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Biotransformation of a pharmaceutical precursor, phenylacetylcarbinol (PAC), could be achieved by 
frozen-thawed Candida tropicalis whole cells (FT-WHC). The treatment of FT-WHC, which contained 
intracellular pyruvate decarboxylase (PDC) enzyme, using high-power ultrasonication with varying 
amplitudes were compared with glass bead attrition (GBA) as well as control for the release of 
PDC. Ultrasonication at 20% amplitude (Ult20) proved to be the most effective, resulting in the 
highest volumetric and specific PDC activities of 0.210 ± 0.004 U/mL and 0.335 ± 0.033 U/mg protein, 
respectively. Disrupted FT-WHC using Ult20 exhibited a statistically significant (p ≤ 0.05) higher initial 
PAC production rate (3.26 ± 0.04 mM). The comparison of three organic phases, namely, vegetable 
oil (Vg-Oil), Vg-Oil + dipropylene glycol (DPG), and octanol in the two-phase emulsion system for PAC 
biotransformation revealed the highest statistically significant (p ≤ 0.05) overall PAC concentration of 
28.9 ± 0.1 mM in Vg-Oil + DPG system. The novel addition of DPG helped facilitating the partitioning of 
PAC into aqueous phase, stabilizing specific PDC activity, and specific PAC productivity in combination 
with ultrasonication treatment.
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Abbreviations
[]  Concentration
aq  Aqueous phase
Bz  Benzaldehyde
Bzc  Benzoic acid
DPG  Dipropylene glycol
FLJ-C  Fresh C-grade longan juice
FT-WHC  Frozen-thawed yeast whole cells
GB  Glass beads
GBA  Glass bead attrition
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HPLC  High performance liquid chromatography
MOPS  3-(N-Morpholino) propanesulfonic acid
org  Organic phase
PAC  Phenylacetylcarbinol
PDC  Pyruvate decarboxylase
Pyr  Pyruvate
QPAC,ini  Initial PAC productivity at 5 min (mM/min)
QPAC,fin  Final PAC productivity at 360 min (mM/min)
QPAC,max  Maximum PAC productivity during the biotransformation time course (mM/min)
Spc.  Specific
Sp,PAC  Specific PAC production (µmol/Uini)
TISTR  Thailand Institute of Scientific and Technological Research
Ult  Ultrasonication
Uini  Initial volumetric PDC activity
Vol.  Volumetric
YPD  Yeast extract-peptone-dextrose

Phenylacetylcarbinol (PAC) is a valuable precursor (USD 120/kg1) for the synthesis of ephedrine and 
pseudoephedrine, which are used as decongestants and bronchodilators2. PAC is produced through a 
biotransformation process involving yeast pyruvate decarboxylase (PDC) enzyme. In this process, pyruvate, an 
intermediate in glycolysis, undergoes decarboxylation catalyzed by PDC, forming an acetaldehyde intermediate. 
Subsequently, benzaldehyde reacts with this intermediate to yield PAC3,4. The involvement of PDC is crucial as 
it initiates the decarboxylation of pyruvate, allowing the formation of the reactive intermediate essential for PAC 
synthesis.

Past research has leveraged the advantages of whole cell yeasts as biocatalysts, particularly as a source of 
PDC in PAC production5–9. Biocatalytic systems based on whole cells have gained prominence, offering 
advantages over isolated enzymatic systems10,11. Notably, the elimination of expensive and time-consuming 
downstream processes, including enzyme purification, represents a significant benefit. Yeasts, as a subset of 
whole-cell biocatalysts, have emerged as traditional and versatile options12. Yeast cells, capable of expressing 
diverse enzymatic activities, are easily produced and managed, demonstrating stability and typically being non-
pathogenic. The study conducted by Khemacheewakul et al.9 focused on the production of PAC using whole 
cells of Candida tropicalis – the highest PAC production strain13. The authors evaluated buffer concentrations 
for efficient PAC production and buffer concentration’s impact on the deactivation kinetics of whole cells PDC 
activity. In another study, Nunta et al.5 employed the whole cells of C. tropicalis TISTR 5306 and Saccharomyces 
cerevisiae TISTR 5606 to produce PAC. The study revealed a statistically significant (p ≤ 0.05) difference in PAC 
levels, with C. tropicalis whole cells exhibiting higher levels compared to S. cerevisiae. Latest study from Htike 
et al.14 indicated that three strains of Candida spp., namely C. tropicalis, C. magnoliae, and C. guilliermondii, 
showed a similar PAC concentration in the range of 14.4 – 14.7 mM under a single-phase system of phosphate 
buffer. In a recent investigation by Nunta et al.8, a comparison was made between the biomass of whole cells 
from C. tropicalis and a partially purified PDC preparation for the biotransformation of PAC. The whole cells of 
C. tropicalis, containing PDC at a concentration of 1.29 U/mL, yielded a total PAC concentration that was 68.4% 
greater compared to the outcome obtained with the partially purified enzyme preparation. Having established 
the efficacy of yeast whole cells, particularly those derived from strains like C. tropicalis or S. cerevisiae, in PAC 
biotransformation, the exploration of disrupted yeast whole cells can further enhance the potential of this 
approach. Disruption of yeast cells introduces additional advantages, such as enhanced enzyme accessibility, 
increased surface area, improved mass transfer, and simplified downstream processing. These advantages make 
disrupted yeast cells a compelling choice for researchers seeking to optimize and broaden the scope of PAC 
biotransformation processes6,7.

Nevertheless, it is imperative to disrupt the structures of microbial cells because microorganisms consist 
of a robust external cell wall, a cytoplasmic membrane, and an intricate cytoplasm housing vital biomolecules 
and water15. Therefore, methods for disrupting cells can be employed to enhance the membrane permeability 
or facilitate the leakage of cellular contents. Various disruption techniques can be used including mechanical 
methods such as homogenization, pressure-based cell rupture, sonication, and freezing and thawing16; enzymatic 
methods involving specific enzymes to break down cell components; and chemical methods using detergents, 
silver nanoparticles, or solvents to disrupt cells integrity7,15. These cell disruption methods are indispensable in 
biotransformation studies and biotechnology, enabling the extraction of nucleic acids, proteins, carbohydrates, 
lipids, enzymes, and other valuable substances for further research and applications.

