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ABSTRACT: We explored the factors and mechanisms of the anti-yeast and anti-algal effect of zinc oxide nanoparticles (ZnONPs)
coated with zinc sulfide (ZnS), silica (SiO,), poly(sodium 4-styrene sulfonate) sodium salt (PSS) and poly(allylamine hydrochloride)
(PAH) polyelectrolytes. We examined the activity of various concentrations of surface modified ZnONPs towards microalgae (C.
reinhardtii) and yeast (S. cerevisiae) cells upon irradiation with visible or UV light as well as under dark condition. We investigated
the anti-yeast and anti-algal activity of bare ZnONPs upon illumination with UV light compared with that under visible light and in
dark conditions to evaluate the impact of the oxidative stress due to the reactive oxygen species (ROS). We also prepared ZnS-coated
ZnONPs, SiO,-coated ZnONPs and combinations of polyelectrolyte (PSS and PAH)-coated ZnONPs and examined their anti-yeast
and anti-algal effects. The nanoparticles of anionic surface (ZnONPs/ZnS, ZnONPs/SiO, and ZnONPs/PSS) showed much lower
anti-algal and anti-yeast activity than the ones with a cationic surface functionality (ZnONPs/PSS/PAH and uncoated ZnONPs). The
effect of the ZnONPs surface coating was found to be much stronger than the ROS effect due to illumination with UV light. This
indicates that the nanoparticles attachment to the microbial cell wall is much more important for their antimicrobial action than the
ROS generation alone. This could be explained by the poor adhesion of ZnNONPs/ZnS, ZnONPs/SiO, and ZnONPs/PSS to the cells
due to electrostatic repulsion. In contrast, the particle-cell electrostatic adhesion in the case of cationic ZnONPs/PSS/PAH and
unmodified ZnONPs led to enhanced anti-yeast and anti-algal action. This study brings important insights about the role of the
ZnONPs surface coatings on their nanotoxicity and antimicrobial action and could potentially lead to the development better anti-
biofouling coatings and anti-yeast formulations.

1. Introduction

ZnO is not generally considered a toxic material, and is
accepted as biocompatible.! However recent reports point out
that it nano-particulate form (ZnONPs) can exhibit certain
toxicity effects due to its photocatalytic activity.>® ZnONPs
absorb in the UV region* which promotes their interactions with
molecules in their immediate vicinity. This photocatalytic
process can continue long after their activation by UV
absorption and has been attributed to the depletion of surface
electrons linked to adsorbed negatively charged oxygen
derivatives (O,*, O,”) on the ZnONPs surface.> Upon
activation with UV light in the presence of oxygen, aqueous

Sawai et al. also associated the cell membranes damage to the
peroxidation process of the unsaturated phospholipids due to
the photo-catalytically generated H,O, and ROS.* Dunford et
al. 1% explored the effect of ZnO on DNA upon UV irradiation
in vivo. The antimicrobial effect ZnONPs has been tested
against S. aureus, E. coli and other bacteria.’®®* Aruoja et al.
examined the growth inhibition action of ZnONPs on
Pseudokirchneriella subcapitata.? Heinlaan et al. reported a
nano-toxic effect of ZnONPs on Vibrio fischeri,
Thamnocephalus platyurus and D. magna.?! Generally, the
toxicity of metal oxide nanoparticles, as well as ZnONPs, is
sensitive to the particle morphology, size, their preparation

dispersions of ZnONPs show a phototoxic action due to the
formation of reactive oxygen species (ROS) and lead to
generation of hydrogen peroxide (H.0.), which has an
antimicrobial effect.® The generated ROS can diffuse into
microbial cells and can damage their interior and cell walls, thus
inhibiting their growth. The photocatalytic effect underpins the
understanding of the antimicrobial action of ZnONPs in
medicinal formulations and other nanotech applications. Hence,
the enhancement of the antimicrobial activity of ZnONPs has
been regarded as a result of the creation of more free radicals,
upon activation with UV light.”® Seven et al. and other groups
have discussed possible reaction mechanism of this effect.®4
Nagarajan and Rajagopalan'® established a link between the
photon-initiated process of the photocatalytic particles and their
antimicrobial effect.

method, the tested microorganisms and other factors, 521225152
In other studies.?® treated Eisenia fetida in soil with various
ZnONPs concentrations and reported that a substantial damage
can occur above 1.0 g kg ZnONPs due to impacting the
cellulase activity and the cell DNA. The nanotoxicity of bare
ZnONPs on S. cerevisiae was examined for up to 24 h. Both
bulk ZnO and ZnONPs were reported to have similar toxicity
for S. cerevisiae. In contrast, other metal oxides nanoparticles
like CuONPs produced over 60 times higher toxicity in
comparison with bulk CuO. However, bulk TiO, and TiO,NPs
are both reported to be non-toxic against S. cerevisiae even at
very high concentrations.® 24
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Figure 1. The schematic coating of bare ZnONPs with (A) ZnS,
(B) SiO2 and (C) two consecutive layers of anionic (70 kDa PSS)
and cationic (15 kDa PAH) polyelectrolytes in 1 mM NaCl.

In the present work, we study the role of the surface coatings
made of zinc sulfide, silica and anionic and cationic
polyelectrolytes on the antimicrobial activity of ZnONPs. Two
different types of microbial cells, S.cerevisiae and C.
reinhardtii, were used as representative microorganisms to
examine the anti-yeast and anti-algal effect of the surface
modified ZnONPs. We studied the link between anti-yeast the
anti-algal effect of varying the particle size, surface charge, on
their ability to attach to the microbial cells. The nanoparticles
size is crucial for their potential antimicrobial activity, as
smaller nanoparticles are perceived to have larger overall
surface area in suspension and higher portability to penetrate
through biological membranes.® The ZnONPs surface charge
determines their ability to electrostatically attach to the
biological membranes. We explore the nanoparticle potential
for internalization into C. reinhardtii and S.cerevisiae. This was
done after removal of the growth media whose components may
adsorb and alter the original particle surface charge. The tested
systems are presented on Figure 1. The hypothesis which we are
exploring here is that coating of the ZnONPs with an outer layer
of a cationic polyelectrolyte may enhance their antimicrobial
activity while coating them with an outer layer of ZnS, silica
and an anionic polyelectrolyte may decrease their activity due
to electrostatic repulsion from the negatively charged microbial
cell walls.

