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Abstract
The present study aimed to select the best medium for inactivation of Aspergillus fumigatus, Aspergillus spp. in section Nigri, A.
niger, A. terreus var. terreus, A. tubingensis, Penicillium waksmanii, P. simplicissimum, and Aspergillus sp. strain no. 145 spores
in clinical wastes by using supercritical carbon dioxide (SC-CO2). There were three types of solutions used including normal
saline, seawater, distilled water, and physiological saline with 1% of methanol; each solution was tested at 5, 10, and 20mL of the
water contents. The experiments were conducted at the optimum operating parameters of supercritical carbon dioxide (30 MPa,
75 °C, 90 min). The results showed that the inactivation rate was more effective in distilled water with the presence of 1%
methanol (6 log reductions). Meanwhile, the seawater decreases inactivation rate more than normal saline (4.5 vs. 5.1 log
reduction). On the other hand, the experiments performed with different volumes of distilled water (5, 10, and 20 mL) indicated
that A. niger spores were completely inactivated with 10 mL of distilled water. The inactivation rate of fungal spores decreased
from 6 to 4.5 log as the amount of distilled water increased from 10 to 20 mL. The analysis for the spore morphology of A.
fumigatus and Aspergillus spp. in section Nigri using scanning electron microscopy (SEM) has revealed the role of temperature
and pressure in the SC-CO2 in the destruction of the cell walls of the spores. It can be concluded that the distilled water represent
the best medium for inactivation of fungal spores in the clinical solid wastes by SC-CO2.
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Introduction

Healthcare wastes are general terms used to define the wastes
containing blood and infectious agents which are generated
from healthcare facilities. In some references, these wastes
are defined as clinical wastes, medical waste, bio-medical
wastes, hospital wastes, health care waste, infectious waste,
and hazards and bio-hazards wastes. However, this definition
excludes the solid wastes which can be recycled or reused even
after the treatment process. Moritz (1995) suggested that the
disposable or waste terms should be used for non-recyclable
materials, while the term of reusable or recyclable is used to
define the solid materials which might be reused or recycle.
Based on this definition, the sharps, cotton, and medical de-
vices are defined as recyclable materials, while blood, body
parts, chemicals, pharmaceuticals, and radioactive materials
are wastes. In other meaning, it has to be mentioned that not
all the wastes generated from the hospital were classified as
clinical wastes. According to the Controlled Waste
Regulations 1992 (S1588), the clinical wastes are defined as
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any waste with human or animal tissue, excretions, blood,
body fluids, excretions, swabs, syringes, and needles. These
wastes were generated from the medical, dental, nursing, vet-
erinary pharmaceutical or similar practice, investigation, treat-
ment, care, teaching, or research centers. The clinical waste is
classified as a type of the biohazard waste due to the heavily
load of infectious agent which included Staphylococcus
aureus, pathogenic strains of E. coli, Salmonella spp. P.
aeruginosa, Enterococcus faecalis, Klebsiella pneumonia,
and opportunistic fungi such as Aspergillus niger, A.
fumigatus, A. tubingensis, A. terreus var. terreus, andC. lunata
(Banana 2013; Noman et al. 2016a).

To date, several treatment technologies have been suggested
in order to reduce the health risk associated with the presence of
pathogenic fungi in the clinical wastes. Some of these technol-
ogies such as incineration, autoclave, irradiation, microwave,
and chemical disinfection were effective for inactivation of path-
ogenic organisms and have achieved 6 log reductions (STAATT
2005; Efaq et al. 2015). However, Efaq et al. (2015, 2017) and
Noman et al. (2016a, b) have revealed that the use of supercrit-
ical carbon dioxide (SC-CO2) represents the best green and non-
thermal alternative technology for the total inactivation of fungal
spores in the clinical wastes. The studies suggested SC-CO2 as
an alternative technology based on the ability to total inactiva-
tion of Aspergillus spp. in section Nigri, A. niger, A. fumigatus,
A. tubingensis, A. terreus var. terreus, Aspergillus sp. strain no.
145, P. simplicissimum, and P. waksmanii spores in the clinical
wastes. The inactivation of the spores was irreversible process
where no regrowth was recorded on the culture medium for the
inactivated fungi. Nonetheless, the inactivation medium and the
water contents are among the factors which influence the effi-
ciency of the inactivation process by using SC-CO2 (Kamihira et
al. 1987; Dillow et al. 1999; Furukawa et al. 2009; Valverde et
al. 2010). The selection of inactivation medium depends mainly
on the presence or absence of the water and moisture. These
studies indicated that the inactivation process was reduced or
even impaired in low water content environments (Haas et al.
1989; Dillow et al. 1999). Furukawa et al. (2009) stated that
Geobacillus stearothermophilus spores have more resistance to
inactivation process in the low water content. However,
Valverde et al. (2010) claimed that the inactivation of microor-
ganisms by SC-CO2 in the absence of water is faster because
CO2 was contacted directly with the microorganism cells; thus,
the treatment period becomes shortened. It is due to the nature of
the matrix and the presence of compounds in the inactivation
medium as carbohydrates and fats play important role in
protecting microorganisms from high-pressure CO2

