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Design of a Biohybrid Materials Circuit with Binary Decoder
Functionality

Hasti Mohsenin, Hanna J. Wagner, Marcus Rosenblatt, Svenja Kemmer, Friedel Drepper,
Pitter Huesgen, Jens Timmer, and Wilfried Weber*

Synthetic biology applies concepts from electrical engineering and
information processing to endow cells with computational functionality.
Transferring the underlying molecular components into materials and wiring
them according to topologies inspired by electronic circuit boards has yielded
materials systems that perform selected computational operations. However,
the limited functionality of available building blocks is restricting the
implementation of advanced information-processing circuits into materials.
Here, a set of protease-based biohybrid modules the bioactivity of which can
either be induced or inhibited is engineered. Guided by a quantitative
mathematical model and following a design-build-test-learn (DBTL) cycle, the
modules are wired according to circuit topologies inspired by electronic signal
decoders, a fundamental motif in information processing. A 2-input/4-output
binary decoder for the detection of two small molecules in a material
framework that can perform regulated outputs in form of distinct protease
activities is designed. The here demonstrated smart material system is
strongly modular and can be used for biomolecular information processing for
example in advanced biosensing or drug delivery applications.

1. Introduction

A feature of every living cell is its ability to sense, pro-
cess, and respond to environmental stimuli.[1] Engineering and
rewiring the underlying molecular components using synthetic
biology techniques enabled the implementation of complex
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information-processing circuits in living
cells.[2–9] Such circuits paved the way for
advanced applications for example in de-
termining and combatting multifactorial
disease states,[10] in integrated biosensing
for the detection of toxic contaminants,[11]

in the rational design of circuits that in-
duce cell death,[4] for rewiring communica-
tion between cells,[12] or for the design of
fast biosensing logic circuits.[13] In recent
works, both molecular building blocks as
well as engineering design concepts were
transferred from synthetic biology to ma-
terials science. The functional coupling of
molecular sensors and actuators to poly-
mer materials according to circuit topolo-
gies inspired from electrical engineering
yielded biohybrid material circuits that per-
form fundamental and advanced informa-
tion processing, such as signal amplifi-
cation using positive feedback and feed-
forward loops,[14,15] the ability to count
the number of input light pulses,[16] logic-
based delivery of proteins,[17] or different

logic gate designs.[18,19]

These material circuits have enabled applications in differ-
ent areas, such as the sensitive detection of drugs or toxins by
signal-amplifying material systems,[14,15] the release of drugs on
command,[20] or the light-controlled sequential catalysis of mul-
tistep biochemical reactions.[16,21] Moreover, these systems have
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found applications for instance for remodeling the extracellular
matrix,[22,23] in 3D cell-culture,[24] and as biosensors for the de-
tection of environmental stimuli such as reducing agents, light,
and enzymes.[25]

Despite these advances, the design of biohybrid information-
processing material circuits is limited by the scarce palette of
materials-compatible biological building blocks relying mainly
on mutual activation thus leaving circuit topologies excluded that
require inhibitory interactions.

To overcome these limitations, here we engineer a set of
biomolecular switches for incorporation into biohybrid mate-
rials that can either be activated or inhibited as a function of
the input signal. To demonstrate functionality of the switches
and the thereby enabled novel opportunities in designing ad-
vanced information-processing biohybrid material circuits, we
implement a binary 2-input/4-output decoder. Binary decoders
are used to convert n-coded inputs to a maximum of 2n unique
outputs and are fundamental motifs in information processing.
For example, binary decoders play a vital role in everyday elec-
tronic applications, moreover in medical and healthcare infor-
matics and neuroscience studies.[26–28]

As functional units of these circuits we chose sequence-
specific proteases, enzymes that selectively recognize their spe-
cific target peptide sequence and cleave it. Proteases have
been engineered as important control elements in synthetic
biology.[29–32] Their activities can be tailored and engineered to
respond to various inputs through fragment completion and dis-
sociation, or substrate recruitment.[4,33,34] The Potyvirus family
of proteases comprises several highly specific proteases with or-
thogonal cleavage sites, thus allowing the use of multiple pro-
teases within one single system.[35,36] Tobacco etch virus pro-
tease (TEV) and tobacco vein mottling virus protease (TVMV)
are two well-characterized examples from this family of cysteine
proteases and can be engineered in their full- or split form. Split-
ting proteases into two parts yields inactive fragments, that how-
ever regain functionality once reconstituted by heterodimeriza-
tion. Triggering such dimerization via constitutive or stimuli-
responsive protein–protein interactions has resulted in the de-
sign of molecular sensors and switches to sense intracellular pro-
cesses, such as phosphorylation, or to act as intracellular sen-
sor/actuator devices to control protein activity.[37,34] A versatile
tool to control protein–protein interactions are coiled-coil do-
mains, short modular protein motifs that form highly specific
dimers.[4,13,38–41] Another well-characterized family of proteases
are caspases that play a crucial role in cell apoptosis.[42,43] Cas-
pases have been engineered and utilized as versatile tools for syn-
thetic circuits and information-processing materials.[14,44]

DBTL iterative workflows in synthetic biology aim to accelerate
the system development and optimization by reducing laboratory
costs. DBTL gains enormous productivity when supported by in-
depth data analysis and mathematical modeling.[23,45,46]

In this work, we engineer split proteases to be inactivated by
another protease via cleavage of the coiled-coil domain that inter-
links the split protease fragments. We further develop material
modules that release the engineered split proteases on demand
in response to specific small-molecule stimuli. In the next step,
we assembled the protease-based modules to fundamental logi-
cal gates emulating AND as well as NOT functionality. We finally
wired these gates to a 2-input/4-output binary decoder following a

DBTL approach in which the parameters to be optimized in each
iteration are identified by a quantitative mathematical model.

