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ABSTRACT

Electrochemical detection strategies employing senductor quantum dots (QDs) open up
new opportunities for highly sensitive detectionbadlogical targets. We designed new a assay
based on microbead linked enzymatic generation @ @QDs (Microbead QD-ELISA) and
employed it in optical and electrochemical affindtgsays for the cancer biomarker superoxide
dismutase 2 (SOD?2). Biotinylated antibodies aga8@D2 were immobilized on the surface of
polyvinyl chloride microbeads bearing streptavidin. order to prevent any non specific
adsorption the microbeads were further blocked Wwithine serum albumin. The analyte, SOD2

was captured on microbeads and labeled with akkglimosphatase-conjugated antibody linked



with mouse antibody against SOD2. Hydrolysis ofapaitrophenylphosphate by immobilized
alkaline phosphatase triggered the rapid formabbrphosphate-stabilized CdS QDs on the
surface of microbeads. The resulting semicondut@oioparticles were detected by fluorescence
spectroscopy, microscopy and square-wave voltamym@&@wVWV). The electrochemical assay
based on the detection with square-wave voltammmegraf Cd* ions originating from
immobilized CdS QDs showed linearity up to 45 ngmand the limit of SOD2 detection equal
to 0.44 ng mL* (1.96 x 10" M). This detection limit is lower by two order$ magnitude in
comparison with that of other previously publishasisays for superoxide dismutase. The
electrochemical assay was validated with HepG2 (&utmepatocellular carcinoma) cell lysate

containing SOD2.

INTRODUCTION

Biochemical assays use specific chemical interactm detect target analytes by different
recognition elements such as antibodies (in immssegs), DNA (deoxyribonucleic acid)

aptamerg; 2 or nanostructured imprinted polymer filths, Immunoassays have been broadly
applied to a variety of platforms, including midtet plate based immunoassays, lateral flow
immunochromatographic assays and bead-based imsemy®s The enzyme-linked

immunosorbent assay (ELISA) relying on enzymes Iil@seradish peroxidase (HRP) or
alkaline phosphatase (ALP) for signal amplificatisrprobably the most ubiquitous bioanalysis
method used in clinical diagnostics for diagnhadisnfectious diseases, food allergen detection

and plant pathogeris.



Microparticles are commonly used as a solid suppartthe immobilization of recognition
elements in immunoreactiofisn order to capture and separate target moleanesthus are
also used in conjunction with ELISA. The bead-baB&t5A originates from sandwich ELISA
and substitutes the flat plastic surface suppoitis magnetic, polymeric beads or microspheres.
Due to the mobility of the particles, bead-basedSFA. can be applied in more detection
systems ™ Traditionally, the detection of the enzyme labets performed by optical assays
based on chromogenic and fluorogenic organic satestr which change absorption or emission
spectra in the course of enzymatic reactions. Hewewost of the organic dyes currently in use
for bead-based ELISA are not very resistant agalasbmposition under the action of light in
the presence of oxygen, hydrogen peroxide and watbe assay mixture resulting in bleaching.
Metal nanoparticles (NPs) demonstrate much higtedilgy, and due to their high extinction
coefficients they are increasingly finding apgtion in bioanalysis, for instance by triggering
the formation of detectable metal NPs by an enzgmaaction chain involving glucose oxidase
(GOx), ALP or alcohol dehydrogenase (AlcDH)® However, metal NPs produced by the
enzymes are not fluorescent and rarely demongptadtocatalytic activities, and therefore their
use in bioapplications is limited. In contrast, ssanductor NPs show the intrinsic capacity to
become photoexcited and subsequently emit fluonedight in the relaxation process. Quantum
effects govern this behavior, and therefore themigles are referred to in the literature as
guantum dots (QDs). The wavelength and intensitythef emitted light is defined by the
chemical composition and the shape of the QDs atswlby its environment, which makes them

a very interesting target for a wider applicatinrbioassay$’

Our group has pioneered the enzymadticsitu growttf*® and etching®® of fluorescent

semiconductor CdS QDs, and on this base develojp@edofenic enzymatic assayslhose



assays were much more cost efficient, lower prodndime and demonstrated lower detection
limits and better sensitivities than the standashgs based on organic substraléghe general
methodology can now be readily applied to any lHagsising enzymes for signal amplification.
We applied this technique to a traditional opti€AlISA test where biocatalytic growth of
fluorescent CdS QDs was used for the detectionnofai@alyte captured on the surface of

polystyrene microplates.

