International Journal of Environmental Science and Technology
https://doi.org/10.1007/513762-024-05694-6

ORIGINAL PAPER q

Check for
updates

Decolorization of reactive dyes by the white rot fungus Phanerochaete
velutina in presence of Zn and ZnO nanoparticles

C.Zafiu'® . S. Kiipcii? - M. A. Kihkonen?

Received: 10 April 2023 / Revised: 22 November 2023 / Accepted: 25 April 2024
© The Author(s) 2024

Abstract

Reactive organic dyes are hazardous pollutants that should be removed from wastewater from the textile industry. A remedia-
tion of dye polluted wastewater can be achieved by using the oxidative properties of nanomaterials, such as ZnO nanopar-
ticles, or by microorganisms and their dye degrading enzymes. Promising approaches are expected from hybrid strategies,
which use more than one approach. However, ZnO nanoparticles are also reported to be an antimicrobial and antifungal
agent, which may undermine the decolorization ability of potent organisms, such as white rot fungi. Therefore, in this study
we investigated the effects of soluble Zn and ZnO nanoparticles on the decolorization behaviour of the white rot fungus
Phanerochaete velutina on commonly used reactive dyes, Reactive Orange 16 and Reactive Green 19. Zn ions led to a
low decolorized rate of both dyes at low concentrations and restored the rate at higher Zn concentrations. However, ZnO
nanoparticles showed highest decolorization rates, but only in a narrow concentration range. Overall, no toxic or inhibitory
effects for decolorization of the dyes were found at the applied concentration of up to 20 mg Zn 17! indicating that tolerant
P. velutina will be suitable for remediation of dyes in multi polluted waste waters.
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Introduction

Zinc oxide nanoparticles (ZnO-NP) are among the most fre-
quently produced metal oxide nanoparticles with an annual
production volume of 10*~10° t in 2015 (Jankovi¢ and Plata
2019). The materials are used mainly for cosmetic appli-
ances, followed by coatings (Jankovi¢ and Plata 2019). An
important application is also food packaging, as ZnO-NP
exhibit antimicrobial properties (Sirelkhatim et al. 2015).
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These properties are associated to different mechanisms,
such as the dissolution to Zn>* ions and the catalytic pro-
duction of reactive oxygen species (ROS) (Ann et al. 2014).
However, these mechanisms are also potentially hazardous
to algae, plants, invertebrates, vertebrates, and microorgan-
isms (Ge et al. 2011; Hou et al. 2018; Shah et al. 2022). The
antifungal properties of ZnO-NP were shown against asco-
mycetous Sclerotinia homoeocarpa (Li et al. 2017), Asper-
gillus flavus, and Aspergillus niger (Al-Dhabi and Valan
Arasu 2018). These properties enable the ZnO-NP for the
application as protective layers or for impregnating products
made from wood (Bi et al. 2021; Clausen et al. 2009; Papa-
dopoulos and Taghiyari 2019). Akhtari et al. (2013) showed
that ZnO-NP inhibited the white rot fungus Trametes ver-
sicolor on wood from Paulownia fortune. ZnO-NP treated
Pinus sylvestris L. was also protected against the ascomyce-
tous fungi Aspergillus niger, Trichoderma harzianum, and
Penicillium pinophilum (Terzi et al. 2016). In addition, ZnO-
NP showed to have the most favorable properties compared
to other wood protective nanoparticles (Kartal et al. 2009).
Therefore, ZnO-NP, along with copper and silver-based
nanoparticles, are currently strongly investigated as wood
protection agents (Kora 2022; Reinprecht et al. 2022).
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From the studies on wood, it can be expected, that a toxic
or inhibitory effect would also be found in aqueous media,
which was not shown so far. Such data are interesting, as
white rot fungi and their enzymes are researched for the
depollution of wastewater, in particular such from the tex-
tile industry, due to their ability to degrade aromatic struc-
tures that can be persistent and toxic, like reactive textile
dyes (Singh and Dwivedi 2020; Zafiu et al. 2021, 2022). In
addition, ZnO-NP are investigated for their decolorization
of effluent wastewater, and represent a promising approach
(Danwittayakul et al. 2015; Dhatshanamurthi et al. 2017).
Also, other physical, chemical, and biological approaches
were investigated in the past and it was stated that one single
technology won’t be sufficient to effectively depollute indus-
trial wastewater from reactive textile dyes (Hassan and Carr
2018). Therefore, a combined treatment by white rot fungi or
their enzymes and ZnO-NP for reactive dye polluted waste-
water could represent a novel solution. Due to the low rates,
with half lives of days (Zafiu et al. 2021, 2022), to depollute
wastewater by bioremediation, catalysis would be necessary
for a practical application. However, it was also found that
metals can cause an inhibition on fungi and their enzymes
and lower the decolorization efficiency (Murugesan et al.
2007, 2009; Zafiu et al. 2021). This suggests that ZnO-NP
could have either a synergistic catalytic or inhibitory impact
on the decolorization ability of white rot fungi.

