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Abstract
The number of biocatalyzed reactions at industrial level is growing rapidly together with our understanding on how we can 
maximize the enzyme efficiency, stability and productivity. While biocatalysis is nowadays recognized as a greener way to 
operate in chemistry, its combination with continuous processes has lately come up as a powerful tool to enhance process 
selectivity, productivity and sustainability. This perspective aims at describing the recent advances of this technology and 
future developments leading to smart, efficient and greener strategies for process optimization and large-scale production.
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Introduction

Ages ago our ancestors started to prepare food and drinks via 
yeast cells, thus applying for the first time enzyme technology 
to high-value products, although without consciousness. The 
addition of yeast containing its own enzymes made possible 
the fermentation for bread preparation as well as the trans-
formation of glucose in ethanol during brewing [1]. Just in 
the middle 1800s the first enzymes were discovered (i.e., a 
mixture of amylases), and since then, enzyme-mediated pro-
cesses have been introduced in several sectors starting from 
food manufacturing. More recently, one or more biocatalytic 
steps have been added to the preparation of fine chemicals 

such as pharmaceuticals, cosmetics and agrochemicals [2]. 
Among the most impressive examples in the pharmaceutical 
field the synthesis of Islatravir, a nucleoside reverse tran-
scriptase translocation inhibitor (NRTTI) for HIV infection, 
which has been achieved exclusively enzymatically in 2019 
by Merck [3] as well as the heavily engineered transaminase 
ATA 117, key catalyst for the preparation of the blockbuster 
drug Sitagliptin [4] are noteworthy. Additionally, a protein 
from tropical berries, prepared by Amai Proteins company, 
being 3000 times sweeter than sugar, seems to possess the 
potential to replace up to 70% of the added sugars without 
health hazards and off-flavors of the synthetic and natural 
sweeteners. While its stability was enhanced via protein 
engineering, its production on large scale was carried out 
through yeast technology [5]. What is particularly clear 
is that protein production is no longer a problem, and the 
concern about biocatalysis as an expensive niche technol-
ogy has been dismantled. Particularly, with the progress of 
enzyme engineering, which allowed for the inclusion of Prof. 
Frances Arnold among the Nobel laureates, precise design of 
enzymes became possible, making biocatalysis an efficient 
tool compatible with industrial needs. In a parallel way, a 
particular focus has been put in carrying out highly-perform-
ing reactions, shifting the technical set-up from batch mode 
to alternative solutions. Among them, catalyst stabilization 
via enzyme immobilization techniques and flow chemistry 
technology, especially when combined, represent a leap 
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forward in enhancing the sustainability, safety and produc-
tivity of biotransformations, thus impacting on the process 
efficiency and process-related costs [6–8]. Very recently, 
multi-enzymatic flow bioreactions merging the advantages of 
flow facilities (i.e., better parameter control, higher mass and 
heat transfer, modularity), with the mild reaction conditions 
and the selectivity of biocatalysts (i.e., water media, room 
temperature, chemo-, regio-, and stereoselectivity) were even 
able to efficiently mimic cell metabolic pathways [9, 10].

Sustainable biocatalysis

Biocatalysis, which has been promoted as a cheaper, cleaner 
and more environmentally-friendly technology compared to 
conventional chemistry, leads to a rapid growth in the num-
ber of scientific publications studying its sustainability and 
increasing reports of biocatalyzed processes running on a 
commercial scale [11].

Sustainability in biocatalysis involves several key princi-
ples that collectively contribute to the overall goal of mini-
mizing environmental impact, conserving resources, and 
promoting catalyst long-term viability. Firstly, enzymatic 
processes offer several advantages in this regard due to their 
ability to operate under mild conditions. Unlike traditional 
chemical methods that often require harsh temperatures and 
toxic chemicals, biocatalysis can proceed at physiologically-
like conditions, which significantly reduce energy consump-
tion and the generation of hazardous waste.

Furthermore, sustainable biocatalysis emphasizes 
resource efficiency thanks to high substrate specificity, 
meaning that enzymes can catalyze target reactions with 
minimal waste production and formation of undesired by-
products. Additionally, the recycling of enzymes, co-factors 
and solvents further optimize resource utilization, minimiz-
ing the requirement for fresh inputs [12].

