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Abstract: Multi-step biocatalytic reactions have
gained increasing importance in recent years because
the combination of different enzymes enables the
synthesis of a broad variety of industrially relevant
products. However, the more enzymes combined, the
more crucial it is to avoid cross-reactivity in these
cascade reactions and thus achieve high product
yields and high purities. The selective control of
enzyme activity, i.e. , remote on-/off-switching of en-
zymes, might be a suitable tool to avoid the forma-
tion of unwanted by-products in multi-enzyme reac-
tions. This review compiles a range of methods that
are known to modulate enzyme activity in a stimu-
lus-responsive manner. It focuses predominantly on
in vitro systems and is subdivided into reversible and
irreversible enzyme activity control. Furthermore, a
discussion section provides indications as to which

factors should be considered when designing and
choosing activity control systems for biocatalysis. Fi-
nally, an outlook is given regarding the future pros-
pects of the field.
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1 Introduction

Enzymatic reactions intrinsically offer several advan-
tages, making them ideal alternatives to classical syn-
thesis strategies: Enzymes typically exhibit high sub-
strate specificities, both regio- and stereoselectivi-
ties,[1] circumventing the problem of expensive and
time-consuming isolation of by-products and inter-
mediates.[2] Enzymatic reactions typically take place
under environmentally benign reaction conditions;[1c,3]

toxic auxiliaries can (mostly) be prevented.[1c,3] Fur-
thermore, enzymes are intrinsically biodegradable,
thus increasing the eco-efficiency of enzymatic reac-
tions.[4]

Due to ongoing research, a steadily increasing di-
versity of enzymes is available, enabling chemical re-

actions that are extremely challenging with classical
synthesis approaches,[5] as well as access to a broad
and steadily increasing variety of products.[6] The ac-
cessible range of products for biocatalysis is extended
even further by combining different enzymes into
complex multi-step reaction cascades.[7] The combina-
tion of enzymes in cascades has attracted increasing
attention over the last decade, as can be seen by the
increasing number of articles published in this field (a
small collection can be found under ref.[8]).

An issue that has only recently emerged in the field
of multi-step biocatalysis is cross-reactivity.[7,9] Cross-
reactivity, in the sense this review, occurs when one
enzyme is not only able to accept the targeted sub-
strate, but also the substrates/intermediates/products
of the other enzymatic reactions, which take place in

Adv. Synth. Catal. 2019, 361, 2387 – 2401 V 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2387

REVIEWS DOI: 10.1002/adsc.201900169



the cascade. This issue is closely related to enzyme
substrate promiscuity.[10] Many enzymes used in bioca-
talysis are even intentionally designed to show sub-
strate promiscuity in order to enable the synthesis of
a broader variety of products with the same enzyme
but different, closely related substrates.[10] For enzy-
matic cascade reactions, not only does product diver-
sity increase with each additional enzymatic step, but
also does the risk of unspecific substrate uptake, lead-
ing to by-product formation.[7b] As enzyme cascade re-
actions show the immense potential for accessing
almost any desired product through the combination
of enzymes run in a sequence under the same (or at
least similar) reaction conditions, avoiding cross-reac-
tivity becomes an increasingly crucial factor to com-
bine high product yields with high purities.

Technical solutions to avoid undesired by-product
formation include the catalyst removal after each re-
action step[8h] or the spatio-temporal separation of the
reaction steps, for example, via enzyme retention in
reaction modules.[11] Recent reviews addressing these
approaches can be found in refs.[7b,12] However, an al-
ternative solution is the dynamic regulation of
enzyme activity by controlled on-/off-switching of the

catalyst.[12b,13] Specifically, if an enzyme could be
switched on and off remotely and on demand during
a one-pot enzymatic cascade reaction, unspecific sub-
strate uptake could be prevented, since the enzyme
would only be active within the desired period.
During this time, only its targeted substrate would be
available for conversion. A precise in situ adjustment
of enzyme activity could then prevent cross-reactivity
in one-pot systems.

External stimuli such as light have long been
known to be suitable to change the enzyme activity of
“switchable” enzymes. For example, irradiation-in-
duced enzyme activity changes were reported as early
as the 1970s for a number of enzymes modified with
photo-isomerizable units.[14] A possible application of
in situ activity control by enzyme immobilization in
thermosensitive hydrogels was proposed in the 1980s
to enable feedback reaction control in future.[15] De-
spite that, there are still only a few reports of enzy-
matic activity being successfully controlled in situ, and
even fewer providing a description of methods with
industrially relevant reactions.

This review aims to give an overview of different
concepts that have been used to regulate enzymatic
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activity. We furthermore highlight future perspectives
for the field of multi-step cascades with regard to the
orthogonal control of different enzymes in cascade re-
actions. Rather than giving a complete overview of
the literature from the last few decades, this review
focuses on the general strategies underlying activity
control. Free (purified) enzymes are primarily target-
ed as catalysts, while some of the methods applied for
activity control have been proven to work in whole
cells as well. Furthermore, the review only addresses
the direct enzyme activity regulation, aspects such as
the regulation of gene expression are not covered.

