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Abstract

The growing potential of quantum dots (QDs) in biological and biomedical
applications has raised considerable concerns due to their toxicological impact.
Consequently, it is urgent to elucidate the underlying toxicity mechanism of QDs. In
this work, we comprehensively investigated the cellular uptake and induced
physiological responses of four CdSe/ZnS QDs (COOH CdSe/ZnS SZSQH
CdSe/ZnS 625, NH, CdSe/ZnS 525, and NH, CdSe/ZnS 625) i @haete
chrysosporium (P. chrysosporium) through using inductively co d plasma optical
emission spectrometer, confocal laser scanning micro the analyses of
malondialdehyde content, superoxide level, super psmutase activity, catalase

S

activity and glutathione level. The re ul%

accumulated largely in the hyphae and c xidative stress to P. chrysosporium in

d that four CdSe/ZnS QDs

the tested concentration rang @O nM). Furthermore, the cellular uptake and
cytotoxicity were relate&%ysicochemical properties of QDs, such as particle
size and surface cha egatlve charged CdSe/ZnS QDs with small size could be
more easily 6 . chrysosporium than large ones, thus small size CdSe/ZnS

QD e@re cytotoxic to P. chrysosporium. On the other hand, small negative
cha&C\dSe/ZHS QDs resulted in greater cytotoxicity than large negative charged
CdSe/ZnS QDs. The obtained results offer valuable information for revealing the
toxicity mechanism of QDs in living cells.
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uptake; Oxidative stress; Inductively coupled plasma optical emission spectrometer

1. Introduction

Quantum dots (QDs) are generally made up of atoms from IIIA-VA or IIB-VIA
elements in the chemical periodic table." A semiconductor core (e.g., CdS, CdSe, and
CdTe) which can be encapsulated in a shell (e.g., ZnS) to enhance both elegtfo d
optical properties and reduce core metal leaching is the main stmc'IV typical
QD.*’ QDs are also among the most promising fluoresgent Qu@noparticles for
biological and biomedical applications because of @mique photophysical
properties, such as high brightness, tunable bro Qion coupled with narrow
emission spectra, and excellent photost®al ith the recent development of
bioconjugate technique and surfage modifidgtion, QDs have been extensively applied
to in vitro and in vivo imagj and cell tracing, cellular proteins labelling,
targeted drug delivery, @cer therapy.”'' However, the comprehensive toxicity
evaluation of Q 'Qpecial significance for their clinical medicine due to their
heavy metal @ments and nanosize effects.

the potential toxicity of QDs has remained large controversies in
biomedical applications and challenges for clinical studies, many toxicological studies
on QDs have been implemented for this purpose.'”"” It has been verified that the
cytotoxicity of QDs would lead to cell growth inhibition, mitochondrial dysfunction,

14-16

DNA damage, and apoptosis. The physicochemical properties of QDs, including

core composition, size, surface charge, and functionalization, would influence their
3



cytotoxicity to a great extent.'’ For example, Li et al.'® reported that CdSe QDs were
more cytotoxic than CdSe/ZnS QDs with the same size and functionalization,
indicating that a cadmium-induced cytotoxic response could be decreased by
encapsulating the core with a shell. The finding was further supported by Su et al.,”
who showed that CdTe/ZnS QDs were less cytotoxic as compared to CdTe QDs. In
the same way, Domingos et al.”’ reported that CdTe QDs capped with surfac were
more cytotoxic than CdTe/ZnS QDs coated with polyethylene ! ) on
Chlamydomonas reinhardtii cells. In regard to size effect, Soen& found that
the cellular uptake and subcellular distribution of CdTe Qed dramatically as
a result of QDs size. There are also some studies w @ed that surface charge of

15,22

QD could affect their cytotoxicity, Wive charged QDs being more

cytotoxic than negative charged QDs.' 10na11y, QDs functionalization could

alleviate the induced (:ytotoxicityll.23'24
To further explore &@and the cytotoxicity of QDs, many research groups

have focused their a@ on the mechanism study.'*"**° It has been widely deemed

that the relegfc (@ ic cadmium ion (Cd*") and the generation of reactive oxygen

spe QS)are the main reasons that responsible for QDs cytotoxicity.'****’ Since
2+ c;

Cd be released through the oxidation of QDs and bind to the sulthydryl groups

in many intracellular proteins, it may result in the functionality reduction of various

subcellular organelles.””*® QDs-induced ROS has been verified to cause metabolic

9,10,29

functions loss, DNA nicking and break, and apoptosis. However, it is difficult to

thoroughly understand the potential cytotoxicity mechanism of QDs since the
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cytotoxicity caused by QDs is extremely complicated. Few consensuses can be
reached. Although each of above studies has provided valuable information on the
influence of a given property of QDs (i.e., core composition, size, surface charge, and
functionalization), a comparative analysis is necessary to determine the extent to
which each of these properties causes cellular responses in isolation or in combination.

