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In vitro mimicking of hepatic drug metabolism is a key issue in early-stage drug discovery. Synthetic met-
alloporphyrins show structural similarity with the heme type prosthetic group of cytochrome P450 as
primary hepatic enzyme in oxidative drug biotransformation. Therefore, they can catalyze these oxida-
tions. Concerning economical aspects and the poor stability of metalloporphyrin, their immobilization
onto or into solid carriers can be promising solution. This study presents a novel immobilized metallopor-
phyrin nanocomposite system and its potential use as biomimetic catalysts. The developed two-step
immobilization procedure consists of two main steps. First, the ionic binding of meso-tetra
(parasulphonatophenyl) iron porphyrin onto functionalized magnetic nanoparticles is established, fol-
lowed by embedding the nanoparticles into polylactic acid nanofibers by electrospinning technique.
Due to the synergistic morphological and chemo-structural advantages of binding onto nanoparticles
and embedding in polymeric matrices the biomimetic efficiency of metalloporphyrin can be remarkably
enhanced, while substrate conversion value was tenfold larger than which could be achieved with classic
human liver microsomal system.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The cytochrome P450 (CyP450)-dependent oxidative metabo-
lism of endogenous molecules and xenobiotics aroused a great
interest in the last few decades. [1] In the living body, the
metabolism of a drug molecule is usually initiated by an oxidative
transformation catalyzed by a member of the CyP450 enzyme
superfamily. Therefore, the metabolic stability of a drug molecule
against CyP450 related oxidative biotransformation is an impor-
tant factor to be considered during the drug development process.
[2] Liver microsomes contain CyP enzymes in high concentrations.
Therefore, microsome-based in vitro methods are often used to
identify oxidative metabolites of drug candidate molecules. [3]
The identification of the major oxidative metabolites provides use-
ful information for optimizing the structure of drug candidate
molecules. However, there are certain limitations associated with
using biological systems. The substrate molecule can be used in
low concentrations only; hence the metabolites are available in
small quantities. A complex biological matrix is present in the
reaction medium which can react with or adsorb the formed
metabolites. Therefore, analysis of the samples and the isolation
of the products found to be difficult. [4] Biomimetic systems may
provide a promising alternative approach to address the disadvan-
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tages of the biological models. Biomimetic systems imitate the cat-
alytic behavior of the CyP enzymes; therefore, they generate
metabolites from the parent molecule in one step, yet the complex
biological matrix is not required. Such system can be developed by
using of synthetic metalloporphyrins as biomimetic catalysts. The
application of metalloporphyrins is based on their structural simi-
larities to the protoporphyrin-IX moiety, found in the prosthetic
heme group at the active site of the CyP enzymes. [5–7] On the
one hand this functional similarity makes metalloporphyrins a
promising approach to generate metabolites. On the other hand,
metalloporphyrins suffer from relatively low stability in homoge-
neous oxidative systems and the recovery of the catalysts is chal-
lenging. [8].

We propose the immobilization of such molecules onto or into
solid support to overcome the above limitations. [9] Several sup-
ports, such as modified irregular silica gels [10], magnetic nanopar-
ticles [11], kaolinite [12] and carbon nanotubes [13] have been
previously used for metalloporphyrin immobilization. The stability
of the immobilized porphyrin catalysts can be improved signifi-
cantly and their separation from the reaction media can be
achieved by a simple filtration or by magnetic force (in case of
magnetic material). For entrapment or embedding of porphyrins
in a non-solvable matrix can be applied such as zeolites [14], poly-
mer matrix [15] and alumina [16].

