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Kinetic investigation of reactions of a 3-arylidene-2-thio-
hydantoin derivative with palladium(II) salts

PETAR B. STANIC!*, DARKO P. ASANIN!#¥ TANJA V. SOLDATOVIC?*
and MARIJA D. ZIVKOVIC3-4s###

!University of Kragujevac, Institute for Information Technologies, Department of Science,
Jovana Cvijica bb, 34000 Kragujevac, Serbia, *State University of Novi Pazar, Department of
Natural-Mathematical Sciences, Vuka Karadziéa 9, 36300 Novi Pazar, Serbia, 3University of
Kragujevac, Faculty of Medical Sciences, Department of Pharmacy, Svetozara Markoviéa 69,

34000 Kragujevac, Serbia and *Center for Harm Reduction of Biological and Chemical

Hazards, Faculty of Medical Sciences, University of Kragujevac, Svetozara Markovica 69,

34000 Kragujevac, Serbia

(Received 26 June, revised 23 July, accepted 14 August 2023)

Abstract: 'TH-NMR spectroscopy was used to monitor the reactions of an aryl-
idene 2-thiohydantoin derivative, 3-((phenylmethylene)amino)-2-thioxo-4-imi-
dazolidinone (3), with PdCl,, cis-[PdCl,(dmso-S),] and K,[PdCl,] in DMSO-dg
in order to elucidate the reaction kinetics and mechanism. The 2-thiohydantoin
derivative 3 formed cis-[Pd(3-N,S)(dmso-S),]* complex (5) in reactions with
PdCl, and cis-[PdCly(dmso-S),], while no reaction with K,[PdCl,] was obs-
erved. A two-step mechanism for the reactions of 3 with PdCl, and cis-
-[PdCl,(dmso-S),] is proposed, in which fast coordination to the side chain
nitrogen occurs in the first step, while chelation and coordination to the sulfur
atom in the 2-thiohydantoin ring is the second, slower, rate-determining step.
The reaction rate constants were calculated and reactivities of the 2-thiohydan-
toin derivative 3 towards the palladium(II) salts were compared and discussed.
Reaction of 3 with cis-[PdCl,(dmso-S),] was faster than with PdCl,. The inves-
tigated palladium(II) salts also react with the solvent, DMSO-dg, and the influ-
ence of these side reactions on the outcome and kinetics of the 2-thiohydantoin
derivative complexation reaction is discussed in detail. The obtained results of
this study can have an impact in explanation of the coordination behavior of
antitumor active palladium(II) and platinum(IT) complexes.

Keywords: TH-NMR spectroscopy; reaction mechanism; 2-thioxo-4-imidazol-
idinone; coordination; Pd(I[) complexes.

* ** Corresponding authors. E-mail: (¥)petar.stanic@uni.kg.ac.rs; (¥**)mzikvovic@kg.ac.rs
# Serbian Chemical Society member.
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INTRODUCTION

Thiohydantoins are sulphur derivatives of hydantoin, in which one or both of
the carbonyl groups in the cyclic ureide structure are replaced with a thiocarbonyl
group.! Out of this class of compounds, 2-thiohydantoins are certainly the most
prominent and extensively researched. 2-Thiohydantoins represent a valuable
molecular scaffold, exhibiting various biological and pharmacological activities
and they have found applications in both medicine and industry.2-3 They display
a wide range of biological activities, such as antibacterial and antifungal,* anti-
-HIV,5 anticarcinogenic,%’ anti-ulcer and anti-inflammatory,8 anticonvulsive,’
antimutagenic!® and antimelanogenic.!! 2-Thiohydantoins found various applic-
ations in industry, such as C-terminal protein sequencing standards,!? textile
printing reagents!3 and polymerization and complexation catalysts.14

Coordination of active compounds with biologically relevant transition metal
ions can, at times, increase their activities, especially in regards to anticarcino-
genic activity.!5 A newer, hybrid approach, in discovering new potential antitu-
mor agents is coordination of active compounds with metal ions in order to imp-
rove their activity and selectivity.16:17 2-Thiohydantoins have a great affinity for
coordination with transition metal ions.!8:1° Even though it is a small molecule,
2-thiohydantoin has four derivatization points, making its derivatives very versa-
tile ligands. In addition to the heteroatoms in the ring, 2-thiohydantoin deriva-
tives most often contain heteroatoms in the side chains of its substituents. Many
kinds of various 2-thiohydantoin complexes have been synthesized and reported
so far.20-26 [n particular, transition metal complexes of arylidene 2-thiohydantoin
derivatives have been researched extensively, largely due to the biological act-
ivities they exhibit, primarily antimicrobial and anticancer.21,27-28

The aim of this study was to investigate the kinetics and mechanism of the
coordination reactions of 3-((phenylmethylene)amino)-2-thioxo-4-imidazolidi-
none, an arylidene 2-thiohydantoin derivative, with some palladium(Il) salts. As
arylidene 2-thiohydantoin metal complexes, palladium(Il) in particular,28 show
some promise as prospective antitumor agents, a better understanding of the
mechanisms of their formation, coordination modes and kinetics might prove
beneficial for the design and conceptualization of novel, more potent compounds.

EXPERIMENTAL
Materials and methods

All chemicals and reagents used in this investigation were commercially obtained (from
either Sigma—Aldrich or Acros) and were high in purity. They were used as received, without
additional purification. NMR spectra were recorded on a Varian Gemini-2000 spectrometer at
50 and 200 MHz. DMSO-d, was used as the solvent and all chemical shifts were referenced
accordingly. Downfield shifts were recorded as positive numbers. Tetramethylsilane was used
as the internal reference and all chemical shits were rounded to the nearest 0.01 ppm.
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Synthesis and characterization of 3-((phenylmethylene)amino)-2-thioxo-4-imidazolidinone (3)
3-((Phenylmethylene)amino)-2-thioxo-4-imidazolidinone (3) was synthesized using a
slight modification of the formerly published procedure.?® Benzaldehyde (0.01 mol) and thio-
semicarbazide (0.01 mol) in methanol (30 mL) were heated for 3 h under reflux and cooled
thereafter. Ethyl chloroacetate (0.01 mol) and anhydrous sodium acetate (0.03 mol) were
added in situ and the mixture was heated for another 6 h under reflux. Upon the completion of
the reaction, the mixture was cooled at room temperature and then added to cold water, for the
resulting product to precipitate. The product was filtered off, rinsed with hot water, dried and
re-crystallized from hot methanol. Structure and purity of the compound was confirmed by
NMR ('H and !3C) and IR spectroscopy. The corresponding IR and NMR (‘H and !3C)
spectra, as well as analytical and spectral data are provided in the Supplementary material to
this paper.
!H-NMR kinetic experiments

TH-NMR kinetic measurements of the reactions of 3-((phenylmethylene)amino)-2-thio-
x0-4-imidazolidinone (3) (0.021 mmol) with PdCl,, cis-[PdCl,(dmso-S),;] and K,[PdCly]
(0.021 mmol) in DMSO-dg (0.6 mL) were performed in standard 5 mm NMR tubes at room
temperature in an overnight experiment. DMSO-dj solutions of the reactants (0.3 mL each)
were freshly prepared right before the start of the experiment. After the mixing of the react-
ants, 29 spectra in total were recorded overnight for each of the experiments. The first six
spectra were recorded with no delay, then the next three with a 5 min delay, then sets of three
every 10, 15 and 30 min, and finally the last 11 spectra were recorded with an hour delay
between them. The concentrations of the products at given experiment intervals were deter-
mined by integrating suitable proton signals in the !H-NMR spectra. The first-order rate cons-
tants were determined according to:

Inc=—-kt+Inc (N
where ¢ is concentration, ¢ is starting concentration, k is the first-order rate constant and ¢ is
experiment time.

RESULTS AND DISCUSSION

3-((Phenylmethylene)amino)-2-thioxo-4-imidazolidinone (3) was synthe-
sized from benzaldehyde in a reaction with thiosemicarbazide (Scheme 1). Nuc-
leophilic addition of thiosemicarbazide to benzaldehyde (1) yields thiosemicarba-
zone (2). Thiosemicarbazone (2) then undergoes a cyclocondenzation reaction
with ethyl chloroacetate in the presence of anhydrous sodium acetate, forming
the arylidene 2-thiohydantoin derivative, 3-((phenylmethylene)amino)-2-thioxo-
4-imidazolidinone (3).

S

0 S S
77 H,N.
: NJLNI-L P, e
H - p N-NH CICIH,COOEt P —Nw
©_/ anh. CH;COONa Q_/ o
3

1 2

Scheme 1. Synthesis of 3-((phenylmethylene)amino)-2-thioxo-4-imidazolidinone (3).
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For the purpose of investigating the kinetics and mechanism of 3-arylidene-
-2-thiohydantoin coordination with Pd(Il), a kinetic time-dependent experiment,
monitoring the reactions of 3-((phenylmethylene)amino)-2-thioxo-4-imidazolidi-
none (3) with PdCl,, cis-[PdCly(dmso-S)>] and K5[PdCls] in DMSO-dg, was
performed. DMSO-dg was used because it is suitable for dissolving both the
2-thiohydantoin derivative and the metal salts. Coordination of 3 to Pd(Il) was
tracked through the changes in specific signals in the spectra.

TH-NMR spectra of the reaction of 3-((phenylmethylene)amino)-2-thioxo-4-
imidazolidinone (3) with cis-[PdCly(dmso-S);] in DMSO-dg are shown in Fig. 1.
Signals of the coordinated 3-((phenylmethylene)amino)-2-thioxo-4-imidazolidi-
none (3) can be observed, even from the first spectrum.

Hp o Ho S
N-N
7 H.
H, 4
He O Ha
d Hy Hy

/“‘L/ur
J\/L . |
,)U - | I', o 2h

8h

_Jm.«w..]wm.-.——-«/uﬂ/ \J ‘ L/ i R R |
I
A

[l | |

_..«J_.._.M\.J.,m.__—ﬁl‘m/ U“\ H.JJ,U It e . 38min
! | |
,fwl ‘i | /

f avn / h
I Y UV M‘\__W o 17 min
W1\4‘/\\J \ 6 min

10.5 9.5 8.5 7.5 6.5 5.5 4.5 3.5 2.5 1.5
f1/ppm

Fig. 1. Time-dependent 'H-NMR spectra of the reaction of 3-((phenylmethylene)amino)-2-
-thioxo-4-imidazolidinone (3) and cis-[PdCl,(dmso-S),] in DMSO-dg.

As can be seen from Fig. 1, the singlet of the 2-thiohydantoin ring CH»
group (a) is shifted downfield from 3.90 to 4.15 ppm. Multiplets of the aromatic
benzene ring protons (b) moved downfield from 7.25-7.95 to 9.57-9.84 ppm,
while the singlet of the double bond CH proton (c) is shifted downfield from 8.41
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to 9.37 ppm. Signals of the coordinated 2-thiohydantoin derivative (a, b and c)
can be observed from the first spectrum and their intensities do not change
throughout the experiment. This, in fact, indicates fast initial coordination, too
fast for the NMR time-scale.

One more thing that implies coordination is the absence of the broad singlet
of the 2-thiohydantoion ring NH proton. 2-Thiohydantoins are known to exist in
two tautomeric forms in equilibrium (Scheme 2).29 It is proposed that the thio-
-enol tautomeric form (4) is responsible for coordination and furthermore, that
this “keto-enol” equilibrium shifts to the thio-enol form during the reaction.2”
The SH protons of the thio-enol tautomer can be seen in the spectra as a singlet at
1.85 ppm (Fig. 1). Furthermore, a newly formed singlet at 10.15 ppm (d) can be
observed increasing in intensity throughout the experiment. The new singlet at
10.15 ppm belongs to hydrochloric acid that forms from the deprotonation of the
2-thiohydantoin ring and the chloride anions that are substituted from cis-
-[PdCly(dmso-S);].

S . - St
N JL thioenolization N
= Ns —_— =~
N™ "NH NN

) b

(0] (
3 4

3-(benzylideneamino)-2-thioxoimidazolidin-4-one

amy

DMSO-d g

K,[PdCly] cis-|PdCl,(dmso-S), | PdCL,

Y

>< ! . cis-[PdCly(dmso-ds-S),]

5
cis-[Pd(3-N,S)(dmso-S), '

Scheme 2. Reactions of 3-((phenylmethylene)amino)-2-thioxo-4-imidazolidinone (3) with
PdCl,, cis-[PdCl,(dmso-S),] and K,[PdCly]. No reaction of 3 was observed with K,[PdCly]
during the course of the experiment (see Fig. S-4).
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The reaction as a whole is proposed to proceed in two steps. In the first step
(Eq.(2), initial coordination takes place through the nitrogen in the side chain.
This is the faster reaction step, which is supported by the presence of the signals
of the complex (a, b and c) in the first spectrum of the experiment, that then do
not change in intensity during the experiment. The second, slower reaction step is
diprotonation of the 2-thiohydantoin ring and coordination through the sulfur
atom in the ring (Eq (3). The resulting complex (5) is a five-membered chelate
with palladium(Il) coordinated to the 2-thiohydantoin ring sulfur and the double
bond nitrogen in the side chain:

cis-[PdCly(dmso-S),] + 3 — cis-[PACI(3-N)(dmso-S),]" + CI- )
cis-[PdCI(3-N)(dmso-S),]* + H,0 —
cis-[Pd(3-N,S)(dmso-S)]* (5) + H30* + CI- 3)

Even though the spectral data clearly shows a reaction between the 2-thio-
hydantoin derivative 3 and cis-[PdCl>(dmso-S);], it does not necessarily give a
clear insight in the chemistry of reaction beyond modes of coordination. Concen-
trations of the formed complex 5 were calculated by integration of the suitable
proton signal at 10.15 ppm (Fig. 2). As hydrochloric acid forms equimolarly with
the complex 5, according to Eq. (3), concentrations determined from that signal
can be regarded as concentrations of complex 5. The singlet at 10.15 ppm was
integrated against the singlet of the uncoordinated 2-thiohydantoin derivative 3 at
8.40 ppm. The relative changes of the intensity of the singlet at 10.15 ppm is
directly proportional to the change in concentration of complex 5, and the con-
centrations were calculated from the relative integral values.

1.40-10°
1.20-10°

1.00-10

¢/ mol L

8.00-107°
6.00-10°°

4.00-10°
0 2 4 6 8 10 12 14

t/h

Fig. 2. Changes in product concentration, cis-[Pd(3-N,S)(dmso-S),]*, during the substitution
reaction of cis-[PdCl,(dmso-S),] with 2-thiohydantoin derivative 3 in DMSO-dg.

It can be seen in the plot that after about an hour into the experiment, com-
plex formation slows down drastically. If we take into consideration the stoichio-
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metry of the system, at the end of the experiment, more than half of the initial
amount of the 2-thiohydantoin derivative 3 has not undergone any sort of react-
ion, implying that the reaction system is a bit more complex and that cis-
-[PdCI>(dmso-S),] undergoes multiple competing reactions.

In order to gain a deeper insight into the details of the mechanism of the
reaction, a plot of the logarithm of the product concentration vs experiment time
was analyzed (Fig. 3). In the plot, it is clearly visible that this is not a linear first-
order reaction, but instead, two linear slopes can be observed. This goes along
with the conclusion that multiple processes are occurring, not just the reaction of
cis-[PdCly(dmso-S);] with 2-thiohydantoin derivative 3. For the first hour, the
reaction direction can be described with the equation y = (1.63£0.17)x10~4x —
— 5.01. After about an hour, the reaction kinetics change course and the new
direction can be described with the equation y = (3.36+0.20)x10-6x — 4.46. The
first phase of the reaction is significantly faster, with the slope coefficient k] =
=1.63x104 51, than the second phase with the coefficient k» = 3.36x100 s, A
change in the system occurred and a chemical species emerged, the concentration
of which has only become significant after an hour into the experiment.

y = (3.36£0.20)-10%x - 4.46
-4.3

-4.4

46 | @

47 | ®

In (c/ mol LY)

-4.8 - i y=(1.63+0.17)-10%x - 5.01

-4.9

[ J ...'_

-5.1
0 1.0-104 2.0-10% 3.0-10% 4.0-10* 5.0-104
t/s
Fig. 3. First-order plot for the substitution reaction of cis-[PdCl,(dmso-S),] with
2-thiohydantoin derivative 3 in DMSO-dj.

cis-[PdCly(dmso-S),] most likely engages in a parallel reaction with the sol-
vent, as it is known that cis-[PdCly(dmso-S),] can react with DMSO, yielding
cis-[Pd(dmso-0),(dmso-S);]2+.30:31 ¢is-[PdCly(dmso-S),] has two molecules of
DMSO in cis-configuration bonded through sulfur atoms. DMSO molecules
coordinated through the sulfur atoms exhibit a very strong trans effect on the
neighbouring chlorido ligands, which in turn weakens their bonds with palla-
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dium(II). With this in mind, cis-[PdCly(dmso-S),], apart from reaction with the
2-thiohydantoin derivative 3, reacts with DMSO, forming tetrakis(dimethyl sul-
phoxide)palladium(Il), cis-[Pd(dmso-0),(dmso-S),]2*, with the other two DMSO
molecules bonded through the oxygen. There is a slight deviation from the ideal
square-planar structure in cis-[Pd(dmso-O),(dmso-S),]?*, the biggest of which
being the angle between the two sulfur bonded DMSO molecules, due to steric
repulsions between the methyl groups of one DMSO and the sulfoxy group of the
other. These steric repulsions prohibit the S-bonding of the other DMSO mole-
cules, which is believed to be the main reason for coordination through oxygen.30

Two parallel reactions of cis-[PdCly(dmso-S),] take place during the experi-
ment. The first is with the 2-thiohydantoin derivative 3 (Eq. (4)) and the other is
with the solvent, DMSO, Eq. (5):

cis-[PdCly(dmso-S),] + 3 + H0 —

cis-[Pd(3-N,S)(dmso-S),]* + H3O* + 2CI- &)
cis-[PdCly(dmso-S),] + 2DMSO —
cis-[Pd(dmso-0),(dmso-S),]?+ + 2C1- 3)

The reaction is faster in the first phase, during the first hour of the experi-
ment (k; = 1.63x10~4 s~1), up until a dynamic equilibrium is achieved and a sig-
nificant amount of cis-[Pd(dmso-0),(dmso-S),]?* is formed, then the complex
formation reaction (Eq (4)) slows down in the second phase (k; = 3.36x107¢ s~1),
because there is a significantly smaller amount of the reactant, cis-[PdCly(dmso-
-S);], in the system.

Coordination of 3-((phenylmethylene)amino)-2-thioxo-4-imidazolidinone
(3) in the reaction with PdCl; takes place in the same manner as with cis-
-[PdCI>(dmso-S),]. All the same signals with identical chemical shifts can be
observed in the spectra of the reaction (Fig. 4). Pairs of signals of the coordinated
and uncoordinated 3, among which are singlets of the 2-thiohydantoin ring CH»
group protons (a), multiplets of the aromatic benzene ring protons (b) and sing-
lets of the double bond CH proton (c), can be seen at the same chemical shift in
the spectra. Thio-enol tautomer —SH proton is at 1.85 ppm, the broad singlet of
the 2-thiohydantoin ring —NH proton is missing and the HCI singlet at 10.15 ppm
increases throughout the experiment.

Upon calculating the concentrations of the formed cis-[Pd(3-N,S)(dmso-
-S)]" complex (5, Eq. (3)) from the spectral data, an obvious difference in react-
ion rates was observed and it was noticed that the reaction with PdCl, is slower
than with cis-[PdCl>(dmso-S),]. Changes in complex 5 concentrations over the
course of the experiment are shown in Fig. 5. The difference in the kinetics of the
systems are somewhat perplexing, as spectral data confirms that the same react-
ion product is formed in both cases.
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Fig. 4. Time-dependent 'H-NMR spectra of the reaction of
3-((phenylmethylene)amino)-2-thioxo-4-imidazolidinone (3) and PdCl, in DMSO-dg.
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Fig. 5. Changes in cis-[Pd(3-N,S)(dmso-S),]" complex (5) concentration during the
substitution reaction of PdCl, with 2-thiohydantoin derivative 3 in DMSO-dj.

In order to get to the bottom of this, a plot of the logarithm of the product
concentration vs. experiment time was analyzed (Fig. 6). As with cis-
[PdCly(dmso-S),], in this case there are also two phases, with two linear slopes
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that intercept after little over an hour. The first phase can be described with the
equation y = (1.80+0.22)x10~%x — 6.59, while the second phase can be described
with the equation y = (1.25£0.09)x10-5x — 5.77. The first phase, where most of
the complex is formed, has a coefficient k1 = 1.80x10~# s~1, which is very close
to the slope coefficient of the first phase of the reaction of cis-[PdCly(dmso-S);]
(k1 = 1.63x10~4 s71). It is known that PdCl, has great affinity towards DMSO
and reacts with it to form cis-[PdCly(dmso-S),],32 according to:

PdCl; + 2DMSO — cis-[PdCly(dmso-S),] (6)

It can be concluded that in both cases, basically the same reaction occurs
(Eq. (4)), which is supported by the very close values of the reaction coefficients
k1. The reaction is slower with PdCI, because the salt itself does not react with
the 2-thiohydantoin derivative 3. Only when a sufficient amount of cis-
-[PdCI>(dmso-S),] forms does the reaction take place. The lower rate of the
reaction with PdCl, can be explained with the lower reactant concentration.

5 y = (1.25£0.09)-105% - 5.77
L 55
©
€ ‘.'
~
L 6 °
£ o
® = (1.80£0.22)10 - 6.59
65 @
°
-7
0 1.0-10% 2.0-10% 3.0-10* 4.0-104
t/s
Fig. 6. First-order plot for the substitution reaction of PdCl, with 2-thiohydantoin derivative 3
in DMSO-d6

In the case of the third examined palladium(II) salt, Ko[PdCly], there was no
reaction with 3-((phenylmethylene)amino)-2-thioxo-4-imidazolidinone (3) during
the course of the experiment. No signals of a newly formed 2-thiohydantoin com-
plex species of any kind could be observed (Fig. S-4). The four chlorido ligands
in K»[PdCly] are kinetically equivalent and a strong possibility is that all of them
were substituted with DMSO, as tetrachloroplatinate(Il) and also tetrachrloropal-
ladate(II) can react with DMSO in this manner.33 This would prohibit the react-
ion with the 2-thiohydantoin derivative 3.

CONCLUSION

Reactions of an arylidene 2-thiohydantoin derivative, 3-((phenylmethylene)-
amino)-2-thioxo-4-imidazolidinone (3) with PdCly, cis-[PdCly(dmso-S);] and
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K,[PdCly] in DMSO-dg were monitored in a time-dependent kinetic 'H-NMR
experiment. In the cases of PdCly and cis-[PdCly(dmso-S),], the complex cis-
-[Pd(3-N,S)(dmso-S),]" (5) was formed, with palladium(II) coordinated through
the nitrogen in the side chain and the 2-thiohydantoin ring sulfur atom. The
mechanism of complex 5 formation consists of two steps. The first step is fast
monodentate coordination of 3 via its nitrogen atom in the side chain. This step is
too fast for the NMR time-scale, but it is confirmed with the corresponding sig-
nals of the complex 5 that are unchanged during the course of the experiment.
The second, rate determining step of the reaction is chelation of the intermediate
cis-[PdC1(3-N)(dmso-S);]" complex through deprotonation of the 2-thiohydan-
toin ring of 3 and its coordination with the sulfur atom, finally yielding to the
formation of complex 5. Most of the complex 5 is formed during the first hour of
the experiment. It is concluded that simultaneously, a competing reaction with
the solvent occurs during which cis-[Pd(dmso-O),(dmso-S);]?* is formed, which
ultimately halts the reaction. No reaction with K,[PdCly] was observed during
the course of the experiment.

Acknowledgements: The authors are grateful for financial support from the Ministry of
Education, Science and Technological Development of the Republic of Serbia (Agreements
Noumbers 451-03-68/2022-14/200378, 451-03-68/2022-14/200252 and 451-03-47/2023-
01/200111) and the Faculty of Medical Sciences, University of Kragujevac (JP02/20).

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12456, or from the corres-
ponding author on request. CCDC 2269543-2269546.

H3BOJ
KMHETHWYKO UCITUTHUBAE PEAKIIUJA 3-APUJIMIEHCKOT OEPUBATA 2-
TUOXUIAHTOWHA CA COJIUMA TTAJTAODUIYMA(II)

IIETAP B. CTAHUR!, JAPKO I1. AIIAHUH!, TAbA B. COJIIATOBUR? u MAPUJA [I. )KUBKOBUR>*
"Ynueepsuiueini y Kpatyjesuy, Huciiutily i 3a unpopmayuone mexnonoiuje, Cekiiop 3d Upupogro—matie-
Mmaiauuxe nayxe, Josana Ileujuha 66, 34000 Kpaiyjesay, *Iipsasru yrugepsuineis y Hosom Ilasapy,
Jetapwmman 3a upupogho—mamemaimuuxe nayxe, Byxa Kapayuha 9, 36300 Hoeu Iasap, >Ynusepsutie y
Kpaiyjesuy, @axynitieiti meguyunckux nayka, Jedapiaman 3a apmavujy, Ceetriosapa Mapxrosuha 69,
34000 Kpaiyjesay, u *Ileniniap 3a cmarerve WleTHOCTIU GUOTOWKUX U XEMUjCKUX Xa3apgd, Paxyninei
MequuuHcKux Hayka, Ynueepsuiiewi y Kpaiyjesuy, Ceeitiosapa Mapxosuha 69, 34000 Kpaiyjesay,

[Tporoncka HMP cnextrpockonyja je ynorpedibena 3a npahewe peakidje apuinneHCKOr
IepuBaTa 2-TUOXUIAHTOMHA, 3-(((eHUIMeTUIeH)aMHUHO)-2-THOKCO-4-UMHUIa30TUIUHOHA (3),
ca PdCly, cis-[PdClz(dmso-S):] u K2[PdCls] y DMSO-ds, fa 61 ce uCIUTaIM KUHETUKA U MeXa-
HM3aM peaxuuje. McnUTHBaHY JepuBaT 2-THOXUIAHTOMHA 3 je Harpaguo Komiuiekc cis-[Pd(3-
-N,S)(dmso-S)2]* (5) y peaxuuju ca PdClz u cis-[PdClz(dmso-S)z], nok ca K:[PdCli] Huje
yodyeHa peakuuja. IIpeTrocTasbeH je nBocTeneHd MexaHusam 3a peaxuuje 3 ca PdCl: u cis-
-[PdClz(dmso-S)z], y kome ce y npBOoM Kopaky ofurpasa Op3a KoopiuHalMja 3a a30T U3 Hou-
HOT HHU3a, a XeJlaTH3alyja d KOOPAWHOBake 33 THOXHIAHTOMHCKH CYMIIOD je IPYTH, CIOpHjU
Kopak, koju ompehyje dp3uny peakuuje. M3pauyHaTe cy KOHCTaHTe §p3uHe peakuuje U peak-
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THBHOCTH JIepuUBaTa 2-THOXUIAHTOHMHA 3 mpema conuma nanagujyma(ll) cy ymopehene u nuc-
KyroBaHe. Peaknuja 3 ca cis-[PdClz(dmso-S):] je duna 6pxa ox peakuuje ca PdCl.. Hcnutu-
BaHe cond nanagujyma(Il) cy Takohe pearoBane ca pactBapayeM (DMSO-ds) u yTHLQj OBUX
peakiHja Ha UCXOR W KUHETUKY peaklje KOMIUIEKCHpama [JepuBaTa 2-THOXUIAHTOWHA je
IeTa/bHO OUCKYTOBaH. Pe3ynTaTté moOHjeHH y OKBUPY OBOT MCTPakKMBamba MOTY UMATH YTULA]
Ha IOjalllhehe KOOPAWHALMOHOI ITOHAllalka aHTUTYMODCKM aKTMBHHUX KOMIUIEKCa Mana-
oujyma(1l) u mnatune(I1).

(TTpummeHo 26. jyHa, pesuprpaHo 23. jyna, npuxsaheno 14. asrycra 2023)
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3-((Phenylmethylene)amino)-2-thioxo-4-imidazolidinone (3). Yield 1.158 g
(72 %). IR (KBr): 3419m, 3055m, 3032w, 2967m, 2768m, 1711s, 1645s, 1591s,
1490w, 1445w, 1409w, 1345m, 1327m, 1310m, 1249s, 1225m, 1213m,
1074w, 1039w, 969m, 877m, 854m, 835m, 788m, 756m, 734m, 713m 695m,
629w cml. IH NMR (200 MHz, DMSO-dj, 6): 8.40 (s, 1H), 7.75 (m, 2H), 7.45
(m, 3H), 3.89 (s, 2H). 13C NMR (50 MHz, DMSO-dy4, J): 174.33, 165.51,
156.31, 134.31, 130.76, 128.96, 127.76, 33.26.
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Fig. S-1. 'H NMR spectra of 3-((phenylmethylene)amino)-2-thioxo-4-imidazolidinone (3).
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Fig. S-2. 13C NMR spectra of 3-((phenylmethylene)amino)-2-thioxo-4-imidazolidinone (3).
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Fig. S-4. 'H NMR kinetic experiment of 3-((phenylmethylene)amino)-2-thioxo-4-

imidazolidinone (3) and K,[PdCl,] in DMSO-d. No reaction takes place.
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Table S-I. Time and concentration parameters for the reaction of 3-((phenylmethyl-
ene)amino)-2-thioxo-4-imidazolidinone (3) and cis-[PdCl,(dmso-S),]

t/s ¢/ mol L In (c / mol L?)
340 0.006693 -5.00669
512 0.007168 -4.93813
684 0.007443 -4.90048
1028 0.00785 -4.84722
1372 0.009175 -4.69125
2316 0.010082 -4.59697
2788 0.0108 -4.52819
3560 0.011186 -4.4931
4332 0.011415 -4.47287
6176 0.011786 -4.44085
8320 0.011965 -4.42581
10292 0.012082 -4.41601
12264 0.012107 -4.41394
18008 0.01244 -4.38688
21780 0.012507 -4.38144
25552 0.012825 -4.35634
29324 0.012904 -4.35023
36868 0.012972 -4.34499
40640 0.013172 -4.32969
44412 0.013482 -4.30637
48184 0.013561 -4.30056

51956 0.013732 -4.288
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Table S-II. Time and concentration parameters for the reaction of 3-((phenylmethyl-
ene)amino)-2-thioxo-4-imidazolidinone (3) and PdCl,

t/s ¢/ mol L-1 In (¢ / mol L-1)
333 0.001286 -6.65642
677 0.001536 -6.47874
1021 0.001539 -6.47642
1365 0.001782 -6.32992
1837 0.002182 -6.12743
2309 0.002421 -6.02338
3553 0.002779 -5.8858
4325 0.002843 -5.86293
5097 0.003129 -5.76716
6169 0.003157 -5.75807
7241 0.003371 -5.6924
10285 0.003704 -5.59844
14229 0.003829 -5.56524
18001 0.003964 -5.53041
21773 0.003972 -5.52861
25545 0.004261 -5.4583
29317 0.004868 -5.32508
33089 0.004911 -5.31632
36861 0.004957 -5.30691
40633 0.005093 -5.2799
44405 0.005111 -5.2764

48177 0.005779 -5.15358
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Abstract: This study is the beginning of the research that focuses on uncon-
ventional ionic liquids (ILs) hydrodistillation (HD) extraction of the essential
oil of Heliotropium europaeum L. using ILs as additives. Two ILs based on 1-
butyl-3-methylimidazolium were used by switching the anions (Cl- and PFq").
The effect of mass percent of the added ILs on its yield and composition was
evaluated. Compared to the conventional HD, ILs-HD gives a higher yield of
essential oils (0.10-0.36 %). Particularly, with [C4ymim][PF], the observation
of morphological changes using scanning electron microscopy (SEM) con-
firmed the effectiveness of the ionic liquid in this distillation process. The GC—
—MS analysis of essential oils (EOs) revealed the presence of sixty-six com-
pounds in HD, ILs-HD methods. Gas chromatography—mass spectrometry ana-
lysis of the EOs revealed the predominance of eugenol (1.70-72.35 %), but-
ylated hydroxytoluene (8.95-65.39 %) and phytol (18.20 %). The new distil-
lation methods of H. europaeum with ILs identifies more compounds (50 com-
pounds in ILs-HD [Cymim][PFg¢]; 22 compounds in ILs-HD ([C4mim][Cl])
than conventional hydrodistillation (25 compounds in HD). Therefore, the ILs-
-based hydrodistillation approach is superior in improving the production of
EOs. It is important to emphasize that the data presented in this study are not
yet available for any of this Algerian Heliotropium species of genus and pre-
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sent the great potential of this medicinal plant as a source of novel bioactive
extracts with possible therapeutic uses.

Keywords: Boraginaceae; medicinal plant; essential oils; GC-MS; Algeria.

INTRODUCTION

In recent years, the world has been increasingly interested in using medicinal
plants to prevent or treat many diseases, especially during these recent years
when plants and essential oils are increased. In fact, essential oils (EOs) are
characterized to have several medicinal and biological activities, particularly
anticancer, antidiabetic, antimicrobial, anti-inflammatory and antioxidant, which
are also used in food preservation.! The EOs are a mixture of volatile molecules
that include classes of compounds with concentration variability and character-
ized by the preponderance of terpenes especially, mono and sesquiterpenes.2->

Among the most used methods in the extraction of essential oils, hydrodis-
tillation (HD) is the most widely used method. For the purposes of enhancing
recovery and decreasing extraction time, the traditional hydrodistillation can be
facilitated with chemicals,* physical® or biological techniques.® Mainly, ionic
liquids (ILs) have recently received great attention and they were considered as
green solvents due to their excellent properties such as low vapour tension, non-
-flammable, thermal stability, selective extraction ability, comprehensive dissol-
ving capacity and excellent structural designability. ILs can be used to pretreat
plant material before hydrodistillation’ or as an additive during distillation.8 As
an ideal substitute for volatile organic solvents, the widespread use of ILs can
bring even more significant price cuts for EOs extraction. In fact, ILs have been
successfully recovered and reused in the hydrodistillation of Eos,” thereby red-
ucing costs.

The genus Heliotropium belong to Boraginaceae family includes 250-300
species; the native range of Heliotropium europaeum is Macaronesia, Europe to
Mediterranean region, Arabian Peninsula and India.l0 The heliotrope name der-
ives from the fact that these plants turn their leaves to the sun.!! Additionally, in
Algeria, seven species belong this genus are H. luteum Poiret, H. supinum L., H.
europaeum L., H. strigosum Willd., H. curassavicum L., H. anchusifolium Poiret
and H. bacciferum Forsk.12 Also, this plant is an herbaceous annual, grows prim-
arily in the subtropical biome and in the crop fields; it is known in Algeria under
the name “Daharet ech chems and Aquerbana”.12 Heliotropium genus have been
used in traditional medicine for the treatment of acne and cattle wounds,!3
rheumatism, putrefaction, pyoderma and ringworm infection,!4 snake bites and
scorpion stings,!5 ulcers, venereal diseases, sore throat,!® cough and fever.!”
Also, it has been used externally for healing wounds, and treatment of warts.!®
The genus Heliotropium revealed the presence of many biological activities such
as antimicrobial, antiviral and antitumor,!® anti-plasmodial and antitrypano-



CO-DETECTION OF EUGENOL AND BUTYLATED HYDROXYLTOLUENE 459

somal,20 anti-inflammatory,2!-23 anti-tuberculosis?4 and wound healing.25> Some
species of Heliotropium have been investigated for their phenolic compounds:
kaempferol, silybin, caffeic acid, genistein and apigenin,2® quinones, sterols, fla-
vonoids and triterpenoids.27-28 Phytochemical reports on H. europaeum are very
limited and majority of these studies are focused on the presence of toxins in
pyrrolizidine alkaloids.2?

In this study, two ILs, 1-butyl-3-methylimidazolium chloride [C4mim][CI]
and 1-butyl-3-methylimidazolium hexafluorophosphate [Csmim][PF¢], were
used as additives in hydrodistillation which was applied for the extraction of EOs
from H. europaeum. In addition, the proposed ILs- hydrodistillation (HD)
method was compared to the HD method on the yields and chemical composition
of essential oils of H. europaeum. Besides, ILs have been efficiently recycled and
reused in the experiments. As far as we know, the distillation methods using ILs
as additives of H. europaeum essential oil has not been reported previously in
Algeria.

EXPERIMENTAL
Plant material

The aerial parts of H. europaeum were collected from Blida district, Algeria in the
August 2020. The plant was identified by Dr. W. Khitri and confirmed through the Flora of
Algeria!2. The voucher specimen [He/2248QS] was deposited at the herbarium of Pharmacy
Department, Faculty of Medicine, Ahmed Ben Bella Oranl University. The aerial parts were
washed to remove soil particles and then dried at room temperature in the shade. In addition,
the aerial parts were cut into small pieces and then stored in glassware until use.

Synthesis of ILs

Synthesis of 1-butyl-3-methylimidazolium chloride [Cymim][Cl]. [C4mim][Cl] was
obtained by reacting 1-methylimidazole with 1-chlorobutane.3® Typically, under an inert
atmosphere, a mixture of 1-methylimidazole (9.9997 g, 0.1218 mol, 1 eq.) and 1-chlorobutane
(16.9110 g, 0.1872 mol, 1.5 eq.) was introduced in a 100 mL round bottom flask and heated
under reflux at 85 °C for 72 h. A viscous pale-yellow liquid was obtained and after cooling to
ambient temperature the residue was washed once with ethyl acetate and three times with
diethyl ether. Afterwards, the solvent was removed by evaporation under vacuum at 70 °C for
2 h to get [C4mim][Cl] as a white solid (19.1098 g) obtained in 89.82 % yield, and stored in
closed desiccators before use. The purity of the IL was checked by proton and carbon nuclear
magnetic resonance ('H- and 13C-NMR) spectrometry and the NMR spectrum characteristic
showed no organic impurities in the IL.

Synthesis of 1-butyl-3-methylimidazolium hexafluorophosphate [Cmim][PF]. [C4mim][PF]
was obtained by metathesis of the chloride ion of [C4smim][Cl] using potassium hexafluoro-
phosphate.3! 20.0000 g (0.1 mol) of [C;mim][C]] salt and 18.4060 g (0.1 mol) of potassium
hexafluorophosphate are solubilized in acetonitrile using a 100 mL round bottom flask at
room temperature. The mixture was maintained under vigorous agitation for 24 h. Two phases
formed and were separated, and then the solvent was removed by evaporation under vacuum,
the organic IL phase was washed with water (3x25 mL) until the negative silver nitrate test.
The [C4mim][PF¢] IL was then dried for 6 h under vacuum at 75 °C to afford 12.7717 g of
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C,mim][PF¢] as a light-yellow viscous liquid, and then stored in closed desiccators before use.
The purity of the IL was checked by proton and carbon nuclear magnetic resonance ('H- and
13C-NMR) spectrometry and the NMR spectrum characteristic showed no organic impurities
in the IL.

Spectral data of the synthesized compounds are given in Supplementary material to this
paper.

Sample preparation

Hydrodistillation was carried out for three hours using water recycling Dean-stark type
apparatus, according to the European Pharmacopoeia. The plant material (20 g) was chopped
into small pieces and mixed with different ionic liquids solutions (200 mL) of [C4mim][Cl]
with respective concentrations of 0, 2.5, 5 and 10 %. In the case of [C4ymim][PF], only a
concentration of 5 % was used. The mixture was put in a 500 mL round bottom flask, and then
a Dean-stark type apparatus was connected. After that, the round bottom flask was placed onto
a heating mantle for 3 h. Then, the essential oil was collected, dehydrated with anhydrous
Na,S0Oy, and filtered. It was then weighed and stored in amber glass vials at 4 °C in the dark
until chromatographic analysis. The hydrodistillation of the aerial part of H. europaeum gave
yellowish oil.

The weight of the volatile oils of the H. europaeum was calculated by weight according
to the following equation:

Essential oil (%) =Weight volatile essential oil extracted x100/ Wight of sample (1)

Essential oil analysis

The chemical composition of H. europaeum essential oil was analysed by gas chromate-
graphy coupled to mass spectrometry (GC-MS, Shimadzu QP2020 Instruments) equipped
with a capillary column (phase: Crossbond® 5 % diphenyl/95 % dimethyl polysiloxane) dim-
ensions of which are 30 mx0.25 mm and 0.25 pm film thickness, and with the following
conditions: a volume of 0.5 pL solution, prepared by 10 vol. % of the sample dilution in
n-hexane, was injected in split mode (80:1). Injector and detector temperatures were main-
tained at 250 and 310 °C, respectively, the column temperature was programmed at 60 °C
fixed for 3 min then increased to 310 °C with the increment of 2 °C/min, and then maintained
at 310 °C for 10 min. Helium (99.995 % purity) was used as a carrier gas, with a flow rate of
1 ml/min. The conditions of the mass spectrometer are as follows: ionization voltage 70 eV,
ion source temperature 200 °C, and electron ionization mass spectra were acquired over the
mass range of 45-600 m/z.

Identification of essential oil components

Identification established was based on the molecular structure, molecular mass and cal-
culated fragments. Linear retention indices (LRI) were calculated for separate compounds rel-
ative to a homologous n-alkanes serial (n-Cg—C,o). The name, retention time, area and base
m/z of the components of the test materials were ascertained. Components were identified by
comparison of their calculated with those of literature,? as well as their mass spectra with
those recorded by the NIST1733 (National Institute of Standards and Technology) and
ADAMS?* libraries. In this study, all chemicals were obtained from Sigma—Aldrich Chemical
Co.
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Scanning electronic microscopy (SEM)

To study the impact of the ILs used as an additive by the hydrodistillation of H. euro-
paeum essential oil a scanning electron microscope (SEM) was used to examine the morpho-
logical changes of plant cells. The dry samples of H. europaeum were scanned before and
after treatment by IL using the Quattro SEM system (Thermosientific Company, USA). The
tested samples were fixed on a specimen holder with aluminium tape. Then the tested samples
were puttered with gold and examined under high vacuum conditions at an accelerating volt-
age of 12.5 kV (20 pm, 1000 magnification).

Recovery and recycling of ILs

To exhibit the ability to recover the ILs used in this work and reused it subsequently in
another extraction of H. europaeum essential oil, the biomass obtained from the hydrodistil-
lation was removed by filtration, and the resulting aqueous solution was extracted three times
by 10 ml of dichloromethane. Furthermore, the anhydrous CaCl, was added and filtered.
However, a dark ionic liquid was obtained after evaporation under reduced pressure. Though,
the analysis of the HNMR of the two ionic liquids after and before use presents no substantial
difference. So, the reused ionic liquid was stored in desiccators for further extraction.

RESULTS AND DISCUSSION

During the distillation process, the efficiency depends on the EOs yields and
chemical composition. In addition, this work was carried out to inspect the ext-
raction of EO from the H. europaeum plant using ionic liquids as additives
during the hydrodistillation methods. In this study, two ILs, hydrophilic and
hydrophobic, were used, respectively, [C4mim][Cl] and [C4mim][PF¢], and two
effects were examined.

