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Abstract:

Nanocrystalline spinel ferrite nanoparticles [MxCo(l_x)Fe204 ;(M=17Zn,Cu,Mn;x = 0and0.5 )] like: Cobalt
ferrite (CFO), Zinc Cobalt ferrite (ZCFO), Copper Cobalt ferrite (CCFO), and Manganese Cobalt ferrite (MCFO)
modified carbon paste electrodes (CPE) were synthesized via sol—gel technique utilizing citric acid and ethylene
glycol as a polymerization agent. The synthesized ferrite NPs were used as bi-functional smart biosensor, not
only used to determination the drug Anagrelide-HCI (ANDH) in urine and serum samples, but also possesses
antimicrobial potential against some pathogenic microbes, founded in the biological samples. The synthesized
ferrite NPs were confirmed by XRD, FTIR spectroscopy, SEM, EDX, and elemental mapping images.
Antimicrobial activities of ferrite NPs against selected urinary tract infected microbes were investigated. From
XRD data and FTIR spectroscopy it is found that the average crystallite size is lies in the range 12.86 to 33.92 +
1.5 nm, also the bond lengths Ra and Rg increase from 1.8986 to 1.9145 A and from 2.0434 to 2.0606 A
respectively and Debye temperature Op lies in the range of 681.52-708.87 K. Our study describes the
improvement of a screen-printed sensor, modified with ferrite NPs materials for rapid, sensitive and cost-
effective quantification of ANDH present in the real samples such as blood serum samples, urine and in the
pharmaceutical formulations. The results obtained postulate a linear regression between the ANDH charge
density of peak current and its concentration in the range from (0.64 - 8.18 pug/ml) with DL 0.31 pg/ml and QL
0.94 pg/ml. Antimicrobial results indicated thatZCFO NPs were a novel antibacterial agent against Klebsiella
pneumoniae (28.0 mm ZOl), and multidrug-resistant bacteria Enterococcus faecalis (27.0 mm ZOl).
Additionally, ZCFO NPs were active against Candida albicans (18.0 mm ZOI) seems to be a smart antifungal
agent. Therefore, ZCFO NPs can be used as applicant resources for industrial, medical, and biological
applications.
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Introduction

In current times, an accelerated advancement of nanotechnology becomes forced up an
environment of distinct opportunities for manufacturing nano-materials of wanted shapes, particle
size suitable for employment as antimicrobial biosensors for drugs determination and, drugs

delivery, agriculture, and industrial fields [1].

Spinel ferrites, although more than half a century of knowledge and development of these
materials have been passed, however, the materials of this group are still being studied extensively
in nanostructures, where they have many interesting properties, with particular regard to their
magnetic properties. Taking into consideration, the spinel ferrites are magnetic semiconductors,
which used in widespread and diverse technological fields such as high density information storage
materials, phase shifters, converters, inductors, low and high-frequency transformer cores,
catalysts, electronic devices, ferrofluid, humidity sensors, magnetic resonance imaging, drug

delivery, antenna materials and microwave absorption [2-14].

Among spinel ferrites, CFO is one of the best candidates compared to others spinel ferrites which
has drawn considerable research attention in the last five decades due to its unique tunable physical
properties such as comparatively large coercivity, high magneto crystalline anisotropy, and
moderate saturation of magnetization. These unique properties have made CFO has enormous
potential in many technologies, such as information storage system, microwave absorber,
optoelectronics, magneto-electronics, catalyst studies, high sensitivity sensors and biotechnology
[15-17]. Over and above, the spinel ferrites have been used to boost the sensitivity and the stability
of biosensors for the detection of sundry analyses such as in clinical, food and environmental

applications [18].



In recent years, research on sensing properties of ferrites has become very popular, Li S.et al., [19]
have successfully used ferrite NPs MFe,O, (M=Mg, Ni, Cu; prepared using a hydro- thermal
method), as senor to glucose detection in urine sample. Ferrite NPs used to catalyze H,0O, to
produce hydroxyl radicals and also to catalyze the decomposition reaction of H,O, into water and

oxygen directly in the same condition.

Negahban S.et al., [20] have reported the synthesis, characterization and dobutamine DB sensing
characteristics using MnZnFe,O,4 and ionic liquid as a modified carbon paste electrode. The sensor
had two linear dynamic ranges in the range of 4.0-148.0 and 148.0-740.0 umol/L DB with limit of
detection 1.0 pmol/L DB. The proposed method was successfully applied to determine DB in urine

and pharmaceutical samples.

Anagrelide hydrochloride (ANDH) 6, 7-dichloro-5, 10-dihydro-3H-imidazo [2, 1-b] quinazolin-2-
one; hydrochloride) obtained the initial medicine approved by means of the FDA in 1997 for the
thrombocytosis treatment (essential thrombocythemia), or excess creation of blood platelets[21].
Screen-printing electrode (SPE) is by all reports, a standout amongst the common supportive

tactics allowing basic [22, 23] , swift and inexpensive sensors fabrication.

In the aspect of screen-printed terminals, biosensors have been generally used for discovery of
important natural ~units, organic composites, pharmaceutical medications, and antigens.
Electrochemical sensors in light of screen-printed are tuned into the needs of in situ screening
devices, considering all the hardware needed for the electrochemical study is useful. They have all
the important performance characteristics of sensors, between them the base sample form

formation [23].



