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Abstract: Food waste-based biorefineries are considered an essential concept for the implementation
of a sustainable circular economy. In this study, cheese whey powder (CWP), a dairy industry waste,
was utilized to produce cyclosporin A (CsA). As it is difficult to valorize CWP because its components
vary depending on the origin, a process for sugar conversion via acid hydrolysis was designed to
obtain reproducible results using refined whey powder (WP) of a consistent quality. Acid hydrolysis
was carried out using 2% (w/w) HCl and biomass loading of 50 g/L at 121 ◦C for 20 min. CWP
hydrolysates were utilized to ferment Tolypocladium inflatum ATCC 34921. CsA production was
found to be 51.3 mg/L at 12 days, a 1.4-fold increase compared to the control (commercial glucose,
36.3 mg/L). Our results showed that 100 g CWP can be converted to 81.8 mg of CsA. This finding
demonstrated that CWP can be used as a sustainable feedstock for biorefineries.

Keywords: biorefinery; food waste; cheese whey; acid hydrolysis; fermentation; Cyclosporin A

1. Introduction

The prediction that the global population will reach 9.6 billion by 2050 has led scientists
to focus solely on increasing food production without considering food loss and waste [1].
Consequently, food waste (FW) is inevitably generated worldwide, causing serious envi-
ronmental pollution. In Europe and China, 100 and 600 million tons of FW is generated
each year, respectively, and is estimated to increase by 44% in 2050 compared to that in 2005
as per the global increasing trend [2]. According to the Food and Agriculture Organization
(FAO) of the United Nations, greenhouse gas (GHG) emissions by FW accounted for more
than 20% of global GHG emissions; the carbon footprint of FWs, except land-use changes,
is estimated to be 4.4 GT CO2 [3]. Even in developed countries, a considerable proportion
of FW still ends up in landfills (75% in the US and 91% in Australia) [4,5]. Governments
around the world are working to reduce environmental pollution from FW by introducing
the concept of a circular economy (CE), defined as realizing a sustainable economic system
by recycling resources [6]. The use of biorefineries is an innovative strategy to realize
CE, and the current legislation emphasizes the use of FW as a sustainable feedstock for
biorefineries [7]. Furthermore, FW-based biorefineries could meet the criteria of the United
States Department of Agriculture (USDA) and the Department of Energy (DOE) to increase
the usage rate of biobased chemicals and materials from 5% in 2005 to 25% in 2030 [8].
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Cheese whey (CW) is a food processing waste generated from cheese production,
resulting in the production of 9 kg CW per kg of cheese [9]. Globally, CW generation is esti-
mated to be approximately 191.7 Mt per year [10]. CW is composed of various ingredients,
such as lactose (45–50 g/L), protein (6–8 g/L), lipids (4–5 g/L), and mineral salts (8–10%
of dried extracts), and could be utilized as a resource in various fields [11]. CW is rich in
nutrients, but most of it is discharged directly into sewage systems, with the exception of
some being used as animal feed [12]. During the treatment of CW wastewater, the high
BOD (26–60 g/L) and COD (50–70 g/L) of CW, due to lactose, can lead to eutrophication,
toxicity, and impermeabilization as well as an increase in treatment costs [13,14]. Moreover,
Yang et al. [15] reported that high COD in wastewater significantly affected the emission of
GHGs such as CO2 and CH4. To prevent environmental pollution caused by CW and realize
CE, studies related to the possibility of the innovative application of CW in biorefineries
have been conducted, and various studies in the literature have demonstrated the potential
of CW as a sustainable feedstock by producing value-added substances such as hydrogen,
polyhydroxyalkanoates, lactic acid, and bacterial cellulose [16–19]. Therefore, biorefineries
utilizing the lactose in CW as a feedstock are expected to be a viable approach for realizing
a sustainable CE.

