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Biomimetic Approach for Sustainable Magnetite
Nanoparticle Synthesis Using Polycations

Lucas Kuhrts,* Sylvain Prévost, Ernesto Scoppola, Ann-Marie Hirt, and Damien Faivre*

Magnetotactic bacteria produce magnetite nanoparticles called
magnetosomes at ambient conditions via a protein-stabilized transient
amorphous precursor to obtain precise control over particle size and
morphology. In a bioinspired approach, such biomineralization processes are
emulated, mimicking proteins involved in magnetosome formation using the
positively charged analog poly-L-arginine. While the additive is expensive, it
remains elusive whether the change in magnetite formation mechanism
arises solely from the polymer’s cationic nature. This study uses different
mass-produced and sustainably sourced polycations to induce the
biomineralization-reminiscent formation of magnetite nanoparticles. These
findings present how to achieve control over nanopatrticle size (from 10 to 159
nm) and morphology (compact and sub-structured) as well as magnetic
properties (superparamagnetic, stable-single-domain, vortex state) at ambient
temperature and pressure using these additives. Furthermore, the formation
of large nanoparticles with the addition of poly(diallyldimethylammonium
chloride) (PDADMAC) at low alkalinity highlights how magnetotactic bacteria
may produce magnetite nanoparticles under similar conditions. Confirming

1. Introduction

Magnetite (Fe;0,), the naturally most
abundant magnetic iron ore, is encoun-
tered in geologic and biomineralizing
systems, as well as in various man-made
applications.['?] Tailoring magnetite mag-
netic properties is achieved by synthetically
controlling nanoparticles’ shape, texture,
organization, purity,>>! and most impor-
tantly its dimension. Magnetite nanopar-
ticles exhibit superparamagnetism below
and ferrimagnetic properties above the size
threshold of 20 nm.[®”] Thus, rationally
designing the size of the nanoparticles
will permit a fine-tuning of their prop-
erties toward their versatile applications
ranging from water purification,®l ink
materials,”) magnetic data storage,!1”)
or ferrofluids(') to biomedical applica-
tion such as contrast agents in magnetic

the polycations’ ability to electrostatic stabilize amorphous ferrihydrite, it is
anticipated that parametric in vitro studies on polymer properties will provide
valuable insights into magnetite biomineralization and aid in rationally

designing magnetic nanomaterials.
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resonance imaging (MRI) and in hyper-
thermia therapy in cancer treatment.['213]
While hot-injection methods using or-
ganic solvents and additives have set a
benchmark in magnetite nanoparticle size
control,**3] achieving similar control is
notoriously difficult outside unsustainable
conditions.['®]  Aqueous routes such as
the coprecipitation technique of ferrous and ferric iron at in-
creased alkalinity, the industrially most relevant process for the
production of magnetite, only produce agglomerated, polydis-
perse particles.[>1718]

Biomineralization’s distinguishing characteristic is the abil-
ity to nucleate crystals of complex shape in an aqueous envi-
ronment at ambient conditions by employing transient amor-
phous precursors.['22] These precursors are kinetically favored
over their thermodynamically more stable final crystalline phase
and transform to such, via densification and dehydration in a
cascade-like fashion.!?s] The kinetics of these transformations
are highly dependent on the presence of macromolecular and/or
ionic additives, giving the possibility to alter the crystallization
energy landscape to influence product morphology, size, and
texture.2*28] Naturally occurring magnetite is formed by a num-
ber of species including bees, migratory birds, and fish for its
magnetic properties,!?”] while others produce magnetite for its
superior hardness.3%! The latter is exploited by chitons, a marine
mollusk that feeds off rock-attached algae, which control mag-
netite formation via ferrihydrite using acidic macromolecules.3!!
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Figure 1. Strong polycations used in this study with corresponding molecular mass per positive charge. Guanidino group (green) is positively charged
at all pH values investigated in this study, while quaternary amines (blue) are positively charged at any pH.

