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Ferritin is a protein that regulates the iron ions in humans by storing them in the form of iron oxides. Despite extensive
efforts to understand the ferritin iron oxide structures, it is still not clear how ferritin proteins with distinct light (L) and
heavy (H) chain subunit ratio impact the biomineralization process. In situ graphene liquid cell-transmission electron
microscopy (GLC-TEM) provides an indispensable platform to study the atomic structure of ferritin mineral cores in their
native liquid environment. In this study, we report differences in the iron oxide formation in human spleen ferritins (HSFs)
and human heart ferritins (HHFs) using in situ GLC-TEM. Scanning transmission electron microscopy (STEM) along with
selected area electron diffraction (SAED) of the mineral core and electron energy loss spectroscopy (EELS) analyses enabled
the visualization of morphologies, crystal structures and the chemistry of iron oxide cores in HSFs and HHFs. Our study
revealed the presence of metastable ferrihydrite (5Fe.0s.9H,0) as a dominant phase in hydrated HSF and HHF, while stable
hematite (a-Fe203) phase predominated in non-hydrated HSFs and HHFs. In addition, higher Fe3*/Fe?* ratio in HHFs was
found in comparison to HSFs. This study provides new understanding on iron-oxide phases that exist in hydrated ferritin
proteins from different human organs. Such new insights are needed to map ferritin biomineralization pathways and
possible correlations with various iron-related disorders in human.
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Introduction

Ferritins are globular protein shells with an 8 nm cavity
inside capable of storing few thousands of iron ions to form
iron oxide core crystal structures.! In order to better
understand the mineral core structure and kinetics involved
in iron regulation, many groups employed bulk
characterization techniques such as X-ray diffraction
(XRD)?, Mossbauer spectroscopy3, small angle X-ray
scattering (SAXS)?, X-ray near edge spectroscopy (XANES)4,
superconducting quantum interference device (SQUID)4,
and X-ray absorption spectroscopy (XAS).> These
techniques, however, lack sufficient spatial resolution to
probe the local chemistry and atomic order at the scale of
individual ferritin proteins particularly within liquid
environment.®

Transmission electron microscopy (TEM) is a powerful
characterization technique to study the structure and
chemistry of iron mineral core of ferritin at nanoscale.*7-12
Most studies of ferritin structure have been performed in
non-hydrated state where the ferritins were dried before
imaging in TEM. Based on the electron nanodiffraction
studies®13 and high-resolution transmission electron
microscopy (HRTEM)?® of physiological horse spleen ferritins
(HoSFs)®13, human liver ferritins (HLF)8, and human brain
ferritins (HBF)2, it was reported that all the ferritin types are
composed of major phases of hexagonal 6-line ferrihydrite
(6LFh) and hematite, with traces of magnetite (FesO4) or
maghemite (y-Fe,03).813 Conversely, pathological ferritin
from HBF indicated minor phases of 6LFh and absence of
hematite, however the dominant phase was cubic
magnetited. Further, based on HRTEM?4, electron energy
loss spectroscopy (EELS)'4, and microdiffraction studies?®,
Quintana et al., reported that the crystal structure of
physiological HoSF exhibited 6LFh'* and hematite as a
major phasel®.In contrast, pathological HBF was composed
of major phases of magnetite and traces of ferrihydrite.
They also observed highly disordered stacking of oxygen
and iron ions.® Galvez et al. also observed HoSF exhibiting
different iron oxide phases during the stages of
demineralization process.* It is interesting to note that the
composition of each phases of iron oxide was dependent on
the stages of iron removal.*

On contrary to the results reported by Cowley et al.13,
Quaintana et al. 81415 and Galvez et al.%, Pan and his co-
workers showed that the iron core in HLF is made of single
iron oxide phase 6LFh? Through severall91617 electron
beam irradiation experiments on human liver biopsy, it was
shown that under intense electron beam, iron oxide

2| J. Name., 2012, 00, 1-3

transformations might occur due to the shift of Fe3* ions
from octahedral coordinated sites to tetrahedral sites?®. It
was concluded that the earlier observation of
magnetite/maghemite phases might be a consequence of
electron beam irradiation®.

While the studies discussed thus far have
improved the understanding of the structural aspects in
ferritin proteins, the reported results are not consistent.
The ambiguities surrounding iron core oxide phases,
composition, and their relationship to the protein
molecular structure calls for more detailed investigation of
ferritin proteins in their native state. The small size of iron
core and the difficulties associated with imaging of ferritin
in its native hydrated environment might pose difficulties in
understanding the iron oxide composition in ferritin.