Lactose, a major component of carbohydrates in cheese whey, is a disaccharide in
which glucose and galactose are linked by β-1,4-glycosidic bonds [19]. Representative
technologies for converting the carbohydrates in biomass into monosaccharides, which
microorganisms can metabolize, include acid and enzymatic hydrolysis [20,21]. The advan-
tage of acid hydrolysis over enzymatic hydrolysis is that it does not involve pretreatment,
and hydrolysis occurs at a fast hydrolysis rate, thereby reducing the overall sugar con-
version cost [22]. In the acid hydrolysis of lactose, H+ ions in the acid solutions break the
β-1,4-glycosidic bonds of lactose to produce glucose and galactose in the presence of water
at a temperature of 100–150 ◦C [23]. This converted monosaccharide can be utilized as a
carbon source for microbial fermentation.

Cyclosporine (Cs) is a cyclic undecapeptide, first isolated from Tolypocladium infla-
tum [24]. Currently, Cs is used as an immunosuppressant and has been commercialized
with the approval of the U.S. Food and Drug Administration (FDA) for the treatment of dry
eye syndrome and transplant rejection [25,26]. The global Cs market is forecasted to grow
to USD 6.1 billion in 2027, at a compound annual growth rate (CAGR) of 15.0% from 2020
to 2027 [27]. Cyclosporin A (CsA) exhibits outstanding pharmacological activity among
various isolated natural Cs derivatives (A to I and K to Z) [28]. CsA has been reported to
have a cytokine storm preventive effect [29], and recently, studies have been conducted
to assess the applicability of this effect on the inhibition of the cytokine storm caused
by COVID-19 [30]. CsA is primarily produced through microbial fermentation, a more
economical method than enzymatic synthesis [31]. Microorganisms such as T. inflatum,
Neocosmospora vasinfecta, Aspergillus fumigatus and Fusarium solani are known to produce
CsA, but among them, T. inflatum has been reported to have the highest productivity [32].
Since the use of purified carbon sources for microbial fermentation is the main cause of cost
increases, it is necessary to search for inexpensive carbon sources to replace them [33]. How-
ever, except for wheat bran, few studies in the literature have reported on the utilization of
biomass as an alternative carbon source for CsA production [32].

In this study, cheese whey powder (CWP), a food waste generated in large quantities
by the dairy industry, was valorized for use as a sustainable feedstock for biorefineries.
Although CWP is a useful resource containing a variety of nutrients, it is difficult to control
its quality. Therefore, to ensure the reproducibility of scientific experiments, acid hydrolysis
conditions (acid type; acid concentration; biomass loading) were derived using refined
whey powder (WP), and the optimized hydrolysis conditions were then applied to CWP.
CWP hydrolysates were utilized for CsA production as the carbon sources for T. inflatum
ATCC 34921 fermentation, and commercial glucose and WP hydrolysates were used as
control groups. Finally, the overall process for CsA production from CWP by T. inflatum
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ATCC 34921 fermentation was evaluated using mass balance based on 100 g of CWP. To
the best of the author’s knowledge, this is the first study to produce CsA using CW.

2. Materials and Methods
2.1. Materials

Cheese whey (CW) was collected from a cheese manufacturer (Cheeseflo, Seoul, Korea)
and stored in a 4 ◦C refrigerator. The collected CW was centrifuged at 13,000 rpm for 20 min,
dried at 60 ◦C for 48 h and again dried at 105 ◦C for 2 h completely remove moisture.
Glucose, ethyl acetate, acetonitrile, calcium carbonate (CaCO3), hydrochloric acid (HCl),
nitric acid (HNO3), sulfuric acid (H2SO4), ammonium sulfate ((NH4)2SO4), potassium
phosphate monobasic (KH2PO4), magnesium sulfate (MgSO4), and calcium chloride (CaCl2)
were purchased from Daejung Chemicals (Gyeonggi-do, Korea). Whey powder (WP) from
bovine milk, TWEEN® 80, zinc sulfate heptahydrate (ZnSO4·7H2O), manganese(II) chloride
tetrahydrate (MnCl2·4H2O), sodium molybdate (NaMoO4), copper(II) sulfate pentahydrate
(CuSO4·5H2O), and Iron(II) sulfate heptahydrate (FeSO4·7H2O) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Yeast extract, malt extract, and potato dextrose agar
were purchased from BD Difco™ (Sparks, MD, USA). All reagents were of analytical grade
and used without further purification.

