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Abstract

We describe a synthetic method for increasing and controlling the iron loading of synthetic
melanin nanoparticles and use the resulting materials to perform a systematic quantitative
investigation on their structure—property relationship. A comprehensive analysis by magnetometry,
electron paramagnetic resonance, and nuclear magnetic relaxation dispersion reveals the
complexities of their magnetic behavior and how these intraparticle magnetic interactions manifest
in useful material properties such as their performance as MRI contrast agents. This analysis
allows predictions of the optimal iron loading through a quantitative modeling of
antiferromagnetic coupling that arises from proximal iron ions. This study provides a detailed
understanding of this complex class of synthetic biomaterials and gives insight into interactions
and structures prevalent in naturally occurring melanins.
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The natural function and structure inherent to the biomaterial melanin have sparked interest
in its utility across a broad range of biomedical applications.} Recent work has shown that
through the self-oxidation polymerization of dopamine under alkaline conditions, synthetic
mimics of natural melanin, with similar chemical structure as well as physical and biological
properties, can be achieved.2:3 These polydopamine (PDA)-based synthetic nanoparticles
retain many of the desirable properties of natural melanin and have been studied for use in
catalysis,* free radical quenching,23 inkjet printing,>8 photothermal therapy,’8 and
structural coloration.®10 Many of these applications rely on the strong binding affinity of
catechol-based functional groups, allowing robust coordination of various transition
metals.11-13 Despite the proliferation of work in this area, the complex, amorphous nature of
the material necessitates a multitechnique approach to elucidate the physical, electronic, and
magnetic structure.2 Herein, we employ a host of complementary techniques to define the
properties of synthetic melanin nanoparticles (SMNPs) prepared by a synthetic route that,
critically, provides tunability of the Fe(ll1) content. A similar synthetic method to ours has
been described very recently in a report focusing on morphological control in battery
applications.1# Our goal to study the evolution of magnetic and spectroscopic properties led
us to focus on a synthetic strategy that provides particles that incorporate a wide range of
concentrations of high-spin Fe(l11).

Synthetic melanin-based materials are of particular interest as MRI contrast agents due to
their excellent biocompatibility and ability to coordinate isolated paramagnetic metal
centers.1516 The catechol-functionalized network of the nanoparticle acts as a scaffold for
chelation of paramagnetic metal ions, leading to 7;-weighted MRI contrast. Although a
number of studies have been published on such materials, questions remain about the origin
and the path to optimization of the MRI contrast.3 Our approach initially involved the
development of synthetic methods to achieve high metal loadings, as 7;-weighted MRI
contrast should scale linearly with the number of isolated paramagnetic centers. The obvious
method for preparation of SMNP MRI contrast agents is to expose the already-formed
SMNP to a solution containing Fe(l11) cations, an approach we term the postdoping
synthetic strategy (Scheme 1a). The postdoping synthetic strategy is convenient and allows
for the complexation of a variety of cations.24 However, this approach generally limits the
metal loading efficiency, which in our hands results in less than 1% iron by mass.1®
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Although this situation can be improved somewhat by decreasing the surface-to-volume
ratio of SMNPs,1° achieving ultrahigh, tunable Fe(I11) loadings (/.e., >5%) for optimizing
and studying the magnetic properties and resulting SMNP-based MRI contrast has remained
elusive.

Another important question is how water relaxation can occur in a system with strongly
chelating catechol units interacting with Fe(l11). Considerable insight into the coordination
environment of catechol-based materials in general has been gained through electron
paramagnetic resonance (EPR) and Mdssbauer spectroscopies.}’~21 EPR in particular has
given a wealth of data regarding the presence or absence of radical electrons and trace metal
ions. However, systems with higher quantities of Fe(l11) are difficult to analyze by these
techniques due to nonuniform coordination environments and interion magnetic interactions.
By contrast, magnetometry excels at the analysis of higher magnetic concentrations and can
also reveal details of the local anisotropy and coupling interactions that are vital to
understanding the magnetic nature of highly doped materials. Notably, although a variety of
analytical methods have been individually employed in characterizing natural melanins,22-24
a thorough analysis by combined methods allows us to exploit the specific strengths of each
technique to understand the coordination environment and magnetic interactions of synthetic
mimics of melanin and, in the future, potentially the natural biomaterial itself in all its
various forms.

