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Abstract

CrossMark

This review summarizes the breakthroughs in the field of soft material characterization by
in situ liquid-cell transmission electron microscopy (TEM). The focus of this review is
mostly on soft biological species such as cells, bacteria, viruses, proteins and polymers. The

comparison between the two main liquid-cell systems (silicon nitride membranes liquid cell and
graphene liquid cell) is also discussed in terms of their spatial resolution and imaging/analytical
capabilities. We have showcased how liquid-cell TEM can reveal the structural details of whole

cells, enable the chemical probing of proteins, detect the structural conformation of viruses,
and monitor the dynamics of polymerization. In addition, the challenges faced by decoupling
electron beam effect on beam-sensitive soft materials are discussed. At the end, future
perspectives of in situ liquid-cell TEM studies of soft materials are outlined.
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(Some figures may appear in colour only in the online journal)

1. Introduction and background

A significant challenge in microscopy is to image or probe
soft materials such as biological cells, bacteria, viruses, bio-
molecules, and proteins at sub-nanoscale placed in hydrated
environment. Transmission electron microscopy (TEM) has
emerged as an extremely powerful tool to image the structure
of soft materials at unprecedented resolutions. However, volu-
metric shrinkage, electrostatic charging, and structural degra-
dation of soft materials contribute to the radiation of incident
electron beam in a high vacuum environment. Therefore, to
overcome these drawbacks, the TEM studies of such materials
have been employed under cryo or substrate-embedded con-
ditions (microtoming procedure) and relatively low voltage
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TEM imaging [1-6]. Unfortunately, these techniques are
restricted by several shortcomings: (1) soft materials may be
deformed by the stain (sometimes severely) [7, 8]; (2) similar-
ity in densities of soft materials and vitrified water contribute
to limited Z contrast imaging and low signal to noise ratio,
accordingly, majority of cryo-samples are negatively stained
to increase contrast, in spite of plastic deformation caused
by negative stain [9, 10]; (3) in cryo-imaging procedure, the
specimens must be maintained at less than —135 °C requiring
expensive cryo-TEM facility and specimen preparation instru-
ments; and (4) the vitrification process and sample preparation
for microtoming requires extensive trial and errors to achieve
impeccable results [7, 10, 11].

The recent development of liquid-cell TEM technique pro-
vides unprecedented capabilities to image and analyze sam-
ples in a liquid environment, with both high spatial and high
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temporal resolutions. This technique allows to observe the
dynamics of materials in liquid solutions at sub-nanometer
resolution. For instance, the nucleation and growth of nano-
particles in liquid solutions [12—16], electrochemical behavior
of nanomaterials [17-22], have successfully been conducted
using in situ liquid-cell TEM technique. Yet, in situ liquid-
cell TEM application in biological field is relatively limited,
although it has been used extensively for fixation in epoxies
materials science. Thus, the major challenge is to understand
the biological cell function or detailed structure of bacteria or
virus at their native liquid environment which could be dif-
ficult due to their low atomic number following by relatively
weak TEM contrast [23]. In spite of all these challenges, there
has been a growing number of biological structures and soft
materials using liquid-cell TEM-related studies which have
resulted in significant progress in the area of biology and the
science of soft materials. Therefore, we discuss, in this review,
different approaches which researchers have applied to use
liquid TEM in order to evaluate soft materials. Accordingly,
researches have mostly focused on whole cell imaging in
liquid media, detection of detailed structure of viruses, and
chemical signature of hydrated proteins. Consequently, we
anticipate that this review brings more attention to the appli-
cations of liquid-cell TEM technique to investigate soft mat-
erials. At the end, the radiolysis and beam effect on the soft
materials are discussed to provide a clear picture in terms of
understanding how the electron beam affects the soft materials
and how to prevent or take advantage of this effect for future
research in this field.

The setup of a liquid-cell TEM experiment can be divided
into flow and static modes based on the way by which the
liquid is introduced into the TEM chamber. At the early stage
of liquid cell development in 2003, a homemade static liquid
cell chips using two silicon chips was sealed by epoxy [24].
Moreover, the electron transparency was guaranteed by the
use of silicon nitride membranes embedded in the two silicon
chips which had minimum scattering effect on the incident
electron beam (figures 1(a) and (b)). The thickness of the lig-
uid confined within the two windows was about 100 nm, where
the spatial resolution for the liquid-cell TEM could reach Snm
[24]. Later on, several commercial liquid holders were devel-
oped with capability of liquid flow-mode, such as Protochips
[14, 22,25, 26], Hummingbird [27-30], and DENS Solutions
[31]. The liquid flow is enabled by the inlet and outlet chan-
nels connected to the tip area of the TEM holder, which are
used as channels to guide the liquid flow (figure 1(c)). The
flow rate for the liquid holder should be lower than 300 z1h~!.
If the flow rate is higher than this value, the SiN membranes
are easy to be broken. Normally, at nanoscale the moving of
particles could be traced. For the biological cell and bacte-
ria, the size of the sample is large, and the sample is cultured
attached to the membrane, so there is no restrict for the flow
at this circumstance. Considering the thickness reduction of
the silicon nitride membrane down to 20-50nm, the spatial
resolution of liquid-cell imaging using the silicon chips has
reached sub-nanometer scale [32].

