRMS (m/z, M*): Found for C;;H;N;
303.23, calcd. mass 303.40.

2. 1. 2. 3-Methyl-8',10%,17"-triazaspiro[cyclo-
hexane-1,9'-teracyclo[8.7.0%7.0!116]
heptadecane]-11(17),2(7"),3%,5,,115,13%15!-
heptaene (II)

2-(2’-Aminophenyl)-1H-benzimidazole (3.14 g,
0.015 mol) was heated under reflux with 10 mL of 3-meth-
ylcyclohexanone for 6 h. The reaction mixture was dis-
solved in ethanol:diethyl ether (1:1). A white solid was
obtained which was recrystallized as white crystals from
ethanol:THF (1:1), yield 84%; mp 164-166 °C. IR (Vyap
cm™): 3315 (N-H), 2948 (C-H), 2922 (C-H), 1619
(C=N), 1534 (C=C), 1481 (C-N). 'H NMR (400 MHz) §
(ppm): 7.91 (d, ] = 7.6 Hz, 1H, ArH), 7.82 (d, ] = 8.0 Hz,
1H, ArH), 7.64 (d, ] = 6.8 Hz, 1H, ArH), 7.24 (dd, J; = 7.6
Hz, J, = 8.0 Hz, 1H, ArH), 7.19 (m, 1H, ArH), 7.10 (d, ] =
8.0 Hz, 1H, ArH), 6.80 (dd, J, = 7.2 Hz, ], = 7.6 Hz, ArH),
6.71 (s, 1H, ArH), 2.34 (m, 1H CH,), 2.06 (m, 4H, CH,),
1.86 (dt, J, = 13.6 Hz, J, = 13.2 Hz, 1H, CH), 1.71 (d, ] =
10.8 Hz, 2H, CH), 1.12 (dt, J; = 12 Hz, J, = 10.8 Hz, 1H,
CH), 0.93 (q, ] = 4.8 Hz, 3H, CHj,). *C NMR (100 MHz) &
(ppm): 148.3 (C), 144.9 (C), 142.8 (C), 132.8 (C), 131.8
(CH), 125.1 (CH), 122.4 (CH), 122.2 (C), 119.5 (CH),
118.6 (CH), 115.8 (CH), 113.2 (CH), 112.9 (C), 75.1 (C),
43.6 (CH,), 34.6 (CH,), 33.4 (CH,), 27.6 (CH), 22.4 (CH3;),
21.2 (CH3). Anal. calcd. for: C,,H,;N3: C, 79.17; H, 6.98;
N, 13.85. Found: C, 79.25; H, 6.89; N, 13.88. LRMS (m/z,
M™*): Found for C,,H,,N; 303.18, calcd. mass 303.40.

2. 2. X-Ray Crystallography

X-Ray diftraction analysis of compound I was per-
formed at 200 K using a Bruker Kappa Apex II diffractom-
eter with monochromated Mo Ka radiation (A = 0.71073
A). APEXII!? was used for data collection and SAINT, 2 for
cell refinement and data reduction. The structures were
solved by direct methods using SHELXS-2013," and re-
fined by least-squares procedures using SHELXL-2013,4
with SHELXLE,'" as a graphical interface. All non-hydro-
gen atoms were refined anisotropically. Carbon-bound H
atoms were placed in calculated positions (C-H 0.95 A for
aromatic carbon atoms and C-H 0.99 A for methylene
groups) and were included in the refinement in the riding
model approximation, with Uiso (H) set to 1.2Ueq (C). The
H atoms of the methyl groups were allowed to rotate with a
fixed angle around the C-C bond to best fit the experimen-
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tal electron density (HFIX 137 in the SHELX program
suite,!3 with Uiso (H) set to 1.5Ueq (C). Nitrogen-bound H
atoms were located on a difference Fourier map and refined
freely. Data were corrected for absorption effects using the
numerical method implemented in SADABS.!?

2. 3. Computational Studies

All calculations were performed using the GAUSS-
IAN program!® (version 03). The crystal structure was
used as an initial molecular geometry for compound I but
compound IT was drawn using GAUSSIAN VIEW 03 soft-
ware. The output files were visualized via GAUSSIAN
VIEW 03 software.!® The molecular structures of both
compounds in the ground state were optimized using DFT

with hybrid functionals B3LYP (Becke’s three parameter
hybrid functional using the LYP correlation function-
al),””~18 B3PW91 and wB97XD with 6-31G++ (d,p) basis
set. None of the predicted vibrational spectra having any
imaginary frequency prove that optimized geometry is lo-
cated at the lowest point on the potential energy surface.

3. Results and Discussion
3. 1. General Studies

Aromatic protons in 'H NMR were observed be-
tween 7.91 and 6.74 ppm for compound I, whilst the sig-
nals for compound II were observed between 7.91 and
6.71 ppm. The 'H NMR spectrum of compound gave sig-

@[%@fi, ~
N y/

R = 4-methyl, 3-methyl L1

Scheme 1. Synthesis scheme for the formation of triazaspiro tetracycles I (R = 4-methyl) and II (R = 3-methyl).

SeeoRe -

CH,
N NH -H,0
/
N
I

Scheme 2. Proposed mechanism for the formation of compound I.
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nals for aliphatic protons between 2.50 and 1.00 ppm for
compound I and 2.34 and 0.93 ppm for compound II. The
DEPT spectrum confirmed the presence of four methylene
groups in both compounds.

The HMBC spectrum of compound I showed that
the signal at 74.4 ppm is within three bonds of the signals
at 6.74 an 6.80 ppm confirming the attachment of the car-
bonyl contributed by 4-methylcyclohexanone to the
2-aminophenyl moiety. In compound IT the HMBC spec-
trum also showed that resonance at 75.1 ppm was with
three bonds of the resonances at 115.8 and 113.2 ppm also
confirming the attachment of the 3-methylcyclohexanone
to the 2-aminophenyl moiety. Scheme 1 gives the synthesis
overview for the formation of two triazaspiro tetracycles.

The proposed mechanism for the formation of tri-
azaspiro tetracyclics is presented in Scheme 2. The reac-
tion is thought to proceed by the attack of the carbonyl
carbon of 3-methylcyclohexanone by the lone pair of elec-
trons on the 2-aminophenyl group as shown in 2b. The
formation of the hydroxyl group in 2¢ allows the lone pair
of electrons on the nitrogen to attack the carbon of the hy-
droxyl group with the loss of water to form I.

3. 2. Reaction Mechanism Monitoring with
'H NMR

Figure 1 gives the results of the 'H NMR monitoring
of the progress of the reaction of 4-methylcyclohexanone

with 2-(2’-aminophenyl)-1H-benzimidazole at 20 minutes
intervals. Some of the aromatic signals merge into other
signals due to the change in their environment after attach-
ment of the ketone and consequently the aromatic ring.

3. 3. Characterization of Crystal Structures

Compound I was recrystallized as a white solid from
ethanol:THF (1:1). The computed and experimental crys-
tallographic data and selected bond angles for compound
I are provided in Tables 1 and 2. The ORTEP diagram for
compound I at 50% ellipsoid is presented in Figures 2. Two
independent structures were obtained for compound I and
both structures have been computed and discussed. I crys-
tallized in the monoclinic space group P21/n.

The experimentally determined bond angle of N13-
C121-C126 for compound I was 122.7(1)° which deviates
by between 1.0 to 1.2° for the computed bond angles of
compounds I and II using the B3LYP, B3PW9 and
wB97XD functionals at the 6-311+g(p,d) basis set. The
computation of the bond angles of C122-C121-N13 for
compounds I and II using the B3LYP, B3PW9 and
wB97XD functionals and the 6-311+g(p,d) basis set gave
deviations between 0 and 1.1° from the experimentally de-
termined bond angle of 118.0(1)° for compound I. The
C122-C11-N11 bond angle for compound I was experi-
mentally determined as 119.5(1)°. The computed bond an-
gles for compounds I and II using the B3LYP, B3PW9 and

ML
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ML
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E , ot Mk N
Je FETE . W
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Figure 1. '"H NMR monitoring of the reaction progress of 4-methylcyclohexanone and 2-(2’-aminophenyl)-1H-benzimidazole at 20 minute inter-

vals.
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Table 1. Crystallographic data and structure refinement summary

for compound I

Property Compound I
Formula CyoH,1 N3
CCDC number 1550687
Formula Weight 303.40
Crystal System Monoclinic
Space group P21/n
a[A] 12.9495(4)
b[A] 16.2186(4)
c[A] 15.6429(3)
a[°] 90
B [°] 91.857(1)
y [°] 90
VA3 3283.64(14)
VA 8
d (calc) [g/cm’] 1.227
Mu(MoKa) [ /mm ] 0.074
F(000) 1296
Crystal Size [mm] 0.19 x 0.29 x 0.39
Temperature (K) 200
Radiation [A] MoKa 0.71073
Theta Min-Max [°] 2.4,28.3

Dataset
Tot., Uniq. Data, R(int)
Observed Data [I > 2.0 sigma(I)]
Nref,
Npar
R
wR2
S
Max. and Av. Shift/Error
Min. and Max. Resd. Dens. [e/A3]
Min. and Max. Resd. Dens. [e/A3]

-17:17;-21: 21; -20: 20
90703, 8160, 0.023
6333
8160
425
0.0404
0.1116
1.03
0.00, 0.00
-0.19
0.25

wB97XD functionals and the 6-311+g(p,d) basis set gave
deviations of between 1.6 and 2.2°. The computed bond
angles of C122-C11-N12 for compounds I and II using
the B3LYP, B3PW9 and wB97XD yielded deviations of be-
tween 0.3 and 0.7° from the experimentally determined
bond angle of compound I which was 126.7(1)°. The N11-
C11-N12 bond angle for compound I obtained from ex-
periment was 113.8(1)°. When computed using the B3LYP,
B3PW9 and wB97XD functionals at the 6-311+g(p,d) ba-
sis set the results gave deviations between 1.1 and 1.8°
from the experimental value. The C11-N11-C111 bond
angle for compound I was experimentally determined as
106.2(1)°. Computation using the B3LYP, B3PW9 and
wB97XD functional at the 6-311+g(p,d) basis set gave re-
sults which deviates from the experimental result by +0.3°.
The experimentally determined C11-N12-C112 bond an-
gle for compound I was 104.3(1)°.