Therefore, this work aimed on assessing the inhibitory
effects of ZnO-NP compared to soluble Zn on the decolori-
zation of two commonly used reactive dyes, namely Reac-
tive Orange 16 (RO-16) and Reactive Green 19 (RG-19) by
the white rot fungus Phanerochaete velutina. This work was
conducted at the Department of Microbiology (Biocenter 1,
Viikinkaari 9), Faculty of Agriculture and Forestry, Univer-
sity of Helsinki (Finland) in 2022.

Materials and methods
Assay preparation

Zinc oxide nanoparticles (ZnO-NP) were purchased as a dis-
persion (50 wt% in H,0, CAS 1314-13-2) and had a diam-
eter of < 100 nm, with an average particle size of <35 nm,
which was measured by dynamic light scattering according
to the manufacturer (Sigma-Aldrich: LOT MKBQO0692V).
ZnCl, (Riedel de Haen, CAS 7646-85-7) was added in two
different stock solutions in sterile low nitrogen asparagine-
succinate (LN-AS) -solution with 0.5% (vol/ vol) glucose
as carbon source. The LN-AS medium is referred to as the
growth medium and had a pH of 4.5. The investigated white
rot basidiomycetous fungus, Phanerochaete velutina (FBCC
941, old number 2441i), was obtained from the Fungal Bio-
technology Culture Collection (FBCC 941, old number

a
* @ Springer

244i) at the Department of Microbiology of the University
of Helsinki in Finland. P. velutina was pre-grown on malt
extract agar plates for seven days at 28 °C. Five plugs (4
mm diameter) of pre-grown fungus on malt agar plates were
added to two flasks (each 250 ml). These flasks contained 75
ml of sterilised growth medium. Both flasks were incubated
and shaken at 28 °C for seven days (referred to pre-grown
P. velutina).

The decolorization experiments were carried out in
24-microtiter plates. The stock solution of ZnO-NP and
ZnCl, (150 mg Zn 17! were added in volumes to obtain
final concentrations of 0, 100, 1000, 2500, 5000, 10,000 or
20,000 pg 17! referring to the Zn concentration of Zn-NP and
ZnCl, in the growth medium. Growth medium was added to
obtain a final volume of 460 pl in all wells. To these wells,
20 ul of sterile dye solution were added, which had a final
concentrations of 100 mg 17! in the wells. The investigated
dyes were Reactive Orange 16 (RO-16; Sigma-Aldrich, Ger-
many, CAS no. 12225-83-1) and Reactive Green 19 (RG-
19; Sigma-Aldrich, Germany, CAS no. 12225-83-1). The
experiment was started, when 20 pl of pre-grown P. velutina
liquid culture was added aseptically to the wells. Control
wells, without fungus or without the dyes, were filled with
20 ul sterile ultrapure water, instead of either the fungus
or the dye, and had therefore a final volume of 500 pl. All
experiments were prepared in triplicate and eight plates were
prepared in total.

Absorbance measurements

The decolorization was measured after different times (0,
3,7, 11, 14, and 20 days) as absorbance in a Tecan Infinite
200 plate reader (Tecan, Austria). The absorbance in experi-
ments with RO-16 was measured at 504 nm, while experi-
ments with RG-19 were measured at 630 nm. The plates
were sealed and stored at 20 °C throughout the experiment.