Sustainable biocatalysis also aligns with circular econ-
omy principles. By recycling waste streams or residues from 
other processes as substrates, bioreactions can transform 
discarded materials into valuable products. This approach 
enhances resource utilization and supports a more circular 
and self-sustaining strategy for high value molecule produc-
tion. While addressing environmental and ethical concerns 
is a key factor in the circular economy context, a sustainable 
biocatalytic process must also take into consideration the 
economic viability by evaluating process cost-effectiveness, 
optimizing catalyst performance, and minimizing production 
expenses. The development of efficient and scalable strate-
gies that yield valuable products contributes to the overall 
financial feasibility of a biocatalytic process. A comprehen-
sive evaluation of sustainability involves lifecycle assess-
ment (LCA), a standardized and internationally recognized 
tool (ISO 14044:2006) which examines the entire lifecycle 

of a product or process from its inception to its disposal. 
This approach helps identifying areas of potential environ-
mental impact and guides efforts aimed at mitigating these 
effects. Enzymatic synthesis typically exhibits a lower envi-
ronmental impact compared to chemical one. This is pri-
marily attributed to reduced reaction times (correlated with 
energy consumption), enhanced substrate selectivity and 
increased isolated yield. Notably, the recycling of solvents 
and enzymes as well as the use of continuous automated 
strategies emerge as the most impactful parameters [13]. 
In the last decade several works comparing LCAs between 
biocatalytic/chemical approaches identified and quantified 
the disparities between the different two processes, thus 
highlighting the importance of making this evaluation a 
commonly-used procedure [14, 15].

Overall, sustainability in biocatalysis includes a forward-
looking and responsible approach to chemical synthesis. By 
integrating environmental management, resource efficiency, 
circular economy principles, economic viability, and social 
responsibility, sustainable biocatalysis aims at combining 
technological advancements with the preservation of safe 
environments.

How to measure the sustainability of a chemical 
process

In recent decades, biocatalytic processes have induced a 
significant transformation within the landscape of chemi-
cal synthesis. These methodologies have not only emerged 
as valuable complements to traditional chemical synthesis 
but have, in certain cases, demonstrated their potential as 
viable substitutes. This shift is fueled by the imperative to 
harness renewable and cost-effective raw materials, embrace 
environmentally sustainable synthetic routes, minimize the 
generation of hazardous by-products and waste, while ensur-
ing high quality and value of the end product. However, the 
correlation between mild conditions and the overall system 
sustainability necessitates rigorous evaluation, particularly 
during the early stages of process development.

Being biocatalysis a young technology compared with 
established conventional chemical catalysis, evaluating the 
environmental footprint of bioprocesses is often complex 
due to limited available data [16, 17]. Nevertheless, different 
"Green Chemistry Metrics", have been introduced to quanti-
tatively assess the environmental performance of processes.

Atom efficiency (AE) and carbon mass efficiency 
(CME) are two pivotal metrics which specifically focused 
on evaluating the reaction chemistry. AE, also known as 
atom economy, measures the proportion of starting mate-
rials that contribute to the desired end product (Table 1, 
entry 1). Based on the reaction stoichiometry and mecha-
nism, it helps to design reactions that integrate a maximum 
number of substrate atoms into the final product structure 
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[18]. In contrast, CME assesses the percentage of car-
bon in the reagents that contributes to the final product 
(Table 1, entry 2) [19]. The central goal of evaluating AE 
and CME values during the early stage of the process is to 
establish benchmarks for its development and implementa-
tion. However, these metrics evaluate the chemistry eco-
friendliness without considering the whole process (e.g., 
by-products, co-substrates, and solvents).

The E-factor assesses the waste generated during 
the synthesis of chemical compounds, quantifying it as 
the amount of waste produced per kilogram of product 
(Table 1, entry 3) [12]. In the E-factor calculation, waste 
includes everything that leaves the process boundaries 
except for the desired product [20]. While water, con-
sidered an environmentally-friendly solvent, is typically 
excluded from the E-factor calculation, many chemical 
processes require highly-purified water, whose obtain-
ment and disposal present its own ecological impact [21]. 
Consequently, two variants of the E-factor are available: 
one excluding water and another one including this solvent 
[22]. The major limitation of E-factor metric is that it does 
not account for the specific type of by-products or waste 
generated.

Reaction mass efficiency (RME), also known as mass 
efficiency, is an updated version of the E-factor. It takes into 
consideration the yield of the reaction, the actual amounts 
of reagents used, and the atom economy. To calculate RME, 
the mass of the product is divided by the total mass of all 
the reagents involved in the process (Table 1, entry 5) [18].

