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An efficient one-pot, 2-step flow bioprocess for the hydrolysis of
hesperidin (HES) and rutin (RT), citrus rutinosyl flavonoids, has
been developed for the obtainment of the corresponding
aglycones. A commercially available a-rhamnosidase (RN) and an
extremophilic home-made B-glycosidase (HOR) have been co-
immobilized on glyoxyl-agarose beads to prepare a high-
performing multi-active biocatalyst (imm-RN-HOR). After the
optimization of the reaction conditions in batch mode, a “flow
switch” was applied, increasing the productivity (>99% m.c., 5
min), cost-efficiency and sustainability of the overall process. Due
to the recovery and reuse of all the materials involved in the flow
biotransformation, this strategy is effectively a zero-waste
process.

Citrus agriculture and citrus-related processing industries
produce tonnes of waste and by-products every year, mainly
consisting in seeds, peels, leaves and branches which need to
be managed and disposed of.' In terms of sustainability,
the maximization of residue reuse and exploitation has
become a key issue since these waste materials are rich in
natural valuable compounds with a variety of different
properties.” Among them, flavonoids present a huge potential
in the pharmaceutical, food and cosmetic sectors, due to their
wide range of biological activities such as anti-inflammatory,
antioxidant, antiviral, neuroprotective
properties.”™® In particular, citrus flavonoids can be divided
into three categories: rutinosyl flavonoids, their mono-
glycosides and aglycones. Although these compounds are
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characterized by similar in wvitro activities, higher
bioavailability, stability and membrane permeability are
generally observed for aglycones.”"" In this context,
hesperidin (HES) and rutin (RT) (Scheme 1) represent
widespread rutinosyl flavonoids in citrus species, both in
fruits and their by-products. Peels and leaves possessing a
high content of HES and RT (260-670 mg g, 7-15 mg g™
respectively)'>™* are nowadays considered as alternative
natural sources for their recovery. Chemical attempts to
obtain the corresponding aglycones hesperetin (HP) and
quercetin (Q) (Scheme 1) from their rutinosyl counterparts
mainly rely on hydrolysis approaches. However, the
conditions for chemical hydrolysis of flavonoid glycosides are
typically too harsh to preserve the aglycone structure (e.g:,
polymerization), thus affecting their bioactivities and/or
generating side-products.’>™"”

Recent advances in biocatalysis have confirmed its
advantages over conventional chemistry, especially in terms
of higher selectivity and milder operational conditions.'®>°
Although whole-cell biocatalysis has been the leading
technique for the preparation of flavonoid aglycones, these
processes are typically characterized by low substrate loading,
high reaction volumes (e.g., fermentation technology) and
poor yields,*** while just a few examples employing
commercial hydrolytic enzymatic preparations have been
reported.”*” On the other hand, the home-made production
of proteins is generally considered a costly and time-
consuming technique. Moreover, the application of pure
enzymes is sometimes limited by their low operational
stability and reusability. Thus, enzyme immobilization is
considered as a key strategy to overcome these
drawbacks.”®° Enzyme immobilization not only enhances
the catalyst stability, and its facile isolation and reuse, but
also allows for biocatalyst incorporation in flow chemistry
reactors.””*> The combination of biocatalysis with flow
facilities, namely flow biocatalysis, is nowadays recognized as
a greener way to operate in chemistry, improving
biotransformation productivity and shortening reaction
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Scheme 1 Obtainment of quercetin and hesperetin as aglycones from the corresponding natural rutinosides.

times, while minimizing waste generation and energy
consumption.** > Flow (bio)systems are characterized by a
smaller equipment footprint and better control of
biotransformations, rendering scale-up more predictable:
process productivity can be improved by simply allowing the
system to work over time without the need for proportionally
increasing the reactor size and the biocatalyst amount.