Three different experimental setups were analysed by
absorbance measurements in the plate readers. Control wells
containing either ZnCl, or ZnO-NP at all investigated con-
centrations and without the dyes were prepared to investi-
gate the background absorbance of either ZnCl, or ZnO-NP.
The absorbance of the control was denominated as A.. The
second set of controls contained the fungus P. velutina and
either ZnCl, or ZnO-NP at all investigated concentrations.
This set was used to investigate the extent of the absorp-
tion increase, caused by the metabolic activity of the fungus
(Zafiu et al. 2021, 2022). The absorbance contribution of the
fungus was denominated as A;. The third experimental set
was the decolorization assay itself, that contained ZnCl, or
ZnO-NP, the reactive dyes (either RO-16 or RG-19) and the
P. velutina. The absorption obtained from this experiment
(denominated A, ) is a superposition of both mechanisms,
the absorption increase by the fungus metabolic activities
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and the decolorization of the reactive dyes, as described in
Zafiu et al. 2022. Therefore, the absorbance was calculated
according to Eq. (1).

AA = Apg = Ay (1

Kinetic calculations and statistical analysis

Zero (0), 1st, and 2nd order kinetic models were calculated
for the decolorization reactions based on the initial absorb-
ance A, (t=0) and at the respective incubation time A, with
k as the rate constant using the linearized kinetic equations
for 0 order (2), Ist order (3), and 2nd order (4) according
to Ruscasso et al. (2021) and Sidney Santana et al. 2019.
The best fit was assessed by comparing the linear regression
coefficients (R?) that were calculated in Excel 365 (Micro-
soft, USA). From all three fits the fit with an R? closest to
1 was considered as the best fit. For comparison the halve
lives (t,,,) were also calculated for O (5), Ist (6), and 2nd (7)
order kinetic reactions.
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Statistical analysis for the determination of statistical sig-
nificance of the data was performed in Sigma Plot 14.0.3
(Systat Software GmbH, Germany) using one- or two-way
ANOVA with post-hoc Bonferroni test. Significance levels
were defined as p <0.05, p<0.01, and p <0.001, which were
indicated in graphs by *, **, and ***, respectively.

Dose-response plots for the determination of inhibitory
concentration ICsy, values were fitted by Hill’s type four
parametric logistic curves (8), with absorption (A), mini-
mum absorption (A,;,), maximum absorption (A,,), the
IC5, value (ECs), the concentration of the metal salt (c), and
the Hillslope (kyy;;). Dose-response caluculations were also
made in Sigma Plot.

min

A A + Amax - Amil’l
ST 4 10108 (o= v

Optical microscopy

Samples were visualized in Nikon Eclipse Ts2R inverted
fluorescence microscope (Nikon, Melville, NY). The images
were taken with a 100 X oil immersion objective. For micros-
copy, a fraction of the samples was transferred on a glass
slide and covered with a cover slip. No further staining was
made. Fluorescence images were recorded by using a GFP-
Fluorescence filter (Ex. 469 +35 nm; Em.525 +39 nm).

Results and discussion

The absorbances obtained by the decolorization assay of
the dye RO-16 with increasing amounts of ZnCl, and the
respective controls are shown in Fig. 1. The control samples
without P. velutina and without RO-16 exhibit an absorbance
below 0.1 absorption units (a.u.), which was stable at all
investigated concentrations of ZnCl, in the culture medium
(A,, Fig. 1a). Therefore, the interaction of Zn** with com-
ponents of the culture medium did not cause an additional
increase in the absorbance. When P. velutina was added to
the growth medium without RO-16, an increasing absorb-
ance was observed for all applied concentrations of ZnCl,
and in the control (Fig. 1b). This observation was already
described in an earlier study and was assigned to the meta-
bolic or replicative processes of the fungus that indicates its
vitality (Ag Zafiu et al. 2022). The raw data from the decol-
orization assay in Fig. 1c shows decreasing absorbances at
almost all concentrations of ZnCl,, with exception of 100
and 5000 pg 17!. However, the decreasing absorbances rep-
resent an overlay of the metabolic absorbance increase (A4
shown in Fig. 1b) by the fungus alone and the decolori-
zation of the dye. Therefore, a subtraction of both signals
was applied to obtain the pure decolorization data in Fig. 1d
(Eq. (1)), as described in an earlier work (Zafiu et al. 2022).
The subtracted absorbances (AA) featured decreasing trends,
which became significant in the case of 10,000 ug 17! of
ZnCl, after 7 days and indicated that RO-16 was decolor-
ized at all applied ZnCl, concentrations (detailed p-values
are shown in Tables 1 and 2 in the supplementary informa-
tion (SD)).