RESULTS AND DISCUSSION

Synthesis and Characterization of SMNPs by Electron Microscopy

To prepare a series of SMNP contrast agents with a broad range of Fe(l11) loadings for
systematic structure— property relationship analysis, the development of a general Fe(l11)-
doping strategy to achieve >5% loading was required. This was accomplished through the
use of a prepolymerization doping strategy, which employs a mixture of Fe(ll1)-
(dopamine)32® and free dopamine as the precursors for the formation of Fe(l11)-chelated
SMNPs (Scheme 1b). During the polymerization process, in the presence of Tris (Table
S1),26 Fe(l11) can be continuously incorporated into the SMNP as it forms, allowing tunable,
high doping levels of metal ions inside the particle. We have employed this
prepolymerization doping strategy (SMNP-/ (/= 2-5), Table S1) and the standard
postdoping strategy (SMNP-1) to synthesize a series of Fe(l11)-doped SMNPs with various
Fe(I11) concentrations (Table S2). Note that Fe(l11) loading in SMNP-5 could even reach
10.26%. Additionally, our prepolymerization doping one-pot strategy features several
advantages over the postdoping synthetic strategy including efficiency of synthesis, leading
to generally higher yield reactions due to less purification work.

All SMNPs were characterized by transmission electron microscopy (TEM) (Figure S1) and
scanning electron microscopy (SEM) (Figure S2) to quantify their size and uniformity. The
combination of TEM, cryo-TEM, and SEM (Figures 1, S1, S2) shows spherical
nanoparticles with diameters in the range of 140 to 250 nm (Table S2). The presence of
metal inside the nanoparticles was evident in the high contrast they exhibit when observed
via high-angle annular dark field (HAADF)-STEM and bright-field scanning transmission
electron microscopy (BF-STEM) (Figure S3). Selected area HAADF-STEM coupled with
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energy-dispersive X-ray spectroscopy (EDS) further confirms the presence of Fe(lll) ions
localized in the nanoparticles (Figure S4). The EDS profiles suggest that the content of iron
in the testing areas of SMNP-4 was significantly higher than that on the grid surface
background, which is in good agreement with the elemental mapping analysis results (Figure
1). Together, these results strongly suggest that SMNP-/ (/= 0-5) are morphologically
similar at the nanoscale, and hence, we expect them to differ only in the average number of
unpaired spins imparted by the Fe(lll) ion content.

Characterization of SMNPs by NMRD and MR Imaging Analysis

Additional unpaired spins present in the higher Fe(ll1)-loaded samples should have a strong
effect on the relaxometry of proximal solvent protons. This effect, the source of 7; contrast
enhanced MRI, was probed through measurement of the longitudinal water proton relaxation
rates (/) as a function of applied magnetic field for all SMNP samples. 1H nuclear
magnetic relaxation dispersion (NMRD) allows an accurate determination of the field
dependence of R; that arises from the magnetic interaction between the metal centers and
the solvent.27:28 This takes place either through chemical exchange between the bound water
and the bulk water molecules (inner sphere) or through a long-distance interaction with
outer-sphere water molecules that rapidly diffuse near the paramagnetic centers (outer
sphere). Shown in Figure 2 are the 1TH NMRD profiles of SMNP-/ (= 1-5) measured at 298
K'in the range 2.3 mT to 1.6 T. The data are expressed in terms of relaxivity, 11, which is
defined as the relaxation rate enhancement induced by 1 mmol/L of the paramagnetic ion.
With the exception of the lowest Fe(ll1)-loading sample, the NMRD profiles of the SMNPs
show a similar shape characterized by a low-field plateau (ca. 0.1-1 MHz), followed by a
dispersion around ~2—-4 MHz and a relatively small increase at frequencies above ca. 30
MHz. The single dispersion displayed at about 3 MHz corresponds to a correlation time ¢
~ 9 x 10711 s, Due to the slow rotational dynamics (long tg values) of paramagnetic centers
in these nanoparticles, we attribute this correlation time to the electronic relaxation time tg,
which has been reported to fall in the range 107! to 107° 5.2% The clear increase of i
above ca. 30 MHz makes it evident that (1) tg is field dependent and (2) tg represents a
predominant factor in the determination of t¢. This behavior resembles that reported by
Bertini et al. in the case of the 1H NMRD profiles of Fe(l11) aqua ions in different glycerol—
water mixtures.30 By increasing the viscosity, the relative contribution of tg to Tc with
respect to tg decreases and the relaxivity in the high-field region increases. The NMRD
profile of the iron-binding glycoprotein transferrin shows a similar general trend, although
with a more pronounced decrease of 71, with frequency in analogy with that observed for
SMNP-1.31 All these features suggest the presence of one or more water molecules bound to
the metal centers (g = 1), at least for a certain population of the Fe(lll) centers.

