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The widespread use of corticosteroids as molecules with high therapeutic potential has shown a
gradual increase in recent years, but there is a need to progressively have molecules with high
therapeutic effects but an increasingly low side effect profile. The chemical approach to the
synthesis of new corticosteroids is often time-consuming, expensive, impacts the environment,
difficult, and requires multiple manufacturing steps in contrast to new green approaches. In
recent decades, microbial biotransformation has introduced an alternative to chemical synthesis
of corticosteroids; however, although biotransformation seems to be a good alternative approach
to traditional synthetic routes, the products often require difficult downstream purification pro-
cesses. The purpose of this work was to identify an alternative process to liquid-liquid extraction
for the isolation of two new steroids, 1,9f,17,21-tetrahydoxy-4-methyl-19-nor-9p-pregna-1,3,5
(10)-trien-11,20-dione (SCA) and 1,9p,17,20p,21-pentahydoxy-4-methyl-19-nor-9p-pregna-1,3,5
(10)-trien-11-one (SCB), obtained by biotransformation of cortisone with Rhodococus rhodnii.
Cloud point extraction was chosen and applied for the first time as a “green” downstream method,
as it is characterized by a profile of low cost, short extraction time, aqueous environment,
moderate temperature, as well as performed with absolutely non-impactful and non-toxic
extraction agents. Therefore, this study allowed the evaluation of the main factors affecting
cloud point extraction, such as the concentration of polyethylene glycol tert-octylphenyl ether
(TX-114), chosen as the extraction agent, of the electrolytes, such as NaCl, of the temperature and
equilibration time at which the extraction is performed. Evaluation of extraction efficiencies was
performed by RP-HPLC with values of 96% for SCA and 86% for SCB in real biotransformation
samples. The analytical performances of the method were evaluated in terms of limits of detection
(0.022 g L-1 for SCA and 0.016 g L-1 for SCB), limits of quantification (0.069 g L-1 for SCA and
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0.050 g L-1 for SCB), linearity (0.072-3.82 g L~1). The relative standard deviations were calcu-
lated for the repeatability (0.54-0.91% for SCA and 0.70-3.80% for SCB) and stability
(0.62-0.80% for SCA and 2.21-2.54% for SCB) of the proposed method. The accuracy was
evaluated through recovery studies in relation to 50%, 100%, 150% excess analytes, allowing to
obtain 99.69-99.77% recovery of SCA and 99.24-99.51% for SCB with RSD% less than 5%.

1. Introduction

Corticosteroids were discovered in 1935 and their use for pharmaceutical purposes was approved by Food and Drug Administration
since 1950s (Kapugi and Cunningham, 2019). These molecules are divided in two classes, glucocorticoids and mineralocorticoids,
produced physiologically, by the adrenal cortex, and several potent related drugs have been obtained through complex chemical
synthesis (Herrdiz, 2017). Generally, glucocorticoids are involved in regulation of metabolism and inflammation while mineralo-
corticoids regulate the saline and water balance in human body. Corticosteroids, as well as their synthetic analogs, represent a class of
molecules with a widely used therapeutic role, in particular for their immune-modulating and anti-inflammatory properties (Eric-
son-Neilsen and Kaye, 2014).

The wide range of therapeutic indications of corticosteroids, both in acute and in chronic (Rice et al., 2017), made them among the
most prescribed classes of drugs: they can be used at physiological doses or at higher doses depending on the therapeutic needs
(Hodgens and Sharman, 2022).

The well-known therapeutic effects of corticosteroids are generally accompanied by various side effects both in short- and long-
term treatments. It has been highlighted that short-term use of corticosteroids can lead to side effects such as hypokalemia, myopa-
thies, hypoglycemia, and psychological effects. Whereas, their chronic use is linked to the onset of osteoporosis, adrenal insufficiency,
hyperlipidemia, gastrointestinal and ophthalmic disorders (Buchman, 2001).

In order to develop new steroidal compounds with increased therapeutic effect and reduced side effects, structure modification is
possible by chemical or biocatalytic approaches (Pendharkar et al., 2022).

In the last decades different strategies developed to synthesize new steroids, employing the approach of microbial biotransfor-
mation. Compared to traditional processes, biotransformations overcome most of the problems deriving from chemical synthesis.

Furthermore, biotransformations are sustainable, time- and money-saving; moreover, they can be carried out in eco-friendly
conditions: aqueous environment, low temperatures, neutral pH in a one-pot reaction. They offer the advantage of stereoselective
and/or stereospecific reactions, thanks to the selectivity of multi-enzymatic complexes involved in the process (Costa et al., 2022;
Zappaterra et al., 2021).

Previous studies have been conducted by us concerning the ability of some Rhodococcus strains to bio-convert corticosteroid
substrates to obtain the respective products of Al-dehydrogenation (Costa et al., 2020).