Microbial diseases remained one of the main reasons of mortality appears in the nineteenth
century. Medicines especially antibiotics strongly decreased the death created by bacterial
infections. Now, antimicrobial impacts are intensively considered due to an enormously growing
bacterial defense toward extremely and regularly handled traditional medicines. It is quite
complicated and the evolutionary methods ordinarily happen through antibiotic treatment, leading

to the development of heritable immunity to antimicrobials [24].

In this regard, in our study we have confirmed the biological disposable sensor for ANDH as one
of the application on novel uniqgue multifunctional ferrite NPs with nominal
composition[M,.Co¢; _,)Fe;04; (M = Zn,Cu,Mn;x = 0,0.5)]that, synthesized via sol-gel

technology on the basis of ferrite electro sensitivity.

To our knowledge, this is the first report in the literature regarding the biological sensor using
modified ferrite NPs for ANDH detection with the disposable sensor. On the other hand, the ferrite
NPs owning encouraging excellent antimicrobial action upon chosen pathogenic microorganisms
infected urinary tract and blood samples. By employing cyclic voltammetry (CV) and square wave
(SV), in order to improve the analytical performance with more strong and facility of the aimed
biological sensor, the exterior surface of the electrode consisted of a graphite and ZCFO NPs

complex to advance the sensitivity and acceptance.
2. EXPERIMENTAL PROCEDURES
2.1. Materials

Media components are from (Oxoid) and (Difco). All chemicals and reagents used inthe following
examinations received at the analytical type. Chemicals that used in ferrite NPs synthesis are ferric

nitrate nonahydrate (Fe(NOs)3-9H,0; 98.0%), cobalt nitrate hexahydrate (Co(NOs3),.6H,0;



99.5%), copper nitrate hexahydrate (Cu(NO3)..6H,0; 94.5%), manganese nitrate tetrahydrate
(Mn(NOs3),.4H,0; 98.0%) and zinc sulfate heptahydrate (ZnSO,4.7H,0; 99%), citric acid (99.57%)

and ethylene glycol (C;HgO2; 99.8%).
2.2. Apparatus

A Metrohm pattern 797 VA Computrace electro analyzers were applied for voltammetric
investigations. Three-electrode cell operations were employed to examine the cyclic and
differential pulse voltammograms. An Ag/AgCI/KCI (3.0 mol L™) electrode, ferrite NPs printed
and, a platinum wire were used as the reference, supporting and operating electrodes, respectively.

A JENWAY 3510 pH-meter with a united glass electrode was appropriated for pH determinations.
2.3. Drug (Anagrelide-HCI) preparation

On the other hand, 1.0x10°M ANDH solution, giving by the NODCAR of Egypt, was prepared
daily by dissolving the adequate amount of ANDH in double distilled water (DDW) and diluted
with the same solvent and was kept in a refrigerator at 4'C. More dilute solutions were prepared by

serial dilution with water. Britton—Robinson (BR) buffer was used as electrolyte.

An adequate amount of 0.2 M NaOH was added to the BR buffer to obtain solutions of pH values
varying from 2.0 to 10.0. Graphite powder (particle dimension20.0um) was purchased from
Sigma-Aldrich. A 0.04M BR buffer solution of pH 6.0 served as the supporting electrolyte

solution.

Finally, the pharmaceutical sample, ANDH tablet (20.0 mg), was obtained from local drug stores.

At all steps, Double distilled water (DDW) was used all the way through the experiment.



2.4. Synthesis of Ferrite NPs.

A sol-gel method has been used for the synthesis of spinel ferrite NPs with nominal

composition[MyCo(; _x)Fe;04 ; (M = Zn, Cu,Mn ;x = 0,0.5)].

Stoichiometric amounts of the metal salts and citric acid (in the molar ratio 1:1 to precursor metal
salts) were dissolved separately in minimum amount of distilled water (7.5 ml) for the hydrolysis
reaction. The salt solutions were mixed and the resultant mixture was heated at 80°C under
continuous stirring using a magnetic stirrer. After that, citric acid was added followed by the
addition of ethylene glycol (10 ml) which was added as a polymerization agent and to initiate the
gel formation. The resulting solution was continuously heated on the magnetic stirrer at 300°C in
order to allow gel formation. Resulting gels were dried and crushed to obtain ferrite NPs powder

[25].
2.5. Characterization of Ferrite NPs.

In this research, the complete structures of ferrite NPs have been identified by applying a
completely computerized X-ray diffractometer, Shimadzu XRD- 6000, at NCRRT, Cairo,
Egypt[26, 27]. The full validation of the received ferrite NPs has been produced by, determined the
surface morphology of manufactured ferrites by using scanning electron microscopy (SEM)
ZEISS, EVO-MA10 [28]. Besides, Energy-Dispersive X-ray spectra (EDX) BRUKER Nano
GmbH D- 12489, 410-M (Berlin-Germany) was employed to investigate and determine the
elemental form of the prepared ferrite NPs by used mapping method for supplying a full

information about the purity of the synthesized ferrite NPs.

