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Abstract ZnO and cadmium (Cd)-doped ZnO
(Zn, ,Cd,0) nanoparticles with various compositions
(0.0<x<0.8) were synthesized by sol-gel method.
Structural, morphological, and photocatalytic properties
as well as blood compatibilities of Zn; ,Cd, O nanopar-
ticles were investigated. While X-ray diffraction (XRD)
applying the Rietveld refinement method was used to
characterize the structural properties, scanning electron
microscope (SEM) and transmission electron microscope
(TEM) were used to investigate the surface morphol-
ogy. It was found that the nanoparticles up to x<0.03
Cd concentration had single phase of ZnO hexagonal
wurtzite structure. Above x>0.03 Cd concentration, two
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phases (ZnO and cadmium oxide (CdO)) were observed.
SEM images with different magnifications revealed the
dense, quasi-spherical, and agglomerated morphology
of Zn,,Cd O nanoparticles. The elemental composi-
tions of Zn, Cd,O nanoparticles have also been studied
by EDX analysis. The photocatalytic activities and blood
compatibilities of Zn, ,Cd,O nanoparticles were studied
by the photocatalytic degradation tests of crystal violet
(CV) and hemolysis tests and respectively. In the pho-
tocatalytic activity tests, two samples Zn, ¢,Cd,, ;0O and
Zn ¢,Cd, g,O stood out with photodegradation percent-
ages of 69.9% and 72.8%. Among the Cd-doped nano-
particles, the Zn ,,Cd O sample showed the highest
blood compatibility with the weakest photocatalytic per-
formance (degradation percentage; 32.2%). Structural
properties, photocatalytic performance, and hemolytic
potential of Zn; ,Cd, O nanoparticles were investigated
and compared with those of pure ZnO nanoparticles.
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Introduction

The design and fabrication of nano-size materi-
als having unusual physical and chemical proper-
ties have gained much importance in the last decade.
Especially, nano-sized metal oxides and their deriva-
tives have been immensely studied due to their large
surface area, good electrical and mechanical perfor-
mances, and other superior properties arising from
their dimensions [1-5].

As a valuable member of the nano-sized metal
oxides family, ZnO possesses excellent UV absorbing
properties, high quantum efficiency, unusual electri-
cal, magnetic, and chemical properties [6—11]. In addi-
tion to the inherent physical properties of this wide
band gap (3.3 eV) semiconductor, ZnO nanoparticles
are also found to show antibacterial and anticancer
activities due to their ability to induce the generation
of reactive oxygen species (ROS) [12—-15]. Moreover,
ZnO nanoparticles have been approved as safe by the
US Food and Drug Administration (FDA) and it has
been emphasized that they can be used as effective
drug delivery systems in various studies presented in
the literature [16—-19]. On the other hand, CdO, which
has a band gap value of 2.5 eV, is an n-type semicon-
ductor [20]. CdO nanoparticles have potential applica-
tions in optoelectronic devices, light-emitting diodes,
gas sensors, and solar cells [21-23]. Photocatalytic
and antibacterial properties were also observed for
CdO nanoparticles synthesized by different methods
[24, 25]. Both ZnO and CdO nanoparticles are used in
biomedical applications such as bio-imaging, chemi-
cal sensors, and cancer treatment [26-30]. Thus, the
main question here may be “how the biocompatibility
of these individual materials changes when they take
part in the same metal oxide matrix?”. Anandhan et al.
investigated the cytotoxicity of CdO nanoparticles and
found a safe concentration range that is 1-5 pg mL™!
[31]. Another study conducted by Prashanth et al.
focused on the hemocompatibility and anticancer
activity of ZnO nanoparticles synthesized by the solu-
tion combustion method [32]. They found 1.56% and
5.44% hemolysis at 1.0 mg mL~! and 5.0 mg mL™!
ZnO concentrations respectively. Additionally, they
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observed a reduction in the viability of breast cancer
cells (MCF-7) at around 58% with 100 mg mL~"! ZnO
treatment. Inhibitory effect of ZnO on renal carcinoma
cells and its suppressive effect on cell proliferation
and viability as well as the lipid accumulation was
also reported [33].

Cd is a well-known element with proven toxic effects
while the concentration of zinc directly affects the con-
tent of cadmium in the living systems [34]. These two
elements show antagonistic interactions. Antagonism is
the interaction between two or more compounds which
the harmful effect is less than the predicted amount
compared to the chemical applied alone. Various stud-
ies on plants and animals emphasize that the antagonism
between Cd and Zn is due to their equivalent chemi-
cal affinity to the same biological systems [35-37]. In
related literature studies, Cd, which is known to play
a role in the carcinogenesis of different tissues such as
pancreas, prostate, and liver, was evaluated in terms of
its antagonism with Zn and its effects on human prostate
carcinogenesis were investigated [38, 39]. Another study
in rats demonstrated the protective effects of Zn on pros-
tate tissues against Cd toxicity [34] without elucidating
the mechanism of this antagonism.