To this end, an overview of the different stimuli
that can be used for remote control is given. The
methods for enzyme activity control are then com-
piled in two sections: methods for reversible control
and methods for irreversible control. Reversible con-
trol covers concepts in which enzyme activity can be
switched on/off multiple times in a row, while irrever-
sible control allows the enzyme to be switched on or
off only once. A range of factors that are generally
important when designing enzyme activity control sys-
tems are compiled, and a future perspective for
enzyme activity control in one- and multi-step reac-
tion cascades is proposed.

2 Methods for the Regulation of Enzyme
Activity

The control of enzyme activity has played a role in
the research community for roughly half a century.
Especially during the last few years, an increasing
number of different approaches have been published,
aiming to control enzyme activity remotely in various
systems.[13,16]

To achieve controlled on-/off-switching of enzymes,
different stimuli can be applied as “switches”. The
available stimuli are often subdivided into internal,
environmental and external stimuli.[17] Suitable stimuli
for controlling enzymatic activity should generally
enable reactions to be controlled remotely, and
should therefore be easily adjustable during the reac-
tion by the experimenter. This prerequisite excludes
internal stimuli in almost all cases. Frequently applied
environmental and external stimuli are temperature,
pH, light, magnetic and electric fields, and ultra-
sound.[17,18]

The environmental stimuli temperature and pH
value often show a direct effect on the enzyme activi-
ty, even without an engineered switch.[13,19] When
using these stimuli in enzyme activity control, the in-
herent response of the enzyme itself has to be consid-
ered carefully, as these inherent changes and “switch-
dependent” changes go hand in hand and are fre-
quently difficult to distinguish sufficiently. External

stimuli such as light, magnetic field and electric field
offer the possibility of remote on-demand control in
real time.[17] Light is especially attractive as an exter-
nal stimulus, as it allows an extremely high temporal
and spatial control.[20]

2.1 Methods for Reversible Control

This chapter describes the most common generic ap-
proaches to the reversible control over enzyme activi-
ty as compiled in Table 1 and depicted in Figure 1 to
Figure 5. Reversible control in the context of this
review means that the catalyst can be activated and
deactivated multiple times. Reversible control is gen-
erally possible with all of the above-mentioned envi-
ronmental and external stimuli. But, light, tempera-
ture and magnetic fields are most commonly applied.
Under certain conditions, all of the described methods
can be conferrable to enzymes other than the exam-
ples given in this review. Where known, the condi-
tions for applying the methods to other enzymes are
given in the respective subsections.

2.1.1 Changed Accessibility of the Active Site for the
Substrate

The first approach in this chapter deals with a
changed accessibility of the active site, prohibiting the
substrate from entering. This approach has been de-
scribed for free enzymes in solution by blocking the
active site[21] and for immobilized enzymes by forma-
tion of reactive nano-compartments.[22]

a) Blocking the active site: To the best of our
knowledge the different approaches published so far

Figure 1. Reversible blocking of the active site of an enzyme
with A : a stimulus-responsive inhibitor molecule (blue circle
and square, respectively); B : a stimulus-sensitive residue
(blue rectangle) acting as reversible cover slip. Red
enzyme= inactive form; green enzyme= active form.
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for free enzymes are as follows (Figure 1): blocking
the active site using a stimulus-sensitive inhibitor mol-
ecule which can be released on demand (Figure 1A;
inhibitor molecule approach),[21a] or covalently tether-
ing a stimulus-sensitive residue to the enzyme which
acts as a kind of lid, covering the active site on
demand (Figure 1B; cover slip approach/molecular
gate approach).[21b–f]

In the first case, the inhibitor molecule changes its
conformation in response to a stimulus, mostly light,

but can only bind to the active site of the enzyme in
one of the two possible conformations.[21a] Tian et al.
showed that the activity of thrombin can be reversibly
turned on and off by light-induced cis-trans isomeriza-
tion of an azobenzene molecule (Razo) interacting
with a telomere-DNA-based thrombin inhibitor
(Itelo).[21a] Still, the overall activity of the thrombin
was almost halved after 12 cycles of UV/Vis irradia-
tion.[21a]

Table 1. Overview of different methods for reversible control of enzyme activity, and the respective used stimuli.

Methods Stimulus Enzyme

Changed accessibility of the active site
Reversible

inhibitor molecule approach light thrombin;[21a] a-chymotrypsin;[60] papain;[60d] subtili-
sin;[60d] glycogen synthase;[61] glycogen phosphorylase;[61]

phosphoribosyl-isomerase A;[62] NADH-ubiquinone
oxidoreductase;[63] tyrosinase;[64] carbonic anhydrase[65]

cover slip approach (sometimes called
molecular gate approach)

light endoglucanase 12A;[21b] carbonic anhydrase;[21e] restric-
tion endonuclease SsoII;[21f] heparinase III[21d]

temperature endoglucanase 12A;[21c] restriction endonuclease
SsoII[66]

formation of reactive nano-compart-
ments

light horseradish peroxidase[22a]

magnetic
field

papain;[22b] amyloglucosidase;[67] glucose oxidase;[67]

horseradish peroxidase[67]

