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Abstract: Enzymes are natural catalysts which are gaining momentum in chemical synthesis due to their exquisite
selectivity and their biodegradability. However, the cost-efficiency and the sustainability of the overall biocatalytic
process must be enhanced to unlock completely the potential of enzymes for industrial applications. To reach
this goal, enzyme immobilization and the integration into continuous flow reactors have been the cornerstone
of our research. We showed key examples of the advantages of those tools for the biosynthesis of antivirals,
anticancer drugs, and valuable fragrance molecules. By combining new strategies to immobilize biocatalysts,
innovative bioengineering approaches, and process development, the performance of the reactions could be
boosted up to 100-fold.
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1. Introduction
Biocatalysis, where enzymes are utilized to carry out chemi-

cal reactions, has advanced a long way in the last few years, and
is now considered another tool in organic chemistry.[1] The re-
cent developments in bioinformatic tools, together with protein
engineering and directed evolution are expanding the possibilities
for biocatalytic reactions.[2] In fact, biocatalysis has moved from
the typical use of bulk enzymes in laundry detergents, to tailor-
made enzyme cascades for the synthesis of fine chemicals such
as pharmaceuticals (i.e. Islatravir). Yet, some of the main points
on the to-do-list for enzymatic reactions to allow them to be in-
corporated into industrial processes is the improvement of their
stability, cost-efficiency and sustainability.[3,4]Although enzymes
are considered ‘green catalysts’ due to their biological origin and
the use of water as the main solvent, there are critical parameters
such as cofactor-recycling, waste reduction, and biocatalyst reus-
ability, that must be improved to meet the sustainability and cost-
efficiency requirements of industry.[5]

Pharmaceuticals and fragrances are two of the main products
for which new biocatalytic approaches have emerged during the

last years.[2] Therefore, the design and development of greener
enzymatic processes for their production is of high interest.

2. Four Strategies to Enhance the Sustainability and
Efficiency of Biocatalysts

We have looked into the main aspects that must be improved
when preparing a biocatalyst and we have developed four new
strategies to overcome sustainability and efficiency issues.

2.1 Enzyme Immobilization: Recycling the Support
Enzyme or cell immobilization is a strategy that generally im-

proves the stability of biocatalysts by their entrapment, crosslink-
ing, or attachment to a support.[6]Moreover, immobilized biocata-
lysts can easily be separated from the reaction bulk enabling the
biocatalyst to be reused for a new reaction cycle.

For industrial applications, the attachment of a biocatalyst to a
support (i.e.microbeads of methacrylate, agarose, silica) is usual-
ly preferred because the final biocatalyst preparation is robust and
easy to handle.[7] To this end, a variety of immobilization chem-
istries are available to link the enzyme to the support. Reversible
immobilization chemistries provide in general a better biocatalyst
activity and also enable cleaving of the enzyme once inactive,
allowing the reuse of the support to immobilize a fresh enzyme
solution. In fact, recycling of the support is of utmost importance
for biocatalytic applications since the cost of the support can be
very high (1000–2000 CHF/kg).[8]On the other hand, reversible
chemistries such as hydrophobic and ionic bonds may be weak
interactions, posing the risk of enzyme lixiviation to the reaction
bulk. Therefore, covalent irreversible binding is often chosen for
enzyme immobilization.

In order to exploit the benefits of reversible enzyme immobi-
lization while eliminating the potential risk of enzyme lixiviation,
we developed a covalent but reversible binding chemistry. To this
end, the protein was genetically labelled with a (6x)Cys-tag that
allowed the covalent binding through disulfide bonds to a support
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cofactors for more than 50 times maintaining the biocatalytic con-
version >90%.[12]More recently, the group of Prof. López-Gallego
has advanced the co-immobilization of cofactors by harnessing
the ribose moiety of adenylated cofactors for the reversible bind-
ing to microbeads activated with boronic acid.[16]