Comparing to whole-cell immobilization and immobilized enzymes which might offer enhanced stability and 
reusability of biocatalysts during biotransformation, some drawbacks do exist such as mass transfer limitation, 
decrease in substrates accessibility, and elevated costing. Additionally, the appropriate immobilization material 
must also be carefully selected for specific biotransformation system as it is crucial for ensuring efficient 
immobilization17. Crude enzyme catalysis also evidently exhibited a lower half-life of PDC enzyme when 
compared with freeze-thawed whole cell biocatalyst18. The freezing and thawing technique was the preferred 
approach to break or cause leakage to the microbial cells such as yeasts with the distinct advantages over the 
alternative strategies with relative simplicity, cost-effectiveness, and robust performance6,18. This method 
effectively deactivates alcohol dehydrogenase enzymes without compromising the stability of PDC enzyme on 
PAC biotransformation, thereby mitigating the formation of unwanted by-products from benzaldehyde such 
as benzyl alcohol and PAC-diol which was generally observed in live whole cell cultivation with simultaneous 
benzaldehyde addition, live whole cell immobilization system, or crude enzyme that was extracted directly from 
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the system without passing through the freezing and thawing process14,19–21. Evidently, most of the original 
existing PDC enzyme activity was also well preserved for freeze-thawed whole cell biocatalyst6.

In recent times, ultrasound has found diverse applications in food and bioprocessing, encompassing activities 
such as crystallization, extraction, modification, quality control, functionality separation, meat processing, cell 
disruption, and microbial deactivation19. Ultrasound, characterized as sound waves with frequencies exceeding 
18 − 20 kHz, can be categorized into three types: low frequency (20 − 100 kHz), high frequency (100 − 1000 kHz), 
and diagnostic ultrasound (1 − 500  MHz)20. Low-intensity (< 1 W/cm2) and high-frequency (2 − 10  MHz) 
ultrasound finds applications in medicine, ultrasound range finders, and electronic surface acoustic waves. On 
the other hand, high-intensity (> 5 W/cm2) and low-frequency (20 − 100 kHz) ultrasound, or power ultrasound, 
induces lasting changes in the physical, chemical, or biological properties of materials or systems to which it is 
applied21–23. Processes within the frequency range of 20 − 60 kHz often involve the widespread use of high-power 
ultrasound24.

Similarly, the choice of the organic phase in addition to biocatalyst selection holds immense importance in 
the PAC biotransformation process. The organic phases such as vegetable oils (Vg-Oils), solvents, and other non-
aqueous media serve as crucial components in two-phase systems25–28, influencing the solubility and diffusion of 
substrates, products, and enzymes, overall reaction kinetics, as well as enzyme stability and activity29–33. Thus, the 
primary objectives of the current study were to assess and compare cell disruption strategies with ultrasonication 
or glass beads attrition. The effects of three organic phases in the two-phase emulsion system, namely, Vg-Oil, 
Vg-Oil + dipropylene glycol (DPG), and octanol on overall PAC concentration, residual PDC activities, specific 
PAC production in relation to the initial volumetric PDC activity, PAC productivity, PAC yields as well as 
substrates molar balances were also elucidated. C. tropicalis TISTR 5306 could utilize longan extract as a carbon 
source for superior production of PAC and ethanol in comparison with the other Candida strains13. The effective 
disruption of frozen-thawed yeast whole cells (FT-WHC) by ultrasonication and their subsequent use in a two-
phase emulsion system for improvement of PAC biotransformation has not been reported previously. The overall 
PAC concentration could be improved while the activities of the PDC enzyme were partially preserved through 
PDC stabilization and refolding.

Materials and methods
Fresh longan juice and FT-WHC preparations
Fresh longan fruits of C grade (dia. < 1.9 cm) were obtained from a longan sorting center which was located in 
Saraphi District, Chiang Mai Province, Thailand. The center used an automated longan sorter machine (Model 
Yingruay, Likitcheewan, Thailand) with a maximum sorting capacity of 40 t/day. The clear fresh longan juice 
(FLJ-C) of the fruit was obtained using a juice extractor (Model JE1, Febix, Thailand). C. tropicalis TISTR 5306 
was provided by the Thailand Institute of Scientific and Technological Research (TISTR). The yeast strain was 
maintained in 40% (v/v) glycerol stock at − 20 ℃ until used. Prior to the experiment, yeast cell viability was 
assessed by culturing on Yeast extract-Peptone-Dextrose (YPD) agar (in g/L; yeast extract 10, peptone 10, agar 
20, and glucose 20) and subsequently grown in YPD broth at 30 ℃, 250 rpm for 24 h. Yeast cell enumeration was 
conducted using a hemocytometer (Model PM MFR 650,030, Count Chamber, India) following staining with 
0.1% (w/v) methylene blue to differentiate between live and dead cells, as per the method outlined by Borzani 
and Vairo34. The yeast strain exhibited a viable cell count exceeding 95% and was employed as the starter culture, 
with an inoculation volume of 10% (v/v). The preparation of FT-WHC was previously described by Nunta et al.5 
starting from cultivation conditions, cell harvesting, cell washing, and cell suspension with the corresponding 
volumetric PDC and specific PDC activities of 0.121 ± 0.004 U/mL and 0.410 ± 0.063 U/mg protein, respectively.

Cell disruption strategies
FT-WHC (12.24 g/L) was suspended in a 200 mM citrate buffer (pH 6.0/4.5 M KOH) for cells re-washing prior to 
centrifugation (2,822 × g for 15 min)6 and subsequent preparation in specific aliquot volume for each disruption 
strategy in 1 M phosphate buffer (pH 6.5/10 M KOH)9, namely, ultrasonication (Ult) and glass beads attrition 
(GBA). After cell-attrition processes, samples were then collected for the analyses of total protein concentration 
as well as volumetric and specific PDC activities. The best cell disruption technique was then chosen based on 
the Score Ranking Strategy5.

Ult method
An ultrasonic processor (Model VCX 500 Series, Sonics & Materials, United States), capable of operating at a 
maximum power output of 500 W and a frequency of 20 kHz was utilized. The sonicator utilized a horn-type 
standard probe with a threaded end tip (Part no. 630–0219; dia. 13 mm × length 136 mm). The ultrasonic probe 
had a processing volume ranging from 50 to 250  mL and ultrasonic amplitude modulation of 114  µm with 
the amplitude control set at 100%. Ultrasonic amplitude modulation levels were varied at 0% (FT-WHC), 20% 
(Ult20), 40% (Ult40), 60% (Ult60), 80% (Ult80), and 100% (Ult100). The sonication process was conducted in 
100 mL aliquots of FT-WHC in a 200 mL glass jar (dia. 650 mm and height 850 mm) placed in an ice bath to 
minimize enzyme activity losses due to temperature increase. The sonication was performed in quintuplicate 
using a horn sonicator in the intermittent mode of 3 s ON and 7 s OFF, with a fixed total ON time of 3 min.

