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Engineered Metal-Loaded Biohybrids to Promote the
Attachment and Electron-Shuttling between Enzymes and
Carbon Electrodes

Andoni Rodriguez-Abetxuko, Elena Romero-Ben, Aitor Ontoria, Marcos Heredero,
Beatriz Martín-García, Krishan Kumar, Sergio Martín-Saldaña, Felipe Conzuelo,
and Ana Beloqui*

The inorganic content and the catalytic performance pose metal-loaded
enzyme nanoflowers as promising candidates for developing bioelectrodes
capable of functioning without the external addition of a redox mediator.
However, these protein-inorganic hybrids have yet to be successfully applied
in combination with electrode materials. Herein, the synthesis procedure
of these bionanomaterials is reproposed to precisely control the morphology,
composition, and performance of this particular protein-mineral hybrid, formed
by glucose oxidase and cobalt phosphate. This approach aims to enhance the
adherence and electron mobility between the enzyme and a carbon electrode.
The strategy relies on dressing the protein in a tailored thin nanogel with
multivalent chemical motifs. The functional groups of the polymer facilitate
the fast protein sequence-independent biomineralization. Furthermore, the
engineered enzymes enable the fabrication of robust cobalt-loaded enzyme in-
organic hybrids with exceptional protein loads, exceeding 90% immobilization
yields. Notably, these engineered biohybrids can be readily deposited onto
flat electrode surfaces without requiring chemical pre-treatment. The resulting
bioelectrodes are robust and exhibit electrochemical responses even without
the addition of a redox mediator, suggesting that cobalt complexes promote
electron wiring between the active site of the enzyme and the electrode.

1. Introduction

The field of biocatalysis has witnessed significant progress since
Cohen and Boyer established the foundations of recombinant

A. Rodriguez-Abetxuko, E. Romero-Ben, A. Ontoria, M. Heredero,
K. Kumar, S. Martín-Saldaña, A. Beloqui
POLYMAT and Department of Applied Chemistry
University of the Basque Country (UPV/EHU)
Donostia-San Sebastián 20018, Spain
E-mail: ana.beloquie@ehu.eus

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202400479

© 2024 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/adfm.202400479

DNA technology in 1978.[1] Protein engi-
neering, besides enhancing the catalytic ef-
ficiency of enzymes, has been exploited
for the controlled immobilization and het-
erogenization of the biocatalyst.[2,3] These
advancements reinforce enzyme perfor-
mance and broaden the scope of tech-
nologies and applications where enzymes
find utility. However, it is essential to
note that recombinant DNA technology,
while allowing for the insertion of mi-
nor modifications, cannot significantly al-
ter the overall composition of the pro-
tein surface. In response, alternative chem-
ical methodologies, such as the decora-
tion of the protein surface with tailored
polymer chains, have been proposed. No-
tably, developing single enzyme nanogels
(SENs), aiming to confine proteins within
a thin polymeric nanogel, stands out as
a promising approach for the comprehen-
sive modification of the protein surface.[4,5]

The formation of organic–inorganic
enzyme hybrids, namely enzyme-loaded
metal organic frameworks (MOFs) or
enzyme inorganic nanoflowers, is a clear

example of the relevance of the composition of the surface
of the protein on the overall assembly efficiency of those.[6,7]

As for enzyme nanoflowers, the growth of well-defined struc-
tures resembling beautiful flowers is promoted by the ability
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Scheme 1. The preparation of the engineered cobalt biohybrids entailed the fabrication of a single enzyme nanogel (SEN) library (i) with distinct poly-
meric mantles decorated with different chemical functionalities (R). Upon triggering the biomineralization with Co(NO3)2 in PBS, each of the function-
alities (imidazole, propylamine, carboxylic acid, ethyl phosphate) leads to the formation of hybrids of varied composition, morphology, and catalytic
performance (ii). Finally, their use for the electrochemical detection of glucose (with and without the addition of a redox mediator in solution) over a
carbon electrode is tested (iii).

of proteins to trap and accumulate metal cations on their sur-
face, ultimately leading to the nucleation and growth of metal
phosphate minerals.[8–10] This process is regulated by metal-
binding sites—specific regions on the protein surface rich in
chelating amino acids, notably glutamic acid, aspartic acid, and
histidine.[11,12] Formed nanostructures can exhibit outstanding
catalytic performance,[13] surpassing the activity of the corre-
sponding soluble enzyme, such as a remarkable 450% increase
for laccase or up to 7260% for papain.[8,14] Further, enzyme
nanoflowers demonstrate prolonged shelf-life and exceptional
reusability maintained for more than five reaction cycles with
minimal loss of catalytic performance.[8,15]

Copper is the predominant metal cation utilized for the fab-
rication of enzyme nanoflowers. The prevalent use of copper
cations can be attributed to their high affinity towards the surface
of proteins, along with the kinetically favored formation of copper
phosphate crystals.[6] Consequently, exploring enzyme nanoflow-
ers based on metal cations with lower avidity to bind proteins,
e.g. cobalt, has been relatively overlooked, with relatively few doc-
umented examples in the literature.[9,16–21] Importantly, the for-
mation of cobalt-based enzyme biohybrids holds great potential,
given that cobalt serves as the inorganic cofactor for numerous
enzymes, plays a fundamental role in catalysis, and functions
as an allosteric activator.[16] The challenging assembly of cobalt
phosphate enzyme nanoflowers was first addressed by López-
Gallego et al., showing that only engineered proteins could be
successfully biomineralized using Co(NO3)2 salts.[21] They in-
serted an artificial binding site based on a hung histidine tag that
led to the formation of nanoflowers with acceptable protein en-
capsulation yields —increasing the protein loadings from 19 to
53% after 72 h of incubation.