Effect of [Cymim][CI] concentration on extraction efficiency of essential oil

The IL concentration is crucial in extracting analytics from drugs.3> To study
the effect of ILs concentration, the various concentrations of aqueous ILs (2.5, 5,
10 %) were used for the essential oil extraction. The results are summarized in
Fig. 1, which presents distillation methods.

The yield of essential oil using the different concentrations of ILs (0, 2.5, 5
and 10 %) are 0,052, 0.1, 0.22 and 0.36 %, respectively. The result demonstrates
that the yield of EO obtained without using [C4mim] [CI] was the lowest and that
EO yields increased gradually from 2.5 to 10 %. A high EOs yield (0.36 %) was
obtained when the concentration was 10 % with IL-HD. This result is explained
by the fact that the use of IL as an additive during hydrodistillation improved the
cell disruption.36 When the concentration is further increased the viscosity is also
augmented, which diminishes the penetration of ILs solution into the interior of
the sample matrix, preventing more constituent extractions.3’ Furthermore, the
butylated hydroxytoluene (BHT) extraction is higher with the use of 5 % of IL
(Table S-I of the Supplementary material). Also, the reduction of the amounts of
ILs in order to save costs seems more sensible to us. So, 5 % of the IL is chosen
as the relevant concentration.
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Fig. 1. Effect of ionic liquids concentration on yields of essential oils.

Effect of anion on extraction efficiency of essential oil

The choice of the IL is a crucial step for effective extraction. In fact, 1-butyl-
3-methylimidazolium with PFg~ was studied and compared to CI~. As an out-
come, yield enhancement was observed with PFg™. It grows up to ca. 0.67 %
with the same concentration. It seems that the ionic liquid [C4qmim][PFg] can
strongly interact with cellulose, which is the main component of the cell walls of
the plant, causing the dissolution of cellulose, which leads to the release of more
compounds.38 The essential oil composition analysis obtained using PFg~ leads
to eugenol as the main product. It is acquired at ca. 72.35 %. In contrast, the use
of CI~ shows the butylated hydroxytoluene as the main component when all con-
centrations are used (Table S-I).

SEM observation

SEM was used to examine the morphological changes before and after ext-
raction with different distillation methods.

As a result, when the ILs were used, the material morphology was signific-
antly changed. In fact, the changes in morphological structure observed for the
ILs-HD samples (c and d in Fig. 2) were markedly different from those examined
by HD samples.

In the case of the ILs-HD sample, the external cells were severely damaged,
there was a considerable destruction of cells, showing that most cell walls were
crimped and broken, which explains the improvement in EOs yield and detection
of more volatile compounds. However, it can be seen that the morphological
structure of the HD (b in Fig. 2) sample became wrinkled, but there was no rup-
ture of cell walls as observed in the ILs-HD methods.

Comparative analysis of different distillation procedures

The chemical composition of H. europaecum EOs extracted with or without
using ILs showed significant differences and these results are contrary to those
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observed by Chiappe.8 In fact, not only the EO yield was affected by these dif-
ferent distillation methods and different concentrations, but also the relative peak
area of each volatile compound, as shown in the typical gas chromatographic
profile given in Figs. 3-6.
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(c) (d)
Fig. 2. Images of SEM of H. europaeum L: a) before extraction, b) treated by HD, c) treated
by IL HD [C4mim][Cl] and d) treated by IL HD [C4mim][PFg].
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Fig. 6. TIC chromatogram of essential oils IL-HD [C4mim][CI] 10 % method.

The total number of volatile components detected was sixty-six compounds

and they were identified in the present study of the EO of H. europaeum which

n

cludes both major and minor constituents. The main constituents in EOs

obtained by different methods ILs-HD with [C4mim][CI] with different concen-
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trations 2.5, 5 and 10 %, and HD method were: butylated hydroxytoluene with
area percentages of 39.96, 65.39, 59.07 and 57.08 %, respectively. However, this
compound was observed at only 8.95 % using [C4qmim][PFg].
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Fig. 7. TIC chromatogram of essential oils IL-HD [Cymim][PF4] method.

On the other hand, the use of [Cymim][PF¢] gave eugenol as the main
constituent with the area percentage of 72.35 %. On the contrary, this product
was obtained with area percentages of 4.94, 1.65, 9.46 and 9.08 %, respectively,
using [C4qmim][Cl] with different concentrations of 2.5, 5 and 10 %, and the HD
methods. This selective extraction can be explained by the probability of dissol-
ution of the eugenol in [C4mim][PFg4] because eugenol is polar. It was observed
in another study that the [C4qmim][PFg¢] tended to interact more strongly with
polar solutes.39 Thus, [C4mim][PF¢] can be able to aid fibre expansion and liber-
ate the content in plant tissues so that more eugenol can be released.

There is no report in the literature on the composition of the EOs of H. euro-
paeum with ILs. Only one publication was found, which showed the obtained EO
through simple hydrodistillation without ILs.1® Except for eugenol, phytol, S-ion-
one and hexacosane, the EO obtained by IL differed profoundly from the litera-
ture report.!® Notably, compounds such as silphiperfol-6-en-5-one, geranyl acet-
one and cis-linoleic acid methyl ester were conspicuously absent in our oil samples.

Phytol was seen as the second most abundant constituent component in the
essential oil obtained by IL-HD with [C4mim][Cl] in 2.5 % with the area percent-
age of 18.20 %. Also, this component is present in the essential oil obtained by
IL-HD with [C4mim][PFg], but with a small area ratio of 0.06 %, this compound
is considered a good antimicrobial and anti-inflammatory agent.39
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Additionally, higher concentrations of compounds have been observed in the
EOs derived from IL-HD using [C4mim][PFg]. This outcome could be attributed
to the physical and chemical characteristics of [C4qmim][PFg], which are signific-
antly influenced by water saturation and the presence of dissolved substances or
ions, which naturally occur during liquid-liquid extraction involving ILs.3°
Moreover, these findings also highlight the significant role of the organic anion
present in ILs, which might be attributed to the hydrogen bond interaction
between ILs ions and the constituents of the cell wall (mainly composed of cel-
lulose). This interaction serves as a key factor in inducing changes in plant tissue
and facilitating the release of more volatile compounds.4? Based on these results,
it can be concluded that the composition of the major components in the EO of
H. europaeum is dependant on the specific distillation process employed.

CONCLUSION

In this work, two ionic liquids were successfully used as additives to effi-
ciently extract essential oils from H. europaeum L. by hydrodistillation. The
unique properties of non-volatility enable these ionic liquids to be used as ext-
ractants in hydrodistillation. The anion’s nature can significantly affect both the
solubilization capacity and the selectivity of the ionic liquid. Among the studied
ionic liquids, [C4mim][PFg] has a higher selectivity and extraction efficiency,
indicating that ionic liquids can be used to recover volatile analytes. The obser-
vation of morphological changes using scanning electron microscopy confirmed
the effectiveness of the ionic liquid in this distillation process. The new method
brings about more identified compounds than the conventional hydrodistillation
with the satisfactory essential oils yield and composition and the application of
gas chromatography—mass spectrometry was effective in identifying sixty-six
compounds from H. europaeum. The essential oil composition of H. europacum
growing naturally in Algeria revealed that these species are richer in volatile
composition than genotypes from Iran.!! This variation may be related to differ-
ent environmental and climatic conditions. In addition, it is necessary to inves-
tigate in detail the reasons for the loss of some volatile components with ionic
liquids in the future. These results shed light into the phytochemistry of this
unexplored species of the Flora of Algeria. The second step will be to evaluate
and valorise the biological activities of the essential oil of this plant.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12488, or from the corres-
ponding author on request.
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U3BOJ

KOOECTHUJIALUMUJA EYTEHOJIA U BYTUJIOBAHOTI XUIPOKCUTOJJIYEHA ITIPUMEHOM

3EJIEHE CEJTEKTUBHE JECTUJIAIJUJE ETAPCKOT YJbA U3 Heliotropium europaeum L.
BOIEHOM ITAPOM Y3 JOHCKE TEHHOCTHU KAO AIUTUBE

SARA BENDJELLOUL!, CHOUKRY KAMEL BENDEDDOUCHE!, SOUHILA BENDEDDOUCHE', MADANI SARRI?,
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Y pany je ommucaHa mecTwiandja BOJEHOM NMAapOM Y3 IMPUMEHY jOHCKHX TEYHOCTH Kao
amutuBa (IL-HD) y numy n3onoBama etapckor yiba Heliotropium europaeum L. ]IBe joHCke
TEYHOCTH Ha Dasu 1-OyTuin-3-mMeTrwnumMugasona cy kopuurhemwe y3 usmeny atjona (Cl” u PFe).
HcnuraH je yTuLaj KOMUYKHE jOHCKe TEUHOCTH Ha MMPUHOC U cacTaB yiba. Y nopehemwy ca ctaH-
IapHOM Jectuianujom BogeHom napom (HD), IL-HD nosehasa npunoc etapckor yiba (0,10—
—0,36 %). ITpumenom [Csmim][PFs], mpumehena je Mmopdonouika npomeHa, Wro je yrepheHo
ckeHupajyhom enexkTpoHckoMm MUKpockomnujom (SEM). Tume je notBpheHa eeKTHBHOCT jOH-
CKUX TEYHOCTH TOKOM JlecTuIalyje. AHaau3a eTapcKkUX ysba FaCHOM Xxpomarorpadujom—mace-
HOM CIEKTPOMETpPHjOM MOTBpIWIA je NMPUCYCTBO 66 jemumewa HakoH HD u IL-HD. Jomu-
HaHTHU cy eyreHon (1,70-72,35 %), SytunoBanu xumpokcuromnyeH (8,95-65,39 %) u ¢uton
(18,20 %). HoBoM MeTO#OM HecTWIalHdje ca jOHCKUM TeYHOCTHUMA, Y eTapckom yisy H. euro-
paeum uneHTU(UKOBAHO je Bulle jenumera (50 HakoH IL-HD [Csmim][PF¢], 22 nakon IL-HD
[Camim][Cl]) Hero cranzapZHOM JIeCTHU/IALIMjOM BOZEHOM Napom (25 jenumemna). 3ak/bydeHO
je ma ce DecTUnanujoM y3 MPOMEHY jOHCKHX TeYyHOCTH moBehaBajy MPHHOCH eTapcKor yiba.
PesyntaTé MpUKa3aHH y OBOM pally HUCY ITyOMMKOBaHH HH 3a jenHy BpcTy Heliotropium mo-
PEKIOM M3 AJKUpa, a JUTeparypa yKasdyje Ha BEIHKH IOTEHLHjal OBe MEOULUHCKE OHIbKe
Kao U3BOPa HOBUX ODMOAKTUBHUX CYICTAHILIM 3a TepaIeyTCKe CBPXeE.

(ITpumsbeHo 13. jyna, peBunupano 26. jyna, mpuxsaheHo 6. okrodpa 2023)
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Co-detection of eugenol and butylated hydroxyltoluene by green
and selective hydrodistillation of Heliotropium europaeum L.
using ionic liquids as additives
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1-Butyl-3-methylimidazolium chloride [C,mim][Cl]. 'TH-NMR (300 MHz, DMSO) &
ppm: 0.75 (t, J = 7.2 Hz, 3H), 1.09-1.16 (m, 2H), 2.02-1.45 (m, 2H), 3.91 (s, 3H), 4.23 (t, J =
6.7 Hz, 2H), 7.98 (s, 1H), 8.09 (s, 1H), 9.84 (s, 1H). 13C NMR (75 MHz, DMSO) 8 ppm: 13.6
(CH;-CH,), 19.1 (CH,-CHj3), 31.9 (CH,-CH,-CHj), 36.1 (CH3-N), 48.7 (CH,-N), 122.7
(CHNCHy), 123.9 (CH-N-CH,), 137.2 (NCHN).

I1-Butyl-3-methylimidazolium hexafluorophosphate [Cmim][PFs]. TH-NMR (300 MHz,
DMSO) & ppm: 0.90 (t, J = 7.4 Hz, 3H), 1.22-1.34 (m, 2H), 1. 68 -1.87 (m, 2H), 3.85 (s, 3H),
4.16 (t, ] = 7.2 Hz, 2H), 7.61 (t, ] = 1.7 Hz, 1H), 7.67 (t, ] = 1.7 Hz, 1H), 9.00 (s, 1H).13C
NMR (75 MHz, DMSO) & ppm: 13.4 (CH3-CH,), 19.2 (CH,-CHj3), 31.7 (CH,-CH,-CHj3),
35.9 (CH3-N), 49.0 (CH,-N), 122.5 (CHNCHj3), 123.9 (CH-N-CH,), 136.8 (NCHN).

* Corresponding authors. E-mail: (*)kchoukry@yahoo.fr; (**)madani.sarri@univ-msila.dz
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Table S-I. Chemical composition of the essential oil of aerial parts of H. europaeum by HD

and ILs-HD methods

Relative area percentages (%)

N Component® RI® IL-HD [C;mim] [C]]  IL-HD
HD A B C [Csmim]
[PF¢]
1 2-Hydroxy-3-hexanone 843 - - 3.32 0.64 1.71
2 Hex-3(Z)-enol 848 - - - - 0.07
3 3-Hexanol, 2-methyl- 853 - 0.45 6.37 1.60 2.75
4 Guanidine carbonate 868 - 1.31 1.52 3.34 2.82
5 2,5-Dimethyl pyrazine 908 - - - - 0.08
6  Cyclohexanemethanamine, n-propyl- 930 - - 0.91 - -
7  3-Pentanol, 2,4-dimethyl- 930 - - - - 0.02
8  butanamine, N-cyclohexylmethyl-1- 932 ) i 123 i )
propyl-
9  RS-2,3-hexanediol 942 - - - - 0.07
10 1,3-Cyclohexanediol 942 - - 1.72 - -
11 Benzaldehyde 955 - - - - 0.03
12 Borane, diethyl-propylamino 956 - - 0.96 - -
13 5-Methyl furfural 958 - - - - 0.04
14 Phenol 977 - - - - 0.08
15 Pyrazine, 2-ethyl-6-methyl- 996 - - - - 0.03
16 Pyrazine, 2-ethyl-5-methyl- 999 - - - - 0.04
17 Pyrazine, trimethyl- 1001 - - - - 0.04
18 1-Hexanol, 2-ethyl- 1026 - - - - 0.03
19 Benzyl alcohol 1030 0.60 1.08 3.08 6.53 0.71
20 Cyclopentyl isothiocyanate 1047 - - - - 0.13
21  2-Buten-1-o0l, 3-methyl-, benzoate 1062 - - - - 0.22
22 Phenylethyl Alcohol 1110 0.68 0.61 0.98 - 0.28
23 2-Hexanol, 2,3-dimethyl- 1158 - - - - 0.52
24 L-Valine, N-cyclopropylcarbonyl-, 183 315 272 1.10 i )
methyl ester
25 Pyrrolo[1,2-a]pyrazine, octahydro-2- 1184 i i ) i 0.66
methyl-
26  Benzofuran, 2,3-dihydro (coumaran) 1218 2.13  2.85 - 1.61 0.22
27  4-tert-Butyl-2-methylthiazole 1220 331 1.87 1.04 - 0.67
28 Indole 1289 135 2.79 140  4.01 0.15
29  Thymol 1292  0.78 - - - -
30 Carvacrol 1301  0.56 - - - 0.03
31 2-methoxy-4-vinyl-phenol 1310 9.08 4.94 1.65 9.46 1.30
32 Lupinine 1318 0.27 - - - -
33 Eugenol 1354 2.82 1.76 1.70  3.98 72.35
34 2-Heptyl-5-(5-hexenyl)pyrrolidine 1360 0.37 - - - -
35 Isobutyl (1-propoxypropan-2-yl) 1362 i 0.64 ) 249 )
carbonate
36 Caryophyllene 1416 - - - - 1.75
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Relative area percentages (%)

N Component® RI® IL-HD [C;mim] [C]]  IL-HD
HD A B C [Csmim]
[PFs]
37 o-Humulene 1450 - - - - 0.20
2,5-Ccyclohexadien-1-one, 2,6-bis(1,1-
38 dimethylethyl)-4-methylene- 1471 ) ) ) i 0.04
39 2 ,6—Di(t—but.yl)-4—hydr0xy—4-methy1—2,5— 1470 0.57 i 093 i )
cyclohexadien-1-one
40 1-Dodecanol 1471 - - - - 0.07
41 B-Ionone 1483  1.28 - - - 0.15
42 1-Dodecanamine, N, N-dimethyl 1504 - - - - 1.34
43 Butylated hydroxytoluene 1512 57.08 39.96 65.39 59.07 8.95
44 Methanone, dicyclohexyl- 1515 1.03 1.09 - - 0.09
2(4H)-Benzofuranone, 5,6,7,7a-tetrahydro-

45 4.4 7a-trimethyl-, (R)- 1521 415 574 249 566 0.35
46 Phenol, 2-methoxy-4-(2-propenyl)-, acetate 1526 - - - - 0.04
47 Megastigmatrienone 1574  2.06 - - - 0.18
48 Caryophyllene oxide 1578 - - - - 0.07
49 Phthalic acid, ethyl pentadecyl ester 1592 033 - - - -
50 Diethyl Phthalat 1592 - - - - 0.04
51 Sp1r0[3.6]deca-5,7-dlen—1—0ne,5,9,9- 1620 i i i i 0.24

trimethyl
52 Methyl dihydrojasmonate 1652  0.64 - - - 0.06
53 1-Tetradecanamine, N,N-dimethyl- 1704 - - - - 0.06
54 Octanoic acid, octyl ester 1778  0.53 - - - -
55 2-Pentadecanone, 6,10,14-trimethyl- 1844 046 3.28 - - -

56 1,2-Benzenedicarboxylic acid, bis(2- 1865 229 088  2.00 1.62 0.27

methylpropyl) ester

57 739—Di-tert—‘.butyl—l-oxaspir0(4,5)deca—6,9- 1914 125 i ) i )

diene-2,8-dione

58 Dibutyl phthalate 1958 322 095 222 - 0.19
59 n-Hexadecanoic acid 1963 - - - - 0.13
60 Phytol 2105 - 18.20 - - 0.06
61 Oleic Acid 2129 - - - - 0.06
62 Pentatriacontane 2274 - 1.05 - - -

63 Diisooctyl adipate 2357 - 6.18 - - 0.39
64 Hexacosane 2440 - 0.91 - - -

65 Octacosane 2737 - 0.74 - - 0.04
66 Benzenepropanoic acid, 3,5-bis(1,1- 3177 i i i i 0.19

dimethylethyl)-4-hydroxy-, octadecyl ester

a Components are listed according to their elution from a HP-5MS column; RIP: retention
index relative to standard mixture of n-alkanes ; HD: Hydrodistillation; .A: ILs-HD [C4mim]
[C1] 2.5%; B: ILs-HD [C4mim] [C1] 5%, C: ILs-HD [C4mim] [CI] 10%.
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Abstract: Various cyclic lipopeptides (CLPs, 23 compounds) were tested for
their antitumor potential against human cervix adenocarcinoma HeLa cells.
From the fast screening (tested concentrations: 0.01 and 10 uM) compound 10
((128,68,108,135)-6-((R)-sec-butyl)-7-(2-(dodecylamino)-2-oxoethyl)-13-isopro-
pyl-82-nitro-2,5,12,15-tetraoxo-4,7,11,14-tetraaza-1(1,2)-pyrrolidina-8(1,4)-benz-
enacyclopentadecaphane-10-carboxamide) was identified as active against
HeLa cell line. The MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide and CV (crystal violet) assays revealed at least five times higher cyto-
toxic potential of 10 (/Csy = 12.3£1.8 uM, MTT; 9.4+1.5 uM; CV) in compar-
ison to control drug natural occurring CLP surfactin (ICsy = 64.9£0.8 pM,
MTT; 76.2+1.6 uM; CV). The cell cycle analysis performed by DAPI (4',6-di-
amidino-2-phenylindole) assay indicated the involvement of apoptosis in HeLa
cell death upon treatment with 10, which was confirmed by apoptosis assay
(annexin V/PI). Furthermore, during this process caspase activation could be
detected (ApoStat assay, immunocytochemistry caspase-3 analysis). The flow
cytometry analysis did not display induction of autophagy as a possible death
mechanism in HeLa cells upon 10 treatment. The current findings could be used

* Corresponding author. E-mail: goran.kaluderovic@hs-merseburg.de
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC240109018H
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to design more effective CLPs based on 10 structure as potential anticancer
agents.

Keywords: cancer; surfactin; proliferation; apoptosis; cell cycle; autophagy.

INTRODUCTION

Cancer is the second-most common cause of death worldwide, exceeded
only by heart disease, and accounts for nearly 1 of every 4 deaths.!=3 Due to the
toxicity, and the high price of currently used therapeutics for the treatment of
various types of tumours, new alternatives are extremely desired.#© The dev-
elopment of synthetic organic chemistry over the last years had a great impact on
the anticancer drug’s development, in addition to antimicrobial and other medic-
inal drugs.”-2 One important strategy in developing effective anticancer agents is
to synthesize compounds similar to bioactive natural occurring products like lipo-
peptides. 10,11

A number of bacterial and fungal species produce cyclic lipopeptides
(CLPs), most of which have important biological functions.!2-14 The plentiful
structural diversity of CLPs suggests that these metabolites have different natural
roles, some of which may be unique to the biology of the producing organism.!5
CLPs are exhibiting a wide diversity of biological applications, ranging from
antibacterial, antifungal and anticancer activities to their employment as biosurf-
actants, ionophores and sequestering agents.16-17

Surfactin (Fig. 1), a bacterial CLP, is produced by various strains of Bacil-
Ius.!8:19 The surfactant properties and biological activities of surfactin analogues
appear very interesting in the perspective of their utilization both in cosmetic and
in pharmaceutical fields. How this molecule can be effective in various biological
events is still mostly unknown; however, it is theorized that the structural and
lipophilic properties of surfactin may affect the stability of biological mem-
brane.20 On the other hand, growth inhibition in a tumor cell by surfactin could
be related to induction of apoptosis and cell cycle arrest via the suppression of
cell survival-regulating signals such as ERK and PI3K/Akt.2!.22

% Fig. 1. Surfactin; a heptapeptide bearing a f-hyd-
roxy fatty acid.
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Recently, a multicomponent macrocyclization strategy was employed to syn-
thesize natural product-like cyclic lipopeptides.!0 This specific multicomponent
reaction might be used for rapid production of natural product analogues, having
amide instead of ester bond(s), for biological screening. Substituting the ester
bond found in natural depsipeptide CLPs with an amide bond could potentially
enhance stability, alongside the benefits of macrocyclization and N-alkylation. In
the current study, the evaluation of the anticancer activity of a selected lipopep-
tide library on the HeLa cancer cells were conducted. For the most active com-
pound mechanism of action was determined.

EXPERIMENTAL
Chemicals

CLPs were collected from the compounds library of the Leibniz Institute of Plant Bio-
chemistry Halle, Germany. The structures of the selected CLPs were confirmed by 'H- and
I3C.NMR spectroscopy as well as with mass spectrometry and are in accordance with the
compounds previously reported by Wessjohann and coworkers.??> Digitonin (Riedel De Haen
Seelze, Germany), surfactin, crystal violet (CV — histochemical stain, bind to duplex DNA),
paraformaldehyde, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT —
reduced to formazan by metabolically active cells), acridine orange (AO — monitor and quan-
tify autophagy by assessing changes in the acidity of cellular compartments), 4',6-diamidino-
-2-phenylindole (DAPI — nuclear staining in cells, Sigma—Aldrich, Germany), RPMI (Roswell
Park Memorial Institute) medium 1640, tryban blue stain 0.4 %, caspase-3 rabbit Ab, second-
ary anti-rabbit Alexa Fluor 488 antibody (Life Technologies, Germany), Dulbecco’s phos-
phate-buffered saline (DPBS), trypsin EDTA (PAN Biotech, Germany), 4-amino-5-methyl-
amino-2,7’-diflurofluorescin diacetate (DAF-FM — detection and quantification of low con-
centrations of nitric oxide, Cayman chemical company, Germany), fetal calf serum, penicil-
lin/strepetomycin, HEPES (PAA laboratories, Germany), DMSO (Duchefa Biochemie, Ger-
many), acetic acid 33 % (Roth company, Germany), dihydrorhodamine (DHR — detection of
ROS and RNS), carboxyfluorescein succinimidyl ester (CFSE — utilized to track different gen-
erations of actively dividing cells through the process of dye dilution), ApoStat (identify and
measure caspase activity in apoptotic cells), Annexin V (protein, labeled with a fluorochrome
FITC, that has a high affinity for phosphatidylserine, a phospholipid that is exposed on the
outer surface of the cell membrane during early stages of apoptosis) and PI (a DNA-intercal-
ating dye, impermeable to live cells) were obtained commercially (DB Biosciences, USA).
Stock solutions of CLPs, including surfactin, were prepared in DMSO at concentration of 20
mM. Human cervix adenocarcinoma (HeLa) and NIH3T3 mouse fibroblast cells were
obtained from Ontochem (Halle, Germany). HeLa and NIH3T3 cells were grown in RPMI
1640 nutrition medium supplemented with 10 % fetal calf serum (FCS) and 1 % penicil-
lin/streptomycin at 37 °C in a humidified atmosphere containing 5 % CO,. For MTT and CV
assays, HeLa and NIH3T3 cells were seeded at density 2.000 and 10.000 cells/well, respect-
ively, in 96 well plates, while for flow cytometry experiments at 1x103 HeLa cells/well in the
6 well plates. Working concentrations were prepared from stock solutions in nutrition medium.

Fast screening and determination of 1Csy concentrations (MTT and CV assays)

After the HeLa cells were seeded and incubated for 24 h, 100 pL of various concen-
trations of CLPs, in quadruplicate, were added into the wells. For the fast screening, two con-
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centrations (0.01 and 10 pM) of CLPs were used, while in experiments for /Cs, values det-
ermination using different concentrations (0.625, 1.25, 2.5, 5, 10, 20, 40 and 80 uM). NIH3T3
cells were seeded and incubated for 24 h, afterwards treated with the /Cs, concentrations of 10
and surfactin. The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and
CV (crystal violet) assays, upon 72 h of treatment, were performed as described in the liter-
ature.2* All experiments were performed in biological triplicates. The absorbance was mea-
sured with an automated microplate reader (Spectramax from Molecular Devices) at 540 nm
(reference 670 nm). /Cs, values, defined as the concentrations of the compound at which 50 %
of cell inhibition occur were calculated using four-parameter logistic function and presented
as mean from three independent experiments.

Cell cycle analysis

HeLa cells (1x10° cells/well) were cultivated with the ICsy or 2xICs, doses of active
compounds for 72 and 48 h, respectively. Then the supernatant (which contains the floating
dead cells) from each well and the attached cells belong to the same well were collected in 5
mL test tubes. Cells were washed with phosphate buffered saline (PBS) and fixed in ethanol
70 % at 4 °C overnight. Afterwards, cells were washed in PBS and the cell pellet was taken
and resuspended in 1 mL of DAPI (4',6-diamidino-2-phenylindole) solution (1 vol. % Triton
X-100 and 1 pg mL-' DAPI in PBS) for staining. Prepared samples were stored in the dark for
10 min then the distribution of cells in different cell cycle phases was determined with
FACSAria III (DB Biosciences).?

Annexin V/PI assay

HeLa cells were incubated with /Cs, or 2x/C5y doses of active compounds for 72 h. Cells
were washed and trypsinated, then collected and washed with PBS. Cells had been stained
with 100 pL of working Ann V/PI solution (93 puL of 1xAnnexin binding buffer (ABB) + 5
pL Ann V + 2 puL PI per sample) for 15 min at 37 °C in dark. Afterwards, staining was stop-
ped by adding 900 pL of 1XxABB per sample. Treated and untreated cells were examined by
flow cytometry analysis with FACSAria I1I (DB Biosciences).2

ApoStat staining

Investigated cancer cells were incubated with /Cs or 2x/Cs, doses of active CLPs for 72
h. Cells were washed and trypsinated, then collected and washed with PBS. Cells were incub-
ated with 100 pL of working ApoStat solution (99 puL of PBS 5 % FCS + 1 uL ApoStat per
sample) for 30 min at 37 °C. Later, 1 mL of PBS per sample was used to stop staining and
washing out unbound ApoStat. Examine cells were suspended in 1 mL PBS for flow cyto-
metry analysis with FACSAria III (DB Biosciences).2

Immunocytochemistry

Cells (1x10° cells/well) were cultivated with the 2x/Cs, dose of active compounds for 48
h. The medium was removed and cells were fixed with paraformaldehyde 4 % for 15 min at
room temperature. Permeability was improved by incubating the treated cells with 0.25 % Tri-
ton X-100 in PBS for 10 min then cells had been washed with PBS 3 times for 5 min. In order
to avoid unspecific antibody binding, 10 % FCS in PBS-T (PBS with 0.1 % Triton X-100)
was added for 30 min at room temperature. Afterwards, cells were incubated with Rabbit anti-
-caspase 3 (1:400 dilution in 1 % bovine serum albumin PBS-T) over the night at 5-10 °C.
Anti-rabbit Alexa Flour 488 secondary antibody was used in dilution 1:200 in 1 % BSA PBS-T
for 30 min at RT in dark place. Nucleus staining was performed with DAPI 1 ug mL! in PBS
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by incubating the cells with DAPI for 1 min in dark place. Finally, the preparations were used
to take the images by fluorescence microscope.
Analysis of autophagy

For this purpose, cells were incubated with /Cs; or 2x/Cs, doses of active compounds for
72 and 48 h, respectively. Cells were washed and trypsinated, consequently collected and
washed with PBS before staining in 10 uM acridine orange solution for 15 min at 37 °C in
dark. Afterwards, cells were washed with PBS and the cell pellet was resuspended in 500 pL
PBS for flow cytometry analysis with FACSAria III (DB Biosciences).?
CFSE staining

The assay was performed as described by supplier.?’ Cells were stained with 1 uM of
carboxyfluorescein succinimidyl ester (CFSE) for 15 min at 37 °C and then exposed to the
ICs dose of active compounds for 72 h. At the end of cultivation, cells were washed with
PBS and trypsinated, washed in PBS and resuspended in 500 puL of PBS for measurement.
Proliferation activity of the treated cells was analysed by FACSAria III (DB Biosciences).
Investigation of ROS/RNS

For detection of reactive oxygen species/reactive nitrogen species (ROS/RNS), dihydro-
rhodamine (DHR) which is redox-sensitive dye was used.2® The cells were stained with 1 uM
DHR for 20 min at 37 °C. Afterward, the cells were treated with the /Cs, dose of investigated
compounds for 72 h. Subsequently, the cells were collected by trypsinization and washed with
PBS before flow cytometry analysis.

DAF-FM assay

For NO production evaluation, cells were treated with /Csy and 2xICs, for 72 h. The
medium was discarded from all wells which had been washed with PBS 2 times. Then, 1 mL
per well of working DAF-FM (4-amino-5-methylamino-2,7’-diflurofluorescin diacetate) sol-
ution (5 pM DAF-FM in white medium with 10 % FCS) was added and incubated with cells
at 37 °C for 1 h for staining. The staining solution was dropped and wells washed with PBS 2
times before incubated with the white medium for 15 min at 37 °C. Afterwards, cells had been
trypsinated and collected from all wells in tubes for FACS analysis.?

RESULTS AND DISCUSSION

Cytotoxicity and toxicity studies

Various CLPs (23 synthetic compounds) and surfactin (natural occurring
compound, herein control) were at first fast screened against HeLa cell lines,
using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and
CV (crystal violet) assays in order to select the most active compounds (72 h
treatment, Figs. 2 and S-1of the Supplementary material to this paper). From all
tested synthetic CLPs only compound 10 (Fig. 3a) exhibited antitumor activity
against HeLa cell line at the higher investigated concentration (10 pM).

Furthermore, the MTT and CV assays were carried out in order to deter-
minate cytotoxic potential of selected synthetic and naturally occurring com-
pounds (Fig. 3b). Based on the recommendation of National Cancer Institute,
active compounds have ICsq value < 30 pg mL~1.29 The activity of 10 is in the
range of active compounds (/Csg = 12.3/9.4 uM, MTT/CV, corresponds to 9.8/
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/7.5 ug mL-1, MTT/CV). Surprisingly, surfactin expressed much lower activity
than 10 against HeLa cells. The lower activity of surfactin, a cyclic ester, in com-
parison to 10, instead of lactone an N-substituted amide moiety is present, may
be due to the fact that surfactin is more susceptible to hydrolysis/proteolysis
reactions in which ring-opened compounds are produced. Such products are more
exposed to degradative process in the physiological medium, thus in that way
bioavailability is decreased. However, amide-containing compounds are also sus-
ceptible to hydrolysis, but it occurs at an extremely slower rate than the hydro-
lysis of lactone.3? The cyclic moiety of CLPs is important for their high surfact-
ant activity and destruction of the cyclic structure in surfactin may lead to dec-
rease its cytotoxic activity.3!

HO1pM H10pM
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Fig. 2. The viability of HeLa cells treated with CLPs (CV assay). Cells were treated with 2
concentrations (0.1 and 10 uM) of CLPs for 72 h. Data represent absorbance measurements
normalized to control-untreated cells. Values are expressed as means and standard deviations
obtained from independent experiments. For MTT results please see supplementary material
(Fig. S-1).

In order to explore does 10 or surfactin have an effect on normal cells,
mouse embryonic NIH3T3 fibroblast cells were incubated with /C5q concen-
trations of selected compounds (Fig. 3¢). Both MTT and CV assays demonstrated
that surfactin was more toxic to NIH3T3 cells than compound 10. The survival
rate of the cells treated with 10 (91 %) showed that this synthetic CLP selectively
acts on tumor cells (at the same concentration 50 % of HeLa cells are death). On
the other hand, the /Csq concentration of surfactin, determined on HeLa cells,
decreased the cell viability of normal cells to 15 %, thus is more active against
normal than tumor cells.
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Fig. 3. a) The structure of 10; b) dose-dependent response of the HeLa cells upon treatment
with CLPs (MTT and CV assays). HeLa cells were treated with serial dilutions of 10 and
surfactin for 72 h. ICsy: 10, 12.3+1.8 pM (MTT) and 9.4+1.5 uM (CV); surfactin, 64.9+0.8
uM (MTT) and 76.2+1.6 uM (CV). The data represent absorbance measurements normalized
to control-untreated cells. The dose-response curves and /Cs values show mean values + SD
of three independent experiments with six parallel measurements in each case; c¢) the effect of
10 and surfactin on the viability of normal mouse NIH3T3 fibroblasts. NIH3T3 cells were
untreated or treated with the /Cs concentrations of 10 and surfactin for 72 h then cell viability
was determined by MTT and CV assays. Values are expressed as means and standard
deviations obtained from three independent experiments.

Mechanism of action

To investigate the mode of action HeLa cells were treated with both syn-
thetic and naturally occurring compounds, 10 and surfactin, and at first distri-
bution of the cells in the cell cycle was analysed using flow cytometry (DAPI
assay, Fig. 4a).25 Based on the obtained results, cells treated with 10 as well as
surfactin, showed enhanced cell number in sub-G1 phase which might indicate an
involvement of apoptosis in cell death induced by these compounds.3?2 Both
compounds do not express cytostatic potential, thus their action is mainly due to
the cytotoxic action (Fig. 4b). The apoptotic mode of cell death was confirmed
with Annexin V/PI assay (Fig. 4c). There was a recognized increase in early and
late apoptotic cell populations (Ann™/PI- and Ann*/PI™, respectively) in the HeLa



478 HMEDAT et al.

m5ub-G1 mG1/G0 =5 mM/G2 HO mlI Hl
100 100
80 e
il *
&
& 5
460 £
e z
an 1 2 40
3 8
20 | 20 1
0 T T 0 4 T T
control 10 Surfactin control 10 Surfactin
(a) (b)

-—
control

ﬁi'cw

2x1Csq
FITC-A
3150
. ] /

HAnNVT P EAnAn VPN W Ann VTP

100
80 -
60
a0
20
0 T T T
ICsa ICs0

Count
PRI P T TV i

Cell popubtion f%

ﬁ_
g—
control 2xICsp 2xICsp = 3_: control 2x1Cso

—— — 3 3
10 Surfactin =
c E
© i

E surfactin

" FITC-A
(d)
Fig. 4. a) Flow cytometry analysis of cell cycle distribution of HeLa cells. Cells were treated
with DMSO as vehicle control or /Cs concentrations of 10 and surfactin for 72 h then stained
with DAPI. The DNA content was then determined by flow cytometry. The cell population
was analyzed as cell numbers at each cell cycle phase relative to the total population; b) flow
cytometer analysis for cell proliferation assay of CFSE-labelled HeLa upon treatment with
DMSO as vehicle control, /Csy concentrations of 10 or surfactin for 72 h.; c) detection of
apoptosis with Annexin-V-FITC and propidium iodide staining. HeLa cells were treated with
DMSO as vehicle control, the ICs, or 2x/Cs concentrations of 10 and surfactin for 72 h then
stained with Annexin V and PI for FACS analysis. Annexin V positive cells represent
percentages of late and early apoptotic HeLa cells; d) representative images for caspase
activation in HeLa cells upon treatment with CLPs (ApoStat assay). HeLa cells were treated
with DMSO as vehicle control, the /Cs, concentrations of 10 or surfactin for 72 h, stained
with ApoStat and measured by flow cytometry to determine the percentage of cells expressing
active caspases. Results are expressed as means obtained from three independent experiments
(a,band c).

cells treated with 10. On the other hand, massive late apoptosis was detected for
the HeLa cells treated with surfactin. Apoptosis initiation and execution are
accompanied by complex cascades of intra-cellular events that may include
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members of the caspase family.33 Flow cytometry was used to evaluate act-
ivation of caspases in HeLa cells upon treatment (ApoStat assay). An obvious
upregulation of caspases could be noted upon treatment with both compounds
(Fig. 4d). Moreover, activation of caspase-3 executor could be confirmed using
immunocytochemistry analysis (Fig. 5). Fluorescent examination of treated HeLa
cells gives definite proof of involvement of caspase in the apoptotic mode of cell
death using selected CLPs.

control 10 surfactin
(a)

control 10
(b)

Fig. 5. Representative fluorescence images, a) 10x and b) 40%, of caspase-3 activation HeLa
cells upon treatment with 10 and surfactin (2x/Cs, 48 h, nuclei — DAPI stained, caspase-3 —
primary rabbit antibody, secondary anti-rabbit Alexa Fluor 488 antibody).

Autophagy might be involved in various cellular processes such as cell dif-
ferentiation as well as in a cell death mechanism involving autophagosomal/lyso-
somal degradation of cellular components.3#:35 In the current study, it was sought
to determine whether treatment of cells with active CLPs results in an induction
of autophagy of cancer cells. For this purpose, cell previously treated with active
CLPs were collected and analysed using flow cytometry (acridine orange assay,
Fig. S-2 of the Supplementary material).25 Upon treatment with 10 or surfactin,
HeLa cells did not show any elevated presence or acidic vehicles, autophago-
somes, meaning that autophagy is not involved in the death process.

To investigate whether ROS/RNS, as well as NO species, are generated by
CLPs, DHR (dihydrorhodamine) or DAF-FM (4-amino-5-methylamino-2,7’-di-
flurofluorescin diacetate), respectively, prestained HelLa cells were incubated
with selected CLPs (Fig. 6a and b). Flow cytometry analysis showed no increase
in the ROS/RNS formation, moreover, 10 suppressed the formation of the men-



480 HMEDAT et al.

tioned species. Surfactin enhanced the production of NO, while 10 had no impact
on its production.
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Fig. 6. a) Flow cytometry analysis for ROS/RNS production in HeLa cells upon treatments
with DMSO as vehicle control, /Cs, concentrations of 10 or surfactin for 72 h (DHR assay);
b) NO generation in treated and untreated HeLa cells. HeLa cells were treated with DMSO as
vehicle control, /Cs, concentrations of 10 or surfactin for 72 h then stained with DAF-FM
solution for FACS analysis. Representative images are shown.

Compound 10 shows an activity surpassing that of the natural compounds
surfactin or even emodin (four-fold).25 On the other hand, 10 exhibits lower
activity than cisplatin against HeLa cells,3¢ however with notable advantages. In
contrast to cisplatin, 10 displays selectivity by being inactive against normal fib-
roblast cells. While cisplatin has severe side effects, optimizing the chemical
structure of compound 10 could enhance its cytotoxicity. In modern anticancer
therapy, it is also important to prioritise selectivity over potency in drug develop-
ment. Compound 10 may act by reducing its nitro group, producing free-radical
intermediates and reactive metabolites that interact with DNA, leading to the
inhibition of nucleic acid and protein synthesis.37-38 The deadly effects on HeLa
cancer cells and the cytotoxic action of 10 may be related to the covalent binding
of the reduced metabolites to cellular macromolecules or interactions with cyto-
plasmic and membrane enzymes. Analysis of cells treated with 10 revealed an
increase in late and early apoptotic HeLa cells. Among the nitro group-containing
compounds investigated herein, only compound 10 demonstrated relevant act-
ivity. The incorporation of the nitro-phenyl group into a peptide cycle makes the
possibility of intercalation of 10 into DNA highly improbable, as there is no con-
formation that permits flat aromatic intercalation.

CONCLUSION

Lipopeptides represent a class of microbial surfactants, that has achieved
increasing scientific, therapeutic and biotechnological interest. The main aim of
the current work was in vitro anticancer investigation for a library of synthetic
CLPs. For this purpose, the HeLa cell line was used and cytotoxicity was assessed
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with MTT and CV assays. As a result, 23 compounds were examined and many
of them exhibited a high cytotoxic response during the primary screening.

The IC5¢ value was established for active CLPs in order to attain the most
important structural features that may contribute to their cytotoxic activity. Syn-
thetic CLP (10) revealed a better cytotoxic profile (12.3=1.8 uM (MTT) and
9.4£1.5 uM (CV)) in comparison to natural CLP surfactin (64.9+0.8 uM (MTT)
and 76.2+1.6 uM (CV)) due to structural modifications, such as lactone group
replacement, the introduction of nitro functional group and lipophilicity improve-
ment. Additionally, active CLP showed a higher safety profile against NIH3T3
than surfactin.