GBA method
Glass beads (GB) (0.55  mm diameter—Bio Pointe Scientific, Biospec 11,079,105, United States) were added 
to the FT-WHC suspension at a 1:1 mass ratio (w/w; g GB / g FT-WHC in buffer). The mixture underwent 
vortexing at 3000 rpm using a vortex mixer (Model VTX-3000L, Uzusio, Japan) for 1 min, followed by a cooling 
period in an ice/water mixture for three cycles with quintuplicate.
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PAC production in two-phase emulsion system using non-disrupted and disrupted FT-WHC
Non-disrupted (control) and disrupted FT-WHC which was selected from the Cell Disruption Strategies Section 
were suspended in 1 M phosphate buffer (pH 6.5/10 M KOH) and utilized as biocatalysts for PAC production 
in a two-phase (organic/aqueous) emulsion biotransformation system using 250 mL Erlenmeyer flasks with the 
phase volume ratio of 1:1 (v/v). In the aqueous phase, sodium pyruvate at 240 mM with associated cofactors 
as described previously1,8,25 was added in a powder form to 50 mL of 1 M phosphate buffer in absence of non-
disrupted FT-WHC (control aqueous phase) or disrupted FT-WHC which was already suspended in 1  M 
phosphate buffer. The equivalent volume of organic phase was used with 200 mM benzaldehyde dissolved in Vg-
Oil. PAC biotransformation experiment with a total volume of 100 mL was conducted at 10.0 ± 1.0 ℃ and repeated 
four times. The addition of non-disrupted FT-WHC was done separately to the prepared control aqueous phase. 
The total reaction time was 240 min under emulsion form with a magnetic stirrer8,25. Samples were collected 
in quintuplicate at sampling times of 0, 30, 60, 90, 120, 150, 180, 210, and 240  min. The biotransformation 
reaction was stopped by the addition of 100% (v/v) trichloroacetic acid and stored at − 20.0 ± 1.0 ℃ for analyses 
of substrates, PAC, and by-products concentration using HPLC. The substrate’s molar balance profiles were also 
assessed.

PAC production in two-phase emulsion system by varying types of organic phase
Similar PAC production system and conditions as described in the previous section were employed using the 
best cell disruption strategy that could produce whole cells biocatalyst for PAC biotransformation in two-phase 
emulsion system. The individual total working volume was 300 mL scale in a 500 mL Erlenmeyer flask. Three 
different organic solvents, namely, (1) Vg-Oil, (2) Vg-Oil + DPG (2.5 M DPG) (adapted from Leksawasdi et al.28) 
and (3) octanol28,35,were investigated. The total reaction time was now 360 min8,13 with sampling times of 0, 5, 
10, 15, 20, 25, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330, and 360 min. The biotransformation reaction 
in one set of samples was stopped by exposure to an ice/water mixture and stored at -20.0 ± 1.0 ℃ for analysis 
of total protein concentration as well as volumetric and specific PDC activities. The cessation of reaction and 
storage for subsequent analyses of substrates, PAC, and by-products concentration using HPLC was done in the 
same way as elucidated in the former section.

Analytical methods
The measurement of dried biomass concentration was determined by assessing the weight difference4,8. The 
concentrations of substrate (benzaldehyde), PAC, and by-products (benzoic acid and benzyl alcohol), along with 
PDC activities based on the carboligation reaction, were determined using HPLC with an Altima™ C8 column 
(Agilent Technologies, USA). The initial pH level was all set at 6.50 ± 0.01 (Rosche et al.36) as this was considered 
the optimum value for PAC biotransformation. The monitoring of pH was carried out using a pH meter (Model 
pH 700, Eutech Instruments, Singapore). The detailed procedures for these analyses have been previously 
described4,8,9,13. Volumetric PDC activity based on carboligase assay was defined as one unit, representing the 
amount of enzyme required to convert one µmole of pyruvate and benzaldehyde substrates into an equivalent 
µmole of PAC per min at 25℃ and pH 6.437. The total protein concentration was assessed utilizing the Bradford 
assay, employing bovine serum albumin as the protein standard38. The specific carboligase activity, referred to 
as specific PDC activity, was quantified as the unit of PDC per mg protein (U/mg)5,37. Substrate (pyruvate) and 
by-products concentrations from pyruvate (acetaldehyde and acetoin) were determined by HPLC using Zorbax 
C18 column, diode array detector (DAD) at 270 nm. Mobile phase containing 0.1% (v/v) trifluoroacetic acid 
and 2.2% (v/v) methanol in HPLC water, flow rate of 0.9 mL/min, pressure drop of 106–115 bar, and 50℃ for 
25 min were employed5. The pyruvate and benzaldehyde molar balances were computed based on the strategy 
previously described4,5. All chemicals were either analytical or HPLC grades. The score ranking strategy for 
the selection of the best disruption technique among other methods was based on a well-established scheme 
published previously5,25. Initial and final PAC productivity (QPAC,ini and QPAC,fin) were determined at 5 and 
360 min by dividing PAC molar concentration with respective times. QPAC,fin implied the productivity during 
which PAC concentration occurred at maximum level.

Statistical analysis
The measurements were performed in quintuplicate, and the reported results represented the average 
value ± standard error (SE). Statistical analyses were conducted using the Statistical Packages for the Social 
Sciences (SPSS, version 17.0)39. One-way Analyses of variance (ANOVA) were utilized, and Duncan’s new 
Multiple Range Test (DMRT) was applied to compare means and ascertain statistical significance at a confidence 
level of 95% (p ≤ 0.05)8,40.

Results and discussion
Selection of biocatalyst with suitable cell disruption technique for higher PDC release
FT-WHC harvested after 48 h of batch cultivation in FLJ-C were utilized to compare cell disruption techniques, 
specifically high-power ultrasonication and GBA, for the release of intracellular PDC enzyme. High-power 
ultrasonication was employed for the whole cell disruption, using an ultrasonic processor capable of reaching 
a maximum power output of 500 W and an operating frequency of 20 kHz. The levels of ultrasonic amplitude 
modulation were adjusted to 0, 20, 40, 60, 80, and 100% (referred to as FT-WHC, and ultrasonicated disrupted 
cells at Ult20, Ult40, Ult60, Ult80, and Ult100, respectively). The findings revealed that whole cells disrupted 
using the ultrasonication method had different impacts on protein concentrations and PDC activities compared 
to the FT-WHC. Notably, the protein concentrations increased with higher percentages of ultrasonic amplitude 
while the decreases in both volumetric and specific PDC activities were observed as illustrated in Fig. 1. This 
outcome aligned with a study by Lida et al.41, who investigated the release of intracellular protein from Baker’s 
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yeast (S. cerevisiae) through ultrasonication. It was observed that the amount of released protein was directly 
linked to the increased sonication power within the lower power range (10 to 60 W), reaching a saturation point 
at higher power levels (> 80 W). The study identified an optimal point for Ult20 that resulted in the highest 
statistically significant (p ≤ 0.05) volumetric PDC activity (0.210 ± 0.004 U/mL). The specific PDC activity was 
also highest (0.335 ± 0.033 U/mg protein) at this point, indicating that the released PDC enzyme remained active 
and retained its catalytic efficiency. This finding is crucial for biotransformation studies where the activity of 
the released enzymes is a critical factor. This could be explained by the cavitation phenomena which was a 
propagation of ultrasound in a medium resulting in the formation of cavitation bubbles42. Collapsing of these 
bubbles produced extreme temperature and pressure gradients, strong shear force, shock wave, as well as free 
radicals (OH, H2O. and O)43. Suslick and Crum44 applied ultrasound in aqueous systems which generated 
acoustic cavitation with intense local heating (4000 − 5000 K), high pressures (1000 atm), enormous heating and 
cooling rates (> 109 K/s), and formation of liquid jet stream (400 km/h). Therefore, ultrasonication at the high 
percentage of amplitude or high ultrasonic intensity might have generated high temperature causing decreases 
in both volumetric and specific PDC activities while total protein concentration was unaffected.