Our interest in embedding enzymes in cobalt phosphate
nanostructures extends beyond improving enzyme performance.

Cobalt phosphate inorganic nanostructures are applied in direct
electrochemistry owing to their excellent electrochemical prop-
erties, low cost, and environmentally friendly fabrication, being
broadly employed in oxygen evolution reaction, photocatalysis,
and supercapacitor applications.[22–27] Combined with functional
proteins, cobalt phosphate nanostructures have been utilized for
the electrochemical sensing of hydrogen peroxide and for the de-
tection of several biomarkers.[28,29] However, implementing this
hybrid electrochemical approach poses several challenges, such
as (i) the low enzyme immobilization yields on the surface of flat
electrodes, (ii) the poor adherence of nanoflowers on the elec-
trodes, and (iii) the need for redox mediators to shuttle elec-
trons from the biocatalyst to the electrode. Therefore, the achieve-
ment of efficient bioelectrodes requires the design of engineered
cobalt-enzyme biohybrids that can effectively address the chal-
lenges exhibited by the nanomaterials synthesized through cur-
rent methodologies.

In this work, we explore the engineering of cobalt biohybrids
to overcome the main hurdles in implementing enzyme/cobalt
phosphate-based hybrid electrochemistry. We seek to decorate
the surface of the enzyme with assorted chemical functionalities
that mimic natural metal-binding residues (Scheme 1i). Hence,
chemical functionalities from the most relevant chelating amino
acids of the protein —such as imidazoles (from histidines), pri-
mary amines (lysines), and carboxylic groups (aspartic and glu-
tamic acids)— and phosphate motifs have been strategically al-
located on the protein surface using a polymeric mantle that en-
velops the glucose oxidase (GOx) enzyme. We hypothesize that
the change in surface composition will significantly influence the
assembly of the cobalt biohybrids and, in turn, will impact on
their composition and morphology (Scheme 1ii). Finally, we have
assessed cobaltbiohybrids as valuable nanomaterials for coat-
ing carbon-based electrodes and for the eventual electrochemical
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Table 1. Hydrodynamic diameter (as measured by DLS), polydispersity index (PDI), and 𝜁 -potential of SENs synthesized in this work (mean ± standard
deviation; n = 3). Free GOx is measured as a reference.

Nanogel sample Functional Monomer Hydrodynamic diameter [nm] PDI 𝜁 -potential [mV]

GOx-A APMm 11.62 ± 1.98 0.59 ± 0.03 2.85 ± 1.76

GOx-C AAm 7.40 ± 0.22 0.38 ± 0.02 −27.3 ± 1.23

GOx-I VIm 8.25 ± 0.35 0.59 ± 0.07 −11.1 ± 0.18

GOx-I/A VIm, APMm 10.09 ± 0.21 0.37 ± 0.03 6.9 ± 0.24

GOx-P MAEPm 8.42 ± 1.47 0.52 ± 0.01 −26.4 ± 1.4

GOx – 6.56 ± 0.33 0.15 ± 0.07 −12.03 ± 3.26

detection of glucose, also in the absence of external mediators
(Scheme 1iii).

2. Results and Discussion

2.1. Synthesis and Characterization of the Engineered
Cobalt-Loaded Biohybrids

2.1.1. Tuning the Surface of GOx with Polymeric Nanogels

GOx enzyme was selected as the model protein due to its intrinsic
stability, high catalytic activity, and well-studied bioelectrochemi-
cal behavior.[30] GOx was engineered by covering its surface with
a thin crosslinked polyacrylamide-based nanogel. This method-
ology endeavors to introduce diverse chemical functionalities in
close proximity to the surface of the protein while minimizing
the loss of catalytic activity (see Table S1, Supporting Information
for detailed description). Hence, the GOx surface was artificially
modified by the introduction of mimetic (i) lysines for the syn-
thesis of GOx-A — using N-(3-Aminopropyl) methacrylamide,
APMm, (ii) glutamic acids for GOx-C — employing acrylic acid,
AAm, and (iii) histidines for GOx-I — using vinyl imidazole,
VIm. We also designed a combined nanogel with artificial his-
tidines and lysines (iv) for GOx-I/A — with APMm and VIm.
Finally, (v) aiming to resemble a post-translational modification
of the protein surface, monoacryloxyethyl phosphate functional
monomer, MAEPm, was inserted in GOx-P nanogels (Table 1).

The success of the encapsulation was assessed through
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE, Figure S1, Supporting Information). Additionally,
Dynamic Light Scattering (DLS) measured the increase in size,
and 𝜁 -potential measurements tracked changes in the surface
charge of the GOx enzyme. Results are collected in Table 1 and
Figure S2 (Supporting Information). The synthesis resulted in
thin polymeric nanogels of ≈1–2 nm thickness. We observed
that those nanogels synthesized from the positively charged
monomer, APMm, exhibited the thickest shell, measuring ca.
2.5 nm. This effect could be attributed to the electrostatic at-
traction between APMm and the negatively charged patches of
GOx at pH 6.0.[30] The accumulation and high local concentra-
tion of the APMm monomer around the protein surface likely
contributed to the growth of thicker nanogels.[31] Furthermore,
the introduction of APMm to the network caused a substan-
tial change in the net surface charge, causing a shift of the
𝜁 -potential from −14.4 to +2.8 mV. In contrast, MAEPm and

AAm led to more negative 𝜁 -potential values, measuring −26.4
and −27.3 mV, respectively.