Most prominently, magnetotactic bacteria form ferrimagnetic
magnetite nanoparticles of precisely defined size and shape,
unmatched by present synthetic protocols, from disordered
ferrihydrite-like ferritin at ambient conditions.??) Mimicking
such processes in vitro, to achieve similar sophistication in mag-
netite formation as showcased in biomineralizing systems, has
been the objective of numerous recent publications.[16:33-35]
Alternative bioinspired magnetite synthesis focused on the
addition of proteins,*>3® and other charged macromolecules,
using classical coprecipitation reactions, as well as ammo-
nia diffusion coprecipitation and partial oxidation of ferrous
hydroxides.?*33°] An approach close to the natural system
is the formation of magnetite nanoparticles using magnetite
biomineralization-associated proteins,*®! recombinantly pro-
duced in E. coli and consequently added to the synthesis of mag-
netite, resulting, e.g., in an increase in particle size and a change
of nanoparticle morphology.[***°! For the larger-scale production
of such nanoparticles, the applicability of proteins is hampered
Dby their time-consuming and costly synthesis, concomitant with
a low material yield. We thus extended the protein-based strat-
egy to the use of an homopolyelectrolyte as a synthetic protein
analog: poly-L-arginine.[*!] By using this positively charged poly-
cation, the control over size, size distribution, morphology, and
colloidal stability was significantly improved.[*>*] Furthermore,
this was considered to be a direct result of a biomineralization-
resembling formation mechanism induced by the addition of
poly-L-arginine.?8] However, it remains elusive whether comple-
mentary reaction pathways inducing similarly advanced control
on nanoparticle morphology can be achieved by the addition of
generic polycations. Here, we present the effect of strong poly-
cations (Figure 1) — charged independently of pH — on the
co-precipitation of ferrous and ferric chloride at alkaline condi-
tions. Whereas previous research relied on the use of difficult-to-
synthesize proteins and rather expensive protein analogs in the
production of magnetite nanoparticles, we strive to increase the
sustainability and economics of the synthesis by the addition of
inexpensive polycations or positively charged sugar-based poly-
mers from renewable sources. Therefore, quaternized chitosan,
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sourced from shrimp waste, and JR-400, an industrially, metric
tons-scale produced cellulose-based polycation, which is used in
shampoos and lotions, andPDADMAC, a laboratory abundant
and inexpensive strong polycation, are tested as additives in the
synthesis of magnetite nanoparticles. We show that all the tested
polycations induce a similar crystallization pathway in magnetite
as the one induced by poly-L-arginine resembling that of mag-
netite biomineralization. This enables us to obtain excellent con-
trol over nanoparticle size, morphology, and magnetic properties,
using sustainably sourced polycations.

2. Results

Magnetite nanoparticles were co-precipitated from 0.1 M ferrous
(Fe?*) and ferric (Fe**) chloride solution (molar ratio 1:2) in aque-
ous sodium hydroxide, corresponding to the protocol used by
Kuhrts et al.*?] We used a computer-controlled setup that reg-
ulates the flux of the iron solution at 1 pL min~!, while a pH-
electrode-connected titration device kept a constant pH. Mag-
netite nanoparticles were grown for 2 h at pH 9, 10, and 11 in
the presence of 0.1 mg mL~! poly-L-arginine as a reference,*?!
and compared to nanoparticles grown under the same conditions
with strong polycations quaternized chitosan (chitosan), polydi-
allyldimethylammonium chloride (PDADMAC), or quaternized
cellulose (JR-400) as additives. The formed magnetite nanoparti-
cles were imaged using transmission electron microscopy (TEM)
shown in Figure 2 to determine nanoparticle morphology. While
nanoparticles prepared in the presence of poly-L-arginine, JR-
400, and chitosan appear as compact single-crystals at pH 9 and
10, at pH 11 a sub-structuring arises under retention of their
single-crystalline nature evident from the Fast Fourier Transform
(FFT) of corresponding high resolution (HR)TEM images (im-
ages left of low magnification pH 11 nanoparticles in Figure 2).
However, this change in morphology at pH 11 is not observed for
nanoparticles prepared in the presence of PDADMAC, which re-
main compact nanoparticles for all pH values tested. Comparing
magnetite nanoparticles prepared in the presence of all polyca-
tionic additives to the coarse-grained control nanoparticles (see
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Figure 2. TEM micrographs of magnetite nanoparticles prepared in the presence of poly-L-arginine, quaternized chitosan, JR-400, and PDADMAC (top
to bottom) at pH 9, 10, and 11 (left to right). High-resolution contrast-inverted HAADF STEM for poly-L-arginine and high-resolution TEM micrographs
for nanoparticles prepared at pH 11 with corresponding FFTs are shown to the right of the low-magnification images. A clear sub-structuring with
retention of single-crystallinity, as indicated by the FFTs, is visible for particles prepared in the presence of poly-L-arginine, chitosan, and JR-400, while
solid, single-crystalline particles are obtained in the presence of PDADMAC at pH 11. Particle sizes obtained from Scherrer analysis of the (311) PXRD
reflections for all pH are given in the right column with error bars calculated from experimental triplicates. Sizes calculated for TEM represent particle
size distribution within a population of at least 150 nanoparticles measured in one sample. The upper and lower borders of the box represent the upper