Antagonism between Zn and Cd may be the result
of their similar physicochemical properties in many
respects. Zn is a competitive antagonist of Cd in
living tissues as both Cd and Zn bind to transport
proteins and metallothioneins in cells [40-43]. On
the other hand, it is known that Zn protects lipid
tissues from free radical peroxidation and stabilizes
cell membranes [44]. Rogalska et al. showed that
Zn supplementation in rats have a protective effect
against the toxic symptoms of long-time Cd exposure
by preventing lipid peroxidation and hyperlipidemia
[45]. Another study showed the preventive effect of
Zn treatment on Cd accumulation in the kidneys of
rabbits [46]. According to several other literature
findings, Zn has the ability to reduce the toxicity of
Cd as well as Cd-induced apoptosis and necrosis
[47-49].

In this study, the concentration-dependent level of
antagonism between Zn and Cd was systematically
studied. The antagonism between the two components
occurs at different intensities depending on the amounts
of these components and is highest in a certain opti-
mum composition [50-53]. In order to determine this
optimum Zn-Cd composition, Zn,; ,Cd,O nanopar-
ticles were synthesized in 14 different compositions
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in the range of x=0.00-0.80. By taking advantage of
the antagonistic relationship between Zn and Cd, we
aimed to improve the blood compatibility of ZnO while
also adjusting the photocatalytic properties of this new
material. We investigated the hemolytic potentials of
Cd-doped ZnO nanoparticles together with their struc-
tural and morphological properties which are directly
related to their performances in biomedical area. We
believe that our study is going to provide information
on this unsearched area of literature and clarify the
basic biological properties of Zn,; ,Cd,O nanoparticles
for their potential use in biomedical area.

Experimental procedures
Nanoparticle synthesis

Zn, ,Cd,O (x=0.00, 0.01, 0.02, 0.03, 0.04, 0.05,
0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, and 0.80)
polycrystalline  nanoparticles were  synthesized
using sol-gel technique. Zinc acetate dihydrate
(Zn(CH;COO0),-2H,0) and cadmium acetate tetrahy-
drate (Cd(CH;COO),.4H,0) were used as precursors.
Methanol was used as solvent while monoethanola-
mine was used as sol-stabilizer to prepare clear homo-
geneous solutions. All reagents were weighed and
placed in a pyrex beaker to be used as a reaction vessel,
and then mixed with a magnetic stirrer at room tem-
perature until a transparent homogeneous mixture was
obtained. To remove the solvent, the lid of the glass
beaker was opened, and the solutions were kept under
magnetic stirring for 24 h. After removing the solvent,
the remaining samples were preheated at 200-350 °C
at atmospheric conditions for 10 min. Finally, samples
were calcinated in a Box furnace at 600 °C for 10 min
to obtain the crystal structure of Zn, ,Cd,O nanopar-
ticles. Further details on nanoparticle synthesis were
given in our previous studies [8, 11].

Structural analysis

The crystalline structures of the Zn, Cd,O nanoparti-
cles were characterized by XRD measurements using
a Rigaku diffractometer with CuKa (4=1.5418 nm)
radiation at room temperature in the scan range of
20=10-90° with a scan speed of 3° min~! and a step
increment of 0.02°. The surface morphology of the

Zn, Cd,O nanoparticles was established by using SEM
(JEOL, JISM-5910LV) and TEM (JEOL JEM-2100).

Photocatalytic activity measurements

Zn; Cd,O0 (0.0<x<0.8) nanoparticles were inves-
tigated by means of their photocatalytic properties
by pursuing the degradation of crystal violet (CV)
in aqueous media under 254 nm irradiation. The
concentration of aqueous nanoparticle dispersions
and CV solution was adjusted as 1.0 mg mL~! and
2.5%107® M respectively. The photocatalytic activ-
ity measurement setup was comprised of a polyte-
trafluoroethylene-coated magnetic stirring bar and a
glass beaker containing 50-mL aqueous solution of
CV and the appropriate amount of the photocatalyst
(Zn;_Cd O). Photoreaction mixtures were brought to
surface adsorption—desorption equilibrium in the dark
at room temperature under continuous magnetic stir-
ring for 30 min. Then, nanoparticle dispersions were
irradiated while being continuously stirred under
254 nm excitation. The irradiation was carried out
using a couple of UV lamps (45 W each) which was
placed vertically on the reaction vessels at a distance
of 40 cm. At specific time intervals, 1.5 mL of ali-
quots was withdrawn and centrifuged at 4000 rpm for
3 min to settle the suspended nanoparticles down. The
absorption spectra of the supernatant was measured
using a Shimadzu UV mini 1240 UV/vis spectropho-
tometer and concentration of the undegraded CV was
determined by considering the characteristic absorp-
tion maxima at around 591 nm and using the calibra-
tion graph drawn for the CV. Distilled water was used
as the reference solution for all measurements. Photo-
catalytic properties of Zn; ,Cd,O nanoparticles were
investigated by following the decolorization percent-
age of CV via the following equation [54].

