bioaccessibility of copper species should be useful in predicting the bioavailability of
copper compounds and determining doses related to health risks associated with the
exposure to copper compounds. Because of BSA is stable and non-reactive protein, which
mainly consists of amino acids, it is often used as a coated material to bind nonspecific
binding sites onto the surface of nanoparticles. Therefore, more copper release in ALF
could be attributed to the high capacity of BSA to bind with dissolved Cu ions in this

medium.

The chemical interaction between nanoparticles and antibody-antigen have
attracted attention due to catalytic and medical applications. 242® Immunoglobulin
G (IgG) is a type of antibody which represents approximately 75% of serum antibodies in
humans. 1gG molecules are released by plasma B cells and made of four peptide chains.
Each 1gG has two antigen binding sites. This study is based on the dissolution of
functionalized CuO and ZnO NPs with Immunoglobulin G (IgG) at different
concentrations to monitor the inhibition and the enhancement of nanoparticles stability in
simulated media at pHs 4.5 and 7.4. The interaction between Cu ions and IgG is shown in
Figure 5-6 a, b, and c. Dissolution was almost complete for all media at 24 hours without
agglomeration. Interestingly, in the presence of 1gG, Cu ions at lysosomal pH 4.5 show
prominent binding of 1gG to the Cu ions, causing an increase in dissolution. However, at
extracellular pH 7.4 the release of ions was very low in Gamble’s solution relative to
uncoated surface. The enhancement in dissolution was likely due to the y-like shape, which
contains identical antigen binding sites. These sites can tangle the Cu ions and form protein
corona that in turns reduced the aggregation. A comparison between different

concentrations of surface coatings with 1gG is determined (See Figure 5-6 d). The dissolved
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Figure 5-8: Dissolution behavior of ZnO NPs 24 nm in simulated fluids. Kinetic study of ZnO NPs
coated with HA at different concentrations. (a, b, ¢, and d represent the control and 1, 10, and 20
mg/ml HA). (e) Soluble zinc produced by incubation of ZnO-NPs in various fluids after seven days
coated with HA at 168 hrs.
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Also in the presence of HA, Zn ions readily dissolve in ALF at pH 4.5 relative to
the uncoated particles. ZnO nanoparticles show low dissolution in Gamble’s solution and
water near pH 7.4. The dissolved zinc ions coated with HA at 20 mg/ml is 30.7 mg/l and
show high dissolution compared with Gamble’s solution 3.03 mg/l and water 2.96 mg/I.
Therefore, Zn ions highly dissolved in ALF compared with Gamble’s solution and water.
Therefore, it can be concluded that HA enhanced Zn ions dissolution in ALF relative to

Gamble’s solution and water and reduced the agglomeration of ZnO NPs. (See Figure 5-8

e)

The chemical reactions of ZnO NPs in aqueous solution could occur under acidic

and alkaline conditions as follows: 2%’

ZnO) + 2H%ag) <= ZNn% (aq +H20q) @)
ZnOg) + H'@) <> Zn(OH) @) (2)
ZnO) + OH @) + H200) <= Zn(OH)s"(ag) 3
ZnOg) + 20H (ag) +H200) <= Zn(OH)4% ag)  (4)

In aqueous solution, ZnO NPs form a layer of hydroxide. 28 At pH 4.5, the main
soluble ionic forms zinc of Zn are expected to proceed as follows: Zn*? and Zn (OH)".
However, when pH was 7.00 and higher, the dissolution of ZnO NPs was slightly soluble
in forms of hydroxide and hydroxyl complex. Thus, the solubility of ZnO NPs at neutral

pH was much less than that at acidic conditions.

The dissolution of Zn ions in ALF at pH 4.5 enhanced upon the addition of different

concentrations of humic acid. The significant effect of humic acid on the dissolution of
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ZnO nanoparticles in ALF is due to the electrostatic repulsion force between negatively
charged ZnO NPs became stronger at higher HA concentrations. Therefore, HA was found
to impede the aggregation of ZnO NPs, which made negatively charged ZnO NPs more
stable in the solution. According to the study of Mohd Omar et al. (2014), disaggregation
of ZnO NPs might be induced by the adsorption of HA on NPs due to the van der Waals

interaction between HA and NPs.