Advances in material science and nanotechnology in the recent
decades enabled the formation of nanoscale materials. By taking
the advantages of down-scaling, the resulted materials may show
better properties than non-nanostructured systems. [17] Nanofiber
based products represent a wide group of such novel products used
widely both in the industry and in research. Nanofibers can be
applied as filter media [18], reinforcement in composites, [19]
etc. One important application of nanofibers is the entrapment of
a desired substance. Therefore, nanofibers were also found to be
excellent carriers. Such examples are bioactive agents (small drug
molecules or therapeutic macromolecules) [20], inorganic [21], or
(bio)organic [22] catalysts for heterogeneous catalysis. The forma-
tion of nanofibrous composites is one of the promising applications
of nanofibers. Such composites may improve the physical proper-
ties of pure nanofibers (cellulose nanoparticles in polyvinyl alco-
hol) [23], they can be used as a chemical sensor (metal salts in
polyaniline) [24]. They were also used to improve catalytic proper-
ties by entrapping of sensitive [25] or expensive catalyst [26] yet
providing catalyst reusability and eliminating catalyst loss. Usu-
ally, nanoparticles are added to the precursor which results in
composite nanofibers upon fiber formation. Electrospinning is a
widely available technique to produce nanofibers and nanofibrous
composites. During electrospinning the polymer precursor (poly-
mer solution or melt with or without nanoparticles) is lead and
distributed into a single (or multiple) high surface to volume ratio
droplet, which is subjected to high electric field gradient. The elec-
tric field causes charge re-distribution in the precursor droplet
which results in strong repulsion between the charges and an elon-
gated jet is formed. Once the jet is stabilized, fiber formation starts
with a whipping motion towards the grounded collector, simulta-
neously losing the solvent content or cooling down and solidifying
rapidly, resulting in a solid nanofibrous net with typically micron
to submicron diameter uniform fibers [27].

There are some studies about the combination of magnetic
nanoparticles and nanofibrous materials, based on the in-situ for-
mation of particles on the fibers or the entrapment of prepared
particles inside the fibers. These composite materials were utilized
in versatile applications such as photodegradation, magnetic mate-
rials, tissue engineering, wastewater treatment or magnetic hyper-
thermia. [28–32].

The aim of this research was to develop a nanostructured com-
posite material as solid carrier of a biomimetic catalyst, in which
2

components could have positive synergism for the chemical and
mechanical stability and activity of the catalyst. The goal was to
select two type of nanocarriers, one of which is able to rapid and
capacitive immobilization of metalloporphyrin and has good dis-
persibility, and other one, which could create a protective and
easy-to-handle ‘‘package” with good permeability. Thus, by com-
bining magnetic nanoparticles with polylactic acid (PLA) nanofi-
bers a novel composite material was produced, while as an
efficient carrier for sensitive metalloporphyrins. During a so-
called 2nd generation immobilization method, first meso-tetra
(parasulphonatophenyl) iron porphyrin (FeTPPS) was bounded to
amino-functionalized magnetic nanoparticles (MNPs) via ionic
interactions, then the FeTPPS-MNPs catalysts were embedded into
PLA nanofibers using solvent electrospinning technique (Fig. 1.).
Since such systems was not described previously, this work reports
the preparation and optimization of a novel porphyrin based
nanofibrous composite catalysts system. The biomimetic ability
of the nanocomposites was also investigated on the calcium chan-
nel blocker amlodipine as a model drug compound. Although com-
posites of PLA nanofibers and MNPs, mainly applied as drug
delivery systems had been reported in few cases, MNP/PLA
nanocomposites have been never applied as biomimetic catalytic
system. [33,34].
2. Materials and methods

2.1. Production of FeTPPS-MNP/PLA nanocomposite

Polylactic acid (PLA, 0.8 g) and mixture of dichloromethane
(DCM) and N,N-dimethyl-formamide (DMF) (6:1 V/V, 9.2 g) were
added into a 20 mL vial then the mixture was shaken until the
PLA was completely dissolved. The corresponding amount of
FeTPPS-MNP suspension was added to the PLA solution then the
mixture was intensely shaken finally sonicated (10 min, RT, with
full power at 45 kHz, Emmi 20HC ultrasonic bath, Emag AG,
Mörfelden-Walldorf, Germany). The prepared precursor mixture
was loaded into a syringe and was driven through a laboratory
electrospinning machine (Spincube, Spinsplit Llc, Budapest, Hun-
gary). The vertical electrospinning system was operated with flow-
rate 45 lL min�1, an 18 Gauge emitter, 21 kV electric field, the
distance between the emitter and collector was 10 cm, and the
sample was collected on aluminum foil placed onto the plane col-
lector (Fig. 2). Nanocomposite was removed from aluminum foil
then dried until vacuum (2 h, 100 mbar, Binder VDL 23 vacuum
drying chamber, Binder GmbH, Tuttlingen, Germany).
2.2. Biomimetic oxidation catalyzed by FeTPPS-MNP/PLA
nanocomposite