In addition to the Si chip-based liquid-cell design,
another novel liquid-cell design has been developed based

on graphene membranes [33, 34]. Two-dimensional (2D)
graphene has been regarded as a good candidate to confine
liquid in TEM vacuum chamber due to its mechanical stabil-
ity [35], non-permeability to water [36], good conductivity
[37], and good electron transparency [38]. The thickness of
monolayer or multilayer graphene (1-10nm) is extremely thin
compared to silicon nitride membranes used for flow liquid-
cell [39, 40]. In addition, the atomic number of carbon atom
(Z = 6) is lower than silicon (Z = 14) atom and nitride atom
(Z =T7), which significantly reduces the electron scattering by
this cell design. As a result, the resolution of graphene liquid
cell (GLC) imaging is improved significantly to 0.1 nm (figure
1(d)) [41]. The strong van der Waals forces between two gra-
phene sheets limit the size of the GLC pockets to be less than
200nm [41]. The pressure can reach a high level because of
the van der Waals forces. This high pressure may cause some
side effect on the sampled encapsulated. This can be a disad-
vantage when required to study the behavior of liquids under
less confinements or more liquid flow. Taking the advantage
of both Si chip design and GLC design, a new method was
developed as shown in figure 1(e), where graphene was used
to enclose the samples and liquid cultivated on silicon micro-
chip with a silicon nitride membrane. This method allowed
the biological cells to be cultured and labeled as usual.

2. Research on soft materials using in situ
liquid TEM

Recent developments in advanced nanoscale characterization
techniques have increased the quantity and quality of in situ
liquid-cell TEM studies of organic matter specifically biologi-
cal samples. Based on the characteristics of these low contrast
biological samples, heavy metals such as gold nanoparticles
or quantum dots can be used to label certain protein or ligand
for increasing the contrast. Therefore, by detecting the gold
nanoparticles or quantum dots, intracellular or extracellular
vesicles can be detected and cellular activities can be moni-
tored by liquid-cell TEM. Moreover, the studies focused on
non-biological materials such as polymers, hydrogels, and
liposomes will be discussed in this review.

Main concern of this technique is the effect of electron
beam on soft materials as it is not neglectable comparing to
hard materials. However, the effective control of the electron
beam could alter the chemistry and pH of the environment
resulting in discovery of new phenomenon and mechanisms.
In general, liquid (S)TEM provides a unique approach to
study the structures of biological samples under native and
hydrated conditions. This has been significantly improved
in terms of the spatial resolution and imaging speed. Table 1
summarizes the previous in situ liquid-cell TEM observations
of soft materials. In fact, one big challenge of liquid cell TEM
imaging is the resolution decrease caused by the addition of
the membranes used to encapsulate the liquid solution. In gen-
eral, the thicker the membranes are, the lower the resolution
will be. This is also true for the amount of liquid solution sur-
rounding the object, namely more liquid solution will reduce
the resolution as well. The resolution of GLC is higher than
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Figure 1. Schematic of various fluidic cell designs for in situ liquid-cell TEM studies. The center circle describes the classifications of
liquid-cell techniques based on the static or liquid flow modes. The most successful liquid-cell techniques in TEM are based on either
silicon nitride membranes or graphene sheets: (a) microfluidics with built-in silicon nitride membranes for static mode imaging; (b) multi-
window silicon nitride membranes; (c) liquid-flow microfluidic silicon devices with silicon nitride membranes; (d) graphene liquid cell; and

(e) graphene/silicon nitride cell.

the silicon nitride membrane liquid cell. As clearly seen, the
spatial image resolution could reach 1 nm during GLC imag-
ing, while this is far from ideal in the silicon nitride liquid-
cells. Generally, variety of biological structures such as cells,
bacteria, and viruses, as well as soft materials such as polymer
molecules have been imaged via liquid-cell TEM technique.

2.1. Biological cells, bacteria, and viruses

The first in situ liquid-cell TEM study of whole biological
cells was reported by De Jonge et al in 2009 [42]. This came
after successful utilization of microfluidic liquid-cell TEM to
image nanoparticles in 2003 [24]. The reason for this time gap
was the challenges related to the culture of biological cells
on silicon nitride membranes and the technical difficulties for
keeping biological cells hydrated and intact during imaging
under electron beam. Klein et al [60] compared the visibility
of gold nanoparticle-labeled cells in their dry and wet condi-
tions. They claimed that the edges of biological cells could be
imaged at dry condition, however, in liquid media, only the
gold nanoparticles could be observed [60]. De Jonge [42] and
his co-workers used electron transparent silicon nitride mem-
branes to visualize the fixed fibroblast cells by STEM. In their
procedure, the buffer solution was flowed between the two
silicon nitride chips which were used to keep cells hydrated
and also ensure a complete filling of sample compartment
with liquid. Accordingly, the thickness of the biological cell

