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ABSTRACT

Vanillin, is one of the most demanded flavoring agents in the world.
Because of insufficient supply of natural vanillin, market demand is
usually supplied by synthetic ones. In this study, it was investigated
possibility of usage biphasic system in bioconversion of isoeugenol to
vanillin by Pseudomonas putida (HUT 8100). Organic phase was
composed of isoeugenol while biocatalyst, P. putida culture, was
dispersed in aqueous phosphate solution. Isoeugenol was used as sole

substrate concentration and bioconversion time were investigated.
Isoeugenol and vanillin amounts in medium were simultaneously
analyzed in HPLC system. After 120 h incubation, vanillin reached the
its highest level when 400 g L™ isoeugenol was applied in medium. In
specified conditions, it was achieved to produce 11.95 g L vanillin with
6.2% molar yield within 15 days of bioconversion. It is thought that,
obtained result by using biphasic system is very important for the
industrial applications in production of natural vanillin via bioconversion.

carbon source in concentrations ranging between 50-600 g L. Incubation
was performed at 28 °C, at pH 6.3 and 180 rpm shaking. Effect of initial
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1. Introduction

Vanillin (4-hydroxy-3-methoxybenzaldehyde) which naturally occurs in vanilla orchid pods, is one of the most important
flavoring compounds (Singh et al. 2015). It is widely used in food, beverages, perfume and pharmaceutical industries (Zhao et
al. 2018). However, vanillin derived from the pods serves less than 1% of global market volume (Singh et al. 2015). 85% of
annual vanillin production is came from a petro-based compound, guaiacol, and the rest is synthesized from lignin (Zhu et al.
2018). Market value of synthetic vanillin is only about 10-20 USD kg while vanillin derived from Vanilla spp. is 1500 USD
kg™ (van Leeuwen et al. 2018). Although there is a distinct price advantage of the synthetic counterparts, consumer interests to
natural compounds, that considered as healthy, has forced many companies to discover new strategies to produce natural flavors
such as vanillin (Luziatelli et al. 2019).

Biotechnological approaches have been known for many years and they include more environment-friendly processes
compared to chemical synthesis (Franco et al. 2017). Compounds produced by biotechnological routes are labeled as "natural”
according to Europe (EC 1334/2008, EC 1223/2009, EC 872/2012) and US (US CFR 1990) regulations (Castro et al. 2021).
Isoeugenol has been raised concern of researchers being convertible to vanillin in one-step besides to be cheap and commercially
available (Wang et al. 2021). Unfortunately, majority of aromatic compounds has cytotoxic activity on biocatalyst cells (Priebe
& Daugulis 2018). In recent years, biphasic system (organic/inorganic) has been preferred in bio-flavor studies to overcome this
problem. In this method, a non-aqueous phase is used to sequester the substrate from aqueous solution that includes the cells.
Low amount of substrate is continuously transferred between the phases from non-aqueous to aqueous (Priebe et al. 2018). It
also provides a protection to the cells against product toxicity (Bicas et al. 2010). Using biphasic medium offers numerous
advantages for biotransformation studies apart from prevention of toxicity. Dissolution of product in one of the phases ensures
in situ removal and makes recovering process easier (Chreptowicz & Mierzejewska 2018). Losses depend on volatility can be
decreased in biphasic system, especially working with monoterpenic constituents. Bioconversion yield may be raised by
manipulating oxygen transfer rate in medium according to organic phase features (Bicas et al. 2010). It was investigated usage
of biphasic system in various flavor production studies such as cinnamyl alcohol (Zhang et al. 2020), 2-phenylethanol
(Chreptowicz & Mierzejewska 2018), R-(+)-a-terpineol (Bicas et al. 2010) and concluded that the method was very effective on
raising catalytic performance of the cells. Unlike the other vanillin studies, Zhao et al. (2005) used a biphasic medium containing
60% (v/v) isoeugenol and achieved to produce 32.5 g L™ vanillin which is the highest in literature, according to our knowledge.
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A strong growth is expected in natural vanillin market with a compound annual growth rate (CAGR) of 7.4% from 2017 to
2025. In natural vanillin production, biotechnological approaches give an opportunity for producers (Luziatelli et al. 2019).
Unfortunately, the production amounts remain very low due to substrate toxicity and hence, basic dispersion method is not
applicable for industrial production. Thus, it is put emphasis on developing of current processes or constructing new alternative
routes (Franco et al. 2017). Biphasic system has been come to the fore with high production rates as mentioned above. There is
limited number of works for vanillin production in organic/inorganic bioconversion medium. Effects of temperature, pH and
aeration in aqueous bioconversion medium were reported in our previous study (Karakaya & Yilmaztekin 2020). However, it
was not possible to give results of biphasic (organic/inorganic) system within the same article due to limited scope. In this study,
it was aimed to investigate biphasic medium usage for increasing vanillin production.

