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Abstract

Ascorbic acid was used to reduce cystine to cysteine that induces the aggregation of glutathione-capped copper oxide nanopar-
ticles. The aggregation of CuO NPs was optimized through resonance Rayleigh scattering and dynamic light scattering mea-
surements. The high specificity toward cysteine from other amino acids and biomolecules was due to its mercapto group that
binds to the surface of CuO NPs and the electrostatic interaction between the cysteine zwitterions on the surface of CuO NPs.
Accordingly, glutathione-capped copper oxide nanoparticles was used as a sensing probe for cystine based on resonance
Rayleigh scattering (RRS) technique. Increase in the RRS signal of CuO NPs was observed with increasing cystine concentra-
tion. A linear calibration plot was obtained in the range 2—20 uM with a limit of detection of 4.55 + 0.5 nM, which is lower than
literature value. The applicability of the proposed sensing strategy toward cystine was established, and the recovery percentage

was between 99.8 0.4 and 101.0+2.1 for n=3.
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Introduction

CuO nanomaterials were used in sensing applications for detect-
ing carbon oxide, hydrogen cyanide, and glucose compounds,
etc. In fact, high-sensitivity sensor depends on the chemical re-
action that occurs at the surface of the sensor and on the specific
area. Regarding the high surface area to volume ratio of CuO
nanostructures, their sensing properties were reinforced greatly in
the last few years. Hence, it was confirmed that the shape of CuO
nanomaterial affects strongly its sensing property. For instance,
Aslani and Oroojpour have studied the effect of size and the
morphology of CuO nanoparticles on the sensing property of
the nanoparticles [1]. However, the results showed that the good
response and detection limit were achieved when using the
cloud-like CuO structures, having high surface area/volume. In
addition, Yang et al. reported that the sensitivity of determining
HCN depends on both the surface area and the morphology of
CuO nanoparticles, due to the difference in the chemical reactiv-
ity of diverse crystal planes [2].
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The oxidation of cysteine produces its dimeric form “cystine.”
Cystine is found in many biological parts, like skeleton, skin,
connective tissues, digestive enzymes, immune system, and hair.
Cystine plays an antioxidant role toward DNA and tissues by
protecting them from free radical/reactive oxygen species attack.
In addition, it can be used to control cancer and similar autoim-
mune diseases. However, a high concentration of cystine, typi-
cally >400 mg/L, in human urine causes cystinuria [3].
Cystinuria is a congenital metabolic disease caused by the for-
mation of cystine stones in the renal tract that come from the
defective transport of cystine and dibasic amino acids through the
epithelial cells of the renal tubule and intestinal tract [4, 5]. It is
diagnosed by measuring the concentration of cystine in urine.
However, the detection of cystine is usually performed using
several methods including chromatography [6], iodometry [7],
electrochemistry [8], spectrophotometry [9], colorimetry [5, 10,
11], and spectrofluorometry [12]. For instance, Lu et al. studied
the detection of cystine, by ascorbic acid that reduces cystine to
cysteine allowing the aggregation of gold nanoparticles followed
by a change in the color [5]. Wang et al. used high-performance
liquid chromatography (HPLC) in the presence of dansyl chlo-
ride derivatives in reversed phase column and depending
isocratic elution for cystine detection [6]. However, these
methods have some drawbacks like low sensitivity and precision,
high-cost equipment and precursors as gold/silver nanoparticles,
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toxic reagents usage (sodium borohydride, sodium citrate), and
time consumption. Consequently, there is a need for selective
and sensitive detection of cystine for quick screening and early
diagnosis of mentioned diseases with minimal usage of harmful
reagents and expensive probes and instruments.

Resonance Rayleigh scattering (RRS) method is characterized
to be one of the most sensitive, time saving, and convenient
techniques for detection of different analysts [12—16]. Also this
method is considered simple in apparatus, usually can be per-
formed using common spectrofluorophotometer. RRS method
confirms its applicability to detect metal ions [17], non-metallic
inorganic substance [18, 19], surfactants [20], bio-
macromolecule [21], and pharmaceutiques [22]. To best of our
knowledge, no method for cystine detection based on RRS spec-
troscopy and that depends on copper oxide nanoparticles stabi-
lized with glutathione has been established. In this work, copper
oxide nanoparticles have been successfully prepared using glu-
tathione as surfactant and curcumin as supporting agent. Later
on, CuO NPs were depended as sensing probe for cystine deter-
mination using resonance Rayleigh scattering technique.