In Eppendorf tubes 10.0 mg of FeTPPS-MNP/PLA nanocomposite
and 335 lL amlodipine solution (2.5 mg mL�1 in the mixture of
methanol and acetate buffer (4:1 V/V, pH = 4.5, 64 mM)) were
added and homogenized by shaking (at 800 rpm, 25 �C, Vibramax
100, Heidolph NA Llc, Schwabach, Germany). The reaction mixture
was diluted to 1.0 mL with the solvent mixture then the reaction
was started with the addition of t-BuOOH solution (1 lL, 5 equiv-
alents to amlodipine (1), 70 % aqueous solution). The tubes were
then shaken for 10 min (at 1200 rpm, 25 �C Vibramax 100, Hei-
dolph NA Llc, Schwabach, Germany) then 75 lL of sample was
taken from each tube. The samples were diluted to 2.0 mL with
methanol and analyzed by UV–vis spectrophotometer (Genesys-
2, Thermo Fisher Scientific Inc., Waltham, MA, USA) recording full
spectra from 200 to 700 nm. Conversion value (c) of the biomi-
metic reactions was calculated by the characteristic adsorption of



Fig. 1. Scheme of biomimetic oxidation of amlodipine (1) and its human major metabolite dehydroamlodipine (2) catalyzed by a nanocomposite catalyst consisting of
immobilized FeTPPS on MNPs embedded within PLA nanofibers.

Fig. 2. The scheme of precursor preparation and electrospinning process for the
nanocomposite FeTPPS catalysts.
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Amlodipine (1) k = 360 nm. The product profile of biomimetic reac-
tion was investigated by LC-MS (see in ESI Section 2.11).

2.3. Calculations

The efficiency of catalyst immobilization is defined with immo-
bilization yield (YI, shows the immobilized proportion of initial cat-
alyst amount):

YI %½ � ¼ 1� C2P

C1P

� �
� 100

where C1P is the initial metalloporphyrin concentration, C2P is
the residual metalloporphyrin concentration in the binding
solution.
3

The catalytic parameters such as conversion (c), biomimetic
activity (UB, which shows the converted substrate amount per unit
of time and total mass of immobilized catalyst) and specific biomi-
metic activity (UP, which shows the converted substrate amount
per unit of time and total amount of metalloporphyrin catalyst)
and turn over number (TON, which shows the amount of converted
substrate to product per amount of catalytic molecule) were deter-
mined by the following equations:
c %½ � ¼ 1� CR

CS

� �
� 100

where CS is the concentration of the initial substrate and CR is
the concentration of the residual substrate based on the absor-
bance at k = 360 nm and the calibration curve,
UB Ug�1� � ¼ ns0 � c
t �mB

where nS0 is the initial amount of the substrate, c is conversion, t
is reaction time in min,mB is the mass of the biomimetic catalyst in
g,
UP Ug�1� � ¼ ns0 � c
t �mP

wheremP is the mass of the metalloporphyrin in g in the immo-
bilized biomimetic catalyst,
TON �½ � ¼ nP

ncat

where nP is the amount of product in lmol and ncat is the
amount of the metalloporphyrin in lmol in the immobilized bio-
mimetic catalyst.

Other details related to Experimental session can be found in
the electronic supplementary information document (ESI.).



Table 1
Effect of FeTPPS-MNPs content on the viscosity, spinnability of precursor mixture and
fiber diameter of the nanocomposite.