The shape and amplitude of the NMRD profiles suggest various contributions to the
relaxivity. The relative complexity of the shape of the profiles reflects the distribution of
different populations of species with different coordination environments and thus magnetic
properties. The outer-sphere contribution to relaxivity, predominant in the case of
triscatechol-Fe(l11) species (g = 0), is generally rather small and can be estimated at
approximately 1-2 mM~1 571,32 When water is bound to an Fe(lI1) cation in a
macromolecule, the long exchange lifetime often represents a limiting effect on relaxivity.
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However, as shown by the case of fluoromethemoglobin,33 high relaxivity values can be
associated with fast exchanging water molecules H-bonded to hydroxide ligands on or next
to Fe(l11) ions (second-sphere contribution).33 The dominant role of this mechanism has
recently been discussed in the case of polycatechol nanoparticles.3# All these contributions,
with different weights, are likely to play a role in determining the relaxation behavior of
these SMINPs.

Since each SMNP can contain many chelated Fe(l11) ions, it is interesting to consider the per
particle relaxivity (/1p(particle)) to describe the local concentration necessary to achieve the
desirable 7; MR imaging contrast under different magnetic fields.3° Figure 2b shows the
calculated rip(particle) Of €ach SMNP. Interestingly, the plots of 71pparticle) and 71pFeiny)
show different trends (/.e., see Figure S5 for rpparticle) and ripreiny) results of SMNPs at 20
MHz). Whereas r1p(re(11y) reveals a diminishing return for additional Fe(l11), the plot of
Np(particle) Shows there is an upper limiting doping level (7.e., SMNP-4) after which the 1H
NMRD shows a decrease in relaxivity over all frequencies. These data lead to the
counterintuitive result that highly paramagnetically doped particles are inferior to those
doped with lower levels of Fe(l11) ions. The origin of this effect will be discussed in
subsequent sections.

The long-term stability of any MRI contrast agent in biological fluids is a prerequisite to
ensure their /n vitroand in vivo MR imaging performance. Similar to the reported SMNP-1
chelating platform,36 SMNP-/ (j = 2-5), synthesized via the predoping strategy demonstrate
high stabilities (Figure S6). Notably, the Fe(l11) content of each SMNP remains at
approximately 100% of the original value after 1 week of exposure to PBS. Additionally, the
long-term MRI signal-enhancing capability of Fe(l11)-chelated nanoparticles was tested in a
Bruker 7.0 T magnet in different media including water, PBS buffer, fetal bovine serum
(FBS), and Dulbecco’s modified Eagle medium (DMEM). SMNP-1 and SMNP-4 were
selected as samples in this study with SMNP-0 employed as the control. SMNP-1 and
SMNP-4 exhibited signal enhancement in 7;-weighted MR images in different media
(Figure 3). After 5 days of incubation with serum and cell culture medium, the MR images
for both SMNP-1 and SMNP-4 samples did not lose intensity, suggesting long-term stability
of SMNP agents in biological fluids. Additionally, at the same particle concentration (1.3
mg/mL was used in this study), MR images for SMNP-4 are much brighter than those of
SMNP-1 under identical conditions, in good agreement with shorter 77 relaxation (Figure
3). All observations indicate that SMNP-4 enables the best /n vitro MRI performance at a
fixed particle concentration. Subsequently, a systematic study was performed to investigate
the long-term MRI contrast-enhancing capability of all SMNP-/ (/= 1-5) samples in
different media including water and cell culture media (/.e.,, 90% DMEM with 10% FBS). It
was observed that freshly prepared SMNP-/ (/= 1-5) show similar relaxivity in cell culture
medium compared with water (Figure S7 and Table S3). In addition, we note that after 5
days of incubation with cell culture medium, the relaxivity values for all SMNP samples do
not decrease, confirming the materials are promising in terms of long-term stability of
SMNP MRI agents in biological fluids.
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Magnetochemical Analysis of SMNPs

Several intriguing questions arise from the relaxivity data: (1) Is the 7; contrast arising from
an inner-sphere binding event, despite the propensity for catechol to form strong tris-chelates
in neutral and basic solutions? (2) Why is there not a linear increase in the relaxivity
response with additional Fe(l11) cations, as would be expected for 7; contrast? To address
these questions directly, we turned to techniques that are sensitive to the local spin states as
well as the ensemble properties of the magnetic structure.