Accumulation of treated cells in the sub-G phase might indicate apoptosis as
a possible mechanism of action. This assumption was confirmed by annexin V/PI
assay. In addition, active CLP had been displayed to provoke late apoptosis and
cell death in HeLa cells. Results reported in this research contribute to under-
standing CLPs cytotoxicity, the structural features that might be involved in their
activity and their possible mechanisms of action. Finally, these findings may be
used to design more effective and less harmful CLPs as potential anticancer agents.
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Iomotipuspegnu paxyniteni, Ynusep3uitiei y beoipagy, Hemawuna 6, Beoipag-3emyn

AHTHTYMODCKH TOTEHUHjan pasHuUX LMKInyHux aunonentupa (CLP, 23 jemumema) je
ucnutuBaH Ha Hela xymanum hennjama ageHokapuuHoma rpnvha matepuue. M3 dp3or ckpu-
HHUHra (ucnurane koHuexstpanuje: 0,01 u 10 pM) jenumeme 10 ((12S,6S,10S,13S)-6-((R)-cek-
Oytumn)-7-(2-(momeuunaMuHo)-2-0kcoeTun)-13-usonponun-82-HuTpo-2,5,12,15-reTpaokco-
-4,7,11,14-retpaasa-1(1,2)-nmuponununa-8(1,4)-densenuuwionenragekadan-10-kapdokcamuzn)
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je unentudukoBaHo kao akTuBHO Ha Hela hemujama. MTT (3-(4,5-muMeTHITHA30II-2-WIT)-
-2,5-mudenunrerpasonuym-dpomun) u CV (kpucraa BHOJIET) TECTOBU MOKA3ald Cy Ia jemu-
wewe 10 uma Hajmamwe 5 nyTa Behu nuToTOKCHYHM noTeHuyjan (ICso = 12,3+1,8 pM, MTT;
9,4%1,5 pM; CV) y nopehemwy ca npupogarim CLP koHTposmHUM sexkoM, cypdautut (ICso =
= 64,910,8 pM, MTT; 76,2+1,6 pM; CV). Ananusa henujckor nuxinca, U3BpllieHa nomohy
DAPI (4'6-guamMunuHo-2-(QeHUIHHIOMN) TecTa, ykasyje Ha yuyeurhe arnonrtose y cMpT Hela he-
Jvja HaKOH TpeTupama ca 10, mTo je morepheHo Tectom 3a amontosy (Annexin V/PI). ITopen
TOra, TOKOM OBOT IpOLieca MOJKe Ce IeTeKTOBaTH akTHBalija kacnase (ApoStat TecT ¥ UMyHO-
UUTOXEMHjCKa Kacnasa-3 aHauu3a). AHanM3a NPOTOYHE UUTOMETPHje HUje Mokasana MHAYK-
uujy ayrodaruje kao moryhu mexanusam cmptd Hela henuja HakoH Tpetupama ca 10. Osu
Hajasd MOIy Jla Ce KOPHUCTe y AusajHupamy nodosbliaHux CLP, 3aCHOBaHMX Ha CTPYKTYpH
jenumema 10, ka0 MOTEHIWjaTHUX areHaca MpOTHB paKa.

(TTpummeno 9. janyapa, peBunupaHo 12. janyapa, npuxsaheno 20. ¢pedpyapa 2024)
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standard deviations obtained from independent experiments.

* Corresponding author. E-mail: goran.kaluderovic@hs-merseburg.de

S158



SUPPLEMENTARY MATERIAL S 1 59

A control 10 surfactin
rc_!‘ ,.a_! .
<1 =
— ?} =3 .'] i
o 3 : 3 3
ol ._‘,tm ~ £ - 1 -M
! == v = iy i g A
=4 : Cree L =
o s e R T ksl - o] | el
1 il ) | bbby LR AL, P B At T e TR R £ Ty T
o W w0 ' 0 w0 wt 0 W w'
»

Fig. S-2. Detection of autophagy induction in AO-stained cells using FACS analysis. Hela
cells were treated with DMSO as vehicle control, 2xICs, concentrations of 10 or surfactin for
48 h, stained with AO and then analyzed by flow cytometry. FITC (x-axis) indicates green
color intensity, while PI (y-axis) shows red color intensity. Representative images from three
independent experiments are shown.

Fig. S-3. Chemical structures of investigated cyclic lipopeptides.
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Abstract: In order to extract meaningful interpretation from the large data and
provide their value to the application areas, chemical data analysis has become
a serious challenge in the development and applications of new protocols, tech-
nique and methodologies for the mathematical modelling communities and
other data science societies. Therefore, in the present work a rapid and robust
box-and-whisker plot and multivariate principal component statistical tech-
niques (PCA) are being proposed for the evaluations of the thermodynamic
molecular properties data of the benign fuel structures. We observed that, the
box-and-whisker plot technique successfully explored all of the thermochem-
ical molecular properties precisely, and described symmetrical distribution of
the data along the median values with respect to the rise in temperature. More-
over, applying the PCA technique, the score-plots of PCs diagnosed the pecu-
liar molecular properties variations after a certain peak of temperature with
descendant variation in the statistical parameters. Furthermore, PCA parameters
not only segregated the thermodynamic properties of propanol and butanol but
also, their variations with the temperature. Thus, we concluded that, Box-whis-
ker and PCA statistical techniques are robust and rapid method for the assess-
ment and evaluation of the large molecular thermodynamic quantities data.

Keywords: computational study; benign fuels; statistical analysis; DFT; thermo-
dynamic quantities.
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INTRODUCTION

Over the last few decades, Researchers have been testing some novel fuels
by integrating biofuels and conventional fuels, taking into consideration the
greenhouse gas emissions as well as calorific capacity (improved octane number
and cetane number).! In this regard, efforts are being taken to develop alternative
and renewable fuels that can produce useful energy while reducing global warm-
ing and, as a corollary, environmental pollution.2 The blending of ethanol-gaso-
line, butanol—gasoline, butanol—diesel, butanol-biodiesel, diesel-biodiesel, kero-
sene—biokerosene have been tested.3-> Butanol is considered to be one of the
most promising biofuels with several advantages over bioethanol and has been
utilized in large-scale processes in recent decades.® In addition, studies demon-
strate that butanol is far more useful than ethanol, with a higher calorific value
(29.2 MJ/dm3), lower heat of vaporization (0.43 MJ/kg), and less corrosive pro-
perties. Furthermore, it has been discovered that the energy content per volume
unit of butanol is comparable to that of gasoline and higher than that of ethanol.”
Because of butanol’s specific mass and viscosity similarity to those of diesel, it
has good solubility in heavier hydrocarbons as well, so it can be added to diesel
in higher proportions.8

Since conventional investigations involved expensive and time-consuming
experimental trial and error technique to determine the energy storage or trans-
formation of innovative materials.? As a result, the scientific community is inc-
reasingly supporting the development of atomistic modelling methodologies for
use in energetic materials (EM) research and development programs. Where, the
change of heat of formation (AfH°) is regarded to be a significant property in
predicting the performance during designing and manufacturing of the new ener-
getic materials in technological applications.!0 Moreover, an energetic mole-
cule’s AtH® value should be as high as possible, as this ensures that the chemical
material will be unstable when disintegrated into its constituent parts in their
standard forms.

Therefore, it appears that a high-density material with such a high heat of
formation would be a suitable candidate to be used as a fuel. In this regard, a
range of computational approaches based on semi-empirical, ab initio, and Den-
sity functional theory (DFT methodologies) have become powerful tools for pre-
dicting the structures and thermochemical molecular characteristics of materials
in recent decades.!0-11 Aside from measuring molecular characteristics, a trust-
worthy and efficient analysis of chemical data is also believed essential. When-
ever a massive quantity of data is involved in a short period of time, evaluation is
becoming a challenge for the researcher. To address this problem, certain system-
atic approaches for big data analysis projects are being developed. Furthermore,
several analysis features such as data analysis, data preprocessing strategy dev-
elopment, visualization of data, and validation of the model are all taken into
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account. To extract useful analytical information from spectral data, several mul-
tivariate statistical analysis (MVA) techniques are proposed.12:13 Typically, these
methods use two- or three-dimensional graphs to facilitate multivariate under-
standing of complex data sets. Pattern recognition, classification and multivariate
calibration may all be done with a simple MV A of PCA approach. This statistical
method is frequently used to reduce the size of a data set, detect sample simil-
arity, display data structure and find outliers (abnormal samples).!12 Another
MVA calibration method is partial least square (PLS), which uses the principal
component analysis technique to reduce the dimensionality of the data set in pre-
paration for subsequent spatial correlations. !

Therefore, in the present work a robust statistical multivariate PCA tech-
nique is presented to explored and diagnosed the thermochemical properties dif-
ferences with respect to temperature (5 to 1500 K), in between the isomers of
butanol and propanol fuels additives, based on the small structural effects. The
thermodynamic data (i.e., enthalpy change of formation, specific isobaric heat
capacity, entropy change of formation, and Gibbs energy change of formation)
were computationally predicted for the gaseous state of different chemical struc-
tures (isomers of propanol and butanol) used as benign fuel (oxygenated and
environmental friendly), using DFT and semi-empirical method. The quality of
the thermodynamic quantities is being verified by comparing with literature
values using root-mean square error (RMSE) and Box-and-whisker technique.

EXPERIMENTAL

In this study, Becke 3-parameter hybrid functional combined with the gradient-correl-
ation functional of Lee-Yang—Parr (B3LYP)!4 and pure functional of Perdew, Burke and
Ernzerhof as made into a hybrid by Adamo (PBE0)! were tested in the computations using
DFTs. All electron Dunnings correlation-consistent (triple zeta) polarized basis set (cc-pVTZ)!1
was employed. A semi-empirical method at the PM6 Hamiltonian was also employed, as
implemented in Gaussian.!” Ground state equilibrium geometry, hessian matrix and normal
modes of the vibrations were computed for the gas state 1-propanol, 2-propanol, 1-butanol,
2-butanol and tert-butanol molecules, using the afore mentioned methods. The thermodyn-
amic properties like enthalpy, eentropy, Gibbs energies and specific isobaric heat values were
extracted at different temperatures from the normal-modes computational Gaussian-output-
-files. All the computations were made at different temperatures of 5, 100, 200, 300, 400, 500,
600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400 and 1500 K. All the computations were
performed using the electronic structure program Gaussian09'8 and Statsoft Statistica.!8

Statistical analysis of data

The acquired data have undergone a thorough descriptive statistical analysis,!*2? includ-
ing the Shapiro—Wilk normality test, mean, standard deviation, variance and coefficient of
variation. Root mean-square error (RMSE) of the data has also been calculated between the
thermochemical properties (i.e., enthalpy change of formation, specific heat at constant pres-
sure, entropy change of formation and Gibbs energy change of formation) for the target mole-
cules in order to investigate a comparison in between the expected results obtained with our
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proposed computational methods compared to those of the literature.2!24 The RMSE were
calculated for the data set as:?>

2

n

RMSE = (1)

Where, e; represents the error in between the computed obtained values and the literature
values,2!"2% and n represents the observation of each parameter at the given temperature.
Before doing the Principal PCA on the data, the data distribution of the computational
values were also examined using a Box-plot?® (skewness) of the entire data set and as well as
for the individual property. The Box-whisker-plot also helped to understand the symmetry dis-
tribution in the thermodynamic quantities data-set. Multivariate PCA was performed to reduce
the dimensionality problem and possible exploratory analysis of the molecular structures, tem-
perature dependence and proposed theoretical methods used in the computation of thermodyn-
amic properties. PCA was performed for the whole data set, including the enthalpies, entro-
pies, Gibbs energies and specific heat values at constant pressure, considering the proposed
theoretical protocols by using cc-pVTZ basis functions at DFT level of theory (i.e., BALYP &
PBEO functionals) and PM6 semi-empirical method. The “Statistica” a Data Analysis Soft-
ware System!$, version 8, was used for performing PCA and other basic statistical analysis.

RESULT AND DISCUSSION

In this section, the results of the computations for the thermodynamic pro-
perties (i.e., specific isobaric heat capacity (Cp), enthalpy (H), entropy (S) and
Gibbs energy), using cc-pVTZ basis set at DFT functionals (i.e., PBEO and
B3LYP functional) level along with semi-empirical method, for a set of 1-pro-
panol, 2-propanol, 1-butanol, 2-butanol and zerz-butanol molecules is presented.
The computed thermodynamic molecular properties were validated by comparing
theoretically predicted values against experimental values collected from the lite-
rature.21-24

Descriptive statistical analysis

The dispersion or variability of a data set inside a statistical function pro-
vides an explanation for the numerical values. Researchers utilize variability to
calculate the separation between data points and the distribution’s center.19:20.27
This type of study allows the researcher to investigate the heterogeneity or homo-
geneity of each data set, while understanding the variability of the different data-
-sets.19:20.27 In order to understand the similarities and differences between the
results obtained, a thorough descriptive statistical analysis for each parameter has
been calculated. Firstly, we tested the statistical dispersion techniques to study
the theoretical models. In this regard, to evaluate how well our proposed comput-
ationally modeled data fit to a normal distribution, the Shapiro—Wilk normality
test27 approach for the standardized data-set was being performed. The results
are presented in Table I and Fig. 1. On the basis of our data distribution results
applying the Shapiro—Wilk normality test null hypothesis for the data is to be
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normally distributed, we can say that our data is not normally distributed because
the p value at the 5 % level of significance compared to 0.05 is smaller than the
obtained value, as can be seen in the Table 1.

TABLE 1. Shapiro—Wilk normality variable test utilizing standardized full thermodynamic
data set, mean and standard deviation (St. Dev.) calculated for each thermodynamic quantity
absolute error in between the obtained the literature values.2!-24 In the acronym Pxy and Bxy,
P and B stand for propanol and butanol, respectively. Subscripts such as “x = 1, 2 or 3” are
used to number the isomers 1-propanol, 2-propanol, 1-butanol, 2-butanol and tert-butanol,
while “y =1, 2 or 3” stand for the PBEO, B3LYP and PM6 methods, respectively

Sample Statistics P value Enthaply Entrophy Specific heat  Gibbs energy
Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev.
P11 0.943 0.007 2.60 210 243 1.19 503 328 2570 264
P12 0.941 0.006 1.84 1.72 1.50 083 2098 1.62 1890 1.25
P13 0.941 0.006 2.60 2.10 243 1.19 503 328 2570 2.64
P21 0.942 0.007 3.12 1.89 341 1.90 512 264 742 127
P22 0.943 0.007 2.14 142 1.96 122 518 249 933 0.99
P23 0940 0.006 3.12 189 341 190 512 264 742 127
B11 0.941 0.006 249 147 2.72 1.50 3.98 1.84 2349 1.21
B12 0.941 0.006 127 0.88 1.08 0.77 392 1.96 26.02 0.85
B13 0.941 0.006 249 147 272 1.50 3.98 1.84 2349 1.21
B21 0.943 0.007 295 1.69 3.08 1.84 500 2.82 2321 258
B22 0946 0.010 1.70 1.17 1.87 1.15 467 239 30.17 8.8
B23 0940 0.006 295 1.69 3.08 1.84 500 2.82 2321 258
B31 0945 0.009 294 176 360 2.09 345 1.99 422 643
B32 0.944 0.009 1.66 1.06 1.61 094 3.60 1.84 2.78 6.98
B33 0942 0007 294 176 3.60 209 345 1.99 422 643
2,5
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Fig. 1. Shapiro—Wilk normality variable test for the standardized full thermodynamic data set.
Where, in the acronyms Pxy and Bxy, P and B stand for propanol and butanol, respectively.
Subscripts such as “x =1, 2 or 3” are used to number the isomers 1-propanol, 2-propanol,
1-butanol, 2-butanol and tert-butanol, while “y = 1, 2 or 3” stand for the PBEO, B3LYP and

PM6 methods, respectively.
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Since we are using the temperature dependence thermodynamic molecular
properties data for the different isomers of propanol and butanol molecules, the
thermodynamic properties have been steadily increasing and decreasing with the
change in temperature. This made our data-set redundant toward normality, as
can be seen in Fig. 1. When the Shapiro—Wilk normality test diagram was ana-
lyzed, a significant positive skew in the data was shown to be caused by the inc-
rease in thermodynamic properties brought on by raising the temperature. Con-
sequently, it appears towards the end of the curve as a tail.

The standard deviation, variance and coefficient variance values were also
used to test for statistical dispersion, however we found that the measurement of
these statistical distribution techniques, due to the lack of normal distribution, are
not appropriate for the current thermodynamic features. Thus, the precision of the
results is being estimated, using the absolute error data in between the literat-
ure21-24 and the obtained values, by calculating the mean, standard deviation,
variance and coefficient of variation. The results are illustrated in Tables I and II.

TABLE II. Root-mean square error (RMSE), Variance (Var.) and percent coefficient of the
variance (%CV) calculated in between the thermodynamic quantities calculated by using the
theoretical data set at computational level to the reference data of NIST web book for the
molecules of interests. In the acronym Pxy and Bxy, P and B stand for propanol and butanol,
respectively. Subscripts such as “x =1, 2 or 3” are used to number the isomers 1-propanol, 2-
propanol, 1-butanol, 2-butanol and fert-butanol, while “y = 1, 2 or 3” stand for the PBEO,
B3LYP and PM6 methods, respectively

Sample Enthalpy Specific heat Entropy Gibbs energy
RMSE Var. %CV RMSE Var. %CV RMSE Var. %CV RMSE Var. %CV
P11 0.84 4.43 80.94 1.81 143 49.16 6.34 10.77 65.30 6.17 6.99 10.29
P12 0.66 2.97 93.54 1.17 0.68 5522 4.53 261 54.13 453 156 6.62
P13 2.15 443 8094 298 143 49.16 1.84 10.77 65.30 1.17 6.99 10.29
P21 1.18 3.59 60.70 2.35 3.59 55.67 1.45 694 5146 1.80 1.61 17.07

P22 0.70 2.01 66.23 190 1.49 62.16 2.18 6.20 48.03 224 098 10.61
P23 2.07 3.59 60.70 3.60 3.59 55.67 2.12 6.94 5146 0.74 1.61 17.07
B11 097 2.17 59.09 1.83 226 55.15 5.05 3.38 46.16 5.62 147 5.15
B12 0.38 0.78 69.66 1.29 0.59 71.32 6.27 3.84 4996 622 0.73 3.27
B13 2.10 2.17 59.09 3.34 226 55.15 1.56 3.38 46.16 2.06 147 5.15
B21 1.01 2.86 57.22 2.11 3.38 59.67 5.37 795 5633 558 6.67 11.13
B22 049 138 69.16 1.55 132 61.62 6.58 5.69 51.09 7.48 73.54 28.42
B23 2.13 286 57.22 2.15 3.38 59.67 194 795 5633 252 6.67 11.13
B31 1.22 3.10 59.88 2.01 4.38 58.15 1.74 398 57.77 1.79 41.36 152.39
B32 0.55 1.13 63.79 1.37 0.88 58.09 0.45 3.40 51.20 1.74 48.68 251.14
B33 242 3.10 59.88 3.62 4.38 58.15 6.01 3.98 57.77 431 41.36 152.39

To understand the deviations and spreading in the molecular properties data-
-set, root mean square error (RMSE) a regression analysis bi-variate technique,
variance and coefficient of variations of the absolute errors were calculated.
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Table II provides an illustration of the calculated values for the RMSE, variance
(Var.) and percent coefficient of variations (%CV).

The RMSE identifies the degree to which the data deviates from actual or
published values.21-24 Root mean-square error (RMSE or RMS deviation)
between each computed thermodynamic quantity at DFT levels of theory and
semi-empirical technique to that of the reference values for the tested benign
energy fuels has been calculated for the sake of comparison and evaluation. The
results show that, in comparison to other computational approaches, the semi-
-empirical method PM6 exhibits some higher variations in accuracy for the Ent-
halpy change of formation and the specific heat at constant pressure. While, an
uncommon case for the fert-butanol molecule has also been noted, with some
greater deviations for entropy and Gibbs energy. Additionally, after analysis, the
largest deviations were found for the enthalpy, specific heat at constant pressure,
entropy and Gibbs energy to be 2.42, 3.62, 6.01, and 4.31 kJ/mol, respectively.
While the global RMS deviation was also being calculated, the thermodynamic
characteristics of 2-butanol at the B3LYP level and 1-butanol using PBEO,
B3LYP and PM6 approaches exhibit larger deviations when compared to the
other molecular systems. The global RMSE for the theoretical approaches shows
an overall variance for the PBEO, B3LYP and PM6 of 9.65, 9.80 and 9.65
kJ/mol, respectively. Therefore, it can be inferred that all theoretical methods,
precisely and in good accordance with each other, determined thermodynamic
properties.

Additionally, Var. and %CV of the absolute error between the obtained data
and that of the reference data were calculated; the results of these calculations
can be seen in Table II. The statistical concept of %CV is a statistical technique
to measure the dispersion of data points, by displaying the size of standard devi-
ation to its mean values in a data series around the mean.28

Due to the consistent increase or decrease of the thermodynamic properties,
our standardized data set confirms a rejection of the null hypothesis, which led to
certain greater variability and the standard deviation numbers. Therefore, the
variance and percent coefficient of variance of the data set to that of the reference
data set (i.e., absolute error) were determined in order to evaluate the efficiency
of the theoretical approaches and the nature of the acquired data set (as shown in
Table II). On analyzing the calculated values, the lowest percent dispersion of the
absolute error data observed for the 1-butanol using the B3LYP, PBEO and PM6
techniques, respectively, was 3.27, 5.15 and 5.15 %. While, using the PBEO,
PM6 and B3LYP techniques, the highest %6CV observed for the fert-butanol was
152.39, 152.39 and 251.14 %, respectively. As therefore, the descriptive statist-
ical evaluation of the current investigation has demonstrated that our theoretical
methodologies were efficient at acquiring and estimating the molecular charac-
teristics with experimental precision.
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Box-Whisker-plot

The distribution of the computational thermodynamic characteristics results
acquired, at the DFT levels (i.e., PB3LYP and PBEO) using cc-pVTZ, as well as
the reference data was examined by the box-and-whisker plot.26 The plots of all
the distribution data is depicted in the Fig. 2. The analysis of the box-and-whis-
ker diagram not only assisted in detecting the outliers in the data-set, but also
provide an overall picture of the data’s typical distribution.
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Fig. 2. Box-plot for the different molecular structures used for the computation of complete
thermodynamic properties data using DFT and semi-empirical methods. Where, Pxy and Bxy
stands for P = propanol, B = butanol; x = 1 or 2 propanol and 1, 2 or tert-butanol; y = 1, 2,3
for PBEO, B3LYP and PM6 DFT methods, respectively, while P2R and B3R means literature
values?!-2# for 2-propanol and fert-butanol.

Since, the thermodynamic data set is constituted of specific heat, Gibbs
energy, enthalpy and entropy data set, which described the characteristics of
energetic materials and, are highly reliant on the temperature conditions.Thus, a
very similar behaviour in variation with respect to temperature has been observed
for each thermodynamic property. Therefore, these small increments values inf-
luence the overall computational thermochemical data distribution for the chem-
ical substance of interest. The box plots are made up of two parts; 1) a box which
depicts the data spread at 25 to 75 %, and 2) whiskers which depict the data
spread from underneath the 25 % to the minimum point and over 75 % to the
maximum point.!2 While examining the graph (as shown in Fig. 2), it has been
observed that, the lower quartile (lower end of the box, O7) for the propanol and
butanol isomers spanned from —195.11 to —35.31 J/mol and —248.77 to —45.50
J/mol, respectively.

Furthermore, the highest quartile (upper end of the box, O3) that constitute
almost 25 % of the data set, have values in the range from 153.37 to 425.51 and
175.49 to 490.36 J/mol for the propanol and butanol isomers, respectively. Sur-
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prisingly, all of the molecules’ interquartile ranges or mid-spreads are quite com-
parable, suggesting that our theoretical approaches computed the thermochemical
molecular properties in accordance with each other and with the reference data.
Using the B3LYP DFT approach, a box-plot demonstrated a small interquartile
range for propanol isomers and a higher interquartile range for butanol isomers.
Moreover, the propanol and butanol isomers’ median value () appears to be
pushed more towards the lower quartile. Additionally, the thermochemical data
was spread more than 30 % towards the upper quartile, demonstrating that the
range between (01—07) < (0>»—03) in the computed data seems to have a positive
symmetry or positive skew.

The individual thermodynamic property (i.e., specific isobaric heat capacity
(Cp), enthalpy change of formation (AtH®), entropy change of formation (A£S0)
and Gibbs energy change of formation (ArG%)) was also analysed by the Box—
—Whisker plot, in order to determine the discrepancies and departures in the com-
puted data-set, respectively. The Box-plot statistical data distribution analysis is
depicted in Fig. 3. After the statistical analysis of computed enthalpy molecular
property of the aforementioned isomers of propanol and butanol molecules, it
was observed that, Q1 varied from —126.44 to —62.83 J/mol and Q3 varied from
55.34 to 179.07 J/mol, respectively. Moreover, the Fig 3b showed that the mole-
cular property data was spread more than 59 % towards the upper quartile, which
means that there exist a positive skew in the obtained computed characteristic.

Analysing the data-set for the specific heat, entropy and Gibbs energy (as
depicted in Fig. 3b—d), a variation has been observed from —248.77 to —71.72
J/mol, —156.60 to —34.64 J/mol, 174.89 to 324.68 J/mol for the lower quartile,
and 80.64 to 189.02 J/mol, 44.59 to 92.73 J/mol and 357.90 to 490.36 J/mol for
the upper quartile, respectively. Unexpectedly, the data set for all three para-
meters were spread at least 43.04 % towards the lower quartile, suggesting that
the thermochemical data set for each property exhibit some negative symmetry.

Principal component analysis

The multivariate PCA was performed to reduce the dimensionality problem
and possible exploratory analysis of the proposed computed thermodynamic
physicochemical properties of the molecules. The summarized eigenvalues and
the variance variabilities on each principal component for each data set consti-
tuting of 15 cases (i.e., temperature variations) for each thermodynamic property
using the 22 variables (i.e., molecular structures at the given model) are being
summarized and illustrated in Table I11.

Normally, PCA data processing comprises of two distinct steps,2? the first
step is the PCA “data compression” step, which removes the redundancy in the
original data, where the first few main components (PC) generally describe most
of the information contained in the original data. The second stage is the “cluster
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visualization” formed in the datasets, making a two-dimensional graph of the
principal components. Information regarding data analysis is being obtained by
interpreting PCA parameters such as loadings, scores, eigenvectors, eigenvalues,
etc., of the principal components (PCs).
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Fig. 3. Box-plot for the different molecular structures used for the computation of thermo-
dynamic properties using DFT and semi-empirical methods, where, the individual data is
depicted in sub-figure; a) enthalpy data, b) entropy data, c) epecific isobaric heat coefficient
data and d) Gibbs energy data. Pxy and Bxy stands for P = propanol, B = butanol; x =1 or 2
propanol and 1, 2 or tert-butanol; y = 1, 2, 3 for PBEO, B3LYP and PM6 DFT methods,
respectively, while P2R and B3R means literature values?!->* for 2-propanol and tert-butanol.
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The molecules of interests were similar in chemical nature and almost of the
same size having same number of basis functions, which make a difficulty in the
understanding the small variance in the molecular properties. Thus, the principal
components (PCs) and their eigenvalues is used to identify the most important
minuscular changes and inclinations in the data sets.30 PCA for the molecules of
interest was performed in two steps: for the entire data set, including the specific
isobaric heat capacity, Gibbs energy, enthalpy and entropy data set, and individu-
ally for each thermochemical property, taking into account computational meth-
odologies, temperature variation and molecular structure effect.
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TABLE III. Eigenvalues and proportion of total variability of thermodynamic properties com-
puted at DFT/cc-pVTZ methodologies and PM6 semi-empirical method for the molecules of
interests

Property PCA parameter PCl PC2 PC3
Complete data Eigenvalues 21.9498 0.0473 0.0013
% variability 99.7718 0.2151 0.0058
Specific heat Eigenvalues 21.9989 0.0009 0.0002
% variability 99.9950 0.0041 0.0008
Enthalpy Eigenvalues 21.9993 0.0006 0.0001
% variability 99.9969 0.0026 0.0005
Gibbs energy Eigenvalues 21.9853 0.0104 0.0034
% variability 99.9334 0.0474 0.0155
Entropy Eigenvalues 21.9989 0.0009 0.0002
% variability 99.9950 0.0041 0.0008

The first three principal components (PCs) were the most important,
accounting for 99.992 % of the total variance in molecular properties. PCs are
fitted to a data set in PCA so that the first PC may explain as much of the original
variation between the cases as possible. The second PC, on the other hand, is
adjusted orthogonally to the first PC and is intended to characterize the majority
of the remaining variances and so on.29 According to the Table III, the 1st and
2nd principal components in this analysis demonstrate an overall variance of at
least 99.980 % for characteristics of interest.

Temperature dependence on the thermodynamic quantities (Score-plots)

The scores are the projections of molecular property at each temperature
using the computational methods along the principal component line, and plot-
ting them in the form of a bi-plot can explore the similarities and differences in
between them, resulting in the development of groups.39 The bi-plots in between
the 7-distributions for the complete thermodynamic data set is depicted in Fig. 4.

It can be observed that, the dataset's score-plot PC1-PC2 (as can be seen Fig.
4b) efficiently showed the distribution and categorization of thermochemical pro-
perty variation with temperature. Based on the orientation of PC2 over PCl, it
was possible to detect temperature variation in two agglomerating groups, indi-
cating a variance of 99.998 % for the entire thermochemical properties data set.
Aside from grouping the distinct factors, the bi-plot of scores can also disclose
and identify data outliers in the data. While, on PC1 and PC2, for the molecule of
interest, we discovered an interesting ascending and descending order in each
molecular feature with an increase in temperature, correspondingly. The Gibbs
energy and entropy molecular properties were found to follow a similar pattern as
temperature rises, with the only difference being such a rapid downward order in
the variation of the Gibbs energy as compared to the entropy variation, due to the
small intermission of increment of molecular property.
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B3LYP and PM6 DFT methods, respectively, while P2R and B3R means literature
values?!-24 for 2-propanol and fert-butanol.

Since, the entropy and Gibbs energy of a chemical structure is thought to be
strongly affected by the physical state of the molecules, particularly intermole-
cular forces affecting the entropy of the substances and the dependence of the
Gibbs energy on the entropy value. Which gives the similar results in the com-
putation process for the present studies gas-phase geometries of interest. The res-
ponse of the specific isobaric heat capacity and enthalpy variation with tempera-
ture, on the other hand was found to be equivalent, where both thermodynamic
variables represent the heat content of a chemical substance. To understand in
detail the behaviour of each molecular property with respect to the temperature
variation, the thermochemical properties were studied separately.

The molecular structures showed an upward and subsequently a declining
order on the 2nd PC for the specific isobaric heat capacity values and entropy
molecular properties, according to the score-plot (explored in Fig. 5). It’s pos-
sible that the declining order after 700 K is due to a modest increase in molecular
characteristics as temperature rises. Furthermore, the enthalpy of molecular struc-
tures first display an ascending order on PC2 from negative to positive scores
values, culminating at 700 K, followed by a decline in molecular characteristics.

This suggests that the temperature of 700 K is assumed to be a critical tem-
perature for the specific heat, enthalpy, and entropy of the molecular structures of
interest, with a consequent decrease in computed values. In contrast, after exam-
ining Fig. 5b, it was observed that the Gibbs energy property appears different
from the other three molecular thermochemical properties. In comparison to the
other computed values, PCA separated the molecular feature for all the molecules
at 100 K. In addition, the score-plots separated the data into three groups, each
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varying from 200 to 400 K, 500 to 900 K and 1000 to 1500 K. This unexpectedly
fluctuating molecular property behaviour may be due to the propanol isomers,
that have a smaller number of carbon and hydrogen atoms than the butanol
isomers, leading to a lower molecular property increment. Thus, resulted in the
segregation of the Gibbs energy in to three different increment order with the
variation of temperature.

o
=1
]

:EJ 00 800 goq .Jn:j B
5 -‘-': poz | 500 1 a ] 02 b 1
§° ‘4 1100 oo
c ] : c 8
g 2 oo 50 1200 P 3
nog "
- E 1 =0t
85 o “0 P g8 o1
T W o T w mdmdl’l’y C
g2 1400 - @ 00 3y 0ode 2
Eg-nm- " 5__-5 . ‘-_:oo il
W 8 200 W@ 00
£ E 0oz} / £5
2 zrm*f E ? %0
E-Q 003 g“ . apo -
5 (t_L) 100/ Fi N 00
2 : = 500
= L0004t 1500 ® a
g ® 13 o
. =
= 6 02
005 - - . . " . "
5 -4 2 0 2 4 [ B -10 -5 o f
) ) _ o '
T-distribution with stand. dev. = 4.472 on the 1*PC for T-distribution with stand. Edev. = :I.dth on the 1% PC for Gibbs
Enthalpy of formation data nergy cata
004 - - - -
,E s &0 700 - .E 02
c C oA ]
mo 400 900 c 2 w N e d
§ ooz} @ a 01} ©
o = Pl 800
on 1000 S t
o 2 o o 700
h-] n g o
1100 . 2 200 ~._ 800
> o F: @ [;
3 g ooy K2 %< 00f ~ioap
. & 1200 T g L o)
TE ¢ - T A Con
g 1300 5 2
w8 o3 3a
Pl -1 W’"_] 0,1}
=0 1400 £
z0 200 | s
el o
A 1500 | iy
3 om X SE, 02}
£ a
-] 100 5 100
L 1.7 = 03¢ R
s 420 2 4 ¢ w0 & & 4 2 0 2 4 6
T-distribution with stand. dev. = 4.472 on the 1 PC for T-distribution with stand. dev. = 4.471 on the 19 PC for
Entropy data

Specific heat data

Fig. 5. Score (?) plots in between the 1st and 2nd principal components obtained for the
thermodynamic characteristics data analysis of interest for all the applied computational
methods; a) enthalpy, b) Gibbs energy, c) entropy, d) specific heat at constant pressure data.

Exploration of thermochemical properties (loading-coefficients plots)

The analysis of loading factors is suggested as a very useful tool to explore
the importance of the variables based on the correlations in between them,3!
which in the present case is applied to the thermochemical properties of the
molecular structures using the theoretical methods. In the current research, the
association between thermodynamic quantities for each molecular structure at the
given theory level was evaluated for the entire data set, taking into consideration
commonalities and contrasts with reference data, and subsequently, the indi-
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vidual molecular property analysis were also performed for each computed ther-
mochemical characteristic. Since the thermochemical property represents the
energy content of a chemical substance, it varies and depends on the number and
nature of chemical bonds. In this situation, we were studying the propanol and
butanol isomers, which have almost the same amount of chemical linkages and
are very much similar in nature. As a result, the variance in thermochemical char-
acteristics with temperature is remarkably similar.

During the principal component analysis of the data set, a strong correlation
on the first principal component resulted in the aggregation of all the loading
factors values on it. Such agglomeration problems can be solved, while examin-
ing the latent minuscule information caused by the high associations between the
strong correlated variables, by making a possible projection bi-plot in between
the loading-coefficients of two principal components.!4 For each variable, which
is the molecular property computed at the computational method for the mole-
cular structures, the loading factor values on each component represent how
much of the characteristic is common in between the molecular structure on that
PC. Khan et al.!l had used arrows projected strategy to assess the vanishingly
small differences in between the theoretical methodologies used to compute
Raman intensities, where a smaller angle than 45° was considered positive and
stronger correlation, 90° was considered insignificant correlation, and above 135°
up to 180° was considered negative strong correlation in between the variables of
interest. The authors of the present study utilized a bi-plot between the PC2 and
PC3 where the ascending shift on 3rd PC from —0.01354 to 0.01808 values to
classify and grouping in between the variables of interest. Upon analysing, it was
observed that the 1st PCx2nd PC factor loadings bi-plots values successfully sep-
arated the structural isomers of propanol and butanol. It means that, the smaller
variance on st by 2nd component can explore the hidden minuscule variation in
between the chemical compounds of similar nature containing almost similar
number of atoms. On the other hand, while studying the loadings on the principal
components, it also helped us to diagnose the strong similarities in the results in
between the utilized different computational methodologies.

Where, we have observed that the semi-empirical methodology successfully
computed the thermodynamic quantities of the benign biofuel as precisely to that
of DFT methodologies. Furthermore, the loading-coefficients for the specific iso-
baric heat capacity, enthalpy, entropy and Gibbs energy for the isomeric struc-
tures of the propanol and butanol molecules were analysed in detail for the
quanti—quali similarities and differences in between molecular properties for the
structural isomers to the reference data, as illustrated in the Fig. 5. PCA com-
puted the loading values considerably differently since each molecular thermo-
chemical property of interest varies with temperature differently.
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This allows us to investigate the materials’ molecular energetic character-
istics. In the analyses of the enthalpy data, the loading coefficient bi-plots (as
seen in the Fig. 6a) classified the molecular property computed for each molecule
of propanol and butanol isomers at the theoretical level in well-distributed correl-
ated way. Where, plotting the loadings coefficients for the 2nd PC upon 1st PC
segregated the correlated molecular property for the isomers of propanol and
butanol molecular properties much closer to the traditional fuels, i.e., propane
and butane molecular property along with their reference data. It is suggested that
variation of enthalpy of formation for the molecules varied with same fraction.
Interestingly, the fert-butanol molecule represents a small dissimilarities in the
molecular property compared to the other molecules, which can be visualized in
the score-plot analysis. Furthermore, the loading-coefficients values on the 3rd
component spread the molecular property against 2nd PC, while examining the
PCA loading-coefficient for the specific isobaric heat capacity data set (as shows
in the Fig. 6d). The bi-plot distributed the molecular properties equally in all
sides, where the tert-butanol was being segregated from the rest of the molecules
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due to high specific heat content by these structures. PCA interestingly separated
the molecular property of butane and propane from the rest of structures due to
absence of the “O-H” group in them. On investigating the loading bi-plots for the
entropy property (illustrated in the Fig. 6¢), the loading points for data-set was all
agglomerated in between the —0.0199 to 0.0081 on the PC2. A strong correlation
has been observed for all the other structures. In addition, the molecular property
for the 1-propanol using the DFT methods were found separated from the rest of
the molecules.

While analysing the values of the loading coefficients of the Gibbs energies,
we discovered that the molecular property behaved very similarly to the entropy
of a system, except for the case of 2-butanol using DFT method, which shows a
dissimilarity in molecular property compared to the other structures. Since, Gibbs
energy change is a derived quantity that blends the enthalpy and entropy change
in the computational equations for a chemical substance.32 Thus, it resulted in
very competitive similarities to the entropy behaviour.

CONCLUSIONS

The present investigation concludes that high-level electronic structure cal-
culations combined with multivariate statistical analysis was very much success-
ful investigating the different thermodynamic properties of the various chemical
structures of interests. The RMS deviations of the molecular properties for the
given structures represent a lot of similarities in the computed values and the lite-
rature values. The box-and-whisker plot statistical technique demonstrated that
all the thermochemical quantities are precise and symmetrically distributed along
the median values according to the rise in temperature. The principal component
analysis explored the minuscule changes in the thermochemical properties for the
molecular structures of interests containing the same number of bonds and types
of atoms rapidly. Furthermore, the score-plots diagnosed the molecular properties
variations after a certain peak of temperature with descendant variation in the
statistical parameters. In addition, the loading-coefficient parameters explored
and categorized the propanol from the butanol molecular properties, where a
modest difference in the molecular properties is being found.

Finally, we suggest that PCA is a robust statistical method which can be
applied not only to evaluate the molecular thermodynamic quantities, but in fut-
ure it can also be applied to the other computational molecular properties data set.
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U3BOJI

[MPUCTYII MYJITUBAPUJAHTHOM CTATUCTUYKOM AHAJTU30M I1PU
HCTPAXUBAKY TEPMOOMHAMHWYKHX BPETHOCTHU BE3OITACHOI!
AJITEPHATHBHOI TOPHUBA

KASSIO FELIPE DA COSTA SERRA,' ALAMZEB KHAN,?RAQUEL MARIA TRINDADE FERNANDES,?
PEDRO ANTONIO MUNIZ VAZQUEZ* u ALAMGIR KHAN?
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3a nodujawme cMHUCIEHOT TyMauewa, U3 MHOIITBA NofaTaka U obesdehuBawa wUXo0-
B€ Ba/baHOCTH y NMOAPYYjy NPUMEHe, aHaIU3a XeMHUjCKUX [oJjaTaka je Iocrana 030umaH
M3a30B Y Pa3B0jy ¥ NPUMEHHU HOBUX MPOTOKOJA, TEXHUKA U METOLOJIOTHja 3a 3ajefHULe
MaTeMaTHYKOT MOJENoBawa M Ipyra ApPYLITBAa 3a HayKy O Nojaluma. 3aTO C€ Y OBOM
pany npemnaxy dp3e u podycTHe TexHuke ,box-and-whisker plot” u cratuctuuke Tex-
HUKE MYJITHUBapHjaHTHe aHalu3e rinaBHUX komnoHeHTH (PCA) 3a oueHy mopartaka Tep-
MOJHWHaMHUYKUX MOJIEKYJICKHX 0COOMHA CTPYyKTypa MoJieKysia de3onacHux ropusa. Ona-
3unu cMmo Aa “box-and whisker plot” TexHHKa yCHEeLIHO UCTPaXyje CBE TEDMOXEMHU]jCKe
MOJIEKYJICKE OCODMHE INpPELM3HO, M ONUCYje CUMETPHUYHY pacHojeny nojaraka AyX
MeIWaHCKUX BPeOHOCTH y OJHOCY Ha IHopacT Temnepartype. Ilopen Tora, NpUMeHOM
PCA TexHuke, rpaduun oneHa (score-plots) riaBHUX KOMIOHEHTH Cy IOUjarHOCTHKO-
BaJIM HeoOWUYHe BapHjalilje y MOJIEKyJICKUM ocoOMHama HaKkoH oxpeheHor BpxyHIa
Temneparype ca omnagajyhom BapujaldjoM CTaTUCTHYKMX napamerapa. Hame, PCA
napaMmeTpy He caMo Jia pas3jBajajy TepMOOUHAMHuKe OoCOOMHe NIponaHoia KU dyTaHoIa,
Beh Taxkohe, muxose Bapujauuje ca temmneparypom. Tako, 3ak/pydyjemo ma cy ,Box-
-whisker” u PCA crarucTuuke TexHHke podycTaH U Op3 MeTo[ 3a IpoLemhUBamke U Bpel-
HOBalke MHOLITBA [T0flaTaka O MOJIEKYJICKUM TEPMOAMHAMHYKAM BeIUYHMHaMa.

(ITpumsseno 30. maja, pesupupano 29. asrycra, npuxsaheno 20. Hosembpa 2023)
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Abstract. The present study was based on an exploration of NCI database for
searching specific CDK-7 kinase inhibitor by HTVS, SP, XP, molecular dock-
ing, molecular dynamic simulation, and ADMET evaluation. The best CDK-7
kinase inhibitors (NCI613391, NCI169676, NCI281246, NCI339580) were
identified via NCI database screening. The stability of binding interaction
between receptor protein and protein-ligand complex of potent finding com-
pounds (NCI613391) was further confirmed by dynamics simulations and MM-
-GBSA. The RMSD value of receptor and receptor—ligand complexes was ana-
lysed, and it revealed the stability of binding interactions and remained stable
throughout the simulation. The RMSF values and gyration radius of the
unbound receptor and backbone atoms of the complex were found to be equal,
which indicates that the drug molecule inside the CDK7 receptor is also stable.
The study of MM-GBSA data also revealed stronger binding interactions of
ligands to CDK7 receptors. With the exception of NCI169676, all compounds
were shown to be substrates for CYP450 2D6, CYP450 3A4, inhibitors of
CYP450 2C9, and non-inhibitors of p-glycoprotein. All compounds were quali-
fied and found suitable to be as drug-likeness according to the Lipinski rule,
Ghose filter, MDDR like rule and CMC-like rule. The compound (NCI613391)
exhibited human intestinal absorption (76.08%), displayed negative AMES and
T.E.S.T (US-EPA) toxicity with OSIRIS property and found to be a promising
CDK-7 kinase inhibitor and its efficacy may be further explored in clinical trials.