Materials and methods
Materials

Cupric chloride dihydrate was obtained from Fisher Scientific.
Curcumin (94%), L-glutathione reduced (98%), and poly(ethyl-
ene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) polymer (F108, 30 wt.%) were purchased from Sigma-
Aldrich. Moreover, cystine (crystalline, 98%), homocysteine (an-
alytical grade, 98%), and homocysteine (analytical grade, 98%)
were obtained from Merck. Ascorbic acid (AA, 99%), trypto-
phan (Tryp, 98.5%), tyrosine (Tyr, 99%), valine (Val, 99%),

Fig. 1 SEM images of copper
oxide nanoparticles a freshly
prepared and b after 1 week
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histidine (His, 98%), glutamic acid (G.A, 99%), alanine (Alan,
99%), lysine (Lys, 98%), leucine (Leu, 99%), and Isoleucine
(IsLeu, 99%) were purchased from Acros. However, all the
chemicals were used without any further purification and dis-
solved in double distilled water, except for curcumin which
was dissolved in ethanol (analytical grade, 99%) received from
Sigma-Aldrich, since curcumin has poor solubility in water.

Synthesis of copper oxide nanoparticles

The synthesis of copper oxide nanoparticles was established
as described below. In the first step, 1 mL of phosphate buffer
of pH=13 was added to 1 mM of curcumin dissolved in
10 mL of ethanol. In the second step, curcumin solution was
added to 50 uM of L-glutathione dissolved in 15 mL doubly
distilled water (DDW) heated at 80 °C. Later on, 10 mM of
CuCl,-2H,0 dissolved in 15 mL DDW heated at 80 °C was
added and the mixture was stirred at 400 rpm for 1 h under
water reflux at 80 °C. Finally, the solution was centrifuged at
37800xg for 10 min to precipitate the formed CuO NPs.

Characterization and spectroscopic analysis

Scanning electron microscopy (SEM) analysis was performed
using a Tescan, Vega 3 LMU with an Oxford EDX detector
(Inca XmaW20). The accelerating voltage was 5 kV with a
magnification of 500 nm. The X-ray diffraction (XRD) data
were collected using a Bruker d8 discover X-ray diffractome-
ter equipped with Cu-K« radiation (A =1.5405 A). The
monochromator used was a Johansson type monochromator.
Dynamic light scattering assay was measured using
Particulate systems, Nonplus Zeta Potential/Nano Particle an-
alyzer. The synchronous fluorescence scan was performed
using a Jobin-Yvon-Horiba Fluorolog III fluorometer and
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Fig. 2 XRD image of copper oxide nanoparticles

the FluorEssence program. The excitation source was a 100-
W Xenon lamp, and the detector used was an R-928 instru-
ment operating at a voltage of 950 V by keeping the excitation

and emission slits width at 5 nm. The wavelength interval was
kept at 0 nm (AX =0 nm) to measure the resonance Rayleigh
scattering spectrum. Briefly, the collected CuO nanoparticles
were mixed with 14 mL of double distilled water and stored.
From this solution 0.1 mL was transferred and diluted to 3 mL
and the measurement was carried out in a 3-mL cuvette.

Sample for cystine detection

A stock solution of 100 uM of cystine was prepared in order
to arrange several solutions of known concentration in the
range from 0 to 20 uM. Different volumes of cystine were
added to 1.5 mL of 2 mM ascorbic acid and kept undisturbed
for 15 min. Then, 0.1 mL of CuO NP solution was added to
the mixture and the volume was kept constant with DDW till
3 mL. Interference study against other bio-molecules was car-
ried out using 20 uM of each from Tryp, Tyr, Val, His, G.A,
and Alan. Also, selectivity study against surfactant was done
by preparing copper oxide nanoparticles using F108 polymer
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Fig.3 a RRS spectrum of CuO NPs without and with cystine; b DLS measurement for CuO NPs without cystine and ¢ DLS measurement for CuO NPs

with cystine (Ceystine =20 uM)
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instead of L-glutathione. All the measurements were per-
formed by adding a complementary volume of double distilled
water to keep the concentration of CuO NPs constant in a total
volume of 3 mL.

Results and discussion
Synthesis of copper oxide nanoparticles

Reduced glutathione was used either as a surface ligand for
metal nanoparticles in order to enhance their physiological
stability [23] or as a luminescent coat to increase the resistance
of metal nanoparticles toward serum proteins [24].
Glutathione has been used for the first time as stabilizing agent
for the CuO NPs. However, the formed CuO NPs were uni-
form in shape and stable in solution. Scanning electron mi-
croscopy was done and the results are showed in Fig. 1a. It is
obvious that the synthesized CuO NPs were very well

dispersed with uniform shape. SEM image was done 1 week
later to verify the stability of the CuO NPs (see Fig. 1b).
However, same shape and distribution was obtained verifying
the role of glutathione as stabilizing agent.

