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Developing enzyme alternatives is pivotal to improving and
enabling new processes in biotechnology and industry. Artificial
metalloenzymes (ArMs) are combinations of protein scaffolds
with metal elements, such as metal nanoclusters or metal-
containing molecules with specific catalytic properties, which
can be customized. Here, we engineered an ArM based on the
consensus tetratricopeptide repeat (CTPR) scaffold by introduc-
ing a unique histidine residue to coordinate the hemin cofactor.
Our results show that this engineered system exhibits robust

peroxidase-like catalytic activity driven by the hemin. The
expression of the scaffold and subsequent coordination of
hemin was achieved by recombinant expression in bulk and
through in vitro transcription and translation systems in water-
in-oil drops. The ability to synthesize this system in emulsio
paves the way to improve its properties by means of droplet
microfluidic screenings, facilitating the exploration of the
protein combinatorial space to discover improved or novel
catalytic activities.

Introduction

Artificial metalloenzymes (ArMs) are hybrid biomacromolecules
that combine the selectivity properties of natural enzymes with
the tunability of transition metal catalysts.[1] ArMs consist of a
proteogenic scaffold combined with a metal cofactor, which
serves as artificial catalytic site, and have demonstrated the
ability to catalyze a wide range of reactions.[2] Examples include
carbonic anhydrases[3] (using a zinc ion cofactor), superoxide
dismutases[4] (copper and zinc), nitrogenases[5] (iron and
molybdenum), and the water splitting enzyme Photosystem II[6]

(manganese). Overall, ArMs have the potential to revolutionize
catalysis in many fields, including industrial, medical, and
biotechnological applications.

In this context, finding versatile protein scaffolds is crucial
for designing ArMs. Repeat proteins can combine tandem
repeats of a specific amino acid sequence with known
structures. For instance, one such example is the tetratricopep-
tide repeat (TPR) protein, which is found in many eukaryotic
organisms and takes part in several protein-protein
interactions.[7] The consensus version of TPR (CTPR) allows the
insertion of multiple tandem repeats and permits the mutation
of numerous residues within the same repeat without compro-
mising its structure.[8] Consequently, it becomes possible to
introduce an amino acid at a precise position that can
eventually serve as a metal-binding site within the protein
scaffold. Due to the high mutability of these proteins, the
binding pocket can also be finely tuned to better allocate a
metal-containing molecule.

Heme peroxidases are a subclass of iron-based peroxidases
that contain a heme prosthetic group in their catalytic site. This
heme molecule, composed of an iron porphyrin complex, is
responsible for binding and activating hydrogen peroxide
(H2O2),

[9] for the subsequent oxidation of small organic
substrates.[10] Some examples of this kind of enzyme are the
catalases, the myeloperoxidases, and the extensively used
horseradish peroxidase[11] (HRP). The primary function of these
enzymes is to reduce peroxides into water and oxygen, being
pivotal in removing harmful peroxides from cells and tissues.
They also contribute to the biosynthesis of hormones,[12] cellular
signalling,[13] and defense against certain pathogens.[14]

Inspired by nature and driven by the need to create artificial
catalysts, which can overcome certain limitations of natural
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catalysts – including stability and performance under broad
operational conditions –, previous studies have focused on
engineering supramolecular scaffolds based on heme-type
catalysts. These scaffolds include molecular building blocks of
DNA,[15] polymers,[16–18] or proteins. Regarding the proteogenic
scaffolds, attempts to generate an artificial heme-protein
include enzyme repurposing strategies with specific metal
salts,[19] short peptides to coordinate heme groups,[20,21] or the
engineering of a de novo four-helix bundle protein to
coordinate diiron molecules.[22] These studies have demon-
strated the potential of integrating metal catalysts within
biomolecular scaffolds to create novel catalytic systems.

In this sense, the catalytic potential of CTPR proteins has yet
to be explored. In a previously reported work, CTPR proteins
were utilized for catalytic applications, enabling the catalysis of
reactions beyond the scope of natural enzymes. Specifically, the
designed protein acted as metal-free biocatalysts for (3+2)
cycloadditions.[23] Our group also demonstrated the capability
of CTPR proteins to act as scaffolds for coordinating metal
nanoclusters, achieving tunable, highly catalytic, stable, and
reusable nanozymes, proving them as an advantageous alter-
native to natural enzymes.[24] This study presents a new
approach: the development of an engineered CTPR3 variant
with the capacity to coordinate a hemin porphyrin, simulating
the structural conformation of HRP. This novel approach
emphasizes our endeavours to harness engineered CTPR
proteins in multifaceted catalytic contexts.