It is still unclear which specific properties of QDs lead the induced phys&ical

responses. " Q

In view of this, four types of CdSe/ZnS QDs in this stud&ere employed as

different types of pollutants to investigate their ce% ake and induced
C

physiological responses in Phanerochaete chrys@ .

has been widely used in treating wastew ter% ing toxic organic pollutants and

hrysosporium), which

heavy metals because of its excellent abi degrade organic pollutants and absorb
heavy metals.”’** As P, Ch was sensitive to xenobiotics and it could
quickly respond to the surroundmg environments, the P. chrysosporium

was used as the taranlsm to explore the cytotoxicity of QDs. Moreover, the
physwloglca@ s of P. chrysosporium under QDs exposure are still limited.
Party la@e effects of incubation concentration and exposure time of QDs on the
cellulk;ake and oxidative stress in P. chrysosporium have not been reported in the
literature yet. Consequently, a simultaneous analysis of the cellular uptake and
physiological responses of P. chrysosporium is determined to obtain a reliable and

comprehensive evaluation on the biosafety of QDs.



2. Materials and methods

2.1. Reagents and instruments

QDs used in this work were purchased from Wuhan Jiayuan Quantum Dots
Company (Wuhan, China). The nanoparticles were preserved as 8§ uM QD in 200 pL
borate buffer solutions. Four CdSe/ZnS QDs (COOH CdSe/ZnS SZSQH
CdSe/ZnS 625, NH, CdSe/ZnS 525, and NH, CdSe/ZnS 625) co®] Qmium
selenide (CdSe) core and zinc sulfide (ZnS) shell, encapsulat&th the uniform
amphipathic polymer of PEG coating. Their differences Qe size and surface

functional groups, i.e. -NH, and -COOH. In thj 0 all reagents must be of

analytical reagent grade and were purc Slgma (St. Louis, MO, USA).
Ultrapure water produced by a Milli- Q (18.25 MQ cm™, Millipore, France)
was used throughout the process.@lo 8gntrol the blank value, the experiment ware was

completely washed by S@O% nitric acid (HNO3) for at least 24 h.

CdSe/ZnS QDS’characterlzed by photoluminescence (PL), high-resolution
transmission g€1Cc ¢ microscopy (HRTEM), and dynamic light scatterer (DLS),
respﬁniv@ll optical measurements were carried out at room temperature under
ambien$ air conditions. PL measurements were performed using a HORIBA JOBTN
YVON FLUOROMAX-4 spectrofluorimeter. The PL quantum yield (QY) of samples
was estimated using Rhodamine 6G (QY = 95%) in ethanol solution as a reference
standard, which was freshly prepared to decrease the measurement error.”” The

HRTEM overview images were recorded with a Philips CM 200 electron microscope
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(JEOL JEM-3010, Japan) operated at 200 kV. DLS analysis (hydrodynamic diameter
and zeta (§) potential) was carried out using a DynaPro Dynamic Light Scatterer

(Malvern Instruments).
2.2. P. chrysosporium culture

P. chrysosporium has been selected as the objective microbe due to its e@/e
utilization in wastewater decontamination. P. chrysosporium BKMF— CcC

24725) was obtained from the China Center for Type Culture (§0lle (Wuhan,

China). The fungal spores were prepared by subculturini @a o dextrose agar

slants (20.0 g L glucose, 20.0 g L agar, 3.0 \ ,POy, and 1.5 g L™

MgSO4-7H,0) in sterilization work station, ant@se potato dextrose agar slants

were placed in humidity incubator at 3 ays. Fungal spore suspensions were

adjusted to 2.0 x 10° CFU mL" a turbidimeter (WGZ-200, Shanghai, China). 3
mL of aqueous suspensio;: ngal spores were inoculated into 200 mL Kirk’s

liquid culture mediuQ for 3 days.™

2.3. Inductiveffy co¥€d plasma optical emission spectrometer analysis

VQR chrysosporium pellets was seeded into 10 mL centrifuge tubes

containing fresh borate buffer solutions with CdSe/ZnS QDs. Then these centrifuge
tubes were placed in an orbital shaker (120 rpm) at 37 °C. After 24 h of exposure, P.
chrysosporium pellets were harvested and washed for three times with ultrapure water,
and then the pellets were digested with 4 mL concentrated HNO; (67%) for 4 h at

85 °C. The solution was evaporated to remove superfluous acid and diluted with 5 mL
7



HNO; (5%) for inductively coupled plasma optical emission spectrometer (ICP-OES)
(Optima 5300 DV) analysis. The blank sample was the P. chrysosporium pellets
without CdSe/ZnS QDs exposure. In this work, the uptake amount of CdSe/ZnS QDs

was calculated from Cd or Se measured by ICP-OES.