Eventually, FT-IR investigation was a significant plan that holds knowledge concerning chemical

functional groups corresponding to the synthesized ferrite NPs [29]. The method was taken out



practicing a JASCO FT-IR 3600 Infra-Red spectrometer by used KBr technique .It was reported at

a wave number spectrum of 400-4000cm™.
2.6. Preparation of the working electrodes

Polystyrene (which manufactured as follows 0.1gm cellulose acetate soluble in 10.0 ml of (1:1
acetone and cyclohexanone), 0.45 ng Graphite and 0.05gm of different ferrite NPs powders) over
the PVC supports (each 5.0 x 10 mm) with diameter 1.0 mm. Thick films of the ferrite NPs revised
ink were produced by grazing the ink over an etched stencil thickness 100.0 um, electrode printing
working area diameter 2.0 mm, with the support of the spatula presented with the screen-printing
device. At last, an insulating layer (polystyrene) was reprinted across the SPE leaving the contact

tip and molding range of 0.126 cm? as shown in figure (S1).
2.7. Electrochemical measurement

All operations were completed under ambient situations. Approximately, 5.0 mL quantity of 0.04
M BR buffer electrolyte having a satisfactory amount of ANDH was added to the voltammetric
cell. The electrolyte suspension stayed degassed by pure nitrogen prior and throughout the
electrochemical determinations. The work has been reported in the necessary growth potential for
a particular limit of time, after that the suspension was mixed at about 2000 rpm during the

particularized accumulation time.

On the other hand, stirring was arrested and was released to determine rest for 4.0 seconds, the
scan was taken out towards positive potentials across the series 0.3 to 1.0V, and the signal
voltammograms were reported. The test parameters were: voltage step, 6.5 mV; frequency, 50 Hz;

amplitude 20 mV; and sweep rate 65 mV s-1 for stripping square wave voltammetry (AS-SWV).



The optimizations are given to the greatest amount of peak flow. Before each determination, a
current of N, was prevented for the electrolyte in a voltammetric cell for 30 seconds to restore the
electrode outside by the elimination of adsorbed particles; all the electrochemical investigations

were performed at an ambient temperature.
2.8. Capsule Analysis

Five tablets of ANDH (20.0 mg) were ground fine in a glass mortar. An adequate quantity of the
crushed particles compatible with a concentrated suspension of 1.0 mg mL™ was carefully
balanced and suspended in double distilled water. Additionally, the flask contents were sonicated
for 40.0 minutes till full dissolved .The extract was isolated by filtration with a 0.45um syringe
filter and the filtrate was carried out to a 50.0 ml container and terminated to a volume with
distilled water. The performing stock was developed by using suitable aliquots from the stock and

diluted with distilled water for, support the standard interest design.

2.9. Spiked serum Analysis

Approximately, 0.3 mL ZnSO, (5.0%), and 0.5 ml ethanol were associated with 0.3 ml serum and,
centrifuged for 5.0 min. at 4500 rpm. An aliquot (1.0 ml) of the clear superannuated was combined
with 9.0 ml of the electrolyte suspension of BR buffer. The suspension was agitated for 3.0 min.

and spiked with 50.0 ng/ml of ANDH. After that, follows the design demonstrated earlier.
2.10. Analysis in Spiked Urine

Samples of urine were collected from healthy volunteers without any processing; but, they are

diluted by 50.0 times with 0.04 M BR buffer (pH 7.0). The dilution can reduce the medium



influence of original samples. Sufficient amount of ANDH was suspended in BR buffer (pH 7.4) to
achieve the stock solution about 5pug/ml concentration. Additionally, ANDH were added to 5.0 ml
diluted urine Therefore, the calibration carve were considered to plot at the popular peak against

the drug concentration.
2.11. Antimicrobial potential of metals substituted CFO NPs

The preferred metal substituted cobalt ferrite NPs, synthesized by citric acid and ethylene glycol
were dispersed in dimethyl sulfoxide (DMSOQO) to prepare a stock solution of final 1000 ppm
concentration. They examined for the antimicrobial performance, using the agar disc diffusion

method[30].

The bacterial inoculums were adjusted at 0.5 McFarland (1-2) x10® CFU/ml, using UV-Vis.
spectrophotometer at 600 nm. On the other hand, the yeast inoculum was set at 0.5 McFarland (1—

5) x10° CFU/m.

All examined ferrite NPs and DMSO were tested upon different isolates of multidrug-resistant
bacteria obtained kindly from Drug Microbiology laboratory, Drug Radiation Research
department, NCRRT, Atomic Energy Authority. Tested pathogens include, Gram-positive bacteria
(Staphylococcus epidermidis, Staphylococcus aureus; MRSA, and Enterococcus faecalis) and

Gram-negative bacteria (Acinetobacter baumannii, Enterobacter cloacae and Escherichia coli).

The multidrug-resistant bacteria were investigated and, identified by Vitek® two systems
(bioMarieux, Marcy-LEtoile, France)[31]. Moreover, all remained resistant to antibiotics
particularly, Ampicillin, Colistin, Cephalexin, Piperacillin-Tazobactam, Ceftazidime, Gentamycin,

Cefapirin, Cefotaxime, Cefoxitin, Meropenem, and Imipenem.



Additionally, ferrite NPsand DMSO were checked for the antibacterial potential toward standard
strains of Gram-positive bacteria (Bacillus subtilis ATCC 6633), and Gram-negative bacteria

(Klebsiella pneumoniae ATCC 4352 and Pseudomonas aeruginosa ATCC 27853).

Furthermore, an antifungal effect was investigated against unicellular fungi (Candida albicans
ATCC 10231).The growth repression of all tested microbial strains, that some of them may infect
the urinary tract of mammals was estimated by Zone of Inhibition (ZOI) after 24 hrs. plates

incubation [29].