2. Material and Methods
2.1. Microorganism culture and chemicals

P. putida (HUT 8100) strain was supplied from HUT Culture Collection (Hiroshima, Japan). Culture was stored in IFO 802
(Institute of Fermentation, Osaka, Japan) medium slants at +4 °C until use. IFO 802 medium was prepared according to
instructions of culture collection as followings: 10 g L peptone, 2 g L ! yeast extract, 1 g L' MgSO4 and 15 g L agar (HUT
2015).

Ethanol (96%, food grade) was purchased from Tekkim (Bursa, Turkey). Acetic acid (chromatographic grade) was supplied
from Carlo-Erba (Milano, Italy). Medium ingredients, methanol, vanillin, isoeugenol and all other chemicals were purchased
from Sigma-Aldrich (St. Louis, MO) unless otherwise specified.

2.2. Preparation of resting cells and bioconversion medium

Microorganism culture was grown in Glucose-Yeast Extract-Peptone (GYP) broth before inoculating to bioconversion medium.
GYP was prepared in 1 L distilled water as followings: 5 g glucose, 5 g yeast extract, 5 g peptone, 14 g K.HPO4.3H;0, 5.2 g
KH2PO4 and 1 g MgSO4.7H,0 (Zhao et al. 2005). 250 mL-sterile flasks containing 50 mL of GYP broth were inoculated with a
loopful bacterial culture. They were incubated at 28 °C and 180 rpm orbital shaking (Sartorius Certomat IS, Germany) for 48 h.
Medium contents were divided to two equal portions of 25 mL and transferred into sterile 50 mL-polypropylene tubes at the end
of incubation. The tubes were centrifugated with 3600 xg at 4 °C for 15 min (Thermo Scientific SL 16R, MA). Clarified liquid
sections were discarded and biomass in each tube was reconstituted with appropriate amount of phosphate buffer solution (4.84
g Lt K;HPO4 and 16.65 g L™t KH2POy4, pH: 6.3). Suspensions were homogenized and combined in a 250 mL-flask to obtain
resting cells (Karakaya & Yilmaztekin 2020).

A total of 20 mL bioconversion medium was used in biphasic system trials. The aqueous part was formed by phosphate
solution with resting cells while the organic phase was solely consisted of isoeugenol. The amount of substrate must be sufficient
to form two distinctly separated surfaces. For the purpose, initial isoeugenol concentration was used in range of 50-600 g L.
Higher concentrations were not applied, since the aqueous phase was not capable of covering organic surface, completely.
Bioconversion medium was left to incubation at 28 °C and 180 rpm orbital shaking for 120 h. Initial substrate ratio which
provides maximal vanillin production was applied in bioconversion time trials. A separate flask was prepared with same content
for each sampling time. At the end of target sampling time, whole flask content was extracted according to the procedures given
in Section 2.4. Unused isoeugenol and produced vanillin amounts were determined by HPLC system. Time trials were continued
until no significant change was observed in vanillin accumulation between successive samplings.

2.3. Viability test

Cell viability was checked with p-iodo nitrotetrazolium (INT) indicator. Samples (2 mL) were collected from bioconversion
medium into sterile test tubes and 0.4 mL INT solution (0.2 mg mL™, in distilled water) was dropped into each tube. Procedure
was applied the sample tubes which contains uninoculated bioconversion medium, too. Tubes were incubated for additional 30
min at 28 °C without shaking. Viability was determined according to red color formation in the tubes (Eloff 1998).