2.4. P. chrysosporium uptake of CdSe/ZnS QDs

2.4.1. Incubation concentrations ¢ Q '

0.2 g of P. chrysosporium pellets was seeded into 10 mL &trifuge tubes and
fresh borate buffer solutions containing different concentr%g’idSe/ZnS QDs (0,
10, 20, 50, and 80 nM) were added. Then these cefigifulye tubes were placed in an
orbital shaker (120 rpm) at 37 °C. After 24 QOSure, P. chrysosporium pellets
were collected and washed for three ith ultrapure water. The uptake of

CdSe/ZnS QDs by P. chrysospori s determined as described above.

2.4.2. Incubation time &

0.2 g of @)s rium pellets was seeded into 10 mL centrifuge tubes and
fresh borfte b solutions containing different concentrations of CdSe/ZnS QDs (0,
10, %amd 80 nM) were added. Then these centrifuge tubes were placed in an
orbital shaker (120 rpm) at 37 °C. After incubation for different durations (0, 3, 6, 9,
15, and 24 h), P. chrysosporium pellets were collected and washed for three times
with ultrapure water. The uptake of CdSe/ZnS QDs by P. chrysosporium was

determined as described above.



2.5. Confocal laser scanning microscopy

0.2 g of P. chrysosporium pellets was seeded into 10 mL centrifuge tubes and 5
mL 2,7-dichlorodihydrofluorescein-diacetate (H,DCF-DA) (5 uM) was added into
incubation solution for 2 h. Afterward, the medium was discarded, and the pellets
were treated with different concentrations of CdSe/ZnS (0, 10, 20, 50, and 80 nM) for
24 h. Then the pellets were washed with fresh phosphate-buffered saline e
. o . L4
times for confocal laser scanning microscopy analysis (FV1,000, 'lV Japan)

equipped with double photon detector.

2.6. Lipid peroxidation and superoxide (O,) productl@
Lipid peroxidation was determined b W%Qle content of malondialdehyde

(MDA), which is generally used as the in of lipid peroxidation and free radical
production.”” MDA content was red by the thiobarbituric acid (TBA) reaction
according to the meth@d by Aravind and Prasad.’® The harvested P.
chrysosporium pellQre homogenized in 10 mL centrifuge tube with 10%
trichloroacet@%nd centrifuged at 10,000 rpm for 20 min at 4 °C. Then the
sup at@s separated and boiled with TBA for 20 min. The heated supernatant
was&r;uged at 8,000 rpm for 10 min, and the absorbance was recorded at 532 and
600 nm using a UV-vis spectrophotometer (Model UV-2550, Shimadzu, Japan).

O, production was measured according to the method reported by Lei et al..”’
The harvested P. chrysosporium pellets were homogenized in 10 mL centrifuge tube

with 50 mM PBS (pH 7.8) and centrifuged at 10,000 rpm for 15 min at 4 °C. Then 1
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mL of the supernatant was mixed with 0.9 mL of 50 mM PBS (pH 7.8) and 0.1 mL of
10 mM hydroxylamine hydrochloride. The reaction system was placed in water bath
at 25 °C for 20 min before adding 1 mL of 7 mM a-naphthylamine and 1 mL of 17
mM p-aminobenzenesulfonic acid. Afterward, the absorbance of above mixture was
recorded at 530 nm.

2.7. Antioxidant enzymes analysis Q&

X4
Superoxide dismutase (SOD) (convert superoxide to hydrog pc&]e) activity

was determined according to the method described in o@vmus work.”” P.
chrysosporium pellets were collected by centrifugat@ mogenized in 0.05 M

PBS (pH 7.8). Then the homogenate was centrjz@lo,ooo rpm for 15 min at 4 °C,

and the supernatant was separated for ay. SOD activity was measured by
monitoring the inhibition of phot mical reduction of nitroblue tetrazolium chloride
(NBT) in a reaction syste @mmg 2.25 mM NBT, 200 mM methionine, 1 M
Na,CO3, 60 mM rib@, nM EDTA, and 0.1 M PBS (pH 7.8). The absorbance
was recorded %1

Catgfase T) (convert hydrogen peroxide to oxygen and water) activity was
assaydin a 3 mL reaction system containing 20 mM H,0,, 50 pL enzymatic extract,
and 50 mM PBS (pH 7.8), according to the method described by Cavalcanti et al..”