(Ferrentino et al. 2013). It has been reported that the presence
of fat in suspendingmediamight lead to reduce inactivation rate,
due to decrease CO2 penetration into cells by changing the
structure of cell walls and membranes (Lin et al. 1994).

This study aims to determine the best medium and water
content volume for inactivating Aspergillus fumigatus,

Aspergillus spp. in section Nigri, A. niger, A. terreus var.
terreus, A. tubingensis , Penicillium waksmanii , P.
simplicissimum, and Aspergillus sp. strain no. 145 spores in
clinical wastes SC-CO2. These fungi were investigated in dis-
tilled water as reported by Efaq et al. (2017). However, the
inactivation process for these fungal spores in normal saline,
seawater, and physiological saline with 1% of methanol has
not been studied yet. The solutions were tested at three water
volumes (5, 10, and 20 mL). In spite, one more study which
need to be conducted is the effect of SC-CO2 parameters on
the mechanism of inactivation process. Overall, the role of
pressure, temperature, and time in the destruction of fungal
spores was investigated.

Materials and methods

Fungal strains

There were eight common strains of fungal investigated in the
present study including Aspergillus fumigatus, Aspergillus
spp. in section Nigri, A. niger, A. terreus var. terreus, A.
tubingensis, Penicillium waksmanii, P. simplicissimum, and
Aspergillus sp. strain no. 145 as reported by Noman et al.
(2016a). The preparation of samples was by using methods
described by Efaq et al. (2017).

Inactivation medium and process

Three types of solutions have been used in order to determine
the most effective inactivation medium including normal sa-
line, seawater, distilled water (5, 10, and 20 mL), and physi-
ological saline supplemented with 1% of methanol. These
solutions have different parameters; the normal saline plays
an important role in the diffusion of CO2 through the micro-
bial cell wall, while the presence of salt contributes effectively
in the inactivation process. In contrast, the presence of meth-
anol accelerates the inactivation process due to the antimicro-
bial properties of the methanol. To date, there were no similar
solutions that have been reported for being used as inactiva-
tion medium for fungal spores by SC-CO2. Therefore, it was
tested to choose the liquid solution required to achieve high
inactivation rate of fungal spores in the clinical waste samples.

A fixed amount (10 g) of the sterilized clinical solid waste
(Noman et al. 2016a, b) was prepared in four types of the
solution medium to represent the typical loading conditions
for SC-CO2 sterilization vessel (for lab scale) as recommended
by STAATT 2005 cited by Noman et al. (2016a, b). The sam-
ples were prepared in a separate experiment and each sample
was transferred into a glass screw cap bottle (100 mL) contain-
ing three volume sizes (5, 10, and 20 mL) spore inoculum (106

spores mL−1 or g−1 of waste sample). The sample was homog-
enized with 150 rpm for 10 min in a shaker. The sample was
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transferred into a sterilized Biohazard autoclave bag and then
into a SC-CO2 sterilization vessel. The control samples were
kept at room temperature (25 ± 2 °C) for the same period of the
treatment process (90 min). The experiments for fungal spores
inactivation were conducted at the optimum operating parame-
ters of supercritical carbon dioxide (30 MPa, 75 °C, 90 min) as
described by Noman et al. (2016b).

Effect of SC-CO2 parameters on the inactivation
process

In order to understand the role of temperature, time, and pressure
in the inactivation process, A. nigerwas used as a model system
as suggested by STAATT (2005) while 10 mL distilled water
was used as an inactivation medium. The inactivation process
was performed at different conditions as shown in Table 1.

