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ABSTRACT: Ferritin biomineralization is essential to regulate the toxic Fe?* iron ions in
the human body. Unravelling the mechanism of biomineralization in ferritin facilitates our
understanding of the causes underlying many iron disorder-related diseases. Until now, no
report of in situ visualization of ferritin biomineralization events at nanoscale exists due to
the requirement for high-resolution imaging of nanometer-sized ferritin proteins in their
hydrated states. Herein, for the first time, we show that the biomineralization processes
within individual ferritin proteins can be visualized by means of graphene liquid cell-
transmission electron microscopy (GLC-TEM). The increase in the ratio of Fe**/Fe®" ions
over time monitored via electron energy loss spectroscopy (EELS) reveals the change in
oxidation state of iron oxide phases with time. This study lays a foundation for future
investigations on iron regulation mechanisms in healthy and dysfunctional ferritins.
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B INTRODUCTION

Many organisms exhibit a tendency to accumulate minerals to
serve structural and metabolic functions in the human body.'
The biominerals formed through the biologically controlled
processes (also termed as biomineralization) exhibit unique
structural and chemical properties different from abiotic
mineralization."” Iron oxide mineralization in ferritin proteins
is particularly interesting because of their role in iron
regulation and storage. Further, the process of biomineraliza-
tion in ferritin has implications in certain iron-related diseases
in which iron accumulation is witnessed.”~® Iron biomineral-
ization in ferritin also finds its application in biomimetics,
wherein the primary focus is to synthesize iron oxide
nanomaterials with defined size and crystallinity.”

The complexity in structure and the small size of ferritin
proteins pose major limitations in understanding the storage
mechanisms in real time.'” There have been some efforts to
monitor the biomineralization of ferritins with ex situ
techniques,''™'” such as UV visible spectroscopy, NMR
spectroscopy, and Mossbauer spectroscopy, wherein the
biomineralization was indicated by the changes in the physical
phenomena, such as absorption of light or the emission of
electromagnetic signals. However, these investigations lack
spatial and chemical resolutions to observe the formation of
iron oxide cores in individual ferritins in real time.'’
Consequently, these ex situ measurements were based on the
cumulative results from several ferritin proteins. Considering
these factors, it would be ideal to probe the individual proteins
and observe the process of iron core formation.
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The unique ability of transmission electron microscopy
(TEM) to image and chemically probe nanoscale phenomenon
in real time can facilitate new frontiers in biomineralization
science. However, with conventional sample preparation
techniques that can introduce artifacts," it is impossible to
image the biomineralization processes in real time. A time-
resolved cryo-electron microscopy (CryoEM) can facilitate the
visualization of the nucleation steps; however, freezing water
might have implications in the protein density causing protein
destabilization.'” Also, the electron dose threshold for CryoEM
imaging is quite low”"~*” to preserve the structural features of
the protein, which this results in low signal-to-noise (SNR)
ratio during imaging.