Decolorization (%) = ((C, — C)/C,)x100 (1)

In Eq. 1, C, and C refer for the concentration of
CV before irradiation, and the concentration of CV
after a certain irradiation time (t), respectively. The
photocatalytic degradation kinetics of CV were stud-
ied using the first order kinetics and rate constants for
the degradation reactions were determined by Eq. 2
as given by Karthik et al. [24].
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In Eq. 2, A, and A were the absorbance values

In(AO0/A) = k.t 2) . .
of the CV solution immediately after the surface
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Fig. 1 XRD patterns of Zn; ,Cd,O (x=0.00, 0.01, 0.02, 0.03,
0.04, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, and 0.80)
nanoparticles. ZnO planes were shown in black color in a, and
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Rietveld analysis of Zn;,Cd( 3,0 and Zn, 4oCd, ;O samples
in b and c respectively
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Table 1 Cd concentration-dependent average particle sizes D,
lattice parameters a and ¢, atomic packing factor (c¢/a), and cell
volume

Sample D (nm) a(/&) C(z&) c/a Cell volume

ZnO 39.636 3253 5210 1.6016 47.731
ZngesCdyO 38.611 3247 5.198 1.6012 47.450
ZngesCdy O 35268 3.255 5216 1.6025 47.847
Zngg;Cdy;0 34.193 3255 5216 1.6025 47.849
ZngeeCdy,0 30.114 3239 5187 1.6014 47.117
ZngosCdysO 38.041 3245 5196 1.6013 47.370
Znge,Cdy 0O 38418 3239 5192 1.6031 47.173
ZnggoCdyr0 34556 3.252 5204 1.5999 47.682
Zng1,Cdy O 28.944 3251 5198 1.5991 47.566
ZnggCdy O 24203 3258 5180 1.5901 47.598
Zng5,Cdy 50 28.982 3258 5.179 1.5897 47.594
Zng4CdyO 27.902 3258 5.186 1.5917 47.672
Zny3Cdy 00 24707 3258 5191 15932 47.734

adsorption equilibrium was established for CV and at
the end of a given photodegradation time (t), respec-
tively. k was the first order rate constant for the photo-
catalytic degradation.

Blood compatibility tests

Blood compatibilities of Zn; Cd,O nanoparti-

Blood: trisodium citrate ratio was adjusted as (9:1).
Anticoagulated whole blood samples were diluted
by phosphate buffer solution (PBS) then centrifuged
at 4000 rpm for 5 min to separate the erythrocytes
(red blood cells (RBCs)) from blood plasma. After
decantation of the supernatant, 50-mL erythrocyte
stock-solution was prepared by dilution using PBS.
Appropriate amounts from RBC stock solution were
mixed with 5.0 mL of Zn, ,Cd,O nanoparticle sus-
pensions in 1.0 mg mL~" and 5.0 mg mL~! concen-
trations. Positive and negative control tests were per-
formed by using distilled deionized water (DDW)
and phosphate buffer solution, respectively. Positive
(100% hemolysis) and negative control (0% hemoly-
sis) tests were performed using distilled water and
phosphate buffer solution, respectively. Zn,; ,Cd,O
nanoparticle-erythrocyte dispersions were incubated
under magnetic stirring at 37 °C for 3 h. All tests
were performed in duplicate. Then, samples were
centrifuged at 3000 rpm for 5 min and absorbance of
supernatant was measured between 200 and 800 nm
using a UV-visible spectrophotometer to indicate
hemoglobin released into the medium as a result of
erythrocyte lysis. Percentage of hemolysis for each
Zn, Cd,O composition was calculated based on the
absorbance value (ABS) of the supernatant at 540 nm
using the equation given below [55].

cles were investigated. Blood samples were drawn o ABS eqsample ~ ABSpegativecontrol
) - ] %Hemolysis =
from healthy volunteers via a single-use syringe of ABSsitivesample — ABS egativecontrol
5 mL. Blood samples were anticoagulated using the 3)
0.108 mM aqueous solution of trisodium citrate.
Table 2 The varying of Sample 8 (nm™2) u L (A) 6*10° (N m™2) €
Cd concentration in ZnO
E?Iiol)ar_tidzs‘d?pefzg‘;m Zn0O 0.00064 0.37994 1.9794 —23.2108 0.00087453
islocation density
(the amount of defect in ZngesCdypO  0.00067 0.38001 1.9755 —23.1670 0.00089775
the sample), the locality ZngesCdy O 0.00080 0.37981 1.9809 —23.2404 0.00098285
of the atoms and their Znge;.Cdy 0 0.00086 0.37980 1.9810 —23.5088 0.00101375
f‘lsplicelinent d(u)v bond Zng 0sCdy 0,0 0.00110 0.37998 1.9708 —22.8748 0.00115108
ength (L) and stress (c), ZnyosCdysO  0.00069 038000  1.9744 —23.1608 0.00091121
and microstrain (€) - -
Znge,Cdy 0 0.00068 0.37970 1.9716 —23.3689 0.00090228
ZnggoCdy,O  0.00084 0.38021 1.9787 ~23.1783 0.00100312
Zng70Cdg 300 0.00119 0.38035 1.9771 —23.1487 0.00119761
Zng,50Cdg 400 0.00171 0.38184 1.97781 —22.1448 0.00087453
Zny.5,Cdy 500 0.00119 0.38190 1.97776 —22.0932 0.00089775
Zng 44Cdy 6,0 0.00128 0.38157 1.97877 —23.3242 0.00098285
Zng3,Cdy 0 0.00164 0.38133 1.97960 —23.3798 0.00101375
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Fig. 3 Cd concentration- 3.26 : 5.22
dependent lattice param- :::::
eters a and ¢ for Zn, ,Cd,O
nanoparticles 8.285 1 150
3.25 +
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< 1519
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Results and discussions
Structural properties