and lower quartile, respectively. Scale bar for low magnification TEM is 100 nm and for high magnification TEM 10 nm.

Figure S1, Supporting Information), it is evident that the addi-
tion of strong polycations induces the formation of well shape-
defined globular nanoparticles. Furthermore, the colloidal sta-
bility of the nanoparticles is drastically increased due to the ad-
sorption of polycations, inducing electrostatic (zeta potential = 29
mV) and steric stabilization and preventing nanoparticle aggre-
gation across all sizes produced here (see Figure S2, Supporting
Information).

Average nanoparticle sizes from synthesis triplicates, shown
in Figure 2 and summarized in Table 1, are determined from
synchrotron powder X-ray diffraction (PXRD) using the Scher-
rer equation!*!l on the peak broadening of the (220), (311), (400),
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(422), (511), and (440) magnetite reflection (see Figures S3-S7,
Supporting Information). As there is no significant deviation of
nanoparticle sizes calculated within the ensemble of reflection,
we use the nanoparticle sizes calculated from the most intense
magnetite (311) reflection, to represent the distribution of parti-
cle sizes obtained in triplicated synthesis. At increased alkalinity,
larger nanoparticles form with sizes ranging from 10 to 25 nm
for poly-L-arginine and from 12 to 23 nm for quaternized chi-
tosan and JR-400. PDADMAC does not exhibit a direct propor-
tionality of nanoparticle size with pH, resulting in nanoparticle
sizes of 20, 18, and 23 nm for pH 9, 10, and 11, respectively.
Most importantly, unlike additive-free magnetite nanoparticles

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 1. Mean particles diameters at different pH analyzed by TEM and
XRPD.

Polymer pH Syn.Time Dygpp Drem He a lattice distance
th] [nm] [nm] [mT] [A] [%]
poly-L-arginine 9 2 10+£14 9+19 - 8.353(6) -0.45
10 2 16+04 18+13 - 8376(7) -0.24
11 2 24+05 32+19 69 8.376(7) -0.23
chitosan 9 2 11+08 10+2 - 8.359(5) -0.43
10 2 18+£24 16426 - 8371(3) -0.29
11 2 19+08 27+6.1 0.1 8.357(7) -0.46
JR-400 9 2 16+15 10+39 - 8.376(6) -0.23
10 2 17+1.7 21+41 - 8376(3) -0.24
11 2 21+18 27+52 119 8.382(2) -0.17
PDADMAC 9 2 18+15 18+3.6 - 8.358(6) -0.26
10 2 15+23 15+25 - 8376(3) -0.34
11 2 18+0.8 22+4.1 3.2 8.376(7) -0.23
poly-L-arginine 11 24 407 102+15 16.4 8.407(6) +0.13
chitosan 11 24 322 85+22 16.0 8.410(7) +0.16
JR-400 1 24 20 88+30 25.6 8.401(1) +0.05
PDADMAC 11 24 27.5 59+7 33.8 8.391(4) -0.06

Particles size distributions from TEM were calculated from single particles in an en-
semble of at least 150 particles, while for XRPD mean particle sizes were calculated
from triplicates. Vibrating sample magnetometry (VSM) was used to calculate co-
ercivities (H¢) for selected samples. Lattice parameter a = b = ¢ of the magnetite
cubic crystal lattice are determined from averaging lattice constants calculated for
(220), (317), (400), (422), (511), and (440) magnetite reflection and lattice distor-
tions calculated in percent using the lattice spacing of 8.3965 A of compositionally
pure magnetite. Errors for size determination are calculated from the standard devia-
tion of the Gauss distribution, while errors given in parenthesis indicate uncertainties
in the measurement.

