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Understanding the biomineralization pathways in living biological species is a grand challenge owing to
the difficulties in monitoring the mineralization process at sub-nanometer scales. Here, we monitored the
nucleation and growth of magnetosome nanoparticles in bacteria and in real time using a transmission
electron microscope (TEM). To enable biomineralization within the bacteria, we subcultured magnetotac-
tic bacteria grown in iron-depleted medium and then mixed them with iron-rich medium within graphene
liquid cells (GLCs) right before imaging the bacteria under the microscope. Using in situ electron energy
loss spectroscopy (EELS), the oxidation state of iron in the biomineralized magnetosome was analysed to
be magnetite with trace amount of hematite. The increase of mass density of biomineralized magneto-
somes as a function of incubation time indicated that the bacteria maintained their functionality during
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the in situ TEM imaging. Our results underpin that GLCs enables a new platform to observe biomineraliza-
tion events in living biological species at unprecedented spatial resolution. Understanding the biominerali-
zation processes in living organisms facilitates the design of biomimetic materials, and will enable a para-
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Introduction

Biomineralization is the formation of minerals in living organ-
isms." Properties of these biominerals are suitable for major
medical and physical applications, which have motivated
researches to biomimick these minerals.” Biomineralization
has been reported to occur during the nucleation and growth
of crystals, for instance, in ferritins,® calcium carbonates,’
calcium phosphates® and magnetosomes.® Magnetosomes in
the fully mature stage are magnetic magnetites, Fe;O,."
Magnetotactic bacteria are known to biomineralize magneto-
somes. Due to the presence of these in vivo biomineralized
magnetic particles in the cytoplasm, these bacteria align with
respect to the geomagnetic field on Earth." Magnetic nano-
particles are very important for their potential uses in both
medical and physical sciences. Specifically, they can be used
in medical sciences as drug delivery agents,” contrast enhan-
cing tools in magnetic resonance imaging (MRI),® and bio-
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digm shift in understanding the evolution of biological species.

markers for viruses,’ bacteria’® and cancer'' and furthermore,
in physical sciences for ferrofludics,"> high density data
storage'® and spintronics.'* Since the yield of in vivo biominer-
alized bacterial magnetosome is low for industrial appli-
cations, in vitro synthesis methods have to be developed to
result in higher magnetosome yield while reaching the same
material properties of in vivo biomineralized magnetosomes,
such as chemical composition, magnetism and uniform size."
This makes understanding the in vivo magnetosome biominer-
alization of paramount importance.

To understand magnetosome biomineralization, several
groups reported subculturing of iron deplete bacteria with iron
replete medium, and observed the nucleation and growth of
magnetosomes via time-resolved conventional transmission
electron microscopy (TEM) imaging of the newly formed mag-
netosomes.®'®'” Baumgartner et al. reported that magnetite
formation happens through the formation of highly disordered
phosphate-rich ferric hydroxide, then its conversion into ferric
(oxyhydr)oxide, and finally the formation of magnetite.'®
Staniland et al. described the formation of transient hematite
and was able to observe magnetite formation after 15 minutes
of iron induction through TEM and X-ray absorption spec-
troscopy (XAS) analyses."” Using time-resolved imaging and
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chemical analysis in TEM, Firlar et al.® reported the presence
of amorphous ferric hydroxide when magnetosomes were
smaller than 10 nm, followed by partial crystallization with 2
line ferrihydrite in particles with diameter in the range of
10-15 nm. For particles with sizes larger than 15 nm, fully
magnetite phase was detected. Both Staniland et al. and Firlar
et al. reported the formation of hematite around magnetite as
well.®'” All of these works were carried out by drying the bac-
teria after the desired stage of biomineralization was reached,
thus imaging was executed on the dead bacteria.