The computed results differed from the experimental
values by between 1.1 to 1.4°. The experimentally deter-
mined N11-C111-C116 bond angle for compound I was
134.9(1)°. This differs from the computed values by be-
tween 0.8 and 1.4°. The N12-C112-C111 bond angle for
compound I was experimentally determined as 111.0(1)°,
which was approximately the same as the computed values
with a difference of + 0.1°. The experimentally determined
N12-C112-C113 bond angle for compound I was
128.1(1)°. And this deviated from the computed values by
between 0.2 and 0.4°. The experimentally determined
bond angles of N11-C111-Cl112, C121-N13-C131 and
N11-C131-N13 were 104.7(1), 118.8(1) and 104.6(1)° and
differed by +0.3, 3.0 to 11.1 and 2.8 to 3.1°, respectively.
The N11-C131-C136 bond angle for compound I was ex-

Table 2. Summary of theoretical and experimental bond angles of 4-methylcyclohexanone derivative as well as the computed bond angles of
3-methylcyclohexanone

Bond Angles (°)
Compound I Compound II
EXPERIMENTAL (I) B3LYP/ B3PW9I1/ wB97XD/ B3LYP/ B3PW91/ wB97XD/
6-31++G (d,p) 6-31++G (d,p) 6-31++G (d,p) 6-31++G (d,p) 6-31++G (d,p) 6-31++G (d,p)
N13-C121-C126 122.7(1) 121.6 121.6 121.8 121.6 121.6 121.7
C122-CI121-N13 118.0(1) 119.1 119.0 119.1 119.1 118.0 119.1
C122-C11-N11 119.5(1) 121.3 121.1 121.6 121.5 121.3 121.7
C122-C11-N12 126.7(1) 126.2 126.2 126.4 126.0 126.0 126.3
N11-C11-N12 113.8(1) 112.5 112.7 112.0 112.5 112.7 112.0
C11-N11-C111 106.2(1) 106.0 106.0 106.4 105.9 105.9 106.3
Cl11-N11-C131 120.7(1) 125.0 125.1 124.8 125.0 125.0 128.5
C11-N12-C112 104.3(1) 105.7 105.4 105.4 105.6 105.4 105.4
N11-C111-C112 104.7(1) 105.0 104.9 105.2 105.0 104.9 105.1
N11-C111-C116 134.9(1) 133.9 133.9 133.5 134.1 134.1 133.7
N12-C112-C111 111.0(1) 110.9 111.0 111.1 111.0 111.0 111.1
N12-C112-C113 128.1(1) 128.4 128.3 128.5 128.2 128.2 128.4
C121-N13-C131 118.8(1) 121.8 113.6 129.5 129.9 129.9 129.7
N11-C131-N13 104.6(1) 107.4 107.7 107.2 107.4 107.7 107.3
N11-C131-C136 109.3(1) 111.6 110.4 109.7 107.6 110.6 119.9
N11-C131-C132 111.8(1) 110.3 111.7 111.5 110.8 110.8 110.8
N13-C131-C132 108.9(1) 107.6 108.5 108.6 108.1 110.8 108.1
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C114

Figure 2. An ORTEP diagram of compound I at 50% ellipsoid

perimentally determined as 109.3(1)°. The computed val-
ues differed by between 0.4 and 10.6°. The experimentally
determined bond angle of N11-C131-C132 for com-
pound I was 111.8(1)°. It deviated from the computed val-
ues by between 0.1 and 1.5°. The N13-C131-C132 bond
angle for compound I was experimentally determined as
108.9(1)° this deviates by between 0.8 and 1.9° from the
computed values.

3. 4. HOMO-LUMO Analysis

The HOMO and LUMO are the main orbitals that de-
termine chemical stability of any species.!® The HOMO

Table 3. HOMO-LUMO orbitals of compounds I and IT

c233 f

C234

represents the ability to donate an electron whilst the
LUMO represents the ability to accept an electron. The en-
ergy of the HOMO is directly related to the ionization po-
tential whilst the energy of the LUMO is related to the elec-
tron affinity. The energy difference between HOMO and
LUMO orbitals, known as the energy gap, determines the
stability or reactivity of molecules.?’ The energy gap is a
critical parameter in determining molecular electrical
transport properties because it is a measure of electron con-
ductivity.2! The hardness of a molecule also corresponds to
the gap between the HOMO and LUMO orbitals.?

For the different functional and basis sets the HOMO
and LUMO are mostly delocalized over the 2-aminophe-

B3LYP/ B3PW9I1/ wB97XD/ B3LYP/ B3PW91/ wB97XD/
6-31++G 6-31++G 6-31++G 6-31++G 6-31++G 6-31++G
(d,p) (d,p) (dp) (d,p) (dp) (d,p)
Compound I (eV) Compound II (eV)

LUMO+4 —0.26632 -0.26676 -0.19315 -0.26627 -0.26677 -0.19278
LUMO+3 -0.26993 -0.27042 -0.19731 —-0.26995 —-0.27050 -0.19726
LUMO+2 —0.28531 —0.28641 -0.20932 —-0.28549 -0.28662 —-0.20952
LUMO+1 —0.34017 -0.34125 -0.27447 —-0.34046 —-0.34161 -0.27468
LUMO —0.44433 —0.44683 —-0.38954 —0.44436 —0.44691 -0.38944
HOMO -0.50413 -0.50646 -0.57157 —-0.50423 -0.50665 -0.57163
HOMO-1 —0.51472 -0.51723 —-0.58780 -0.51501 -0.51760 -0.58781
HOMO-2 —0.53963 —0.54062 -0.61707 —-0.54304 —0.54398 -0.62078
HOMO-3 —0.54610 —0.54062 -0.62392 —0.54862 —0.54964 -0.62663
HOMO-4 —0.55032 -0.54779 -0.62811 —-0.55609 -0.55762 -0.63309
HOMO-LUMO GAP (eV) 0.0598 0.05963 0.18203 0.05987 0.05974 0.18219
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HOMO
Figure 3. HOMO-LUMO of compound I computed using B3LYP/6-311++g(pd)

nyl-1H-benzimidazole delocalized indicating that during
charge transfer in a reaction the molecule is stabilized by
delocalization of electrons over the 2-aminophenylben-
zimidazole, regardless of the level of theory and the basis
set used. Table 3 gives the frontier orbitals for compounds
I and IT using the B3PLYP, B3PW91 and wB97XD func-
tional at the 6-31++ g(d,p) basis set.

4. Conclusion

In conclusion, 4-methyl-8',10%,17"-triazaspiro[cyclo-
hexane-1,9!-teracyclo[8.7.0%7.0!1¢]heptadecane]-11(17),2
1(71),31,54,11%,13%,15!-heptaene and 3-methyl-8',10%,17"-tri-
azaspiro[cyclohexane-1,9!-teracyclo[8.7.027.0' 16T hepta-
decane]-11(17),21(7),3%,5,111,13%,15!-heptaene have been
synthesized by a solvent-free method and characterized by
IR, NMR, elemental analysis and GC-MS. The single crys-
tal X-ray diffraction of compound I has been carried out
and the results obtained were discussed. The bond lengths
and bond angles of compound I have been compared with
the computed bond lengths and bond angles. Whilst the
bond lengths are mostly not in agreement with the com-
puted results, the bond angles are very much in agreement
with the computed results.

5. Acknowledgments

We thank MRC for the research funding (MRC-
SIR). F. Odame thanks the National Research Foundation
for awarding him a postdoctoral Fellowship.

6. Supplementary Material

Supplementary data associated with this article can
be found, in the online version. CCDC number 1550687
contains the crystal structure associated with this article.

