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ABSTRACT: Polydopamine (PDA) has a wide range of applications in A
biomedicine due to its high biocompatibility and surface chemistry and because E'o"/'f-"o/"°”::;°""°"

of the presence of many functional groups in it, enabling further modification. Fe3* E ez.\——v # AEtOH/H,0

As a catechol-like material, it has chelation properties for various types of metal ot of cotecne Deposi;i: gréderowth
ions, including iron. Here, we developed a procedure that uses PDA as a groups

template to grow iron structures f-FeOOH directly on its surface. The __ “o & ( S

innovative approach of this work relies on that these structures can be obtained  structures ‘

in neutral conditions and selective iron-ion source. The influence of iron-ion
source, environment, and solution concentration on the structure and amount
of resulting material is presented. The growth has been characterized over time,
taking into account their photothermal, magnetic, and colloidal stability
properties. Moreover, we shed new light on understanding the interaction of PDA with iron ions for the growth of iron-based
nanostructure on polydopamine particles. Finally, we predict that PDA@p-FeOOH nanoparticles could be a promising material in
dual therapy merging photothermal therapy (PTT) treatment and magnetic resonance imaging (MRI) contrast agents.

Bl INTRODUCTION deposit a layer of metals (i.e,, Mg, Mn, Cu, Gd, Au, and Ag) on
PDA particles and films, rendering them catalytic and
antibacterial properties or allowing new contrast properties
in magnetic resonance imaging (MRI)."”***? Usually, metal

More than 10 years ago, Lee et al. introduced a unique and
versatile adhesive coating—polydopamine (PDA) that mimics
mussels, which can stick through their abyssal threads to
almost all types of surfaces regardless of their nature.' > The
research on the adhesive protein identified in the mussels foot
proteins showed that they were mostly composed of amino
acids, rich in catechol and amine groups.” This led to the
conclusion that both catechol and amine groups are essential in
forming adhesive layers. As a result, dopamine, present in the
structure both moieties, was applied as a versatile building
block for spontaneous deposition of thin polymer films."””> The
PDA layers, films, and particles are obtained through self-
assembly and oxidative cross-linking from weakly basic 5—37

Moreover,

o r—_ . ith different coordinati bers.*
solutions in a couple of hours.””” This results in a robust, groups with diferent coordination numbers .
uniform shell of polydopamine with nanometric scale.'!> bearing in mind the oxidizing properties of catechols, it is also

: : . ible that It of th ti ith i ) i
Moreover, the polydopamine particles size can be tuned by possible that, as a result of the reaction with iron (II) ions,

time. reaction medium. and pH. vielding particles from ~40 oxidation of Fe ions occurs and FeOx species are formed at the
7 ! 13_1? s y §P surface of PDA.>**? Nevertheless, there is a lack of information
nm to more than 200 nm.

Materials coated with PDA, and its particles, have been used about morp hology?controlled grovx‘rth of iron structurgs from
. L . L polydopamine particles surface, which could shed new light on
in a vast range of applications including nanomedicine, energy

ions make a conformal layer around PDA; however, in some
cases, they can form spherical particles like Au or Ag.'”***!
Among several available materials, one of the most often
deposited materials on the PDA surfaces is iron, which can be
used as an active chemical inducing ferroptosis in cancer cells
or as a contrast agent in MRL>>** More importantly, catechol’s
chelating properties of iron ions have been studied in detail
and have been shown to depend strongly on pH, number of
coordination, or ring-binding type.”* Additionally, it was
shown that iron (II) and (III) could bind to the catechol

storage and production, tissue engineering, catalysis, flame-
retardant materials preparation, and antibacterial materi- Received: July 20, 2020
als.'®™?° The widespread interest in polydopamine-based Revised:  September 29, 2020
materials is due to its high biocompatibility, easy functionaliza- Published: September 29, 2020
tion with amines and sulfur-bearing moieties, and low cyto-

and genotoxicity.”” Furthermore, the PDA chelation properties

resulting from the catechol group are particularly utilized to
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Table 1. {-Potential Values Recorded under Different Synthetic Conditions in Reaction of PDA Nanoparticles with Various
Iron Sources (Reference to Figure 1)