2.3 Reuse of Water and Additives in Flow Reactors
The integration of immobilized enzymes into continuous flow

reactors is an attractive strategy for the intensification of biocata-
lytic processes.[17,18] Yet, enzymes still work under very diluted
conditions and may need the continuous addition of excipients
(i.e. donors, surfactants, co-solvents) to carry out the enzymatic
reactions. In 2018, Contente and Paradisi developed a closed-loop
system which allowed the in-line recovery and recirculation of
by-products and waste waters for their reusability into flow bio-
catalytic processes.[19]Based on this concept, we have developed
several flow set-ups: 1) to recover the cofactor during the syn-
thesis of a pharmaceutical building block;[20] 2) to separate the
excess of amine donors in transamination reactions;[13] and 3) to
recycle the excess of sugar donors and the waste waters during the
biosynthesis of nucleoside drugs.[10]

Nucleoside analogues such as Nelarabine and Rivabirin are
important anticancer and antiviral drugs. Their biocatalytic syn-
thesis can be accomplished by purine nucleoside phosphorylases
(PNP) through phosphorylation of the sugar donor and transglyco-
sylation to the desired nucleobase (Fig. 3a). However, a high num-
ber of equivalents of the sugar donor were necessary to achieve
full conversion during the synthesis of nucleoside drugs in flow
reactions (at 10 mM scale, in 2 min).[10] Therefore, we designed
a flow set-up that permitted the reuse of the sugar donor while
separating the final product as well. To achieve this, a second re-
actor was filled with a cation exchange resin (Amberlyst® A15)
and connected downstream to the biocatalytic reactor (Fig. 3b).
During the synthesis of a Nelarabine analogue, 84% of the sugar
donor was separated from the final product and directly recircu-
lated into the biocatalytic reactor for its reuse. The final product
(Nelarabine analogue) that was retained on the cation exchanger
could be easily and efficiently recovered (78%) by addition of
NaOH.With this set-up, the E-factor (mass of waste/mass of prod-
uct) was reduced 3.5-fold, therefore reducing the waste generation
and increasing the process sustainability.[10] Finally, Amberlyst®
A15 was easily regenerated by flushing with 10% HCl.

2.4 Spheroplast Biocatalysts: The Peculiar Case
of Membrane-bound Enzymes

Biocatalysts can be applied in the form of purified enzymes
or whole cells. Although purified enzymes are preferred to avoid
the generation of secondary by-products, whole-cell biocatalysts
offer protection from exterior stresses and maintain the enzyme
in a more natural environment. Moreover, the (partial) purifica-
tion of membrane-bound enzymes is not a trivial task and those
enzymes are typically used as whole-cell biocatalysts. This is the
case of squalene-hopene cyclases (SHCs) which have a great po-
tential for the production of high-value terpenoids such as flavors

functionalized with thiol groups (thiobenzoic acid) (Fig. 1).[9]This
immobilization strategy allowed the biocatalyst reusability for
multiple reaction cycles during the synthesis of pharmaceuticals,
even under continuous flow conditions, while maintaining the
biocatalytic activity.[10] Once the biocatalytic activity dropped be-
low 50%, the inactive enzyme was removed from the support by
incubation with a reducing agent (DTT). Finally, the support was
reused for the immobilization of a fresh enzyme solution (Fig. 1).

