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tivation efficiency, photoreactivation and energy consumption. The results illustrated that
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UV/NH2 Cl showed better inactivation efficiency than that of UV alone and UV/Cl2 , and could
effectively control the photoreactivation. For instance, the inactivation rates for Aspergillus
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flavus, Aspergillus niger and Aspergillus fumigatus in the processes of UV/NH2 Cl (2.0 mg/L) was
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0.034, 0.030 and 0.061 cm2 /mJ, respectively, which were higher than that of UV alone (0.027,

UV/NH2 Cl disinfection

0.026 and 0.024 cm2 /mJ) and UV/Cl2 (0.023, 0.026 and 0.031 cm2 /mJ). However, there was no
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synergistic effect for Aspergillus flavus and Aspergillus fumigatus. As for Aspergillus niger, the

UV/Cl2 disinfection

best synergistic effect can reach 1.86-log10 . This may be due to their different resistance to
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disinfectants, which were related to the size, an outer layer of rodlets (hydrophobins) and
pigments. After UV/NH2 Cl inactivation, the degree of cell membrane damage and intracellular reactive oxygen species were higher than that of UV alone. UV/NH2 Cl had the advantages of high inactivation efficiency and inhibition of photoreactivation, which provides a
new entry point for the disinfection of waterborne fungi.
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Introduction
In recent years, the occurrence of fungi in drinking water
has aroused people’s concern, which may lead to some serious water environment issues (increased turbidity, unpleasant odor, potential pathogenicity, and so on) (Hageskal et al.,
2009; Oliveira et al., 2013). Different genera of fungi were isolated from different environments including air, water and
soil around the world, among which the dominant species
were Aspergillus spp., Penicillium spp., Trichoderma spp., Cladosporium spp., Fusarium spp., and so on (Egbuta et al., 2016;
Rankovic, 2005).
Most of the research on the harm of drinking water fungal pollution is concentrated in western developed countries,
and the results show that the fungal pollution in drinking water will lead to serious drinking water and water safety problems. Since the 1960s, there have been reports of water odor
caused by fungi in drinking water (Metzger et al., 1976). Most
fungi isolated and purified from drinking water have certain
pathogenicity, sensitization and toxicity (Bucheli et al., 2008;
Latgé and Chamilos, 2019). For example, studies have shown
that most invasive aspergillus infections (about 80%) are
caused by Aspergillus fumigatus (A. fumigatus). The second most
common pathogenic Aspergillus spp. (about 15%-20%) is Aspergillus flavus (A. flavus), followed by Aspergillus niger (A. niger)
(Krishnan et al., 2009). In addition, A. flavus has become a major pathogen in patients with fungal sinusitis and cutaneous
infections in some institutions worldwide (Pasqualotto, 2009).
From March to July in 1997, Doggett (2000) isolated A. flavus
from the Springfield, Mo., water distribution system, at the
concentration as high as 1.9-3.6 CFU/cm2 (Doggett, 2000). A.
niger, an opportunistic human pathogen, can cause human
respiratory infections (Cortesão et al., 2020). What is more,
A. niger, A. flavus, and A. fumigatus have been detected in
different aqueous matrices (Babi et al., 2017; Pereira et al.,
2009; Oliveira et al., 2016) investigated fungal pollution in a
water distribution system supplied by groundwater in Brazil
and found that 22% of the water samples exceeded the 100
CFU/100mL fungal concentration regulated by Swedish legislation, in which the most abundant genera were Aspergillus
species (37%) (Oliveira et al., 2016). Fungi have unique cell
structure, cell wall composition and reproductive system,
which was more difficult to be inactivated than bacteria and
viruses (Pereira et al., 2013). Consequently, it is essential to explore an efficient method to control the contamination of the
three Aspergillus species in water.
Chlorine (Cl2 ) and monochloramine (NH2 Cl) are the
most common disinfectants of inactivating microorganisms and maintaining disinfectant residue (Baron et al.,
2014; Seidel et al., 2005). Previous studies have shown that
the Aspergillus species could be inactivated 3-log10 when
the CT value was 48.99-194.7 (mg·min)/L for Cl2 or 90.33531.3 (mg·min)/L for NH2 Cl (Ma and Bibby, 2017). NH2 Cl is an
ideal reagent, which is more stable than Cl2 and can provide
more durable residual chlorine (Bu et al., 2018). On the other
hand, studies have shown that the addition of NH2 Cl or the
conversion of Cl2 to NH2 Cl can significantly reduce the formation of corresponding disinfection byproducts (DBPs), such
as trihalomethanes and haloacetic acids (Wang et al., 2020).

