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Abstract
α-Arbutin is an effective skin-whitening cosmetic ingredient and hyperpigmentation therapy agent. It can be synthesized by one-step enzymatic glycosylation of hydroquinone (HQ), but limited by the low yield. Amylosucrase (Amy-1)
from Xanthomonas campestris pv. campestris 8004 was recently identified with high HQ glycosylation activity. In this
study, whole-cell transformation by Amy-1 was optimized and process scale-up was evaluated in 5000-L reactor. In
comparison with purified Amy-1, whole-cell catalyst of recombinant E. coli displays better tolerance against inhibitors
(oxidized products of HQ) and requires lower molar ratio of sucrose and HQ to reach high conversion rate (> 99%).
Excess accumulation of glucose (0.6–1.0 M) derived from sucrose hydrolysis inhibits HQ glycosylation rate by 46–60%,
which suggests the importance of balancing HQ glycosylation rate and sucrose hydrolysis rate by adjusting the activity of whole-cell catalyst and HQ-fed rate. Using optimal conditions, 540 mM of final concentration and 95% of molar
conversion rate were obtained within 13–18 h in laboratory scale. For industrial scale-up production, 398 mM and
375 mM of final concentration with high conversion rates (~ 95%) were obtained in 3500-L and 4000-L of reaction
volume, respectively. These yields and productivities (4.5–4.9 kg kL−1 h−1) were the highest by comparing to the best
we known. Hence, high-yield production of α-arbutin by batch-feeding whole-cell biotransformation was successfully
achieved in the 5000-L reaction scale.
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Introduction
Arbutin, as a natural hydroquinone (HQ) glucopyranoside derivative, is an effective and safe hyperpigmentation therapy agent and skin-whitening cosmetic
ingredient (Desmedt et al. 2016). It strongly inhibits
tyrosinase activity and reduces the formation of melanin without adverse side effects like irritation, allergic
contact dermatitis, and other cytotoxicity. Natural arbutin, with β-anomeric glycoside bond (β-arbutin), can be
isolated from berry-producing plants such as blueberry,
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cranberry, marjoram, and most pear species (Lukas et al.
2010; Migas and Krauze-Baranowska 2015). The other
arbutin isomer is α-arbutin with α-anomeric glycoside
bond. Both of isomers are commonly used in skin-whitening cosmetics and hyperpigmentation therapy (Migas
and Krauze-Baranowska 2015), while α-arbutin displays
ten times stronger inhibitory activity than β-arbutin
(Sugimoto et al. 2004). With the rapid growth of global
skin-whitening cosmetics market, the environmentfriendly production of α-arbutin attracts wide interests
since it can be synthesized by one-step enzymatic glycosylation of HQ.
β-Arbutin used to dominant the arbutin material market due to its lower production cost though chemical

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made.

Zhu et al. AMB Expr

(2019) 9:94

Page 2 of 9

synthesis than α-arbutin. However, the drawbacks of
chemical synthesis are obvious such as labor-intensive
activation, protection procedures, low overall yields and a
large amount of waste (Desmet et al. 2012). α-Arbutin has
been reported to be synthesized by environment-friendly
one-step enzymatic transformation since 1990s (Seo et al.
2012; Zhu et al. 2018), but industrial production was
limited by the low yield. α-Amylase was firstly reported
with HQ glycosylation activity for α-arbutin production but with a low conversion rate of 32%, besides, the
products were the mixture of α-arbutin and hydroquinone oligoglucosides (Nishimura et al. 1994). It was later
reported that α-amylase could obtain a high concentration (> 100 g/L of α-arbutin), displaying a great potential for industrial production (Kazuhisha et al. 2007).
Subsequently, sucrose phosphorylase from Leuconostoc
mesenteroides and α-glucosidase from Xanthomonas
campestris were reported with a higher molar conversion rate of 60% and 93%, respectively, but only a low
concentration of α-arbutin (~ 10 g/L) was obtained (Kitao
and Sekine 1994; Kurosu et al. 2002; Sato et al. 2012).
In recent years, various enzymes were newly identified
with HQ glycosylation activity including dextransucrase
from L. mesenteroides, cyclodextrin glucanotransferase
from Thermoanaerobacter sp., amylosucrases from Cellulomonas carboniz, Deinococcus geothermalis, and X.
campestris (Mathew and Adlercreutz 2013; Seo et al.
2009; Yang et al. 2019; Yu et al. 2018). Amylosucrase displayed a highest HQ glycosylation activity among these
enzymes, for example, obtaining > 90% of molar conversion rate and 60 g/L of concentration (Yang et al. 2019).
We also recently identified the amylosucrase (Amy-1)
from Xanthomonas campestris with > 95% molar conversion rate and > 80 g/L of α-arbutin concentration (Fig. 1)
(Zhu et al. 2019). Therefore, remarkable progress in biosynthesis of α-arbutin has been made in recent years.
Whole-cell catalysis by recombinant E. coli cells was
proposed to be better way for α-arbutin synthesis by
Amy-1 due to the potential better tolerance against the
oxidized products of HQ (Zhu et al. 2019). Besides,
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whole-cell catalyst is intrinsically the cheapest and easyto-scale-up catalyst as it circumvents the need of cell
lysis and enzyme purification (Wachtmeister and Rother
2016). Therefore, to achieve industrial scale production of α-arbutin, whole-cell catalysis was optimized and
scale-up production in 5000 L reactor was evaluated in
this study.