CAT activity was evaluated by measuring the decrease rate in absorbance at 240 nm

(molar extinction coefficient & = 36.6 mM™ cm™).
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2.8. Measurement of glutathione levels

Glutathione levels were measured using 5,5-V-dithiobis-(2-nitrobenzoic
acid)-glutathione disulfide according to the method reported by Rehman and Anjum.”
The harvested P. chrysosporium pellets were rinsed with PBS (0.1 M, pH 7.0) plus 0.5
mM EDTA and sonicated in 10 mL centrifuge tube with ice-water bath. The samples
were sonicated for 5 s in intervals of 8 s with a total time of 5 min. The sonj
carried out with the output power of 400 W for each sample. The ‘ on was
centrifuged at 15,000 rpm for 10 min at 4 °C, and the su t was used for
measuring the concentration of glutathione. Reduce%tathlone (GSH) was

determined by adding 2.0 mL PBS to 0.5 mL of Q supernatant, followed by

adding 0.5 mL of 3 mM 5-dithio-bis- (@c acid). After 5 min reaction, the

absorbance was recorded at 412 né
3. Results and discu @

3.1.The physicon®;characteristics of CdSe/ZnS QDs

In @empt to explore the individual and/or collective roles of various
physiylzmical properties of CdSe/ZnS QDs, a range of CdSe/ZnS QDs size, surface
charge, and functional group was investigated. Specifically, four types of CdSe/ZnS
QDs with maximum luminescent wavelengths of 525 nm, 625 nm, 525 nm, and 625
nm were used in this experiment. With an excitation wavelength of 380 nm, COOH
CdSe/ZnS 525, COOH CdSe/ZnS 625, NH, CdSe/ZnS 525, and NH, CdSe/ZnS 625
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present fluorescence emission maximum at 524 nm, 620 nm, 522 nm, and 624 nm
(Table 1), respectively, indicating that four types CdSe/ZnS QDs are nearly
monodisperse and homogeneous. The physical diameters of COOH CdSe/ZnS 525,
COOH CdSe/ZnS 625, NH, CdSe/ZnS 525, and NH, CdSe/ZnS 625 determined by
HRTEM are 5.2 £ 0.3, 104 £ 1.1, 5.4 £ 0.5, and 10.3 + 0.9 nm (Fig. 1), respectively,
which are smaller than those (22.3 = 5.4, 30.1 = 3.6, 17.6 = 3.5, and 27.8 i@l)
determined by DLS. The deviation of diameter measured by HR#E QLS is
attributed to different surface states of nanoparticles under the t& conditions.""'
Since QDs samples are directly measured in aqueous p @LS analysis while
the solution must be strictly evaporated in HRT @acterization. The zeta (§)
potentials of COOH CdSe/ZnS 525, COQ, S 625, NH, CdSe/ZnS 525, and
NH, CdSe/ZnS 625 are - 129+ 1.1, - N\ 14, -6.7+0.6,and -9.6+0.7mV,
respectively. Thus, COOH CdSe/@Ds possess larger negative charges than that of
NH;, CdSe/ZnS QDs. I % the amount of Cd and Se atoms in a single QD

nanoparticle (NCd/i QQ/QD) was determined by ICP-OES (Table 1).

Table 1

The s@emlcal properties of four CdSe/ZnS QDs.

QDs unction  Aemission  Physical Hydrodynamic Zeta potential Ncagp Nse/ob
group (nm) diameter diameter (nm) (mV)
(nm)
COOH-QDs 525 COOH 524 52+0.3 223+54 -129+1.1 165+4 28+5
COOH-QDs 625 COOH 620 104+1.1 30.1+3.6 -152+14 1240 +36 359+24
NH,-QDs 525 NH, 522 54+0.5 17.6 £3.5 -6.7+£0.6 174 £7 32+3
NH,-QDs 625 NH, 624 10.3+£09 27.8+25 -9.6+0.7 1263 +45 343 £33
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Fig. 1. High-resolution TEM images of COOH CdSe/ZnS 525 (a), COOH CdSe/ZnS

625 (b), NH, CdSe/ZnS 525 (c), and NH, CdSe/ZnS 625 (d), respectively.

3.2. P. chrysosporium uptake of CdSe/ZnS QDs p Q

3.2.1. Incubation concentrations é

The cellular uptake process plays a key role in the 198l of QDs in biomedical
application and their health risks. In this stugy, rysosporium pellets were
incubated with different concentrationso CdSe/ZnS 525, COOH CdSe/ZnS

625, NH, CdSe/ZnS 525, and N dSe/ZnS 625 (10, 20, 50, and 80 nM for each QD)
for 24 h, and the cellular upl@ Se/ZnS QDs was determined by ICP-OES. As
shown in Fig. 2a, t & of P. chrysosporium increased gradually with the
increase of incu@ centration for all four types of CdSe/ZnS QDs. With the
increasin ration of QDs, the amount of CdSe/ZnS QDs in cell membrane
incr%&ading to the increasing uptake of CdSe/ZnS QDs by P. chrysosporium.
However, the cellular uptake of different CdSe/ZnS QDs was distinctly different
under the identical conditions. For example, the cellular uptake of NH, CdSe/ZnS 525
reached 292.3 pmol g biomass when the incubation concentration was 80 nM, which
was greater than those of NH, CdSe/ZnS 625 (166.5 pmol g biomass), COOH