(see Figure S1D, Supporting Information), we find an inversion
of the final nanoparticle size as a function of pH. While pure mag-
netite nanoparticles exhibit smaller sizes with an increased pH,
the opposite is observed upon the addition of polycations, where
the final nanoparticle sizes increase with pH. The full PXRD pat-
terns, shown in Figures S3-S6 (Supporting Information), can be
indexed according to the inverse spinel structure of magnetite.
From the peak position of the reflection (311), we calculate the
lattice parameter a = b = c of the cubic system, shown in Table 1,
ranging from a minimum d,;, -spacing of 8.3688 A(0.33% lattice
compression) to a maximum of 8.3795 A(0.2% lattice compres-
sion) indicating slight surface oxidation in all samples common
to nanoscopic magnetite, resulting in a decrease in the lattice pa-
rameter from compositionally pure magnetite (8.3965 A).

We confirm the nanoparticle size trend in dependence of
synthesis pH observed in PXRD using nanoparticle size analy-
sis based on TEM images of at least 150 nanoparticles, giving
nanoparticle sizes ranging from 9 + 2 to 33 + 2 nm for poly-L-
arginine, 10 + 2 to 27 + 5 nm for quaternized chitosan, 10 +
4 to 28 + 6 nm for JR-400, and from 18 + 3 to 23 + 4 nm for
PDADMAC (see Figure S16, Supporting Information). From a
linear fit of the particle size dependence on pH, we obtain 12.5
nm pH™ for poly-L-arginine, around 8.5 nm pH™! for JR-400 and
chitosan, while nanoparticles formed in the presence of PDAD-
MAC do not show a clear linear pH dependence. Using TEM
further allows for the determination of the intrinsic size distri-
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bution of a population in one sample shown in Figure 2, sum-
marized in Table 1, indicating a narrow size distribution for all
polycations tested, compared to the additive-free magnetite sam-
ple (see Figure S1, Supporting Information), whose large intrin-
sic size distribution can only qualitatively determined, due to a
strong agglomeration and overlap of the nanoparticles. The de-
viation from nanoparticle sizes when comparing XRD and TEM,
especially from nanoparticles prepared at pH 11, can arise from
the occasionally observed twinning (see Figure S17, Support-
ing Information) in some magnetite nanoparticles. These twins
are crystallographically not coherent and appear as two separate
nanoparticles in XRD, while in TEM they appear as one solid
nanoparticle.