The log reduction was determined based on final concen-
trations of fungal spores recovered from the treated samples
on Sabouraud Dextrose Agar (SDA) medium by culture-
based method (the colony-forming unit, CFU) using standard
serial dilution spread plate method APHA (2005). The inacti-
vation of fungal spores in clinical waste sample analysis using
SC-CO2 was calculated based on log reduction according to
Eqs. 1, 2, 3, and 4 as described by STAATT (2005).

Log IT ¼ log IC−logNR ð1Þ
logNR ¼ logIC−logIRC ð2Þ
Log reduction Log Killð Þ ¼ logIT−logRT ð3Þ

Inactivation percentage %ð Þ ¼ IT−RT
IC

� 100 ð4Þ

where
IC is initial numbers of fungal spores (106 spore mL−1 of

suspension as determined by culture-based method).
NR is the number of fungal spores that were not recovered

from a clinical waste sample before treatment (CFU g−1 of
clinical waste sample).

IT is initial number of fungal spores (CFU g−1 of waste
sample) introduced into clinical waste sample before
treatment.

IRC is initial number of fungal spores recovered from a
clinical waste sample before treatment by using culture-
based method (CFU g−1 of waste sample).

RT is the number of fungal spores (spore or CFU g−1 of
waste sample) recovered from a clinical waste sample treated
by SC-CO2.

Mechanism of inactivation process using SC-CO2

The mechanism of inactivation process for Aspergillus spp. in
section Nigri and A. tubingensis spores using SC-CO2 was
investigated. The spore shape and morphology were

determined by using SEM analysis before and after the inac-
tivation process. The spores of Aspergillus spp. in section
Nigri and A. tubingensis spores were recovered from the in-
activation medium using centrifugation at 4020×g for 20 min.
The pellets of fungal spores were observed under the SEM
according to the method described by Mazia et al. (1975).
Briefly, the fixed spores were then mounted into SEM stub
coated with gold powder with double-sided carbon tape and
viewed using SEM (Zeiss Supra 50 VP, Germany).

Results and discussion

This studywas conducted to investigate the effect of inactivation
medium and water contents on the inactivation of Aspergillus
spp. in section Nigri, A. fumigatus, A. niger, A. terreus var.
terreus, A. tubingensis, Aspergillus sp. strain no. 145, P.
waksmanii, and P. simplicissimum spores in the samples of clin-
ical. The spores’ morphologies for the investigated fungi are
depicted in Fig. 1, which showed different shapes, surfaces,
and ornamentation. The shape of the fungal spore is one of the
most important factors which effect on the efficiency of SC-CO2

in the inactivation process. Efaq et al. (2017) found that the
spherical spore shape forAspergillus spp. is exposed to the same
effects resulted from the pressure and temperature. The cyto-
plasm contents are released, while the spore shrunk but the spore
morphology still has the spherical shape. In contrast, the cyto-
plasm content of elongated shaped spores (such as Penicillium
spp.) is extracted from the polar point which represents the
weakest point in the elongated spores. Thus, different fungal
species with different shapes, surfaces, and ornamentation
were selected in this present study. On the other hand, the
selection of species was determined based on a study by
Noman et al. (2016a, b) which had indicated that those species
are common in the clinical waste (Noman et al. 2016a, b).

Table 1 The experiments runs conducted to study the effect of SC-CO2

parameters on inactivation of A. niger spores

Block No. treatment
process

SC-CO2 parameters

A 1 35 MPa, 35 °C, 30 min

2 40 MPa, 35 °C, 30 min

3 30 MPa, 55 °C, 60 min

4 35 MPa, 55 °C, 60 min

5 40 MPa, 55 °C, 60 min

B 1 35 MPa, 35 °C, 60 min

2 35 MPa, 55 °C, 60 min

3 35 MPa, 75 °C, 60 min

C 1 35 MPa, 55 °C, 30 min

2 35 MPa, 55 °C, 60 min

3 35 MPa, 55 °C, 90 min
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Selection of inactivation medium and water contents

The inactivation rate was more effective in distilled water (6 log
reductions), in which the spores of the fungal species

investigated were completely inactivated (Fig. 2). Similar results
were also recorded for the physiological saline with 1% ofmeth-
anol (Fig. 3). In contrast, the maximum inactivation rates in the
seawater medium and normal saline were 5.5 log10 for A. niger