Materials and methods
Strain and culture conditions

The recombinant Escherichia coli BL21 (pET28a-amy1)
was used in this study, which overexpressed amylosucrase
(NCBI-Protein ID: AAY47880) from X. campestris sp.
campestris 8004 (Zhu et al. 2019). It was grown in the LB
(Luria–Bertani) medium supplemented with 50 μg/mL
of kanamycin at 37 °C, 200 rpm. Fermentation medium
contained yeast extract 15 g/L, tryptone 20 g/L, glycerol
10 g/L, KH2PO4 0.17 M, K
 2HPO4 0.72 M, M
 gSO4·7H2O
0.5 g/L. Glycerol feeding solution contained glycerol
300 g/L; MgSO4·7H2O 10 g/L, vitamin B1 24 mg/L,
trace salt solution 5 mL/L. Trace salt solution contained
CoCl2·6H2O 2.5 g/L, MnCl2·4H2O 15 g/L, CuCl2·2H2O
1.5 g/L, boric acid 3 g/L, Na2MoO4·2H2O 2.5 g/L, Zn
(CH3COO)2·2H2O 13 g/L, ferric citrate 12.5 g/L.
Fermentation and preparation of whole‑cell catalyst

A seed culture was prepared in a 500 mL flask containing 50 mL of LB medium supplemented with 50 μg/mL
of kanamycin at 37 °C, 220 rpm. Fed-batch cultures were
grown in a 2.5 L fermenter (Bioflo 110; New Brunswick
Scientific Co., Shanghai, China) containing 1.0 L of initial fermentation medium. The initial culture conditions
were 30 °C, 2.5 L/min of air and agitation at 400 rpm. The
pH was maintained at 6.8 by adding 28% (v/v) ammonia
hydroxide. The dissolved oxygen concentration was kept
at > 25% of air saturation by automatically coupling the
agitation speed (400–960 rpm). When an optical density at 600 nm (OD600) of cultures reached ~ 15, culture
conditions were shifted to 24 °C and 5.0 L/min of air.
400 mL of glycerol feeding solution started to be added
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Fig. 1 Enzymatic glycosylation of hydroquinone by amylosucrase from X. campestris sp. campestris 8004 for synthesis of α-arbutin. Amylosucrase
(Amy-1) used sucrose as glycoside donor to glycosylate hydroquinone. Amy-1 also hydrolyzed sucrose to produce fructose and glucose

Zhu et al. AMB Expr

(2019) 9:94

with constant speed (12 mL/h/L of initial fermentation
volume). 150 mL of lactose solution (20% of lactose) also
started to be added by a speed of 36 mL/h/L of initial
fermentation volume. When OD600 of cultures reached
to ~ 70, additional 150 mL of lactose solution was added
with the same speed. After ~ 40 h, when agitation speed
decreased to < 500 rpm, the fed-batch fermentation
was ended and OD600 of culture reached to > 100. The
obtained cultures were stored at 4 °C for 2 weeks until
they were used.
For the preparation of whole-cell catalysis, the culture was centrifuged by 5000×g at 4 °C for 10 min and
the cells were washed and resuspended using 50 mM
phosphate buffer system (PBS) (pH 7.0). The obtained
cell suspension was used for glycosylation activity assay,
and then diluted to different cell density as whole-cell
catalyst.
Glycosylation activity assay of whole‑cell catalysis

The glycosylation activity assay of whole-cell catalysis was
performed in 100 mL round-bottom flask with 50 mL
reaction volume, which was incubated in a thermostatic
waterbaths with a magnetic stirrer at 30 °C for 10 min.
The reaction mixtures contained 1.2 M of sucrose,
30 mM of HQ, 5 O
 D600 of cells, 50 mM PBS (pH 7.0).
Each experiment was carried out in triplicate. One unit
of glucoside transfer activity was defined as the amount
of whole-cell catalyst that produced 1 mM of α-arbutin
per minute in above given conditions.
The amounts of HQ and α-arbutin were measured by
HPLC using a Shimadzu LC-20A system with SPD-MzoA
Diode Array Detector (Kyoto, Japan) as described previously (Zhu et al. 2019).
Optimizing catalytic reaction conditions for whole‑cell
biotransformation

