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ABSTRACT: Films formed by metals and phenols through a
coordinative interaction have been extensively studied in previous
years. We report the successful formation of MPN films from the
phenolic compounds caffeic acid and lignosulfonate using Fe3+ ions
for complexation. The likewise examined p-coumaryl alcohol
showed some MPN film formation tendency, while for coniferyl
alcohol and sinapyl alcohol, no successful film buildup could be
observed. These newly formed films were compared to tannic acid-
Fe3+ films as a reference. Film growth and degradation were
tracked by using UV−vis absorption spectroscopy. The films were
degradable under different conditions such as alkaline environ-
ments or in the presence of a strong chelator. Small hollow
capsules with a diameter of 3 μm and thicknesses in the nanometer
range were produced. Additionally, the prepared films showed varying colors and levels of wettability. By utilizing the films’ coating
properties, we successfully dyed human hair in various colors.

■ INTRODUCTION
Metal-phenolic networks (MPNs) can be formed by different
types of interactions with reversible coordination bonds being
expected as the dominant force for MPN formation if
transition metals are used.1 So far, a phenol with at least one
vicinal diol group has been deemed essential for the formation
of MPN films.2 We further verified these results by attempting
to assemble MPNs from the monolignols coniferyl alcohol,
sinapyl alcohol, and para-coumaryl alcohol (chemical structure,
see Figure 1). MPNs can be used to form empty capsules,
which can be used for drug delivery or in MR imaging among
others.3 The reversibility of the coordination bonds offers a
chance for disassembly under specific conditions. A change of
pH or adding chelating agents like EDTA or reductive agents
such as ascorbic acid can be used to selectively disassemble
MPNs if needed.2,4−7 In this research, our aim was to broaden
the range of phenols for potential use and conduct comparative
analyses with extensively studied tannic acid-Fe3+ films. A
broad range of phenolic ligands have been used for MPN
formation until now, including gallic acid, tannic acid (TA),
and epigallocatechin-3-O-gallate.8 We further extended this
toolbox of used phenols by utilizing caffeic acid (CaAc) and
lignosulfonate (LS). Caffeic acid is a natural polyphenol that
occurs in many plants such as coffee, thyme, or sage.9

Lignosulfonates are easily available as they are a byproduct in
the sulfite pulping process. In contrast to lignin, they are water-
soluble, which makes them easier to use for MPN formation.10

LS-Fe3+ complexes have been examined for the prevention of
iron chlorosis in plants, but not yet for the formation of MPN

films.11−14 By comparing MPNs made from these new phenols
with MPNs formed with tannic acid, we found noticeable
differences. They can be disassembled under slightly different
conditions and exhibit different colors, opening new fields of
use. Previous studies showed the antiviral potential of CaAc-
Fe3+ complexes, which could be used for antiviral coatings.15

MPNs made from tannins and iron have already been used as
an ink in the European middle ages and for dying teeth black in
an old Japanese tradition called “Ohaguro”.16 Furthermore,
they were successfully used for hair dying. TA, CaAc, LS, and
Fe3+ can be considered safe to use on skin for the
concentration and amount used in hair dyes.17−20 The various
colors of the MPNs were also used for dyeing human hair.

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received, unless

stated otherwise. 3-Morpholinopropanesulfonic acid (MOPS)
was purchased from Dojindo Laboratories. Tannic acid (TA)
was purchased from Merck. Lignosulfonate (LS) and ethyl-
enediaminetetraacetic acid disodium salt (EDTA) were
purchased from Tokyo Chemical Industry Co. Caffeic acid
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(CaAc), iron(III)chloride hexahydrate (FeCl3·6H2O), hydro-
chloric acid (HCl), sodium hydroxide solution (NaOH, 1 M),
(+)-sodium L-ascorbate, ethanol, and tetrahydrofuran (THF)
were purchased from Fujifilm Wako Pure Chemicals.
Polystyrene (PS) microspheres with a diameter of 3 μm in
an aqueous suspension were purchased from Polysciences, Inc.
High-purity water (Milli-Q) with a resistivity greater than 18
MΩ cm was obtained from an inline type 1 Merck ultrapure
water purification system. For the different experiments, 40 g/
L TA solution, 5 g/L CaAc solution (dissolved in 50 wt %
ethanol because of poor solubility in water), 10 g/L LS
solution, and 10 g/L FeCl3·6H2O were used to assemble the
MPNs.
Instrumentation. UV−vis spectra were recorded by using