A B

C D

E F

G H

Fig. 1 Scanning electron
micrographs of fungal spores: a
Aspergillus spp. in section Nigri
(× 5000); b A. niger (× 1000); c A.
fumigatus (× 5000); d A.
tubingensis (× 3000); e A. terreus
var. terreus (× 10,000); f
Aspergillus sp. strain no. 145 (×
5000); g P. simplicissmum (×
3000); h P. waksmanii (× 5001)
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(Fig. 4) and Aspergillus sp. strain no. 145 (Fig. 5) respectively.
This could be due to the synergistic effect of distilled water
which leads to swollen cell walls and membranes, thus making
biological barriers more penetrable by CO2 and positively
influencing the sterilization process (Dillow et al. 1999). The
presence salts in seawater will lead to shrinking of the fungal
spore’s cell wall and membrane due to the osmotic pressure and
therefore will effect the penetration of CO2 across cell wall
and the inactivation rate. Debs-Louka et al. (1999) and

Garcia-Gonzalez et al. (2007) indicated that the presence of salts
and sugars leads to reduce the water activity (aw) of the medium
and decreases the inactivation process of microorganisms. It has
been mentioned in the literature that the constituents of the in-
activation medium might effect on the efficiency of SC-CO2 in
the inactivation of fungal spores. For instance, the presence of
carbohydrates, proteins, and fats might contribute in the protec-
tion of spores from the effect of high-pressure CO2 (Ferrentino
et al. 2013). Lin et al. (1994) has claimed that the presence of
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lipids reduces the penetration of CO2 through the cell membrane
into the cell cytoplasm and thus reduces the lethal effects of CO2

which is the main mechanism for inactivation process.
Moreover, the efficiency of inactivation medium by SC-CO2

might increase by adding the polar co-solvent such as ethanol
or acetic acid (Christensen andKaufmann 1965). Kamihira et al.
(1987) found that the log reduction of A. niger spores was 6 log
by SC-CO2 with the presence of ethanol while the maximum
reduction was non-detectable in the free medium. Park et al.

(2012) have revealed that the adding of the ethanol with 16%
into the inactivation medium enhanced completely the inactiva-
tion of A. brassicicola spores after 45 min at 15 MPa and 38 °C
compared to 2 log reduction for control.P. oxalicum spores were
completely inactivated at 10MPa and 40 °C for 45 min with the
presence of ethanol while similar inactivation was observed at
20 MPa, 45 °C for 25 min without ethanol (Park et al. 2013). In
the present study, the results revealed that adding methanol into
the inactivation medium has enhanced the log reduction to
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achieve 6 log for all fungal spores investigated. The efficiency of
SC-CO2 for inactivating of fungal spores in the presence of acids
leads to increase the acidity of the inactivation medium and
lowering the pH. The antimicrobial agent of methanol
contributes effectively in the inactivation of fungal spores.
However, STAATT (2005) has recommended that no chemicals
or solvent should be added to clinical waste sample during the
treatment by the alternative technologies whichmight be used as
alternative for incineration.

Effect of water contents on the inactivation process

In order to determine the suitable moisture content, different
volumes of DW were tested (5, 10, and 20 mL). The results
indicated that the fungal spores were completely inactivated
with 10 mL. The inactivation rate of fungal spores decreased
from 6 to 4.5 log as the amount of water content increased
from 5 to 20 mL of distilled water (Fig. 2). This might be due
to the presence of low amount of water content; more CO2will
be free and could penetrate the cell wall and thus increase the
inactivation rate. These findings are inconsistence with those
of previous studies which revealed that the inactivation pro-
cess depends on the water content in the inactivation medium
(Dillow et al. 1999). The studies conducted on Geobacillus
stearothermophilus and A. niger spores revealed that both
organisms exhibited a resistance to the inactivation process
using SC-CO2 while it were reduced by 6 log reduction with
90 and 2% of water content (Kamihira et al. 1987; Furukawa
et al. 2009). However, Valverde et al. (2010) have claimed that
the inactivation process of the spores SC-CO2 was more
efficient and fast in the absence of water. The same study
had explained the findings based on the direct contact
between CO2 and the sample without the need for saturating
the medium with CO2. The inactivation process depends on
the physical action of pressure in the destruction of cell wall of
the spores and the chemical action for the acidic condition
resulted from the reaction between CO2 and water to
generate H2CO3. The results have shown that the presence a
detectable amount of the water contents might enhance the
inactivation process, while the mechanism action becomes
less effective in the high amounts of the water contents. This
explanation is consistence with that of the studies by Werner
and Hotchkiss (2006) and Garcia-Gonzalez et al. (2007) who
reported that the presence of moisture induces the inactivation
rate as a result of external pH reduction, membrane cell swell-
ing, permeability of cell membrane, and fast diffusion of CO2

into the cell cytoplasm which cause intracellular disorders
(Garcia-Gonzalez et al. 2007). The effect of media constitu-
ents on the sterilization process and inactivation of microbial
cells is not limited to have an important role with SC-CO2; it
has also reported similar finding by steam autoclave with a
different inactivation mechanism in comparison to SC-CO2.
Therefore, the examination of different inactivation medium is

necessary to determine the best solution should be used for
achieving the highest inactivation rate of the fungal spores.