Synthesis conditions affect the structural, electrical,
magnetic, photocatalytic, and hemolytic properties of
the obtained Zn,; ,Cd,O nanoparticles. XRD apply-
ing the Rietveld refinement method was performed
in the range of 10°<20<80° in order to display the

Cd concentration

crystal structure properties and the existing phases
of Zn, ,Cd,O nanoparticles. The XRD patterns of
Zn,; ,Cd,O (0.0<x<0.8) nanoparticles are shown
in Fig. 1a. The XRD patterns showed all character-
istic peaks of ZnO lattice indicating the presence of
a hexagonal structure (space group P63mc), and pat-
terns were also in agreement with standard JCPDS
files (Card no. 36-1451). In Fig. la, planes for ZnO
and CdO phases were shown in black and red color,

Fig. 4 Cd concentration- 1.605 48
%
dependent c/a and cell —Hcha
volume for Zn,_,Cd,O —e—Cell Volume
nanoparticles T478
1.6
+476
23
1.595 + >
+474 ©
—~ 1S
< 3
© S
150 1723
' o
+47
1.585 +
+46.8
1.58 466

0 0.01

0.02 003 004 0.05

0.1 0.2 04 0.5 0.6 0.7

Cd concentration

0.3
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Fig. 5 Cd concentration- 0.0018 1.982
dependent dislocation
density and bond length for 0.0016 + +1.98
Zn,_,Cd,O nanoparticles
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respectively. CdO has the cubic structure with the
space group Fm3m. These results are compatible
with the literature [56, 57]. The ionic radius of Cd*
0.97 A) is larger compared to Zn** (0.74 A). Up to
x<0.2, Cd replaces Zn and ZnO yields single phase,
for x> 0.2, two phases are formed as it is partially dis-
placed; ZnO and CdO.

The important points emphasized by the studies pre-
sented in the literature are that the structural properties
of metal oxide nanoparticles may change depending on

Fig. 6 Cd concentration-

Cd concentration

parameters such as the synthesis method applied, the
solvents used, and the type of precursor, whether cal-
cination is applied or not and the calcination tempera-
ture [58-60]. Although some literature studies have
reported that ZnCdO binary nanoparticles synthesized
in various compositions do not show characteristic
peaks of the CdO phase in addition to the ZnO phase,
some other studies prove the presence of CdO in the
nanoparticle structure by XRD patterns. For example,
it has been reported that the Zn,; ,Cd, O (0.0<x<0.8)

Cd concentration

dependent stress and micro- 21 t t t f + t + + 0.0014
structure for Zn, ,Cd O 0 001 002 003 004 005 01 02 03 04 05 06 07
nanoparticles
+0.0012
215
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E »f
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235+
+ 0.0002
24

@ Springer



J Nanopart Res (2023) 25:146

Page 9 of 20 146

nanoparticles which their precursors were dissolved
in ethylene glycol and prepared by applying an addi-
tional microwave procedure did not show peaks of an
additional CdO phase [61]. In some other studies, the
CdO phase occurring in the metaloxide structure and
appeared in the (220) plane was observed at low Cd
doping rates. Results were compatible with the XRD
findings obtained from this study [62, 63].

As seen in Fig. la, a single ZnO phase with a
Cd doping ratio up to x<0.04 was obtained. After
this doping ratio, both ZnO and CdO phases were
obtained. A more comprehensive research was con-
ducted with Rietveld analysis and the results obtained
were compared. According to the Rietveld analysis
results, Cd-doped samples up to x<0.03 concentra-
tion was exhibited ZnO phase without any second-
ary phase in Fig. 1c. However, samples with doping
concentration of x=0.03 and higher were exhibited
both ZnO and CdO phases as shown in Fig. 1b. We
conclude that up to x=0.03 concentration, there is

Fig. 7 a—c TEM images of
Zn, 4,Cd, 60O nanoparticles
under different magnifica-
tions

a single phase, and all patterns match with the hex-
agonal ZnO lattice. This is because of the larger ionic
radius of Cd (ionic radius 0.97 ;A) compared to Zn
(ionic radius 0.74 A). Cd replaces Zn one to one until
x<0.03 contribution ratio, after this doping ratio, Cd
does not replace one to one Zn.