Our previous study!?®! demonstrated that the growth of mag-
netite nanoparticles in the presence of poly-L-arginine is inter-
rupted when reaching a chloride concentration of 10 mM re-
leased in the reaction of FeCl, and FeCl, screening the charges of
poly-L-arginine and depressing the interaction with the growing
magnetite. This poisoning effect of chloride can be overcome by
increasing the reaction volume to 60 mL and keeping the addi-
tion rate of iron at 1 pL min~!. This increases the growth time
until the threshold chloride concentration reaches 24 h. Testing
this approach at pH 11 for the presented polycations, we obtain
magnetite nanoparticles with maximum sizes of up to 107 nm for
poly -L -arginine, 112 nm for chitosan, 159 nm for JR-400, and
84 nm for PDADMAC, shown in TEM images in Figure 3. For
these large nanoparticles, the morphology is even better visible,
observing sub-structured, spherical nanoparticles with a rough
interface in the case of poly-L-arginine, chitosan, and JR-400. In
contrast, for PDADMAC solid, faceted nanoparticles are obtained
likely exhibiting a cuboctahedral 3D shape with a triangular (111)
face within the image plane. All nanoparticles show selected area
electron diffraction of single crystals independent of the mor-
phology of the nanoparticle (Figure 3). Using PXRD, we calculate
average lattice parameter from the peak positions of the (220),
(311), (400), (422), (511), and (440) magnetite reflection for the
large nanoparticles, which lie consistently above the lattice pa-
rameters reported for nanoparticles grown for 2 h (see Figure SI
10, Supporting Information). Whereas the latter nanoparticles
show d;4¢-spacings of 8.3688 — 8.3795A, the large nanoparti-
cles exhibit lattice spacings of 8.4071 A (0.13% lattice expansion)
for poly-L-arginine, 8.4104 A (0.16% lattice expansion) for chi-
tosan, 8.4013 A (0.05% lattice expansion) for JR-400, and 8.391
A (0.06% lattice compression) for PDADMAC indicating a lower
relative contribution of an oxide surface layer, consistent with a
lower surface to volume ratio of large nanoparticles.[*’] The lat-
tice expansion for poly-L-arginine, JR-400, and chitosan may arise
from physical gaps within the sub-structured “single-crystalline”
nanoparticles or indicate incorporation of the organic polymer
into the crystal lattice of magnetite, which can result in crystal
lattice expansion.[*®*’] Our ability to grow such large nanopar-
ticles provides further evidence for the previously reported?!
monomer attachment mechanism by which magnetite grows in
the presence of polycations so that a quasi-infinite nanoparticle
growth can be achieved.

The reminiscence of the poly-L-arginine-based formation
mechanism to what is observed in magnetotactic bacteria was
elucidated based on the growth mechanism determined from
smallangle X-ray scattering (SAXS) measurements in situ.[?8)

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. TEM micrographs of magnetite nanoparticles grown in the presence of different polycations for 24 h at pH 11. Corresponding selected area
electron diffraction patterns, indexed according to the spinel crystal structure of magnetite are shown, indicating single-crystallinity for all nanoparticles.
The difference between sub-structured nanoparticles grown in the presence of poly-L-arginine, chitosan, and JR-400 and solid nanoparticles grown in

the presence of PDADMAC is well visible. Scale bars 50 nm.

Analogously to the in situ SAXS measurements, we determined
the magnetite growth mechanism in the presence of selected
polycations using PXRD, taking hourly aliquots during nanopar-
ticle synthesis using the adapted protocol for extended growth.
Nanoparticle sizes were calculated from the average sizes ob-
tained from the (220), (311), (400), (422), (511), and (440) reflec-
tion using the Scherrer equation for selected pHs and polyca-
tions shown in Figure 4. We fitted the nanoparticle growth using

251
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Figure 4. Time-dependent nanoparticle sizes at different pH for all polyca-
tions at selected pH obtained from PXRD. Error bars were calculated from
standard deviation of the mean of nanoparticle sizes obtained from the
(220), (317), (400), (422), (517), and (440) reflection. The growth expo-
nent (a = 4.2) was globally fitted to the growth of magnetite nanoparticles
in the presence of JR-400, chitosan, and PDADMAC at pH 9. PDADMAC
grown at pH 10 deviated, exhibiting a growth exponent of 2.6. All growth
exponents thus lie above the growth exponent for additive-free magnetite
(a = 1)1"7] similar to what is observed for poly-L-arginine (a = 2.6).128]
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a generic growth law as R(t) = kt:, where a is the growth expo-
nent, indicative of the nanoparticle formation mechanism and k
the growth rate. From a global fitting of the growth exponent for
JR-400 and chitosan, we obtain « of 4.2, while magnetite nanopar-
ticles obtained in the presence of PDADMAC at pH 10 deviate
exhibiting a growth exponent of 2.6. These values lie above the
growth exponent found for pure magnetite (« = 1)*!l indicating
a slowing-down of the reaction mechanism upon addition of the
polycations, similar to what was observed for poly-L-arginine (a
= 2.6) further underlining the generality of magnetite formation
in the presence of polycations compared to additive-free mag-
netite. Using vibrating sample magnetometry (VSM) the mag-
netic response to an externally applied magnetic field of mag-
netite nanoparticles grown for 2 h at pH 11 in the presence of
different polymers is determined. Figure 5A shows an open hys-
teresis loop for all samples, except chitosan, indicating the pres-
ence of stable single domain (SSD) nanoparticles (H->0) with
coercivities of 11.9 mT for JR-400, 6.9 mT for poly-L-arginine,
and 3.2 mT for PDADMAC. The chitosan sample shows a wasp-
waisted loop, suggesting the additional presence of nanoparti-
cles with a diameter smaller than 22 nm giving a superparamag-
netic (SP) response (H = 0) and nanoparticles with a coercivity
of 1.3 mT.