However, there are still open challenges to overcome and
ensure the efficient and broad applicability of this concept,
including: 1) ensuring the stability of the ArM upon engineer-
ing; 2) assessing the versatility of the protein scaffold to
accommodate assorted metal-porphyrins; 3) facilitating efficient
substrate accessibility for optimal catalytic activity; and 4)
implementing high-throughput techniques to transition from
individual ArM design and analysis to the combinatorial
generation and screening of ArMs. Towards these aims, in this
work, we employed a highly stable CTPR module with three
repeats and an engineered histidine site (CTPR3H) to coordinate
metal porphyrin complexes, including iron porphyrin com-
pound – hemin – with peroxidative potential. The selection of
this scaffold was based on its remarkable stability, engineer-
ability, and superhelical structure, which presents an inner
concave face,[27] offering potential for coordination and stabili-
zation of cofactors. The proposed design leads to the gener-
ation of an artificial biocatalyst which catalytic pocket is
accessible to the solvent (Figure 1A). Our results reveal CTPR3H
as an excellent and versatile platform for engineering ArMs
based on metal-porphyrins. Furthermore, we successfully
achieved a fully in vitro generation of this ArM by PCR and cell-
free extracts, establishing the foundations for a completely
synthetic pathway to produce these kinds of complexes. Finally,
our system also showed catalytic activity inside water-in-oil
droplets, thereby paving the way for future screenings of
protein libraries to improve the hemin binding pocket and thus
enhance the catalytic properties of the enzyme.

Results and Discussion

Synthesis and characterization of CTPR3H-Hemin biohybrids

In this work, we have selected CTPR proteins as scaffold for
developing a novel artificial metalloenzyme due to their well-
established robustness, stability, and suitability for biomolecular
engineering.[25,26] These repeat proteins are convenient scaffolds
for introducing desired mutations during the engineering
process, since only a few conserved residues (8 out of 34) define

Figure 1. A) Putative structure of the CTPR3 with the N6H point mutation at
the central repeat for the coordination of the hemin molecule. The molecular
docking model was obtained based on the CTPR3 WT structure (PDB
ID:1NA0)[27] using Rossetta Ligand software[28] (see Experimental Section).
Right panel shows a zoom in of the coordination of the Fe (III) porphyrin to
the histidine within the CTPR3H scaffold. B–E) UV-Vis spectra of (B) the free
protein and CTPR3H-hemin, (C) CTPR3H-TPP� Mn(III), (D) CTPR3H� Co(II), and
(E) CTPR3H� Zn(II) hybrids. The chemical structure of the porphyrins and
pictures showing coloured solutions are depicted (R=phenyl).
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the protein fold. In this regard, the protein scaffold was
constructed by three consecutive repeats of the CTPR module,
being the second module engineered to include a histidine
amino acid at position 6 of the repeat. This configuration
rendered a protein with a molecular weight of 14.1 kDa
(Figure S1), according to Matrix-Assisted Laser Desorption/
Ionization Time-of-Flight (MALDI-ToF) measurement. Further, a
metal-binding residue, namely, histidine, is conveniently allo-
cated for the axial coordination of the metal centre of the metal
porphyrin complex (Figure 1A). Further details on the protein
design, expression, and purification are described in the
Experimental Section.

