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Nano- and Microscale Confinements in DNA-Scaffolded
Enzyme Cascade Reactions
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Artificial reconstruction of naturally evolved principles, such as
compartmentalization and cascading of multienzyme complexes, offers
enormous potential for the development of biocatalytic materials and
processes. Due to their unique addressability at the nanoscale, DNA origami
nanostructures (DON) have proven to be an exceptionally powerful tool for
studying the fundamental processes in biocatalytic cascades. To
systematically investigate the diffusion-reaction network of (co)substrate
transfer in enzyme cascades, a model system of stereoselective ketoreductase
(KRED) with cofactor regenerating enzyme is assembled in different spatial
arrangements on DNA nanostructures and is located in the sphere of
microbeads (MB) as a spatially confining nano- and microenvironment,
respectively. The results, obtained through the use of highly sensitive
analytical methods, Western blot-based quantification of the enzymes, and
mass spectrometric (MS) product detection, along with theoretical modeling,
provide strong evidence for the presence of two interacting compartments,
the diffusion layers around the microbead and the DNA scaffold, which
influence the catalytic efficiency of the cascade. It is shown that the
microscale compartment exerts a strong influence on the productivity of the
cascade, whereas the nanoscale arrangement of enzymes has no influence
but can be modulated by the insertion of a diffusion barrier.
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1. Introduction

Inspired by evolutionarily optimized, highly
efficient principles of nature, the organi-
zation of catalytically active biomolecules
at the nano- and micrometer length scale
offers new possibilities for controlling
reactions in biocatalysis and synthetic
chemistry.[1,2] In particular, the concept of
compartmentalization, in which different
cooperating catalytically active units are
arranged in spatially confined reaction
volumes to achieve regulation of overall ac-
tivities or to allow channeling of substrates,
is extensively used in natural biological
systems and serves as a source of inno-
vation for research and development in
biotechnology.[3–6] Although the underlying
mechanisms of the compartmentalization
phenomenon are not yet comprehensively
understood, Hess and coworkers have al-
ready been able to develop design principles
for optimized compartmentalized enzyme
cascade reactions, primarily through
modeling.[7] Nevertheless, fundamental
studies as well as practical applications
of compartmentalization require phys-
ical reaction systems that allow spatial
confinement of the diffusion of protein and

substrate/product molecules on different length scales and ide-
ally also allow the reuse of expensive biocatalyst molecules.

A significant approach to create confined diffusion spaces is
based on the immobilization of enzymes on suitable support
materials, such as proteins, polymers, nano- and microparticles,
or nucleic acids, which can be used as interfaces to study cou-
pled enzyme reactions.[6,8] Of these support materials, nucleic
acids offer distinct advantages, as an ever-growing diversity of
methods exists for targeted protein bioconjugation[9] and, most
importantly, as nucleic acid supports enable unique precision
for site-directed immobilization at the lower nanometer length
scale. While this has already been achieved by specific Watson–
Crick base pairing of nucleic acid-enzyme conjugates with lin-
ear single-stranded (ss)DNA templates[10,11] or by assembly of
enzymes bearing specific binding tags, for example, Zinc-finger
or aptamer-binding domains, on intracellular double-stranded
(ds)DNA[12] or RNA,[13–15] the easy access to complex 2D and
3D DNA scaffolds by the scaffolded DNA origami method[16]

has opened entirely new possibilities to build the multienzyme

Small 2023, 2304578 © 2023 The Authors. Small published by Wiley-VCH GmbH2304578 (1 of 12)

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202304578&domain=pdf&date_stamp=2023-09-21


www.advancedsciencenews.com www.small-journal.com

Figure 1. Spatially confined diffusion-reaction network of a biocatalytic cascade consisting of the ketoreductase LbADH (yellow) and the cofactor-
regenerating enzyme ICDH (blue). A) Schematic of hypothetical confinements on two different length scales within the studied system, where different
nanoscale arrangements of enzymes on DON are positioned via biotin bridges in the microscale compartment of magnetic microspheres (r = 1.4 μm).
B) Reaction network of the enzyme cascade from the (R)-selective LbADH and the cofactor-regenerating ICDH.

complexes in vitro. Since DNA origami nanostructures (DON)
allow the immobilization of proteins with a positional accuracy
of ≈6 nm, it is not surprising that numerous studies have been
conducted to explore DON-based enzyme cascades,[15,17–24] which
often report a significant impact of the intermolecular distance
between individual enzymes of the cascade on the overall cat-
alytic productivity.[25] However, the underlying reasons leading to
the altered cascade performance remain controversial. Possible
mechanistic explanations range from the high negative surface
charge of DON favoring, for example, an altered pH microenvi-
ronment or the formation of a diffusion-limiting hydration layer,
over steric protection from degradation and unfolding, to direct
channeling of substrates on the scaffolds.[26,27]

Another problem contributing to the lack of clarity is the
large differences that have been reported even for the same
pair of enzymes. For example, in the literature, increases caused
by nanoscale proximity for the very well-studied enzyme cas-
cade of glucose oxidase (GOx) and horseradish peroxidase (HRP)
range from moderate 1.5-fold to strong >20-fold. It is suggested
that these differences could be due to technical inaccuracies, in-
sufficient characterization or purification of the derivatized en-
zymes and the assembled enzyme-scaffold complexes.[6] Since
(bio)chemical modification of enzymes often leads to altered ac-
tivities and stabilities, and residual free enzymes can also bias ac-
tivity measurements of assembled complexes, it is of paramount
importance to accurately characterize the kinetic parameters of

the free and assembled enzymes and also perform rigorous con-
trols, which are imperative to quantify proximity effects and thus
advance the field.