With conventional protein specimen preparation
for electron microscopy, artifacts could be introduced.8
The evolution of electron cryomicroscopy (CryoEM)
enabled the visualization of ferritin in frozen state?s,
however, it has major limitation to capture the dynamics of
biomineralization pathways. The development of
microfluidic-based liquid cell enclosures with SizNg
membranes for TEMs has opened a new era to study
biological structures.?® This development enabled to
resolve structural features and dynamics of COS-7 cells?t,
tumor cells?2, yeast cells?3, and other biological
materials.24#25 Furthermore, dynamic TEM (dTEM) was
coupled with in situ SisNs based liquid microscopy to
improve the spatial and temporal resolution, such that the
conformational dynamics of the ferritin proteins could be
observed.?6 While the dTEM technique has inheritably low
resolution, it should be noted that the thickness of SizNa
membrane makes it difficult to obtain lattice resolution
images of the iron-oxide mineral cores within ferritins.2”

On the other hand, graphene-liquid cell (GLC) has
revolutionized our ability to resolve the atomic structure
and chemistry at unprecedented resolutions. Yuk et al.
developed this technique and observed the dynamics of Pt
nanoparticles growth.2® Further, Wang et al. pioneered the
atomic resolution characterization of HoSF in GLCs8 and
the precise control of electron beam to induce hydrogen
molecule formation during GLC-scanning TEM (STEM)
studies.?® The superb electrical conductivity of graphene
and its ability to scavenge free radicals make it a suitable
candidate to image and analyse radiation sensitive
biological materials in their native liquid environment.30

As reported in our earlier study on HoSF, the
chemical signature of iron oxide core in hydrated ferritin
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proteins is significantly different than the ferritins in non-
hydrated state. In particular, the EELS study from hydrated
HoSF ferritin showed higher ratios of Fe?*/Fe3* in the
mineral core as compared to the non-hydrated ferritins.1®
As such, it is important to investigate the iron core of
ferritins in their native environment. Herein, we utilized
GLC-STEM to characterize the iron oxide core minerals in in
different organ ferritins (human heart and human spleen)
with varying ratios of heavy (H) and light (L) subunits.
Through high angle-annular dark field (HAADF)-STEM
imaging, the size and morphological characteristics of HSF
and HHF were determined. The SAED and HRTEM analyses
enabled the characterization of the crystal structure of HSF
and HHF proteins. Furthermore, via the Fe L,3 edge
analysis, the relative Fe3*/Fe2* ratio in the iron oxide cores
of HSF and HHF in GLC were compared.

Results and Discussion

Morphology and Size of Ferritins:

The morphology and the size differences of HSFs and HHFs
are shown in Figure 1. Figure 1A shows the HAADF-STEM
image collected from HSFs in GLC exhibiting different
morphologies with geometric and non-geometric shapes.
The magnified images of the four particularly observed
morphologies are depicted in Figure 1B with their
corresponding schematics: (i) full spherical, (ii) doughnut,
(iii) trigonal pyramid, and (iv) crescent shapes. A similar
trend was also observed in the HAADF-STEM images
collected from HHFs as shown in Figure 1C. Different
morphologies observed in HHFs are also reported in the
schematics along with the magnified images in Figure 1D. In
addition to the stick and boot like morphology that was
discussed earlier by Lépez-Castro et al.31, small spherical,
bow-tie, crescent, and spherical morphologies were also
observed in our work. Possible reasons can explain these
different morphologies. (a) Periodic arrangement of iron
crystals and stacking of various mineral core in different
sites and direction within the inner layer of the protein
contribute to cubic symmetry.232 Further, the random
orientation of the proteins on the support membrane
results in different morphologies.®(b) The protein’s inner
architecture might dictate the growth of the iron oxide core
thus exhibiting different morphologies.33(c) The nucleation
sites, controlled by the number and positioning of the eight
hydrophilic three fold symmetry channels determine the
differences in morphology.® This theory is also supported by
a model, called as 24-n nucleation model, which describes
the differences in the nucleation sites in HSFs and HHFs.3!
(d) The number of iron ions that enter the protein during

This journal is © The Royal Society of Chemistry 20xx

the distinct stages of biomineralization, and the availability
of iron ions for nucleation might contribute to different
morphologies in HSFs and HHFs.%434