Keywords: NCI database; CDK-7 kinase inhibitor; dynamic simulation; mole-
cular docking; T.E.S.T (US-EPA); Lipinski’s rule; OSIRIS property.
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INTRODUCTION

Cancer is a word for a condition in which cells divide via mitosis without
regulation of the cell cycle (uncontrolled cell growth), hence cell cycle is a well-
known feature of cancer’s foundation.! Cyclin-dependent kinase-7 (CDK?7) pro-
tein levels are raised in many forms of cancer cells, and cell development is also
dependent on CDK?7 activity in comparison to normal tissues, and thus it’s a
source of clinical conditions. Many types of cancer cells have elevated amounts
of the protein cyclin-dependent kinase-7 (CDK?7), and in contrast to normal tis-
sues, CDK7 activity is required for cell development, which is a source of clin-
ical consequences.? These results suggest that cyclin-dependent kinase-7 inhibit-
ors (CDK7i) may represent a promising therapeutic target for cancer, and recent
papers have emphasized the critical role of CDK7i in the development of many
cancer types.3:#

A cyclin-dependent protein kinase called cyclin-dependent kinase-7 (CDK?7)
regulates cell cycle progression by phosphorylating to other CDKs and altering
their activity. The ability of cyclin-dependent kinase-7 inhibitors (CDK7i) to
overcome the resistance to cancer treatments and to stop the cell cycle, induce
apoptosis, and suppress transcription, particularly of super enhancer-associated
genes in cancer, has also been demonstrated in preclinical research. For these
reasons, the authors selected CDK7i as a potent therapeutic target. Due to its
simultaneous involvement in regulating the cell cycle and modulating trans-
cription, cyclin-dependent kinase-7 (CDK7) has been investigated as an antican-
cer therapeutic target and numerous CDK7 selective inhibitors have been dev-
eloped and tried as cancer therapies.5:0 For the treatment of advanced solid tum-
ours, four selective CDK?7 inhibitors (ICEC0942, SY-1365, SY-5609 and
LY340515) have recently advanced to Phase I/II clinical trials. These studies also
showed that CDK7i has the ability to overcome cancer therapy resistance (for
details see Supplementary material to this paper).

The National Cancer Institute (NCI) of the National Institutes of Health,
United States of America, is the world-oriented organization for searching and
developing novel potent therapeutic agents for fighting with multiple types of
cancer cells.”-8 That’s why authors choose NCI databases as repurposing for
searching for new molecules as potent and specific CDK7 inhibitors by SBVS
followed by molecular dynamics (MD) simulations and MM/GBSA evaluation to
know the ligand-receptor binding interaction and to establish the stability in the
binding pocket of receptor.%10 Lack of knowledge on ADMET, drug similarity,
drug score, and bioactivity profile are the main causes of drug failure during the
development stages. Thus, the authors also predicted the physiochemical charac-
teristicc, ADMET, drug score and bioactivity profile by Molinspiration, Pre-
ADMET prediction, Osiris property explorer and T.E.S.T. (US-EPA).



CDK?7 KINASE INHIBITOR AS A POTENT ANTICANCER AGENTS 507

EXPERIMENTAL
Protein structure preparation and selection

The cyclin-dependent kinase 7 (CDK-7) protein was retrieved and obtained from the
Protein Data Bank (PDB ID: 1UA2), in addition to being generated using the protein pro-
duction tool in the Maestro Schrodinger software (https://www.rcsb.org/structure/lua2). The
constructed protein was given bonding instructions, the hydrogen atoms were integrated, and
the structure was subjected to energy minimization using an OPLS-2005 force field with an
energy cutoff value of 0.30 A for root mean square deviation (RMSD).!!

National Cancer Institute (NCI) Database Compounds and reference ligand preparation

The NIH-NCI (National Institutes of Health-National Cancer Institute, USA) release
database was used to collect the molecular series (database). (https://cactus.nci.nih.gov/
/ncicadd/ about.html, 2022). The ligand was then prepared using Schrédinger software's
LigPrep module.!2

Preparation of the grid

The receptor grid generation panel and glide framework were used to generate the grid of
the prepared target protein (CDK7). For CDK7, the adenosine triphosphate (ATP) molecule
was selected eccentrically. With the partial charge cutoff set to 0.25, the scaling factor was set
to 1.0.13

Molecular docking and screening

Structure-based virtual screening (SBVS) uses a computer approach known as molecular
docking to anticipate how ligands (drug-like small molecules) would interact with a target
receptor's binding site, which is often a protein structure.!# To get best result, high-throughput
virtual screening (HTVS), standard precision (SP), extra precision (XP) docking was emp-
loyed, and XP descriptors information was also picked for pose viewing.

Analysis of drug-like characteristics

Screened National Cancer Institute (NCI) compounds were chosen for the drug-like pro-
perty assessment. These properties were subject to Lipinski’s rule of five. Molecular weight
(MW), hydrogen bond acceptor (HBA), total solvent accessible surface area (SASA), human
oral absorption (HIA), hydrogen bond donor (HBD) and predicted aqueous solubility
(QPlogS) were among the parameters collected. The Pfizer rule implicitly states that a medi-
cine must have a balanced hydrophilic-lipophilic nature.!?

MM/GBSA evaluation method for drug-target binding energy analysis

The drug-target binding energy was calculated by using the MM/GBSA method of
Schrodinger software. The stability of target protein and ligand complexes is determined using
this binding energy calculation.!®

Simulation of molecular dynamics (MD)

A computer simulation technique for analysing the physical motions of atoms and mole-
cules is called molecular dynamics (MD). For a predetermined period of time, the atoms and
molecules are permitted to come into contact, giving insight into the dynamic evolution of the
system. In addition to the protein structure of CDK7 Kinase (PDB code 1UA?2), the top three
docked complexes, NCI613391 (-13.063 kJ/mol) was subjected to 200 ns MD simulations
utilizing the CHARMM?27 all-atom force field using Gromacs 2021.3 software (http://
//www.gromacs.org).!” The protonation state was checked by using GROMACS pdb2gmx
program and missing hydrogens were added. The parameters for the ligand coordinates and
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topology were obtained using the Swiss param. Na* and Cl- were used to do the neutralization
process, and the TIP3P water cube model was used to perform the solvation (https://
//en.wikipedia.org/wiki/ Moleculardynamics, 2022).18-19

Lipinski’s rule and drug similitude

When a ligand molecule violates the Lipinski rule of 5, which is when it has more than
five hydrogen bond donors, a molecular weight greater than 500, a log P value greater than 5,
and a total of N and O greater than 10, poor absorption or penetration is much more likely to
happen.?? To assess whether a particular molecule is similar to well-known drugs, numerous
chemical features and attributes must be carefully balanced.?!

Prediction of drug-likeness characteristics

The Pre ADMET program’s tool forecasts drug-like features based on Lipinski’s rule in
addition to other well-known rules such the Ghose filter,22 CMC,2* WDI?* and MDDR.25:26
These laws acted as filters, separating chemicals with drug-like properties from those without.
The Ghose filter uses the following factors to predict the drug-likeness: molecular weight
between 160 and 480, molar refractivity between 40 and 130, predicted log P in between —0.4
and 5.6, and the total number of atoms between 20 and 70 (for details see Supplementary
material).2027
A Molinspiration algorithm for predicting drug similarity

Molinspiration (2018.02 version) was used to add a SMILES representation of the NCI-
-screened compounds in order to predict drug-like characteristics and bioactivity scores
against drug targets like enzymes, nuclear receptors, GPCR ligands and ion channel modul-
ators (https://www.molinspiration.com/cgi/properties). The SMILES representation was
created using the Chem. Bio draw Ultra software (11.0 versions). To determine the percentage
of absorption, the formula %Ab = 109 — (0.3457PSA) was employed (for details see
Supplementary material).?6->7

Examining Osiris’s potential as a drug and its relevant properties

It was developed by T. Sander and used for the first time at Actelion Pharmaceuticals
Ltd. as a part of the compound registration system in the drug development division. It is used
to determine pharmacokinetic parameters such as toxicity potential, solubility, overall drug-
likeness and drug score of compounds (www.organicchemistry.org/prog/peo/, for details see
Supplementary material).26-28
Acute toxicity prediction by Pre ADMET program and T.E.S.T. tool

The acute toxicity was anticipated using the mutagenicity of Ames test (https://pread-
met.bmdrc.kr/toxicity/) and the T.E.S.T. tool (version 4.2.1), a US Environmental Protection
Agency program (https://www.epa.gov/chemical-research/toxicity-estimation-software-tool-
test).27:29:30 Dr. Ames developed the straightforward Ames test to determine whether a mat-
erial is mutagenic or not. It uses several strains of the bacterium Salmonella typhimurium,
which needs histidine to develop due to the gene changes in histidine production (for details
see Supplementary material).3!-34

RESULTS AND DISCUSSION

Target protein docking score and analysis

In order to examine the potential for NCI selected top drug-like compounds
to be involved in the CDK?7 kinase binding pocket, the molecular docking simul-
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ations were carried out. The results of energies and various interactions with the
residues of the amino acids in the CDK7 binding pocket are listed in Tables I and
S-1I of the Supplementary material. Four hydrogen bonds were found to exist
between NCI613391 and GLU20, THR170, MET94, and GLU95 (2.15, 1.43,
2.30 and 1.68 A, respectively). Four hydrogen bonds were found in NCI1613391,
including one with MET94 (2.30 A), thought to be crucial for the action and
others with GLU20 (2.15 A), THR170 (1.43 A), and GLU95 (1.68 A). Table S-I
show the docking rating and binding interaction of NCl-screened compounds
with the target protein’s active site residues (see Supplementary material). The
NClI-screened molecular docking and their Lig plot chart interaction diagram
demonstrates the interaction discovered with the target protein of top scored
score and is displayed in Figs. 1 and S-2 (Supplementary material).

TABLE 1. The molecular docking analysis of NCI ten best finding compounds against the
residue protein of CDK?7 kinase; E}, — free binding energy; H-bond — number of H-bonds;
residues — interacting residues

Compd. ID H-Bonding interactions Hydrophobic interaction and salt
bridge
Eb H-bonds Residue  distance Tot. Residue
kJ/mol A Numb.
NCI613391 —-73.25 4 GLU20 2.15,1.43, 7 LEUI18, ALA39, PHEO9I,
THR170 2.30, 1.68 PHE93, MET94, VAL100,
MET9%4 LEU144
GLU95
NCI169676 —64.36 2 GLU20 1.85,1.72 7 VAL100, LEU18, MET94,
THR170 PHE93, PHE91, ALA39,
LEU144
NCI281246 —-53.57 2 GLU95 1.86,2.08 7 LEU18, VAL26, MET94,
MET9%4 PHE93, PHE91, ALA39,
LEU144
NCI339580 —59.83 4 LEU18 2.41,2.13, 7 LEU18, MET94, PHE93,
GLU99 2.11,1.74 PHE91, ALA39, LEU144,
MET94 VAL26
THR170

Drug-likeliness properties and ADME/T analysis of best NCI screened
compounds

All of the NCl-screened compounds were found to have oral absorption
within the range of the human oral absorption limit, which is between 36.306 and
73.745 (25 % less and >80 % high). Compound NCI169676 was found to have
high oral absorption (73.745) and molecular weights also to be under the limit of
500 Da. The aqueous solubility (QPlogS) of all investigated compounds was
found to be within the acceptable range (—6.5 to 0.5) with values ranging from
—1.162 to —3.246 and hydrogen bond donor (HBD) count in between 2 and 4,
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which is below the permitted limit (<5). The number of hydrogen bond acceptor
(HBA) of all compounds was also observed under permissible limit (<10) that is
in between 6 and 9 (Table S-11lof the Supplementary material).

A =5

=7~ NCI169676 <>
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Fig. 1. NCI docking scores molecule binding interaction diagram and corresponding lig-plot
interaction diagram by docking analysis in the active site residues of CDK7 kinase protein.



CDK?7 KINASE INHIBITOR AS A POTENT ANTICANCER AGENTS 5 1 1

The SASA of NCl-screened compounds was found to be between 604 and
832 under the limit (300—1000) in the current investigation, indicating good oral
bioavailability (Table S-III and Fig. S-3 of the Supplementary material). Addit-
ionally, the skin permeability (QPlogPw) of compounds subjected to NCI screen-
ing was found to be in between 12 and 17, within the permissible range (4.0—
—45.0). OPplorz was in the range of 32.904—47.868 (permissible scale: 13.0—
—70.0), QPlogPoct in the range of 19.887-26.284 (permitted scale: 8.0-35.0),
OplogPo/w in the range of 0.8-3.729 (permitted scales: —2.0-6.5) and
QOPlogPC16 within the range of 11.341-16.161 (permitted scales: 4.0—18.0). Skin
permeability in form of QPlogPw (permitted scale: 4.0-45.0) and binding to
human serum albumin in form of QPlogKp (permitted scale: —8.0 to 1.0) were
observed in the acceptable ranges of 12.183—17.178 and —5.387 to —7.577, res-
pectively. In the range of —0.064 to 0.576 independent aqueous solubility in the
form of QPlogKhsa was also observed within the permissible limit (—1.5 to 1.5)
(Table S-1V of the Supplementary material).

Prime MM/GBSA module for drug-target binding energy assessment

The NCI compounds that were screened, specifically NCI613391 (complex
with PDB ID: 1UA2), exhibit a high amount of binding free energy (G bind =
= —73.25 kJ/mol). Among all the molecules, the ligand (NCI613391) complex
had the largest negative binding free energy (—73.25 kJ/mol), while NCI281246
had the lowest (=53.57 kJ/mol). Despite having a higher hydrogen occupancy
than other compounds, compound NCI613391 complex shows a more stable eng-
agement in the active free binding site of receptor. Since the NCI281246 com-
plex has the lowest free binding energy, its interaction with the CDK7 active site
during binding is the weakest. Surprisingly, the compound NCI613391 was
found to have superior binding affinity to the CDK7 receptor binding site when
compared to other substances. The compounds AG values were further broken
down into their component parts, which are shown in Table S-V and Fig. S-4
(Supplementary material).

Structural analysis of NCI screened ligands by molecular dynamic simulation
(MD)

In the ATP binding pocket, the ligand NCI NCI613391 interacts with
GLU20, THR170, MET94 and GLU95 via stable hydrogen bonds with distances
of 2.15, 1.43,2.30 and 1.68 A, respectively. NCI613391 had the highest docking
score (—13.06 kJ/mol), and 63 % of its bonds were H-bonds. The ligand
NCI613391°s amide moiety (N-terminal) joins MET94 through its C-terminal in
a strong H-bond. Because of the binding linker (residue) that is primarily con-
served on the protein’s alpha helix (GLU20 & THR170) and coil (MET94 &
GLU95), the secondary structure of CDK7’s alpha helix and coil was made to



512 RASHID e al.

stabilize hydrogen bonding more. LEU18, ALA39, PHE91, PHE93, MET9%4,
VAL100 and LEU144 all showed interactions with the hydrophobic benzene pie
(). The NCI NCI613391 molecule has the largest percentage of H-bonds among
the compounds, and its H-bonding network appears to be fairly stable in the
RMSD, RMSF and radius of gyration (Rg, Fig. 2A).
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Fig. 2. MD simulation trajectory plot of CDK7 receptor protein backbone over a time period
0f 200 ns with NCI screened HIT molecules. A: the RMSD of NCI613391. B: the RMSF of
the NCI613391. C: the Rg of the NCI613391. D: the hydrogen bond analyses of the
NCI613391.

How much a protein changes when its primary coordinates are altered is
determined by the RMSD score. Following a start time of 15 ns in the given MD
simulation, the investigated ligand-receptor targets showed effective conversion.
In terms of their backbone, the obtained complex RMSD trajectories rise through-
out the first frames until the RMSDs level off at about 20 ns, at which point the
subsequent trajectories continued around the corresponding average values until
200 ns in the case of the ligand (NCI613391). Through the course of the MD
simulation, the latter differential dynamic behaviour grants NCI613391 a more
stable and confinement-friendly environment inside the CDK7 kinase binding
site. The ligand (NCI613391) extends to the ATP binding site to gain additional
strength thanks to the four hydrogen bonds and the highest hydrogen bond occur-
rence percentage. In addition, the ligand has extensive VAW interactions with the
seven nearby residues (LEU18, ALA39, PHE91, PHE93, MET94, VAL100 and
LEU144). Throughout the simulation, the stability profile of NCl-screened drug
in association with the CDK7 kinase was monitored using the GROMACS com-
mand line gmx_rmsd to calculate the RMSD values.



CDK?7 KINASE INHIBITOR AS A POTENT ANTICANCER AGENTS 5 13

Additionally, the ligands showing significant RMSD values for their specific
ligand—protein complexes would indicate insufficient ligand accommodation
within the examined pocket across the chosen MD simulation time-frames. Using
the initial structure as a frame of reference (0 to 200 ns), the RMSD values for the
protein backbone and possible inhibitors were evaluated. The RMSDs of the free
CDK7 kinase receptor and CDK7+NCI613391 complexes are shown in Fig. 2A.
While the RMSD values of the analysed parameters for the complexes
CDK7+NCI613391 gradually increased from 0 to 50 ns and remained stable after
equilibration during simulation duration, the complex CDK7+NCI613391 was
discovered to be equal to the receptor CDK7 Kinase protein.

The NCI screened for ligand-bound protein relative to the CDK?7 kinase to
calculate the residue root-mean-square fluctuation (RMSF) in order to get further
understanding of the stability of the ligand binding complex. Using the
GROMACS “gmx rmsf” command line, the individual backbone RMSF of each
protein was calculated. This flexibility validation criterion was developed to offer
information on the contribution of specific protein residues to structural fluc-
tuations in the ligand—protein complex. In the reduced beginning structures,
RMSF calculates the average deviation over time for each residue from its refer-
ence position. The backbone atoms’ RMSF value was calculated, and the RMSF
figure shows (Fig. 2B) that the fluctuations are on an atom-scale. The CDK?7 kin-
ase protein complexes (CDK7+NCI613391) were discovered to have low RMSF
values and the atoms’ fluctuations data was found to be essentially equal to that
of the free receptor. As a result, the RMSF plot showed that the binding inter-
actions of all the tested medications were shown to be stable within the receptors
and that the simulation analysis study had no appreciable impact on the receptor’s
flexibility.

Rg was applied throughout the entire MD trajectories by GROMACS
“gmx_gyrate” command script in order to learn more about the stability of the
ligand complex. The Rg, which is calculated during molecular simulation, is also
used to determine how compact a protein is; if the protein is particularly com-
pact, it will not fold readily and the complex will be stable in both folded and
unfolded states. The distance between all scattering components and the mole-
cular centre of mass is measured as the radius of gyration, which is widely used
to reflect structural changes in a substance. The CDK7 kinase receptor and
CDK7+NCI613391 complexes was all identified by the Rg plot as having similar
properties. As shown in Fig. 2C, the Rg values of protein and protein—drug can-
didate complexes showed a striking similarity and a stable folded structure to the
protein complex. The Rg values from the current investigation support
NCI613391-CDK7 complex’s improved stability. The ligand (NCI613391) com-
plex was discovered to have low and average Rg values, which point to the lig-
and’s compactness and stability in CDK7 kinase binding site.
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In NCI613391, four hydrogen bonds were observed, one with MET94 (2.30
A) which is assumed to be essential for the activity and another with GLU20
(2.15 A), THR170 (1.43 A) and GLU95 (1.68 A). Two hydrogen bonds were
observed for NCI122039, one of them with GLU95 (1.85 A) and another with
MET94 (1.81 A) which is assumed to be essential for the activity. For compound
NCI196464, one hydrogen bond was observed with MET94 which is assumed to
be essential for the activity. The more H-bonding and its occupancy at the active
binding site of receptor, directs the more stability of complex. More stable
complex of compounds NCI613391 contains four H-bond with GLU20,
THR170, MET94 and GLU95 (60 % H-bond occupancy, Fig. 2D). In the entire
simulation, the ligand (NCI613391) showed the highest hydrogen bond occup-
ancy with CDK7 residues protein.

The physicochemical properties prediction

Interestingly, the molecular weight of NCI-screened compounds was found
in the range of 297.17-426.79 (under the Lipinski limit), which is less than 500
and easily transported, diffused and absorbed in comparison to heavy molecules.
The number of hydrogen bond acceptors (n-ON, O and N atoms) was found
within the Lipinski limit range, which is less than 10. The number of hydrogen
bond donors (r-OHNH, NH and OH) of compounds were also found to be within
the Lipinski limit range, that is, less than 5, except for compounds NCI613391
and NCI281246 (six donors were found). The lipophilicity of compounds was
also found to be within a range limit that is less than 5, which is an indication for
good lipid solubility that will help the drug interact with membranes. As the
number of rotatable bonds increases, the molecule becomes more flexible and
adaptable for efficient interaction with a particular binding pocket. Remarkably,
all compounds were found to have rotatable bonds within range limits 2—10,
except the compound NCI613391, which was flexible within the Lipinski limit
(Table S-VI of the Supplementary material). The 7PS4 was calculated from the
surface areas that are occupied by oxygen and nitrogen atoms and hydrogen
atoms attached to them, thus it is closely related to the hydrogen bonding pot-
ential of compounds (Table S-VII of the Supplementary material).

The score of bioactivity

The compound NCI613391 was found to have better ligands for protease
inhibitors, nuclear receptor ligands, GPCR ligands, kinase inhibitors, enzyme
inhibitors, ion channel modulators and nuclear receptor ligands (Table S-VIIIof
the Supplementary material).

The Osiris property explorer

The obtained results clearly showed that the compound NCI613391, which
showed green colour with the tumorigenic effect and the reproductive effect
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would be safe. All the tested compounds showed green colour indication with the
tumorigenic effect except NCI339580 and the reproductive effect except
NCI169676. Most of the compounds were observed to have an irritant effect,
except NCI169676 (Table S-IX of the Supplementary material).

The prediction of ADME/T properties by pre-ADMET server

All compounds displayed negative carcinogenicity in rats as well as mice,
except compounds NCI294726 (Table S-X of the Supplementary material). The
obtained result from the pre-ADMET server revealed that the compounds
NCI169676 showed high human intestinal absorption (HIA) scores of more than
90 % in comparison to other compounds. The compounds NCI613391,
NCI281246 and NCI339580 were observed to have a better human intestinal
absorption (HIA) score. All of the compounds were found to have a low value of
blood-brain barrier (BBB) penetration (<1). The skin permeability value in cm/h
(logKp) was also found within the limit range of NCI screened compounds
(Table S-XI of the Supplementary material).

The acute toxicity prediction by T.E.S.T. (US-EPA) web-based server

The hierarchical clustering method predicted an oral rat LD50 in the range of
1.94-2.36 (—Log 10, mol/kg). The consensus approach, hierarchical clustering,
FDA and nearest neighbour determined that the drugs’ mutagenic values fell
within the ranges of 0.53-0.95, 0.66—0.81, 0.53-0.97 and 0.33-0.67 mol/kg,
whereas the FDA method and the nearest neighbour technique and other toxicity
outcomes are shown in Table S-XII (Supplementary material).

The Prediction of metabolism by pre-ADMET web server

All the compounds showed inhibition of CYP450-2C9 except NCI169676.
Regarding the substrate of CYP450-3A4, all the compounds exhibited as sub-
strates except the compound NCI169676 (non-substrate). All of the NCI screened
compounds were found to be non-inhibitors of p-glycoprotein, except the com-
pound NCI169676 (Table S-XIII of the Supplementary material).

Drug likeness and rule violation prediction of NCI screened compounds

Drug-like characteristics of NCI-screened compounds were estimated by
various drug-like rules, like Lipinski’s rule, the Ghose filter, the lead-like rule,
CMC, WDI and MDDR, on a single platform that is a pre-ADMET web tool.
The NCI screened compounds were found to have drug likeness as per the
MDDR like rule, and zero violations were observed (Table S-XIV of the Sup-
plementary material).
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CONCLUSION

The compounds (NCI613391, NCI169676, NCI281246 and NCI339580)
were identified from NCI database screening based on their close binding inter-
action with CDK-7 kinase active site residues and then processed for ADMET
evaluation. The best compound (NCI613391) was further examined for their cap-
acity to maintain the stability of receptors and receptor-ligand complexes across a
200 ns molecular dynamics simulation. The RMSD value of receptor and rec-
eptor—ligand complexes was calculated, and it showed that the compounds were
found to be stable and remained stable throughout the simulation study. The
parallel RMSF and gyration radius values of the unbound receptor and backbone
atoms of the receptor-ligand complex suggest that the drug molecules inside the
CDK?7 kinase receptor are also stable. All the compounds were qualified and
observed suitable as drug likeness according to the Lipinski rule, Ghose filter,
MDDR-like rule and CMC-like rule. Except for NCI169676 and NCI196464, all
the compounds were discovered to be CYP450 2D6 substrates, weak substrates
for CYP450 3A4 and non-inhibitors of p-glycoprotein. The MM-GBSA and
ADMET values of compounds were also displayed in the favourable range, but
compound (NCI169676) observed to possess excellent drug likeness (3.54), drug
score (0.24), human intestinal absorption (95.36 %) and also displayed a negative
AMES and T.E.S.T. toxicity test compared to other compounds with green col-
our indication. The compound (NCI613391) was found to be a powerful and
effective inhibitor of CDK?7 kinase and may be further investigated in clinical
trials to study its efficacy.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12455, or from the corres-
ponding author on request.
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CKOPAIIIA TAKTHUKA ITPETPAXXVBAA HHXUBUTOPA CDK-7 KHHA3E
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Osa cTtyauja ce 3acHMBa Ha nperpaxkusamy NCI Dase moparaka 3a HajmaKewme CIELU-
¢uunor uaxudbutopa CDK-7 kunaze nmomohy HTVS, SP, XP, mMosneKkyncKkor DOKUHIA, CUMY-
Janyje MoseKkysacke fuHamuke U npouewrnBambeM ADMET. Hajbomsu naxuduropu CDK-7 kuH-
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aze (NCI613391, NCI169676, NCI1281246, NCI339580) cy uneHTHOHUKOBAHH CKPUHUHTOM
NCI bdaze noparaxa. CTaduiHOCT Be3WBHEe MHTepakidje u3mel)y peLenTopcKor MpoTenHa U
MpPOTeNH-TUTaHz KoMIulekca HaheHor noteHTHOT jepumerna (NCI613391) name je moTBphena
cumynanujom guHamuke ¥ MM-GBSA. Bpegnoct RMSD peuentopa ¥ peLENTOP-JIMIaHf
KOMIJIEKCA je aHa/lMW3WpaHa, U IoKasana je CTaDMIHOCT BE3WBHUX MHTEpaKlFja Koja ocTaje
nocTojaHa Tokom cumynauuje. Haheno je ma cy BpenHocti RMSF u papujyc rUpanyje Hese-
3aHOT pellenTopa ¥ aTomMa OCHOBHOT JIaHIla KOMIUIeKCa jefHaKH, LITO ykasyje Ia je MOoyeKys
neka yaytap CDK7 peuentopa Takohe cradunan. [TpoyyaBame MM-GBSA nonaTaka Takohe
OTKpUBa jaue Be3WBHE HHTepakuuje nuraHaga ca CDK7 penentopuma. Ca u3y3eTkom
NCI169676, 3a cBa jemumemna ce nokasano ga cy cyncrpatu 3a CYP 450 2D6, CYP 450 3A4,
na cy uaxuduropu 3a CYP 450 2C9, v HOH-UHXUOUTODH p-IIuKonpoTenHa. CBa jenumemna cy
dnna xBanudUKOBaHa U MOrOJHA KA0 JIeKOBUMA CIMYHA, Ha Da3u mpaswia JlunuHckor, Ghose
¢unrepa, nmpaswia MDDR ciuyHocTH, ¥ npaBuna CMC cinuyHocTtH. Jepumweme (NCI613391)
je WCrmomuao arncopnuujy y 4osedjoj yTpodu (76,08 %), u mokasyje HeratuBHe AMES u
T.E.S.T (US-EPA) toxcuuHoctu ca OSIRIS Property, a HaheHo je na je odehaBajyhu nuxu-
dutop CDK-7 xuHa3e, JOK mweroBa e)UKaCHOCT MOXKE Jjajbe /1a Ce MCIUTA Y KIMHUYKHUM Tpa-
januma.

(ITpumsbeHo 26. jyHa, peBuarpaHo 9. aBrycta, npuxsaheno 21. okrodpa 2023)
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INTRODUCTORY DETAILS

A cyclin-dependent protein kinase called cyclin-dependent kinase-7 (CDK7)
regulates cell cycle progression by phosphorylating to other CDKs and altering
their activity. Together with cyclin H and a third protein (a RING finger protein
termed MATT1), the phosphorylation of CDK7 is necessary for both its stability
and function. Cell cycle progression and transcription in the form of transcription
factor TFIIH are regulated by the CDK?7 catalytic subunit of CDK-activating
kinase (CAK). Cell cycle progression is influenced by the threonine
phosphorylation of cyclin-connected kinases CDK1, CDK2, CDK4, and CDK6
by CDK-activating kinase (CAK). RNA polymerase II (Pol II) is stimulated by
CAK through serine phosphorylation (Ser5) of the repetitive C-terminal domain
(CTD) of its large subunit (POLR2A), allowing escape from the promoter and
transcript elongation. Transcription elongation is promoted by CDK?7 phos-
phorylating CDK9, and CDK9 phosphorylating Pol II CTD Ser2.

Furthermore, in model systems, combinations of CDK7i with other targeted
cancer medicines, including as BET inhibitors, BCL2 inhibitors, and hormone
therapy, have demonstrated success. A promising clinical candidate, ICEC0942
potently reduced the growth of a variety of cancer cell lines and ER+ breast
cancer xenografts. This was due to ICEC0942's good ADME and pharmaco-
kinetic (absorption, distribution, metabolism, and excretion) characteristics. The
medication is currently being tested in a Phase I/II clinical trial for patients with

* Corresponding author. E-mail: Rashid.Mohd@bpc.edu.sa; rashidpharm2008@gmail.com
S162
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advanced solid tumours, including a concentrated cohort of those with breast and
prostate cancer. The medicine was licensed to Carrick Therapeutics.

EXPERIMENTAL DETAILS
National Cancer Institute (NCI) Database Compounds and Reference Ligand Preparation

A research division of the National Cancer Institute's chemical biology lab is known as
CADD (computer-aided drug design) (https://cactus.nci.nih.gov, 2022). The NCI's (National
Institutes of Health) Chemical Biology Laboratory (CBL), located at the Frederick National
Laboratory for Cancer Research (FNLCR), formerly NCI-Frederick, houses the computer-
aided drug design (CADD) group.

Preparation of the Grid

The receptor grid generation panel is used to specify a receptor structure as well as
configure the grid generation task. This operation generates the grid files that depict the
receptor's active site for glide ligand docking jobs. A prepared structure is required for
receptor grid generation: an all-atom structure with acceptable bond ordering and formal
charges.

Molecular Docking & Screening

All the generated NCI compounds were subjected to Lipinski filtration and reactive
functionality analyses. To get the best result, HTVS (High-throughput virtual screening), SP
(standard precision), XP (extra precision) screening, and docking were employed, and the XP
descriptor information was also picked for pose viewing.

Simulation of Molecular Dynamics (MD)

In order to restrict the covalent bonds, the LINCS (linear constraint solver) methodology
was used, and in order to deal with the long-range coulombic interactions, the particle mesh
Ewald (PME) method was applied. Production MD runs lasted 200 ns at a constant
temperature of 300 K, and MD trajectories were captured every 2.0 ps. Gromacs' built-in
utilities, including gmx rms, hbond, rmsf, gyrate, and others, as well as the H-bonds plugin
found in the VMD (Visual molecular dynamics) tool, were used to post-molecularly
dynamically evaluate the trajectories. With a donor-acceptor distance cutoff of 3.5A and a
bond angle cutoff of 20A the H-bonds plugin of VMD was employed to evaluate the
involvement of intermolecular hydrogen bonds established by the ligand throughout the MD
run during each of the two complexes, in addition to specific contacts with the key binding
site residues of the CDK7 Kinase.

A Molinspiration Algorithm for Predicting Drug Similarity

Based on the five Lipinski criteria, the Molinspiration web software examined the
physical characteristics of molecules. The smiles' representation was created using the
ChemBioDraw Ultra software (11.0 version). A range of molecular characteristics, including
topological polar surface area (TPSA), partition coefficient (LogP), molecular weight,
hydrogen bond donors and acceptors, rotatable bonds, atom count, and departures from
Lipinski's rule of five, were used to assess the compound's drug-likeness. To determine the
percentage of absorption, the formula %Ab = 109 - [0.345 x TPSA] was employed. A
substance meets Lipinski's criteria for a drug if it has a partition coefficient below 5, a polar
surface area below140 A2, a H bond acceptor and donor below 10, and a molecular weight
below 500 daltons. The Rule of 5 is another name for the rule because the border values are 53,
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2*5, 500, and 5. A problem with a molecule's bioavailability may arise if it violates more than
one of these rules.

The sum of the contributions based on fragments and the correction factors is known as
the LogP (Octanol/water partition coefficient). Topological Polar Surface Area (TPSA), which
describes drug absorption, is the sum of the contributions produced by O- and N-centred polar
fragments and includes intestinal absorption, bioavailability, Caco-2 permeability, and blood-
brain barrier penetration. The entire quantity of a training set's fragment contributions to the
actual 3D volume is the molecule's volume. The n-rotb (number of rotatable bonds), which is
distinct from any individual non-ring bond and attached to a non-terminal heavy (non-
hydrogen) atom, is a gauge of molecular flexibility.

Toxicity Assessment

The results of virtual screening are valued and colour coded as green/red/ yellow for
properties such as effect on mutagenic, reproductive system, irritant effect, and
tumorigenicity. Properties shown in red indicate high risks of undesired effects, while
properties shown in green indicate drug conformity, compatibility, and safety. For the results
prediction, the compound charges must be balanced and atom valences must not be exceeded
for a proper chemical structure. A single bond connecting a positive charge on the nitrogen
with a negative charge on one of the oxygens is required for drawing nitro-groups. Mutagenic
or poor intestinal absorption are depicted in red, indicating a significant chance of unwanted
consequences, whereas a green colour indicates drug-like action.

Higher-molecular-weight compounds are less likely to be absorbed and so never reach
the site of action. Because low hydrophilicities and consequently large logP values induce
poor absorption or penetration, the logP value must be less than 5.0. With more than 80% of
drugs on the market having an estimated logS value greater than -4, a compound's water
solubility has a significant impact on its absorption and distribution qualities. The capacity of
the molecule to traverse membranes is improved if the inputs of all polar atoms exposed to the
surface of the molecule amount to more than 80 or 100. To assess a compound's
pharmacological similarity, many methods use topological descriptors, fingerprints of MDL
structure keys, or other features like cLogP and molecular weights. The drug score, which can
be used to determine if a molecule would be suitable for use as medication, is a condensed
combination of rug similarity, cLogP, logS, molecular weight, and toxicity concerns.

Examining Osiris's Potential as a Drug and Its Relevant Properties

To prevent destructive compounds from further processing in the drug discovery and
development unit, toxicity risk assessment is essential. The toxicity evaluation risk alarms
indicate that the depicted structure may be hazardous for the stated risk category, and toxicity
hazards are calculated using a colour code. The red hue signifies a greater danger of side
effects or negative qualities like mutagenic or poor intestine absorption, whereas the green
colour suggests drug-like pharmacological behaviour. Although the green hue reflects the
desirable benefits of the chemical, the hazardous hazards (unwanted) consequences of the
molecule are displayed in red. The mutagenic, tumorigenic, irritating, and reproductive
toxicity hazards were assessed using a pre-computed set of structural fragments based on
compound categorization from the Registry of Toxic Effects of Chemical Substances
(RTECS) database.

Acute toxicity prediction by Pre ADMET program and T.E.S.T. tool

To avoid the 50% failure rate of drug candidates due to insufficient ADME/Toxicity
inadequacies during the development stage, it is necessary to conduct ADME/Toxicity
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screening at an early stage in the discovery phase. The Pre ADMET program is divided into
four sections, as follows: This section comprises the determination of physicochemical
characteristics such as lipophilicity (logP), molecular weight, polar surface area, and water
solubility, all of which are directly connected to ADME/Toxicity qualities. Drug similarity
prediction; The drug-similarity prediction module is based on Lipinski's and Lead-like.
ADME prediction; Caco2 cell model and the MDCK (Madin Darby canine kidney) cell model
are indicated as accurate in-vitro models for oral medication absorption prediction. Pre-
ADMET also includes an in-silico human intestinal absorption (HIA) and skin permeability
model for identifying possible medication candidates for oral and transdermal drug
administration. Infiltration of the blood-brain barrier (BBB) provides information on
therapeutic drugs in the central nervous system (CNS), plasma protein binding models in drug
disposition, and drug effectiveness in the distribution stage.

The quantitative structure-activity relationship (QSAR) and Quantitative Structure-
Property Relation (QSPR) of dangerous compounds were predicted using molecular properties
of compounds as a descriptor using T.E.S.T software (version 4.2.1). These molecular features
are crucial for predicting QSAR of harmful compounds. By using a type of approach such as
consensus, hierarchical clustering, The United States food and drug administration (US-FDA),
and closest neighbour method, the T.E.S.T. software program evaluated the acute toxicity of
compounds, such as oral lethal dose for 50% of test rats (LD50), and mutagenic of
compounds. The descriptors of synthetic and natural compounds in the T.E.S.T tool are based
on the molecular structures of the substances.

Dr. Ames developed the straightforward Ames' test to determine whether a material is
mutagenic or not. It uses several strains of the bacterium Salmonella typhimurium, which
needs histidine to develop due to gene changes in histidine production. Ames TA100 (+S9)
findings from the in-vitro test on the TA100 strain (metabolic activation by rat liver
homogeneity). Results of the in-vitro test on the TA100 strain by Ames TA100 (-S9) (No
metabolic activation). Results of the in-vitro test on the TA1535 strain by Ames, strain
TA1535 (+S9) (Metabolic activation by rat liver homogeneity). Ames TA1535 (-S9); the
TA1535 strain's in-vitro test results (No metabolic activation). By leaving the strictness of
fingerprint matching at default and choosing all models, the pre-ADMET web-based
application was able to forecast the first phase of metabolism for the chemical. Cytochrome
P450 (CYP450), also known as the isozymes group and engaged in the metabolism of
medicines, fatty acids, steroids, bile acids, and other carcinogens, is the most significant
parameter. A family of heme proteins called cytochrome P450 enzymes are involved in the
metabolism of numerous pharmacologically active substances. They can interact with other
medications when taken together and result in undesirable side effects.

ADDITIONA RESULT AND DISCUSSION
Target Protein Docking Score and Analysis

The NCI database (https://cactus.nci.nih.gov/ncicadd/about.html, 2022) was
used to ascertain the binding affinity and interactions of several molecules with
the selected target protein, CDK7 kinase. Ten compounds were found after
reviewing the NCI database; their names are NCI613391 (-13.06 kJ/mol),
NCI169676 (-11.91 kJ/mol), NCI281246 (-11.74 kJ/mol) and NCI339580 (-11.58
kJ/mol). Among these top NCI compounds, the NCI613391 molecule has the
highest docking score (-13.06 kJ/mol) in comparison to the other molecules. The
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same residues that the ATP molecule binds to are found in the active site of the
target protein (CDK?7 kinase), where all drugs bind. This indicates that the
molecules have potent inhibitory properties and is firmly docked in the target
protein's active region. The docking score and binding interaction of NCI-
screened compounds with the target protein's active site residues are displayed in
Tables S-I and S-II, respectively. This interaction with the target protein is shown
in Fig S-1. by the NClI-screened top molecular docking score and their Lig plot
interaction diagram and for other best finding molecules shown in Fig. S-1. Fig.
S-2 displays the plot chart of compounds that the NCI screened using a docking
score comparison.

Table S-I: Docking scores, smiles, formula and 2D structure of NCI-screened compounds.

Docking 2D Chemical structure

NCICompd. | e (kJ/mol)

613391 -13.06 ’ 6 °

HO

169676 -11.91 I
N/\/\N

281246 -11.74 O‘O
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Fig. S-1. The docking score comparison of NCI screened ten best finding compounds in the
active binding site residues of CDK?7 kinase protein.

Drug-Likeliness properties and ADME/T analysis of best NCI screened compounds

The physiochemical characteristics of the compounds that passed the NCI
screening, as determined by the QikProp module of Schrddinger, are listed in
Tables S-1II and S-IV. All of the substances that passed the NCI screening were
found to have oral absorption that was between 25% less and >80% higher than
the human oral absorption limit, or 36.306 to 73.742. Compound NCI281246 had
the lowest oral absorption (36.306 and 25% less) while compound NCI613391
had the highest oral absorption (73.74%). The hydrogen bond donor (HBD)
count of every component was determined to be between 2 and 4, which is less
than the allowed limit of 5. The total number of hydrogen bond acceptors (HBA)
was also reported to be below the permitted limit (10), which is in the range of 6
to 9 (Table S-III). All NCI-screened compounds have solvent accessible surfaces
in total below the permissible range (300-1000), which may be found in 636.839
and 832.142. All compounds under investigation had aqueous solubility
(QPlogS) values between -1.162 and 4.213, which was within the permitted
range (-6.5 to 0.5).



8168 RASHID et al.

Table S-II: Drug-like properties analysis by Lipinski's Rule of Five of NCI screened
compounds.

Comp. Id? MWwb QPlogSe | SASAd HB HB HOA¢2
(A Acceptor® | Donorf | (%)

NCI613391 | 477.0021 -2.856 832.142 9.9 4 39.882
NCI169676 | 480.5903 -3.246 | 798.355 7.7 2 73.745
NCI281246 | 324.3816 -1.162 604.145 6 4 36.306
NCI339580 | 400.4304 -2.212 700.349 9.9 3 49.074

Comp. Id?; Compound Id, Mol. Wt.; Molecular weight in daltons (permissible scale
is: <500), QPlog S¢; Prediction of aqueous solubility (permissible scale is: -6.5 to
0.5), SASAY; Total solvent accessible surface area in A (permissible scale is: 300-
1000), HB Acceptor®; Hydrogen bond acceptor (permissible scale is:<10), HB
donorf; Hydrogen bond donor (permissible scale is: <5), Human oral absorptions
(permissible scale is:<25% less and >80% high)

The NCl-screened compounds were discovered to have molecular weights
between 308 and 480 Dalton, which is less than 500 Dalton (within the Lipinski
limit) and indicates that they are more easily transported, dispersed, and absorbed
than heavier molecules. Comparatively, NCI169676 had a larger molecular
weight (480), and NCI281246 had the lowest (324). All molecules scored well in
this investigation, however NCI169676 shown the exceptional human oral
absorption (73.74%), with the human oral absorption percentage for the NCI
tested compounds ranging from 36 to 73%. On the other hand, the number of
hydrogen bond donors (n-OHNH, NH, and OH) of the molecules was found to be
below 5 (1 to 4), which is compatible, and the number of hydrogen bond
acceptors (n-ON, O, and N atoms) was less than 10 (under the Lipinski limit),
which indicated good binding strength of molecules with CKD7 receptor binding
pocket (Table S-III).
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Fig. S-3. The solvent accessible surface area of NCI screened ten best finding
compounds.