A B C D E F G H I
sample PDA FeCl, PDA FeCl, PDA FeCl, PDA FeCl, PDA FeCl, 1:3 PDA FeCl, 1:3 PDA FeCl; PDA PDA
3:1 1:1 1:3 1:5 EtOH only H,O only 1:3 FeSO, CysH,,FeOyq
{-potential +16.5 +20.5 +38.0 +39.5 +21.5 -12.5 +34.0 +14.0 -23.0

mV]

PDA FeCl, 3

PDA CisH21FeOs

T

Figure 1. TEM images of PDA nanoparticles obtained under different synthetic protocols. (A) PDA/FeCl,, 3:1, (B) PDA/FeCl,, 1:1, (C) PDA/
FeCl,, 1:3, (D) PDA/FeCl,, 1:5, (E) PDA/FeCl,, 1:3 only in ethanol, (F) PDA/FeCl,, 1:3 only in water, (G) PDA/FeCl,, 1:3, (H) PDA/FeSO,,
(I) PDA/C,sH,;FeOy. Scale bar, 20 nm.

the activity of polydopamine as an active template for new The solution was placed on a magnetic stirrer and heated up to
nanostructures. 50 °C. Then, aqueous NaOH solution (0.7 mL, 1 M) was
Here, we present the unprecedented growth of iron added dropwise, followed by stirring for 3 h. The particles were
hydroxide spikes directly from polydopamine particles. The collected and purified by centrifugation (22 000 rpm, 20 min)
obtained iron structures have nanometric size, and their and washed three times with Milli-Q water.
growth is tailored by the reaction time, iron source, and Iron Oxide Growth on Polydopamine Nanoparticles.
reaction medium composition. Our process does not require To synthesize the composites, 10 mg of PDA nanoparticles in
initial surface modification for the synthesis of these S mL of H,0 was added to 10 mL of EtOH in a flat-bottom
nanostructures. Therefore, the synthesis process is straightfor- flask. The flask was placed on a magnetic stirrer at room
ward and held under mild conditions. These nanostructures temperature (RT) followed by addition of anhydrous FeCl,

are characterized in detail with transmission electron
microscopy (TEM), electron energy loss spectrometry
(EELS), and vibrating sample magnetometry (VSM). In
addition, yielded materials show also a strong photothermal
response under NIR light irradiation; thus, they might serve as
a potential agent for dual therapy in nanomedicine.

(30 mg, 0.23 mM). Stirring was continued for different time
intervals to monitor the growth of iron oxide. Next, the sample
was purified by centrifugation (22000 rpm, 20 min) and
washed three times with Milli-Q water. To investigate the
effect of medium on iron oxide growth, PDA nanoparticles
suspended in water were centrifuged and washed three times
with EtOH and then redispersed in 15 mL of EtOH.

B EXPERIMENTAL SECTION Characterization Methods. Transmission electron mi-
Synthesis of PDA Nanoparticles. Dopamine hydro- croscopy (TEM) images were recorded on a Jeol ARM 200F
chloride was purchased from Alfa Aesar. The remaining high-resolution transmission electron microscope (HRTEM)
chemical reagents, ethanol (99.6% purity), iron chloride (II) and a Jeol 1400 transmission electron microscope. Samples
and (III), iron sulfate (II), iron acetylacetonate, and sodium were drop-cast on a copper grid (Formvar/Carbon 200 mesh
hydroxide, were purchased from Sigma-Aldrich and used made by Ted Pella) after 5—15 min of sonication and dried in
without purification. Nanoparticles with a diameter of 100 nm a vacuum desiccator. Electron energy loss spectra (EELS) were
were obtained by dopamine polymerization under basic collected in the same instrument, and energy loss near-edge
conditions. In a round-bottom flask, dopamine hydrochloride structure (ELNES) analysis was performed in HyperSpy.*’
(200 mg, 10 mM) was dissolved in 100 mL of Milli-Q water. The electrokinetic potential was measured using a Malvern
9457 https://dx.doi.org/10.1021/acs.jpch.0c06627
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Figure 2. TEM images presenting growth of iron nanostructures on the surface of PDA in time: (A) 3h, (B) 6 h, (C) 12 h, (D) 24 h, (E) 48 h, and

(F) 120 h of iron growth. Scale bar, 20 nm.