2.4. Extraction

Extraction was performed following after incubation in concentration (120 h) and time (1-17 days) trials. The bioconversion
medium (20 mL) was transferred to 50-mL polypropylene tubes in given sampling time. 96% ethanol was added over in ratio of
1:1 (v:v) and the tubes were homogenized for 1 min. Suspension was centrifugated with 3600 xg at 4 °C for 15 min. Supernatant
was taken to a new tube and 7.5 mL of 96% ethanol was added over biomass. The tube content was homogenized and
centrifugated again in same conditions. The procedure was applied two times and supernatants were combined in a new tube.
Extracts were filtered through 0.45 um nylon membrane filters and taken to amber colored HPLC vials (2 mL) for analysis
(Karakaya & Yilmaztekin 2020).
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2.5. HPLC analysis

Isoeugenol and vanillin amounts in bioconversion medium were determined by HPLC (Shimadzu LC-20A, Japan). Degasser
(DGU-20A5), pump (LC-20AD), autosampler (SIL-20A) units and UV-visible detector (SPD-M20A) which are directly
integrated to HPLC system were used for the purpose. Compound separation was achieved by Licrospher RP18 (25 cm x 4.60
mm, 5.5 um particle size) column. A binary solvent system was used as follows: ultrapure water containing 0.01% acetic acid
(A) and methanol (99.9%) (B). Gradient elution was applied according to procedures stated by Li et al. (2004), with minor
modifications. Briefly, phase B was flowed as following ratios: 60% between 0-3 min, decrease to 50% between 3-5 min, raise
to 100% between 5-9 min and left to flow 100% B for 4 min. It was decreased to 60% again between 13-15 min and flowed 60%
mobile phase B for 3 min to prepare the column to next injection. Total analysis time was estimated 18 min. Elution was
simultaneously screened with UV detector at 270 nm. Isoeugenol and vanillin were identified by using authentic standards.
Quantification was performed using a calibration curve prepared by five-point serial dilutions of corresponding standards.
Bioconversion efficiency was determined with molar yield equation (1) (Karakaya & Yilmaztekin 2020):

Produced vanillin (g) x Molar weight of isoegenol (g/mol)

Molar yield (%) = 100 (D)

Consumed isoeugenol (g) x Molar weight of vanillin(g/mol)

2.6. Statistical analysis

Isoeugenol consumption and vanillin production in biphasic medium were analyzed by analysis of variance (ANOVA). Statistical
analysis was carried out in SPSS package program version 16.0 (SPSS Inc., Chicago, IL). Tukey's multiple comparison test was
used to compare means at a significance level of P<0.05. All trials were performed in triplicate and results were expressed as
meandstandard deviation.

3. Results and Discussion
3.1. Cell viability

Growing cells need energy to multiply their biomass and this causes a fall in bioconversion yield. Unlike growing cells, resting
forms that non-growing but metabolically active, use their metabolism more efficiently due to high substrate specify (Julsing et
al. 2012). It can be prepared by transferring of growing cells to phosphate buffer solutions (Hua et al. 2007; Yamada et al. 2007).
In this study, culture was dispersed in K;HPO4 and KH2PO4 solution to obtain resting cells.

Biocatalyst were obliged to use limited isoeugenol dissolved in aqueous phase to survive. Cell death may occur in
bioconversion medium depend on nutritional deficiency, substrate, product or by-product toxicity. If there is bacterial viability,
color in test tubes turns to red in presence of INT indicator. There is no color change on the contrary (Eloff 1998). In both of
initial concentration and bioconversion time trials, red color formation was observed in all test tubes which was accepted as
evidence of bacterial viability. Bioconversion medium was found suitable to keep cells alive although it contained less ingredient
compared to a simple growing medium. In addition, there was not encountered vanillin formation in the absence of either
isoeugenol or cell culture in medium. Biphasic system results on viability were in accordance with previous findings (Karakaya
& Yilmaztekin 2020).

3.2. Effect of initial substrate concentration

It is known that many substrates and products in bioconversion studies have low solubility in water (Carreno et al. 2014).
Isoeugenol may be thought unfavorable substrate for bioconversion because its solubility is only 6 mM which is quite low
(YYamada et al. 2007; Ashengroph et al. 2011). Actually, it presents an opportunity to use it in high concentration to form a
biphasic system. Bioconversion media was prepared by using 50-600 g L * isoeugenol and left to incubation for 120 h. The media
containing 300 and 400 g L' isoeugenol were differed from the others with regard to significantly higher (P<0.05) vanillin
content (Figure 1). It was produced 9.14+0.62 g L* vanillin in the medium containing 400 g L *isoeugenol.