The incorporation of the respective monomers within the poly-
meric nanogel was confirmed by Attenuated Total Reflectance-
Fourier Transform Infrared (ATR-FTIR) spectroscopy (Figure S3,
Supporting Information). In addition to the typical vibration
bands from the protein, the SEN hybrids exhibited distinctive fea-
tures, including the symmetrical bending vibrations of the imi-
dazole ring at 917 cm−1 (observed in GOx-I and GOx-I/A), the
stretching vibration corresponding to the carbonyl C═O bond of
the carboxylic acid at 1710 cm−1 (observed in GOx-C), and the
stretching vibration of the carbonyl group of the MAEP monomer
at 1725 cm−1 (identified in GOx-P). These spectral characteristics
confirm the successful integration of specific monomers into the
nanogel structure, providing insight into the chemical composi-
tion of the engineered biohybrids. Therefore, we can conclude
that a small library of GOx-SENs with significant variations in
surface charge and composition was successfully achieved.

2.1.2. Assembly and Characterization of the Engineered Cobalt
Biohybrids

Next, we ascertained the impact exerted by each inserted
functionality —imidazole, primary amine, phosphate, and car-
boxylic acid— on the biomineralization and assembly of cobalt-
loaded biohybrids. In the biomineralization process, an entropic-
guided mechanism in which the protein ligands entrap metal
cations is followed by a kinetically regulated formation of metal
phosphates.[8] Hence, we monitored the initial stage of the
biomineralization to assess the capability of each of the ligands
to trap and accumulate cobalt cations. For that, we shortened the
“standard” protocol from 72 to 5 h. The remaining biomineraliza-
tion conditions were kept as reported in the literature, i.e. 0.1 mg
mL−1 of protein and 1 mm of Co(NO3)2 in PBS. SENs reported in
Table 1 were compared to naked GOx, used as a reference. The re-
sulting cobalt-based biohybrids are denoted with the Co@ prefix,
followed by the sample name of the SEN employed for the assem-
bly. For instance, Co@GOx-I represents hybrids formed through
Co(II) assembly using GOx nanogels with imidazole motifs as
functional entities.

Efficient biomineralization is featured by high protein immo-
bilization yields assembled within hierarchically organized cobalt
phosphate layers. Here, the protein immobilization yield was
evaluated by quantifying the non-bound GOx present in the su-
pernatants after the biomineralization process (Figure 1A) and
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Figure 1. Characterization of the cobalt-loaded biohybrids. A) Immobilization yields (as % of offered GOx, in bars. The chemical structure of the inserted
functional groups is represented on top of each of the bar) and [Co(II)]:[GOx] molar ratio measured by ICP-MS (in red crosses). B) Normalized ATR-
FTIR spectra of Co@GOx samples with the relevant peaks highlighted: (i) Amide I band at ca. 1645 cm−1; (ii) asymmetric and symmetric stretching
vibrations typical of phosphates at ca. 1011 cm−1. C) Normalized Raman spectra of Co@GOx samples with the relevant peaks highlighted: (i) the
stretching vibrations of phosphates at 962 cm−1; (ii) 1400 cm−1 deformation vibration band of CH2 groups from proteins; and (iii) 1605 cm−1 band
from the C═C stretching of the imidazole moiety. D) Normalized XPS spectra measured for the cobalt biohybrids zoomed in in the Co 2p region: (i) Co
2p1/2 main peak at ca. 803 eV shows a clear shift in Co@GOx-I and Co@GOx-I/A; (ii) Co 2p2/3 main peak at ca. 781 eV.

further corroborated by the UV-vis spectra of the solid precip-
itates (Figure S4, Supporting Information). Substantial differ-
ences were observed among all the analyzed samples. Co@GOx
showed no protein load after 5 h and only 16% immobiliza-
tion was achieved after 72 h of incubation. Consistent with prior
research,[32] Co@GOx-I significantly improved the immobiliza-
tion yield to up to 75% after just 5 h of incubation. Imidazole lig-
ands played a crucial role in accumulating Co(II) near the protein
surface, facilitating highly efficient hybrid assembly. Note that
our strategy overperforms the yields obtained upon the cloning
of recombinant histidine tags to the protein.[21] Interestingly, in
addition to imidazole motifs, the multiple primary amines from
GOx-A also gave rise to a notable enhancement in the immobi-
lization yield, reaching 45% after 5 h of incubation. This observa-
tion underscores the previously overlooked role of amino func-
tional groups, such as those found in lysines, as key contribu-
tors to the biomineralization process. Furthermore, we demon-
strated the limited impact of multivalent carboxylic acids (present
in glutamic and aspartic acids) and phosphate groups (typically
found in post-translational modifications of proteins) on the over-
all mineralization procedure, resulting in only 14% and 5% im-
mobilization yield for GOx-P and GOx-C, respectively, after 5 h
of assembly. Consequently, these findings highlight the density

of exposed histidines and lysines as the most influential residues
that guide the primary stage of cobalt-driven biomineralization.