However, the isolation of the compounds obtained through bioconversion processes requires the use of large quantities of organic
solvents, which are toxic, expensive, and generate non-negligible environmental pollution (Camara et al., 2022), moreover, organic
solvents lead to lengthy extraction processes, with loss of products associated with their removal (Arya et al., 2019).

In the same way, purification and separation processes, which often require the elution in a chromatographic column, lead to a
large consumption of organic solvent, which present the same problems. The use of a sustainable biotransformation coupled to a non-
sustainable extraction is a bit of a nonsense.

In order to identify a more sustainable extraction technique, but in accordance with the principles of green chemistry, cloud point
extraction (CPE) has proved to be a promising method.

CPE relies on the ability of non-ionic surfactants to form micelles in an aqueous solution, which becomes cloudy if the temperature
is raised above the cloud-point temperature (CPT) of the surfactant. In this condition, the system separates into two isotropic phases: a
surfactant-rich phase, or coacervate, in which the surfactant is concentrated in a small volume together with the analytes, and a diluted
aqueous phase, which contains surfactant in concentration equal to the critical micelle concentration (CMC) (Duran et al., 2011).

The advantages of CPE concern low costs, time saving and simplicity, use of small volumes of surfactants which are non-toxic and
non-polluting, and high extraction efficiencies (Duran et al., 2011; Mortada, 2020).

For these reasons, CPE represent a valid alternative to aqueous—organic solvent two-phase systems for extractive microbial fer-
mentations and it fulfills the demand of green and sustainable process (Wang and Dai, 2010).

This strategy also allows to solubilize analytes of different nature, both organic and inorganic, it enables the use of surfactants as
extracting agents, which are easily available, and it allows to isolate the analytes themselves in a coacervate (Liu et al., 2007).

In previous works, cloud point extraction has been widely applied for the separation of different analytes, as an alternative to
liquid-liquid extraction.

Azooz et al. reviewed in 2021 (Azooz et al., 2021) among the most recent applications of micellar system extraction techniques for
the separation of a vast range of analytes, including nanoparticles, organic materials, metal ions in solution, such as silver in aqueous
samples, (Azooz et al., 2022) and biologically active molecules. The latter mainly include amino acids, proteins, vitamins, enzymes and
drugs and it is particularly interesting to observe how most of them are pre-concentrated using TritonX-114 as extractant, with
extraction temperatures varying in the range 20°C-70 °C, and recovery greater than 90% in most reported experiments.

Thanks to the vast applicability of cloud point extraction and the need to approach to a more sustainable form of it, more recent
alternatives of this method have been developed. In particular, as reviewed in (Snigur et al., 2023), researchers are gradually trying to
overcome the classic version of cloud point extraction towards more energy-efficient protocols.
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One of the most virtuous examples of modern forms of CPE consists of room temperature CPE (RT-CPE), in which, through the
addition of electrolytes that promote the salting-out effect, it is possible to obtain phase separation avoiding heating the sample. This
approach surpasses the classical cloud point extraction, in which the basic principle is to promote the dehydration and aggregation of
the micelles, factors which determine phase separation thanks to the increase of temperature above the CPT.

Other examples of modern cloud point extraction approaches consist of mixed micelle-CPE (MM-CPE), which exploits the com-
bination of ionic and non-ionic surfactants in order to increase extraction efficiencies on target analytes, rapidly synergic CPE (RS-
CPE), which uses the effect of co-solvents, such as alcohols, to reduce the CPT of the surfactant and perform extractions at room
temperature in a simple and selective way, and dual cloud point extraction (d-CPE), a technique that consists of a first separation step
and a second in which the analytes are brought back into the aqueous phase. Especially MM-CPE has been used in the extraction of
pharmaceutical samples for the analysis of para-aminophenol (Bagheri Sadeghi and Karami Moghadam 2018) and salbutamol
(Vichapong et al., 2020).

The possibility of exploiting CPE as an extraction method for fermentative systems was already suggested, in particular for the
ability of some fermentation products to solubilize within micellar systems, made by non-ionic surfactants, which turn into two easily
separable phases (Purkait et al., 2005; Wang and Dai, 2010).

However, in this work, for the first time, it has been explored the application of CPE to the isolation of corticosteroids SCA and SCB,
two new steroidal derivatives recently obtained by a fermentation process with Rhodococcus rhodnii, using as a model approach
(Zappaterra et al., 2021), as shown in Fig. 1.

It has been therefore developed, to the best of our knowledge, the first sensitive, reproducible, economical, fast, and green
quantitative method which allows to isolate in high yields and directly quantify SCA and SCB, molecules with potential anti-
inflammatory, antioxidant and neuroprotective activity.