Metal porphyrins have great potential as catalysts, yet their
low solubility and tendency to form aggregates limit their use
in water-based solutions. For this reason, the development of
protein scaffolds such as CTPR3H, with a catalytic cleft exposed
to the solvent, that enables the solubilization and stabilization
of the hydrophobic metal-organic molecules in an aqueous
solution, is of high interest. This study attempted the coordina-
tion of assorted aromatic porphyrin derivatives to demonstrate
the versatility of the CTPR3H scaffold. Among all the tested
porphyrins derivatives – hemin; 5,10,15,20-Tetraphenyl-
21H,23H-porphine compounds of Co, Cu, Zn, and Ni (TPP� Co,
TPP� Cu, TPP� Zn, and TPP� Ni, respectively); and
2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine manganese (III)
chloride – only the iron porphyrin could be solubilized at basic
pH. The preparation of the hybrids was carried out by
incubating the engineered CTPR3H with the corresponding
porphyrins in a 1 :5 (protein:porphyrin) molar ratio in a water/
DMSO mixture (details in Experimental Section). The generation
of the hybrids using CTPR3H and the corresponding porphyrins
was carried out under carefully optimized temperature and pH
conditions. (Figure S2). The assembly procedure is performed at
pH 10, a condition under which the protein is known to be in a
partially extended conformation[24] to reduce steric impedi-
ments and foster the incorporation of the metalorganic
molecule within the cleft. After the assembly, the native
configuration of the protein was restored at pH 7, as evidenced
by its circular dichroism spectrum (Figure S3). The CTPR3H
scaffold successfully accommodated various porphyrins, includ-
ing Fe, Mn, Co, and Zn variants, as confirmed by UV-Vis
(Figure 1B–D and Figure S4). The resulting hybrids were stable,
robust, and resistant to multiple washings and purification
steps, demonstrating the versatility of the CTPR3 protein
scaffold in accommodating and stabilizing porphyrin molecules.
These findings have significant implications for the use of metal
porphyrins as catalysts in aqueous solutions. The subsequent
characterization focused on evaluating the catalytic profile of
the iron-porphyrin containing hybrid, which mimics natural
heme-containing enzymes such as HRP or myoglobin.

The UV-Vis spectrum of the CTPR3H-hemin (Figure 1B)
clearly displayed a Soret peak, a distinguishing characteristic of
the Fe� N coordination present in heme proteins. Note that the
hybrid showed a bathochromic shift to 409 nm compared to
HRP, where the band is centred at 402 nm. Similar studies
involving protein variants in which the iron porphyrin molecule
is coordinated to histidine residues[29–31] have also reported a

comparable shift at this wavelength. Importantly, such an
absorption band was not observed when the wild-type CTPR3
protein, which lacks the coordinating His ligand, was incubated
with the hemin molecule (Figure S5). Moreover, X-ray photo-
electron spectroscopy (XPS) further confirmed the hemin-
histidine coordination, as evidenced by the emergence of a
shoulder at 398 eV in the N 1s band of the hybrid, indicating
N� Fe interaction[16] (Figure S6). Therefore, the engineered
histidine ligand of CTPR3H enables the precise accommodation
of the hemin through a predicted axial coordination, showing
an affinity binding constant (KD) of 3.3 μM (Figure S7). Finally,
while we observed that the coordination was significantly
affected by acidic pH, presumably due to protonation of the
histidine, we determined that the ArM was stable for over one
month when stored at 4 °C (Figure S8).

Peroxidase-like activity of the ArM

Heme cofactor serves as the catalytic centre of several natural
enzymes, including HRP, myoglobin and most catalases.[32] By
themselves, both heme (ferrous) or hemin (ferric iron) metal-
organic catalysts can perform peroxidation reactions efficiently,
oxidizing a broad range of organic substrates in the presence of
hydrogen peroxide. Furthermore, the catalytic activity of hemin
can be enhanced when it forms complexes with other
molecules such as DNA[15] or proteogenic molecules.[21] In this
work, we have assessed the peroxidative capability of the novel
ArM with two common substrates, i. e., 2,2'-azino-di(3-ethyl-
benzothiazoline-6-sulfonic acid (ABTS) and 3,3',5,5'-tetrameth-
ylbenzidine (TMB). The oxidation of ABTS and TMB in the
presence of hydrogen peroxide (H2O2) was monitored by
measuring absorbance changes at 420 and 650 nm, respec-
tively. The hybrids exhibited Michaelis-Menten kinetics profile
(Figure S9), confirming their behavior as artificial enzymes. The
affinity of CTPR-hemin for TMB, with a KM of 110.6�29.1 μM, is
similar to other reported hemin-loaded hybrids, which show KM
values from 0.5 to 0.1 mM.[33] Remarkably, these values are
similar to that measured for natural HRP, 0.15 mM. Further, we
achieved similar turnover frequencies (TOF) to those obtained
by Liu et al. for hemin-loaded nanoparticles assembled by a
complex combination of His-rich peptides and guanine-rich
nucleotides (TOF[ABTS] of 0.65 vs 0.44 s� 1 for CTPR-Hemin and
DNA/peptide nanoparticles, respectively).[34] The measurement
of the KM with respect to H2O2 co-substrate provided important
insights on the chemical environment in which the hemin is
accommodated. We measured a KM (H2O2) of 3.0�0.5 mM for
CTPR3H-hemin (Figure S10), which is similar to other recombi-
nant isoenzymes (3.5 mM for HRP isoenzyme recombinantly
produced), yet significantly higher compared to other natural
peroxidases, including natural HRP (0.06�0.02 mM, as meas-
ured in this work) (Table S1). Therefore, the complex composi-
tion of the catalytic pocket in natural enzymes seems to
facilitate the cleavage of the H2O2 for catalysis.