EPR spectra of frozen solutions were collected at 125 K (Figure 4a), providing significant
information regarding the distribution of radicals within Fe(l11)-loaded SMNPs.37 The
characteristic spectrum of the persistent radical, which is a hallmark of all melanins, is
visible in samples with less than 2% iron. As reported, paramagnetic metals can reduce the
amplitude of this peak,38 completely suppressing it at high loadings. All iron-containing
samples show a peak at 1600 G (g = 4.3), which is attributed to high-spin Fe(lll) in sites of
low symmetry of tetrahedral or octahedral coordination.2® The width of this peak increases
with increased iron loading due to spin-spin dipolar coupling.3® From these data, we
determined the change in the full width at half-maximum as a function of total iron, with the
linear progression suggesting that the iron loading is evenly distributed in a 3-D matrix of
sites, as opposed to either lower dimensional arrangements or clusters (Figure S8).40

At the highest iron loading levels, a very broad spectrum centered near g = 2 is evident. In
many systems, a spectrum of this form is due to superparamagnetic or ferromagnetic
particles. Therefore, the spectrum of SMNP-5 was recorded over a wide range of
temperatures to explore the magnetic properties of this species (Figure 4b).4 However,
unlike a ferromagnetic material, which would have a constant intensity, or a
superparamagnetic material, which would have spectra that would broaden and shift to lower
field as the temperature is lowered, the spectra increase in amplitude as the temperature is
lowered to 20 K, but then sharply diminish in amplitude at 3.5 K. This behavior indicates the
occurrence of a more complex magnetic behavior that gains in strength with increasing
Fe(111) loading.

To elucidate the origin of this alteration in the magnetic structure at high Fe(l1) cation
concentrations, the temperature dependence of the SMNP magnetic susceptibility was
investigated by superconducting quantum interference device (SQUID) magnetometry
(Figure 5). The lowest Fe-loading sample (SMNP-1) was expected to largely exhibit
characteristics of the isolated octahedral high-spin d° configuration of Fe(Il1) (S= 5/2) as
demonstrated by the EPR data. Indeed, the product of magnetic susceptibility and
temperature per mole Fe (x v 7) at 300 K approaches the expected spin-only value of 4.375
emu K cm™3 mol~1 for a purely Fe(l11)-containing sample. This close agreement precludes
the possibility of significant Fe(ll) and low-spin Fe(l11) populations, as they would lead to
significant alterations in the xM 7'value. As temperature is decreased from 300 K, the effects
of antiferromagnetic Fe(l11)-Fe(l11) interactions begin to manifest in the X'V' 7 data. For
SMNP-1 with only 0.46% Fe(l11) loading, the majority of Fe(lll) centers are sufficiently
isolated so as to display their full, uncoupled moment. However, a nonnegligible subset of
Fe(l11) are close to other Fe(l11) sites and thus display antiferromagnetic interactions that
lower the overall X'V' Tvalue. As we increase the Fe(l11) concentration up to 10.26%
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(SMNP-5), deviations from the spin-only expectation become more drastic, leading to a drop
of more than 20% in the X'V' 7 product at room temperature.