Thanks to the engineering of inhibitory functions into
protease-based signaling, novel circuit topologies as exemplified
by the 2-input/4-output binary decoder become accessible for in-
tegration into materials circuits. Further, the underlying, iterative
design approach guided by a quantitative mathematical model
serves as blueprint for the development of different information-
processing biohybrid material circuits, which enables important
applications in different fields such as integrated sensors and
switches, bioanalytical devices with integrated information pro-
cessing, or smart drug delivery.

2. Results and Discussion

2.1. System Design and Mode of Function

In this study, we combined material modules with synthetic bi-
ological building blocks to develop biohybrid materials capable
of performing fundamental information-processing operations.
We designed a biohybrid binary decoder for sensing combina-
tions of two different input molecules and converting them into
4 distinct outputs. Presence and/or absence of each input sig-
nal would result in a unique corresponding output, as shown
in Figure 1a. For this, we chose two inputs: the antibiotic novo-
biocin (Novo) as input 1 (IN1) and the small-molecule ethylene-
diaminetetraacetic acid (EDTA) as input 2 (IN2), and four differ-
ent outputs corresponding to the activities of three different pro-
teases, or the lack thereof. The three distinct proteases comprise
TEV protease, TVMV protease, and a human caspase-3 (Casp3)
protease. The activity of proteases is monitored by measuring the
time-resolved changes in the concentration of their respective
cleaved substrates. Relative enzyme units report the amount of
substrate cleaved per min. The overall circuit design of the 2:4 bi-
nary decoder is shown in Figure 1b. In the absence of both input
molecules, the output if OFF. In the presence of only novobiocin,
TEV protease is released. Similarly, EDTA as sole input triggers
the release of TVMV only. When both inputs are present, both
TEV and TVMV proteases are released and eventually trigger re-
lease of Casp3. However, upon release of Casp3, the proteases
TEV and TVMV are cleaved and thus inhibited, leaving Casp3 as
the main remaining output.

This design requires building blocks that can either be re-
leased/activated or inhibited in response to a distinct stimulus.
We implemented this dual-control into the corresponding mod-
ules as follows: Module A is composed of a TEV protease ge-
netically fused to bacterial subunit gyrase B (GyrB) to enable
its binding onto novobiocin-functionalized magnetic crosslinked
agarose with high affinity (Kd value 1–2 × 10−8 m[47]). This mod-
ule releases TEV protease in the presence of free novobiocin
(Figure 1c). TEV protease is designed in its split-form and the
N-/and C-terminal parts are joined together via coiled-coil re-
gions AP4 and P3 introduced by Fink et al.[13] The linker between
the split regions of TEV contains two Casp3-cleavage sites (CCS),
one between the two coil regions and the other one in the linker
fusing AP4 to the C-terminal of TEV. TEV is expected to be inhib-
ited by the addition of Casp3 protease by cleaving CCS to dissoci-
ate and inactivate the split TEV parts from each other (Figure 1d).
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Figure 1. Design of a binary decoder. a) Principle of a 2:4 binary decoder with two input (IN) and four output (OUT) signals and the different input/output
combinations (upper panel). The addition of novobiocin (Novo, IN1) and EDTA (IN2) serve as input. The four different output states are represented by
the release of distinct proteases, none (OUT 0), TEV protease (OUT A), TVMV protease (OUT B), or Casp3 protease (OUT C). The different proteases
are introduced in the material modules A, B, C (lower panel). b) Circuit scheme of the 2:4 binary decoder. Addition of novobiocin releases TEV protease
(module A). Addition of EDTA results in TVMV release (module B). Only when both novobiocin and EDTA are present, released TEV and TVMV release
Casp3 from material module C. Subsequently, released Casp3 module inactivates TEV and TVMV signals, resulting in the Casp3 signal as the main
output. c) Molecular design of material module A. Module A consists of a split-TEV protease, fused to GyrB. GyrB serves as anchor for coupling to
the polymer support, novobiocin-functionalized-magnetic crosslinked agarose. Upon addition of free novobiocin, split TEV is released. d) Inhibition of
module A. Casp3 protease cleaves its cleavage site (CCS) in the coiled-coil regions of the construct and thereby inhibits TEV activity by dissociating
its split components. e) Molecular design of material module B. His6-tagged split-TVMV is bound to Ni2+-NTA-functionalized crosslinked magnetic
agarose via its His6-Tag and is released from the material in the presence of Ni2+-chelating EDTA. f) Inhibition of module B. Casp3 inactivates TVMV
protease by cleaving its cleavage site in the linkers connecting the TVMV split parts, causing the split parts to dissociate. g) Molecular design of material
module C. Material module C is a Casp3 protease genetically fused to N-/ and C-terminal HaloTags and covalently bound to its material support,
HaloTag-capturing magnetic particles encapsulated with microporous cellulose. Only when both TEV and TVMV are present, the linkers between Casp3
and HaloTags containing TEV-CS and TVMV-CS are cleaved, respectively, to release Casp3.