a Nanodrop One C UV−vis spectrophotometer (Thermo
Scientific). To observe the capsules, an Eclipse TE2000-U
inverted microscope was used. TEM pictures were obtained
using a Jeol JEM-1400 electron microscope by dropping the
capsule suspension on a plasma-treated copper grid. The excess
liquid was carefully removed by using filter paper. Atomic force
microscopy (AFM) images of the capsules were obtained by
using a NanoWizard 2 AFM by Bruker. AFM images of the
coated glass slides were obtained using a Witec alpha 300 RSA.
For contact angle measurements, a contact angle goniometer
(SImage Entry 6, Excimer, Inc., Japan) was used, and the
pictures were analyzed using a contact angle plugin for ImageJ.
Fourier transform infrared (FTIR) spectra were obtained on a
Shimadzu IRSpirit spectrometer equipped with an attenuated
total reflection accessory (GladiATR, Pike Technologies). To
record the X-ray diffraction (XRD) diffractograms, a
MiniFlex600/PTN diffractometer was used.
Coating of Cuvettes. In this study, acrylic cuvettes were

coated by using the following procedure. The cuvettes were
filled with a preset amount of water and a phenolic compound
solution. The solution was homogenized for 3 s by using a
vortexer. Afterward, a preset amount of FeCl3·6H2O solution

(10 g/L) was added followed by an additional 3 s
homogenization. After each cycle, the solution was removed,
and the coating process was repeated. Every fifth cycle, the
layer thickness was measured by rinsing and filling the cuvette
with water. A UV−vis absorption spectrum ranging from 200
to 850 nm was acquired. For the coating process with TA, the
concentrations of TA and Fe3+ after mixing were 0.28 and 0.44
mM, respectively. For CaAc, the concentrations of CaAc and
Fe3+ were 2.6 and 5.3 mM, respectively. For LS, the
concentrations of LS and Fe3+ were 1 and 0.21 g/L,
respectively. The study examined the impact of varying phenol
and Fe3+ concentrations in the coating solution by halving and
doubling them while maintaining a constant phenol-to-Fe3+
ratio.
Disassembly Experiments. Precoated cuvettes were

employed, showing an absorbance at 320 nm of approximately
0.6, 0.3, and 0.5 for the TA-Fe3+, CaAc-Fe3+, and LS-Fe3+
coatings, respectively. HCl was used to adjust the pH to 1 and
4 for the disassembly solutions, while sodium hydroxide was
used to achieve pH 12. The pH of the pH 4 solution was
monitored daily and adjusted when needed. A buffered 10 mM
MOPS solution was utilized for maintaining pH 7.4. The
EDTA solution and sodium ascorbate solution had a
concentration of 10 mM resulting in pH values of 4.8 and
7.3, respectively. The cuvettes were filled with prepared
disassembly solutions. Measurements of the remaining layer
thickness were taken at various time intervals. Before the
measurement, the disassembly solution was removed, and the
cuvette was rinsed with water to remove dissolved components
of the MPN coating and filled with fresh disassembly solution.
Following the addition of a fresh disassembly solution, a UV−
vis absorption spectrum was obtained.
Color of CaAc-Fe3+ Complexes. The pH of the CaAc-

Fe3+ complex was adjusted to observe the impact of the pH
change on complex formation. A mixture of water (2 mL),
CaAc (25 μL, 27.8 mmol/L), and Fe3+ solution (37.5 μL, 37.0

Figure 1. Chemical structures of tannic acid, sodium lignosulfonate, caffeic acid, and the monolignols (coniferyl alcohol, sinapyl alcohol, and p-
coumaryl alcohol).
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mmol/L) was prepared in cuvettes. The pH of the mixtures
was adjusted using conc. HCl and NaOH solution (1 mol/L).
The pH of the mixtures was incrementally adjusted from pH 1
to pH 11, and UV−vis absorption spectra were measured.
After allowing the solution to sit for 3 days, the cuvettes were
rinsed with water several times and refilled with water, and
UV−vis measurements were conducted to determine at which
pH MPN layers were formed.
Formation of MPN Capsules. For the coating of the PS

spheres, 50 μL of PS solution was prepared in a centrifuge
tube. Preset amounts of water and phenolic compound
solution were added and homogenized using a vortexer.
FeCl3·6H2O solution (10 g/L) was then added and
homogenized for an additional 3 s. The capsules were formed
by using the same standard concentrations as those employed
for coating the cuvettes. The coated particles were washed by
centrifugation (2000g, 2 min), removing the supernatant
solution, adding Milli-Q water, and resuspending the particles.
This washing step was repeated 3 times with water followed by
another 3 washes with THF to dissolve the PS. After removal
of the PS, the capsules were resuspended in water. The coating
process is illustrated in Figure 2.
Coating Glass Slides. The glass slides were prepared by