The influences of proteins such as BSA and 1gG on the dissolution kinetics of ZnO
NPs were investigated. The experimental results indicated that the presence of BSA and
IgG enhanced ZnO NPs dissolution confirmed by ICP-OES analysis. This enhancement
was attributed to readily adsorbed BSA and IgG and form a thin layer on the ZnO NPs
surface and the globular BSA and IgG molecules also induced longer steric repulsive forces
than that of humic acid. Consequently, the steric repulsive energy was strongest in the

presence of BSA and IgG and thereby impeding ZnO NPs aggregation most significantly.

Higher degrees of zinc ions release were achieved with increasing the
concentrations of proteins. 1gG is more effective than BSA in releasing zinc, probably due
to the excellent binding sites capacity. A comparison between different concentrations of
surface coatings with BSA and IgG were determined. BSA and IgG at 20 mg/ml showed
high dissolution. The dissolved zinc ions coated with BSA at 20 mg/ml is 36.4 mg/l and
show high dissolution compared with Gamble’s solution 3.76 mg/l and water 2.81 mg/I.
However, when zinc oxide coated with 1gG at 20 mg/ml, the dissolved zinc ions are 60.7
mg/l, 2.97, and 2.66 mg/ml in ALF, Gamble’s solution and water, respectively. Therefore,
Zn ions highly dissolved in ALF once they coated with IgG compared with Gamble’s

solution and water. (See Figure 5-9 and 5.10 of BSA and 1gG measurements).

107



Dissolved Zn*2 (mg/L)

Dissolved Zn*2 (mg/L)

80 80
® ALF ® ALF b
704 B Gamble's Solution a 704 B  Gamble's Solution
¢ Water ¢ Water
—_~
60 _én 601
501 é 501
o
_ += .
40 N 40
=
30 FAUIE S D
(=
204 § $ $ { 2 201§
[
107 10
I T T T T T T T T T T T T T T T
0 50 100 150 200 0 50 100 150 200
Time (Hour) Time (Hour)
80 80
® ALF ALF d
70- B Gamble's Solution c 70 Il Gamble's Solution
¢  Water Hl water
60 = 60-
)
501 é 501
o
40 = 40-
} } } { i 40
301 g 301
- S
2014 2 20-
10 = v
U B B d
0
I 1 T T 0_
0 50 100 150 200 T T T
Time (Hour) Control 1 mg/ml 10 mg/ml 20 mg/ml

Figure 5-9: Dissolution behavior of ZnO NPs 24 nm in various fluid media. Kinetic study
of ZnO NPs coated with BSA at different concentrations. (a, b, and c represent 1, 10, and
20 mg/ml BSA). And d represents soluble zinc produced by incubation of ZnO-NPs in
various fluid media after seven days coated with BSA at 168 hrs.
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Figure 5-10: Dissolution behavior of ZnO NPs 24 nm in various fluid media. Kinetic study
of ZnO NPs coated with IgG at different concentrations. (a, b, and ¢ represent 1, 10, and
20 mg/ml 1gG). And d represents soluble zinc produced by incubation of ZnO-NPs in
various fluid media after seven days coated with IgG at 168 hrs.
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A summary of the above results is shown in Figure 5-11. These results showed that
the nature of individual proteins plays a significant role in the subsequent corona formation
and HA binding over ZnO NPs surfaces. ALF shows the highest dissolution as a function
of concentrations compared with Gamble’s solution and water. Zinc oxide NPs showed
highly ions released in ALF once they coated with 20 mg/ml HA, BSA, and 1gG. However,
IgG showed the highest value compared with other coatings due to its complex structure
and the electrostatic and repulsive interactions with ZnO nanoparticles. 1gG at different
concentrations impeded the dissolution of ZnO NPs in solution by being absorbed onto the

surface of ZnO NPs.
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Figure 5-11: A summary of soluble zinc ions produced by incubation of ZnO-NPs in
various fluid media after seven days coatings with proteins and HA. Left. ZnO NPs coated
with 20 mg/ml of HA, BSA, and 1gG and shows that ZnO highly dissolved at a
concentration of 60.7 mg/ml in 1IgG compared with BSA and HA. Right. ZnO NPs coated
with HA, BSA and IgG in ALF at different concentrations. 1gG showed the highest
dissolution in ALF.