2. Experimental Section
2.1. Materials

Zinc nitrate (99%, Sigma Aldrich, UK), potassium hydroxide
(85%, Sigma Aldrich, UK) and fluorescein diacetate (FDA,
98%, Fluka, UK) were used as supplied. Ammonia (35 wt%
aqueous solution), sodium sulfide (60 wt% aqueous solution),
sodium poly(sodium 4-styrene sulfonate) (PSS, average M.W.
70 kDa), poly(allylamine hydrochloride) (PAH, average M.W.
15 kDa) and tetraethylorthosilicate (TEOS), were sourced from
Sigma Aldrich, UK. In all experiments we used deionized water
produced by Milli-Q reverse osmosis system (from Millipore,

UK). S. cerevisiae was sourced from Sigma-Aldrich, UK and
was cultured using the following protocol. 10 mg of lyophilized
S. cerevisiae was suspended in 10 mL pre-autoclaved deionized
water. Then, 1 mL aliquot the S. cerevisiae suspension was
mixed with 100 mL pre-autoclaved culture media (YPD: S.
cerevisiae extract, peptone and dextrose) and incubated at 30 °C
for 2 days.?® Chlamydomonas reinhardtii (cc-124 strain) was
received as a gift from Prof Flickinger’s group at North
Carolina State University, Raleigh, USA. C. reinhardtii was
cultured in Tris-Acetate-Phosphate (TAP) medium (pH 7) at 30
°C. The TAP media consisted of the following salts
(MgS04.7H,0, NH4CI and CaCl,.2H,0), phosphate buffer
saline (PBS) and a solution of Hutner’s trace elements (EDTA
disodium  salt, HsBOs, ZnS047H,0, MnCl,.4H0,
CUSO4.5H20, C0C|2.6H20, FeSO4.7H20,
(NH4)sM070,4.4H,0), all sourced from Sigma-Aldrich, UK. C.
reinhardtii was cultured in TAP media for 72 h under constant
stirring with a magnetic stirrer while being illuminated with a
luminescent lamp of a white light intensity of 60 W m™2,

2.2. Synthesis of ZnONPs

Direct precipitation method was used for the synthesis of
ZnONPs from Zn(NOs), as a precursor and KOH as a
precipitating agent. 0.2 M aqueous solution of Zn(NO3), and 0.4
M solution of KOH were prepared and in the first step, 0.4 M
KOH solution was added dropwise to the 0.2 M Zn(NOs),
solution while stirring at 25 °C which produced a white
dispersion. The white sediment was collectted by centrifugation
at 5000 g for 30 min and washed trice with deionized water,
ethanol and dried in a vacuum oven (Gallenkamp) for 3 h at 60
°C. % In order to produce ZnO of various nano-crystallite sizes,
the bulk ZnO was annealed for 3 h at several different
temperatures from 100 °C to 600 °C. The crystallite sizes of the
synthesized ZnO in solid state were characterized via TEM,
XRD, BET, SEM and FTIR. The ZnONPs were formed by
sonicating a sample of ZnO in water for 15 min at pH 7.37 by
using a digital sonicator (Branson Ltd) at 40% power amplitude
set at 2.0 s long ON/OFF pulse intervals. The produced
ZnONPs were characterized using a Zetasizer Nano ZL
(Malvern, UK). The effect of pH on the particle size and the
zeta potential distributions of ZnONPs was examined by
adjusted pH from 5 to 12 by dropwise addition of 0.1 M NaOH
or 0.1 M HCl solutions.

2.3. Preparation of
nanoparticles

ZnONPs were surface-modified with a layer of zinc sulfide
(ZnS) by the following procedure. 0.05 g of the ZnONPs was
dispersed in 50 mL deionized water by sonication for 10 min.
After adjusting the pH to 7.37 using 0.1 M NaOH or 0.1 M HCl,
a solution of 0.1 M sodium sulfide (Na,S) was added dropwise
to a ZnONPs suspension with constant stirring at 60 °C for 2 h.
The core-shell ZNONPs/ZnS particle were washed trice with
water by centrifugation and dried at 70 °C.2¢ The ZnONPs/ZnS
samples were characterized by measuring their zeta potential
and particle size distribution.

2.4. Preparation of ZnONPs/SiO;

ZnONPs were coated with a silica layer using 0.05 g ZnONPs
dispersed in 50 mL deionized water by sonication for 10 min.
Silica shells were produced on the ZnONPs by the Stober

ZnNnONPs/ZnS core shell



method, using tetraethoxysilane (TEOS) hydrolyzed using
excess of ammonia (NH,OH, 35 wt%) as a catalyst.?®-3!

1 mL of the NH4OH solution was added to the ZnONPs
dispersion with stirring for 5 min to ensure complete mixing at
room temperature. Further, 0.25 mL of TEOS was dissolved in
1:1 ethanol-to-water mixture. Then, the solution of TEOS was
added dropwise to the ZnONP dispersion and the reaction
proceeded at room temperature for 24 h under continuous
stirring with a magnetic stirrer. After that, the ZnONPs/SiO;
core-shell nanoparticles were collected by centrifugation, and
washed trice with absolute ethanol and deionized water to
remove any unreacted TEOS and ammonia. The particle zeta
potential and size distributions were characterized by Zetasizer
Nano ZL.