The Effective Mass Yield (EMY) is a metric designed 
to provide insights into the overall efficiency of a chemical 
process in terms of mass utilization. EMY quantifies the por-
tion of the total mass of reactants that effectively contributes 
to the formation of the desired product in correlation with 
all the non-benign materials used in its synthesis (Table 1, 
entry 5) [23]. This metric helps highlight how efficiently the 
reactants are being utilized to yield the final product, even if 
it fails to define non-benign reagents with precision.

Process mass intensity (PMI) is a metric embraced by 
the American Chemical Society Green Chemistry Institute's 
Pharmaceutical Roundtable as a high-level measure to assess 
the sustainability of a manufacturing process [24]. PMI is 
defined as the total mass of materials required to produce a 
specified mass of the end product (Table 1, entry 6). Addi-
tionally, PMI incorporates catalyst production and down-
stream processes needed for isolating and purifying the final 
product. However, PMI does not include specific concerns 
related to the environmental impact, health, and safety of  
raw materials or waste produced [25].

Regarding the utilization of solvents, alternative metrics 
have been proposed to effectively assess their impact on the 
overall environmental performance of a process. One such 
metric is Solvent Intensity (SI), developed to address the 
limitations of the E-factor when evaluating solvent usage. 
SI aims at analyzing and quantifying the total amount of 
all solvents employed within the whole process (Table 1, 
entry 7) [20]. A specific variant of SI is Water Intensity 
(WI), which focuses on evaluating the quantity of water, 
(Table 1, entry 8) [26] holds particular significance in the 
context of biocatalysis and fermentation processes, where 
one of the key advantages is the potential to operate with 
environmentally benign solvents, primarily water (Table 1, 
entry 8) [26]. This is especially noteworthy considering 
that water frequently constitutes a significant portion, often 
over 50%, of the total resource mass. However, it is crucial 
to acknowledge that water has transformed into a limited 
and overexploited natural resource, prompting the need for 
responsible management [27, 28].

The evaluation of all these metrics, together with many 
other proposed, contribute to a comprehensive vision of the 
greenness and efficiency of a chemical process. By incor-
porating these metrics into process assessments, research-
ers and industries can make informed decisions to optimize 
resource utilization, minimize waste generation, and advance 
sustainable practices in chemical synthesis.

How biocatalysis flows

Enzyme Immobilization

Although both free and immobilized biocatalysts have been 
employed under flow conditions, the immobilized ones are 
more commonly used, thus generating a heterogeneous sys-
tem where the enzymes retain sufficient structure flexibility 
for the reaction to take place [8, 29, 30]. Various procedures 
regarding enzyme immobilization of whole-cell biocatalysts 
or purified enzymes have been reported, adopting a variety of 
different carriers. Both the strategies present pros and cons. 
Since our research group favors cell-free enzymes as biocata-
lysts (Fig. 1), we decided to focus on this topic suggesting 

Table 1  Mass-based metrics for greenness evaluation

Entry Metric Formula

1 AE (%) Molecular weight of product × 100

Total molecular weight of reactants

2 CME (%) Mass of carbon in reagents × 100

Mass of carbon in product

3 E-factor Total mass of waste

Mass of final product

4 RME (%) Mass of product × 100

Total mass of reactants

5 EMY Mass of product

Total mass of no−benign reagents

6 PMI Total mass of process (incl.water)

Mass of product

7 SI Mass of solvents

Mass of product

8 WI Mass of water

Mass of product
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the reading of the review by Pinto et al. for the most recent 
advances on whole cell immobilization [31]. Unlike whole 
cell systems, the use of pure enzymes avoids permeability 
issues due to the absence of cell membrane/cell wall as well 
as reduced overall final yields because of competing cell sec-
ondary pathways. Moreover, it allows for the employment 
of a specific amount of a catalyst (i.e., catalyst loading) so 
that, in a multi-step enzymatic cascade, each reaction can be 
individually fine-tuned finally obtaining a fully optimized 
process [9, 32]. It has been already demonstrated that enzyme 
immobilization impacts on the catalyst stability; this is par-
ticularly true for covalent immobilization strategies [33, 34].