The partition coefficient (QPlogPo/w) and water solubility (QPlogS) of NCI-
screened compounds were also found to be within the range limits of 0.8 to 3.729
and -2.005 to -3.647, respectively. This is a sign of a drug's interaction with cell
membranes, as well as its absorption and distribution in the body. It was also
discovered that all molecules' projected water-octanol coefficient fell within the
permitted range (16 to 26), indicating excellent permeability through cell
membranes. The SASA of NClI-screened compounds was found to be between
604 and 832 under the limit (300-1000) in the current investigation, indicating
good oral bioavailability (Table S3 and Fig. S3). Additionally, between 9 and 17,
within the permissible range (4.0 - 45.0), the skin permeability (QPlogPw) of
compounds subjected to NCI screening was discovered. Due to the fact that all
NCI tested compounds satisfied the pharmacokinetic characteristics within the
permissible range of Lipinski's guidelines set for human usage, this suggests that
they have the potential to be drug-like molecules.

Table S-IV. Drug-like properties analysis of the NCI-screened compounds.

Compd. Id QP | QPlogP |QPlogP| QPlog | QPlogP | QPlog | CIQ QPlog
polrz oct o/w PC16 w Kp PlogS Khsa
NCI613391 | 45.882 | 26.284 | 1.74 16.161 | 17.178 | -7.207 | -2.858 | -0.064
NCI169676 | 47.868 | 23.372 | 3.729 | 14.099 | 12.183 | -5.387 | -3.647 | 0.576
NCI281246 | 32.904 | 19.887 | 0.8 11.796 | 14.027 | -7.577 | -2.005 | -0.157
NCI339580 | 37.417 | 22.427 | 0.762 | 13.763 | 15.798 | -6.289 | -3.208 | -0.45
The polarizability value is predicted in cubic angstroms (A), QPplorz; Predicted in octanol/gas
partition coefficient (the permissible scale in between 13.0 — 70.0), QPlogPoct; Predicted in
octanol/water partition coefficient (permissible scale in between 8.0 — 35.0), QplogPo/w;
Predicted in hexadecane/gas partition coefficient (permissible scale is: 2.0 — 6.5),
QPlogPC16; Predicted in water/gas partition coefficient (permissible scale is: 4.0 — 18.0),
QPlogPw; Predicted in skin permeability (permissible scale is: 4.0 — 45.0), QPlogKp;




S170

RASHID et al.

Prediction of binding to human serum albumin (log Kp;. permissible scale is: —8.0 to 1.0),
CIQPlogS; permissible scale is: —6.5 to 0.5), QPlogKhsa; Conformation-independent
predicted aqueous solubility (permissible scale is: —1.5 to 1.5).
Prime MM/GBSA module for Drug-Target Binding Energy Assessment
Prime MM/GBSA module for Drug-Target Binding Energy Assessment of NCI Screened
Molecules

The NCl-screened medication with the target CDK7 kinase protein was
scored using the MM/GBSA-based rescoring method. The NCI compounds that
were screened, notably NCI613391 (complex with PDB ID: 1UA2), exhibit a
significant amount of binding free energy (G bind = -73.25 kJ/mol). The
interaction between the ligand and receptor molecule was shown by the
complex's binding free energy using a simulation-based methodology. Table S5
lists the specifics and remaining substances that bind free energy as complexes.
Finding the protein-ligand binding affinity can be made much easier with the use
of the main MM/GBSA module. The protein-ligand complexes that were chosen
had this module added to them. A surface generalized born solvation model for
polar solvation (GSGB), OPLS molecular mechanics energies (EMM), and a
nonpolar solvation term (GNP) are all included in it. Total binding free energy is
calculated using the equation: AG bind = G complex - (G protein + G ligand),
where AG bind is the total binding free energy of the complex, G complex is the
total energy of the complex, G protein is the energy of the receptor without
ligand, and G ligand is the energy of the unbound ligand, and G = EMM+
GSGB+ GNP. In Fig. S3, the projected binding energy of the best-finding
compounds from the NCI-screened data base is shown.

Table S-V. Prime MM/GBSA calculated binding energy in kcal/mol of NCI screened
compounds.

Compd Id® | Gevdw® | GsolLipo® Geould | Geovalent® | GsolGBf | AG bind®
(J/mol) | (k/mol) | (kWmol) | (k/mol) | (k/mol) | (ki/mol)
NCI613391 -53.19 -23.18 -101.45 4.674 103.23 -73.25
NCI169676 | -42.96 -28.13 -95.97 5.51 101.15 -64.36
NCI281246 -38.22 -21.39 -73.34 1.89 79.28 -53.57
NCI339580 | -47.92 -18.42 -72.26 8.92 73.29 -59.84

Compd Id?; Compound Id, Gevdw®; Van der Waal energy, GsolLipo®; lipophilic energy,
Gceould; Coulomb energy, Geovalent®; Covalent energy, GsolGB!; Generalized born electro-
static solvation energy, AG bindg; Free binding energy.

Molecular mechanics generalized born surface area (MM-GBSA) algorithm
was used to calculate the free binding energy (AG) of the receptor-ligand system.
The best finding compounds from the NCI screening were found to have free
binding energies ranging from -73.25 to -53.57 kJ/mol. Among all the molecules,
the ligand (NCI613391) complex had the largest negative binding free energy (-
73.25 kJ/mol), while NCI281246 had the lowest (-53.57 kJ/mol). Despite having



SUPPLEMENTARY MATERIAL S 1 7 1

a higher hydrogen occupancy than other compounds, compound NCI613391
complex showed a more stable engagement in the active free binding site of
receptor. The top-scoring NCI screened compounds, such as NCI613391, had
average AG values of -73.25 kJ/mol, respectively. Surprisingly, compound
NCI613391 was found to have superior binding affinity to the CDK7 receptor
binding site when compared to other substances. Compounds' AG values were
further broken down into their component parts, which are shown in Table S5
and Fig. S4. Van der Waals interactions have a significant role in the binding of
substances to the CDK?7 receptor in the disintegration component of AG,
followed by electrostatic interactions and SASA energy. Furthermore, the polar
solvation energy of the compounds found in the NCI screening process
favourably influenced the binding site and resisted the formation of the complex.
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3 Gceovalente == G50|GBf =@ AG bindg
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Fig. S-4. The predicted binding energy MM/GBSA calculation of best finding NCI screened
molecules.

Structural analysis of NCI Screened Ligands by Molecular Dynamic Simulation (MD)

The importance of molecular dynamics simulation in computer-assisted drug
design is for the assessment of dynamic and thermodynamic parameters of
biological systems under specific circumstances involving physiological factors.
The NCI compound NCI613391 (-13.06 kJ/mol) that was evaluated for
molecular docking analysis was found to have the greatest docking scores and
affinities with the target CDK7 kinase protein, therefore it was selected for the
additional analysis using MD simulation. In order to evaluate the stability of the
ligand-protein complex as well as the primary intermolecular interactions over
the simulation period, an MD simulation study was conducted on the best docked
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pose of a chosen NCI chemical in complex with the target CDK7 kinase protein.
The radius of gyration (rGyr) during MD simulation was used to determine the
target protein's structurally compact residues. As can be seen, there was no
discernible variation in the rGyr readings, and the compactness persisted for the
entire 200 ns. Observing the variations in the examined complex's molecular
surface area (MolSA), polar surface area (PSA), and solvent accessible surface
area (SASA) further suggested the presence of stable ligand-protein complexes.

The importance of Molecular Dynamic simulation in computer-aided drug
design is in the estimation of dynamic and thermodynamic parameters of living
systems under specific situations involving physiological parameters. In
MM/GBSA computation, the screened NCI compounds NCI613391 (-13.06
kJ/mol) was found to have the highest docking score and affinity with the target
CDK?7 kinase protein, so these were chosen for further analysis by MD
simulation. An MD simulation study was performed on the best docked pose of a
selected NCI compound in complex with the target CDK7 kinase protein in order
to investigate the stability of the ligand-protein complex as well as the main
intermolecular interactions during the simulation period. The simulated complex
was inspected for different standard simulation parameters such as backbone
root-mean-square deviations (RMSDs) for all Ca carbon atoms of protein, the
root means square fluctuations (RMSFs) of individual amino acid residues,
intermolecular interactions involved, radius of gyration (rGyr) and hydrogen
bond analysis. However, minor fluctuation was visible in both proteins during the
initial period, which then stabilized for the remainder of the simulation period. A
system showing steady fluctuations is usually considered stable and deemed to be
properly equilibrated. Stable RMSF plots were obtained during the entire
simulation period.

The residues of structural compactness of the target protein were ascertained
by the radius of gyration (rGyr) during MD simulation. As can be seen, no
significant deviation was noticed in the values of rGyr and the compactness was
maintained throughout the 200 ns. In addition, the existence of stable ligand-
protein complexes was also implied by observing the changes in various surface
areas, such as molecular surface area (MolSA), polar surface area (PSA), and
solvent accessible surface area (SASA) of the studied complex. The structural
disturbances and real movement of a receptor and ligand complex under possible
biological settings are simulated via MD simulation. During the MD simulation
analysis, we confirmed the docking orientations using the RMSD, a well-
established indicator for protein stability as well as equilibrating, and the
averaged behavioural pattern for the complete protein structure could be seen.

The RMSD (Root-Mean-Square Deviation)

Fig. 5-A displays the RMSDs of the free CDK7 kinase receptor and the
CDK7+NCI613391 complexes. For the complexes CDK7+NCI613391, the
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RMSD values of the analyzed parameters gradually increased from 0 to 50 ns
and remained stable after reaching equilibration during simulation duration. The
complex CDK7+NCI613391 was shown lower RMSD value and found equal to
the receptor CDK7 Kinase protein. These drug candidates complex naming
CDK7+NCI613391 was found stable in active residue of CDK7 Kinase receptor
and provide a solid foundation for research work and illustrated in Fig. 5-A.

The RMSF (Root-Mean-Square fluctuations)

The RMSF value of backbone atoms was determined, and the RMSF plot
indicates that the variations are at the atom scale. The atoms' fluctuations data
was found to be substantially equal to the free receptor (CDK?7 kinase protein),
and the complexes (CDK7+NCI613391, was found to have low RMSF values.
Thus, the RMSF plot revealed that the binding interactions of all the tested drugs
were observed to be stable within the receptors, and that there was no significant
effect on the receptor's flexibility during the simulation analysis study. The
RMSF values of CDK7 kinase alone and in combination with NCI613391, was
displayed in Fig. 5-B.

The Radius of Gyration (Rg)

During the molecular simulation, the radius of gyration (Rg) is used to
estimate the compactness of a protein; if the protein is very compact, it will not
fold easily and the complex will be stable in folded or unfolded forms. The Rg
plot revealed that the CDK7 kinase receptor, CDK7+NCI613391 complex have
similar characteristics. In comparison to the protein complex, the Rg values of
protein and protein-drug candidate complexes demonstrated a significant
resemblance and a stable folded structure, as illustrated in Fig. 5-C.

The Hydrogen Bond Analysis

MD simulations of all complicated trajectories were examined for the
number of hydrogen bonds generated. During MD simulations, it has been shown
that the CDK7+NCI613391, complexes formed more hydrogen bonds, as
illustrated in Fig. 5-D. Thus, throughout the simulation time, NCI613391 was
able to sustain a robust contact with the binding pocket of CDK?7 kinase. The
ligand (NCI613391) was shown maximum hydrogen bond occupancy with
CDK7 residues protein in overall simulation.

The Physicochemical Properties Prediction

All the compounds did not violate Lipinski's rule of five or Ghose filter,
except NCI613391 and NCI281246 (only one violation detected), which showed
0-1 violations and are expected to be orally active. Molecular hydrophobicity or
lipophilicity is indicated by the logP or partition coefficient. The logP values of
all compounds were found to be less than 5 and were not in violation of
Lipinski’s rule of five or the Ghose filter, suggesting good permeability across
the cell membrane. The molecular weight of compounds was found to be less
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than 500, and thus these molecules are anticipated to be easily transported,
diffused, and absorbed in comparison to large molecules. The numbers of
hydrogen bond donors (NH and OH) in the compounds were found in accordance
with Lipinski’s rule of five, which is less than 5. TPSA of the compound was
observed in the range of 43.66-130.32A, which is below the limit of 160A. The
percentages of absorption for the compounds calculated from TPSA were in the
range of 64.04-93.94 and indicated good oral bioavailability (Table S6). The
molar refractivity of compounds was found in the range 100.27-136.82 except
for compounds NCI613391 and NCI169676 (131.46 and 136.82, respectively),
and polar surface area was found in the range 34.14-37.38 that is obeyed by the
Ghose filter.

Table S-VI: Physicochemical characteristics of NCI-screened compounds by Lipinski's rule
of five.

Compd. |Abs % | miLogP | TPSA |natoms| n- n- n-violation | n-rotb| MV
ID (o/w) | (A ON | OHNH (cm3/m)
ROS5 <5 <10 <5 <1
NCI613391| 66.66 | 2.05 | 122.71 32 8 6 1 12 | 41546
NCI169676| 93.94 | 3.94 | 43.66 33 5 2 0 10 | 426.79
NCI281246 | 70.97 0.90 110.24 24 6 6 1 6 297.17
NCI339580 | 64.04 1.96 130.32 29 8 5 0 9 357.45

%Abs, TPSA, n atoms, n-rotb, and MV are the abbreviations for percentage of absorption,
Topological polar surface area, number of atoms, number of rotatable bonds, and molecular
volume (cm3/mol) respectively. n-OHNH is the number of hydrogen bond donors, n-ON is
the number of hydrogen bond acceptors, and miLogP is the logarithm of the partition
coefficient between n-octanol and water. n violations are number of violations of Rule of Five
and ROS5 is Rule of five.

Table S-VII: Ghose filter foresaw drug-like characteristics of NCI-screened compounds.

Compd. Log-P MR The PSA C-
(log10) (m3/mol) | number of | (A% molecule- | Indication
atoms 1)

The Ghose filter -0.4-5.6 40-130 20-70 <140 Green
NCI613391 -0.581 131.46 32 34.14 Pink
NCI169676 1.877 136.82 33 35.02 Pink
NCI281246 -0.82 100.27 24 34.14 Pink
NCI339580 -0.179 112.77 29 37.38 Green

Log-P: Partition coefficient; MR: Molar Refractivity; PSA: Polar Surface Area; C- Indication:
Color Indication.

The score of Bioactivity
Compound NCI613391 also demonstrated excellent binding with all targets
other than nuclear receptor ligand (moderate activity). All compounds were

found to have outstanding activity scores against GPCR ligand affinity, ion
channel modulator, kinase inhibitor, and enzyme inhibitor (moderate activity).
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Entire compounds demonstrated outstanding activity scores against protease
inhibitor activity. Compound NCI613391 was found to have better ligands for
protease inhibitors, nuclear receptor ligands, GPCR ligands, kinase inhibitors,
enzyme inhibitors, ion channel modulators, and nuclear receptor ligands (Table
S8) than the other examined compounds. The most promising compounds,
including NCI169676, NCI281246 and NCI339580 which are projected to
function across more than three pathways, were identified using the bioactivity
ratings (Table S8). If a chemical's bioactivity score is greater than 0.00, it is
thought to have significant biological activity; values between -0.50 and 0.00 are

seen to be moderately active; and values less than -0.50 are thought to be inert.

Table S-VIII: Bioactivity score rating of NCI screened compounds against the various

targets.
Compd GPCR Ion Kinase | Nuclear | Protease | Enzyme
pa- ligand | channel | inhibitor | receptor | inhibitor | inhibitor
ID Structure 3D .
modulator ligand
NCI613391 0.15 0.05 0.15 -0.27 0.21 0.09
NCI169676 0.24 0.15 0.05 0.06 0.03 0.13
NCI281246 0.10 0.02 0.29 -0.31 0.15 0.19
NCI339580 0.06 0.00 0.20 -0.02 0.04 0.21

GPCR stands for "G-protein coupled receptor,” which is active >0, moderately active -5.0-0.0,

and inactive -5.0.
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The Osiris Property Explorer

This program predicts the properties of investigated compounds on the basis
of functional group similarity with the extensively in-vitro and in-vivo studied
compounds present in its database. The obtained results clearly showed that the
compound NCI613391, which showed green colour with Tumorigenic effect and
Reproductive effect would be safe. All the tested compounds showed green
colour indication with tumorigenic effect except NCI339580, and reproductive
effect except NCI169676. Most of the compounds were observed to have an
irritant effect, except NCI169676 (Table S9).

Table S-IX: Osiris property explorer toxicity and drug-relevant properties of NCI screened
compounds.

Compd. ID The Prediction of Toxicities The Drug-relevant properties

Tumorigeni | Reproductiv | Irritan | Mutagenicit | cLog | Solubilit | Drug- | Drug

c e t y P y likenes | Scor

effect effect effect s e

NCI61339 L L H H 0.89 | -4.49 -1.77 | 0.17
1

NCI16967 L H L H 3.84 | -3.99 3.54 10.24
6

NCI28124 L L H H 0.49 | -4.59 -5.12 | 0.17
6

NCI33958 H L H H 1.10 | -3.48 -1.71 | 0.11
0

L - low or no risk, H - high toxicity risk.
The Prediction of ADME/T Properties by pre-ADMET server

The NCl-screened compounds showed negative AMES toxicity results,
indicating that the majority of compounds had little mutagenic potential. All
compounds displayed negative carcinogenicity in rats as well as mice.
Pharmacokinetic parameters like absorption, bioavailability, and distribution of
NCI screened compounds were predicted by pre-ADMET tool through a type of
test (Table S10). The obtained result from the pre-ADMET server revealed that
the compounds NCI169676 showed excellent human intestinal absorption (HIA)
scores of more than 90% in comparison to other compounds. The compounds
NCI613391, NCI281246, NCI339580, were observed to have a better human
intestinal absorption (HIA) score (Table S11) than the rest. The highest HIA
score suggests that when these compounds are given orally, the substance may be
better absorbed from the intestinal system. Entire compounds were found to have
a low value of blood-brain barrier (BBB) penetration (<1). The skin permeability
value in cm/hour (logKp) was also found within the limit range of NCI screened
compounds. The compound (NCI613391) was found to have excellent HIA
(76.08%), cell permeability by Caco-2 (20.65) and MDCK (0.06), solubility in
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water (31.38) and buffer (0.27) in mg/mL, and a blood-brain barrier (BBB)

penetration value of 0.05 (Table S11).

Table S-X: Pre ADMET toxicity prediction by Ames’s test of NCI-screened compounds.

Compd. ID

The prediction of
toxicity

Test Name

Test Values

NCI613391

Ames’s test

+S9 (Ames TA100)

-9 (Ames TA100)

+S9 (Ames TA1535)

-S9 (Ames TA1535)

Carcinogenicity

Mouse

Rat

NCI169676

Ames’s test

+S9 (Ames TA100)

-S9 (Ames TA100)

+S9 (Ames TA1535)

-89 (Ames TA1535)

Carcinogenicity

Mouse

Rat

NCI281246

Ames’s test

+S9 (Ames TA100)

-S9 (Ames TA100)

+S9 (Ames TA1535)

-S9 (Ames TA1535)

Carcinogenicity

Mouse

Rat

NCI339580

Ames’s test

+S9 (Ames TA100)

-S9 (Ames TA100)

+S9 (Ames TA1535)

-89 (Ames TA1535)

Carcinogenicity

Mouse

Rat

-: Negative; +: Positive
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tool.
Compd. ID Parameters Test name for the prediction of ADME vqus ;s
Absorption The % of Human intestinal abs. (HIA) 76.083419
In-vitro cell perm. by Caco-2 in nm/sec 20.6528
In-vitro cell perm. by MDCK in nm/sec | 0.0642523
In-vitro skin perm. in cm/h (logKp) -4.31999
NCI613391 | Bioavailability The solubility in buffer in mg/mL 0.271736
The solubility in pure water in mg/mL 31.3839
Distribution In-vitro the % of plasma protein binding | 28.655152
In-vivo blood brain barrier (BBB)
penetration (C. brain/C. blood) QS6EE
Absorption The % of Human intestinal abs. (HIA) 95.854664
In-vitro cell perm. by Caco-2 in nm/sec 24.2669
In-vitro cell perm. by MDCK in nm/sec | 0.130145
In-vitro skin perm. in cm/h (logKp) -2.42092
NCI169676 | Bioavailability The solubility in buffer in mg/mL 166.508
The solubility in pure water in mg/mL 18.1855
Distribution In-vitro the % of plasma protein binding | 51.308648
In-vivo blood brain barrier (BBB)
penetration (C. brain/C. blood) 0.989341
Absorption The % of Human intestinal abs. (HIA) 88.329084
In-vitro cell perm. by Caco-2 in nm/sec 21.0049
In-vitro cell perm. by MDCK in nm/sec 2.95133
In-vitro skin perm. in cm/h (logKp) -4.59474
NCI281246 | Bioavailability The solubility in buffer in mg/mL 0.768911
The solubility in pure water in mg/mL 1.64088
Distribution In-vitro the % of plasma protein binding | 52.762220
In-vivo blood brain barrier (BBB)
penetration (C. brain/C. blood) B
Absorption The % of Human intestinal abs. (HIA) 75.723043
In-vitro cell perm. by Caco-2 in nm/sec 19.3925
In-vitro cell perm. by MDCK in nm/sec 0.318305
In-vitro skin perm. in cm/h (logKp) -4.53595
NCI339580 | Bioavailability The solubility in buffer in mg/mL 134.576
The solubility in pure water in mg/mL 494.614
Distribution In-vitro the % of plasma protein binding | 47.437082
In-vivo blood brain barrier (BBB)
penetration (C. brain/C. blood) BT

The Acute Toxicity Prediction by T.E.S.T. (US-EPA) web-based server

The acute toxicity of NCI screened compounds was predicted by the
T.E.S.T. (US-EPA) web-based server by different approaches such as consensus,
hierarchical clustering, United States food and drug administration (US-FDA),
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and closest neighbour method. The obtained results were found within in the
limit under the different approaches like the consensus method predicted an oral
rat LD50 in the range of 2.10-4.33 (-Logl10 (mol/kg), the hierarchical clustering
method predicted an oral rat LD50 in the range of 1.94-2.36 (-Logl0 (mol/kg),
the FDA method predicted an oral rat LD50 in the range of 1.75-4.81 (-Logl0
(mol/kg), and the nearest neighbour method predicted an oral rat LD50 in the
range of 2.04-4.34. The consensus approach, Hierarchical clustering, FDA and
Nearest neighbour determined that the drugs' mutagenic values fell within the
ranges of 0.53-0.95, 0.66-.81, 0.53-0.97, and 0.33-0.67, whereas the FDA method
and the nearest neighbour technique and other toxicity outcomes are shown in
Table S12.

Table S-XII: Results of projected toxicities of NCI screened compounds from the T.E.S.T.
(US-EPA).

Toxicity results of NCI
Methods Toxicity parameters screened compounds
1 2 3 4

Consensus LD50 value (Oral rat) in -log10 242 | 433 2.10 | 2.28
(mol/kg)

The value of Mutagenicity 0.77 | 0.53 | 095 | 0.86

Bioaccumulation factor Log10 037 | NJA | 075 | 0.22

The value of developmental toxicity 0.80 1.07 | 0.64 | 0.79

Hierarchical LD50 value (Oral rat) in -log10 2.36 | 3.83 1.94 | 2.35
clustering (mol/kg)

The value of Mutagenicity 0.66 | 0.72 | 0.90 | 0.81

Bioaccumulation factor Log10 0.71 N/A | 0.64 | 0.65

The value of developmental toxicity 0.67 1.07 | 0.83 | 0.77

FDA LD50 value (Oral rat) in -log10 279 | 481 | 231 1.98
(mol/kg)

The value of Mutagenicity 097 | 053 | 096 | 0.77

Bioaccumulation factor Log10 1.18 | NJ/A | NJA | 0.52

The value of developmental toxicity 1.01 0.96 | 0.23 | 0.68

Nearest LD50 value (Oral rat) in -log10 212 | 435 | 2.04 | 2.50
neighbor (mol/kg)

The value of Mutagenicity 0.67 | 0.33 1.00 1.00

Bioaccumulation factor Log10 1.23 1.58 | 2.22 | 0.78

The value of developmental toxicity 0.67 1.00 | N/A 1.00

NCI screened compounds, 1 (NCI613391), 2 (NCI169676), 3 (NCI281246) and 4
(NCI339580)
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The Prediction of Metabolism by pre-ADMET web server

Table S-XIII: Inhibition and substrate of NCl-screened compounds to cytochrome P450
enzymes and p-glycoprotein.

Compd. ID | Inh. of | Inh. of | Inh.of |Subst. of | Inh. Of |Subst. of | Inhibitor

CYP450| CYP450|CYP450| CYP450 | CYP450| CYP450| P-gp
2C19 2C9 2D6 2D6 3A4 3A4

NCI613391 NI I NI S NI WS NI
NCI169676 1 NI I S NI NS I

NCI281246 NI I NI S NI WS NI
NCI339580] NI I NI S 1 WS NI

Cytochrome P450 enzyme (CYP450) & P-glycoprotein (P-gp), NI - Non-inhibitor, I
- inhibitor, S — substrate, WS — weakly substrate, NS — non-substrate

Drug likeness and Rule Violation Prediction of NCI Screened Compounds

Drug-like characteristics of NClI-screened compounds were estimated by
various drug-like rules, like Lipinski’s rule, the Ghose filter, the lead-like rule,
CMC, WDI, and MDDR, on a single platform that is a pre-ADMET web tool.
The NCI screened compounds were found to have drug likeness as per the
MDDR like rule, and zero violations were observed. The NCI screened
compounds according to Lipinski’s rule of five and found them suitable without
crossing the violation. All compounds qualified for the CMC rule except
compound NCI169676 (just one violation). The compound (NCI613391) was
qualified for the CMC rule, suitable as Lipinski’s rule, and to have drug-like
properties by the MDDR rule with zero violation (Table S14). The well-known
rule for the prediction of drug likeness of newly designed molecules is Lipinski’s
rule, usually called the rule of five, but another well-known rule, the lead-like
rule, was developed from a quantitative survey based upon 18 lead and drug pairs
of chemical structure.

Table S-XIV: Drug likeness and violation prediction for NClI-screened compounds by
different rules.

Compd. ID %ﬁg R“lezjéke i‘/}ggﬁe Lipinski’s rule R‘{}VeDhIke

R nV | R | nV R nVvV R nVvV R nV
NCI613391 | Q | 0 | V]| 1 |DL| 0| S 1 Out of 90% cutoff | 3
NCI169676 | NQ | 1 | V| 2 |DL| 0 | S 0 | Outof90% cutoff | 4
NCI281246 | Q | 0 | V| 1 |MS| 1 | S 0 In 90% cutoff 0
NCI339580 | Q | 0 | V| 1 |DL| 0 | S 1 Out of 90% cutoff | 1

R —rule; nV — number of violations; Q — qualified; NQ — not qualified; S — suitable; V —
Violated, MS — mid-structure; DL — drug like;
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Abstract: Medicated jellies are widely used by a large part of patients, espe-
cially by people with swallowing difficulties. Preformulation studies play an
essential role in the development of new pharmaceutical formulations. The pre-
sent study aimed to formulate and evaluate medicated jellies containing per-
phenazine, an antipsychotic drug from the group of phenothiazine compounds
used to treat schizophrenia and other mental disorders. Typical gelling agents
such as sodium alginate (Alg), gelatine (Gel), and pectin (Pec) were used to
develop the medicated jellies. In addition to the biopolymers, components such
as benzoic acid (BenzAc), citric acid (CitAc), sodium citrate (NaCit), sorbitol
(Sorb) and xylitol (Xyl) were also used. Before preparing the jellies, the moist
binary mixture between each component of the jelly and the active substance
was analysed to investigate the compatibility of the substances. The active sub-
stance, moist binary mixture, and medicated jellies were analysed by FTIR_ UATR
spectroscopy, UV—Vis spectroscopy and thermogravimetry.

Keywords: antipsychotic drug; pharmaceutical formulations; thermal properties;
biocompatible polymers; biopolymers; gelling agents.

INTRODUCTION

Oral medicated jellies (OMJs) are appreciated by a large part of the popul-
ation, especially by people with swallowing difficulties. These pharmaceutical
formulations are used in psychiatry and for patients with Parkinson’s, motion
sickness and multiple sclerosis.! Commercial oral medicated jelly products of
donepezil hydrochloride and alendronate are available in some countries.2 Dys-
phasia (difficulty swallowing) has been reported to be common in all age groups,
especially in children, geriatric patients, standardized patients, psychiatric pati-
ents, and patients with nausea, vomiting and motion sickness. Dysphasia is com-

* Corresponding author. E-mail: madalina.mateescu@e-uvt.ro
https://doi.org/10.2298/JSC230402077B
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mon in all age groups and is observed in approximately 35 % of the general
population, up to 60 % of the elderly institutionalized people and 18-22 % of all
patients in long-term care facilities. OMJs with good taste and flavour increase
the acceptability of bitter medications in different populations.3 Children prefer
jelly when administering medications compared to oral liquids or tablets. Now-
adays, jelly candies are popular among children because they like to chew the
jelly and can use it as an alternative to solid and liquid dosage forms as a pre-
ferred method of drug administration. Medicated jelly can be used for the local
treatment of oral cavity ailments and also for the treatment of systemic diseases.
Medications with an unpleasant taste, such as erythromycin, paracetamol, aspirin,
ibuprofen, antacids, minerals, and vitamin preparations, can be formulated as
soft, chewable dosage forms.

According to the USP, medicated jellies are found under the name of chew-
able gels. Chewing gels are used to deliver drugs or dietary supplement ingre-
dients orally. Chewable gels may consist of any or all of the following: gelling
agents, sugars, water, sweeteners and flavourings. The sweeteners and flavouring
agents are intended to increase consumer acceptance and mask the taste of the
drug or dietary supplement being administered. Chewable gels maintain their
shape, are elastic and yield when chewed. They are intended to be chewed before
swallowing. Chewable gels are also known as “gummies” in the confectionery
and dietary supplement industries, but this term is not used in official article titles.#

Chewable dosage forms are more convenient when administering medicat-
ions for dysphagia patients and offer easier handling compared to liquid and
powder formulations. The chewable formulation has a high drug delivery cap-
acity and requires a smaller amount of super-disintegrants. The soft chewable
system’s esthetic appearance and pleasant taste easily attract children.>

Oral medicated jellies, developed as early as the 20th century, remain pop-
ular with consumers and continue to be commercially produced.

According to the 17th edition of the Japanese Pharmacopeia, jellies are spe-
cific, non-flowable preparations in gelatinous form with a particular size and
shape intended for oral administration. Jellies can be defined as transparent or
translucent, non-greasy, semi-solid preparations designed for both external and
internal use. There are three types of jellies: medicated jelly, lubricating jelly,
and other miscellaneous jelly.3

Phenothiazines are a group of drugs used in the treatment of mental illness.®
Perphenazine (Per, 4-[3-(2-chlorophenothiazin-10-yl)propyl]-1-piperazineetha-
nol, Fig. 1)7 is an antipsychotic drug from the group of phenothiazine compounds
used in the treatment of schizophrenia and other mental disorders.8

The bioavailability of drugs depends on the physicochemical properties, dos-
age form, metabolites, various enzymes, restriction by the intestinal barrier and
glycoproteins.?
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According to the literature, Per’s systemic availability appears variable and
poor via the oral route.!0:11 Several studies have investigated different oral dos-
age forms with Per, such as disintegrating tablets, to overcome this disadvantage
of low bioavailability.!2

OMlJs have gained acceptance as a drug delivery system and were included
in the 16th edition of the Japanese Pharmacopeia, in 2011, as a type of dosage
form.13 These pharmaceutical formulations improve the bioavailability of the
drug and provide a much earlier onset of action.!4 Other advantages include ease
of administration for psychiatric patients and pleasant taste.5 In addition, num-
erous studies have been conducted on OMIJs to improve the bioavailability of
some active pharmaceutical ingredients.!5,16

The polymers used in manufacturing are inexpensive, safe, environmentally
friendly, biodegradable, biocompatible, locally available, and well tolerated by
patients.1”

Preformulation studies play an essential role in the development of new
pharmaceutical formulations. The study of compatibility between the active phar-
maceutical ingredient and excipients is a fundamental part of the preformulation
data. Chemical and physical interactions between the active ingredient and exci-
pients can influence stability, bioavailability, and therapeutic safety. Thermal
analysis such as thermogravimetry, differential thermal analysis, or differential
scanning calorimetry is usually used in the physicochemical characterization of
pharmaceutical materials. Complementary methods such as FTIR, UV—Vis and
others are often used to study pharmaceutical formulations.!8

Our study aims to develop and characterize a new pharmaceutical formul-
ation containing Per. For this purpose, we use common natural polymers such as
sodium alginate (Alg), gelatin (Gel) and pectin (Pec), which can be easily admin-
istered to patients with dysphagia, people with esophageal problems, children or
psychiatric patients. In addition, we use a fast and accurate method to select the
optimal excipients and the best jelly base for a stable medicated jelly. Alg is a
biomaterial with several properties that make it helpful in formulation aid, espe-
cially in polymeric-controlled drug delivery.!? Gel is traditionally used to prepare
jellies and also serves as a gelling ingredient in vitamin capsules or other phar-
maceutical preparations.20:2! Pec is a natural polymer recognized as a viscosity-
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-enhancing agent, approved by the United States Food and Drug Administration,
and is officially in the United States Pharmacopeia.?2

In addition to the biopolymers, components such as the preservative benzoic
acid (BenzAc), stabilizers such as citric acid (CitAc) and sodium citrate (NaCit),
and sweeteners such as sorbitol (Sorb) and xylitol (Xyl) were also used.

The compatibility between the active ingredient and each component used in
the jelly bases was investigated on a moist 1:1 binary mixture using FTIR spec-
troscopy and thermal analysis, TG/DTG/HF.

To investigate the possible interactions, the processes of jelly synthesis were
followed. For this purpose, active substances’ solubilization and recrystallization
were carried out to investigate the changes during the jelly synthesis. Therefore,
we will highlight the Per in the moist binary mixture and medicated jellies.

This paper presents the thermal and spectroscopic analysis results of Per,
moist binary mixtures and OMlJs. The presence of the active ingredient in these
pharmaceutical formulations was also confirmed by UV—Vis analysis.

EXPERIMENTAL

The active substance perphenazine Per (SA, see Fig. 1) was received from Stada Hemo-
farm Timisoara, Romania; alginic acid sodium salt powder (Alg) from Sigma—Aldrich, Lot#
MKCN7477, product of Norway; gelatine (Gel) from Sigma—Aldrich, CAS Number 9000-70-8;
pectin (Pec) from Sigma—Aldrich, lot# BCCD1493, product of China; benzoic acid (BenzAc)
from Sigma—Aldrich, CAS Number 65-85-0; citric acid (CitAc) from Merck, K93661307 743;
xylitol (Xyl), Ref: M-1290, Lot: 75499, Denmark; sorbitol (Sorb) Sigma—Aldrich, CAS
Number 50-70-4; sodium citrate (NaCit) from Merck, AM1005848 647.

The binary physical mixtures with Per and the components used in the jelly bases con-
sisted of equal masses of Per and each component. They were prepared by mixing the two
substances in an agate mortar with a pestle for a few minutes, moistened by about 5 %, and
then dried to 50 °C. The mass ratio of 1:1 was chosen to maximize the probability of obs-
erving the interactions between the components studied.

Preparation of medicated jellies

The 40 g/L polymers for Pec and Gel were dissolved in purified water and heated to
approximately 50-60 °C. After complete solubilization of the gelling agent, BenzAc, CitAc,
and sweeteners was added, the solution was stirred for 30 min, and NaCit was added. The res-
ulting solution was stirred for another 10 min after complete solubilization of all ingredients,
resulting in the jelly base. For Alg-based jelly, a prepared alginate solution of 1 % was used
(Table S-I of the Supplementary material to this paper). Ingredients were calculated on the
basis mass %.

The active substance was dissolved in ethanol and mixed with the jelly base in a 1:4
ratio. The solution was stirred for 10 min and then transferred to a matrix.

Pec-based jelly and Gel-based jelly were stored in air at room temperature for 24 h and
then stored in polyethylene bags for analysis. Alg-based jelly was stored in air at room tem-
perature for 48 h and then stored in polyethylene bags for analysis.

Formulations with a relatively high composition of Per were chosen to highlight the ther-
mal behaviour of the active substance and, thus, the possible interactions with the components
present in the jelly bases.
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The ingredients of the formulated jellies were selected considering their use in the litera-
ture and previous studies conducted by our research group in other research as follows:
BenzAc is recognized in the literature as a preservative?> while NaCit and CitAc are recog-
nized as stabilizers and where reported previously in the literature as proper ingredients for
medicated jellies with ambroxol,2* cyproheptadine HCI> preparation being recommended as
ingredients for oral drug delivery platforms in pediatrics.3

Methods

FTIR _UATR spectra. FTIR_UATR spectroscopy data were collected using a Perkin
Elmer Spectrum 100 instrument and employing the universal attenuated total reflectance (U-
-ATR) technique. Data were collected after eight consecutive recordings at a resolution of 4
cm™! on the spectral range 4000-650 cm™!.

Thermogravimetric analysis. The thermal behaviour was determined using an aluminium
crucible on TG/DTA Diamond thermal analyser produced by Perkin Elmer. Analyses were
performed in a dynamic air atmosphere (synthetic air 5.0 Linde Gas with flow 100 mL-min‘!)
at a heating rate, # = 10 °C-min’!, in the temperature range of 30-500 °C for Per and tempe-
rature range 30—400 °C for moist binary mixtures and medicated jellies. All analysed samples
had a mass between 8 and 12 mg.

UV=Vis spectrophotometry. UV—Vis spectra were measured with the T90 + UV—-Vis
spectrophotometer with a double beam in the photometric range of 190-900 nm. All absor-
bance measurements were performed in a 10 mm UV—Vis spectroscopy cell at room tempe-
rature, using distilled water as a blank. They were executed for the standard active ingredient
and medicated jellies. The studies were performed for qualitative purposes. The presence of
Per in medicated jellies was detected by UV—-Vis spectrophotometric method. The concen-
tration of the standards was 5 mg/mL. The amount used for the jellies was chosen to retain
about 0.1 mg/mL of the active ingredient. Since the active substance is soluble in ethyl
alcohol and the jelly is not soluble in alcohol, the solutions used for UV—Vis analysis were
prepared by the following procedure: The active substance was dissolved in alcohol, and the
solution was then diluted with water. The ratio of alcohol: water was 1:2, and for the jellies,
the initial solubilization of the jellies were performed in water, and the solution was supple-
mented with alcohol to achieve the same ratio of alcohol: to water as in the case of Per.

Physical examination

The medicinal jellies were examined for their appearance, texture, consistency, transpar-
ency and gumminess, as described in the literature.26

Stickiness and grittiness
Formulated jellies were examined in terms of the stickiness and grittiness by mildly rub-
bing the jelly between fingers.?’
RESULTS AND DISCUSSION

FTIR _UATR study — FTIR_UATR spectra of the active substance

The spectroscopic study of the initial active substance Per (SA) and the rec-
rystallized active substance Per (D) was performed to highlight the active sub-
stance’s characteristic bands. Therefore, these spectra are used for comparison
with the spectra of moist binary mixtures and with the spectra of medicinal jellies
based on Alg, Gel and Pec to investigate the compatibility between the com-
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pounds. To observe the changes of the active compound in the phase of jelly
synthesis, it was moistened with 5 % water and then dried. The spectra of Per
(SA) and Per (D) are shown in Fig. S-1 of the Supplementary material.

The spectrum of Per (SA) and Per (D) shows an absorption band at 3440
cm~! corresponding to the stretching vibration of the bond OH. At the same time,
other sharp bands at 1455, 1564 and 1590 cm™! (specific bands for aromatic
stretching of C=C bond), bands at 2877 and 2938 cm™! (specific stretching of
C-C bond due to CH; group), the bands at 2800 cm™! (specific C—H stretching
due to a CH,-N group), the vibrations in the range 1200-1000 cm™! (specific to
the C—N stretching of the tertiary amine) and the band at 755 cm™! indicating the
C—ClI stretching are highlighted.

From a spectral point of view, it should be noted that solubilization and sub-
sequent drying of the active substance do not lead to changes in the spectrum of
Per (D). Thus, all bands are seen equally in both spectra.

FTIR _UATR study of binary mixtures—active substances: Jellies components

The FTIR_UATR study for the moist binary mixtures was performed to obs-
erve possible interactions between the active substance and the components of
medicated jellies. It was investigated if there are relevant shifts and if there are
specific peaks for the active substance. In addition, the presence of —Cl, which
attached to the phenothiazine ring enhances the antipsychotic activity,28 is inves-
tigated.

In the case of the moist binary mixture Per Xyl, Fig. 2, most of the peaks
characteristic of the active substance are highlighted so that the bond OH is pre-
sent through the peak at 3422 cm™!. The bands specific for the stretching of the
C—C bond of the CH, group are observed at 2943 cm™! at higher wavelengths
than in the case of the pure active substance. The specific bands for the C—H
stretching of the CH,N group at 2875 cm~! were also highlighted, as in the case
of the pure active substance. The specific bands for the stretching of the C=C
bond in aromatic compounds are at 1455 and 1565 cm™!. The tertiary amine is
argued by the presence of bands from 1200-1000 cm~1. The band specific for the
bond with halogen is also at the same wavelength as in the active substance at
745 cm!, with a small shift. So, we can say that the active substance is present in
this mixture.

The FTIR spectrum of the moist binary mixture of Per Sorb shows several
characteristic bands in the range 3400-2400 cm~!, which are hidden or absent.
One can observe the specific bands for the stretching of the C—C bond of the CH»
group at 2985, 2970 and 2932 cm~!. The specific bands for the C—H stretching of
the CHN group are also not visible. The specific bands for stretching of the C=C
bond in aromatic compounds are found at 1415 and 1564 cm™!. Tertiary amine is
argued by the presence of bands in the range 1200-1000 cm~!, and C—Cl specific
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band is also not visible. Thus, it can be said that the active ingredient is not com-
pletely visible in the FTIR spectrum of the mixture.
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Wavenumber, cmr!

Fig. 2. FTIR spectra for Per (D) compared to binary mixtures of the active substance with the
components used in jellies synthesis (1:1) for the spectral region 4000-650 cm™!.

