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ABSTRACT

Polymer brush-modified core-shell particles are already known as good carriers for enzymes, which can improve enzyme activ-
ity and stability compared to free enzymes!l. However, for application in electrochemical biosensors, electron transfer between
the electrode and immobilized enzyme is important. To achieve this, the materials used should combine the high enzyme load-
ing of the polymer brush-modified particles with reasonable conductivity. In this work, two different approaches to introduce
conductivity and high enzyme loading into polymer brush functionalized hybrid particles are pursued. In the first approach,
conductive nanoparticles (Ag and Au) and enzymes were incorporated into poly(2(dimethylamino)ethyl methacrylate) brush
shells on silica particle cores. In the second approach, conductive Ag particles were synthesized (as a core material), then grafted
with PDMAEMA brush shell and afterwards loaded with enzymes. Polymer grafting density, polymer chain length, as well as
the position of the conductive component either in the core or in the shell of hybrid particles showed an influence on the final
particles’ conductivity and loading enzyme (Laccase from Trametes versicolor) capacities. This fundamental study clarifies an
interplay between the conductivity of polymer-brush functionalized core-shell particles and their enzyme loading efficiency and
catalytic activity.

1 | Introduction have attracted great attention for enzyme immobilization and

for the design of novel highly sensitive biosensors due to their

Enzymes have huge application perspectives in environmental
monitoring and application in electrochemical biosensors, due
to their high specificity and sensitivity. However, it is challeng-
ing to maintain activity as well as stability of free enzymes for
a long time. Thus, enzyme immobilization on a carrier to pro-
tect the enzyme from denaturation is of high interest. Moreover,
for applications in electrochemical biosensing, these carriers
should combine conductivity to enable electron transfer from
the active center of the enzyme to the working electrode with
high enzyme loading capacity. Hybrid core-shell particles

unique physical and chemical properties [1, 2], including their
high surface area [3], high stability [4], high chemical catalytic
activity [5] and the ability to be easily functionalized, making
them suitable materials for potential applications as carrier or
as sensor [1b, 6]. Polymers and inorganic particles can be com-
bined through surface modification techniques like grafting
from or grafting to [7]. By adjusting the type of a shell polymer,
properties of the particle-based systems, such as adhesion [8],
hydrophilicity/hydrophobicity [9], enzyme loading capacity
[1a] and electron transfer [10] can be controlled with regard to

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2025 The Author(s). Journal of Polymer Science published by Wiley Periodicals LLC.

Journal of Polymer Science, 2025; 63:4403-4416
https://doi.org/10.1002/pol.20250059

4403


https://doi.org/10.1002/pol.20250059
https://doi.org/10.1002/pol.20250059
mailto:alla.synytska@uni-bayreuth.de
https://orcid.org/0000-0002-0643-7524
mailto:alla.synytska@uni-bayreuth.de
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpol.20250059&domain=pdf&date_stamp=2025-07-23

the desired application. Consequently, a variety of functions on
hybrid particles through targeted polymer modification can be
achieved.

During the last decade, many kinds of hybrid core-shell par-
ticles have been designed and different cores and polymers
were used (SiO,@PDMAEMA [1b], Au@PVP [11], Fe,0,@
PEGDMA [12]). With the choice of polymer, biocompati-
bility and stimuli-responsive behavior could be achieved.
Furthermore, core-shell particles with a conductive compo-
nent have also been explored for biosensor applications [13].
For example, core-shell particles with a gold core and a con-
ducting polymer shell have been used to develop a biosensor
for the detection of dopamine [14]. The conducting polymer
shell enhances the sensitivity and stability of the biosensor,
while the gold core provides excellent electron transfer [14].
Overall, biosensors based on core-shell particles offer sev-
eral advantages, including high sensitivity, selectivity, and
stability, making them a promising candidate for a range of
diagnostic and analytical applications [15]. However, most bi-
osensors directly conjugated enzymes to the surface of con-
ductive nanoparticles through chemical bonds [16] or directly
added conductive polymers to enhance the electron transfer of
the system [13c|. This leads mainly to two drawbacks. First,
covalent immobilization of enzymes reduces the enzyme ac-
tivity due to denaturation or conformational changes of the
enzyme, and the number of enzymes immobilized is low due
to the limitation of surface area [17]. Secondly, there are lim-
itations in the long-term stability of the achieved sensors. In
contrast, the immobilization of enzymes in polymer brushes
can improve the long-term stability of the enzyme and thus
the entire sensor system [18]. Compared to conventional en-
zyme immobilization strategies for electrochemical biosens-
ing that rely on direct attachment to conductive surfaces, the
use of polymer brushes offers a hydrated and spatially tunable
microenvironment that can better preserve enzymatic struc-
ture and activity. Moreover, due to the modular structure of
the systems presented, they also offer targeted customization
with regard to the planned application.

With regard to applications in electrochemical biosensors, it is of
high interest to prepare hybrid core-shell particle systems com-
bining conductivity, high enzyme loading, and long-term enzy-
matic stability. This can be achieved with functional polymers
for enzyme loading and protection combined with conductive
material. This novel combination of materials can improve the
performance and versatility of electrochemical sensors, making
them more suitable for a range of applications.