CdSe/ZnS 525 (101.2 pmol g biomass), and COOH CdSe/ZnS 625 (67.5 pmol g’
13



biomass). Among the four types of CdSe/ZnS QDs, the uptake of P. chrysosporium
decreased as follows: NH, CdSe/ZnS 525 > NH, CdSe/ZnS 625 > COOH CdSe/ZnS
525 > COOH CdSe/ZnS 625, which suggested greater uptake of amino-QDs by P.
chrysosporium. The result may attribute to that amino-QDs possess fewer surface
negative charges (- 6.7 = 0.6 and - 9.6 + 0.7 mV) than that (- 129 + 1.1 and -
15.2 £ 1.4 mV) of carboxyl-QDs. Due to the electrostatic repulsion C&USC@C
negative charges on cell membrane, the larger surface negative chalg n@ more
difficult for carboxyl-QDs to adsorb on cell membrane.” In add&n, the result also
indicated the greater uptake of P. chrysosporium when tre Qsmaller QDs (NH;

CdSe/ZnS 525 and COOH CdSe/ZnS 525). Beca@aller CdSe/ZnS QDs were

easier to be taken in by P. chrysosporium.’ small size, CdSe/ZnS QDs can

directly enter into the hyphae by sev proaches such as macropinocytosis,

caveolae-mediated endocytosis, @thrin—mcdiated endocytosis.” Meanwhile, the

endocytosis is an energy@g process, smaller CdSe/ZnS QDs would consume
less energy than lar: @e/ZnS QDs, leading to more uptake.”* As shown in Fig. 2b,
SZ

the same refUlt re also observed by determining Se concentration, which

%@accmacy of the employed ICP-OES measurement. Fig. 2c-d showed
that thdye

was good linear correlation between CdSe/ZnS QDs uptake and incubation
concentration in the medium, indicating that the cellular uptake was a dose-dependent

process.
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Fig. 2. Cellular uptake of COOH CdSe/ , COOH CdSe/ZnS 625, NH,
CdSe/ZnS 525, and NH, CdSe/ZnS 625 rysosporium incubated with different

concentrations for 24 h. (a) CdS QDs, calculated from Cd, (b) CdSe/ZnS QDs,
calculated from Se. Co ti%ween QDs uptake and incubation concentration in
the medium. (c) Cd QDs, calculated from Cd, (d) CdSe/ZnS QDs, calculated

from Se. EH(@ resent one standard deviation of the arithmetic mean.
3.2. ion time

The incubation time plays a vital role in the uptake of QDs in P. chrysosporium.
The cellular uptake of P. chrysosporium exposed to COOH CdSe/ZnS 525, COOH
CdSe/ZnS 625, NH, CdSe/ZnS 525, and NH, CdSe/ZnS 625 during 24 h was

depicted in Fig. 3. As shown in Fig. 3a, the uptake of P. chrysosporium increased with
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incubation time for all four types of CdSe/ZnS QDs. Since the accumulation of
CdSe/ZnS QDs in P. chrysosporium presented a time-dependent process. However,
the cellular uptake of different CdSe/ZnS QDs was obviously different under the
identical conditions. For example, the cellular uptake of NH, CdSe/ZnS 525 reached
299.7 pmol g biomass at 24 h when the incubation concentration was 80 nM, which
was greater than those of NH, CdSe/ZnS 625 (171.2 pmol g’ biomass)@H
CdSe/ZnS 525 (105.6 pmol g"' biomass), and COOH CdSe/ZnS 6B (TN ol g
biomass), and the increase rate of NH, CdSe/ZnS 525 was largest®@he cellular uptake

of CdSe/ZnS QDs presented a time-dependent saturatia%&’as to say that the
uptake amount of CdSe/ZnS QDs finally achi@eau. Because the cellular
uptake process of CdSe/ZnS QDs include: t% g of CdSe/ZnS QDs to receptors

on the plasma membrane surface and the tion of coated pits to deliver them to
the intracellular area.”” The amo@receptors on plasma membrane surface would
determine the uptake of % QDs, and the membrane receptors were gradually
consumed as time 45 Therefore, the internalization rate of CdSe/ZnS QDs
would declin@@mually reach equilibrium. In addition, the smaller size and less
negati e@es make it easier and faster for NH, CdSe/ZnS 525 to be internalized
by P. C rysosporium.” As shown in Fig. 3b, the same results were also observed by

determining Se concentration.
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Fig. 3. Cellular uptake of COOH CdSe/ZnS 525, COOH CdSe/ZnS 625, NH,

CdSe/ZnS 525, and NH, CdSe/ZnS 625 by P. chrysosporium incubated for different
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time. Initial CdSe/ZnS QDs concentrations are 10, 20, 50, and 80 nM, respectively. (a)
CdSe/ZnS QDs, calculated from Cd, (b) CdSe/ZnS QDs, calculated from Se. Error

bars represent one standard deviation of the arithmetic mean.
3.3. Confocal laser scanning microscopy analysis