For the moist binary mixture obtained for Per Pec, the following peaks char-
acteristic of the active substance were highlighted, such as the peak at 3255 cm™!
for the bond OH, but much less highlighted. The specific bands of the C—C bond
stretching of the CH, group appeared at 2944 cm~!. The specific bands for the
C-H stretching of the CHoN group at 2830 cm~! were also highlighted, as in the
case of the pure active substance. The specific bands for the stretching of the
C=C bond in aromatic compounds are at 1454 and 1565 cm™!. The presence of a
tertiary amine is confirmed by the bands in the range 1200-1000 cm~1. The C—Cl
specific band is also at the same wavelength as in the active substance at 755 cm!.
We can thus say that the active compound is present in this mixture.

The FTIR spectrum of the moist binary mixture Per Gel also contains most
of the important bands of the active substance, so the presence of the bond OH
can be observed by the vibration at 3454 cm!. The C—C bond by vibrations at
2943 and 2970 cm™!, the characteristic bands of C—H stretching of the CH,N
group at 2823 cm™!, and the aromatic C=C bond at 1454 and 1565 cm™!. Tertiary
amine is also present at the same wavelengths as in the case of the active sub-
stance. C—Cl bond at 755 cm! as in the case of the pure substance. Thus, this
mixture also contains an intact active substance.
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FTIR analysis of the moist binary mixture Per NaCit shows the specific
vibration of the bond OH at 3400 cm™!, which corresponds to the stretching vib-
ration of the bond OH. At the same time, other bands specific for the stretching
of the C—C bond of the CH, group were highlighted at 2941 cm™!, at shorter
wavelengths than in the case of the pure active substance. The bands specific for
the C—H stretching of the CH,N group at 2825 cm! were also highlighted. Ter-
tiary amine is confirmed by the presence of bands at 1295, 1258 and 1055 cm1.
The specific band for the bond with the halogen is also present at the same wave-
length as in the active substance at 755 cm~!. At the same time, other sharp bands
were highlighted at 1455 and 1565 cm™! (specific bands for the aromatic stretch-
ing of the C=C bond).

Alg, like Gel, does not interact with the active substance in the binary mix-
ture. It shows all the characteristic bands in the FTIR spectrum of the mixture,
namely the bond OH (3445 cm!), C—C bond (2876, 2822 cm!), C=C bond
(1590, 1564 and 1454 cm~!), C-H bond (2942 cm™!), tertiary amine (1200—1000
cm1) and C—ClI bond (755 cm™!). Thus, it can be said that Alg can be used as a
jelly base to deliver active ingredient.

In the case of the moist binary mixture Per CitAc, it is observed that some
characteristic bands in the range 3400-2400 cm! are hidden or absent in the
spectrum of the binary mixture. The vibration of the bond OH is further observed
at a lower wavelength, namely at 3400 cm~!. The specific bands for the stretch-
ing of the C—C bond of the CH, group are at 2970 and 2942 cm!. The specific
bands for the C—H stretching of the CH,N group at 2876 and 2823 cm™!, which
are slightly changed compared to the pure active substance, were also high-
lighted. The specific bands for the stretching of the C=C bond in aromatic com-
pounds are found at 1454 and 1588 cm™!. The presence of a tertiary amine is
proved by the bands in the range of 1200-1000 cm™!. The specific C—Cl band is
also at the same wavelength as in the active substance at 750 cm~!. Thus, we can
say that the active substance is present in this mixture.

The FTIR spectrum of the binary mixture Per BenzAc shows that some
characteristic bands in the range 3400-2400 cm™! are hidden or absent, as in the
case of the Per CitAc mixture. The vibration of the bond OH can still be obs-
erved at a lower wavelength, 3387 cm~!. The specific bands for the stretching of
the C—C bond of the CH, group are at 2970 and 2946 cm~!. The specific bands
for the stretching of the C=C bond in aromatic compounds are at 1455 and 1566
cm™l. The tertiary amine is present through the bands in the range 1200—1000
cm~!. The specific C—Cl band is also present at the same wavelength as in the
active substance at 751 cmL.

FTIR UATR study of synthesized jellies

Since in the composition of jellies, the amount of active ingredient is much
lower, namely the ratio of the solid mass of the jelly base: as in the mass of the



STUDIES ON MEDICATED JELLIES WITH PERPHENAZINE 529

active ingredient it is 1:4, we expect that the active ingredient will not be as vis-
ible in the FTIR spectrum of medicated jellies, Fig. 3. It will be looked for the
representative bands, namely the group OH, which is undoubtedly covered by the
water spectrum, the C—C, C=C and C—H bonds, and the C—Cl bond. The tertiary
amine will also be followed in the spectra.
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Fig. 3. FTIR spectra for Per (D) and jellies based on Alg, Gel and Pec.

The FTIR spectra of the Alg, Gel and Pec—based jellies are very similar,
highlighting the specific bands of the C—C and C—H bonds. Thus, the bands are
present at 2930, 1566 and 1455 cm~1. The tertiary amine is also present in the
1200-1000 cm~! range, and the C—CI bond is visible through the vibrations at
750 cm~!. The same intense bands as in the case of the active substance or the
binary mixtures are not visible, but this is justified by the composition of the
active substance of the jellies.

Thus, the active ingredient is completely present in the jellies. Although
some jelly components have raised question marks, the final jellies suggest that
they can be used to administer Per.

Thermal analysis — Thermogravimetric study of the recrystallized active
substance

The recrystallized active substance Per (D) and the initial active substance
Per (SA) have the same thermal behaviour. The present paper shows the thermo-
analytical curves obtained in the case of Per (D), Fig. 4, because this is used as a
benchmark. The thermogravimetric study allows us to justify the presence of the
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active substance in the jellies and to identify possible interactions with the com-
ponents of the jellies. To determine the thermal behaviour of the active sub-
stance, the analysis was performed in the temperature range of 30-500 °C. To
determine the possible interactions in moist binary mixtures and medicated jel-
lies, the thermal behaviour was determined in the temperature range of 30—400
°C. Above this temperature, no significant processes take place, and the last pro-
cess of the active substance is not completed at the end of the temperature range
of the analysis.
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Fig. 4. Thermoanalytical curves obtained for active substance — Per (D), obtained at a heating
rate of 10 °C min"! — 500°C in air atmosphere.

Thermal analysis of the recrystallized active substance was carried out in the
range of 50-500 °C with a heating rate of 10 °C/min in the dynamic atmosphere
of synthetic air. Analysing the TG and DTG curves, it was found that two decom-
position processes occur in the studied temperature range, namely the first pro-
cess in the range 230-373 °C, where a continuous loss of 85.42 % of the mass of
the sample occurs. This process is accompanied by an exothermic process with a
maximum of 347 °C and a AH = -796.33 J/g. The last process is not yet com-
pleted at 500 °C and is accompanied by an exothermic process. On the curve HF,
a small endothermic process can be seen at 100.23 °C, which can be attributed to
the melting of the active substance.

Thermal analysis of Per binary mixtures with the components used in the
synthesis of three types of jellies

Regarding the thermal behaviour of the binary mixture Per Sorb, the active
substance;s primary decomposition process partially overlaps with Sorb’s pri-
mary decomposition process. However, it can still be argued that the first decom-
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position of Per occurs considering the enthalpy associated with this process in a
narrower correlation with that of the active substance, Fig. 5.
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Fig. 5. TG curves obtained for Pec (D) and the moist binary mixture obtained at a heating rate
of 10 °C min™! — 400 °C.

The thermogravimetric study of the binary mixture Per BenzAc reveals the
main decomposition processes of the two components of the mixture. Thus, it is
found that the decomposition process of BenzAc takes place before the degrad-
ation of the active ingredient. The degradation of Per takes place in the range of
220-330 °C. It is accompanied by an exothermic process, Fig. 6,with a mass loss
of about 40 % of the sample’s total mass, closely correlated with the amount of
the active substance in the mixture and the mass loss of pure active ingredient.

The binary mixture Per Pec does not show the thermal behaviour of the
active substance within the mixture, which would lead us to the idea of a therm-
ally induced interaction between the two components. We will correlate these
data with those from spectroscopic investigations.

In the air atmosphere, the thermal analysis carried out on the binary mixture
Per Gel shows the decomposition of the active substance in the same decom-
position interval as that of Gel. The integrity of the active substance is also
demonstrated by the melting process’s presence with a maximum of 100 °C. The
total mass loss of the mixture correlates closely with the masses and mass losses
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of the components of the binary mixture. Therefore, the fact that Gel can be used
in medicated jellies can be supported.
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Fig. 6. Heat flow (HF) curves obtained for Per (D) and the moist binary mixture obtained at a
heating rate of 10 °C min"! — 400 °C in air atmosphere.

In the case of the binary mixture Per CitAc, the thermal behaviour of the
active substance is hardly visible. A decomposition process is observed in the
range of 210-331 °C, similar to the range highlighted in the active substance.
Still, it does not closely correlate with the amount of active substance in the mix-
ture. These results do not clearly indicate whether or not the active substance
interacted with CitAc, which is known for its properties. The thermogravimetric
data must be correlated with the spectroscopic data or the data obtained after
dosing the active substance.

The thermal analysis of the binary mixture Per Xyl shows a destabilization
of the active substance in the mixture. It can be observed that the main decom-
position process starts faster at a temperature of 50 °C than in the thermal ana-
lysis of the pure active substance. The melting point of the active substance is
seen on the HF curve at 95 °C, which can be explained by the fact that it is pre-
sent in a mixture.

The case of the moist binary mixture Per Alg is an example of a thermal
analysis that argues the absence of interactions between the two components of
the mixture. Thus, the thermal behaviour of the two components can be observed
as they exhibit decomposition stages at different temperatures. On the HF curve
of the mixture, even the melting point of the active ingredient can be seen at 100
°C, indicating that the Alg does not prevent the crystallization of the active sub-
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stance. The main decomposition process of Per is observed in the same tempera-
ture range, and the mass loss is closely correlated with its concentration in the
mixture.

The thermogravimetric study of the binary mixture Per NaCit showed seve-
ral clearly separated stages of decomposition in the same temperature range. The
first two processes, namely one in the range 39-82 °C with a mass loss of 4.86 %
and the next in the range 157.4 and 182 °C with a mass loss of 7.69 %, can be
attributed to moisture loss and, respectively, to the decomposition of NaCit. The
last two stages are due to the decomposition of the active substance, which
occurs in the same interval as in the thermal analysis of the individual compo-
nent. The active substance accumulates a mass loss of 30 % of the mass of the mix-
ture, which is in close correlation with the data obtained for the active substance.

Thermal analysis of jellies with an active substance

The thermal analysis of the Alg-based jelly with Per showed the thermal
behaviour of the active ingredient in the same temperature range and with a
weight that correlates closely with the primary degradation process of the active
ingredient and the other components within the jelly, Fig. 7. The composition and
thermal behaviour highlighted in the studies on the binary mixtures were con-
sidered.
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Fig. 7. Comparative of TG and HF for Pec (D) and medicated jellies based on Alg, Gel and
Pec obtained at a heating rate of 10 °C min"! — 400 °C.
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In the case of Gel-based jelly, good agreement is observed with the thermo-
gravimetric data obtained in the case of the binary mixture Per Gel. Also, in the
case of this jelly, it is observed that the Gel and the active substance have the
main degradation process in the same temperature range, but it can be said that
the mass loss is in close correlation with the degradation of the constituent com-
ponents. In this case, more clear results will be obtained in the dissolution studies.

Thermal analysis of jelly based on Pec with active substance shows a variety
of decomposition stages that are difficult to separate. The decomposition stage of
the active substance is not visible on the thermogravimetric curve of the jelly. In
the case of this jelly, confirmation of the presence of the active substance also
requires dissolution studies or other UV—Vis spectroscopy studies. The con-
clusions are correlated with the FTIR spectroscopy studies.

UV=Vis spectrophotometry

All absorbance measurements were performed in a 10 mm UV-Vis spectro-
scopy cell at room temperature, using water as a blank. The standard active
substance and medicated jellies were investigated. The concentration of the stan-
dards was 5 mg-mL~!, and the amount used for the jellies was chosen to retain
approximately 0.1 mg-mL~1. The study conducted at UV-Vis considers a quali-
tative relevance at about 300 nm. The jellies based on Alg, Gel and Pec were
analysed using UV—Vis,

The active substance Per (Fig. 8) is visible in all samples and has a maxi-
mum at 300 nm. After UV—Vis spectroscopy analysis, the active substance in the
synthesized medicated jellies is found in all cases.

7 Per Per Alg Per Gel Per Pec
6

Absorbance, a.u.
N w = w

-

\

250 300 350 400 450
Wavelength, nm
Fig. 8. The UV—Vis spectra for Per, Per-Alg, Per-Gel and Per-Pec, medicated jelly in the
range 250-450 nm.

0

Physical examination

All medicinal jellies prepared presented a smooth texture, a clear appear-
ance. Medicated jellies prepared with Pec and Alg presented a very thick consist-
ency while jelly prepared with Gel presented a moderately thick consistency.
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Stickiness and grittiness

The stickiness and grittiness of the jellies prepared with Pec and Alg were
non-sticky and non-gritty, while the ones prepared with Gel were slightly sticky
and non-gritty.

After thermal analysis, the rest of the prepared jellies were stored in poly-
ethylene bags at room temperature to be re-examined after one and three months.
In the physical examination after one month, no change in the jellies’ appearance,
texture, or stickiness and grittiness was observed. At the final three-month ins-
pection, a slight change in the texture of the jellies prepared with Gel and inc-
reased stickiness was observed.

According to the literature, the protocol for stability testing may differ for
the same product if it is to be distributed or marketed in other regions, such as in
ASEAN regulations which belong to the hot and humid climate zone (zone 1V).2°

CONCLUSION

In this study, we presented spectroscopy and thermal analysis of Per, an anti-
depressant drug, moist binary mixtures, and medicated jellies based on the com-
mon gelling agents: alginate (Alg), pectin (Pec) and gelatin (Gel). Our work
aimed to formulate and investigate new pharmaceutical formulations that can be
more easily administered to patients with conditions that make other forms of a
drug challenging to administer.

The FTIR spectra of the medicated jellies indicate that all components are
compatible for use in the formulations.

The thermogravimetric study of a moist binary mixture shows that compo-
nents such as BenzAc, Sorb, Xyl, NaCit, Gel and Alg are compatible with the
active substance Per and CitAc, which should be used in small amounts. The
results obtained for the moist binary mixtures also show that Pec can lead to
possible interactions with the active ingredient Per.

Thermal analysis of the medicinal jellies with Per showed that the Alg-based
jelly is the only jelly in which the contribution of the active substance is visible.
In the other Gel and Pec-based jellies, the thermal analysis contains a variety of
decomposition processes that are more difficult to separate, with overlapping
decomposition stages, leading to the conclusion that only the thermogravimetric
study does not allow definite conclusions.

Thus, by combining the FTIR and UV—Vis spectroscopy results with ther-
mogravimetric analysis, it was possible to obtain motivated confirmations of the
presence of the active substance in the studied medicated jellies.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12343, or from the corres-
ponding author on request.
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H3BO[
TEPMOAHAJIUTUYKA U CITEKTPOCKOIICKA UCITUTUBAKBA METUITUHCKUX
['EJIOBA CA TIEPOEHA3MHOM

MIHAELA M. BUDIUL!?, MADALINA MATEESCU"?, GABRIELA VLASE!?2, TITUS VLASE'? , SIMONA BOCANICI'
1 IONELA A. BRADU!

Research Centre for Thermal Analysis in Environmental Problems, West University of Timisoara, Pestalozzi
Street 16, 300115 Timisoara, Romania u ?West University of Timisoara — ICAM — Advanced Environmental
Research Institute, Timisoara, Romania

Ynorpeba MemWUIIMHCKUX TejioBa je IIWPOKO pacmpocTpameHa melhy Bemukum dpojem
nanyjeHaTa, mocedHo oHUX ca nmoremkohama npu ryrawy. Ctyauje npedopmynanyja Urpajy
€CeHIUja/IHy YJ0Ty y Pa3Bojy HOBUX dapmaueyTckux opmynanydja. [lums oBor HCIUTHBa®ka
je ma ce Gopmynuuy W OLeHe MEOWLWHCKHM TejlOBH KOju cafipke nepgeHasduH, aHTHICH-
XOTHYHH JIeK U3 rpyne HeHOTHAa3WH jefumermha KOju ce KOPUCTH IPH jederny musodpeHuje u
IPYTUX MeHTanHUuX nopemehaja. THNMYHY areHcH 3a reJiipame Kao LITO Cy HaTpUjyM-aJruHaT
(Alg), xenatvuH (Gel) u nextun (Pec) cy xopuirheHu 3a pas3Boj MEJUIMHCKUX renosa. Kao
nojaTak OMOIONIMMEpPUMa, KOMIIOHEHTe NOMyT deH3oeBe kucenuHe (BenzAc), TUMYHCKE KH-
cenmuHe (CitAc), Harpujym-uutpata (NaCit), copdurona (Sorb) u xcunurona (Xyl). Ipe mpu-
npeMe rejioBa, BlaXHe OWHAapHE CMelle CBake KOMIIOHEHTE rejla M aKTHBHE CYINCTAHLE CY
aHanv3vpaHe fa OM ce UCHHUTana KOMaNTUOWIHOCT CYNCTaHIM. AKTHBHA CYIICTaHIIA, BiIaXKHa
OuHapHa cMella, U MEJUIMHCKHU TesnoBU cy aHamusupaHu FTIR_UATR cmexTpockomnujom,
UV-Vis ciektpockomnujom u Tepmorpasumerpujom (TGA).

(ITpumsbeno 2. anpuna, pesuaupano 1. jyna, mpuxsaheno 10. oxrodpa 2023)
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PREPARATION OF MEDICATED JELLIES

TABLE S-1. Components of the medicated jellies calculated on the basis [%] w/w

Biopolymers . .
Wi g o DeAT CRAC N X0 Sa Vo
[%]  [%] [%]
Algj 50 - - 0.02 0.5 0.5 10 2 36.98
Gel j - 50 - 0.02 0.5 0.5 10 2 36.98
Pec j - - 50 0.02 0.5 0.5 10 2 36.98
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Fig. S-1. FTIR spectra of Per (SA)/Per (D).
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Electrochemical analysis of antioxidant status of biological
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Abstract: The use of an electrochemical approach for assessment of the oxid-
ative stress severity is a promising direction for point-of-care testing develop-
ment, which is especially important for critically ill patients. The aim of this
study was to determine the influence of different types of blood collection
tubes (with clot activator and separating gel, lithium heparin, sodium citrate
and K,EDTA) and storage conditions (at 25, 4 and —23 °C up to 5 days) on the
electrochemical analysis of the antioxidant status of blood plasma, assessed by
measuring the open circuit potential of platinum electrode (OCP) and antioxid-
ant capacity via cyclic voltammetry method (¢g). It was obtained that blood col-
lection tubes with lithium heparin and clot activator are the most suitable for
the electrochemical analysis of antioxidant status of blood plasma, since they
do not affect the results of measurements. Furthermore, data obtained during
storage blood plasma samples in different temperature conditions indicate that
it is preferable to perform electrochemical analysis in fresh samples.

Keywords: potentiometry; voltammetry; antioxidants; sample processing.

INTRODUCTION

Determination of antioxidant status of biological media in patients with vari-
ous pathologies has an important diagnostic value since it allows to assess the
severity of oxidative stress, which in turn affects the disease course and out-
come.!-2 At the present time electrochemical analysis is being actively introduced
for the assessment of redox properties of biological media, in particular, methods
of potentiometry and cyclic voltammetry (CV), which make it possible to assess
both the overall redox balance and the content of low molecular weight anti-
oxidants in analyte.3~7

* Corresponding author. E-mail: Goroncharovskayal V(@sklif.mos.ru
https://doi.org/10.2298/JSC231012017G
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Important preanalytical phase in these studies include the blood collection pro—
cedure, sample preparation and storage prior to analysis. In clinical practice, a
large number of vacuum blood collection systems are used with various additives
for the biological samples stabilization or isolation a certain blood fraction (Table I).

TABLE 1. Blood collection tubes types and their uses®

Tubecap  Specimen Additive Analysis
color type
Yellow Serum Clot activator (SiO,) + gel Biochemistry
Red Serum No / Clot activator (SiO,) Biochemistry
Immunology
Lavender = Whole blood K2EDTA Hematology test
Plasma K3EDTA Immunology
Molecular diagnostics (PCR etc.)
Green Plasma Lithium heparin Urgent biochemistry
Sodium heparin Immunology
Light blue Whole blood Sodium citrate 9:1; Coagulation tests
Plasma 0.109 M (3.2 %) Hemostasis
Grey Plasma Sodium fluoride + Potassium Glucose
oxalate
Sodium fluoride + EDTA

However, while maintaining the stability of some substances, these additives
may affect the results of analysis of other substances.?

There is a lot of data in the literature on the influence of the type of blood
collection tubes used on the results of various routine tests,!0:-11 however, there
are significantly fewer studies on the influence of the type of blood collection
tubes on the results of analysis of oxidative stress markers. For example, Bastin
et al.12 showed that the analysis of the total antioxidant status of blood serum
using the ferric reducing antioxidant power (FRAP) assay turned out to be sen-
sitive to the components of the test tube — in plastic tubes with a separating gel,
the values were significantly lower than in a glass tubes, but were within accept-
able limits from a clinical point of view.

A comparison of the redox potential of blood plasma collected in tubes with
lithium heparin and sodium citrate (3.2 %) in study,> showed that the values of
the redox potential were more negative in heparinized blood plasma.

Studies of total antioxidant capacity of blood plasma containing the anti-
coagulants EDTA and lithium heparin showed that lithium heparin had no effect
on the antioxidant capacity of blood plasma in vitro, while EDTA was an inter-
fering agent.!3 However, the direction of the effect (overestimation or underest-
imation of results), probably depends on the method for determination of total
antioxidant capacity.
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Similar results were obtained when studying the influence of the type of
blood collection tubes on the analysis of the content of individual low-molecular
weigh antioxidants in blood plasma such as ascorbic acid!4 and uric acid,!3
which make a significant contribution to the total antioxidant capacity. It was
found that blood plasma ascorbic acid is more stable when stored in tubes with
lithium heparin compared with tubes with EDTA. The authors suggest that this
phenomenon was associated with the fact that EDTA — chelated iron is redox act-
ive and can promote the oxidation of ascorbic acid. Reduced levels of uric acid in
blood plasma could also be due to the influence of EDTA on the assay reagents.

It is well known that the duration and temperature of storage of samples
before analysis affects the laboratory tests results,!0 especially redox properties
of biological media,!6:17 since antioxidants are easily oxidized upon contact with
atmospheric oxygen. Jansen et al. showed that the antioxidant status of blood
serum of healthy people, determined by the total antioxidant status (74S) assay,
decreased during sample storage longer than 24 h. The samples stored at 20 °C
exhibited greater decrease in the parameter compared with samples stored at 4
oC.l16

Pawlik-Sobecka et al.!7 suggest that FRAP assay for determination of anti-
oxidant status of blood serum should be carried out no later than 24 h after blood
collection. If deviation of 10 % is acceptable, then the analysis can be carried out
within 48 h, provided the samples are stored at 20 °C, and within 120 h (5 days),
if the samples are stored at 4 °C.

In our previous study of redox properties of blood plasma stored at —40 °C!8
we observed that during first 14 days of storage there were a fluctuations of open
circuit potential (OCP) of Pt electrode values, measured in blood plasma, indi-
cating that storage of a biological media at very low temperatures does not exc-
lude the occurrence of redox processes.

It is also important to timely centrifuge the tubes after blood collection to
separate the plasma or serum from the blood cells to avoid cell metabolism inter-
fering with the test results.!®

Thus, studies on the influence of the type of blood collection tubes and
sample storage conditions on the electrochemical parameters characterizing the
antioxidant status of blood plasma or serum are practically not presented in the
literature.

The aim of this work is to study the influence of blood collection tubes
additives and sample storage conditions on the results of electrochemical assess-
ment of the antioxidant status of blood plasma.

EXPERIMENTAL

Blood plasma and serum sample preparation

In model experiments blood plasma donated by clinically healthy volunteer and collected
by automated apheresis was used and was provided by the Department of Transfusion Medi-
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cine of the N.V. Sklifosovsky Research Institute for Emergency Medicine in Moscow. Blood
plasma was aliquoted into vacuum blood collection tubes with the following additives: clot
activator with separating gel (Zhejiang Gongdong Medical Technology Co., China), lithium
heparin, sodium citrate (3.2 %, the ratio of citrate to blood is 1:9) and K,EDTA (Zdravmed-
tech, Russia). Tubes without additives were used as a control. Blood plasma samples were
stored at 4, 25 and —23 °C. Electrochemical measurements were carried out on the day of
blood plasma collection and after 1 and 5 days of storage.

Blood serum samples were obtained from 23 critically ill patients (average age 5519 y)
and examined before and after 24 h of storage at 4 °C. Blood was collected in vacuum tubes
with clot activator and separating gel; after at least 30 min tubes were centrifuged at 1500 g
(Allegra X-15R, Beckman Coulter, USA) at 25 °C for 10 min.

The study was conducted in compliance with the Declaration of Helsinki, International
Conference on Harmonization and Good Clinical Practice Guidelines, and was approved by
the Ethical Committee of N.V. Sklifosovsky Research Institute for Emergency Medicine,
Moscow, Russian Federation.

Electrochemical measurements

In electrochemical measurements in aqueous media two isotonic to blood plasma
solutions were used: saline solution (154 mM NaCl, pH 6.3 (JSC LenReactiv, Russia) and
phosphate buffered saline solution (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM
KH,POy; pH 7.4 (JSC LenReactiv, Russia). All reagents were of analytical-reagent grade.

Electrochemical analysis of the antioxidant status of biological media consisted of mea-
suring open circuit potential (OCP) of platinum electrode and determining its antioxidant cap-
acity by using cyclic voltammetry. In all experiments a saturated silver chloride electrode (sat.
Ag/AgCl; all potentials are reffered to Ag/AgCl scale) was used as reference electrode and
platinized titanium mesh was used as the counter electrode. The OCP result values were
recorded 15 min after platinum electrode immersion in the sample. Total antioxidant capacity
of biological media was assessed from overall quantity of electricity, ¢, spent for the oxidation
of low molecular weight antioxidants. The ¢ values were determined by integration the area
under the polarization curves in a range of potentials from 400 to 1000 mV.3

RESULTS AND DISCUSSION
Electrochemical measurements in aqueous solutions
Initially, measurements in saline solution and phosphate-buffered saline ali-

quoted into the blood collection tubes were carried out (Table II).

TABLE II. OCP of Pt electrode and pH values measured in isotonic solutions in the presence
of various additives

Blood collection tube Saline solution Phosphate buffered saline
OCP / mV pH OCP / mV pH
No additive 180.5 6.3 149.0 7.43
Clot activator + gel 183.6 6.2 146.9 7.48
Lithium heparin 182.8 6.1 147.2 7.46
Sodium citrate (3.2 %, 9:1) 146.5 8.76 132.4 7.51

K,EDTA 208.5 4.7 148.4 6.81
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Data presented in Table II show that sodium citrate and KoEDTA additives
significantly affect OCP of Pt electrode values measured in saline solution,
which may be associated with changes in the pH values of solutions. Thus, OCP
of Pt electrode value decreased by 34 mV in solution with sodium citrate and
increased by 28 mV in solution with KoEDTA compared to solution without
additives. In phosphate buffered saline one can see that pH values in all solutions
vary slightly and the OCP of Pt electrode values are practically the same except
for solution with sodium citrate. In this solution measurements showed a dec-
rease by 16.6 mV of OCP of Pt electrode value as compared to control.

Cyclic voltammetry measurements show that sodium citrate and KoEDTA
additives also affect the polarization curves in saline solution (Fig. 1).

04 ' saline solution
035 | - Clot activator + separating gel
--= Lithium heparin
0.3
—-- Sodium citrate
025 F e K2EDTA
0,2
<
2015
0,1
0,05
700 sU0 900 1000 1100 1200
-0,1

E/mV

Fig. 1. Cyclic voltammetry in saline solution with various additives.

As can be seen from Fig. 1, the electrochemical oxidation process begins to
occur at a potentials more positive than 850 mV in the presence of sodium citrate
(dash-double dot line) and more positive than 850 mV in the presence of
K,EDTA (dotted line). According to literature, both sodium citrate20:21 and
EDTAZ22.23 are able to adsorb and exhibit electrochemical activity on platinum
electrode. Thus, additional electrochemical processes in polarization measure-
ments in biological media will lead to data distortion.

Electrochemical measurements in model blood plasma

After electrochemical measurements in aqueous solutions a model experi-
ments in blood plasma aliquoted into the tubes with various additives and stored
at different temperatures were carried out. Fig. 2 shows the results of measure-
ment of OCP of Pt electrode and antioxidant capacity of blood plasma via CV
method during storage at temperature of 25 °C.
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Fig. 2. OCP of Pt electrode in blood plasma (a) and antioxidant capacity of blood plasma,
measured via CV (b) during storage at 25 °C.

From data presented in Fig. 2a it can be seen that the values of OCP of Pt
electrode measured in blood plasma samples aliquoted into tubes with additives
on the day of blood collection practically did not differ from the control sample
without additives. On average, the value of OCP of Pt electrode was —32.8+4.5
mV. However, this value measured in blood plasma sample with K;EDTA addit-
ive was significantly higher compared with other samples (95 mV, 4 = 128 mV).
Throughout the entire storage period, the OCP of Pt electrode values measured in
all studied blood plasma samples shifted to more positive potentials, which
indicates oxidative processes. The shift of OCP of Pt electrode value on average
was 136.1£3.9 mV, except for the sample with the addition of KoEDTA, where
this value practically did not change during the entire storage period.

As in the case with OCP of Pt electrode (Fig. 2b) the presence of such stabil-
izing additives as lithium heparin and clot activator with separating gel had
almost no effect on antioxidant capacity of blood plasma on the day of blood col-
lection. A significant difference in ¢ values was observed in blood plasma
samples in tubes with KoEDTA (4 = 2.1 uC) and sodium citrate (4 = 1.2 pC).

After 24 h of storage the values of antioxidant capacity in all blood plasma
samples varied slightly, and were on average 11.4+0.3 pC. On the 5th day of sto-
rage antioxidant capacity significantly decreased, reaching an average value of
7.3+0.4 pC.

Similar electrochemical measurements in samples stored at 4 °C were car-
ried out (Fig. 3).

During storage at a temperature of 4 °C, the values of OCP of Pt electrode
measured in all blood plasma samples shifted to more positive potentials (Fig.
3a). By the end of the first day of storage, the average value of the OCP of the Pt
electrode in the blood plasma, measured in the control sample and in samples in
tubes with clot activator with separating gel, lithium heparin and sodium citrate,
was —7.5£2.5 mV, and in a blood plasma sample in tube with Ko,EDTA additive,
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the OCP of Pt electrode increased to 105.4 mV (4 = 10 mV). The value of the
OCP of the Pt electrode, measured on the 5th day of storage in the control sample
and in blood plasma with additives, shifted to an average of 13+2.2 mV, and in
the test tube with K, EDTA to 106 mV.

120

100 F

80t
——Control
-=-Gel

60 F

Heparin
—Citrate
—-EDTA

OCP/mV

0 1 2 3 4 5 6
7/ days 7 /days

Fig. 3. OCP of Pt electrode in blood plasma (a) and antioxidant capacity of blood plasma,
measured via CV (b) during storage at 4 °C.

The results of measurements of total antioxidant capacity of blood plasma
samples demonstrate (Fig. 3b) that the lowest values compared with control were
in the samples with KoEDTA additive, where on the 15t day of monitoring g
value was 10.3 uC and by the end of the storage period it was 8.4 puC, while in
the other samples, the ¢ value on the 15t day of storage was on average 11.6+0.3
uC, and on the 5th day — 9.6+0.4 uC.

Next electrochemical measurements were carried out in blood plasma
samples stored at —23 °C (Fig. 4).

It can be seen (Fig. 4a) that after 5 days of storage at —23 °C in all studied
samples, except the sample with KoEDTA additive, OCP of Pt electrode values
shifted towards more positive potentials and reached the values on average
~15.0£2.2 mV on the 15t day of storage and 18.1+1.3 mV on the 5t day of
storage. The value of OCP of Pt electrode measured in blood plasma sample with
K,EDTA additive decreased to a value of 87.6 mV after 24 h of storage at —23
°C, in contrast with the measurements in samples stored at 25 and 4 °C, where
this value did not change or increased. After 24 h of storage the values of OCP of
Pt electrode remained unchanged until the end of storage at all temperatures.

Antioxidant capacity of blood plasma stored at —23 °C (Fig. 4b) decreased to
11.8 uC in control sample and increased to 13.3+0.1 pC in samples with lithium
heparin, sodium citrate and clot activator with gel additives after 24 h of storage.
In the blood plasma sample with K;EDTA additive the ¢ value increased to 10.8
uC. By the end of storage, the antioxidant capacity of all blood plasma samples
decreased, but not as much as when stored in other temperature conditions.
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Fig. 4. OCP of Pt electrode in blood plasma (a) and antioxidant capacity of blood plasma,
measured via CV (b) during storage at —23 °C.

Thus we can conclude that parameter of OCP of Pt electrode measured in
blood plasma turned out to be more sensitive to the storage conditions of bio-
logical media. In addition, K»EDTA and sodium citrate resulted in lower values
of total antioxidant capacity of blood plasma measured via cyclic voltammetry.

Since both when stored at 4 and —23 °C the OCP of Pt electrode values shift
towards more positive potentials, and the values of the total antioxidant capacity
fluctuate during freezing, it was decided to reduce the measurement time to 24 h
and carry out experiments for measuring electrochemical parameters in bio-
logical samples from patients under storage temperature of 4 °C in order to avoid
additional errors, related to the conditions of the sample thawing.

Electrochemical measurements in critically ill patients’ serum

Measurements of OCP of Pt electrode and antioxidant capacity in real
samples of blood serum collected in tubes with clot activator and separating gel
were carried out. In 43 % of cases (n = 10) the OCP of Pt electrode values mea-
sured in blood serum after 24 h of storage shifted to more negative potentials; in
35 % of cases (n = 8) the OCP of Pt electrode values practically did not change;
and in 22 % of cases (n = 5) shifted to more positive potentials. Comparison of
OCP of Pt electrode measurements in model blood plasma of healthy individual
and blood serum of several patients in critical condition is presented on Fig. 5.

The data obtained indicate the importance of performing electrochemical
measurements in fresh samples, since in real samples the magnitude and direction
of the OCP of Pt electrode shift during sample storage may be influenced by
individual characteristics of the biological media, depending on patients’ drug
therapy, therapeutic procedures, efc.

The value of the antioxidant capacity of blood serum after 24 h of storage at
4 °C significantly (p = 0.00005) decreased from 12.1+4.1 pC to 11.4+4.0 pC. It
should be noted that this parameter reflects only the content of low molecular
weight antioxidants, while the value of OCP of Pt electrode measured in blood
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serum is an integral parameter and reflects overall balance between pro- and anti-
oxidants.