In order to observe the biomineralization kinetics in living
species, the bacterial culture needs to be preserved in the
growth medium. Unless preserved cryogenically or as hermeti-
cally sealed via liquid cells, bacteria will be dehydrated in the
TEM column, losing their native properties. Liquid-cell TEM
enclosures using Siz;N, membranes'® and graphene mono-
layers'® have been introduced to enable the visualization of
hydrated dose sensitive samples and allow monitoring of
sample specific dynamics, which is not possible with cryofixa-
tion of the samples. Siz;N, membrane fluid cells involve encap-
sulation of samples between two electron transparent SizN,
membranes.””*! This technology also enables delivering liquid
to the liquid cell chamber during TEM imaging, allowing to
monitor dynamics relevant to reactions taking place due to the
interaction of the host sample in the enclosure with the exter-
nal fluid flow."®*** This technique was also employed by
Woehl et al. to prove that bacteria could remain viable in
TEM.>® However, Si;N, membranes are relatively thick
(15-50 nm), and due to extra bowing in vacuum, the spatial
resolution will be reduced significantly. In addition, their
microfabrication technology is costly and difficult.*® Graphene
liquid cells (GLC), on the other hand, provide hermetic seal to
the samples via wrapping them with two monolayers of gra-
phene with the sample inside.>” Graphene is very strong, bio-
compatible and electron transparent.’®*! Furthermore, gra-
phene scavenges reactive radicals, which form via the radioly-
sis during electron-sample interaction.>> Whole cell imaging
ability of GLCs has been reported by Park et al. by resolving
viruses and cytoskeleton structure of cells.*® Bacillus subtilis
was imaged using GLC-TEM by Mohanty et al."® Furthermore,
crystal structure and chemistry of ferritin proteins were
studied by Wang et al.** In addition, by controlling the elec-
tron beam dose, it was shown that the formation of H, and
other reactants can be controlled in GLCs.**?>

Currently, the abilities of both keeping the cells viable and
having enough resolution to resolve biomineralization events
in sub-nm scale concurrently are missing. Therefore, in this
study we employed the GLC-TEM imaging technique to
monitor the magnetosome biomineralization in magnetotactic
bacteria. To achieve this, we cultured the bacterium in iron
deplete growth medium. Once passed through the log-phase,
induction of iron was carried out by subculturing these bac-
teria with iron replete growth medium. At this stage, Fe*" ions
are internalized by the bacteria and formation of magneto-
somes occur. Right after the initiation of subculturing, an
aliquot from the bacteria culture was encapsulated in GLC
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(Fig. 1a) and the formation and growth of magnetosomes were
monitored in real time using TEM (Fig. 1b-d).*® Encapsulation
of bacterial culture in graphene and preservation of growth
medium surrounding the particle with intact graphene was
verified via low loss electron energy loss spectroscopy (EELS).
Characterization of the mature magnetosomes was carried out
via iron Lj core edge EELS and formation of magnetosomes
were monitored both qualitatively and quantitatively via line
profiles drawn over the magnetosomes in TEM images indicat-
ing the mass-contrast progression through biomineralization.

Experimental
Sample preparation

Magnetosprillum magneticum (ATC 700264) was used during
biomineralization experiments. ATCC Medium 1653 revised
magnetic spirillum growth medium (MSGM) with iron deplete
medium was used to subculture them under microaerobic con-
ditions. After the subculturing of the bacteria, for the induc-
tion experiment, ferric quinate added iron replete MSGM was
used. Right after induction, GLC preparation was carried out.

TEM imaging

1 pl sample was drop cast on 2000 mesh graphene coated
copper grid (Graphene Supermarket, Graphene Laboratories
Inc.) and the secondary graphene coated copper grid was
added onto it forming the graphene encapsulation. TEM
imaging was carried out at 80 kV using JEOL 1220 and Hitachi
HT7700. Image acquisition was carried out via Digital
Micrograph. During video recording and image acquisition,
0.1 (200 e per nm” per frame) and 1 second exposures (2000 e
per nm” per frame) were used, respectively.