Thus, the effects of temperature, concentrations of surfactant, salt, and incubation time on extraction of both SCA and SCB with
polyethylene glycol tert-octylphenyl ether (TritonX-114) have been investigated to identify optimal extraction conditions.

In order to identify the greenness profile of the HPLC-cloud point extraction proposed in our study, the Green Assessment Procedure
Index (GAPI), a tool that allows a rapid, detailed and rapid visual analysis from the beginning to the end of the procedure, was applied.
GAPI evaluates parameters such as sample collection, chemical amounts, energy, occupational danger, waste, providing a precise and
accurate analysis (Hussein et al., 2023).

Moreover, the CPE-HPLC method has been validated, so as to constitute a useful starting point for the isolation and quantification of
further new steroid molecular analogs obtained by biocatalytic approach.

2. Materials and methods

2.1. Chemicals and Rhodococcus strain

Cortisone was purchased from Sigma-Aldrich (St. Louis Missouri, USA). Plate Count Broth (PCB) is commercially available (Oxid,
Bansingstoke, UK).

The non-ionic surfactant polyethylene glycol tert-octylphenyl ether (TritonX-114) was purchased from Sigma-Aldrich (St. Louis
Missouri, USA) and used without further purification. Sodium Chloride (NaCl) was purchased from Sigma-Aldrich (St. Louis Missouri,
USA). Rhodococcus Rhodnii (DSM 43960) was purchased from the DSMZ (Leibniz Institute DSMZ-German Collection of Microorganism
and Cell Cultures GmbH, Braunschweig, Germany) company. The master cell bank was maintained at —20 °C in cryovials in PCB
medium (1 mL) mixed with glycerol (0,5 mL) as cryoprotectant agent. The working cell bank was conserved at 4 °C in plate count agar
(PCA) slants for 6 months and used for seed cultures.

2.2. Instruments

HPLC (Jasco, Easton, MD, USA) equipped with a Jasco PU-1580 intelligent HPLC pump, Jasco LG-980-02 ternary gradient unit,
Gastorr GT-102 degasser, Jasco UV-975 intelligent UV-VIS detector, and a Jasco LC-NetIl/ADC interface, a stainless-steel C-18 reverse-
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Fig. 1. Cortisone biotransformation products obtained by Rh. rhodnii.
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phase column (250 x 4.6 mm) packed with 5 pm particles (Alltima HP C18 5 pm, Alltech Associates, Inc. Deerfield, Illinois, USA). An
orbital shaker SKI 4 Argolab, Carpi (MO) Italy, was used for the maintenance of biotransformation condition and a thermostatic water
bath was set and maintained at the desired temperature using heating plate (VELP Scientifica, Usmate Velate, Italy) to obtain cloud
point preconcentration. A spectrophotometer UV-6300PC (Avantor VWR, Milano, Italy) was used for identifying the maximum peak
absorption of analytes.

2.3. Microbial biotransformation of cortisone

Biotransformation process was carried following the condition reported in our previous work (Zappaterra et al., 2021).

Briefly, the pre-inoculum of the microorganism was set up by transferring a loopful of Rhodococcus rhodnii, preserved in Plate Count
Agar (PCA) slant (1 g glucose, 2.5 g yeast extract, 5 g tryptone, 15 g agar per liter) into an Erlenmeyer flask closed with a cotton plug
and containing 20 mL of sterile PCB (1g glucose, 2.5 g yeas extract, 5 g tryptone per liter). The pre-inoculum was incubated in an
orbital shaker for 24 h at 30 °C and 110 rpm.

The entire culture was then transferred into an Erlenmeyer flask containing the final working volume of sterile PCB (200 mL); after
incubation for 48 h in the same conditions, 2 mL of a dimethyl sulfoxide solution of cortisone (100 g/L) was administered to the
bacterial suspension in order to obtain a final concentration of substrate in the biotransformation medium of 1 g/L. The biotrans-
formation was maintained at 30 °C for 24 h under orbital shaking at 110 rpm and followed up by taking samples every 6 h and
analyzing them thin layer chromatography (TLC).

At the end of the reaction (complete conversion of the starting substrate), the bacterial cells were removed by centrifugation at
5242 RCF for 20 min (Remi, NEYA 16), and the supernatant was stored at —20 °C for further treatments.

2.4. CPE procedure for SCA and SCB extraction

An aliquot of 10 mL of biotransformation supernatant containing the analytes (SCA and SCB) was transferred to a 15 mL centrifuge
tube then 8% w/v TritonX-114 and 20% w/v of NaCl were added. The mixture was incubated for 45 min at 60 °C £ 1 °C in a ther-
mostatic bath then the sample was decanted for 20 min and cooled in an ice bath for 5 min.

The coacervate, which became viscous after cooling, and the diluted aqueous phase were subsequently isolated; afterwards, the
diluted aqueous phase was filtered on a 0.22 pm cellulose filter and directly injected into HPLC for quantitative determination. All
experiments were carried out in triplicate, the average results were used for data analysis and the relative standard deviation value for
statistical analysis.