Ultraviolet (UV) disinfection, as an extremely efficient
method of disinfecting pathogens and almost not produce
toxic DBPs, has attracted great significance (Hijnen et al.,
2006). After UV irradiation (UVC: 200-280 nm), the genomic
DNA of microbial cells form cyclobutene-pyrimidine dimers
(CPDs) and 6-4 photoproducts(6-4 PPS), which prevent DNA
transcription and replication, and eventually lead to cell death
(Friedberg et al., 2016; Sanz et al., 2007). Compared with chemical disinfection methods, low pressure UV (254 nm) has been
widely used as a better disinfection method. 4-log10 inactivation of A. niger, A. flavus, and A. fumigatus(1000 CFU/mL)
were achieved by 12-21 mJ/cm2 UV dose (Nourmoradi et al.,
2012). However, photoreactivation is a way for CPDs to be disintegrated into dimers by photolytic enzymes under the near
UV light (UVA) to recover adiation damage (Chatterjee and
Walker, 2017; Oguma et al., 2004). Thus, there still is a problem
about how to control the photoreactivation after UV irradiation.
Nowadays, UV-based advanced disinfection processes (UVADPs) play a critical role in the disinfection of pathogens,
which forms various highly reactive radicals to significantly
improve the degradation rate of organic pollutants compared to UV alone (Iqbal et al., 2020; Qin et al., 2014).
Previous studies on UV/H2 O2 , UV/peroxymonosulfate (PMS),
UV/persulfate (PS) and UV/Cl2 have been investigated the
inactivation efficiency and the control of fungi (Wan et al.,
2022a; Wen et al., 2017). Cl2 would be decomposed by UV to
release the primary radicals (hydroxyl radical and chlorine
atom) and the secondary radicals (Cl2 ·− and ClO·) (Tian et al.,
2020). In addition, DBPs and photoreactivation cloud be significantly reduced in the UV/Cl2 system (Wan et al., 2022a).
However, there were no systematic studies on the kinetics, mechanism and photoreactivation of UV/NH2 Cl on fungi
inactivation.
As a new advanced disinfection process (ADPs), UV/NH2 Cl
can generate active free radicals, thereby achieving the degradation of organic pollutants and the disinfection of some
pathogenic bacteria, but there is no research on fungal pollution control (Li et al., 2020; Tian et al., 2020). As a common
disinfectant, NH2 Cl has reliable stability and economic applicability, and can be easily used in existing water treatment
facilities. In addition, a series of highly reactive species, chlorine atom (·Cl) and amidogen radical (·NH2 ) were yielded by UV
photolysis NH2 Cl (Li and Blatchley Iii, 2009; Soltermann et al.,
2013). ·Cl can degrade organic pollutants or form secondary
radicals, such as hydroxyl radical (·OH), dichloride radical anion (Cl2 ·– ), and chloramine radical (·NHCl) (Grebel et al., 2010).
The oxidation potentials of ·Cl and Cl2 ·– are 2.47 V and 2.0 V,
respectively, both lower than ·OH (2.8 V), but they are oxidants with higher selectivity (Xiang et al., 2016). It has been
reported that ·Cl and/or ·OH are the main active species in
UV/NH2 Cl process for the degradation of various pollutants
(Bu et al., 2018). A number of researchers have studied inactivation of MS2 Coliphage using UV/NH2 Cl and evaluated
the synergistic effects on the disinfection of Escherichia coli,
which confirmed the inactivation effects of NH2 Cl was enhanced by UV exposure (Rand et al., 2008; Shang et al., 2007)
Wang et al. (2020). studied the pseudo-first-order rate constant of degradation of metribuzin (MBZ) by UV/NH2 Cl was
about 3.6 times higher than the sum of those by UV and
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NH2 Cl alone, and the main reason for accelerated degradation was the production of reactive chlorine species (RCSs)
and ·OH (Wang et al., 2020). Moreover, excessive UV fluence
not only slows down the production of DBP precursors, but
also reduces the generation of iodinated trihalomethanes
(I-THMs) in the UV/NH2 Cl system (Wang et al.,2021). However, fungi are more difficult to inactivate due to their more
complex cellular structure compared to bacteria and viruses
and are more resistant to common disinfectants (Cl2 , NH2 Cl,
etc.) (Wan et al., 2022a). Therefore, it is necessary to further explore the feasibility of UV/NH2 Cl for the inactivation
and the photoreactivation control for the three Aspergillus
species.
The objectives of this study are as follows: (1) To study
the inactivation efficiency and synergistic effect of combined
UV and monochloramine inactivation of fungal spores and
compared with that by the individual inactivation process
(UV or NH2 Cl alone); (2) to analyze the mechanisms of the
synergistic effect during the UV/NH2 Cl process; (3) to detect the variety of membrane permeability and intracellular
ROS level by FCM after inactivating by UV/NH2 Cl; (4) to verify the control efficiency of photoreactivation of three Aspergillus species after inactivating by UV/NH2 Cl; and (5) to
compare the inactivation efficiency, the control efficiency of
photoreactivation and energy consumption by UV/ NH2 Cl and
UV/Cl2 .

1.

Materials and methods

1.1.

Preparation of Aspergillus spore suspensions

Three Aspergillus spores genera (A.niger, A.flavus, and
A.fumigatus) in groundwater were selected for this study.
Detailed procedures for the preparation of fungal spore suspensions have been described in a previous study (Xia et al.,
2022). The concentration of stock suspensions of fungal
spores was about 108 CFU/mL by light microscope (BX51,
Olympus, Japan).

1.2.

Cl2 and NH2 Cl preparation

Sodium hypochlorite stock solution (>5%) was diluted with
ultrapure water. NH2 Cl (Cl2 :N = 4:1) solutions were prepared freshly for each experiment by rapidly adding sodium
hypochlorite to excess ammonium chloride (Driedger et al.,
2001) in the phosphate buffer solution (PBS) of pH = 8.4.
The concentration of Cl2 and NH2 Cl was measured by the
N,N-Diethyl-p-phenylenediamine/ferrous ammonium sulfate
(DPD-FAS) titrimetric method, and the concentration of NH2 Cl
was described in unit of mg/L as Cl2 . The experimental
concentrations of Cl2 and NH2 Cl were diluted with PBS (10
mmol/L, pH 7.0) and PBS (10 mmol/L, pH 8.0), respectively.
All reagents used in this study were at least of analytical
grade.