In addition to the above mentioned points, it is
suggested that in a native form, both HSFs and HHFs can
have different distribution of H and L subunits.! The
position and the number of H and L subunits might also
have an impact on the morphologies that are exhibited in
both HSFs and HHFs. In this study, HSFs were obtained from
native source while HHFs were obtained from a
recombinant ferritin source. While a naturally available
source of protein can exhibit different ratios of H/L
subunits, studies have shown that the ratio of H and L
subunits can be controlled in a recombinant protein
structure.3® Due to these differences in the source of
protein, the number of morphologies that are observed in
HHFs could be limited. Future studies can consider using
HHF from a native source to discover some unique
morphologies that are not reported in this work.
Furthermore, it is shown that higher ratios of H/L subunits
has influence on the number of iron that enters the ferritin
to form iron oxide core, as well as the kinetics of
biomineralization and demineralization.3> Previous study
showed that with fewer number of ferroxidase sites and
slower oxidation rates, L rich ferritins tend to have bigger
iron oxide core with more pronounced crysallinity.3> Figure
1E represents the iron oxide core size distributions of HSF
and HHF. The graph represents a bell curve of 150 different
iron oxide cores for HSFs and HHFs with a similar particle
size distribution. Since the iron oxide core shape is not
spherical, area was considered for the size comparison. The
average size distribution of HSFs was found to be 26 + 9 nm?
while this for HHFs was slightly lower (24 * 8 nm?). One
reason behind that could be the slow mineralization in the
L subunit rich ferritins, HSF, as it is also reported in the
literature.36The area of iron oxide core within ferritins was
analyzed based on the morphologies as shown in Figure 1F.
The bar chart represents the area (black color) and
frequency (red color) of HSFs and HHFs. HSFs displayed
higher frequency of spherical (32.5 + 10.8 nm?2)
morphologies as compared to the crescent (19.48 + 5.8
nm?2), trigonal pyramid (21.74 + 5.8 nm?2), and doughnut
(32.97 + 2.3 nm2) morphologies. On the other hand, the
distribution of crescent (18.75 + 4.4 nm2), small spherical
(18.47 + 4.2 nm?), bow-tie (26.72 + 3.88 nm2), and spherical
(35.34 + 4.5 nm?) morphologies in HHF did not follow a
trend. The frequency of occurrence of different
morphologies might be a representation of different stages
of biomineralization.? There is also a possibility that it
indicates the role of H and L subunits in HSF and HHF during

J. Name., 2013, 00, 1-3 | 3
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the nucleation and growth of the minerals.3! It should be the randomness of graphene liquid pockets across the grid,
noted that the sample dataset is not comparable with the it is challenging to incorporate high-throughput automated
ones used typically in the cryo-EM community. Considering data collection system to collect large datasets.
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Figure 1. Morphological characterization of HSF and HHF proteins in GLCs. A. HAADF-STEM image of HSF in GLC showing different
morphologies with geometric and non-geometric shapes (Scale bar: 20 nm). B. Magnified images of different geometric
morphologies observed in A and their corresponding schematics representing the morphologies that are exhibited by HSF. The
different morphologies depicted are: (i) full spherical; (ii) doughnut; (iii) trigonal pyramid; and (iv) crescent. (Scale bars: 2 nm).
The pink color represents the protein shell while the blue color represents the iron oxide core in ferritin. C. The HAADF-STEM
image of HHF in GLC showing different morphologies with geometric and non-geometric shapes (Scale bar: 20nm). D. Magnified
images of different geometric morphologies observed in Figure C and their corresponding schematics representing the
morphologies that are exhibited by HHF: (i) small spherical; (ii) bow-tie; (iii) crescent; and (iv) spherical. (Scale bars: 2 nm). The
pink color represents the protein shell while the blue color represents the iron oxide core in ferritin. E. Size distribution of iron
cores in HHF and HSF proteins based on the area of the particles in the HAADF-STEM images. The size distribution measurements
showed 26 + 9 nm2 for HSF and 24 + 8 nm2for HHF (n=150 for each type of ferritin). F. The size distribution measurements of HSF
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and HHF (n=150 for each type of ferritin) with respect to different morphologies in HSF and HHF. This work focuses on the

morphologies with geometrical shapes.
Structural Characterization of Ferritins

Figure 2 represents the structural characterization of HSFs
and HHFs using SAED and high resolution TEM (HR-TEM)
techniques. The SAED analysis (n>6 for both type of
ferritins) were carried out to determine the average crystal
structure of many different ferritin cores from a selected
areain liquid state, while HR-TEM was employed to monitor
the crystal structure of individual protein mineral cores in
the non-hydrated state. Figure 2A shows both the reference
TEM image and SAED collected from an area where multiple
HSF particles are present. The d spacings of 3.5,3.1,1.9, 1.7,
1.5, and 1.1 A indicate the presence of hematite (H),

planes of H(012), M(220)/G(020), Fh(113), Fh(114), Fh(115)
and H(128), respectively. Quintana et al. also showed the
presence of ferrihydrite and hematite for HSF through dry
state HR-TEM.8 Figure 2B, on the other hand, represents the
reference TEM image and SAED collected from an area
where multiple HHF particles are present. SAED pattern
showed d spacings of 3.0, 2.2, 2.0, 1.8, and 1.6 A, which
indicate the presence of hematite, ferrihydrite, and traces
of magnetite or maghemite with the planes of
M(220)/MH(220), Fh(112) or H(113), Fh(113), H(024), and
H(116) or MH(511), respectively.