The efficiency of CPE was calculated following Equation (1) (Duran et al., 2011).

G -Cp
— %

Efficiency % = 100 @

0
Where Cy (g/L) and Cp (g/L) represent concentration of SCA and SCB in the initial solution and the concentration in the bulk-
diluted aqueous phase, respectively.

2.5. Analytical methods

2.5.1. TLC

The biotransformation was monitored by withdrawing samples (0.8 mL) every 6 h up to 24 h of reaction. Samples were centrifuged
(5242 RCF, 15 min) and the supernatant was extracted with ethyl acetate (0.8 mL) and then analyzed. TLC were performed on pre-
coated silica gel plates (thickness 0.25 mm, Merck, Germany) using ethyl acetate as eluent and a phosphomolybdic acid solution was
used as detecting reagent to visualize the spots.

2.5.2. HPLC analysis

1 mL of diluted aqueous phase obtained from CPE was filtered on a 0.22 pm cellulose filter and 20 pl were injected for HPLC
analysis. The elution was performed using acidified H,O, by CH3COOH (A) and HPLC grade acetonitrile (B) at a flow rate of 1 mL/min
using the gradient program reported in Table 1.

The UV detector was set at 289 nm wavelength. A personal computer equipped with a Jasco ChromNAV control system analytical
station was used to acquire and process chromatograms. Peak area was identified as analytical measurement. This method was

Table 1

HPLC gradient program.
Time (min) Solvent composition (%)

A B

4.00 80 20
7.00 70 30
11.00 50 50
20.00 50 50
20.1 10 90
25.00 10 90
25.1 80 20
30.00 80 20
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validated by investigation of limit of detection (LOD), limit of quantification (LOQ), stability, repeatability, and recovery of the
sample. LOD and LOQ, under the proposed chromatographic conditions, were identified by the slope of calibration curve and standard
deviation of blank.

2.5.2.1. Standards preparation and calibration. Since SCA and SCB are not commercially available, they were obtained by liquid-liquid
extraction and separation on silica gel column.

The biotransformation medium (200 mL) was centrifuged (5242 RCF for 20 min), extracted three times with 100 mL ethyl acetate
and the organic layers were dried with anhydrous NaySO4, filtered to remove the solid salt, and vacuum evaporated.

The crude reaction was separated and purified on a silica gel column chromatography using ethyl acetate as mobile phase. The
progress of the elution was monitored by TLC (silica gel plate; ethyl acetate as eluent) and the fractions containing SCA and SCB were
isolated and vacuum evaporated.

In order to obtain compounds with a high degree of purity, SCA and SCB were purified again under the same conditions.

The standard solutions were obtained by solubilizing SCA and SCB in water/acetonitrile solution (70:30 ratio) and subsequently
diluted to obtain the calibration curve for HPLC quantitative determination.

To identify characteristic retention times of SCA and SCB, standard solutions of each analyte were prepared and injected in
triplicate.

The calibration solutions of SCA and SCB were obtained by preparing a stock solution of the two mixed analytes and diluting at 6
different concentration ratios, in the range 1:2-1:100. The calibration curves of the two analytes were performed by injecting each
dilution in triplicate and plotting the concentration values against the peak areas obtained.

3. Results and discussion

3.1. Effect of surfactant concentration

The first parameter investigated in optimizing the CPE procedure for SCA and SCB extraction was the concentration of TritonX-114
(Fig. 2). The range of surfactant concentrations investigated was from 0.5 to 10% (w/V).

As shown in Fig. 2, the extraction efficiency is higher for SCA than for SCB. As TritonX-114 concentration increases from 0.5% to
5% (w/V), the extraction efficiency of SCA increases from 92% to 96% and reaches a maximum at 8% (w/V) surfactant concentration,
where its value is 98% (w/V).

At the same time, the extraction efficiency of SCB increases from 81%, for TritonX-114 concentration equal to 0.5% (w/V), up to
86% when the surfactant concentration is 5% (w/V). Again, the best extraction efficiency is obtained at 8% (w/V) surfactant con-
centration, where SCB is 89%. Higher concentrations of TritonX-114 slight decrease the extraction efficiency.

For this work, one of some widely used non-ionic micellar medium (Arya et al., 2019), was selected as the optimal extracting agent
due to its physicochemical characteristics: it exhibits a CPT of 23-26 °C, HLB equal to 12.6 and can form a viscous gel when subjected
to CPE (Kachangoon et al., 2020; Mohd et al., 2018b).

The low CPT value allows to operate at particularly low temperatures and its ability to give viscous gels facilitates the phase
isolation process once the CPE is completed (Ji et al., 2021).