reached around 7 + 1 pm. Furthermore, the spacer between
SiN chips was 10 pym which could be considered sufficiently
thick for the accommodating the biological cells. However,
such thick liquid dramatically lowered the resolution of the
image. Therefore, single gold-tagged epidermal growth fac-
tor (EGF) molecules bound to cellular EGF receptors was
used to increase the resolution. By using this label, the spa-
tial resolution could reach 4nm, and, the gold nanoparticles
could be imaged, nevertheless, the intra cellular structure of
the biological cell still remained obscure during imaging.
The similar method was also applied to test the visibility of
gold nanoparticle-labeled epidermal growth factor recep-
tor for COS7 cells and E. coli bacterium at static mode by
sealed silicon nitride chips [23]. The contour of bacterium
was observed fuzzy under hydrated status using a homemade
liquid-cell. At lower magnification, only some cluster of the
gold nanoparticles were visible, while at higher magnifica-
tion, the gold nanoparticles could be clearly detected [23].
The outline of the cell could be distinguished but it was some-
how impossible to detect inside of label free cell in details as
shown in figure 2(a). Later, a specially designed microwell
chip (figure 1(b)), which was pretreated by protein for better
cell attachment to the SiN window, was introduced [43]. This
method raised the possibility of reporting the interactions of
gold nanoparticle with glioblastoma stem cells (GSCs) (fig-
ure 2(b)), and helped to investigate the cytotoxicity of the
gold nanoparticles to the GSCs at nanoscale. In fact, it was



Table 1. A summary of soft materials imaged by liquid-cell (S)TEM.

Flow Spatial
Ref.  status Specimen Liquid solution Specimen size Liquid-cell type resolution
[42]  Yes Fibroblast cells 10% PBS buffer 10nm gold nanoparticle labeled SiN window flow cell 4 nm
micrometer size cell
[23] No Mammalian cells (COS7) 10% PBS buffer Gold labeled micrometer size bacteria/  SiN window cell 3 nm
Escherichia coli bacteria gold labeled micrometer size cell
[43] No Glioblastoma stem cells Buffer solution containing 20 mM HEPES (pH, 10-100nm gold nanoparticles and SiN window microwell —
7.5), 150mM NaCl, 20mM CaCl,, 20mM MgCl2,  micrometer size cell chip
[26] No Extracellular vesicles and Cell medium <500 nm SiN window cell Sub 5 nm
artificial liposomes
[33] No Breast cancer cells Desalinized water 10nm gold particles labeled Graphene liquid enclosure 2 nm
micrometer size cell on silicon nitride chip
[44] No Fibroblast cells/lung cancer cells ~DMEM, supplemented with 10% FBS 12nm Au particles labeled micrometer ~ Environmental TEM/ 3nm
cell
[45] Yes Cupriavidus metallidurans 50mM AuCl medium 1-2 ym SiN window cell NA
[36] No bacterium Deionized water 2.73 + 0.96 pmz Graphene 0.4 um
[46]  Yes Magnetotactic bacteria Standard media Micrometer SiN window cell —
[47]  No Magnetospirillum magneticum Flask standard medium 1-3 pum in length and 400-600 nm in SiN window cell NA
diameter
[48]  Yes E. coli and P1 bacteriophages Potassium morpholinopropane sulfonate (MOPS) Micrometer SiN window flow cell 5 nm
[49] Yes E. coli Potassium morpholinopropane sulfonate (MOPS) Micrometer SiN window flow cell 5 nm
[50] Yes PdAu decorated Geobacter Au(IIT)Cl3 and Na,Pd(II)Cly in H,O Several hundred nanometer SiN window cell nanometer
sulfurreducens cell
[51]  Yes Rotavirus (RV) double layered 100mM tris-HCL, 6mM MgAc, 4mM DTT, 2mM  ~50 nm SiN window cell 2.8 nm
particles (DLPs) each of ATP, GTP, CTP, UTP, and 1 pl RNasin
[52]  Yes Ferritin and nanolipoprotein discs  10mM tris, 100 mM NaCl 12 nm SiN window cell 2 nm
[30] Yes Protein Mms6 Ferric chloride solution 25-150 nm SiN window cell
[53]  Yes Lysozyme Lysozyme solution and NaCl solution 170 nm SiN window cell
[54] No Ferritin Water 12 nm Graphene 0.99 nm
[55] No PEGylated Interferon o, HEPES buffer SiN window cell
[56] No Micellar nanoparticles consisting ~ Dry DMF ~90 nm SiN window cell
of a Pt(II)-labeled core
[571 No Double strand DNA NaCl solution and poly(ethylene glycol) methyl 5Snm gold Graphene
ether thiol (MPEG)
[58] No Micellar nanoparticles DMF ~20 nm SiN window cell Nm
[59] No Polystyrene sulfonate and poly 0.2 m NaCl 5-60 nm Graphene Nm
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Figure 2. Liquid-cell TEM imaging of biological cells. (a) Liquid-cell STEM images of COS7 fibroblast cells labeled by EGF-Au.
Reproduced with permission from [42]. (b) Gold nanorods are shown to be mobile within glioblastoma (brain tumor) stem cells. Reprinted
with permission from [43]. Copyright 2015 American Chemical Society. (c) STEM images of quantum dots (QDs)-labled ErbB2 proteins
in hydrated SKBR3 breast cancer cells in graphene-covered hydrated cells. Reprinted with permission from [33]. Copyright 2017 American
Chemical Society. (d) and (e) The multi-window device for liquid-cell TEM and the effect of cumulative electron flux on biological cells
(C. metallidurans) From [45]. Reprinted with permission from AAAS.