We also characterized the peroxidation rates of dopamine
using CTPR3H-Hemin. With this, we could provide valuable
information to optimize the potential development of droplet-
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based microfluidic screening utilizing the CTPR3H scaffold. Using
a microfluidic device, fluorescent polydopamine (FPDA) produc-
tion can be monitored and quantified by utilizing dopamine as
a substrate. The kinetic profile of the peroxidation of dopamine
was revealed by fluorescence and UV-Vis measurements,
yielding similar results (Figure S11). We determined a KM value
of 43�11 μM, which is significantly low compared to other
natural enzymes such as catechol oxidases, and other perox-
idases, with values that range in the mM.[35–37] Finally, we also
observed that the ArM outperformed the uncoordinated metal-
organic porphyrin in terms of TOF, with a value of 0.22�
0.01 s� 1 compared to 0.099�0.005 s� 1, respectively (Figure S12,
Table S2).[38] Due to the significantly higher affinity of CTPR3H-
hemin towards dopamine compared to other systems (Ta-
ble S1), the limited autoxidation of dopamine in the absence of
the catalysts (Figure S13), and the significant difference in the
catalytic rates compared to free hemin, we concluded that
dopamine is a convenient substrate for the droplet-based
screening developed in this work.

Catalase-like activity of the ArM

While performing the peroxidations, we detected the formation
of a significant number of bubbles after the reaction, which
might indicate the coexistence of a catalase-like activity in the
ArM (Figure S14). This catalase-like activity is more evident at
basic pH, which explains the prompt decrease of the
peroxidase-like activity at pH>7, as shown by the pH-depend-
ent activity measured in Figure 2. The coexistence of peroxidase
and catalase activity is present in several peroxidases.[39]

Interestingly, these experiments showed that the optimum pH
for the peroxidation reaction was significantly shifted from
pH 4.0 to pH 6.0 for HRP to ArM, respectively.

The compositional and functional characterization of
CTPR3H-hemin has evidenced that the correct accommodation
of the hemin into the protein scaffold enhances the catalytic

capability of the iron porphyrin complex. The catalytic profile of
the remaining porphyrin hybrids is being evaluated.

A fully in vitro metalloenzyme

Given that the performance of the ArM relies on both the
polypeptidic environment in which the hemin is accommo-
dated, and the synthesis conditions used for the assembly of
the hybrids, the development of synthetic methodologies to
screen and optimize the fabrication of hybrid biodopamine
molecules using automating processes is a central goal. For this
purpose, a totally synthetic pathway to produce ArMs has been
developed, aiming to avoid tedious and time-consuming steps
of recombinant amplification and expression. First, the selected
plasmid DNA was subjected to a circular PCR using a
thermocycler (see Experimental Section).

All in vitro experiments were conducted using a plasmid
where the His-Tag is off-frame to avoid interactions between
the additional histidines with the hemin molecule. A cell-free
in vitro transcription and translation system (IVTT) was later
added to the DNA and the mixture was incubated for 2 hours.
Hemin was subsequently supplemented. Finally, dopamine and
H2O2 were added at a concentration of 1.5 mM and 50 mM,
respectively. After one hour, fluorescence intensity was meas-
ured at 473 nm upon excitation from 500 to 700 nm, obtaining
a peak at 525 nm, similar to the previous results obtained with
the ArM fabricated by recombinant expression (Figure 3A).
Once again, the comparison of the intensity between the ArM
and free hemin demonstrates that engineered enzyme pos-
sesses a higher catalytic activity.