In addition to the multitude of possible technical inaccura-
cies, another relevant cause could be microscale compartmen-
talization effects that occur, for example, due to inadvertent ag-
glomeration of the complexes or when microparticles are used
as carriers for the DON-enzyme complexes. Although activity
increases have been described for enzyme cascades immobi-
lized on particles,[28–32] which can be attributed to compartmen-
talization effects, the interplay of nano- and microscale effects
on biocatalytically relevant diffusion processes has hardly been
investigated,[33] in particular because of the lack of robust ex-
perimental model systems. To overcome these limitations and
further advance our understanding of the elusive mechanisms
underlying biocatalytic diffusion-reaction networks, we report
here the detailed investigation of a biocatalytic cascade consist-
ing of a stereoselective ketoreductase (KRED) and a cofactor-
regenerating enzyme arranged with nanometer precision on
DON and positioned within microscale compartments of dis-
persed microbeads (MB) (Figure 1).

2. Results and Discussion

In order to study the diffusion-reaction network in the two hypo-
thetical compartments with a robust experimental model system
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that also allows for high temporal resolution in the early phases
of the reaction, it was necessary to accomplish the immobiliza-
tion of the enzymes as efficiently and the analytical quantifica-
tion of the reaction as sensitively as possible. The need for highly
efficient yet chemically mild protein immobilization techniques
has led to the development of orthogonal connector systems in
recent years, including the HALO/HOB- (Halo-based oligonu-
cleotide binder)[34] and the SNAP-tag[35] systems. Both systems
use genetically-encoded fusion tags on the proteins that cou-
ple with high efficiency to corresponding suicide ligands on the
DON, chlorohexyl (CH) and benzylguanine (BG) ligands for the
HOB tag and SNAP-tag, respectively, in a site-specific and orthog-
onal manner. Here, we chose this approach for immobilizing the
enzymes on DON because the high performance of this type of
DON decoration had been demonstrated in numerous examples
by us[19,34–40] and others.[21,41–43] Furthermore, we developed an
HPLC method coupled with highly sensitive mass spectrometry
(MS) detection to optimize accurate time-resolved quantification
of reaction products and gain insights into the reaction-diffusion
network effects of spatially organized biocatalytic cascades. Us-
ing this experimental model, we investigated a series of biocat-
alytic nanostructures with different immobilization patterns and
positioned them in the microcompartment of dispersed mag-
netic beads. It was found that the nanoscale compartmentaliza-
tion is only to a small extent affected by the distance between
the enzymes and the insertion of diffusion barriers, while the
microscale confinement space exerts a stronger influence on the
biocatalytic efficiency of the cascade.

2.1. Design and Assembly of the Experimental Model System

Building on our previous studies on KRED-based DNA origami
nanostructures,[35,39,40] we here investigated a cascade consist-
ing of the tetrameric (R)-selective alcohol dehydrogenase LbADH
(EC 1. 1.1.2) from Lactobacillus brevis and the dimeric isocitrate
dehydrogenase ICDH (EC 1.1.1.42) from Bacillus subtilis. The re-
action scheme in Figure 1B shows that LbADH catalyzes the re-
duction of the model substrate 5-nitrononae-2,8-dione 1 (NDK)
in a stereoselective manner to form (R)-syn/anti-hydroxyketones
2c/d (d.r. ≈ 60 : 40).[44] To enable the carbonyl reduction of NDK,
the cofactor NADPH is provided by ICDH by being continuously
regenerated from NADP+ by oxidation of isocitrate.

For efficient ligation of the enzymes with functionalized DON,
LbADH was N-terminally fused to the HOB-tag,[34] while ICDH
was C-terminally equipped with the engineered SNAP variant[35]

to yield HOB-LbADH or ICDH-SNAP, respectively. The fusion
proteins were expressed heterologously in Escherichia coli and pu-
rified by Ni-NTA-affinity chromatography (Figure S1, Supporting
Information). To investigate the influence of the different nano-
and microscale compartments on the reaction-diffusion network
of the LbADH-ICDH cascade, nanoscale arrangements were de-
signed to allow both separate or co-arrangement of the enzymes
on DON, the spacing between the different enzymes, and the in-
sertion of a non-catalytic barrier protein. For this purpose, a rect-
angular DON of approximately 70 × 100 nm2 dimensions was
used,[45] which was equipped with three distinguishable CH- and
BG-ligands additionally to cleavable biotin (Btn)-linkers. The lat-
ter served to enable the immobilization of the enzyme-DON con-

structs on streptavidin (STV)-coated magnetic microbeads as well
as the bead-assisted purification of the DON constructs.[39] For
details on the DON designs, see Figure S2, Supporting Informa-
tion.

To quantify the enzyme occupancy densities, DON in solu-
tion was incubated with 25 equivalents (eq.) of HOB-LbADH and
ICDH-SNAP fusion proteins, the resulting constructs were puri-
fied by magnetic microbead extraction, cleaved from the beads
with the reducing agent dithiotreitol (DTT), and the amounts of
immobilized enzyme were determined by AFM analysis. Typical
occupancy densities averaging 84% for HOB-LbADH and 75%
for ICDH-SNAP were found (Figure S3, Supporting Informa-
tion), which were in agreement with previous work[35] and en-
sured that sufficient amounts of enzyme could be immobilized
for subsequent cascade performance analyses.

2.2. Kinetics of Individual Cascade Enzymes

To gain detailed insight into the mechanisms of nanoscale en-
zyme cascades, the components involved were precisely quan-
tified and extensively characterized. The investigation of the ki-
netic parameters of the individually immobilized biocatalysts of
the cascade is particularly important, as it was known from pre-
vious studies that DON immobilization of individual KREDs can
lead to significantly altered enzymatic activity,[46] and that the in-
crease in activity of one enzyme should increase the productivity
of the entire cascade.[27] Therefore, both cascade enzymes were
first examined individually with respect to their kinetic parame-
ters on the microbeads and DNA origami before analyzing the ac-
tivity of the co-assembled cascade. Since both reactions catalyzed
by ADHs and ICDHs are multisubstrate reactions for which
sequential mechanisms have been proposed,[47,48] all reactions
were performed under pseudo-first order conditions. This means
that the concentration of one of the substrates (NDK/NADPH
or isocitrate/NADP+) was varied while the other was added in at
least equimolar amount or in excess. All kinetic measurements
were performed in triplicate, with enzyme concentrations deter-
mined immediately before each experiment. Michaelis–Menten
parameters Km and kcat were identified by linear regression of the
measurement curves and fitting the initial reaction rates versus
substrate concentrations.[49] The experimentally determined data
summarized in Table S1, Supporting Information, are briefly dis-
cussed below.