Figure 2 shows the absorbance data of experiments with
P. velutina that was exposed to ZnO-NP. The control without
ZnO-NP and the sample with a concentration of 2500 ug 17!
of ZnO-NP showed a constant background absorption < 0.1
a.u. (Fig. 2a), which was similar to the findings in the
experiments with ZnCl, (comp. Fig. 1). At all other applied
concentrations of ZnO-NP, an increasing absorption was
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Fig. 1 Absorbance measurement at 504 nm after 0, 3, 7, 11, 14, and

20 days in experiments containing ZnCl,. a Shows the control with-
out the fungus and RO-16 (A.), b shows only the fungus without
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Fig.2 Absorbance measurement at 504 nm after 0, 3, 7, 11, 14, and
20 days in experiments containing ZnO-NP. a Shows the control
without the fungus and RO-16 (A,), b shows only the fungus without
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and RO-16 (A, ), and d) shows the subtracted absorbance AA. Con-
centrations are given in pg Zn 17!
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found, which exceeded 1 a.u. in the case of the highest
concentration (20,000 pg 17!) after 11 days. This suggests
that ZnO-NP was instable and its transformation, which
was most likely by oxidation, in the culture medium led to
the formation of compounds with a higher absorbance at
504 nm. When P. velutina was exposed to ZnO-NP (Fig. 2b)
an absorption increase compared to day O could be observed
at all applied concentrations with exception of the highest
ZnO-NP concentration of 20,000 pg 1~!. The absorption
increases indicate, that the fungus was vital at least when it
was exposed to ZnO-NP concentration < 10,000 ug 17! As
already observed for ZnCl,, a decolorization could only be
observed in a few cases, such as at 20,000 pg 17! (Fig. 2¢).
After the calculation of AA, the decolorization of RO-16
by P. velutina was shown for almost all concentrations of
ZnO-NP (Fig. 2d).

The absorbance data of the pure decolorization (AA) of
RO-16 were fitted by linearized zero, first and second order
kinetic models to assess, which model fits best the observa-
tions by analyzing the regression coefficients and to obtain
the rate constants from which, half lives were calculated
for comparability (Table 3 in the SI; all results are shown
in Tables 4 and 5 in the SI). However, the decolorization of
RO-16 in the growth medium without any ZnCl, or ZnO-
NP resulted in a rate constant of 0.02 d™' (half-life t,,, of
35.4 d), which was lower than in earlier experiments with
a rate constant of 0.05 d™! and 7, of 14.3 d for RO-16
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Fig.3 Absorbance measurement at 630 nm after 0, 3, 7, 11, 14, and
20 days in experiments containing ZnCl,. a Shows the control with-
out the fungus and RG-19 (A.), b shows only the fungus without

(Zafiu et al. 2022). This finding indicates that the activity
of the P. velutina was lower in the present experiments. For
co-incubations with ZnCl, at most concentrations the decol-
orization followed first order kinetics, with two exceptions
(1000 and 5000 ug 171). The half-lives of the control and
the lowest concentration were almost the same at ca. 35 d.
For higher concentrations they increased and dropped to a
minimum of ca. 22 d for 10,000 ug 17!, indicating the fastest
degradation. Decolorization experiments with ZnO-NP co-
incubation were mostly best described by zero order kinetic
models. In case of 2500 pg 17! the decolorization was best
described by a first order model resulting in a higher decol-
orization rate than for ZnCl, with a half-life of ca. 13.5 d.
Similar investigations were made for the dye reactive
green 19 (RG-19), which are shown in Fig. 3 for ZnCl,,
and Fig. 4 for ZnO-NP (detailed p values of all pair-wise
comparisons are listed in Tables 6 and 7 in the SI). In these
experiments, the calculations of absorbance increase and the
decolorization were made in the same way as for RO-16.
With respect to the kinetic parameters obtained from the
absorbance data, a lower half life was found for RG-19, than
for RO-16 in the control experiments without ZnCl, or ZnO-
NP of ca. 25 d (Table 8 in the SI, detailed rate constants are
shown in Tables 9 and 10 in the SI). In experiments where
P. velutina was exposed to ZnCl, the halve lives were higher
than the control, which indicates that ZnCl, was inhibiting
the decolorization. The decolorization reaction was best
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RG-19 (Ay), ¢ shows the decolorization experiments with the fungus
and RG-19 (A, ), and d shows the subtracted absorbance AA. Con-
centrations are given in pg Zn 17!