In our group we have developed a range of different cata-
lyst immobilization based on covalent bonds between the 
protein and the matrix to finally obtain robust and durable 
biocatalysts to be specifically used under flow conditions, 
for high-productivity processes. Among the most success-
ful procedures the one involving the interaction between the 
enzymatic poly-His-tag, typically fused with the desired pro-
tein during the cloning phase to allow for its purification, 
together with bivalent metal derivatized-epoxy-supports, 
are noteworthy [35, 36]. The convenience of this protocol 
stands in the fact that the carriers are commercially avail-
able (e.g., various pore size, different linkers etc.), while the 
tunability is outstanding since the metal involved in the coor-
dination with the protein His-tag (Fig. 2a) can be selected 
to avoid catalyst poisoning and its consequent inactivation. 
Furthermore, the enzyme-matrix contact time can be var-
ied to improve/decrease the covalent bond formation, thus 
impacting on the final catalyst stability (e.g., rigidification/
distortion of the protein structure). Moreover, since the addi-
tion of the poly-His-tag is routinely employed to obtain a 
pure protein via metal affinity chromatography, cell crude 
extracts can be used as starting point for the immobilization 
procedure, thus combining in one-step protein purification 
and its immobilization [32].

Although a number of different hydrophobic and hydro-
philic carriers with different bead diameters, pore size and 
various linkers are available, non-swelling resins should be 
preferred for flow processing, especially when segmented 
streams are involved (e.g., aqueous/organic solvents or gas/
liquid phases). In this way back pressure is minimized and 
no change in the volume is observed.

However, neither the matrix nor the chemistry is uni-
versally ideal, and for every biocatalyst a trial-and-error 
procedure should be used to finally identify the best 
immobilization strategy. As an example, the acyl trans-
ferase from Mycobacterium smegmatis (MsAcT) has 
been immobilized on a series of different supports, but 
the best retained activity and immobilization yield was 
achieved using the hydrophilic agarose previously func-
tionalized with aldehyde groups (i.e., glyoxyl-agarose) 
[34]. Employing this method, a covalent bond was gener-
ated between the superficial lysine residues of the protein 
and the aldehyde groups (i.e., imine formation) which was 
subsequently reduced via  NaBH4, thus forming the stable 
amine bond (Fig. 2b).

Although during the last 20 years multi-step biotrans-
formations have been performed by separately immobilized 
enzymes [9, 37], co-immobilization of several proteins on 
the same carrier demonstrated to enhance the catalytic per-
formance by:

(1) reducing reaction steps,
(2) minimizing by-product formation,
(3) decreasing the accumulation of unstable/toxic inter-

mediates,
(4) shifting the thermodynamic equilibrium toward the tar-

get product,
(5) recycling enzyme cofactors in situ (when necessary),
(6) increasing bioprocess productivity and cost-efficiency 

[38, 39].

Fig. 1  Most popular pure enzyme immobilization techniques, adapted from Pinto et al. [31]
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As an example, a commercially available α-rhamnosidase 
(RN) and an extremophilic home-made β-glycosidase (HOR) 
have been co-immobilized on glyoxyl-agarose beads to pre-
pare a high-performing multi-active biocatalyst (imm-RN-
HOR) for the “one-shot” obtainment of aglycones starting 
from natural rutinosides (i.e., glycosides containing rham-
nose and glucose moieties)[40].

A significant amount of research focuses on the optimiza-
tion of immobilization protocols, especially in the prepara-
tion of a searchable database to guide the selection of the 
best immobilization method for a specific biocatalyst avoid-
ing the cost-, time- and energy-consuming trial-and-error 
procedure [41]. Another key point regards the sustainabil-
ity of the support preparation before enzyme immobiliza-
tion, which is usually carried out via conventional chemical 
methods employing toxic or hazardous reagents (e.g., strong 
acids, oxidants etc.). Our research group is focusing now 
on the development of biocatalyzed procedures for the sup-
port functionalization as well as the employment of natural 
polymers (better if recovered from waste, residues or by-
products) as carrier for enzyme immobilization. On one side 
we aim at enhancing the greenness of these processes, on the 
other side we would like to increase the use of immobilized 

enzymes in particular sectors where the consumer prefer-
ence for compounds derived from natural sources is rapidly 
expanding (e.g., food, cosmetic fields).

