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Bioinspired Magnetite Crystallization Directed

by Random Copolypeptides

Jos J. M. Lenders, Harshal R. Zope, Ayana Yamagishi, Paul H. H. Bomans,
Atsushi Arakaki, Alexander Kros, Gijsbertus de With, and Nico A. J. M. Sommerdijk*

Control over magnetite (Fe;O,4) formation is difficult to achieve in synthetic
systems without using non-aqueous media and high temperatures. In
contrast, Nature employs often intrinsically disordered proteins to tightly
tailor the size, shape, purity, and organization of the nanocrystals to optimize
their magnetic properties. Inspired by such “flexible polyelectrolytes,” here
random copolypeptides having different amino acid compositions are used
as control agents in the bioinspired coprecipitation of magnetite through a
ferrihydrite precursor, following a recently developed mineralization protocol.
Importantly, the copolypeptide library is designed such that the amino acid
composition can be optimized to simultaneously direct the size of the nano-
particles as well as their dispersibility in aqueous media in a one-pot manner.
Acidic amino acids are demonstrated to regulate the crystal size by delaying
nucleation and reducing growth. Their relative content thus can be balanced
to tune between the superparamagnetic and ferrimagnetic regimes, and high
contents of negatively charged amino acids result in colloidal stabilization

of superparamagnetic nanoparticles at high pH. Conversely, with positively
charged lysine-rich copolypeptides ferrimagnetic crystals are obtained which
are stabilized at neutral pH and self-organize in chains, as visualized by cryo-
transmission electron microscopy. Altogether, the presented findings give
important insights for the future development of additive-mediated nanoma-
terial syntheses.

1. Introduction

often single-domain crystals as, e.g.,
encountered in the magnetosomes of
magnetotactic Dbacteria,! but also in
the magnetoreceptive organs of migra-
tory birds,P! honeybees,*% and certain
fish.P%7] In contrast, the most commonly
used industrial process for magnetite
production up to date, direct coprecipita-
tion of Fe™ and Fe™ jons from solution,
typically yields small (<20 nm) superpara-
magnetic particles with little control over
size or shape,® while protocols allowing
better control usually involve non-aqueous
media and/or high temperatures.(33-<l
Applying strategies from biominerali-
zation in materials chemistry could open
the door to the additive-directed synthesis
of magnetite-based nanomaterials with
control over the dimensions and organiza-
tion of the particles and thereby their mag-
netic properties, using green, bioinspired
production methods, i.e., using aqueous
media and ambient temperatures.3&°]
However, compared to other biomin-
erals (e.g., calcium carbonate, calcium
phosphate, and silica), for which the bio-
mimetic synthesis of materials with con-
trolled morphology through the action of

Magnetite (Fe;0,) is a biologically and technologically impor-
tant magnetic iron oxide of which the magnetic properties
depend on the size, shape, purity, and organization of the
crystals.l3 Magnetite biominerals encompass well-defined,

designer molecules is well-documented,!'! far less activities
have focused on the bioinspired mineralization of magnetite.
For the magnetite in magnetotactic bacterialll and in the
outer layers of chiton teeth[*?l ferrihydrite has been indicated as
an intermediate precursor phase.l'¥ In the case of the magneto-
somes, the magnetite formation takes place within the confined
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space of vesicles, P14 which allows the occurrence of a single
nucleation event inside such a vesicle and its subsequent
growth into a crystal with controlled dimensions. This process
is under strict control of specialized biomolecules,'*'! typically
acidic proteins associated with the magnetosome membrane,
which tightly bind to magnetite and allow for control over the
nucleation and growth — and hence the size and morphology
— of the resulting crystals. Such a strategy is believed to avoid
conditions of high supersaturation, and - together with the
confinement effect — to prohibit uncontrolled nucleation and
limited growth, which is typical for direct magnetite precipita-
tion from solution through ion-by-ion growth.

However, even in in vitro assays isolated magnetite biomin-
eralization proteins can provide some control over magnetite
crystallization as long as the reaction kinetics are kept under
control, although not many examples exist. In particular the
magnetosome protein Mms6 and its active C-terminal part
M6A have been found to regulate the nucleation and growth
of magnetite in vitro.'>*!% For example, Prozorov et al. dem-
onstrated the formation of appreciable and uniform magnetite
nanocrystals through the action of Mms6 during coprecipita-
tion inside a gel medium, 1% thereby creating diffusion-limited
reaction kinetics.