ferrihydrite (Fh), and traces of goethite or magnetite with

| @6:11210)

O
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~

Figure 2. Electron microscopy characterization of HSF and HHF proteins. A. TEM image and the corresponding SAED of HSF
indicate d spacings of 3.5, 3.1,1.9,1.7, 1.5and 1.1 A representing crystal structures with planes H(012), M(220) or G(020), Fh
(113), Fh(114), Fh(115) and H(128), respectively. The d spacings of graphene of 1.2 A is represented as Gr(1210) B. TEM image
and the corresponding SAED of HHF indicate d spacings of 3.0, 2.2, 2.0, 1.8, and 1.6 A representing crystal structures with planes
M(220) or MH(220), Fh(112) or H(113), Fh(113), H(024), and H(116) or M(511), respectively. The d spacings of 2.1 and 1.2 A
represents Gr(1100) and Gr(1210), respectively. Green, blue, yellow, red, pink and gold colors in the SAED represent magnetite
(M), ferrihydrite (Fh), goethite (G), hematite (H), maghemite (MH) and graphene, respectively. Scale bars of the TEM images in
A and B are 100nm. C. HR-TEM image of HSF with the FFT obtained from the dashed square (yellow color) area of the image.
Interplanar spacings of 2.4, 1.97, and 1.49 A in the FFT refer to (110), (114) and (113) planes of ferrihydrite, respectively. D. HR-
TEM image of HHF with the FFT obtained from the dashed square (yellow color) area of the image. Interplanar spacings of 2.7
and 1.9 A in the FFT refer to (104) plane of hematite and (113) plane of ferrihydrite, respectively. Scale bars of HR-TEM images
inCand D are 2 nm.
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Considering these, HSF and HHF showed similar crystal
structures indicating the presence of ferrihydrite as a
predominant phase along with hematite. In addition to
that, some of the d spacings from HSF also matched with
the planes of magnetite as well as goethite. On the other
hand, HHF indicated trace amounts of magnetite/
maghemite. To be able to study the individual crystal
structures, furthermore, HR-TEM images were collected
from HSF and HHF and presented in Figure 2C and 2D,
respectively. Their corresponding Fast Fourier Transforms
(FFT) showed interplanar spacings of 2.4, 1.97, and 1.49 A

Chemical Characterization of Ferritins

The ability to acquire EELS maps at 106 e/A2/s has
showcased the ability of graphene to maintain the integrity
of protein structure in ferritin during high dose EELS signals
collection.!8 In this work, the differences in the chemical
composition of the mineral cores in HSF and HHF in their
native state are investigated via GLC-STEM-EELS. White line
analysis on iron Ls and L, core edges was implemented for
the determination of oxidation state of transition metals.*%

A B

Journal Name

representing ferrihydrite with planes (110), (114) and (113)
for HSF, respectively, in Figure 2C, and 2.7, and 1.9 A
representing hematite with plane (104) and ferrihydrite
with plane (113) for HHF, respectively, in Figure 2D.37 HR-
TEM does not represent all the iron oxide minerals reported
via SAED because not all the crystals in the mineral core are
in the right crystallographic zone axis. Hence, the planes of
goethite, magnetite, and hematite were not observed in
HSF. Likewise, planes of maghemite, and magnetite was not
observed in HHF from the HR-TEM images

40 |t was reported that with the increasing area integral ratio
of Ls to L, oxygen to transition metal ratio increases.3® This
technique was also employed here to determine the
relative ratio of O to Fe, which, in turn, also indicates the
variation in the Fe3* to Fe?* ratio. Figure 3A represents the
iron Lz and L, edges obtained from HSF and HHF (n= 3 for
both the ferritin types). Comparing the integral intensities
under these white lines, the Ls/L, ratios are 4.24 + 0.06 for
HSF and 4.53 + 0.04 for HHF, as shown in Figure 3B. These
results were compared with the magnetite and hematite
standards which indicated that as this ratio increases, the
ratio of O/Fe or Fe3*/Fe?* increases.?
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Figure 3. Chemical Characterization of HSF and HHF via GLC-STEM-EELS. Chemical characterization of HSF and HHF. A. STEM-
EELS in GLC shows the comparison of Fe L, 3 edges in HSF and HHF iron cores with the iron oxide standards. B. Relative area
integral ratio of Lsto L, Fe edges in HSF and HHF. The higher ratios in HHF (4.53+0.04) as compared to HSF (4.24+0.06) indicates

6 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




s e sNanoscale g s

J

Journal Name ARTICLE

higher O to Fe ratio, that is, presence of higher Fe*3 / Fe*2 in HHF as compared to HSF (n=3 for both the ferritin types). Magnetite
(3.64 + 0.2) and hematite (4.63 + 0.2) standards (n=3) are represented to draw an understanding of the Fe3*/FeZ* ratio.