While the exploitation of the optical properties@Ds is usually a key parameter in the design
of such ultra sensitive assays, there is stileliknowledge about the practical exploitation of a
pure electrochemical (without the need of any lighiirce and optical detector) quantification of
enzymatically generated QDs. Usually, the meta$ it®d*, PF*, Zrf") of semiconductor NPs
possess different oxidation potentials yielding lwes$olved voltammetric signals with a nicely
low detection limit,?®*3?and works by Bard et al. showed that in partic@e QDs exhibit the
requested inherent electrochemical properties wlaoh necessary for an electrochemical

detectior> 3

In recent years, several voltammetric techniqueshsas linear sweep, differential pulse
voltammetry (DPV) and square-wave voltammetry (SViisye been the most widely employed
electrochemical methods for characterization anghtification of QDS *® SWV became the
most employed methodology due to its high selegtignd sensitivity>>? The inexpensive,
commercially available, disposable screen-printéecteodes (SPEs) with their versatility,
miniaturization and ease of handffig® significantly diminish assay times and volume sksp

being therefore increasingly used.

To the best of our knowledge the electrochemicé¢a®sn of biocatalytically generated QDs

has neither been reported nor applied to bioarsal@m the other hand, the enzymatic formation



and deposition of QDs on microbeads with analytaggblications has never been reported. In
situ deposition of CdS QDs by the amplifying enzyAléP potentially can yield very sensitive

electrochemical assays due to the fact that ongnemzan generate several CdS QDs. In this
study, we developed a methodology for the direteéat®n of enzymatically generated CdS QDs
captured on microbeads which subsequently wereestdy) to an acid attack. The released

cadmium ions were monitored by SWV using SPEs.

If the exploitation of an electrochemical quantfion of QDs in an enzymatically amplified
bioassay would turn out to be less expensive thaordmetry, then we could offer a quite
universal bioanalytical platform using the enzymagrowth of QDs It would finally be

applicable to an extremely wide range of detecBgstems, spanning from optical laboratory
equipment to perspective low power requiring mikrdic systems (in which even the final

washing step can be automated) and thus fast pbaatre (POC) analysis systems.

We applied the developed electrochemical Microb€Hd-ELISA to the detection of the
important biomarker superoxide dismutase 2 (SOD#)@mpared the assay performance with

that of the relevant fluorogenic and chromogeniimey bioassays.

SOD2 is an antioxidant enzyme which catalyzes tisenatation of superoxide anion into
molecular oxygen and hydrogen peroxide. This enzyraects cells against reactive free
radicals by neutralizing superoxide anions produoader oxidative conditiorS. Numerous
studies have demonstrated over-expression of S@D2rious types of cancer cells like breast
cancer, pancreatic adenocarcinoma, papilloma, sstarcinoma and other cancer c&t&
Measurement of the SOD2 concentration in cellsseetial for monitoring the clinical course of
the disease and distinguishing between the diffestages of tumors. In this study, we applied

our system to analysis of SOD2 in Human hepatoegltarcinoma (HepG?2) cells lysate.



EXPERIMENTAL SECTION

Material and reagents. Bovine serum albumin (BSA), antimouse Immunoglob@ (IgG)-
(whole molecule)-ALP, sodium sulfide (b&), cadmium nitrate Cd(N{, 4-nitrophenyl
phosphate disodium salt (pNPP) and other chemiwate supplied by Sigma-Aldrich. Human
SOD2 full length protein, anti-SOD2 antibody-bio{oleveloped in rabbit), anti-SOD2 antibody
(developed in mouse), HepG2 whole cell lysate werehased from Abcam. 1 um diameter
polyvinyl chloride microbeads decorated with stesfdin (beadBALL-Streptavidif) were
purchased from Chemicell (Germany). Screen-primgiedtrodes (SPEs) were purchased from
DropSens (Spain). Disposable customized devicesdbas a single-working carbon electrode,
carbon counter electrode and Ag/AgCI referencetielde were specially designed to work with
microvolumes of a sample. The stability of the Ag@A\ reference electrode was confirmed by
performing cyclic voltammetry with {Fe(CN)]. A boxed connector (DropSens) was employed
as interface between SPEs and potentiostat.