FeTPPS-MNPs contenta Viscosity
[mPas]

S b

[-]
Fiber diameter
[nm]

5 855 ± 156 1 1224 ± 310
2.5 496 ± 22 2 900 ± 296
1.25 590 ± 106 2 788 ± 156
0.63 501 ± 98 3 842 ± 207
0.31 432 ± 38 2 812 ± 177
0.16 553 ± 64 1 788 ± 186
0 525 ± 37 1 606 ± 184

a content of FeTPPS-MNP in dry FeTPPS-MNP/PLA nanocomposite; b S:
Spinnability score is given according to the following consideration: 0 (no fiber
formation), 1 (very limited fiber formation, unstable jet), 2 (non-continuous fiber
formation with weak to moderate yield), 3 (continuous fiber formation with stable
jet and high yield.
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3. Results and discussion

3.1. 1st generation immobilization of metalloporphyrin

In the first part of the study, simple immobilization of FeTPPS
metalloporphyrin onto magnetic nanoparticles and into PLA nano-
fibers were performed. Because immobilization capacity and cata-
lysts leaching are generally critical points of immobilized systems,
the binding capacity of the supports and the release of FeTPPS were
examined by the specific detection of FeTPPS by UV–vis spec-
trophotometry (see in ESI FigS1). The results showed that the
immobilization yield (YI, %) was more than 99 % in case of ionic
binding of FeTPPS onto MNPs and the simple entrapment of FeTPPS
molecules into PLA nanofibers (see in ESI Table S1, panel A). Since
no metalloporphyrin could be detected in the washing buffer of
MNPs after FeTPPS binding, the nanoparticles could immobilize
FeTPPS strong enough to avoid leaching. In contrast, PLA nanofi-
bers could not retain sufficiently the small FeTPPS molecules,
because more than 90 % of the entrapped FeTPPS was washed
out (see in ESI, Table S1, panel B.). Our previous studies indicated
that functionalized magnetic nanoparticles are promising carriers
for small-sized catalysts such as metalloporphyrins as well as for
large molecules like enzymes. [11,22,35–37] However, aggregation
of the nanoparticles partially due to the required magnetic forces
for their separation could cause difficulties such as reduction in
catalytic activity. Embedding or cross-linking of nanoparticles
can eliminate these problems. [38,39] Our results and experiences
indicate how a 2nd generation immobilization procedure involving
fast and efficient ionic binding with MNPs and the good entrap-
ment ability and stability of PLA nanofibers can diminish these
problems.
3.2. 2nd generation immobilization of metalloporphyrin

During the combined immobilization process, the rapid ionic
binding of FeTPPS on the amino-functionalized MNPs was per-
formed, then the suspension of the metalloporphyrin loaded parti-
cles at different amount were mixed with the PLA solution. Finally,
the precursor mixture was introduced to a laboratory electrospin-
ning equipment and the prepared fibrous nanocomposite material
was collected on a plate collector (Fig. 2.).

The MNP/PLA ratio in the precursor mixture was systematically
changed according to seven different dry mass ratios of FeTPPS-
MNPs/PLA (5, 2.5, 1.25, 0.63, 0.31, 0.16 and 0 w/w% FeTPPS-
MNPs in dry FeTPPS-MNPs/PLA nanocomposite). The FeTPPS-
MNPs content of the fibrous composite is a key parameter because
it directly affects the catalytic activity, as well as the viscosity of
the precursor. Nanofiber yield of the electrospinning process also
depends on the precursor viscosity, therefore the viscosity and
spinnability of the precursor containing different amounts of
nanoparticles were investigated (Table 1). Apart from the highest
MNP content (5 w/w% FeTPPS-MNP), the presence of magnetic
nanoparticles caused negligible changes in viscosity values. The
quantitative description of the electrospinning process in terms
of successful fiber production is often challenging and not yet stan-
dardized. To overcome this issue, we proposed to use the
spinnability score (S) in our previous study to evaluate the fiber
fabrication process. [22] In general, the presence of magnetic
nanoparticles influenced the electrospinning process positively at
0.31–2.5 w/w% of FeTPPS-MNPs in FeTPPS-MNP/PLA mixture,
while better Spinnability score could be achieved by the applying
of them in the precursor system (Table 1.). The morphology of
the final fibrous product is also important. Uniform fibers are
favorable without heterogeneities (beads, confluences etc.). The
nanofibrous matrices were investigated by scanning electron
4

microscope (SEM), SEM images were evaluated by an image ana-
lyzer software to determine fiber diameters. The analysis indicates
that the thickness of the nanofibers was increased compared to the
MNP-FeTPPS free PLA fibers in every case (Table 1 and Fig. 2.). It
can be said that the higher the MNP-FeTPPS content, the thicker
the nanofiber is but under 1.25 % MNP-FeTPPS content, the average
diameter is close to constant.