w @ Springer



International Journal of Environmental Science and Technology

a 1.6 -
1.4 4
1.2
5 14 x

$08 -

< 0.6 1
0.4 -
0.2 1

ke
Hhk

0 100 1000 2500 5000

concentration/ ug I

10000 20000

E0 @3 @7 @11 014 020 day

100 1000 2500 5000 10000 20000
concentration/ ug I*

1 4
05 | ||
o_

0
0 @3 @7 @11 014 020 day

Fig.4 Absorbance measurement at 630 nm after O, 3, 7, 11, 14, and
20 days in experiments containing ZnO-NP. a Shows the control
without the fungus and RG-19 (A,), b shows only the fungus without

described by first order kinetic models for most exposure
concentrations of ZnCl,. However, the halve lives decreased
towards higher concentrations, indicating that the inhibitory
effect was found only for low concentrations (Table 6 in
the SI). In the case of ZnO-NP, the decolorizations were
best described by first order reactions for small concentra-
tions of ZnO-NP. For concentrations > 5000 ug 17! the best
fit was obtained by zero order models, which exhibited low
R?, indicating poor linearity that resulted in negative reac-
tion constants. However, the poor linearity indicates that
the decolorization process was inhibited in this concentra-
tion range. In contrast to ZnO-NP P. velutina exhibited the
highest decolorization rate for RG-19 at 2500 ug 1~ with
a half life of ca. 14.7 d. This half-life was lower than the
control, which indicates that ZnO-NP at 2500 g 17! was
accelerating the decolorization process.

Overall, the results show different inhibitory effects
of ZnCl, or ZnO-NP on the decolorization of both dyes
by P. velutina. For both dyes, low ZnCl, concentrations
(<2500 ug 171 inhibited the decolorization rate, which
was restored at higher concentrations. In contrast, ZnO-
NP increased the decolorization at a concentration of
2500 pg 17! of both dyes. However, the decolorization rate
was reduced at higher concentrations of ZnO-NP. This sug-
gests that ZnO-NP acted synergistically on the decoloriza-
tion of both dyes at 2500 pg 1! and inhibited the decoloriza-
tion at all other concentrations. For higher concentrations,
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RG-19 (Ay), ¢ shows the decolorization experiments with the fungus

and RG-19 (Ag, ), and d shows the subtracted absorbance AA. Con-
centrations are given in ug Zn 17!

a strong toxic or inhibitory on P. velutina can be excluded,
as calculation of dose response curves based on 4 paramet-
ric logistic curves (Hill equation) did not return signifi-
cant results for both dyes for the absorbance increase data
(Figs. 5, 6 and Tables 11, 12 in the SI) or the decolorization
data (Figs. 7, 8 and Tables 13, 14 in the SI). Also, in case of
ZnCl,, no toxic or inhibitory effects could be found at any
applied concentration according to the dose response curves.
In an earlier study it was shown that Co and Ni co-pollutions
inhibited the decolorization of RO-16 strongly (Zafiu et al.
2021), which couldn’t be shown for Zn and ZnO-NP in case
of RO-16 and RG-19 in this study.