In this work, different approaches to introduce conductivity
as well as high enzyme loading into polymer brush function-
alized particles are analyzed in detail. A series of core-shell
hybrid particles, which can simultaneously protect enzymes
and act as mediators between the enzyme and electrode, are
presented. In order to introduce conductivity to our already
well-studied SiO,@PDMAEMA (silica particles with poly(2di-
methylaminoethyl methacrylate) brush shell) system [1], con-
ductive nanoparticles were incorporated into the polymer
shell. Considering that the conductive nanoparticles in the
brush may affect the immobilization of enzymes, we intro-
duced conductivity also by using a conductive Ag particle as a

core and varied polymer shell thickness and grafting density
to generate particles with a patchy polymer shell, to keep the
conductivity of the core material accessible. In total, two main
systems with the conductive component either in the particle
shell or core are investigated, and the position of the conductive
components as well as their influence on the resulting conduc-
tivity and enzyme loading efficiency are discussed through-
out this article. The enzyme immobilization was investigated
with laccase from Trametes versicolor (TvL) and ABTS Assay
(2,2azinobis3ethylbenzothiazoline6sulphonic acid). Laccases
are multi-copper oxidases that catalyze the one-electron oxi-
dation of a broad range of phenolic and aromatic compounds,
including ABTS, while reducing molecular oxygen to water.
These enzymes operate under mild conditions without requir-
ing cofactors and are widely used in applications such as dye
decolorization, wastewater treatment, and biosensing. The
specific laccase used in this study, from Trametes versicolor
(TvL), is commercially available, well-characterized, and sta-
ble in mildly acidic environments. Due to its high catalytic ef-
ficiency and broad substrate scope, TvL was chosen as an ideal
model system. It serves as a representative for other enzymes
suitable for biosensing.

Finally, this study clarifies the relationship between the intro-
duction of conductivity and resulting catalytic activity and pro-
vides a good basis for further preparation of an electrochemical
biosensor.

The particle library of the synthesized and discussed particle
systems is summarized in Figure 1 including abbreviations used
in this article.

2 | Results and Discussion

As the first approach to introduce conductivity to our already
well studied SiO,@PDMAEMA particle systems with high
loading efficiency for TvL, silver and gold nanoparticles were
incorporated into the polymer brush. Therefore, PDMAEMA
was grafted via STATRP from silica particles with 200nm in
diameter [1]. The polymer shell thickness was varied by reac-
tion time (6 and 12min) and could be calculated from ther-
mogravimetric analysis (TGA). The obtained particles with
polymer shell thickness of 3 and 7nm were used for in situ
generation of conductive nanoparticles in the polymer brush.
Detailed characterization of polymer brush was done via TGA,
dynamic light scattering (DLS) and electrophoresis measure-
ments (zeta potential) as shown in Supporting Information
(Figures S1 and S2). As illustrated in Figure 2I.a-e, SiO,@
PDMAEMA@AGg core shell particles were prepared by in situ
reduction of silver nitrate on the PDMAEMA brushes [19].
Si0O,@PDMAEMA@Au was synthesized using the same
method by replacing silver nitrate with chloroauric acid. To
find the appropriate concentration for the reduction of silver
ions in the brush, five variations with varied concentration
of silver nitrate were tested. Finally, 80 mM showed the best
result with a high number of silver particles and best uni-
formity in size visible via electron microscopy investigation
(Figure S3). Lower concentrations lead to a very low amount
of silver particles and higher concentrations to large and inho-
mogeneous particles in the polymer shell. Moreover, at higher

4404

Journal of Polymer Science, 2025

85U8017 SUOWILWIOD A1) 3|cedldde ays Aq peuenob are ssjoie YO ‘sn Jo Sa|ni Joy Ariqi8UIIUO /8|1 UO (SUOTIPUOD-pUe-SLLRY/LI0O A8 |1 AReIq 1B |UO//SANY) SUOTIPUOD pue swie | 8L 88S *[9202/c0/22] Uo AriqiTauliuo A1 ‘yineiieg jeeisieAlun Aq 65005202 10d/200T 0T/I0p/L0o" A3 1m Al jeuljuoj/sdny wouy papeo|umoa ‘Tz ‘G202 ‘69129z



Si0,-Core + PDMAEMA Brush + Conductive Nanoparticles
Variation of conductive material and chain length

YEN e

Sy i
SiO,@PDMAEMA@AgG_L1  SiO,@PDMAEMA@AU_L1 SiO,@PDMAEMA@Ag_L2 Si0,@PDMAEMA@AU_L2

U

Ag@PDMAEMA-L1

Conductive Ag-Core + PDMAEMA-Brush
Variation of Polymer Chain Length

1

Ag@PDMAEMA-L2 Ag@PDMAEMA-L3 Ag@PDMAEMA-L4 AgJ@PDMAEMA-L5

Variation of Polymer Grafting Density

) By G

Ag@PDMAE

b O i o

Ag@PDMAEMA-GD1 Ag@PDMAEMA-GD2 Ag@PDMAEMA-GD3 MA-GD4

FIGURE1 | Overview of the investigated hybrid core-shell particle systems with variation of the location of the conductive component in SiO,-
PDMAEMA (Ag_L1, Au_L1, Ag_L2, Au_L2) particle systems, the variation of polymer chain length (L1-L5) and polymer grafting density (GD1-
GD4) in Ag-PDMAEMA particle systems.
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FIGURE 2 | Schematic overview over synthesis routes: I. Silica based systems: (a) SiO,-particle (b) SiO,-particle with bromo-initiator groups (c)
SiO,@PDMAEMA core shell particles, (d) SiO,@PDMAEMA@Ag on the shell particles, (e) SiO,@PDMAEMA@Au on the shell particles, II. Silver
based systems: (f) Ag-particle, (g) Ag-particle with initiator groups, (h) Ag@PDMAEMA. PDMAEMA is grafted via SI-ATRP from the Br-modified
particle cores (b+g).

concentrations, the metal particles start to aggregate and from
large sediments in the solution. Thus, adsorption on the sur-
face of the polymer brush was hard to achieve. The in situ
generation of gold nanoparticles in the polymer shell led to
comparable results (Figure S4). The results obtained indicate
also 80mM chloroauric acid as an optimal concentration.

SEM and TEM and cryo-TEM were used to study the surface
morphology and shape of the generated particles.