In situ liquid-cell TEM has recently emerged as a powerful
method to study the dynamic interactions of materials in liquid
Several liquid-cell TEM studies based on
microfluidic Si;N, devices,” >’ and graphene liquid cells
(GLCs)*>**7** demonstrated the potential of this method-
ology to study biological materials in their native state. The
studies of in situ iron-oxide biomineralization in magnetosome
indicated the presence of magnetite with traces of hematite.*’
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Figure 1. GLC as a chemical reactor where the biomineralization reaction is triggered. (a) Schematic representation of the GLC containing
apoferritin (protein without iron) in iron rich environment. (b) Closer view of an apoferritin (b-i) wherein the reaction is triggered as the Fe?* ions
in the solution enter the apoferritin (purple color shell). (b-ii) Fe** ions oxidize and nucleate to form iron oxides core (violet color). (b-iii) New
incoming Fe®" ions oxidize on the surface of already formed crystals facilitating the iron core growth. (c) HAADF image of mixture of apoferritin
and ferritin present in GLC. The scale bar is 100 nm. (d) EELS data obtained from apoferritin and ferritin with the nitrogen (N), oxygen (O), and
the iron (Fe) edge at 401, 532, and 701 eV, respectively. While apoferritin exhibits N and O signal, with no iron (Fe) signal, ferritin shows the
presence of iron ions due the presence of Fe edge at 701 eV. (e) Line profile analysis of a ferritin protein obtained by drawing a line across the
HAADEF-STEM image of the protein core as shown in the inset. The scale bar in the HAADF-STEM image is 5 nm. The diameter of the protein
core was determined by measuring the protein intensity with respect to background. (f) Size comparison of ferritin and apoferritin indicates that
ferritin (6 + 1 nm) is slightly larger than apoferritin (4.8 + 0.6 nm) (n = 30). (g) Schematic depicts the ex situ biomineralization study in this work.
Iron ions (Fe®") enters apoferritin to form ferritin with inner iron oxide core during biomineralization. (h) UV visible spectroscopy data show the
change in absorbance with time. The oxidation of Fe®* ions to form Fe* ions inside the protein, and the formation of diferric peroxidase
intermediate results in the increase in absorbance of the solution with time.

Likewise, studies on mms6 proteins in microfluidic Si;N, membranes and no chemical signature of biomineralization

devices showed the self-assembly of protein and the iron was reported.*>*!

binding on the surface of micelles can lower the energy barrier Here, for the first time, we investigated the iron

involved in the nucleation process.39 However, these studies biomineralization in ferritin in real-time using GLC-TEM

were limited in spatial resolution due to thick liquid and Si;N, technique (Figure 1). Because of the much lower thickness of
3209 https://dx.doi.org/10.1021/acsbiomaterials.9b01889
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graphene in comparison to Si;N, membranes, the imaging and
spectroscopic analysis could be conducted at high spatial and
energy resolutions’>**~* In addition, the unique capability of
graphene to scavenge the radiolysis species’’ is advantageous
to study protein dynamics even with higher electron dose
threshold than CryoEM. The method of using GLC-TEM to
visualize small proteins is a major advance for studying
biological materials in their hydrated state. In fact, this work
builds upon our previous studies on utilization of GLC-TEM
to study the morphology and chemistry of iron oxide cores in
horse spleen, human spleen, and human heart ferritins.*>**
While our earlier study’” focused on morphological character-
ization of ferritin cores in hydrated states to determine the
stable phases in human heart and human spleen ferritins, the
present work reports direct observation of mineral growth in
ferritin core (rather kinetic study). In this study, time-resolved
high angle annular dark field (HAADF) imaging in scanning
transmission electron microscopy (STEM) along with electron
energy loss spectroscopy (EELS) were utilized to monitor the
structural and chemical compositional changes in the iron core
during ferritin biomineralization.

B MATERIALS AND METHODS

Materials Required for In Situ and Ex Situ Biomineraliza-
tion. Equine spleen apoferritin (ESaF) (0.2 um filtered) (catalog no.
A3641) was obtained from Sigma-Aldrich, USA. 3-N-(Morpholino)-
propanesulfonic acid (MOPS) (catalog no. M1254), and ammonium
iron(II) sulfate hexahydrate (catalog no. F1543) were purchased from
Sigma-Aldrich, USA. The aqueous chemical solutions in this study
were prepared using molecular biology reagent water (catalog no.
W4502, Sigma-Aldrich). Aqueous solution of MOPS buffer (0.05S M)
was prepared and the pH was adjusted to 7.5 with NaOH. Iron
solution was prepared by dissolving 10 mM of Fe (NH,), (SO,),
6H,0 in 1 mM HCI solution.

Ex Situ Studies to Determine the Iron Biomineralization in
Ferritin. ESaF (0.3 uM) was added to 2 mL of MOPS buffered
solution to maintain the pH as well as facilitate the iron uptake
process. Further, 50 yL of freshly prepared iron solution was added to
the apoferritin-buffered solution (800 iron ions/apoferritin). The
absorbance was measured at 310 nm using UV—visible spectroscopy.