Solvents in biocatalysis

Solvents are widely used in various industrial and chemical 
sectors and, despite high precautions, they inevitably lead 
to contamination of air, land and water due to their volatile 
nature and difficulty in containment. Scientific literature 
offers a range of solvent selection guides provided by entities 
such as GSK, Pfizer, AstraZeneca, and the American Chemi-
cal Society (ACS) [24]. These guidelines prioritizing safety, 
health, and environmental concerns, aim to responsible and 
greener solvent choices.

Upon an in-depth examination of various chemical pro-
cesses, it becomes evident that solvents play a key role as 
significant contributors to overall mass and performance 
enhancement [26]. Their strategic use often results in 
improved yields, thus enhancing the environmental effi-
cacy of overall processes. This phenomenon is particularly 
evident in the fine chemicals and pharmaceutical produc-
tion sectors, where solvents typically account for 75% of 

Fig. 2  Covalent immobiliza-
tion strategies A. Chemistry 
on epoxy-matrix. IDA = imi-
nodiacetic acid;  M2+ = bivalent 
metal; EDTA = Ethylenediami-
netetraacetic acid. B. General 
scheme for the immobilization 
on aldehydic supports
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total energy consumption, approximately 70% of volatile 
organic compounds (VOCs) emissions, and around 50% of 
the global warming potential (GWP) [42].

Since most organic solvents are still derived from petro-
leum-based sources, the production process itself significantly 
contributes to their overall environmental pollution [43, 44].

Even if organic solvents are generally classified as 
non-sustainable, there is a significant variability in envi-
ronmental impact between different solvents, thus consid-
erations about environmental implications, safety risks, 
and handling requirements are essential when choosing a 
solvent for process development. Those one classified as 
highly-risky should ideally be avoided or limited as much 
as possible. Other aspects to be taken into account involve 
ease of separation, product recovery, and catalyst com-
patibility, as well as possibility of solvent recycling and 
reuse. In the last years, many industries have made remark-
able progress in implementing “closed-loop systems” that 
reduce solvent and/or water employment and improve their 
recycle and reuse [27]. For instance, water-miscible sol-
vents commonly undergo recovery through distillation and 
evaporation, while immiscible solvents are often recovered 
using liquid–liquid extraction [45].

Water, as previously mentioned, is traditionally the sol-
vent of choice for biocatalytic reactions, offering a big 
advantage for the overall process sustainability. However, 
bioprocesses typically generate large volumes of wastewa-
ter, necessitating proper treatments that tend to be energy-
intensive [46]. This aspect highlights the importance of 
evaluating not only the solvent itself but also the down-
stream effects and environmental implications associated 
with its usage. While water remains an attractive option 
for its alignment with green chemistry principles, its sus-
tainable utilization requires a comprehensive evaluation 
that extends beyond its immediate use, encompassing 
considerations of scarcity, waste generation, and energy 
consumption.

Over the last 15 years, there has been an increasing 
interest from both academic and industrial sectors towards 
unconventional solvent alternatives. Among these, ionic liq-
uids (IL), supercritical fluids (SCF) and fluorous solvents 
present significant environmental benefits over conventional 
organic solvents.

ILs aquired popularity due to several advantages, includ-
ing high thermal stability, low vapor pressure, and adjustable 
viscosity and miscibility in aqueous environments [47]. In 
addition, their non-volatile nature allows for an easy and 
full recovery [48]. Nevertheless, ongoing evaluations are 
addressing concerns about potential toxicity [48, 49].

Fluorous solvents, a term coined by Horvath, refer to 
highly fluorinated alkanes, ethers and tertiary amines that 
are suitable for biphasic catalysis due to their temperature-
dependent miscibility with conventional organic solvents 

[50]. Regarding their application in biocatalysis, the main 
limitation seems to be the high cost and the low solubility 
of enzymes in these solvents [51].

Lastly, supercritical fluids are non-flammable solvents 
which present properties between liquids and gases, since 
their density is comparable to a liquid, whereas their viscos-
ity is similar to that of gases [52]. sc-CO2 is the most widely 
used for biocatalyzed processes because it is cheap, chemi-
cally inert and readily available [53].

In this area, an emerging working line is the use of bio-sol-
vents derived from biomasses [54, 55]. A variety of bio-based 
solvents are nowadays produced via fermentation technology 
and have shown success as media for biocatalytic reactions 
[56]. It must be noted, however, that their bio-based origin 
does not assure their greenness, since considerations on their 
obtainment and disposal should be taken into account. Some 
commercially available bio-solvents are lactic acid esters, 
fatty acid esters, glycerol derivatives (triacetin, solketal, glyc-
erol formal), 2-methyltetrahydrofuran (2-MeTHF, obtained 
from agricultural by-products) [43, 57, 58].