X-ray diffraction analysis was done to study the crystallin-
ity of the produced CuO NPs. The diffractogram revealed a
high crystallinity ~80% for the CuO NPs. However, two ma-
jor peaks were obtained at 20 equal to 35.6° and 38.75° refer-
ring to (111) and (200) planes respectively [25]. In addition
minor peaks were observed between 48° and 69° as presented
in Fig. 2.

Sensing mechanism of cystine

In general, the coordination between copper oxide nanoparti-
cles and glutathione is based on the carboxylate group.
According to Fitts et al., the carboxylate group is involved in
the interaction between glutathione and copper along with o-
COO  and -NH, groups [26]. These nanoparticles were used
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Scheme 1 Illustration of the sensing mechanism
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Fig. 4 a RRS spectrum of CuO NPs without and with cystine in the presence of AA; b DLS measurement for CuO NPs without cystine and ¢ DLS
measurement for CuO NPs with cystine in the presence of AA (Cygtine =20 uM)

to design a sensing method for cystine detection based on
resonance Rayleigh scattering measurement. When 20 uM
of cystine was added to the copper oxide nanoparticles solu-
tion, no remarkable change occurred (see Fig. 3a). Hence, a
very slight increase in the CuO NPs’ RRS signal was ob-
served, verifying the non-formation of CuO aggregates (see
Scheme 1a). This situation was also confirmed with DLS
measurements. As shown in Fig. 3 b and c, the particle size
of the CuO NPs had varied several nanometers when adding
cystine from 180 to 200 nm.

However, it was reported that cysteine could cause the
aggregation of nanoparticles due to the thiol group present
in its structure which can bind to NPs’ surface, oppositely to
cystine where S—S bond inhibits the aggregation of CuO NPs,
since no interaction site with the NPs’ surface can occur [27,
28]. Lux et al. developed a treatment for cystinuria using
ascorbic acid that acts as a reductant to reduce cystine to cys-
teine form [29]. Based on this, we have established a new

method based on CuO NPs using RRS method to detect cys-
tine indirectly through the reduction of cystine to cysteine
under the action of ascorbic acid.

For the cystine determination, 20 uM of cystine was treated
with ascorbic acid and CuO NPs as described in “Sample for
cystine detection,” followed by resonance Rayleigh scattering
measurement. The obtained results are depicted in Fig. 4a. It
was noticed that the RRS intensity of CuO NPs increases when
adding cystine in the presence of ascorbic acid. This increase in
the RRS signal is due to the fact that ascorbic acid is reducing
cystine to cysteine and, thereby, cysteine can easily bonded to
the surface of CuO NPs through its mercapto group (see
Scheme 1b). In addition, electrostatic interaction will occur
between the cysteine zwitterions on the surface of CuO NPs.
This interaction between cysteine and CuO NPs leads to the
aggregation of CuO NPs which was confirmed through DLS
measurements as shown Fig. 4 b and c. The diameter of the
CuO NPs was increased from 180 to 435 nm.
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Fig. 5 a RRS spectrum of CuO NPs in the presence of AA and cystine; b RRS intensity versus concentration of cystine in the range of 2-20 uM. The

error bar is for n=3. RRS intensity was measured at 372 nm

Sensitivity of the method for the detection of cystine

Glutathione-stabilized copper oxide nanoparticles solutions
were treated with various concentrations of cystine in the
range 0-20 puM, by recording their resonance Rayleigh scat-
tering intensity. As shown in Fig. Sa, the increase in the con-
centration of cystine leads to a direct increase in the RRS
intensity. Hence, the enhancement of the RRS intensity is
proportional to the increase in cystine’s concentration. As
depicted in Fig. 5b, the results show a good linear relationship
over the whole concentration range. The linear regression
equation was Irrg = 1.23453E6 [cys] + 4.66375E6 with a re-
gression coefficient of 0.9911. The limit of detection (LOD)
and of quantification (LOQ) were calculated depending on the
compendia methods through & (0)/m, knowing that k=3 for
LOD and k=10 for LOQ, ¢ is the standard deviation from 3
replicate blank measurements, and m is the slope of the cali-
bration plot. The LOD and LOQ were estimated to be 4.55 +

0.05nM and 15.2 £0.1 nM respectively, lower than the value
obtained in the literature using sophisticated method [30] (see
Table 1).