To investigate the intracellular distribution of CdSe/ZnS QDs, the locali n of
CdSe/ZnS QDs in hyphae of P. chrysosporium were analyzed b} c Qser
scanning microscopy. As shown in Fig. 4, the green fluorescence n&epresen‘[ed
the hyphae of P. chrysosporium, in which all four types @e/ZnS QDs were
largely accumulated. When CdSe/ZnS QDs entered® phae and accumulated
largely in the hyphae of P. chrysosporium, R @\bsequently generated in vivo.
Therefore, the generation of intracellul %ualitatively analyzed by confocal
laser scanning microscopy couplg®with H,DCF-DA assay to explore the potential
roles of CdSe/ZnS QDs in n@ intracellular oxidative stress. It can be seen from

Fig. 4 that the exisQ uorescence indicated the generation of ROS in the
hyphae of P. :%)0 ium, and all samples presented significant differences as
compare( to i

largelin the hyphae of P. chrysosporium, and the accumulated CdSe/ZnS QDs had

rol. These phenomena suggested that CdSe/ZnS QDs accumulated

induced the generation of ROS and caused oxidative stress in P. chrysosporium.
Oxidative stress is one of the significant mechanisms of QDs cytotoxicity."*"” The
intracellular ROS would disturb the redox potential equilibrium, leading to an

intracellular pro-oxidant environment, and ultimately cause the disruption of cell
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3.4. CdSe/ZnS QDs-induced oxidative stress in P. chrysosporium

3.4.1. Lipid peroxidation and superoxide (O;") production

MDA determination is generally used as an indicator of free radical production
and a cytotoxic product of lipid peroxidation.””*’ In order to evaluate the CdSe/ZnS
QDs-induced oxidative stress in P. chrysosporium, MDA content and O, leyel in P.
chrysosporium exposed to four types of CdSe/ZnS QDs were mea, &

different incubation concentrations. As shown in Fig. 5a, the {j\nte t in P.

11 four types of

cr

chrysosporium elevated obviously with incubation concentratfdns

CdSe/ZnS QDs. And the MDA content presented sig%%crease as compared to
control under various concentrations. HoweVQ

CdSe/ZnS QDs exposure were distinc% under the identical concentration.

DA contents of different

For example, the MDA content o®\H, CdSe/ZnS 525 exposure reached 8.521 x 10
mol g when the incubation @ ation was 80 nM, which was greater than those
of NH, CdSe/ZnS 62 &10'6 mol g™), COOH CdSe/ZnS 525 (5.723 x 10 mol
g!), COOH cas@ (4.472 x 10° mol g™), and control (0.856 x 10° mol g™).
The resuja related to the greatest cellular uptake of NH, CdSe/ZnS 525. The
incr%DA content showed that CdSe/ZnS QDs have stimulated the generation of
free radical in P. chrysosporium. When CdSe/ZnS QDs entered into P. chrysosporium,
they could inhibit the mitochondrial electron-transfer chain, resulting in the
accumulation of semi-ubiquinone, which enabled to transfer one electron to molecular

oxygen (O,) to form superoxide radical (0,).”" The generation of free radical, in turn,
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led to lipid peroxidation.”’ Thus, MDA content is associated with the production of
O". As shown in Fig. 5b, the O, level in P. chrysosporium exposed to four types of
CdSe/ZnS QDs was similar to that of MDA, as described above. When P.
chrysosporium was incubated with 80 nM CdSe/ZnS QDs for 24 h, the O, level of
NH, CdSe/ZnS 525 exposure reached 13.635 x 10 mol g, which was greater than
those of NH, CdSe/ZnS 625 (10.152 x 10° mol g'), COOH CdSe/ZnS 525 @x
10 mol g), COOH CdSe/ZnS 625 (7.042 x 10 mol g™), and condf (@x 10°
mol g"). The increased O, level is known as a significant fa&for causing the
cytotoxicity of CdSe/ZnS QDs. Since O, has been Q cause metabolic
functions loss, DNA nicking and break, and apopt, s@erefore, the above results
indicated that all four types of CdSe/ s showed cytotoxicity to P.

chrysosporium in the tested concentration (10 - 80 nM).

3.4.2. Antioxidant enzymes ar%b
&e been considered as the defender in response to

Antioxidant en@
oxidative stre % is study, two antioxidant enzymes of SOD and CAT have

been moffitorg™dnder different CdSe/ZnS QDs concentrations. As shown in Fig. 5c,
the %f of SOD in P. chrysosporium increased gradually with incubation
concentrations for all four types of CdSe/ZnS QDs. And the SOD activity presented
significant increase as compared to control under various concentrations. However,
the SOD activities of different CdSe/ZnS QDs exposure were distinctly different