the first time to visualize the nanoparticle interactions with
GSCs in real time. In a separate work, the dynamics of extra-
cellular vesicles (EVs) was investigated using silicon nitride
chip-sandwiched EVs. For this study, the cells were cultured
by classical methods and then drop casted on the chip. The
whole TEM experiments were done in low-magnification
mode before and after the observation of EVs. In following,
the flow mode of the liquid cells was used to minimize the
bubble formation. It was also demonstrated that the electron
beam could induce the formation of gold nanoparticles around
the liposomes and EVs which have phospholipids in common.
This in situ gold staining method with sub 5nm resolution,
and an efficient generic method was employed to observe the
morphological or topological details of biological specimens
by liquid-cell TEM [26]. Studying the extracellular vesicles
by this liquid-cell method provides dynamic information of
the vesicles interaction with cell and also inspires intracellular

studies using similar devices [61]. The silicon nitride-based
liquid-cells enables 4 nm resolution using gold nanoparticles.
Nevertheless, further resolution improvement have been fac-
ing challenges in this designed method since the spacers have
to be large enough to fully encapsulate biological cells. In
order to improve the resolution, De Jongs group developed
a new method to fabricate liquid-cells utilizing graphene to
seal the enclosures (figure 1(e)). Accordingly, they were able
to use quantum dots to label the membrane protein (ErbB2)
in whole cell and observe the distribution of the labeled pro-
tein by TEM with 2nm resolution (figure 2(c)). The hetero-
geneity of protein stoichiometry at single-molecule level
was quantified in various cellular regions of whole cells, and
they concluded that activated ErbB2 growth factor recep-
tors prefer the connecting ends of tunneling nanotubes [33].
One important progress in this method is the elimination of
any spacer between the fluidic chips that typically reduces
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Figure 3. Liquid-cell TEM imaging of hydrated bacteria and viruses. (a) The GLC observation of bacteria (Bacillus subtilis) showed that
the graphene wrapped bacteria did not shrink. Reprinted with permission from [36]. Copyright 2011 American Chemical Society. (b) The
STEM snapshots of E. coli taken at different time intervals showing binary fission in E. coli, despite the stain and beam exposure. The live/
dead assay of the same E. coli microcolony where green fluorescence indicates a live cell, while red fluorescence indicates a compromised
membrane. Reprinted with permission from [48]. Copyright 2016 American Chemical Society. (c) Transmission optical micrographs of

E. coli bacteria are shown prior to electron-beam irradiation (left), and after 10 min (middle) and 90 min (right) and the corresponding
fluorescence micrographs. Reprinted with permission from [49]. Copyright 2017 American Chemical Society. (d) Representative virus
(purified rotavirus (RV) double layered particles) in liquid with viral mRNAs transcripts and the 3D structure. Reproduced from [51] with
permission of The Royal Society of Chemisty. https://pubs.rsc.org/en/content/articlehtml/2015/cc/c5cc05744b. (e) The STEM image and
EDS maps of a single hydrated bacterium (Geobacter sulfurreducens) [50] John Wiley & Sons. © 2016 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim.

the spatial resolution. The same group used this method to
observe A549 cell in hydrated status [44]. It provided another
way to investigate cells with different thickness without sac-
rificing resolution by thick liquid enclosure. However, in this
method, the liquid permeated between graphene and silicon
nitride membrane is much less compared to typical micro-
fluidic cells consisted of two silicon nitride membranes and
spacers. For better quality of observation, which required to
be associated with enough liquid for maintaining cell status,
Moser et al [45] developed a new design for SiN membranes
where multiple wells were fabricated on the microfluidic
chips (figure 2(d)). The similar devices named fluorescence
microscopy and environmental scanning electron microscopy
(ESEM) might be useful to better observe whole structure of

cells [62—-65]. Therefore, by combining the light fluorescence
microscopy and STEM, the distribution of cell and local struc-
tural details could be precisely studied. By using this device,
the membrane protein labeled by quantum dots (QD) could
be used to study the metastasis [63] and drug response [65]
of cancer cells.

In regard to the difficulty in TEM imaging of the live whole
cells, several recent studies focused on bacteria, which were
thinner than whole cells, and limited liquid environment in
the liquid cell might be probably sufficient to keep them alive.
The first in situ liquid-cell TEM of hydrated bacteria work
was reported in 2011 [36], where the bacteria were wrapped
using protein (concanavalin-A) functionalized graphene
(PFG). The PFG wrapped bacteria could be imaged with their
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Figure 4. Liquid-cell TEM imaging of protein structures. (a) In situ images and size distribution of micelles of biomineralization in liquid:
(I) MamC before incubation and (II) after incubation with iron chloride. Reproduced from [72]. CC BY 3.0. (b) nucleation of iron oxide
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(c) STEM-HAADF images of ferritin proteins in GLCs and the corresponding EELS map [54] John Wiley & Sons.© 2014 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim.

original and unaffected dimensions, as shown in figure 3(a).
The unwrapped bacteria were damaged easily at its cell wall
by electron beam and bubble formation. The main reason for
this damage was attributed to the high vacuum condition in
the TEM column (~107> Torr) causing a huge pressure dif-
ference in and out of the cell. Graphene, on the other hand,
significantly alleviate this pressure difference by its strongly
repelling 7 clouds in the interstitial sites of lattice and the
C-C flexibility keeping the integrity of the wrapped bacteria.
Although the live/dead tests to the bacteria were carried out
just before the wrapping, it would be hard to determine if the
bacteria were alive after the electron beam exposure.