2.2 Enzyme and Cofactor Co-immobilization
Once (cofactor-dependent) enzymes have been immobilized,

the need for addition of costly cofactors remains one of the big-
gest challenges for the cost-efficiency of the biocatalytic process.
From an economic point of view, the reusability of cofactors is
also of interest as some cofactors can reach the price of 10,000
CHF/mmol. To overcome this issue, we developed a novel strat-
egy based on the reversible co-immobilization of cofactors to-
gether with the immobilized enzymes.[11] This strategy benefits
from the phosphate group that is present in most of the natural
cofactors for the ionic adsorption onto supports functionalized
with positively-charged amino groups (Fig. 2). To prove this, we
firstly co-immobilized two enzymes (alcohol dehydrogenase and
formate dehydrogenase) on epoxy-activated microbeads. Second-
ly, the immobilized enzymes were coated with a cationic polymer,
polyethyleneimine (PEI). This enabled the co-immobilization of
the cofactor (NAD+) by ionic interactions, so that the cofactor
could move from the matrix of the support to the active site of the
enzymes and back without leaving this micro-environment. The
resulting self-sufficient biocatalyst showed a 10-fold higher ac-
cumulated TTN (mol product/mol NAD+) over 10 reaction cycles
when compared with the same biocatalyst but adding the soluble
cofactor for each reaction cycle.[11]

Having this simple but efficient strategy in hand, we exploit-
ed its potential for the co-immobilization of different enzymes
with the corresponding cofactors: transaminases with PLP,[12,13]
ketoreductases with NADPH,[14] and an oxidase with FAD and
NADH.[15]This versatile technique allowed the reusability of the

Fig. 1. Enzyme immobilization through reversible disulfide bonds. The
enzyme was labelled with a fluorophore (green) to allow the monitoring
of the immobilization, enzyme cleavage, and re-immobilization by fluore-
scence microscopy.

Fig. 2. Scheme of the co-immobilization of enzymes and cofactor by harnessing the phosphorylated groups.
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brane barrier.[23] Since SHC is bound to the cytoplasmic mem-
brane of E. coli cells, we removed the outer membrane resulting in
spheroplast biocatalysts (Fig. 4a). SHC spheroplasts maintained
the stability of the enzyme while offering up to 100-fold improved
results for the cyclization of squalene, geranyl acetone, and farne-
syl acetone (Fig. 4b).[23] Furthermore, we developed a novel im-
mobilized biocatalyst: crosslinked spheroplasts (CLS), by using
glutaraldehyde for the crosslinking of the proteins located on the
surface of spheroplasts. This enabled the reusability of the SHC
spheroplast biocatalysts for at least 4 reaction cycles (96 h).

3. Conclusions and Outlook
Nowadays there is no doubt that biocatalytic reactions have

made a meaningful contribution to the catalysis field and they are
steadily growing due to their exquisite selectivity, and a priori,
sustainability. The difficult part comes with the implementation of
biocatalysis into industrial set-ups. Waste minimization and reac-
tion efficiency are key points to reach this goal. Herein, four strat-
egies have showcased the advances and the feasibility of greener
and more cost-efficient biocatalytic processes for the biosynthesis
of pharmaceuticals and fragrance molecules. We have developed
versatile technologies that can be further applied to other bio-
catalytic processes to exploit the full potential that biocatalysis
can offer.
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and fragrances.[21]However, when using SHCwhole cells, the cell
membrane acts as a diffusion barrier for the highly hydrophobic
substrates/products, thus hampering the enzyme activity. The ad-
dition of surfactants (i.e. SDS) has proved to alleviate those issues
by increasing the cell permeability, but this approach produces
more waste and higher costs.[22]

We envisioned a hybrid type of biocatalyst that could benefit
from the advantages of whole cells but eliminating the cell mem-

Fig. 4. Spheroplast biocatalysts for the cyclization of terpenoids as flavors and fragrance molecules. a) Scheme of the preparation of SHC sphero-
plasts. b) Cyclization reactions catalyzed by different types of SHC biocatalysts.

Fig. 3. Biocatalytic synthesis of nucleoside analogues. a) Reaction sche-
me of the phosphorylation of the sugar donor (inosine) and the transgly-
cosylation of the nucleobase (6-O-methylguanine) for the synthesis of a
Nelarabine analogue (6-O-methylguanosine) by an immobilized purine
nucleoside phosphorylase (PNP). b) In-line set-up of the flow biocataly-
sis and downstream steps.
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