We shed light on the chemical composition of the cobalt bio-
hybrids through additional spectroscopic techniques, including
ATR-FTIR, Raman spectroscopy, Inductively Coupled Plasma-
Mass Spectroscopy (ICP-MS), and X-ray Photoelectron Spec-
troscopy (XPS). First, the cobalt content in each biohybrid was
quantified by ICP-MS. Interestingly, a reverse correlation was ob-
served between the cobalt-to-protein molar ratio and the immo-
bilization yield (Figure 1A – in red). Consequently, the biohybrid
with the highest protein recovery yield, namely Co@GOx-I/A, ex-
hibited the lowest cobalt-to-protein ratio. Furthermore, the rel-
ative phosphate-to-protein content was qualitatively determined
from ATR-FTIR measurements (Figure 1B). While the promi-
nent protein peaks, represented by the Amide I band, were de-
tected at ca. 1645 cm−1, a distinct band at ≈1011 cm−1 indi-
cated the asymmetric and symmetric stretching vibrations typ-
ical of phosphate compounds. The phosphate (I𝜈[phos]) to pro-
tein (I𝜈[prot]) band intensity ratio provided insights into the rela-
tive phosphate and protein content within the hybrid. Notably,
the imidazole ligand prevented the growth of phosphates within
the hybrid, as evidenced by I𝜈[phos]: I𝜈[prot] ratios of 0.26 and 0.90
for Co@GOx-I/A and Co@GOx-I, respectively. In contrast, the
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Figure 2. ESEM pictographs of the engineered cobalt biohybrids after 5 h of incubation fabricated from A) GOx (72 h); B) GOx-P; C) GOx-C; D) GOx-I;
E) GOx-A (a zoomed-in image of the hybrids is provided); and F) GOx-I/A. Insets: (top right) photographs of the solid precipitates of each sample; (top
left) schematic depiction of each of the hybrids used to represent the hybrids in Scheme 2. Scale bar: 5 μm.

highest ratios were measured for Co@GOx-C and Co@GOx-P
samples, with 1.69 and 1.42, respectively. The unmodified pro-
tein exhibited an I𝜈[phos]: I𝜈[prot] ratio of 6.68. Micro-Raman spec-
troscopy was employed to validate the results obtained from ATR-
FTIR (Figure 1C) and to assess the homogeneity of the solid pre-
cipitates. Raman spectra were extracted from eight randomly de-
fined spots on the solid structures for each biohybrid synthesized
in this study (Figure S5, Supporting Information). No significant
differences were observed among the spectra measured within
the same sample, confirming the homogeneity of the samples.
Moreover, distinctive features, including peaks at 962 and 1047
cm−1 from the stretching vibrations of phosphates, peaks at 1663
and 1400 cm−1 from proteins, and a peak at 1605 cm−1 from the
C═C stretching of the imidazole moiety, were identified in the re-
spective Raman spectra. This concordance further supports the
consistency of the chemical composition across the samples.

The chemical composition of the biohybrids was further con-
firmed by XPS (Figure 1D; Tables S2 and S3, and Figure S6, Sup-
porting Information) and Energy Dispersive X-Ray (EDX) analy-
sis (Figure S7 and Table S4, Supporting Information). Consistent
with ICP-MS results, biohybrids synthesized with APMm and
VIm showed low cobalt content, ranging from 0.7 to 1.6 at%. The
nitrogen atomic percentage correlated well with protein immobi-
lization yield. Dark purple samples, namely Co@GOx, Co@GOx-
P, and Co@GOx-C, displayed the highest cobalt and phosphate
percentages, confirmed by a P: Co atomic ratio close to 0.66,
according to XPS measurements. In contrast, VIm-containing
samples exhibited lower atomic P: Co ratios, close to 0.50, sug-
gesting a different environment for the cobalt. This observation
was confirmed by the clear shift to lower binding energies pre-
sented in the Co 2p1/2 band in Co@GOx-I and Co@GOx-I/A
samples (Figure 1D). Surprisingly, Co@GOx-A showed the high-
est phosphate-to-cobalt ratio, with a P: Co of 1.0, evidencing a

unique formation mechanism, possibly based on phosphate ac-
cumulation around GOx-A due to strong electrostatic interac-
tions. Therefore, the deep characterization of the cobalt biohy-
brids confirmed the achievement of nanomaterials in which the
chemical environment of GOx could be significantly tuned.

2.1.3. Morphology of the Cobalt-Loaded Biohybrids

The morphology of the engineered biohybrids was further char-
acterized using Environmental Scanning Electron Microscopy
(ESEM, Figure 2; Figures S8–S13, Supporting Information).
Biohybrids formed from negatively charged nanogels, namely
Co@GOx-P and Co@GOx-C, showed similar morphological fea-
tures. Both samples displayed spherical nodes of ≈1 μm, inter-
connected within a branched network (Figure 2B,C). These im-
ages closely resemble those obtained for Co@GOx (Figure 2A)
and are similar to reported cobalt phosphate nanoflowers that
are grown in the absence of protein.[22] It is noteworthy that the
cobalt phosphates in the engineered biohybrids form an intricate
and advanced hierarchical structure after just 5 h of incubation,
in contrast to the free GOx system, which requires 72 h of incu-
bation to achieve a similar structure. Analogous structures were
observed when imidazole motifs dominated the surface of GOx;
however, a thin organic veil attached to the surface of the silicon
wafer support was also observed (Figure 2D).