Another report focused on studying the viability of bacteria
such as E. coliunder the electron beam. In order to improve the
resolution of the image, 0.1% uranyl acetate (UA) was applied
since the live/death test turned out to show a E. coli viability
higher than 90% at this concentration of UA [48]. Figure 3(b)
shows that the E. coli bacteria reproduce by a binary fission
process, which is the direct evidence of their live status. The
electron dose based live/dead arrays proved that the viabil-
ity can reach 50% at a cumulative dose of 20 e /nm?/frame,
which is lower than the median lethal dose at 300kV. The
dynamic infection process of the E. coli strain by P1 bacte-
riophage was captured with a 5 nm resolution [48]. This work
is the first proof showing that the bacteria were live inside
the liquid-cell TEM holder during imaging [48]. They also
demonstrated that the E. coli could be survived under 90 min
of the electron beam exposure in low electron dose imaging
(figure 3(c)) [49]. Another test shows that the structure of
E. coli could keep intact in aqueous under e-beam [66]. It
shown that the magnetotactic bacteria could be imaged
by TEM through a SiN liquid-cell, where the chain of the
magnetosome nanoparticles inside the bacteria and the cell

membranes could be clearly seen. The correlative fluores-
cence images of the bacteria after liquid TEM test showed
that almost 50% of the bacteria could perfectly maintain
membrane after 1 h in flow cell, although they did not indi-
cate whether this test was done under electron beam or not.
The existence of water inside liquid-cell and the integrity
of bacteria were confirmed by the off-axis electron holo-
grams combined with liquid-cell [47]. On the other hand, the
claimed living status of cells during TEM imaging has also
been questioned because even in the presence of the mini-
mal electron dose, TEM contrast is several orders of mag-
nitude higher than the threshold lethal dose level of a live
cell [67]. Experiments have demonstrated the notable differ-
ences between fluorescence signals and the volumes of the
cells before and after electron beam irritation, indicating a
drastic change in the living status of the targeted cells [67,
68]. It is also shown that the cell structure could be damaged
during the fluorescence-based characterization, although the
fluorescence imaging results may indicate a live status of the
cells [67]. The yeast cells also showed some volume shrink-
age, as an indication of a dead status, while the fluorescence
image indicated the yeast cells were alive. What’s more, the
vacuole signature was also lost during the fluorescence imag-
ing, which is a typical characteristic of dead yeast cell. The
observed ‘binary fission” might also be implausible informa-
tion caused by the volume shrinkage of the bacteria instead
of the real natural biological process. Therefore, the question
proposed on the possibility of live cell imaging seems rea-
sonable [67]. Recently, the electron beam has been identified
to have a direct effect on the volume shrinkage of C. metal-
lidurans bacteria, though the resolution of structural imaging
was not high enough to tell the living status of the bacteria
[45]. A recent work has supported the possibility of imaging
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live cells in liquid TEM by showing accumulated electrons
that might kill bacteria, then it is still possible to observe live
bacteria by given a short time exposure [49, 69]. The viability
test of K. pneumoniae CG43S3 cell shows it could keep live
for 50h in sealed liquid cell, but under e-beam irritation, the
time of observe live cell decrease to 100s [70]. As a short
summary, the reliability of cell imaging using liquid TEM is
largely challenged by the difficulty in confirming the living
status of the cell during imaging, and future work should thus
focus more on how to develop reliable methods to monitor
and assess the cell status.

Liquid-cell TEM method was also used to visualize the
virus particles (purified rotavirus (RV) double layered par-
ticles (DLPs)) [51]. The SiN membranes were functional-
ized by nickel-nitrilotriacetic acid (Ni-NTA) containing lipid
monolayers and adaptor proteins which limited the long-
range diffusion of virus into the chips. Using this method,

different lengths of RNA strands associated with the DLPs’
exterior shells were imaged as marked by the black arrows
in figure 3(d). The 3D structure of the virus observed in lig-
uid-cell was calculated and compared with the simulated 3D
structure based on the cryo-TEM results. It was concluded
that the structure of viruses in both techniques is perfectly
matched other than 3D structure based on liquid-cell analy-
sis with a continuum level density throughout the particles.
It could be due to that the virus in liquid-cell had a higher
fluidity than that of in the case of cryo-TEM [51]. It should
be noted that the compositional analysis can provide detailed
insights about morphological changes during liquid-cell
TEM studies. To illustrate, Lewis et al [71] used the energy
dispersive x-ray spectroscopy (EDS) mapping (figure 3(e))
within a liquid-cell to construct the elemental distribution of
PdAu particles synthesized by a dissimilatory metal-reducing
bacterium (Geobacter sulfurreducens) [50].
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2.2. Proteins