In Situ GLC-TEM to Observe Ferritin Biomineralization in
Real Time. TEM Sample Preparation. For ferritin and apoferritin
standards, a mixture of 0.15 uM of ferritin and apoferritin were mixed
in the ratios of 1:1. Then, 1.5 uL of the mixture was used to make
graphene sandwiches. For biomineralization experiment, 2 uL of the
reaction mixture was pipetted after the addition of iron to the
apoferritin-buffered solution. The drawn liquid was placed between
two graphene (graphene supermarket, catalog no. SKU-TEM-CLC-
025) coated lacey grids to form graphene sandwiches.

Sample Characterization. HAADF-STEM images were collected
via the aberration corrected JEOL-JEM 200CF operated at 80 keV.
The microscope is equipped with cold-field emission gun that can
resolve materials with spatial resolution of 1.3 A. A convergence semi
angle of 22 and 17.8 mrad was used for STEM and EELS,
respectively. The inner detection angle was set at 90 mrad for
HAADF detector, to collect STEM images with better Z-contrast. A
pixel size of 256 X 256 and dwell time of 31.2 us were used to collect
STEM images. On the other hand, 53.4 mrad was used for better
quality EELS signal. The pixel size used during EELS imaging was 2.5
X 2.5 nm. The energy resolution for EELS was found to 1.5 eV
(fwhm). The spectrum was acquired with the dispersion of 0.4 eV
with pixel dwell time of 1 s to capture nitrogen, oxygen, and iron
signal. A GLC area was defined at very low magnification (S00kX) to
prevent bubble formation or electron induced radiolysis. The probe
step size used for the experiment was approximately 3 nm. Further,
the beam was blocked after every reading to prevent electron induced
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biomineralization. The total electron dose for HAADF STEM image
and EELS spectrum is approximately 7 and 10* e/A?, respectively.

Data Analysis. The size and the intensity change in the proteins
were observed via the line profile analysis from HAADF-STEM image.
The line profile analysis is available in the digital micrograph software.
EELS was utilized to observe the chemical changes in the protein. The
signal from the EELS spectrum was first subtracted for its background,
using digital micrograph software. A standard of SO eV integration
window was used as a background. Further energy ranges were
considered from 380 to 730 eV to plot the nitrogen, oxygen, and iron
peaks simultaneously. Further, an energy range of 705—730 eV was
considered to understand the oxidation state of iron oxide during
different stages of biomineralization. A graph was plotted against
standard iron oxides to draw a comparison of ratios. The plot is
representative of the iron signal after 3 channel spectrum averaging.
To determine the ratio of Fe3*/Fe*', the L; and the L, edge of iron
peak was normalized and subtracted for any plural scattering Further,
the area integral ratio was calculated by measuring the area under the
Gaussian fit. The analysis was carried out using Origin Pro (version
b9.4.0.220).*