The dark color of the Co@GOx-A solid precipitate suggested
a distinct composition of the material. In contrast to previous
samples, the incorporation of primary amines on the surface of
GOx resulted in well-defined bow tie-like structures organized in
very thin inorganic layers measuring less than 1 μm (Figure 2E;
Figure S10, Supporting Information). These structures exhib-
ited less tendency to aggregate than the rest of the samples, as
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Scheme 2. Proposed growth mechanisms of the cobalt biohybrids are presented in this work. A) GOx, GOx-C, and GOx-P likely share the same assembly
mechanism: the negative charge of the protein triggers the interaction of cobalt cations through electrostatic interactions, favoring the nucleation points
and speeding up the biomineralization process; B) positively charged GOx-A would trigger the accumulation of phosphates around the nanogels; C)
multivalent imidazole ligands present in Co@GOx-I and Co@GOx-I/A would coordinate cobalt cations, triggering the fast aggregation of the nanogels.
These aggregates would generate the nucleation sites from which the cobalt phosphate is formed.

confirmed by DLS (Figure S14, Supporting Information). Finally,
the biomineralization of GOx-I/A seems to be dominated by the
imidazole motifs, resulting in an amorphous network similar to
that found in Co@GOx-I (Figure 2F). Note that the light brown
color of the Co@GOx-I/A precipitate showcases high loads of
GOx (yellow color) and low content of cobalt phosphate salts, as
predicted previously.

2.2. Proposed Formation Mechanism of Cobalt-Loaded
Biohybrids

According to the results, it becomes evident that both the mor-
phology and composition of the cobalt biohybrids depend on the
chemical functionalities allocated on the surface of the protein.
Supported by a thorough characterization of the samples, we have
uncovered the underlying mechanisms that govern the assembly
and biomineralization of the cobalt biohybrids (Scheme 2). First,
we proved an inefficient assembly of non-engineered GOx due to
the lack of sufficient cobalt binding sites on its surface. This sit-
uation aligns with findings in the literature for several proteins.
While only a few examples describe the assembly into 3D struc-
tures, they consistently report poor protein immobilization effi-
ciencies (maximum of 19%). Only when the surface of the pro-
tein is engineered, the protein loads are significantly improved
(Table S5, Supporting Information). According to SEM images,
and supported by the compositional analysis, the introduction of
multivalent carboxylic acids or phosphate groups enhances the

protein uptake in comparison with the unmodified protein, yet
low yields were achieved compared to other hybrids. The shared
morphology observed in Co@GOx, Co@GOx-P, and Co@GOx-C
may indicate a common assembly mechanism based on the fast
cobalt phosphate formation and the subsequent entrapment of
the protein. We hypothesize that, in this case, the main force that
guides the assembly lies in the electrostatic interactions between
the SEN and the cobalt cation (Scheme 2A). Nanogels decorated
with phosphate groups retain the cobalt cations more efficiently
than those with carboxylic acids. This higher efficiency facilitates
the growth of cobalt phosphate crystals more effectively, thereby
accelerating the biomineralization process.

In contrast, relevant differences have been identified for the
assembly mechanism of Co@GOx-A and Co@GOx-I. As for
Co@GOx-A, the positive net charge induced by the multivalent
primary amines on the surface favors the formation of a phos-
phate layer surrounding GOx-A (Scheme 2B). This could ulti-
mately explain the highest phosphate-to-cobalt atomic ratio ob-
served within the characterized hybrids. The growth of cobalt
phosphate initiates from this phosphate layer, resulting in the de-
velopment of individual structures assembled through the over-
lapping of nanosheets. This mechanism gives rise to the eventual
formation of protein nanoflowers. To our knowledge, this is the
first instance where the role of multivalent primary amines on
the surface of proteins is highlighted as an effector of biominer-
alization for the synthesis of protein nanoflowers.

In an alternative mechanism, multivalent imidazole motifs ef-
ficiently coordinate cobalt cations and trigger the aggregation of
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Table 2. Kinetic and thermostability measurements were performed for unmodified GOx and cobalt biohybrids. Co@GOx showed residual GOx activity,
and kinetic parameters could not be calculated.

GOx Co@GOx-C Co@GOx-P Co@GOx-A Co@GOx-I Co@GOx-I/A

appKM (mM)a) 15.6 ± 0.8 22.4 ± 3.4 16.5 ± 3.3 21.6 ± 2.0 18.0 ± 1.6 17.7 ± 1.4
appkcat (min−1)b) (×10−3) 34.3 ± 0.9 41.0 ± 1.1 25.0 ± 0.3 9.5 ± 0.1 32.1 ± 0.4 23.4 ± 1.0

Relative catalytic improvementc) – 0.94 0.64 0.51 1.30 1.82

t1/2 at 60 °C (min) 5.5 12.0 10.5 4.5 >60 >60
a)

Biohybrids (from 0.03 to 1 nm) were mixed with growing concentrations of glucose (from 0 to 100 mm), 1 mm ABTS, and 12 nm HRP in phosphate buffer (30 mm, pH 6.0)
at 37 °C;

b)
A range of biohybrid concentrations (from 0 to 2 nm) were mixed with glucose, ABTS, and HRP (100 mm, 1 mm, and 12 nm, respectively) in phosphate buffer

solution (30 mm, pH 6.0) at 37 °C;
c)

Calculated as appkcat (Co@GOx-X) / appkcat (GOx-X).