Effect of SC-CO2 parameters on the inactivation
of fungal spores

The findings on the effect of pressure, temperature, and time on
inactivation of A. niger spores are depicted in Figs. 6, 7, and 8. It
can be found that by using two treatments setup conducted at
75 °C for 90 min and two different pressures (30 and 40 MPa
respectively), complete inactivation of A. niger spores was
achieved (Fig. 6). Based on these results, the increasing of the
pressure from 30 to 40MPa has shown no contribution on theA.
niger spores, since nomore inactivation was achieved even after
the pressure increased from 30 to 40MPa. Similar findings were
noted for the treatment performed at 55 °C for 60min, where the
increasing of pressure from 35 to 40MPa has not correlatedwith
the inactivation of fungal spores; the reductions were 4.12 and
4.14 log respectively. However, in the treatment process carried
out at 55 °C for 60 min, the increase in pressure from 30 to
35 MPa associated with the reduction of A. niger spores from
2.82 to 4.12 log. The treatment processes conducted at 35 °C
and 30 min had revealed that the increasing pressure from 35 to
40 MPa is associated with increasing the reduction of spores
from 1.3 to 3.85 log (Fig. 6).

At 35 MPa, the increasing of the temperature from 35 to
55 °C correlated with more spores’ reduction from 1.95 to 4.6
log. However, the over increasing of the temperature to 75 °C
reduced the log reduction of the spores to 3.99 log (Fig. 7).
These observations indicated that the pressure has more con-
tribution at low temperature, while temperature has low con-
tribution at high pressure. The finding recorded were in line
with those of a previous study by Ballestra and Cuq (1998)
who found that the increasing of temperature from 50 to 60 °C
at 5 MPa correlated with low inactivation of A. niger spores.
More explanations for the effect of pressure and temperature
were reported by Calvo and Torres (2010), who claimed that
the inactivation of bacterial cells takes place in two stages in a
response to temperature. In the study, the increasing of tem-
perature from 50 to 75 °C reduced the microbial lethality of
CO2 at 30 MPa (only 1.5 log reduction was achieved), while
the log reduction has increased as the temperature was 80 °C
(4.5 log reduction achieved).

On the other hand, the treatment processes conducted at a
constant pressure (35 MPa) and temperature (55 °C) with two
treatment periods (30 and 60 min) noted that the time has a real
role in the inactivation ofA. niger spores. The reductions record-
ed were 3.73 versus 4.6 log respectively. The over increasing of
the time from 60 to 90 min correlated with high log reduction of
the spores (4.6 vs. 5 log) (Fig. 8). In a previous study conducted
by Haas et al. (1989), P. roquefort had reduced by 5 log at
5.4 MPa and 45 °C for 120 min while was totally reduced after
240 min with same temperature and pressure.
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There are many of explanations which have been suggested
by the authors in the literature regarding the effect of SC-CO2

parameters (pressure, time, and temperature) on the inactivation
of bacterial and fungal cells and spores. Park et al. (2012) and
Park and Kim (2013) indicated that both pressure and
temperature were effective in the reduction of A. brassicicola
and P. oxacilum. However, Hossain (2013) claimed that pressure
was the main factor for inactivation of S. aureus, E. faecalis, and
B. sphaericus in the clinical solid wastes using SC-CO2. It has to
mention that the studies conducted by Park et al. (2012) and Park
andKim (2013) aswell as byHossain (2013) were performed on
the vegetative cells of fungi and bacteria, while in the current
work, the inactivationwas carried out on theA. niger spores. The
differences between the cell wall of the fungal cells and the
spores contribute in the role of temperature, pressure, and time
in the inactivation process. Bae et al. (2009) have claimed that
the temperature has more influence on bacterial spores than

pressure. Similar findings were also reported in the current work;
this might be related to the role of pressure which enhances the
solubilization rate of CO2 in water and thus facilitates the acid-
ification and membrane expansion, while the role of temperature
is to stimulate CO2 diffusivity and increase the fluidity of cell
membranes to make CO2 penetration easier (Spilimbergo 2002).