Glycosylation reaction by whole-cell catalyst was routinely performed in 100 mL round-bottom flask with
50 mL reaction volume, which was incubated in a thermostatic waterbaths with a magnetic stirrer. Different pH
buffers in the range of 4.0–10.0 were compared, including 50 mM of sodium acetate buffer (pH 3.9–6.5), 50 mM
of PBS (pH 5.6–7.8), and 10 mM of H
 3BO3-NaOH-KCl
buffer (pH 7.6–10.0). The reaction mixtures all contained
5 OD600 of cells (0.4 U/mL), 1.2 M of sucrose, and 50 mM
of hydroquinone. The glycosylation activities of wholecell catalyst at various temperatures ranging from 15 to
60 °C were also evaluated and the molar conversion rates
in 15 min were compared. The thermostability at different temperature was compared. The cell suspension solutions were incubated in thermostatic waterbaths with
different temperature ranging from 20 to 45 °C. After
incubated for 0.5–2.0 h, cell suspension solutions were
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taken for glycosylation activity assay. Each experiment
mentioned above was carried out in triple.
Evaluating inhibitory effect of substrates, products
and p‑benzoquinone on activity of whole‑cell catalyst

The inhibitory effects of HQ were evaluated with different initial HQ concentration at 20, 40, 50, 80, 100 and
120 mM in the reaction mixtures containing 5 OD600
of cell (0.4 U/mL) or 0.4 U/mL of Amy-1, and 1.2 M of
sucrose in 50 mM PBS (pH 7.0). The amount of α-arbutin
and HQ were monitored by HPLC analysis.
Product inhibition of glucose and fructose was tested.
Various initial concentrations including 0 M (control),
0.1 M, 0.2 M, 0.4 M, 0.6 M, 0.8 M, and 1.0 M were used.
The mixtures contained 5 
OD600 of cell (0.4 U/mL),
50 mM of HQ, 1.0 M of sucrose in 50 mM of PBS (pH7.0).
After 0.5 h of reaction, the molar conversion rates were
calculated as following: 
(C0.5Arb/(C0.5Arb + C0.5HQ))*100,
where C0.5Arb is molar concentration of arbutin (mM)
at 0.5 h; C
 0.5HQ is the HQ molar concentration (mM) at
0.5 h. Relative activity was calculated by comparison with
the molar conversion rate of control.
Different molar ratios (1:1, 5:1, 10:1, 20:1 and 40:1)
of glucoside donor sucrose and acceptor hydroquinone were prepared by varying the sucrose concentration (30 mM–1.2 M) with constant HQ concentration
(30 mM). The reactions were catalyzed by 10 OD600 of
cell (0.8 U/mL) or 0.8 U/mL of Amy-1 at 30 °C.
The inhibitory effect of p-benzoquinone was evaluated in the reaction mixture containing 20 
OD600 of
cell (1.6 U/mL) or 1.6 U/mL of Amy-1, 30 mM of HQ,
1.2 M of sucrose, and different initial concentration of
p-benzoquinone including 0, 0.1, 0.5, 1.0 and 5.0 mM,
respectively. The mixtures were incubated at 30 °C. Each
experiment mentioned above was carried out in triple.
Sucrose hydrolysis activity assay

The sucrose hydrolysis activity of whole-cell catalysis
was performed in 100 mL round-bottom flask as mentioned above. The reaction mixtures contained 1.2 M of
sucrose, 5 and 10 O
 D600 of cells, 50 mM PBS (pH 7.0).
The mixtures were incubated for 19 h at 30 °C. The
amounts of sucrose, glucose and fructose were measured by HPLC using an Agilent 1260 Infinity system with
evaporative light scattering detector G4260B ELSD (Agilent, USA). 0.1 mL of the reaction mixture was added
into 0.9 mL of deionized water. The sample was heated
for 5 min at 100 °C, and then centrifuged (15,000×g,
5 min). The supernatant was further diluted by 20-fold
and filtrated with 0.2 nm PTFE membrane for HLPC
analysis. HPLC conditions: column, Xtimate Sugar-Ca
(300 mm × 7.8 mm, 5 μm) (Welch Materials Inc., Shanghai, China); mobile phase, ultrapure water; flow rate,
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0.5 mL/min; and temperature, 70 °C; injection volume,
10 μL. The parameters for the ELSD were as follows:
evaporator temperature: 90 °C, nebulizer temperature:
50 °C, gas flow: 1.2 SLM, data rate: 40 Hz, LED intensity:
100%, PMT gain: 1, smooth: 10. Each experiment was
carried out in triplicate.
Batch‑feeding whole‑cell catalysis in laboratory scale

Batch-feeding whole-cell catalysis was performed in
100 mL round-bottom flask with 50 mL reaction volume,
which was incubated in a thermostatic waterbaths with
a magnetic stirrer at 30 °C. The initial reaction mixture
contained 1.2 M sucrose, 60 mM HQ, and different concentrations of cells (OD600 = 1.0, 5.0, 10, 20) in 50 mM
PBS (pH 7.0). Every 10–30 min, 0.1 mL of samples was
added into 0.9 mL of stop solution, and then used for
HPLC analysis of HQ and α-arbutin. After that, different amounts of solid HQ were added into the reaction
mixtures to supplement to 60 mM. Meanwhile, 0.1 mL of
samples was taken and added into 0.9 mL of deionized
water, which were used for sugar component analysis by
HPLC as mentioned above. After about 9 h of reaction, a
certain amount of solid sucrose was added into the reaction mixture. Two parallel experiments were carried out.
Scale‑up biotransformation in 5000‑L reactor