SENs (Scheme 2C).[33,34] This primary assembly accumulates the
enzyme nanogels that are crosslinked by cobalt cations, generat-
ing new nucleation sites for the formation of cobalt phosphate
around the aggregates. This mechanism explains the high im-
mobilization yields achieved and the low phosphate concentra-
tion found in the sample. Therefore, the use of imidazole units
accelerates the assembly procedure, which limits the formation
of structured flower-like morphologies under tested conditions.
Cobalt phosphate salts would eventually grow from the SEN ag-
gregates, which would also serve as nucleation points. Finally,
Co@GOx-I/A exhibits a related assembly mechanism dominated
by the presence of imidazole units.

2.3. Biocatalytic Performance of Cobalt-Loaded Protein
Biohybrids

2.3.1. Effect of the Composition and the Morphology on the Kinetic
Parameters of the Biohybrids

We aimed to determine the influence of the composition and
morphology of the biohybrids on their kinetic performance. For
this purpose, we measured the glucose oxidase activity for each
biohybrid. Samples were added to a reaction mixture that con-
tained glucose as substrate and horseradish peroxidase (HRP)
and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS)
as H2O2 formation reporter (see Supporting Information for fur-
ther details). Table 2 compiles all the kinetic parameters obtained
for the protein biohybrids, along with those for the soluble GOx,
which was measured as a reference (Figures S15 and S16, Sup-
porting Information).

The apparent Michaelis-Menten constant (appKM) of the cobalt
biohybrids was slightly higher than that measured for unmod-
ified GOx. This effect was already observable in the respective
SENs (Figures S17 and S18, and Table S6, Supporting Informa-
tion). Therefore, the increase in appKM could be attributed to the
restrictions imposed by the entrapment of the enzymes within
the polymeric layer. Interesting conclusions can be drawn from
the analysis of the apparent turnover frequency (appkcat) of the
samples. The formation of the heterogeneous hybrids led to a
reduction in the appkcat of the cobalt biohybrids with the highest
inorganic content in their composition, as expected. We observed
that only Co@GOx-A nanoflowers experience a prompt decay in
appkcat when compared to the soluble, non-modified GOx, decreas-
ing from 34.3 × 103 to 9.5 × 103 min−1. This effect can be at-
tributed to the combined action of two factors. The correspond-

ing SEN, GOx-A, possesses the thickest polymeric layer among
the samples, leading to relevant diffusion issues, as denoted by
the decrease in appkcat to 18.6 × 103 min−1. Moreover, the phos-
phate content and the morphology of the samples, with stacked
layered sheets, could impose additional diffusion constraints on
the hybrid. In contrast, the GOx-C and GOx-P nanogels did not
manifest apparent diffusion issues, with appkcat of 43.82 × 103 and
38.84 × 103 min−1, respectively. The heterogenization of the sam-
ples resulted in a significant decrease in appkcat for Co@GOx-P
— 25.0 × 103 min−1 which was not observed for Co@GOx-C —
41.0 × 103 min−1. We hypothesize that this effect is due to the dif-
ferent stages of biomineralization of both samples. In Co@GOx-
P, protein nanogels are surrounded by thicker and more dense
cobalt phosphate crystals, potentially causing strong diffusional
issues in the system.

Surprisingly, we observed a slight increase in appkcat of samples
containing imidazole upon heterogenization (Table 2). Hence,
Co@GOx-I and Co@GOx-I/A experienced improvements of 1.3
and 1.8 times, respectively, in appkcat compared to their corre-
sponding SENs. This enhancement in activity is hypothesized to
be linked to the high protein concentration within these biohy-
brids, coupled with the low inorganic content present in their
composition. Consequently, although the 3D structure of typical
nanoflowers is compromised in Co@GOx-I and Co@GOx-I/A,
the minimal inorganic content contributes positively to catalysis,
rendering these materials compelling candidates for further char-
acterization.

2.3.2. Assessment of the Robustness of the Biohybrids

We evaluated the thermostability of both soluble GOx and the hy-
brids by subjecting the samples to incubation at 65 °C for 60 min
(Figure S19, Supporting Information). Native GOx, with a ther-
mal denaturation transition temperature of 55 °C,[35] exhibited a
t1/2 of 5.5 min (Table 2). Samples engineered with imidazole mo-
tifs demonstrated exceptional stability, maintaining up to 80% of
catalytic activity over an hour at 65 °C. Yet, the remaining cobalt
biohybrids exhibited a modest increase in t1/2.

The resistance to denaturation in the presence of organic sol-
vents is also a desirable feature for enzyme hybrids. In this con-
text, the most thermostable samples, namely Co@GOx-I and
Co@GOx-I/A, were immersed in acetonitrile and 2-isopropanol
(2-iPr) to assess the resistance of GOx denaturation under these
conditions (Figure S20, Supporting Information). We observed
that the GOx activity was conserved above 50% when incubated in

Adv. Funct. Mater. 2024, 34, 2400479 2400479 (7 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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2-iPr. Importantly, the catalytic performance of the enzyme was
not significantly impaired in the presence of acetonitrile.