2.5. Preparation of Polyelectrolyte-Coated ZnONPs

Polyelectrolyte—coated ZnONPs were prepared using ZnONPs
synthesized after annealing of ZnO at 100 °C. An aliquot of 50
mL of 1000 ug mL* ZnONPs dispersion was added dropwise
to an equal volume of 50 mg mL* PSS solution in 1 mM NaCl.
After homogenizing for 1 h on orbital shaker, the samples were
washed trice with water by centrifugation at 10000 g for 1 h to
remove the excess of PSS. The ZnONPs/PSS particles were re-
suspended in 50 mL water?? and characterized by measuring
their particle size and zeta potential distributions. To prepare
PAH-coated ZnONPs from this batch, the PSS-coated ZnONPs
suspension was added dropwise into 50 mL of 50 mg mL* PAH
solution in 1 mM NaCl. The dispersion was shaken for 20 min
and centrifuged trice at 10000 g for 1 h to produce
ZnONPs/PSS/PAH (see Figure S1 (ESI)). The impact of
utilizing different techniques to add ZnONPs to PSS was
investigated, including a dropwise addition with ultra-
sonication, direct addition and drop by drop (see Figure S2A
and S2B, ESI). The data in Figure S4 (ESI) show that the zeta
potential of the ZNONPs/PSS nanoparticles is fairly constant
over 24 h after preparation, i.e. the PSS coating is stable.

2.6. ZnONPs Characterization and SEM/TEM
Imaging

Thermogravimetric analysis (TGA) of ZnONPs was performed
under nitrogen atmosphere using a Mettler Toledo TGA/DSC
instrument. The ZnO crystallite size at different temperatures
was measured by using Siemens D5000 X-Ray Diffractometer
at 0.15418 nm wavelength. The morphology of ZnONPs
attached on bacteria was examined by using JEOL JSM-6480
LV SEM instrument. The effect of the particle size and the
morphology of bare and modified ZnONPs on their attachment
on the microbial cells wall was imaged using JEM 2011 (JEOL,
Japan) Transmission Electron Microscopy (TEM).

2.7. Cytotoxicity Assay of ZnONPs coated with
ZnS, SiO2 and Polyelectrolytes on S. cerevisiae

The effect of bare and surface modified ZnONPs on
S. cerevisiae cell viability was tested after separating the cells
from their culture media. 30 mL of S. cerevisiae dispersion was
washed trice by centrifugation with deionized water then re-
suspended in 30 mL water. An aliquot of 5 mL S. cerevisiae
suspension was mixed with 5 mL of ZnONPs suspension at
different nanoparticle concentrations. After treatment, 1 mL
aliquot of each sample of S. cerevisiae was washed with water
to discard the excess of ZNONPs by centrifugation for 4 min at
3500 g. The cells were re-dispersed in deionized water (1 mL),

and mixed with 2 drops of acetone solution of 1 mM FDA and
incubated for 15 min. After that, the samples were washed 3
times with deionized water by centrifugation at 3500 g for 4
min. The cell viability was tested by using a cell counter
(Nexcelom Auto X4 Fluorescence Cellometer). The same
protocol was used to test the S. cerevisiae cell viability after
treatment with ZnONPs coated with ZnS, SiO, and combination
of polyelectrolytes (PSS and PAH).

2.8. Anti-algal Activity of ZnONPs Coated with ZnS,
SiOz and Polyelectrolytes on C. reinhardtii

The C. reinhardtii cell viability was examined using FDA
live/dead assay similarly to the protocol described in section
2.7. The same approach was used to test the effect of ZNONPs
coated with SiO,, ZnS, PSS and PAH on the viability of C.
reinhardtii, after incubation with various nanoparticle
concentrations for several exposure times.

2.9. SEM and TEM Sample Preparation Protocol for
C. reinhardtii and S. cerevisiae after Exposure to
Bare- and ZnS-, SiO2- and Polyelectrolyte-Coated
ZnONPs.

After incubation with the bare- or ZnS-coated, silica-coated and
polyelectrolyte-coated =~ ZnONPs at  various  particle
concentrations, the C. reinhardtii and S. cerevisiae cell samples
were washed trice by centrifugation. Further, they were fixed
with 2.5 wt% glutaraldehyde solution in 0.1M cacodylate buffer
at pH 7.2 and 25 °C for 2 h. These samples were treated
additionally for 1 h with 1 wt% osmium tetroxide and the
dehydrated in a series of ethanol-water mixtures of increasing
ethanol percentage from 50 vol% up to 100 vol% and completed
with critical point drying. The fixed cells were also used for
TEM imaging after further treatment with 2.5 wt% uranyl
acetate for 1 h and washed with ethanol-water mixtures of
increasing percentage of ethanol. Following dehydration by
critical point drying, the microbial cell samples were prepared
for TEM imaging by embedding in epoxy/Araldite resin at 60
°C for 2 days, cured at 25°C for 2 days and sectioned with an
ultra-microtome.®?3% Algae and yeast samples before and after
treatment with the modified ZNONPs were imaged by SEM
(JEOL JSM-6480 LV) and TEM (EM 2011, JEOL, Japan).

3. Results and Discussion
3.1. Preparation and Characterization of ZNnONPs

Figure S5A (ESI) shows the UV—Vis spectra of the produced
ZnO. The absorption peak corresponds to the ZnO sample
treated by annealing at 100 °C showing a strong absorbance at
a wavelength of 378 nm. This is attributed to the intrinsic band
gap absorption of ZnO because of the electrons moving from
the valence band (VB) to the conduction band (CB).** The band
gap energy (Eg) of ZnO was calculated using the equation
Eg=hc/A, where c is the speed of light (3.0 x 108 m/s); h is the
Planks constant, 6.626 x 1073 J s, and A is the wavelength
(m).%% The band-gap energy was found to be 3.27 eV. The
mean zeta potential and hydrodynamic diameter of ZnONPs in
water at pH 7.37 were meaured by dynamic light scattering
(DLS) of dispersions prepared by dispersing 0.2 mg of ZnO
sample in 10 mL of deionized water by ultrasonication. The
average particle diameter of ZnONPs was determined to be 82
+ 10 nm with an average zeta potential of +32 £ 5 mV (see
Figures S3A and S3B).
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Figure 2. (A) The average zeta potential and (B) the average
particle hydrodynamic diameter of bare and coated ZnONPs
for different coatings of ZnS, SiO2, an anionic polyelectrolyte,
PSS, and combined PSS coating with an outer layer of a
cationic polyelectrolyte PAH dispersed in 1 mM NacCl (error
bar represents standard deviation derived from three DLS size
distribution measurements).