LUMO

7. References

1. G. D. Williams, R. A. Pike, C. E. Wade, M. Wills, Org. Lett.
2003, 22, 4227-4230. DOI:10.1021/010357461
2. M. K. Jeganath, K. Pitchumani, ACS Sustainable Chem. Eng.
2014, 2,1169-1176. DOI1:10.1021/sc400560v
3. F. Odame, P. Kleyi, E. Hosten, R. Betz, K. Lobb, Z. Tshentu,
Molecules 2013, 18, 14293-14305.
DOI:10.3390/molecules181114293
4.Y. Kurosaki, K. Shirokane, T. Toishi, T. Sato, N. Chida, Org.
Lett. 2012, 14,2098-2101. DOI:10.1021/01300622r
5. B. K Goering. Ph.D. Thesis, Cornell University, 1995.
6. T. M. Das, C. P. Rao, E. Kolehmainen, Carbohydr. Res. 2001,
334, 261-269. DOI:10.1021/01300622r
7.Y.S. Chhonker, B. Veenu, S. R. Hasim, N. Kaushik, D. Kumar,
P. Kumar, Eur. J. Chem. 2009, 6(S1), S342-S346
8. H. Pessoa-Mahana, C. D. Pessoa-Mahana, R. Salazar, J. A.
Valderrama, E. Saez, R. Araya-Maturana, Synthesis 2004, 3,
436-440. DOI:10.1055/s-2004-815924
9. P. P. Joshi, S. G. Shirodkar, World J. Pharm. Pharm. Sci. 2014,
3(9), 950-958.
10. B. A. Insuasty, H. Torres, J. Quiroga, R. Abonia, R. Rodriguez,
M. Nogeras, A. Sanchez, C. Saitz, S. L. Avarez, S. A. Zacchino,
J. Chil. Chem. Soc. 2006, 51(2), 927-932.
DOI:10.4067/S0717-97072006000200018
11. P. Vachal, S. Miao, J. M. Pierce, D. Guiadeen, V. J. Colandrea,
M. J. Wyvratt, S. P. Salowe, L. M. Sonatore, J. A. Milligan, R
Hajdu, A. Gollapudi, C. A. Keohane, R. B. Lingham, S. M.
Mandala, J. A. DeMartino, X. Tong, M. Wolff, D. Steinhuebel,
G. R. Kieczykowski, . J. Fleitz, K. Chapman, J. Athanasopou-
los, G. Adam, C. D. Akyuz, D. K. Jena, J. W. Lusen, J. Meng, B.
D. Stein, L. Xia, E. C. Sherer, J. J. Hale, J. Med. Chem. 2012, 55,
2945-295. DOI:10.1021/jm201542d
12. APEX2, SADABS and SAINT. Bruker AXS Inc: Madison, W1,
USA, 2010.
13. G. M. Sheldrick, Acta. Cryst. A 2008, 64, 112-122.
DOI:10.1107/S0108767307043930
14. C. B. Hiibschle, G.M. Sheldrick, B. Dittrich, . Appl. Cryst.
2011, 44, 1281-1284. DOI:10.1107/50021889811043202

Odame and Hosten: Synthesis, Characterization and Computational ...

537



538

Acta Chim. Slov. 2018, 65, 531-538

15. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M.

A. Robb, J. R. Cheeseman, J. A. Montgomery Jr., T. Vreven, K.
N. Kudin, J.C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A. Pe-
tersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fuku-
da, ]. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, V.
Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
P Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dan-
nenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavacha-
ri, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford,
]. Toslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. AlLaham,
C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B.
Johnson, W. Chen, M.W. Wong, C. Gonzalez, ].A. Pople, Gauss-
ian 03, Revision E.01, Gaussian Inc, Wallingford, CT, 2004.

Povzetek

16. R. Dennington II., T. Keith, J. Millam, GaussView, Version

4.1.2, Semichem Inc, Shawnee Mission, KS, 2007.

17. A. D. Becke, J. Chem. Phys. 1993, 98, 5648-5652.

DOI:10.1063/1.464913

18. C. Lee, W. Yang, R. G. Parr, Phys. Rev. B, 1988, 37, 785-789.

DOI:10.1103/PhysRevB.37.785

19. D.E. V. Lewis, C. D. V. Ioannides, Xenobiotica, 1994, 24, 401-

408. DOI:10.3109/00498259409043243

20. L. Padmaja, R. C. Kunar, D. Sajan, I. H. Joe, V. S. Jayakun-

mar, G. R. Pettit, O. E. Nielsen, J. Raman Spectrosc. 2009, 40,
419-428. DOI:10.1002/jrs.2145

21. A. Poiyamozhi, N. Sundaraganesan, M. Karabacak, O. Tan-

riverdi, M. Kurt, J. Mol. Struc. 2012, 1024, 1-12.
DOI:IO.l0l6/j.molstruc.2012.05.008

22. P. Udhayakala, A. Jayanthi, T. V. Rajendiran, S. Gunasekaran,

Arch. Appl. Sci. Res. 2011, 3(4), 424-439.
DOI:10.1002/jrs.2145

Sintetizirali smo dva nova triazaspiro tetracikli¢na sistema, obe spojini karakterizirali s pomocjo spektroskopskih metod
in elementne mikroanalize, v enem primeru pa izvedli tudi rentgensko difrakcijo na monokristalu. Rentgenska kristalna
analiza spojine 4-metil-8,10%,17-triazaspiro[cikloheksan-1,9"-teraciklo[8.7.0%7.0116|heptadekan]-11(17),2}(7%),3%,5L, 111,
13%,15- heptaen (I) je sluZila za primerjavo eksperimentalnih veznih kotov z ra¢unskimi DFT rezultati, pridobljenimi za
obe spojini. Ker so energije mejnih molekulskih orbital klju¢nega pomena za reaktivnost molekul, smo izracunali tudi

njihove energije in jih primerjali med seboj.
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Abstract

An accurate and sensitive method for trace quantification of three biogenic amines in expired apple juice samples based
on reversed-phase liquid chromatography (RP-HPLC) with UV-visible detection is described. Biogenic amines including
cadaverine, histamine, and tyramine, were converted to their acetylacetone derivatives in water-methanol medium. The
proposed method involves a pre-column derivatization of species followed by RP-HPLC separation with Thermo Hy-
persil Gold reversed-phase column and UV detection at 315 nm. A flow rate of 0.9 mL min~! was used in the proposed
method. An efficient separation of biogenic amines was successfully performed in 11 min with a good resolution using
35:65% (v/v) acetonitrile-water mixture as the mobile phase. Detection limits of 0.03, 0.23, and 0.08 pg L-! were obtained
for cadaverine, histamine and tyramine, respectively. The proposed method has been successfully applied for the analysis
of two different commercially available expired apple juice samples. Recovery rates between 98.78 and 102.12% were ob-
tained with an RSD of 0.16-1.65% for the analysis of 20 mL of expired apple juice samples indicating that the recoveries

of biogenic amines were very satisfactory.

Keywords: Biogenic amines; acetylacetone; RP-HPLC; UV-visible spectrophotometry; expired apple juice

1. Introduction

Biogenic amines are aliphatic, alicyclic or heterocy-
clic organic bases of low molecular weight which arise as a
consequence of metabolic processes in animals, plants,
and microorganisms. These amines are found in a variety
of foods and beverages. Their production occurs during a
ripening or fermentation process. Biogenic amines can
also occur naturally in foods and beverages.! Biogenic
amines are also important for their role as indicators of
quality and/or acceptability in some foods.? Furthermore,
they have important metabolic roles in living cells; for in-
stance, polyamines and putrescine are essential for cell
growth, and other amines such as histamine, tyramine,
and serotonin are involved in the central nervous system
functioning for the regulation and control of the blood
pressure.’

Biogenic amines generally do not cause any risk to
human health unless they are ingested in large amounts or

the natural mechanism for their catabolism is genetically
defective or inhibited.* The consumption of food products
containing 80-100 mg L™! biogenic amine level causes a
variety of disorders. Thus, the formation of biogenic
amines in food products should be controlled for the gen-
eral public health. In addition, the storage time and tem-
perature of food products may also bear a health risk for
consumers. Therefore, the inhibition of effective microor-
ganisms and decarboxylase enzyme activities are essential
for the formation of biogenic amines.

The chemical structure of biogenic amines can be al-
iphatic (putrescine, cadaverine, spermine, spermidine),
aromatic (tyramine, phenylethylamine), or heterocyclic
(histamine, tryptamine).” Histamine and cadaverine are
classified as diamines containing two nitrogen groups in
their structures. They are derived from decarboxylation of
histidine and lysine, respectively. Tyramine is a mono-
amine compound containing one nitrogen in its structure
and is derived from decarboxylation of tyrosine.
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Histamine poisoning is a significant concern for the
food safety. The ingestion of foods containing high levels
of histamine affects human health, and the symptoms of
histamine poisoning include difficulties in breathing, itch-
ing, rashes, vomiting, fever, and flushing.® The European
Food Safety Authority confirmed histamine and tyramine
as the most toxic and particularly relevant for food safety
and the products with high contents of biogenic amines
may be harmful for susceptible individuals.” Several meth-
ods for the determination of biogenic amines in foods have
been developed and the most applied ones involve high
performance liquid chromatography (HPLC) coupled
with different detectors.®-2* However, HPLC generally suf-
fers from the matrix effects. Therefore, extraction and pu-
rification steps must be undertaken prior to chromato-
graphic analysis. These steps are the most critical aspects
in terms of obtaining an adequate recovery for each amine.
The aim of the extraction and purification steps is to re-
move interfering compounds from the matrix, but during
these steps losses of biogenic amines must be kept as small
as possible. The extraction of biogenic amines from a food
matrix is generally carried out using hydrochloric acid,
perchloric acid or trichloroacetic acid (TCA).