Conformational changes in the enzyme
random modification light a-amylase;[14a–c] b-amylase;[14b] urease;[14b,24a] a-chymo-

trypsin;[14b,24b] b-glucosidase;[14b] aldolase;[14d] papain;[24c]

horseradish peroxidase[68]

site-selective modification light kinesin ATPase;[23d] restriction endonuclease PvuII;[23c]

restriction endonuclease BamHI;[69] lipase B;[23b] lip-
ase;[23a] ribonuclease S;[70] horseradish peroxidase[71]

interaction with matrix light lysozyme;[26] (bovine serum albumin[25])

Immobilization in stimulus-responsive hydrogels
light urease;[27h] microperoxidase-11;[72] a-chymotrypsin[73]

temperature asparaginase;[15] b-galactosidase;[27a, e] catalase;[27b] tryp-
sin;[27c] laccase;[27d] lipase B;[27f] urease[27g]

Change in local temperature
immobilization on the surface of mag-
netic particles

alternating
magnetic
field

a-amylase;[30a,31] l-aspartate oxidase;[31] T4 DNA lig-
ase;[30b] l-2-HADST dehalogenase[74]

radio-fre-
quency field

thermolysin;[35] carbonic anhydrase[75]

immobilization on the surface of plas-
monic gold nanoparticles

light glucokinase;[32] laccase;[76] horseradish peroxidase[77]

combination with organic nanoparti-
cles in solution

light a-amylase[13,33]

combination with carbon nanotubes light cyclodextrin glycosyltransferase[34]

combination of stimulus-sensitive hy-
drogels with magnetic particles for im-
mobilization

alternating
magnetic
field

invertase;[36a] b-galactosidase;[36b] trypsin[37]
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Since inhibitor molecules typically only work for
one specific or a narrow range of enzymes, new inhib-
itors have to be found for each new or other enzyme.
Although this process is quite laborious, it appears to
be manageable, as shown by the variety of enzymes
for which this approach has already proven to be suit-
able (see Table 1). However, for industrial biocataly-
sis, the need to separate the abundant enzyme inhibi-
tor and product at the end of the reaction has to be
considered.

In the second case, the conformation of a switcha-
ble residue is changed upon stimulation, meaning it
covers the active site and thus prevents the substrate
from entering the active site.[21b–f] Shimoboji et al. ap-
plied a site-selective modification of endoglucanase
12A mutants with thermo-switchable[21c] and light-
switchable[21b] polymeric residues (N,N-dimethylacryl-
amide copolymerized with N-4-phenylazo-phenyl-
acrylamide, or 4-phenylazo-phenylacrylamide) to gain
remote control over the hydrolysis of cellulose (deriv-
atives). Depending on the size of the substrate and
the polymer chain, an almost complete, but reversible,
shutdown of the activity was achieved.[21b,c] Similar
outcomes were realized most recently for a heparinise
III mutant as well.[21d]

If suitable knowledge on the 3D conformation of
the enzyme and the active site is available together
with know-how in protein engineering and materials
science, the method will be universally conferrable to
most enzymes in the authorQs opinion. A prerequisite
for this is the site-selective incorporation of stimulus-
sensitive residues next to the active site, which can
then cover the entire active site upon stimulation.
The size and location of the tethered residue are
therefore crucial for successful activity control, as de-
scribed above.

b) Formation of reactive nano-compartments: For
immobilized enzymes, changes in the accessibility of
the active site were achieved, for example, by enzyme
and substrate immobilization onto separate super-
paramagnetic nanoparticles grafted with polymers
(Figure 2).[22b] Without application of an external mag-
netic field, the particles are dispersed in the solution,
and enzyme and substrate are spatially separated but
remain in the same reaction pot.[22b] The application
of an external magnetic field results in the formation
of biocatalytic nano-compartments between the
enzyme and substrate particles, whereas if the mag-
netic field is removed, the nano-compartments disas-
sembled again and the reaction of the immobilized
papain was stopped.[22b]

Another approach made use of encapsulating
horseradish peroxidase in light-switchable polymer-
somes.[22a] The polymersome membrane was engi-
neered to change from impermeable to permeable for
the substrate upon isomerization of a photo-switcha-
ble spiropyran (donor-acceptor Stenhouse adduct)

with visible light.[22a] Selective on- and off-switching of
the reaction was thus achieved, as the substrate is
only able to enter the polymersome in one membrane
conformation.

The formation of reactive nano-compartments
might be a generic method for a multitude of en-
zymes. However, for industrial biocatalysis the ap-
proaches published so far appear to be rather special-
ized. In these cases, formation of reactive nano-com-
partments and the aim to achieve high product con-
centrations currently preclude each other.