Surface area measurements of ZnONPs produced from ZnO at
various calcination temperatures were carried out by nitrogen
adsorption at 77K utilising the BET technique as shown in
Figure S3C. Note that the ZnO surface area decreased as the
calcination temperature increased from 29 m2 g* for 82 + 10 nm
ZnONPs at 100 °C to 7 m? g for 265 + 8 nm at 600 °C, in
agreement with a previous studies.®” The particle size and zeta
potential of the non-coated ZNONPs were measured in the pH
range 5 — 12, as presented in Figure S3D. The produced non-
coated ZnONPs had an isoelectric point of around 10.1, i.e. they
were cationic particles at neutral pH. As shown in Figure S3D,
the particle size increases while the zeta potential decreases
upon increasing the pH. TGA carried out in the range between
50 °C and 1000 °C, as shown in Figure S5B (ESI), indicated that
the weight loss occurs in two stages upon increasing the
temperature. The first weight loss appears in the range of 50 °C
to approximately 190 °C because of the removal of absorbed

surface water from the particle sample. The second stage is from
190 °C to 350 °C with no further weight loss, indicating the loss
of OH groups due to the dehydration. The TGA curve confirms
that the precursor can be totally decomposed to ZnO after
calcining at approximately 350 °C as also reported by other
authors.®® Figure S6A shows that the hydrodynamic diameter of
the resulting ZnONPs increases with increasing annealing
temperatures of the ZnO. Thus, it was found that ZnONPs with
the same crystallite type but various particle size in agqueous
dispersion could be obtained by changing the annealing
temperature, also in agreement with a previous work.*%-*2 These
results may be explained with the fact that at a higher annealing
temperature, an agglomeration of ZnO crystallites occurs and
hence the ZnONPs particle size increased. The zeta potential
was measured for each annealed sample of ZnONPs. Figure
S6B shows that for ZnO produced by annealing at 100 °C, the
zeta potential of the resulting ZNONPs was +32 + 5 mV which
gives a highly stable dispersion, while for the sample produced
by annealing at 600 °C the zeta potential was +15 + 3 mV. EDX
analysis was carried out on the synthesized ZnONPs to verify
the elemental composition. Figure S7 (ESI) shows the XRD
patterns of the ZnONPs sample obtained from the annealing of
ZnO at various temperatures (100 - 600°C) in a muffle furnace
to find out the impact of temperature on the ZnO crystallite size.
The characteristic peaks for the ZnO sample were in agreement
with similar results previously reported in the literature.® In the
XRD pattern, no peaks related to impurity were identified,
confirming that the synthesised product is of high purity. The
results showed that there is a change in the crystallinity of the
ZnONPs by increasing the annealing temperatures from 100 to
600°C as shown in Figure S7 (ESI). The average size of the
ZnO crystallites was estimated using the Scherer equation. The
EDX data in Figure S8 (ESI) confirmed the presence of zinc
and oxygen signals in the zinc oxide nanoparticle sample. The
elemental analysis of the sample gave 79% of zinc and 20% of
oxygen which confirmed that the formed ZnO is in a highly
purified form with molar ratio of Zn:O of 1:1 and likewise was
in agreement with previous work.*-4 Figure S6C, S6D and S6E
shows TEM images of ZnONPs resulted from the annealing of
ZnO at 100 °C, 500 °C and 600 °C for 3 h. TEM images in
Figure S6 shows that the particle size is increasing with
increasing of the annealing temperatures. For the ZnO sample
annealed at 100°C, it was found that the average crystallite size
is 16 £ 5 nm (Figure S6C). For the ZnO samples annealed at
500 °C and 600 °C (Figure S6D and S6E), it was found that the
average crystallite sizes were 25 £ 11 nm and 43 + 16 nm,
respectively.

3.2. Preparation of ZnONPs/ZnS, ZnONPs/SiO2 and
ZnONPs/PSS and ZnONPs/PSS/PAH

The formation schematics of ZnONPs/ZnS is illustrated in
Figure 1A. After dispersing the ZnONPs in deionized water, the
solution pH was adjusted to approximately 7.4. A solution of
0.1 M NazS was added dropwise to a suspension of ZnONPs
causing an accumulation of S* ions on the surface of the
nanoparticles where they interacted with the Zn?* and lead to
the formation of a ZnS layer around the bare ZnONPs. The
presence of sulfur in the ZnONPs/ZnS was confirmed by EDX
analysis as shown in Figure S9 (ESI). The average
hydrodynamic diameter and zeta potential of the ZnONPs/ZnS
were 112 + 6 nm and -38 £ 4 mV, respectively, as shown in
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Figure S10 and S11 (ESI). ZnONPs were coated with a layer of
silica by the Stober method by hydrolyzing TEOS in the
presence of ammonia in ethanol. After this coating step, these
core-shell particles, ZnONPs/SiO,, were re-dispersed in
deionized water. Figure 1B shows the schematic diagram of the
silica coating of the bare ZnONPs which reversed their surface
charge. The presence of asilica layer over the bare ZnONPs was
examined further by the TEM, EDX, zeta potential and particle
size measurements. The EDX analysis in Figure S12 (ESI)
confirmed the presence of Zn, O and Si signals in the
ZnONPs/SiO; sample. The TEM images show that a layer of
silica with thickness approximately 10-15 nm has been formed
on the ZnONPs surface (Figure S13A and S13B, ESI). It was
found that the average hydrodynamic diameter of the
ZnONPs/SiO, was approximately 134 + 8 nm (Figure S14
(ESI)). The zeta potential of the bare ZnONPs was measured to
be +32 £ 5 mV at pH 7.37 but after coating with silica, the zeta
potential reversed to -33 + 3 mV for the ZnONPs/SiO; (Figure
S15 (ESI)). The negative surface charge of the ZnONPs/SiO;
was attributed to a complete layer of silica with silanol groups
(Si-OH) on the particle surface.” Figure 1C schematically
illustrates the structure of ZnONPs coated with two layers of
PSS and PAH (see Figure S16 and S17, ESI). The average zeta
potential and hydrodynamic diameter of the ZnONPs after
coating with silica, ZnS, PSS and PAH were measured as shown
in Figure 2A and 2B. The results, shown in Figure 2A, indicate
that the average zeta potential of the bare ZnONPs does change
after each coating. The zeta potential changed from positive
(+32 £ 5 mV) for the bare ZnONPs to negative values of -41 +
2 mV for the ZnONPs/PSS, -33 £ 3 mV for the ZnONPs/SiO,
and -38 + 2 mV for the ZnONPs/ZnS. All these core-shell
particles were anionic at neutral pH. However, upon further
coating of the ZnONPs/PSS with PAH, the particles became
positively charged ZnONPs/PSS/PAH with a zeta potential of
+42 +4 mV.