Zetasizer Nano Series instrument. The measurements were
repeated three times to ensure reproducibility. Magnetic
measurements were performed with a vibrating sample
magnetometer (VSM) in a physical property measurement
system (PPMS) over a temperature range of 4—300 K and
applied magnetic field up to S T. To evaluate the photothermal
properties of PDA nanoparticles and PDA@f-FeOOH, they
were redispersed in water in a concentration range of 10—100
pug/mL in a total volume of 1 mL. The solutions were put into
a quartz cuvette (High Precision Cell cuvettes made of Quartz
SUPRASIL with a 10 mm light path (Hellma Analytics)) and
irradiated with an NIR laser at 808 nm wavelength and average
power of 2 W/cm? (Changchun New Industries Optoelec-
tronics Tech. Co., Ltd, China). The temperature of the
solutions was measured by a digital thermometer with a
thermocouple sensor.

B RESULTS AND DISCUSSION

Synthesis and Growth. The PDA nanoparticles were
obtained by oxidative polymerization of dopamine hydro-
chloride under alkaline conditions according to the previously
reported optimized protocol.'* The PDA nanoparticles were
spherical in shape and had a diameter in the range of 90—100
nm, as determined by the TEM analysis and {-potential of —31
mV (Figure S1). Further, we checked the influence of the
PDA-to-iron chloride (II) ratio in solution. PDA nanoparticles
were mixed with FeCl, at a 3:1 ratio in the mixture of water
and EtOH. The stirring was sustained for 24 h at RT. We
observed a change of {-potential value from —31 mV for PDA
nanoparticles to +16.5 mV, which suggested deposition of iron
ions on the surface of PDA. Nevertheless, TEM analysis did
not reveal any nanostructures on their surface. Increasing the
ratio between PDA and FeCl, to 1:1 and further to 1:3 and 1:5
resulted in an increment of {-potential values of obtained
materials up to +39 mV (see Table 1, samples B—D).

We also investigated the morphology of our materials by
TEM. At the 1:1 PDA-to-FeCl, ratio, we observed deposition
of small seeds around PDA nanoparticles. At higher ratios,
those seeds became spikes, which grew with increased iron
concentration (see Figure 1A—D). Encouraged by the
obtained results, we choose 1:3 as model ratio between PDA

and FeCl, to investigate the influence of reaction medium on
the spike growth on PDA surfaces. For this purpose, we carried
out reaction in EtOH only (see Table 1, sample E, and Figure
1E) or pure water (see Table 1, sample F, and Figure 1F).
Surprisingly, under those conditions, we did not observe spikes
on top of PDA nanoparticles. This showed that a mixture of
both solvents was essential for the growth of those structures.
However, it is worth highlighting that in the case of sample E,
the {-potential value after reaction was higher than that in the
case of sample F, which had strong negative electrokinetic
potential similar to pure PDA nanoparticle. It may suggest iron
ions did not deposit on PDA nanoparticles.

We also investigated the influence of iron source on the
growth of spikes nanostructures. To do so, we mixed PDA
nanoparticles with other inorganic salts, in particular,
anhydrous FeCl; and FeSO,, and an iron organic complex,
iron (IIT) acetylacetonate. The PDA-to-iron ratio was kept at
1:3 for all cases. We did not observe spikey structures as in the
case of FeCl,, for any of these alternative iron sources (see
Figure 1G—I). However, one has to mention that in the case of
sample G, we observed a significant increase in {-potential to
+34 mV and small seeds of iron, which did not turn into spikes.
In the case of sample H, the value of {-potential also increased,
which may indicate the presence of iron ions on the surface,
however in a smaller amount. The smallest change in the {-
potential value is observed for sample I. It means that ion
deposition from iron acetylacetonate was not efficient (see
Table 1, samples G—I).