The vitality of P. velutina after its exposure to ZnCl,
and ZnO-NP was also investigated by fluorescence and
bright field microscopy (Fig. 9 in the SI). Bright field
images revealed the formation of mycelia and apparently
intact cells in controls and after the exposure to 20,000 pg
Zn 1! ZnCl, or ZnO-NP. In fluorescence images, a strong
autofluorescence could be observed in the control samples,
which was not observed when P. velutina was exposed to
ZnCl, or ZnO-NP. This finding indicates an influence of
ZnCl, or ZnO-NP towards the ability of the fungus to form
the (auto)fluorescent compounds, which could originate
from cytochrome P450, such as reported by other authors
(Da Coelho-Moreira et al. 2018; Ning et al. 2010; Wang
et al. 2019). However, the ability to decolorize RO-16 and
RG-19 was not altered by this interference, most probably
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because extracellular enzymes were responsible for the
decolorization.

Comparison with literature data

Literature data report that different bacteria and fungi
species were shown to degrade textile dyes at a high effi-
ciency, usually under optimized nutrition and temperature
conditions. In particular, most of the studies were carried
out in bioreactors and used stirring to distribute the cells
and the dye well. For example, Fareed et al. shows that
temperature can have a strong influence on the degradation
efficiency of Bacillus cereus on reactive dyes (Fareed et al.
2022). They showed that the decolorization efficiency was
at 100% at 37 °C compared to 40% at 30 °C for 100 mg 17!
of RO-16. Ruscasso et al. reported a decolorization effi-
ciency of ca. 94% at 20 °C after 48 h for 100 mg 17! of
RO-16 by antarctic yeast in a pilot scale reactor under opti-
mized conditions (Ruscasso et al. 2021). High decoloriza-
tion rates were also found for yeast Issatchenkia orienta-
lis JKS6 which was able to decolorize 95-99% of RO-16
within 36 h by stirring at 32 °C (Jafari et al. 2014). These
decolorization rates were higher than the ones obtained in
this study, that were at highest at 34% for RO-16 and 55%
for RG-19 after 20 days, which were obtained at a much
lower temperature (20 °C), without stirring and in a non-
optimized medium in relevant environmental conditions.
However, the still promising results indicate that the P.
velutina could have a higher potential for bioremediation,
when the decolorization conditions are optimized, as was
done by other authors. Moreover, ZnO-NP had, particu-
larly at a concentration of 2500 ug 17!, a positive effect on
decolorization and improved the decolorization of RG-19
after 11 days from 11% without ZnO-NP to 69% with
ZnO-NPs. For RO-16, the rate was even higher, with 79%
(2500 pg 17! ZnO-NP), compared to 24% after 14 days.
Under optimized temperature, stirring and nutrition con-
ditions in a pilot scale bioreactor, the rate may be also
improved to a few hours and bioremediation of wastewater
made practical. However, the concentration of ZnO-NPs
would have to be adjusted carefully, as the results show
that the optimum is reached only in a very narrow concen-
tration range. In addition, it is reported that the reactivity
(e.g., adsorption properties) of ZnO-NP towards organic
compounds (e.g., phenol) depend strongly on the type of
their synthesis (see for review Dehmani et al. 2022). Since
the synthesis was not disclosed by the manufacturer, it is
unclear, if ZnO-NP from a different manufacturer may
exhibit a higher synergistic effect on the decolorization,
which could be only clarified by a systematic investiga-
tion of differently synthesized ZnO-NPs.

Conclusion

The present study shows that neither Zn, in its soluble form
or dispersed as ZnO nanoparticles, strongly inhibits the
decolorization of reactive dyes, RO-16 and RG-19. Thus,
soluble Zn co-pollutions do not alter the decolorization of
RO-16 and RG-19 performance of P. velutina for concentra-
tions as high as 20,000 ug 17! (20 ppm). At ca. 2500 ug 17!
ZnO-NP can increase the overall decolorization of both
dyes by P. velutina. However, at lower or higher concentra-
tion of ZnO-NP the decolorization was lower than without
Zn. Due to this limited concentration range of ZnO-NP a
hybrid decolorization strategy for the depollution of dye
contaminated wastewater by P. velutina and ZnO-NP can
be achieved only by a precise control of the concentration of
the nanoparticles. Such a concentration control would make
the approach technically too complex, and most probably
not economic with respect to other technologies, and would
decolorize at best 50% of the dyes in approximately 13-15
d. In pilot scale reactors, that use agitation and optimized
media in batch setups, the performance of the approached
may be improved to a few hours and make the bioremedia-
tion of P. velutina in combination with ZnO-NP economi-
cally feasible.
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