3.3. Anti-algal Activity of ZnONPs/PSS and
ZnONPs/PSS/PAH

We studied the anti-algal activity of ZnONPs coated with one
(PSS) or two alternating layers of polyelectrolytes (PSS/PAH)
towards C. reinhardtii cells upon illumination with visible and
UV light as well as in dark conditions. In order to examine the
role of the outer polyelectrolyte layer and to control the
electrostatic interaction of the ZnONPs functionalized with PSS
and PAH, we compared their anti-algal effect with the one of
the bare ZnONPs. Aqueous suspensions of C. reinhardtii cells
were incubated with bare and polyelectrolyte-coated ZnONPs
at varying particle concentrations in a range of 1 - 250 ug mL™*
for different exposure times. A control sample of C. reinhardtii
was kept at the same conditions without treatment with
ZnONPs for the same period of time. The cell viability of C.
reinhardtii was tested immediately after removing the excess of
ZnONPs from the C. reinhardtii suspension.

Figure 3 shows the effect of the bare and coated ZnONPs on C.
reinhardtii cells in dark, visible and UV light conditions at
various exposure times for up to 6 h. The data in Figure 3A
show that immediately after incubation (~10 min), the cell
viability gradually declined for ZnONPs concentrations higher
than 1 pg mL™. From 2 - 6 h of exposure to visible and UV light,

the number of viable algal cells was also reduced (Figure 3B
and 3C). At low exposure times to visible and UV light, there
was an apparent anti-algal impact for ZnONPs concentrations
above 10 ug mL%. After 2 h of exposure, a steep decrease in the
algal cells viability was measured for ZnONPs concentrations
in the range of 10 - 250 ug mL™. At 250 ug mL* ZnONPs after
6 h of exposure, the C. reinhardtii cells suffered 100% loss of
their viability. Figure 3 shows that the anti-algal activity of
ZnONPs on the C. reinhardtii under UV light for 6 h is higher
than that under visible light and in the dark at the similar other
conditions. One possible explanation is that aqueous
suspensions of ZnONPs under UV light can create ROS like
O," and H,0,.5% The produced active radicals can kill or inhibit
the algal cells in immediate vicinity. The C. reinhardtii cell
viability also declined in dark conditions with the increase of
the particle concentration. This effect can be explained with the
positive particle surface charge leading to a strong electrostatic
attraction between the cationic surface of the bare ZnONPs and
the anionic surface of the algal cell walls, which because of the
surface roughness of the ZnONPs, fractures their cell
membranes. Figure S18 and Figure S19 (ESI) show the total
chlorophyll content (chlorophyll a and b) versus the ZnONPs
concentration after various exposure times up to 6 h under dark,
visible light and UV light conditions. The results in Figure S18
and Figure S19 (ESI) confirm that the C. reinhardtii suffer a
partiall loss of their chlorophyll content in the presence of
ZnONPs upon exposure to UV light and also upon illumination
with visible light. The algae chlorophyll content also decreased
under dark conditions in the presence of ZnONPs.

We found a sharp decrease of the microalgae chlorophyll
content upon illumination with visible and UV light above
ZnONPs concentration of 1 pg mL™. Interestingly, this is near
the threshold concentration above which the C. reinhardtii cells
start losing their viability. We also verified that the C.
reinhardtii cells in the absence of ZNnONPs did not lose their
viability or chlorophyll content at the same conditions (see
Figure S20 (ESI)). These results showed that the ZnONPs have
a strong impact on the C. reinhardtii viability for 6 h of
incubation at particle concentrations above 1 pg mL? (see
Figure S21 (ESI)). Similar conclusions have been reached by
other authors®® showing that the ZnONPs aqueous suspensions
at lower particle concentrations did not have a significant
antibacterial activity towards E. coli, and the presence of Zn?*
ions in the media may even act as an additional nutrient for the
bacteria. In contrast, at the highest particle concentration range
(5 - 100 mM) the ZnO particles are known to be toxic to
bacteria.l®64 We also studied the anti-algal activity of
ZnONPs coated with two alternating polyelectrolyte layers of
PSS and PAH and compared them with the bare ZnONPs, as
the adhesion of the later to the cell wall is driven mainly by
electrostatic forces. Figure 3D, 3E and 3F show the cytotoxic
impact of ZnONPs/PSS on the algal cells in dark conditions,
and under visible and UV light, respectively. The data in Figure
3D, 3E and 3F show that presence of ZnONPs/PSS has much
lower impact on the C. reinhardtii viability in dark, visible and
UV light conditions is much lower than that of the bare ZnONPs
(c.f. Figure 3A, 3B and 3C).
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Figure 3. Comparison of the C. reinhardtii cell viability at different concentrations of the bare ZnONPs (A—C), and ZnONPs surface
functionalized with PSS (D—F), and PAH (G-I) in dark, visible, and UV light conditions at various incubation times (shown). The
data are shown as means + SD of three independent replicates. Statistical analysis of the data is presented in Table S1 (ESI).