The study of the optimal surfactant concentration is necessary, because too low concentrations of surfactant may lead to incomplete
extraction of the analytes (Mohd et al., 2018a).

In our case, concentrations of TritonX-114 equal to 0.5% (w/V) make it particularly difficult to isolate the surfactant-rich phase and
diluted aqueous phase accurately, without leaving residues, this observation was also underlined in other reports (Arya et al., 2019).

Increasing the concentration of the extracting agent leads to an improvement in extraction efficiency, however, too high con-
centrations of surfactant reduce the extraction efficiencies (Arya et al., 2019; Wang et al., 2006).

Having confirmed this behavior, the relationship between the increase in extraction efficiency as a function of progressive additions
of surfactant has been investigated.

The increase rate in analyte extraction efficiency, significant in the 0.5-8% TritonX-114 concentration (w/V) range, may be related
to the formation of micelles in solution; the increasing number and volume of micelles lead to their aggregation and increases the
isolation of analytes, which become concentrated in a small volume that consists in surfactant-rich phase (Khani and Irani, 2021;
Purkait et al., 2005).

The higher recovery of SCA compared to SCB can be explained as a function of the higher polarity of SCB. In fact, SCB is more

100
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Fig. 2. Study of the optimum of TritonX-114 concentration.
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hydrophilic, due to the hydroxyl group in position C-21 of the steroidal nucleus, and, for this reason, it might be less distributed at the
micellar level.

This trend turned out to be almost constant in all the experiments carried out. Unfortunately, it is not possible to compare the
extraction performance with other authors, as this is the first time CPE has been used on this class of analytes. Therefore, the 8% (w/V)
concentration of TritonX-114 was used for subsequent investigations.

TritonX-114 was chosen in our study for several reasons. First, TritonX-114 is widely used in biotechnological cloud point
extraction processes and its efficiency has been widely studied and reported (Wang and Dai, 2010).

One of the major advantages in the use of TritonX-114 is that it does not interfere with the most used analytical detection systems,
and this is advantageous in multi-analyte protocols. TritonX-114 was used in our study due to its low CPT, and the possibility of
creating viscous gels which allow it to be handled more easily than other surfactants. However, it is important to underline that other
non-ionic surfactants allow cloud point extraction to be performed with several advantages, for instance without the addition of
electrolytes, such as PONPE, a desirable aspect in perspective of reducing the load of reagents used in the process (Melchert and Rocha,
2016; de Lemos Aratijo et al., 2015).

On the other hand, the modern and most recent developments of cloud point extraction (room temperature cloud point extraction)
are oriented towards the addition of salts at concentrations that can make the process feasible at room temperature without heating,
referring TritonX-114 as one of the most suitable nonionic surfactants to that (Snigur et al., 2023).

3.2. Effect of electrolytes concentration

The salt concentration was another parameter investigated for the optimization of the CPE procedure for SCA and SCB extraction
(Fig. 3). The concentrations examined ranged from 5 to 30 (w/V).

The addition of electrolytes in CPE procedures can facilitate phase separation due to an increase of density in bulk aqueous phase
(Hinze and Pramauro, 1993; Saitoh and Hinze, 1991).

Moreover, when the surfactant solution is raised to a higher temperature than the CPT, by the addition of an electrolyte, the
surfactant CPT tends to decrease by promoting the dehydration of the ethoxy groups on the outer surface of the micelle: this is essential
when CPE is to be applied to thermolabile analytes (Arkhipov et al., 2020; Carabias-Martinez et al., 2000; Mohd et al., 2018a; Zhou
et al., 2018).

It is also important to underline that the presence of high concentrations of electrolytes makes the analytes less soluble in solution
and this contributes to the increase of the extraction efficiency. Many authors reported that the addition of salts modifies the ionic
strength and determines an increase in the extraction of more polar analytes, while the recoveries of less polar analytes are practically
unchanged (Eiguren Fernandez and Sosa Ferrera, 1999; Fernandez et al., 1998; Santana et al., 2002).

In solutions containing amphiphilic ethoxylated surfactants, such as TritonX-114, the addition of salts at relatively high concen-
trations determines the so-called salting-out phenomenon: the nonelectrolytes become less soluble in solution and determine the
increase of the hydrophobic interactions established between micelles, which aggregate more easily and contribute to phase separation
(Ji et al., 2021).

Considering these evidence, four different electrolyte concentrations were tested in this work. First, NaCl was selected since it is a
low-cost, easily available, and non-polluting salt. As it is possible to observe in Fig. 3, when the salt concentration is raised from 5% to
20% (w/V) there is an increase in the extraction efficiency of SCA and SCB, which reaches values equal to 98 % w/V and 88 % w/V
respectively, when the NaCl concentration reaches 20% w/V. Working at NaCl concentrations higher than 20% w/V, the extraction
efficiency remains nearly constant, however the solubilization of the electrolyte becomes difficult and takes a long time.