B RESULTS AND DISCUSSION

Figure 1 represents the schematic of our GLC approach to
observe biomineralization in ferritins. Figure la is a graphene-
based chemical reactor where the apoferritins (ferritins without
iron) in the iron rich environment (Figure 1b-i) transform to
ferritin due to the occurrence of iron oxide nucleation within
the protein shell (Figure 1b-ii). The iron rich environment can
further lead to the iron core growth in ferritin as shown in
Figure 1b-iii. In the next step, HAADF-STEM imaging and
EELS were conducted to differentiate apoferritins and ferritins
in a solution. To this end, a mixture of 1:1 molar
concentrations of ferritin and apoferritin was encapsulated in
GLC. The yellow and blue box regions in Figure 1c indicates
the existence higher image signal intensity in ferritin in
comparison to apoferritin. This is expected considering that
the HAADF image is particularly sensitive to the atomic
number of the element”” according to the relationship I & t. Z%,
whereby, I represents the intensity of electrons scattered, ¢ is
the thickness of the iron oxide core, and Z is the atomic
number of the element. The contrast difference in the HAADF
image supported the presence of higher atomic element (iron
oxide) in ferritin, which was further verified by EELS (Figure
1d). The presence of iron peak at 701 eV in addition to the
nitrogen and oxygen peak at 401 and 532 eV differentiates
ferritin from apoferritin. In addition to the change in the
contrast and the chemical signatures, a slight difference in the
size was observed between apoferritin and ferritin as shown in
Figure 1le and 1f. The difference in the size was analyzed by the
line profile analysis as shown for one ferritin in Figure 1(e).
Figure 1(f) indicates the difference in the average size of
ferritin and apoferritin proteins (total of 30 ferritin and 30
apoferritin proteins were analyzed). It was observed that the
size of apoferritin was approximately 4.8 + 0.6 nm while the
size of ferritin was 6 + 1 nm. A significant change in the size of
the core can be an indicative of varying size of iron oxide
particles formed during biomineralization of ferritins as also
indicated in previous studies.””**~>° While it is challenging to
observe the protein shell without straining, the intensity of the
HAADF image obtained from apoferritin could be due to the
residual iron present inside the apoferritin.”’ The change in the
size could represent the growth of iron nuclei within ferritin
with time.

The changes in the appearance and the chemistry of the two
proteins substantiated the fact that it might be possible to
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Figure 2. In situ biomineralization in ferritin via GLC-TEM: (a) HAADF-STEM image depicting the iron oxide core in ferritin during
biomineralization at 0, 1, and 2 h. The white color square indicates the area of interest where the biomineralization is observed. The change in the
contrast and the appearance of two ferritins proteins at the second hour (also indicated by the yellow color arrow) shows the formation of iron
oxide core during biomineralization. Scale bar of the HAADF-STEM images are 50 nm. (b) Line-profile analysis indicates the change in the size of
the core at different hours during biomineralization measured as S nm at the 0 h, 5.2 nm at the 1st hour, and 5.6 nm at the 2nd hour. The insets in
the figures indicate the line drawn across the core. The scale bar of the image is S nm. The size is measured based on the change in the image
intensity of the core with respect to the background. (c) EELS spectrum indicating the formation of nitrogen (401 eV) and oxygen (532 eV) at 0-h.
The observation of additional iron L,; edge (702 eV) at 1st and 2nd hour from the same protein indicating the phenomenon of biomineralization
in the protein. The corresponding EELS spectrum was acquired from the area indicated by white color square in the HAADF images.

observe the biomineralization in real time. However, to be able
to artificially mimic the iron rich environment and trigger the
biomineralization reaction in GLC-TEM, it was important to
optimize the physical and chemical conditions. To this end, ex
situ experiments were executed to initiate the biomineraliza-
tion reaction synthetically, as demonstrated by Snow et al.>”
(see Supporting Information for detailed procedure). Figure 1g
depicts the schematic representation of the ex situ biominer-
alization reaction, wherein the biomineralization reaction is
triggered by the addition of Fe** ions in the apoferritin
solution. The presence of MOPS buffer at a pH of 7.5
facilitates iron loading in the protein, thus converting
apoferritin to ferritin.’”® This conversion of apoferritin to
ferritin was confirmed by observing the visible change in the
absorbance via UV visible spectroscopy (Figure 1h). Since, it
was suggested that the absorbance for iron biomineralization is
stronger at 310 nm,””> we observed the changes in the
absorbance at this range of wavelength. The curve formed is a
representative of the iron biomineralization reaction involvin