The unit cells and crystal structure of Zn, 4oCd, ¢;O
nanoparticles are shown in Fig. 2a and b, respectively.
The hexagonal ZnO unit cell (Fig. 2a) and the random
1% Cd-doped ZnO crystal structure (Fig. 2b) were
visualized with the VESTA visualization package
using the experimentally obtained parameters which
are depicted in Tables 1 and 2.

The concentration-dependent particle sizes (D),
lattice parameters (a and c), and atomic packing factor
(c/a), cell volume, dislocation density (d) (the amount
of defect in the sample), the locality of the atoms
and their displacement (u), bond length (L) micro-
strain (€), and stress (o) are evaluated and depicted
in Tables 1 and 2 using XRD analysis of Cd-doped

@ Springer
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ZnO nanoparticles. The detailed evaluations of these
parameters can be found in references [8, 11]. Particle
sizes (D) are affected by annealing procedure. During
annealing, the sizes of grains increase and inter-grain
bindings occur. It has also been reported that the
grain size increases significantly after annealing pro-
cess. In this study, the decrease in particle sizes could
be attributed to the increasing number of Cd atoms
exerting drag forces on boundary motion, hence hav-
ing effect on grain growth. Additionally, decreasing
crystallite size of ZnO with increasing amount of Cd
ions also reveals that Cd in ZnO matrices creates a
compressive strain. Similar results have been reported
in the literature in different studies on CdZnO con-
taining varying amounts of Cd [64-66].

The lattice parameters a and ¢ of Zn,; ,Cd,O nano-
particles were in the range of 3.239-3.258 A and
5.179-5.216 A, respectively, as shown in Fig. 3 and

AccV . SpotMaga  Det/WD " 500 om
Oi0000m SE 68 ~GTU

Tables 1 and 2. The c/a value in Fig. 4 drops sharply
after the Cd concentration x> 0.3 from the c/a=1.60
value in the literature. This is because, as seen in
Fig. 1, after Cd concentration x> 0.3, the CdO cubic
structure becomes dominant. Therefore, when XRD
patterns were examined after Cd concentration
x>0.3 as shown in Fig. 1, it was observed that nano-
particles are cubic Fm-3 m CdO crystal structure.

It is seen in Fig. 5 that the dislocation density
increases with increasing Cd concentration. In other
words, it shows the change in the amount of defect.
The Zn-O bond lengths (L), which fluctuate up to
x<0.2 Cd concentration, almost do not change after
this concentration value.

The negative signs of stress values show compres-
sive stresses as seen in Table 2 and Fig. 6. Stress val-
ues are seen to fluctuate between 22.0932 and 23.5088
N m~2. In addition, microstrain values change between

{}r\ Ko
f‘:"ti(f; 2n KBy
i'(lx[‘.;
<L
4 s “ L} i 1) 13
iy
(e~ A r
ety Zn B
Kd1p3

Fig. 8 SEM micrographs and EDX results of Zn, 43sCd,, 1,0 ((a) and (b), respectively) and Zn,, o;Cd, 430 ((¢) and (d), respectively)

@ Springer



J Nanopart Res (2023) 25:146

Page 11 of 20 146

0.00087453 and 0.00119761. The fluctuations in micro-
strain and stress values indicate the variation of physical
defects and dislocations in the host lattice structure.

The morphology characteristics of ZnCdO
nanoparticles

The morphology and elemental concentration of all
Zn,,Cd,O nanoparticles was studied by SEM, TEM,
and EDX, respectively. Figure 7a—c shows the TEM
image of the Zn, 4,Cd, ,cO NPs with different scales
ranging from 2 to 100 nm. From the SEM micro-
graphs as seen in Figs. 8, 9, 10, and 11, the particle
distributions in the range 500 nm magnifications were
dense, quasi-spherical, and agglomerating. It is seen
that the nanoparticles produced by the sol-gel method
show crystalline character according to the TEM
results (Fig. 7c). This result agrees with the sharp

AccV  SpotMagn  Det WD p———— 5000m
15.0KVB.0 50000« SE 88 ~GIU
il .

AccV SpotMagn  Det WD e 500 nim
150V 30 50000x SE 68 GIU

XRD lines in Fig. 1. Also, as observed from Fig. 7c,
the atomic planes appear to be clearly aligned along
the micrograph, which is the result of the nanoparti-
cles being crystalline. The interplanetary distance is
approximately 308—408 pm. The nanoparticle sizes
from the TEM results are 53-56.55 nm. The mis-
match with the calculated values is due to agglomera-
tion. The elemental compositions of Zn; ,Cd,O nano-
particles were provided by EDX analysis exhibited in
Figs. 8b—d, 9b—d, 10b—d, and 11b. Only the Zn and
Cd peaks were seen on the EDX graph, without any
unwanted extra elemental peak contributions.