The results of ultrasonication were compared with that of the GBA method which was considered as one 
of the successful means for cell disruption45. The diameter of beads and loading concentration were important 
parameters in describing the degree of cell disruption. GB with 0.10 – 0.15 mm dia. were considered optimal 
sizes for disruption of bacteria while GB with 0.25 – 0.75 mm in diameter were used for the disruption of yeast 
cells46,47. In the present study, GB with the size of 0.55 mm was used and the disrupted FT-WHC obtained from 
GBA had a total protein concentration of 0.542 ± 0.028 g/L which was relatively higher than FT-WHC but was 
lesser than ultrasonicated cells. While the volumetric PDC activity from GB (0.134 ± 0.004 U/mL) was statistically 
significant (p ≤ 0.05) lower than the volumetric PDC activity of Ult20, it was not statistically significant different 
when compared with FT-WHC (0.121 ± 0.004 U/mL) and any other ultrasonicated cells from 40 – 100% 
amplitude. In contrast, the disrupted FT-WHC by GBA had specific PDC activity of 0.249 ± 0.017 U/mg protein 
which was statistically significant (p ≤ 0.05) lower than that of FT-WHC (0.410 ± 0.063 U/mg protein) but was 
not statistically significant (p > 0.05) different from Ult20. The observed increase in volumetric PDC activity in 
the current study suggested a potential correlation with an enhancement in membrane permeability following 
ultrasonication treatment48. Thus, ultrasonication could positively impact microbial cells by enhancing released 
PDC with notably higher specific PDC activity as elucidated by Tangtua6 who examined various methods for 
disrupting cells to liberate PDC from C. tropicalis TISTR 5350. Although ultrasonication revealed the highest 
efficiency of releasing intracellular biochemical compounds in microalgae (Coelastrella sp.) compared to 
bead milling, high-speed homogenization, and microwave treatment, bead milling might be considered the 
most effective technique when considering the balance of energy consumption and extraction efficiency49. 
Additionally, Patil et al.50 recognized that the synergistic impact of GBA and ultrasound from a bath sonicator 
served as an effective cell disruption method, leading to the release of intracellular arginine deiminase from 
Pseudomonas putida.

The selection of a biocatalyst based on the scores obtained from volumetric and specific PDC activities, 
and protein concentration of FT-WHC and various disrupted FT-WHCs are shown in Supplementary Table 
S1 and Fig. 1. The disrupted yeast whole cells obtained from the ultrasonication method at Ult20 was the most 
appropriate biocatalyst for higher PDC release as evidenced by the highest statistically significant (p ≤ 0.05) total 
score of 219 ± 9. FT-WHC had the second highest statistically significant (p ≤ 0.05) total score (176 ± 5) while 

Fig. 1. Volumetric and specific PDC activities as well as overall scores of FT-WHC and disrupted FT-WHC 
obtained from various disruption methods. The numbers with the same capital alphabets indicated no 
significant (p > 0.05) difference across the specific group of pattern comparison.
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disrupted FT-WHC obtained from Ult40 – Ult80 had total scores within the range of 152 ± 5 – 160 ± 7 which 
were not statistically significant (p > 0.05) different from one another. The results also suggested that the cell 
disruption with GBA had a total score of 156 ± 5 which was statistically significant lower than both FT-WHC 
and Ult20 disrupted cells. Thus, the disrupted yeast whole cells obtained from the ultrasonication method at 
Ult20 and FT-WHC (control) were subsequently compared to assess the ability to produce PAC in a two-phase 
emulsion biotransformation system.

Comparison of PAC production from FT-WHC and disrupted FT-WHC using Ult20 in emulsion 
biotransformation systems
FT-WHC and disrupted FT-WHC obtained from Ult20 in suspension forms with 1 M phosphate buffer were 
used for PAC biotransformation in a two-phase emulsion system with initial volumetric and specific PDC 
activities as described in the previous section. The biotransformation study using FT-WHC as the biocatalyst 
investigated the PAC concentration levels at different time intervals and the results are shown in Table 1 and 
Fig.  2a. The results showed that at time zero, no PAC concentrations were being detected in either the Vg-
Oil phase or buffer phase. PAC concentration gradually increased over time, reaching the highest statistically 
significant (p ≤ 0.05) of 26.4 ± 1.5 – 27.3 ± 0.9 at 210 – 240 min with 32.8 ± 1.8 – 34.1 ± 0.2 mM presented in the 
Vg-Oil phase and 14.2 ± 1.0 – 21.8 ± 0.6 mM in the buffer phase (Supplementary Table S2). The experiment also 
investigated the levels of residual substrates of pyruvate and benzaldehyde concentrations including benzoic 
acid concentration at different time intervals (Fig. 2a). The results showed that there was a decrease in the overall 
benzaldehyde concentration from 97.3 ± 1.2 mM initially to 70.9 ± 0.9 mM at 240 min. Pyruvate concentration 
decreased from 119 ± 3 mM to 91.9 ± 2.0 mM, while benzoic acid concentration increased to 2.69 ± 0.04 mM at 
240 min. Benzaldehyde and pyruvate molar balances from emulsion biotransformation using FT-WHC of C. 
tropicalis were 77.6 ± 1.0 and 99.4 ± 1.8%, respectively.

PAC concentration levels during biotransformation in a two-phase emulsion system using disrupted FT-
WHC obtained from ultrasonication method at Ult20 as biocatalyst are shown in Table 1 and Fig. 2b. After 
30  min, the overall PAC concentration level was observed to be 18.1 ± 0.5  mM. The results demonstrated 
that the overall PAC concentration levels increased over time, reaching to 25.5 ± 0.3 mM after 240 min, with 
32.8 ± 0.4 mM resided in the Vg-Oil phase and 18.2 ± 0.6 mM in the buffer phase (Supplementary Table S3). 
Figure  2b presents the results investigating the concentration levels of residual benzaldehyde, pyruvate, and 
benzoic acid formation in the two-phase emulsion biotransformation system using Ult20 as a biocatalyst. The 
overall concentration levels of benzaldehyde decreased over time from 100 ± 1 mM initially to 70.8 ± 0.5 mM at 
240 min. Similarly, the overall concentration levels of pyruvate also decreased over time, from 119 ± 0.4 mM at 
0 min to 85.6 ± 0.3 mM at 240 min. However, the overall concentration levels of benzoic acid showed a slight 
fluctuation over time, ranging from 2.59 ± 0.03 mM to 3.27 ± 0.07 mM. The corresponding benzaldehyde and 
pyruvate molar balances were 96.3 ± 0.4% and 93.2 ± 0.3%, respectively.