Mechanism of inactivation process for the spores
by SC-CO2

Themechanism of inactivation process for the spores by SC-CO2

was studied in two fungal species includingAspergillus in section
Nigri (Fig. 9a, b) and A. tubingensis (Fig. 9c, d). The mechanism
is explained based on the analysis of the spore morphology ob-
tained from SEM images. The role of temperature in the inacti-
vation of fungal spores in comparison to the role of pressure is the
thermal revival of dormant spores, which does mean that the
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40 MPa, 35 °C, 30 min; (3)
treatment process conducted at
30 MPa, 55 °C, 60 min; (4)
treatment process conducted at
35 MPa, 55 °C, 60 min; (5)
treatment process conducted at
40 MPa, 55 °C, 60 min
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spore germination needs a heat shock to reactivate the germina-
tion enzymes (Keynan et al. 1964; Calvo and Torres 2010). This
study showedv that the treatment process conducted at 75 °C for
90minwas enough for reactivation of fungal spores to germinate.
These findings indicate that the time is an associated factor with
the temperature and pressure. Therefore, it explained that the role
of each factor in the inactivation of fungal spores comprises the
temperature, which is inducible factor to revive the fungal spores,
while the first stage of treatment period (45 min) is the time
required for spore germination. The continuation of treatment

period for 90 min with high temperature leads to destruction of
cell wall of the fungal spores, which facilitate the penetration of
CO2 more effective due to the presence of high pressure. The
accumulation of CO2 in the spore leads to complete damage of
the structure and this is a factor involve in breaking dormancy of
fungal spores (Keynan et al. 1964; Chang et al. 1999; Kamil et al.
2011). The pressure and presence of metabolizable nutrient ger-
mination such as sugars have the ability to induce the fungal
spore revival, but the revival process requires a very high pressure
between 50 and 300 MPa combined with some heat, while the
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Fig. 8 Inactivation of A. niger
spores in the clinical waste
samples at different treatment
conditions of SC-CO2: (1)
treatment process conducted at
35 MPa, 55 °C, 30 min; (2)
treatment process conducted at
35 MPa, 55 °C, 60 min; (3)
treatment process conducted at
35 MPa, 55 °C, 90 min
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Fig. 9 Scanning electron
micrographs of inactivated
spores: a Aspergillus spp. in
section Nigri spores before
treatment (control, × 7000); b
Aspergillus spp. in section Nigri
spores after treated using SC-CO2

(35 MPa, 75 °C, 90 min) (×
7000); c A. tubingensis spores
before treatment (control, × 800);
d A. tubingensis spores after
treated using SC-CO2 (35 MPa,
75 °C, 90 min) (× 1000)
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range of pressure used in this was between 30 and 40 MPa
(Setlow 2003; Norton and Sun 2008). It has been demonstrated
that the inactivation of fungal spores by SC-CO2 is due to the
change of thermodynamic state of the CO2 in the response for
temperature. It is because the gas like fluid of CO2 in a supercrit-
ical state is due to the presence of temperature (Watanabe et al.
2003; Fomin et al. 2015). The completely inactivation of A. niger
andA. oryzae at 140MPa and − 20 °C for 24 h has been reported
by Hayakawa et al. (1998), which indicates that the hydrostatic
action of pressure can effectively inactivate the microorganisms
by high pressure. Therefore, the presence of temperature plays an
important role to enhance the diffusion of CO2 through the cell
wall and cell membrane of the microorganism at moderate pres-
sure as used in this study. SC-CO2 enhances mass-transfer prop-
erties and thus removes vital constituents from the cell membrane
of spores (Garcia-Gonzalez et al. 2007). Based on aforemen-
tioned, it can be indicated that the mechanism action of the SC-
CO2 in inactivating of fungal spores depends on the temperature
used during SC-CO2 treatment which acts to revive fungal spores
and thus accelerate the CO2 sporicidal effect. The adverse effect
of the temperature becomesmore influencing at low pH and long
period. All of the SC-CO2 parameters (pressure, temperature, and
time) acts simultaneously to destruct the fungal spores
(McDonnell 2007; Calvo and Torres 2010).