Apart from biological cells, proteins are more suitable to be
imaged using liquid-cell TEM, because these species do not
need to be alive during imaging. However, the protein has to
be kept in hydrated status to achieve reliable TEM analysis.
The first study using silicon nitride liquid-cells to test the pro-
tein was carried out by Evans et al [52], who reported the
observation of ferritin in buffered saline solution. In this work,
the iron oxide core covered by protein shell was imaged [69].
Their image line profile indicated the existence of protein shell
around the iron oxide core. Macromolecules such as nano-
lipoprotein discs were also investigated using silicon nitride
liquid-cells TEM to study the interaction between neighbor-
ing molecules [52]. The liquid TEM images were compared to
negative stained and cryo-TEM images. Therefore, they con-
cluded that the individual protein as well as complex interac-
tions between involved macromolecular could be observed in
the liquid-cell TEM. In fact, most studies reported so far have
used silicon nitride liquid-cell to detect the dynamic reac-
tions in biological samples. The biomineralization process of
micelles of MamC recombinant iron-binding protein in situ
by utilizing the liquid cell could be observed (figure 4(a))
[72]. But the only the initial and after stages were recorded.
The bioinspired nucleation of iron oxide nanoparticles inside
the negatively charged Mms6 micelle (figure 4(b)) and the
nucleation process of lysozyme crystal were investigated by
Kashyap et al [30] and Yamazaki ef al [53], respectively. It is
worth mentioning that using silicon nitride liquid cells could
increase the understanding of the role of proteins in nucleation
and biomineralization processes. Interestingly, the liquid iron
prenucleation phase and nascent amorphous nanoparticles
were found to form preferentially on the surface of protein
micelles [30]. The different stages of the whole nucleation
process mediated by Mms6 protein were analyzed, but the
details about its dynamic were missing. In the study of lyso-
zyme crystal formation, the assumed dense liquid was proved
to be amorphous solid particles working as the heterogeneous
nucleation sites, while the precursors were not able to be
detected due to the resolution limitation.

Graphene sheets were also used to sandwich hydrated
ferritin proteins resulting in a significantly higher spatial
resolution of ~0.99nm [54]. This was the first report on the
compositional analysis of proteins inside GLC by electron
energy-loss spectroscopy (EELS) (figure 4(c)). The EELS
signals reflections from these proteins with and without water
were also analyzed. With low dose rate imaging at 80kV, the
spatial resolution of EELS map could reach 1 nm. This work
demonstrated the advantage of using graphene membranes to
dramatically reduce the radiation damage of beam sensitive
materials [54]. Comparing to GLC, silicon nitride liquid-cell
has larger liquid volume and is easier to assembly, but GLC
guarantees superior resolution that is suitable for fine spec-
trum analysis.

The liquid-cell TEM has also been utilized to investigate
the therapeutics application of proteins. Lynn and co-workers
used the microwell liquid-cell to investigate the PEGylated
Interferon ay,, a drug-conjugate which was used to treat
cancer and viral diseases [55]. The Pegasys® formulation

was proved to aggregate heat stress while acid treatment
(pH ~ 4.5) and freezing treatment showed only a moderate
effect on the drug integrity. The aggregation of protein after
heat treatment was studied in the presence/absence of con-
trast reagents [55]. The liquid-cell TEM could also be used
to observe the membrane protein distribution and expression
to test the drug reaction [33, 62—65]. Overall, using GLC to
analyze protein structures could yield much higher spatial and
analytical resolution in comparison to SiN-based liquid-cells.

2.3. Other polymers and molecules

In addition to proteins, other polymers and molecules have
also been studied by liquid-cell TEM techniques. Polymeric
molecules are also typical soft materials which are composed
of elements with low atomic numbers (Z < 17). In order to
improve the imaging contrast, various heavy metals such as
Pt(IT) [56] and gold [57] have been used to label the polymeric
micellar nanoparticles and DNA molecules, respectively. The
motion of the polymeric micellar was dynamically tracked,
and the authors implied that the driving force of the coop-
erative motion was beam-induced charging effect between
particles (figure 5(a)) [56]. Chen et al used GLC to observe
the DNA-Au nanoconjugates [57], where the dynamic trajec-
tory of Au nanoparticles connected by double strand (dsDNA)
was studied (figure 5(b)). Based on the in sifu data, the 3D
dynamic image of the nanoconjugate could be reconstructed.
Due to minimal electron scattering from thin graphene mem-
brane, the atomic resolution imaging of Au nanoparticles was
readily achieved [57].