A comparison of PAC production using FT-WHC and disrupted FT-WHC at Ult20 as biocatalysts in 
emulsion biotransformation systems is shown in Table 2. The results indicated that the initial PAC production 
rate of biotransformation using Ult20 was statistically significant higher (p ≤ 0.05) than using the FT-WHC as 
a biocatalyst. The Ult20 had initial PAC productivity of 3.26 ± 0.04 mM/min which was statistically significant 
higher (p ≤ 0.05) than FT-WHC by twofold. This increased accessibility of PDC to its substrates, pyruvate, and 
benzaldehyde, facilitated a more efficient catalytic reaction, leading to higher initial PAC productivity. The 
disruption process likely exposed a larger surface area of PDC, making them readily available for catalysis, 
and enhanced mass transfer, allowing substrates to reach the active sites of the enzymes more effectively16,51,52. 
Additionally, the improved permeability might contribute to a faster initiation of the biotransformation process, 
resulting in the higher initial PAC productivity.

Time (min)

Overall PAC (mM) QPAC (mM/min)
Bz molar balance
(%)

Pyr molar balance
(%)

FT-WHC Ult20 FT-WHC Ult20 FT-WHC Ult20 FT-WHC Ult20

0 – – – – 100Aa 100Aa 100Aa 100Aa

30 12.7Db 18.1DEa 0.424Ab 0.602Aa 71.8Db 93.4BCa 94.3Ca 95.3CDEa

60 13.8Db 19.3CDa 0.230Bb 0.322Ba 76.6BCb 89.6Ca 92.8Cb 97.7Ba

90 14.2Db 17.3EFa 0.158Cb 0.198Ca 78.8Bb 99.2ABa 87.9Eb 96.1CDa

120 19.0Ca 18.7CDa 0.159Ca 0.156 Da 76.7BCb 95.0ABCa 88.8DEb 95.4CDEa

150 20.7BCa 19.9Ca 0.138 Da 0.132Eb 77.8Bb 95.3ABCa 91.4CDb 96.5BCa

180 21.6Ba 20.0Ca 0.120EFa 0.111Fb 72.6CDb 97.7ABa 93.4Ca 94.2EFa

210 26.4Aa 24.1Ba 0.126Ea 0.115Fb 76.9BCb 97.0ABa 97.7Ba 94.8DEa

240 27.3Aa 25.5Aa 0.114Fa 0.106Fb 77.6BCb 96.3ABa 100Aa 93.2Fb

Table 1. Kinetic data of overall PAC produced, PAC productivity, as well as benzaldehyde and pyruvate 
molar balances in a two-phase emulsion (Vg-Oil/buffer) biotransformation system using FT-WHC and 
FT-WHC with Ult20 as biocatalyst. The numbers with the same capital alphabet indicate no significant (p > 
0.05) difference for comparison of the same column. The numbers with the same small alphabet indicate no 
significant (p > 0.05) difference across the specific pair of pattern comparisons in the same row. All SE values 
were found to be less than 5% of average values are not shown in this table.
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Further step for applying the current process on scale-up or industrial level would involve with sufficiency 
of evenly distributed sonication power on the suspension to be disseminated which is considered the principal 
limitation of an ultrasonication process53. There are two other possible solutions that are currently available at 
a varying cost based on ultrasonication probe technology; (1) setting up the sonication probes in parallel or 
series for the pipe flow suspension which extend the residence time for dissemination with minimal effect on 
the process duration; (2) applying continuous flow ultrasonication with a circulating pump installed between a 
tank and a flow cell where ultrasonication process is applied to achieve acceptable energy and time efficiencies54. 
Evidently, the relevant study of the ultrasonication process on the scale up level was done based on a continuous 
flow process on the pilot scale for chlorophylls and carotenoids extraction from plant with a slight drop in an 
extraction yield when compared to production on a smaller scale55.

Comparison of different organic phases in PAC production with selected biocatalyst
The two-phase biotransformation method could effectively maintain a relatively low benzaldehyde concentration 
and toxicity in the aqueous phase where the PDC enzyme resided with gradual feeding of benzaldehyde from 
the organic phase based on partitioning equilibrium56,57. PAC and by-products from benzaldehyde were also 
principally partitioned into the organic phase58. This equilibrium partitioning helps prevent potential enzymatic 

Cell disruption method QPAC,ini (mM/min) [PACmax] (mM) Bz molar balance (%) Pyr molar balance (%)

FT-WHC 1.54B ± 0.04 26.4 ± 1.5A–27.3A ± 0.9 77.6B ± 1.0 99.4A ± 1.8

Ult20 3.26A ± 0.04 25.5A ± 0.3 96.3A ± 0.4 93.2B ± 0.3

Table 2. Comparison of biocatalyst capability for initial PAC productivity, PAC concentration, benzaldehyde 
and pyruvate molar balances. The numbers with the same capital alphabet indicate no significant (p > 0.05) 
difference for comparison of the same column. Bold numbers indicated the highest statistically significant (p ≤ 
0.05) values in each row.

 

Fig. 2. Pyruvate (Pyr), benzaldehyde (Bz), PAC, and benzoic acid (Bzc) concentrations including Pyr and Bz 
molar balances in two-phase emulsion biotransformation system using (a) FT-WHC and (b) disrupted FT-
WHC at Ult20 as biocatalyst. All SE values were found to be less than 5% of average values are not shown in 
this figure.
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inactivation or inhibition from the toxicity of hydrophobic chemicals in the process, as demonstrated by 
Sandford et al.59, Schmid et al.60, and Leksawasdi et al.4, while elevating PAC production.

The pH profiles throughout the time course during PAC biotransformation in a two-phase emulsion 
system with different organic phases are shown in Fig.  3 . The results indicated that pH levels of Vg-Oil/
buffer and octanol/buffer were statistically significant (p ≤ 0.05) decreased from 6.50 ± 0.01 to 6.34 ±  < 0.01 and 
6.45 ±  < 0.01, respectively when reaction time reached 360  min. In contrast, the pH of Vg-Oil + DPG/buffer 
system was even statistically significant (p ≤ 0.05) higher reaching the value of 6.74 ±  < 0.01 at 360  min. The 
phenomenon observed in the latter system could be explained by the coupling proton consumption process that 
occurred simultaneously with PAC production hence resulting in the obvious pH rise when PAC concentration 
increased36.