sonicating and soaking them in water for 20 min. Afterward,
they were immersed in ethanol and sonicated for an additional
20 min. The ethanol was then removed, and the glass slides
were rinsed with Milli-Q water and air-dried.21 To coat the
glass slides, they were placed in glass vials and subjected to the
same coating process as that for the cuvettes. The procedure
utilized identical standard concentrations, but the volume of

the coating solution was increased to ensure adequate
immersion of the glass slides. After addition of the coating
reagents, the solution was allowed to sit for at least 10 min
before disposing it and proceeding with the next layer. Three
layers were coated on each glass slide for wettability
measurements. To reach sufficient thickness of the MPN
films for AFM measurements, the coating procedure was
carried out 17 times for TA-Fe3+ and CaAc-Fe3+ and 6 times
for LS-Fe3+.
Hair Dyeing. Brunette hair was obtained from a volunteer

and bleached with a commercial hair bleaching agent.
Following bleaching, the hair was bundled and placed in a
centrifuge tube for dyeing. Hair dyeing was performed in the
same way as the coating of the glass slides utilizing identical
concentrations, except for the TA-Fe3+ dyeing procedure,
which employed doubled reagent concentrations (0.56 mM
TA and 0.89 mM Fe3+ in the dyeing solution). The dyeing
process was performed either once or thrice to monitor the
incremental increase in color intensity with additional dyeing
steps.

■ RESULTS AND DISCUSSION
Figure 3a depicts the cuvettes after various coating steps,
demonstrating the color change on the cuvette wall. The TA-
Fe3+ films showed a blue color, while CaAc-Fe3+ films were
green, and the LS-Fe3+ films were orange.
No buffer substance or NaOH was added; hence, the pH of

the coating solution remained acidic due to the low pH of the
FeCl3·6H2O solution. The TA-Fe3+ film showed an absorption
band with a maximum at 295 nm as illustrated in Figure 3b. As

Figure 2. Illustration of the formation of freestanding MPN capsules, including all major steps.

Figure 3. (a) Cuvettes coated with multiple TA-Fe3+ (left), CaAc-Fe3+ (middle), and LS-Fe3+ (right) layers and (b) UV−vis spectra of the coated
cuvettes.
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expected, a broad ligand-to-metal charge transfer (LMCT)
band at ∼570 nm was observed.4,22 The CaAc-Fe3+ film
showed an absorption band with a maximum below 270 nm,
exceeding the measurement range accessible with acrylic
cuvettes. A broad ligand-to-metal charge transfer band was
observed at 650 nm. In contrast to the absorption spectrum of
the TA-Fe3+ film, the distinction in intensity between the

absorption bands at 280 and 650 nm was reduced, resulting in
a more uniform spectrum. The LS-Fe3+ film showed one peak
at 280 nm, and no LMCT band was observed. It is important
to note that except for LS, the pure components exhibit no
absorbance above 400 nm (Figure S1).
Figure 4 displays the FTIR spectra of the pure phenolic

components alongside those of TA-Fe3+, CaAc-Fe3+, and LS-

Figure 4. IR spectra of the pure phenols TA, CaAc, and LS and of the MPN complexes (TA-Fe3+, CaAc-Fe3+, and LS-Fe3+).

Figure 5. (a−c) Increase of absorbance at 320 nm after coating with multiple MPN layers with different concentrations of coating reagents. (a) TA-
Fe3+, (b) CaAc-Fe3+, and (c) LS-Fe3+. (d−f) Disassembly of the MPN coatings at different conditions. (d) TA-Fe3+, (e) CaAc-Fe3+, and (f) LS-
Fe3+.
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Fe3+. The MPNs show a broadening of the absorption band at
3600−3000 cm−1, which is commonly attributed to OH
stretching vibrations. This broadening may result from the
formation of coordination bonds between the OH groups and
Fe3+ or from residual moisture within the MPNs.23,24