Schematic 1 represents the differences in the iron oxide can be matched with two different iron oxide types, it can
composition in HSF and HHF based on our observation be speculated that the crystal structure is closer to
reported here. Diffraction patterns from hydrated HSFs and magnetite as the EELS results also indicated the higher
HHFs indicated higher amount of ferrihydrite in comparison ratios of Fe2*/Fe3* in HSF. The presence of magnetite in
to other phases of iron oxide in both HSFs and HHFs. In ferritin has also been supported by several electron
addition to that, some amount of hematite was observed in microscopy329.23 and non-EMZ23.25-27.1 hased experiments.
both the organ ferritins. Generally, ferrihydrite 1° forms at Further, a model for magnetization of ferritin28 supported
the early stage of biomineralization process. Although the presence of magnetite in ferritins. Biologically, the
ferrihydrite is a labile form of crystal, it is present in the presence of magnetite could be related to the oxidation and
ferritin due to its ability to demineralize faster than the precipitation of adsorbed ferrous ions on the surface of
other forms of iron oxide.3® From thermodynamic ferrihydrite crystal core.*® The diffraction patterns of wet
standpoint, formation of hematite is favoured from the HHF collected from different areas indicated the presence
ferrihydrite crystal structure.*#2  However, the inner of magnetite or maghemite in addition to ferrihydrite and
environment and the protein chemistry tend to retain the hematite. The EELS studies indicated higher ratios of Fe3*/
water molecules and influences the formation of selective Fe?* in comparison with HSF, because of which there is a
crystal types.3® In addition to ferrihydrite and hematite, higher probability of having maghemite instead of
traces of magnetite phase was also observed in hydrated magnetite in HHF.

HSF, which was not evident in HHF. Although the d spacings

(i) HSF
A & ferrihydrite(5Fe,0;.9H,0)
B hematite (a-Fe,0;)
¢ magnetite ( Fe;0,)
)
ele
(ii)

HHF

& ferrihydrite(5Fe,0;.9H,0)
B hematite (a-Fe,0;)

® maghemite (y-Fe,0;)

Scheme 1: The schematic shows the encapsulation of ferritin proteins within GLC capsules and the differences in the iron oxide
phases of HSF and HHF. A. graphene liquid cell encapsulation allows imaging of ferritin proteins in their native liquid state. (B-i)
HSF protein with the protein shell (pink color) and the iron mineral core composed of ferrihydrite (Fh), hematite (H), and the
traces of magnetite (M). The percentage composition and location of Fh, H, and M are represented solely for schematic purpose.
(B-ii) HHF protein with the iron mineral core composed of ferrihydrite (Fh), hematite (H) and maghemite (MH). The percentage
composition and distribution of Fh, H, and MH are represented solely for schematic purpose.

While it is less likely that the observation of observed in dry state ferritins, we believe further studies on
magnetite in wet state to be due to the effect of electron the role of electron beam on this phenomenon are
beam radiation since the same phenomenon was not necessary. It is interesting to note that the type of iron
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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oxides formed inside the protein shells are limited to the
above-mentioned types. However in the absence of protein
shell, formation of akaganeite (B-FeO(OH)*?, goethite (y-
FeO(OH)) and lepidocrocite (a —FeO(OH))3® are favoured
based on the classical nucleation theory. The surface energy
due the larger surface to volume ratio of the mineral core
can contribute to the thermodynamic stability of the
nanosized crystals.36

GLC-STEM-EELS white line analysis showed higher
ratio of Fe/O, thus higher Fe3*/ Fe2* in HHF compared to the
HSF. This observation could be due to several possibilities:
(1) The ability of HSF to apprehend higher numbers of Fe?*
compared to HHF3% could result in the nucleation of iron
ions before the completion of iron oxidation from Fe?* to
Fe3* form. (2) The metabolic state of the cells in the
different organs. (3) The presence of larger ratios of H/L
subunits in HHF compared to HSF could affect the ratio of
Fe3*/Fe2*.35 After the ferrous iron internalization by ferritin
through eight hydrophilic channels, the dinuclear
ferroxidase sites, which are present in H subunits convert
ferrous iron to ferric oxide species through 2Fe2*+0, >
Fe3*-0-O-Fe3*.