Adv. Mater. 2023, 2308092 2308092 (3 of 11) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202308092 by A
lbert-L

udw
igs-U

niversität, W
iley O

nline L
ibrary on [11/01/2024]. 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

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Module B consisted of TVMV protease, where we tested its im-
mobilization and release via two different mechanisms, either via
chelation mechanism, or via addition a metabolite-responsive al-
losterically regulated DNA-binding protein (Figure S2, Support-
ing Information). The first mechanism comprised TVMV pro-
tease coupled through its His6-Tag onto magnetic crosslinked
agarose functionalized with Ni2+-NTA with an affinity of 1–
2 × 10−8 m.[48] Upon addition of EDTA, Ni2+ is chelated and
TVMV is released (Figure 1e; and Figure S2a, Supporting Infor-
mation). The second mechanism included TVMV protease, ge-
netically fused to a single-chain uricase oxidase repressor pro-
tein (scHucR).[49,50] HucR binds to its cognate operator DNA-
sequence, hucO. The HucR-hucO complex binds via biotin func-
tionalization of hucO onto streptavidin-functionalized magnetic
macroporous cellulose material. By adding uric acid, HucR un-
dergoes a conformational change and the HucR-TVMV fusion is
released from its material support (Figure S2b, Supporting Infor-
mation). Due to the better performance of the chelation mecha-
nism, and higher stability of His6-Tag compared to scHucR upon
storage (Figure S9, Supporting Information), the chelation-based
release mechanism was chosen for subsequent experiments. The
engineered split TVMV is similar to split TEV, with the differ-
ence that the split protease is TVMV and the coiled-coil regions
are an orthogonal pair to the ones used for TEV, called P9mS and
A10.[13] Inhibition is induced by Casp3 cleaving the CCS in the
linker and therefore enables split TVMV dissociation and inacti-
vation (Figure 1f).

For module C, we genetically fused Casp3 to HaloTags on
both N-/ and C-termini, via linkers containing cleavage sites for
TVMV and TEV proteases, TVMV-CS and TEV-CS, respectively.
The HaloTags allow a covalent coupling to the material support,
HaloTag-capturing magnetic particles encapsulated with micro-
porous cellulose. In this configuration, Casp3 is released only in
the presence of both TEV AND TVMV (Figure 1g).

2.2. Synthesis and Characterization of Each Material Module

Prior to decoder assembly, we evaluated the release of proteases
from each module individually. Each protein building block was
coupled onto crosslinked magnetic agarose and subsequently im-
mobilized in a multiwell plate via a magnet placed under the
plate. The response of each module was monitored upon be-
ing exposed to the different input combinations. Modul A com-
prised magnetic crosslinked agarose that was functionalized with
novobiocin. Novobiocin enabled the coupling of TEV construct
via its GyrB sequence onto the solid support. The functionality
of this module was evaluated by adding novobiocin or EDTA to
the system and measuring the output TEV. The release of TEV
only in the presence of novobiocin indicated specificity to this
input (Figure 2a; and see Figure S3a (Supporting Information)
for the time-course of TEV release). Similarly, module B con-
sisted of split-TVMV containing a His6-Tag, by which this module
was coupled onto Ni2+-NTA-functionalized magnetic crosslinked
agarose. Module B as well showed a response in form of TVMV
activity, only in the presence of EDTA, without showing non-
desired TVMV activities in presence of novobiocin or without
any inputs (Figure 2b; and see Figure S3b (Supporting Informa-
tion) for the time-course of TVMV release). In module C, Casp3,

was N-/ and C-terminally coupled to HaloTag-capturing magnetic
crosslinked agarose. The release of Casp3 only in the presence of
both TEV and TVMV demonstrates the AND-type functionality
of this configuration (Figure 2c).

Once the functionality of all three modules was validated, the
decoder system was assembled. To obtain quantitative insight
into the complex interplay of all modules, a mathematical model
was developed and parameterized based on the characterization
of the individual modules. Detailed description of the generated
mathematical model can be found in the Supporting Informa-
tion. The development of the system followed iterative DBTL cy-
cles where in each step the mathematical model was used to
quantitatively characterize the system’s performance and guide
the next iteration (Figure S1, Supporting Information).