MOPS buffer, which is well studied in the literature." >3
The Fe?* ions that enter the apoferritin shell forms peroxide
complex in absence of ferroxidase center (<15% H subunits in
equine spleen ferritin). The reaction further becomes catalytic
when the Fe** ions (bound to glutamate) reacts with dioxygen,
thus attracting and oxidizing the incoming iron ions.
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Eventually, once the core is formed, the additional Fe** ions
that enters the protein oxidizes on the surface of the core,
resulting in reactions reaching a plateau.” It is shown that the
crystal continues to grow until the protein is at least half-full of
minerals.”® It should be noted that our ex situ results
demonstrate the feasibility of iron biomineralization through
artificial means and does not show the activity within the
protein after 2 h. While the MOPS buffer can be replaced by
several different buffers to trigger ex situ biomineralization
reactions in ferritin,”® the reaction mechanism is different for
each buffer. MOPS buffer was used in this study since it is a
widely used buffer to trigger biomineralization reaction in
ferritin, ! 12155759

Figure 2 depicts the time-resolved iron core formation in
individual ferritins via the GLC-TEM. Figure 2a represents the
HAADF-STEM images of biomineralization in apoferritins at
different time frames (0, 1, and 2 h). The white color square
represents the area of interest that features a protein in which
biomineralization was observed. On the basis of the earlier
observation of contrast difference between apoferritin and
ferritin (Figure 1lc), apoferritins were identified as proteins
with lower image intensity compared to ferritins. This is also
observed at the 0 h in Figure 2a as the protein within the white
square area of interest appears as faint compared to the
adjacent protein in the same area which is a biomineralized
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Figure 3. In situ chemical characterization of apoferritin biomineralization in GLC-STEM. (a) HAADF image representing an area within GLC in
which ferritin proteins undergo biomineralization. The red square represents the region of interest from where the EELS data were acquired (Scale
bar is 100 nm). (b) EELS data showing the Fe L, and L, edges of iron oxides obtained during biomineralization. The Fe L, and L; edges are
compared with the iron oxide standards (Fe;O, and Fe,03) to identify the composition of iron oxide. (c) Area integral ratios of L;/L, of Fe edge
plotted to determine the iron oxidation states during mineralization. The standard errors represent the errors in the fitting of the Gaussian curves

beneath the L; and L, peaks.

ferritin. As the reaction progressed, there was a change in the
contrast of the protein (indicated by yellow color arrow) at the
first and second hour compared to the 0 h. The addition of
iron ions within the protein contributes to the contrast change
observed during biomineralization which was also studied
earlier in the literature.””*® The increase in the number of iron
ions was also supported by the line profile analysis which
indicated the variation in the diameter of the core during
biomineralization (Figure 2b). The length was a measure of
difference in the image intensity of the core with respect to
background as shown in the insets of Figure 2b). The size of
the core increased from 4.2 + 0.3 nm at 0 h to 4.9 + 0.3 nm at
1 h and eventually to 5.1 & 0.3 nm after 2 h (n = 5) (Figure
S1). It would be interesting to measure the number of iron
ions that enter the core of the proteins to determine the core
formation and observing the oxidation of additional Fe** ions
on the surface of the core when they enter the protein. The
beam was blanked after every data acquisition to prevent
electron dose induced biomineralization. The total electron
dose was 10* electrons/A* with pixel dwell time of 0.5 s. This
experiment was also repeated, and consistent observation was
made. As an example, Figure S2 is another evidence showing
the change in the intensity of iron oxide core within ferritin
proteins with time during biomineralization. While the increase
in the size of the protein core can indicate the progress of
biomineralization, it should be noted that it is challenging to
obtain consistent size change among several proteins in GLCs.
Factors, such as concentration of iron ions surrounding the
protein, and the volume of GLCs might influence the kinetics
of biomineralization. Although, it is possible to study these
aspects by including large data sets, the process and
observation made is localized to a specific TEM area. Hence,
it is challenging to collect large data sets. Future studies should
focus on the design aspects to control the biomineralization
kinetics as well as to observe these processes simultaneously in
different areas of the TEM grids.