After 6 h of incubation at higher particle concentrations of
ZnONPs (250 pg mL?) there was remarkable difference
between the C. reinhardtii cell viability in dark conditions and
under UV light because of the photoactivity of the
ZnONPs/PSS. One may conclude that the surface
functionalization of the ZnONPs with PSS decreased its anti-
algal activity largely because of the electrostatic repulsion of
the anionic ZnONPs/PSS from the anionic surface of algal cells.
We coated ZnONPs/PSS with an additional layer of PAH which
reverses the particles surface charge from negative to positive.
The positive surface charge of the ZnONPs/PSS/PAH had a
dramatic impact on the viability of C. reinhardtii.

The data in Figure 3G, 3H and 3l where an outer layer of PAH
was added to the ZnONPs/PSS, showed a significant effect on
the C. reinhardtii cell viability. At 250 pg mL?' of
ZnONPs/PSS/PAH, 100% of the C. reinhardtii cells were killed
after 6 h of incubation. The tests indicate that these cationic
nanoparticles were even more effective than the bare ZnONPs

both in dark conditions, and under visible and UV light as
shown in Figure 3I. This form of alternating anti-algal activity
of the polyelectrolyte-coated ZnONPs appears to be linked to
their surface charge and the corresponding electrostatic
adhesion to the negatively charged algal cells. These results
show that the cationic NPs (the uncoated ZnONPs and
ZnONPs/PSS/PAH) have much higher anti-algal activity than
their anionic form ZnONPs/PSS.??

Figure 4 shows SEM images of C. reinhardtii cells after
incubation with ZnONPs coated with ZnS, SiO,, PSS and PAH
layers. Figure 4C, 4D and 4E indirectly confirm the lack of
nanoparticle accumulation on the algal cells due to the
electrostatic repulsion between the anionic nanoparticles,
ZnONPs/ZnS, ZnONPs/SiO, and ZnONPs/PSS, and the
negatively charged cell wall of C. reinhardtii. However,
Figures 4B and 4F show a significant accumulation of bare
ZnONPs and ZnONPs/PSS/PAH on the outer cell walls which
yields much higher anti-algal effect.
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Figure 4. SEM images of samples of C. reinhardtii after 6 h of incubation with ZnONPs coated by ZnS, SiO2, PSS and PAH: (A) an
untreated sample, (B) after treatment with bare ZnONPs, (C) ZnONPs/PSS (D) ZnONPs/SiO2, (E) ZnONPs/ZnS and (F)

ZnONPs/PSS/PAH.

3.4. Anti-yeast Activity of Polyelectrolyte-Coated
ZnONPs

Toxicity assay of ZnONPs surface functionalized with PSS and
PAH was also conducted with S. cerevisiae cells after their
removal from the culture media. Figure 5A shows that after 10
min of exposure, the percentage of viable S. cerevisiae cells
declined for ZnONPs concentrations above 10 ug mL™. After 6
h of incubation (Figure 5C), the S. cerevisiae cell viability
decreased in the range of concentrations of coated ZnONPs of
10 - 750 pg mL* under both visible and UV light. However, in
dark conditions the cell viability was higher than that that under
visible and UV light at the same nanoparticle concentrations.
These findings are similar to the results with C. reinhardtii at
high concentrations of ZnONPs which can also be attributed to
the attraction of the surface rough cationic particles with the
negatively charged cell membrane leading to their local
fracturing. These results also showed that the ZnONPs have a
strong impact on S. cerevisiae above 250 pug mL*! both in dark
conditions, and under visible and UV light. The cytotoxic
impact of the ZnONPs on C. reinhardtii upon irradiation with

visible and UV light was more pronounced and is detected at
much lower concentration of ZnONPs (>10 pg mL™Y). The
specific cytotoxicity mechanism of ZnONPs under visible and
UV light is boosted by the generation of ROS on the ZnONPs
surface as they are attached on the cell wall which can
potentially produce local oxidation of the components of their
cell membrane and its degradation. From the TEM images
(Figure 6) we did not see evidence for internalization of
ZnONPs through the algal cells walls although some of the
generated ROS generated may potentially cause additional
DNA damage, disruption of the electron transport chain, and
deterioration of cell organelles like chloroplasts, all
contributing to the cell death, as recently reported in the
literature.1? 24 4850 We found that the ZnONPs have a disruptive
impact on the algal cells even in dark condition. The SEM and
TEM images of S. cerevisiae treated with bare ZnONPs
dispersions also showed lack of internalization of ZnONPs.
However, the cell walls indicated some disruption due to
accumulation of particles on the outer cell wall as seen in Figure
6B and Figure 7B.
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Figure 5. Comparison of the S. cerevisiae cell viability versus the concentration of the bare ZnONPs (A - C), and ZnONPs surface
functionalized of with PSS (D - F) and PAH (G - 1) in dark conditions, and under visible and UV light at various periods of incubation.
Error bars indicate standard deviations. The statistical analysis of the data is presented in Table S2 (ESI).

The cell membrane in many of the examined S. cerevisiae cells very low particle concentrations in dark conditions, and under
looked compromised. Figure 5D shows that after 10 min of visible light and UV light. Stronger anti-yeast activity of the
incubation, the S.cerevisiae cell viability both in the dark ZnONPs/PSS/PAH was measured on S.cerevisiae upon
conditions and under visible and UV light was at the same level illumination with visible and UV light. Possible explanation of
as the untreated sample. For up to 2 h of incubation of the cells this effect is that under visible and UV light, the S.cerevisiae
with ZnONP/PSS (Figure 5E), we did not observe toxic effect cell walls suffer more damage due to the ROS created in their
on the S. cerevisiae up to particle concentration of 750 pg mL" immediate vicinity which is exacerbated at higher
1. However, there was a significant impact in the range of concentrations of the ZnONPs/PSS/PAH and incubation times.
ZnONP/PSS concentrations 1000 - 5000 pg mL* in both dark, In contrast, upon incubation the S.cerevisiae cell with the
visible and UV light conditions. After 6 h of incubation (Figure anionic nanoparticles (ZnONPs/PSS), no obvious difference
5F) with 100 pg mL* ZnONPs/PSS the samples showed no was found between the percentage of viable S.cerevisiae cells
anti-yeast activity in dark conditions and under visible and UV up to 250 pg mL* particle concentration for up to 6 h of

light. Figures 5G, 5H and 51 show the anti-yeast activity of exposure in dark conditions, and under visible and UV light.
ZnONPs coated with PSS and PAH at various These findings were also confirmed by the TEM and SEM
ZnONPs/PSS/PAH concentrations on viable S.cerevisiae cells. images of the treated yeast cells (Figure 6F and Figure 7F).
Figure 5l indicates that after 6 h of exposure, the