The scale-up production was performed in the fermentation plant of Zhejiang Meidi Biotechnology Co., Ltd.
(Xinchang, Zhejiang, China). A seed culture was prepared in a 5 L flask containing 500 mL of LB medium
supplemented with 50 μg/mL of kanamycin at 37 °C,
220 rpm. A second-stage seed cultures were grown in
a 50 L fermenter (Eastbio, Zhenjiang, China) containing 25 L of fermentation medium supplemented with
50 μg/mL of kanamycin for 5 h at 37 °C, 300 rpm. Fedbatch fermentation was carried out in a 500 L fermenter
(Eastbio, Zhenjiang, China) with 200 L of fermentation
medium. The culture conditions including temperature,
pH, dissolved oxygen and feeding speed were the same
as mentioned above. A cell culture with ~ 100 of OD600
was obtained and glycosylation activity was analyzed. All
cell culture was transferred into a 5000 L reactor. Sucrose
added to 1.2 M and deionized water was added to a certain volume such as 3500 L and 4000 L, and then HQ was
constantly added to 50 mM. The batch-feeding whole-cell
catalysis was carried out in the 5000-L reactor.

Results
Better catalytic performance by recombinant E. coli cells
than purified amylosucrase

Amylosucrase Amy-1 from X. campestris pv. campestris 8004 could glycosylate HQ with high yield and high
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conversion rate as we previously reported (Zhu et al.
2019) (Fig. 1), but its activity was seriously inhibited by
oxidized HQ products. In contrast, whole-cell catalysis displayed a better catalytic performance. For example, whole-cell catalyst behaved a much better tolerance
against p-benzoquinone as showed in Fig. 2a. Addition
of 0.5 mM of p-benzoquinone cause only 17% decline in
glycosylation rate for whole cells in comparison to 67%
decline for the purified enzyme. 10-fold higher glycosylation rate was maintained by whole-cell catalysis when
5 mM of p-benzoquinone was added. The substrate HQ
also caused serious inhibition, while whole-cell catalyst displayed a similar susceptibility to HQ (Fig. 2b) in
comparison with the purified enzyme. Hence, the batchfeeding bioconversion strategy was still required when
whole-cell catalyst was used. Interestingly, a very high
molar ratio of glycoside donor and acceptor was no
longer required for whole-cell catalyst (Fig. 2c), in contrast, as high as 80:1 of sucrose and HQ was required
purified Amy-1 to obtain a high conversion rate (> 99%).
When whole cells were used for catalysis, 5:1 and 15:1 of
molar ratio of sucrose and HQ could achieve > 95% and
> 99% of molar conversion rate, respectively. Therefore,
catalyst of recombinant E. coli cells displayed a much
better catalytic performance than purified amylosucrase
Amy-1.
Optimal conditions for α‑arbutin synthesis by whole‑cell
biotransformation

For optimal conditions of whole-cell bioconversion
were further evaluated (Fig. 3). In contrast to purified
Amy-1, whole-cell catalyst could effectively function
in a wider range of pH (5.0–8.5), optimal pH 5.5–6.5 in
PBS (Fig. 3a). The fastest glycosylation rate within the
first 15 min happened at 50 °C in the range fo 15–60 °C
(Fig. 3b), which was 15 °C higher than the purified Amy1. However, the whole-cell catalyst also displayed poor
thermostability and was almost completely inactivated at
45 °C for 1 h (Fig. 3c). It could keep > 68% of initial activity after 9.5 h at 30 °C. Therefore, the optimal catalytic
temperature by whole cells was also 30 °C, which was the
same as the purified Amy-1.
To avoid the inhibition of substrate, 50–80 mM of
initial HQ concentration was recommended for batchfeeding catalysis process (Fig. 3d). Among main products including α-arbutin, fructose and glucose, α-arbutin
almost did not cause any inhibition (similar to purified
Amy-1), 1.0 M of fructose only caused < 18% inhibition,
while 0.6–1.0 M of glucose would cause 46–60% decline
in glycosylation rate (Fig. 3e). Glucose was produced due
to sucrose hydrolysis by Amy-1 (Fig. 3f ). Hence, competitive relations were found between glycosylation and
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Fig. 2 Comparison of catalytic characteristics between purified
enzyme (Amy-1) (open) and whole cells of recombinant E. coli
overexpressing Amy-1 (close). a The tolerance against p-benzoquinone
of whole-cell catalyst (gray) and purified Amy-1 (white). The reaction
mixture contained 20 OD600 of cell suspension (1.6 U/mL) or 1.6 U/
mL of purified Amy-1, 30 mM of HQ, 1.2 M of sucrose, and different
initial concentration of p-benzoquinone. b The substrate inhibition
of hydroquinone on whole-cell catalyst and purified Amy-1. The
reaction mixture contained 5 OD600 of cell (0.4 U/mL) or 0.4 U/mL
of Amy-1, 1.2 M of sucrose, and 20 mM (square) or 80 mM (circle) of
hydroquinone in 50 mM PBS (pH 7.0). c The effect of different molar
ratio of glycoside donor sucrose and glycoside acceptor hydroquinone
on whole-cell catalyst and purified Amy-1. Molar ratio: 1:1 (square),
5:1 (circle), 10:1 (up triangle), 15:1 (down triangle), 20:1 (diamond),
40:1 (left triangle). Different molar ratios were prepared by varying the
sucrose concentration (30 mM–1.2 M) with constant HQ concentration
(30 mM). The reactions were catalyzed by 10 OD600 of cell (0.8 U/mL) or
0.8 U/mL of Amy-1 at 30 °C
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hydrolysis. A high glycosylation activity of whole-cell catalyst might cause excess hydrolysis of sucrose, resulting
in high concentration of glucose. For example in Fig. 3f,
in comparison to 5 of OD600 of cell density (0.4 U/mL),
10 of OD600 caused faster accumulation of glucose and up
to 0.6 M of glucose was produced after 19 h in absent of
HQ.