TA shows a broad absorption band at 3260 cm−1, which can
be attributed to OH stretching vibrations. Some other
characteristic bands appear at 1697 (C�O stretching), 1605
(C−C stretching of aromatics), 1307 (C−O−C stretching of
aromatics with contributions of C−O−H in-plane bending of
the phenol and C−C stretching of aromatics), 1173 (stretching
vibrations of the ester and in-plane bending of phenol), and
1081 cm−1 (C−O stretching of phenols).25,26 Compared to
TA, the bands at 1307, 1173, and 1081 shifted to 1316, 1182,
and 1067 cm−1, in TA-Fe3+, respectively, indicating inter-
actions between Fe3+ and the phenolic hydroxyl group.27,28

In the spectrum of CaAc, two bands corresponding to the
OH stretching vibrations were visible at 3398 and 3216 cm−1.
The bands at 1524 and 1446 cm−1 correspond to C−C
stretching vibrations of the aromatic ring. For the spectrum of
CaAc-Fe3+, the bands were less sharp, the intensity of many
bands decreased, band positions shifted, and some small bands
became more distinctive.29,30

The spectrum of LS shows a broad absorption band at 3311
cm−1 caused by OH stretching vibrations as well as bands
corresponding to C−H stretching vibrations around 2900
cm−1. The bands at 1592 and 1508 cm−1 can be associated
with vibrations of the aromatic rings in LS. LS-Fe3+ exhibited
considerable broadening of the band at 1592 cm−1, along with
the emergence of new bands at 1264 and 1087 cm−1.31

The XRD diffractograms for both TA and TA-Fe3+ indicate
an amorphous structure (see Figure S2a), which is consistent
with previous findings.2 In contrast to that, the diffractograms
of LS-Fe3+ and CaAc-Fe3+ show more and sharper reflexes than
the pure phenols, suggesting that they are at least partially
crystalline (Figure S2b,c).32

The multiple layer coating experiments showed a linear
dependence between the absorbance of the MPN coatings and
the number of layers. A strong concentration dependence was
observed for the TA-Fe3+ film buildup within the coating
solution’s concentration range of 0.24 to 0.96 g/L TA (Figure
5a). Higher concentrations were examined, but the absorbance
limit for the UV−vis measurement was exceeded quickly. The
CaAc-Fe3+ film buildup was examined in the same concen-
tration range. A direct proportional relationship between the
buildup and the concentration was observed (Figure 5b). The
LS-Fe3+ film buildup exhibited almost no concentration
dependence for LS concentrations ranging from 0.5 to 2 g/L
in the coating solution (Figure 5c).
The disassembly experiments revealed that neither of the

films was stable at high and low pH values (Figure 5, bottom,
close up of the first 2 h, and Figure S3). For the CaAc-Fe3+
films, only partial disassembly seemed to occur at pH 1. The
LMCT band at 650 nm disappeared completely, while part of
the absorbance at smaller wavelengths remained. EDTA
disassembled all films, suggesting their breakdown through
competitive chelation. This validates the assumption of layer
formation through the coordinative interaction between
phenols and Fe3+. The TA-Fe3+ films and CaAc-Fe3+ films
were stable at neutral pH, but for TA-Fe3+, a change in the
absorption spectrum was observed. The maximum shifted to
310 nm, and the broad LMCT band was shifted to slightly
shorter wavelengths around 560 nm (Figure S4). The color of

the layer changed slightly to purple, which is in accordance
with the color found for TA-Fe3+ complexes at pH 7.4

Unexpectedly, LS-Fe3+ films were not stable in MOPS solution,
and after approximately 1 h, 20% of the coating was degraded.
Conversely, the film exhibited high stability at pH 4, with less
than 13% of the coating degraded after 68 h. The TA-Fe3+
films and CaAc-Fe3+ films were less stable at pH 4; after 68 h,
74 and 73% of the intensity at 320 nm remained, respectively.
In sodium ascorbate solution, the TA-Fe3+ films did not seem
to disassemble at first. However, after 68 h, the layers started to
show signs of degradation. In two of three attempts, after 91 h,
37 and 41% of the intensity at 320 nm remained, while for the
third attempt, 81% of the intensity remained. Seemingly, the
degradation started later in that attempt. The CaAc-Fe3+ films
started to disassemble earlier, with slow degradation in the
beginning and then faster degradation after 24 h. The LS-Fe3+
film showed typical degradation behavior, and the absorbance
at 320 nm was reduced by 95% after 44 h. The different
disassembly behavior of the LS-Fe3+ films may be caused by
different functional groups in LS associated with complex
formation, including carboxyl, hydroxyl, and sulfonate
groups.13,33