With a further increase in the NaCl concentration above 20% w/V there are no significative variations in extraction efficiencies.
This phenomenon is attributable to the lower ability of sodium chloride to reduce *’free water’’ molecules in the coacervate compared
to other electrolytes, without substantially changing the extraction efficiencies (Purkait et al., 2005; Liu et al., 2007).

Based on this evidence, 20% w/V was identified as the optimal concentration to proceed in the subsequent phases of optimization
of the CPE.

3.3. Effect of equilibration temperature

Temperature is another critical parameter in the development of CPE protocols and for this reason it was evaluated in our study.
When the temperature is raised from 25 °C to 60 °C an increase in extraction efficiencies can be seen for both SCA and SCB, as

100

Efficiency %

—e—SCA

SCB

0 5 10 15 20 25 30

Concentration of NaCl % w/V

Fig. 3. Study of the optimal salt concentration.
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reported in Fig. 4. However, when the temperature exceeds 60 °C it is possible to highlight a decrease in the extraction efficiency for
SCB. The extraction efficiency of SCA and SCB reaches its maximum when the equilibrium temperature is equal to 60 °C, even if, as
previously mentioned, the extraction of SCB shows lower efficiency values (86%) compared to SCA (97%).

As demonstrated in our work, the extraction efficiency of SCA and SCB increases as a function of a progressive increase of the
equilibration temperature above the CPT, this evidence finds several references in the literature for different analytes (Kushchevskaya
et al., 2008; Sirimanne et al., 1996).

In CPE systems the progressive increase in temperature determines the coexistence of different phenomena that take place
simultaneously. First, the hydrophobic character of the micelles increases as a function of the thermal increase: this leads to an increase
in the aggregation number of the micelles (Carabias-Martinez et al., 2000; Lindman and Wennerstroem, 1991), moreover, with a
progressive increase in temperature the repulsive interactions between micelles are reduced and become attractive and the dehy-
dration of the ethoxy functions of the surfactant, at higher temperatures than at CPT, makes water less capable of solvating the
surfactant molecules (Carabias-Martinez et al., 2000; Clint, 1992; Nilsson et al., 1983).

These phenomena, therefore, increase the separation between phases and the concentration of the micelles in the surfactant-rich
phase, with consequent greater solubilization of the analytes in the coacervate and this leads directly to an increase in the extraction
efficiency (Purkait et al., 2005). The decrease in extraction efficiencies of SCB can be traced back to its major polarity compared to SCA.
At relatively high temperatures, more polar analytes are, more affinity they show for the aqueous phase, and this can reduce their
partitioning into the micelles. Furthermore, polar analytes are known to be more easily degraded under higher temperature imposed
by system conditions (Wang et al., 2006).

Finally, it should be remembered that a progressive increase in temperature determines an increase in the viscosity of the
surfactant-rich phase as was observed in our case. Often this requires dilution prior to HPLC analysis, introducing the problem of
dilution with organic solvents as reported in Liu et al. (2007).

3.4. Effect of equilibration time

In CPE processes it is also important to evaluate the equilibration time to reach the separation into two phases (Ji et al., 2021).

The extraction efficiency of the process is a function of the equilibration time because the analytes should interact with the micelles
and distribute themselves in the core: some authors report that equilibration times longer than 30 min do not determine significant
variations in the extraction efficiencies (Santana et al., 2002).

Too short equilibration times would lead to incomplete extractions, while too long extraction times and high temperatures could
expose the analytes, especially the thermolabile ones, to partial or total degradation.

Equilibration time assessment is a key factor in CPE processes: the longer the sample is heated above the surfactant CPT, the greater
the phase separation, resulting in a more complete extraction (Chen et al., 2018; Nong et al., 2017).

The results obtained for the study of the optimal equilibration time for the extraction of SCA and SCB are reported in Fig. 5.

In our case 15 min is the minimum time necessary to observe phase separation, therefore we decided to investigate the trend of
extraction efficiencies for times longer than 15 min.

As shown in Fig. 5, an increase in the extraction time from 15 to 45 min allowed to obtain an increase in the extraction efficiencies
for SCA and SCB (see Fig. 6). Equilibration times longer than 45 min resulted in a slight decrease in the extraction efficiency, which
remained almost constant.

The decrease in extraction efficiency for both analytes after 45 min is related to the breaking of hydrogen bonds in the coacervate
that allows the diffusion of micelles from the coacervate to the aqueous phase, therefore reducing extraction efficiencies. This trend is
highlighted in several studies (Jawad and Abed, 2015; Azooz et al., 2020) and the importance of selecting the equilibration time at
which cloud point extraction performs best is therefore reiterated.