2.2. Acid Hydrolysis of Whey Powder

The effects of acid type and concentration on glucose recovery from WP were investi-
gated as follows. 15 g WP was mixed with 150 mL of different acid solution (HCl, HNO3,
and H2SO4) at various concentrations (1 to 5%, w/w) in a 500 mL Erlenmeyer flask. The
concentrations of all the acid solutions were controlled by measuring the specific gravity
using a gravity meter. The mixtures were then allowed to react in an autoclave at 121 ◦C for
20 min. Biomass loading was determined as follows: Different amounts of biomass (10 to
120 g/L) were added to 150 mL of the acid solution obtained above in a 500 mL Erlenmeyer
flask and then allowed to react at 121 ◦C for 20 min in an autoclave. The hydrolysates of
WP and CWP, for use as carbon sources for CsA production, were prepared by adding the
determined types and concentrations of acid solutions and biomass loading to WP and
CWP and allowing them to react at 121 ◦C for 20 min.

2.3. Cyclosporin A Production Using Cheese Whey Hydrolysates

T. inflatum ATCC 34921, for CsA production, was obtained from American Type
Culture Collection, USA. The spore suspension was obtained from a potato dextrose agar
(PDA) slant using 0.08% of TWEEN® 80 after 10 days of cultivation and stored in 50%
glycerol at –80 ◦C deep freezer. The seed culture was prepared by inoculating 1 mL of
spore suspension in a 250 mL Erlenmeyer flask containing 50 mL of a YM medium (20 g/L
yeast extract; 4 g/L malt extract) and incubating at 27 ◦C for 5 days in a shaking incubator
at 200 rpm. The seed suspension (2 mL) was inoculated into 50 mL of the main culture
medium kept in a 250 mL Erlenmeyer flask and incubated at 27 ◦C for 12 days in a shaking
incubator at 200 rpm. To investigate the effect of glucose concentration, 1 to 5% (w/v) of
glucose was added to the main culture as the carbon source. The main culture medium
for CsA production contained 10 to 50 g/L glucose; 10 g/L (NH4)2SO4; 0.75 g/L KH2PO4;
0.5 g/L MgSO4; 0.1 g/L CaCl2; and 1 mL trace element solution. The trace element solution
was prepared by adding 4400 mg ZnSO4·7H2O, 180 mg MnCl2·4H2O, 25 mg NaMoO4,
80 mg CuSO4·5H2O, and 5000 mg FeSO4·7H2O to 1 L deionized water; the initial pH of the
main culture medium was adjusted to 5.5. The WP and CWP hydrolysates were used as
carbon sources by replacing them with the main culture medium. The hydrolysates were
concentrated using a rotary evaporator to determine the optimum glucose concentration
required for CsA production. After this process, the CsA was extracted using ethyl acetate.
The same amount of ethyl acetate as that of the main culture medium (50 mL) was added
to a 250 mL Erlenmeyer flask and extracted at 200 rpm for 24 h. Then, the mixture was
centrifuged at 13,000 rpm for 10 min to obtain a pure ethyl acetate layer containing CsA.
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Ethyl acetate (1 mL) containing CsA was mixed with 1 mL of acetonitrile for utilization in
high-performance liquid chromatography (HPLC) analysis.

2.4. Analytical Methods

The carbohydrate composition of WP and CWP was determined using the National
Renewable Energy Laboratory (NREL) analysis method [34]. Briefly, 0.3 g of WP and CWP
was soaked in 3 mL of 72% (w/w) H2SO4 and allowed to react at 30 ◦C for 2 h in a water
bath. After the reaction, distilled water was added to adjust the acid concentration to 4%
(w/w), and the mixture was autoclaved at 121 ◦C for 1 h. The reaction mixture was then
neutralized with CaCO3. The supernatant of the neutralized mixture was filtered through
a 0.22 µm syringe filter for HPLC analysis. Glucose concentration was analyzed using
HPLC equipped with a refractive index detector (RID-10A, Shimadzu, Japan). The analysis
conditions were as follow: Shodex SUGAR SH1011 H+ ion exclusion column (300 mm ×
8 mm, Shodex, Japan); mobile phase, 0.005 N H2SO4; flow rate, 0.6 mL/min; temperature of
the column, 50 ◦C; and injection volume, 20 µL. CsA concentration was determined using
an HPLC system equipped with a diode array detector at a wavelength of 260 nm (Primaide
1430, Hitachi, Japan). Analytical conditions were as follow: XBridge C18 column (5.0 µm,
4.6 mm × 250 mm, Waters, Milford, MA, USA); mobile phase, 0.01% (v/v) phosphoric acid
in 70% (v/v) acetonitrile; flow rate, 0.8 mL/min; temperature of the column, 70 ◦C; and
injection volume, 10 µL.