Due to current research on “green solvents” with reduced 
impact on the environment, more sustainable non-aqueous 
processes can be developed. Solvent recycling and the adop-
tion of green solvent can significantly contribute to reduc-
ing costs, enhancing safety during handling, and prioritizing 
environmental friendliness in industrial operations.

Automation

The concept of “automation” in organic chemistry, espe-
cially related to continuous manufacturing, was extensively 
developed by Prof. Ley and his research group for the obtain-
ment of efficient, sustainable and innovative processes. The 
main aspects concern work-up procedures, including puri-
fication steps, and in-line analysis which are typically con-
sidered a bottleneck in continuous processing.

Solid supported reagents consisting in reactive species asso-
ciated with heterogeneous supports have dominated product 
purification under flow conditions [59]. Fulfilling chemical 
interactions (e.g., covalent bonds as well as weaker interac-
tions such as ionic, electrostatic, hydrophobic bonds etc.) 
between impurities and the solid matrix, they should trap the 
undesired species obtaining the desired compound in the final 
flow stream. Due to their wide employment, a great number 
of differently functionalized scavengers are available on the 
market. However, they present some limitations: since solid-
supported reagents cannot be recycled and reused continu-
ously, their use needs the flow sequence interruption. As an 
example, “catch-and-release” procedures, where the undesired 
species are blocked via weak interactions (e.g., ionic bonds), 
require the addition of an exogenous reagent (e.g., acid or base 
solutions) for the recovery of the trapped molecule. Further-
more, the addition of various purification steps via scavenger 
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technology during the process scale-up typically leads to 
scale-dependent phenomena such as dispersion and diffusion, 
so a careful design of the flow process is needed before their 
employment. Although numerous efforts have been made 
for the development of various tools to enhance the work-
up procedure automation, especially taking into account the 
reduction of environmental burden, flow synthesis is typically 
followed by down-stream discontinuous batch purifications. 
This is particularly true when complex mixture of products 
possessing the same functional groups are generated [60–62]. 
Just few examples of in-line purification procedures involving 
multi-step chromatography or simulated moving bed (SMB) 
chromatography have been reported [63–65]. In this context, 
the work presented by Thomson and collaborators about the 
in-line addition of normal- /reversed-phase flash chromatogra-
phy suggested guidelines for the selection of reactions whose 
products can be continuously isolated with high purity [62]. 
Even though these techniques present a great potential for their 
connection with flow processes, they also show several draw-
backs in terms of high complexity, costs, and versatility.

Although liquid–liquid extractions are fundamental as 
well as common purification strategies also at industrial 
scale [66], they are considered among the most manually 
intensive and time/space consuming procedures. Further-
more, the massive use of organic solvents makes them also 
environmentally-unfriendly. Therefore, significant efforts 
have been spent into the development of devices to auto-
matically perform such a procedure minimizing the amount 
of solvent. Among the most employed and commercially 
available plug-and-play modular units the Zaiput liquid–liq-
uid separator is noteworthy (www. zaiput. com). This device 
relies on a quick mixing of the immiscible solvents using 
PTFE tubes and a subsequent separation due to solvent inter-
actions with a membrane (one phase presents affinity for the 
membrane filling its pores while the other one is repelled). 
Different type of membranes (e.g., hydrophilic/hydrophobic 
materials, various pore size etc.) are now available on the 
market for the effective separation of a number of solvents.

Examples of in-line evaporation and distillation have 
also been reported [67]. Distillation seems to be particular 
interesting since it can allow for in-line purification, solvent 
exchange, and solvent recovery and recycling.

Although the promising continuous advancements of 
flow chemistry technology, there are still many hurdles to 
overcome especially in the handling of solids, which typi-
cally cause pressure increasing making precipitation difficult 
to manage under continuous conditions. Among the most 
common procedures to avoid clogging events, flushing the 
reactor with adequate solvents as well as sonication of the 
reagents while they are flowing through the reactors are the 
most employed [68, 69]. Alternative strategies have been 
also reported but they are tailor-made for specific systems, 
and a common solution is not available yet [70, 71].