Biogenic amines have been detected in numerous
kinds of foods and beverages, e.g. cheese, fish, vegetable,
meat, wine, and beer.* In the literature there is no study of
biogenic amine determination in expired apple juice sam-
ples. In the present study, biogenic amines were analyzed
in expired apple juice samples. Various types of bacterial
degradation in apple juice samples with the past expiration
date can result in the formation of some amines and their
derivatives. Biogenic amines produced by microbial con-
tamination are mainly bacterial, e.g. cadaverine, histamine
and tyramine.?” Biogenic amines, especially histamine, ty-
ramine, putrescine and cadaverine have been suggested as
indicators of spoilage of some foods, such as fresh fish,
meat and vegetables.?® Biogenic amine concentrations are
normally lower in non-fermented food (e.g., fruits, vegeta-
bles, meat, milk and fish), but higher in fermented foods
(e.g., cheese, soybean products) and beverages as a result

Table 1. Biogenic amines studied

of a contaminating microflora exhibiting amino acid de-
carboxylase activity.!®> Therefore, three biogenic amines
(cadaverine, histamine and tyramine), which have the
most important role in foods and life, have been identified
and included in the study.

The quantification of this group remains challenging
due to the variation in the physico-chemical properties and
potential matrix effects from other substances present
within the sample. This problem has been addressed using
a derivatization process, with pre- and post-column ap-
proaches in high-performance liquid chromatography
most widely employed at present.?* The pre-column deri-
vatization technique is used more frequently than the
post-column derivatization because of more sensitive de-
tection. Derivatization may be a cause for the extended
sample preparation time, but is often required to comple-
ment the analysis. The determination of biogenic amines is
commonly achieved by chromatographic methods such as
thin-layer chromatography (TLC), gas chromatography
(GC), capillary electrophoresis (CE) and high performance
liquid chromatography (HPLC). TLC does not have ade-
quate sensitivity. CE requires complex operations. GC
method is not so often applied for the determination of
biogenic amines due to their low volatility. GC-MS and LC-
MS/MS methods are generally non-derivative methods.
But, MS detectors are very expensive and require a special-
ly trained operator. On the other hand, there is difficulty in
introduction of the small size sample into the high vacuum
system. Therefore, it is higly expensive and requires techni-
cal skills and it is not widely preferred. Whereas, UV detec-
tors are cheap devices and good enough for detection of
biogenic amines. The most popular of all these methods is
the HPLC for the determination of biogenic amines.

For HPLC analysis using spectrophotometric detec-
tors the determination of biogenic aminse needs a derivat-
ization because most biogenic amines lack the chromo-
phore. This derivatization, that occurs via amino groups
with different tagging, or reagents helps to improve the
selectivity and sensitivity of the methodology. In order to
increase their absorption intensities, biogenic amines

Name Abbreviation Structure Molecular weight (g mol™?) pKa20-40
i R ATNGTN pKa,:11.0
Cadaverine CAD HN NH, 102.2 pKay: 9.9
IIN
\ Ka;:9.8
Histamine HIS <\ 111.2 P
N NI, pKa,: 6.0
NH,
Tyramine TYR 137.2 pKa;:9.6
HO
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should be converted to corresponding compounds using
an organic chelator. The resulting compounds will allow
the indirect determination of biogenic amines by UV-vis
spectroscopy. Ortho-phthalaldehyde (OPA),!327-32 dansyl
chloride,!*-1>%3-37 and benzoyl chloride!®-!” have been re-
ported as the derivatizing agents for the determination of
biogenic amines using HPLC. Acetylacetone has also been
utilized by Nishikawa® and Asan and Isildak® in the deri-
vatization of primary amines and aliphatic diamines.

In this study, we propose a procedure for the deter-
mination of biogenic amines which cannot be directly
identified due to their low absorption intensities by UV-vis
spectroscopy. Initially, biogenic amines reacted with acety-
lacetone to form derivatives and thus their absorption in-
tensities were increased. Then, the chromatographic con-
ditions and wavelength of detection were optimized in
order to maximize the sensitivity of the procedure. Under
the optimized conditions, the chromatographic separation
of cadaverine, histamine and tyramine derivatives was car-
ried out in a reverse-phase column. Finally, the proposed
method was applied for the quantification of biogenic
amines in expired apple juice samples. The biogenic
amines analysed are shown in Table 1.

2. Materials and Methods

2. 1. Chemical and Reagents

All chemicals and solvents used were of analytical and
chromatographic grade, respectively. The biogenic amine
compounds (cadaverine, histamine and tyramine) were
provided by Fluka. HPLC-grade acetonitrile and HPLC-
grade methanol were obtained from Sigma-Aldrich. Acety-
lacetone was supplied by Merck. Dipotassium hydrogen-
phosphate (K,HPO,) was purchased from Merck.
Trichloroacetic acid was obtained from Kanto Chemical
Co. Inc. Perchloric acid (HCIO,4) was obtained from Sigma-
Aldrich. Ultrapure water with conductivity 18.2 pS cm™
was used for the preparation of all aqueous solutions.

2. 2. Apparatus

The RP-HPLC analysis was performed on a Shimad-
zu HPLC system (Kyoto, Japan) equipped with an LC-20
AD pump, a SPD-M 20A DAD detector system, and a
CTO 20 AC column oven. The instrument has a DGU 20A
degassing system. The system operates at 315 nm for ca-
daverine, histamine and tyramine. Termo Hypersil Gold
C18 (2.5 pm, 175 mm x 5 mm) was used as stationary
phase at 31 °C. The maximum operating pressure on the
system was 400 bar. Mettler Toledo (Greifensee, Switzer-
land) MA 235 pH/ion analyser with Hanna HI 1332 Ag/
AgCl combined glass electrode (USA) was used for pH
measurements. Heidolph was used as the evaporator. Ul-
trapure water was obtained using a Zeneer Power I water
system (Human Corp. Korea).

2. 3. Preparation of Standard Solutions
of Biogenic Amines

Stock solutions of cadaverine, histamine and tyra-
mine were prepared by dissolving each biogenic amine in
10% (v/v) methanol-water. The final concentrations were
137,102 and 111 pg L! for cadaverine, histamine, and ty-
ramine, respectively. Standard samples with lower concen-
trations were prepared by appropriate dilution in deion-
ized water-methanol solution of the same ratio. All
biogenic amine solutions were stored refrigerated at +4 °C
and protected from light.

2. 4. Derivatization Procedure

The acetylacetone derivatives of the biogenic amines
were prepared following the procedure described by Asan
and Isildak®, after a major modification. Firstly, all param-
eters for the derivatization reaction between the biogenic
amines and acetylacetone were optimized. An appropriate
amount of each biogenic amine was added to a 100 mL
solution containing 10 mL methanol, 1.0 g K,HPO,, and
1.0 mL of acetylacetone were added under vigorous shak-
ing for 10 min to complete the reaction at room tempera-
ture. Then, the reaction mixture was evaporated. The final
concentration of each biogenic amine derivatives was 50 ug
L% The residue was redissolved in 1 mL of mobile phase
and 20 pL of each sample was injected onto the RP-HPLC
column. The biogenic amines were identified qualitatively
from their retention times and they were determined quan-
titatively by their peak areas.

For sample analysis, firstly the expired apple juice
samples were filtered through a membrane of 0.45 um
pore and 47 mm diameter. The homogenized sample was
diluted to 50 mL with 5% trichloroacetic acid.*! And then,
20 mL of each sample was added to a mixture of 100 mL of
10% (v/v) methanol-water containing 1.0 g K,HPO,, 10
mL methanol, and 1.0 mL of acetylacetone. The resulting
mixture was shaken for 10 min to complete the reaction.
The mixture was evaporated and the residue was redis-
solved in 1 mL of mobile phase and 20 pL of each sample
was injected onto RP-HPLC system.

2. 5. Chromatographic Procedure

To determine the biogenic amines in expired apple
juice samples, an analytical method was established us-
ing reversed-phase high performance liquid chromatog-
raphy coupled to diode-array detector. Firstly, chromato-
graphic conditions (mobile phase, flow-rate. etc.) were
optimized using standard biogenic amine solutions. The
chromatographic separation of biogenic amines was car-
ried out using a Termo Hypersil Gold C18 (2.5 um, 175
mm x 5 mm) reversed-phase column. The flow-rate in
RP-HPLC system was 0.9 mL min~!. The separation of
acetylacetone derivatives of biogenic amines was suc-
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cessfully performed with a good resolution in 11 min us-
ing acetonitrile-water mixture (35:65%, v/v) as the mo-
bile phase and detected spectrophotometrically at a
wavelength of 315 nm.

3. Results and Discussion
3. 1. Analytical Characteristics of the Method

Optimal conditions for the separation of biogenic
amines by HPLC were determined by using Thermo Hy-
persil Gold (reversed-phase column) as the stationary
phase and 35:65% (v/v) acetonitrile-water mixture as the
mobile phase at the column temperature of 31 °C and the
flow-rate of 0.9 mL min~!. Under these conditions, acetyl-
acetone derivatives of biogenic amines were eluted for ca.
11 min. Fig. 1 shows the chromatogram of the standard
biogenic amine solution where a good resolution for peaks
relating to three biogenic amines examined was observed
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Figure 1. RP-HPLC chromatogram of the acetylacetone deriva-
tives of biogenic amines. Amount of the biogenic amines: (1) his-
tamine (15.78 pug L™!); (2) tyramine (18.95 pg L™!); (3) cadaverine
(10.35 pg L'). Mobile phase: acetonitrile-water (35:65%, v/v);
Flow-rate: 0.9 mL/min; Injection: 20 uL; Termo Hypersil Gold C18
column (175 mm x 5 mm)

in a quite short analysis time. The analytical method was
validated by determination the linear range, limit of detec-
tion (LOD) and limit of quantification (LOQ), precision
and recovery. Results are summarized in Table 2 and Table
3. Linearity of the calibration curves was established by in-
jecting five concentrations of the biogenic amines stan-
dard mixtures (1.02-21.95 pg L7!). Good linearity (r*
0.9925-0.9982) was obtained between peak area and ana-
lyte concentration.