ZnONPs/PSS/PAH showed very high anti-yeast activity even at
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Figure 6. TEM images of S. cerevisiae after incubation for 6 h with bare ZnONPs and ZnONPs functionalized with SiOz, ZnS, PSS
and PAH: (A) S. cerevisiae before treatment (B) S. cerevisiae incubated with 750 pg mL* bare ZnONPs (C) S. cerevisiae incubated
with 750 g mL1 ZnONPs/PSS (D) S. cerevisiae treated with 750 pg mL* ZnONPs/SiO: (E) S. cerevisiae incubated with 750 ug mL-
1ZnONPs/ZnS and (F) S. cerevisiae treated with 750 pg mL* ZnONPs/PSS/PAH. Note the accumulation of (B) ZnONPs and (F)

ZnONPs/PSS/PAH on the S. cerevisiae cell walls.

The differences between the ZnONPs effect on yeast and
microalgae can be explained as S. cerevisiae cells have much
thicker cell walls (approximately 200 nm) than the C.
reinhardtii cell walls (<10 nm); the data suggests that it takes a
much higher nanoparticle concentration to impact the S.
cerevisiae cells viability.

3.5. Toxicity Effect of Silica-Coated ZnONPs on S.
cerevisiae and C. reinhardtii

We also investigated the cytotoxic impact of ZnONPs coated
with a layer of silica on the S. cerevisiae and C. reinhardtii cell
viability at various exposure time (10 min, 2 h and 6 h). Cells
were removed from their culture media and a fixed amount of
cells were incubated with dispersed ZnONPs/SiO; at different
particle concentrations. The results are presented in Figure 8.
The cell viability was then measured at various incubation times

by using an automatic cell counter by fluorescein diacetate
(FDA\) live/dead assay. Figures 8A, 8B and 8C show that there
was no pronounced toxicity impact of ZnONPs/SiO- on the C.
reinhardtii in all conditions (dark, visible and UV light) after
10 min and 2 h of incubation (Figure 8A and 8B). After 6 h of
incubation of C. reinhardtii cells (Figure 8C), no pronounced
toxicity effect in the C. reinhardtii viability was observed up to
50 ug mL*t ZnONPs/SiO; but there was a cytotoxic impact of
ZnONP/SiO, measurable at 100 and 250 pg mL* ZnONPs/SiO,
in both of dark, visible and UV light conditions. It was found
that the toxicity impact of ZnONPs/SiO; on the C. reinhardtii
at the same conditions is much lower than the one of the bare
ZnONPs (see Figure 3A, 3B and 3C). We also confirmed these
results by SEM images (Figure 4D) of the treated C. reinhardtii
cells with ZnONPs/SiO, which show no accumulation of
particles on the outer cell wall surface.
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Figure 7. SEM images of S. cerevisiae after being incubated for 6 h with 750 ug mL™* bare and surface functionalized of ZNONPs:
(A) an untreated S. cerevisiae sample without ZnONPs (B) S.cerevisiae after being incubated with bare ZnONPs (C) S. cerevisiae
after being incubated with ZnONPs/PSS (D) S. cerevisiae incubated with ZnONPs/SiO2 (E) S. cerevisiae after being incubated with
ZnONPs/ZnS and (F) S. cerevisiae after being incubated with ZnONPs/PSS/PAH.

Figure 8D, 8E and 8F shows the toxicity effect on S. cerevisiae
cells of different concentrations of ZnONPs/SiO,. Figure 8D
and 8E indicate that for 10 min and 2 h of exposure, no
significant change in the yeast cell viability was observed even
at high ZnONPs/SiO, concentrations. Likewise, important
differences were not seen between the samples under dark
conditions or under visible and UV light at the same
concentration of ZNONPs/SiO,. Figure 8F shows that after 6 h
of incubation, for particle concentrations in the range of 1-100
ug mL* ZnONPs/SiO, there was no impact, but at 250 ug mL?
ZnONPs/SiO; there was a slight decrease in the yeast cell
viability in under UV light compared to the one in the dark at
the same conditions. The percentage of S. cerevisiae viability
significantly decreased from 750 to 5000 pg mL?
ZnONPs/SiO,. We discovered that at 5000 pg mL*
ZnONPs/SiO, under UV light, a significant toxic impact
occurred with approximately 20% viability loss in comparison
with the control. A very similar impact was observed for
ZnONPs/SiO; with ZnONPs/PSS (see Figure 3 and Figure 5)
on the C. reinhardtii and S. cerevisiae cells which is most likely
due to the electrostatic repulsion with the cell wall as both have
negatively charged surfaces in aqueous media, which leads to
reduced toxicity. Figure 6D and 7D show TEM and SEM

images of S. cerevisiae cells after treatment with 750 ug mL*
ZnONPs/SiO; for 6 h.