Blood compatibilities
Materials designed to be used for biological appli-

cations must be well defined in respect to their bio-
compatibility. Blood compatibility measurements are

Fig. 9 SEM micrographs and EDX results of Zn, ¢4Cd, 0,0 ((a) and (b), respectively) and Zn,, 95Cd, ;5O ((¢) and (d), respectively)
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Fig. 10 SEM micrographs and EDX results of Zn, ooCd, ;O ((a) and (b), respectively) and Zn, 3,Cd,,,0 ((¢) and (d), respectively)
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Fig. 11 SEM micrographs of Zn, ;,Cd, 30O nanoparticles for 500 nm in a; the EDX graphs of Zn ;,Cd, 3,0 nanoparticles in b
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well accepted tests for the assessment of the biocom-
patibility between a synthetic material and living tis-
sues [67, 68]. Synthetic nano-sized materials affect
the structure of the erythrocyte membrane, alter their
physiological functions, and cause lysis [69]. Nano-
particle-induced hemolysis may be reduced by adjust-
ing the hemotoxicity of these synthetic materials.

In this study, human erythrocytes were exposed
to two different concentrations (1.0 mg mL™' and
5.0 mg mL™") of Zn, ,Cd, O nanoparticles and nan-
oparticle-induced hemolysis ratios were determined
(Fig. 12). While positive control test refers to RBCs
stimulated with PBS, negative control refers to RBCs
only stimulated with distilled water. In the presence
of RBCs in water (positive control test), the osmotic
imbalance makes water move into the RBCs, swells

Electromagnetic HO;"
radiation

(254 nm)

H-0

Fig. 13 Schematic representation for the photodegradation of CV

them, and causes the cell membrane to burst and
the cell contents to leak out. On the contrary, PBS
provides a hypotonic environment for RBCs and
inhibits cell lysis. According to the experimental
results, erythrocytes subjected to 3 h of incubation
at 37 °C were slightly lysed in different percent-
ages by the effect of nanoparticles at 1.0 mg mL™!
concentration. While hemolysis ratios were 8.4%
for both Zn;4yCd;,;O and Zng¢sCdj1,O, hemo-
Iytic effect of nanoparticles was gradually decreased
with increasing Cd doping ratio. This downward
tendency was observed in grain sizes for samples
from ZnO to Zng¢4Cdy (4O and from Zng¢5Cd, (5O
to Zngy;,Cd, 30O. Strong hemolytic activity of ZnO
was decreased and reached relatively low ratios and
finally to the zero point at an optimum Cd doping

Ci
— CO: + H:o

L
= N.CH,

CHy
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Table 3 Photocatalytic degradation rate constants and CV
removal efficiencies for ZnO and Zn, ,Cd,O nanoparticles

Samples Degradation CV
rate constants degradation (%)
k (min™h)
ZnO 0.0012 36.9
Zng99Cdy 9,0 0.0022 56.4
Zng 95Cdy 0,0 0.0011 36.8
Zn4 97Cdy 030 0.0017 47.7
714 96Cdy,040 0.0016 44.7
Zng 95Cdy 5O 0.0022 53.9
Zn4 99Cdy 100 0.0031 69.9
Zng gCdy 00 0.0033 72.8
Zng 70Cdy 300 0.0019 50.5
Zng 6Cdy 400 0.0018 471
Zng 50Cdy 500 0.0015 42.6
Zn4 49Cdy 600 0.0010 322
Zng 30Cdy 700 0.0014 35.8
Zng 5Cdy o0 0.0015 37.7

ratio of x=0.60. Any lysis in human erythrocytes was
not observed at both 0.01 mg mL~! and 5.0 mg mL™!
concentrations of Zn, ,4Cd, 4yO. This impressive find-
ing of hemocompatibility could be attributed specifi-
cally to the presence of an antagonistic interaction
of Zn and Cd. The toxic effect of a mixture on living
things may be stronger (antagonism) or weaker (syn-
ergism) than the sum of the individual toxic effects
of each component forming the mixture. In a study
examining the genotoxic effects of Zn and Cd on Car-
assius gibelio B with the erythrocyte micronucleus
assay, subjects were exposed to Cd, Zn, and Cd-Zn
mixtures (40 mg/L for each). In the study, Cd-Zn

80

antagonism and the resulting low genotoxic effects
were emphasized [70]. As for being an essential trace
element for living organisms, zinc plays a key role
on the activity of more than 300 enzymes, modulates
protein synthesis, and affects cell division and pro-
liferation [71]. Zn helps to prevent cell lysis through
activation of the oxidant defense system. Increasing
lipid peroxidation in Zn deficiency can be ameliorated
by Zn supplementation [72]. On the other hand, high
chemical affinity of Cd for sulthydryl (SH) groups
and binding ability of -SH containing biomolecules
such as cystine and its oxidized dimer cysteine lead
the formation of mercaptaides. Animal experiments
rendering direct and indirect evidence of acute and
chronic Cd exposure prove that Cd-induced forma-
tion of ROS (superoxide anion, hydroxyl radicals, and
hydrogen peroxide) causes deleterious health effects.
Although numerous toxic effects of Cd on biologi-
cal systems have been noted, it has been proved that
Cd-Zn coexistence has a significant preventive effect
on the rat tissues for Cd exposure [73].