Surprisingly, the blank containing the IVTT also showed a
high basal fluorescence. The kinetic behaviours of both species
were also compared by measuring the fluorescence at 525 nm
for 200 min. Similarly, the ArM displayed superior catalytic
properties over time, reaching the maximum fluorescence after
140 min (Figure 3B). In contrast, the curve for the free hemin
showed no activity and a decrease over time. This phenomenon
may be attributed to hemin coordinating with surface-exposed
histidine or cysteine residues present in the ribosomes or RNA
polymerases within the IVTT systems, disabling them for the
oxidation of dopamine. The IVTT system itself again showed a
basal fluorescence but no activity.

These results show the feasibility of fabricating ArMs with
peroxidase-like activity using fully synthetic pathways. However,
further improvements in the performance of IVTT systems and
in the fabrication workflow are still needed to achieve the yields
obtained by recombinant expression systems.

Towards in emulsio enzyme improvement

The ability of this system to be fully synthetized by in vitro
methods paves the way to improve its catalytic properties or
discover novel ones by droplet-based screenings. To test this
hypothesis, two different experiments were carried out on
microfluidic chips. For this purpose, a custom inverted micro-

Figure 2. pH activity profile for ArM (black and blue) and HRP (green). The
peroxidation activity was measured using ABTS and H2O2 (black and green)
and the catalase-like activity was measured with H2O2 (blue).
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scope with a blue laser (473 nm) focused towards the objective
was built in order to measure the fluorescence of the droplets
(Figure 4A), similar to other setups used elsewhere in droplet
microfluidic experiments.[40,41] The first experiment consisted of
encapsulating the purified ArM with H2O2 (25 mM) and
dopamine (25 mM) within droplets. A two-inlet microfluidic
chip with a nozzle of 30 μm was used to separate the catalyst
from the substrate (Figure 4B). After 2 hours of incubation at
37 °C, droplets were introduced in a reservoir, and their
fluorescence was examined using an epifluorescence micro-
scope to obtain the images observed in Figure 4C for both
species. The ArM and the free hemin were also excited with a
473 nm laser, and the signal was measured with a PMT
(Figure 4D), resulting in an average fluorescence of 1.367�
0.019 a.u for the ArM. The results revealed a significant increase
in the fluorescence signal at 525 nm when compared to the
catalytic activity of the free hemin (Figure 4E). The representa-
tive fluorescence traces measured by the photomultiplier tube
(PMT) for the ArM and the free hemin are presented in
Figure 4E. Each peak represents the fluorescence of an individ-
ual drop.

In the second test, CTPR3H plasmid was encapsulated with
all the necessary reagents to perform a circular droplet PCR on
a drop generator chip (Figure 4F, left). The sample was later
subjected to 20 cycles of amplification in the thermocycler, with
ramps of 0.6 °C/min to avoid the coalescence of the drops. A
portion of the emulsion was broken with perfluoroctanol, the
aqueous phase was extracted, and the size of the DNA was
verified on a 1% agarose gel (Figure S15). In the next step, the
remaining drops were reinjected on a picoinjection chip[42]

(Figure 4F, right), and the cell-free system, dopamine (3 mM)

Figure 3. Fluorescence measurements performed using the IVTT system. A)
Fluorescence spectra of the synthetically fabricated ArM, the hemin, the IVTT
and the dopamine+H2O2 blank from 500 to 700 nm. The ArM, the hemin,
and IVTT show a fluorescence emission peak at 525 nm when excited at
473 nm. B) Kinetic behavior of the abovementioned species. Only the ArM
shows a clear catalytic activity over time.