1.3.

Inactivation experiments

A collimated beam apparatus was executed to complete the
research of UV alone, UV/NH2 Cl, and UV/Cl2 (Wan et al.,
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2022a). The average UV irradiance was 0.120 mW/cm2 , measured by iodide-iodate chemical actinometry (Rahn et al.,
2003). Before inactivation, the device was conducted to warm
up for 30 min and achieve stabilization.
During the UV irradiation procedure, Aspergillus species’
spore suspensions (108 CFU/mL) were mixed with PBS
(10 mmol/L, pH 8.0) to reach the final spore concentration of
106 CFU/mL. The working solution (100 mL) was placed in a
petri dish with 120 mm in diameter and stirred gently by magnetic stirring. Magnetic stirrer rotor speed was approximately
400–500 r/min. Once the irradiation time reached, samples
were removed for reasonable dilution then plated on dichloran rose bengal chloramphenicol (DRBC) agar in triplicate, and
it will be picked for enumeration when the plate counts were
in the range of 30–300 after the plates were incubated at 27 °C
for 2-3 days.
The inactivation experiment of Aspergillus species by
UV/NH2 Cl and UV/Cl2 were similar to the irradiation process of UV alone. Different NH2 Cl concentrations (1.0, 2.0, and
3.0 mg/L) were added to the petri dish in PBS (10 mmol/L,
pH 8.0) solution without a chloride ion. And the experiment was quenched by sodium thiosulfate (0.1 mol/L). Compared with the process of UV/NH2 Cl, the inactivation procedure of NH2 Cl was completely the same expect UV irradiation. All the inactivation tests have adjusted the pH
to 8.0 and performed at room temperature except the
process of inactivation by UV/Cl2 , in which the pH was
7.0.

1.4.

Reactivation experiments

After 2-log10 inactivation by UV alone, UV/NH2 Cl, and UV/Cl2 ,
the petri dishes containing the spores were instantly conducted for photoreactivation procedure. The temperature for
all reactivation research was controlled at 25 °C. During the
photoreactivation, one fluorescent lamp (8W, Philips, Holland)
was used to irradiate samples for 480 min with stirring. The
UVA irradiance wavelength was 365 nm, and the irradiance of
0.10 mW/cm2 was measured by a spectroradiometer (UVA365,
Sanpometer, China). All of the reactivation experiments were
regulated the pH to 8.0 except the pH of the experiment of
UV/Cl2 was 7.0.

1.5.

Analysis of inactivation mechanisms

1.5.1.

Flow cytometric analysis

A flow cytometric (Accuri C6, BD, USA) was selected to detect the physiological characteristics of Aspergillus spores
(Xia et al., 2022). In this study, SYBR Green I/Propidium Iodide
(SG/PI) dye and Dihydroethidium (DHE) dye were used to assess the membrane integrity and intracellular ROS level of Aspergillus spores after inactivated by UV, NH2 Cl, and UV/NH2 Cl,
respectively. The concrete process of measurement by SG/PI
and DHE described previously (Wan et al., 2022a).

1.5.2.

SEM analysis

Scanning electron microscope (SEM) (JSM-6510, JEOL, Japan)
was chosen to observe the change of Aspergillus spore’s surface and structures (Panngom et al., 2014).
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Kinetics of inactivation and photoreactivation

The inactivation effect of UV, NH2 Cl, UV/NH2 Cl, and UV/Cl2
was described in Text S1.The inactivation experiments
were simulated by the Chick-Watson model (Dalrymp
le et al., 2010).A reactivation model posed by Kashimad
a et al. (1996) was used to forecast the photoreactivation
procedure (Kashimada et al., 1996). Calculation of the survival
ratio, photoreactivation rate constant (k1 ) and control efficiency (CE) (Wan et al., 2022b) were shown in Appendix AText
S1. The significance of the inactivation results was analyzed
by SPSS software.

2.

Result and discussion

2.1.
Inactivation of the three genera of Aspergillus by
UV/NH2 Cl
The inactivation of the three Aspergillus species was shown
in Fig. 1, which was obtained by UV irradiation (254 nm)
combined with different concentrations of NH2 Cl (1.0, 2.0,
3.0 mg/L). The pH was controlled at 8.0 to ensure the chloramine in the state of monochloramine (NH2 Cl) during the
disinfection process (Colton and Jones, 1955). As shown in
Fig. 1, there was no lag-phase or tailing situation obviously in

any of the disinfection processes. Compared with UV alone,
UV/NH2 Cl exhibited better inactivation performance of the
three Aspergillus species. Furthermore, inactivation of the
three Aspergillus species by NH2 Cl alone was also not as effective as UV/NH2 Cl (Fig. 1 and Appendix A Fig. S1). At a UV
fluence of 160 mJ/cm2 , the log count reduction of A. niger, A.
flavus, and A. fumigatus was only 3.56-log10 , 3.53-log10 , and
3.63-log10 , respectively by UV alone (Fig. 1), and the resistance
of Aspergillus species was consistent with the previous study
(Nourmoradi et al., 2012; Oliveira et al., 2020). Comparatively,
at 2.0 mg/L NH2 Cl and UV fluence of 80 mJ/cm2 , the combined inactivation led to an inactivation of 3.33-log10 , 2.84log10 and 4.75 log10 , respectively, compared to the 1.98-log10 ,
1.87-log10 and 2.82-log10 achieved by UV alone. Specifically, if
the UV/NH2 Cl was applied with the increase of NH2 Cl concentration from 1.0 to 3.0 mg/L, the inactivation effect has been
significantly improved from 3.62-log10 to 5.30-log10 , 3.61-log10
to 5.10-log10 and 3.98-log10 to 5.39-log10 for A. niger, A. flavus,
and A. fumigatus, respectively. Meanwhile, the sequence of resistance of Aspergillus species to UV/NH2 Cl is as follows: A.
flavus > A. niger > A. fumigatus. The resistance of the three Aspergillus species can be explained as a result of the difference
of enzymes, intracellular structure and pigments in Aspergillus
species (Braga et al., 2015; Zuo et al., 2022).
Disinfection of Aspergillus species fitted to the ChickWatson mode quite well, and the correlation coefficients (R2 )