The color of the CaAc-Fe3+ complex was strongly pH-
dependent. At pH 1, the complex appeared almost colorless
with a slight yellow tone (Figure 6a). At pH 3 and 4, the

complex was green, shifting to green gray at a pH of 5−6. At
pH 7 and 8, the solution was gray, while at a pH of 9 and
above, the solution was brown red. The color change can be
expected to occur due to the transition between mono, bis, and
tris complexes. The change between the different complex
types influences the location of the LMCT band as well. The
LMCT band appeared at 700 nm at pH 3 and shifted to 600
nm at pH 7 (Figure 6b). These pH-dependent changes in the
color and coordination state of the complex are similar to the
behavior reported for TA-Fe3+ and catechol-Fe3+ com-
plexes.4,34−36 The UV−vis absorption spectra at pH 9 were
in accordance with CaAc-Fe spectra found in the literature.29

Precipitation was visible within 3 days across a pH range of 3

Figure 6. (a) Color of the CaAc-Fe complex at different pH. (b)
UV−vis spectra of the complex at different pH.
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to 6 (Figure S5a). Layer formation with absorbance at
wavelengths above 450 nm could be observed from pH 3 to
8 (Figure S5b). At higher pH, no layer formation at the cuvette
walls was observed, and at lower pH values, absorbance could
only be observed at smaller wavelengths. The absence of layer
buildup at high pH might result from the oxidation of CaAc at
basic conditions rendering it incapable to form complexes.37

Several observations during capsule production aid in
predicting the process success. After adding the phenol and
Fe3+ solution, complex formation should occur, resulting in a
change in the color of the solution (Figure 7a). After the

sample was washed, the changed color of the remaining coated
PS microspheres should be apparent. Hollow capsules remain
visible at the bottom of the centrifuge tube after dissolving the
PS scaffold and subsequent centrifugation (Figure 7b).
Capsules were successfully formed using TA, CaAc, and LS

(Figure 8). The TA-Fe3+ and CaAc-Fe3+ capsules exhibited a
smooth surface, with only a minority of the capsules broken
(Figure 8a,b). Optical microscopy of the suspended capsules
showed that the surface of the LS-Fe3+ capsules was rough and
uneven, and many of the capsules were damaged. TEM images
depict debris attached to the LS-Fe3+ capsules (Figure 8c). A

factor that generally proved to be crucial for capsule formation
was the phenol:Fe3+ ratio. Initially, an attempted mass ratio of
19.4:1 for LS-Fe3+ failed to yield any capsules. After the mass
ratio was changed to 4.84:1, capsule formation succeeded. For
CaAc-Fe3+, a molar ratio of 3:2 was tried, but the formation of
capsules failed. Capsules formed successfully at a molar ratio of
1:2. For TA-Fe3+, a molar ratio of 1:1.6 was used successfully,
as suggested in the literature.4,22

AFM pictures of the capsules were obtained (Figure 9). The
thickness of the capsules was determined by using line profiles.
The TA-Fe3+, CaAc-Fe3+, and LS-Fe3+ capsule thicknesses were
found to be 12 ± 4, 21 ± 6, and 23 ± 3 nm, respectively.
Consequently, the estimated single-layer thicknesses, presumed
to be half the capsule thickness, were 6 ± 2, 11 ± 3, and 11 ± 2
nm. In accordance with previous results, the LS-Fe3+ capsules
exhibited an attached precipitate (see Figure 9b).
The glass slides coated with TA-Fe3+, CaAc-Fe3+, and LS-

Fe3+ show blue, green, and straw colors, respectively (Figure
S6). In contrast to the single-layer thickness of the capsules,
the single-layer thickness on the glass slides was much smaller,
suggesting a lower capability of the MPNs to coat the glass
surface. AFM images of the MPN layer can be found in the
Supporting Information (Figure S7, top). For 17 layers of TA-
Fe3+and CaAc-Fe3+ and 6 layers of LS-Fe3+, the total
thicknesses calculated from the line profiles (Figure S7,
bottom) were 31 ± 2, 17 ± 1, and 21 ± 2 nm, respectively.
They correspond to single-layer thicknesses of 1.8 ± 0.1, 1.0 ±
0.1, and 3.4 ± 0.3 nm for TA-Fe3+, CaAc-Fe3+, and LS-Fe3+
accordingly.
Following washing, the contact angle of water on the glass

slide was measured to be 26 ± 7° (Figure 10). The MPN
coating increased the contact angle considerably. TA-Fe3+ and
CaAc-Fe3+ coatings showed similar wettability with contact
angles of 44 ± 6 and 50 ± 5°, respectively. Conversely, the LS-
Fe3+ coating had the lowest wettability, with a contact angle of
81 ± 3°. A significant influence of the choice of ligand on the

Figure 7. (a) PS microsphere solution after combination with TA-
Fe3+ (blue), CaAc-Fe3+ (green), and LS-Fe3+ (straw). (b) After
dissolving the PS and centrifugation, the hollow capsules remain.