Figure 4. A) Optical setup of the microfluidic microscope. A 473 nm laser was added to an inverted microscope to measure the fluorescence of the drops (see
Experimental Section). Acronyms refer to: OD: optical density filter, M: mirror, DM: dichroic mirror, NF: notch filter, BS: beam splitter, L1: low pass filter and BF:
band pass filter. B) Sketch and detail of the two-inlet microfluidic chip used in these experiments. C) Epifluorescence images of the ArM (top) and hemin
(bottom) catalytic activity inside the drops. D) Heatscatter graph of the catalytic activity of the ArM. The x-axis shows the fluorescence of the individual drops.
The y-axis shows the size of the drops measured as the passing time through the laser. Due to the lack of peaks for the hemin signal, it was not possible to
calculate the typical heat-scatter graph for these experiments. E) Sketches of the drop generator and the picoinjector used in this article. F) Fluorescence
signals of the ArM and the hemin recorded by the PMT. G) Fluorescence signals of the ArM with an entirely in vitro generation after 2 and 16 hours.
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and H2O2 (25 mM) were individually injected to all the drops
following standard picoinjection conditions (Vpeaktopeak=200 V,
f=20 KHz). The drops were collected in a vial and incubated at
37 °C. The fluorescence of each individual drop was measured
after 2 and 16 hours (Figure 4G). The drops exhibited
fluorescence after 2 hours, confirming that the in emulsio
expression of the CTPR3H, the coordination with hemin, and the
catalytic reaction with dopamine took place. However, after
16 hours, the fluorescence signal of the drops diminished
(Figure 4G, bottom), due to the quenching process of polydop-
amine, as observed in the control experiment (Figure S16). This
experiment paves the way to screen different protein-based
libraries to enhance the catalytic properties of ArMs since the
expression and coordination of these complexes can be
achieved inside drops. This high throughput in emulsio screen-
ings have been widely used to improve the properties of
various non-metal-based enzymes.[43–45] However, further im-
provement in the coordination conditions of the experiments is
still needed to sort the desired variants effectively. It must be
noted that to encapsulate a unique mutant per drop for further
enzyme improvement experiments, the initial DNA concentra-
tion must be low enough. In droplet microfluidics, the amount
of DNA molecules per drop is governed by the Poisson
distribution:

P Xð Þ ¼ ðl X e ð� lÞÞ=X!

where P is the fraction of droplets containing X DNA molecules,
and λ is the mean number of droplets. To ensure the highest
number of drops with a unique DNA molecule, the value of λ
should be 0.1. Thus, one should reduce the initial DNA
concentration before the droplet PCR to have individual
mutants within the drops.

Conclusions

In this study, we have designed an engineered CTPR3 scaffold
and fabricated an ArM with remarkable peroxidase activity. Our
results conclude that the CTPR3H-Hemin ArM possesses better
peroxidase-like activity than free hemin. The protein scaffold
presumably influences the structural organization and accom-
modation of hemin within the protein scaffold significantly,
leading to optimized interaction between the artificial catalytic
center and dopamine, thereby facilitating the reaction. We
have, therefore, successfully developed an ArM by mimicking
the characteristics of the HRP.[46] This approach holds the
potential to generate customized metalloenzymes by selectively
mutating specific amino acids to coordinate, for example,
porphyrins in a tailored manner, which could enhance the
catalytic properties of an ArM or generate novel activities.

Moreover, we have developed an entirely synthetic pathway
for fabricating these types of enzymes. The synthetic ArM also
successfully catalyzed the oxidative polymerization of dopa-
mine, obtaining a fluorescent polymer that could be tracked by
fluorescence measurements. Finally, we achieved in emulsio
coordination of the protein scaffold with hemin and verified its

catalytic properties. We believe that this result could open the
way for further developments of different ArMs, allowing for
exploration of the fitness landscape of these compounds
through screenings of different scaffold libraries.

Experimental Section
Design of the CTPR3H module. The CTPR3H module was designed
by incorporating a single histidine as a metal-coordinating into the
consensus tetratricopeptide repeat (CTPR) unit.[8,47] The engineered
CTPRH coordinating unit contains a histidine at position 6 of the 34
amino acid CTPR sequence for hemin coordination. This unit was
flanked by two wild type (WT) units, resulting in CTPR3H. To
enhance solubility in aqueous media, an additional C-terminal
solvating helix with polar residues is included in the protein
sequence.

CTPR3H-hemin molecular docking. The molecular docking model
shown in Figure 1A was generated using RossettaLigand
software.[28] Precisely, we used Rossetta Docking&Design simula-
tions and a customized clustering protocol to retrieve the best
docking structure. Two docking constraints were introduced during
the docking process: i) the distance between the N atom of the
histidine and the Fe atom of the hemin should be 2.0�0.5 Å,[48]

and ii) the plane of the hemin molecule should be perpendicular to
the histidine. The molecular model shown was the best scoring
structure after the docking process.