Fig. 1 – The UV fluence-response curves of (a) A. niger, (b) A. flavus, (c) A. fumigatus and (d) inactivation rate constant after
inactivated by UV alone and UV/NH2 Cl. [NH2 Cl]0 = 1.0, 2.0, 3.0 mg/L, pH = 8.0, the initial concentration of fungal spores:
(1–3) × 106 CFU/mL, UV irradiance is 0.120 mW/cm2 .
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Fig. 2 – A. niger, A. flavus, and A. fumigatus inactivation by UV/NH2 Cl and UV alone. “SUM” represents the inactivated effect of
UV alone add NH2 Cl alone. Reaction conditions: NH2 Cl = 1.0, 2.0, 3.0 mg/L, pH = 8.0, initial concentration of fungal spores:
(1–3) × 106 CFU/mL.

were from 0.91 to 0.99. The inactivation rate constant was
shown in Fig. 1, there was a gradual increase of k with the concentration of NH2 Cl increase from 1.0 to 3.0 mg/L. For example,
the inactivation rate constant (k) of the A. niger, A. flavus, and
A. fumigatus by UV/NH2 Cl (3.0 mg/L) were 1.96, 1.92, and 3.61fold higher than those by UV/NH2 Cl (1.0 mg/L), respectively.
As shown in Appendix A Table S1 and Fig. 1, the k value of
UV alone was 0.027, 0.026, and 0.031 cm2 /mJ, and the k value
of UV/NH2 Cl (2.0 mg/L) was 0.034, 0.030, and 0.061 cm2 /mJ,
respectively. Therefore, the addition of 2.0 mg/L NH2 Cl could
improve the k value by 15.4%, 25.9%, and 96.8%, respectively.
The value of k of A. flavus was the lowest of the three Aspergillus species, and the k value of A. fumigatus was the highest, which was in consistent with the previous inactivation
data (Nourmoradi et al., 2012).
For evaluating the synergistic effect of the inactivation of
Aspergillus species by UV/NH2 Cl, the sum of the inactivation
result of UV alone and NH2 Cl alone was compared with that
of UV/NH2 Cl, as shown in Fig. 2. When the inactivation efficiency of UV/NH2 Cl was higher than the sum of UV alone and
NH2 Cl alone, it was considered that there existed synergistic
effect in the inactivation process. For A. niger, the log count
reduction (LCR) obtained by UV/NH2 Cl was higher than the
sum of UV alone and NH2 Cl alone, which showed that there
existed an obvious synergistic effect, and the best synergistic effect can reach 1.86-log10 at UV fluence of 60 mJ/cm2 and
NH2 Cl (3.0 mg/L). However, the sum of UV alone and NH2 Cl
alone was higher than that of UV/NH2 Cl for A. flavus and A.
fumigatus, indicating there was no synergistic effect. The reason why it just showed a synergistic effect for the A. niger, but
not for all the three Aspergillus species was speculated that
the resistant discrepancies of the spore size, an outer layer of
rodlets (hydrophobins) and pigments (Cortesão et al., 2020).
Firstly, the difficulty of inactivation depends on the surface
area and volume of fungal spores (Nascimento et al., 2010).
The conidia size of A. niger was 2.7 μm, that of A. flavus was
4.0 μm, and that of A. fumigatus was 2.6 μm (Zhang et al., 2021).
For larger spores, the cytoplasm has a higher absorption of UV
radiation before UV irradiation reaches the nucleus, resulting
in lower inactivation efficiency (Salcedo et al., 2007). Therefore,
due to the biggest size of A. flavus, the k value of UV alone and
UV/NH2 Cl was the minimum at the same condition (Fig. 1).
However, due to the large spore size, there are more action

sites that NH2 Cl can attack, leading to spores being more easily destroyed. Therefore, A. flavus is more easily inactivated by
NH2 Cl alone compared with A. niger (Appendix A Fig. S1). Secondly, the cell wall is a physically rigid layer that protects fungal spores from their environment (Bernard and Latgé, 2001).
The outermost cell wall of Aspergillus species had interwoven
rodlet fascicles. This layer is composed of hydrophobic proteins (hydrophobins) that give Aspergillus species hydrophobic
properties (Thau et al., 1994). The hydrophobicity of A. niger, A.
flavus and A. fumigatus spores was 61.97%, 77.00% and 21.38%,
respectively. When the hydrophobicity of fungi is lower, the
disinfectant is easier to get close to the spores and react with
them. Therefore, A. fumigatu has the best inactivation effect
under the process of NH2 Cl alone (Appendix A Fig. S1). Thirdly,
Previous studies have reported the presence of pigment in the
cell walls have antioxidant properties that protect the fungal
spores from disinfectants (Cordero and Casadevall, 2017). The
spore suspensions of A. niger, A. flavus and A. fumigatus appear black, light yellow and light gray, respectively. Considering the difference in pigment content and color, it can be speculated that the pigment of fungal spores may react with disinfectants, thus affecting disinfection efficiency (Braga et al.,
2015; Brags et al., 2006). However, it remains to be further studied whether there is a correlation between the existence of a
certain pigment and disinfection resistance, and whether pigments can consume disinfectants. In summary, considering
the cell structure and size of A.flavus and A.fumigatus, they
are easily inactivated by NH2 Cl alone. Therefore, the sum of
the rate constants for UV alone and NH2 Cl alone was higher
than that of UV/NH2 Cl, and thus there is no obvious synergistic effect.