Moreover, multi-step  biotransformations can  be
performed by sequentially connecting bioreactors filled with
different enzymes, or via enzymatic co-immobilization
techniques.**® During the last 20 years, although separately
immobilized enzymes were the most described, co-
immobilization of several proteins on the same carrier was
demonstrated to enhance the catalytic performance, reducing
the number of reaction steps, minimizing by-product
formation, decreasing the accumulation of unstable/toxic
intermediates, shifting the thermodynamic equilibrium
toward the target product, in situ recycling enzyme cofactors
(when necessary), and finally increasing bioprocess
productivity and cost-efficiency.***

In this work, we developed highly-productive and rapid
one-pot, 2-step flow biotransformations to have direct access
to HP and Q starting from the natural rutinosides HES and
RT (Scheme 1). A commercially available o-rhamnosidase
(RN) and an “in-house” prepared extremophilic B-glycosidase
from Halotermotrix orenii (HOR), so far employed for food
applications (e.g., bitterness removal from juice containing
naringin, wine aroma enhancement after the release of
volatile aglycones from non-volatile glucosides)*""** have been
selected as catalysts to be co-immobilized on the same
matrix.

Free enzyme-mediated batch biotransformations for the
obtainment of glucoside-intermediates (Glu-HP, IQ) and
subsequently of HP and Q as aglycones (Scheme 1) have been
firstly investigated. To avoid any solubility issue, typical of
flavonoid glycosides, biphasic reactions employing a water-
immiscible green solvent 2,2,5,5-tetramethyloxolane (TMO)"?
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have been set up (i.e., 50:50 water/TMO, 1 mg mL™" catalyst
concentration, 5 g L™* substrate loading). Glu-HP and IQ were
obtained with 15% and 30% m.c. in 14 h and 3 h, while HP
and Q with 18% and 32% m.c. in 2 and 0.5 h, respectively
(see the ESIf). To enhance the catalyst stability under
operational conditions (i.e., biphasic media, 40 °C, 5 g L™"
rutinoside concentration), a highly tailored immobilization of
the two single proteins (imm-RN and imm-HOR) was
developed. A covalent bond between the matrix and the
enzymes has been selected to specifically obtain robust and
durable catalysts to be used at high flow rates for scalable
productivity.®*>***> Agarose previously functionalized with
aldehyde groups (i.e., glyoxyl-agarose) has been chosen as a
support for its better performance in terms of retained
activity when compared with other popular immobilization
carriers (e.g., methacrylate resins).*”> Different concentrations
of the two enzymes (RN and HOR) have been tested (1, 2, 5
mg gresin ); the highest recovered activity (35%, 53%
respectively) was obtained employing 1 mg gresin = pure
proteins (see the ESIt). With the idea of speeding up the first
reaction (ie., rhamnose cleavage), characterized by long
reaction times when the free catalyst was employed (14 h
HES — Glu-HP; 2 h RT — 1Q), a higher enzymatic loading
was selected for imm-RN (5 Mgprotein Zresin ), allowing us to
obtain a final catalyst with improved total activity (U Zresin ')-
Subsequently, simultaneous co-immobilization of the two
biocatalysts (imm-RN-HOR, RN: 5 Mg gresin ; HOR: 1 mg
gresin’l) has been carried out with the final aim of running
enzymatic cascades into one-pot reaction systems. To further
characterize the carrier before and after enzyme (co)-
immobilization, imaging analysis was carried out via
scanning electron microscopy (SEM) (see the ESIt). Particles
supported with 5 Mg Zresin © RN, 1 Mg Zresin - HOR, and a
combination of both enzymes (5 mgrn gresin’l, 1 mguor
Zresin ') showed neither surface changes nor aggregation
phenomena, thus maximizing the contact area during the
reactions (Fig. 1).
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Fig. 1 SEM images (500x magnification) of the agarose matrix before
and after enzyme (co)-immobilization of a: RN (5 mg Gresin 1); b: HOR
(1 mg gresinil); c: RN-HOR (5 MgrN gresinilr 1 Mguor gresinil)-

Additionally, the spatial distribution of fluorophore-
labelled proteins was investigated (see the ESIf). In the
single-enzyme preparations (Fig. 2a and b), the biocatalysts
were localized across the porous surface of glyoxyl-agarose
beads, thus favouring close contact with substrates. In the
combined formulation, a spatial organization with HOR more
internally localized surrounded by RN was observed (Fig. 2c).
This can be explained considering the 1:5 HOR/RN loading
ratio.