Morphological investigation showed that every composite
including MNPs had relatively uniform fibrous structure. Probably,
MNPs with diameter 250 ± 10 nm (Fig. 3a) could be well dispersed
in PLA fibers, while the morphology of empty PLA fibers (without
MNPs) was similar to MNPs containing composite PLA materials
(Fig. 3b–h). At the highest nanoparticle content (5 w/w% FeTPPS-
MNP) some heterogeneities (beads and/or aggregates) could be
found (Fig. 3h). Elemental analysis of nanocomposites was also
performed applying a SEM coupled Energy Dispersive X-ray Anal-
ysis (SEM-EDAX).

Table 2 presents atomic % of the four relevant elements (C, O, Si
and Fe) in nanocomposites with different FeTPPS-MNP content,
where Si and Fe are obviously specific for silica shell and iron oxide
core of MNPs. The results showed that as the MNP content
increases, the Si and Fe contents were also increased respectively.

The distribution of FeTPPS-MNPs in fiber mats was investigated
by constructing Raman chemical maps. To ensure smooth and even
surface to eliminate focusing errors of samples, during analysis the
sample holder glass slide was covered with a slice of aluminum foil
containing electrospun nanofibers and placed under the Raman
microscope. Further advantage of the application aluminum foil
was the low spectral background and lack of spectral features,
which may interfere with the measurement. To achieve well dis-
tinguishable spectral difference between the poor Raman scatterer
Fe3O4-based FeTPPS-MNPs and PLA, laser irradiation induced
phase transformation was applied. Relative high laser exposure
(6 mW) of the magnetite nanoparticles tends to cause the oxida-
tion of Fe3O4 into stable a-Fe2O3 via metastable c-Fe2O3. [40] In
the Raman spectra obtained after exposure peaks were observed
at 602, 493, 401, 286, 240 and 220 cm�1 corresponding to the
vibration modes of Fe-O bonds, of which the bands at 286 and
220 cm�1 are due to the oxidation reaction occurred during Raman
experiment, indicating successful a-Fe2O3 forming resulting in
sharp spectral differences of FeTPPS-MNPs in comparison to PLA
[41]. The 1303 cm�1 broad band is attributed to the second order
scattering of hematite. The characteristic peaks at 602, 493 and
220 cm�1 showing no overlap with the corresponding spectral
region of PLA were selected for further profiling (Figure S2). After
structural examination of laser treated PLA and FeTPPS-MNP,
Raman mapping was carried out to investigate the distribution of
FeTPPS-MNPs in the different nanofibers. The profiled Raman



Fig. 3. Morphological investigation of FeTPPS-MNPs at magnification 35,000 � a) empty PLA nanofibers b) and c) - h) PLA nanocomposites loaded with FeTPPS-MNP content
of 0.16 w/w%, 0.31 w/w%, 0.63 w/w%, 1.25 w/w%, 2.5 w/w%, and 5 w/w%, at magnification 1,500 � respectively.

Table 2
Elemental analysis of FeTPPS-MNP/PLA nanocomposites.