For many biomineralization proteins it has been found that
they are intrinsically disordered and have large unstructured
regions in their amino acid sequence that can freely interact
with the biomineral during its development.'”l These obser-
vations imply that the overall physicochemical properties of
their active domains — such as charge (density) and hydro-
phobicity — and not (the secondary structures of) the precise
amino acid sequences are responsible for their impact on
bio(mimetic) mineralization: the so-called flexible polyelectro-
lyte hypothesis.'”"! Even though for the specific case of Mms6
it has been proposed that the amino acid sequence of the C-ter-
minus is important for efficient Fe™ binding and morpho-
logical control,'® it still is of great interest to investigate the
minimal functional requirements of biomineralization proteins
in bioinspired mineralization experiments using additives of
reduced complexity, such as simple polymeric additives, none-
theless aiming at achieving similar control.l33*]

Moreover, such polymer additives potentially may act as sur-
factants, thereby functionalizing the surface of the magnetite
nanoparticles. In this way they could — in addition to controlling
nucleation and growth — simultaneously enhance the dispers-
ibility of the nanoparticles and lead to colloidally stable systems
in a one-pot strategy. Such magnetic dispersions have potential
in various applications, especially in the medical field, e.g., in
contrast agents for magnetic resonance imaging (MRI), hyper-
thermia therapy, and targeted drug delivery, but also as cata-
lysts, magnetic inks, and data storage media.®4¢'°l Currently
these materials generally are only accessible through laborious
multi-step functionalization and phase-transfer procedures.

Baumgartner et al. reported the formation of ferrimagnetic
magnetite nanoparticles by controlled dosing of the reac-
tants,?% and although their conditions allowed for continuous
crystal growth, they also resulted in ongoing nucleation, leading
to polydisperse products. However, when poly(L-arginine) was
used as a positively charged nucleation and growth controller,
the crystals became colloidally stabilized in aqueous dispersion
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and their size distribution was significantly reduced. In con-
trast, negatively charged proteins were only found to inhibit
magnetite formation.l?!]

We recently reported on a bioinspired coprecipitation
method in which the pH and thereby the supersaturation of a
FelD:2 Fel™ solution was increased slowly by the in-diffusion
of ammonia, thereby proceeding through a 2-line ferrihydrite
phase which later converts to magnetite under mildly alkaline
conditions (pH =7.8).21 The NH; influx and the Fe concentra-
tion could be varied to manipulate the precipitation kinetics
and thereby the resulting crystal size, and by limiting the NH;
influx and the Fe concentration sufficiently (to 1.2 X 10 m h™!
and 3 x 107 m, respectively) crystals as large as 60 + 21 nm
could be obtained. In this assay, the negatively charged M6A
peptide was used as a nucleation and growth control agent to
improve the morphology, functional properties, and dispers-
ibility of the nanoparticles, demonstrating the suitability of this
method for the rapid screening of additive effects.

In addition, we designed and synthesized a class of disor-
dered, random copolypeptides with excellent control over the
degree of polymerization (DP), polydispersity index (PDI), and
composition.?2l By systematic variation of the amino acid com-
position we created a complete library of polypeptides with dif-
ferent charge and hydrophobicity. These macromolecules thus
are suitable to employ as control agents in studying the effects
of such physicochemical properties on the nucleation and
growth of crystals in bioinspired mineralization experiments,
as well as their capability to functionalize the surface of the
crystals to improve their dispersibility.

In the present study we employ poly(L-aspartic acid) (pAsp),
poly(L-glutamic acid) (pGlu), poly(L-lysine) (pLys) and random
copolypeptides of aspartic acid (D) and serine (S) as well as
of glutamic acid (E), lysine (K), and alanine (A) with varying
composition (Table 1 and Table S1, Supporting Information)
in our biomimetic coprecipitation method to direct the size
(distribution), morphology, magnetic properties, dispersion,
and organization of magnetite nanoparticles. By systematically
varying the monomer composition we can assess the impact of
compositional properties such as net charge/charge density and
hydrophilicity on magnetite formation, while cancelling out any
structural effects. We designed the copolypeptides such that we
can find the optimal content of either negatively or positively
charged residues to control magnetite nucleation and growth
by interacting with the mineral, while — at the same time — the
remaining, non-interacting hydrophilic residues could improve
the dispersibility of the products.