As shown in Figure 3a, SiO, native has perfect spherical
shape and smooth surface. The surface remains smooth
after polymer grafting, but bridging by polymers between
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FIGURE3 | SEM images of: (a) native SiO, particle, (b) SiO,@PDMAEMA_L2, (c) SiO,@PDMAEMA@Ag_L2, (d) Si0,@PDMAEMA@Au_L2
and TEM images of (¢) SiO,@PDMAEMA_L2, (f) SiO,@PDMAEMA@Ag_L2 and (g) Si0,@PDMAEMA@Au_L2 core shell particles.

the particles can be observed, indicating successful polymer-
ization (Figure 3b, exemplary shown for particles with 7nm
polymer shell thickness). After in situ growing silver and gold
nanoparticles, in SEM bright spots are visible on the particle
surface (Figure 3c and Figure 3d). Successful incorporation of
Ag and Au nanoparticles in the polymer shell could be further
proved by TEM (Figure 3e-g). However, not every particle
shows a perfect in situ metal functionalization due to the un-
controlled reduction process, but it is possible to reach small
metal particles on the polymer shell with low concentrations
of chloroauric acid or silver nitrate, due to the fast sodium
borohydride reduction. Unfortunately, the resulting particle
systems show decreased dispersibility compared to systems
without conductive particles on the polymer brush. It is as-
sumed that the particles shield the charge of the PDMAEMA
brush, resulting in higher hydrophobicity as well as a greater
tendency to agglomerate.

To investigate the resulting conductivity of these hybrid par-
ticles, resistivity was measured of the resulting composite
particles by four-point test measurement and the correspond-
ing conductivity was calculated. Unfortunately, the obtained
conductivity of all systems tested is very low but could be
improved by 7 orders of magnitude compared to the SiO,@
PDMAEMA particles (Figure 4). To determine the enzyme ac-
tivity of the obtained particles, TvL was used as an enzyme,
and activity was investigated by photometrical ABTS assay
measurements. Polymer brushes with a thickness of 7nm
exhibit much higher enzyme activity per particle than those
with a thickness of 3nm. With the introduction of conductive
nanoparticles in the polymer brush, the good enzyme loading

efficiency achieved for SiO,@PDMAEMA_L2 decreased.
It seems that the loading capacity decreases as the intended
places for enzymes are already occupied by the conductive
particles (Figure 4). For PDMAEMA@Au, higher enzymatic
activity was achieved compared to PDMAEMA@Ag for short
polymer brushes (3nm). In contrast, for longer brushes (7 nm
thickness), the enzymatic activity of both systems was low and
quite similar. It is assumed that in short brushes, the enzyme
interacts more directly with the nanoparticle surface due to
less steric and diffusion limitations. Moreover, gold is known
to have better biocompatibility and may promote better en-
zyme orientation or less denaturation, and it has already been
reported to increase the laccase activity, particularly at acidic
and near-neutral pH levels [20]. This can result in higher re-
tained activity of enzymes immobilized together with Au
compared to Ag nanoparticles.

In summary, conductivity could be improved significantly for
these particle systems; however, enzyme loading was low. An
increase in polymer shell thickness could help to improve en-
zyme activity per particle and thus loading efficiency as well as
dispersibility, but probably without a sufficient increase in con-
ductivity. Moreover, these particle systems show drawbacks in
stability since the conductive particles are immobilized by phys-
ical interactions with the polymer brush, leading to difficulties
during further processing, for example, the washing procedure
of the particles and buffer exchange by sonication and centrifu-
gation right before enzyme immobilization.

Due to the inhomogeneous in situ growth of nanoparticles on
our hybrid systems, the low stability due to low physical bonding
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FIGURE4 | Activity of loaded enzyme per particle, polymer shell thickness as well as conductivity of the synthesized core-shell particles. *Error

bars represent standard deviation from three independent experiments.

of nanoparticles to the polymer brush, the loss of dispersibility
as well as low enzyme activity per particle and low conductiv-
ity, the strategy was changed, and conductive Ag particles were
directly modified with polymer brushes. This technique shows
various advantages. First, direct surface modification helps to
increase the hydrophilicity of hydrophobic silver particles and
leads to well-dispersed particles which are of high importance
for further modification with enzymes. Second, the conductivity
of the system can be controlled through the thickness as well as
grafting density of the polymer brush. Additionally, the enzyme
loading capacity of the polymer brush is not influenced by im-
mobilized conductive particles, and the resulting particles show
sufficient robustness for further processing.

First, silver particles were synthesized by kinetically con-
trolled seeded growth [21]. Since the reduction process of sil-
ver is very rapid, uniform large-sized spherical particles are
hard to achieve. However, by reducing the concentration of
the seed solution, silver particles with acceptable dispersity
could be obtained. For grafting of the polymer brush, SI-ATRP
(Surface-initiated atom transfer radical polymerization) was
used to graft PDMAEMA from the initiator-modified parti-
cle surface (Figure 2f-h) as already shown for silica-based
systems. SI-ATRP allows easy variation of polymer grafting
density by the ratio of Br-initiator and “dummy-initiator”.
To introduce bromine functional groups to the Ag parti-
cle surface (Br-initiator), 11Sulfanylundecyl 2bromo2meth-
ylpropanoate- was used. For variation of grafting density,
2-mercaptoethanol was added as “dummy-initiator” [1]. The
choice of 2-mercaptoethanol was made due to its low molec-
ular weight and hydrophilicity. In addition to varying the
grafting density, steric hindrances and reduced surface acces-
sibility caused by the dummy initiator can be avoided due to
its low molecular weight, and at the same time, a favorable
hydrophilic environment can be created, which facilitates

the immobilization of enzyme and dispersibility of the whole
system.