2.2.

Reactive radical identification

Tert-butanol (TBA) and acetonitrile (ACN) were chosen to scavenge the possible ·OH and ·Cl to verify whether the synergistic effect was induced by the reactive radical (Buxton et al.,
1988). According to the previous research, TBA could scavenge
·OH and ·Cl to ensure that there was no ·OH and ·Cl in the inactivation process of UV/NH2 Cl (Li et al., 2018). The rate constants between TBA and ·OH, ·Cl are 0.6 × 109 (mol/L)–1 sec–1
and 1.9 × 109 (mol/L)–1 sec–1 , respectively (Liu and Hu, 2020).
However, it has been reported that the reaction rate constants
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Fig. 3 – Effect of the addition of radical scavengers on the inactivation of (a) A. niger, (b) A. flavus, and (c) A. fumigatus
inactivation by UV/NH2 Cl and UV alone. Reaction conditions: [NH2 Cl]0 = 2.0 mg/L, [Acetonitrile] = 20 mmol/L,
[t-BuOH] = 20 mmol/L, the initial concentration of fungal spores: (1–3) × 106 CFU/mL.

of ACN and free chlorine was negligible compared with that
of ACN and ·OH (2.2 × 109 (mol/L)–1 sec–1 ) (Raghavan and
Steenken, 1980). Therefore, in this scope of work, the consumption of ACN was considered as the result of ·OH oxidation. After adding TBA and ACN, the results were shown
in Fig. 3. As shown in Fig. 3, there were no obvious differences between UV/NH2 Cl and UV/NH2 Cl with TBA or ACN
about the inactivation result of the three Aspergillus species.
Therefore, it can be inferred that UV/NH2 Cl (2.0 mg/L) inactivation process of the three Aspergillus spores did not produce
a sufficient amount of ·OH and ·Cl to promote inactivation.
Due to consideration of other studies, reactive radicals can be
formed to degrade organic matter based on UV dose higher
than 1000 mJ/cm2 (Bu et al., 2018; Wu et al., 2019). However,
the intensity and fluence of UV in this study were relatively
small, which were not enough to generate enough reactive
radicals to enhance the inactivation effect. But it doesn’t rule
out there exist another possible reactive species, such as ·NH2
and Cl2 ·– . Further studies are needed to confirm whether there
are other active free radicals in UV/NH2 Cl system to enhance
fungal spore inactivation.

2.3.

Inactivation mechanisms

2.3.1.

Membrane permeability

After Aspergillus species were inactivated by UV alone, NH2 Cl
alone and UV/NH2 Cl, the variation of membrane permeability
of three Aspergillus species (Fig. 4) was characterized by FCM.
As can be seen from Fig. 4, only the percentages of membrane permeabilized spores of A. fumigatus among the three
Aspergillus species increased significantly in the process of
UV alone. With the fluence of UV increased from 0 to 140
mJ/cm2 , the percentages of membrane permeabilized spores
of A. niger, A. flavus, and A. fumigatus increased from 30.10% to
39.00%, 8.00% to 11.95%, and 0.75% to 76.55%, respectively. The
variation of membrane permeabilized spores of A. fumigatus
was unconspicuous before UV fluence of 60 mJ/cm2 , and then
increased rapidly. It’s quite possible that the UV irradiation >
60 mJ/cm2 will directly damage the DNA and protein, leading
to a large proportion of A. fumigatus died and the percentages of membrane permeabilized spores sharply increased
(Hijnen et al., 2006; Lopez and Palou, 2005). After the treat-

ment of NH2 Cl (2.0 mg/L) alone, the additional of membrane
permeabilized spores for A. niger, A. flavus, and A. fumigatus
were 5.00%, 0.90%, and 3.70%, respectively, which was not
consistent with the k value (0.022, 0.070 and 0.206 L/(mg·min),
respectively). According to previous studies, the difference
between plate counting method and FCM determination was
due to that a portion of spores were induced to enter the
state of viable but nonculturable (VBNC) (Kong et al., 2016;
Setlow, 2006). Furthermore, the percentages of membrane
permeabilized spores increased from 30.25% to 88.45%, 6.40%
to 43.25%, and 1.70% to 97.5% for A. niger, A. flavus, and A.
fumigatus, respectively, in the process of UV/NH2 Cl treatment
with UV dose increased from 0 to 140 mJ/cm2 . Although VBNC
spores were still present when compared to the results of
heterotrophic plate counts, there was a prominent enhancement of inactivation when compared to UV and NH2 Cl alone.
In terms of the three Aspergillus species, the discrepancies of
membrane damage could be attributed to the differences in
resistance, internal pigment, and intracellular composition
or structure (Zuo et al., 2022). The 2D dot-plot of A. niger, A.
flavus, and A. fumigatus dyeing with SG/PI after disinfection
by UV alone, NH2 Cl alone, and UV/NH2 Cl were depicted in
Appendix A Fig. S2, Fig. 5, and Appendix A Fig. S3, respectively,
which indicated the variation of the membrane permeability
of the spores. The percentages of three Aspergillus species
with higher intensity of red fluorescence (FL3-A) increased
with the disinfection time prolonged in the processes of UV
alone, NH2 Cl alone, and UV/NH2 Cl.
In conclusion, compared with the inactivation process of
UV alone and NH2 Cl alone, UV/NH2 Cl could improve the damage of the membrane of the three Aspergillus species, especially for A. fumigatus. It could be speculated that the combining use of UV and NH2 Cl would further damage the genes that
regulate cell membrane activity (Holder et al., 2013).