3. Results and Discussion
3.1. Effect of Acid Type and Concentration on Glucose Recovery from Whey Powder

In the fundamental study, the carbohydrate contents in whey powder (WP, purchased
from Sigma-Aldrich) and cheese whey powder (CWP, industrial waste) were found to be
60.5% (27.7% glucan and 32.8% galactan) and 65.4 % (29.0% glucan and 36.4% galactan),
respectively. In addition, in the fundamental study stage, it was confirmed that galactose
does not significantly affect CsA production by T. inflatum ATCC 34921 (data not shown).
These results agreed with Survase et al.’s report [35] that galactose did not significantly
affect CsA production, thus galactose from WP and CWP was not considered in this
study. By applying a conversion factor of 1.1 to replace glucan with glucose [36], the
theoretical maximum glucose recovery based on 100 g of WP and CWP was estimated
to be approximately 30.5 g and 31.9 g, respectively. To investigate the effects of different
acids and their concentrations on glucose recovery from WP, different concentrations (1–5%,
w/w) of three acid solutions, namely HCl, HNO3, and H2SO4, were used for acid hydrolysis
of WP. The results are shown in Figure 1. Compared to H2SO4, HCl permeates biomass
more easily and is easier to recover after treatment owing to its volatility [37]. The glucose
recovery after acid hydrolysis of WP with different concentrations of HCl solutions was
as follows: 68.5% with 1% HCl, 71.1% with 2% HCl, 64.3% with 3% HCl, 59.7% with 4%
HCl, and 53.9% with 5% HCl. Treatment with HCl concentrations above 2% consistently
decreased glucose recovery. Treatment with HNO3 results in a higher hydrolysis yield of
biomass and less corrosive to equipment than other acid solutions [38]. In acid hydrolysis
of WP by HNO3 solutions, glucose recovery decreased remarkably as the concentration of
HNO3 solutions increased; the results for glucose recovery were as follows: 61.9% with 1%
HNO3, 56.2% with 2% HNO3, 52.3% with 3% HNO3, 48.2% with 4% HNO3, and 37.1% with
5% HNO3. According to Zhang et al. [39], H2SO4 is less corrosive, less toxic, and cheaper
than HCl, which makes it more economical for acid hydrolysis of biomass than other acids.
In acid hydrolysis of WP with H2SO4, the glucose recovery rate increased proportionately
to the H2SO4 concentration (43.4% with 1% H2SO4, 51.5% with 2% H2SO4, 55.7% with 3%
H2SO4, and 57.6% with 4% H2SO4) and then decreased at a 5% H2SO4 concentration to
52.4%. Therefore, a suitable acid solution and concentration for maximum glucose recovery
from WP was found to be 2% HCl, and the treatment resulted in 71.1% of the theoretical
maximum glucose recovery (21.7 g glucose/100 g WP).
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3.2. Determination of Biomass Loading for Maximal Glucose Recovery from Whey Powder

Biomass loading is a crucial factor for the economic feasibility of a process at the
commercial scale, determining the power demand in downstream processes, including
hydrolysis and fermentation [40]. To investigate the effective biomass loading for glucose
recovery, WP was hydrolyzed using 2% HCl solution optimized above; the results are
shown in Figure 2. Glucose recovery according to different biomass loadings was as
follows: 84.8% at 10 g/L, 84.3% at 20 g/L, 83.7% at 30 g/L, 83.2% at 40 g/L, 83.0% at 50 g/L,
74.3% at 60 g/L, 74.8% at 70 g/L, 73.6% at 80 g/L, 71.6% at 90 g/L, 71.1% at 100 g/L, 62.2%
at 110 g/L, and 55.2% at 120 g/L. Glucose recovery remained above 80% without significant
change until biomass loading was increased to 50 g/L. As biomass loading increased to
60 g/L, the glucose recovery decreased slightly to around 70%, which did not significantly
change until biomass loading was 100 g/L. The glucose recovery decreased rapidly when
biomass loading exceeded 100 g/L. In the acid hydrolysis of biomass, a decrease in glucose
recovery with increasing biomass loading has also been reported in various studies in the
literature [41,42]. A high biomass loading increases viscosity, thereby inhibiting efficient
mixing and mass transfer, and ultimately reducing glucose recovery [43]. On the other
hand, a high biomass loading can reduce overall process cost and ecological footprint [44].
In this study, the appropriate biomass loading was determined to be 50 g/L, which satisfied
both the maximum glucose recovery and high biomass loading. The final glucose recovery
at this time was found to be 83.0% of the theoretical maximum (25.3 g glucose/100 g WP).