In this study, Brinitiator amounts of 10%, 25%, 50%, and 100%
were investigated. Moreover, five systems with DMAEMA
monomer concentrations of 0.28, 0.99, 1.7, 2.2, and 2.6 M were
synthesized to tune the polymer chain length and to find suit-
able conditions and balance of conductivity and enzyme loading
efficiency. As shown in Figure 5a, silver particles with polyg-
onal shapes and a diameter of ~170nm (calculated from SEM,
Figure S5) were successfully synthesized. DLS shows a narrow
size distribution with a hydrodynamic diameter of 190nm. The
success of the polymerization on particles was proven by SEM,
cryo-TEM, TGA, DLS, and electrophoresis measurements. After
grafting of PDMAEMA brushes, the surface morphology grad-
ually becomes smoother with increasing grafting density or
monomer concentration (Figures 5 and 6), due to an increase
in polymer brush thickness, making the edges and corners of
the particles less clear. The cryo-TEM images also show an in-
crease in polymer shell thickness with increasing monomer con-
centration as well as an increasing amount of surface initiator
(exemplarily shown for particles with variation of grafting den-
sity, Figure 6). This was also proved by TGA. With the increase
in monomer concentration or amount of surface initiator, the
weight loss of the sample also increases (Figure 7a). TGA also
allows the calculation of the amount of polymer on the parti-
cle surface and the polymer shell thickness (dry state). Since the
particle morphology is close to spherical particles, the previously
published equation [22] was used to calculate the approximate
thickness of the polymer brush. The calculated results are sum-
marized in Table 1.

The obtained particles were further characterized concern-
ing their hydrodynamic diameter, swelling properties, and
electrokinetic potential (Figure S6). As expected, the DLS
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FIGURES5 | SEMimagesofnative Agparticles(a), Ag@PDMAEMA _L1 (b), Ag@PDMAEMA_L2(c), Ag@PDMAEMA_L3(d), Ag@PDMAEMA _
L4 (e), Ag@PDMAEMA_LS5 (f), and TEM images of native Ag particles (g), Ag@PDMAEMA_L1 (h), Ag@PDMAEMA_L2 (i), Ag@PDMAEMA _
L3 (j), AZ@PDMAEMA_L4 (k), Ag@PDMAEMA_LS5 (1), and Cryo-TEM images of Ag@PDMAEMA_L1 (m), Ag@PDMAEMA_L2 (n), Ag@
PDMAEMA_L3 (0), AZ@PDMAEMA _L4 (p), AZ@PDMAEMA _LS5 (q). Increase in shell thickness with longer chain length can be observed.

analyses show that with increasing monomer concentration
or number of Br-initiator groups, the hydrodynamic radius
of the particles also increases (Figure 7b). However, this ob-
served increase in hydrodynamic size cannot solely be at-
tributed to the increasing brush thickness grafting density.
Partial particle aggregation may also occur in aqueous media,
especially considering the high molecular weight and moder-
ate grafting density of the PDMAEMA brushes. These factors,
together with the high density of silver nanoparticles, may
lead to transient aggregation and biased DLS measurements
due to the sixth-power scattering dependence on particle size.
Nevertheless, the DLS shows the expected trend and also
demonstrates the good swelling properties of the systems pre-
sented in aqueous solutions. The surface isoelectric point of
the silver particles moved from pH3 to pH values around 9
after grafting the polymer (Figure 7c,d). All Ag@PDMAEMA
particles show a positive surface potential (about 40mV) at
pH4, which provides the favorable conditions for TvL immo-
bilization [1a, 23].

Due to the linear correlation between monomer concentration
and polymer shell thickness, the polymer shells with 3, 11, 23,
35, and 41 nm (calculated from TGA results) could be grafted
onto silver particles with a core hydrodynamic diameter of
~190nm and used for enzyme immobilization experiments.
For comparison, enzyme immobilization and ABTS assay
measurements were also tested with the native Ag particles
without polymer brush, leading to no detectable catalytic ac-
tivity. With increasing thickness of the polymer brush, the cat-
alytic activity per particle and the immobilization efficiency
increase, reaching a plateau at a shell thickness of 23nm

(Figure 8d). The catalytic activity per polymer and enzyme
decreases with higher chain length. Moreover, TGA analysis
shows a constant increase in weight after enzyme immobiliza-
tion for all samples and slightly higher values for the highest
polymer shell thickness (Figure 7a). These observations can
be explained by different effects. On the one hand, steric hin-
drance in areas close to the particle core as well as polymer
entanglements in the areas with higher distance to the par-
ticle core (Figure 8b) affect enzyme loading for higher chain
length. This occurs due to the different behavior of brushes
grafted to curved surfaces compared to flat surfaces. Brushes
grafted to the curved surface of a spherical particle also un-
dergo a transition from mushroom to semi-diluted (SDPB) to
concentrated (CPB) conformation with increasing grafting
density, like brushes on flat surfaces, but the crowding from
the polymers decreases away from the particle surface due to
the curvature [24] (Figure 8a,b). Furthermore, large amounts
of polymer can hinder the substrate ABTS from reaching the
immobilized enzymes or the immobilized enzymes lose activ-
ity. If this is the case, inactive or not reacting but immobilized
enzymes will contribute to the enzyme mass fraction deter-
mined by TGA but show no activity during ABTS assay mea-
surement. The fact that the catalytic activity per enzyme (U/
mg enzyme) also decreases for higher polymer shell thickness
confirms this hypothesis.

With higher grafting densities, the catalytic activity per
particle and enzyme immobilization efficiency increase as
well. Thus, enzyme loading is more efficient with increasing
amounts of polymer per particle (Figure 8e). Interestingly,
the catalytic activity per polymer is higher for low grafting
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FIGURE 6 | SEM images of Ag@PDMAEMA_GD1 (a+e), Ag@PDMAEMA_GD2 (b+f), Ag@PDMAEMA_GD3 (c+g) and Ag@QPDMAEMA _
GD4 (d +h), and Cryo-TEM images of Ag@PDMAEMA_GD1 (i), Ag@PDMAEMA_GD2 (k), Ag@PDMAEMA_GD3 (1) and Ag@PDMAEMA_GD4

(m).

density. This can be attributed to a higher distance and thus
reduced steric hindrance due to the formation of mushroom-
like polymer structures, which facilitates enzyme immobili-
zation and enables more efficient use of the available polymer
chains. Furthermore, enhanced diffusion of the ABTS sub-
strate within less crowded brushes may also contribute to this
effect.