The total protein concentration was assessed to determine the effect of organic phase-type on the total 
protein concentration being released from the yeast cells throughout the biotransformation time course. It was 
observed that the initial protein concentration of all conditions was between 0.717 ± 0.034 and 0.728 ± 0.001 mg/
mL as shown in Supplementary Figure S1. However, in due course of time, the octanol/buffer emulsion resulted 
in a statistically significant (p ≤ 0.05) 85.6% decrease in total protein concentration leading to 0.105 ± 0.013 mg/
mL which was statistically significant (p ≤ 0.05) 56.4% and 51.8% lesser when compared with Vg-Oil/buffer and 
Vg-Oil + DPG/buffer respectively at the end of 360 min. The observed differences in total protein concentrations 
across different organic phases could be elucidated from enhanced release of total protein concentration from 
whole cells biocatalyst due to interaction with each organic phase causing variations in solubility and stability 
of PDC enzyme61,62.

Volumetric and specific PDC activities of C. tropicalis during PAC biotransformation in a two-phase 
emulsion system of all conditions exhibited statistically significant (p ≤ 0.05) decreases in relation to initial 
activities as shown in Fig. 4. The initial specific PDC activities were between 0.982 ± 0.038 and 1.08 ± 0.07 U/mg 
protein which were not statistically significant different (p > 0.05) from one another. However, at the end of the 
biotransformation process, the specific PDC activity was dropped by 67.8 and 66.8% from the initial counterpart 
in the Vg-Oil + DPG/buffer and octanol/buffer emulsions respectively. Similarly, mitigation of 83.3% in specific 
PDC activity for Vg-Oil/buffer emulsion was observed at the end of 360 min. The investigation of volumetric 
and specific PDC activities from disrupted C. tropicalis cells during PAC biotransformation in a two-phase 
emulsion system revealed that Vg-Oil + DPG and octanol emulsions had statistically significant (p ≤ 0.05) 
improved stabilizing effects on PDC activity comparing with the Vg-Oil emulsion where DPG was absent. The 
inclusion of DPG could enhance enzyme stability by lessening water activity in the aqueous phase, similar to the 
effect achieved through glycerol addition used in many processes for enzyme stabilization63. A previous study 
evaluated PDC deactivation kinetics in a biotransformation buffer with continuous exposure of various initial 
benzaldehyde concentrations in the range of 100 – 300 mM59,64. A kinetic equation was proposed to describe 
this deactivation behavior whose deactivation rate constant was dependent on the benzaldehyde concentration 
while facilitating the selection of optimal benzaldehyde concentration level. Subsequently, Leksawasdi et al.65 
investigated the deactivation kinetics of partially purified PDC by benzaldehyde (0 – 200 mM) in 2.5 M 3-(N-
Morpholino) propanesulfonic acid (MOPS) buffer. Experimental profiles showed that the enzyme activity 
decreased over time, with a lag period before deactivation occurred. A deactivation model was proposed, 
incorporating the effects of time, benzaldehyde concentration, and lag time. The study also compared PDC 
stability in different buffers and determined the half-life of PDC. Another study by Leksawasdi et al.28 stressed 
that concentrated MOPS buffer (2.5 M) could maintain PDC stability but the relatively high cost of MOPS buffer 
resulted in cost inhibiting when applied to the industrial scale process. The improved enzymatic two-phase 
biotransformation for PAC production using 20 mM MOPS and 2.5 M DPG as an inexpensive replacement pair 
of high MOPS concentration. The inclusion of DPG as a solvent additive was effective in improvement of PAC 

Fig. 3.  pH profiles in multiple two-phase emulsion systems utilizing different organic phases for PAC 
biotransformation.
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formation rate through action of elevating PDC stability while favoring the benzaldehyde partitioning in the 
buffer phase28.

The assessment of PAC production was conducted within the two-phase emulsion system, utilizing different 
organic phases as presented in Figs. 5, 6, 7. The kinetic profiles of PAC, benzaldehyde, pyruvate, and benzoic 
acid concentration were monitored throughout 360 min time course with the initial benzaldehyde (200 mM) 
and pyruvate (240  mM) concentrations residing in respective organic and aqueous phases of Figs.  5, 6, 7, 
respectively. The values at the initial time point represented the benzaldehyde or pyruvate concentration in 
each specific phase prior to mixing, thus its initial concentration in the counterpart phase was inevitably zero. 
The established equilibrium partitioning of benzaldehyde concentrations between organic and aqueous phases 
could be observed from 5 min thereafter. The corresponding equilibrium benzaldehyde concentrations in buffer 
phases of 16.3 ± 0.7, 37.8 ± 0.5, and 15.4 ± 0.5  mM were elucidated when Vg-Oil, Vg-Oil + DPG, and octanol 
were utilized as organic phases, respectively. These were contrary to pyruvate equilibria in respective organic 
phases where the relatively smaller average values of 0.75 ± 0.05 and 3.47 ± 0.30 mM were observed in Vg-Oil and 
octanol systems. Furthermore, the addition of DPG to the Vg-Oil + DPG system resulted in the gradual increase 
of pyruvate concentration in the organic phase due to the facilitating effect of DPG to dissolve polar compounds. 
The maximal value of up to 51.9 ± 1.4  mM pyruvate at 150  min was achieved before approaching the stable 
average value of 37.2 ± 1.4 mM. Figure 5 indicates the PAC production using Vg-Oil as the organic phase. The 
overall PAC concentration gradually increased over time in both Vg-Oil and buffer phases, reaching the highest 
statistically significant (p ≤ 0.05) level of 22.9 ± 0.4 mM at 360 min. The PAC concentration levels found in Vg-
Oil phase (34.2 ± 0.8 mM) were threefold higher when compared to that of the buffer phase (11.5 ± 0.1 mM). 
The corresponding residual benzaldehyde and pyruvate concentration levels at 360  min were 76.4 ± 4.4 and 
83.4 ± 0.5  mM, respectively. The by-product, benzoic acid, formation was also detected during the PAC 
biotransformation process within the range of 0.036 ± 0.001 – 0.151 ± 0.002 mM. The computed benzaldehyde 
and pyruvate molar balances of 99.2 ± 4.4 and 88.5 ± 0.5% were determined, respectively.