For large nanoparticles grown for 24 h, the magnetic response
is more complex due to a broader size distribution. We thus de-
termine the magnetic properties from first-order reversal curves
(FORC) to obtain a more detailed characterization of the mag-
netic interactions and domain behavior in the samples. The
FORC diagrams, shown in Figure 5B-E, depicting the coercivity
field (B) along the abscissa and the magnetic interaction field
(By) along the ordinate, show three features inherent to all sam-
ples. N.B., B.. relates to the coercivity spectrum of the magnetic
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Figure 5. A) Magnetic hysteresis loops determined from VSM measurements for magnetite nanoparticles prepared at pH 11 in the presence of different
polycations. B-E) FORC measurements of large magnetite nanoparticles grown for 24 h in the presence of JR-400 (B), chitosan (C), poly-L-arginine (D),

and PDADMAC (E).

nanoparticles and is a measure of the spectrum of fields due to
magnetostatic interaction between particles (see Supporting In-
formation). The first feature is a weak density patch confined to
the origin of the FORC diagram. It arises from very fine parti-
cles in the SP size range. Although seen in all samples its most
substantial contribution is found in poly-L-arginine and PDAD-
MAC, as seen in the reversible component of the magnetization
in Figure S18 (Supporting Information). Note that this feature is
also displaced above the origin in these two samples, as would be
expected for SP nanoparticles.[*®! The second feature constitutes
a central ridge with a coercivity spectrum between

20 and 70 mT with a narrow spread with respect to the in-
teraction field (By), indicative of non-interacting stable single
domain.[*! The existence of SSD magnetite is further supported
by backfield demagnetization with an average remanent coerciv-
ity of ca. 32 mT (Figure S19, Supporting Information). Note that
poly-L-arginine and PDADMAC show broader remanent coerciv-
ity distributions compared to the other two samples. The third
feature is seen as a broad density patch with a coercivity spec-
trum between ca. 15 and 50 mT and an interaction field of +30
mT. This feature can either arise from the larger particles that
exceed the SSD size range (> 75 nm) or from the clustering of
SSD particles.>®! The broad distribution of interaction fields is
an expression of nucleation and annihilation fields associated
with magnetic vortex states. In the case of PDADMAC is seen
as two distinct lobes (Figure 5E), which may reflect the com-
pact structure compared to the sub-structure of the other sam-
ples. To summarize, it has been demonstrated that all polycations
can be utilized for the growth of magnetite nanoparticles, which
possess both superparamagnetic and stable single-domain mag-
netic properties, and some exhibit magnetic vortex structures.
The combination of stable single-domain magnetite nanoparti-

Adv. Funct. Mater. 2024, 34, 2311856 2311856 (6 0f9)

cles and their colloidal stability is advantageous for drug-delivery
applications, where cargo can furthermore be linked to func-
tional groups introduced in the polycation.

3. Discussion

This manuscript aims to show that the strong polycations chi-
tosan, JR-400, and PDADMAC have a similar effect on the for-
mation of magnetite nanoparticles as the well-studied poly-L-
arginine.[*!*?] We previously demonstrated that the addition of
poly-L-arginine to the coprecipitation of ferrous and ferric chlo-
ride stabilizes amorphous ferrihydrite nanoclusters with a size of
6 nm from which magnetite nanoparticles form through a kineti-
cally controlled monomer addition mechanism.!?®] This stabiliza-
tion, reminiscent of formation pathways of biogenic magnetite,
resulted in excellent control over nanoparticle size and shape at
ambient conditions. Such improved control, compared to pure
magnetite nanoparticles, is likewise achieved through the addi-
tion of all polycations tested here.