Conventional antibiotic discs (6.0 mm diameter) like Amoxicillin/Clavulanic Acid (AMC; 20/10
pg/ml), and Nystatin (NS 100; 100 pg/ml)[32],were chosen to evaluate the effect of the

synthesized ferrite NPs.

3. Results and discussions:
3.1. Material characterization:
3.1.1. X- ray analysis

In this study the structure of CFO and metals substituted CFO ferrite NPs have been characterized
by using X-ray diffractometer. The mean crystallite size D was calculated utilize Scherer’s

equation[33].

092 ,
~ B cosb M

Where g is the full width at half maximum (FWHM) of the most intense peak (311).

The experimental lattice constant for cubic system was determined from the inter-planar spacing

(d) by using the formula:



Aexp. = Apki/ (hz + k2 + 12 (2)
Where h, kandl are the Miller indices of the diffraction peaks (hkl).

XRD patterns of CFO, ZCFO, CCFO, and MCFO NPs as-obtained are given in figure 1 ,the most
intense peaks were observed at the 26 values of 18.28°, 30.12°, 35.54° 37.12°, 43.13° 53.41°,
56.89° , 62.62° and 73.75° are indexed as the reflection planes of (111), (220), (311), (222), (400),

(422), (511), (440), and (533), respectively, indicated the presence of cubic spinel phase[34, 35].

Tablelshowed the average crystallite size, lattice parameters and inter-planar spacing of the unit

cell calculated from XRD data of metals substituted nano-crystalline CFO NPs.

Figure (S2) illustrates the variations in the average crystallite size of metals substituted CFO nano-
crystalline samples. It is noticed that the average crystallite size decrease with an increase on the

full width at half maximum(g).

The bond lengths on A and B sites can also be calculated for the present ferrite samples by using

the following equations[36].

R, = av3 (6 + %) (3)
Ry = a (% - g + 352)1/2 4)

Where, 0 = U — Uligeal, 0 is the deviation of the oxygen parameter, U is the positional parameter for

the spinel ferrite (0.381 A) and the Uigea is (0.375 A).



So, as to elucidate the effect of metals substituted cobalt ferrite shared (dag, dge) and unshared

edges (dgeu) are also calculated from XRD data [37, 38].

Table (S1) summarizes the variation of bond length values ferrite NPs. It can be seen that the Ra
and Rg increase from 1.8986 to 1.9145 and from 2.0434 to 2.0606 respectively with increase the
ionic radii of substituted metals where r(Fe**), r(zn?"), r(Cu®") ,and r(Mn?"). r(Co?*) are taken as:
(tetra: 0.49 and octa:0.645 A), (tetra.: 0.60 and octa:0.74 A), (tetra.: 0.57 and oct.:0.73 A), (tetra:
0.58 and octa: 0.72A) and (tetra: 0.58 and octa: 0.745 A), respectively taking into consideration the

corresponding cation distribution [39].

Accordingly, the shared and unshared edges also increase with replaced Co** by Zn®*, Cu®** and

Mn?* ions in spinel ferrite NPs [40, 41].

The theoretical lattice parameter as, is also calculated using the relation given below[42];
tne. = —= [+ Ro) +V3(rs + Ry (5)
" 3V3

Table 1 depicts the theoretical and experimentally lattice parameter for each composition. From
this figure it can be seen that the variation of theoretical values of lattice constant for M,Co;.

xFe204 NPs is approximated to experimentally lattice parameter values [43].
3.1.2. Fourier Transform Infrared Spectrometer (FTIR)

FTIR was a helpful method that receives information concerning chemical functional groups

equaling to the synthesized ferrites.

Figure 2 displays the FTIR spectra of M4Co;.x<Fe;04 NPs. The curves include absorption peaks at
420, 584, 600, 1136, 1629, and 2344 cm™. Existence of the two active absorption bandsv, andv, in

the FTIR spectra confirms the cubic spinel structure of the ferrite NPs. The higher frequency band



v,and lower frequency band v,were attributed to the stretching vibration of the tetrahedral A-site

and the octahedral B-site [44-47]. The values of v, andv, are listed in Table (S2).

The force constant of atoms at tetrahedral and octahedral sites was defined by the following

relations [48].

The variation of F; and F, for each composition for MyCo;.xFe,O, ferrite NPs is illustrated in (Fig.
S3). It can be seen that F; > F, , which is attributed to the shorter bond length of the A-site
compared to bond length of the B-site, where the relation between the bond length and force

constant is an inverse proportionality[49, 50].

Debye temperature 6, can be specified through the FTIR bands [50]. Figure (S4) presents the
behavior of Debye temperature 6, for the composition of ferrite NPs which it displayed that 6,
lies in the range of 681.52-708.87 K [51]. The Debye temperature and force constant at tetrahedral

and octahedral sites are presented in Table (S2).

3.1.3 Scanning Electron Microscopy (SEM):

The uniform particles distribution and the morphology of MyCoi.xFe;O, (M= Zn, Cu, and Mn)
ferrite NPs are presented in figure 3. It can be seen that the grain size and shape are significantly
affected by the substitution of metals on CFO NPs with the existence of soft agglomeration [52-

54].