2.1.2 Conformational Changes in the Enzyme

Conformational changes in enzymes and proteins
(Figure 3) have been achieved through site-selec-
tive[23] and random incorporation[14,24] of photo-switch-
able residues into the enzyme, or by interactions with
a stimulus-sensitive matrix, for example, light-switcha-
ble surfactants.[25] In the first case, photo-switchable
moieties are incorporated into the central enzyme
structure, more specifically in regions that are impor-
tant for the 3D-structure of the active site of the

Figure 2. Reversible formation of reactive nano-compart-
ments upon application of a magnetic field. A : inactive mag-
netic particles with immobilized enzyme (green) and sub-
strate (red circles) on separate particles; B : clustering of
particles and formation of reactive nano-compartments. Due
to their close proximity, the enzyme is now able to convert
the substrate (red circles) on the other particle into a prod-
uct (orange squares). The light grey area represents the ex-
clusion volume without application of a magnetic field.
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enzyme. Upon light-induced isomerization of the moi-
eties, the enzyme conformation is altered. This
change in the conformation of the enzyme results in
either the substrate no longer fitting into the active
site, or the (partial) prevention of the function of the
active site.[14a–c,23–25]

The site-selective incorporation of photo-switchable
moieties has been reported, for example, for azoben-
zene derivatives tethering to kinesin ATPase mu-
tants.[23d] The ATPase showed reversible alterations in
its activity by a factor of two upon light-induced iso-
merization of the azobenzenes.[23d] Mutants of the re-
striction endonuclease PvuII, which were modified
with a bifunctional azobenzene derivative, showed an
activity change up to a maximum factor of 16 upon ir-
radiation and thus cis-trans isomerization.[23c] Lipase
B was modified with azobenzene as well, and showed
an 8- to 52-fold activity increase compared to the un-
modulated enzyme, depending on the cross-linked
amino acid residues.[23b]

In all the conducted studies, the (site-directed) posi-
tioning of the photo-switchable moiety was identified
as being crucial to achieving the desired modulation
of activity.[23] The random incorporation of photo-
switchable residues, which was mostly performed at
the beginning, is therefore no longer that common.
Changes in enzyme activity through the random in-
corporation of photo-switchable moieties were ach-
ieved in earlier days, for example, for a-amylase,[14a–c]

b-amylase,[14b] urease,[14b,24a] a-chymotrypsin,[14b,24b] b-
glucosidase,[14b] aldolase[14d] and papain[24c] by incorpo-
rating spiropyran[14a–c,24a] or azobenzene[14d,24b,c] moiet-
ies.

Conformational changes due to interactions with a
stimulus-sensitive matrix were achieved for lyso-
zyme[26] and the protein bovine serum albumin[25] by
applying surfactants with an azobenzene moiety. The
photo-switchable surfactants show a cis-trans isomeri-
zation upon irradiation, leading to distinct changes in
their 3D-structure and, therefore, changed interac-
tions with the protein as well as a change in protein
conformation.[25,26]

2.1.3 Immobilization in Stimulus-Sensitive Hydrogels

The immobilization of enzymes in stimulus-sensitive
hydrogels, hydrogel coatings or hydrogel particles is
another generic approach.[15, 27] As illustrated in
Figure 4, a change in enzyme activity is achieved by

changing the swelling degree of the gel. The reasons
behind the changes in the enzyme activity upon de-
swelling are most likely a combination of the follow-
ing factors: a changed accessibility of the active site
for the substrate, a changed enzyme conformation
and moving flexibility due to the packing of enzyme
into the hydrogel meshes, a change in enzyme envi-
ronment (hydrophilicity, presence of charged groups),
and a change in substrate/product diffusion due to dif-
ferences in water content. The factor with the biggest
impact most likely varies with the applied material.

Polymers showing a decrease in the swelling degree
upon an increase of temperature above a certain
value, referred to as lower critical solution tempera-
ture (LCST), are most commonly used for enzyme
immobilization and activity control.[15,27a–g] The LCST
for N-isopropyl-acrylamide-based materials is typical-
ly between 32 88C[15,27b,e–g] and 40 88C.[27a] The decrease in
the swelling degree upon an increase of temperature
above the LCST can either be an abrupt or a gradual
process, depending on the material used.[28]

A change in enzyme activity upon stimulation has
so far been reported for a broad variety of enzymes,
for example, asparaginase,[15] b-galactosidase,[27a,e] cat-
alase,[27b] trypsin,[27c] laccase,[27d] lipase B[27f] and ure-
ase,[27g] in LCST hydrogels such as N-isopropylacryl-
amide,[27d–f] N-isopropylacrylamide-acrylamide copoly-
mers,[15,27a,c] isopropylacrylamide-hydroxymethacrylate
copolymers[27b] and N-isopropylacrylamide-poly(ethy-
lene glycol) methacrylate copolymers.[27g]

Yet, the change in activity of the immobilized en-
zymes varied immensely. A number of studies report-
ed an increase in activity despite hydrogel shrink-
ing[27e,f] (in contrast to the activation direction shown

Figure 4. Immobilization of enzymes in stimulus-sensitive
hydrogels, which reversibly change their degree of swelling
upon stimulation. Red enzyme= inactive form; green
enzyme=active form.

Figure 3. Reversible conformational change of an enzyme
due to an external stimulus. Red enzyme= inactive form;
green enzyme=active form.
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in Figure 4); while some studies reported almost no
change in activity upon shrinking.[15] Other studies
showed a roughly 3- to 5-fold reduced activity in the
shrunken state compared to the swollen state.[27c,f,g]

Furthermore, some published studies describe a com-
plete shutdown of enzyme activity in the shrunken
gel, while the enzyme remained active in the free
form at the same temperature.[15,27a] Even within the
same study, there were major differences in enzyme
activity upon the shrinking of the gel when different
gel compositions were used.[15,27f]

One factor for this considerable variation in
enzyme activity change could be that it is so far diffi-
cult to predict the range in which parameters such as
the initial swelling degree, the resulting swelling
degree after deswelling, and the mesh sizes of the gels
have to be adjusted to achieve the desired effect on
enzyme activity. The impact of meshes on enzyme ac-
tivity is evident, but their intensity is highly depen-
dent on the material, reaction environment, and type
of enzyme selected.