The first obvious effect of poly-L-arginine on magnetite forma-
tion is an inversion of the pH dependence of the nanoparticle
size. While magnetite nanoparticles in the absence of additives
grow progressively slower at increased alkalinity, the opposite is
observed when polycations are present: nanoparticles grow faster
at increased pH. This inversion of nanoparticle growth kinetics
compared to pure magnetite highlights the polycation’s strong
influence on the magnetite formation mechanism. Indeed, this
effect of pH-dependent nanoparticle size is observed for all poly-
cations tested. It is a direct result of the above-mentioned sta-
bilization of a nanoscopic ferrihydrite precursor from which
the magnetite nanoparticles grow via monomer attachment.
The attachment reaction follows a base-catalyzed condensation
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(oxolation) reaction between the ferrihydrite precursor and the
growing magnetite, resulting in an acceleration of the kinetically
controlled growth with increasing pH. This stands in contrast to
pure magnetite, which exhibits slower growth at increased pH
due to a lowering of the magnetite-water surface tension, which
favors the formation of smaller magnetite nanoparticles.[64251:52]
The observed effect on the dependence of pH on nanoparticle
size strongly suggests that magnetite nanoparticles grow by a
similar formation mechanism in the presence of polycations. We
draw a further analogy in the formation mechanism from the
change in nanoparticle morphology, observing solid nanoparti-
cles at pH 9 and 10 and sub-structured single crystals at pH
11. The formation of the latter can be explained by the inter-
action of the amorphous ferrihydrite precursors with the grow-
ing magnetite nanoparticles: On the increase of the pH, the sur-
faces of magnetite and ferrihydrite become more negative due to
the deprotonation of hydroxyl groups. This leads to an increase
in the magnetite/ferrihydrite surface tension, and thus a dewet-
ting of the precursor nanoparticles from the magnetite surface.
Due to a fast crystallization of ferrihydrite to magnetite at pH 11,
the precursor particles crystallize to magnetite before they can
sufficiently cover the nanoparticle surface, resulting in a “freez-
ing” of these thermodynamically unfavored structures. In com-
bination with the predicted homoepitaxial crystallization of ferri-
hydrite onto magnetite, we explain the observed sub-structured
but single-crystalline magnetite nanoparticle morphology. Such
a rare morphology, observed for poly-L-arginine and sugar-based
polycations, further indicates a commonality of the effect of poly-
cations on magnetite formation.

Further evidence for a common formation mechanism for the
polycations tested can be drawn from their growth exponents, a,
determined by PXRD (Figure 4 and Figures S11-S15, Support-
ing Information). While pure magnetite exhibits a growth expo-
nent of 1, it increases to 2.6 in the case of poly-L-arginine. This
increase, corresponding to a slower growth mechanism, is ob-
served similarly for other polycations that exhibit growth expo-
nents of @ = 4.2. Such a “slowing down” in the growth mecha-
nism in combination with the observed change in nanoparticle
morphology and the dependence on precipitation pH strongly
suggests a consistent influence of all polycations on the forma-
tion of magnetite. We thus predict that all exhibit the same effect
as poly-L-arginine, in that they electrostatically stabilize a tran-
sient amorphous ferrihydrite precursor and thus alter the ener-
getic landscape of the formation of magnetite in as is only ob-
served in this sample similar fashion.