We find that a relatively simple model, incorporating an isotropic g value and magnetic
coupling constant (Jee_re), is able to satisfactorily explain the coupling behavior of Fe(lll).
In this model, we need only consider two general types of Fe(l11) centers: magnetically
isolated Fe(l11) and magnetically coupled Fe(l11). This assumption is based on the weak
superexchange pathway that the catechol functional groups of PDA provide. Indeed, model
molecular Fe(l11) catecholate dinuclear complexes display coupling constants of less than 30
cm™L, even when only separated by a single catecholate oxygen.42-44 The ratio between the
uncoupled and coupled Fe(l11) subsets is fitted along with an isotropic gand Jee_ge Value by
simultaneous global fitting of all susceptibility data. Uncoupled Fe(l11) is modeled as an
ideal paramagnetic S=5/2 Fe(l11), whereas coupled Fe(lll) is modeled through an HDVV
Hamiltonian (eq 1) where S; and S, are spin operators for equivalent interacting spins.
Although most natural and synthetic melanin systems have been shown to possess some
radical electron character,34546 we do not find it necessary to include radical electrons in
our model. This is corroborated by measuring magnetic susceptibility of equivalently
synthesized pure melanin nanoparticles (SMNP-0) without Fe(lI1) loading, which shows a
negligible paramagnetic moment across all temperatures (Figure S9). This does not imply
that no radical population is present, only that it is necessarily low enough to be
inconsequential to the overall magnetism. In fact, EPR spectra (Figure 4) confirm the
presence of organic radicals in SMNP-0 and SMNP-1

f{: - 2']Fe—FeSI - S (1)

The fitting results reveal antiferromagnetic coupling (g =2.05 = 0.04; Jre_pe = —24.8 £ 2.7
cm™1) that corresponds well to molecular Fe-catechol systems.#2:47:48 Of particular note is
that at very high Fe(l1) loadings (SMNP-5) over half of the Fe(lll) is now involved in
magnetic coupling interactions, leading to a significant drop in the moment even under
ambient temperature conditions. This behavior tracks well with the low ey of the
SMNP-5 sample (Figure 2a). From the view of MRI contrast agents, this antiferromagnetic
coupling tempers the advantage of high loading because of the significant reduction in room-
temperature moment per iron center compared with less concentrated Fe(l11) samples.
Additionally, the magnetically coupled Fe(l11)-Fe(ll1) interactions can alter the nature of the
relaxation, shifting of the SMNP toward 7,-weighted agents at high concentrations. These
factors indicate that there will be an optimal Fe(l11) concentration. This relatively strong
coupling also indicates that short Fe(l11)-Fe(l11) ligand-based bridges can exist within the
PDA structure, an intriguing result considering that mononuclear molecular Fe(l11)-catechol
exists as a mixture of bis- and tris-catechol-Fe(l11) species at our synthetic conditions (pH
~9).49 Since a tris-catechol binding mode would inhibit the formation of effective
superexchange bridges, the strength of coupling we observe may indicate a low catechol
coordination number for Fe(l11) within the SMNP. If in fact, the PDA structure is limiting
the catechol coordination, this opens the exciting possibility that water is able to directly
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bind to Fe(l11) centers or interact with hydroxides directly bound to Fe(lI1) centers, thus
explaining the strong MRI contrast observed for Fe(l11)-coordinated synthetic melanin.1>

Further evidence of limited Fe-catechol bonding was obtained by scrutinizing the deviations
from ideal paramagnetic behavior observed at very low temperature. These deviations are
caused by magnetic anisotropy induced by a low-symmetry coordination environment as
well as Zeeman splitting due to the applied field. To isolate the effects of the magnetic
anisotropy, we performed a series of low-temperature, variable-field measurements for
SMNP-1, which has the lowest amount of coupled Fe(lll) (Figure 6a). We focus on SMNP-1
because 90% of the Fe(lll) is in the uncoupled state, and the magnetic influence of the
remaining 10% is minimized due to its relative isolation in the antiferromagnetically coupled
(5= 0) state at low temperature. Under these approximations, the molar magnetization
values in Figure 6a are solely due to uncoupled Fe(lll) ions. By fitting to an axially
anisotropic Hamiltonian (eq 2) using the MagProp module of DAVE 2.3 (Figure 6),°0 a
small but non-negligible axial anisotropy is determined to be present (D= 0.88 + 0.29).
Interestingly, this value corresponds to that observed for monocatechol-bound Fe(ll1) in
acidic aqueous solution (D= 0.82), but is significantly higher than the bis- and tris-catechol-
bound Fe(l11) (D= 0.42 and D= 0.32, respectively).19 High Fe(l11) concentration samples
(SMNP-2 through SMNP-5) gave similar results although with less satisfactory error values
due to the added complication of large contributions from coupled Fe(l11) (Figure S10).