It should be noted that, this is the first time, the
structural and chemical characterization of hydrated HSF
and HHF are reported. There are some SAED and EELS
studies that report the differences in H and L rich ferritins
based on the conventional sample preparation for TEM
studies (no cryoTEM).48251  However, there are
discrepancies in the results that are previously reported.
While some of the studies report that both H- and L- rich
ferritins are composed of ferrihydrite®? , there are also
results which supports the polyphasic nature of iron
oxides.®* Qur results indicate that both HSF and HHF are
polyphasic in nature, with iron oxide composites. While
drying of the proteins are not desirable (in c-TEM), it is also
possible that proteins are the victim of electron induced
radiolysis in absence of protective graphene cover. Studies
have shown that biological samples with protective
graphene cover were less prone to radiolysis even with
higher total dose compared to threshold dose301852 |t
should also be noted that presence of buffers surrounding
the protein might influence the pH of the solution by
establishing an equilibrium between oxidation and
reduction process.>3>* While it is possible to have the effect
of buffer in the liquid environment, it becomes challenging
to maintain the buffers during dry c-TEM imaging. This
could possibly differentiate the results obtained via the c-
TEM versus the observation made via our GLC-TEM. It
would be interesting to study the influence of solvents in

8 | J. Name., 2012, 00, 1-3

the solution in maintaining an exceptionally high stability
towards electron beam induced iron transformations. This
could possibly differentiate the results obtained via the c-
TEM versus the observation made via our GLC-TEM.

Considering the need for surrounding liquid
environment to keep the protein structure intact,> the
crystal structure and chemistry of HSF and HHF were
evaluated in liquid state. Further, to understand the
differences in composition of the protein in native wet
environment and the dry state results reported in literature
165 same analysis was also carried out in absence of liquid.
The results obtained from the dry state ferritin indicated
the predominant hematite phase with some ferrihydrite?,
in addition to the traces of goethite or magnetite (Figure
S1). It is reported that the loss of water favours the
formation of hematite*2 which might be a reason to observe
major phases of hematite in dry state diffraction studies.
Further, magnetite was observed only in wet state HHF
diffraction analysis. It should be noted that, there has been
also a lack of characterization studies on the iron oxide
mineral type in the HHF core in literature, thus, the
comparison of the wet and dry results with the dry state
reports from literature was limited to HSF. To comprehend
the differences between dry and wet state in terms of O to
Fe ratio, EELS was also carried out in both states and it was
observed that the ratio in wet state HSF is higher than dry
state HSF (Figure S2). In addition to that, a sharp pre edge
feature at 709.2eV and the edge at 710.7eV with a
difference of 1.5eV was observed in the dry state which can
be inferred as hematite.>¢ The pre edge was not prominent
in wet state which might be due to the scant amount of
hematite in wet state compared to dry condition. The
ferritin structure in dry state might not be a true
representation because of the TEM sample preparation
techniques that can cause deviations from native properties
of biological samples. The loss of liquid after drop casting
onto TEM grid and further drying of the sample in the
electron microscope chamber could be an additional factor
affecting the protein structure. The role of graphene to
keep the liquid layer intact around the protein shell has an
impact on the integrity of the proteins. The hydrogen bonds
hold the polypeptide bundles together in presence of water
and thus might have an impact on the iron oxides formed
inside the protein. In absence of water, the hydrogen bonds
break down and the structural integrity of the protein shell
surrounding the iron oxide core is lost.>> Hence, the loss of
protein will remove some of the contribution of oxygen
from the shell, decreasing O/Fe ratio, thus, Fe3*/Fe?* ratio.
While we noted the differences in Ls/L, ratio edges in wet
and dry specimens, there is small overlap pointing to the

This journal is © The Royal Society of Chemistry 20xx
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fact that statistical analysis should be performed on large
datasets to fully analyze the trend in Ls/L; ratio in wet and
dry states

We should also highlight that studying proteins in liquid
state has some advantages over the cryo-TEM technique:
(1) Due to the ability to keep the liquid surrounding the
protein as one of the active components, the hydration
forces of water at room temperature helps maintain the
stability of the proteins.5” On the other hand, the cryo
freezing of water not only increases the density of the
protein artificially, but also impacts the inner cavity causing
protein destabilization.8 Studying proteins in liquid at room
temperature will facilitate the protein stability. (2)
Additionally, liquid-cell TEM allows the study of dynamics or
structural transformation in proteins. (3) Furthermore, the
GLC-TEM technique does not require costly cryo-TEM
instrumentation or special TEM holders.

The effect of electron dose on the chemistry of the
ferritin was also considered in this study. The electron dose
was rigorously controlled during imaging to minimize the
effect of electron beam on determining the type of iron
oxide crystal in ferritin cores. In fact, our earlier work has
shown the strategy to control the chemical environment of
GLCs.2? The concentration of H, species during the electron
beam irradiation is dependent on the electron dose
rate(Figure S3 and Video S1).5° The relationship can be
given by the equation: Cy, = ; (105.5.D, )AL, where
Cy, is the concentration of hydrogen species, S is the
stopping power, «; and B; are constants , and D, is the
dose rate.>® With lower electron dose rate, the bubble
formation and the generation of radiolysis species can be
controlled as also reported by Wang et al. 2 This is because,
the radiolysis products increase exponentially at the onset
of electron beam irradiation. However, an equilibrium is
established over time due to the annihilation reaction
between the primary radiolysis products and water.2° This
effect establishes a direct relationship between electron
dose rate and the formation of radiolysis products.?® Future
studies should incorporate the effect of dose vs dose rate
while studying the iron oxides in ferritin.