2. Results and Discussion

Briefly, the biomimetic magnetite coprecipitation protocol
involves the gradual pH increase of a solution containing FeCl;
(2 x 1073 M) and FeCl, (1 x 1073 m) through the slow in-diffusion
of NHj; (1.2 x 10 M h7!).Zl First, we used random copolypep-
tides of aspartic acid (D) and serine (S) in molar ratios of 20/80,
50/50, and 80/20 (D20S80, D50S50, and D80S20, respectively)
as macromolecular additives in this crystallization experiment
(Figure 1 and Figure S1 and Table S2, Supporting Informa-
tion), aiming at employing the D residues to interact with the
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Table 1. Overview of all (co)polypeptides applied in this work, the
sample codes used for reference and their amino acid composition.

Sample code Experimental composition® [mol%)]

pAsp = D100 [Dlioo%
pGlu = E100 [Elho0%

plys = K100 [Klr00%
D20s80 [Dl20%[Sls0%
D50s50 [Dlsos[Slso%
D80s20 [Dlsos[S]20%
E10 [Eho%[Kla19[Ala99
E19 [Eho%[K]36%[Al4ses
E31°) [Els1%[K]31%[Al385%
E39 [Elso%[Klas%[Al339
E48 [Elass[Kla29[Al305
E59 [Elsoe[Klro%[Al229
E67 [Ele7%[Kl189[Al 159
E76 [Elre%[Kl14%[Al105
K10 [El196lKlr0%[Al 499
K31 [Els196Kl3196[Al385%
K45 [EL7%lKlasoe[Al285
K81 [ElooselKlg196[Al1056
A0S [Elaoss[Klagoe[Alosse
A38) [Els156[K]319[Alss%
A59 [EL1%[K]20%[Als0%

aDetermined from 'H NMR data;["22 PE31 = K31 = A38.

mineral during its formation and the S residues to enhance the
colloidal stability of the products.?]

D20S80 only had a small effect on the formed product and
the obtained crystals were 44-48 + 11-13 nm for all different
amino acid (AA)/Fe ratios used, as compared to 60 + 21 nm for
the control experiment without additives (Figure 1a).2l How-
ever, by increasing the relative concentration of D20S80 the
morphology gradually changed from mainly facetted to mainly
rounded particles (Figure S1, Supporting Information). D50S50
showed more pronounced effects on the size and shape of the
formed crystals. While at an AA/Fe ratio of 1/100 again sim-
ilar facetted crystals of 43 £ 12 nm were obtained, increasing
the AA/Fe ratio resulted in rounded crystals with sizes of
44 + 15 nm and 33 £ 9 nm for AA/Fe ratios of 1/33 and 1/20,
respectively. In line with these results, crystal growth was
even further restricted in the presence of D80S20, resulting in
rounded crystals of 44 £ 13 nm, 30 £ 9 nm, and 27 + 7 nm for
AA/Fe ratios of 1/100, 1/33, and 1/20, respectively.

The differences in average crystal sizes were reflected in
the magnetic properties of the materials, as determined by
vibrating sample magnetometry (VSM, Figure l1c—e and Figure
S2, Supporting Information). The 40-50 nm crystals obtained
for low AA/Fe ratios and/or low D content all showed fer-
rimagnetic behavior with a remnant magnetization M, of
=20 Am? kg™! and a coercivity H, of =10 mT, in line with lit-
erature results for nano-sized magnetite.*>~ As expected, both
properties were reduced by a factor of =2 for the smaller (=30 nm)
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crystals (Figure lc—e). At the same time, the saturation mag-
netization M; dropped from =80 to =70 Am? kg! (Figure S2,
Supporting Information).

The sample synthesized in the presence of D50S50 with
an AA/Fe ratio of 1/20 displayed self-assembly of the rounded
33 £ 9 nm magnetite crystals in strings (Figure 1b), which
is attributed to the alignment of the permanent magnetic
dipoles of the ferrimagnetic particles.?!l Interestingly, D50S50
has the same negative charge density as the active M6A pep-
tide derived from the Mms6 protein involved in magnetite
biomineralization,'®d and we found this peptide to have similar
effects on the size (distribution), morphology, magnetic proper-
ties, and organization of the obtained crystals.?!