3.1.4 Energy Dispersive of X-ray (EDs) Spectroscopy and elemental mapping images

Figure 4 presents the EDS measurements for MyCo;.xFe,O4 NPs which indicate, the grown NPs are
stoichiometric and homogeneous with a uniform distribution. For CFO NPs, the EDS micrographs
confirmed the existence of Fe, Co, C and O without the presence of any signature of substituted
metals. The EDS analysis for MyCo;.xFe>O4 NPs confirmed no impurity elements were found in
the synthesized samples NPs except for ZCFO NPs where found of sulfur ion may attributed to

existence residue of sulfate group [55].

The elemental mapping images of ZCFO NPs are shown in figure (S5). The images are labeled as
CK,CoK, FeK, zZnK, and O K for ZCFO NPs. From this figure it is clear that the ZCFO NPs are

homogeneous in terms of distribution of C, Co, Fe, Zn, and O atoms in the base ferrite NPs [56].
3.2. Electrochemical performance of ANDH on adjusted SPE electrode

The voltammetric performance of ANDH at SPE was studied utilizing cycle voltammetry (Fig.
5A). On the other hand, its represent just one oxidation peak, outwardly reduction signal peak
witnessed at opposite scan; meaning that oxidation of ANDH is an irreversible manner at various
electrodes (carbon SPE, modified SPE with CFO, ZCFO, CCFO, and MCFO NPs) in the likely
range from 550 to 1050 mV in 0.04 M BR buffer pH 7.0, at scan rate 100 mVs™. For illustration
ideas, CV was practiced, the SPE adjusted with the ZCFO NPs presented raised the current
strength and downshift for limited positive potentials (E=0.895V) for the voltammetric oxidation
of ANDH, (10 mmolL™), comparing with non-modified or modified with other ferrite NPs at all

electrolyte pH value.



The turn for less positive potentials received by the SPE modified ZCFO NPs (E= 0.895 V), as
distinguished with the bare SPE (E=0.910 V) and other ferrite modified system indicates an energy
band gaps of spherical NPs ZCFO NPs (3.37V) [57], and the spongy porous agglomerate created
from the ZCFO NPs sequestration at the electrode surface should play a large porous area[58].
Moreover synergistic character attached to ZCFO NPs and carbon[59], stimulating the electron
variation at the electrode covering suspension interface thus improving the voltammograms signals

[60, 61].

3.2.1. Optimization of experimental requirements.

A qualified research of screen-printed electrodes printed on-site provided with and without the aid
of a ferrite NPs mediator for measuring 5pug/ml ANDH that displayed in Fig. (5B). Strong-defined
and distinctive ANDH oxidation signals were received applying the considered electrodes. In our
study, the experimental parameters effect such as electrolyte pH, scan rate and modifier were
studied and optimized. The height of anodic peak current response was used to assess the influence

of the factors.

3.2.2. Effect of Solution pH

The pH influence was considered in the range among 5.0 and 10.0 to enhance the voltammetric
response. Figure (S6) represents the voltammetric oxidation of ANDH through 0.04 M BR
electrolyte buffer at varying pH range. It is clear that the peak current drops as the pH conditions
rise above 7.0 or decline 6.0 because of the dissociation constant (pKa) values of ANDH which is

4.91[62].



Consequently, besides a qualified knowledge of screen-printed electrodes printed on-site (made
with and without the use of a ferrite NPs modifier) for measuring 5ug/ml, ANDH is given a well-
defined and clear ANDH oxidation signals and were received applying the studied electrodes. The
comparison of the anodic peak current values at distinct pH values of the carbon screen-printed
electrode with CCFO, ZCFO, CCFO, and MCFO NPs was shown in figure (S6). Its exhibits great
anodic current for ANDH than bare Carbon SPE, due to the adequate ionic conductivity, inclusive
electrochemical gaps of ferrite plus the pre-absorption impact of ferrites. This pointer to the redox
response of the charging current, improvements occurred low exposure limit and responsiveness. It
is remarked that the peak potential changes to less positive with the increase in pH value following

the equation:
E(V) = 1.3215 — 0.0587pH (R = 0.9964) (6)

The linearity was demonstrated in pH range 5.0-10.0, followed by the slope of -0.0587 V/pH. The
slope value of the relationship is really close to that demanded Nernstian value of -0.059 V [63],
point near the protons associate in the electrode redox method, which the voltammetric method
including the equivalent amount of protons and electrons, and that the electro-oxidation of ANDH

is a pH-dependent manner.
3.2.3. Square-wave voltammetry parameters:

Once adjusted SPE electrode with ZCFO NPs (FZSPE) are applied, the value variation of f has a
complicated importance impact on Ip, created by this alternative matches to the immediate

variation of both factors x and y, where inx = kf ~/2, y = rf~1/2 k is a constant notice to various

charge transference rate constant (k) by x = ksD~/2 D is the diffusion coefficient and r is the

radius of the electrode[64].



Founded on that, the f effect on Ip and Ep was studied from 10 to 120 s™. Thus, the significant
voltammograms revealed that the rise in f produced from an improvement in I. As shown in figure
(S7), Ip extended linearly with the increasing of f until 50s™, and beyond this, the peak flow

approximately constant values.

Recognizing the highest existence at 50 s™, a characteristic profile that takes place in an
unchangeable redox method controlled with adsorption. Consistent with SWV method involving

spherical electrodes, Ep has the linear relation with log (f), through the slope:

AE,  —23RT
Alog(f)  anF

()

where T is the temperature, R is the gas constant,a is the electron transfer coefficient, n is the

number of electrons, and F is the Faraday constant [64].