Preparation of polyvinyl chloride microspheres/antiSOD2 composites. 100 uL of polyvinyl
chloride microbeads-streptavidin (10 mg Mlwere added into a clean 0.5 mL microcentrifuge
tube and centrifuged at 500 x g for 1 min. The soug&ant was discarded, and 1400 of Tris-
buffered saline, pH 8.0 (TBS) buffer were addedh® beads. The beads were spun down and
resuspended into 5@L of buffer, and 5QuL of anti-SOD2 antibody-biotin (0.1 mg rit) were
added to the solution. The concentration of SOD@bady-biotin equal to 0.1 mg mtwas
suggested by the standard protocol of Chemicelirffonobilization of biotinylated antibodies.
After 15 min incubation the beads were washed 2gimith 10QuL of TBS and resuspended in
100 pL of buffer. To prevent nonspecific binding of peots microbeads were blocked by

incubation with 5 % (w/v) BSA in TBS, overnight4fC. Then beads were washed three times



with TBS/0.05 % (v/v) TweenZ0(TBST) and resuspended in the same buffer toa fiolume

of 100uL.

Detection of SOD2 protein by fluorogenic and chromogenic methods. 20 uL of prepared
beads were incubated for 1 hour in samples of réiffeconcentration of SOD2 protein in TBS,
final volume 100uL. The microbeads were washed 3 times with DOBST. The mixture of
microbeads, anti-SOD2 antibody (1:10) and antimeAise (1:100) in TBS was agitated in the
microcentrifuge tube for 1 h at room temperaturé)(R'he beads were then washed three times
with TBST and once with Tris buffer (50 mM Tris-HBUffer and 1 mM MgGl pH 8.8). Then,
90 uL of ALP substrate (0.56 mM pNPP in 50 mM Tris-Hélffer and 1 mM MgGCJl, pH 8.8)
was added to each sample and incubated for 30 thiRT aAfterwards, SiL of 1 mM N&S and

5 uL of 50 mM Cd(NQ), were added. After incubation of 30 min the beadsawashed once
with 100 pL Tris buffer (50 mM Tris-HCI buffer and mM MgCh, pH 8.8) and placed to a
black 96-well NUNC microtiter plate. The fluorescence emission spedf the resulting
suspension were recorded & = 320 nm. For ALP substrate detection by the stehd
chromogenic method, the supernatant obtained aféeshing was transferred into transparent
flat-well NUNC® 96-well microtiter plates. The absorbanceiat 410 nm was measured.
Furthermore, the fluorescence spectra for the teteof spiked SOD2 (3 pg mi) in real
samples (HepG2 whole cell lysate) was measured.

Release of free cadmium ions from adsorbed CdS NPs. 100 pL aliquots of microbeads
samples bearing enzymatically produced CdS NPsraatan the above mentioned experiment
were placed into Amicon® Ultra-0.5 centrifugal éits (3000 NMWL) and washed 3 times with

Tris-HCI buffer (10mM, pH 8.8). Finally, the recaeel mixtures were transferred into new



filters and 200 pL of 0.2 M HCI was added to rete@sf* cations from the captured CdS NPs.
After centrifugation, the cadmium solutions wemnsferred to the pretreated SPEs.
Electrochemical detection. Before SWV measuremenBPEs were pretreated electrochemically
by cyclic voltammetry (CV) for 20 cycles at a pdiahrange of 0 — 1 V in Tris-HCI buffer (10
mM, pH 8.8). Subsequently, a 40 pL drop of colldcselutions was placed on the SPEs and
electrochemical SWV measurements were conducteddayrodepositing cadmium at -1.2 V for
2 minutes and stripping from -1.2 to -0.6 V. The&® wave parameters mainly included 2 mV
step potential, 25 mV amplitude and 25 Hz frequency

In order to follow the the quality of the washinf ©@dS NPs adsorbed on microbeads from
exogenous Cd ions, the collected waste solution was measure@\Wy after each washing
step Figure S1 Supporting Information).

All electrochemical data was recorded on the Adnoidectrochemical Workstation (Model:
PGSTAT302N, Metrohm Autolab, The Netherlands) egag with NOVA 1.10 software. All
experiments were performed at room temperatureeddninentioned otherwise, all experimental

results presented here are averaged from thrependent measurements (n = 3).