The catalytic properties of ICDH-SNAP were determined
by fluorescence spectroscopy detection of NADPH (Figure S4,
Supporting Information). We found comparable values for Km
(≈38 μm or ≈37 μm) and kcat (≈12.6 or 9.6 s−1 for the monomeric
unit of the dimer) for isocitrate and NADP+, respectively, indi-
cating that the enzyme converted the substrate isocitrate almost
equally efficiently as the cofactor NADP+ (Table S1, Supporting
Information). The kinetics of HOB-LbADH for the crucial co-
factor NADPH were determined using an absorption-based as-
say (Figure S5, Supporting Information), revealing a Km value
of ≈190 μm and a kcat value of 2 s−1 for the monomeric unit of
the tetramer (Table S1, Supporting Information). Compared to
literature-described kinetic parameters of LbADH (Km ≈ 40 μm,
kcat ≈ 38 s−1)[47] the HOB variant used here showed decreased
activity and affinity toward NADPH, which could be attributed
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to the different assay conditions and/or the fused HOB tag do-
main. In fact, since it is well known that terminal fusion tags
can exert a significant influence on enzyme activity,[50–52] the ef-
fect of the HOB domain is likely to be of substantial importance
for this divergence due to its considerable size of 297 amino
acids.[15,34] Overall, this initial kinetic characterization showed
that HOB-LbADH has an approximately 30-fold lower catalytic
efficiency in terms of NADP(H) turnover (usually described as
kcat/Km),[53] compared to ICDH-SNAP. This indicates that the co-
factor NADPH is provided by ICDH faster than it can be con-
sumed by the LbADH reaction, so that an equimolar cascade is
not limited by a lack of NADPH but that LbADH is the rate-
determining enzyme.

To investigate the catalytic parameters of HOB-LbADH for
the substrate NDK 1, an alternative assay had to be developed
to improve the dynamic range and sensitivity of NADPH detec-
tion of spectrophotometric analysis. To this end, a highly sensi-
tive HPLC-MS method was established, which allowed for the
sensitive and direct quantification of the hydroxyketone reaction
products in a time-resolved manner (Figure S6, Supporting In-
formation). With this method, the reaction products could be de-
tected after only 30 s of reaction time, which corresponds to fem-
tomole amounts of hydroxyketones. In comparison, the previ-
ously used standard HPLC method with absorption-based diode
array detection,[44] can only detect hydroxyketone amounts in
the nanomole range, for which reaction times of several hours
are required. The tremendous sensitivity of the new HPLC-MS
method is not only useful for improved characterization of the
individual enzymes, but also allowed for the first time to study
the kinetic effects and rates in the early stages of the reaction,
which can differ significantly from the parameters when the cas-
cade has reached steady-state equilibrium. In the case of isolated
HOB-LbADH, the assay showed that this enzyme has an unpro-
ductive NADPH conversion (kcat for NDK and NADPH of 0.3
and 2 s−1, respectively), a phenomenon well known in the lit-
erature for ADH ketoreductases (see also Table S1, Supporting
Information).[47,54]

We next evaluated the influence of enzyme immobilization on
the microbeads as well as on the negatively charged DNA sur-
face for the individual enzymes. For this purpose, ICDH-SNAP
or HOB-LbADH, respectively, were immobilized separately ei-
ther on DON (@DON), directly on the microbeads (@MB), or on
DON bound to microbeads (DON@MB). For ligation on DON,
we employed designs with either three BG- or CH-ligands which
were loaded with the enzymes. For direct immobilization on the
microbeads, ICDH-SNAP was bound using a BG-oligonucleotide
anchored to the beads by a complementary Btn-modified oligonu-
cleotide. HOB-LbADH was immobilized on the microbeads by
using a flexible CH-PEG-biotin linker. Immobilization of the en-
zymes in the DON@MB samples was accomplished by first bind-
ing the DON on the beads using Btn-bridges, then loading it with
ICDH-SNAP or HOB-LbADH, and subsequently removing un-
bound enzyme by magnetic separation. To account for the possi-
ble nonspecific binding of the enzymes to DON or MB, negative
controls were performed by, on the one hand, treating a DON
without BG- or CH-binding sites analogous to the enzyme load-
ing protocol of DON@MB (control 1) and, on the other hand, in-
cubating MB without the corresponding BG- or CH-linker with
the enzymes (control 2).

Table 1. Kinetic parameters of free and immobilized ICDH-SNAP for isoc-
itrate and HOB-LbADH for NDK, respectively. Activity was determined
by fluorescence spectroscopy measurement for ICDH or HPLC-MS for
LbADH under pseudo-first order conditions. The kcat was calculated based
on the amount of enzyme used and is given per one functional unit of the
multimeric enzymes.