Fig. 4. Volumetric PDC activity (a) and specific PDC activity (b) of disrupted yeast whole cells (Ult20) during 
PAC biotransformation in a two-phase emulsion system with different organic phases.
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The present study also investigated the biotransformation of PAC in a two-phase emulsion system using Vg-
Oil with DPG as the organic phase (Fig. 6). The results indicated that the PAC concentration levels gradually 
increased with each time increment in both phases reaching 32.1 ± 0.5  mM in the Vg-Oil + DPG phase and 
25.8 ± 0.6 mM in the buffer phase at the end of 360 min. However, the PAC concentration level in Vg-Oil + DPG 
phase was statistically significant (p ≤ 0.05) higher by 1.2-fold than that detected in the buffer phase. The 
corresponding overall PAC concentration of both phases reached 28.9 ±  < 0.1  mM while the corresponding 

Fig. 5. Substrates (Pyr and Bz), product (PAC), and by-product (Bzc) concentrations including Pyr and 
Bz molar balances in (a) Vg-Oil phase, (b) buffer phase, and (c) overall phase from two-phase emulsion 
biotransformation system using disrupted FT-WHC with Ult20 as biocatalyst.
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residual overall benzaldehyde and pyruvate concentrations were 64.0 ± 0.9 and 81.5 ± 3.6 mM, respectively. The 
benzoic acid formation was detected in the range of 0.033 ± 0.002 – 0.044 ± 0.001 mM which was relatively lower 
than that observed in Vg-Oil/buffer condition. The computed benzaldehyde and pyruvate molar balances of 
92.9 ± 1.2% and 92.0 ± 3.0% were found, respectively.

Fig. 6. Substrates (Pyr and Bz), product (PAC), and by-product (Bzc) concentrations including Pyr and Bz 
molar balances in (a) Vg-Oil + DPG phase, (b) buffer phase, and (c) overall phase from two-phase emulsion 
biotransformation system using disrupted FT-WHC with Ult20 as biocatalyst.
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Octanol was also utilized as an organic phase to study the biotransformation process in the two-phase 
emulsion system (Fig. 7). The PAC concentration of 26.4 ± 0.4 mM was determined in the octanol phase while the 
buffer phase had a lower concentration of 4.30 ± 0.18 mM. PAC value in the octanol phase was thus statistically 
significant (p ≤ 0.05) higher than that in the buffer phase by 6.1-fold with an overall PAC of 15.3 ± 0.2 mM. The 
corresponding residual overall benzaldehyde and pyruvate concentrations were 63.0 ± 1.4 and 100.3 ± 2 mM, 

Fig. 7. Substrates (Pyr and Bz), product (PAC), and by-product (Bzc) concentrations including Pyr and 
Bz molar balances in (a) octanol phase, (b) buffer phase, and (c) overall phase from two-phase emulsion 
biotransformation system using disrupted FT-WHC with Ult20 as biocatalyst.
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respectively. The benzoic acid formation was detected in range of 0.016 ± 0.001 – 0.044 ± 0.031  mM. The 
benzaldehyde and pyruvate molar balances of 78.3 ± 1.4% and 96.4 ± 1.9% were determined, respectively.

Comparison of overall PAC concentrations obtained from biotransformation in two-phase emulsion system 
with different organic phases is shown in Table 3 and Fig. 8. The results indicated that the PAC concentrations 
were statistically significant (p ≤ 0.05) different among the three both organic and aqueous phases. The Vg-
Oil + DPG phase produced the highest statistically significant (p ≤ 0.05) PAC concentration (28.9 ±  < 0.1 mM), 
followed by the Vg-Oil (22.9 ± 0.4 mM) and the octanol (15.4 ± 0.3 mM) phase. The residual volumetric activities 
of PDC in Vg-Oil + DPG and octanol (5.17% – 5.46%) were also statistically significant (p ≤ 0.05) higher than 
that in Vg-Oil alone (2.88 ± 0.24%). Short terms PDC enzyme refolding effects as well as PDC stabilization 
effects due to the presence of octanol (1st stage: 0 – 10  min, 2nd stage: 15 – 30  min) or Vg-Oil + DPG (5 – 
30 min) during the initial period of biotransformation were also evident during which specific PDC activities 
were maintained at constant levels or increased by certain extents before declining. The similar effect at the later 
stage of PAC biotransformation was observed for Vg-Oil system for a brief period (15 – 30 min) (Fig. 4). The 
results also supported that the two-phase emulsion system with Vg-Oil or Vg-Oil + DPG as the organic phases 
was a promising and eco-friendly method for PAC production. The relatively high partitioning of PAC into the 
aqueous phases was observed as shown in Table 3. PAC molar yield over benzaldehyde (YPAC/Bz) was highest 
statistically significant (p ≤ 0.05) for Vg-Oil system while the PAC molar yield over pyruvate (YPAC/Pyr) appeared 
optimal in the octanol system. The maximum PAC molar productivity was highest statistically significant 

Fig. 8. Overall PAC concentration during biotransformation in the two-phase emulsion system with different 
organic phases.

 