2.3.2.

Intracellular ROS level

The variation of intracellular ROS level, which was assessed
by FCM for the three Aspergillus species after inactivation by
UV alone, NH2 Cl alone, and UV/NH2 Cl was revealed in Fig. 6.
With the UV dose increased from 0 to 140 mJ/cm2 , the result
showed that the percentages of spores with a high ROS level
increased from 13.35% to 18.65%, 3.45% to 45.35%, and 42.75%
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Fig. 4 – PI positive spores as a percentage of total spores for (a) A. niger, (b) A. flavus, and (c) A. fumigatus after irradiation from
UV, NH2 Cl and UV/NH2 Cl. The initial concentration of fungal spores: (1–3) × 106 CFU/mL, [NH2 Cl]0 = 2.0 mg/L.

Fig. 5 – The 2D dot-plot of A. flavus spore staining with SG/PI after inactivated by UV alone, UV/NH2 Cl and NH2 Cl alone. The
initial concentration of fungal spores: (1–3) ×106 CFU/mL, [NH2 Cl]0 = 2.0 mg/L.

to 76.15%, respectively for A. niger, A. flavus, and A. fumigatus.
Of the three Aspergillus species, A. fumigatus showed the maximum increasement of intracellular ROS level, which in accord
with the variation of membrane permeability. Furthermore,
after the treatment of NH2 Cl (2.0 mg/L) alone, the additional
of the intracellular ROS level increased for three Aspergillus
species were 10.95%, 33.10%, and 30.90%. As for A. niger, A.

flavus, and A. fumigatus, the percentages of spores with a high
ROS level improved from 25.95% to 41.55%, 19.50% to 70.05%,
and 45.20% to 84.35%, respectively in the process of UV/NH2 Cl
with the UV dose increased from 0 to 140 mJ/cm2 . Compared
with the inactivation results of UV and NH2 Cl alone, the proportion of spores with high ROS levels after being inactivated
by UV/NH2 Cl increased more obviously, which was 15.60%,
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50.55%, and 39.15%, respectively. The histograms of the three
Aspergillus species were displayed in Appendix A Fig. S4, Fig. 7,
and Appendix A Fig. S5, respectively, indicating that the ratio
of high ROS level spores increases with the increase of UV fluence or the contact time of NH2 Cl.
The ROS formed in the metabolic activities of cells is an
effective indicator to measure the activity of fungal spores
(Mesquita-Rocha et al., 2013). The production of intracellular ROS would increase as a result of the three Aspergillus
species being exposed to environmental stress (such as UV
radiation, temperature changes, ionizing radiation etc.). The
high ROS level would lead to the damage of the cell membrane,
destroy the DNA, and harm the protein (Gessler et al., 2007;
Moreno et al., 2019). Therefore, compared with UV alone and
NH2 Cl alone, cells can be induced to produce higher ROS levels in the process of UV/NH2 Cl treatments, resulting in more
efficient inactivation. At the same time, it might impact the
normal metabolism and the balance of osmotic pressure of
the three Aspergillus species (Gessler et al., 2007; Moreno et al.,
2019).

2.3.3.

SEM analysis

SEM pictures of the three Aspergillus species before and after
inactivation by UV alone and UV/NH2 Cl were shown in Fig. 8.
The three Aspergillus species were all intact and smooth before inactivation. After being inactivated by UV alone, as for A.
niger and A. flavus, it did not show obvious change due to the
high resistance. However, the surface of A. fumigatus showed
folding, shrinking and rupturing because of the low resistance
to UV irradiation. Furthermore, when UV/NH2 Cl was applied,
all of the three Aspergillus spores demonstrated serious damage, which showed the cell membrane was severely damaged.
The damage degree of the three Aspergillus spores followed the
order: A. fumigatus > A. niger > A. flavus, which was in accordance with the above discussion.

2.4.
Photoreactivation of Aspergillus species by UV/
NH2 Cl

Fig. 6 – Spores with high ROS level as a percentage of total
spores for (a) A. niger, (b) A. flavus, and (c) A. fumigatus after
irradiation by UV/NH2 Cl. UV, NH2 Cl and UV/NH2 Cl. The
initial concentration of fungal spores: (1–3) ×106 CFU/mL,
[NH2 Cl]0 = 2.0 mg/L.