Time-Dependent Growth of Spiky Nanostructures.
Further, we performed an examination of iron structures
growth to identify the dynamics and shape of the obtained
structures. For this purpose, one sample was used and single
drops were systematically taken after 3, 6, 12, 24, 48, and 120 h
apart and characterized by TEM. After 3 h, there are clear
darker points, which are considered as seeds, indicating the
iron-ion agglomeration on the PDA nanoparticles surface
(Figure 2A). However, they are not regular and occur
randomly on the surface. After 6 h, the iron growth is visible
(Figure 2B). After 12 h, the structure develops significantly and
extends from the surface of the PDA nanoparticles (Figure
2C). It is clear that many particles have initial stages of

https://dx.doi.org/10.1021/acs.jpcb.0c06627
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development. Additionally, it is evident that the growth of the
structures is not homogeneous over the entire sample. At 24 h,
the particles begin to be completely covered by iron (see
Figure 2D). Over time, the PDA structure was fully covered
and the growth continues until the particles are saturated. At
the last stages, large structures resembling crystal deposits are
visible (see Figure 2E,F). It is important to note the increment
of crystallinity over time; the selected area electron diffraction
(SAED) patterns (see Figure 34, inset) show the evolution of
crystalline spots and the progressive disappearance of
polycrystalline/amorphous rings.
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Figure 3. Graph showing the amount of iron over time from (A) 3 to
120 h with attached energy-dispersive spectroscopy (EDS) maps
showing the amount of iron on the surface of PDA. SAED patterns
show the increment of crystallinity of the Fe structures with time.
Interplanar distance values are presented in nanometers (nm). (B)
TEM images showing PDA nanoparticles, PDA with iron oxide
nanostructures after 24 h synthesis and after 1 week in water. (C)
Elemental distribution of a nanoparticle after 12 h, with mapping of
the Fe-K edge (red) and N-K edge (blue). (D) Variation of the L3
peak position in the EELS analysis, confirming the single valence of
the ion on the particle.

To estimate the concentration of iron, we perform EDS
mapping measurements in TEM (see Figure 3A). It is
observed that with time, iron deposition is larger and adopts
a specific structure, and the increment of iron is visible in the
image in red color (see Figure 3A). Further, we investigated
the stability of obtained iron nanostructures on PDA
nanoparticles by TEM and {-potential measurements. After a
week of shelve storage in water, a decrease in {-potential was
observed (see Table 2). Simultaneously, TEM imaging was
performed to examine the surface of the nanoparticles, since
the degradation of the iron structure could be the reason why
{-potential changed. In fact, on the initial PDA nanoparticles
modified with iron oxides spikes (synthesis of 24 h), the
structures were longer visible. However, signatures of denser

9459

Table 2. {-Potential Values for PDA Iron Nanostructures
Obtained in Different Time Intervals after 1 Week in Water

time (h) 3 6 12 24 48 120 PDA
{-potential -31.0 -30.5 —-260 -—-22.5 -200 -15.0 -31.0
mV] 1 week

after synthesis

material and residue of iron were visible on the PDA surface
(see Figure 3B).

Structural Identification of Iron Spikes. We have
confirmed the presence of iron and the continuous growth
of iron structure on the PDA surface. To get a clear picture of
these aspects, EELS/ELNES measurements were performed.
Iron oxide is confined to the surface of the PDA nanoparticle,
as already shown by EDX, so no internal diffusion of the Fe
ions is detected (see Figure 3A). Furthermore, EELS signal
quantification shows the distribution of nitrogen and iron on
the surface (Figure 3C). Moreover, the energy distance
between the O and Fe edge remains the same and the position
of the L3 peak does not change (Figure 3D). These
measurements point to a single valence state for iron. After
comparison of an average spectrum with reference spectra,41 it
was evaluated to be Fe®*, compatible with hematite or goethite
(see Figure S2). To clearly identify the crystallographic
structure of the Fe nanoparticle, the collected SAED patterns,
presented in Figure 3A, were further investigated. For this
purpose, several electron diffraction patterns were collected
from different areas of the 120 h sample and analyzed using
DiffTools plugin.** The crystalline spots were collected and
tabulated according to their interplanar distance (d) and their
equivalent 26 angle in a Cu-based diffractogram (4 = 1.5406
A), as shown in Table S1 and Figure S3. As a result, it was
determined that the Fe nanostructures grew principally as f-
FeOOH, with a small quantity of y-FeOOH.”™* In g-
FeOOH, a chain of 4 FeO;(OH); octahedral is entangled to
generate a nanoporous channel (<0.25 nm?). The porous
structure is partially filled by CI™ ions, which are attracted by
the H*,*® which is not the case for the y-FeOOH. Thus, it is
clearly shown that use of FeCl, as a precursor directly
promotes the stabilization of f-FeOOH on the PDA surfaces,
but in contrast, use of FeSO, promotes the growth of the y-
FeOOH phase.*