Variables

Two-phase emulsion systems of organic / aqueous phase

Vg-oil / Buffer * Vg-oil / Buffer Vg-Oil + DPG / buffer Octanol / buffer

PACorg (mM) 30.3b ± 1.8 34.2a ± 0.8 32.1b ± 0.5 26.4c ± 0.4

PACaq (mM) 24.1b ± 1.0 11.5c ± 0.1 25.8a ± 0.6 4.30d ± 0.18

PACoverall (mM) 27.2b ± 0.7 22.9c ± 0.4 28.9a ±  < 0.1 15.4d ± 0.3

Residual Vol. PDC act. (%) 8.70a ± 1.65 2.88d ± 0.24 5.46b ± 1.61 5.17c ± 1.32

Sp,PAC (µmol/Uini) 97.1a ± 2.5† 32.7c ± 0.6 41.3b ±  < 0.1 21.9d ± 0.4

QPAC,max (mM/min) 0.076d ± 0.002 0.944a ± 0.050 0.838b ± 0.042 0.216c ± 0.014

YPAC/Bz (mol/mol) 0.667c ± 0.019 0.967a ± 0.020 0.803b ± 0.001 0.414d ± 0.008

YPAC/Pyr (mol/mol) 0.718c ± 0.020 0.624d ± 0.011 0.751b ± 0.002 0.780a ± 0.015

Pyr molar balance (%) 93.7ab ± 1.2 88.5c ± 0.5 92.0bc ± 3.0 96.4a ± 1.9

Bz molar balance (%) 83.1c ± 1.5 99.2a ± 4.4 92.9b ± 1.2 78.3d ± 1.4

Table 3. Comparison of PAC production in organic/aqueous two-phase emulsion systems. The numbers with 
the same alphabet indicate no significant (p > 0.05) difference for comparison of the same row. Bold numbers 
indicated the highest statistically significant (p ≤ 0.05) values in each row. All variables were determined at 
360 min except QPAC,max whose values were determined at maxima. * The study from Nunta et al.5 that using 
C. tropicalis whole cells with specific PDC activity of 0.20–0.28 0.05 U/mg protein without ultrasonication 
treatment. † Calculation from reported overall PAC concentration and average value of initial specific PDC 
activity.
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(p ≤ 0.05) in the Vg-Oil system at 0.944 ± 0.050 mM/min. In earlier research, the introduction of glycerol in a 
two-phase emulsion biotransformation system could enhance PAC formation in the presence of benzaldehyde66. 
Similarly, the addition of DPG also had the potential to improve the partitioning of benzaldehyde in a 20 mM 
MOPS system28. The efficacy comparison of 2.5 M DPG + 20 mM MOPS to 2.5 M MOPS in octanol/aqueous 
two-phase biotransformation revealed the cost-effective substitute. This combination yielded comparable 
benzaldehyde concentration in the aqueous phase when compared to 2.5  M MOPS. PAC productivity and 
yield could be enhanced by utilizing 2.5 M MOPS or addition of DPG to low concentration MOPS system. The 
additional advantages of Vg-Oil + DPG system also included the statistically significant (p ≤ 0.05) higher residual 
volumetric PDC activity (5.46 ± 1.61%) and specific PAC production per initial unit of PDC (41.3 ±  < 0.1 µmol/
Uini). However, the maximum PAC productivity was observed for Vg-Oil only system.

The addition of DPG, polyol, is particularly advantageous as it can modify the dielectric constant of solvent 
systems, influencing micelle formation which creates a more compatible environment for enzyme–substrate 
interactions67, contributing to the higher PAC concentration observed in the Vg-Oil + DPG system. Moreover, 
the stabilizing effect of DPG on enzyme structure helps to stabilize PDC enzymes during biotransformation, 
favoring higher PAC concentrations68. Its stabilizing effect is attributed to the suppression of enzyme aggregation, 
driven by stronger polyol-protein interactions. Moreover, it can stabilize the secondary structure of enzymes at 
specific concentrations and elevated temperatures68. By forming hydrogen bonds with the enzyme’s surface, 
polyol preferentially excludes water from the protein’s hydration shell, leading to a more compact enzyme 
structure while also preventing aggregation and degradation69. For the biotransformation of PAC, stabilizing the 
enzyme PDC plays a key role in achieving high PAC concentration. The stabilizing effect of DPG enhances PDC 
stability, thereby facilitating higher PAC production.

This study reveals an advanced solvent system composed of Vg-Oil + DPG that increases the concentration 
of PAC compared to traditional systems using Vg-Oil and octanol alone. This innovative Vg-Oil + DPG mixture 
not only elevates PAC concentration but also significantly enhances enzyme stability. In addition, the utilization 
of Ult20-treated yeast cells accelerates the initial reaction rate, enabling a faster conversion process. The 
incorporation of DPG, a polyol, highlights its dual role as an effective extraction medium and a phase-modulating 
component in biphasic systems, further improving separation efficiency and biotransformation performance70. 
This research offers insights into the synergistic effects of Vg-Oil + DPG, as well as the powerful application 
of ultrasonication to optimize enzyme-catalyzed biotransformation. Although the cost of ultrasonication at a 
large scale might be a consideration, it can be optimized by adjusting parameters or using more energy-efficient 
equipment, making it a viable approach for enhancing PAC production in industrial processes. Vg-Oil, widely 
recognized as an effective extraction medium for pharmaceutical compounds due to its extraction properties, 
further supports its role as a suitable biotransformation medium for large-scale experiments71.

From an environmental perspective, DPG exhibits favorable characteristics. It is non-volatile and readily 
dissolves in water, with a biodegradability of over 70% within 28  days. Also known as non-toxic and non-
corrosive solvent72. Moreover, toxicological assessments have shown that DPG has low toxicity levels, making it 
suitable for use in biological systems. Studies on acute toxicity and developmental effects revealed no significant 
adverse effects at common exposure levels, with no evidence of genotoxic or carcinogenic effects in toxicity 
testing conducted on mice73. While ionic liquids are recognized as green solvents, their high cost, recyclability 
challenges, and potential toxicity limit their industrial application74. Similarly, deep eutectic solvents, though 
promising, face some limitations, including high viscosity, which can hinder mass transfer, as well as concerns 
regarding scalability and regulatory approval for industrial biotransformation75 due to their recent development 
and much more research for the use of those solvents is needed.

The estimated chemical cost for PAC production was USD  255/kg PAC produced, as suggested by the 
estimation approach from Leksawasdi et al.76. Such process did not include the biocatalyst costing as whole 
cells was considered as available by-product from the ethanol production step to be utilized in the zero-waste 
system. The implementation cost of ultrasonic step in this study has a beneficial effect of increasing the whole 
cells PDC activity from the original process by 1.74-fold after adopting FT-WHC thus mitigating the overall 
cost. Moreover, by applying the recycling procedure as suggested by Leksawasdi et al.76, the overall costing 
could be mitigated to USD 66.4/kg PAC produced if the organic phase was recycled 4 times to accumulate PAC 
concentration. The overall PAC would then be improved from 28.9 mM to 116 mM after the fourth round. 
This could be compared to the PAC market value of USD 120/kg 1 hence signaling the economically viability 
and sustainability of such process. The added cost associated with the cell disruption process by implementing 
ultrasonication step could still be economical and effective on the scale-up production when compared to other 
disrupted processes6,49,54. Even though the operational expenditure of ultrasonication system was 11% higher 
due to electricity consumption, capital expenditure could be 34% lower due to the compact design, with a 3% 
lower technical cost for each unit compared to the conventional design in the case of ultrasonic intensification 
for the CO2 absorption process77 that could be adapted to the current study.

Conclusions
This study highlighted that the disrupted whole cells obtained through ultrasonication at 20% amplitude 
combined with vegetable oil and dipropylene glycol as an organic solvent were the most suitable system for 
PAC biotransformation. Evidently, this novel system could maintain enzyme stability while improving PAC 
productivity as well as PAC partition. Further research into the underlying mechanisms linking ultrasound 
treatment, membrane permeability, and PDC activity could enhance understanding of industrial applications. It 
was evident that the inclusion of dipropylene glycol and vegetable oil, a non-toxic and competitive solvent, into 
organic phase contributed to the statistically significant (p ≤ 0.05) enhanced PAC production, thus selection of 
suitable organic phase must be taken into consideration during the optimization of the PAC biotransformation 
process. Future works may include investigation relating to the effects of other green solvents such as deep 
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eutectic solvents and ionic liquids on PAC production and productivity on a large and industrial scales with 
augmentation of varied substrates feeding systems. The process techno-economic analysis or life cycle assessment 
can be evaluated and carried out using the parallel sonication probes in pipe flow system or continuous sonication 
system in order to extend the residence time in active dispersion zones and enhance production efficiency.

Data availability
The data sets generated during and/or analyzed during the current study are available from the corresponding 
authors on reasonable request.
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