——donor Oh
~~~~ donor 24h
——patient 1 0h
----- patient 1 24h
patient 2 Oh
patient 2 24h
——patient 3 Oh
""" patient 3 24h

OCP/mV

=50 -

Fig. 5. OCP of Pt electrode in blood plasma of healthy individual and blood serum of patients
in critical condition before and after 24 h of storage at 4 °C.

CONCLUSION

Electrochemical methods of analysis continue to find their application in lab-
oratory practice for the evaluation of the redox properties of biological media in a
group of analyses of oxidative stress markers. The preparation of biological
samples is one of the key factors influencing the stability and accuracy of any
measurement results, especially the results of assessing redox properties, which is
associated with the stability of antioxidants contained in biological media.

In this paper blood plasma and sera samples with various additives stored at
three temperatures were studied. It was found that storage conditions have signi-
ficant effect on the results of electrochemical measurements in blood plasma.
This study indicates that blood collection tubes with lithium heparin and clot acti-
vator with separating gel are preferable for blood collection and storage due to
the least influence on the electrochemical parameters of biological media. Elec-
trochemical analysis in blood plasma should be carried out in fresh samples
avoiding storage.
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U3BOJI

EJIEKTPOXEMHIJCKA AHAJIM3A AHTUOKCHUIOATHBHOI CTATYCA BUOJIOIIKOT
MEIINIJYMA'Y PA3JTHUUTUM YCIIOBUMA Y30PKOBAILA U CKITATUINTELA

IRINA V. GORONCHAROVSKAYA, ANATOLY K. EVSEEV, ASLAN K. SHABANOV u SERGEY S. PETRIKOV

N. V. Sklifosovsky Research Institute for Emergency Medicine, B. Sukharevskaya sq., 3,
129090 Moscow, Russia

[IpuMeHa eNeKTPOXEMHU)CKOT MPUCTyNa 3a NPOLEHY jayuHe OKCUJATUBHOT CTpeca
je odehaBajyhu npaBau 3a pa3Boj TecThpamwa Ha JHUIy MecTa, LITO je MTocedHO BaXKHO 3a
KpPUTHUYHO DonecHe manujeHTte. Llu/p OoBOr HMCTpakMBama OMO je Aa ce YTBPAU YTHUIIAj
pa3JIMYUTUX TUIOBA €NpyBeTa 3a CaKyIbake KPBU (Ca akTUBATOPOM 3rpyllaBama U
TeJIOM 3a Cemapauujy, JUTHjyM-XenapuHoM, HaTpujym-uutpatom U K:EDTA) u ycnoBa
ckinagumTewa (Ha 25, 4 u —23 °C go 5 maHa) Ha eNeKTPOXeMHjCKy aHaATHU3y aHTUOKCH-
DaTUBHOI CcTaTyca KpBHE IJ1a3Me, NPOLEHEeHOI MEPEHEM NMOTEHLMjada OTBOPEHOT Koja
nnatuHcke enexrpoge (OCP) ¥ aHTHOKCHAATUBHOT KamalUTeTa METOLOM LHUKIHYHE
BoNTaMeTpHje (q). YTBpheHo je Ja cy enpyBeTe 3a NPUKYI/bake KPBU Ca JIMTHjyM-Xena-
PHHOM U aKTHBAaTOPDOM yIpyllaKa HAjNOTOJHUje 33 €JeKTPOXEMHjCKy aHalu3y aHTH-
OKCHIaTUBHOI CTaTyca KpBHE IJIa3Me, jep He yTUUy Ha pesyirate mepema. llltasuire,
nozjany nodujeHu TOKOM CKJIaJuLITeHha y3opaka KpBHe IUIa3Me Yy PaslHYUTHM TeMIe-
paTypHHUM ycC/lIOBUMa yKasyjy Ha TO fa je MO)Ke/bHO U3BPLIMTH €JEeKTPOXEMHUjCKYy aHa-
JIU3y y CBEXXHUM y30pLUMa.

(ITpumimeno 12. oxrodpa 2023, pesuaupano 1. janyapa, npuxsaheno 20. dpedpyapa 2024)
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Abstract: Simple, accurate and sensitive spectrophotometric, chemometric and
chromatographic methods were used for the simultaneous determination of
emtricitabine (ETC) and tenofovir disoproxil fumarate (TDF) in tablets. In 1%
derivative spectrophotometry, the first derivative spectra of the solution of ETC
and TDF in water were recorded as A4 = 4 nm and the first derivative absor-
bances were measured at the zero-crossing points at 297.3 and 281.2 nm for
ETC and TDF, respectively. In ratio of the 15 derivative spectrophotometry
measurements were recorded at 239.0 and 270.2 nm for ETC and TDF, respect-
ively. Then analytical signals were measured at the wavelengths corresponding
to either maximum or minimum for both drugs. For these spectrophotometric
methods Beer’s law is obeyed in the concentration range of 2—15 pg mL! for
both drugs. As chemometric method, the PLS technique was used. In chroma-
tographic method, the separation was achieved on a C18 column with DAD
(262 nm) and isocratic elution of methanol, acetonitrile and 0.1 % orthophos-
phoric acid in the volume ratio of 40:40:20, respectively, containing the mob-
ile phase. The mean recovery and the relative standard deviation of the
methods were found as 97.51-100.17 % and 0.55-1.26 % respectively. All
these methods were statistically compared, and they were successfully applied
to a pharmaceutical preparation.

Keywords: tenofovir disoproxil fumarate; emtricitabine; first derivative; ratio;
PLS; HPLC.
INTRODUCTION

ETC (Fig. 1) is a nucleoside reverse transcriptase inhibitor also, chemically
named 4-amino-5-fluoro-1-[(2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5yl]-1,2-
-dihydropyrimidin-2-one. Both it and TDF are active drugs against hepatitis B
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virus and used for the treatment of human immunodeficiency virus (HIV) inf-
ection in adults and children.!-2
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Fig. 1. Chemical structures of: a) tenofovir disoproxil fumarate b) emtricitabine.

TDF (Fig. 1) is an acyclic nucleoside phosphonate di ester analogue of ade-
nosine monophosphate, a nucleoside reverse transcriptase inhibitor. The mole-
cular formula is Cy3H34N5014P and chemically named [[(2R)-1-(6-aminopurin-
-9-yl)propan-2-ylJoxymethyl-(propan-2-yloxycarbonyl-oxymethoxy)phosphoryl]-
oxymethyl propan-2-yl carbonate; (E)-but-2-enedioic acid, respectively.3:4

Several analytical methods were studied using the reverse-phase HPLC (RP-
-HPLC),48 ultra-performance liquid chromatography,’? UV—Vis spectroscopic
methods,!0-15 HPTLC!6 and LC-MS!7-20 which have been reported in literature
for the assessment of TNF and ETC in their single formulations and in combin-
ation together or with other drugs. Limited number of studies?! are available in
literature about chemometric approach for these two substances and so far there
is no study for the determination and the comparison of chemometric approach of
spectrophotometric method and chromatographic method.

The derivative spectrophotometry is an analytical technique of a highly use-
ful method for both qualitative and quantitative analysis of the spectra composed
of unresolved bands. The zero-crossing approach involves measuring the abso-
lute value of the total derivative spectrum at an abscissa value matching the deri-
vative spectra, of the first derivative in this study (!D) of each individual compo-
nent’s zero-crossing wavelengths. The wavelength that is chosen because it has
the best linear correlation to the analyte concentration in terms of the absolute
value of the derivative absorbances at that wavelength.22 In ratio of the 15t deri-
vative spectra method; the ratio spectra of the solutions of ETC or TDF at differ-
ent concentrations were obtained by dividing each with the stored standard spec-
trum of the TDF or ETC and then the first derivatives of these spectra are traced
(IDD). The unknown analyte concentrations can be calculated by reading the
analytical signals at various points within the selected wavelength range.23
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The chemometric approach is the easiest technique for the determination of
active ingredients in mixtures and of pharmaceutical preparation, because using
different solutions that contain various concentrations of active ingredients, with-
out separation methods, each ingredient concentration can be calculated in a few
seconds. There are many techniques available for this purpose, the principal com-
ponent regression (PCR) and the partial least-squares (PLS) are the mainly pre-
ferred. These techniques have some advantages over other multicomponent ana-
lytes.24-27 By creating the matrixes that include such variables, as for instance
the absorbance value and concentration, the assessment of the exact concen-
tration of the active ingredients of preparation can be reached.

The aim of this study was to develop the appropriate spectrophotometric
(derivative and ratio spectra derivative) and chemometric methods for the deter-
mination of ETC and TDF simultaneously in their binary mixture and comparing
these techniques with a new RP-HPLC method. In addition, it was also aimed to
apply all methods developed in order to enable the determination of TDF and
ETC in marketed pharmaceutical formulations, such as a tablet, containing these
two drugs.

EXPERIMENTAL
Materials

Reference standards of ETC, 99.8 % purity and TDF, 99.7 % purity were obtained as a
gift from ILKO Drug Ind. (Istanbul, Tiirkiye). HyPO, were purchased from Sigma Aldrich.
HPLC-grade acetonitrile and methanol were purchased from Merck. Ortho-phosphoric acid,
analytical-grade hydrochloric acid and analytical-grade sodium hydroxide from Merck.
Quercetin (internal standard) was purchased from Merck. “Hivent” is a commercial pharma-
ceutical preparation which includes both TNF and ETC, used for the treatment of HIV, were
obtained as a gift from ILKO Drug Ind. (Istanbul, Tiirkiye and Batch no: 2203910002).

Instrumentation and chromatographic conditions

The spectrophotometric analyses were performed using Jasco V-730 (C246261798) UV—
—Vis spectrophotometer connected to a computer. The standard quartz cuvette (10 mm) was
used for the measurement of the absorbance values. In the PLS method, the multi-variate ana-
lysis Add-ing for Excel v. 1.3 software (Brereton, 2002) was used.?® The zero-order absor-
bance spectra were recorded over the wavelength range of 200-320 nm for the 1% derivative
with the zero-crossing and for the ratio spectra of the the 15t derivative spectra methods. The
suitable settings were response time, 0.015 s; scan speed, 1000 nm min'!; spectral slit width, 1
nm; data interval, 0.2 nm; A1 =4 nm.

The chromatographic system consisted of a Shimadzu liquid chromatograph equipped
with a pump (LC-10AT VP), a controller (SCL-10A VP) connected to a computer using a
software (Class-VP 5.03), an autosampler (SIL-10AD VP), 30 pL injection loop and diode
array detector (DAD, SPD-10A VP). The system was controlled through a system controller
(SCL-10A) using a personal computer using a CLASS-VP 5.0 workstation with a data pro-
cessing system (Shimadzu, Kyoto, Japan) installed on it. The separation was performed on a
XTerra, C18 (100 mmx4.6 mm i.d., 3.5 pm) analytical column (Waters, Milford, MA, USA).
The column temperature was set to 25 °C. The mobile phase consisted of 0.1 vol. % ortho-
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-phosphoric acid, (pH adjusted to 2.5 with NaOH), acetonitrile and methanol in the volme
ratio of 40:40:20 in the isocratic mode and DAD detector was set to the wavelength of 262
nm. 10 pL of the sample solutions were injected into the HPLC system at the flow rate 0.5 mL
min'!. Quercetin was chosen as the internal standard as its peak was very well resolved from
the two drugs peaks and baseline. All solutions were prepared in type 1 water (Simplicity 185
Water System, Millipore Corp., Bedford, MA, USA). The mobile phase was filtered through a
membrane filter with a pore diameter of 0.45 um and kept in an ultrasonic bath for 15 min to
remove the soluble gases. At the end of the analysis column was flushed with approximately
20 times of column volume of HPLC grade water and then methanol. Finally, the column was
stored in pure methanol. This procedure was applied for every analysis.
Chemicals and solutions

The stock solutions of ETC and TDF (1 mg mL!) were prepared in 0.05 M HCI and
stored at —20 °C for one week. Quercetin (IS, 1 mg mL-!) was prepared in methanol. The
standard solutions were prepared daily by diluting the stock solutions with water to the desired
concentrations. All solutions were prepared in type 1 water (Simplicity 185 Water System,
Millipore Corp., Bedford, MA, USA).
Sample preparation

Twenty Hivent tablets (each tablet contains 200 mg ETC and 300 mg TDF) weighed
accurately and crushed in a mortar. An amount equivalent to one tablet was transferred into a
100-mL volumetric flask. Then, it was dissolved in 0.05 M 50 mL HCI, and the volume was
completed to the mark with distilled water. After 30 min of shaking the solution was filtered
through the filter paper and it was used for the spectrophotometric and chemometric analysis
after the dilution with the distilled water in order to obtain the final concentrations within the
specified range of ETC and TDF (Final solution). In RP-HPLC method, this final solution was
sonicated for 45 min. and filtered through a membrane filter with a pore diameter of 0.45 pm.

RESULT AND DISCUSSION

Method development

For the validation, studies were performed within the scope of International
Conference on Harmonization (ICH) requirements.2%-30 In this context, the reten-
tion time, the capacity factor, the tailing factor and the theoretical number of
plates for each active ingredients were calculated according to the data obtained
from the HPLC method. For the validation studies, the specificity, the limit of
detection (LOD), the limit of quantification (LOQ), the linearity, the accuracy
and the intra-day and the inter-day precision parameters were investigated for
spectrophotometric, chemometric and HPLC methods.

For the accuracy, a stock solutions of active ingredients of 1000 pg mL-!
were prepared in 0.05 M HCL. The working standard solutions were prepared in
the range of 1-15 pg mL-1. The linearity was calculated using the regression
equation (y = mx + n) data including concentration the ranges, the correlation
coefficients, and the standard error of intercept.

Using the standard addition method at various concentration the levels were
studied and compared by the difference between the found and the actual value
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show the accuracy of the method. The precision studies were carried out by ana-
lysing three different concentration levels at six replicates. Fig. 2 shows the zero-
-order absorption spectra of the solution of ETC and TDF in water. In the first
derivative by the zero-crossing method the first derivative spectra were traced
with the interval of 4 nm (1D). Fig. 3 shows the 1st derivative spectra obtained at
the increasing concentrations for ETC and TDF. The derivative absorbances
(AA/AJ values) read at 281.2 and 297.3 nm (zero-crossing points for ETC and
TDF, respectively) in their 1D spectra were used for the analysis of ETC and
TDF in pure form and in pharmaceutical tablets.
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Fig. 2. Zero-order absorption spectra of 15 pg mL! solutions of ETC and TDF in water.
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Fig. 3. 15t Derivative absorption spectra of 10 ug mL"! ETC and 10 ug mL-! TDF solutions in
water.

For the ratio of the 15t derivative spectra studies, the solutions containing
both ETC and TDF were prepared in their increasing concentrations. The solut-
ions of the co-existing component were also prepared in a constant concentration
(selected as 10 pg mL-! for both, because the optimum condition were obtained
with this concentration) as divisor and their spectra are stored. The ratio spectra
of different standards at the increasing concentrations were obtained by dividing
each with the stored spectrum of the stored spectra of another drug (divisor).
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Then, their first derivative spectra were recorded as A4 = 4 nm. The analytical
signals were read at 239.0 and 270.2 nm, for ETC and TDF respectively, which
gave a linear correlation for these substances. The obtained spectra are shown in
Fig. 4a and b according to the increasing concentrations of ETC (each solution
composed of 10 pg mL~! TDF and increasing concentration of 2, 5, 7.5, 10, 15
ug mL-! ETC) and TDF (each solution composed of 10 ug mL~! ETC and the
increasing concentration of 2, 5, 7.5, 10, 15 pg mL~! TDF). The divisor con-
centration was kept constant at 10 ug mL~! for both TDF and ETC. Table I
summarized the wavelengths selected and the calibration results for ETC and
TDF. The calibration curves were prepared by plotting the analytical signals read
against to the concentrations.

(a) (b)
Fig. 4. Ratio 1% derivative spectra samples obtained increasing concentrations
(2,7.5,15 ng mL") of both ETC and TDF in water.

TABLE II. Results of regression analysis for TDF and ETC in 1% Derivative and ratio 1%
derivative spectra and HPLC method; SE — standard error

Parameter 1% Derivative — zero ~ Ratio 15t D. spec. HPLC
crossing
ETC TDF ETC TDF TDF ETC
A/ nm 297.3 281.2 239.0 270.2 262 262
Linearity range, pg mL"! 2-15 2-15 2-15 2-15 1-15 1-15

Slope (m) + SE (y = mx+n) 0.001681+£0.001858+ 0.0151+ -0.0191+ 0,396+ 0,447+
0.0001  0.0002  0.003  0.003  0.0004  0.0005

Intercept (n) = SE 0.000606+0.000815+ —0.0007+ —0.0006+ —0.,064+ 0.075+
0.0001  0.00015 0.00016  0.0001 0.0004  0.0001
R? 0.9988  0.9973  0.9999  0.9998  0.9998  0.9998

To optimize the simultaneous determination of ETC and TDF using the ratio
of the 15t derivative spectra method, it is necessary to test the divisor concen-
tration. For this purpose, some different divisor standard concentrations were stu-
died. 10 ug mL~! was found optimal as the divisor concentration. The first deri-
vative spectra were recorded as AA = 4 nm interval and the analytical signals
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were recorded at the selected wavelengths (239.0 and 270.2 nm for ETC and
TDF, respectively) were plotted against the concentration. In the regression ana-
lysis the correlation coefficients obtained in the linear range values of all the
methods studied were very close to 1 (Table I).

For PLS method the absorbance data matrix for the training set in different
compositions (in the working range of 2.0-15.0 ug mL-! for ETC and TDF)
were obtained by the measurements of the absorbance values between 240 and
320 nm in the 4 nm wavelengths intervals in the zero-order absorption spectra.

The PLS technique was chosen as chemometric technique. In this technique,
the calibration or regression was obtained using the absorbance matrix and the
concentration matrix for prediction of the unknown concentrations of ETC and
TDF in their binary mixtures and the pharmaceutical formulations. The standard
error of prediction (SEP) in the prediction step can be used to describe the pre-
diction ability of this technique:

n dded found |2
SEP = \/ 2. (GG

n

(1)
where Cl-added is the added concentration of a drug and # is the total number of
samples. In this method, the absorbance values (4) and the concentration values
(C) are used to create the data matrix using the absorbances read in the UV—Vis
spectra. The multivariate calibration technique was applied for the training set
prepared using 20 mixtures in the concentration range of 2-15 pg mL~! for ETC
and TDF (Table II).

In RP-HPLC method, the retention times for ETC, TDF and IS (quercetin)
were found as 5.623, 6.865 and 10.560 min, respectively, in the chromatogram.
In this method, the calibration curve was obtained by the peak area under the
analyte peak was divided to the peak area of IS peak area and the obtained values
were plotted against the concentration values. For the evaluation of system suit-
ability parameters retention time, the capacity factor, the tailing factor and the
theoretical number of plates for the each active ingredient for the developed new
RP-HPLC method are calculated and given in Table III. No interfering peaks
from the tablet excipients were observed (Fig. 5).

The accuracy and precision were studied using three different solutions for
ETC and TDF for four methods developed. The Inter-day and the intra-day pre-
cision and accuracy values are shown in Table IV. PLS algorithms were per-
formed with four components in the range of 2-15 ug mL-!. After obtaining, the
data prediction was employed using the training set, and the standard errors of
the prediction values were calculated by the PLS software program. The calcul-
ated values are 0.325 and 0.318 from experimental results. The limit of detection
(LOD) and the limit of quantification (LOQ) are calculated by the ratio of the
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standard deviation (SD) of the response to the slope (i) of the calibration curves
(LOQ = 10(SD/m) and LOD = 3.3(SD/m)), where m is the slope of the calibration
curve. LOD and LOQ values in the 15t derivative with zero-crossing, ratio spectra
of the 18t derivative spectra methods and the PLS technique are 0.05 and 0.15 pg
mL-! for ETC and TDF, respectively. In HPLC, LOD and LOQ values are 0.1
and 0.4 ug mL-! for ETC and TDF, respectively.

TABLE II. Training set used in PLS technique for ETC and TDF (C/ pg mL!)

Mixture No. ETC TDF
1 5 2
2 8 2
3 10 2
4 13 2
5 2 2
6 15 2
7 2 5
8 5 5
9 8 5
10 10 5
11 13 5
12 15 5
13 2 8
14 5 8
15 8 8
16 13 8
17 10 10
18 15 10
19 2 15
20 5 15

TABLE III. System suitability parameters

Active ingredients Retenthn time* Capacity factor  Tailing factor Theoretical
min number of plates

TDF 6.865+0.002 5.84 1.19440.002 9841.19

ETZ 5.623+0.001 4.61 1.372+0.001 7480.12

IS 10.56+ 0.002 4.23 1.241+£0.001 6492.41

#Results are given by mean + standard deviation, n =6

Analysis of pharmaceutical preparation

When the results obtained in the pharmaceutical formulation using the 18t
derivative spectra, ratio of the 15t derivative spectra, HPLC and PLS technique
were summarized in Table V, it was observed that the values obtained were very
close to each other when compared for the pharmaceutical formulation selected.
There is no significant difference observed among the value of results using the
ANOVA at the p < 0.05 level for the commercial formulations. It can be said that
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all developed methods were found selective and specific for the simultaneous
determination of ETC and TDF in commercial preparations, such as tablets. No
interfering peaks from the tablet excipients were observed in chromatograms in
RP-HPLC method developed (Fig. 5). When compared the spectra of ETC and
TDF in standard and tablet formulation solutions showed that excipients placed
in the commercial preparations did not interfere the wavelength of maximum
absorbance in the zero-order spectra and the quantitation of active ingredients of
in these methods.
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Fig. 5. Representative chromatogram of tablet form containing ETC (10 ug mL!) and TDF
(15 pg mL1); IS: 1 pg mL-L.

TABLE IV. Inter-day and intra-day precision and accuracy results

Added Inter—day Intra—day
pgmL! Found® Precision®  Accuracy® Found® Precision®  Accuracy®
pgmL! RSD /% Bias, % ugmL! RSD/%  Bias, %
1* derivative—zero crossing (TDF)
2.0 1.96+0.003 0.347 -1.90 1.97+0.05 0.587 -1.73
7.5 7.47+0.015 0.487 —0.67 7.46+0.02 0.67 —0.54
10.0 10.04+1.01 245 0.41 10.05+0.96 2.34 0.54
1* derivative—zero crossing (ETC)
2.0 1.99+0.01 0.87 -0.71 1.99+0.16 1.92 —-0.12
7.5 7.48+0.14 0.47 —0.18 7.51+£0.29 0.96 1,33
10.0 10.10+0.62 1.49 1.02 10.12+0.52 1.27 1.15
Ratio 1* derivative (TDF)
2.0 1.98+0.003 0.39 —0.67 1.99+0.07 0.80 —-0.32
7.5 7.51£0.016 0.54 0.18 7.52+0.022 0.73 0.31

10.0 10.11+0.11 2.54 1.12 10.10+0.11 0.31 1.55




560 DINCEL, GOK-TOPAK and ONUR

TABLE IV. Continued

Inter—day Intra—day
Added - — S " — .
L Found Precision®  Accuracy Found Precision® Accuracy
Hem pugmL™! RSD /% Bias, % pugmL! RSD/%  Bias, %
Ratio 1* derivative (ETC)
2.0 1.98+0.12 1.53 —0.65 1.97+0.014 1.72 —1.44
7.5 7.51+0.19 0.65 0.16 7.51+0.022 0.71 0.07
10.0 9.90+0.79 0.16 —0.98 9.87+£0.97 2.39 -1.32
RP-HPLC (TDF)
1.0 1.04+0.022 5.21 0.001 1.04+0.063 5.11 4.39
7.5 7.57+0.056 1.84 0.15 7.49+0.019 0.64 0.89
15.0 14.96+0.072 1.17 0.25 15.07+0.030 1.17 0.47
RP-HPLC (ETC)
1.0 1.05+0.010 2.46 4.23 1.04+0.011 2.58 0.0005
7.5 7.53+0.043 1.40 1.11 7.42+0.029 0.96 0.44
15.0 14.93+0.085 1.40 0.86 14.87+0.026 0.60 0.48
PLS (TDF)
2.0 2.03+0.02 2.37 1.22 2.02+0.02 2.38 1.20
7.5 7.57+0.04 1.22 1.01 7.61£0.02 0.65 1.44
10.0 9.96+0.05 0.98 —0.40 9.99+0.03 0.84 —0.067
PLS (ETC)

2.0 1.99+0.006 0.76 -1.32 1.99+0.007 0.83 -0.37
7.5 7.52+0.017 0.56 0.20 7.52+0.017 0.56 0.20
10.0 9.95+0.062 1.52 —0.536 9.91+0.74 1.83 —0.87

aMean valuetstandard error; Prelative standard deviation; ©1 00(amount found — amount added)/amount found

TABLE V. Results obtained for the commercial preparation “Hivent” (contains 200 mg ETC
and 300 mg TDF per tablet)
Parameter 18t Derivative-  Ratio spectra 1% RP-HPLC PLS

-Z€ero crossing derivative

ETC TDF ETC TDF ETC TDF ETC TDF
Found, mg/tablet 197.12 298.18 197.46 300.52 199.46 299.52 195.62 299.18

RSD? 0.97 0.55 1.26 0.56 0.87 1.25 0.68 0.84
Bias® -1.46 061 -1.29 0.17  -027 -0.16 224 -0.27
Recovery, % 98.56  99.39 98.73 100.17 99.73  99.84 97.81 99.73

“Relative standard deviation (1 = 6), ®100(amount found — amount added)/amount found

CONCLUSIONS

Four new analysis methods, the 15t derivative spectra zero-crossing, the ratio
spectra of the 15t derivative spectra methods, the chemometric method (PLS tech-
nique), and the new HPLC method for the determination of TDF and ETC were
proposed for the simultaneous determination in their mixture. These methods
were also applied for the determination of TDF and ETC in pharmaceutical tab-
lets formulation, containing their binary mixture. All developed methods were
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evaluated according to the ICH guidelines for validation. The comparison of
methods was assessed by the parameters such as linearity, recovery, accuracy,
precision and bias values. When the results of commercial preparation according
to the 15t derivative and ratio of the 15t derivative spectra and the PLS technique
are compared to the HPLC method results, it was found that there was no sig-
nificant difference statistically between the results using these methods in p < 0.05
level. The PLS technique is superior to many analysis methods. It does not
require an excessive time for the preparation of samples, neither liquid-liquid ext-
raction process, complex gradient elution program, pretreatment process nor any
derivatization process. It requires only a computer program for calculations. In
the literature, there are various spectrophotometric methods for the analysis of
ETC and TDF, but there is no study for the simultaneous analysis of ETC and
TDF in their binary mixture using chemometric techniques and spectrophoto-
metric data. For this reason, our developed chemometric method (PLS) gives a
new approach. Also, a few spectrophotometric methods were also available for
the analysis of ETC and TDF in their binary mixture, such as the derivative
methods in the literature, our derivative and the ratio of the 15t derivative spectra
method, which are all different and new methods. After all, in this study four new
accurate, precise, and selective methods for the analysis of ETC and TDF in their
binary mixture were developed and the results obtained by the spectrophotomet-
ric and the chemometric technique (PLS) were compared to our developed and
validated RP-HPLC method.

For the analysis of a selected pharmaceutical formulation that is currently on
the market, all proposed procedures were effectively used. There was no statis-
tically significant difference in the results. These methods were found suitable as
simple, accurate, selective, and precise for the routine analysis of the pharma-
ceutical preparations, such as the tablets, for the simultaneous analysis of ETC
and TDF.
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U3BOJI

CHUMYJITAHO OOPEBUBALE EMTPUIITUTABMHA U TEHO®OBUP IHU30ITPOKCHII-
-OYMAPATAY ®PAPMALEYTCKUM IPEITAPATUMA IIPUMEHOM
CIIEKTPO®OTOMETPHUICKUX, XEMOMETPUJCKHUX U XPOMATOI'PA®CKUX METOIOA

AYSUN DINGEL, ELIF DAMLA GOK-TOPAK u FEYYAZ ONUR

Lokman Hekim University, Faculty of Pharmacy, Department of Analytical Chemistry, 06510, Ankara,
Tiirkiye
Y oBoM pany cy 3a ucrospemeno ogpehusawe emrpunutaduna (ETC) u TeHodoBUD
nusonpokcun-dymapara (TDF) y tabnerama npuMmemeHe jefHOCTaBHE, TaYHE W OCET-
JbUBE CIEKTPOOTOMETPHjCKE, XEMOMETPHjCcKe U xpomartorpadcke merone. [I[pumeHoM
IepuBaTUBHe CleKTpodoToOMeTpHje, IepUBAaTUBHH CIIEKTPH MpBOT pena pactsopa ETC u
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TDF y Bonu cy usamepeHu kao Al = 4 nm, a ancopbaHlle Cy MepeHe Ha HYJITOj TaUKH
npecexa, Ha 297,3 u 281,2 nm 3a ETC u TDF, penom. JepuBaTUBHOM CreKTpodOTO-
MeTpUjoM 3aCHOBAHOj Ha OFHOCY crnekTapa ypahena cy mepewa Ha 239,0 nm 3a ETC u
Ha 270,2 nm 3a TDF. 3aTUM cy MepeHH aHaJUTUYKH CUTHAJM HA TAJACHUM OyKUHaAMa
KOje 0AroBapajy MIM MakCUMyMy WJIM MUHUMYMY 3a oDa neka. bepos 3akoH je, 3a oda
nexa, MPUMEHEH y OIcery KoHueHTpauuja 2—15 pg mL'. Kao xemomerpHjcka mMetozna
kopuirhena je PLS texnuka. [I[pumeHomM xpomarorpaduje, onBajame je MOCTUTHYTO Ha
C18 komonu ca DAD perexTopom (262 nm) U H30KPATCKUM eJyUpameM MODHIHOM
¢asom MetaHom:anetoHuTpun:0,1 % oprodochopHa KkuCeIHHA y 3alpPEMUHCKOM
onHocy 40:40:20. Jobdujenu pesynrart je y oncery 97,51-100,17 %, a penaTtuBHa CTaH-
nappHa pesujauuja 0,55-1,26 %. MeTtone cy ycmemHo MpUMeweHe y aHanu3u ¢apma-
LEYTCKUX y3opaka, a JoDWjeHH MmojalM Cy aHalM3upaHU U nopeheHu nmpumeHom cTa-
TUCTUYKHUX TECTOBA.

(ITpumiseno 9. centembpa 2023, pesunupano 14. janyapa, npuxsaheno 12. mapra 2024)
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Abstract: In this work, cheap and locally available pinecones of Pinus kiseya
were used as a precursor to prepare activated carbon using single-step KOH
activation for the removal of fluoride from water. The prepared activated car-
bon’s BET surface area, and total pore volume, were determined as 972.13 m?2
gl and 0.469 cm? g'!, respectively. Batch adsorption studies were evaluated at
different contact times, solution pH, adsorbent dose and concentration to obtain
the optimum conditions for maximum adsorption. The adsorption data were
fitted with the isotherm models (Langmuir, Freundlich ad Temkin isotherm
model) and the adsorption kinetic models. The experimental data were found to
best fit using the Langmuir isotherm which confirmed the formation of a
monolayer coverage with a maximum adsorption capacity of 2.845 m2 g!. The
adsorption kinetics was well described by the pseudo-second-order model. A
study on the effects of co-existing ions showed that fluoride adsorption cap-
acity was observed to decrease in the order: CO32 > SO, > NO3 > CI-. The
regeneration studies were investigated to determine the reusability of the spent
adsorbent. In summary, these findings demonstrated substantial evidence that
the activated carbon can be prepared from P. kiseya cones as an eco-friendly
adsorbent for the removal of ions such as fluoride from water.

Keywords: pinecone; activated carbon; fluoride; biomass; regeneration; water
treatment.
INTRODUCTION

There is no doubt that fluorine is an essential element for the development of
bones and teeth yet it is regarded as an element of “boon and bane”. It is known
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to have healing characteristics, but exceeding its permissible limit of 1.5 mg L1
(WHO guidelines) could ultimately result in serious health problems in the long
run. The World Health Organization also recognizes the fluorides as the drinking
water contaminants, alongside arsenic and nitrate, that contribute to significant
health issues on a large scale.! Some of the problems associated with fluorides
are dental and skeletal fluorosis, brittle bones, Alzheimer’s syndrome and thyroid
disorder, neurological damage, low haemoglobin levels, gastrointestinal prob-
lems and infertility.2:3 The global prevalence of fluorosis is estimated to affect
approximately 70 million individuals.# Fluorides enters water from various
sources, including naturally the occurring geological sources such as fluorine-
containing rocks and minerals (e.g., granite, basalt, syenite, fluorite, biotites and
topaz) as well as the industrial activities such as metallurgical, electrodeposition,
phosphate production, electronics, brick and iron-works, and ceramics.5-¢ The
elevated concentrations of fluorides are prevalent in many water sources, par-
ticularly in regions such as China, Sri Lanka, Rift Valley countries in Africa and
India. In India, chronic fluorides levels of 12—-18 mg L1 have been reported with
17 states showing the excessive fluorides levels.2.’

Since the fluorides levels in drinking water is an issue of global health con-
cern, it needs to be reduced below acceptable level to provide safe drinking
water. To date, numerous technologies and methods have been applied for the
removal of fluoride such as nanofiltration (NF), reverse osmosis (RO), ion-
-exchange method, electrodialysis and adsorption.6:3-11 But, most of these tech-
niques fail when it comes to the rural population because of their cost except the
adsorption method. Adsorption is an ancient and widely used method because of
its high efficacy, operational and budget-friendliness for the removal of fluoride
and other pollutants as well from water.2-12

In this regard, adsorbent such as activated carbon from biomass origin has
been widely used to investigate studies related to fluoride removal. Biomass-
-based carbon over the years has gained a significant place as an alternate adsor-
bent due to its high surface area and reactivity, low-cost, eco-friendly character-
istics, and renewability.3:13:14 For instance, Gebrewold et al. 2019 synthesised
activated carbon from biomass of rice husk and corn cob for the removal of fluor-
ides from groundwater with an adsorption capacity of 7.9 and 5.8 mg g1;!5 Fito
et al. 2019 also used Catha edulis as a potential precursor for the synthesis of
activated carbon for the removal of fluorides from water;16 Jayashree et al. 2021
studied the removal of fluorides from water using the activated carbon prepared
from pods of Bauhinia variegata by both physical and chemical methods with
BET surface area of 71.59 and 124.82 m? g-!. They found that the chemically
prepared activated carbon was having a higher fluorides adsorption capacity
(15.74 mg g 1) over physically prepared carbon by a difference of 5 mg g~1.17
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Therefore, the biomass materials such as pinecones that are often discarded
as waste can be potentially utilised to obtain a value-added product like the act-
ivated carbon to remove fluoride from water. Our group have been working on
the preparation of the activated carbon from locally available biomass — Manihot
esculenta, Schima wallichii and Mucina sp.—for the removal of fluorides from
water, 418,19

Thus, in this piece of work, we explored the pinecone of Pinus kesiya as the
precursor for the synthesis of activated carbon because of its easy availability,
abundance and low cost for the removal of fluorides from water. The charac-
terization of the adsorbent was analysed with various techniques to study the
physicochemical properties, surface morphology and functionalities to access the
capability of the adsorbent for the fluorides removal. Further, motivated by the
presence and effects of existing co-ions on the adsorption efficiency, the prepared
adsorbent was applied for defluoridation studies in the presence of various co-
-ions, using a batch method to understand the efficacy of the adsorbent in a real-
-time situation. The regeneration of the adsorbent was also explored in order to
understand its recyclability.

EXPERIMENTAL
Materials

Pinecones were collected locally, washed, and grounded using a mixer grinder to fine
particles. All other chemicals used in this work were of analytical grade.

Synthesis of pinecone activated carbon

For the synthesis of activated carbon, a single-step method published in our earlier work
was followed.* In a typical method, the dried particles of pinecone biomass were grounded
into finer particles in a ball mill. The dried biomass powder was then activated by carbonizing
it in a muffle furnace at 600 °C for 2 h at a heating rate of 20 °C min"! by mixing it with KOH
at a 1:2 ratio. The black carbonized sample was then cooled and washed with hot water and
finally with cold distilled pH of the wash solution becomes neutral. The sample was then dried
in an oven overnight at 110 °C and stored in an airtight sealed container, labelled as Pc-AC
(pinecone activated carbon) for further characterization and use.

The yield percentage of Pc-AC was calculated as:

Mass of final carbon after activation process

Yield =100 (D

Initial mass of the dry impregnated sample

Adsorbent’s characterization

The prepared carbon was characterized through different analytical techniques. The car-
bon, hydrogen and nitrogen percentage in the prepared carbon were determined using an ele-
mental analyzer (model: PE 2400 Series II, Perkin Elmer). The batch equilibrium method was
employed to determine the zero point charge.?? To measure the pHpzc, a 50 mL solution of
0.1 M KNOj; was prepared in a conical flask, to which the prepared Pc-AC was added. The
adsorbent suspended was kept in this 0.01 M KNOj solution until the pH reached a stable
state. The initial pH values were adjusted in the range of 2 to 12 by adding HCI or NaOH. The
mixture was continuously stirred for 2 days on a magnetic stirrer. Afterward, the final pH
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values were measured, and the difference between the initial and final pH values (ApH =
pHinitial — pHfinal) was plotted against the initial pH values (shown in Fig. S-1 of the Sup-
plementary material to this paper). Surface functionalities of the prepared carbon was deter-
mined using the FT-IR spectrometer (model: Spectrum Two, Perkin Elmer) in the range
4000—400 cm™!. Surface morphology was determined using the scanning electron microscopy
(JSM-6360, JEOL). The BET surface area and pore volume were measured by using a BET
surface area analyzer (Smart instrument, SS93/02).

Preparation of standard fluoride stock solution

The standard fluoride solution was prepared by dissolving 2.178 g of NaF (Merck) in
1000 ml of double-distilled water in a 1000 ml volumetric flask. The solution was then further
diluted to 100 mg L-! of the fluoride solution. All test solutions of the desired concentrations
were prepared by the successive dilutions of 100 mg L-! fluoride solution to get the required
initial experimental concentration (2, 5 and 8 mg L!). The pH of all the solutions was
adjusted by adding 0.1 M HCI or 0.1 M NaOH before the addition of the adsorbent and was
measured by pH meter (Eutech).

Fluoride adsorption by batch mode experiments

For any adsorption study, a batch adsorption experiment is vital as it provides inform-
ation about the different parameters that control the adsorption process. This method helps to
find out the optimum condition for the reaction to be carried out effectively. Thus, the adsorp-
tion parameters such as contact time, adsorbent dosage, pH, and the fluorides concentration
are investigated by this method. An optimized condition is established from the different
experimental data and enables us to fix the experimentally obtained optimal conditions to per-
form further experiments in the future.

In the current study, the batch mode experiments were accomplished by taking 50 mL of
fluoride known solution in an Erlenmeyer flask, which was stirred with a known weight of
pinecone activated carbon at 150 rpm in a rotary shaker. The solution was filtered after the
adsorption equilibrium was achieved, and the unadsorbed fluorides concentration was mea-
sured with the help of a fluoride meter (model: Hanna Hi 98402 ISE Fluoride Meter). The
effect of the adsorption parameters like pH (pH 2 to 12), activated carbon quantity (0.05 to
0.30 g), contact time (0 to 180 min), and the fluoride concentration of 2, 5, and 8 mg L! were
conducted. The removal percentage efficiency and the defluoridation capacity (mg g™!) for Pc-
AC was determined as:

Removal efficiency =100(Cy, —C,)/ C, 2)
Defluoridation capacity (g.) =V (Cy —C.)/ M 3)
where ¢ = initial fluoride concentration in mg L!; ¢, = equilibrium fluoride concentration in

mg L'!; g, = amount of adsorbate adsorbed at equilibrium in mg g''; M = mass of pinecone
activated carbon in g; V' = volume of fluoride solution in L.

RESULTS AND DISCUSSION

Pinecone-activated carbon characterization

The results indicated that the yield and ash content values of Pc-AC were
16.88 and 3.07 %, respectively; the carbon, hydrogen, nitrogen and oxygen con-
tent as determined by ultimate analysis was 87.69, 2.01, 0.72 and 6.51 %, res-
pectively (Table I). The BET surface area and the total pore volume of Pc-AC
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were 972.13 m2 g1 and 0.469 cm3 g~! as compared to the sample activated with-
out any KOH which had a surface area of 108.54 m? g~! and the pore volume of
0.057 ¢cm3 g~!. The higher BET surface area and the pore volume upon KOH
activation could be attributed to the elimination and release of volatile matter
from the carbon skeleton to form voids, leading to an increase in the availability
of active sites for adsorption.

TABLE I. Properties of Pc-AC with and without KOH impregnation

Condition Yield, % BET Surface area, m? g’} Pore volume, cm?3 g’}
Without KOH 35.13 108.54 0.057
With KOH 16.88 972.13 0.469

The pH of the zero point charge (pHzpc) of Pc-AC was found to be 6.93
reflecting the fact that the surface of the adsorbent was positive below this pH
and negatively charged when pH > pHZpC.21 Fig. 1a shows the SEM image of the
pinecone-activated carbon. The SEM analysis of the adsorbent indicates that the
surface of the adsorbent was irregular and rough, with different pore sizes and
shapes. The presence of such pore sizes is expected to influence the adsorption
process and thus makes it appropriate for the adsorption of fluoride.
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Fig. 1. a) SEM micrograph of Pc-AC; b) FTIR spectrum of Pc-AC.

FT-IR study was used to determine the major surface functionality on the
Pc-AC surface. The FTIR is shown in Fig. 1b. A very prominent peak around
3450 cm~! was observed for Pc-AC which is due to the O—H stretching mode of
hydroxyl groups, —-NH group. It is also due to the adsorption and presence of
moisture on the PC-AC surface. The functional groups include alcohols, phenols,
carboxylic acids and amine. The peaks around 1637 cm~! account for the pre-
sence of C=0 groups such as in carboxylic acids.22 While the band appearing at
1435 cm! has been assigned to the aromatic structure of Pc-AC, that are coupled
to the highly conjugated carbonyl groups or attributed to the stretching vibrations
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of C=0 moieties of conjugated systems.23 Bands near 1395 cm™! is assigned to
C-O stretching vibration from ester, ether and phenolic functional groups.24
While the bands around 1048 cm~! account for C-O vibrational stretching for
primary and secondary alcohols. Finally, bands at 700-900 cm~! corresponds to
=C-H bending of the substituted aromatic rings, while broad peaks at ~640 cm™!
account for O-H bending.25 The FT-IR studies show that the various surface
functionalities makes them an ideal adsorbent for adsorption study.

Batch adsorption studies

Effect of contact time and initial concentration. The effect of the contact
time on the adsorption of fluoride at three different initial concentration were
investigated and reflected in Fig. 2a. The adsorption in all cases is found to inc-
rease rapidly with time and becomes saturated as time continues, and an equilib-
rium is achieved. The rapid adsorption in the initial period is caused by the avail-
ability of active adsorption sites, but as time proceeds, these sites get accumul-
ated with the adsorbate, which does not allow any further adsorption. The equi-
librium time for maximum fluoride adsorption was found to be 120 min for Pc-AC.
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Moreover, it is well-known that adsorption depends on the relationship
between the unoccupied adsorption sites and the concentration of fluoride.
Accordingly, Figs. 2a and S-2a of the Supplementary material shows that, with
the increasing initial concentration of fluorides, the removal percentage decreases
(increase in the adsorption capacity). This was due to the saturation of the avail-
able adsorption sites on the adsorbent. It was observed that at 2 mg L-! fluoride
concentration, there seemed to be easy availability of the unoccupied sites, which
led to the complete adsorption of fluoride from the solution. However, as fluoride
concentrations increased, a decrease in the number of active sites was noticed
due to the increased adsorption of fluoride on the surface of the active sites,
which led to a reduction in the available active sites. It was found that the rem-
oval percentage of fluoride by Pc-AC, at concentrations of 2, 5 and 8 mg L-!
were 99.9, 98.7 and 83 %, respectively. Based on these observations, the fluoride
concentration of 5 mg L~! concentration was taken for all other experiments as
the optimal concentration.

Effect of adsorbent dose. To confirm the proper dosage of the adsorbent, the
adsorption process was conducted at different PC-AC dosages. Figs. 2b and S-2b
show the effect of the adsorbent dosage (0.05—0.30 g) on the removal of fluorides
by PC-AC. It was found that with an increase in the adsorbent dosage, the fluor-
ides removal efficiency increased, but it reached the equilibrium at an adsorbent
dosage of 0.15 g with no further increase in the removal percentage after that.
The high removal percentage at this dosage was due to the availability of the act-
ive binding sites on the adsorbent as a result of its surface area.26 The porous nat-
ure of the adsorbent also facilitates the fluorides adsorption, which is consistent
with the observations obtained from the scanning electron microscopy (SEM)
analysis. However, with a further increase in the adsorbent dose, there was no
further increase in the removal rate (as there was a decrease in the adsorption
capacity). This was due to the accumulation or the partial overlapping, which
lead to a decrease in the total adsorption sites for fluorides.2” Thus, for the sub-
sequent studies, an adsorbent dose of 0.15 g was used.

Effect of solution pH. The pH of the solution is one of the basic parameters
that affect the adsorption of fluorides. A study on the effect of pH on the ads-
orption of fluoride was done at different pH from 2 to 12 keeping the other para-
meters like adsorbent dose and the fluoride concentration constant (Fig. 2c). It
can be seen that; the adsorption of fluoride was more significant at lower pH
(acidic medium) when compared to the alkaline condition. This could be because
at lower pH (pH < pHpzc) most of the surface becomes positively charged which
further facilitates the adsorption of fluoride. The maximum fluoride adsorption
was found to take place at pH 4. But below pH 4, the fluorides removal was
found to decrease due to the formation of weak hydrofluoric acid.?® On the other
hand, when the solution pH was alkaline, there was a reduction in the adsorption
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of fluorides because of the competition between the negatively charged surface
hydroxyl ions and the fluoride ions on the active sites.2?

Thus, for further studies, the optimum fluorides concentration was taken at 5
mg L1 with the adsorbent dose of 0.15 g at 120 min. As the maximum fluorides
removal takes place at pH 4, all further adsorption experiments were done at that
pH value.

Isotherm studies

The study of the adsorption isotherms is important as it elucidates the most
significant isotherm model that determines the interlaying relationship between
the adsorbate and adsorbent, useful for the designing purposes. The experimental
equilibrium data were modelled using three classical adsorption models: the
Langmuir, Freundlich and Temkin isotherms. These models were employed to
describe fluoride adsorption on Pc-AC. The equations and the calculated equilib-
rium isotherm parameters are given in Table II.

TABLE II. Different parameters of adsorption isotherm models for fluoride removal using
Pc-AC; g, = adsorption caPc-ACity at equilibrium (mg g'!); C, = residual concentration at the
equilibrium state of the system (mg L1); O,,,x = maximum adsorption caPc-ACity (mg g'!)
K = Langmuir constant; Ky = Freundlich constant (L mg!); R| = separation factor (provides
insight into the favourability of the adsorption process); 1/np = intensity of the adsorption,
respectively; Bt = Temkin constant related to the heat of sorption (J mol!); At = equilibrium
binding constant that corresponds to the maximum binding energy (L g1)

Isotherm model Equation Parameters  Value
Langmuir Co/qo =1/ (OmaxK1)+1/ (OmaxCe) Ormax 2.845
K 18.375
Ry 0.011
R? 0.999
r 0.0001
Freundlich log g. =(1/ng) log C, +log Ky K 2.459
1/ng 0.221
R? 0.906
7 0.0060
Temkin ¢e = RT /br(In A +In C,) At 542.19
Br 0.358
R? 0.980
7 0.0174

The fitting of data with Langmuir isotherm for the adsorption of fluoride