To test the catalytic performance of the agarose (co)-
immobilized enzymes (imm-RN, imm-HOR, imm-RN-HOR),
batch reactions as previously described have been set up,
fixing the substrate concentration at 5 g L™'. Employing RT
as a substrate for rhamnose hydrolysis the higher conversion
(50% m.c.) was reached after 1 h, whereas, starting from IQ,
the higher molar conversion for glucose cleavage was 80%
after 1.5 h (see the ESIf). Direct obtainment of the HP and Q
aglycones using imm-RN-HOR was achieved with 60% and
70% molar conversion in 1 and 0.5 h, respectively (see the
ESIT). It is worth noting that the immobilized system
afforded much higher activity than the free enzymes since
the catalyst concentrations (RN: 50 mg mL ™", enzyme loading:
5 Mg Zresin ; HOR: 50 mg mL™, enzyme loading: 1 mg
gresin'l) required for these reactions were between 4- and 20-
times lower than that of their free counterparts (1 mg mL™).

Although better results have been observed after protein
immobilization, to further accelerate biotransformations
while also enhancing the productivity, flow bioprocesses have

Fig. 2 Confocal microscopy of glyoxyl-agarose particles immobilizing
a: rhodamine-labelled RN (5 mg gyesin 3); b: fluorescein-labelled HOR (1
mg g,esin’l); c: rhodamine-labelled RN and fluorescein-labelled HOR (5
MRN resin - 1 MYHoR Gresin ). Magnification 20x.
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Scheme 2 Flow bioprocessing of HES and RT. Solution A: 10 g L™
HES or RT in TMO. Solution B: HEPES buffer, 0.05 M, pH 7.5. Co-imm-
enzyme(s): imm-RN (5 Mg Gresin 2) or HOR (1 Mg Gresin 3) or imm-RN-
HOR (5 mggrn gresinilr 1 mguor gresinil)- T =40 °C.

been developed. Single step reactions were firstly optimized
flowing a segmented liquid-liquid stream composed of
HEPES buffer 0.05 M, pH 7.5/TMO 50:50 into a packed-bed
reactor containing imm-RN or imm-HOR (Scheme 2).
Keeping constant the starting concentration of rutinosides (5
g L"), the flow was varied till the obtainment of the best
results in terms of molar conversion (see the ESIT). Imm-RN
gave Glu-HP with 90% m.c. in 30 min of residence time,
while IQ was obtained with complete conversion in 5 min.
Imm-HOR-mediated biotransformation delivered HP and Q
with >99% and 89% conversion in 5 and 1 min, respectively
(see the ESIT). A further leap forward has been made with the
employment of the co-immobilized RN-HOR preparation,
obtaining directly the desired aglycones HP and Q from the
corresponding rutinosides with complete conversion in just 5
min of residence time (reactor volume: 1.2 mL). The biphasic
stream exiting from the flow bioreactor (20 mL, 16 reactor
volumes) was collected. After phase separation, the aqueous
phase containing the sugars was recovered as the mixture
could be potentially reutilized for cell culture/cell feeding
operations.*® The evaporation of the organic phase allowed
for product isolation (95-98 mg) without any further
purification. TMO was also recovered and used again for
other biotransformation cycles. Since all the materials
involved in the developed procedure can be recovered and
reused, the designed strategy can be considered an ultra-
efficient, zero-waste process.***”

In conclusion, hesperidin and rutin, among the most
abundant rutinosyl flavonoids recoverable from citrus residues,
have been successfully transformed into the corresponding
aglycones (hesperetin and quercetin), characterized by better
pharmacokinetic profiles. The combination of biocatalytic
approaches and flow facilities allowed for higher yields and
rapid reaction times (>99% m.c., 5 min) with respect to batch
reactions (60-70%, 0.5-1 h). Enzyme co-immobilization was
demonstrated to be a smart strategy to solve some drawbacks
typical of step-by-step cascade reactions (e.g., multiple reaction
steps, sequential pots, intermediate accumulation, unfavourable
equilibrium, and difficult work-up procedures, among others).
By providing a compartmentalized microenvironment where

This journal is © The Royal Society of Chemistry 2023
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enzymes are spatially organized at the right density, the imm-
RN-HOR preparation allowed for one-pot, 2-step flow
bioprocesses characterized by enhanced catalytic performance.
Due to the robustness of the imm-RN-HOR system (16 reactor
volumes with no activity loss), together with the flow
methodology here developed, by simply leaving the bioreactors
working overtime, large scale production of natural products
can be achieved without any further optimization. The recovery
and the potential reuse of all the materials involved in the
biotransformations, including solvents, make this process
appealing for its overall sustainability.
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