2.3. Binary Decoder One-Pot System Assembly

To generate a system with 3 distinct material modules that can
interact with each other for signal processing and material–
material communication, we designed an integrated reaction sys-
tem. Here, the presence of all modules in a mixture of material-
bound protein building blocks would lead to nondesired inter-
actions since proteins immobilized onto materials could already
interact with each other when the materials get in close con-
tact. To enable material–material communication while physi-
cally separating the material modules, we designed a plate stand
suitable for a 12-well plate, in which we incorporated three bar
magnets below each well (Figure 3a). Hereby, the different mod-
ules can be immobilized on one magnet each, thus preventing
material–material contacts while allowing communication via
released protein components. For the whole decoder system set-
up, we first prepared each module individually, and subsequently
assembled all three modules each on top of one magnet bar each
in a single reaction well. We studied the decoder response at
four different conditions: no input, novobiocin (53.6 μm concen-
tration), EDTA (10 mm concentration), or both novobiocin and
EDTA and measured all three output signals (TEV, TVMV, and
Casp3 protease activity) for each condition over time. The kinetic
data were used to parametrize a quantitative mathematical model
(Figure S4 Supporting Information) that is based on ordinary dif-
ferential equations (ODEs), see the Supporting Information for
a detailed model description. The released enzyme activities af-
ter 5 h upon reaching a plateau for TEV and TVMV are shown
in Figure 3b (see Figure S4 for kinetic data, Supporting Informa-
tion) as a function of the combination of the novobiocin/EDTA
input. In the condition of no input, the output signals for all three
proteases were at background level, representing the off-state. In
the presence of novobiocin, TEV output was triggered whereas
addition of EDTA resulted in the release of TVMV. The simulta-
neous release of TEV and TVMV by the addition of novobiocin
and EDTA further triggered the release of Casp3. The released
Casp3 was expected to inhibit and lower the activities of the other
two proteases by cleaving the CCS in the linkers connecting the
split parts of TEV and TVMV proteases. However, neither TEV
nor TVMV activity declined in this configuration compared to the
novobiocin-/EDTA-only conditions. We thus set out to perform a
second iteration of the DBTL cycle.
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Figure 2. Development and characterization of the individual protease-based modules. a) Release of split TEV protease from module A in response
to different inputs. 60 μg of agarose-immobilized split TEV protease was incubated in 550 μL assay buffer in the presence or absence of novobiocin
(53.6 μm) or EDTA (10 mm) for 2 h prior to scoring TEV activity in the supernatant. b) Release of split TVMV protease from module B in response to
different inputs. 30 μg of agarose-immobilized split TVMV was incubated in 550 μL assay buffer in the presence or absence of novobiocin (53.6 μm)
or EDTA (10 mm) for 2 h prior to scoring TVMV activity in the supernatant c) Release of Casp3 from module C in response to different inputs. 40 μg
of agarose-immobilized Casp3 was incubated in 550 μL assay buffer in the presence or absence of TEV (60 μg), TVMV (30 μg), or both for 2 h prior to
scoring Casp3 activity in the supernatant. Bar charts indicate the mean protease activities of two separate biological replicates.

2.4. Optimizing Casp3-Based Inactivation of TEV and TVMV

The data in Figure 3 did not show a decrease in TEV and TVMV
activity for the novobiocin+EDTA conditions despite the pres-
ence of released Casp3 in the supernatant.

For TEV-containing module A, we hypothesized that an insuf-
ficient separation of the split TEV subunits could impede inacti-
vation. To promote separation and to support inhibition, we en-
gineered a displacer module consisting of an inactive C-terminal
portion of TEV protease fused to a coiled-coil domain (P4)[13] with
a higher affinity to the coiled-coil counterpart fused to the TEV
N-terminus (Figure 4a). To test whether addition of the displacer
supported TEV inactivation in the presence of Casp3, we com-
pared the activity of the intact TEV variant and Casp3-treated TEV
in the presence or absence of the displacer. Indeed, the displacer
module significantly reduced the activity of Casp3-cleaved TEV
compared to the intact variant (Figure 4a).

For TVMV, we have observed a decrease in activity in the com-
plete assembly in the presence of EDTA (Figure S4, Supporting
Information) which was not observed when TVMV was released
from module B in the absence of the other modules (Figure S3b,
Supporting Information). We thus hypothesized that released
TVMV might partly be cleaved and deactivated by Casp3 immo-
bilized in module C. Therefore, the dynamic range between the

activities of TVMV cleaved by immobilized-Casp3 and TVMV
cleaved by released-Casp3 needs to be increased. To increase
TVMV inhibition upon release of Casp3 (induced by addition
of novobiocin and EDTA) in relation to cleavage by immobilized
Casp3 only (induced by addition of EDTA only), an additional in-
cubation step could be introduced, where the supernatant would
be removed from the material module-containing plate and in-
cubated separately. We tested the possibility of an additional step
by incubating TVMV in the presence or absence of Casp3 at ei-
ther 4 or 34 °C for 1 h prior to scoring TVMV activity (Figure 4b).
The ratio of TVMV activity in the absence or presence of solu-
ble Casp3 was strongly increased by this additional incubation at
34 °C.