ICDH-SNAP—Isocitrate
conversion

HOB-ADH—NDK
conversion

Km [μm] kcat_Dimer [s−1] Km [mm] kcat_Tetramer [s−1]

Free 37.9 ± 2.9 16.7 ± 0.2 3.9 ± 0.3 1.28 ± 0.05

DON-immobilized 37.1 ± 3.9 15.9 ± 0.3 4.2 ± 0.7 1.20 ± 0.08

MB-immobilized 37.4 ± 6.2 16.1 ± 0.6 3.6 ± 0.6 2.24 ± 0.12

DON@MB-immobilized 34.5 ± 4.7 15.8 ± 0.6 4.3 ± 0.5 2.84 ± 0.15

Enzyme activities were determined by fluorescence spec-
troscopy detection of NADPH (ICDH) or HPLC-MS analysis of
hydroxyketones (LbADH). The above controls showed almost no
activity and were subtracted from the corresponding samples
to calculate normalized initial rates of enzyme activity. Further-
more, all samples were quantitatively analyzed by Western blot
after activity measurement (Figures S8,S9, Supporting Informa-
tion) in order to account for potentially varying enzyme amounts,
and the obtained kcat values were corrected by the actually present
enzyme amounts.

The measurements revealed no significant differences in the
Km values of ICDH between the free diffusing and the immobi-
lized enzyme (Table 1). Likewise, the kcat-values of the free and
immobilized ICDH, regardless of ligation on DON, microbeads
or DON@MB, were in a comparable range of ≈16 s−1, indicat-
ing that the activity of ICDH-SNAP was not affected by immobi-
lization. The affinity of HOB-LbADH was barely affected by im-
mobilization, as indicated by comparable Km values of ≈4 mm.
Also, DON immobilization did not appear to have a significant
effect on the activity of the enzyme, as indicated by a comparable
kcat value of 1.20 s−1, which was close to the value of the free en-
zyme of 1.28 s−1. In contrast, increased activities were observed
for both MB- and DON@MB-immobilized LbADH, whose kcat
values were approximately 75% and 122% higher than those of
the free enzymes, respectively (Table 1). These data suggested
that immobilization of LbADH in the microbead compartment
has a significant effect, while binding on DON has only a minor
effect on enzyme activity. As discussed below, this could be due to
the altered local environment at the MB surface, which appears
to be different from the compartmentalized reaction space of the
DON.

We observed that the increase in activity of LbADH immo-
bilized @MB or DON@MB occurred virtually unchanged even
in the substrate saturation region, that is, at maximum reac-
tion rate (Figure S9A, Supporting Information). Therefore, the
increase in activity appeared to be due to a direct influence
on the catalytic reactivity, and not on transient diffusion pro-
cesses, such as a favored substrate transfer. The significant dif-
ference in kcat of @DON and DON@MB samples further indi-
cated a synergistic effect by immobilization in the compartments
of DON and MB, which is consistent with previous observations
obtained for comparable but different ligation chemistry based
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DON@MB-LbADH systems.[40] Therein, a SpyCatcher-modified
LbADH showed 40% higher activity than the free enzyme upon
immobilization. Thus, the results indicate that the type of immo-
bilization can have a substantial impact on the activity of immobi-
lized enzymes and highlight the importance of a comprehensive
characterization of individual enzymes before considering inter-
acting cascades of immobilized enzymes.

An increase in catalytic activity as a result of immobilizing
enzymes has been frequently described for nanoscale systems,
such as DNA surfaces and nanoparticles, as well as for micro-
scaled compartments.[6] Common explanations include compart-
mentalization effects, such as an altered pH microenvironment
or the formation of a hydration layer, protection from degrada-
tion, electrostatic interactions of substrates with the scaffolds or
a high local density of enzyme entities.[20,55,56] For example, the
influence of a reduced pH in close proximity to the DON sur-
face was proposed as an explanation for the activity increase of
scaffolded GOx-HRP cascade.[57] In a recently published study,
however, the local pH shift near the surface of the DNA scaf-
fold was found to be only a small pH difference of 0.8.[58] This
result suggests no general influence of pH on the activity differ-
ences, which is in good agreement with our previous study on
KRED-DON constructs.[40] As ICDH showed a maximum activ-
ity at pH 9 and only a low relative activity at pH 5 (Figure S10,
Supporting Information), it can be assumed that the local pH
change due to the negatively charged surface most likely does
not play a significant role in the activity enhancement of the
LbADH/ICDH system. Other explanations include the stabiliza-
tion of enzymes by the formation of a hydration layer,[20,24] which
however, is also presumed to be considerably thin with only
a few angstroms.[59] Furthermore, electrostatic interactions be-
tween substrates, carriers, or protein domains, allosteric effects,
and locally increased enzyme/substrate concentrations have also
been reported in the literature to increase the activity of immo-
bilized enzymes.[27,56,60] By conjugating an ADH with a strongly
charged protein, it was shown that the addition of charges near
the active site affected the local ionic strength and pH and in-
fluenced the enzyme activity.[61] Such charge differences could
possibly result from the strongly negatively charged DNA sur-
face concentrated within the microbead environment, thus af-
fecting the activity of LbADH. Furthermore, it was observed that
the activity of a lactate dehydrogenase was enhanced by binding
to quantum dots, and the magnitude of the enhancement was
even dependent on the size of the particle.[62] This effect was at-
tributed to an increase in stability by assuming that the immobi-
lization predominantly causes the tetrameric structure of the en-
zyme to be present, whereas in free solution the dissociated form
is present. Based on these studies, it can be hypothesized that the
intrinsic reactivity of LbADH is also increased by charge states
near the enzyme, possibly with additional conformational stabi-
lization, upon immobilization on DON in the microbead sphere.

2.3. Kinetics of the LbADH-ICDH Cascade

The above studies indicated that the activity of the HOB-LbADH
was still about fivefold lower than that of the ICDH-SNAP de-
spite the increase due to immobilization on the microbeads
loaded with DON (Table 1). This suggested constant and effi-

cient cofactor regeneration within the cascade, and thus pro-
vided a solid basis for the subsequent investigation of possible
cooperative effects of DON structures and the microbeads on
the overall cascade productivity. For this purpose, HOB-LbADH
and ICDH-SNAP were immobilized in different combinations
of DON structures and microbeads (Figure 2A). DON equipped
with either three CH-ligands for HOB-LbADH (A3) or three BG-
ligands for ICDH-SNAP (I3) were used to immobilize the cas-
cade enzymes on separate DON, which were then either bound
to separate microbeads (A3_DON@MB + I3_DON@MB, blue in
Figure 2A) or to the same microbeads (A3_DON+ I3_DON@MB,
green). For co-assembly of the cascade on DON@MB, a DON de-
sign equipped with three CH- and three BG-ligands was used
(A3I3_DON@MB, yellow). All DON-based samples were pre-
pared with 25 eq. each of HOB-LbADH and ICDH-SNAP per
available ligand, and unbound enzyme was removed by magnetic
separation after assembly. For comparison, freely diffusing en-
zymes were examined, and a negative control of DON without
binding sites was used to account for nonspecific binding of the
enzymes.