under the identical concentration. For example, the SOD activity of NH, CdSe/ZnS
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525 exposure reached 9.235 U g when the incubation concentration was 80 nM,
which was greater than those of NH, CdSe/ZnS 625 (7.652 U g'l), COOH CdSe/ZnS
525 (6.323 U g'), COOH CdSe/ZnS 625 (5.862 U g™), and control (2.304 U g™'). The
SOD activity decreased as follows: NH, CdSe/ZnS 525 > NH, CdSe/ZnS 625 >
COOH CdSe/ZnS 525 > COOH CdSe/ZnS 625 > control, which suggested that NH,
CdSe/ZnS 525 could induce the greater oxidative stress in P. ChrySOSpor@n
those of other three types of CdSe/ZnS QDs. Similarly, the result ) a to the
greater cellular uptake of NH, CdSe/ZnS 525. Since the lat&mount of NH,
CdSe/ZnS 525 in P. chrysosporium would lead to the a r@on of ROS.” The

increased SOD activity was the physiologica Q@ of P. chrysosporium to
i

eliminate ROS and relieve oxidative stresg. n Fig. 5d, the activity of CAT
in P. chrysosporium exposed to four typ dSe/ZnS QDs was similar to that of
SOD, as described above. Wh@chrysosporium was incubated with 80 nM
CdSe/ZnS QDs for 24 Q’ activity of NH, CdSe/ZnS 525 exposure reached
49.250 U g whlcreater than those of NH, CdSe/ZnS 625 (44.682 U g b,
COOH CdS (40 363 U g'), COOH CdSe/ZnS 625 (36.964 U g), and

U g). Therefore, the induction of antioxidant enzymes (SOD and
CAT;hlty is essential for P. chrysosporium to obtain the ability for relieving
oxidative stress to some extent. Peng et al.’ have reported that the antioxidant
enzyme production might be a defense mechanism, since it provided a powerful

defense against CdSe/ZnS QDs cytotoxicity before the induction of metallothionein

synthesis.
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3.4.3. Lw&){)&s of cytotoxicity response and CdSe/ZnS QDs concentrations

explore the effect of CdSe/ZnS QDs exposure on P. chrysosporium, a linear

analysis was used to reveal the relationship between cytotoxicity response of P.
chrysosporium and CdSe/ZnS QDs concentrations. As depicted in Fig. 6a, MDA
content, O, level, SOD activity and CAT activity increased gradually with an increase

of COOH CdSe/ZnS 525 concentrations, indicating that MDA content, O, level, SOD
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activity and CAT activity were dose-dependent and the cellular uptake of COOH
CdSe/ZnS 525 increased with incubation concentrations. The similar results can be
observed in Fig. 6b-d. However, there are also some differences among the four types
of CdSe/ZnS QDs. For example, MDA content and O, level were well correlated (R?
= 0.98943 and R* = 0.97691, respectively) with the concentrations of COOH
CdSe/ZnS 525 except for SOD activity and CAT activity (R* = 0.91281 &:
0.89337, respectively). MDA content, O, level and SOD activity wofk @elated
(R* = 0.99557, R* = 0.97340 and R* = 0.95507, respectively) wi% concentrations
of COOH CdSe/ZnS 625 except for CAT activity (R* = MDA content and
0, level were well correlated (R* = 0.95270 and R? @73, respectively) with the
concentrations of NH, CdSe/ZnS 525 exc t%%ctivity and CAT activity (R> =
0.79467 and R* = 0.70510, respectively)> content, O, level and SOD activity
were well correlated (R* = 0.982 = (0.99049 and R* = 0.95116, respectively) with
the concentrations of N}&%\S 625 except for CAT activity (R* = 0.71448). The
antioxidant enzyme@ and CAT) are produced to protect the cellular components
from damag@ dSe/ZnS QDs-induced oxidative stress. However, when the
induggd Qxiddtive stress exceed the scavenging ability of antioxidant enzymes,
celluladamage would occur, confirmed by the decreased correlation between SOD
and CAT activity and CdSe/ZnS QDs concentrations. These phenomena are in
accordance with the findings reported by Chen et al.”’ who described the stress
responses of P. chrysosporium under cadmium exposure and considered the slowly

increased part as an exhaustion stage in which the defense systems were overloaded,
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resulting in chronic damage and cell death.
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CdSe/ZnS 625. R* represent the linearly dependent coefficient. Error bars represent

one standard deviation of the arithmetic mean.
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3.4.4. Glutathione levels

GSH is a significant antioxidant and can scavenge oxygen free radicals, and it
plays an important role in the detoxification of exogenous chemicals.”” In order to
investigate the CdSe/ZnS QDs-induced oxidative stress in P. chrysosporium, GSH
content in P. chrysosporium exposed to four types of CdSe/ZnS QDs was measured
under different incubation concentrations. As shown in Fig. 7, &e
concentration range of 10 - 80 nM, there was an obvious reduction o?% tent in
P. chrysosporium after incubation with all four types of CdSe/ . And the GSH
content decreased significantly as compared to control u@arious concentrations.
However, when P. chrysosporium was incubated Q CdSe/ZnS QDs for 24 h,
the GSH content of NH, CdSe/ZnS 525 @Was 41.5% of control, which was

lower than those of NH, CdSe/ZnS 625 2% of control), COOH CdSe/ZnS 525

(63.3% of control), and COOK

7/

that NH, CdSe/ZnS 52 ingluced the greater oxidative stress in P. chrysosporium

nS 625 (75.6% of control). The result showed

than those of ot Qpes of CdSe/ZnS QDs. The decreased GSH content most
probably att@i to the depletion of GSH in the scavenging of ROS,” which
indi mportance of GSH in detoxification and the ability of P. chrysosporium
to tolerate CdSe/ZnS QDs exposure. The results are consistent with the report of Peng
et al.”” who demonstrated direct evidence for the involvement of GSH in CdSe/ZnS