The LOD was determined from the minimum con-
centration of the amine required to give a signal to noise
ratio of 3 while the LOQ was determined with a signal to
noise ratio of 10. The sensitivity of the method, as reflected
by the LOD and LOQ values, is comparable to the previ-
ously reported data in the literature.!-42

3. 2. Recovery Studies

The repeatability and reproducibility of the RP-
HPLC method were assessed by the injection of the each
standard mixture for five times on the same day (intra-day)
and over six days (inter-day), respectively. Good reproduc-
ibility of both the peak area (RSD < 2.85%) and the reten-
tion times (RSD < 0.89%) were found (Table 3). Intra-day
repeatability (same analyst, apparatus and reagent) was
assessed by injecting a mixture containing all the analytes
five times during the same chromatographic run. Inter-day
repeatability (the same analyst and apparatus but different
reagents) was assessed by injecting individual samples of a
standard mixture over seven days.

The proposed method of analysis was applied for
recovery studies in order to examine the effect of sample
matrices as the composition of apple juice samples is ex-
tremely complex. For this purpose, two concentrations
(low and high) of cadaverine, histamine and tyramine

Table 2. Linearity and sensitivity data of the developed RP-HPLC method for the determination of the biogenic amines.

Biogenic Retention Regression Linear range R? LODP LOQ¢
amine time (min) equation® (gLl (gLl (ngLhH
CAD 11.3 y = 0.345x + 0.471 1.02-16.35 0.9925 0.03 0.09
HIS 4.7 y =0.307x + 0.544 1.11-17.78 0.9961 0.23 0.71
TYR 7.8 y =0.251x + 0.551 1.37-21.95 0.9982 0.08 0.13

3y = bx + a; y:area/area,* (areas obtained for concentrations 1.02 pg L! for cadaverine, 1.11 pg L™! for histamine and 1.37 pg L! for tyramine)

PS/N = 3; °S/N = 10

Table 3. Method accuracy and precision

Intra-day (RSD%) (n = 5)

Inter-day (RSD%) (n = 5)

Recovery (%) + RSD (%) (n=5)

R Area IR Area Low High
CAD 0.89 0.41 0.49 1.72 98.78 £0.16 101.35 £ 1.65
HIS 0.74 0.32 0.35 2.23 101.07 £ 1.07 99.61 + 0.68
TYR 0.47 0.58 0.64 2.85 100.33 £ 0.47 102.12 £ 0.22

Recovery (in%) found in the analysis of two different apple juice samples spiked at low (5 ug L™!) and high (15 pg L™!) levels; RSD, relative standard

deviation; tg, retention time
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were added to the samples for the analysis using the pro-
posed procedure. The expired juice sample was derivat-
ized as previously described. The mixture was evaporat-
ed and the precipitates were redissolved in 1 mL of
mobile phase and then 20 pL injected into the system.
The recovery values were obtained from the regression
equation.

The data obtained showed that cadaverine, hista-
mine and tyramine produced peak heights as for their
standard solutions at previously determined retention
times on the chromatogram of the standard mixture. The
accuracy of the method was evaluated from the calcula-
tion of recoveries after spiking expired apple juice at two
different concentration ranges for each biogenic amine.
Table 3 shows the corresponding results for cadaverine,
histamine and tyramine with recoveries in the range
from 98 to 102%. Consequently, these biogenic amines
can be quantified using the proposed method with high
accuracy.

The results showed that the accuracy, precision and
reproducibility of the proposed procedure is excellent for
the determination of biogenic amines in samples.

3. 3. Determination of Biogenic Amines
in Expired Apple Juice Samples

The proposed procedure has been applied to ex-
pired apple juice samples for the determination of bio-
genic amines. The developed method was applied to ex-
pired apple juice samples since they contain biogenic
amines due to the passing of the usage period. Two dif-
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ferent brands of expired apple juice samples were pur-
chased from local markets in Samsun (Turkey). After the
optimization of chromatographic method, it was used to
determine the biogenic amines in the expired apple juice
samples. Fig. 2 shows typical chromatograms of biogenic
amines in 20 mL of expired apple juice samples. The re-
sults are given in Table 4. The chromatogram of the ex-
pired apple juice sample indicates the sensitivity of the
method. As may be seen from the chromatograms of the
real samples, histamine and cadaverine were not detect-
ed in any of the two different brands of samples. The ex-
perimental results showed that tyramine at low concen-
tration occurred in two expired apple juice samples.
Thus, it was concluded that more tyramine was formed
than the other biogenic amines resulting from degrada-
tion of apple juice. The peaks appearing for tyramine
correspond to 5.16 and 2.21 pg L~! for sample 1 and sam-
ple 2, respectively. These results proved that low ppb lev-
els of biogenic amines in real samples could successfully
be determined.

3. 4. Comparison with the Reported
Methods

The comparison of the proposed method with the
previously reported methods (published over the period
2009-2017) is presented in Table 5. The proposed method
enabled the LOD 1.02-21.95 pg L™! for biogenic amines
without complex pre-treatment. The LOD obtained by the
proposed procedure are well compared to the previously
reported methods presented in Table 5.

——— 7 T T T T T T T T T
0.0 25 5.0 7.5 100 12.5min

Figure 2. RP-HPLC chromatogram of biogenic amines obtained for the apple juice samples; (a): Sample 1, (b): Sample 2; (2) tyramine. Chromato-
graphic conditions were the same as in given Fig. 1. (see Table 3 for analytical results)

Table 4. Biogenic amine contents in two apple juice samples calculated as mean? and RSD (%)".

Apple Juice CAD (ugL) HIS (ug L) TYR (ug L)
Samples Mean RSD Mean RSD Mean? RSDP
Sample 1 BDL¢ - BDL - 5.16 2.03
Sample 2 BDL - BDL - 221 1.89

ts

Ap=x1 " (The results were obtained with 95% confidence level for n = 5) PRelative standard deviation

“Below the detection limit
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Table 5. Comparison of literature HPLC methods ( published over the period 2009-2017) for biogenic amines involving the derivatization with

principle reagents.

Derivatizing reagent/reaction scheme Method Sample LOD Reference
Dansyl chloride
C| NHR HPLC-FD  Wine, fruit nectar 0.06-8 mg L! [13]
0—‘—0 O—S—O
HPLC-FD Fruit juices 0.006-0.0077 mg L' [14]
_RNH,
HPLC-UV  Tomato, ketchup,
orange juice, 0.001-50 mg L! [15]
soybeansauce,
fish sauce
Benzoyl chloride
o (o]
d — HPLC-UV Wine 95.32-1433mg L' [16]
—
HPLC-UV Wine, beer 0.05-8 pg mL™! [17]
o-Phthaldialdehyde
RY
H
RNH; HPLC-FD Fish 1.5 mgkg"! (18]
R'SH
2-Chloro-1,3-dinitro-5-(triﬂuoromethyl)benzene
CF; ' CF,
RNH,
HPLC-UV Wine 0.09-9 mg L! [19]
2N NO, O,N NO,
<l NHR
6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate
[0}
g 0\ ]];Jl NHR
7
[D/ \ﬂ/ TN w, @©/ T HPLC-FD Wine 0.027-0.070 mgL"'  [20]
X Y o
N o \N
Acetlyacetone
H;C H CH
- N \C/ )
HiC /C\C _CH, 1L| (|)
[ =N
3 0o R HPLC-UV  Expired apple juice  1.02-21.95 ug L'! This work
W \ _.H
H N/' \O
C -C
BE” ¢ s
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4., Conclusions