425



Karakaya & Yilmaztekin - Journal of Agricultural Sciences (Tarim Bilimleri Dergisi), 2022, 28(3): 423-429

12 - - 100
- 90
10 -
- 80
g
a F70 =
o 8 7 e
& E
E 60 2
E :
61 - 50 2
3 I
bt =
= - 40 2
T, 5
o -
~ / - 30 -
,-" —=—Vanillin 20
2 4’,"' b -<o--Isoeugenol [
=" - 10
a
a
0 T T T T T T 0
50 100 200 300 400 500 600

Initial isoeugenol concentration (g L)

Figure 1- Changes in vanillin and isoeugenol amounts depending on different initial substrate concentrations (Error bars
indicate standard deviation. Significant differences are marked with symbols for vanillin and letters for isoeugenol, P<0.05)

Various biocatalysts were used in conversion of isoeugenol to vanillin, especially Arthrobacter (Shimoni et al. 2003), Bacillus
(Hua et al. 2007), Trichosporon asahii (Ashengroph & Amini 2017) and Pseudomonas (Yamada et al. 2007; Karakaya &
Yilmaztekin 2020) species. Nevertheless, produced vanillin was less than 5 g L™ in many of these studies. It was due to low
solubility of isoeugenol, substrate or product toxicity on culture in agueous dispersions (Ashengroph & Amini 2017). In previous
study, vanillin production in isoeugenol-phosphate dispersion was only about 877.9 mg L, although some conditions (pH,
temperature and aeration) were optimized (Karakaya & Yilmaztekin 2020). In dispersion systems, access to substrate by cells
may have been limited due to insufficient surface area depend on low isoeugenol concentration. Isoeugenol in high quantities
acts as a substrate and solvent which cause an increase on vanillin production (Zhao et al. 2005). It is thought that biphasic
system made easier to reach sole carbon source, isoeugenol, by P. putida cells. It allowed to use high substrate amounts up to
400 g Lt without showing any toxic effect on biocatalyst. However, a decline in vanillin production was observed when higher
substrate concentrations were applied. Biocatalytic activity is inhibited when substrate or product concentration exceeds the
critical level (Carreno et al. 2014). Cell viability is an essential factor in whole cell biotransformation processes (Sendovski et
al. 2010). It has been thought that dispersed isoeugenol ratio was increased enough to have toxic effect on the cells by using 500
g L*isoeugenol or more.

P. putida cells performed an effective vanillin production yield although the medium was solely consisted of isoeugenol as
carbon source. Bacterial contamination risk can be reduced due to nutrient deficient medium (Wang et al. 2006). Moreover,
using minimal ingredients in medium makes the purification step easier in bioprocesses. Distinct differences between
organic/inorganic phase features provide an efficient extraction of biomolecules (Nouri et al. 2019). On the other hand, separated
layers in the medium effect oxygen transfer rate. Bicas et al. (2010) used sunflower oil as organic phase on top layer and
decreased oxygen transfer rate to inorganic phase. Anaerobic condition was promoted R-(+)-a-terpineol production in given
study. However, lowering the oxygenation of medium adversely affects P. putida cells in vanillin bioconversion (Karakaya &
Yilmaztekin 2020). In contrast to many essential oil constituents, density of isoeugenol is higher than water in constant
temperature (Nielsen et al. 2017). Therefore, it showed tendency to precipitate in aqueous solutions and inorganic phase took
part in upper side of biphasic system. It must have been facilitated the access to oxygen by cells.