RESULTS AND DISCUSSION

Scheme 1 outlines the model assay for detection of SOD2#ymatic generation of CdS QDs.
The stages of modification of polyvinyl chloride arobeads with antiSOD2 are shown in
Scheme 1A. Briefly, streptavidin coated microbeagse mixed with polyclonal biotin labeled
capture antibodies specific to SOD2 protein. Toidvaonspecific adsorption of interfering
species on the surface of the beads 5% (w/v) BS& wsad to block the surface. The stages of
the bioassay for SOD2 are presented in Schemetldiestribes microbead-based ELISA for

detection of SOD2 protein. Previously prepared kddcpolyvinyl chloride microbeads bearing



capture antiSOD2 were incubated in sample solutimrgaining different concentrations of
SOD2 protein. Next, detecting anti-SOD2 antiboayrfrmouse was specifically bound to SOD2
protein on the microbead surface. Secondary ALRugated antimouse IgG was added to label
the Fc region of immobilized mouse anti-SOD2 détectantibody. The microbeads were

washed to remove the unbound secondary antibodyremzonjugates.

Scheme 1. The Principle of Microbead-Based ELISA. (A) Procedure of Microbeads
Bearing Anti-SOD2 and BSA; (B) Immabilization of ALP Mediated by the Analyte; (C)
The Biocatalytic Signal Amplification Cascade for Detection of Analyte.




In the past we demonstrated that orthophosphate [@@°") produced by ALP stabilize CdS
NPs produced from N& and Cd(NG), in situ?’ Scheme 1C outlines the biocatalytic signal
amplification cascade for detection of analyte S@Y2he enzymatic production of CdS QDs in
situ. As demonstrated in Scheme 1C, ALP capturethenmicrobeads due to the recognition
event hydrolyzes para-nitrophenylphosphate (pN&Pata-nitrophenol and orthophosphate ions
which stabilize CdS NPs produced in situ by theriattion of C&" with S ions. The optimum
concentrations of Cd(Ng» was 2.5 mM and N& was 0.05 mM as shown in Figure S2.

ALP demonstrates the highest specific activity asib pH in the presence of Kigcations. On
the other hand CdS NPs capped by negativg R@ions are more stable at basic pH which
shifts the following three equilibriums to the righcreasing the total stabilizing negative charge
on QDs:

H3PQ, » HPQy + H

H,PO; « HPOy? + H

HPO,” « PO + H'

Therefore we used 50 mM Tris-HCI buffer containihgmM MgChk with pH 8.8 for the
enzymatic growth of CdS QDs. The resulting CdS KPsl to the surface of microbeads, as
confirmed by the experimental characterizatiorheficrobeads.

Characterization of microbeads. In order to confirm the presence of the gener@@f NPs on
the surface of the microbeads a wide field fluoeese microscope and a transmission electron
microscopy (TEM) equipped with an Energy Dispersi##®ay Spectrometer (EDX) were used.
Fluorescence imaging analysis confirms the preseh@S NPs on the surface of microspheres

(Figure 1). In the absence of SOD2 no fluorescence was wetd€igure 1A). In the images
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obtained in the presence of 111.5 ng™* SOD2, highfluorescence intensity was observed

to the adsorption of enzymatically generated CdS dtPthe surface of microbea

Figure 1. Fluorescence microscope images obte (four differentpictures in different areas
each sample were taker(A) in the absence of SOD2 protein; (B) in thegance of SOD
protein.

EDX spectra have been acquired in a transmissexireh miroscope (TEM) in scanning mo:
(STEM). Detected Cd was found to be colocalizedhwhe microbeads for SOD2 treat
samples Kigure 2). In the absence of SOD2 protein in the assay dow@s detected. Tt
present, low EDX signalias proven to be in this e noise only, and thus no image is shown

this sample (the EDX data analysis is presenteélda supplementarynformation)
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Figure 2. Overlay of detected Cd signal to the correspondBIGEM image (20.000
magnification). The excitation occurred where thganic matrix is localized.