A reliable procedure was developed for the determi-
nation of biogenic amines in expired apple juice samples.
Biogenic amines, cadaverine, histamine and tyramine,
were converted to their acetylacetone derivatives in wa-
ter-methanol medium. The proposed method involves a
pre-column derivatization of species followed by HPLC
separation with Thermo Hypersil Gold reversed-phase
column and UV detection at 315 nm. The detection limits
of 0.03, 0.23, and 0.08 ug L! were obtained cadaverine,
histamine, and tyramine, respectively. The proposed pro-
cedure was applied to the analysis of two different brands
of apple juice samples. The recovery rates obtained be-
tween 98.78 and 102.12% with RSD of 0.16-1.65% for
biogenic amines from the analysis of 20 mL of expired
juice samples were very satisfactory. The proposed chro-
matographic method presented here is simple, conve-
nient and cost effective. The method is also accurate and
precise for the determination of biogenic amines in real
samples and it may have a potential for accurate determi-
nation of biogenic amines from other food and beverage
samples.
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Opisujemo to¢no in obcutljivo metodo za kvantifikacijo sledov treh biogenih aminov v vzorcih jabol¢nega soka s
preteenim rokom, ki je osnovana na reverznofazni tekoc¢inski kromatografiji (RP-HPLC) z UV-vidno detekcijo. Bi-
ogene amine: kadaverin, histamin in tiramin smo pretvorili v njihove acetilacetonske derivate v vodno-metanolnem
mediju. V predlagani metodi predkolonski derivatizaciji zvrsti sledi RP-HPLC separacija na Thermo Hypersil Gold
reverznofazni koloni in UV detekcija pri 315 nm. V predlagani metodi smo uporabili pretok 0,9 mL min~!. U¢inkovito
lo¢bo biogenih aminov smo z uporabo 35:65% (v/v) mes$anice acetonitril-voda kot mobilne faze izvedli v 11 min z dobro
locljivostjo. Meje zaznave so bile 0,03 ug L™! za kadaverin, 0,23 pg L™! za histamin in 0,08 pg L™! za tiramin. Predlagano
metodo smo uspe$no uporabili za analizo dveh komercialno dosegljivih vzorcev jabol¢nega soka s prete¢enim rokom.
Za analizo 20 mL vzorca smo dobili izkoristke med 98,78 in 102,12% z RSD 0,16-1,65%, kar kaze, da so bili izkoristki

za biogene amine zelo zadovoljivi.
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Abstract

The reactions between [PdCl,(tmbiimH,)]-H,O (1) {tmbiimH, = 2,2’-bis(4,5-dimethylimidazole)} and thiourea (tu),
N-methylthiourea (mtu), N-phenylthiourea (ptu), N,N-dimethylthiourea (dmtu) or N,N’-diphenylthiourea (dptu) in
the 1:2 molar ratio resulted in the compounds [PdL,(tmbiimH,)]Cl,-nH,O {L = tu (2), mtu (3), ptu (4), dmtu (5) and
dptu (6)}, which were characterized by elemental analyses, infrared (IR), and 'H NMR spectroscopies and conductivity
measurements. The IR spectra of 1-6 were consistent with the presence of chelating tmbimH, ligand. All compounds and
cisplatin were tested in vitro by MTT assay for their cytotoxicity against three murine cancer cell lines: mammary adeno-
carcinoma (LM3), lung adenocarcinoma (LP07) and mouse fibroblast (L929) cells. Relating the series of compounds to
their biological activities we found compound 6 as the most promising of them.

Keyword: Palladium(II); 2,2’-bis(4,5-dimethylimidazole); Thioureas; Cytotoxicity; Cancer

1. Introduction

Cisplatin is one of the most widely used and most
effective chemotherapeutic agent for treatment of patients
with epithelial malignancies such as lung, head, neck,
ovarian, bladder and testicular cancer.! Despite its re-
sounding success, cisplatin suffers from two major draw-
backs which are severe side effects and intrinsic and ac-
quired drug resistance.? Much current research work is
aimed at the discovery of new complexes bearing platinum
or other metals which may display a wide spectrum of ac-
tivity and reduced toxicities, thus leading to improvements
in the effectiveness of cancer chemotherapy regimens.’*
In this context, numerous cisplatin analogues have been
synthesized by modifying the nature of the leaving groups

and the carrier ligands.> Nevertheless, such derivatives
generally have shown similar DNA-binding modes which
often result in a similar spectrum of activity. Therefore,
one conceivable strategy to achieve a spectrum of activity
distinct to that of cisplatin involves the development of
agents capable of producing cytotoxicity through new
types of DNA interaction.®

It is well-established that metal-based molecules are
able to interact non-covalently with DNA by means of a
non-specific (mainly electrostatic) binding along the DNA
exterior, a specific groove binding and intercalation.” Par-
ticularly, much effort has been directed towards the design
of square-planar complexes of the type [M(N-N)L,]*>* (M
= Pd, Pt) incorporating chelating planar aromatic hetero-
cycles with extended n-systems (N-N) such as 2,2’-bipyri-
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dine, 1,10-phenanthroline, and kinetically less labile li-
gands (L), e.g. thiourea ligands.®1° These compounds are
relatively inert toward possible competitive covalent inter-
actions and display the suitable shape for DNA intercala-
tion.

Specifically, 2,2’-biimidazoles are N,N-donor ligands
which can be used to obtain new metal complexes able to
interact non-covalently to DNA as they can act as neutral
bidentate ligands depending upon its protonation state.!!
Metal-based complexes containing neutral chelating
2,2’-biimidazole-type ligands have attracted considerable
interest due to their externally-directed pair of N-H
groups which are frequently involved in hydrogen bond-
ing with solvent molecules and counterions!2. Indumathy
and co-workers'> reported that the complexes
[Co(N-N),(H,biim)]** (N-N = 2,2’-bipyridine, 1,10-phe-
nanthroline) interact with DNA through the groove via
hydrogen bonding due to presence of -NH in the ancillary
ligand 2,2’-biimidazole.

Inspired by the ability of 4,5-dialkylimidazoles in ex-
tracting metal complexes into hydrophobic or hydrophilic
solvents,'* Stringfield and co-workers!® have employed
2,2’-bis(4,5-dimethylimidazole), tmbiimH,, as a carrier li-
gand in order to facilitate transport of metal complexes
across cell membranes. We assumed that the introduction
of 2,2’-bis(4,5-dimethylimidazole) in the structure of
Pd(II) complexes may improve the membrane penetration
by increasing their lipid solubility and, consequently, re-
sulting in an enhancement of the cytotoxicity.

Motivated by the aforementioned findings, and as a
part of our continuing research program in the field of co-
ordination and biological chemistry of Pd(II) complex-
es,1621 we present herein the synthesis, characterization
and cytotoxic evaluation of the compounds [PdL,(tm-
biimH,)]Cl,-nH,0, where L is thiourea (2), N-methylth-
iourea (3), N-phenylthiourea (4), N,N’-dimethylthiourea
(5), N,N’-diphenylthiourea (6); n = 3-5; tmbiimH, is
2,2’-bis(4,5-dimethylimidazole).

2. Experimental

2. 1. Materials and Measurements

The syntheses were performed at room temperature.
Commercial reagents and solvents were employed without
further purification. The starting material Na,[PdCl,] was
prepared as previously described.??

Elemental analyses (C, N and H) were performed
on an EA1110-CHNS-O microanalyzer from CE-Instru-
ments. Infrared spectra were recorded on a Nicolet Im-
pact 400 spectrophotometer in the spectral range 4000-
400 cm™ (KBr pellets). Conductivities were measured
with a Digimed-DM-31 conductimeter using 1 x 1073
mol L™! solutions in methanol. 'H NMR spectra were ob-
tained as DMSO-d; solutions, on a Varian INOVA 500
spectrometer.

2. 2. Preparation of the Coordination
Compounds

Synthesis of [PdCL,(tmbiimH,)]-H,O (1)

Briefly, the compound 1 was prepared similarly as de-
scribed for [PdCl,(biimH,)] (Casas et al., 2003).23 To 20.0
mL of a deep orange solution of Na,[PdCl,] (200.0 mg,
0.68 mmol) was added a suspension of tmbiimH, (133.0
mg, 0.70 mmol) in methanol (20.0 mL), followed by the
addition of 1.0 mL 37 % HCI solution. The reaction mix-
ture was stirred for 2 h. The resulting red-brownish solu-
tion was concentrated and the obtained microcrystalline
yellow solid was isolated and washed with cold water and
ethanol, and dried under vacuum. The yield was 79%.
Anal. Calc. for C;(N,H,Cl,OPd (1 - H,0): C, 31.21; H,
4.11; N, 14.49. Found: C, 31.00; H, 4.47; N, 14.32. IR (KBr,
cm™1): 3488, 3230, 2926, 1650, 1594, 1379, 781.

Synthesis of [Pd(tu),(tmbiimH,)]Cl, - 3H,0 (2)

To a yellow suspension of 1 (60.0 mg, 0.163 mmol) in 20.0
mL of MeOH, thiourea (24.8 mg, 0.33 mmol) in 10.0 mL
of methanol was added slowly, affording a red brownish
solution. The resulting solution was stirred for 2 h and
then filtered to eliminate some impurities. The solution
was evaporated to dryness and cooled diethyl ether (10.0
mL) added to the residue. The red brownish solid was fil-
tered, washed with diethyl ether (5.0 mL) and dried under
vacuum. The yield was 80%. Anal. Calc. for C;,NgH,5C-
1,0,S,Pd (2 - 2H,0): C, 25.11; H, 4.87; N, 19.51. Found: C,
24.84; H, 4.43; N, 19.68. 4 205 Q' cm™ mol~!. IR (KBr,
cm™1): 3379-2420, 1660, 1629, 1504, 709.

Synthesis of [Pd(mtu),(tmbiimH,)]Cl, - 4H,0 (3)
Prepared similarly to 2 from the reaction between com-
pound 1 (60.0 mg, 0.163 mmol) and N-methylthiourea (29.4
mg, 0.33 mmol). The yield was 80%. Anal. Calc. for
Cy4NgH;3,CLO,S,Pd (3 - 4H,0): C, 27.11; H, 5.46; N,
18.13. Found: C, 26.72; H, 5.32; N, 17.84. 5\ 201 Q7! cm™2
molL. IR (KBr, cm™): 3354, 2490, 1650, 1631, 1576, 1489,
767.