Consequently, for ANDH oxidation, there is a linear relationship among Ep with the log (f), when

the plot of Alog (f) vs AEp resulted in a straight-line curve given by equation [65]:
E, = 0.0551log(f) + 0.8557 , (R*) = 0.9935 (8)

Upon the over relation examine the 0=0.5 and replacing the traditional values of T, R, and F into
the above equation between Ep and log (f), the calculated n value as approximately equivalent to

~2, conceding for the measurement step of the redox method.

The ANDH composition is very multifaceted because of its conjugated double bonds in the
chemical formation, eliminating and donor groups of electrons and steric hindrance that drives
suggested mechanism hard to obvious conferred. Evaluating the fragments showing the most likely

position of oxidation at the amino group which includes loan pair of electrons besides rings is



more unprotected and subjected to displayed reaction, registering the most feasible place of

oxidation on the electrode outside as presented in figure 6.

3.2.4. Calibration Curve:

All the previous factors were examined not only to construct the analytical curves for the ANDH
oxidation means at FZSPE in 0.04 M BR, but also to optimize the sensitivity of the recommended
methodology and for employment in quality control for pharmaceutical formulations and spiked
urine. Linear calibration curves produced from continuous raises a set suitable concentration of the
stock ANDH solution into the voltammetric cell with volume improved to 5.0 ml of the 0.04M BR
buffer (pH 7.0). The charge density appeared from SWV responses were associated with ANDH
concentration range from 0.64 pg/ml to 8.18 pg/ml of ANDH, where the results presented a
relational development in Ip with the ANDH concentration, with a small turn in Ep, declaring
strong adsorption of reactants and reagents of the redox method at the exterior of electrode, as
displayed in figure 7. In this calibration means, three repeated times for analytical curves were
estimated, and the results presented, serve an average of the all resulted from curves. The
correlation of analytical curves for ANDH oxidation at FZSPE can consequently designate by an

equation:

A
Current density (——) = 0.27 ¢ (£2) + 0.9958 (R? = 0.9986) (9)
cm? ml

Consequently, to estimate the existence of random errors was considered by a consequence test to
check if the variance within the intercepts produced in these analytical curves and the standard

values generated from random error.



Furthermore, the quantification limit (QL) and detection limit (DL) for ANDH oxidation at
FZSPE, consulting to before optimized SWV parameters, were measured take on the criteria given
in the test above. Further important parameter examined in this study was the reproducibility of the
voltammetric system, which was evaluated in three various stock solutions including 5.5 pgm/ml
of ANDH, and the RSD value produced for n=3 was less than 1.1%. Moreover, the repeatability
was also evaluated in the corresponding solution as above and the RSD issued for n=3 was close to

being 1.16 %.

As shown from table (S3), the closeness of analysis proceeds received for DL and QL by via SWV
at FZSPE, and HPLC methods, it can be remarked that the application of FZSPE with the SWV
method implementing an strong, helpful, easy and low-cost analytical approach for measurement
of ANDH due to the circumstances of its practicing in the simple and reliable  analysis in
concentrations connecting that performed by HPLC, which is a lot of the standard system

employed in investigation of drug mixture.

Table (S4) records comparison of the carbon SPE and modified SPE for the measurement of
ANDH with the related processes. Our work demonstrated the lowest DL comparing other values

stated in the literature survey using another method.

3.2.5. Accuracy:

To determine the efficiency of the suggested approach, the results of the ANDH assay in pure form
imposed by the expected voltammetric method was associated with those achieved utilizing the
reference HPLC technique for the described purpose. Statistical comparison of the results received

by the SWV way and those concerned with the reported HPLC process via Student’s t-test and



change ratio F-test demonstrated no notable variation within the two procedures as exhibited in

table (S5).
3.3. Application of SWV analytical methodology in pharmaceutical samples:

SWV analytical approach presented earlier was accepted to the quantitative interpretation of
ANDH in pharmaceuticals usage. The results and improvements of observed concentrations of
ANDH added to pharmaceutical mixtures are delivered in table (S6) for tablets. No oxidation
reagents and no further noise or peaks existent in several estimations occurred in the measured
potential area in the analytical peak position. The efficiency of the voltammetric system was
defined by its return through spiked investigations. The results confirm the efficacy of the
recommended methods for the quantification of ANDH in tablets. Those results exhibit that, both
SWV methods had sufficient efficiency and accuracy which consequently can be related to the

determination of ANDH in pharmaceuticals without any interference.
3.4. Analysis of real sample:

Validation of the suggested design for the quantitatively of the ANDH was studied in 0.04M BR

buffer pH 7.0, at FZSPE, with f=50 s %, a=30 mV, AEs=2 mV.

The resulted curve showed a straight line in the linear range 0.5 pg/ml to 8.2 pg/ml with regression
coefficient, R=0.999, the LOD is 0.8 pg/ml. From the calibration curve, four various
concentrations are taken to be examined five times to determine the accuracy and accuracy of the

proposed technique that is shown in table (S7).

SWV technique was also used to quantification of ANDH in the spiked sample of human serum.
Plasma return was measured through serum-free drugs with identified quantities of ANDH.