The photoreactivation results of the three Aspergillus species,
which were exposed to the UVA (365 nm) irradiation about
480 min after 2-log10 inactivation by UV alone and UV/NH2 Cl
was shown in Fig. 9. The results of this study were well modeled by Eq. (4) (Appendix A Text S1) . When UV alone was applied, the survival ratio increased rapidly in the photoreactivation process. The photoreactivation of A. niger and A. fumigatus was significantly inhibited by UV/NH2 Cl disinfection, and
the survival ratio would be restrained obviously only in the
UV/NH2 Cl (3.0 mg/L) for A. flavus. The potential cause could
be concluded as follows. UV irradiation (254 nm) will directly
damage DNA and these injuries can be repaired by the UVA
light (365 nm). By adding NH2 Cl, the disinfectant will cause
more structural damage to the cells, destroying the cell membrane and causing the cell contents to leak and thus completely deactivating, which cannot be repaired by UVA irradiation. In addition, reactive free radicals may penetrate the cell
membrane or cell wall to further enhance the damage. Therefore, the combination of UV and can significantly enhance the
inactivation and effectively control the photoreactivation rate
compared to UV alone.
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Fig. 7 – The histogram of A. flavus spore staining with DHE after inactivated by UV alone, UV/NH2 Cl and NH2 Cl alone. The
initial concentration of fungal spores: (1–3) ×106 CFU/mL, [NH2 Cl]0 = 2.0 mg/L.

Fig. 8 – SEM photos (30000 times) of A. niger, A. flavus, and A. fumigatus after UV and UV/NH2 Cl inactivation. Experimental
conditions: UV dose= 160 mJ/cm2 , [NH2 Cl]0 = 2.0 mg/L. The initial concentration of Aspergillus spores: (1–3) ×106 CFU/mL.
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Fig. 9 – Photoreactivation of (a) A. niger, (b) A. flavus, and (c) A. fumigatus by UV, UV/NH2 Cl treatment after 2-log10 inactivation
then under exposure of UVA light intensity of 0.10 mW/cm2 . The initial concentration of fungal spores: (1–3) × 106 CFU/mL,
and the temperature is 25 ◦ C.

Fig. 10 – The maximum survival ratio (Sm ) and photoreactivation constant, k1 (min–1 ) of the Aspergillus species during the
photoreactivation by UV alone, UV/NH2 Cl treatment after 2-log10 inactivation then under exposure of UVA light intensity of
0.10 mW/cm2 . The initial concentration of fungal spores: (1–3) × 106 CFU/mL, and the temperature is 25 ◦ C. Error bars on
points represent stand deviation from three experimental data.

In addition, the maximum survival ratio (Sm ) and photoreactivation constant, k1 (min–1 ) of the three Aspergillus species
during the photoreactivation were shown in Fig. 10. The Sm of
A. niger, A. flavus, and A. fumigatus could reach 15.02%, 12.87%,
and 9.31%, respectively when the three Aspergillus species
were inactivated by UV alone. Compared with the result of UV
alone, it was obvious that the Sm was lower for all the three Aspergillus species when UV/NH2 Cl was applied. In the process of
UV/NH2 Cl, the survival ratio would reach the minimum when
the concentration of NH2 Cl increased to 3.0 mg/L. With the
concentration of NH2 Cl increased from 0.0 to 3.0 mg/L, the Sm
for A. niger, A. flavus and A. fumigatus showed an apparently decrease to 0.97%, 1.45%, and 1.22%, respectively, which could be
attributed to the more serious damage to the three Aspergillus
species. When the NH2 Cl concentration was increased in this
study, the photoreactivation rate constant (k1 ) showed a certain decline for all the three Aspergillus species (Fig. 10b). Furthermore, after irradiation by UV alone, the value of k1 were
0.0060 min–1 , 0.0042 min–1 and 0.0060 min–1 for A. niger, A.
flavus, and A. fumigatus, respectively, which were higher than
the process of UV/NH2 Cl (3.0 mg/L) (0.0013 min–1 , 0.0042 min–1
and 0.0006 min–1 , respectively). UV/NH2 Cl can cause more severe damage to fungal spores DNA and other cell structures,

resulting in the higher inhibition efficiency of photoreactivation. Besides, the survival rate of Aspergillus species inactivated
by UV/NH2 Cl was as follows: A. flavus > A. niger > A. fumigatus. This was consistent with the resistance of inactivation as
a discussion in Section 2.1. The variation of membrane permeability and intracellular ROS levels of A. fumigatus were
the highest, indicating that A. fumigatus had the lowest resistance to UV/NH2 Cl. Differences in the photoreactivation level
among the three Aspergillus species may be caused by the intracellular pigment contents, cell structures and photolyase
(Bohrerova and Linden, 2006; Sinha and Häder, 2002).

2.5.

Comparison of UV/NH2 Cl and UV/Cl2

2.5.1.

Evaluation of inactivation and photoreactivation

As shown in Fig. 11a, the difference value of LCR (the LCR of
UV/NH2 Cl subtracts the LCR of UV/ Cl2 ) between UV/NH2 Cl
(2.0 mg/L) and UV/Cl2 (2.0 mg/L) for the three Aspergillus spores
at the UV doses 60 mJ/cm2 , 80 mJ/cm2 and 100 mJ/cm2 was observed. The inactivation results of A. niger and A. flavus showed
no difference between the UV/NH2 Cl and UV/Cl2 at the fluence of 60 mJ/cm2 . However, For A. fumigatus, at a UV fluence
of 60 mJ/cm2 , the LCR of UV/NH2 Cl were approximately 1.40-
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Fig. 11 – UV/NH2 Cl and UV/Cl2 inactivation of three Aspergillus species(a) the LCR difference, (b) inactivation rate constant, (c)
CE and (d) energy consumption of UV/NH2 Cl and UV/Cl2 . Reaction conditions: [NH2 Cl]0 = 2.0 mg/L, pH = 8.0 for UV/NH2 Cl,
[Cl2 ]0 = 2.0 mg/L, pH = 7.0 for UV/Cl2 , the initial concentration of fungal spores: (1–3) × 106 CFU/mL.