Liposome molecular structure at hydrated state was also
investigated by liquid-cell TEM using 50 nm-thick silicon
nitride membranes. The liposome was clearly observed in
absence of applying any contrast enhancement methods such
as staining or cryo treatment (figure 5(c)). This indicates
the potential of liquid-cell TEM to image low contrast soft
materials. Lucas and co-workers used a thin SiN, window
(30nm) to observe the amphiphilic micelle fusion and growth
in solution [58]. In this case, the micelle was not labeled by
any metal ions. In addition, the nonfusion collision and the
micelle-micelle fusion and relaxation were observed and
compared. The individual micelle growth by unimer attach-
ment and insertion of solvated was also captured (figure
5(d)) [58] Later, the process of spherical micellar formation
from self-assembled diblock copolymers was observed [73].
Nagamanasa et al [59] used GLC to study the conformation
fluctuations of adsorbed molecules and adsorption-desorp-
tion behavior of nonmetal-ion labeled macromolecules of
polystyrene sulfonate and poly(ethylene oxide). Two types
of polymers were studied, namely the polystyrene sulfonate
(PSS) and poly(ethylene oxide). It was reported that even at
a relatively low electron dose rate (22 e A 257", the poly-
mer could only remain stable for 60s, followed by observable
degradation [59]. By controlling the dose rate and applying
image reconstruction, the single polymer molecules had been
captured for both two types of polymers, although no con-
trast differences were reported. As expected, the contrast of
polymer in salt solution was weaker than that of in salt-free
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Figure 6. Electron beam effect during imaging of liquid solutions. (a) Concentrations of Cagp H°*, H,, H,O,, OH®, and O, as function of
beam exposure time of the solution. (b) Steady state concentration of € H®, H,, H,O,, OH®, and O, species as a function of dose rate. (c)
The steady state of pH as a function of dose rate. Reprinted with permission from [78]. Copyright 2014 American Chemical Society. (d)
Typical beam damages such as hole generation and contamination occurred during the imaging. Reproduced from [23]. CC BY 4.0.

solution. However, the diffusion of polymer was more slug-
gish than it was in salt-free solution. The reason was ascribed
to the adsorption from graphene caused by, hydrophobic
interactions [74], or chemisorption [59]. Besides the electron
beam-induced polymerization, the electrochemical deposition
of poly(3,4-ethylenedioxythiophene) (PEDOT) could also
be investigated using electrochemical liquid-cell TEM [75].
The deposition of PEDOT was first detected at the edge of
the working electrode, following by the liquid-like oligomers
close to the electrode [75]. Generally, liquid-cell TEM using
GLC provides higher spatial resolution but the motion of tar-
geted materials might be affected more by the adsorption from
adjacent graphene layers. Imaging using silicon nitride liquid-
cell has less side effects on the monitoring of material motion,
while this is at the expense of the spatial resolution.

2.4. Radiolysis and beam effect during liquid-cell imaging

The main concern of the liquid-cell TEM imaging is the effect
of electron beam on the targeted materials and the alteration
of chemical environment surrounding of the materials. Soft
materials, in particular biological cells, bacteria and proteins,
are much more sensitive to the electron beam than inorganic or
hard materials. The radiation pressures of accelerated electron
beam can cause shear force on soft materials. But the radiation
pressure caused force is proved to falling into femtonewton
range [77], which is relative small for the soft materials espe-
cially the biological cell. The liquid surrounding samples also
decrease the shear force caused by the radiation pressure. For
most of the soft materials, aqueous media is used to preserve
the structure of interests. It is thus critical to know the radioly-
sis products of water when exposed to electron beam, and the
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effect of electron beam on the soft materials in the aqueous
solution. Water can be decomposed into several species when
irradiated by electron beam: hydrated electrons e, hydrogen
radical H®, hydroxyl OH®, hydrogen H,, hydrogen peroxide
H,0,, hydron H*, oxygen O,, and hydroxide OH™ [78-80].
These radicals change the chemical or pH of the solution,
which may subsequently trigger unexpected reactions. To
understand such effects, the electron dose influencing the
solution needs to be quantified. There are two ways to calcu-

late the dose rate. One way is Gy s~ !, using function:

_5-10°1
=

For this function, W is the dose rate for a thin liquid layer. The
parameter S (Mev cm? g~ ! electron) is the density-normalized
stopping power in the medium; / is the illumination current
(e” s, and A (Az) is the illuminated area [78, 79]. By this
function, the absorption energy of the irradiated medium
could be calculated. But the generally used dose rate is calcu-
lated based on the equation:

D, =1/eA

v ey

@)

where D, is electron dose rate (e/Az/s); I is the beam current;
e is the elementary charge (C/electron) and A is the scanning
area (10\2). Schneider er al [78] calculated the interaction of
these species with incident electrons. Based on their results
(figure 6(a)), the concentrations of Cagp H*, H,, H,O,, OH®,
and O, species are a function of time. In a constant dose rate,
the concentrations of all these species, (in initially neat deaer-
ated water), reach steady state values within the same time
frame. The calculation of different dose also demonstrates that
the eventual establishment of the steady state is related to the
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dose rate (figure 6(b)). The pH of the solution, which could
be altered by the concentration of HT, is also changed by the
e-beam irradiation. The steady state of pH is relied on dose
rate and the initial pH of deaerated water, as shown in fig-
ure 6(c). In a lower dose rate (<10° Gy s~! or <~10~* e/Az/s),
the pH of the solution is almost the same as the initial value.
For higher dose rates, the pH is affected by the dose rate and
the initial pH value. For solutions with an initial pH > 3, the
pH can approach to 3 with an increase in dose rate. It indicates
that the e-beam has a strong effect on alkaline solutions [78].
However, cases are different when the solutions are changed
to other types such as methanol and acetone, where the redox
species generated by e-beam are different from that of in the
aqueous solution.