Another factor behind the considerable variation in
enzyme activity change might be the conflicting
impact of temperature on both enzyme activity and
hydrogel swelling. Enzyme activity is typically in-
creased proportionally with temperature within a cer-
tain range,[13,19a] while swelling degree is decreased in
LCST materials with increasing temperature, thus de-
creasing the enzyme activity typically.[15,27a–g] An alter-
native approach could be the immobilization in hy-
drogel-forming polymers exhibiting an increase in
swelling degree upon an increase of temperature, re-
ferred to as upper critical solution temperature
(UCST).[29] However, to the best of our knowledge,
the immobilization of enzymes in UCST hydrogels to
modulate their activity has not been investigated so
far.

Since it is difficult to predict the outcome of
enzyme activity change upon application of the stimu-
lus, it is almost impossible to rationally design enzyme
activity control by immobilization in stimulus-sensi-
tive hydrogels. Indeed, further knowledge of the es-
sential factors involved might enable a more universal
use of this method in future.

2.1.4 Changes in Local Temperature

Activity control via a change in the (micro) tempera-
ture by means of enzyme immobilization on magnetic
nanoparticles (ferromagnetic[30] or superparamagnet-
ic[31]) or plasmonic gold nanoparticles[32] are other po-
tential methods for enzyme activity control. For im-
mobilization on magnetic particles, the application/re-
moval of an external alternating magnetic field leads
to subsequent changes in the micro temperature
around the magnetic beads; for immobilization on

plasmonic gold nanoparticles irradiation leads to
changes in the micro temperature (Figure 5).

Suzuki et al. and Armenia et al. showed that the
micro temperatures around the superparamagnetic
particles could be varied between 25 88C and 90 88C,
aiming for optimal reaction conditions for thermo-
philic enzymes, while the reaction medium tempera-
ture remained almost constant.[30a,31] To demonstrate
the feasibility of the system for activating thermophil-
ic enzymes, Armenia et al. conjugated a-amylase
from Bacillus licheniformis and l-aspartate oxidase
from Solfolobus tokodaii to iron oxide nanoparti-
cles.[31] By applying an external alternating magnetic
field, they successfully, selectively, and remotely acti-
vated the enzymes with an increase in micro tempera-
ture.[31]

For immobilization on plasmonic gold nanoparti-
cles, the application of light as an external stimulus
leads to a subsequent increase in the microtempera-
ture, with this photo-thermal response being tunable
with nanoparticle size and geometry.[32] In this
manner, the activity of glucokinase immobilized on
plasmonic gold nanorods was increased by irradiation
with near infrared light by a factor of approximately
1.5 compared to a sample without nanorods.[32]

Further approaches in which changes in (local)
temperature affect enzymatic activity include the
laser-induced heating of polymeric nanoparticles (e.g.,
polydopamine-polylactic acid nanoparticles for laser-
induced heating of a-amylase/starch solutions[13,33]), or
graphene materials (carbon nanotubes for laser-in-
duced heating of cyclodextrin glycosyltransferase/
starch solutions[34]). The use of radio-frequency fields
to heat enzymes immobilized on magnetic particles
was described as well.[35]

In addition, techniques are described which com-
bine magnetic particles with LCST polymers by (i) in-
corporating magnetic particles into hydrogels together
with an enzyme,[36] and (ii) immobilizing an enzyme in
the polymeric shell of magnetic particles.[37] Deswel-
ling of the hydrogel material was achieved by apply-
ing an alternating magnetic field, resulting in the

Figure 5. Immobilization of enzymes on the surface of mag-
netic particles (or gold particles respectively) and reversible
changes in the temperature of the particles as well as the
direct environment upon application of an external alternat-
ing magnetic field or irradiation respectively. Red enzyme=
inactive form; green enzyme= active form.
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heating of the magnetic particles.[36] Thereby, a modu-
lation of enzyme activity was demonstrated for inver-
tase,[36a] b-galactosidase[36b] and trypsin,[37] while a co-
polymer of N-isopropylacrylamide and acrylamide
served as hydrogel material in both cases.

In the authorQs opinion, approaches applying mag-
netic nanoparticles together with a magnetic field as a
stimulus, or plasmonic gold nanoparticles together
with light as a stimulus, are particularly promising,
not only for controlling the activity of thermophilic
enzymes. As shown in the depicted examples, enzyme
immobilization on nanoparticles is already well estab-
lished for a broad variety of systems, and enzymes
generally show distinct activity changes upon an in-
crease of temperature. As long as the heating of parti-
cles can be precisely controlled, optimal reaction tem-
peratures can be achieved for all enzymes. The combi-
nation of different particles, responding to different
stimuli or, for example, different irradiation wave-
lengths, could even enable the orthogonal control of
different enzymes in one pot in future.