Further, to substantiate the fact that the change observed in
the HAADF STEM image is due to biomineralization in
proteins, chemical analysis was performed via time-resolved
EELS. Figure 2c represents the chemical analysis of the protein
undergoing biomineralization. At 0 h, which is also the onset of
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biomineralization, apoferritins were imaged. It is expected that
the iron core formation inside the protein is not initiated at
this stage. This is also supported by the EELS data, which
shows the nitrogen, and the oxygen signal from the protein.
However, there are no traces of iron at this stage evident by the
lack of iron signal at 702 eV. Mossbauer spectroscopy’’ and
resonance Raman spectroscopy®” studies suggests that it takes
12—24 h to complete the biomineralization process in
ferritin.®> However, during biomineralization, it is expected
that the iron ions enter the protein shell to form iron oxide
core inside the protein. This is reflected by the iron signal in
addition to nitrogen and oxygen signals in EELS at the first
hour after the onset of biomineralization. The presence of
nitrogen signal substantiates the fact that iron biomineraliza-
tion is observed inside the protein shell and not outside the
protein. At the second hour after the onset of the reaction, the
formation of iron oxides composites within the protein shell
was evident. This was indicated by a significant difference in
the SNR ratio of iron L,; edge at the second hour, compared
to the first hour after the start of the biomineralization
reaction. The EELS data obtained in Figure 2¢ also supports
the change in the contrast and size of the core as shown in
Figure 2a and 2b. To ensure that the liquid around the protein
remains intact during biomineralization, the low-loss peak was
monitored simultaneously as shown in Figure S3. The
observation of a peak at 9 eV indicated the presence of liquid
around the protein (Figure S3). Further, additional experi-
ments were also conducted to determine the quality of the
liquid pockets after data collection during biomineralization
(Figure S4). It was observed that the liquid in the GLCs
remained intact even after EELS acquisition.

To understand the chemical composition of iron oxides
formed during biomineralization, the iron L,; edge obtained
during different stages of biomineralization were collected and
compared with the iron oxide standards. Figure 3a represents
one such GLC-TEM area from which EELS of the iron L,;
edge was obtained (Figure 3b). The gray area in Figure 3b
represents the L; and L, edges at 708 and 721 eV. While there
are white lines observed at first and second hour suggesting the
formation of iron oxide, the 0 h represents the absence of iron
oxide indicated by the absence of white lines. To obtain the
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oxidation states, the area integral ratios of L;/L, edge were
calculated. It has been shown that by evaluating the integral
area of L;/L,, the ratios of Fe>*/Fe?* iron ions in the core can
be determined.®* The ratios of L;/L, edge were compared with
iron oxide standards to identify the kind of iron oxides formed
with time. The ratios were compared with Fe;O, standards
(L;/L, = 3.5 + 0.1) consisting of both Fe** and Fe** ions and
Fe,0; (L;/L, = 4.4 + 0.2) standards made of Fe*" ions. These
iron oxides standards were chosen based on our previous study
on human ferritins in GLC, wherein we observed that the iron
core composition is made of ferrihydrite, hematite, magnetite
or maghemite.'"® While there are several naturally occurring
phases of iron oxides, ferritin does not exhibit all the phases,
rather the protein microenvironment influences the formation
of specific iron oxide phases.”” It was interesting to note that
during the first hour of biomineralization, the ratio of L;/L,
(3.5 + 0.08) was comparable with the ratio of the oxidation
states of Fe;0, (L;/L, = 3.5 + 0.05) (Figure 3c). However,
with a progress in the reaction, there was an inclination in the
slope as the ratios of Fe**/Fe** increased to 3.7 + 0.0 at the
second hour. The ratios of Fe’"/Fe’" at the second hour of
biomineralization was an intermediate between the ratios of
Fe;0, and Fe,0;.

While there are several studies which report the observation
of Fe,O,(magnetite)®™ %" and Fe,0,-0.5H,0-
(ferrihydrite)’**>'%*" in ferritin, it should be noted that the
earlier studies focused on imaging and characterization of fully
biomineralized iron core in ferritin. There is only one study,
thus far, that describes the iron oxide phase transformations
during iron core removal.”” On the basis of this study,”” it was
concluded that magnetite was observed as a dominant iron
oxide phase in ferritins with less than 500 iron ions. However,
with increase in the number of iron ions, a phase shift was
observed and the proteins expressed high ratios of ferrihy-
drite.””