HAADF-STEM EELS

EELS analysis was carried out using Hitachi HD 2300 STEM
with Gatan Enfina EELS detector. 3 mm EELS aperture and 0.1
eV per channel energy resolution were used. 159 e nm™> (3 x
107° s beam exposure) and 1.11 x 10° e nm™> (21 s beam
exposure) were used for low loss and Fe L; edges, respectively.
For the L; edge, background removal was carried out with a 30
eV window in Digital Micrograph. 3 channel spectrum smooth-
ing and reference spectra fitting to experimental Fe L; spectra
was carried out in OriginPro 2016. For the analysis of the oxi-
dation state of iron, Fe*" (octahedral), Fe*" (tetrahedral), Fe**
(octahedral) and FeO(OH) were fitted to the spectra and ratio
of Fe** (octahedral)/Fe®" (tetrahedral) + Fe®* (octahedral) was
computed for the determination of the iron oxide type.

Fluorescence imaging

SYTO 9 and propidium iodide (Fisher Scientific Company LLC,
Life Technologies L7007) was used as fluorescence stains for
the investigation of bacterial viability. 0.5 pl bacteria was drop-
cast on glass slide and cover slip was added onto it. It is also
sealed by nail polish to eliminate air flow into the medium.
Fluorescence imaging was carried out using Olympus BX-51.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8nr08647h

Published on 19 December 2018. Downloaded by University of Illinois at Chicago on 12/19/2018 4:18:08 PM.

Nanoscale

cell medium

View Article Online

Paper

ferrihydrite

magnetite

amorphous ferric
oxy(hydroxide)

channel to periplasm

flagellum

cytoplasm
periplasm

MamB and MamM (Fe?*)
MamH and MamZ (Fe3*)

T ;hannel to cytoplasm
MamK

fully biomineralized stage

Fig. 1 (a) Schematic showing in vivo bacterial magnetosome biomineralization phenomenon in a GLC. (b) Endocytosis of iron ions (red color)

through two separate channels: one into the periplasm (purple color-small) and then to the invaginated vesicles,

3738 and the other to the cytoplasm

(purple color-large), which later on goes into the vesicle through iron channels. MamB and MamM proteins control transport of Fe>* and MamH and
MamZ proteins control the transport of Fe®>* from the cytoplasm into the vesicles (pink color).>” MamK is the protein forming filament (black color).
MamJ protein controls attachment of particles onto the chain (white color). (c) Formation of iron oxides in the bacterium. Oxygen in the water
based cell medium diffuses into the bacterium and causes iron oxide mineral formation.>® Progression is illustrated as the particle growth from left
to right in the bacterium. Mms6 proteins control the formation of magnetite crystal in the presence of iron ions (blue color). (d) Fully grown particles

in each vesicle are shown in the final state of biomineralization.

Results and discussion

Comparison of conventional and GLC-TEM imaging of magne-
totactic bacteria are reported in Fig. 2a and b, respectively.
Higher image contrast was reported in the conventionally
imaged bacterium showing crisper details of the magneto-
somes, but the bacterium in that stage is assumed to be dead
due to the nature of the drop casting TEM sample preparation.
Specifically, sample was let dry on the bench-top and then
placed in the TEM chamber, both of which eliminates all
liquid content. Because the bacterium lacks liquid content, it
becomes more tolerant to electron beam induced damage. On
the other hand, the bacterium in GLC enclosure is more resist-
ant to electron beam induced radiation damage than liquid
cells with Si;N, membranes.**?**>%° This is because of the
less thickness of both the support and the surrounding liquid,
causing accumulation of less electron beam induced energy,
and thus less formation of radiation by products upon electron
beam exposure. Furthermore, thicker membranes, under the
same electron dose and voltage cause higher radical yield and
higher rate of secondary radical reactions.*’ When electron
overexposure is applied, the formation of hydrogen molecule

This journal is © The Royal Society of Chemistry 2018

bubbles is observed,*® which is also an indication that the
sample is kept in liquid environment. In this work, approxi-
mately 2000 e nm~> and 200 e nm~> was used for image acqui-
sition and video recording, respectively, which are comparable
to the electron dose used for cryo-TEM imaging.*?