Conclusion

Among different inactivation media which might be used for
enhancing the inactivation process of fungal spores, the distilled
water and physiological saline with 1% methanol are the most
efficient. Despite showing the effectiveness in inactivation pro-
cess, the lowest and highest volume of water contents had re-
duced the effectiveness of inactivation process using SC-CO2.
The effect of temperature on the fungal spores is influenced by
the function of protecting and regulating the internal environ-
ment of the membrane cell and changes it to become compro-
mised, while the high pressure leads to spore bursting and re-
leased of the cytoplasm content. Increasing the treatment period
facilitates the effectiveness of both pressure and temperature.

References

APHA (2005) Standard methods for the examination of water and waste-
water, 21st edn. American Public Health Association (APHA),
Washington, DC

Bae YY, Lee HJ, Kim SA, Rhee MS (2009) Inactivation of
Alicyclobacillus acidoterrestris spores in apple juice by supercritical
carbon dioxide. Int J Food Microbiol 136:95–100

Ballestra P, Cuq JL (1998) Influence of pressurized carbon dioxide on the
thermal inactivation of bacterial and fungal spores. LWT Food Sci
Technol 31:84–88

BananaAAS (2013) Inactivation of pathogenic bacteria in human body fluids
by steam autoclave, microwave and supercritical carbon dioxide. Ph.D.
Thesis, Environmental Technology Division, School of Industrial
Technology, Universiti Sains Malaysia (USM), Penang, Malaysia

Calvo L, Torres E (2010) Microbial inactivation of paprika using high-
pressure CO2. J Supercrit Fluids 52:134–141

Chang ST, Buswell JA, Miles PG (1999) Genetics and breeding of edible
mushrooms; Gordon and Breach Science Publishers. Second
Printing 3: 44

Christensen CM, Kaufmann HH (1965) Deterioration of stored grains by
fungi. Ann Rev Phytopathol 3:69–84

Controlled Waste Regulations 1992 (SI 588). London: HMSO
Debs-Louka E, Louka N, Abraham G, Chabot V, Allaf K (1999) Effect of

compressed carbon dioxide on cell viability. Appl Environ
Microbiol 65:626–631

Dillow AK, Dehghani F, Hrkach JS, Foster NR, Langer R (1999)
Bacterial inactivation by using near-and supercritical carbon diox-
ide. Proc Natl Acad Sci 96(18):10344–10348

Efaq AN, Norulaini Nik Ab Rahman N, Nagao H, Al-Gheethi AA,
Shahadat M, Ab. Kadir MO (2015) Supercritical carbon dioxide as
non-thermal alternative technology for safe handling of clinical
wastes. J Environ Process 2(4):797–822

Efaq AN, Norulaini Nik Ab Rahman N, Nagao H, Al-Gheethi AA, Ab.
Kadir MO (2017) Inactivation of Aspergillus spores in clinical
wastes by supercritical carbon dioxide. Arab J Sci Eng (AJSE)
42(1):39–51

Ferrentino G, Balzan S, Spilimbergo S (2013) Optimization of supercritical
carbon dioxide treatment for the inactivation of the natural microbial
flora in cubed cooked ham. Int J Food Microbiol 161:189–196

Fomin YD, Ryzhov VN, Tsiok EN, Brazhkin VV (2015)
Thermodynamic properties of supercritical carbon dioxide: Widom
and Frenkel lines. Phys Rev E 91(2):022111

Furukawa S, Watanabe T, Koyama T, Hirata J, Narisawa N, Ogihara H,
Yamasaki M (2009) Inactivation of food poisoning bacteria and
Geobacillus stearothermophilus spores by high pressure carbon di-
oxide treatment. Food Control 20:53–58

Garcia-Gonzalez L, Geeraerd AH, Spilimbergo S, Elst K, Van Ginneken
L, Debevere J, Van Impe JF, Devlieghere F (2007) High pressure
carbon dioxide inactivation ofmicroorganisms in foods: the past, the
present and the future. Int J Food Microbiol 117:1–28

Haas GJ, Prescott HE, Dudley E, Dik R, Hintlian C, Keane L (1989)
Inactivation of microorganisms by carbon dioxide under pressure.
J Food Saf 9:253–265

Hayakawa K, Ueno Y, Kawamura S, Kato T, Hayashi R (1998)
Microorganism inactivation using high-pressure generation in
sealed vessels under sub-zero temperature. Appl Microbiol
Biotechnol 50:415–418

Hossain S (2013) Supercritical carbon dioxide sterilization of clinical
solid waste. Ph.D Thesis, Environmental Technology Division,
School of Industrial Technology, University Science Malaysia.
Penang, Malaysia