Scheme 2. Fluor ogenic Detection M ethod

Three different analytical methods: fluorogenictarhogenic and electrochemical, were used to
follow the readout signalScheme 2 represents the fluorogenic test, where CdS QDs
immobilized on the surface of microbeads emit fasmence under excitation with 320 nm light.
Figure 3A represents fluorescence emission spectra of CdS €iresponding to different
concentrations of SOD2 (from 0 to 111.6 ng MLin buffer solutions. The increase in the
amount of adsorbed SOD2 protein leads to a risingréscence intensity. The received
calibration curve irFigure 3B demonstrates that the intensity of the emissiakpeincreases
with the concentration of the SOD2 protein. Thepoese to varying SOD2 concentrations
shows linearity from 0 to 11 ng mit and saturation starting from 80 ng FLSOD2
concentration. According to the calibration curfze timit of SOD2 detection was found to be

0.52 ng mL* (2.31 x 10" M).

Furthermore, we compared the performance of thedlygenic method with that of the standard
immunoassay based on the enzymatic hydrolysis @fnabgenic substrate pNPP, followed by

UV-Vis spectroscopyHigure 3C). A linear response range for detection of SOD2tlig
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method was between 0 ng fland 11 ng mL* and it shows the same value compared with the
fluorogenic one. However, the lowest concentrattdnfSOD2 that could be detected by this
chromogenic system was found to be 1.307 ng'n.82 x 10'* M), which is 2.5 times worse

than that of the fluorogenic assay.
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Figure 3. (A) Fluorescence emission spectra of the systentagung: Cd(NQ), (2.5 mM),
NaS (0.05 mM), pNPP (0.5 mM) and various concentretiof SOD2: (a) 0 ng mt; (b) 1.1 ng
mL?; (c) 2.23 ng mL*; (d) 4.46 ng mL%; (e) 11.16 ng mt:; (f) 22.3 ng mLY; (g) 44.6 ng mL%;
(h) 89 ng mL*; and (i) 111.6 ng mt. (B) Calibration curve of SOD2 obtained using nmaoun
fluorescence intensity of the pealqak (C) Calibration curve of SOD2 obtained usiags= 410

Electrochemical detection of SOD2. Under the optimized operating conditions (stefeptal,
amplitude and frequency), a series of differentcemtrations of enzymatically generated CdS
NPs corresponding to SOD2 concentrations from @19.6 ng mC* was measured. Before
performing the electrochemical studies, free exogencadmium ions which were not
immobilized as CdS NPs on the surface of microbeasdse washed off by ultrafiltration.

Finally, the microbeads bearing CdS NPs were raeavand treated with hydrochloride acid to
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now dissolve the cadmium from the NPs as it is ctediinScheme 3. Like this we exclusively

made available for the electrochemical detectidg thre cadmium which before formed QDs.

Scheme 3. Electrochemical Detection M ethod Using Screen Printed Electrodes

The mechanism of G8 ions detection consists of several steps: accuiunlareduction and

stripping stages as described below:

acid attack

CdS NPs + 2HCl ——— Cd?* (dis) + 2Cl” + H,S 1

d iti —-1.2Vwvs. Ag/AgCl
Cd?* (dis) + 2¢- Poon L2V vs A9/A9C0 1 spEY

SWV (-0.9V vs. Ag/AgCl)

Cd(SPE) Cd?* (dis) + 2e~
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Firstly, the dissolved Cd ions were reduced at -1.2 ¥. Ag/AgCl and electrochemically
deposited on the surface of working electrode spasable SPE. Subsequently, the deposited
cadmium was electrochemically oxidized at -0.90/8/ Ag/AgCl. The electrochemical signal
increased during selective electrodeposition offrgach ions corresponding to the increasing
amounts of SOD2. Well-defined stripping peaks wiximum currents increasing in proportion
to the concentration of SOD2 were observed at -U.96. Ag/AgCl as shown in stripping curves
of Figure 4A. The square-wave voltammograms demonstrated iim@stwider linearity (up to

45 ng mL* Figure 4B) in comparison with that of the fluorogenic assayvas confirmed that

all the dissolved Cd ions were deposited on the surface of the SRgute S4). Fluorescence
guenching phenomenon is usually observed upon gggoa of CdS NPs as has been reported
in the literaturé’® *° So, enzymatically generated CdS NPs partially liserescence upon
aggregation on microbeads, resulting in narrowsgdr range demonstrated by the fluorogenic
assay. We explained the wider linearity of the tetmhemical method by the fact that the
electrochemical SWV readout signal depends onlghertotal amount of Gdl ions captured on
microbeads in CdS and is not affected by the quegctiue to quantum interaction between
neighboring QDs. The lowest amount of SOD2 thatatbe detected by electrochemical method
was found to be 0.44 ng iL(1.96 x 10"* M). The average relative standard deviation (RSD)
calculated from the SOD2 calibration (obtained gsah least three independent measurements)
was 6.75%. The previously published various as$aysuperoxide dismutase demonstrated

much worse detection limits than our electrochemidétection immunoassay.