Verification of the intact graphene with entrapped water
was done by carrying out low loss EELS. This analysis shows
the presence of graphene optical gap at 6 eV, water exciton
peak at 8.5 eV and graphene ¢ + © bond at 14 eV, as shown in
Fig. 3a. These are all indications of the proper encapsulation
of the bacterium in between graphene with the growth
medium surrounding it, in addition to the visual confirmation
reported in Fig. 2b. Further investigation of the chemistry in
the mature magnetosomes was executed by iron L; core edge
EELS analysis as shown in Fig. 3b. The collected spectrum was
fitted with reference spectra of Fe”* (octahedral), Fe*" (tetra-
hedral), Fe** (octahedral) and FeO(OH). The relative ratio of
Fe”" to Fe’" helps to investigate the final structure of the mag-
netosomes when kept properly in the liquid growth medium.
This ratio is calculated to be 0.35. The fact that this ratio is 0.5
for a perfect Fe;0, ([Fe>'‘[Fe*", Fe*']°),** the value of Fe*'/
Fe®™ = 0.35 suggests two possible contributions of additional
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Fig. 2 Comparison of BF-TEM images of magnetotactic bacteria, which underwent biomineralization in conventional imaging and GLC imaging
methods. (a) Bacteria in growth medium was drop cast on continuous carbon grid and left to dry for 5 minutes before loading to the TEM holder.
Scale bar: 500 nm. (b) Bacteria was encapsulated in GLC and directly loaded into the TEM holder. Red arrows show magnetosomes and the yellow

arrow in GLC shows the presence of hydrogen molecule bubbles formed via electron over exposure. Scale bar: 1000 pm.
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Fig. 3 (a) Low loss EELS collected at close proximity of magnetotactic bacterium encapsulated within graphene liquid cell. Fingerprints for gra-

phene and water show proper bacterial sample preservation in between layers of graphene. (b) Fe Lz core EEL spectrum collected from mature mag-
netosomes. The ratio of the areas between peak 1 to peaks (2 + 3), corresponding to Fe?* (octahedral) to Fe3* (tetrahedral + octahedral) ratio, is
0.35. Peak 4 is attributed to FeO(OH). (c) BF-STEM image collected from three overlapping magnetosomes showing FezO4 (111) interplanar spacing

in the FFT collected (inset). Scale bar: 10 nm.

Fe®" to this ratio: (i) presence of another iron oxide, which con-
tributes to a higher percentage of Fe’’; (ii) little amount of
Fe’" is present in the extracellular region of bacterium.
Specifically, 2 ml ferric quinate (0.01 M, that is, 0.27 g FeCl;
and 0.17 g quinic acid in 100 ml H,0) was added into 1 liter of
growth medium to obtain the iron rich growth medium.
During iron induction, 18 ml bacteria culture was subcultured

Nanoscale

with 6 ml iron rich growth medium. Furthermore, the tightly
packing nature of graphene encapsulation due to van der
Waals forces suggests that the medium surrounding the bac-
terium is thin. Therefore, contribution of Fe*" in the extracellu-
lar region to the Fe** EELS L; signal obtained from individual
mangetosome is considered negligible. As suggested earlier by
Firlar et al.® through Gibbs free energy calculations, magnetite

This journal is © The Royal Society of Chemistry 2018
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may have been oxidized to hematite, supporting the first possi-
bility. This occurs first by the conversion of magnetite to
maghemite and furthermore to hematite spontaneously,
which may have caused the Fe**/Fe’" ratio to deviate from 0.5.
AHf° for magnetite, maghemite, hematite and oxygen are
—-1118.4,** -809.0,** -824.2 (ref. 44) and 0 kJ mol™,** respect-
ively, and S, for magnetite, maghemite, hematite and oxygen
are 146.4,"* 102.4,"" 87.4 (ref. 44) and 205.0 J (mol °K)™",*
respectively. The conversion of magnetite to maghemite and
furthermore to hematite are defined by eqn (1) and (2),

2Fe;0, + 0.50, — 3y-Fe,03 AG = —1630 kJ mol™* (1)

v-Fe,0; — a-Fe,0;3 AG = —11 + 2kJ mol™* (2)

showing the spontaneous conversion of magnetite to maghe-
mite and hematite. Even though graphene liquid cells reduce
the amount of beam induced radicals forming in solution, one
should further study the effect of oxidizing radicals, oxygen
gas, and reducing radicals formations during imaging. It is
possible these radicals could change the oxidation state of iron
during EELS spectrum acquisition.