Cascade reactions were started by adding a reaction solution
containing 10 mm isocitrate, 0.5 mm NDK, and 0.5 mm NADP+.
Because the overall rate of the reaction depends on NADPH pro-
duction by ICDH and its action on LbADH, the NADP+ and NDK
concentrations were intentionally reduced to gain insight into the
effects of co-immobilization and potential mass transfer limita-
tions. Reactions were monitored between 0.5 and 120 min via
HPLC-MS (representative plots of product concentration vs. time
are shown in Figure S11, Supporting Information). To compare
the reaction rates of the different samples, the specific catalytic
productivity (turnover number, TON) was determined. The TON
for each reaction was calculated from the enzymatic turnover of
NDK 1 into the specific hydroxyketones 2c/d minus the control
sample and normalized by the amount of HOB-LbADH in the
corresponding time unit. For this purpose, Western blot analy-
ses with calibration standards were performed to determine the
concentrations of both HOB-LbADH and ICDH-SNAP (Figure
S12, Supporting Information). Consistent with other studies on
DNA scaffold-based cascades,[24] only the actual concentrations
of HOB-LbADH present in the samples were used to calculate
TON because, as shown above, LbADH is the rate-determining
enzyme of the cascade.

As shown in Figure 2B,C, the observed dynamics of the spe-
cific TON values revealed striking differences between the free
diffusing enzymes and the different immobilized cascade con-
structs. A significant increase in TON was observed in all sam-
ples in the range of 0.5–2.5 min, presumably due to the initial
low NADPH concentration. Interestingly, the freely diffusing en-
zymes exhibited significantly higher productivity in the very early
phase of the reaction up to 2.5 min, whereas the cascades on
microsphere DON did not reach comparable TON values until
2.5 min (Figure 2C). Moreover, the free enzymes showed con-
stant TON values starting at ≈5 min, suggesting that steady-state
equilibrium was already reached at early stages of the reaction. In
contrast, the TON values of all immobilized DON@MB cascade
variants increased significantly from 5 min onward and reached
their maxima after 60 min, which were, however, significantly
higher than that of the free enzymes. It should be pointed out
here that the reactions have a characteristic initial phase up to

Small 2023, 2304578 © 2023 The Authors. Small published by Wiley-VCH GmbH2304578 (5 of 12)
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Figure 2. Catalytic productivity of the LbADH-ICDH cascade immobilized on different scaffolding systems. A) Schematic representation of freely diffusing
enzymes, immobilized on separate DON and microbeads (A3_DON@MB + I3_DON@MB), on separate DON on the same microbead (A3_DON +
I3_DON@MB) or co-immobilized on DON (A3I3_DON@MB). Note that the illustration is not to scale (microbeads r = 1.4 μm and DON 100 × 70 nm).
B,C) Comparison of TON values as a function of reaction time with (C) as a zoom-in of the initial 10 min. Sample size (n): n ≥ 2; All error bars represent
the standard deviation (SD). D,E) Comparison of TON values obtained via modeling as a function of reaction time with E) zoom-in of the first 10 min.
It should be noted that the modeling of samples in which immobilization is realized on different DON but the same bead (A3_DON + I3_DON@MB)
cannot be distinguished from A3I3_DON@MB due to the limited spatial resolution of the COMSOL model. Therefore, the green curve is not shown.

about 2.5 min, which is characterized by similar increasing TON
values. This can be explained by the initial low NADPH concen-
trations, as the reaction starts with the conversion of NADP+ to
NADPH, which is then consumed by LbADH for the conversion
of NDK. However, the real productivity of each configuration is
only visible in the quasi-stationary state. Due to this character-
istic initial phase of the reaction, where the cascade has not yet
reached the equilibrium, differences from the immobilization on
the maximum productivity can only be reliably compared at later
stages of the reaction (≈60 min).

Immobilization of the two enzymes on separate beads
(A3_DON@MB + I3_DON@MB) resulted in only 25% in-

creased TON at the reaction maximum compared to the free
enzymes, although the individually immobilized LbADH on
MB-bound DON structures exhibited 122% increased activity
(Table 1). This indicates delayed cofactor transport, as the pro-
duced NADPH must diffuse out of the microenvironment of
the ICDH-loaded bead and enter the compartment of LbADH-
functionalized beads. In contrast, the catalytic productivity of the
sample containing both enzymes in the same bead compartment
(A3_DON + I3_DON@MB) reached an increased value of about
70%, as compared to the free enzymes. However, the highest
catalytic productivity was observed for the co-immobilized cas-
cade (A3I3_DON@MB) with an approximately 100% increase in

Small 2023, 2304578 © 2023 The Authors. Small published by Wiley-VCH GmbH2304578 (6 of 12)
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activity compared to the free enzymes. This could be taken as a
strong indication of the presence of two compartments, on the
one hand the environment of the microspheres and on the other
hand, although to a lesser extent, the environment of the DNA
surface, the spatial interaction of which could cause a physico-
chemical environment favorable to the cascade.