QDs detoxification in HepG2 cells.
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4. Conclusions 6
This work compr@e:;y investigated the cellular uptake and induced

physiological re f four CdSe/ZnS QDs in P. chrysosporium via using
ICP-OES, co@ laser scanning microscopy, and the analyses of MDA content, O,
leve tivity, CAT activity and GSH level. According to the measurement of
ICP-OES, we found that negative charged CdSe/ZnS QDs with small size were more
easily taken in by P. chrysosporium than large ones. Meanwhile, four CdSe/ZnS QDs
accumulated largely in the hyphae and caused oxidative stress to P. chrysosporium in
the tested concentration range. MDA content, O, level, SOD activity, CAT activity

and GSH level analysis results showed that CdSe/ZnS QDs with small size were more
27



cytotoxic than CdSe/ZnS QDs with large size, and small negative charged CdSe/ZnS
QDs resulted in greater cytotoxicity than large negative charged CdSe/ZnS QDs.
Further studies are urgently necessary to elucidate the underlying toxicity mechanism,
which will eventually be used to prevent the adverse impacts of QDs in clinical
application.
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List of figures 6
Fig. 1. High-resolution % es of COOH CdSe/ZnS 525 (a), COOH CdSe/ZnS

625 (b), NH, CdSe/ (c), and NH, CdSe/ZnS 625 (d), respectively.

Fig. 2. Cell@@d(e of COOH CdSe/ZnS 525, COOH CdSe/ZnS 625, NH,

CdS%@, and NH, CdSe/ZnS 625 by P. chrysosporium incubated with different

concen¥ations for 24 h. (a) CdSe/ZnS QDs, calculated from Cd, (b) CdSe/ZnS QDs,
calculated from Se. Correlation between QDs uptake and incubation concentration in
the medium. (¢) CdSe/ZnS QDs, calculated from Cd, (d) CdSe/ZnS QDs, calculated
from Se. Error bars represent one standard deviation of the arithmetic mean.

Fig. 3. Cellular uptake of COOH CdSe/ZnS 525, COOH CdSe/ZnS 625, NH,
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CdSe/ZnS 525, and NH, CdSe/ZnS 625 by P. chrysosporium incubated for different
time. Initial CdSe/ZnS QDs concentrations are 10, 20, 50, and 80 nM, respectively. (a)
CdSe/ZnS QDs, calculated from Cd, (b) CdSe/ZnS QDs, calculated from Se. Error
bars represent one standard deviation of the arithmetic mean.

Fig. 4. Confocal laser scanning microscopy images of the hyphal localization (green
fluorescence channel) of COOH CdSe/ZnS 525, COOH CdSe/ZnS 6@2
CdSe/ZnS 525, and NH, CdSe/ZnS 625. And their initial concentratiéhg ar 0, 50,
and 80 nM, respectively. The control group was the P. chrysospofim pellets without
CdSe/ZnS QDs exposure. Scale bars are 10 um. Q

Fig. 5. Oxidative stress in P. chrysosporium after ¢ utyto COOH CdSe/ZnS 525,
COOH CdSe/ZnS 625, NH, CdSe/ZnS 5 5,%' » CdSe/ZnS 625 with different
concentrations for 24 h. The control gro the P. chrysosporium pellets without
CdSe/ZnS QDs exposure. (a) Mtent, (b) Oy level, (c) SOD activity, (d) CAT
activity. Error bars repre& ndard deviation of the arithmetic mean.

Fig. 6. Correlation @n cytotoxicity response (MDA content, O, level, SOD
activity, and@@ivity) and CdSe/ZnS QDs concentration in the medium. (a)
CcO @HS 525, (b) COOH CdSe/ZnS 625, (c) NH, CdSe/ZnS 525, (d) NH,
Cd;}MZS . R? represent the linearly dependent coefficient. Error bars represent
one standard deviation of the arithmetic mean.

Fig. 7. The variation of GSH content in P. chrysosporium after exposure to COOH
CdSe/ZnS 525, COOH CdSe/ZnS 625, NH, CdSe/ZnS 525, and NH, CdSe/ZnS 625

with different concentrations for 24 h. The control group was the P. chrysosporium
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pellets without CdSe/ZnS QDs exposure. Error bars represent one standard deviation
of the arithmetic mean.
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