S(S+1)}
3 2

A=gu,$- B+D {52 -

The magnetic evidence strongly suggests that despite the high concentration of catechol in
SMNP materials and pH values during synthesis that should initially favor a tris-catechol
binding mode, Fe(l11) is largely coordinated as the monocatechol in the final product. As this
result was somewhat counterintuitive, UV-vis spectroscopy was employed to corroborate
our magnetic analysis. Figure 6b shows that both high (SMNP-5) and low (SMNP-3) Fe(l11)
loadings exhibit a broad peak at 710 nm, which is indicative of monocatechol-Fe(l11)
complexes.184951 |n stark contrast to previously studied free Fe(I11) catechol systems,49:51
this peak persists even at very basic pH values for 24 h with no indication of bis- or
triscatechol formation (Figure S11). These data suggest that melanin-based MRI contrast
agents may allow for water exchange through an “inner-sphere” 7; relaxation, even for
Fe(l11) embedded within the nanoparticle.1552

From the combination of magnetometry and magnetic spectroscopy (EPR) we can conclude
that isolated paramagnetic iron centers exist throughout the SMNPs. At higher
concentrations, the Fe(l11) does not form oxide particles that would show ordered magnetic
behavior but does form weak antiferromagnetic superexchange interactions that effectively
cancel out a significant portion of the 300 K magnetization. Additionally, the high magnetic
anisotropy indicates a low-symmetry environment that is not consistent with tris-catechol
coordination of Fe(l11); thus the superexchange is likely mediated by diamagnetic bridging
ligands and not the polymer backbone.
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CONCLUSIONS

In summary, a technique for accessing SMNPs with tunable iron loadings has offered
opportunity for their magneto-structural analysis through the combined utilization of SQUID
magnetometry, EPR, and 1H 1/ 7; NMRD. The results presented herein also suggest a
number of avenues for optimizing MRI contrast in synthetic melanin nanoparticles: (1)
Because high Fe(l11) loading leads to a lowering of the moment per Fe(l11) center,
decreasing coupling between paramagnetic centers would necessarily increase the magnetic
moment at higher loadings. This, in turn, could increase the 7; relaxation rate of
surrounding water protons due to the presence of more unpaired electron spins. This could
be achieved by a number of synthetic approaches including the expansion of the polymer
backbone to increase the distance between Fe(l11) binding sites or incorporating higher spin,
weaker coupling ions. (2) Alternatively, the antiferromagnetic coupling could be disrupted
through the creation of an alternate, small-spin magnetic coupling channel between Fe(l11)
and an organic radical electron or S= 1/2 transition metal centers such as Cu(ll). Thus,
antiferromagnetic coupling would result in a net S= 2 state even at very high ion loadings,
preventing the decrease of magnetic moment. Particles of this type would, however, likely
exhibit 7,-weighted contrast similar to other highly coupled particle systems such as
magnetite. (3) Since monocatechol coordination is likely the result of steric hindrance
created by the rigid cross-linked polymer backbone, modulating this steric hindrance may
create better intraparticle channels for replacing water at Fe(l11) binding sites while still
preventing multicatechol binding. Alternatively, the polymer backbone can be modified to
electronically enhance the local water exchange rate at Fe(l11) sites.

With the current interest in metal-doped melanin and polycatechol-based nanomaterials, a
fundamental understanding of the electronic and magnetic structure is vital. The conclusions
herein offer potential synthetic targets that could lead to more directed syntheses of effective
contrast agents. More broadly, these combined characterization tools should provide insight
into natural melanins and, therefore, any potential differences or similarities between their
various forms and their synthetically accessible mimics.

EXPERIMENTAL SECTION

Particle Synthesis and Characterization

All chemicals were purchased from Sigma-Aldrich and used without further purification.
SMNP-0 and SMNP-1 were prepared according to a literature method.1®

General synthetic method for SMNP-7 (/= 2, 3, 4, 5) (prepolymerization doping strategy):
45 mg of dopamine hydrochloride and different amounts of iron(l11) chloride hexahydrate
were fully dissolved in 130 mL of deionized water under stirring at room temperature for 1
h. Subsequently, 20 mL of Tris (2-amino-2-hydroxymethylpropane-1,3-diol) aqueous
solution (with varying Tris concentrations, Table S1) was quickly injected into the
established solution. It was observed that the solution color immediately turned red,
gradually turning black after 0.5 h. After another 1.5 h, the targeted SMNP-/was separated
by centrifugation and washed three times with deionized water.