onto Pc-AC as shown in Fig. S-3a of the Supplementary material, gave the QOpax
(maximum adsorption capacity) value of 2.845 mg g~1. The correlation coef-
ficient R? for Langmuir isotherm for the fluoride adsorption by Pc-AC was found
to be 0.999 (Table II). Further, the separation (Ry), was found to be 0.011,
thereby indicating the favourable adsorption of fluoride onto Pc-AC. The Freund-



DEFLUORIDATION USING BIO-BASED ADSORBENT 573

lich isotherm, the plot of the model is shown in Fig. S-3b and the parameters
calculated from the slope and intercept are given in Table II. It can be seen that,
1/nF, for the adsorption of fluoride by Pc-AC was found to be 0.22, thereby sug-
gesting the favourability of the fluoride adsorption onto Pc-AC. It also indicates
that the adsorption follows a normal Langmuir isotherm.30 The correlation coef-
ficient R2 value for fluoride adsorption by Pc-AC for Freundlich isotherm was
found to be 0.906, which, when compared to Langmuir isotherm is way much
lower. While the fitting of the experimental data onto the Temkin isotherm model
for fluoride adsorption by Pc-AC is shown in Fig. S-2c. The calculated para-
meters for the Temkin model are given in Table II. The heat of adsorption (BT)
was found to be 0.358 kJ mol~!. The correlation value for Temkin isotherm for
fluoride adsorbed onto PC-AC was 0.980.

For the determination of the appropriateness of the fit, the best adsorption
isotherm model for the adsorption of fluoride by Pc-AC, chi-square analysis was
performed on all the isotherm models, and the results are shown in Table II. For
the adsorption of fluoride by Pc-AC, the chi-square value for the Langmuir iso-
therm model was found to be the least and therefore, the most suitable to describe
the adsorption of fluoride. Since the Langmuir equation assumes that the surface
is homogeneous, it indicates a homogeneous distribution of the adsorption sites
on the adsorbent and the adsorption of fluoride by Pc-AC took place as a mono-
layer coverage on the carbon surface containing a finite number of adsorption
sites of uniform energy. The isotherm study also suggests that there is no trans-
migration of adsorbate in the plane of the adsorbed site.

The fitness of the isotherm for fluoride adsorption by Pc-AC follows the
order: Langmuir >> Temkin > Freundlich

Adsorption kinetics

The adsorption kinetics for the removal of fluoride by Pc-AC was inves-
tigated with pseudo first order, pseudo second order kinetic models and the intra-
particle diffusion model using the equation provided in Table III. The graph of
log (qe—qy) versus t was plotted for the pseudo-first-order while for the pseudo-
-second-order kinetics models the graph of #/q; versus t was plotted and for the
intraparticle diffusion model, ¢; is plotted against #1/2. Fig. S-4 of the Supple-
mentary material shows the plot of the pseudo-first-order kinetics, the pseudo-
-second-order kinetics and the intraparticle diffusion model for the fluorides ads-
orption by Pc-AC. The results of the kinetic studies are listed in Table III.

Table III shows that the measured g, value of the pseudo-first-order kinetic
model do not tally with the experimental g, values for the adsorption of fluorides
and even the appropriateness of the fit was not satisfactory. In the case of the
pseudo-second-order kinetics model, the measured equilibrium adsorption cap-
acity, ge meas 0f Pc-AC was found to be in good agreement with the experimental
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data. A good correlation coefficient (R2) value of 0.999, 0.997 and 0.991 was
found for the pseudo-second-order kinetic model at 2, 5 and 8 mL-! of fluoride
concentration which in the case of pseudo-first-order model was 0.927, 0.930 and
0.918, respectively. Thus, the suitability of the pseudo-second-order kinetics
model can describe the adsorption of fluoride onto Pc-AC, which suggests that
the overall rate of adsorption is predominantly chemisorption.

TABLE III. Kinetic parameters for the adsorption of fluoride onto the pinecone-activated
carbon; ge = the amounts of adsorbate (mgg—1) adsorbed at equilibrium; qt = amounts of
adsorbate (mgg—1) adsorbed at a given time t (min); k1 = the rate constant of adsorption
(min—1); k2 = pseudo-second-order adsorption rate constant (g/mg.min); kipd = intraparticle
diffusion constant; C =intraparticle diffusion constant

Cy 9e, exp Pseudo-first-order Pseudo-second-order Intraparticle
mgL! mgg! kinetics3! kinetics32:33 diffusion3*
log(qe—qt ): l/qtzl/(kzqe)'Ft/qe q; =kipdt0‘5+C
log g, — K /2.303¢
qe, meas kl R? e, meas k2 R? kipd Cc R?
mgg! min’! (mg g!) g/(mg min
2 0.796 0.044 0.106 0927 0.813 0.404 0.999 0.028 0.516 0.620
5 1.975 6921 0.127 0930 2.114 0.045 0997 0.112 0.772 0.864
8 2.656 14.089 0.101 0918 2.920 0.021  0.991 0.169 0.748 0.942

It was established through SEM analysis that the prepared adsorbent is
porous; thus, it is essential to consider how fluoride diffuses into the pores of Pc-
-AC. The experimental data were therefore, examined using the intra-particle
diffusion model to gain insights into the diffusion of fluoride adsorption onto Pc-
-AC. Fig. S-4¢ of the Supplementary material illustrates three distinct sections in
the plot. The first straight portion corresponds to the rapid transport of the fluor-
ide from the bulk liquid to the boundary layer, surrounding the adsorbent due to
the readily available adsorbing sites on the adsorbent surface. It represents the
fast adsorption of the fluorides on the external surface of pinecone activated car-
bon via macropore diffusion. The second linear portion accounts for the transport
of the fluorides from the adsorbent surface into interior sites. The final step
accounts for the slow diffusion of fluoride into micropores which are the less
accessible sites of adsorption. It can also be seen that the proportion of C inc-
reases with the increase in the fluorides ion concentrations indicating an increase
in boundary layer effects.

When compared to the pseudo-second-order kinetic model, the R? value for
the intra-particle diffusion was lower, as evident from Fig. S-4c. Additionally, the
intercept of the line does not pass through the origin, indicating that the adsorp-
tion mechanism of fluoride onto Pc-AC does not agree with this model. This obs-
ervation adequately suggests that the chemisorption predominantly controls the
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overall adsorption rate, following the pseudo-second-order kinetics. Similar
results were also reported in the literature 3539

Effect of co-ions on fluoride adsorption

The presence of co-ions like nitrate, sulphate, carbonate, chloride and bro-
mide normally occurs in the fluorides-contaminated water. During the adsorption,
these ions compete with fluorides for the adsorption sites, which results in a dec-
rease in the adsorption capacity of the adsorbent.#0-42 Thus, it is important to
study the effect of co-ions to understand the efficacy of the prepared adsorbent.
Therefore, the adsorption of the fluorides in the presence of the competing anions
such as bromides, chlorides, nitrates, carbonates and sulphates was investigated.
For this study, 20 mg L-! concentration of anions was stirred with an initial
fluoride concentration of 5 mg L-!; pH 7; contact time for 120 min for PC-AC, at
temperature 303 K and an adsorbent dose of 0.15 g.

As an effect of the presence of co-ions, the adsorption capacity was observed
to decrease for carbonate, followed by sulphate, nitrate and chloride, as depicted
in Fig. 3. We found that the defluoridation efficiency reduces significantly in the
presence of sulphate and carbonates, i.e., for the sulphate adsorption of fluorides
reduces from ~99 % (without any co-ions) to 84.17 %; for carbonate, the adsorp-
tion of fluorides reduces from ~99 to 72.13 %. The reduction in the removal effi-
ciency could be because of a change in the pH of the fluoride solution because of
the addition of the competing ions (the pH values of fluoride solution, pH 7,
mixed with Cl—, NO3~, SO42~ and CO32~ increased for both the carbons as
shown in Fig. 3). So as the pH increases, the pH of the solution shifts towards the
alkaline end, thereby reducing the fluorides adsorption efficiency.

100 99.22 [ Fluoride Removal % —@— solution pH

95.97 10.59

solution pH

Fluoride Removal %

initial Chloride Nitrate Sulphate Carbonate
Fig. 3. Effect of co-ions on fluoride removal by PC-AC.
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The reduced adsorption of fluorides in the presence of sulphate could be due
to the formation of both outer-sphere and inner-sphere surface complexes.#3 On
the other hand, the reduction due to the presence of carbonates could be because
of the reduction of the positive charges on the active sites of the adsorbent by the
carbonates and thus reduces the active sites for the adsorption of fluoride thereby
lowering the removal efficiency.4445 But, the presence of chloride and nitrate
showed a weaker effect on fluoride adsorption as compared to sulphate and car-
bonate. This might be due to the outer-sphere surface complex formation (for
chloride and nitrate).

Regeneration study

In an adsorption process, the regeneration of the adsorbent is one of the
crucial aspects as it reduces the cost and determines the cost-effectiveness of
wastewater treatment. A regeneration study also allows a researcher to under-
stand the economic viability of the adsorbent. In this study, the regeneration of
the adsorbent saturated with fluoride was stirred in a 20 % NaOH solution for 1
h. It was then washed with distilled water until the pH of the desorbed carbon
became neutral and oven-dried at 110 °C. For the estimation of the removal effi-
ciency of the regenerated carbon, the adsorption experiments were repeated
under the same conditions, i.e., 0.1 g of the regenerated samples with 50 ml of 5
mg L1 of standard fluoride solution was agitated for 120 min at a pH of 7. It was
found that the removal efficiency of the regenerated carbon was 93.23 % in the
first cycle, 90.14 in the second cycle, 86.45 in the third, and subsequently dec-
reased to 79.83 % in the fourth cycle, as shown in Fig. 4. However, further stu-
dies are required in the future to increase the efficiency of the regenerated adsor-
bent in the subsequent cycles and also to explore the use of milder chemicals for
the regeneration of the adsorbent.
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Comparison of Pc-AC with other adsorbents

The fluoride adsorption efficiency for the prepared activated carbon was
compared with the other adsorbents reported in the literature and is listed in
Table S-1 of the Supplementary material.

CONCLUSION

The use of activated carbons derived from the locally abundant pinecone
biomass was investigated for the fluorides removal from water in this study. The
activated carbon exhibited an irregular surface and varied pores, as determined
by the SEM micrographs. The FTIR analysis revealed the presence of different
oxygen functionalities, including hydroxyl, ether, ester, carbonyls, etc. The batch
adsorption experiments demonstrated that the fluorides adsorption was favour-
able at a pH of 4 and followed a monolayer adsorption type, with a chemisorptive
mechanism and a maximum adsorption capacity of 2.845 mg g~!. The presence
of co-ions, specifically sulphates and carbonates, influenced the fluorides’ ads-
orption process. The regenerated activated carbon using 20 % NaOH demon-
strated promising results and could be used for the fluorides removal for a certain
cycle. In summary, the results indicate that the pinecone-derived activated carbon
exhibits to be a sustainable and efficacious adsorbent for the defluoridation pur-
poses, particularly in the context of delivering the potable water to individual
residences, small communities, and rural regions.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
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HOEDJIYOPUIALIMJA KOPUINRELEM AKTUBHOT YI'JbA HA BA3Y IIHUIITAPKHU:
HN30TEPMA AJICOPIILIUIJE, KHHETHKA, PETEHEPALIMJA U UCIIUTHBAILE
E®EKATA KO-JOHA
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Y oBoMm pany, jedTHHE U JIOKAJTHO NOCTyNHe Iuuinapke Pinus kiseya xopuinhene cy kao
MPeKypcop 3a MPUIpPeMy aKTUBHOT yriba kopuinhewmem jemHocreneHe KOH axrtuBanuje 3a
ykiIawmawe Giayopuna u3 Boje. BET moBplIMHA NPUNPEM/BEHOT aKTHBHOT yIha M YKyIHA
3ampemMuHa mopa cy ompehenu kao 972,13 m? g, ogHocuo 0,469 cm? g!. Ancoprnuuja je
NpoLemeHa 3a pas3luyuTa BpeMeHa KOHTakTa, pH BpemHOCTH pacTBopa, A03y ancopdeHTa U
KOHLIEHTpaLHjy, fa Oy ce yTBpAWIM ONTHMANIHHU YCIOBY 32 MaKCHMalHy ancopnudjy. Ilogauu
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0 ajcopnuuju (pUTOBaHU Cy ca paslIMYUTUM Mogjenuma usorepmu (Langmuir, Freundlich n
Temkin Mozen) ¥ KMHETHUKUM MOZeTUMa afcoprniuje. YTBpheHo je Ia ce eKCriepUMeHTaIHN
nojauu Hajoosse ykiaamajy ca Langmuir usotepmMoMm Koja je moTBpauia ¢Gopmupame jeqHo-
CJI0JHOT TIOKPUBakha Ca MAaKCUMaJHMM KamalUTeTOM ancopruuje of 2,845 m? g'l. Kunetuka
azcopnuyje je nodpo omucaHa MoOJeNoM Iceyno-gpyror pefa. Ctyauja o epekTuMa KOET3uc-
tupajyhux joHa je moxasama na je nmpumeheHo fa ce KamauuTeT ajgcopnuuje duiyopuna
cMamyje 1o pegocieny: COs% > SOs2 > NOs > Cl'. HcnuTuBase cy CTyauje pereHepauuje ga
Ou ce yrBpmwia MoryhHOCT NOHOBHe ymorpede wucTpolieHor ancopdeHta. Pesynrtatu cy
N0Ka3a/ly Ia ce aKTHBHH yTab MOXKEe ITPUIPEMHUTH U3 IIULIApKU Pinus kiseyd, Kao eKOIOUIKH
MPUXBAT/BUB a/ICOPOEHT 3a yK/Iakhame joHa U3 BOZe, Kao IITO je Hip. (ryopus.

(ITpumssero 28. anpuna, pesuarpano 18. jyna 2023, mpuxsaheno 19. pebpyapa 2024)
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Comparison of Pc-AC with other adsorbents

The fluoride adsorption efficiency for the prepared activated carbon was com-
pared with other adsorbents reported in the literature and is listed in Table S-I.

To determine the efficiency of Pc-AC, the maximum adsorption capacity
(Qmax) was considered as the appropriate parameter for the comparison of
different adsorbents with the present study. It is evident the defluoridation
capacity of Pc-AC was comparable with other adsorbents and thus may be
considered a suitable adsorbent for fluoride adsorption from water. Work is
ongoing to study how the doping of metal ions into Pc-AC will affect the
adsorption efficiency of fluoride and what would be the cost related to the
incorporation of metal ions into the adsorbent.
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Table S-I. Comparison of pinecone activated carbons with some other adsorbents for fluoride

removal

Adsorbent

Dose (g)

pH

CT
(min)

Isotherm

References

Catha edulis
Activated carbon

1.5

2

60

Freundlich

1

CaCl,-modified

Crocus sativus

leaves activated
carbon

15

4.5

70

Langmuir

Bael (4egle
Marmelos) Shell
Activated Carbon

60

24

Morinda
tinctorial
activated carbon
coated with
aluminium
hydroxide

0.1

60

10

Langmuir

26.03

Schima wallichii
activated carbon

1.15

100

Langmuir

2.524

Activated cotton
nutshells carbon

1.75

180

Freundlich

2472

Jamun seed
activated carbon

0.4

2.5

120

10

Dubinin-
Radushkev
ich

3.65

Pinecone
activated carbon

1.5

120

Langmuir

2.845

Present
Study

L.
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Abstract: Environmentally friendly and economically viable methods are
essential in the selection of materials and techniques for the synthesis of nano-
-zero-valent iron. Plants, with their high polyphenol content and antioxidant
capacity, have found application in eco-friendly synthesis processes. The defi-
nitive screening design (DSD) monitored four key process parameters for the
concurrent removal of copper and phosphate: copper concentration (ranging
from 1 to 9 mg L'!), phosphate concentration (ranging from 1 to 9 mg L),
initial pH values (ranging from 2 to 10), and the dosage of nano-zero-valent
iron (ranging from 2 to 16 mL). The analysis results provide valuable insights
into the significant individual factors influencing the process, along with the
potential for their interactions. The model also proposes process optimization
to attain maximum removal efficiency, and subsequent verification confirmed
its superiority among the alternatives. Mechanisms such as sorption, reduction,
complexation, electrostatic attraction, and ligand exchange play pivotal roles in
the effective removal of copper and phosphate using nano-zero-valent iron. In
summary, this research yields several benefits: the utilization of environment-
ally sustainable materials, a substantial reduction in experimental complexity,
coupled with the ease of the entire procedure, simultaneous and highly efficient
copper and phosphate removal, favorable pH levels and, notably, no require-
ment for additional treatment.
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INTRODUCTION

A decade behind us, nanoscale iron particles (nZVI) are being tested for
water treatment, primarily potentially toxic metals, but also other pollutants of
interest, because the most important thing is to choose remediation technology
that will ensure the desired water quality at acceptable process costs. Compared
to materials in macro dimensions, nanomaterials are characterized by multiplied
specific surface area as a function of mass, and the advantage is manifested by
achieving the same goals, which theoretically leads to savings in the amount of
material used, reduced energy consumption, and thus reduced remediation costs.!-2

One of the aspects of the nano revolution is the use of synthesized nanomat-
erials with “green” solvents in the process of remediation of contaminated water.
The synthesis of nanomaterials performed in this way is considered cheaper,
environmentally friendly because it uses extracts of natural products such as
plants that are less toxic and biodegradable.! Another important fact when using
plants, primarily leaves, that the content of polyphenols and antioxidant capacity
are very significant factors for the production of nZVI. The nZVI particle is com-
posed of a Fe0 nucleus and a shell layer, i.e., different forms of Fe oxide. The
core has the potential for reduction, while the surface has reaction site properties
and affinity for chemisorption and electrostatic interactions, and based on that it
is concluded that mechanisms of removal of potentially toxic metals can be
reduction, absorption, precipitation, and mineralization.>

Copper ion, when present in trace amounts, is considered an essential micro-
nutrient due to its direct involvement in hemoglobin formation, collagen consti-
tution, and hair keratin. However, elevated concentrations of this metal resulting
from anthropogenic sources can lead to increased levels of copper, thereby caus-
ing undesired effects.4 Cu2* is widely used in the household, as well as in indus-
tries, technological aids, agriculture and many other spheres of life. Good con-
ductive properties, lower prices compared to silver and gold, and possible recyc-
ling and reuse are some of the advantages of using copper.® The reason for
choosing copper as a metal of interest for the purposes of this study is the det-
ection of increased concentrations of copper in watercourses and seas, as a con-
sequence of its prevalence and wide application.

Phosphorus is considered a autotrophic element in water resources, which
leads to the deterioration of water quality and reduction of biodiversity. Exces-
sive non-selective use of fertilizers, industrial waste, municipal waste in landfills
are just some of the ways to get phosphorus into the environment. In order to
resist this problem, it is necessary to apply some of the available methods for
phosphorus removal, which include biological methods, adsorption and precipit-
ation.%7 Since nZVI has already been mentioned as a suitable adsorbent for the
removal of various pollutants, adsorption is imposed as suitable for the removal
of phosphates and is considered a very efficient, easy to perform and cheap
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method. Nanoparticles of zero-valent iron (nZVI) were applied using sodium boro-
hydride in the treatment of wastewater with an elevated content of copper ions,
and the removal efficiency was 96 %.8 The removal of phosphates using zero-
valent iron nanoparticles (nZVI) has been investigated in several studies. Most of
them have focused on the adsorption of phosphates on the surface of nZV1.%

Given that optimizing a process involves conducting a considerable number
of experiments, the utilization of definitive screening design (DSD) was deemed
beneficial for design of experiments (DoE), developing mathematical models,
and statistically interpreting the obtained results. The DSD statistical method
operates on the principle of employing a numerical algorithm to maximize the
matrix determinant of the main effect model. This analysis helps identify sig-
nificant factors, predict their two-factor interactions and estimate the coefficients
of the equation model describing the total experiments conducted. In contrast to
traditional statistical methodologies like Response surface methods with Box-
Behnken or central composite design, this approach enables a substantially red-
uced number of experiments while maintaining maximum precision.!0 Therefore,
DSD might be used as powerful experimental design technique applied in the
adsorption process to efficiently investigate and optimize various factors influen-
cing adsorption efficiency. In this context, DSD allows researchers to systematic-
ally vary multiple factors, such as adsorbent dosage, contact time, pH, tempera-
ture or initial concentration of adsorbate, in a structured and resource-efficient
manner. By conducting a series of experiments based on the DSD, researchers
can identify key factors and their interactions that significantly impact the ads-
orption process. This approach aids in the development of robust and cost-effect-
ive adsorption systems by minimizing the number of experimental runs required
while maximizing the amount of information obtained.!!

The focus of this paper is to examine the influence of various factors on the
removal of copper in the presence of phosphate, i.e. phosphate in the presence of
copper from the synthetic wastewater matrix. Parameters of interest for this study
were: copper concentration, phosphate concentration, dose nZVI and pH value.
Their individual influences were monitored, as well as two-factor interactions.
The process has been optimized, and a possible mechanism for removing pollut-
ants of interest has been proposed.

EXPERIMENTAL
Preparation of “green” zero-valent iron nanoparticles

Oak leaves were used for the preparation of the extract for further synthesis of nanomat-
erials due to their antioxidant capacity as an important factor in the production of nZVI. Also,
the advantage of using oak leaves is its distribution in Vojvodina. Drying at 50 °C for 48 h as
well as grinding the material to a size of <2 mm are indispensable steps in preparing the
leaves for extraction. The guide for the preparation of the extract was the study'? according to
which 3.7 g of prepared leaves were weighed in 100 ml of water. During 20 min, it is neces-
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sary to heat the extract with 80 °C with continuous stirring, after which it is cooled and fil-
tered. A 3:1 ratio was chosen for the ratio in which the leaf extract and 0.1 M Fe(Ill) are
mixed.

Definitive screening design (DSD)

Definitive screening design (DSD) is still a young statistical method for constructing
experiments based on a numerical algorithm.!3 For the purposes of this study, four operational
parameters were monitored: copper concentration from 1 to 9 mg L-!, concentration phosphate
from 1 to 9 mg L', nanomaterial dose from 2 to 16 mL, and pH value from 2 to 10. The
concept of the analysis is based on determining significant process parameters and predicting
their two-factor interactions. The advantage of using this concept is the reduced number of
experiments because based on operational factors we get 13 experiments performed in duplic-
ate and plus two central points, we come to the number of 28 experiments (Supplementary
material to this paper, Table S-I).

Experimental procedure

Based on known parameter values, the experiment followed the following procedure.
First, a base solution with a concentration of 100 mg L'! was prepared by dissolving the
appropriate amounts of CuSO,4-5H,0 and KH,POy,. In order to meet the initial copper and
phosphate concentrations, required by the model (1, 5 and 9 mg L), the base solution was
subjected to dilution with deionized water to achieve the desired concentration. The efficiency
of removing selected pollutants was monitored by adding nZVI in doses of 2, 9 and 16 mL.
The final volume of the reaction mixture was 0.1 L. pH adjustments were made by adding 0.1
M HNOj; or NaOH (2, 6, 10). After adjusting the pH values, the samples were placed on a
horizontal shaker (IKA-Werke KS501 digital) at 180 rpm for 60 min, at a constant tempe-
rature of 23+1 °C. After mixing, it was necessary to centrifuge the samples at 4000 rpm for 12
min. To determine the residual concentrations of metal ions or anions, samples had to undergo
the proper preparation procedure for future analysis. The samples were filtered through a 0.22
pum filter, after which the residual concentrations of metal ions were analyzed using induct-
ively coupled plasma-mass spectrometry (ICP-MS). Residual phosphate content was deter-
mined using the SRPS EN ISO 6878: 2008 methods.

Characterization

Application of a TEM model apparatus (TEM-EDX; JEOL-JEM 2100, Jeol, Italy) pro-
duced a more concrete picture of the morphological features of the examined nanomaterial.
Sample, received as suspension were diluted 1:100 in Milli-Q water. Three pL of each suspen-
sion were manually drop on 200 mesh Cu-formvar carbon coated grids (Ted Pella, Inc.). Grids
were left to dry in desiccator overnight and analysed in TEM mode to assess morphology and
primary size distribution.

RESULTS AND DISCUSSION

Characterization oak-nZVI

Fig. 1 shows TEM analysis to understand the shape and dispersity of the
synthesized nZVI particles. The particles take a spherical shape together with
irregular shapes and tend to form chain-like aggregates. The surface of the layer
is covered with a transparent layer, which serves as a sealing and stabilizing
agent and plays a key role in improving its dispersion and stability as the basic
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ingredient of green nZVI. The structural information obtained by TEM analysis
is in accordance with the observations of other authors.3

Fig. 1. Characteristics of oak-nZVI, TEM
image.

Statistical analysis for the removal of copper and phosphate

DSD model evaluation — copper/phosphate. In order to remove copper in the
presence of phosphate, the removal efficiency was monitored at different process
parameters: nanomaterial dose, copper concentration, phosphate concentration
and pH value, using statistical analysis of DSD. The efficiency results are shown
in Table S-II of the Supplementary material, and the established efficiency range
is from 2.25 to 98.98 %, while the percentage of phosphate removal in the pre-
sence of copper ranges from 54.70 to 91.50 %.

Descriptive factors for the selected statistical models that best approximate
the experimental data are shown in Table I. A lower value of the correlation
factor (0.859 and 0.750) was found, but the results in Table S-III of the Supple-
mentary material confirm the validity of the selected model based on the results
of the ANOVA test (£ < 0.0001) and the “lack of fit” test (¥ > 0.05). Approx-
imate values of A/C and BIC parameters imply a good approximation of experi-
mental data.

TABLE I. Standard selection criteria for the regression models (copper and phosphate)

Descriptive factor Copper Phosphate
R? 0.859 0.750
R? adj 0.809 0.703
AIC 234.407 220.997
BIC 236.396 223.374
RMSE 11.417 6.121

Based on the approximated parameter values and standard error, the factors
with statistical significance shown in Table II (bold values) were singled out,
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which in turn contributed to the efficiency of copper removal in the presence of
phosphate and phosphate removal efficiency in the presence of copper.

TABLE II. Estimated regression coefficients sorted by statistical significance

Parameter Estimate Std Error t ratio Prob > ||
Copper
nZVI (mL) * copper (mg L) 17.924 2.948 6.080 <0.0001*
Copper (mg L) 16.879 2.553 6.610 <0.0001*
Phosphate (mg L) —-11.447 2.553 —4.480 0.0002*
nZVI (mL) -10.401 2.553 —4.0700 0.0006*
Copper (mg L") * pH 7.322 2.948 2.48 0.0220*
pH —0.523 2.553 —0.200 0.8398
Phosphate
Copper (mg L) * Phosphate (mg L) -6.032 1.829 -3.300 0.0038*
Phosphate (mg L'!) * pH 4.124 1.716 2.400 0.0266*
pH -2.918 1.369 —2.130 0.0463*
nZVI (mL) * Phosphate (mg L) 3.293 1.716 1.920 0.0701
nZVI (mL) * pH —3.498 1.829 -1.910 0.0710
Copper(mg L) 2.485 1.369 1.820 0.0852
nZVI (mL) 0.924 1.369 0.680 0.5077
Phosphate (mg L) 0.162 1.369 0.120 0.9073

Cooper and phosphate concentration, as well as nZVI dose exhibit statistical
significance for copper removal, which also reflects in the magnitude of their
estimates. A positive sign before the linear term of cooper concentration (16.879)
suggests that the increase of this parameter contributes to the copper removal
efficiency up to a certain point, after which further increase has an adverse effect
on the removal process.!4 This is corroborated by the optimization plot (Figure 3)
which shows that, within the adopted regression model, the optimal removal
efficiency lies between the center and high level, equaling approximately 7.4 mg
L1 of coper concentration. In contrast, the negative regression estimation coef-
ficient is interpreted in such a way that the two variables tested have opposite
associations. Referring to the case study, the negative estimated phosphate
(-11.447) and nZVI (-10.401) coefficient affects the copper removal efficiency
in a negative direction. Interpretation can be that if the phosphate concentration
and nZVI dose are increased, it will affect the copper removal efficiency to dec-
rease and vice versa. The value of significance 0.0002 and 0.0006 for phosphate
concentration and nZVI dose, respectively indicates that the p-value <0.05, so it
can be concluded that the both parameters have a significant effect on copper
removal efficiency with a negative sign.

Copper concentration and dose of nZVI have an individual influence and
mutual interaction, while the other is a two-factor interaction between copper
concentration and pH value. In the following text, two-factor interactions will be
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presented using 3D diagrams and more will be said about them. Phosphate con-
centration has only a single effect.

On the efficiency of phosphate removal, pH has a single effect and a two-
-factor interaction with the phosphate concentration. In addition to pH, the phos-
phate concentration builds another significant interaction, and that is the copper
concentration.

By increasing the concentration of copper, at a constantly high dose of nano-
materials, the efficiency of copper removal increases, because by increasing the

dose of adsorbent, new active centers appear on the surface of the adsorbent (Fig.
2a).

a)

Copper 1-9 mgl- J NZVI 2-16 ml

b)

Copper 1-9 mgL!

a2?

Remaoval efficiency %o
Removal efficiency %
Removal efficiency %

Removal efficiency %
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Fig. 2. Statistically significant two-factor interactions in the copper removal process: a) nZVI
and copper; b) copper and pH.

The interaction of copper concentration and pH value (Fig. 2b) can be exp-
lained in 2 different ways, i.e., two mechanisms of copper removal differ. To
explain the mechanisms, it is first necessary to know the forms in which copper
can be found in water depending on the pH conditions. pH < 6, Cu?*, between 6
and 8.5 CuyCI(OH)s, 8.5 and 12 CuyCO3(OH);y, 12 and 13 HCuO;~ and >13
Cu0,2-.15 By fixing the pH value at a low level of =2, the copper form is CuZ"
and the removal takes place via a redox mechanism up to Cu?, and the remaining
Cu?* is adsorbed on the nZVI surface and complexed with available FeOOH.
The second mechanism is related to the pH value of =8. Above pH 6, the present
forms of copper are poorly soluble hydroxides, which leads to the conclusion that
the main mechanism of copper removal under such conditions is precipitation.

The interaction of copper concentration and phosphate concentration is
shown in Fig. 3a. By keeping the copper concentration at a low level, and by inc-
reasing the phosphate concentration, the efficiency of phosphate removal inc-
reases. The same observation is in the opposite case. The reason for this is that
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copper on the surface of the nanomaterial can solidify as zero valence copper,
which accelerates the corrosion of iron and releases Fe(IIl) into solution and as a
result, improves phosphate removal.8

a) b)

Phg, pH 2-10
., Phage Io ) : . Phosphate 1.9 gl 1

L—!
Gopper 1-9 € mgr.,

, o
Removal efficiency
Remaoval efficiency %
Removal effic iency o,

Removal efficiency %

&

Phosphate 1 o n;g: B o

con® =

Fig. 3. Statistically significant two-factor interactions in the phosphate removal process:
a) copper and phosphates; b) phosphates and pH.

The second diagram (Fig. 3b) shows a large dependence of phosphate rem-
oval efficiency on pH values. Acidic conditions are more suitable for phosphate
removal because in that case the surface of the nanomaterial is positively charged
and electrostatic attraction occurs with the phosphate ion. By changing the pH of
the medium from acidic to basic, there is a decrease in the removal efficiency for
two reasons. The first is because there is competition between OH~ and phos-
phates for adsorption sites on the adsorbent surface, and the second is that the
adsorbent surface is more negatively charged and as such has a lower affinity for
attracting phosphate species.

Process optimization of copper and phosphate adsorption. In order to
achieve the most efficient results, the optimization of the entire process is carried
out. To achieve the maximum efficiency of 97.71 %, it is necessary to apply the
following conditions: dose of 5.64 mL, copper concentration 7.4 mg L~!, phos-
phate concentration 3.16 mg L~! and pH value of 6 (Fig. 4). Based on knowledge
of the pH of the medium and form of copper, (pH > 6, Cu?"), it is clear that the
mechanisms of copper removal are reduction to Cu® and adsorption of residual
Cu?*,! and this can be shown as:

Reduction: Cu2t + Fe¥ — Cu0 + Fe2* (1)

Adsorption: =Fe-OOH + Cu?* — =Fe-OOCu + H2* ()

The second model (Fig. 5) represents the optimization of the phosphate rem-
oval process in the presence of copper which proposes a phosphate removal effi-
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ciency of 95.38 %: dose nZVI 16 mL, copper concentration 9 mg L-!, phosphate
concentration 1 mg L-! and pH value of 2. At the proposed pH value, phosphate
is found in the forms H3PO4 and HpPO4~, so the removal mechanism may inc-
lude the possibility of removal by physical sorption on the surface of the nano-
material, while the other is chemical sorption, i.e., the construction of the inner
spherical complex with (hydro) iron oxides.
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Fig. 4. Diagram of optimization of copper removal in the presence of phosphate.
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Fig. 5. Diagram of optimization of phosphate removal optimization diagram in the presence of

copper.

In order to propose a phosphate removal mechanism, it is necessary to con-
sider other factors of this medium. Under the given pH conditions, H3PO4 dis-
sociated, which further led to the protonation of nZVI-FeOH as described by the
following reactions:

H3PO4 — HyPO4~ + HT 3)
Fe-OH + H' + HpPO4~ — FeOHy™--HoPO4~ 4)
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The positively charged surface facilitates the electrostatic attraction of anio-
nic phosphate due to the formation of new active sites and surface complexation,
which explains the dominant role of acidic environmental conditions in the
highly efficient phosphate adsorption process:

FeOH,* + H,PO4~ — Fe-H,PO, + OH- (5)

Experimental verification

Verification of optimized processes was performed to realize a set of eight-
-point experiments. Based on this, the confidence interval was calculated with 95 %
confidence (Table III). The proposed efficiencies in the process of removing cop-
per, i.e., phosphate using nZVI, fit into the confidence interval proposed by the
process optimization, which confirmed that the models have passed the valid-
ation test for this phase of research.

TABLE III. Experimental verification of optimized processes

Run Copper Phosphate
1 97.55 96.70

2 96.78 95.90

3 98.00 95.50

4 97.45 94.80

5 98.12 95.40

6 97.69 95.20

7 98.35 95.80

8 99.09 96.00

95 % Confidence interval 97.31-98.45 95.18-96.14

Possible removal mechanism

Observing the model for removing copper in the presence of phosphate at
pH 6 and removing phosphate in the presence of copper at pH 2 based on know-
ledge of the chemistry of monitored pollutants, it can be pointed out that pollut-
ants of interest for both operating conditions are in the same forms. This would
further mean that in both cases we have copper in the form of Cu2* which is
reduced to Cu® and the residual Cu?" sorbs on the surface of the nanomaterial.
Phosphate is up to pH > 7.2 in the form of H3PO4 and HyPO4~ and as such is
complexed on the surface of nanomaterials. Fig. 6 shows the mechanism of rem-
oval of copper and phosphate on nZVI.

Consideration for environmental applicability

The merged wastewater represents the bulk of industrial and domestic waste-
water, so the urgent need for simultaneous removal of coexisting different kinds
of heavy metals (in our case, Cu) and anions (e.g., PO43") is indispensable. Many
scientific results, gathered by authors, 16 indicate that the nZVI is one of the most
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important materials for water purification and environmental remediation. nZVI
particles have a core-shell structure, which enables them to behave as an electron
source (core) and a site for surface complexation (shell). Precipitation and ads-

orption on the surface is the most common sequestration mechanism of metal ion
removal by nZVI.17

Iron
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Fig. 6. Schematic diagram of possible mechanisms removal for copper and phosphate.

The green synthesis of nZVI makes this research favorable from both econ-
omic and environmental points of view. Cheap and green starting materials and
the use of water as a green reaction medium is a promising option for large-scale
synthesis.

Obtained high removal efficiencies of investigated pollutants ( >99 % for
Cu, and >92 % for PO43~) makes this material a promising candidate for imple-
mentation of a new generation of adsorbent used in a full-scale system.

Nanotechnology in environmental applications is experiencing significant
growth, reflecting the real need for progress in both practice and research. How-
ever, since its initial use, nZVI has primarily been employed for remediating con-
taminated groundwater and soil, with its application in real wastewater, has yet to
be extensively documented. Treating industrial effluents poses unique challenges
due to their often high concentrations of pollutants in the presence of complex
mixtures of different chemicals and impurities.

Key questions regarding nZVI technology relate to recirculation and reuse in
treatment processes, enhancing material efficiency, reducing nZVI dosage and
overall treatment cost. Green synthesis emerges as a cost-effective method for
large-scale nZVI production, utilizing waste and further reducing treatment costs.
The construction of this process requires minimal investment, with short reaction
times. Additionally, nanoparticle regeneration, becomes crucial for economic
reasons. Investigation into regeneration and the potential reuse of nZVI after
Cu2* adsorption shows promise for cost reduction and increased sustainability.!8
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Researchers have focused on regenerating waste from a solution used in fix-
ing radiological and photographic films. The achieved results highlight success in
extracting silver and directly synthesizing nanoparticles from this waste, contri-
buting to a circular economy and reducing overall waste. The end product carries
a high concentration of precious metals, which can contribute to offsetting treat-
ment costs. !9

Addressing limitations in nZVI application, issues such as agglomeration
and sludge production stand out. However, these challenges can be directed
towards the production of biochar and reuse in wastewater treatment.20 Another
avenue is the application of solidification and stabilization after wastewater treat-
ment, producing construction materials. Applications include road construction,
embankments, and other infrastructure projects, where these materials can serve
as alternatives to traditional ones.

This integrated approach to nanotechnology in remediation demonstrates
significant potential for achieving sustainability and meeting the growing dem-
and for clean water.

CONCLUSION

In this study, there were two removal efficiencies (copper and phosphates),
and based on the obtained efficiency values, DSD proposed two models. The first
model monitored the efficiency of copper removal in the presence of phosphate,
while the second model monitored the efficiency of phosphate removal in the
presence of copper. Since the entire study was promoted as “green”, in terms of
the application of nanomaterial synthesized from oak leaves, as well as in terms
of the application of the DSD model itself which, in addition to accuracy and
precision, reduced the number of experiments, we can make our experiment even
more economical. According to the Decree on emission limit values for pollut-
ants in water and deadlines for their achievement (Official Gazette of RS, No.
67/2011, 48/2012 and 1/2016), the emission limit values for phosphate waste-
water are 2 mg L~1. While the verified model for phosphates suggested a higher
efficiency of =95 %, considering other parameters, the most important being the
pH value (proposed value 2), the process is unfavorable in terms of the need for
additional neutralization treatment which requires additional operating costs and
chemicals. During the verification of the model for removing copper in the pre-
sence of phosphate, in addition to the analyzed copper residue, it also monitored
the phosphate residue. Based on the analysis, a removal efficiency of =74 % was
obtained, i.e., the phosphate concentration was ~0.85 mg L1, which satisfies the
legal regulations. Since we have already mentioned that at pH 2 and 6 the pol-
lutants of interest are in the same form, it can be concluded that at pH 6, phos-
phate would have the same removal mechanism as at pH 2. Copper on the nZVI
surface changes from Cu2* to Cu® covers the surface of the nZVI, which acceler-
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ates the removal of phosphate because the copper in this case is attributed to the
properties of the catalyst. From this study, several conclusions can be drawn, first
nano adsorbents such as nZVI significantly affect the improvement of pollutant
removal, which is responsible for their large specific surface area, associated
with sorption sites and surface chemistry. And the other main conclusion is that
in the examined process there was a simultaneous removal of copper and phos-
phate on the so-called green adsorbent. The “green” adsorbent was used, we rem-
oved two pollutants in one process, no additional tertiary treatment is needed to
remove phosphate and it is not necessary to neutralize the effluent, because
according to the previously mentioned regulation, the pH value should be 6-9
before discharge into the recipient. There are many publications on the applic-
ation of nZVI, their modification, removal of various pollutants from all environ-
mental media, but it must be taken into account that everything is still at the level
of laboratory research. To achieve practical application, it is necessary to focus
on the following challenges:

1) The use of large-scale with a guarantee of efficiency, safety and economy.

2) Monitoring terrain data due to the presence of numerous environmental
influences.

3) Long-term effects on biological cycles and their fate in the environment.
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H3BO[
EKOHOMHUYHA METOJA UICTOBPEMEHOT YKJIAIbAIbA BAKPA U ®OCPATA HA
EKOJIOIIKH ITPUXBAT/bUBOM HAHOMATEPUJAJTY

JOBAHA JOKWR TOBEJAPULIA!, IPATAHA TOMAIIEBWR [MTUJIMIIOBUR!, BECHA I'BOWR?, BYPHA KEPKE3!,
AHUTA JIEOBALl MAREPAK!, HATAILIA CJIMJEMTYEBUR! 1 MUJIEHA BEUEJIMR-TOMUH!

"Yrueepsuiueii y Hosom Cagy, ITpupogro—matiematmiuuxy Gaxyniieid, Jedapiuiman 3a xemujy, Suoxemujy u
sawinumy xusommne cpegune, Tpi Jocuimeja Obpagosuha 3, 21000 Hosu Cag u 2Ynusep3utem y Hogom
Cagy, ®axyniteli Wexnuuxux Hayka, Kaitiegpa 3a ipaduuxo unmenepciieo u gusaj, Tpi Jocuiteja
Odpagosuha 6, 21000 Hosu Cag

Exomnomxy ofpXuBe U eKOHOMCKH ONpaBlaHe METOAE Cy HEONXONHe NMpHU ojabupy mare-
PYjana ¥ TeXHWKa 3a CUHTe3y HaHO-HYJITOBaJIEHTHOTr rBokha. Busbke, ca CBOjUM BHCOKUM
cagpkajeM nomudeHosma U aHTHOKCUIATHBHUM KalalluTeTOM, ITPOHALUIe Cy IIPUMEHY Y eKo-
JIOLIKY NPUXBAT/BUBUM ITpollecuMa cuHTe3e. Definitive screening design (DSD) Haznrienao je
YeTUPHU K/by4Ha MTPOLieCHa TapaMeTpa 3a UCTOBPeMEHO ykiamamwe Dakpa u ¢ocdara: KOHIIEeH-
Tpauujy dakpa (y pacnony ox 1 no 9 mg L), koHuenrpanujy docdata (y pacrnony ox 1 no 9
mg L), mouerne pH BpenHocty (y pacnony of 2 fo 10) 1 103y HaHO-HYJITOBAJIEHTHOT rBokha
(y pacniony op 2 no 16 mL). PesynraTu aHanuse npyxajy SparoleHe yBUIE y 3Ha4yajHe Ioje-
IovHayHe ¢aKTOpe KOjU YTHUYy Ha Ipolec, Kao W NOTEeHLHjal 3a BUXoBe mehycodHe uHTEp-
akuuje. Monen Takohe mpensaxke ONTUMU3ALHjy IpoLieca pafgy MoCTH3ama MakCUMalHe eu-
KaCHOCTH YKjIawmarma, a HakHaJHa BepudHUKaldja NMOTBPIWIA je HEroBy CylepHOpHOCT Y
OJHOCY Ha ajTepHaTUBHE MeTofe. MexaHMYKHM IpOLecH Kao WITO Cy COpIUHja, pemyKuuja,
KOMIJIEKCalyja, eIeKTpoCTaTUUKa MPUBIAaYHOCT U pa3MeHa JINTaHajia Urpajy Kby4dHy yiory y
eUKacHOM yKIamamwy 0akpa U ¢pocdata IpUMEHOM HaHO-HYJITOBAJEHTHOT rBOXha. YKpaTko,
OBO WCTpaKHUBame NOHOCH HU3 KODUCTH: ymnoTpedy eKONOLIKH ONPKHUBUX MaTrepujana, 3Ha-
YajHO CMamee eKCIIepUMEeHTalIHe CJI0KEHOCTH, Y3 HCTOBPEMEHO BHCOKY e(hHKaCcHOCT YKia-
wama dakpa u ocdara, mosossHe pH BpenHOCTH U, mocedHO, HENMOTPedHOCT TONATHUX TPETMAHA.

(ITpummbeno 14. centembpa, pesuaupano 20. oxtodpa 2023, npuxsaheno 6. mapra 2024)
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Table S-I. DSD experimental design layout

Run Metal concentration Ion concentation pH nZVI concentration

1 9 9 10 9
2 1 1 2 9
3 1 5 10 16
4 9 5 2 2
5 5 1 2 16
6 5 9 10 2
7 1 9 6 16
8 9 1 6 2
9 9 9 2 16
10 1 1 10 2
11 9 1 10 16
12 1 9 2 2
13 5 5 6 9
14 9 9 10 9
15 1 1 2 9
16 1 5 10 16
17 9 5 2 2
18 5 1 2 16
19 5 9 10 2
20 1 9 6 16
21 9 1 6 2
22 9 9 2 16
23 1 1 10 2
24 9 1 10 16

* Corresponding author. E-mail: dragana.tomasevic@dh.uns.ac.rs
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Table S-II. Process efficiency (%) in copper and phosphate removal

Table S-III. ANOVA and "Lack of fit "test (copper and phosphate)

Proba Copper Phosphate
1 86,87 76,10
2 76,16 74,60
3 97,05 62,70
4 62,23 78,77
5 36,11 84,40
6 91,43 83,18
7 98,64 92,80
8 93,25 69,56
9 86,73 77,16
10 75,99 73,60
11 2,25 88,61
12 98,57 85,90
13 86,30 80,26
14 89,68 73,73
15 80,87 81,10
16 96,79 54,70
17 68,24 77,44
18 39,33 83,60
19 91,15 84,18
20 98,77 88,80
21 93,74 68,86
22 89,04 78,29
23 86,87 68,60
24 7,72 89,01
25 98,98 91,50
26 87,94 79,76
27 89,34 80,44
28 88,67 80,26

Source bSS ‘MS F - parametar Verovatno¢a > F
Copper
Model 15844,545 2263,510 17,364 <0,0001*
Error 2607,083 130,350
C. Total 18451,628
Phosphate
Model 1322,7549 165,344 4,414 0,0038*
Error 711,7533 37,461
C. Total 2034,5083

3Degrees of freedom; *The sum of square; “Variance (mean of square)
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Errata (printed version only)

Issue No. 2 (2024), Vol. 89, paper No. JSCS-5714:

— page 177, footnote should read:
* Corresponding author. E-mail: abida.ejaz@iub.edu.pk; abidaejaz2010@gmail.com
https://doi.org/10.2298/JSC230307050E

Issue No. 3 (2024), Vol. 89, paper No. JSCS-5723:

— page 321, footnote should read:

* Corresponding author. E-mail: kemalg@dicle.edu.tr
https://doi.org/10.2298/JSC230707053E
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