Batch-feeding strategy was used to avoid substrate inhibition, while the feeding rate of HQ was determined
by the glycosylation activity of the whole-cell catalyst,
which was also related to sucrose hydrolysis and glucose accumulation. To explore the interrelation between
glycosylation rate, HQ-fed rate, and sucrose hydrolysis
rate, different cell density was used for batch-feeding
whole-cell catalysis and the concentrations of sucrose,
α-arbutin, glucose and fructose were monitored (Fig. 4).
According to the changes of α-arbutin concentration, the whole glycosylation process could be divided
into three steps including initial step, fast step and balancing step regardless of the cell density. For example,
for a high cell density like 20 of O
 D600 (1.6 U/mL) was
used (Fig. 4a), Within 13 h of catalysis process, the first
2 h was designated as initial step with 17.4 mM h−1 of
productivity, 2–10 h was designated as fast step with
55.6 mM h−1 of productivity, and 10–13 h was designated as balancing step with 8.7 mM h−1 of productivity.
The final concentration of α-arbutin was 546 mM. When
10 of OD600 (0.8 U/mL) was used (Fig. 4b), the three steps
were 0–4 h (17.4 mM h−1), 4–14 h (45.4 mM h−1) and
14–18 h (7.1 mM h−1), respectively, and final concentration was 540 mM of α-arbutin. For 5.0 of O
 D600 (0.4 U/
mL) (Fig. 4c), the three steps were 0–6 h (11.4 mM h−1),
6–14 h (34.8 mM h−1) and 14–18 h (9 mM h−1), respectively, and final concentration was 383 mM of α-arbutin.
For 1.0 of O
 D600 (0.08 U/mL) (Fig. 4d), only initial step
(0–6.6 h) and fast step (6.6–18 h) were observed due to
the low enzymatic activity, and final concentration of
α-arbutin was 156 mM.
By comparing concentration changes of sucrose, fructose
and glucose, transglycosylation reaction and hydrolysis
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Fig. 3 Optimal conditions of whole-cells biotransformation for synthesis of α-arbutin. a Optimal pH. 50 mM of sodium acetate buffer (pH
3.9–6.5) (square), 50 mM of PBS (pH 5.6–7.8) (circle), and 10 mM of H3BO3-NaOH-KCl buffer (pH 7.6–10.0) (up triangle). b Optimal temperature.
c Thermostability at 20 °C (square), 25 °C (circle), 30 °C (up triangle), 35 °C (down triangle), 40 °C (diamond), and 45 °C (left triangle). d Different
initial concentration of hydroquinone like (mM) 20 (square), 40 (circle), 50 (up triangle), 80 (down triangle), 100 (diamond), 120 (left triangle). e The
inhibitory effect of different initial concentration of fructose (black) and glucose (gray). f Sucrose hydrolysis activity by 5.0 (close) and 10.0 (open) of
cell density (OD600) without addition of hydroquinone. Square: sucrose, circle: glucose, triangle: fructose

reaction simultaneously happened during the whole catalysis process. Higher glycosylation activity resulted in faster
sucrose hydrolysis rate. Therefore, substantial hydrolysis of
sucrose occurred and glycosylation rate suddenly declined
at 7–9 h of catalysis reaction by 20 of O
 D600. Sucrose was
added to restore glycosylation rate when its concentration
decreased to below 0.5 M. In addition, sucrose continued to be hydrolyzed even at balancing step. For example, concentrations of fructose and glucose still quickly
increased at 10–13 h (Fig. 4a), resulting in the accumulation of glucose at high concentration (up to 0.7 M at13 h)
and significant inhibition of glycosylation. The activity of
the whole-cell catalyst would decline due to poor thermostability, for example, when reactions were catalyzed by
10 and 5.0 of OD600, glycosylation rate and hydrolysis rate
both decreased after 14 h of reaction (Fig. 4b, c). Therefore,
the reaction catalyzed by 10 of O
 D600 (0.8 U/mL) was optimal for high-yield production of α-arbutin.
Scale‑up production of α‑arbutin in 5000 L reactor