Dissolution of CuO and ZnO NPs in simulated lung fluids could be useful in
predicting behavior in some biological systems. The observed solubility of CuO and ZnO

NPs in simulated biological matrices suggests that these particles could create very high
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local concentrations of dissolved Cu and Zn if lodged in the lungs. Dissolution of soluble
nanoparticles should be considered when attempting to ascertain the toxicity or

environmental fate of engineered nanoparticles.

5.4.3 XRD Study for Uncoated and Coated ZnO Nanoparticles with HA, BSA, and
I1gG in Simulated Lung Fluids- Case Study: Artificial Lung Fluid (ALF)

In some ICP- OES measurements, ZnO nanoparticles in aqueous solutions have the
potential to dissolve quickly and form precipitates or other species that might present in
aqueous solutions and affect the measurement readings. In order to confirm the absence of
these species in the media used, XRD analysis was conducted for coated and uncoated ZnO
NPs. As seen from the dissolution results, zinc oxide nanoparticles showed different trends
in dissolution once coated with proteins and HA and they showed high dissolution in ALF
at pH 4.5 compared with Gamble’s solution at pH 7.4. Therefore, zinc oxide nanoparticles
coated with 20 m/ ml proteins and HA in artificial lysosomal fluid (ALF) were chosen to
detect that behavior following the same protocol that was mentioned in section 5.3.3

described excluding some steps:

To prepare the XRD samples, the uncoated ZnO nanoparticle was prepared at mass
loading of 1 mg/ ml and lyophilized. In addition, ALF was also lyophilized for comparison
with the coated samples. Then, ZnO NPs suspensions at a mass loading of 1 mg/mL were
prepared containing 20 mg/ml of BSA, HA, 1gG and rotated for 24 hours. Water was
removed by lyophilization, and the powder was added to ALF at pH 4.5. After mixing the
suspension, the samples were covered in foil to prevent any photoinduced dissolution and
finally rotated using a circular rotator for 24 h. The resulting samples were lyophilized and
the powders were collected to be analyzed using XRD. All XRD patterns for the tested

samples are shown in Figure 5-12.
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Figure 5-12: XRD patterns of ZnO NPs, ALF, and ZnO coated with BSA, IgG, and HA
in ALF at pH 4.5.
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The XRD pattern of uncoated ZnO NPs after lyophilization showed peaks at 20 =
31.67°,34.31°, 36.14°, 47.40°, 56.52°, 62.73°, 67.91°, and 69.03° which correspond to the
following planes of ZnO NPs: (100), (002), (101), (102), (110), (103), (112), and (201).
The XRD pattern indicate that the sample had a crystalline wurtzite structure, and no other

impurity peaks were detected. 2%°

The XRD patterns of lyophilized ALF showed peaks correspond to the crystal
structure of NaCl (one of the ALF components). No characteristic peaks of any zinc species
were detected.??® Then, the XRD patterns were examined for the coated ZnO NPs with
proteins and HA in ALF after lyophilization, and it was found that all peaks in these
samples correspond to the NaCl crystalline structure, and no other peaks were detected for
other species. It can be concluded that there were no zinc species or precipitates present in
ALF and the concentrations obtained using ICP-OES can be attributed entirely to the
dissolved Zn*?,

5.5 Conclusions

The current study provides significant insight into dissolution of CuO and ZnO NPs
in simulated lung fluids which play a key role in nanotoxicity. These nanoparticles have a
greater propensity for dissolution at pH 4.5 in ALF in the presence of 1gG and BSA and
release soluble ions more readily than HA. The addition of humic acid and proteins into
CuO and ZnO nanoparticles increased the dissolution only at pH 4.5, whereas the
dissolution was diminished at pH 7.4 in Gamble’s and water, which is possibly due to the
nature of binding and the complex structure of the coated materials. The difference in the
dissolution of CuO and ZnO NPs coated with HA, BSA, and IgG at pH 4.5 and 7.4 was

attributed to the different degree of adsorption on the nanoparticle surface, which was
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controlled by the hydrophilicity of the nanoparticles and the electrostatic attraction between
the coated materials and nanoparticles. Therefore, the increased dissolution potentially
affect the amount of dissolved Cu and Zn ions and may have a differential impact on

cytotoxicity.
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