Quantitative detection was achieved, by adding a probate known concentration of the standard



drug solution in the plasma sample that was strongly determined. Table (S8) shows the

determination results received for three plasma samples with recovery, sequencing, and RSD.

3.5. Antimicrobial activity of ZCFO NPs.

For the first time, ZCFO NPs (1000ppm) displayed a promising and successful effect as
antibacterial against multi-drug resistant bacteria, including the high activity upon both E. coli and

E. faecalis (27.0 mm ZOI) as shown in figure (8A) (E. faecalis).

Figure (8A) displayed the effect of ZCFO NPs on E. faecalis and represented the 3D image of ZOlI
around the ZCFO NPs disk. The yellowish green color represented the growth of bacterial cells,

while the faint blue area investigated the bactericidal effect of ZCFO NPs upon E. faecalis.

On the other hand, ZCFO NPs showed a maximal growth inhibition towards the standard ATTC
bacteria like K. pneumoniae (28.0 mm ZOl), as shown in figure (8B) followed by P. aeruginosa

(27.0 mm ZOl).

Figure (8B) represented the activity of ZCFO NPs on K. pneumoniaeand explained the 3D image
of ZOI around the ZCFO NPs disk. The violet color represented the growth of bacterial cells,

while the faint green area investigated the bactericidal effect of ZCFO NPs upon K. pneumoniae.

Additionally ZCFONPs (new smart antifungal agent) active against C. albicans (the common
urinary and vaginal pathogen) that, produced 18.0 mm ZOI while, the standard antibiotic (NS;
100pg/ml) inactive against it. Additionally, all tested microbes were resistant to the solvent

(DMSO) used in ferriteNPs solubility as presented in table (2).



The width of inhibition zone represents the importance of sensitivity of pathogens. Clearly, in
standard ATCC bacteria, Gram-negative bacteria showed a higher inhibition zone than Gram-
positive bacteria. It was means; Gram-negative bacteria were more sensitive to ZCFO NPs
associated with the Gram-positive bacteria in ATTC standard strains. The same purpose of

antimicrobial activity has been kept with CuUONPs, and ZnONPs [66].

On the other hand, in case of multidrug-resistant bacteria, ZCFO NPs active against both Gram-
positive and Gram-negative equally. On the contrary, AgNPs have been reported to perform a

modified form of antimicrobial action upon Gram-negative and Gram-positive bacteria [32].

In our results, we should offer compelling proof of the efficacy of ZCFO NPs (1000 ppm), to
hinder and reduce the infections of urinary tract and blood samples against, multidrug resistant
bacteria, and unicellular pathogenic fungi. ZCFO NPs capacity to restrain bacterial and fungal

extension was promising and greater than standard antibiotics used in our experiment.

Similar reports and comparative studieswere described the role of metals substituted CFO NPs as
antibacterial agents against pathogenic bacteria. Gingasu et al. [67] noted the action of CFO and
silver CFO NPs (10 mg/mL, for both) on E. coli, P. aeruginosa, S. aureus, E. faecalis, B. subtilis

and C. albicans ZOlI about 8.0, 6.0, 6.0, 10.0, 8.0, and 6.0 mm respectively.

Furthermore, Mohammed et al, [68] were described the performance of silver CFO NPs (1.0
mg/ml) that, synthesized by sol-gel method as antibacterial agent repressed the growth of E. coli

by 15.0 mm ZOI, and S. aureus by 12.0 mm ZOl.

There are various reaction mechanisms for the antibacterial action of ZCFO NPs [69].

Investigations revealed that zinc attaches to the membranes of microbes, related to mammalian



cells, increasing the lag stage of the growth period and raising the production rate of the microbes

so, to complete cell division, more times had been consumed [70].

The different hypothesis stated that, the principal chemical kinds providing to the experience of the
antibacterial activity were considered to be powerful oxides; for example, super-oxide (O,), and

hydrogen peroxide (H,O,) produced from ZCFO NPs surface [71].

These quick oxides immediately enter the cell wall of bacteria and produce cell damage. The
diffusion speed of active oxides within the bacteria cell wall performs an essential part in the
inhibition speed of ZCFO NPs toward bacteria. The investigations showed that active oxides
produced from transition metals-substituted CFO NPs own more ability to insert the cell wall and
reduce the cell division of Gram-negative bacteria rather than Gram-positive bacteria [70]. The
exact mechanism of interaction among bacteria and transition metal-substituted CFO NPs requires

more examinations.

The advantages of inorganic NPs are their high surface-to-volume degrees, numerous structural
deficiencies, several organizations, and their nano-scale range, that contributes more effective
points to connect with fungi, bacteria, and viruses. This is the significant difference within NPs
and the general organic antimicrobial agents and could overcome the risk of advancing

antimicrobial defense [72].

Finally, our results present a novel, effective, low cost, promising biosensors, and broad-spectrum
antimicrobial agents. ZCFO NPs would be applied in medical and pharmaceutical applications,

surface disinfectant, hospitals paints, labs, dental supplements, pediatric and geriatric clinics.