3.3. Bioconversion time

Various parameters such as high production rates, yield and process duration have importance for industrial operations.
Bioconversion was followed for 17 days in 400 g L™ isoeugenol containing medium (Figure 2). It was determined a significant
difference (P<0.05) on vanillin accumulation between beginning and ending days of bioconversion. Although there was a slight
decrease in vanillin amount on 17th day, change was no meaningful. Aldehyde structured compounds have high chemical
reactivity and in general, they rarely accumulate in biological systems (Muheim & Lerch 1999). As an aldehyde, vanillin was
expressed as an obligate intermediate for some Pseudomonas sp. (Overhage et al. 1999). It can be oxidized to vanillic acid or
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reduced to vanillyl alcohol depend on enzyme diversity of biocatalyst (Luziatelli et al. 2019). This fall may be due to further
degradation of vanillin by biocatalyst to avoid product toxicity in harsh conditions. It was achieved to produce 11.95 g L vanillin
with 6.2% molar yield after 15 days of bioconversion. 48.3% (w/w) of isoeugenol remained unused at the moment. In past
studies, it was stated that residual isoeugenol could be recovered and utilized once again in a new bioconversion cycle (Zhao et
al. 2006).
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Figure 2- Changes in vanillin and isoeugenol amounts depending on time in medium containing 400 g L substrate (Error
bars indicate standard deviation. Significant differences are marked with symbols for vanillin and letters for isoeugenol,
P<0.05)

It has been shown that multiple-feeding at different times promotes the vanillin production compared to single feeding
strategy (Valerio et al. 2021). However, processes must be interrupted to replace the current medium with fresh one. Considering
industrial mass production, it may lead to loss of time and contamination risk. As opposed to aqueous dispersions, feeding occurs
spontaneously in biphasic system by transfer of limited amount of isoeugenol from organic to aqueous layer. Zhao et al. (2005)
stated that 0.2-0.9 g L™ isoeugenol was dispersed in aqueous phase when 60% isoeugenol and 180 rpm shaking were applied in
biphasic medium. There are limited number of works came up with high vanillin yield but the techniques used in these studies
had some disadvantageous properties. For instance, Yamada et al. (2007) achieved to produce 16.1 g L™* vanillin with the help
of 10% (v/v) DMSO in bioconversion medium. Despite the fact that an effective vanillin production was carried out, method is
unfeasible for industrial operations. DMSO presents high polarity and high boiling points and these make the product isolation
impossible for further process steps. (Ashengroph & Amini 2017). Since it was not desired to obtain uniform solution in this
study, emulsifier agent was not used in medium. In another study, it was managed to produce 28.3 g L* vanillin by using
recombinant E. coli cells (Yamada et al. 2008). However, genetic modified organisms have a negative effect on consumer
perception and moreover they are perceived as risky, avoidable and fearful (Boccia et al. 2018). Biphasic system is taken attention
because of its high production rates in various bioconversion process (Zhao et al. 2005; Chreptowicz & Mierzejewska 2018;
Zhang et al. 2020). It was aimed to enhance vanillin production by using biphasic medium in the study and findings are
compatible with those of mentioned references.

4. Conclusions

In this study, natural vanillin was produced from isoeugenol as an alternative to botanical extracts. This work has been differed
from past studies that was possible to apply high substrate concentrations in biphasic system avoiding substrate toxicity.
Biocatalyst, P. putida (HUT 8100) culture, was dispersed in inorganic buffer solution and isoeugenol was used with the aim of
both, substrate and organic phase. Distinct specifications of the phases (such as density and polarity) made easier to form a
biphasic medium. Biocatalyst cells were in contact with substrate at the phase interface and not directly exposed to high amount
of isoeugenol which provided a protection against to substrate toxicity. A limited amount of isoeugenol was continuously
dispersed in aqueous phase by shaking. Thus, there was no need to substrate addition during bioconversion and spontaneous
feeding was provided by organic layer. Using 400 g L isoeugenol, it was achieved to produce 11.95 g L™ vanillin with 6.2%
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molar yield in 15 days. Biphasic system has brought out higher vanillin production rate compared to many other reports on
literature. It did not require to use of any emulsifier agent or additional nutrient. Therefore, it is expected to reduce operational
costs and make the purification step easier due to minimal content. However, being free from toxic solvents makes the process
eco-friendly and removes the risk of residual solvent in final product. It has been thought that findings have an importance for
industrial scale production of bio-vanillin. It is suggested to work on residual isoeugenol utilization and vanillin purification for
further studies. Using appropriate macroporous resin can provide an effective separation for both, isoeugenol and vanillin.
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