On a separate magnetosome, the bright field STEM image
collected showed lattice fringes referring to magnetite (111)
through fast Fourier transformation (FFT) analysis (Fig. 3c).
Furthermore, this shows that not all the magnetosomes have
the hematite layer as discussed above.

In order to achieve time resolved monitoring of magneto-
some nucleation and growth, iron replete growth medium
was mixed with the bacteria in iron deplete growth medium
(t = 0 s). The bacteria in growth medium was sandwiched
between monolayers of graphene to form GLC, and the first
image of the bacterium was recorded at ¢ = 70 minutes after
induction and is reported Fig. 4a. Red arrow indicates the
MamK which is actin-like protein. As given in Uebe and
Schiiler,*” with the polymerization of MamK, filament form
and with the interaction of this filament and Mam] on the

Fig. 4 TEM images of magnetotactic bacterium grown in iron depleted
growth medium, mixed with iron replete growth medium, and encapsu-
lated in GLC. Red arrow shows MamK. Blue and green arrows indicate
formation of magnetosomes. (a) 70 min after GLC encapsulation and (b)
115 min after GLC encapsulation. Scale bar: 50 nm.

This journal is © The Royal Society of Chemistry 2018
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magnetosome, magnetosomes are aligned into chains.
Residual magnetosomes were reported to be present due to
the small quantity iron present in the iron deplete medium.
In vivo biomineralization was observed by the sequential
imaging. Specifically, the image recorded at ¢ = 115 minutes
is reported in Fig. 4b. Nucleation and growth of the two
magnetosomes with sizes around 4 nm are observed, as
marked with the blue and green arrows. More than 70%
bacterial viability was reported using fluorescence imaging
before the induction was carried out. De Jonge and Peckys*®
indicated that fluorescence live/dead assay could not be
considered the proper way for cell viability measurement,
cells could be dead even due to electron-bacteria interaction
without the deterioration of the cell wall, which would
prevent the entry of the red dye into the bacteria. A more
reliable way to measure the cell viability suggested by the
same group was to monitor the cellular functions during
in situ TEM, which they reported to be not feasible. As a
response to that work, Kennedy later showed the expression
of LuxI-LVA after the induction of E. coli with isopropyl f-b-
1-thiogalactopyranoside (IPTG) during in situ STEM."” Very
recently, Firlar et al. also monitored live insulin secretion
from pancreatic beta cells using GLC-TEM."® In addition to
fluorescence imaging for viability examination, they also
reported insulin secretion and exocytosis which only occur
when the pancreatic islet cells are viable. In this work, the
in vivo biomineralization, which only happens when the
bacteria are alive, indicates that these bacteria were still
viable during GLC-TEM imaging when exposed to 200 e
nm~? per frame during video recording and 2000 e nm~>
during image acquisition.

TEM images in Fig. 5a and ¢ were taken after 17 minutes
of iron induction and shows a bacterium wrapped in GLC. As
discussed earlier, the surrounding bubbles indicate the for-
mation of H, molecules in growth medium due to the elec-
tron induced radiolysis. TEM images in Fig. 5b and d show
the bacterium image after 31 minutes of iron induction. An
increase in the image contrast is visible by comparing the
magnetosome image intensity in Fig. 5c¢ and d, which was
further quantified by the line profile comparison across the
magnetosome at two time stamps in Fig. 5e. The green rec-
tangles drawn on the profiles show the contrast increase for
the magnetosome imaged after 31 minutes of induction. This
indicates that the mass density of magnetosomes increases
pointing to an increase in the formation of Fe;0, phase. This
can further be elaborated with the image contrast analysis
using eqn (3).