Further, in the same work, it was shown that the internal
pressure in the GLCs have a direct correlation with the
threshold electron dose rate, given by the relation p? a D,
; where p is the pressure and D; is the electron dose rate. 2°
The experiments were designed taking the effect of
electron dose rate into consideration (as also demonstrated
in Figure S4 and S5). The electron dose calculation and the
corresponding doses for different imaging and EELS

This journal is © The Royal Society of Chemistry 20xx

experiments are reported in the experimental section.
While the electron dose induced radiolysis products can
influence the local environment facilitating the iron
reduction process, it should be noted that besides
protective graphene cover, the proteins are surrounded by
the buffered solution at pH 7.5. Studies have shown the

influence of both the initial pH as well as the buffers

affecting the local environment of the solution®3. In

deionized water, the effect of radiolysis species such as
HsO* ions are known to decrease the pH of the solution,

thus influencing a reducing environment®3. However, in
presence of buffered solution containing chloride ions,
there is a possibility that the condition is reversed, favoring
an equilibrium state between oxidation and reduction
processes.>* However the effect of preservatives such as
bromo-nitro-dioxanes and methylsothiazolone are not well
studied. It would be interesting to study the effect of these
species in the electron beam-induced transformations.

Pan and his coworkers!® studied the composition of
ferritin subjected to varied electron doses starting from the
10° to 10° electrons/nm? electron dose in dry state. They
also reported that Fe3*/Fe?* ratio of iron in hemosiderin and
cytosolic ferritins (which was studied in this work as well)
did not vary with the increase of total electron dosel®. In
our study, although the dose conditions were the same in
both the types of ferritins, the chemical information
obtained from HSF and HHF proteins were different
indicating that the conclusions in this study are not
influenced by the electron beam. The ability of using higher
electron doses during GLC imaging compared other low
dose electron imaging setups could be attributed to the
novel material properties of graphene: (i) Graphene is a
very good electronic conductor, eliminating further
accumulation of incident electrons in the sample during
electron imaging. Hence, sample charging and resulting
formation of radiolysis products were minimized.%° (ii) Due
to the lower total thickness of GLCs, number of secondary
electron formed due to electron-sample interaction is lower
than the relatively thicker SisN4 based fluid cell setup.®? (iii)
In the event of radiolysis, the radicals form and graphene is
also reported to be good radical scavenger, which helps in
the prevention of possible unwanted radical-sample
interaction (also see Supplementary Information).3° Due to
these reasons, GLCs enables the utilization of higher
electron doses in comparison to conventional TEM imaging
of biological or beam-sensitive samples.

Conclusion

J. Name., 2013, 00, 1-3 | 9



Nanoscale

Graphene liquid cell-TEM imaging and spectroscopy were
utilized to analyse the structural and chemical differences
in the iron oxide cores of different organ ferritins. It is
expected that the higher number of active sites in H
subunits facilitate continuous oxidation and rapid
biomineralization of iron oxides. Both HSF and HHF were
observed to have ferrihydrite and hematite. However, the
L- and H subunit rich ferritins also showed traces of
magnetite and maghemite, respectively. Excess of iron ions
that enter the protein might deposit on the surface of iron
core crystal resulting in the magnetite formation. Slow
kinetics and incomplete biomineralization could also be
another reason for the observation of the magnetite in HSF
and the higher rate of reduction process can explain the
observation of maghemite in HHF. Higher ratios of O/Fe or
Fe3*/ Fe?* was observed in HHF compared to HSF in liquid
state. This might be due to several factors which includes
the number of iron ions that are available for oxidation, the
metabolic state of the cells in the organ, as well as the
presence of larger ratios of H/L subunits causing
ferroxidation in HHFs compared to HSFs. Future studies can
focus on observing the biomineralization in real-time, which
can further help understand the correlation between the
different iron oxides chemical composition and the organ
ferritins. It was also observed from the dried HSF contained
lower ratio of Fe3*/ FeZ* as compared to the wet HSF. This is
attributed to the degraded nature of air-dried ferritin
resulting in the loss of oxygen from ferritin shell that
contributes to the Fe/O ratio. It should be noted that this
study was limited to characterization of crystalline iron
oxides in HSF and HHF. Future studies should be considered
to study the non-crystalline or partially crystalline forms of
iron oxide in ferritin. The ability of GLC-TEM to image
proteins in native wet condition offers new opportunities in
exploring the interaction of proteins and inorganic
materials. Future directions will focus on observing the iron
core growth and understanding the nucleation mechanism
in ferritin using the in-situ liquid microscopy.