Although a similar trend is observed in our study, it is also
important to consider the mechanism of iron oxidation in
ferritin. A recent biochemical study showed that the L-amino
acid subunits chain facilitate iron oxidation on the surface of
the mineral core in addition to the oxidation at the ferroxidase
sites.” This suggests a possibility that the iron nucleation and
the iron core formation happen even before the proteins could
be filled with iron ions. The iron ions that enter the protein
might oxidize and nucleate spontaneously while the Fe** ions
might continue to enter the protein channels. Thus, there is a
possibility of a mixed iron oxide phase (Fe**, Fe®*) at the
earlier stages of biomineralization as observed during the first
hour after the onset of biomineralization (Figure 3c).
However, the newly entered Fe’* ions might continue to
oxidize on the surface of the core, which might have resulted in
the increase in the ratios of Fe3*/Fe?*, which was observed at
the second hour after the onset of biomineralization. It should
be noted that Mehlenbacher et al.”” produced heteropolymeric
cages with different H/L ratios, while the current system
explores the commercially available ferritin. While the
discussion above suggests possibilities for the observational
changes, future studies should draw a comparison between
ferritins obtained from the same source.

Although dose rates were employed to collect the EELS
spectrum data from each pixel across the protein core, total
doses were employed to study the effect of electron beam
radiation on the iron core of the whole protein. Thus, to
understand the effect of electron dose on the protein core, we
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studied the iron oxide transformations in ferritin via GLC-
TEM. The ferritins encapsulated in GLCs were subjected to
different cumulative electron dose as shown in Figure 4. Since
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Figure 4. Cumulative electron dose in STEM to evaluate the changes
in integral area ratios of Fe®*/Fe* iron ions in ferritin encapsulated
within GLC (n = 3).

the integral ratios of L; to L, edge were considered to
determine the oxidation state of iron in ferritin, this study also
evaluated the electron dose with respect to the integral ratios
of iron L,; edge. It was observed that the ratios of Fe®*/Fe?*
remained the same despite varying the cumulative electron
dose from 10° to 10° electrons/A* (Figure 4). The range of the
electron doses were chosen based on the earlier studies
reported by Pan et al,*” who also studied ferritin in dry state at
different electron doses. The electron dose reported in this
study also falls within this range. The EELS plots of Figure 4
have been included in the Supporting Information (Figure SS).
As mentioned above, the observation made in this study is
similar to the results obtained by Pan et al."’ They showed that
the ratios of Fe’"/Fe’" remained the same through different
electron doses, although a change was observed in the Fe3*
ions as they moved from octahedral to tetrahedral sites during
electron induced damage.”’

While our studies show that electron doses below 10°
electrons/A* can prevent iron oxide transformations in GLC
as also reported in the literature,*””"”* a recent study by
Keskin and de Jonge® showed that the electron dose density
for a biological material is much lower than traditional beam
sensitive nanomaterials. It should be noted that ferritin is
inherently made up of two different materials—protein shell
and the iron oxide nanoparticles. While it was observed that
the EELS should be collected at or below 10° electron/ A* to
prevent electron induced iron oxide transformation of the iron
oxide nanoparticles, it was observed that the stipulated dose
was still high enough to prevent biomineralization in ferritin.
Even though having lower electron dose rate can protect the
integrity of proteins,” the most important aspect is defining
the EELS probe step size, pixel dwell time, as well as the pixel
size to be able to control the dose density. To mitigate the
electron dose below 10° electron/ A2, we under-sampled the
region of interest while collecting the EELS. Further, larger
STEM pixel size of 2.5 X 2.5 mm was used during EELS
acquisition with the pixel dwell time of 0.5 s. As a result, the
electron dose density could be controlled. One should also
consider the SNR ratio when defining the pixel size and the
probe step size. Often, the SNR is poor, when the probe step
size is bigger, and the exposure time is minimized. This results
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in a poor-quality spectrum making it difficult to observe the
changes in the composition. Hence, the experiments were
repeated several times to optimize the EELS parameters to
obtain enough resolution to study the changes (Figure S6).
The experiments were further carefully controlled by blanking
the beam after every reading to prevent electron dose history
and its consequence in the biomineralization process.