Thus, although the DS copolypeptides could be employed to
tune the properties of the synthesized materials as a function
of their negative charge density and relative concentration, both
these parameters are obviously not independent: similar results
could be obtained, for instance, by increasing the D content
from 50 mol% to 80 mol% if simultaneously the AA/Fe ratio
was decreased from 1/20 to 1/33 (Figure S1, Supporting Infor-
mation). This suggested that the same effects should be achiev-
able with poly(L-aspartic acid) (pAsp or D100) alone.

Indeed, pAsp was found to be an even more active growth
control agent as compared to the DS copolypeptides and
rounded nanoparticles with sizes of 31 £ 8 nm, 18 + 5 nm,
14 £ 4 nm, and 13 £ 6 nm were obtained for Asp/Fe ratios of
1/100, 1/33, 1/20, and 1/10, respectively (Figures la and 2).
Selected-area electron diffraction (SAED) demonstrated that
in all cases the product was magnetite (Figure S3, Supporting
Information).

To further elucidate the role of pAsp, the pH of the Fe solu-
tion was monitored over time during the influx of NH;. This
allowed the identification of the magnetite nucleation event as a
local dip in the pH-time curve (Figure 2). While the nucleation
of magnetite was observed after =7.4 h at pH =7.8 in the control
experiment without pAsp (Figure 2a),l this event was delayed
in time when increasing Asp/Fe ratios were applied. Nuclea-
tion thereby also occurred at an increasingly higher pH (up to
=~9) due to the continuous influx of NH3. Notably, at the highest
Asp/Fe ratio of 1/10 the nucleation event could no longer be
distinguished (Figure 2e), while the formation of 13 £ 6 nm
magnetite nanoparticles still occurred.

UV-vis measurements showed distinct differences between
the spectra of solutions of FeCl, and/or FeCl; at pH 3-4 with
and without pAsp (Figure S4, Supporting Information), indi-
cating that the negatively charged polypeptide binds both Fe(
and Fel™ ions in the initial solution, in analogy to what has
been found for the Mms6 protein.'® Indeed, poly(L-lysine)
(pLys) — being positively charged — did not alter the UV-vis
spectra of FeCl,/FeCl; solutions (Figure S4, Supporting Infor-
mation), indicating little interaction. In addition, pLys had
hardly any effect on the obtained product as compared to
the control without additives and the obtained crystal dimen-
sions were 58 £ 15 nm for a Lys/Fe ratio of 1/10, while
their nucleation was only slightly delayed and occurred at
pH =8.0 (Figure 2f).

However, apparently the interaction of negatively charged
residues with iron ions in the initial solution does not pre-
vent the iron from precipitating as ferrihydrite and ultimately
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Figure 1. a) Average crystal sizes with corresponding standard deviations of the products of slow coprecipitation by NH; diffusion without and with
the different DS copolypeptides and pAsp (D100) as additives as a function of the AA/Fe ratio, showing that the obtained crystal size depends on
the relative polypeptide concentration as well as the polypeptide composition (D content). The dashed lines are only to guide the eye. b) TEM image
of the 33 £ 9 nm magnetite nanoparticles formed in the presence of D50S50 (AA/Fe ratio = 1/20), showing alignment in strings. The insets show a
higher magnification and the corresponding crystal size distribution. c—e) Crystal sizes, remnant magnetization (M,) and magnetic coercivity (H,) of the
products in the presence of the different DS copolypeptides and in different AA/Fe ratios, showing a systematic decrease in crystal size — and therefore
a corresponding decrease in M, and H, — with increasing AA/Fe ratio and D content.

converting to magnetite at higher pH. In all cases, the increase
in solution pH is observed between ~6—7 h reaction time from
a plateau at =3 to >7 (Figure 2), which is when the solution
absorbed 6 x 107 M NHj; to precipitate virtually all 2 x 1073 m
Fe(l 21 Moreover, from the dry mass of the end products we
find that in all cases nearly all initial iron eventually is con-
verted to magnetite, which we attribute to the extremely low
solubility of magnetite in alkaline conditions.[?”! This indicates
that, even though pAsp binds iron ions at low pH, the polymer
has little impact on iron activity at the pH values where mag-
netite is formed. Moreover, this means that the observations
are not due to a reduction of supersaturation related to metal
binding by the polymer, as this would go hand in hand with
a lower yield. Instead, this suggests that pAsp (as opposed to
pLys) acts as a nucleation inhibitor by binding to the ferrihy-
drite/Fel™ precursor through charge interactions, and that

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

because of this stabilization the conversion of the precursor to
magnetite only takes place at higher pH and thus is delayed.
Further, it is known that the alkalinity of the medium in which
magnetite forms has an influence on the obtained particle
dimensionsi?*2! and that a higher pH results in smaller crystal
sizes due to lowering of the surface tension,?® which is fully in
line with our results.