Experimental Procedure

Materials

HSF (Catalog # 270-50) and HHF (Catalog #FERT16-R-50)
were purchased from Lee Biosolutions, USA and Alpha
Diagnostics International, USA respectively. The protein
samples were diluted with 1X PBS buffer to 0.4mg/ml for all
the experiments.

Graphene Grids

10 | J. Name., 2012, 00, 1-3

The grids used for the experiments are 300 mesh Au lacey
carbon TEM grids (LC325) purchased from Electron
Microscopy Sciences (EMS). A slightly modified protocol
was followed from Regan and his coauthors.52 The gold
grids were placed on the in-house grown graphene coated
copper sheets. The grids and the copper sheets were
flattened and pressed against each other by applying gentle
pressure through the lens paper. Further, 1ul of IPA was
added to the sides of the grid to attach the grid to the
copper sheet. The gold grids on the copper sheet were air
dried for 5 minutes to get rid of excess IPA. Then the grids
were placed on the hot plate at 50°C for 10 minutes. The
copper sheet was placed in the FeCls etchant for 3 hours. To
prevent the silicon nanoparticles that would deposit from
the silicon-based glass containers during etching, Nalgene
containers were used for all the experiments. After 3 hours,
the grids were washed with deionized water for three
times.

TEM Sample Preparation

The protein samples were drop-casted in the commercially
available lacey carbon film coated copper grid (Catalog#
LC300-CU, Electron Microscopy Sciences) and air-dried to
collect the HR-TEM and SAED patterns. Further, the liquid
protein samples were encapsulated in the graphene
sandwiches as described by Wang et al, 201418 for STEM
images and chemical characterization using the STEM- EELS.

Sample Characterization

STEM images were collected from GLC-TEM experiments
and were processed with Image) to determine the size and
morphology of the particles. The analysis was done for 70
different particles for each ferritin sample. The particle sizes
were grouped with the bins of 5Snm?2. Then, the average area
was calculated along with the frequency. To this end, the
data set was plotted in Origin Pro (version: b9.4.0.220). The
structural characterization of both the samples were
analysed by measuring the interplanar distances in both
GLC and dry state were carried out via 80kV Hitachi HT7700
at 80kV and JEOL 3010 at 300kV, respectively. HR-TEM
images on the dry samples were collected using JEOL-JEM
3010 at 300kV. GLC-TEM electron imaging and diffraction
were collected with 1 second exposure using the electron
dose range of 16 to 181 e/A2. Dry state TEM imaging and
diffraction were collected with 0.1 second exposure. GLC-
HAADF STEM imaging and chemical characterization were
carried out using the probe aberration corrected JEOL-JEM
200CF operated at 80keV. The microscope is equipped with
Cold Field Emission Gun and GIF Quantum EELS (Gatan, Inc.,
USA) that has spatial resolution of 1.3 A and energy

This journal is © The Royal Society of Chemistry 20xx
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resolution of about 0.35eV. For STEM imaging and EELS, a
convergence semi angle of 22 and 17.8 mrad was used,
respectively. For STEM images, HAADF detector with inner
detection angle of 90 mrad was used for better Z contrast.
Images were collected with 512 X 512 pixels and dwell time
of 31.2 ps. The video was collected in Ronchigram mode
with 0.01 s per frame exposure time. For EELS, a collection
angle of 53.4 mrad was used for better quality signal. The
energy resolution was determined by measuring the full
width half maximum of the zero-loss peak and it was around
0.6 eV. The spectrum was acquired with the dispersion of
0.15 eV/channel with exposure time of 0.1s. The electron
dose rate for HAADF imaging and EELS analysis were
approximately 9 e/A? /s and 7.2x106 e/A?/s, respectively.
Origin Prol8 was used to calculate the integral white line
intensities.

Data Analysis

The interplanar distances were measured both via the FFT
of the image in HR-TEM images and SAED patterns using
Digital Micrograph. SAED data was analysed using the
Digital Micrograph. For the EELS analysis, the background
was subtracted using the 50eV integration window in the
Digital Micrograph and the energy range was considered
from 705-730 eV for the analysis.?3 The Ls and the L, edges
were normalized and the background was subtracted for
plural scattering. Then, the related area integral ratio was
calculated by fitting a gaussian under the peaks using the
Origin Pro (version: b9.4.0.220).4° Comparison figure of
individual magnetite standard, HSF, HHF, and hematite
standard EELS spectra was reported after 3 channel
spectrum averaging.
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