Selectivity of cystine detection

Resonance Rayleigh scattering spectra were recorded for
several amino acids, including tryptophan, tyrosine, valine,
histidine, glutamic acid, and alanine, to evaluate the selectivity
of the proposed sensing method. It was clear that the
higher enhancement in the RRS intensity of CuO NPs was
noticed with cystine only, where other amino acids showed
no significant effect on the RRS intensity at 20 uM (see
Fig. 6). These results indicate that only cystine could boost
the size of CuO NPs through their aggregation and other
amino acids show negligible interference for cystine detection
using this method.

Table 1 Different reported
methods for cystine determination

Methods Concentration  Selectivity toward analogs LOD Reference
range
Colorimetric detection gold 1-10 uM Glutathione, alanine, 1 uM [5]
nanoparticles tyrosine, proline, arginine,
lysine.
Flow injection spectrofluorimetric ~ 0.1-5.5 uM Glycine, alanine, L-lysine, 0.1 uM [12]
determination L-leucine, L-proline,
L-threonine, L-valine,
glucose, urea.
RP-HPLC method 7-20 uM Not determined 1.2 uM [6]
Fluorosurfactant-capped spherical ~ 2—-15 pM Cysteine, homocysteine, 0.16 M [30]
gold nanoparticles as HPLC homocystine.
postcolumn colorimetric
reagents
RRS technique using CuO NPs 2-20 uM Tryptophan, tyrosine, valine, 4.55nM  Our work

histidine, glutamic acid,
alanine.

@ Springer
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Selectivity toward surfactant

To test the selectivity of glutathione-capped CuO NPs in de-
tecting cystine molecule, CuO NPs were prepared using the
same procedure but different surfactant as F108 polymer.
Hence, the RRS intensity was measured when adding cystine
with ascorbic acid to CuO NP solution at high concentration.
As shown in Fig. 7, the RRS intensity was not altered when
adding cystine and ascorbic acid, meaning that the detection
of cystine could only be achieved when preparing CuO NPs
with glutathione. However, this is due to the fact that F108
polymer aqueous media result in the formation of micelles
where the CuO NPs are incorporated. Also the high molecular
weight of F108 compared with glutathione one could cause
steric hindrance environment around CuO NPs inhibiting the
penetration of cysteine molecule to bind at the CuO NPs’
surface. Consequently, no response for cystine detection was
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Fig. 7 RRS intensity of CuO NPs prepared with glutathione or F108
alone and with AA and cystine at Cyggine = 20 pM

Table2  Recovery results of the proposed method

Theoretical Average Recovery (%)
concentration (UM)  experimental (forn=3)
concentration ((M)
(forn=3)
Unknown 1 3 3.03£0.1 101.0 £ 2.1
Unknown 2 10 9.98 £ 0.4 99.8 £ 0.4
Unknown 3 16 16.0 £ 0.1 100.0 £ 0.1

observed with CuO NPs prepared with F108 polymer even
though after reducing cystine to cysteine. Also the common
binding sites between cysteine and glutathione chemical struc-
tures facilitate the detection process and make it possible.

Practical application

To test the consistency and applicability of the proposed sens-
ing method, different concentrations of cystine were used in
the same manner as mentioned above to accomplish their re-
covery testing. The experimental results show that 99.8 + 0.4—
101.0 +2.1% for n=3 recoveries from the concentration of
cystine were obtained as Table 2 shows. The obtained results
approve the consistency of our suggested method for cystine
determination. However, presence of other nanoparticles or
substances that have strong absorption and fluorescence in
the resonance Rayleigh scatting in the region of CuO NPs
may interfere in the estimation. Substance that may interact
with CuO NPs through electrostatic interaction, hydrogen
bonding, etc. may affect estimation of cystine.

Conclusion

An innovative RRS method based on glutathione-capped cop-
per oxide nanoparticles for cystine determination was de-
signed. In this method ascorbic acid was used as a reductant
to reduce cystine to cysteine that causes the aggregation of
CuO NPs via electrostatic interaction to occur between cyste-
ine zwitterions bonded to CuO NPs. In comparison with other
sensing techniques that were used for cystine determination,
this method proves its simplicity, time saving, and nontoxicity
to diagnose cystinuria. However, this method may suffer in
the presence of other NPs or species which strongly absorb
and emit in the resonance Rayleigh scatting region of CuO
NPs. Substance that may also interact with CuO NPs through
electrostatic interaction, hydrogen bonding, etc. affects esti-
mation of cystine. Nevertheless, this study potentially may
trigger research work to apply RRS technique along with
HPLC to improve analytical sensitivity and linear dynamic
ranges.
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