With these findings, for the next cycle of decoder development,
we added an additional incubation step of all samples outside
the material-module containing plate at 34 °C in the presence
of 0.054 mg mL−1 displacer for 30 min (Figure S5a, Supporting
Information). When running the decoder experiment, TEV pro-
tease activity was at its highest in the presence of novobiocin, and
a decrease in activity was observed in the presence of novobiocin
and EDTA. Similarly, TVMV activity was at its highest in the pres-
ence of EDTA and decreased in the presence of both novobiocin
and EDTA. For Casp3, the highest activity was seen upon addi-
tion of both inducers, novobiocin and EDTA. The time-resolved
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Figure 3. Decoder system assembly. a) Design of the magnet-based system for separating the different modules. Magnets (4 mm in diameter) are fixed
and installed on the plate holder, and for each experiment a 12-well plate is placed above the magnetic stand. Magnetic beads, each functionalized
with their respective proteases, Modules A, B, and C, were placed above a single magnet each in a single reaction pot, and thereby physically separated
from one another while allowing communication between the modules via released proteases. b) Response characteristics of the decoder circuit. For
each condition, 60 μg of agarose-immobilized split TEV, 30 μg of agarose-immobilized split TVMV, and 40 μg of agarose-immobilized Casp3 were
immobilized on their respective magnets in 550 μL assay buffer. The four conditions comprise: no input, novobiocin (53.6 μm), EDTA (10 mm), or
novobiocin (53.6 μm) + EDTA (10 mm). Samples were taken from the supernatant for each condition, and all three protease activities were measured
for each input. Data indicate the protease activities after 5 h, bar charts show the mean of two independent biological replicates for each condition.

activity data of all output proteases are shown in Figure S5b (Sup-
porting Information). The figure further shows the fits of the
mathematical model to the experimental data which were used
to parameterize the model. The observed response characteristics
to the input parameters reflect the functionality of the 2-input/4-
output binary decoder. However, to further increase the differ-
ence between the high- and low-state signals, we entered an ad-
ditional iteration of the DBTL cycle.

To this aim, we first evaluated the influence of the displacer
module as a function of concentration and incubation time in
detail in a pre-experiment. For this, TEV and Casp3-treated TEV
were incubated with different amounts of the displacer module
for 30 or 150 min (Figure 4c). The activity of cleaved TEV de-
creased strongly with increasing displacer concentrations. Also,
for uncleaved TEV a decrease was observed albeit only at higher
displacer concentrations. The same experiment was carried out

for module B, but no statistically significant dependence on dis-
placer amounts was observed for TVMV (Figure S6, Supporting
Information). To identify optimal conditions for the incubation
step, we parameterized the mathematical model using the data
from the displacer dose-response curves from Figure 4c. We used
the model to calculate the difference between the activities of TEV
and Casp3-treated TEV as a function of incubation time and dis-
placer amounts (Figure 4d). We experimentally evaluated the pre-
diction by choosing the following conditions for the additional
incubation step in the overall decoder experiment: displacer con-
centration of 0.084 mg mL−1 and an incubation time of 150 min
(indicated by a black rectangle in the heatmap in Figure 4d).
These conditions are expected to reach a clear difference in activ-
ity between uncleaved and cleaved TEV while avoiding too long
post sample incubations. We aimed to test this condition in the
whole decoder system. Prior to the validation experiment, we
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Figure 4. Model-guided optimization of the decoder response. A) Displacer-supported Casp3-based TEV inactivation. Mechanism of action of the
displacer module (left panel). 30 μg of TEV was incubated in the presence or absence of 30 μg Casp3 in 300 μL assay buffer for 30 min at 34 °C in the
presence or absence of 60 μg displacer prior to analyzing TEV activity. b) Casp3-based TVMV inactivation. 30 μg of TVMV was incubated in the presence or
absence of 3 μg of Casp3 in 300 μL assay buffer at either 4 or 34 °C for 1 h prior to analysis of TVMV activity. c) Dose-response analysis of the effect of the
displacer on TEV activity. 30 μg of TEV was incubated in 300 μL assay buffer in the presence or absence of 3 μg Casp3 together with the indicated displacer
concentrations for 30 or 150 min prior to quantifying TEV activity. In order to be coherent with the complete decoder setup, the buffer further contained
53.6 μm novobiocin, and the buffer for Casp3-treated conditions was further supplemented with 15 μg TVMV, 53.6 μm novobiocin, and 10 mm EDTA.
Experimental data points, the mathematical model fit, and respective error bands are shown. d) Optimization of displacer treatment. The difference
between the activities of TEV and Casp3-treated TEV (RUTEV − RUTEV+Casp3) was calculated using the mathematical model as a function of incubation
time and displacer concentration. The resulting value is represented by the color in the heatmap. The black rectangle shows the chosen condition for
the subsequent experiment. e) Functionality of the optimized 2-input/4-output binary decoder. The decoder was assembled by immobilizing modules A,
B, C containing 60 μg TEV, 30 μg TVMV, and 40 μg Casp3, respectively, above one magnet each in 550 μL assay buffer. The samples were incubated for
300 min in the presence or absence of 53.6 μm novobiocin or 10 mm EDTA or both and subjected to incubation at 34 °C with displacer (0.087 mg mL−1)
for 150 min prior to quantifying TEV, TVMV, and Casp3 activity. The bars represent the predictions of the mathematical model together with the predicted
error bars, the experimental values are indicated by the black dots.
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predicted the decoder response at this condition by the math-
ematical model, the predicted values are shown in Figure 4e.
This condition was subsequently evaluated experimentally (data
points in Figure 4e). The time-resolved prediction and experi-
mental data are presented in Figure S7 (Supporting Informa-
tion). The observed activities agree with the model predictions
and correspond to the anticipated response of the 2-input/4-
output binary decoder with TEV, TVMV, or Casp3 being at the
high state in the presence of novobiocin, EDTA, or novobiocin
and EDTA, respectively.