In-line quality control devices and robust process ana-
lytical technology (PAT) are mandatory to comply with 
the regulatory obligations, especially for the continuous 
manufacturing of APIs (Active Pharmaceutical Ingredi-
ents). The work of Prof. Kappe and colleagues about the 
use of microreactor connected to an in-line NMR and FTIR 
instrument for the real-time monitoring of the reaction mix-
ture is noteworthy. The obtained data are then processed 
by a chemometric model for the optimization of 7 reaction 
parameters without any human intervention. However, this 
automated process is not easily usable for the preparation of 
APIs since the necessary amount of precursor may be the 
limiting factor [72]. Another very good example is reported 
by Cronin and coworkers with the development of a robotic 
platform connected to an intuitive software able to drive 
the different synthetic steps: reaction, work-up, and product 
purification. As a proof of concept, the fully automated syn-
thesis of the antihistamine diphenydramine hydrochloride, 
the anticonvulsant rufinamide and sildenafil used to treat 
erectile dysfunction were performed with comparable yields 
with respect to the classical synthetic procedures [73, 74]. In 
this context, the great work of the team led by Bourne in the 
development of autonomous continuous platforms combin-
ing both in-line Bayesian and HPLC analyses, dramatically 
speed-up the optimization of pharmaceutical processes [75].

Although these systems are usable at academic level, they 
are not suited for industrial synthesis yet, since any equip-
ment employed at industrial level must be supplied with 
specific documents to allow its qualification and valida-
tion prior to use. Furthermore, contingency plans regarding 
device failure or maintenance should be carefully evaluated 
and designed.

Biocatalytic process intensification

As mentioned above, one of the advantages of immobi-
lized biocatalysts is their employment under continuous 
conditions. The compartmentalization of the immobilized 
enzymes into packed-bed reactors (PBRs) allows for a high 
amount of catalyst to be accumulated in a small space where 
the substrate flows in a controlled manner. Moreover, mass 
and heat transfer have been demonstrated to be more effi-
cient with respect to conventional batch mode, allowing 
for faster and highly-productive reactions [76]. One of our 
most representative examples is the multi-scale production 
of melatonin and its analogues through direct acetylation of 
the commercially available 5-metoxy-tryptamine mediated 
by MsAcT [34]. A small reactor containing less than 2 mg 
(1.8 g of packed imm-MsAcT; 1.2 mL reactor volume) of 
the enzyme could handle substrate at 0.5 M (95 g/L) with a 
production of the desired compound of 36 g/day. The system 
was integrated with an in-line extraction to allow for the col-
lection and reuse of both the organic solvent and aqueous 

http://www.zaiput.com
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phase (Fig. 3). The same procedure has been utilized for the 
process intensification for the production of natural esters 
as flavor compounds with excellent yields and residence 
times, highlighting the versatility and sustainability of the 
developed methodology (Fig. 3) [77]. Different PBRs can be 
also sequentially connected to perform multi-step biotrans-
formations increasing the complexity of the cascade [32]. 
The beauty of this system is its tunability and flexibility: by 
changing the cartridges or the way to combine them, differ-
ent products can be generated employing the same starting 
materials. In some cases, artificial metabolisms simulating 
the extremely efficient cell pathways have been developed 
demonstrating the use of flow biocatalysis as an artificial 
cell-factory [9].

Novel combined approaches

The progress in our understanding of enzymes and their 
potential as catalysts together with the global goal to 
enhance sustainability, reducing waste and emissions has 
defined a novel status quo where biocatalysis is becom-
ing a strong ally for both chemists and engineers with a 
variety of alternatives now available. In this context, flow 
biocatalysis is becoming an attractive technique for both 
academics and industrials due to the small equipment 
footprint, the highest reaction selectivity, mild opera-
tional conditions, as well as the possibility to combine 
it with both chemical procedures (i.e., chemo-enzymatic 
reactions) and novel green techniques (e.g., photochem-
istry), thus bringing chemical processes to the next level 
in terms of system versatility and sustainability. In par-
ticular, photo-biocatalysis represents a novel chapter and 
just few examples have been reported, mainly regarding 
light-driven enzymes, light-activated cofactor recycling as 
well as the use of light-dependent organisms. A series of 
enzymes showing a different or broader reaction spectrum 