FeTPPS-MNPs content[a] Atomic %

C O Si Fe

5 72.6 ± 1.19 23.4 ± 1.19 0.47 ± 0.04 3.46 ± 0.53
2.5 83.8 ± 2.4 13.4 ± 1.42 0.24 ± 0.11 2.50 ± 1.66
1.25 80.9 ± 2.74 18.0 ± 2.74 0.13 ± 0.10 0.98 ± 0.01
0.63 77.6 ± 1.96 21.8 ± 1.98 0.13 ± 0.04 0.46 ± 0.15
0.31 70.5 ± 0.52 29.2 ± 0.55 0.07 ± 0.01 0.26 ± 0.04
0.16 75.7 ± 3.24 24.1 ± 3.09 0.04 ± 0.01 0.03 ± 0.02
0 85.2 ± 1.23 14.8 ± 1.22 0.02 ± 0.01 < 0.01
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chemical maps of fiber mats containing different amount of
FeTPPS-MNPs were normalized to frequency of occurrence of
selected spectral region (Fig. 4). The different colors of the chemi-
cal map indicate the relative intensity change of FeTPPS-MNP con-
tent in the nanofibers. Red color indicates its strong existence, the
green area shows a mixed composition, whereas blue color marks
those regions of the map, whose spectral resolution contains differ-
ent spectra, characteristic rather for PLA. The relative intensity
changes are in accordance with different FeTPPS-MNP content.
Accordingly, the more intensively red regions of chemical map ver-
ified the increased extent of FeTPPS-MNPs incorporated into the
nanofibers when the MNP content was elevated in the precursor.
5

The results also revealed the distribution of MNPs seem to be
homogenous in each applied concentration, as shown by remark-
able high relative intensity values (red color) of the Raman map,
however in the case of 5 w/w% FeTPPS-MNP composition nanopar-
ticles can be found rather in well-defined aggregates, forming less
uniform structure inside the PLA fiber structure.

3.3. Biomimetic oxidation of amlodipine catalyzed by FeTPPS-MNP/PLA
nanocomposites

Amlodipine (1), a dihydropyridine derivative, antihypertensive,
Ca channel blocker drug was used as a model substrate in the



Fig. 4. Ramanmicroscopic analysis of FeTPPS-MNP/PLA composites with different FeTPPS-MNP content of a) – f) 0.16 w/w%, 0.31 w/w%, 0.63 w/w%, 1.25 w/w%, 2.5 w/w%, and
5 w/w%, respectively.
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investigation of the biomimetic oxidation catalyzed by the free, by
the MNP bound, and by the entrapped MNP/PLA composite system
form of metalloporphyrin. The major metabolite of amlodipine in
the human body is the pyridine analogue (dehydroamlodipine,
2), which is formed in a CyP450-catalyzed oxidative transforma-
tion. Clinical studies showed that Amlodipine has a quite long
elimination of half-life (cc. 35 h) after a single intravenous dose
(10 mg) and it is metabolized slowly but extensively by the liver.
The first step of amlodipine metabolism is the oxidation of the
dihydropyridine moiety to the corresponding pyridine analogue,
then oxidative deamination, O-dealkylation and oxidative ester
hydrolysis is followed by the oxidation of the dihydropyridine moi-
ety in human urine (see in FigureS5). [42,43] In our previous study
we showed, that only the major human metabolite, dehydroam-
lodipine is formed in FeTPPS porphyrin catalyzed (free FeTPPS or
6

immobilized on MNPs) oxidation of amlodipine, thus the model
reaction is suitable for mimicking the CyP450 dependent biotrans-
formation. [35].

The catalytic activities of the various FeTPPS-MNP containing
PLA composites were investigated in the biomimetic oxidation of
amlodipine using t-BuOOH as oxygen donor in simple shaken
Eppendorf tube reactions in batch mode at 37 �C for 10 min. Fast
analysis of reactions was performed by UV–vis spectrophotometry.
The conversion and catalytic activity of metalloporphyrin were cal-
culated based on the characteristic absorption spectra of amlodip-
ine and the product, dehydro-amlodipine (see in ESI, FigS3.).
Biomimetic (UB) and specific biomimetic activity (UP) were calcu-
lated (see experimental session). The biomimetic activity UB

increased with increasing FeTPPS-MNP content until 1.25 w/w%.
Higher catalyst content led deactivation of the nanocomposite sys-



Fig. 6. Specific biomimetic activity (UP) of FeTPPS in different catalysts tested by
the biomimetic oxidation of amlodipine (1).
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tem (Fig. 5a). Studying the specific biomimetic activity (UP)
showed that the catalytic activity depended on the metallopor-
phyrin (FeTPPS) content of the composite system. It can be noted,
that UP continuously decreased due to the increasing FeTPPS-MNP,
which might be caused by aggregation in case of high amounts of
nanoparticles (Fig. 5b). This might be the reason why the values for
FeTPPS-MNP content of 0.63 w/w% and 1.25 w/w% does not differ
significantly. Thus, considering UB and UP values and the results of
fiber fabrication process and structural investigations together,
FeTPPS-MNP content at 1.25 w/w% seemed to be the optimal com-
position. The blank experiment with a fibrous sample containing
no FeTPPS-MNP resulted in no product formation.