3. Conclusions

In this study, we engineered proteases into biohybrid material
frameworks, and equipped them with sensory, regulatory, and
communicational functions toward a 2-input/4-output binary de-
coder circuit design. Key for the development of the decoder ma-
terial system was the development of in vitro functional molec-
ular switches that allow both inducible release and inducible de-
activation. This combined positive and negative regulation per-
formance opens the door to the implementation of versatile
information-processing functionalities in materials systems. In
the development of functional network topologies, mathematical
model-guided DBTL cycles are an efficient approach. The model
parameterized with the experimental data of iteration i can be
used to predict the system’s performance in iteration i+1 thus
allowing the in silico sampling of the design parameter space
and the efficient prediction of parameters that contribute to de-
sired network functionality. This work benefited from the de-
tailed characterization by the mathematical modeling that first
guided the optimization of DBTL iteration cycles toward addition
of an incubation step to the workflow, and subsequently by gener-
ating a prediction heatmap, directed the DBTL iterations toward
conditions resulting in a decoder functionality.

The approach shown here offers a versatile platform for the
generation of biocomputing materials systems, where all the
building blocks can be chosen from the library of synthetic bio-
logical building blocks or be engineered toward the desired func-
tionalities. For example, the input molecules can freely be cho-
sen from a toolbox of protein-interacting molecules. The latter
element can on the one hand couple the biomolecule on solid
supports, and on the other hand enable its stimuli-responsive
release. The release can be based on various mechanisms: i)
competition, for instance drug-target interactions or antibody-
antigen interactions by the addition of free drug or antigen.[51,52]

ii) allosteric regulation of protein conformation, for instance re-
pressor proteins in response to their inducers,[50,53] or protein–
protein interactions based on optogenetic switches responsive
to different wavelengths.[16,54–56] iii) chelation of metal ion com-
plexes as shown in this study. vi) Hydrolysis, for example pep-
tide cleavage by protease enzymes,[15] or nucleic acid cleavage by
CRISPR-Cas systems.[57,58] Moreover, the on/off switch element
can be chosen from a huge library of proteases. Apart from TEV
and TVMV, split versions of other plant virus proteases have as
well been described, such as turnip mosaic virus (TUMV), sun-
flower mild mosaic virus (SuMMV), southern bean mosaic virus
(SbMV), or plum pox virus (PPV) proteases.[13,59] These proteases
and other split proteases offer a toolbox of orthogonal on/off
switches that can be integrated into advanced materials systems

performing biomolecular computations. Hence, the fundamen-
tal concept of this work can be expanded to more complex circuits
benefiting from the free choice of all three main elements: input
molecules, recognition and immobilization element, and finally
orthogonal and flexible output proteases of choice.

Unlike stimuli-responsive materials, such biocomputing ma-
terials systems exhibit programmability.[60] Although the imple-
mentation of such systems within a patient might be challenging,
they may find various applications in therapies or as intelligent
sensors where a specific combination of biomarkers is indicative
of a disease. For example, simultaneous monitoring of elevated
levels of both glucose and ketone bodies is extremely important
in diagnosis and treatment of diabetic ketosis.[61,62] Simultaneous
detection of specific biomarkers, where a combination of them is
indicative of a tumor for example, could release the desired anti-
tumor compounds on demand.[18]

The concept introduced here highlights materials systems that
are capable of receiving environmental cues of choice, processing
information via communicating with each other, and producing
regulated outputs. This concept lays the foundation for the de-
velopment of diverse information-processing biohybrid materi-
als that pave their way toward analytical and engineering sectors
for intelligent, information-integrating, and -processing multi-
input, multioutput diagnostic, and sensory biomaterial systems.

4. Experimental Section
Cloning of the Plasmids: The amino acid sequence of all plasmids and

their descriptions are listed in Table S1 (Supporting Information). Con-
structs were cloned by Gibson assembly.[63]

Protein Production and Purification: All recombinant proteins were pro-
duced in Escherichia coli BL21(DE3) pLysS (Invitrogen) transformed with
respective plasmids. Bacteria were grown at 37 °C and 150 rpm in 1 L
shake flasks containing LB medium supplemented with 36 μg μL−1 chlo-
ramphenicol and 100 μg μL−1 ampicillin. Once OD600 reached 0.6, induc-
tion was started by addition of 1 mm IPTG and incubation was done un-
der different conditions as described in Table S2 (Supporting Information).
Cells were harvested by centrifugation at 6000 × g for 10 min, resuspended
in 35 mL Ni Lysis buffer (50 mm NaH2PO4, 300 mm NaCl, and 10 mm im-
idazole, pH 8.0), flash frozen in liquid nitrogen and stored at −80 °C for
further use.