Photothermal Properties of PDA@p-FeOOH. Further
applicability of the nanoparticle was tested based on their
photothermal response. To determine such properties, PDA
nanoparticles bearing f-FeOOH spikes obtained after 24, 48,
and 120 h were tested (see Figures 4A and S4). They were
prepared in five concentrations in the range of 10—100 zg/mL
and irradiated with a laser beam with 808 nm and power of 2
W. Pure PDA spheres and water were also exposed to the same
conditions as control samples (see Figure 4B). In all cases, a
significant temperature medium change was obtained. The
heating temperature was 40 °C for 100 ug/mL sample
concentration. At the same time, the temperature change
recorded for pure PDA nanoparticles at the same concen-
tration was 10 °C lower and the water temperature increase
under NIR light was around 3 °C.

Initially, no change in the amount of iron was observed on
the sample after one exposure. The EDS analysis reveals that
iron concentration was between 17 and 18%, which is close to
the starting value of 19%. It has been reported that different
iron structures can degrade between 100 and 800 °C and the
weight loss was observed between 15 and 20%." In our case,

https://dx.doi.org/10.1021/acs.jpcb.0c06627
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Figure 4. Photothermal properties of (A) PDA@/-FeOOH 24 h and (B) PDA, investigated for different sample concentrations.

the temperature increase at the first exposure is only 20 °C and
the loss is about 1-2%.

Magnetic Characterization. An important aspect to be
evaluated to assess the future applicability of the composites is
their magnetic response. As an example, the results from the
magnetic measurements for PDA@fS-FeOOH 120 h sample
are shown in Figure S, where magnetization is determined by

2{PDA@B-FeOOH 1200 4K
9

zation (emu/g)

Magi

Magnetization (emu/g)

S5 4 -3 241 0 1 2 3 45
Applicd magnetic field (T)

0 50 100 150 200 250 300

Temperature (K)

Figure S. Temperature dependence of the zero-field-cooled (ZFC)
magnetization of PDA@S-FeOOH 120 h sample measured in an
applied magnetic field of 0.1 T. The inset shows magnetization curves
collected at 4 and 300 K.

the total weight of the whole sample. For all tested samples,
magnetization gradually increased as the temperature de-
creased, in a way characteristic for paramagnets. No traces of
long-/short-range magnetic order or anomalies associated with
the superparamagnetic effect were observed.”” In addition,
zero-field-cooled (ZFC) and FC curves overlap and no
bifurcation is observed. All of this may indicate the
paramagnetic properties of the materials tested. On the other
hand, the value of the recorded magnetization is too high for a
typical paramagnetic material (even by an order of magnitude).
Pure polydopamine exhibits common paramagnetic properties,
and the magnetization value does not exceed 0.12 emu/g in a
0.1 T magnetic field over the entire temperature range tested.
Moreover, even for bulk S-FeOOH, the antiferromagnetic
transition (which occurs around = 240—299K*) is quite
poorly visible. Furthermore, the relatively strong magnetic field
used in our measurements (0.1 T) may have blurred this
transition and made it unnoticeable. Thus, a lack of magnetic
order cannot be completely excluded.

The solid red line represents the Brillouin function fit to the
curve collected at 4 K. Additionally, the low field region for the
curve measured at 4 K is shown. Field dependence of the
magnetization M(poH) for the selected PDA@p-FeOOH
sample is presented in the inset of Figure S. M(uoH) curves
confirm the paramagnetic-like character of PDA@pS-FeOOH 6
h, 48 h, 120 h, and PDA samples (see Figure SS). At RT, the

9460

magnetization shows linear behavior, and its value (in the
limiting field of 5 T) is about ~1 emu/g for all PDA@f-
FeOOH samples. There is no hysteresis at RT. The situation
changes with the decrease in temperature; at 4 K, the M(y,H)
curve shows an S shape and can be well described by the
Brillouin function (solid line in the inset of Figure S), which is
a characteristic of paramagnets. Moreover, at this temperature,
we observe a small hysteresis field yoH. ~ S mT, which is
smaller than those previously reported for nanosized p-
FeOOH.”’ In the case of pure S-FeOOH nanoparticles,
hysteresis may occur due to the uncompensated spin on the
surface of small particles.’”*" In the case of our samples, it
cannot be ruled out that the contamination with other Fe-
based compounds is the source of this behavior. The saturation
magnetization at 4 K reaches 12 emu/g in a magnetic field of §
T. This value is only slightly smaller than the one (15 emu/g)
reported before for pure nanosized B-FeOOH.’””' In
conclusion, our magnetic measurements are in good agreement
with those previously presented for nanosized f-FeOOH.>>*"