The electrochemical oxygen probe showed a detetititihof 1.5 x 10° M,*® and two assays

using surface plasma resonance (SPR) had detditiis of 1 x 10° M *" and 0.9 x 1§ M.*®
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The chromogenic ELISA employing HRP-antibody comitegand 3,3',5,5'-tetramethylbenzidine
gave a detection limit of 1.2 x POM and requires at least 6*h. The most recent
electrochemical method for detection of superoxignutase using affinity interaction has
detection limit of 0.5 nM? Thus, our fluorogenic and electrochemical assagsiring between
4 and 6 h of total incubation and washing time iowerupon these published detection limits by
three orders of magnitude. This remarkable decrimagee detection limit will allow for smaller

samples needed from patients.
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Figure 4. (A) Square wave voltammograms obtained for the 3Qidtection at different
concentrations of (a) 0 ng nfL(b) 1.12 ng mt, (c) 2.23 ng mL, (d) 4.46 ng mL, (e) 11.15
ng mL?*, (f) 22.30 ng mL}, (g) 44.60 ng mt, (h) 66.90 ng mL, (i) 89.20 ng mL* and (j)
111.50 ng mtt. (B) Calibration curve of SOD2 obtained using gred area under peaks.
Inset: Part of the calibration plot at low concatibns.
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Finally, the detection of tumor markers in real ptm is really of importance and gives
information of the disease stage. For that reas@nalso evaluated our assay for detection of
SOD2 in HepG2 cell lysate samples. We validateddéeeloped electrochemical method by
running assays employing HepG2 cell lysate samgmesaining different known concentrations
(spiked concentration: 0, 11.15, 22.30 and 44.60nhd) of SOD2, which demonstrated the
voltammetric curves depicted iigure 5A. The calibration plot including the error bars for
three different measurements (RSD = 7%) is alseveha Figure 5B. The similar calibration
curves for SOD2 detection in buffer (dashed line§l @ell lysate (dark line) demonstrate the

suitability of the method for use in real samples.
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Figure 5. (A) Square wave voltammograms obtained using Hem®R lysate samples
containing various SOD2 amounts: (a) 0 ngm(b) 11.15 ng mt, (c) 22.30 ng mt: and (d)
44.60 ng mL'. (B) Calibration curve of SOD2 in lysate (darkejnand buffer (dashed line)
obtained using integrated area under peaks.
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CONCLUSIONS

We developed a bead-based immunoassay for thetidetet tumor biomarkers such as SOD2
employing enzymatic in situ generation and immahiion of CdS QDs onto microspheres. We
have demonstrated that electrochemical and flumiogdetection employing enzymatically
generated CdS NPs yield new immunoassays withrbeé¢tection limits in comparison with

those of the previously published methods at ldastthree orders of magnitude. The
electrochemical detection immunoassay did not suffam signal loss due to aggregation of
CdS NPs on microbeads and showed four times widear range than that of the fluorogenic

immunoassay. Our methodology allows for the deteadf SOD?2 in lysates from HepG2 cells.

Enzymatic formation of QDs in situ enables emplogtmef various physical methods such as
fluorescence spectroscopy and electrochemistrpltow the readout signals and significantly

improves the detection limit of immunoassays.

Thus, Microbead QD-ELISA, developed by us, can yaiad with ultra high sensitivity in both
detection systems, optical and electrochemical.l&Mhie optical characteristics of QDs made
them well known, their electrochemical characterssare not of any less power in Microbead

QD-ELISA especially because of the wider lineapoese.
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The supporting information is available free of Ieavia the Internet at http://pubs.acs.brg
It contains plots related with the optimizationG@d(NGOs), and NaS concentrations employed

for in situ formation of CdS NPs and square wavigamomograms obtained from washings of
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waste solutions. In addition it includes the chteazation of microbeads bearing CdS NPs with
STEM and EDX studyConfirmation of Cd" ions deposition on SPE.
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