2.2 Methods for Irreversible Control

The term irreversible control refers to when a catalyst
is switched, but the process cannot be reversed. Irre-
versible control of enzyme activity can generally be
achieved either by selective in situ on-switching of the
enzyme, or by selective in situ off-switching of the
enzyme. In the following, methods for irreversible on-
and off-switching are compiled (Table 2). Notably, ir-
reversible on-switching of enzymes can generally be
achieved with most established methods for stimulus-
induced release, for example immobilization in pH-,
temperature-, or light-sensitive hydrogels, micelles,
polymersomes, or capsules. A precondition for using
these “controlled release” approaches is that the
enzyme exhibits no or low activity in the non-released
state. In the following, methods are referred to as
“controlled release” approaches if they fulfil this
basic requirement and start the release of the enzyme
on demand by applying a stimulus. For a more de-
tailed overview of controlled release methods in gen-
eral, the reader is referred to the relevant publica-
tions.[17,18,20b,c,38]

Table 2. Overview of different methods for irreversible control of enzyme activity, and the respective used stimuli.

Methods Stimulus Enzyme

Irreversible
on

“Controlled release” approaches
immobilization in stimulus degradable mate-
rials= > (partial) degradation of the carrier
upon stimulation

light trypsin;[39] chymotrypsin;[39,78] elastase;[39,78] g-
glutamyltransferase;[78] papain;[78] thermoly-
sin[78]

immobilization in stimulus-responsive hollow
carriers= > (ir-)reversible opening of pores in
the carrier upon stimulation

light lysozyme;[40b] alkaline phosphatase;[40a] b-galac-
tosidase[41]

temperature horseradish peroxidase[79]

Uncaging
light lysozyme;[44a] restriction endonuclease

MunI;[42a,b] restriction endonuclease PVuII;[42a]

restriction endonuclease Bse634I;[42b] restric-
tion endonuclease BamHI;[42c] T7 RNA poly-
merase;[44b] protein kinase A;[43] ribonuclease
S;[80] caspase-3;[81] cAMP-dependent protein
kinase;[82] Taq polymerase;[83] Cre recombi-
nase;[84] butyrylcholinesterase;[85] a-chymotryp-
sin[86]

Laser-induced pH jump
light acid phosphatase type IV-S.[45]

Irreversible
off Change in local temperature

immobilization on the surface of gold nano-
particles

light horseradish peroxidase;[47a] alkaline phosphat-
ase;[47b] chymotrypsin;[47b] a-chymotrypsin[47c]

Localized generation of free radicals
light alkaline phosphatase;[49] b-galactosid-

ase;[48a,f,49,50] acetylcholinesterase;[49] throm-
bin;[87] glutathione-S-transferase[88]
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2.2.1 On-Switching by Controlled-Release
Approaches

The first “controlled release”, or irreversible on-
switching method applied for biocatalysis is the en-
capsulation of a biocatalyst into a photodegradable
hydrogel. The on-switching of trypsin, chymotrypsin
and elastase was achieved by irradiating (365 nm) a
polypropyleniminetetramine acrylate-based hydrogel
with incorporated photo-cleavable ortho-nitrobenzyl
moieties.[39] Upon irradiation, the cross-linking points
are cleaved, leading to the disintegration of the hy-
drogel network structure, the release, and thereby ac-
tivation of the enzyme as depicted in Figure 6.[39]

The second method is a controlled release through
the formation of pores in hollow carrier materials, for
example, utilizing the photo-thermal effect.[40] Here,
one example is the immobilization of enzymes in
hollow and porous gold nanoparticles coated with an
LCST polymer.[40] If these particles are irradiated,
thermal energy is set free leading to the collapse of
the LCST polymer coating and enabling the enzyme
to diffuse through the now open pores of the carri-
er.[40] In this case, the opening and closing of the
pores upon irradiation is reversible. However, as the
enzyme diffuses out of the carrier upon the opening
of the pores, the on-switching of enzyme activity is ir-
reversible. A controlled on-switching with this
method was shown, for example, with lysozyme[40b]

and alkaline phosphatase.[40a]

Other methods use the thermal energy set free
upon irradiation for a polymerization of the polymer
coating, which thus irreversibly forms open pores.[41]

Controlled release methods can generally be applied
to other enzymes, provided that the enzyme exhibits
no or low activity in the non-released state as indicat-
ed above.

2.2.2 On-Switching by Uncaging

On-switching by uncaging is a common method, espe-
cially in drug delivery applications, where an inactive

pro-drug is converted into the active agent, for exam-
ple, by a stimulus-induced cleavage of a tethered resi-
due. The uncaging method has been applied for pro-
teins and enzymes as well, however, mainly in the
context of controlling cellular processes, for example,
by controlling restriction enzymes.[42]

For uncaging, the enzyme is typically modified with
a photo-cleavable residue, for example, phenacyl[43] or
ortho-nitrobenzyl moieties.[42a,44] This residue works as
an enzyme inactivator, meaning that as long as the
residue is bound to the enzyme, the enzyme exhibits
no or low activity.[42a,43,44] Once the residue is cleaved
upon stimulation, typically irradiation, the enzyme ac-
tivity is restored.[42a,b,43,44] The mechanism of uncaging
an enzyme is schematically shown in Figure 7.