Unfortunately, the magnetite nanoparticles obtained in
the presence of the DS copolypeptides or pAsp did not show
any significant stabilization in dispersion over time, and after
7 days all products but one showed sedimentation, both in neu-
tral (pH 7) and alkaline (pH 10) media (Figure S5, Supporting
Information). Only the sample with the highest pAsp content
(Asp/Fe ratio = 1/10) displayed permanent colloidal stabiliza-
tion at pH 10, presumably due to the significant amount of
polyelectrolyte present in combination with the increased zeta

Adv. Funct. Mater. 2015, 25, 711-719
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Figure 2. Plots of the magnetite nucleation events during slow coprecipitation by NH; diffusion a) without and b—e) with pAsp (D100) in different
Asp/Fe ratios with resulting crystal size distributions and corresponding TEM images (scale bars are 20 nm), showing delayed nucleation at higher pH
resulting in smaller crystals for higher Asp/Fe ratios, in contrast to the observations f) with plys (Lys/Fe ratio = 1/10).

potential of magnetite in alkaline conditions and the reduced
size of the nanocrystals.?’]

Thus, although the inhibitory effects of the negatively
charged polypeptide pAsp alone could be employed to regulate
the size of magnetite nanoparticles by means of the Asp/Fe
ratio, colloidal stability was obtained only at high additive con-
centrations, where the inhibitory effects of the polypeptide on
the nucleation and growth of magnetite resulted only in small
and thus superparamagnetic particles. Further, the hydrophilic
but neutrally charged serine residues in the DS copolypeptides
did not provide any significant improvement of the dispers-
ibility of the products. Therefore, the slow coprecipitation pro-
tocol was used to grow magnetite in the presence of copolypep-
tides with different E, K, and A content (Figures 3 and 4)./l In
combination with the AA/Fe ratio, variation of their E content
was expected to give rise to similar major effects on magnetite
nucleation and growth as variation of the D content in the DS
copolypeptides did. Moreover, the K residues may, once proto-
nated, improve the dispersibility as compared to the neutrally
charged S residues, while the hydrophobic A residues may
increase the amphiphilic character of the polymer additives.

First, experiments were carried out using a series of copoly-
peptides in which the glutamic acid content was varied from
10 to 100 mol% while keeping the lysine and alanine con-
tents in equal contributions, and applying AA/Fe ratios of
1/100, 1/33, 1/20, and 1/10 (Figure 3 and Figures S6-S8 and
Tables S3 and S4, Supporting Information). Similar to the DS
copolypeptides and pAsp, in all cases the crystals were increas-
ingly smaller for higher AA/Fe ratios (Figure 3a). Importantly,
this effect was stronger for additives with higher E contents,

Adv. Funct. Mater. 2015, 25, 711-719
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suggesting that the negatively charged E residues are dominant
over K and A residues in affecting the obtained particle size
(Figure 3a). Indeed, also for copolypeptides in which the K or
A content was varied the magnetite crystal size decreased with
increasing E content (Table S5 and Figures S9 and S10, Sup-
porting Information).

When the pH of the Fe solutions at the highest additive
concentration used (AA/Fe ratio = 1/10) was monitored over
time, it was again observed that the nucleation of magnetite
was delayed in all cases as compared to the control experiment
without additives (Figure 2a) and occurred at higher pH values
for copolypeptides with higher E contents (Figure 3), in line
with the results obtained with different concentrations of pAsp
(Figure 2). Also similarly, the size of the crystals systematically
decreased as a function of the E content of the copolypeptides,
from 42 £ 10 nm for E10 to 11 + 4 nm for E100 (Figure 4a).
This demonstrates that both aspartic acid and glutamic acid
residues have inhibitory effects on the nucleation of magnetite,
and that these effects can be used to systematically tune the
crystal size, as a function of the relative polypeptide concentra-
tion as well as the polypeptide composition.