3.6. Effect of ZnONPs/ZnS on S. cerevisiae and C.
reinhardtii cell viability

Figures 9A, 9B and 9C show the cytotoxic impact of various
particle concentrations of ZnONPs/ZnS on the C. reinhardtii
cell viability upon irradiation under visible and UV light or in
dark conditions at various exposure times up to 6 h. We did not
detect a measurable effect upon exposure to a series of different
particle concentrations of ZnONPs/ZnS at 25 °C forup to 2 h
as shown in Figure 9A and 9B. These findings were also
indirectly confirmed by the SEM images of the treated C.
reinhardtii cell samples (Figure 4E). The impact of
ZnONPs/ZnS at particle concentrations 50-250 pg mL™* on the
C. reinhardtii cell viability illuminated with UV light for 6 h
(Figure 9C) was higher than that in dark and under visible light.
Figure 9D shows that the S. cerevisiae cells remain unaffected
after 10 min of incubation in dark conditions which also agrees
with the results obtained with S. cerevisiae irradiated with
visible and UV light for the same period and particle
concentration.
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Figure 8. The effect of ZNONPs coated with a layer of silica on the viability of (A, B, C) C. reinhardtii and (D, E, F) S. cerevisiae cells
at different particle concentrations. The data are presented as average + SD (n = 3). The cells were incubated with the ZnONPs/SiO2
at various exposure times in dark conditions, and under visible and UV light.
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Figure 9. The effect of ZNnONPs coated with a layer of ZnS on the viability of (A, B, C) C. reinhardtii and (D, E, F) S. cerevisiae cells
at different particle concentrations. The cells were incubated with the ZnONPs/ZnS at various exposure times in dark conditions,
and under visible and UV light, respectively.
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Figure 10. Comparison of the effect of bare ZnONPs,
ZnONPs/PSS, ZnONPs/SiOz, ZnONPs/ZnS and
ZnONPs/PSS/PAH on the viability of (A) S. cerevisiae and (B)
C. reinhardtii cells at particle concentration 250 ug mL. The
cells were treated with the nanoparticles in dark conditions,
and under visible and UV light for 6 h, respectively.

After 2 h (Figure 9E) of incubation at higher concentration of
ZnONPs/ZnS (5000 ug mL1), there was a very strong decrease
inthe S. cerevisiae cell viability, but the impact was smaller at
lower concentrations both in dark condition, and under visible
and UV light. After 6 h of exposure under visible and UV light,
there was a considerable loss of the yeast cell viability for
concentrations of ZnONPs/ZnS in the range of 750-5000 pg
mL. However, in dark conditions, there was a slight effect on
the S. cerevisiae for ZnONPs/ZnS concentrations up to 5000 pg
mL? (Figure 9F). Our tests showed that at 5000 ug mL*
ZnONPs/ZnS under UV light, a significant impact occurred
with about 30% loss of the cell viability in comparison with the
control sample. This result may be explained by ROS released
on the particle surface under UV light, which cause to the
nearby cells. However, since these particles do not attach to the
cells, a very high concentration of ZNONPs/ZnS is needed to
produce even a weak toxic effect on the cells viability. This was

confirmed by the both TEM and SEM images (Figure 6E and
Figure 7E). Figure 10 summarizes the effect of bare ZnONPs,
ZnONPs/PSS, ZnONPs/SiO», ZnONPs/ZnS and
ZnONPs/PSS/PAH on C. reinhardtii and S. cerevisiae cell
viability under the same conditions at particle concentration 250
pg mL* for 6 h. This result indicated that the bare ZnONPs and
ZnONPs/PSS/PAH have a strong effect on the C. reinhardtii
and S. cerevisiae cell viability at concentration above 250 pg
mL* for 6 h both in dark conditions and under visible and UV
light, respectively. Very similar effect was observed for
ZnONPs/PSS, ZnONPs/SiO, and ZnONPs/ZnS on S. cerevisiae
cells as shown in Figure 10A. These results show that the anti-
yeast effect of the bare ZnONPs, ZnONPs/PSS, ZnONPs/SiO,
ZnONPs/ZnS and ZnONPs/PSS/PAH is much smaller than that
on C. reinhardtii (Figure 10B).

4. Conclusions

Here we explored and discussed the mechanisms by which such
bare and surface modified ZnONPs attack algal and yeast cells,
which involves ROS generation upon irradiation with UV light,
as well as the potential dislocation of the cell membrane due to
the ZnONPs cationic surface combined with its rough surface
morphology, ROS scavenging, release of metal ions, as Zn?* on
the cell surface and the role of the nanoparticle attachment to
the microbial cell walls. We studied various ways to impact the
antimicrobial activity of a range of surface-treated ZnONPs on
two types of microbial species: C. reinhardtii as a typical
microalgae representative and S. cerevisiae as yeast. Our
present work indicate that bare ZnONPs had significant toxicity
impact against C. reinhardtii and S. cerevisiae cells and their
impact increased upon increasing the ZnONPs concentration.
The loss of algae cell viability was also accompanied with a
decline in the chlorophyll content after up to 6 h of incubation
with ZnONPs in dark conditions and upon illumination with
visible and UV light. This showed that ZnONPs could not only
damage the cell wall but also may degrade the cell chloroplasts
by ROS generation. The results from TEM and SEM analysis
of cell samples incubated with ZnONPs showed that the
particles accumulate on the outer cell wall of both S. cerevisiae
and C. reinhardtii which is very important for their effective
anti-algal and anti-yeast action. In order to explore the effect of
the surface coating, a series of ZnONPs coated with zinc
sulfide, silica or polyelectrolytes were synthesized and their
antimicrobial effect towards yeast and microalgae was
compared to this of the non-coated ZnONPs. It was discovered
that the anti-algal and anti-yeast activity of the surface-modified
ZnONPs alternates with the particle surface charge. The
nanoparticles of anionic surface (ZnONPs/ZnS, ZnONPs/SiO;
and ZnONPs/PSS) had much lower anti-algal and anti-yeast
activity than the ones of cationic surfaces (ZnONPs/PSS/PAH
and bare ZnONPs). In general, bare ZnONPs and
ZnONPs/PSS/PAH showed remarkable anti-yeast and anti-
algal activity and demonstrated high efficiency against these
microbial cells, even at low particle concentrations. Our results
provide new insights about the effect of the ZnONPs surface
coatings on their antimicrobial action and could potentially lead
to development better anti-yeast and anti-algal formulations.
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