Similar to controlled release methods, uncaging is
generally conferrable to other enzymes provided that
the enzyme does not exhibit significant activity in the
caged state, and regains the majority of activity after
uncaging.

2.2.3 On-Switching by a Laser-Induced pH Jump

Another approach for irreversible on-switching intro-
duced by Kohse et al. is based on enzyme activation
in response to a remotely induced pH change.[45] A
remote change in pH can be achieved, for example,
using a photoacid generator, that is, a compound that
undergoes a reaction or dissociation upon irradiation
with one final product being an acid.[46] For example,
a laser-induced pH jump was employed to activate
acid phosphatase type IV-S.[45] Upon irradiation, the
photoacid generator derivatives based on 2-nitrobenz-
aldehyde were converted to 2-nitrosobenzoic acid,
thus releasing one acid proton per molecule. This
proton release induced a pH jump from 8 to 5, and an
enzyme activity increase from 3% to 78%.[45]

On-switching of enzyme activity via a change in the
pH value is only applicable if the enzyme exhibits a
distinct and significant change in activity dependent

Figure 6. Immobilization of enzymes in stimulus-degradable
hydrogels, and controlled release upon stimulation. Red
enzyme= inactive form; green enzyme= active form.

Figure 7. Uncaging of enzymes upon a stimulus. The deacti-
vating residues (turquiose darts) are cleaved upon a stimu-
lus, thereby activating the enzyme. Red enzyme= inactive
form; green enzyme=active form.
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on the pH, combined with a high stability within a
broad range of pH values.

2.2.4 Off-Switching by Changes in Local Temperature

In line with the method of local temperature change
for the reversible control over enzyme activity (Sec-
tion 2.1.4, Figure 5), this method has been applied for
irreversible off-switching of enzymes as well.[47] For
example, horseradish peroxidase was immobilized on
polyethylene glycol-coated gold nanorods via the
biotin-avidin interaction, and selectively switched off
by photo-thermal inactivation upon heating of the
nanorods with irradiation.[47a]

As all enzymes are denatured at a certain tempera-
ture, the method is universally conferrable to other
enzymes, in the authorQs opinion on condition that
suitably high temperatures are achieved with the
nanoparticles.

2.2.5 Off-Switching by Localized Generation of Free
Radicals

Another method for the irreversible off-switching of
enzymatic activity is the use of photochromic groups
that generate free radicals, mostly reactive oxygen
species (ROS), for example, hydroxyl or oxygen radi-
cals, upon irradiation with a specific wavelength.[48]

As depicted in Figure 8, ROS are formed upon irradi-
ation, leading to irreversible changes in the protein
structures, and thus destroying their function.[49] ROS
are sufficiently short-lived to only inactivate the tar-
geted molecules, if well-selected, thus minimizing
damage to the surrounding area.[48d,f,g,50] Activity con-
trol is most likely achievable for all enzymes that
react sensitively to the presence of radicals.

This technique of inactivation by generating ROS is
known by a number of different names, all terming
similar approaches: chromophore-assisted light inacti-
vation (CALI),[48c,f,g,51] chromophore-assisted laser in-

activation (also CALI),[48a,d,49] or fluorophore-assisted
light inactivation (FALI).[48e,52] Chromophores,[49] fluo-
rophores[48e,52] or phototoxic proteins (photosensiti-
zers)[48c] are fused to the target structure on a genetic
level or via affinity binding.

Radical-generating photochromic groups have been
used for protein deactivation in various fields, with a
particular focus on medical applications including
photodynamic therapy.[48b] They have, furthermore,
been used to regulate gene expression,[16a] to gain a
better understanding of cell surface phenomena,[49]

and for the light-driven killing of bacterial cells.[53] In
terms of enzyme inactivation, Jay et al. conjugated al-
kaline phosphatase, b-galactosidase, and acetylcholin-
esterase to malachite green via the biotin-streptavidin
interaction and observed a controlled inactivation of
these enzymes upon irradiation.[49] Similar results
were obtained by Takemoto et al. using eosin as a
chromophore for the deactivation of b-galactosi-
dase.[48f]

3 Factors to Consider when Designing and
Choosing Systems for Enzyme Activity
Regulation

To achieve enzymatic activity control by environmen-
tal and external stimuli (e.g., temperature change, ir-
radiation, or magnetic field) as described in Chap-
ter 2, several factors have to be considered. This chap-
ter aims to provide an overview of the factors to con-
sider when designing systems for enzyme activity reg-
ulation or when choosing the best available system
for a specific application (see also Scheme 1).

Firstly, (some) enzymes inherently show an activity
change when treated with the above-mentioned stim-
uli even without an engineered “switch”. For example,
enzymes respond with an increase in reaction speed
to an increase in temperature.[13,19a] They further show
a distinct pH optimum for the catalyzed reaction.[19a]

Therefore, the inherent response of the enzyme to the
stimulus has to be considered when designing the re-
action control. It is generally desirable that stimulus-
induced changes in enzyme activity and the inherent
response of the enzyme to the stimulus do not work
against each other, since this can limit the range in
which enzyme activity can be adjusted (cf. Sec-
tion 2.1.3). Furthermore, the point of inherent re-
sponse of the enzyme to a stimulus applies to enzyme
stability as well. The enzyme has to be stable under
the chosen reaction conditions, and stable upon appli-
cation of the stimulus, at least for reversible control
methods.