The production of α-arbutin by batch-feeding whole-cell
biotransformation was scaled up in 5000-L reactor. ~ 10.0
of OD600 of whole-cell catalyst was used. Two batches
were examined as showed in Table 1 and Fig. 5a (Batch
1#). The total volume in Batch 1# and Batch 2# was 3500

L and 4000 L, respectively. According to the synthetic
curve of α-arbutin shown in Fig. 5a, the first 3.5 h was
designated as initial step with 10.3 mM h−1 of productivity, 3.5–20 h as fast step with 21.2 mM h−1 and 20–22 h as
balancing step with 7.2 mM h−1. A significant decline of
glycosylation rate happened at about 11 h during the fast
step, and sucrose was then added to restore the glycosylation rate. HQ concentration was continuously examined by HPLC, and supplemented to 50 mM after each
analysis. The final concentration of α-arbutin in Batch 1#
and Batch 2# was 397 mM and 375 mM and molar conversion rate was 95% and 94.2%, respectively. Comparing to the catalysis in the laboratory scale (Fig. 4b), the
final yield decreased by 36–44%, which might result from
the declined glycosylation activity of whole-cell catalyst
prepared in a 500-L fermenter. Whereas, the molar conversion rate was almost equivalent to that in laboratory
scale. The yield was still in the highest level by comparing to previous report (Yang et al. 2019; Zhu et al. 2018).
Therefore, the scale-up production of α-arbutin by batchfeeding whole-cell biotransformation is satisfactory. In
addition, the product of α-arbutin could be rapidly separated from whole-cell catalyst by microfiltration equipment, and refined to highly-purified product as showed
in Fig. 5b (purity > 99%).
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Fig. 4 The batch-feeding whole-cell catalysis processes catalyzed by different cell density in a laboratory scale. The 50 mL reaction mixture
contained 1.2 M sucrose, 60 mM initial concentration of hydroquinone, 50 mM PBS (pH 7.0), and different cell density including a 20.0 of O
 D600
(1.6 U/mL); b 10.0 of OD600 (0.8 U/mL); c 5.0 of O
 D600 (0.4 U/mL); d 1.0 of O
 D600 (0.08 U/mL). The reactions were performed in 100 mL round-bottom
flask incubated in a thermostatic waterbaths with a magnetic stirrer at 30 °C. Hydroquinone was constantly added into reaction mixture. Sucrose
was also supplemented at 9 h in the reaction (a, b). Square: α-arbutin, circle: sucrose, up triangle: glucose, down triangle: fructose

Table 1 Related
parameters
in
the
biotransformation process of 5000-L reactor
Parameters

Batch 1#

scale-up
Batch 2#

Final concentration, mM
α-Arbutin

397

375

Hydroquinone

4.54

6.18

Total yield of α-arbutin, kg

~ 378

~ 408

Total feeding amount of Hydroquinone, kg

161

175

Total amount of sucrose, kg

1150

1600

Final volume, kL

~ 3.5

~ 4.0
22.5

Catalytic time, h

22

Productivity, kg·kL−1 h−1

4.91

4.53

Molar conversion rate, %

95%

94.2%

Discussion
Environment-friendly one-step enzymatic transformation for synthesis of α-arbutin attracted wide interests
due to rapid growth in global skin-whitening cosmetics

market (Migas and Krauze-Baranowska 2015; Zhu et al.
2018). We recently identified the amylosucrase (Amy-1)
from X. campestris pv. campestris 8004 as a new HQ glycosylation enzyme with the highest activity by comparing
to other enzymes (Zhu et al. 2018, 2019). In this study,
whole-cell catalysis was proved to remarkably outperform enzymatic catalysis including better tolerance to
oxidation products of HQ, lower ratio of glycoside donor
and acceptor, no decrease in conversion rate. Therefore,
a higher concentration (546 mM, 148.5 g/L) of α-arbutin
was obtained by whole-cell catalysis than that by purified enzyme as previously reported (Zhu et al. 2019). In
addition, whole-cell catalysis has inherent advantages
like no need of cell lysis and enzyme purification and
easy-to-scale-up of process (Wachtmeister and Rother
2016). In this study, production process was scaled up
in 5000 L reactor. Cell cultures were prepared in 500 L
fermenter by high-density fermentation, and then were
diluted by 10-fold for direct use as catalyst. Its activity declined by 30–40% due to the lack of kanamycin in
comparison with the cells cultured in 2.5 L fermenter.
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Fig. 5 Batch-feeding whole-cell biotransformation for industrial-scale production of α-arbutin in a 5000-L reactor. a The concentration of α-arbutin
and hydroquinone in reaction mixture and the accumulated amount of hydroquinone during the catalysis process of Batch 1#. b The picture of
purified product of α-arbutin. Square: the concentration of α-arbutin, circle: the concentration of hydroquinone, triangle: total feeding amount of
hydroquinone