Expression, purification, and characterization of CTPR3 proteins.
The synthetic gene for the desired protein (CTPR3H) was inserted in
pProEx-HTA vector, coding for N-terminal hexa-histidine tag and
ampicillin resistance, was expressed in Escherichia coli strain C41
(DE3) after induction with 1 mM isopropyl β-d-thiogalactoside
(IPTG) at an optical density of 0.6–0.8 followed by 18 h growth at
20 °C. The cell pellets were suspended in lysis buffer (500 mM
sodium chloride, 500 mM urea, 50 mM Tris-HCl pH 8.0) and lysed by
sonication. After that, the pellet was frozen at � 20 °C for at least for
one day. The proteins were purified from the supernatant using
standard Ni-NTA affinity purification protocol. The N-terminal hexa-
histidine tag was then cleaved from the CTPR proteins using the
Tobacco Etch Virus (TEV) protease. As a final step, the aqueous
solutions of CTPRs were dialyzed against 10 mM phosphate buffer
pH 7.4 at 4 °C using a dialysis membrane with molecular weight
cut-off of 6–8 kDa. Protein concentration was estimated by UV-
Visible measurements at 280 nm, using the molar extinction
coefficient (ɛ=43,320 M-1cm-1) calculated from the amino acid
composition. To verify the purity of the protein, SDS-PAGE gels
were performed (see Figure S1). In addition to this analysis, MALDI-
ToF was performed for calculating the molecular weight. The
MALDI/ToF-ToF MS UltrafleXtreme III mass spectrometer (Bruker)
with delayed extraction (Bruker) and a pulsed N2 laser (λ=337 nm)
controlled by Flex Control 3.3 software was used to record the
Matrix Assisted Laser Desorption/Ionization time-of-flight (MALDI-
ToF) spectra. For sample preparation in MALDI-ToF, the thin layer
method was employed. Specifically, a drop of a saturated solution
of α-Cyano-4-hydroxycinnamic acid (α-CHCA) in acetone was
deposited on the MALDI target. The matrix solution was prepared
by combining equal volumes (1 :1 ratio, vol/vol) of a 10 mg/mL α-
CHCA solution in acetonitrile (ACN) and 5% formic acid (70 :30, vol/
vol), along with a 10 mg/mL DHB (2,5-dihydroxybenzoic acid)
solution in ACN and 0.1% TFA (trifluoroacetic acid) (70 :30, vol/vol).
Finally, the sample (1 μL) was mixed with the matrix solution (2 μL)
and applied onto the MALDI plate, allowing it to dry naturally.

Recombinant synthesis and purification of the ArM. A solution of
CTPR3H (294 μl from 34 μM stock) was prepared in a mixture of
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sodium carbonate buffer (65 μL from a 500 mM stock, pH 10.0),
sodium chloride (98.3 μL from a 1 M stock), and water (491 μL).
Then, the specific metal porphyrin (50 μL from a 1 mM stock
dissolved in DMSO) was added to the enzyme solution. The final
concentration of CTPR3H in the polymerization reaction was 10 μM.
The mixture (1 mL) was stirred at 1000 rpm for 16 h at 25 °C. To
remove non-incorporated porphyrins, the solution was filtered
using 0.22 μm PVDF filters. Finally, the pH was adjusted to pH 7 by
two dialysis steps against 2 L of 30 mM Tris-HCl buffer pH 7.0 using
a 10 kDa MWCO SnakeSkin membrane. The ArME concentration
was determined spectrophotometrically at 280 nm (ɛ280nm=

4.33×104 M� 1cm� 1). The structural integrity of the ArM was corrobo-
rated by circular dichroism.

A precise analysis of the composition of the ArM was performed by
spectrophotometry and by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS). Thus, the protein:hemin ratio was deter-
mined spectrophotometrically, considering a ɛ412nm of
76600 M� 1cm� 1 for hemin, and by ICP-MS measuring the iron
content in an ArM sample at 1.2 μM. Consistent protein:hemin
ratios of 1.10 and 1.26 were determined through UV-Vis and ICP-
MS, respectively. We achieved ca. 100% protein recovery after the
CTPR3H modification procedure. The ArMs were stored at 4°C for
further characterization.