Therefore, at 45 min, the greatest extraction efficiency was obtained which is 87% for SCB and 97% for SCA. Also, in this case the
difference in efficiency in terms of extraction remains for the two analytes, where higher values are highlighted for SCA. For further
analysis 45 min was chosen as the optimum equilibration time value for both SCA and SCB extraction.

3.5. HPLC analysis

In order to correctly quantify the target analytes, the composition of the mobile phase was investigated.

100
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Fig. 4. Study of the best equilibration temperature.
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Fig. 5. Study of the equilibration time for CPE of SCA and SCB.

Fig. 6. HPLC analysis of coacervate (blue line) and diluted aqueous phase (red line). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

As reported by several authors, the most commonly used mobile phases in CPE-HPLC protocols consist of water: acetonitrile in
various ratios, depending on the analytes (Ji et al., 2021; Liu et al., 2007; Wang et al., 2006).

From the preliminary tests on the appropriate eluent mixture, the gradient analysis proved to be optimal for separating the analyte
peaks and the surfactant. Furthermore, to favor and promote retention of the analytes in the column, the aqueous phase was next
acidified, with the best separation obtained at 0.5% V/V concentration of acetic acid. The gradient was therefore designed as reported
in Materials and Methods section, adjusting the flow rate to 1 mL min™! and setting the UV detector at 289 nm. In this way, the optimal
parameters for the separation of standards and real samples were identified, with a running time of 30 min.

SCA and SCB as reference analytes for HPLC were obtained by liquid-liquid extraction (ethyl acetate as solvent) of the biotrans-
formation aqueous matrix and then the crude reaction was purified on a chromatographic column (silica, ethyl acetate as eluent) for
two times.

The fractions isolated from the chromatographic column were monitored by TLC (silica gel plate, ethyl acetate as solvent): two
separate bands were obtained, and to confirm the presence of SCA and SCB, 'H NMR and FTIR investigations were performed, and the
resulting spectra were consistent with those reported by Zappaterra et al. (2021).

Qualitative spectrophotometric full-wavelength scanning was performed to identify the characteristic maximum absorption
wavelengths of the compounds (range 254-400 nm): maximum wavelengths have been identified for the first time at 290 nm for SCA
and 288 nm for SCB (acetonitrile: water mixture as blank reference).

Under the optimal conditions obtained experimentally for CPE, the HPLC analysis and its performance were tested carefully. As
reported in Table 2, retention time of both analytes were identified, and calibration curves obtained. As can be seen, the method has a
good range of linearity (0,072-3,82 g L™!) with a correlation coefficient R greater than 0.999. LODs, obtained with the method of the
standard deviation of calibration curve intercept, are 0.022 g L ™! for SCA and 0.016 g ™! for SCB, while the values of LOQs are 0.069 g
L~ ! and 0.050 g ™! for SCA and SCB, respectively.

The stability of the proposed method was measured in terms of intraday and interday precision by analyzing standard solutions in

Table 2

Analytical performances of the method.
Analyte Retention time” Linearity range” R? LOD"
SCA 12.537 0,076-3,82 0,9999 0,022
SCB 11.377 0,072-3,6 0,9999 0,016
@ Retention time expressed in minutes.

b Represent concentration expressed in g L.
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triplicate for 3 consecutive days. The intraday and interday precisions were expressed in percentage of Relative Standard Deviations
(RSD%) of both the peak areas associated with the concentrations of the standards and those associated with their retention times of
the analytes.

The RSD% of SCA peak area are in the range 0.62-0.80, while those of SCB are in the range 2.21-2.54, proving to be below 5% both
for intraday and for interday. Also, the RSD% of the retention times, between 0.14 and 0.28 for SCA and 0.11-0.18 for SCB, were found
to be less than 5%. For this reason, the method demonstrates good stability.

The repeatability of the method was tested by measuring different samples of the same biotransformation lots treated with CPE in
optimal conditions. Briefly, 10 mL of biotransformation matrix was extracted using 8% w/V of TritonX-114 with 20% w/V of NaCl for
45 min at 60 °C and analyzed by HPLC under the proposed method. RSD% of peak area (0.54-0.91 for SCA and 0.70-3.80 for SCB) and
retention times (0.15-0.26 for SCA and 0.18-0.29 for SCB) are below 5% demonstrating that the method is markedly repeatable.

Furthermore, recovery studies were performed in order to evaluate the accuracy of the proposed method. Recovery studies were
done spiking 3 levels of analyte excess, respectively by adding 50%, 100%, 150% of SCA and SCB standards to biotransformation
samples. The samples, after identification of initial concentration of analytes and after adding the excess, were treated by CPE under
the optimal extraction conditions and analyzed in HPLC with the proposed method. The percentages of recovery were obtained with
respect to the theoretical one calculated and the results were expressed as RSD% of the triplicates relating to each excess concentration
trial. The recovery values of SCA were in the range of 99.69-99.77% and 99.24-99.51 for SCB. The RSD% values for the recovery
studies of SCA and SCB at three different levels were all less than 5%, demonstrating that this method is applicable for the quantitative
determination of SCA and SCB.