The final concentrations of 375–397 mM (102–108 g/L),
molar conversion rate (~ 95%) and productivity (4.53–
4.91 kg kL−1 h−1) were satisfactory, which were much
higher than those of scale-up production by the cells of
Xanthomonas BT-112 (Wei et al. 2016) and recombinant
E. coli cells (Yang et al. 2019). Therefore, batch-feeding
whole-cell biotransformation by recombinant E. coli cells
expressing Amy-1 is effective for industrial production of
α-arbutin.
According to the optimal conditions for whole-cell
catalysis, cell microenvironment enhanced the tolerance against p-benzoquinone and broadened pH range,
but did not provided a protective function on the thermostability and susceptibility to HQ. It is still essential to use feeding strategy by constantly monitoring
HQ concentration for whole-cell catalysis. Although
a lower mole ratio of glycoside donor and acceptor
was required by whole-cell catalyst, a very high initial
concentration of sucrose (1.2 M) was still used. This is
because of the fact that a high concentration of sucrose
can decrease sucrose hydrolysis rate, which is similar
with other glycosylation reactions catalyzed by glycosidase (Kurosu et al. 2002).
Amylosucrase is a sucrose-utilizing multifunctional enzyme. It can catalyze a variety of tranglycosylation reactions (polymerization, isomerization
and glycosylation) and hydrolysis reaction (Tian et al.
2018). Only four main sugar-related compounds were
detected in the reaction mixture including sucrose,
glucose, fructose and α-arbutin, meaning HQ glycosylation reaction and sucrose hydrolysis reaction were
dominant in the catalytic process. Factors influencing

these two reactions included HQ-fed rate, catalyst’s
activity, sucrose concertation, and glucose accumulation. HQ-fed rate need to be carefully controlled in
order to avoid HQ inhibition and excess hydrolysis of
sucrose. An excess loading of catalyst (like 20 of OD600
in Fig. 4a) would result in a substantial hydrolysis of
sucrose and with glucose accumulation, which inhibits
HQ glycosylation. Sucrose need to be supplemented if
its concentration declined to < 0.5 M during fast step of
catalysis process. Therefore, it is important to balance
glycosylation rate and hydrolysis rate by controlling
these operational parameters for high-yield production
of α-arbutin.
Overall, our results proved that batch-feeding
whole-cell biotransformation was easy to be scaled
up for industrial production of α-arbutin. Scale-up
of catalysis process should carefully adjust HQ-fed
rate. The product of α-arbutin can be easily separated
from whole-cell catalyst by microfiltration equipment, besides, the high product yield and conversion
rate also can cut down the cost of the downstream
process for α-arbutin refining. Besides, considering
the employment of sucrose with low cost, the onestep biotransformation can be successfully applied for
industrial production of α-arbutin.
Abbreviations
HQ: hydroquinone; LB: Luria–Bertani; PBS: phosphate buffer system; OD600:
optical density at 600 nm.
Acknowledgements
We thank Zhejiang Meidi Biotechnology Co., Ltd. for providing the experimental workshop and technical support.

Zhu et al. AMB Expr

(2019) 9:94

Authors’ contributions
LZ, YF and XC conceived the study. LZ, MX, CL, LC, AX, JF, HC and YL performed
the experiments, analysis, product purification and scale-up production. LZ
wrote the manuscript and HC, YL and XC reviewed the manuscript. All authors
read and approved the final manuscript.
Funding
This work was supported by the Natural Science Foundation of Zhejiang (No.
LY19B060008) and Key Research & Development Programs in Zhejiang (No.
2019C01085) and the National Nature Science Foundation of China (Nos.
31601445, 31601390 and 21572206).
Availability of data and materials
The datasets supporting the conclusions of this article are included within the
article.
Ethics approval and consent to participate
Not applicable as this article does not contain any studies with human participants or animals by any of the authors.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Institute of Fermentation Engineering, Zhejiang University of Technology,
18 Chaowang Road, Hangzhou 310014, China. 2 College of Biotechnology
and Bioengineering, Zhejiang University of Technology, Hangzhou 310014,
China. 3 College of Chemical Engineering, Zhejiang University of Technology,
Hangzhou 310014, China.
Received: 4 June 2019 Accepted: 19 June 2019

References
Desmedt B, Courselle P, De Beer JO, Rogiers V, Grosber M, Deconinck E, De
Paepe K (2016) Overview of skin whitening agents with an insight into
the illegal cosmetic market in Europe. J Eur Acad Dermatol 30(6):943–950.
https://doi.org/10.1111/jdv.13595
Desmet T, Soetaert W, Bojarova P, Kren V, Dijkhuizen L, Eastwick-Field V, Schiller
A (2012) Enzymatic glycosylation of small molecules: challenging substrates require tailored catalysts. Chem-Eur J 18(35):10786–10801. https://
doi.org/10.1002/chem.201103069
Kazuhisha S, Takahisha N, Takahashi K (2007) Development of alpha-arbutin:
production at industrial scale and application for a skin-lightening cosmetic ingredient. Trends Glycosci Glyc 19(110):235–246
Kitao S, Sekine H (1994) Alpha-d-glucosyl transfer to phenolic-compounds by
sucrose phosphorylase from Leuconostoc mesenteroides and production of alpha-arbutin. Biosci Biotech Bioch 58(1):38–42. https://doi.
org/10.1271/bbb.58.38
Kurosu J, Sato T, Yoshida K, Tsugane T, Shimura S, Kirimura K, Kino K, Usami S
(2002) Enzymatic synthesis of alpha-arbutin by alpha-anomer-selectiveglucosylation of hydroquinone using lyophilized cells of Xanthomonas
campestris WU-9701. J Biosci Bioeng 93(3):328–330. https://doi.
org/10.1263/jbb.93.328
Lukas B, Schmiderer C, Mitteregger U, Novak J (2010) Arbutin in marjoram and
oregano. Food Chem 121(1):185–190. https://doi.org/10.1016/j.foodc
hem.2009.12.028