3.3. Cyclosporin A Production by Tolypocladium inflatum ATCC 34921

The initial concentration of the carbon source can affect microbial viability and pro-
ductivity of fermentation products [45]. Paradoxically, the presence of an excessive carbon
source may inhibit its utilization efficiency, cell growth, and cell viability [46]. Therefore,
it is necessary to determine the appropriate carbon source concentration for the fermen-
tation of the final product in the designed reaction system. To determine the appropriate
concentration in the medium, the effect of glucose concentration on CsA production was
investigated in the main medium, using commercial glucose as the carbon source (Figure 3).
The results of CsA production by T. inflatum ATCC 34921 fermentation at different glucose
concentrations (1–5%, w/v) were as follows: 31.0 mg/L at 1% glucose, 36.3 mg/L at 2%
glucose, 34.0 mg/L at 3% glucose, 33.4 mg/L at 4% glucose, and 33.9 mg/L at 5% glucose.
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Accordingly, the initial glucose concentration in the medium for CsA production was
determined to be 2% glucose, in line with highest CsA production (36.3 mg/L).
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Figure 4 shows the fermentation profile of T. inflatum ATCC 34921 during CsA produc-
tion in the main medium using, commercial glucose as the carbon source at a concentration
of 2% (w/v). Glucose in the medium decreased steadily and was almost completely con-
sumed after 12 days. The production of CsA markedly increased after 2 days, steadily
enhanced from 30.9 mg/L at 6 days to 36.3 mg/L at 12 days. Dry cell weight (DCW)
increased rapidly until 4 days; after 6 days, DCW showed a tendency to stabilize, reaching
11.8 g/L at 12 days, similar to CsA production. CsA is produced when mycelium is formed.
The maximum production of CsA was exhibited at maximum mycelium growth, and
similar results have been reported in other studies [47–49]. Sporulation usually occurs
under severe conditions. The development of conidiospores can inhibit CsA production.
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At 12 days, conidiospores were formed as glucose was completely consumed, and it was
confirmed that the CsA production reached the maximum (Figure 5).
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The use of commercial glucose as a carbon source in biorefineries is a major stumbling
block to achieving economic feasibility because it increases the overall process cost [50]. To
design a sustainable CsA production process, the potential of CWP to replace commercial
glucose as the carbon source was investigated. To utilize CWP in CsA production, the
lactose in CWP should be converted to glucose, a monosaccharide that can be metab-
olized by T. inflatum. Acid hydrolysis of CWP, an industrial waste, was performed by
applying acid hydrolysis conditions derived from WP (purchased from Sigma-Aldrich)
hydrolysis, and the acid hydrolysis conditions are as follows: 2% (w/w) HCl solution;
121 ◦C; 20 min; 50 g/L of biomass loading. Figure 6 shows the results of CsA production
by T. inflatum ATCC 34921 fermentation using three carbon sources (commercial glucose,
WP hydrolysates, and CWP hydrolysates). CsA production was found to be 36.3 mg/L
from commercial glucose, 62.4 mg/L from WP hydrolysates, and 51.3 mg/L from CWP
hydrolysates, respectively. The DCW of T. inflatum ATCC 34921 was determined to be
11.8 mg/L for commercial glucose, 15.2 mg/L for WP hydrolysates, and 13.9 mg/L for
CWP hydrolysates, respectively. Both WP hydrolysates and CWP hydrolysates have been
demonstrated to be more profitable for CsA production than commercial glucose. This is
presumably due to the effect of whey proteins. Whey protein is composed of various amino
acids such as L-valine, L-leucine, and L-isoleucine, L-lysine. In particular, among all the
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constituent amino acids, L-leucine is present in the highest amont in whey protein [51,52].
According to Lee and Agathos [53], amino acids such as L-valine and L-leucine significantly
affect the biosynthesis of CsA by T. inflatum. It is estimated that whey protein, which is
converted to amino acids during acid hydrolysis, has a significant effect on CsA production.
Dewit and Klarenbeek reported [54] that whey protein can be converted to amino acids
even at high temperatures without serious damage during acid hydrolysis. Moreover,
subcritical water–acid combined hydrolysis has been used to effectively recover amino
acids from whey protein [55]. Severe acid hydrolysis of biomass can cause the generation
of phenolic compounds, such as furfural and 5-Hydroxymethylfurfural, which are known
as fermentation inhibitors [56,57]. During CsA production using CWP hydrolysates, the
high DCW of T. inflatum ATCC 34921 demonstrated that the CWP hydrolysates had no
fermentation inhibitory effect. In conclusion, CWP hydrolysates showed a 1.4-fold increase
in CsA production, at 51.3 mg/L, compared to commercial glucose (36.3 mg/L). These
results indicate that CWP has potential as a sustainable and inexpensive carbon source for
CsA production. The lower CsA production in CWP than in WP led us to speculate that
CsA production can be further improved when CWP was refined.
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3.4. Evaluation of Overall Process for Cyclosporin A Production