The initial activity of TvL was 0.34+0.09 U/mg. Interestingly,
this is increased significantly for all hybrid systems, with the
best result for Ag@PDMAEA_L3 with 14.95U/mg enzyme cal-
culated from the ABTS assay and TGA results. One explanation
is that the TvL was used as received without further purification.
The enzyme used was not obtained with a high degree of purity,
which is also reflected in its low activity per mass. As several
washing steps are carried out after the incubation of the hybrid
particles in TvL solution, purification from impurities takes
place simultaneously, which leads to higher specific activities
since all impurities not interacting with the polymer brush are
removed during the washing procedure.

Enzyme immobilization and its effect on the hybrid particle size
as well as surface charge were also investigated by DLS and elec-
trokinetical potential, respectively. There is no significant change
in hydrodynamic diameter after enzyme immobilization, probably
due to collapse of the brush-like structure of the polymer shell after
immobilization and thus less swelling due to electrostatic interac-
tions between polymer and enzyme, which is also indicated by
decrease in IEP value after enzyme immobilization (Figure 7b-d).

With respect to conductivity, short polymer brushes as well as
low grafting densities give the best results, since the Ag surface
remains accessible in this type of particle, due to their unique
patchy character. With increase in polymer brush thickness, the
conductivity of the hybrid Ag particles decreases to very low values
(Figure 9). Thus, enzyme loading and conductivity are in a compet-
itive relationship. Nevertheless, we could improve the conductivity
of the systems compared to silica-based systems. Moreover, stabil-
ity studies in acetate buffer solution (pH4, stored at 5°C £1°C, see
Figure S8) solution show also an improved stability compared to
free laccase stored under the same conditions.
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and free TVL.

3 | Conclusion

In conclusion, a library of hybrid core-shell particles was syn-
thesized, incorporating a PDMAEMA polymer brush and a con-
ductive component (Ag or Au) located either in the polymer shell
or as a core material. Following that, a comparison was made of
the achieved enzyme activities and conductivity of the resulting
system. It was demonstrated that the placement of a conductive
particle into the core, as opposed to the immobilization of con-
ductive particles within the brush-like polymer shell, resulted
in particles with enhanced conductivity, stability, dispersibility,
and good enzyme loading efficiency.

Also, the impact of grafting density and polymer shell thickness
in the conductive core-shell Ag(core)-PDMEMA (shell) particles
was investigated. The properties of the polymer brush were con-
trolled and varied by different monomer concentrations and dif-
ferent ratios of “dummy initiator” and bromosurface-initiator.
The enzyme immobilization efficiency and resulting catalytic ac-
tivity per particle increased with increasing polymer fraction of
the hybrid particle system up to 1.15+0.14 U/mg particle for high
grafting density (0.3 polymer chains/nm?) and 1.23+0.07 U/mg
particle for 35nm polymer shell thickness. However, the highest
conductivity (0.004+0.001S/m) was achieved with short poly-
mer brush (3nm) as well as low grafting density (0.08 polymer
chains/nm?), since the core Ag particle material was accessible.
Furthermore, hybrid core-shell Ag(core)-PDMEMA (shell) par-
ticles demonstrated excellent water dispersibility and stability,

which renders them highly suitable for application in detection
and catalytic reactions.

As a proof of concept, it has been demonstrated that laccase im-
mobilized in the polymer brush layer retains catalytic activity
toward ABTS oxidation, as confirmed via UV-Vis absorbance
assays. In an electrochemical biosensing context, this redox
reaction could be transduced into a measurable electrochemi-
cal current signal, provided that the conductive silver core es-
tablishes an electron transfer pathway to an electrode surface.
Although a full biosensing or catalytic assay falls beyond the
presented scope, we propose a proof-of-concept sensing model,
where the immobilized enzyme (e.g., laccase) catalyzes redox
reactions (e.g., ABTS oxidation), and the conductive core could
serve as a transducing element in an electrochemical sensor
(Figure S9).

4 | Materials and Methods
4.1 | Materials

Tetraethyl orthosilicate (TEOS, Sigma, 99%), ammonia
solution (NH,OH, Sigma, 28%-30% solution), ethanol abs.
(EtOH, Sigma, 99.9%), copper(Il) bromide (CuBr,, Sigma,
99.999%), (3-aminopropyl)triethoxysilane (APTES, Sigma,
99%), a-bromoisobutyryl bromide (Br-initiator for SiO,-
particles) Sigma, 98%), propionyl bromide (Sigma, 97%),
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TABLE1 | Characterization summary of analyzed particle systems.
Grafting Br-
D, density, initiator/ Shell

(nm)PLS  ¢(DMAEMA), chains/nm? dummy thickness, Zetapotential IEP, pH
Sample ID n=3) mol/L (TGA, GPC) initiator nmTCA at pH4, mV n=3)
SiO2 227+10 1:1 — —-53+0.8 <3
SiOZ@ 350+15 2.92 3 40+0.6 9.1+0.08
PDMAEMA_L1
SiOZ@ 428 £22 2.92 7 38+0.9 9.5+0.1
PDMAEMA_ L2
SiOZ@ 358 +£18 2.92 3 36+1.8 9.0£0.06
PDMAEMA@
Ag 11
SiOZ@P@ 416 +28 2.92 7 36+0.7 9.3+0.03
AgPDMAEMA _
L2
SiOZ@ 345+13 2.92 3 43+0.7 9.0£0.05
PDMAEMA@
Au_L1
SiOz@ 440+25 2.92 7 42+1.5 9.3+0.06
PDMAEMA@
Au_L2
Ag 190+6 — —-11+£0.3 3.0+0.02
Ag@ 296+19 0.28 0.30° 1:0 3 39+1.1 9.0+0.05
PDMAEMA_L1
Ag@ 479+11 0.99 11 46+0.6 9.3+0.06
PDMAEMA_L2
Ag@ 810+23 1.70 23 49+2.1 9.4+0.05
PDMAEMA_L3
Ag@ 831+54 2.20 35 41+3.0 9.4+0.07
PDMAEMA_L4
Ag@ 883+29 2.60 41 52+1.5 9.5+0.06
PDMAEMA_LS5
Ag@ 360+8 1.70 0.08 1:9 7 58+2.7 8.9+0.08
PDMAEMA_GD1
Ag@ 511+11 1.70 0.17 1:3 14 56+3.1 9.3+0.06
PDMAEMA_GD2
Ag@ 683+18 1.70 0.21 1:1 18 47+1.8 9.4+0.06
PDMAEMA_GD3
Ag@ 810+23 1.70 0.30 1:0 23 49+2.1 9.4+0.05