Figure 8. Images of the MPN capsules obtained using optical microscopy, SEM, and TEM (top to bottom, respectively). (a) TA-Fe3+, (b) CaAc-
Fe3+, and (c) LS-Fe3+.
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contact angle was shown by Yun et al.22 They hypothesized
that the different capability of the films to form hydrogen
bonds might be the underlying cause.
Human hair was dyed in different colors, depending on the

type of MPN used. The TA-Fe3+-dyed hair was blue-purple,
but the coating’s uneven attachment led to irregular color
distribution (Figure 11a). Hair dyed with CaAc-Fe3+ exhibited
an emerald-green color (Figure 11b). LS-Fe3+ dyed the hair a
straw-yellow color (Figure 11c). The color of the dyed hair, as
well as the intensification of the color with additional layers,
agrees with the previously discussed results. The prior
bleaching step was important, as the intensity of the hair dye
was not strong enough to cover the originally brunette color of
the used human hair (Figure S8). For enhancing the dyeing
process, the strategy of premixing metal and phenol solutions
followed by precipitate removal through centrifugation to
obtain ready-to-use dyeing solutions, as suggested by Geng et
al.,21 could be beneficial. In situ oxidation of Fe2+ to Fe3+ may
also help to improve the process.38,39

Efforts to form MPN films using p-coumaryl alcohol,
coniferyl alcohol, and sinapyl alcohol showed no successful
buildup for coniferyl alcohol and sinapyl alcohol. Slight MPN

Figure 9. AFM pictures of (a) TA-Fe3+, (b) CaAc-Fe3+, and (c) LS-Fe3+ capsules.

Figure 10.Water contact angles of (a) glass and glass coated with (b)
TA-Fe3+, (c) CaAc-Fe3+, and (d) LS-Fe3+ coatings.

Figure 11. Strands of hair dyed using (a) TA-Fe3+, (b) CaAc-Fe3+, and (c) LS-Fe3+ coatings. The left hair strand on each image shows the bleached
hair, and the middle and right hair strands were dyed once and thrice, respectively.
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formation tendencies were observed with p-coumaryl alcohol.
A weak LMCT band appeared at 600 nm in the UV−vis
spectrum when combining p-coumaryl alcohol and Fe solution
(Figure S9b). It was further verified by introducing p-coumaryl
alcohol solution (1 g/L) buffered to pH 7.4 using MOPS into
a cuvette, leaving it undisturbed for roughly 10 min.
Subsequently, the cuvette was rinsed with water before adding
FeCl3·6H2O solution (1 g/L), which also was left to age for
approximately 10 min. The cuvette was rinsed with water
again, and this alternating sequence was repeated multiple
times. However, the standard coating process and the
formation of capsules failed because rather than forming a
continuous coating, the p-coumaryl alcohol-Fe formed stains
on the cuvette walls (Figure S9a). The failed formation of
MPNs can be explained by the lack of vicinal hydroxyl groups
in the structure of the monolignols. CaAc and TA possess
vicinal hydroxyl groups, while lignosulfonate has a multitude of
other functional groups, which may bind to metals.40

■ CONCLUSIONS
In summary, the successful formation of MPNs with Fe3+ using
CaAc and LS was verified, and the properties of the new MPNs
were compared with TA-Fe3+ MPNs. The assembly was simple
and fast and worked on various surfaces, resulting in the
formation of thin layers on the nanometer scale. Their different
characteristics make them suitable candidates for a wide range
of applications. As an example, their potential as a dye for
human hair has been successfully demonstrated.
In the future, the properties of the MPNs could be further

tuned by using different metal ions or derivatizing CaAc. We
expect the MPNs to exhibit antibacterial properties due to the
antibacterial traits of CaAc and LS, which could be useful for
various applications in medical fields.15,41,42 Maybe the Fe3+ in
the MPNs can be partially reduced by the phenols and mediate
the Fenton reaction, which is known to exhibit antibacterial
effects.43,44 However, further research is needed to prove this
assumption.
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