To gain a deeper understanding of the effects of compart-
mentalization on cascade productivity, a simplified Finite Ele-
ment Model (FEM) of the system was developed (for details,
see Appendix, Supporting Information). The modeling could be
used to compare the microscale effects, that is, between sam-
ples of freely diffusing enzymes, A3_DON@MB+ I3_DON@MB
and A3I3_DON@MB. Immobilization on different DON but
the same bead (A3_DON + I3_DON@MB) could not be distin-
guished from A3I3_DON@MB due to the limited spatial resolu-
tion of the COMSOL model. The system of LbADH and IDCH
was implemented with the respective substrates, cofactors, and
products involved, all of which were considered stable under
the used conditions and over the analyzed reaction time (for
details, see Appendix, Supporting Information). Based on the
hypothesis that the charged NADP+ could retard through elec-
trostatic interactions and, in particular, temporary adsorption
to the microbead surface and potentially also on the strongly
negatively charged DON surface, thus decelerating regeneration
by ICDH, a much slower effective diffusion velocity of NADP+

was assumed and TON values could be modeled. As shown in
Figure 2D, qualitatively comparable curves to the experimen-
tal data in the different compartments were obtained, where
the productivity of A3_DON@MB + I3_DON@MB (blue) was
33% and A3I3_DON@MB (yellow) about 100% (higher than the
free enzymes. Quantitatively, the TON values were also com-
parable upon reaching the quasi-stationary state (e.g., free dif-
fusing cascade: 5.05 min−1 experimentally vs 6.25 min−1 in the
model). Analogous to the experimental data, the freely diffus-
ing cascade reached the maximum reaction velocity faster than
the cascades immobilized on beads and DON, even though the
quasi-stationary state was reached only after ≈30 min in the
model, compared to ≈10 min in the experimental data. These
differences could be due to variations in the kinetic parame-
ters of the individual enzymes, which could have resulted from
the Michaelis–Menten fit of the real data points. It was also ev-
ident from the model that the productivity of the free enzymes
in the initial phase of the reactions was between the TON val-
ues of the separately and co-immobilized cascade at 5–10 min
(Figure 2E). In contrast, the differences observed experimentally
in the very early stages of the reaction at 0.5–2.5 min could not
be reproduced with the model. We hypothesize that this is due
to the complex environment in the DON and microsphere dif-
fusion layers caused by the DON attached to the microsphere
surface, which the model could not represent due to its lim-
ited spatial resolution of ≈0.4 μm in the diffusion layer sur-
rounding the microbeads. For a brief review of diffusion lay-
ers and modeling with COMSOL, see Appendix, Supporting
Information.

Overall, the model as well as the experimental data provided
strong evidence that the environment generated by the mi-
crobead sphere has a significant impact on the productivity of
LbADH and thus the cascade. The concept of such a stagnant
fluid layer has been frequently described in literature, and of-

ten a resulting locally increased concentration of intermediates
has been assumed. For example, Arrio-Dupont et al. observed an
activity increase for the coupled reaction of an aspartate amino-
transferase and malate dehydrogenase co-immobilized on the
surface of a collagen film.[63] This was attributed to the inter-
mediate oxaloacetate being preferentially consumed in the dif-
fusion layer near the collagen film without diffusively escap-
ing into the surrounding solution. Jia et al. reported a two-fold
activity increase of the GOx-HRP cascade co-immobilized on
polystyrene nanoparticles (≈200 nm) compared to a mixture of
separately immobilized enzymes, which was ascribed to a prefer-
ential substrate transfer.[64] Similar results were also described in
lectin-agglutinated GOx-HRP aggregates (≈1 μm).[65] Moreover,
in the context of biomimetic cascades of glycolytic enzymes, it
was observed that co-immobilization of enzymes on the same
particle efficiently catalyzed a sequential reaction, with individ-
ual enzymes also showing significantly increased activity due
to immobilization.[28] Similarly, an increased productivity was
observed in 10-step glycolytic cascade on nanoparticles, which
was attributed to spatial channeling of intermediates within the
hydration layer of proteins at the particle surface.[30] In addi-
tion, a recently published study further investigated the depen-
dence of the colocalization effect on GOx-HRP cascades on mi-
croscale beads.[60] Here, the enzymes were placed on different
microparticles via DNA interaction and an accelerated cascade re-
action was observed, which was significantly more pronounced
on larger (≈5–8 μm) than on smaller particles (0.55 μm). Based
on reaction-diffusion modeling, it was shown that the colocaliza-
tion effect resulted from an initial H2O2 accumulation at the mi-
crobead surface and thus provided first theoretical approaches
for effects arising from an interplay between nanoscale and
microscale.

2.4. Influence of the Nanoscale Interenzyme Distance

Since the results described above suggested that the compart-
ment of DON leads to an additional increase in catalytic produc-
tivity, we wanted to investigate to what extent the nanoscale ar-
rangement of the enzymes, that is, the interenzyme distance, on
the DNA scaffold affects the cascade. To this end, DON designs
were created on which the two enzymes were spaced at different
distances of 6 nm (A3I3_DON-6 nm), 30 nm (A3I3_DON-30 nm),
or 70 nm (A2I2_DON-70 nm) (Figure 3A). For the 6 nm and
30 nm spacings, three BG- and CH-ligands, were used, whereas
for the 70 nm spacing, only two BG- and CH-binding sites were
available for enzyme immobilization due to spatial constraints.
Since the experimental analysis was based on the determina-
tion of TON values, the difference between two or three inter-
acting enzyme pairs could be considered for the comparison be-
tween values. The efficient ligation of the fusion enzymes on
the designated binding sites was confirmed by AFM analysis
(Figure 3B, see Figure S13, Supporting Information, for full-scale
images).