The overall process of CsA production from CWP was evaluated using a mass balance
based on 100 g of CWP (Figure 7). In the fundamental experiment, CW was found to be
composed of 96% moisture and 4% solid fraction, and this mass balance was designed based
on the solid fraction. It was found that 100 g of CWP contained 66.0 g of carbohydrate,
consisting of 29.0 g of glucan and 36.4 g of galactan. Furthermore, 100 g of CWP was
converted to 31.9 g of glucose via acid hydrolysis under the following conditions: 2% (w/w)
HCl solution, temperature of 121 ◦C, time of 20 min, biomass loading of 50 g/L. 40.0 g
of galactose recovered under these conditions could not be used in this study because
T. inflatum ATCC 34921 cannot metabolize it. New biorefinery strategies are required to
convert galactose into value-added substances via microbial fermentation. The recovered
31.9 g of glucose was utilized as a carbon source for CsA production, and T. inflatum ATCC
34921 was fermented in a medium consisting of 20 g/L carbon source, 10 g/L (NH4)2SO4,
0.75 g/L KH2PO4, 0.5 g/L MgSO4, 0.1 g/L CaCl2, and 1 mL trace element solution at 27 ◦C
for 12 days with constant shaking at 200 rpm. Commercial glucose was used as the control
to compare CsA production. Approximately 81.8 mg of CsA was produced from glucose
converted from CWP, a 1.4-fold increase over 57.9 mg produced from commercial glucose.
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In conclusion, 31.9 g glucose was recovered from 100 g CWP and converted to 81.8 mg
CsA.
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4. Conclusions

In this study, we converted cheese whey powder (CWP) to cyclosporin A (CsA), which
is used as an immunosuppressant and has attracted attention as a potential inhibitor of
the cytokine storm caused by COVID-19. Our study demonstrated that CWP hydrolysates
produced higher amounts of CsA than commercial glucose via Tolypocladium inflatum ATCC
34921 fermentation. This was attributed to the effects of amino acids in CWP. We plan to
investigate amino acid profiling in the CWP and determine its effect on CSA production
in a follow-up study. In this study, we focused on replacing refined carbon sources with
inexpensive and sustainable carbon sources, regardless of fermentation parameters such as
nitrogen source, pH, and solid-state fermentation, which have a significant impact on CsA
production. A study on the optimization of fermentation conditions in consideration of
various fermentation parameters is expected to have a significant positive effect on improv-
ing CsA productivity. In addition, CWP hydrolysates were found to contain unutilized
galactose; plans are afoot to utilize galactose in the near future. Our study could provide
useful directions towards the development of sustainable biorefineries for converting food
waste into value-added products.
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