PDMAEMA_GD4

2Variation of chain length done by time variation during polymerization (6 min for L1 and 12min for L2).

bThe same batch of surface-modified particles was used.

tris(2-pyridylmethyl)amine (TPMA, Sigma, 98%), tin(II)
2-ethylhexanoate (Sigma, 95%), ethyl a-bromoisobutyrate
(EBiB, Sigma, 98%), silver nitrate (Sigma, >99.0%),
2-Mercaptoethanol(Sigma,  >99.0%),  11Mercaptoundecyl
2-Bromo-2-methylpropanoate (Br-initiator for Ag-particles, TCI,
>95.0%), dopamine hydrochloride (Sigma, >98.0%), polyvin-
ylpyrrolidone (PVP, Sigma, M, 40,000), hydrogen tetrachloro-
aurate(III) trihydrate (HAuCl,-3H,0, Acros, 99%), L-ascorbic

acid (Sigma, 99%), acetonitrile (Sigma, HPLC grade >99.9%),
sodium borohydride (NaBH,, Sigma, 99%), dichloromethane
(Acros, 99.99%), and 2,2’-azino-bis(3-ethylbenzothiazoline-6-s
ulfonic acid) (ABTS, Boehringer Mannheim GmbH) were used
as received. 2-(Dimethylamino)ethylmethacrylate (DMAEMA,
Sigma, 98%) was passed through basic, neutral, and acidic alu-
minum oxide columns for 20min to remove the inhibitor prior
to polymerization.
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FIGURES8 | Schematicillustration of PDMAEMA brush conformation under different conditions. (a) In aqueous solutions with low pH values the

polymer chains are positively charged and show brush-like character due to electrostatic repulsion. At higher pH values the brush collapses and the
PDMAEMA chains coil to a mushroom structure. In contact with enzymes, a collapse of the polymer brush is also assumed. With increase in chain

length (b) and grafting density (c), the enzyme immobilization efficiency as well as catalytic activity of the resulting hybrid system (U/mg particle

increases due to higher polymer fraction). It is assumed that at low grafting densities with high chain length the loading capacity of the polymer can

be better utilized due to less repulsion forces between the polymer chains. At higher grafting densities repulsion forces between the polymer chains

close to the polymer core as well as entanglements in the outer part of the shell occur. The catalytic activity detected with ABTS assay is compared

for variation in polymer shell thickness (monomer concentration) (d) and grafting density () and presented as ‘U/mg polymer’ (red), ‘U/mg particle’

(blue) and ‘U/mg enzyme’ (enzyme). The enzyme immobilization efficiency is also presented (green).

4.2 | Scanning Electron Microscopy (SEM)

The SEM imaging of SiO,, Ag, and composite particle systems was
conducted with a VolumeScope scanning electron microscope
(Thermo Fisher Scientific GmbH, Germany), operating at 3keV,
~13 pA using a secondary electrons detector and T1 detector. For
sample preparation, 2 uL of particle dispersion in water (1 mg/mL)
was dropped on a hydrophilized 5x 5mm silicon wafer (cleaned
in a 1:1:1 mixture of H,0,, NH,OH and H,0) and dried in ambi-
ent conditions. In order to enhance topography contrast, samples
were coated with platinum (around 2nm) using a Leica EM ACE
600 sputter coater (Leica Microsystems, Germany).

In addition, SEM imaging was conducted with an NEON40 (Carl
Zeiss Microscopy Deutschland, Germany), operating at 2keV,
~200 pA using a secondary electrons detector and a back-scattered
electrons detector. 2uL of quaternized particle dispersion in water
(1 mg/mL) was dropped on a hydrophilized 5x 5mm silicon wafer
and, after drying in ambient conditions, inspected in SEM (with-
out any coating). Hydrophilization was done in air plasma at a
power of 70W for 60s (Femto, Diener Electronic, Germany).

4.3 | Dynamic Light Scattering (DLS)
and Electrokinetic Measurements

The pH-dependent electrokinetic properties of the particles were
measured by Zetasizer Ultra Red from Malvern Instruments

Ltd. and an MPT-3 autotitrator. 24 mg particles were dispersed
in 30mL of 10mM KCl solution. Controlling the pH of the pre-
pared suspension was done by adding 0.1 M KOH or 0.1M HCI
aqueous solution through a titration system. Three measure-
ments were recorded for each sample at each pH value. The same
suspensions were used for the dynamic light scattering (DLS)
measurements at the same device and measured three times for
each sample. Ultrasonication was applied before measurement
to ensure good dispersion. The aqueous testing conditions were
chosen to closely simulate the intended application environment
of the enzyme-functionalized nanoparticles, which operate in
aqueous buffer systems.