A second point to be considered is the reversibility
of activity control. Concepts enabling a repetitive, re-
versible on-/off-switching are especially attractive for

Figure 8. Irreversible deactivation of enzymes by light-in-
duced formation of reactive oxygen species (stars) from a
chromophore or photosensitizer (orange circle) directly
bound to the enzyme. Red enzyme= inactive form; green
enzyme=active form.
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most applications as these systems offer the general
possibility of reusing the enzyme multiple times, for
example, for repetitive batch processes. In contrast, ir-
reversible off-switching, for example, by temperature-
assisted denaturation,[47a] would destroy the biocata-
lyst and make a reuse impossible. This reduces the
economic and ecological efficiency of the process,[54]

as new enzyme has to be produced for each reaction
batch. In some cases, for example, for enzyme activity
regulation in whole cells, many of the reversible
methods might not be applicable. Then, irreversible
control options (e.g., CALI) represent good alterna-
tives.

A third aspect to consider is the interplay between
enzyme kinetics and promptness of reaction control.
To enable precise adjustments of enzyme activity, the
response to the stimulus should ideally be faster, or at
least similarly fast, compared to the enzymatic reac-
tion. Still, for some applications also the gradual ad-
justment of enzyme activity might be suitable, and ap-
plicable if the reaction speed of the enzyme is faster
than the reaction control.

A fourth point of consideration is whether immobi-
lization makes sense, or is even mandatory, for a spe-
cific application. Undoubtedly, there are various opin-

ions, publications, reviews, and books concerning im-
mobilization in general as well as its advantages and
disadvantages (see, for example, ref.[55]). In general,
immobilization facilitates the reuse of a biocata-
lyst,[55b–d] for example, magnetic beads can be easily
removed from the reaction and reused multiple
times.[56] Furthermore, enzyme immobilization might
increase enzyme stability,[55b–d] for example, against
higher temperatures or pH changes,[56b,57] and, in se-
lected cases, can even enable the use of enzymes in
organic solvents or neat substrate systems as
well.[54,57b,58] However, immobilization might also neg-
atively affect enzyme activity,[58a,59] or can furthermore
lead to mass transport limitations.[55d] Additionally,
immobilization is a cost-driving factor for many appli-
cations in biocatalysis.[54,55d] The advantages and disad-
vantages of immobilization have to be balanced
against each other in the end.

For multi-step reactions, in which more than one of
the enzymes exhibits cross-reactivity, suitable meth-
ods have to be chosen that enable orthogonal control
over several enzymes or even each single enzyme.
Indeed, studies utilizing this approach have to the
best of our knowledge not been published so far.

Scheme 1. Factors to consider when designing and choosing systems for enzyme activity regulation.
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To date, light, temperature, and magnetic fields
have most commonly served as stimuli for enzyme ac-
tivity control. Since a broad variety of methods for ac-
tivity control has already been published, choosing
the best method for each application might be a chal-
lenge. In general, we would strongly advice research-
ers to consider the above-mentioned factors: whether
there is an inherent response of the enzyme to the ap-
plied stimulus, whether the aim is to reuse the
enzyme and the reaction must be reversible, whether
the reaction set-up would benefit from immobilizing
the enzyme, and, lastly, whether multiple enzymes ex-
hibit cross-reactivity and therefore require orthogonal
control of all enzymes involved in the reaction.

4 Future Prospects

In future, selective in situ remote control will bring
biocatalysis a significant step closer to mimicking
physiological control mechanisms. It will thus enable
sophisticated multi-step reaction cascades with high
yields, while minimizing side reactions. In particular,
concepts enabling orthogonal and reversible control
over the activity of different enzymes, meaning they
are able to control the activity of each enzyme in the
reaction independently from each other, will have to
be further developed. Although this is currently not
possible, to the best of our knowledge, the methods
compiled in this review have the potential of achiev-
ing this objective in future. For example, Armenia
et al. reported the first steps towards reaching this
goal in their study on the selective heating of enzymes
immobilized on magnetic particles with an external al-
ternating magnetic field.[31] They demonstrated how
the activity of the immobilized thermophilic enzymes
was controlled without impeding the activity of a
non-thermophilic enzyme in the continuous phase.[31]

Furthermore, knowledge of a detailed kinetic reac-
tion would help in selecting the right time points at
which a distinct cascade step reaches its peak in order
to then selectively switch on the next step and/or inac-
tivate the previous one. Suitable on-line analytical
systems enabling feedback control of the reaction
might therefore be of immense help. With progress
being made with in-line infrared spectroscopy and on-
line nuclear magnetic resonance spectroscopy using
benchtop devices, there is the potential for an optimal
regulation of the overall process, for example, regard-
ing conversions or specific space-time yields for indus-
trial applications. Even a self-controlled regulation of
each step seems possible in the near future if in-line
analytics are sensitive enough to determine the sub-
strate, intermediate, and product concentrations relia-
bly. This would enable automated on-/off-switching of
the stimulus when a defined minimum/maximum is
reached.
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