To analyze the activity of the immobilized cascade, freely dif-
fusing enzymes and a negative control were used for compari-
son, and the amounts of protein were subsequently quantified
by Western blot analysis (Figure S14, Supporting Information),
analogous to the procedure described above. In agreement with
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Figure 3. Kinetic characterization of the LbADH-ICDH cascade immobilized in various nanoscale interenzyme distances. A) Schematic representation
of the freely diffusing cascade, HOB-ADH/ICDH-SNAP immobilized on DON with 6 nm (A3I3_DON-6 nm), 30 nm (A3I3_DON-30 nm), or 70 nm
(A2I2_DON-70 nm) spacing and a negative control. B) Representative AFM images of the different DON constructs with immobilized HOB-LbADH
and ICDH-SNAP, obtained after reductive cleavage of decorated constructs from the beads. Scale bars: 50 nm. For large-scale images, see Figure S13,
Supporting Information. C) Catalytic productivity (TON) of LbADH/ICDH-based cascade reaction. Sample size (n): n ≥ 2; All error bars represent the
standard deviation (SD).

the previous data (Figure 2), kinetic analysis revealed comparable
TON values for the free enzymes after 2.5 min and 60 min reac-
tion time, again showing the rapid establishment of the quasi-
stationary state (Figure 3C). Comparable TON values were ob-
tained for the DON-immobilized cascades after 2.5 min, with a
≈90% higher productivity at the quasi-stationary state than that
of the free enzymes after 60 min, consistent with the trends ob-
served above. Importantly, the nanoscale arrangement of HOB-
LbADH and ICDH-SNAP on the DON did not result in a sig-
nificant decrease in catalytic productivity when the distance be-
tween the enzymes was increased from 6 nm to 70 nm. This was
a clear indication that the observed increase in catalytic produc-
tivity in the LbADH-ICDH cascade is not due to a proximity-

based substrate channeling mechanism, but rather that the
placement of the DON-immobilized cascade within the mi-
crobead sphere creates a favorable environment for the cascade
reaction.

Indeed, the presence of a channeling mechanism in DNA-
based cascades has often been challenged in the context of an
increased turnover. In general, channeling refers to the process
in which intermediates between sequential enzyme reactions are
directly transferred from one active site to another without be-
ing released into the bulk solution, as realized in nature, for
example, via hydrophobic channels.[2,7] For scaffolded systems,
the underlying mechanisms can be considerably more complex,
and also strongly depend on the chosen cascade and specific

Small 2023, 2304578 © 2023 The Authors. Small published by Wiley-VCH GmbH2304578 (8 of 12)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202304578 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [29/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

kinetic properties of the enzymes. The initially proposed
proximity-based channeling mechanism however, was found to
be only effective in transient time scales and to not result in a
permanent increase in cascade activity.[2,24,26,57] Our results are
therefore consistent with other studies in which a generally in-
creased activity of an enzyme cascade immobilized on DON was
observed, but attributed to molecular effects of DON, such as
confinement, rather than to the mere spatial proximity of the
enzymes.[27] Similarly, the increase in activity described by Fu
et al. for the close spatial arrangement of the immobilized GOx-
HRP cascade[17] was later explained by Zhang et al. as a pH effect
of the strongly negatively charged DON surface, which should
increase the activity of the pH-sensitive HRP enzyme.[57] Cat-
alytic enhancements due to immobilization on DNA scaffolds
were also described for enzyme cascades aside from the popular
GOx-HRP system, which, however, could not bettributed to spa-
tial proximity of the enzymes. For example, a cascade of amylase,
maltase, and glucokinase immobilized on a planar DNA origami
showed an approximately 19-fold increase in activity, due to the
individually increased activity of maltase on the DNA surface,
that showed no dependence on the spacing of the enzymes on the
structure.[24] Similarly, a cascade of a xylitol dehydrogenase and
a xylulose kinase on a 3D DNA nanoscaffold showed almost no
correlation between the overall activity and the spatial distance of
the immobilized enzymes.[66] Since proximity alone is not suffi-
cient to achieve channeling, alternative mechanisms such as spa-
tial clustering of active sites have been proposed, as often shown
in the context of dense packing on nanoparticle surfaces,[30,32,62,67]

and discussed in several review articles.[2,6–8] In our model sys-
tem, we did not find such a large increase in activity, suggesting
that the density of active sites required for effective channeling
has not been reached.

Although the above results described here and elsewhere con-
sistently show that the variation of spatial distances between
enzymes on a DNA nanostructure does not play a significant
role in the productivity of the cascade, it remains unclear to
what extent the diffusion processes in the reaction space around
the DNA scaffold are restricted. Therefore, to further investi-
gate the diffusion in the compartmentalized environment of
the DON on microbeads, we conducted additional experiments
similar to that performed by Fu et al. with homogeneously sol-
ubilized DON-GOx-HRP cascades.[17] They demonstrated that
insertion of a non-catalytic protein (streptavidin-conjugated 𝛽-
galactosidase) between catalytically interacting GOx and HRP en-
zymes resulted in an increase in the overall activity of the cascade,
which was attributed to a connection of the hydrate shells of the
proteins and thus faster surface-limited substrate diffusion be-
tween the closely spaced proteins. Because we suspected that the
potential DNA compartment is likely to be small in size, but sta-
bilized by the influence of the microbead sphere, we here wanted
to investigate whether the beneficial interplay between DON and
microbeads could be affected by a bulky protein barrier at the
nanoscale between the enzymes.