ACS Nano. Author manuscript; available in PMC 2017 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 10

TEM was performed on a FEI Sphera microscope operating at 200 keV. TEM grids were
prepared by depositing small (3.5 L) aliquots of sample onto grids (~2 min, Formvar
stabilized with carbon (5-10 nm) on 400 copper mesh, Ted Pella Inc.) that had previously
been glow discharged using an Emitech K350 glow discharge unit and plasma-cleaned for
90 s inan E.A. Fischione 1020 unit. Micrographs were recorded on a 2 K x 2 K Gatan CCD
camera.

Cryo-TEM experiments were also performed on a FEI Sphera microscope operating at 200
keV. TEM grids were prepared by depositing small (3.5 uL) aliquots of sample onto grids
(Quantifoil R2/2 holey carbon) that had previously been glow discharged using an Emitech
K350 glow discharge unit and plasma-cleaned for 90 s in an E.A. Fischione 1020 unit.
Samples were loaded onto the grids at 4 °C, blotted with filter paper to create a thin film on
the grid, plunged into liquid ethane, and transferred into a precooled Gatan 626 cryo-transfer
holder, which maintained the specimen at liquid-nitrogen temperature in a FEI Sphera
microscope operated at 200 kV. Micrographs were recorded on a 2 K x 2 K Gatan CCD
camera.

STEM and STEM-EDS analyses were acquired on a JEOL JEM 2100F TEM equipped with
an INCA (Oxford) EDS detector at the NanoScale Fabrication and Characterization Facility,
Peterson Institute of Nanoscience and Engineering, University of Pittsburgh, PA. Samples
were prepared by drop-casting 5 uL of sample onto TEM grids (ultrathin 5 nm A-type
carbon with 400 mesh copper, Ted Pella, Inc.) followed by slow drying while covered on the
benchtop for at least 3 h. Samples were then dried under vacuum for 24-48 h to remove
contamination that would interfere with STEM-EDS. Grids were loaded into a JEOL 31640
beryllium double-tilt holder. STEM-EDS data were collected for 180-600 s at specific
points, using the largest probe size (1.5 nm electron beam diameter) with a 200 kV
accelerating voltage. Images were collected in bright field and HAADF modes.

SEM images were acquired on a FEI XL ESEM-FEG (FEI Company) with a mica substrate.
Samples were fully dried under vacuum for 12 h before the testing.

UV-vis spectra were obtained by using a PerkinElmer Lambda 35 UV/vis
spectrophotometer.

Determination of Fe(lll) Concentration

In order to determine Fe(l11) concentration, the metal was first stripped from the synthetic
melanin particles using the following procedure. To an aliquot of each sample (100 pL) was
added 1% HNOg3 in water (1900 puL). Each mixture was then stirred for 12 h. The Fe(lll)
concentration was then quantified by inductively coupled plasma-optical emission
spectrometry (ICP-OES) using a PerkinElmer Optima 3000DV spectrometer in the Scripps
Institution of Oceanography, University of California, San Diego, CA.

SQUID Measurements

The magnetic properties of SMNP were characterized using a Quantum Design MPMS3
SQUID with a maximum field of 7 T. Freeze-dried solid samples (~10 mg) were packed into
standard Quantum Design plastic sample holders. Magnetization data were collected in dc
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mode and corrected for diamagnetic contributions using Pascal’s constants. The axial
anisotropy parameter D was fitted by the MagProp module in DAVE 2.3.50

EPR Experiments

Spectra in the range of 125 to 320 K were acquired on a Bruker Elexsys 580 spectrometer
equipped with an SHQE resonator and a Bruker continuous flow liquid nitrogen cryostat.
Spectra at temperatures between 3.5 and 125 K were acquired on a Bruker EMX
spectrometer using an ER 4116DM dual-mode resonator and an Oxford ESR910 helium
continuous flow cryostat. Liquid samples for frozen solution experiments were loaded in 4
mm o.d. x 3 mm i.d. FEP tubes (Wilmad). Room-temperature liquid samples were contained
in 1.8 mm o.d. x 1 mm i.d. Teflon tubing (McMaster-Carr), while powder samples were
contained in traditional 4 mm o.d. x 3 mm i.d. quartz tubes (Wilmad). Microwave frequency
was typically ~9.34 GHz (SHQE resonator) with a power of 20 mW. The field was swept
from 0 to 8000 G in 168 s and modulated at a frequency of 100 kHz with 20 G amplitude. A
time constant of 82 ms was employed.