Al Is—I, AtXNyxoXp
Ibi Iy o A

C=

(3)

where C, I, I;, At, Ny, 6, p and A are contrast, background
image intensity, feature image intensity, thickness difference,
Avogadro’s number, elastic scattering cross section, density
and molecular weight, respectively. Using eqn (3) for the par-
ticles in Fig. 5c and d, the contrast increases in the 14 minutes
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Fig. 5 TEM images showing an increase in image contrast throughout the biomineralization event in the same bacterium encapsulated within GLC.
(a) t = 17 minutes after induction, and (b) t = 31 minutes after induction. Scale bar: 200 nm. Zoomed in images with the line profiles drawn across
individual magnetosomes are shown in (c) for the marked square in (a), and (d) for the marked square in (b). Scale bar: 50 nm (e) the comparison of
image contrast evolution in magnetosomes. Higher contrast for the magnetosome imaged after 31 minutes induction indicates the progress of bio-

mineralization event.

course of biomineralization, this in turn resulted in thick-
nesses, calculated using eqn (4),

AxXC

At =———
Ny X o Xp

(4)

Alternatively, this change in image contrast could be due to
the increase in mass density of the particle over time, which is
known to progress from 4.2 (ref. 49) (ferric oxyhydroxide) to
5.2 (ref. 50) (magnetite) g cm™>. For the complex nature of the
analysis, we have not taken into account the particle rotation
and diffraction contrast effects, which may have further
affected the observed contrast change. So, the increase in
image contrast in the magnetosome during TEM imaging as a
function of incubation time indicates progression of the bio-
mineralization event either through an increase in thickness
or an increase in density.

Several models were put forward for the elucidation of mag-
netosome biomineralization. Schiiler et al.> claimed that Fe**
is internalized and reduces to Fe*'. Then, Fe*' reoxidizes to
first form low density hydrous oxide, and then to high density
ferrihydrite. Finally, one third of Fe®" is converted to Fe*" to
form magnetite. Jogler and Schiiler’” stated that iron is inter-
nalized and due to its supersaturation in the cytoplasm, it is

Nanoscale

encapsulated into the already formed magnetosome vesicles
by MamB and MamM proteins, or iron is sent from the peri-
plasm to the vesicles directly by the same proteins. Partial
reoxidization of iron caused by MamT causes the formation of
high activity ferric oxide, which may further react with dis-
solved Fe*" forming magnetite. Arakaki et al.*® suggested that
magnetosome membrane invaginations from the cytoplasmic
membrane occur first, with the arrangement of these along
with cytoskeletal filaments, and then external iron is trans-
ported into the vesicles by transmembrane proteins and mag-
netite crystal formation by magnetosome proteins.

Conclusions

In this work, we demonstrated the in vivo magnetosome biomi-
neralization events in magnetotactic bacteria in liquid environ-
ment using GLC-TEM imaging. Usage of graphene layers
instead of two relatively thicker Si;N, membranes in fluid cell
TEM holder enabled us to resolve sub 10 nm magnetosomes.
To initiate the biomineralization, bacteria grown in iron
deplete medium was subcultured with iron replete growth
medium and wrapped in between graphene monolayers. The

This journal is © The Royal Society of Chemistry 2018
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intactness of graphene and presence of water were monitored
by examining the fingerprints for graphene and water in low
loss EELS, respectively. The final chemical composition and
crystal structure of biomineralized magnetosome were charac-
terized via the analysis of Fe L; edge and bright field STEM
imaging, respectively, and found to be magnetite with some
magnetosomes having a trace amount of hematite. The
enhancement of the contrast profile in TEM images indicated
the progression of biomineralization due to the accumulation
of more magnetite in the magnetosomes increasing the mass-
thickness contrast. Our finding on the progress of the biomi-
neralization process is a good indication that the bacteria were
viable and maintained their cellular activities during TEM
imaging. To the best of our knowledge, this is the first study
showing the applicability of GLCs for in vivo biomineralization
events in TEM. These results are of utmost importance to the
biomaterials and biological community as our work introduces
a new platform to investigate the in vivo biomineralization in
living biological organisms.
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