With the assessment of the stability, we can state that cobalt-
driven crosslinking of the SENs that occurs in Co@GOx-I
and Co@GOx-I/A, significantly stabilizes the enzyme when ex-
posed to high temperatures and organic solvents. On the con-
trary, the growth of the cobalt phosphate around Co@GOx-P
and Co@GOx-C leads to labile structures. This weak interac-
tion might be reinforced by prolonged biomineralization times,
which would, in turn, exert a detrimental effect on the activity of
the biohybrids due to diffusional issues.

2.4. Bioelectrochemistry

Motivated by the unique composition and unparalleled cat-
alytic performance exhibited by the cobalt biohybrids, we eval-
uated their potential as electrochemical glucose hybrid sensors.
The cobalt biohybrids were deposited onto carbon electrodes
through a simple drop-casting approach (see Supporting Infor-
mation for details). Following the removal of unbound material,
cyclic voltammetry (CV) was employed for characterization in
the absence and the presence of ferrocene methanol as a sol-
uble redox mediator. The results, depicted in Figure 3A, reveal
that Co@GOx-P, Co@GOx-C, and Co@GOx-A exhibited no re-
sponse upon the introduction of glucose and the redox media-
tor, yielding a signal identical to that measured for the unmodi-
fied electrode. Intriguingly, the electrodes coated with Co@GOx-
I and Co@GOx-I/A demonstrated a notable anodic catalytic re-
sponse, indicating successful deposition of the biohybrids on
the electrode surface. We propose that the strong adhesion be-
tween imidazole-containing biohybrids and carbon electrodes
results from the joint action of assorted non-covalent interac-
tions, such as hydrogen bonds, 𝜋–𝜋 stacking interactions, and
hydrophobic interactions, between imidazole-SENs and the car-
bon surface. The coatings were robust, with only minimal cur-
rent loss detected after three washing and measurement cycles
(Figure S21, Supporting Information). This is relevant, consider-
ing that rather flat electrode surfaces (glassy carbon) were used.
Consequently, the engineered composition and morphology of
Co@GOx-I and Co@GOx-I/A facilitate the straightforward de-
position and immobilization of the biohybrids on carbon elec-
trodes. This one-pot coating strategy represents a significant ad-
vancement in enzyme-based bioelectrochemistry, obviating the
need for additional chemical modifications to the electrode and
substantially enhancing the enzyme load.

The utilization of protein nanoflowers for direct electro-
chemistry is an attractive prospect due to their metal-protein
composition.[36] However, to our knowledge, there are no prece-
dents wherein the metal cation constituents of protein nanoflow-
ers are harnessed as mediators for promoting electron trans-
fer (ET) between the electrode and the catalytic site of redox
enzymes. Instead, metal cations-driven ET has been achieved
by designing multilayered architectures on the electrode, in
which metal redox centers are conveniently configured to pro-
mote the wiring between the electrode surface and redox-active
proteins.[37,38] Here, we investigated the ET capabilities of the
small library of cobalt biohybrids synthesized in this work. Sur-
prisingly, we observed that, while no signal could be detected

for the rest of the samples (Figure S22, Supporting Informa-
tion), Co@GOx-I and Co@GOx-I/A exhibited a measurable sig-
nal starting at + 0.2 V upon the addition of glucose (Figure 3B).
Under the same conditions, the signal provided by Co@GOx-
I doubled the signal retrieved from Co@GOx-I/A. It is impor-
tant to note that the catalytic wave for glucose oxidation of our
coated bioelectrodes started at applied potentials of 0.2 V versus
Ag/AgCl/KClsat, enabling the detection at applied potentials as
low as + 0.3 V versus Ag/AgCl/KClsat in the absence of a redox
mediator in solution. This feature is relevant to ensure the selec-
tivity of the attained response so that the contribution of other
species present in the sample to the electrochemical response
is minimized. These findings suggest that imidazole-containing
cobalt biohybrids enable the wiring of electrons between the car-
bon electrode and the active site of the protein through the avail-
able cobalt cations. In order to demonstrate our hypothesis, fur-
ther experiments that certified the enzymatic catalysis as the
source of the detected signal and underscored the significance
of the cobalt cations on the electron wiring were performed.

To enhance the current response, we deposited an increasing
amount of Co@GOx-I biohybrid, specifically 2, 3, 4, and 6 μL
of a 0.37 mg mL−1 solution (Figure 3C,D). Electrodes modified
with 4 μL and 6 μL exhibited a lower response for glucose con-
version (data not shown), likely due to the formation of a dense
film that compromises molecular diffusion. Optimal results were
achieved with 3 μL of Co@GOx-I. Because O2 is the natural elec-
tron acceptor during enzymatic catalysis, the responses were also
investigated after the removal of ambient oxygen from the elec-
trolyte solution. The signals obtained under anaerobic conditions
were only between 1.2 and 1.4 times higher than in the pres-
ence of O2 (Figure 3C,D). The occurrence of relevant catalytic re-
sponses even in the presence of oxygen confirmed an effective
shuttle of electrons between the active site of the enzyme and the
electrode due to the intimate contact of cobalt complexes with the
entrapped enzymes.

Amperometric measurements were used for additional char-
acterizations toward glucose conversion, delivering a linear re-
sponse at low glucose concentrations comprised between 0.5 and
6 mm (Figure 3E) and a limit of detection of ca. 150 and 200 μm of
glucose for the electrodes deposited with 3 and 2 μL, respectively.
Finally, we evaluated the dependence of the catalytic current at in-
creasing glucose concentrations, from 0 to 40 mm, by applying a
constant voltage of 0.5 V. As observed in Figure 3F, the current re-
sponse showed a typical Michaelis-Menten profile, with an appKM
of ca. 7 mm.