Protein purification was performed by disrupting the cells by sonica-
tion with 60% amplitude and intervals of 0.5 /1 s pulse/pause (Bandelin
Sonoplus HD 3100 homogenizer). Cellular debris was removed by cen-
trifugation of the lysate at 30 000 × g for 30 min at 4 °C. All proteins were
purified by gravity flow Ni2+-NTA affinity chromatography (Qiagen, Cat. -
No. 30 230), except TEV-construct which was purified by gravity flow Strep-
TactinXT Superflow high-capacity resin (IBA Cat. -No.2-1208-002). Ni2+-
NTA purification was performed following the manufacturer’s instruction.
Briefly, 1.5 mL settled beads of Ni2+-NTA resin were equilibrated with
15 mL Ni Lysis buffer. Cleared lysate was loaded onto the gravity flow col-
umn, washed twice with 30 mL Ni Wash buffer (50 mm NaH2PO4, 300 mm
NaCl, and 20 mm imidazole, pH 8.0, or increasing imidazole concentra-
tions of 20, 40, and 60 mm imidazole, each 20 mL wash volume for TVMV)
and eventually eluted with 8 mL Ni Elution buffer (50 mm NaH2PO4,
300 mm NaCl, and 250 mm imidazole, pH 8.0). For TEV-construct 500 μL
bed volume of the Strep-TactinXT Superflow high-capacity resin was equili-
brated with 1 mL buffer W (100 mm Tris/HCl, 150 mm NaCl, pH 8.0). After
applying the cleared lysate onto the resin, the column was washed twice
with 2.5 mL buffer W. Proteins were finally eluted by applying buffer BXT
(100 mm Tris/HCl, 150 mm NaCl, and 50 mm biotin, pH 8.0) and pooling
the fractions containing the protein of interest.
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All eluted proteins were supplemented with 10 mm 2-mercaptoethanol
(2-ME) directly following purification and dialyzed against phosphate-
buffered saline (PBS: 2.7 mm KCl, 1.5 mm KH2PO4, 8.1 mm Na2HPO4,
137 mm NaCl) supplemented with 10 mm 2-ME using SnakeSkin dialysis
tubing (10 kDa MWCO) (Fisher Scientific, Cat. -No. 10 005 743). Eventually
proteins were supplemented with 15% v/v glycerol and frozen at −80 °C
until further use. Proteins were analyzed by SDS-PAGE (15% w/v gels at
160 V and stained by Coomassie brilliant blue staining (Figure S8, Sup-
porting Information). Identity and integrity of the proteins was monitored
by mass-spectrometry (Figure S9 and Table S3, Supporting Information).
Further purification of the proteins toward achieving less impurities was
not carried out, because the decoder system assembly on the beads would
serve as a second and more targeted protein purification. The concentra-
tion of the proteins was determined either by Bradford assay using pro-
tein assay dye reagent (Bio-Rad) and bovine serum albumin (Carl Roth)
as standard. Measurement was performed in a Multiskan GO spectropho-
tometer at 575 nm (Thermo Fisher Scientific). The reported concentration
values correspond to the eluted protein solutions. For setting up the as-
says, the proteases have been quantified via their enzymatic activity.

The specific activities of the engineered split TEV and TVMV constructs
were compared to the full-versions of these proteases (Figure S11, Sup-
porting Information).

Material Module A Containing TEV: Epoxy-activated magnetic beads
(Cube Biotech, Cat. -No. 50 805) were functionalized with novobiocin ac-
cording to manufacturer’s instructions with adjustments. Briefly, epoxy-
activated material was washed 4 times using a magnetic stand with water,
followed by equilibration in coupling buffer (100 mm Na2CO3, 500 mm
NaCl, pH 8.3). A 125 mm solution of novobiocin in coupling buffer was
mixed with the material (2 mL solution per 2 mL 25% v/v slurry) and in-
cubated at 37 °C for 21 h while shaking at 150 rpm. Excess novobiocin
was washed away by coupling buffer by separating the beads using a
magnetic stand from the supernatant. This was followed by 5 rounds of
2 mL wash with water by adding the wash buffer, gently inverting the tube,
and collecting the beads by a magnetic stand and subsequently remov-
ing the supernatant. The reaction was quenched by quenching buffer (1 m
ethanolamine/HCl, pH 7.4) at 37 °C for 8 h while shaking at 150 rpm.
Finally, the material was blocked with 1% w/v BSA in PBS overnight at
4 °C with agitation. Binding capacity of the functionalized beads was de-
termined by adding an excess amount of GyrB-fused TEV protease, incu-
bation overnight at 4 °C in an end-to-end rotator, and measuring the quan-
tity of nonbound TEV protease in the supernatant by measuring the TEV
activity of the supernatant and measuring its quantity using a calibration
standard (6 data points of concentrations between 0 and 0.235 mg mL−1

TEV in PBS (supplemented with 10 mm 2-ME), 16 μL per well). A bind-
ing capacity of 7.8 mg protein per mL settled novobiocin-functionalized
magnetic beads is obtained. For decoder experiments, the novobiocin-
functionalized material was supplemented with a 25% excess amount of
GyrB-fused TEV protease in PBS containing 10 mm 2-ME and 0.05% v/v
Tween20. The suspension was incubated for 16 h at 4 °C on an end-to-end
rotator. Unbound protein was eliminated in 6 washing steps using 2 mL
of the same buffer.

Material Module B Containing TVMV: TVMV protein fused to a C-
terminal His6-tag was mixed with spherical magnetic Ni2+-NTA functional-
ized agarose beads (Cube Biotech, Cat. -No. 31 201). The binding capacity
of the material is reported as 80 mg mL−1 of the settled beads by the man-
ufacturer. The binding was performed according to the product instruc-
tions. Briefly, the beads were washed twice with Ni Lysis buffer, and mixed
with the His6-tagged TVMV protease in Ni Lysis buffer supplemented with
10 mm 2-ME and 0.05% v/v Tween20 for 16 h at 4 °C on an end-to-end ro-
tator. After coupling, unbound protein was eliminated by 6 washing steps
with the same buffer.