To this end, we used a DON design in which additional
dinitrophenyl- (DNP) ligands were positioned between the CH-
and BG-ligands, to allow binding of an immunoglobulin G (IgG)
antibody (150 kDa) directed against DNP. On the basis of previ-
ous work on antibody binding to ligand-decorated DON, which
indicated the strongest bivalent binding of IgG at interligand

spacings of 16 nm,[68] we incorporated four DNP ligands to fa-
cilitate binding of two IgG antibodies directed against DNP be-
tween the LbADH and SNAP enzymes, which were positioned
either 30 nm or 70 nm apart (Figure 4A). In both variants, the
DNP-ligands were positioned on DON such that the distance be-
tween IgG and ICDH-SNAP was ≈15 nm. The structures were
subsequently characterized by AFM. As the analysis could not be
performed using the microbead-purification due to sensitivity of
IgG toward the reducing agent DTT, a low excess of 3 eq. each
HOB-LbADH and ICDH-SNAP as well as 2 eq. IgG per bind-
ing ligand was applied. Despite the resulting high protein back-
ground, AFM analysis suggested that all positions were acces-
sible by the respective proteins (Figure 4B). Moreover, an elec-
trophoretic analysis confirmed successful ligation of all proteins
to DON (Figure S15, Supporting Information). Subsequent ac-
tivity measurements with corresponding quantification and nor-
malization of enzyme amounts were performed as described
above (see Figure S16, Supporting Information, for Western blot
analysis). For the freely diffusing enzymes, the presence of the
IgG antibody resulted in comparable productivity of the cascade
after both 2.5 and 60 min, clearly demonstrating that the IgG an-
tibody did not exert any influence on the catalytic interactions of
the enzymes. For all DON constructs, we found comparable TON
values after 2.5 min (Figure 4C), which were quantitatively con-
sistent with previously observed values (Figure 3C). This is again
indicating that the cascade is not yet operating at full capacity
during the characteristic initial phase of the reaction.

However, the values obtained after 60 min for the DON con-
structs consistently showed that insertion of the IgG antibody
between the enzymes resulted in a ≈23% decrease in activity.
This decrease was comparable to the difference observed above
when comparing the cascades on different or the same bead-
coupled DON (Figure 2, A3_DON + I3_DON@MB (green) vs.
A3I3_DON@MB (yellow)) and suggested that the productivity
gained by nanoscale co-immobilization of the LbADH/ICDH cas-
cade is canceled out by insertion of the bulky IgG between the
enzymes. Moreover, the decrease in activity was found to be inde-
pendent of the interenzyme spacing between ICDH and LbADH
(30 nm vs.70 nm), again confirming that simply placing the en-
zymes at different distances does not lead to increased activity
on the nanometer length scale for the LbADH/ICDH cascade.
These results are in contrast to the study by Fu et al., in which
the insertion of a non-catalytic streptavidin-𝛽-galactose resulted
in an increase in the overall activity of the cascade,[17] despite
the higher weight of >500 kDa compared to the IgG molecules
(150 kDa) used here. The different specific surface properties
of IgG and streptavidin-𝛽-galactose could be responsible for the
observed decrease in activity by limiting the access of ADH to
the cofactor NADPH produced by ICDH. This could alter the
nanocompartment around the DON construct in terms of its size
and/or physicochemical properties, thus affecting the presumed
NADP+ retardation. This hypothesis is supported by a recently
published work reporting the modulation of a DON-based mul-
tienzyme system, in which the cascade activity could be influ-
enced by the surface affinity of the DNA scaffold for binding sub-
strate molecules and thereby the local accumulation or depletion
of substrates.[69]

Given the complexity of the scaffold-based cascades described
here, it can reasonably be expected that for a general understand-
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Figure 4. Characterization of the ADH/ICDH-based enzyme cascade with insertion of a non-catalytic anti-DNP IgG antibody. A) Schematic representa-
tion of freely diffusing cascade with HOB-ADH and ICDH-SNAP, immobilized on DON with 30 nm (A2I2_DON-30 nm) and 70 nm spacing (A2I2_DON-
70 nm), respectively, and the corresponding constructs with IgG antibody. B) Representative AFM image of A2I2_IgG_DON-70 nm, obtained by deco-
ration of DON with 3 eq. HOB-LbADH, 3 eq. ICDH-SNAP and 2 eq. IgG antibody per available ligand. Note that purification via microbeads was not
feasible due to sensitivity of IgG toward the reducing agent DTT. Scale: 100 nm. C) Catalytic productivity (TON) of the LbADH/ICDH-based cascade
reaction. Sample size (n): n ≥ 2; All error bars represent the standard deviation (SD).

ing of such multicenter reaction-diffusion networks, more in-
depth studies using different DNA scaffolds with a variety of ge-
ometries and stoichiometries as well as different enzymatic reac-
tions with different substrates need to be conducted. The robust
and precise methods presented in this study should prove useful
for their systematic investigation to provide quantitative insights
into nano- and microscale effects of DNA-based cascades.

3. Conclusion

In summary, we investigated a two-step biocatalytic reduction
cascade using DNA nanostructures and microbeads as spatially
confining environments. Various nanoscale arrangements were
designed and cascade productivity was evaluated using sensi-
tive methods, including HPLC-MS for precise determination of
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productivity and Western blot analyses for quantifying enzyme
amounts. The immobilization had minimal impact on ICDH-
SNAP, but significantly increased activity of HOB-LbADH when
immobilized on microbeads and microbead-bound DNA con-
structs. A more detailed investigation of the cooperative interplay
between nano- and microscale revealed that the cascade reached
its highest productivity upon co-assembly on DON in the dif-
fusion layer of the microbead. These results indicated the pres-
ence of two compartments—the diffusion layers around the mi-
crobeads and the DNA origami scaffold—whose interplay cre-
ates a physicochemically favored environment for the cascade re-
action. Theoretical modeling suggests that NADP+ retention by
the microbeads due to electrostatic interactions could lead to the
observed different productivities. No evidence of substrate chan-
neling based on spatial proximity on the nanoscale was found,
however, the insertion of a non-catalytic protein between cas-
cade enzymes decreased productivity, indicating an effect on the
nanoscale DNA origami compartment. These findings thus pro-
vide important insights into multienzyme assemblies on nucleic
acid scaffolds. The developed methodological approaches offer a
powerful basis to further unravel the role of spatial organization
and could lead to an exploitation of efficient principles, such as
compartmentalization, for applications in biocatalysis and syn-
thetic chemistry. This could also serve as inspiration for further
improvement of other types of cascade systems, such as hybrid
enzyme-metal catalysts[70] or micro- and macroporous enzyme
materials.[71–74]
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