The comparison of different FeTPPS-based biomimetic catalysts
in biomimetic oxidation of amlodipine (1) was performed with
native FeTPPS (non-immobilized FeTPPS), FeTPPS attached to
amino-functionalized MNP (FeTPPS-MNP), FeTPPS-MNP physically
mixed with PLA solution (FeTPPS-MNP + PLA), film which was pro-
duced from 1.25 w/w% FeTPPS-MNP containing FeTPPS-MNP/PLA
precursor (FeTPPS-MNP/PLA film) and nanocomposite produced
by electrospinning from 1.25 w/w% FeTPPS-MNP containing
FeTPPS-MNP/PLA precursor (FeTPPS-MNP/PLA nanocomposite).
Regarding the specific biomimetic activity (UP), the native FeTPPS,
FeTPPS-MNP and FeTPPS-MNP mixed with PLA film were similar,
but the presence of PLA enhanced the specific activity of the met-
alloporphyrin on MNP. Even the metalloporphyrin in solid film
forming from FeTPPS-MNP/PLA precursor had much better UP than
either of the first generation FeTPPS-MNP or FeTPPS-PLA systems.
An extremely high specific activity of the metalloporphyrin could
be achieved with the electrospun FeTPPS-MNP/PLA nanocomposite
(Fig. 6). The enhancing effect of solid PLA-based materials – espe-
cially in the case of nanostructured PLA – could be attributed to
the impact of polymer chains on the orientation of quasi-planar
Fig. 5. Effect of FeTPPS-MNP content on the biomimetic activity (UB) a) and specific
biomimetic activity (UP) b) of FeTPPS-MNP/PLA composites in the biomimetic
oxidation of amlodipine (1).
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porphyrin ring resulting in more favorable substrate-catalyst inter-
actions. Accordingly, at the ‘‘catalytic site” the FeTPPS and the
embedding PLA chains could adopt a three-dimensional arrange-
ment resembling to the active site of CyPs and thus providing
favorable conditions of substrate fitting. Worth noting that the
so-called catalytic landscape of enzymes is multidimensional and
influenced by positive and negative catalytic effects. The ‘‘negative
catalytic effect” mean exclusion of the unwanted side reactions
thus providing protection and stabilization of the forming of „hot
intermediate”. [44,45] Similar to the protein chains around the
active of an enzyme, the polymer chains located around the cat-
alytic sites of the biomimetic composite metalloporphyrin catalyst
play the role of negative catalysis leading to enhanced catalytic
efficiency. In addition, the PLA chains in their solid forms (film or
nanofibrous material) can stabilize a so-called ‘‘frozen” dispersion
of the catalytic nanoparticles, thus by avoiding aggregation the
individual particles retain their accessibility for substrate mole-
cules. Comparing the film and nanostructured composite, it is also
remarkable, that much larger specific surface are of nanofibrous
composite allowing suitable permeability and diffusion conditions
for mass transport supporting the catalytic transformation of
substrate.

The reusability of nanocomposite and simple MNP bounded
FeTPPS was also investigated in biomimetic oxidation of amlodip-
ine (1). Simple washing with the clean solvent of the biomimetic
oxidation (methanol and acetate buffer [4:1 V/V, pH = 4.5,
64 mM]) and washing with the solvent, then NaBH4 solution after
the first reaction run were compared in the case of FeTPPS-MNP
and FeTPPS-MNP/PLA nanocomposite. Regarding the residual
specific activity (UP), it can be seen, that the application of sodium
borohydride was a good regenerative agent for both of the catalyst.
In addition, MNP/PLA nanocomposite provided a great protective
effect, while the residual activity of FeTPPS was around 100 %
(Fig. 7.).