under light irradiation have been described [78, 79]. 
Moreover, various publications reported the light-driven 
activation of redox-enzymes especially employing photo-
sensitizers or mediators for electron transfer. In this con-
text, the photochemical regeneration of cofactors plays an 
important role, since it is an effective and simple approach 
to integrate photo- and biocatalysis. However, up to now, 
neither photochemical activation nor light-driven cofac-
tor regeneration have become standard procedures. This is 
mainly due to the poor transfer kinetics of photo-excited 
electrons to enzyme, which produced low TTN (i.e., total 
turnover number) and TOF (i.e., turnover frequency) of the 
photo- or biocatalyst. Another problem consists in the gen-
eration of strong oxidants and very reactive free radicals 
which may conduct to side-reactions and lead to enzyme 
inactivation [80]. However, these limitations can be over-
come by an increasing number of different compounds 
employable as photosensitizers which can allow for a more 
efficient electron transfer as well as by enzyme modifi-
cation via protein engineering to simplify the electron 
acceptance, thus improving TTN and TOF [81]. In this 
context, the possibility to incorporate non-natural amino 
acids in the enzyme catalytic site enabling the employment 
of non-native cofactors seems to be noteworthy [82–84].

As an alternative to these artificial systems a new branch 
of photo-biocatalysis has emerged using whole cell such as 
photo-autotrophic organisms (i.e., cyanobacteria or algae) 
where light is employed as energy source for enzymes: the 
photosystem converts energy deriving from light into redox 
equivalents, while the cell presents highly specialized elec-
tron transport chains, mechanisms for the control of reac-
tive species, and the regeneration of damaged parts of the 
system [85].

A challenge for applying photo-biocatalytic reactions is 
their employment on a large scale. In fact most of the dis-
cussed reactions are proposed on analytical scale. A logi-
cal step will be the demonstration of the feasibility of this 

Fig. 3  MsAcT-mediated bio-
transformations under flow con-
dition for process implementation
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technique when applied to larger volumes and concentra-
tions. However, in contrast with classical biotransformations 
which typically allow for straightforward upscaling, param-
eters such as the light intensity or light penetration depth 
cannot be scaled easily [86, 87]. This may be addressed with 
novel led photoreactors which are now becoming available 
for continuous processing [86], although also these systems 
do not allow for a fast and reliable evaluation of different 
illumination and reaction conditions, as only a single sample 
can be tested at a time [87]. Taking all these considerations 
into account, to make photo-biocatalysis a robust technique 
widely employable it is crucial to develop efficient photo-
reactors for large scale production as well as standardize as 
much as possible small scale reactions. Basic concepts have 
been up to now developed but need to be extended in a way 
that novel reactions and concepts could come up.

Conclusions

Within the scope of Green Chemistry, a minimization of 
waste deriving from chemical reactions needs to be taken 
into account, as well as cost-efficient processes compatible 
with the time scale industry. Considering the benefits of flow 
biocatalysis, this technique can be useful for a greener and 
cost-effective production of chemicals in our daily life, espe-
cially regarding its compliance with US and European regu-
lation (i.e., FDA and EMA) in terms of preparation of natu-
ral molecules. In fact, processing natural compounds with 
biocatalytic approaches will allow for the commercialization 
of the final product as natural too, thus increasing its market 
value. Despite the combination of biocatalytic approaches 
with in continuous strategies is nowadays considered at the 
forefront of the sustainability, the calculation of the envi-
ronmental footprint of these processes (e.g. Green Chem-
istry Metrics, LCA assessment) should be systematically 
applied since data is often missing in the available literature. 
Although many APIs have been already bio-synthesized at 
lab scale, and their preparation through flow chemistry tech-
nique would dramatically impact on production costs, the 
development of flow biocatalysis at industrial level needs 
to be further implemented to become a widely employed 
technology. A key point working towards the development 
of biocompatible systems is the combination of biocataly-
sis with traditional chemistry, and novel green techniques 
such as photocatalysis, thus generating innovative and ver-
satile multi-step syntheses. Since light can be considered 
as a unique environmentally compatible option to initiate 
reactions, its coupling with biocatalysis, especially under 
flow conditions, will open the path to novel reactions and 
concepts strengthening and accelerating the uptake of flow 
biocatalysis to industry. Considering the high sustainability, 
selectivity and flexibility of flow biocatalysis together with 

the possibility of integrating this with old fashion and inno-
vative techniques a brighter greener and cost-efficient future 
for chemical production will be possible.
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