In vitro synthesis of the ArM. Circular PCR was performed using
complementary forward and reverse primers facing the T7
promoter area of the plasmid by standard PCR methods. The
concentration of the resulting DNA product was checked by UV-Vis,
and the size was determined an agarose gel. The synthesis of the
ArMs was carried out using the Cell-Free S30 T7 High-Yield Protein
Expression system from Promega. Samples were incubated for
2 hours following the specifications of the manufacturer. Hemin
(20 μM) was subsequently added, and the samples were incubated
for three additional hours. For the binding affinity (KD) measure-
ment, the hemin concentration was fixed to 10 μM in a Tris-HCl
buffer (50 mM, pH 7.6). Hemin was titrated with increasing concen-
trations of CTPR3H (from 0 to 50 μM), and after 2 h of incubation at
50 °C, the UV-Vis spectra were recorded. To calculate equilibrium
dissociation constants (KD), the absorbance at 414 nm correspond-
ing to hemin-protein coordination was plotted versus CTPR3H
protein concentration. The curves were fit to a one-site binding
model using the equation Y=Ymax*[CTPR3H]/(KD+ [CTPR3H]).

Catalytic characterization of the ArM and Fe (III) Hemin. The
peroxidase-like activity of the ArM was tested for its ability to
peroxidize dopamine in presence of hydrogen peroxide. The
enzymatic-like activity of the ArM and free Hemin was evaluated
following steady-state enzyme kinetics. The increase in fluorescence
at 550 nm was followed over the time with Synergy H1 Hybrid
Multi-Mode Microplate Reader, controlled by Gen5 Software. The
measurements of the apparent Michaelis-Menten constant (KM
(mM)) of the ArM and free Hemin were carried out in 96-well plates
with a total volume of 200 μL. Reaction at different dopamine
concentrations (0-4 mM) were tested at a fixed concentration of
hydrogen peroxide (100 mM) in 50 mM sodium phosphate at pH 7.
The catalysed reaction-time curves were calculated by monitoring
the fluorescence response against the oxidation of dopamine. The
resulting fluorescence after the reaction was calculated by sub-
traction of the background from the self-oxidation of dopamine.
The experiments were performed in triplicates. The extinction
coefficient for dopamine used for the calculations was 3.2×104 cm� 1

M� 1.[49] The apparent turnover number (appkcat, (s
� 1)) of ArM was

measured at a fixed concentration of hydrogen peroxide (150 mM)
and dopamine (3 mM). Reactions were performed at 37 °C in a 96-
well plate and at different ArM concentrations (from 0.25–2 μM).

Microfluidic device fabrication. Microfluidic chips were produced
using glass substrates and poly-(dimethylsiloxane) Sylgard 184
(PDMS) with SU8-3000 negative photoresists (MicroChem Corp)
moulds fabricated using standard soft lithography methods. A
PDMS/curing agent mix from the Sylgard 184 kit (10% w/w) was
poured on the moulds. The mixture was subsequently degassed in
a vacuum chamber using a pressure pump and cured at 70 °C
overnight. After extracting the PDMS from the moulds, a 0.75 mm-
diameter puncher was used to drill the inlet and outlet holes. The
microscope glass slides and cut PDMS pieces and were cleaned
with ethanol, dried with nitrogen and exposed to an oxygen
plasma treatment for 2 minutes (Plasma Chamber Diener Electronic
Pico) before bonding them by manual pressure. The surfaces of the
microfluidic inner channels were treated with fluorosilane (Aquapel,
PPG Industries). All devices were cleansed with argon before and
after Aquapel treatment.

Optical setup. The custom optical setup for fluorescence measure-
ments was mounted on a custom Zeiss inverted microscope (Zeiss
AxioVert.A1) and a breadboard from ThorLabs. Fluorescence was
excited by a continuous and polarized 473 nm laser (MBL-III-473-
100 mW, CNI Optoelectronics) focused directly with the objective
on the drops. Filtering of the fluorescence was carried out with a
band pass filter at 525�50 nm width (525/50 BrightLine HC). Signal
was collected by means of a photo multiplier tube (PMT) (H10723,
Hamamatsu Photonics). Data was acquired with a NI field program-
mable gate array (FPGA) (NI USB-7845R), which was controlled by a
custom LabVIEW script.

Supporting Information

The supporting information includes additional control experi-
ments, characterization of purified CTPR3H, circular dichroism,
optimization of conjugation and determination of KD, uv-vis
characterization, XPS measurements, stability measurements,
additional kinetic studies including KM measurements, perox-
idation of dopamine including kinetic parameters, fluorescence
kinetics, catalase-like activity, and circular droplet PCR protocol.
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