In Table 3. comparison of the effectivity of different biomimetic
systems is shown, for which conversion value (c, %) and turn over
number (TON, -) were calculated. Human liver microsomal test (or
microsomal stability) of drugs is a gold standard related to vitro
pharmacokinetic investigations. [46,47] One of the limitations of



Fig. 7. Effect of washing method (washed: washed with methanol and acetate
buffer [4:1 V/V, pH = 4.5, 64 mM] and washed + NaBH4: washed with methanol and
acetate buffer [4:1 V/V, pH = 4.5, 64 mM] and NaBH4 solution) on the reusability of
immobilized FeTPPS catalyst onto magnetic nanoparticles (MNPs) and into MNP/
PLA nanocomposite in biomimetic oxidation of amlodipine (1).

Table 3
Comparison of different biomimetic system based on conversion (c, %) and turn over
number (TON, -) in biomimetic oxidation of amlodipine (1).

Biomimetic system c (%) TON (-)

human liver microsome 2.4 ± 0.1 –
FeTPPS-Silicagel 20.8 ± 12.8 64.8 ± 14.1
FeTPPS-MNP/PLA nanocomposite 24.8 ± 5.1 460.3 ± 33.3
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microsome based metabolic investigation can be obviously seen
from the really low conversion of amlodipine (1). TON for liver
microsomal system cannot be calculated while the CyP450 content
of these sample is unknown, thus the exact amount of catalytic
unit (number of heme prosthetic groups) is hard to determine. Por-
ous silicagels are widely used carrier for batch and continuous-
flow catalytic reactions as well, they are also commonly applied
for metalloporphyrin immobilization. [10,48,49] Comparing the
conversion values of silicagel and nanocomposite-based FeTPPS
catalysts it could be concluded that similar conversion was
achieved with them, however TON (which considers the metallo-
porphyrin content of the immobilized catalyst) is an order of mag-
nitude higher in the case of nanocomposite than silicagel carrier.
4. Conclusion

In this study a novel nanocomposite system had been devel-
oped, which could be applied for efficient immobilization of biomi-
metic catalysts such as synthetic metalloporphyrins. This 2nd
generation immobilization technique involved a simple ionic bind-
ing of FeTPPS as metalloporphyrin onto amino-functionalized mag-
netic nanoparticles followed by embedding the FeTPPS-covered
particles into PLA nanofibers using electrospinning technique.
Results showed that the presence of MNPs influenced the fiber
deposition process positively. Studies of the biomimetic activity
of the immobilized metalloporphyrins on amlodipine (1) as model
substrate revealed significant effect the catalyst-covered MNP
amount within the fibrous composite on the activity. Structural
investigation by SEM, SEM-EDAX and Raman microscopy proved
that MNPs were successfully entrapped in PLA nanofibers, however
the MNP/PLA ratio is important parameter regarding the structural
8

homogeneity of the nanocomposites. The metalloporphyrin within
the fibrous FeTPPS-MNP/PLA nanocomposite showed extremely
high specific biomimetic activity compared to the FeTPPS-MNP/
PLA film or to simple MNP bound FeTPPS systems. Thus, the pre-
sented method combining the advantageous properties of mag-
netic nanoparticles and nanofibers provides a promising way to
develop efficient novel catalytic systems. Nanofiber production
not only in the laboratory can be performed, but scale up to pilot
or industrial level is also achievable. However, it must be noted,
that preparation of nanofibrous composite materials requires
specific expertise and equipment. Thus, the sustainable production
of biomimetic nanocomposites and the quality assurance could
cause serious investments in materials and human resources espe-
cially at larger scale. As a unique feature, the biomimetic nanocom-
posites of these type can be integrated into continuous-flow
membrane reactors or specific mixer modules used for in vitro
metabolism research of early stage of drug discovery with analyt-
ical or preparative aims. In addition, this study draws attention to
the significant synergistic effect of the proper surface attachment
of an enzyme mimicking catalytic agent and embedding the sur-
face attached catalyst into ordered polymeric nanofibrous matrices
providing access to new generation biomimetic catalysts with
enhanced activity.
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