1H NMRD Measurements

Proton 1/ 73 NMRD profiles were measured on a fast field-cycling Stelar SMARTracer
Relaxometer (Stelar, Mede (PV), Italy) at magnetic field strengths from 0.00024 t0 0.25 T
(corresponding to 0.01-10 MHz proton Larmor frequencies) at room temperature. The
relaxometer operates under computer control with an absolute uncertainty in 1/ 7; of £1%.
Additional data points in the range 15-70 MHz were obtained on a Bruker WP80 NMR
electromagnet adapted to variable-field measurements (15-80 MHz proton Larmor
frequency) on a Stelar Relaxometer. The 1H 77 relaxation times were acquired by the
standard inversion recovery method with a typical 90° pulse width of 3.5 ps, 16 experiments
of 4 scans. The temperature was controlled with a Stelar VTC-91 airflow heater equipped
with a calibrated copper—constantan thermocouple (uncertainty of 0.1 °C).

Fe(lll) Stability in PBS
To determine the stability of Fe(l11) chelated in SMNP-/ (/= 2-5), we redispersed these two
types of micellar nanoparticles in PBS (pH = 7.4). A 300 pL amount of SMNP-/ (/= 2-5)
solution (three replicates) was added in 500 pL dialysis tubes with A4, = 10 000,
respectively, and dialyzed to 500 mL of PBS (pH = 7.4) under room temperature with
magnetic stirring. Then 20 uL SMNP-/ (/= 2-5) aliquots were taken at time points of 8 h, 24
h, 48 h, 72 h, and 7 days for ICP-OES analysis.

MR Imaging Measurements
The MR images were acquired on a Bruker 7.0 T magnet with Avance Il hardware equipped
with a 72 mm quadrature transmit/receive coil. 77 contrast was determined by selecting
regions of interest using the software ParaVision version 5.1. The parameters for 7 T MRI
are 7r = 750.0 ms, 7g =12.6 ms, echo = 1/1, FOV = 6.91/3.12 cm, slice thickness = 2 mm,
nex = 2 mm, matrix = 256 x 116.
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Figure 1.
Representative electron microscopy characterization of SMNP-4: (a) TEM; (b) cryo-TEM;

(c) SEM; and (d) HAADF-STEM (inset is the selected area EDS Fe elemental mapping
image).
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Figure2.

(@) TH NMRD profiles for SMNP-/ (/= 1-5). The x-axis is the proton Larmor frequency; the
y-axis is the ryp value per Fe(l11) ion (r1p(re(nry) for each SMNP. (b) 1H NMRD profiles for
SMNP-/ (/= 1-5). The x-axis is the proton Larmor frequency; the y~axis is the 1 value per

SMNP (rp(particle))-
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Figure 3.
7T1-weighted MR images captured on a Bruker 7.0 T magnet from SMNP-0, SMNP-1, and

SMNP-4 in different media (particle concentration is 1.3 mg/mL in each tube). 7; results for
each phantom are shown below in milliseconds, respectively.
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(a) Experimental EPR spectra of SMNP-/ (7= 0-5). (b) Temperature-dependent EPR
analysis of SMNP-5.
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Figureb.

Temperature dependence of the product of magnetic susceptibility and temperature (xm 7)
for SMNP-/ (/= 1-5). The dotted line describes the behavior of an isolated, isotropic Fe(l1)
ion. Solid lines represent a global fit of the data between 25 and 300 K as described in the
text.
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Figure®6.
(a) Plot of variable-temperature variable-field magnetization data for SMNP-1. The color bar

represents the difference between experimental data and fitting results. A standard 2D Mvs
H/Tplot is shown in Figure S9b. (b) UV-vis spectra of 0.1 mg/mL SMNP showing the
transition from a featureless absorption for SMNP-0 to a well-defined yet broad structure in
SMNP-5. Absorption peaks for mono- (~710 nm), bis- (~570 nm), and tris-catechol (~490
nm) are identified by dashed green, blue, and red lines, respectively.
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Scheme 1.

Preparation of SMNP-/ (7= 0-5) samples: (a) postdoping strategy for SMNP-1, (b)
prepolymerization doping strategy for SMNP-2, SMNP-3, SMNP-4, and SMNP-5, and (c)
SMNP-/ (/= 0-5) samples with different Fe(lll) concentrations.
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