log10 higher than that of UV/Cl2 . The LCR difference of A. niger
and A. flavus reached the maximum value at the UV radiation
dose was 80 mJ/cm2 , which was 1.12-log10 and 0.85-log10 , respectively. For the three Aspergillus spores, UV/NH2 Cl showed
higher inactivation efficiency than that of UV/Cl2 , especially
for A. fumigatus. As shown in Fig. 11b, the inactivation rate
constant (k) of UV/NH2 Cl and UV/Cl2 was compared. It can be
concluded that k value of UV/NH2 Cl process was higher than
that of UV/Cl2 . The k values for A. niger, A. flavus and A. fumigatus were 0.034 cm2 /mJ, 0.030 cm2 /mJ and 0.061 cm2 /mJ,
respectively by the treatment with UV/NH2 Cl which were approximately 1.48,1.12 and 1.97-fold higher than that of UV/Cl2 .
This indicated that UV/NH2 Cl not only had better LCR than
that of UV/Cl2 , but also could inactivate the three Aspergillus
spores more quickly. Therefore, UV/NH2 Cl can better control
the three pathogenic Aspergillus selected in this study than
UV/Cl2 .
The control efficiency (CE) of photoreactivation by
UV/NH2 Cl and UV/Cl2 were shown in Fig. 11c. Among the
three Aspergillus spores, photoreactivation of A. niger and A.
fumigatus was most efficiently controlled by UV/NH2 Cl, the
CE values of which were 81.50% and 81.62%, respectively. The
processes of UV/NH2 Cl would causes more severe damage to
intracellular components or photolyase, resulting in fungal
spores cannot be repaired under UVA. However, UV/NH2 Cl
and UV/Cl2 had poor photoreactivation control effect on A.
flavus, with CE of 27.39% and 40.42%, respectively. Discrepancies in photoreactivation of the fungal spores may be due
to the differences in photolyase or intracellular pigments
(Bohrerova and Linden, 2006). Therefore, combining UV with

NH2 Cl can effectively inhibit the photoreactivation of waterborne fungi, thus ensuring the biological safety of drinking
water.

2.5.2.

Evaluation of energy consumption

As all of these disinfection processes are power-intensive, it
is essential to evaluate the energy consumption (Tian et al.,
2020). Therefore, the method proposed by the international
union of pure and applied chemistry (IUPAC) was adopted in
this paper to evaluate the energy consumption (Bolton et al.,
2001). In order to evaluate the electrical energy consumption
for 1-log10 inactivation of Aspergillus spores, EE, N (kWh/m3 )
were introduced, which is constituted by the electrical energy of UV alone (EE, N(UV) , kWh/m3 ) and the electrical energy
of oxidant (EE, N(OX) , kWh/m3 ). The specific formula calculation method was described in Appendix A Text S2. As shown
in Fig. 11d, the EE,N values after inactivated 1-log10 by UV,
UV/NH2 Cl and UV/Cl2 were calculated. The EE,N values for the
inactivation of three Aspergillus spores increased in the following order: A. flavus > A. niger > A. fumigatus, which was in accord with the resistance. Compared with UV, UV-ADPs did not
significantly reduce the energy consumption, which possibly
due to the 1 mol/L NH2 Cl, and Cl2 were unable to effectively
enhance the LCR in this study. The EE,N values followed the order: UV/NH2 Cl < UV/Cl2 . For instance, the EE,N value for A. fumigatus was 0.026 kWh/m3 , 0.053 kWh/m3 and 0.058 kWh/m3
in the process of UV alone, UV/NH2 Cl and UV/Cl2 , respectively. Therefore, UV/NH2 Cl was a more effective disinfection
method than UV/Cl2 in terms of inactivation efficiency, control
efficiency of photoreactivation and energy consumption.
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Conclusion

The results showed that the UV/NH2 Cl process had beneficial
effects on the disinfection of Aspergillus spores. The conclusions can be summarized as follows:
(1) The UV/NH2 Cl process could more effectively inactivate
three Aspergillus species than UV alone, and the resistance
of sequence was: A. flavus > A. niger > A. fumigatus. However, there was no synergistic effect for A. flavus and A. fumigatus as a result of the difference of the spore size, an
outer layer of rodlets (hydrophobins) and pigments.
(2) Compared with UV alone and NH2 Cl alone, this study has
identified that the UV/NH2 Cl process can observably increase the membrane damage and intracellular ROS level.
Furthermore, SEM photos of three Aspergillus species also
showed different degrees of peripheral structural damage
after being inactivated by UV/NH2 Cl.
(3) UV/ NH2 Cl could cause more structural damage to the cells,
destroying the cell membrane and causing the cell contents to leak and thus completely deactivating, which control the photoreactivation of the three Aspergillus species
more effectively than UV alone. The sequence of maximum
survival ratio (Sm ) was as follows: A. fumigatus > A. niger >
A. flavus, which was consistent with the resistance of inactivation.
(4) UV/NH2 Cl had a better inactivation effect on the three
Aspergillus spores than UV/Cl2 , and also showed higher
photoreactivation control efficiency (CE) for A.niger and
A.fumigatus. The EE,N values of UV/NH2 Cl were a little less
than that of UV/Cl2 . In addition, UV/NH2 Cl can also maintain a certain amount of residual chlorine in the pipe network system, thus improving the inactivation efficiency
and providing an alternative disinfectant for fungal contamination in the water supply system.
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