Growth Considerations and Perspectives. A few
reports in the literature have shown PDA-coated substrates
with similar iron structures to the ones presented here, which
were obtained by incubation of FeCl; precursors in water.”>>>
However, that approach was not successful in our case. We
attribute this to the very fast oxidation of catechol moieties of
PDA by FeCl;, which converts catechol to quinones that are
not capable of chelating Fe?* ions later on. Contrary to this,
when initially Fe?* ions are available in the reaction, they are
first chelated on the surface of PDA and then seeds are formed,
which enhances further growth of spiky iron oxide structure
(Figure 6, left). Additionally, one key parameter in the
deposition of iron nanostructures is the ethanol/water mixture.
It has been observed that greater accumulation of iron ions
occurs in the environment of ethanol as opposed to pure water.

0

Em"’"fo EtOH evaporation
o 7
+ > H,
Fe Fez* AEtOH/H,0
Deposition and growth
Oxidation of catechol
groups.
No

GROWTH of
Structures

Figure 6. Schematic representation of the influence of iron valence on
the growth of nanostructures and the influence of ethanol evaporation
on the growth of f-FeOOH.
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This may be due to ethanol forcing the accumulation of ions
on the surface of PDA nanoparticles. The presence of ethanol
alone will not change the valence of iron, which is why it is not
a favorable environment for them. This could be explained by
two main physicochemical aspects of this mixture. First, several
studies have shown that ethanol in EtOH/H,O mixtures shows
a dramatic increase in evaporation rate compared to that of
ethanol alone.”** Second, the solubility of FeCl, at RT in
water (92 g/100 mL) and in ethanol (83 g/100 mL), which
when combined with the faster evaporation rate of ethanol,
would lead to a saturated environment in the mixture. The
increasing and saturated water solution of iron (II) will
inevitably promote the crystallization of iron nanostructures on
the PDA surfaces (Figure 6, right).

Furthermore, iron ions will grow in PDA nanoparticles
stored in water and then added to ethanol. The phenolic
groups in polydopamine have chelation ability with a variety of
metals; therefore, bidentate chelating bonding in which two
oxygen atoms bound to iron might be one of the mechanisms.
This can be the nucleation site from which the iron crystal
structure is further formed. Nevertheless, the exact process is
not identified. Many efforts have been made to clarify the
structure of the PDA, but it is still not fully understood. Much
less mechanism of growth is presented here, although we pose
a compelling argument about the crystal anchoring on PDA
surfaces. Nevertheless, these results show new possibilities for
using PDA as a basis for initiating the growth of iron structures

B CONCLUSIONS

We report on the facile growth of spiky nanostructures of f-
FeOOH directly on polydopamine spheres. To achieve growth
of f-FeOOH, FeCl, in the mixture of ethanol/water was
necessary to be used for the quick evaporation of the mixture
and posterior saturation of ions. The progress of the iron
nanostructure growth could be followed by TEM, which
revealed that structures obtained in a shorter time did not fully
cover polydopamine nanoparticles and followed anchoring
points. Longer reaction times above 48 h cause further growth
of iron nanostructures and full covering of PDA nanoparticles.
The functional tests showed that our particles were
characterized by strong photothermal properties and super-
paramagnetic response; thus, they have potential to be applied
in dual therapy merging ferroptosis and photothermal therapy
(PTT) treatment, and due to their magnetic properties, as
MRI contrast agents, however, those applications will be
explored in further studies. In conclusion, we demonstrated the
unique growth of S-FeOOH on PDA nanoparticles and
investigated the dynamics growth and stability of those
nanomaterials over time. Moreover, we shed new light on
understanding the interaction of PDA with iron ions for the
growth of iron-based nanostructures on polydopamine
particles.
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