Material Module C Containing Casp3: Casp3-containing matrix con-
sisted of an N- and C-terminally HaloTag-ed Casp3 coupled to Magne
HaloTag beads (Promega, Cat.-No. G7281). To ensure binding on both ter-
mini, proteins with degraded C-terminal were eliminated by a prepurifica-
tion step on magnetic Ni2+-NTA beads (the His6-tag is at the C-terminus),
Figure S10 (Supporting Information). Briefly, the proteins were coupled
onto Ni2+-NTA beads in Ni Lysis buffer supplemented with 10 mm 2-ME

and 0.05% v/v Tween20 for 4 h at 4 °C on an end-to-end rotator. The beads
were then washed 6 times with Ni Lysis buffer and finally resuspended in
PBS containing 10 mm 2-ME, 0.05% v/v Tween20, and 100 mm EDTA. The
suspension was incubated at room temperature for 1 h while being gently
mixed on an orbital shaker. Finally, the supernatant which contained the
full-length protein was added to Magne HaloTag beads prewashed with
PBS containing 10 mm 2-ME and 0.005% v/v IGEPAL. Coupling was per-
formed for 16 h at 4 °C on an end-to-end rotator. Unbound protein was
eliminated by washing 6 times with 2 mL PBS containing mm 2-ME and
0.005% v/v IGEPAL. Beads-immobilization steps of the 3 modules were
carried out in 2 mL tubes and tubes were filled to avoid the drying out of
the mixtures.

System Assembly: The system was assembled in 12-well plates placed
on a support with 3 magnets (4 mm diameter, Supermagnete-Webcraft
GmbH, cat. No S-04-10-AN) under each well. For assembling the system,
each of the 3 modules (60 μg TEV-/, 30 μg TVMV-/, and 40 μg Casp3-
bound material each resuspended in 50 μL PBS containing 10 mm 2-ME)
were pipetted on top of one of the magnets in the 12-well-plate to a final
volume of 550 μL of assay buffer (PBS supplemented with 10 mm 2-ME,
5 mm TRIS/HCl, 75 ng μL−1 BSA) for direct immobilization. The wells were
filled with 53.6 μm novobiocin, 10 mm EDTA, or both as indicated. The
system was incubated at 4 °C on a tilting shaker.

Release kinetics were carried out by taking samples from the super-
natant in each well and measuring the activity of each of the output pro-
teases in all conditions (section Analytical methods).

Analytical Methods: TEV activity was determined using the Senso-Lyte
520 TEV Activity Assay Kit according to the manufacturer’s protocol with
the following changes: 8 μL of substrate solution was added to 8 μL of
TEV containing buffer in a black low-volume 384-well plate directly prior
to measurement. Fluorescence (excitation: 490 nm, emission: 520 nm)
was measured every minute for 60 min. The activity was determined by
calculating the slope in the linear range and by using a calibration curve
with 5-FAM (0-1000 nm in PBS supplemented with 10 mm 2-ME, 16 μL per
well). One relative unit (RU) for TEV was defined as the amount of cleaved
substrate equivalent to the fluorescence of 1 fmol 5-FAM per min at 34 °C.

TVMV activity was determined using a custom-synthesized peptide by
Genscript containing the substrate for TVMV protease (GETVRFQSDT)
and a FRET pair of 7-Methoxycoumarin-4 (MCA) and 2,4-dinitrophenyl
(DNP). TVMV substrate was dissolved in DMSO to a final concentration of
5 mm and stored at−80 °C. For activity measurements, 8 μL of 300 μm final
concentration of substrate diluted in TVMV protease assay buffer (50 mm
Tris/HCl, 100 mm NaCl, and 2 mm DTT, 50 mg mL−1 BSA (Sigma-Aldrich),
pH 8.0) was added to 8 μL TVMV sample. The fluorescence (excitation:
325 nm, emission 392 nm) was measured every minute for 60 min at 34 °C.
Activity was determined by measuring the slope in the linear range, using a
dilution series of 0–125 nm MCA under the assay conditions. One relative
unit for TVMV was defined as the amount of cleaved substrate equivalent
to the fluorescence of 1 fmol MCA per min at 34 °C.

Casp3 activity was determined using the Caspase-3 Colorimetric Assay
Kit according to manufacturer’s instructions with slight changes. 10 μL of
the substrate diluted in PBS supplemented with 10 mm 2-ME was added
to 10 μL of the samples in a transparent 384-well plate. The absorbance at
405 nm was measured every minute for 1 h at 34 °C. Activity was deter-
mined by measuring the slope in the linear range using a dilution series
of p-nitroaniline (pNA) (0–1000 μm in PBS containing 10 mm 2-ME) that
was used for calibration.

1 RU corresponded to the amount of cleaved substrate equivalent to
1 pmol of pNA per min at 34 °C.

Statistical Analysis: Bar charts show the mean values of replicates, and
replicates are shown separately on each figure. In each data set, the neg-
ative slope of the lowest negative measurement was set to zero, and all
data points were normalized to this value.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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