Kamihira M, Taniguchi M, Kobayashi T (1987) Sterilization of microor-
ganisms with supercritical and liquid carbon dioxide. Agric Biol
Chem 51:407–412

Kamil OH, Lupuliasa D, Draganescu D, Vlaia L (2011) Interrelations of
drying heat and survival of different fungal spores within the tablets
formulation. Studia Universitatis BVasile Goldiş^, Seria Ştiinţele
Vieţii 21(2): 339–342

Keynan A, Evenchik Z, Halvorson HO, Hastings JW (1964) Activation
of bacterial endospores. J Bacteriol 88(2):313–318

Lin HM, Cao N, Chen LF (1994) Antimicrobial effect of pressurized
carbon dioxide on Listeria monocytogenes. J Food Sci 59:657–659

Mazia D, Schatten G, Sale W (1975) Adhesion of cells to surfaces coated
with polylysine: applications to electron microscopy. J Cell Biol
66(1):198–200

Environ Sci Pollut Res (2018) 25:21682–21692 21691



McDonnell GE (2007) Antisepsis, disinfection and sterilization, types,
action and resistance. ASM Press, Washington, DC

Moritz JM (1995) Current legislation governing clinical waste disposal. J
Hosp Infect 30:521–530

Noman EA, Al-Gheethi AA, Norulaini Nik Ab. Rahman N, Nagao H, Ab.
Kadir MO (2016a) Assessment of relevant fungal species in clinical
solid wastes. Environ Sci Pollut Res 23(19):19806–19824

Noman EA, N Nik Abd. Rahman N, Nagao H, Alkarkhi AM, Al-Gheethi
AA, Tengku NTL, Mohd. OAK (2016b) Supercritical fluid CO2

technique for destruction of pathogenic fungal spores in solid clin-
ical wastes. Clean Soil Air Water 44(12):1700–1708

Norton T, Sun DW (2008) Recent advances in the use of high pressure as
an effective processing technique in the food industry. Food
Bioprocess Technol 1:2–34

Park HS, Kim KH (2013) Enhancement of supercritical CO2 inactivation
of spores of Penicillium oxalicum by ethanol cosolvent. J Microbiol
Biotechnol 23(6):833–836

Park HS, Choi HJ, Kim KH (2012) Inactivation of Alternaria
brassicicola spores by supercritical carbon dioxide with ethanol
entrainer. J Microbiol Methods 88:185–187

Park HS, Choi HJ, Kim KH (2013) Effect of supercritical CO2 modified
with water cosolvent on the sterilization of fungal spore-
contaminated barley seeds and the germination of barley seeds. J
Food Saf 33:94–101

Setlow P (2003) Spore germination. Curr Opin Microbiol 6:550–556
Spilimbergo S (2002) A study about the effect of dense CO2 on micro-

organisms, PhD thesis, University of Padova, Italy, 2002
STAATT (2005) Technical assistance manual: state regulatory over-

sight of medical waste treatment technology. Report of the state
and territorial association on alternative treatment technologies
(STAATT)

Valverde MT, Marín-Iniesta F, Calvo L (2010) Inactivation of
Saccharomyces cerevisiae in conference pear with high pressure
carbon dioxide and effects on pear quality. J Food Eng 98:421–428

Watanabe T, Furukawa S, Tai T, Hirata J, Narisawa H, Ogihara H, Yamasaki
M (2003) High pressure carbon dioxide decreases the heat tolerance of
the bacterial spores. Food Sci Technol Res 9(4):342–344

Werner BG, Hotchkiss JH (2006) Continuous flow non-thermal CO2

processing: the lethal effects of subcritical and supercritical CO2

on total microbial populations and bacterial spores in raw milk. J
Dairy Sci 89:872–881

21692 Environ Sci Pollut Res (2018) 25:21682–21692


	Selection of inactivation medium for fungal spores in clinical wastes by supercritical carbon dioxide
	Abstract
	Introduction
	Materials and methods
	Fungal strains
	Inactivation medium and process
	Effect of SC-CO2 parameters on the inactivation process
	Mechanism of inactivation process using SC-CO2

	Results and discussion
	Selection of inactivation medium and water contents
	Effect of water contents on the inactivation process
	Effect of SC-CO2 parameters on the inactivation of fungal spores
	Mechanism of inactivation process for the spores by SC-CO2

	Conclusion
	References