According to our results given in Fig. 12, Zn, ,Cd,O
nanoparticles show hemolysis ratios less than 5% indi-
cating low in vitro toxicity and negligible hemolytic
activity at 1.0 mg mL™! for Cd doping ratios higher
than 0.02. Hemolysis ratios which are less than 5% are
regarded as safe by the standard test method for the
analysis of hemolytic products of nanoparticles (ASTM
E2524-08). At a critical Cd doping ratio (x=0.60),
hemolysis reached a minimum of 0% and the proposed
material became a completely hemocompatible nature.
At x=0.60 ratio, the amount of Cd in the ZnO matrix
reached a critical concentration, and the antagonism
between Zn and Cd elements was weakened with fur-
ther increase in Cd concentration.

Fig. 14 Decoloriza-
tion profiles of ZnO and
Zn,_,Cd,O nanoparticles
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Photocatalytic properties

Electron transfers between valence- and conduction-band
of semiconductors form electron-hole pairs lead to the
formation of ROS which are assumed to be responsible
from the intracellular oxidant stress, chronic inflamma-
tory diseases, tumors, and cell death [74-76].

ROS formation from metal oxide nanoparticles is
a well-defined oxidative process comprised of three
major steps. The first step is the excitation of valence
band (VB) electrons by the electromagnetic radiation
having energy higher than the band gap of metal oxide
(Eq. 4). Excited electrons migrate to the conduction
band (CB) leaving an equal number of electron holes
in VB. Simultaneously, excited electrons move to the
surface to initiate degradation reactions. In the last step,
the photogenerated electron—hole pairs taking part in
redox reactions result in the formation of ROS such as
hydroxyl radicals (OH"), hydroperoxyl radicals (HOZ*),
superoxide radicals (0,™"), and H,0,.

Photogenerated electrons interact with O, to form
oxygen anion radicals (02_*) (Eq. 5), electron holes in
the VB react with H,O molecules to produce hydroxyl
radicals (HO") (Eq. 6). This reaction series goes on fur-
ther as to produce other radicalic species (HO", HO,")
(Egs. 7 and 8) possessing sufficient energy for the pho-
tocatalytic degradation of CV (Eq. 9).

an_xCde + hV - an_xCde + e_(CB) + h+(VB)

Zn;_,Cd,0 € gy + O, = Zn;_,Cd,O + O;" (5)

H,0 +h*y; - H" + HO* (6)
0, +H* - HO," »— H,0, + 0, (7
H,0, + 0,™ - HO* + OH™ + O, (8)

0;*,HO*,HO,* + CV — degradationproductsofCV (CO,andH,0) 9)

In this study, Zn, ,Cd,O nanoparticles were sub-
jected to 254 nm electromagnetic irradiation and the
photodegradation of CV was considered evidence of
ROS formation by Zn,,Cd,O nanoparticles. The
schematic representation for the photodegradation
of CV is shown in Fig. 13.

Photocatalytic degradation rate constants and
time dependent CV decolorization in the presence
of pure ZnO and Cd-doped ZnO nanoparticles are
given in Table 3 and Fig. 14 respectively. Decol-
orization percentages were calculated by follow-
ing the change in the absorbance intensities of CV
at 591 nm between 0 and 360 min interval. Results
showed that 20% Cd-doped ZnO nanoparticles
(Zny 4oCd;, ,00) exhibited a maximum decoloriza-
tion compared to other doping concentrations. This
result was attributed to the probable defects and

“
Table 4 Comparison of ZnO and Zn, ,Cd,O nanoparticles synthesized by different methods reported in the literature
Nanostructure Synthesis method Dye degradation (%) and degradation rate Light source Reference
constant
ZnO Thermal decomposition 65 (MB) 50 (RhB) 365 nm of UV light [80]
ZnCdC,0, Thermal decomposition 100 (MB) 100 (RhB)
CdZnO Sol-gel method 61 (MB) - Visible light [81]
k:0.008 min™"
ZnO Hydrothermal method 69 (MB) - Sun light [82]
k:0.0293 min~!
CdZnO (Cd:4 wt%) Hydrothermal method 84 (MB) -
k:0.0619 min™"
Cdy 13Zn; 47,0 Sol-gel method 91 (MB) 89 (RhB) Visible light [83]
ZnO Sonochemical method 28 (MB) 24 (MO) UV light [84]
k:0.0012 min™" k:0.0011 min™"
Cdy (3Zn; 9,0 Sonochemical method 65 (MB) 45 (MO) UV light
k:0.0029 min™" k:0.0019 min™"
ZnO Precipitation method k:0.0012 min~! - UV light [85]
Cdy (3Zn; 9,0 Precipitation method 89 (MB) - UV light
k:0.0105 min~!
Cdy 19Zny 99O Hydrothermal method 62 (RhB) - 311 nm of UV light [86]

MB, methylene blue; MO, methyl orange; RhB, rhodamine B
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oxygen vacancies created by the incorporation of
Cd ions into the ZnO matrix [77].