Synthesis of [Pd(ptu),(tmbiimH,)]Cl, - 5H,0 (4)
Prepared similarly to 2 from the reaction between com-
pound 1 (60.0 mg, 0.163 mmol) and N-phenylthiourea
(49.6 mg, 0.33 mmol). The yield was 75%. Anal. Calc. for
C,4NgH ,CLOsS,Pd (4 - 5H,0): C, 37.80; H, 5.33; N, 14.71.
Found: C, 37.62; H, 5.51; N, 14.43. 5p: 194 Q' cm™ mol ™.
IR (KBr, cm™): 3499, 2487, 1648, 1620, 1463, 1402, 751.

Synthesis of [Pd(dmtu),(tmbiimH,)]Cl, - 5H,0 (5)
Prepared similarly to 2 from the reaction between com-
pound 1 (60.0 mg, 0.163 mmol) and N,N’-methylthiourea
(34.0 mg, 0.33 mmol). The yield was 69%. Anal. Calc. for
C,NgH,,CL,05S,Pd (5 - 5H,0): C, 28.91; H, 6.08; N, 16.78.
Found: C, 28.64; H, 5.79; N, 17.01. y: 199 Q7! cm™2 mol L.
IR (KBr, cm™): 3471, 2600, 1620, 1593, 1517, 1377, 718.
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Synthesis of [Pd(dptu),(tmbiimH,)]Cl, - 3H,O (6)
Prepared similarly to 2 from the reaction between com-
pound 1 (60.0 mg, 0.163 mmol) and N,N’-diphenylth-
iourea (74.4 mg, 0.33 mmol). The yield was 65%. Anal.
Calc. for C34NgH,,Cl,05S,Pd (6 - 3H,0): C, 53.44; H, 5.92;
N, 10.11. Found: C, 53.10; H, 5.74; N, 9.78. sz 192 Q7!
cm~2 mol™!. IR (KBr, cm™!): 3407, 2500, 1595, 1510, 1267,
1195, 729, 510.

2. 3 Cytotoxicity Activity

2.3.1.Cells

Mouse fibroblast cells (L929) were propagated in Ea-
gle’s Minimum Essential Medium, MEM, from Institute Ad-
olfo Lutz, Sao Paulo, Brazil, supplemented with 80 ug mL!
of gentamicin and 7.5% v/v fetal bovine serum (FBS). Mu-
rine mammary adenocarcinoma (LM3) and lung adenocar-
cinoma (LP07) cells were maintained in MEM, supplement-
edwith 10% heat-inactivated FBS,2 mmol L™ of L-glutamine,
and 80 pg mL! of gentamicin, defined as complete medium,
in plastic flasks (Corning) at 37 °C in a humidified 5% CO,
atmosphere. Passages were made by trypsinization of con-
fluent monolayers (0.25% trypsin and 0.02% EDTA in Ca?*-
Mg?* free phosphate-buffered saline). The cells number was
counted by the Trypan blue dye exclusion method.

2. 3. 2. Compounds

Test solutions of the compounds (1000 pmol L1)
were freshly prepared by dissolving the substances in 50
uL of DMSO and completing with 4950 uL of the culture
medium. Afterwards, the tested compounds were diluted
in a culture medium to reach the desired concentrations
ranging from 10 to 300 umol L. The DMSO solvent did
not reveal any cytotoxic activity in the tested concentra-
tions. Cisplatin (commercial compound from Sigma) was
employed as the standard antitumor drug.

2.3.3. MTT Assay

For the cytotoxicity evaluation, 200.0 ML samples of
1929, LM3 and LP07 cells (5x10* cell mL!, adjusted in

=

N Cl

MEM) were added to each well of a 96-well tissue culture
plate and then preincubated in the absence of the com-
pounds for 24 h to allow adaptation of the cells prior to the
addition of the test agents. Afterwards, the supernatants
were removed and 200.0 ML solutions of the compounds
in concentrations ranging from 10 to 300 umol L' or 200.0
ML of MEM-Complete as cell control of viability was add-
ed to each well. The effects of the compounds towards the
cells were determined 24 h after the culture incubation. Af-
ter that, the supernatants were removed and 100.0 pL solu-
tions of [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide], MTT, were added in each well containing
the samples.?* The MTT assay was performed and the
plates were incubated for 3 h. Then, the absorbances were
measured and the cytotoxic midpoint value, i.e. the con-
centration of the chemical agent needed to reduce the spec-
trophotometric absorbance to 50%, was determined by
linear regression analysis with 95% of confidence limits.
The ICs, was defined as the medium of three independent
experiments through the equation of graphic line obtained
(Microcal Origin 8.0™). Triplicates tests were performed
for each concentration of each compound.

3. Results and Discussion

The precursor Na,[PdCl,] reacts with 2,2’-bis(4,5-di-
methylimidazole) in acidified methanol, to afford [Pd-
Cly(tmbiimH,)] - H,O (1). Compounds [Pd(tu),(tm-
biimH,)]Cl,-3H,0 (2), [Pd(mtu),(tmbiimH,)]Cl, - 4H,0
(3), [Pd(ptu),(tmbiimH,)]Cl, - 5H,0 (4), [Pd(dmtu),(tm-
biimH,)]Cl, - 5H,0 (5), and [Pd(dptu),(tmbiimH,)]Cl, -
3H,0 (6) are readily obtained by reacting 1 with thiourea,
and N-methylthiourea, N-phenylthiourea, N,N’-dimeth-
ylthiourea and N,N’-diphenylthiourea, respectively. The
six compounds presented here are in square planar molec-
ular geometry surrounding of Pd(II) center, according to
spectroscopic results and in analogy with literature.®0 A
representation of the strategy employed for to obtain the
complexes is pointed in Scheme 1.

The syntheses were carried out at room temperature
under constant magnetic stirring. The complexes are

T

=z
-

2wl %
3 L

4

\ o Complex1 andL=1:2 molarratio
Cl >—NH2 - /
HN
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D4
S

Q}:b N

Scheme 1: General representation for the synthesis of the complexes (water of hydration is omitted).
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Table 1. Analytical and physicochemical data for the compounds 1-6.

Complex Ay M. p. Carbon (%) Nitrogen (%) Hydrogen (%)
(Q'ecm2mol!) (°C) Found Calc. Found Calc. Found Calc.
C,oN,H,,CLOPd (1 - H,0) - 178 31.00 31.21 14.32 14.49 447 4.11
C,,NgH,,CLO;S,Pd (2 - 3H,0) 205 155 2484  25.11 19.68 19.51 443 4.87
C,4NgH,,CLO,S,Pd (3 - 4H,0) 201 143 2672 27.11 17.84 18.13 5.32 5.46
C,4NgH,,CLO:S,Pd (4 - 5H,0) 194 146 3762 37.80 14.43 14.71 5.51 5.33
C,eNgH,,CLOsS,Pd (5 - 5H,0) 199 138 2864 2891 17.01 16.78 5.79 6.08
C3eNgH,,CLO;S,Pd (6 - 3H,0) 192 117 53.10  53.44 9.78 10.11 5.74 5.92

air-stable powders and exhibit a red brownish color. The
molar conductivities of complexes 2-6 in methanol are be-
tween 185-214 7! cm? mol™! and is in agreement with
their 1:2 electrolytic character.”> The low solubility of 1 in
methanol (and other non-coordinating solvents) has pre-
cluded measurements of its molar conductivity. Analytical

results are in agreement with their proposed formulae (Ta-
ble 1).

3. 1. IR and NMR Studies

The neutral bidentate chelating coordination mode
of tmbiimH, was clearly evidenced in the IR spectrum of
1. Firstly, the presence of an intense vN-H absorption at
3227 cm! is indicative of the neutral character of the im-
idazolyl ligand. According to the literature, the shift of
vN-H absorption to higher energies in the IR spectrum of
1 compared to the position found in that of the free tm-
bimH, (~3000 cm™) is typical of neutral bidentate chelat-
ing coordination mode.?® Second, the decrease in intensity
and shift to lower frequency of the band attributed to the
vC=N and in-plane N-H bending mode (SN-H) in 1
(1594 cm™), compared with that of the ligand (1604 cm™),
is also an evidence of the chelating coordination mode of
tmbiimH,. The presence of water of hydration was detect-
ed by the appearance of its characteristic absorptions at
3485 cm™! (vO-H) and 1660 cm™! (SHOH).

IR spectra of compounds 2-6 exhibited a very broad
continuum band over the spectral range of 3560-2500
cm™! assigned to the vibrations of water molecules, coun-
terions and coordinated ligands involved in hydrogen
bonding interactions. It is important to point out that the
expected vC=N band of the neutral bidentate chelating
tmbiimH, ligand was observed in IR spectra of com-
pounds 2 to 6.