Further, to evaluate whether the iron oxide formation in
ferritin is occurring naturally or due to the consequence of
exposed electron dose during EELS acquisition, the biominer-
alization experiments were carried out without prior electron
beam exposure, and the chemical composition of the
biomineralized ferritin was analyzed after 2 h of the
experiment. Figure S7 represents the GLC-TEM image of
the control group (apoferritins) and the iron core formed in
ferritin at 2 h of biomineralization without prior exposure to
electron dose. The integral ratio of Fe®*/Fe** was calculated
and found out the value to be 3.9 + 0.1. The ratio of Fe**/Fe?*
obtained through this study was comparable with the ratios of
Fe®'/Fe* obtained in the in situ experiment.

The observed iron oxide minerals formed at the second hour
of biomineralization was not comparable to a fully grown iron
oxide crystal in ferritin. Further, the ratios obtained at the
second hour was not close to the ratios of Fe,O;. To observe
the changes and see the fully grown crystals, the experiment
was continued for several hours. However, there was no change
observed in the biomineralization process after the second
hour. While the presence of liquid was observed in the sample
after 2 h, there is a possibility of electron dose irradiation after
several EELS acquisition.”” Although dose rates employed in
this study were below the threshold dose rates, there is an
accumulated total electron dose when the same area is exposed
to electron dose during each data acquisition. While it is
possible to monitor the effect of total dose on the protein core
(as in Figure 4), it is challenging to evaluate the physical
changes in the surrounding liquid that might possibly occur
due to the electron dose history. With advancements in STEM-
EELS, such as the utilization of modern direct detectors,”* it
might be possible to obtain qualitative EELS spectrum data
with better SNR while maintaining the low electron dose
density. Future studies should also include the possibilities of
thermodynamics driven iron oxide phase transformations in
liquid under the influence of electron beam.

B CONCLUSION

In summary, we visualized the in situ iron internalization
process in ferritin proteins, for the first time, by utilizing GLC-
TEM. The proteins were visible without heavy metal staining.
Further, we could witness a contrast change in the HAADF
STEM image because of the iron loading inside the protein.
The evidence from this study suggests that GLC-TEM can be
utilized to study biological reactions in real time. On the basis
of the time-resolved EELS, it was possible to observe the
chemical compositional change in a single protein in real-time
while mitigating the effect of electron dose. The iron ions
encapsulated in the GLC triggered the formation of iron oxide
core inside apoferritin (protein without iron) through the
process of biomineralization. Through time-resolved EELS, it
was observed that the iron core at the first hour after the onset
of biomineralization expressed chemical components of mixed
valence state. However, the composition of the protein leaned
toward higher ratios of Fe**/Fe?* at the second hour of
biomineralization. The iron ions presence, the mechanism of
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iron oxidation, and the thermodynamic factors at the nanoscale
might influence the formation of specific iron oxide phases.
Due to electron beam sensitivity, our in situ TEM observations
were confined to 2 h. Future studies should focus on utilizing
high speed and low dose EELS, which can also provide better
SNR to identify the differences in the composition of the
mineral phases. It would be interesting to study the differences
in the oxidation kinetics of ferritin with varying heavy subunit
chain (H-)/light subunit chain (L—) ratios. Studies should
also focus on confinement effects of the GLCs and its
contribution toward the kinetics of biomineralization. Future
studies can also focus on comparing the results obtained
through the GLC technique with other techniques, such as X-
ray crystallography.''
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