Conclusion

Metals doped CFO NPs were synthesized by eco-friendly and cost-effective sol-gel technique.
XRD and FTIR data indicated the presence of cubic spinel phase. The new disposable SPE have
several benefits of mass production, reproducibility of the production procedure, quite simple,
sheep and quick education technique as well as capability for creation working and reference
electrodes which give the opportunity of measurements on small volumes with high
reproducibility. All of the SPEs sensors have high mechanical sturdiness and accurate adherent to
the PVC substrate. The results obtained in the present study display that, the SPEs can successfully
be applied in the SWV of ANDH using the procedures approved in the application in quality
control in productions of ANDH, pharmaceutical formula and biological flutes comparing with
official methods. On the other hand, ZCFO NPs were smart antimicrobial agents active against

multidrug resistant pathogens that give the superior applications in the infectious diseases control.
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Tablel: The average crystallite size, lattice parameters and inter-planar spacing of the unit cell

calculated from XRD data of metals substituted nanocrystalline cobalt ferrites.

Table 2: Antibacterial and antifungal activity of ZCFO NPs synthesized by sol-gel methods
against some standard strains (ATCC), multidrug-resistant bacteria, and unicellular

fungi as ZOI (mm).



Tablel: The average crystallite size, lattice parameters and inter-planar spacing of the unit cell

calculated from XRD data of metals substituted nano-crystalline cobalt ferrites.

FWHM inter-planar Crystallite Lattice Lattice

Doped 8 spacing size parameter = parameter
Ferrites (degree) d (A) D£15(nm) A e, (A)
CFO 0.3026 2.52397 27.5600 8.3711 8.2370
ZCFO 0.6483 2.54522 12.8600 8.4415 8.3064
CCFO 0.5552 2.52826 15.0300 8.3853 8.2510

MCFO 0.2460 2.53712 33.9200 8.4147 8.2800



Table 2: Antibacterial and antifungal activity of ZCFO NPs synthesized by sol-gel methods

against some standard strains (ATCC), multidrug-resistant bacteria, and unicellular

fungi as ZOI (mm).

Microbial pathogens ZOl of DMSO | AMC*
ZCFO NPs and NS**
(1000 ppm)
(mm).
Bacillus subtilis ATCC 6633. Standard 26.0% £ 0.76376 [= Negative. | Negative.
Klebsiella pneumoniae ATCC 4352. strains 28.0" +0.57735 | Negative. | Negative.
Pseudomonas aeruginosa ATCC (ATCC) 27.0%" + 0.28868 | Negative. Negative.
27853.
Staphylococcus aureus (MRSA). 26.0 + 1.00000 | Negative. 8.0 £ 1.00000
- - ge d - -
Staphylococcus epidermidis. Multidrug 25.0" £0.28868 | Negative. Negative.
Acinetobacter baumannii. . 23.0° £0.57735 | Negative. Negative.
-resistant
Escherichia coli. 27.0' £0.57735 | Negative. Negative.
bacteria
Enterococcus faecalis. 27.0" +1.00000 | Negative. 10.0 £ 0.76376
Enterobacter cloacae. 19.0° +1.00000 | Negative. Negative.
Candida albicans ATCC 10231. Unicellular | 18.0* +1.15470 | Negative. Negative.
Fungi

LSD

1.33333




Values are means + SD (n = 3). Data within the groups are analyzed using one-way analysis of
variance (ANOVA) followed by &% Duncan’s multiple range test (DMRT) at p<0.05.

LSD = Least Significant Differences, ZCFO = Zinc Cobalt ferrites, DMSO = Dimethyl Sulphoxide.

= Negative means that no ZOI had been measured.

* AMC = Amoxicillin/Clavulanic Acid; 20/10 pg/ml (Antibacterial Standard).

** NS = Nystatin (Antifungal Standard).



Fig.1: XRD patterns of CFO, ZCFO, CCFO, and MCFO ferrite NPs as-obtained.

Fig.2: FTIR spectra of [A] CFO, [B] ZCFO, [C] CCFO and [D] MCFO ferrite NPs..

Fig. 3: SEM Images of [A] CFO, [B] ZCFO, [C] CCFO and [D] MCFO ferrite NPs..

Fig.4: EDs measurements for [A] CFO, [B] ZCFO, [C] CCFO and [D] MCFO ferrite NPs..

Fig.5: [A] Comparison between different SPD electrodes using the cyclic voltammograms of
5ugm/ml of ANDH in 0.04MB-R buffer pH 7.0 at scan rate 100 mVs™ recorded at different
working electrodes, [B] Comparison between different SPD electrodes in different 0.04 M
BR buffer pH.

Fig.6: Illustration of proposed mechanism at screen printed electrode (SPE) with nano ferrite
attached.

Fig.7: Square-wave voltammograms for DIM in 0.040 M B-R at pH 7.0 at FZSPE, with f=50 s™,
a=30 mV, AEs=2 mV, and concentrations in the interval from 0.64pug/ml to 8.18ugm/ml of
ANDH. Insert corresponds to the Analytical curves obtained from voltammograms.

Fig.8: Antibacterial activity of ZCFO NPs against A) Enterococcus faecalis and B) Klebsiella

pneumoniae as ZOl.



HIGHLIGHTS

Synthesis and validation of spinel ferrite NPs using sol-gel technique.

The theoretical values of lattice constant for ferrite NPs are approximated to
experimentally lattice parameter values.

The Debye temperature 6, for the ferrite NPs composition lies in the range of
681.52 — 708.87 K.

ZCFO NPs posses a novel antimicrobial activity against selected MDR
pathogens.

Improvement of a novel screen-printed sensor, modified with ZCFO NPs for
rapid, sensitive and cost-effective quantification of ANDH present in the

biological samples.
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