4.4 | Transmission Electron Microscopy (TEM)
and Cryo-TEM

The TEM and cryo-TEM imaging of SiO,, Ag, and compos-
ite particle systems was conducted with a Libral20 (Carl Zeiss
Microscopy Deutschland, Germany), operating at 120kV. For
TEM, 2 uL of particle dispersion in water (1 mg/mL) was dropped
on hydrophilized carbon film supported by a copper TEM grid
and dried at ambient conditions. For cryo-TEM, 2uL of parti-
cle dispersion in water (1 mg/mL) was dropped on each side
of hydrophilized QUANTIFOIL R3.5/1 TEM grid, blotted for
0.2s, and plunged in liquid ethane using Leica GP grid plunger
(Leica Microsystems GmbH, Germany). Hydrophilization was
done in air plasma at a power of 70W for 20s (Femto Plasma
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FIGUREY9 | Activity of loaded enzyme per particle (U/mg particle, n = 3), polymer shell thickness, as well as conductivity (n = 3) of the synthesized
and investigated particles and the dependence on the used monomer concentration and grafting density.

Cleaner, Diener Electronic, Germany). To increase the contrast
of the polymer brush, particles with PDMAEMA were stained
(quaternized) with CH,I. Therefore, 2mL of iodomethane was
added to 10mg particles and stirred overnight. Todomethane
was removed by centrifugation and the particles redispersed in
Millipore water.

4.5 | Gel Permeation Chromatography

The molecular weight of the bulk polymer obtained after precip-
itation was determined using GPC equipped with a HPLC-Pump
1200 Infinity (Agilent Technologies Inc., USA), an autosampler
(1260 Infinity, Agilent Technologies Inc., USA) and a Polar-
Gel-M column (100X 7.5 mm). The flowrate was 1 mL/min, and
DMAX + 3g/L LiCl was used as eluent.

For the calculation of grafting density, the following equation
was used:

_ Rx pAg X (pPolymer X NA
3Mn X (1 - (pPolymer)

@

R is the radius of the core particle, p,, the density of silver,
@polymer 1S the polymer fraction of PDMAEMA determined by
TGA analysis, N, the Avogadro number, and M,, the molecular
weight determined by GPC.

4.6 | Synthesis of SiO, Particles and Surface
Modification

SiO, particles with 200nm diameter were synthesized by Stober
method. First, to yield 100nm SiO, particles, 50mL ethanol and
3mL NH,OH (28%-30%) were stirred at 500rpm for 3-4min in
a clean 500mL snap cap vial. Afterwards, 1.5mL of tetraethylor-
thosilicate (TEOS) were added dropwise. After stirring for 12h at
room temperature, 50mL of the resulting mother solution (100nm
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SiO, particles) were transferred to a new vial and 350mL etha-
nol and 24mL NH,OH (28%-30%) were added. After stirring for
3-4min, 12mL of TEOS were added dropwise. After stirring for
12h at room temperature, the resulting 200nm SiO, particles were
isolated by centrifugation at 12000rpm for 10 min and washed five
times with ethanol and dried under vacuum at 60°C overnight.

4.7 | Functionalization of SiO, Particles
With APTES

SiO, particles (2g) were placed in a 250mL round-bottom
flask with a stir bar, then 95mL of ethanol and 5mL of
3-aminopropyltriethoxysilane (APTES, Sigma, 99%) were added.
After stirring for 12h at room temperature, the SiO,-NH, parti-
cles were isolated by centrifugation at 12000rpm for 10min and
washed five times with ethanol and dried under vacuum at 60°C
overnight.

4.8 | Preparation of Bromo-Functionalized SiO,

APTES-modified SiO, particles (1g) were placed in a 100mL
round bottom flask with a stir bar, then 50mL of dichlorometh-
ane (dry) was added. After stirring for 3min, 0.5mL of a bro-
moisobutyryl bromide (Br-initiator, Aldrich, 98%) and 0.36 mL
of propionyl bromide (Aldrich, 97%) were added. After stirring
for 3min, 2mL of triethylamine was added, and the resulting
solution was stirred at room temperature at 700rpm. After 2h,
the particles were collected by centrifugation at 12000rpm for
10 min and washed two times with DCM, three times with etha-
nol, and dried under vacuum at 60°C overnight.

4.9 | Synthesis of Ag Particles

According to previous literature reports [21], silver particles
(170 nm diameter) were synthesized in batches, using gold seeds.
5mL of PVP (5wt % in H,O) and 10 uL of HAuCl, (0.25M) were
dissolved in 5mL of H,O. After that, 0.6mL of NaBH, (0.1M)
was injected under vigorous stirring, giving rise to a yellowish
solution of Au nanoparticles. The Au nanoparticles obtained
were then aged for 6h, allowing complete decomposition of
NaBH, before serving as the seeds in the subsequent seeded
growth procedure. 2mL of PVP (5wt % in H,0), 1 mL of aceto-
nitrile, and 200 4L of ascorbic acid (0.1 M) were added in 2mL
of H,0, which was tempered to 25°C. Then, 150uL of AgNO,
(0.1 M) was added, followed by quick injection of 0.1uL of the
seed solution. After 2h, the particles were collected by centrifu-
gation at 4000 rpm for 20 min and washed 3 times with ethanol,
redispersed in ethanol, and stored in therefrigerator.

4.10 | Grafting of PDMAEMA Using
Surface-Initiated ATRP (“Grafting From”)

4.10.1 | Si0,@PDMAEMA
A total of 500 mg Br-initiator-modified silica particles, 1 mL

DMAEMA, 2mL anhydrous DMF, 0.15puL EBIB, 30mL
CuBr, (0.1M solution in DMF), 6.5mg TPMA were add

to a reaction-tube with a stir bar, then the tube was sealed
with a rubber septum and purged with argon and sonicated
(80W) in an ice-water bath for 30 min. Afterwards, 100mL
Sn(IT)2ethylhexanoate dissolved in 1 mL DMF were injected.
The polymerization was carried out in oil bath at 60°C- for
6min for shorter chains (SiO,@PDMAEMA_L1) or 12min
for longer chains (SiO,@PDMAEMA _L2). The particles were
collected by centrifugation at 12000 rpm for 10 min, washed 2
times in DMF and 3 times in ethanol and dried under vacuum
at 25°C overnight.