Several reports have demonstrated the cobalt-driven oxidation
of glucose, which would provide a non-enzymatic electrochem-
ical response in our system.[22,39,40] To prove that the signal de-
tected by Co@GOx-I and Co@GOx-I/A was mediated by the en-
zyme, we fabricated cobalt biohybrids embedded with a different
protein, an 𝜔-transaminase from Halomonas elongata (HeWT).
As our approach is protein sequence-independent, we applied the
herein-reported synthesis conditions to achieve the Co@HeWT-
I cobalt-loaded biohybrid with similar morphological features
to those obtained for GOx (Figure S23A,B). Upon the immer-
sion of a carbon electrode coated with Co@HeWT-I in a glu-
cose solution, no CV response was retrieved, neither in the pres-
ence nor in the absence of a redox mediator (Figure S23C, Sup-
porting Information). Furthermore, we studied the possibility of
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Figure 3. CV measurements were performed with cobalt biohybrids coated glassy carbon electrodes for glucose detection. A) CV measurements for the
set of cobalt biohybrids in the presence of glucose (10 mm) and ferrocene methanol (100 μm). Measurements monitored for Co@GOx-P, Co@GOx-
C, and Co@GOx-A coated electrodes are zoomed in for clarity. Unmodified electrodes in the presence of ferrocene methanol (Unmodified, black) and
modified electrodes in the absence of redox mediator in solution (Buffer, grey) were tested as controls; B) CV measurements of Co@GOx-I and Co@GOx-
I/A in the presence of glucose (10 mm) and in the absence of the soluble redox mediator; C and D) CV responses upon the deposition of 2 μL (in C)
or 3 μL (in D) of Co@GOx-I onto the carbon electrodes. The modified electrodes were measured under ambient conditions or the exclusion of O2.
E) Measurement of the linear response in the 0 to 6 mm glucose concentration range for electrodes coated with 2 and 3 μL of sample. F) Response
of the coated electrodes (2 and 3 μL) over a larger glucose concentration range and fitting of the obtained responses to a Michaelis-Menten model.
Measurements in B, C, D, E, and F were performed without the redox mediator in solution.

using other cations, such as copper, to enable electron wiring.
For that, copper-loaded biohybrids were fabricated from GOx-I
sample (Figure S24A–C, Supporting Information). In this case,
no catalytic current response was achieved upon the immersion
of Cu@GOx-I coated electrodes in a glucose solution (Figure
S24D,E, Supporting Information), emphasizing the suitability of
cobalt for electrochemical applications. Finally, as the last con-

trol experiment, we removed the contribution of cobalt phosphate
salts to the measurements. For that, we triggered the aggregation
of GOx-I with Co(II) cations in a Tris-HCl buffer — instead of
PBS that was used for previous experiments. These biohybrids
exhibited only a minor catalytic response (Figure S25, Support-
ing Information) in the absence of the soluble redox mediator
due to the poor stability of the coating compared to the samples

Adv. Funct. Mater. 2024, 34, 2400479 2400479 (9 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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fabricated in the presence of phosphates. With this set of exper-
iments, we demonstrate the enzyme-mediated oxidation of glu-
cose and we underscore the role of cobalt phosphate to stabilize
the bioactive coating and to serve as an electron shuttle for the
detection of glucose in our bioelectrodes.

3. Conclusion

In this work, we have shown a strategy to tune the composi-
tion and morphology of enzyme-inorganic biohybrids based on
the modification of the protein surface with multivalent chem-
ical groups. The covering of the surface of GOx with carboxylic
acids or phosphate groups speeds up the biomineralization pro-
cess. Interestingly, despite achieving a similar morphology, the
engineered biohybrids exhibit higher protein loads than the free
protein. The role of the primary amines in the assembly and
precipitation of inorganic biohybrids is herein outlined. The in-
troduction of multiple primary groups on the surface of the
protein significantly modifies the morphology and composition
of the biohybrids. Positively charged protein-polymer hybrids
can embed higher amounts of phosphates and protein loads
than negatively charged enzyme nanogels. However, the posi-
tive charge surrounding the protein detrimentally affects the cat-
alytic performance of the biohybrid. On the contrary, the decora-
tion with imidazole entities significantly improved the use of the
cobalt biohybrids as biocatalysts at the expense of losing the typ-
ical nanoflower-like structures. Combined with primary amines,
the highest protein loadings and lowest inorganic content were
achieved. This composition diminished the diffusional issues of
the hybrids and, in turn, increased the stability and robustness of
the GOx enzyme.

Finally, the imidazole-containing cobalt biohybrids can adhere
to carbon electrodes efficiently. These bioelectrodes can be effec-
tively used for electrochemical glucose detection in the presence
and absence of redox mediators in solution. The cobalt complexes
directly shuttle the electrons between the enzyme active site and
the electrode, which is detected at applied potentials as low as
0.3 V versus Ag/AgCl/KClsat, reducing the background of the
measurements. Therefore, we offer a universal methodology to
fabricate cobalt biohybrids that are presented as candidates for
redox sensors with high protein loads and that avoid the need for
additional redox mediators.

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