Page 9 of 9

Mathew S, Adlercreutz P (2013) Regioselective glycosylation of hydroquinone
to alpha-arbutin by cyclodextrin glucanotransferase from Thermoanaerobacter sp. Biochem Eng J 79:187–193. https://doi.org/10.1016/j.
bej.2013.08.001
Migas P, Krauze-Baranowska M (2015) The significance of arbutin and its
derivatives in therapy and cosmetics. Phytochem Lett 13:35–40. https://
doi.org/10.1016/j.phytol.2015.05.015
Nishimura T, Kometani T, Takii H, Terada Y, Okada S (1994) Purification and
some properties of alpha-amylase from Bacillus subtilis X-23 that glucosylates phenolic-compounds such as hydroquinone. J Ferment Bioeng
78(1):31–36. https://doi.org/10.1016/0922-338x(94)90174-0
Sato T, Hasegawa N, Saito J, Umezawa S, Honda Y, Kino K, Kirimura K (2012)
Purification, characterization, and gene identification of an alpha-glucosyl transfer enzyme, a novel type alpha-glucosidase from Xanthomonas
campestris WU-9701. J Mol Catal B-Enzym 80:20–27. https://doi.
org/10.1016/j.molcatb.2012.04.014
Seo DH, Jung JH, Ha SJ, Song MC, Cha J, Yoo SH, Kim TJ, Baek NI, Park CS (2009)
Highly selective biotransformation of arbutin to arbutin-alpha-glucoside
using amylosucrase from Deinococcus geothermalis DSM 11300. J
Mol Catal B-Enzym 60(3–4):113–118. https://doi.org/10.1016/j.molca
tb.2009.04.006
Seo DH, Jung JH, Lee JE, Jeon EJ, Kim W, Park CS (2012) Biotechnological
production of arbutins (alpha- and beta-arbutins), skin-lightening agents,
and their derivatives. Appl Microbiol Biot 95(6):1417–1425. https://doi.
org/10.1007/s00253-012-4297-4
Sugimoto K, Nishimura T, Nomura K, Sugimoto K, Kuriki T (2004) Inhibitory
effects of alpha-arbutin on melanin synthesis in cultured human melanoma cells and a three-dimensional human skin model. Biol Pharm Bull
27(4):510–514. https://doi.org/10.1248/bpb.27.510
Tian YQ, Xu W, Zhang WL, Zhang T, Guang CE, Mu WM (2018) Amylosucrase
as a transglucosylation tool: from molecular features to bioengineering
applications. Biotechnol Adv 36(5):1540–1552. https://doi.org/10.1016/j.
biotechadv.2018.06.010
Wachtmeister J, Rother D (2016) Recent advances in whole cell biocatalysis
techniques bridging from investigative to industrial scale. Curr Opin
Biotech 42:169–177. https://doi.org/10.1016/j.copbio.2016.05.005
Wei M, Ren Y, Liu CX, Liu RC, Zhang P, Wei Y, Xu T, Wang F, Tan TW, Liu CQ
(2016) Fermentation scale up for alpha a-arbutin production by Xanthomonas BT-112. J Biotechnol 233:1–5. https://doi.org/10.1016/j.jbiot
ec.2016.05.022
Yang C, Fan W, Zhang R, Shi J, Knezevic-Jugovic Z, Zhang BG (2019) Study
on transglucosylation properties of amylosucrase from Xanthomonas
campestris pv. Campestris and its application in the production of alphaarbutin. Catalysts 9:1. https://doi.org/10.3390/catal9010005
Yu SH, Wang YC, Tian YQ, Xu W, Bai YX, Zhang T, Mu WM (2018) Highly efficient
biosynthesis of alpha-arbutin from hydroquinone by an amylosucrase
from Cellulomonas carboniz. Process Biochem 68:93–99. https://doi.
org/10.1016/j.procbio.2018.02.012
Zhu XT, Tian YQ, Zhang WL, Zhang T, Guang CE, Mu WM (2018) Recent
progress on biological production of alpha-arbutin. Appl Microbiol Biot
102(19):8145–8152. https://doi.org/10.1007/s00253-018-9241-9
Zhu L, Jiang D, Zhou Y, Lu Y, Fan Y, Chen X (2019) Batch-feeding wholecell catalytic synthesis of alpha-arbutin by amylosucrase from Xanthomonas campestris. J Ind Microbiol Biotechnol 46:759–767. https://doi.
org/10.1007/s10295-019-02143-z

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