4.10.2 | Ag@PDMAEMA

First, ligand exchange was used to introduce Br-initiator groups on
silver particles by adding 300 L Br-initiator (11-Sulfanylundecyl
2-bromo-2-methylpropanoate) to 200mg silver particles well
dispersed in 100mL ethanol. After stirring for 12h, the Ag@Br-
initiator was collected by centrifugation and washed three times
with 30mL ethanol. Finally, Ag@Br-initiator was dispersed in
10mL DMF and stored in the refrigerator. For variation of graft-
ing density, 2-mercaptoethanol was used as a “dummy-initiator”
and mixed with Br-initiator in different ratios. In this study, Br-
initiator amount of 10%, 25%, 50%, and 100% was investigated.

Polymerization of PDMAEMA on silver surface was performed
in DMF at 70°C in an oil bath for 60 min. Therefore, 50 mg Ag@
Br-initiator particles, DMAEMA, 2mL anhydrous DMF, 0.03 uL
EBIB, 6 uL CuBr, (0.1M solution in DMF), and 1.3mg TPMA
were added to a reaction tube with a stir bar, then the tube
was sealed with a rubber septum and purged with argon and
sonicated (80 W) in an ice-water bath for 10min. Five systems
with DMAEMA monomer concentrations of 0.28, 0.99, 1.7, 2.2,
and 2.6 M were synthesized for variation of the resulting chain
length (Ag@PDMAEMA_L1L5). Therefore, 0.1, 0.4, 0.8, 1.2,
or 1.6mL monomer were added, respectively, to the reaction
mixture. Afterwards, 20puL Sn(II)2ethylhexanoate dissolved
in 0.2mL DMF was injected. After the reaction, the particles
were collected by centrifugation at 4000 rpm for 20 min, washed
2 times in 30mL DMF and 3 times in 30mL ethanol, and dis-
persed in 10mL ethanol.

4.11 | In Situ Synthesis of Silver/Gold
Nanoparticles in Polymer Brushes (Preparation
of Si0,-PDMAEMA@Ag, SiO,-PDMAEMA@Au)

A total of 50mg SiO,-PDMAEMA particles (6=200nm), 10mL
80mM AgNO, (HAuCl,) aqueous solution were added to the
test tube, the tube was sealed with a rubber septum and purged
with argon and sonicated (80 W) in an ice-water bath for 30 min.
Afterwards, 1mL 0.05M NaBH, was added dropwise with stir-
ring at 500rpm, the reaction lasted for 1h. The particles were
collected by centrifugation at 12000 rpm for 10 min, washed five
times in ethanol, and dried under vacuum at 25°C overnight.

4.12 | Electrical Conductivity Measurement

Electrical conductivity of the particle films made of the different
hybrid particle systems was determined by four-point probe test
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[25]. In order to prepare the test sample, we coated the obtained
composite nanoparticles on a PC substrate with 2 electrodes.
Finally, a layer of 1 mm thick sample (2mm in length and 2mm
in width) was prepared. According to the measurement results,
the conductivity can be calculated as [25b]

o= I-1
V-d-h

where I is the current, V is the voltage across the electrodes, [
is the distance between the two electrodes for voltage measure-
ment, d is the width of the sample, and A is the thickness of the
sample.

4.13 | Immobilization of Laccase

First, the acetate buffer solution (NaAc, 10mM, pH4.0) was pre-
pared, then 10mg grafted particles were dispersed in 3mL buf-
fer solution by ultrasound until no particles were visible at the
bottom of the centrifuge tube (about 1 min). After three washes
with 3mL buffer solution, the particles were dispersed again in
0.5mL of buffer solution and mixed with 0.5mL laccase (~50U/
mL in 10mM NaAc buffer) The immobilization was carried out
at room temperature for 1h under gentle shaking. Afterwards,
the particles were washed with buffer solution until no activ-
ity was observed in the supernatant. Enzyme loading was
quantified using TGA by calculating the difference in organic
content before and after enzyme immobilization. Additionally,
the decrease in laccase concentration in the supernatant was
monitored by UV-Vis absorbance at 280nm, using a standard
calibration curve. These values were used to calculate the
amount of enzyme immobilized per mg particle and allowed the
calculation of the catalytic activity per mg polymer and mg im-
mobilized enzyme.

4.14 | Determination of Enzyme Activity/Catalytic
Activity

Determination of enzyme activity was performed with a Tristar
5 Multimode Plate Reader (Berthold Technologies). Laccase
oxidizes 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) to the green-colored cation-radical ABTS*. 10uL of the
enzyme containing solution were added to 965uL NaAc buffer
solution (10mM, pH4) in the measurement well. During mea-
surement 25 uL of 2mM ABTS solution were added. Colorimetric
changes were measured by absorbance spectroscopy at 420 nm.
For the measurement of the change in absorbance (A E) within
a particular time interval (At), the activity can be calculated by
Equation (1), where At is the change in time, d is the path length
trough the sample and ¢ is the extinction coefficient for the oxi-
dation of ABTS at 420nm (36 mM~tcm™).

AE /At

— 3 @

Activity =

For samples with high enzyme concentration, the solutions were
diluted with NaAc buffer (pH4; 1:10) before the ABTS assay was
performed and activity calculated with respect to the dilution
factor.

The enzyme solution used for immobilization as well as the su-
pernatants obtained during the washing steps after enzyme im-
mobilization were tested with the ABTS assay.

The efficiency of enzyme immobilization is determined by cal-
culating the ratio of the enzymatic activity measured on parti-
cles with immobilized laccase and the activity of free laccase
before immobilization (Equation 2):

Enzyme Immobilization Efficiency [%]

activity of immobilized laccase on particles @)
= o —r X 100%
initial activity of added free laccase
Activity - v
mg particle or polymer 3)

__Activity of immobilized enzyme
" mass of particle or polymer
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