Also the morphology of the crystals was affected as a func-
tion of the E content of the copolypeptides, going from 63%
well-facetted crystals in the control experiment without addi-
tives to >90% rounded crystals for experiments with copoly-
peptides having a high glutamic acid content (Figure S11,
Supporting Information), suggesting that the glutamic acid
residues did not only affect the nucleation but also the growth
of the magnetite nanoparticles. We believe this to be a similar
effect as observed for pAsp on magnetite formation in a partial
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Figure 3. a) Average crystal sizes with corresponding standard deviations of the products of slow coprecipitation by NH; diffusion in the presence
of different EKA copolypeptides and in different AA/Fe ratios as a function of the E content, showing that the obtained crystal size depends on the
relative polypeptide concentration as well as the polypeptide composition (E content). The dashed lines are only to guide the eye. b) VSM curves of
the products without and with E10-E76 as additives (AA/Fe ratio = 1/10), showing that the saturation magnetization (M;), remnant magnetization
(M,), and magnetic coercivity (H,) (see zoomed-in inset) decrease with increasing E content. c) Corresponding crystal sizes, remnant magnetization
(M,), and magnetic coercivity (H,), showing a systematic decrease in crystal size — and therefore a transition from ferrimagnetic to superparamagnetic

behavior — with increasing E content.

oxidation reaction,?8 where it was demonstrated that — even
for comparable particle sizes — negatively charged residues pro-
duce a nonspecific growth reduction of magnetite crystals as
compared to the control reaction.

VSM showed that the remnant magnetization and magnetic
coercivity decreased as a function of the crystal size, going from
ferrimagnetic behavior for the polypeptides with low glutamic
acid content to superparamagnetic behavior (no magnetic hys-
teresis) for the polypeptides with high glutamic acid content
(Figure 3b,c), again in line with published data.l*>~]

For the EKA copolypeptides, the interaction of the polypep-
tides with the mineral during nucleation and growth not only
affected the magnetite morphology, but also increased its dispers-
ibility in the aqueous medium, as the polypeptide chains appar-
ently immobilize on the surface of the crystals. The negatively
charged E residues apparently interact with the mineral, allowing
control over the size and thereby the magnetic properties of the
magnetite crystals by systematically varying the E content. How-
ever, systematically varying the K content allowed pH-dependent
control over their dispersibility and thereby their organization,
due to the ability of the free K residues to become protonated.

Particles prepared in the presence of low polypeptide con-
centrations sediment completely within 24 h, in line with the
results with pAsp (Figure S5, Supporting Information). How-
ever, for samples synthesized with AA/Fe ratios as high as 1/10
thermogravimetric analysis (TGA) indicated a nearly quantita-
tive polypeptide content of 6-7 wt% (Figure S12, Supporting
Information), and hence a strong binding of the polymer to

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the resulting crystals. Indeed, they were stable in dispersion for
at least 7 days, depending on the pH and the K content of the
copolypeptide used. Nanoparticles grown in the presence of high
K content (>25 mol%) copolypeptides precipitated at pH 10 due
to magnetic aggregation, but dispersed well at pH 7 (Figure 5a).
This suggests that the increase in electrostatic stabilization
upon protonation of the K residues protects the particles against
uncontrolled agglomeration and subsequent precipitation due
to the ferrimagnetic attractive forces. Conversely, crystals grown
in the presence of lower K content copolypeptides (which were
typically smaller and thus superparamagnetic) lacked sufficient
charge stabilization at neutral pH, but formed stable disper-
sions at high pH (Figure 5b), presumably due to an increase in
the zeta potential of the magnetite.?’”! In line with these obser-
vations, application of a high E/high K content copolypeptide,
A05, resulted in superparamagnetic crystals with diameter of
12 + 5 nm which were stabilized in dispersion at both neutral
and high pH (Figure S13, Supporting Information).