We demonstrate above how morphology and size are con-
trolled by the precipitation pH. In the following, we discuss a
difference in nanoparticle size as a difference in formation ki-
netics, since we could show above that larger nanoparticles are
formed through faster growth kinetics. While the pH has a well-
established effect on the formation kinetics, further control is ex-
erted through the choice of polymer and polymer properties to
increase the versatility of the outcome of the synthesis. The in-
fluence of the polycations can be thus inferred from their effect
on nanoparticle size as a function of pH, varying from poly-L-
arginine (12.5 nm pH™) to the sugar-based polycations chitosan
and JR-400 (8.5 nm pH™!). PDADMAC, as an exception, does not
exhibit a linear dependency of nanoparticle size with pH suggest-
ing that the presence of PDADMAC suppresses the effect of pH.
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This likely arises from the strength of the interaction of the poly-
cation with the negatively charged ferrihydrite precursor. In view
of the fact that the polycation adsorbed to ferrihydrite is likely
not fully integrated into the magnetite crystal lattice, its neces-
sary desorption will influence the kinetics of nanoparticle growth.
A slower formation kinetics can thus be deduced from stronger
adsorption of the polycations onto the negatively charged precur-
sors, explaining the observed decrease in nanoparticle size de-
pendence on pH (poly-L-arginine < chitosan ~ JR-400 < PDAD-
MAC). The strong effect, in the case of PDADMAC, can explain
the formation of compact nanoparticles, showing no sign of sub-
structuring even at pH 11. The slower formation kinetics may
give sufficient time for the amorphous precursors to interact with
the magnetite surface. Thus, instead of “freezing” the reaction
in a thermodynamically unfavoured morphology during crystal-
lization, as observed for the other polycations, the presence of
PDADMAC induces enough time for the formation of thermo-
dynamically favored, solid nanoparticles.

The proposed difference in desorption strength can arise from
a variety of difficult-to-entangle structural polymer properties
such as intrinsic and electrostatic persistence length, charge den-
sity, conformational freedom (and existence) of charged side
chains, and the polycation’s tendency to condense counter-ions.
The quantification of the concerted effect of these parameters on
the polymer desorption from ferrihydrite, especially due to its
nanoscale curvature, is challenging. Furthermore, the presence
of oxygen in all polycations, except for PDADMAC, will have an
additional effect, as it is assumed to interact with ferrihydrite. In
turn, we can show that a pure polycation, without further func-
tional groups as in the case of PDADMAG, is sufficient to induce
biomineralization-reminiscent pathways in magnetite. The sur-
prising ability to obtain large nanoparticles even at pH 9 in the
case of PDADMAC highlights how magnetite growth can be ac-
celerated by tuning polycation parameters even at only mildly al-
kaline conditions, where growth kinetics is expected to be very
slow. Such faster growth may indicate how polymer properties
can accelerate growth kinetics and may offer an approach to un-
derstanding the growth of large magnetosomes in magnetotactic
bacteria at very low alkalinity. Our research thus highlights the
necessity to further study the effect of polycations in a parame-
terized approach on the formation of magnetite nanoparticles to
understand how crystal growth pathways can be guided by merely
changing the composition of the organics involved in the process
of biomineralization.

4, Conclusion

In conclusion, we demonstrate how exceptional control over
size, size distribution, and dispersibility of magnetite nanopar-
ticles is obtained under ambient conditions by adding strong,
pH-independently charged polycations. While the presented re-
search is inspired by the formation of magnetite nanoparti-
cles in magnetotactic bacteria, and biomimetic approaches for
magnetite formation have employed expensive and difficult-to-
synthesize proteins(®*! and proteins analogues!*!) limiting scal-
ability, we demonstrate how biomineralization-reminiscent for-
mation pathways can be induced by simple, inexpensive and
high yield commercial polycations. We used PDADMAC, a com-
monly used and simple polycation, as well as sugar-based
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polycations, which are sustainably produced from natural
resources like shrimp waste (chitosan), or cellulose, which is pro-
duced at metric ton scale (under the name JR-400), to obtain im-
proved control over magnetite synthesis under ambient, sustain-
able conditions. The observed pH-dependent nanoparticle size
and morphology, as well as the growth behavior of polycation-
containing magnetite nanoparticles, can be compared to the well-
understood formation mechanism of magnetite in the presence
of another polycation: poly-L-arginine. We can thus generalize
that the addition induces the kinetic stabilization of an amor-
phous ferrihydrite precursor, resembling the formation of mag-
netite in magnetotactic bacteria. We further show that the pos-
sible incorporation of the organic polymer into the inorganic
magnetite crystal lattice can alter the magnetic properties of the
nanoparticles. The observed deviations for PDADMAC from the
reference system containing poly-L-arginine further emphasize
the effect of polycation properties including effective charge den-
sity and persistence length. A more consistent study of these
parameters will advance our current tools for designing syn-
thetic nanoparticles and further our understanding of the effect
of macromolecules in the biomineralization of magnetite.
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