Among the physical techniques employed to evi-
dence the coordination mode of thiourea-type ligands, IR
spectroscopy is one of the most widely used method.?”-*
The shift of vCN and vCS absorptions is frequently used as
diagnosis for S-coordination. Firstly, the intense vCN ab-
sorption at 1475 cm™! (tu), 1556 cm™! (mtu), 1463 cm™
(ptu), 1560 cm™ (dmtu) and 1326 cm™ (dptu) observable
in the IR spectra of the ligands,?*-3> decreased in intensity
and shifted to 1504 cm™! (2), 1576 cm™! (3), 1448 cm™! (4),

1593 cm™! (5) after coordination. In 6, the vCN shift has
small displacement. Secondly, it was noticed a shift of the
vCS band to lower frequency [2 (709 cm™), 3 (767 cm™Y),
4 (751 cm™), 5 (718 cm™) and 6 (906 cm™!)] when com-
pared with that of the free ligands [tu (730 cm™), mtu (776
cm™), ptu (811 cm™), dmtu (725 cm™!) and dptu (933
cm™1)].30-35 These spectroscopic modifications clearly in-
dicated an increase of the double bond character of the CN
bond and a weakening of the C=S bond, being consistent
with S-bonding of thiourea-type ligands in 2-6.3

According to the literature,'® one singlet at 2.19 ppm
is observed in the 'H NMR spectrum of the free tmbiimH,.
The appearance of this single signal indicates that Me**
and Me>* must be magnetically equivalent, possibly due
to the rapid migration of the nitrogen atom’s protons.” 'H
NMR spectra of freshly prepared samples of 1, 2 and 3
showed the presence of one single peak at ca. 2.20 ppm
(Table 2), which may indicate that the tmbiimH, is totally
dissociated in DMSO-d,. This behavior has also been ob-
served in other 2,2’-bisimidazolyl-based metal complexes
in DMSO solutions.*”

On the other hand, in the 'H NMR spectrum of 4,
two singlet resonances of equal integrated area were ob-
served at 2.23 and 1.19 ppm and assigned to chemically
inequivalent tmbiimH, ring methyl groups (Me*#, Me>*),
in agreement with the bidentate chelating coordination
mode of tmbiimH, ligand. Over a period of time, these
signals attributed to the mononuclear compound in solu-
tion decrease in intensity with the appearance and increase
in intensity of one single peak at 2.19 ppm, suggesting that
the dissociation rate of the tmbiimH, ligand in 4, in DM-
SO-d, is relatively slower that observed for 1-3. This find-
ing could be probably related to the expected decrease of
the rate of substitution reactions in square planar com-
plexes due to the presence of more sterically demanding
N-phenylthiourea ligands, increasing the difficulty en-
countered by the entering ligand in binding to the metal
center during an associative substitution process.*

In 5, two signals groups were observed. The first
group show one signal in 2.23 ppm, assigned to chemically
equivalent tmbiimH, ring methyl groups (Me**, Me>*)
for free ligand in solution and two singlet resonances of
equal integrated area in 2.11 and 1.20 ppm, assigned to
chemically inequivalent tmbiimH, ring methyl groups
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(Me**, Me>*) for coordinated ligand. The same manner as
4, over a period of time, the signals attributed to the mono-
nuclear compound in solution (2.11 and 1.20 ppm) de-
crease in intensity with the appearance and increase in in-
tensity of one single peak at 2.23 ppm. The second group
shows one signal in 3.43 ppm and two signals in 3.67 and
3.65 ppm, assigned for methyl groups for coordinated
N,N’-dimethylthiourea ligand.*

The 'H NMR spectrum of 6 were obtained in DM-
SO-d, solution and only one signal in 2.20 ppm assigned
to chemically equivalent tmbiimH, ring methyl groups
(Me**, Me>?) for free ligand in solution.

In short, when solubilized, all compounds showed a
possible dynamic equilibrium between the partial exit of
the coordinated ligands and the coordination of solvent
molecules (such as H,O, present in the composition of the
compounds themselves, or the deuterated solvent itself).
Even when spectra were obtained immediately after solu-
bilization and with times oscillating between 1 h and 48 h,
these same behaviors were noticed, even when other deu-
terated solvents were used. However, due to the low reso-
lution of the spectra obtained in other solvents, we chose
to maintain the data presented in DMSO-dg, since the
compounds were appreciably more soluble in this solvent,
compared to the other deuterated solvents used.

Electronic delocalisation in a copper-(1-phenylth-
iourea) complex,*’ which has a thiourea-derivated ligand,

as well as our compounds, also seems to corroborate us for
a dynamics of exchange processes.

3. 2. Cytotoxic Activities Against Murine
Tumor Cell Lines

The cytotoxic activities of the palladium(II) com-
plexes 1-6 were tested against murine mammary adeno-
carcinoma (LM3), lung adenocarcinoma (LP07) and
mouse fibrosarcoma (L929) cell lines. Cells were exposed
to a range of drug concentrations (300-10 umol L™!) for 24
h and cell viability was analyzed by MTT assay. IC5, values
(the concentration that inhibited in 50% the cellular prolif-
eration) are presented in Table 3. The cytotoxicity data of
cisplatin against the selected tumor cell lines were used for
comparison purposes.!®4!

Compounds 1-6 showed no drug response at drug
concentrations < 300 pmol L against LP07 cells, and thus
they were considered inactive. After treatment of LM3
cells with compounds 1-6, it was observed that the re-
placement of two chlorido by two thiourea (1 > 2), two
N-methylthiourea ligands (1 - 3) or two N,N’-methylth-
iourea ligands (1 - 5) did not result in any increase in the
cytotoxic activity towards LM3 cell line. On the other
hand, 4, containing the sterically demanding N-phenylth-
iourea ligand, was ca. 2 fold more active than compounds
1-3 and 5, and approximately 4 times less active than cis-

Table 2. 'H-NMR chemical shift (ppm) for the compounds at 298 K.

Compound 'H NMR data Numbering scheme
Me**' | Me>® N-derivative thiourea group (R)

1 2.20 (s, 12H) - .

2 2.23 (s, 12H) - — e

3 2.19 (s, 12H) 2.78 (s, 6H) HN /N\

4 2.23 (s, 6H) 7.80-7.20 (br, 10H) i Pd|
1.19 (s, 6H) S W

5 2.11 (s, 6H) 3.67 (s, 6H) HN NG
1.20 (s, 6H) 3.65 (s, 6H) e o

6 2.20 (s, 12H) 7.60-6.90 (br, 20H)

~

Abbrevations: s = singlet; br = broadned; R = H (2), Me (3), and Ph (4); R =R = Me (5), and Ph (6).
Deuterated solvent employed: DMSO-dj (for 1-6). NH signals could not be observed.

Table 3. Cytotoxicity (ICs,) of the coordination compounds 1-6 and cisplatin against murine LM3,

1929 and LPO07 cell lines.
Compound ICs, (umol L) Reference
LM3 1929 LP07
1 289.6 +1.9 Inactive Inactive This work
2 2782 +1.3 2419+1.1 Inactive This work
3 2609 + 1.1 88.1+0.4 Inactive This work
4 109.5 £ 0.9 30.7+0.2 Inactive This work
5 255.4+ 1.7 40.9+0.2 Inactive This work
6 89+0.3 7.3+0.1 Inactive This work
Cisplatin 30.6 £3.7 65.3+1.9 434+04 16,41
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platin. The compound 6 showed drug response at drug
concentrations 8.9 pmol L1, approximately 3 times more
active than cisplatin. In this case, the presence to more ste-
rically ligand (N,N’-diphenylthiourea) increases cytotoxic
activity against this cell line.

With respect to the cytotoxic effects on 1929 cells, a
progressive increase on the cytotoxic activity of Pd(II)
complexes was noticed according to the ancillary ligand
bulkiness of substituents on thiourea moiety, following the
order tu < mtu < dmtu < ptu < dptu. Probably, a lipophilic
effect is prevalent for this series of compounds when H
atoms are substituted by methyl and phenyl groups. Com-
pound 6 not only showed the highest cytotoxic activity
against 1929 cell line (IC5, value of 7.3 umol L~!) among all
tested compounds, but also it was more active than cispla-
tin (65.3 pmol L1).4!

Our findings agree well with those described by
Marverti and co-workers,? in which it was verified that the
cytotoxicity of the metallointercalators [Pt(bpy)L,]Cl,
(bpy = 2,2"-bipyridine; L = thioureas) was dependent on
the structure of thiourea substituents.

4, Conclusions

The synthesis, structural and spectroscopic charac-
terization, as well as the biological activity of palladi-
um(II) compounds containing 2,2’-bis(4,5-dimethylim-
idazole) and thiourea-type ligands were described in this
work. Conductivity data in methanol were in agreement
with a 1:2 electrolyte nature for compounds 2-6. The IR
data of 1-6 were consistent with the presence of chelat-
ing tmbiimH, ligand and S-coordination of thioureas.
NMR studies on compounds 1-3 and 6 in DMSO-d; in-
dicated that tmbiimH, ligand is completely dissociated.
On contrary, the dissociation rate of the tmbiimH, in 4
and 5 is slower than that observed for 1-3. The distinct
behavior of 4 in solution may be responsible for the
maintenance of its structural integrity long enough to
reach the pharmacological targets as well as for its high-
est cytotoxicity against LM3 and L929 cell lines, when
compared to compounds 1-3. The substituent groups in
thiourea-type ligands are directly related to the increase
in citotoxicity.

The good cytotoxicity presented by compound 6 de-
serves considerable attention, which presents us the chal-
lenge of finding better conditions of stability for it in solu-
tion, either by drug delivery systems or structural
modifications to fulfill with greater success its action in the
pharmacological targets.
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