To validate the proposed method, different lots of microbial biotransformation were treated by CPE under optimum parameters and
analyzed by HPLC.

The chromatograms are shown to be free from any interference and relatively clear with a smooth baseline. Samples treated by CPE
show peaks of high intensity in the initial part of the chromatogram and are believed to be particularly hydrophilic compounds
resulting from the biotransformation and metabolism of the bacterium. These compounds do not interfere with the elution of SCA and
SCB and are not retained in the column. No scattered peaks are highlighted in the chromatogram, except for that of TritonX-114 which
is eluted at higher retention times than the analytes (25.543 min). The CPE conducted on real samples behaved with the same
chromatographic trend for SCA and SCB and allowed to obtain extraction efficiencies of 96% of SCA and 86% of SCB.

3.6. Green assessment of CPE

In order to propose a greenness assessment of the presented method, the GAPI (Green Analytical Procedure Index) tool was applied
to the CPE and also to the conventional extraction method with ethyl acetate, as a comparison (Plotka-Wasylka, 2018).

GAPI allows a visual analysis of the environmental impact of each part involved in the analytical procedure: the assignment of the
green color indicates a low impact, while the yellow and red colors are representative of respectively medium and high impacts.

The graph is made up of five pentagons, placed at the vertices of a central pentagon, each of which refers to a specific phase of the
preparation of the analytical sample, and split into a total of fifteen subsections. Specifically, the central pentagon refers to a direct or
indirect method and the presence of a circle within the figure defines a method dedicated to the qualification and quantification of the
analytes. The pentagon at the bottom left includes sections 1-4 which directly correlate to the collection, storage, transport, and
conservation of the sample, while in the upper left pentagon, sections 6-8 referring respectively to extraction level, reagents usage, and
additional sample treatments are identified. In the upper right part, sections 9-12 evaluate the chemicals used for sample treatment,
their amount and the related health risks and safety risks. Finally, in the last section shown at the bottom right, the characteristics of
the equipment used, the quantity of energy spent for its operation are discussed and the occupational risk, waste generation and their
management are also introduced (Muslim et al., 2023; Hussein et al., 2023).

As can be seen from the two charts proposed in Fig. 7, the CPE method (Fig. 7a) is depicted by a pentagram in which the green color
is significantly higher, while the graph that refers to liquid-liquid extraction with organic solvent (Fig. 7b), performed and reported in
our previous work, is predominantly dominated by the color yellow and red.

As it is possible to observe, in the CPE-HPLC assessment, only three boxes are highlighted, i.e. the number 5 due to the extraction
approch and 6, which strictly refer to the volume of the sample: GAPI considers extractions performed on a small scale or micro-
extraction less impactful and, still most preferred, nanoextraction. However, for our case, the microextraction route would have
been feasible, but would have introduced difficulties relating to the precise separation of the phases for the HPLC analysis, thus
lowering the reproducibility of the method. Subsection 14, which instead refers to the production of waste associated with the method,

a b

Fig. 7. Green Analytical Procedure Index (GAPI) pentagrams of CPE (a) and L-L extraction with ethyl acetate (b). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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is highlighted in red as the HPLC method proposed by us requires 14 mL of acetonitrile and, hopefully, this non-green solvent should be
used in quantities lower than 10 mL (Hafez et al., 2023).

The sustainability of the proposed protocol, which focuses on the CPE-HPLC method, is revealed to be clearly preferable to the
traditional isolation and purification of SCA and SCB with ethyl acetate, because it adheres much better to the metrics of green
chemistry.

4. Conclusions

Through this study it was possible, for the first time, to develop a CPE technique as an alternative to the traditional liquid-liquid
extraction in separation of steroids deriving from biotechnological transformation.

CPE has made it possible to obtain high extraction efficiencies, with the advantage of being a low-polluting, low-cost, and relatively
fast technique. This turns out to be fundamental when the biotechnological approach is exploited for the development of biologically
active molecules: synthesis often stems the problems relating to the traditional synthetic pathways, but the downstream processes still
require the use of reagents and methods that do not adhere to the principles of green chemistry. Indeed, CPE represents a promising
alternative for the application of increasingly sustainable downstream processes and, through its easy coupling with HPLC analytical
systems, it also allows a rapid and precise quantification of the products synthetized during biocatalytic processes.

However, in an optics of a possible therapeutic exploitation which requires higher amount of study compounds, it is important to
focus attention on how to implement the extraction efficiency of SCB, which has always been shown to be lower than that of SCA, and
this topic represent the starting point for our future studies.
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