Cryogenic transmission electron microscopy (cryo-TEM)
showed that nanoparticles synthesized in the presence of
copolypeptides with higher E content at pH 10 formed disor-
dered aggregates in which many small superparamagnetic
particles clustered around the few ferrimagnetic crystals pre-
sent in the sample (Figure 5d and Figure S14c,d, Supporting
Information). In contrast, for the experiments performed using
high K content copolypeptides (>25 mol%), cryo-TEM showed
that at pH 7, when the ferrimagnetic nanoparticles were
well-dispersible, they aligned in solution to form long chain-like
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Figure 4. Plots of the magnetite nucleation events during slow coprecipitation by NH3 diffusion in the presence of a—i) different EKA copolypeptides
(AA/Fe ratio = 1/10) with resulting crystal size distributions and corresponding TEM images (scale bars are 20 nm), showing delayed nucleation at

higher pH resulting in smaller crystals for higher E contents.

assemblies (Figure 5c¢ and Figure S14a,b, Supporting Informa-
tion). In line with previous reports,/>?! this self-assembly was
attributed to the alignment of the permanent magnetic dipoles
of the ferrimagnetic particles:?*! because the polypeptide addi-
tives sterically hinder the aggregation of the particles, particles
only assemble along the direction of the magnetic dipole, while
bare particles are susceptible to uncontrolled aggregation. In
turn, the observed assembly of ferrimagnetic crystals into ani-
sotropic structures may affect their collective magnetic proper-
ties in aqueous dispersion. Unfortunately, we cannot address
this point unambiguously based on the current VSM data
(Figure 3b,c), which were carried out in a gel medium to fixate
the magnetite and allow quantification of remnant magnetiza-
tion and coercivity (see the Supporting Information).

However, consecutive SAED analysis of all crystals in such
chains demonstrated that their crystallographic alignment was
not perfect, indicating that the magnetic dipoles were not solely
aligned along one specific crystallographic direction, which
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often is the <111> magnetic easy axis in the magnetosome
chains of magnetotactic bacterial?”! (see Figure S15 and the dis-
cussion in the Supporting Information for more information).

3. Conclusion

Our present results show that the slow coprecipitation of mag-
netite through a ferrihydrite/Fe®™ precursor in mildly alka-
line aqueous medium using a NH; diffusion procedure allows
manipulation of the nucleation and growth of magnetite crystals
through the action of random copolypeptides that, purely based
on their amino acid composition, can mimic some functions of
the often intrinsically disordered biomineralization proteins. Neg-
atively charged amino acids (aspartic acid, glutamic acid), which
stabilize the ferrihydrite/Fe) precursor through charge interac-
tions and thereby act as magnetite nucleation inhibitors that can
control the pH at which it converts to magnetite, were found to
have the most prominent effects. By varying the aspartic acid or
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Figure 5. a,b) Pictures of products of slow coprecipitation by NH; diffusion without additives (Ctrl) and in the presence of different EKA copolypeptides
(AA/Fe ratio = 1/10) after 7 days, showing that a) samples with high K content (>25 mol%) copolypeptides (E10, E31) only disperse well at neutral pH
(pH 7) and b) samples with low K content (<25 mol%) copolypeptides (E48, E76, E100) only disperse well at high pH (pH 10). The control sample
without additives is never dispersible. ¢,d) Typical cryo-TEM images of products of slow coprecipitation by NH; diffusion in the presence of ¢) E10 and
d) E76 (AA/Fe ratio = 1/10), showing that ferrimagnetic crystals align in solution to form chain-like assemblies and superparamagnetic crystals form
disordered aggregates around the few ferrimagnetic crystals present. The insets show higher magnifications.

glutamic acid content of the copolypeptides it therefore was pos-
sible to systematically regulate the size and shape and thereby the
magnetic properties of the crystals, unlike earlier studies where
negatively charged proteins completely inhibited magnetite
formation.?!l Further, since the polypeptide additives become
immobilized on the surface of the crystals, manipulating the
pH allowed for dispersion/precipitation of the crystals through
the protonation/deprotonation of lysine residues, while neutral
serine residues did not significantly enhance the dispersibility.
Depending on their size and thus their magnetic properties, in
such colloidally stable dispersions the crystals self-organized
in chain-like assemblies (for >20 nm, ferrimagnetic crystals) or
random aggregates (for <20 nm, superparamagnetic crystals).

Although our data currently only demonstrate a nonspecific
reduction of the crystal dimensions, they still may bear sig-
nificant implications for future efforts in achieving biomimetic
formation and colloidal stabilization of magnetite-based nano-
materials with controlled morphologies and properties using
synthetic designer molecules and templates.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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