The kinetics of the degradation reaction of CV
was investigated by using the logarithm of the rela-
tive concentration of the model dye in the solu-
tion (In(Ay/A)) and the irradiation time (t) (Eq. 2).
Photocatalytic degradation rate constants of ZnO
and Zn; Cd,O nanoparticles are listed in Table 3.
The degradation rate constant of ZnO was calcu-
lated as 0.0012 min~! while the corresponding val-
ues of Cd-doped ZnO samples were in the range of
0.0010-0.0033 min~!. The highest and lowest k val-
ues were found as 0.0033 min~! and 0.0010 min~! for
Zn 49Cd 50O and Zn 4,Cd,) ¢,O respectively. Results
were coherent with the percent degradation values
of CV. Moreover, it was observed that Zn 4Cd, 60O
nanoparticles which have the lowest photocatalytic

0.20 A
ZnO —0'
0.15 40.
§ — 80
© — 120"
£0.10 .
.g —_—240
< 360’
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0.00 st N
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g —80'
E —120'
§0 10 240"
-, 360'
0.05
0.00 === =
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Wavelength (nm)

activity among all the samples also have the high-
est blood compatibility as expected (Fig. 12). This
finding was consistent with the fact that hemolysis
could be triggered by ROS generated by nano-sized
materials [78, 79]. For comparison, further detailed
information from literature work about photocatalytic
activity of Cd-doped ZnO nanostructures are listed in
Table 4.

Figure 15 shows UV-vis spectra and first-order
degradation kinetics of CV in the presence of ZnO,
Zn 4,Cd, 100, and Zn, 4,Cd, 40O nanoparticles. Pho-
todegradation kinetics were followed the first-order
kinetics for all samples. Decreasing band intensities
at 591 nm proved the degradation of CV by both ZnO
and Zn,; ,Cd,O nanoparticles. Cd-doped ZnO nano-
particles, especially Zn; ¢oCd, ;00 and Zn, 4;Cd 5,0,
showed significant CV photo-degradation under
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Fig. 15 UV-vis spectra of CV as a function of time for a ZnO, b Zn, 4,Cd, ;,0, and ¢ Zn; 4,Cd, ¢,O under 254 nm irradiation, d
first-order degradation kinetics of CV for ZnO, Zn,, 4,Cd, 1,0, and Zn,, 44Cd, ,0
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the effect of 254 nm irradiation. These samples
(Zng 4oCd, 100 and Zn, 4,Cd,, ,0O) with decolorization
percentages of 69.9% and 72.8%, respectively, can be
proposed as suitable catalysts to be used in wastewa-
ter treatment. It can be concluded that the photocata-
lytic properties of ZnO were enhanced by introducing
the varying amounts of Cd into the matrix.

Conclusion

Zn,; ,Cd,O nanoparticles synthesized by the sol-gel
method were investigated in terms of their struc-
tural, morphological, and photocatalytic properties
depending on their chemical composition. Rietveld
analysis showed that up to x<0.03, Cd replaces Zn
substitutionally yielding ZnO single phase, while
for x>0.03, two phases are formed, ZnO and CdO.
It was seen from SEM micrographs that the distri-
bution of nanoparticles was dense, quasi-spherical,
and agglomerating. Photocatalytic properties of Cd-
doped ZnO nanoparticles showed that all the samples
followed the first-order kinetics photodegradation
kinetics under the experimental conditions applied
in this study. It was determined that Zn¢,Cd, 0O
nanoparticles, which show the highest photocata-
lytic activity, provide CV photodegradation at a rate
of 72.8%. Zn,_,Cd,O nanoparticles showed undesir-
able hemolytic effect at low Cd doping ratios for both
concentrations. However, the increased concentration
of Cd in the ZnO matrix resulted in high hemocom-
patibility values thought to be due to the antagonistic
effect between Cd and Zn. In particular, Zn ,,Cd, 60O
nanoparticles showed 0% hemolytic activity at
both concentrations. Another promising nanoparti-
cle sample was determined as Zn;,Cd,-,O having
0.8% and 2.1% hemolysis ratios at 1.0 mg mL~! and
5.0 mg mL~! concentrations respectively.

It is quite unusual to use Cd and Zn-Cd antago-
nism in order to increase the biocompatibility of ZnO
which is very suitable for biomedical applications in
terms of material properties. However, the obtained
systematic and consistent experimental results show
that the antagonistic relationship between Zn-Cd sig-
nificantly improves the blood compatibility properties
of the ZnO matrix in particular. An optimum concen-
tration for Cd-doped nano-sized ZnO (Zn,, 44Cd,, ,,0)
was obtained, which does not show any detrimen-
tal effect on blood biochemistry such as binding

with -SH groups or forming methemoglobin but has
proven to be potentially effective in the degradation
of CV. It is hoped that this study will lead the devel-
opment of nano-sized metal oxides with enhanced
biocompatibility and sufficient structural properties
with further research and modifications.
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