Overall, it is expected that the local chemical environment
affected by electron beam can be minimized by the flow of
liquid rather than keeping the liquid in static state. By taking
the advantage of the energy delivered via the incident elec-
trons, liquid-cells can be intentionally used as a nanoreactor
for reactions such as nucleation/growth and etching/dissolu-
tion. The behaviors of Au nanoparticles under different pHs
and various concentrations of sodium chloride were studied
using in situ liquid-cell TEM [13]. The etching/dissolution
process in the liquid-cell is ascribed to high-energy electrons
[78, 81-86].

Besides the radicals generated by e-beam, the energy
transferred from the incident electrons to the soft materials
needs to be considered. The lowest threshold energies for
carbon and phosphor displacements are 25eV and 10eV,
respectively [87]. This means that at a voltage over 25 V,
these atoms could possibly be knocked out by the incident
electrons. What’s worse, since cells and bacteria gener-
ally have large volume, the incident electrons have to travel
a longer distance before they can escape from the sample,
which thus results in more inelastic scattering. Figure 6(d)
shows two types of beam damages on liquid-cell TEM, where
a black hole was generated by e-beam, and a whitish area was
appeared by contamination.

Another important aspect of live cell imaging is the thresh-
old lethal dose below which the biological structure could be
imaged safely. The lethal dose is reported to be 29.4 e~ nm >
for killing 50% of E. coli bacteria in liquid-cell TEM under
300kV [49]. For whole fixed COS7 fibroblasts, the cells can
be kept undamaged at 10 e™ A"210 103 e~ A2 under 30kV
[88]. The lethal dose for E. coli is 50 kilorads for pulsed
e-beam under 520kV [89]. Therefore, it is apparent that the
suitable dose depends not only on the properties of the speci-
mens, but also on the choice of solutions as well as the control
of the e-beam conditions.

3. Outlook

Here, we reviewed the application of liquid TEM technique in
the study of soft materials such as biological cells, bacteria,
viruses, proteins and macromolecules. All these soft materials
are made of low atomic number elements. In spite of the recent
development in TEM imaging of such materials, it should be
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also realized that the existence of a significant advance to
improve the current state of TEM imaging to obtain more
reliable information about the dynamics of soft materials and
biological structures is crucial. Rooted in the current funda-
mentals enabled by liquid TEM as reviewed here, we thus
propose the following directions as future research perspec-
tives that are highly desired and also holding a promise to be
achieved given the advent of breakthroughs in either material
design or device development.

3.1 Elemental analysis in liquid cells

For most TEM studies of soft materials, the composition
analysis is generally carried out after the in sifu liquid experi-
ments or through cryo TEM. Therefore, it is desirable to spend
more effort on the enhancement of the nanoscale analytical
capability during in situ TEM experiments using techniques
such as EDS [50] and EELS [54]. One importance parameter
is the balance of the spatial and analytical resolutions with
the amount of liquid enclosed in the liquid cells. GLCs can
give higher spatial resolution, but the liquid pocket of GLC is
just around 100-300nm [90]. To encapsulate more liquid, the
monolayer graphene should be large enough to sandwich the
cell/bacteria and preserve enough liquid in interlayer space
of the graphene sheets. One option is to use another 2D mat-
erials to replace graphene. This 2D material should be rigid
enough to survive in high vacuum environment such as micro-
scope column, and also need to be impermeable to the trapped
liquids.

3.2. Effect of internal pressure of liquid cells

In graphene liquid cells, due to van der Waals interactions
between graphene sheets, it is anticipated that a high inter-
nal pressure might be exerted on the materials encapsulated in
interlayer space of graphene sheets. The van der Waals pres-
sure between two graphene layers could be estimated based on
equation P = E/d, where E is the adhesion energy and d is a
typical interlayer distance [91]. For liquid/graphene interface,
the thinner the cell is, the higher the pressure will be. Based
on above mentioned equation, the pressure generated by two
graphene layers in a 300 nm-spaced GLC can be higher than
1 MPa. Another way to calculate the pressure between two
graphene layers is based on equation AP = 2+/R., where AP
is the pressure difference across the liquid/graphene inter-
face, +y is the surface tension of water and R, is the radius of
curvature in GLC [92]. According to this equation, the pres-
sure of a 300 nm-spaced GLC could be around 0.9 MPa. This
pressure is about ten times greater than atmosphere pressure.
Therefore, the pressure inside a GLC can be controlled by the
spacing between graphene sheets and the amount of liquids
trapped in between.

3.3. Taking advantage of the nanoscale confinement

While there might be certain side effect from the nanoscale con-
finement geometry during liquid cell imaging [45, 73, 93], it
could also be a revolutionary advancement if such confinement
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can be utilized to mimic the biological environment for certain
reactions that are originally in similar nanoscale confinement
condition. Exampled reactions include, but are not limited to,
the nucleation process of ferritin in protein cage [94] and the
mineralization process of hydroxyapatite in collagen [95]. For
these processes, the graphene or SiN membrane could be fur-
ther functionalized by protein or molecules, which, combin-
ing with the simulation solution, can be potentially applied as
a nano reactor that maximizes the similarity between liquid
cell imaging operation and the real biological conditions.

3.4. Enabling fluidic mixing in GLCs

Although the GLC provides high imaging resolution with the
spectroscopic capability, it only allows static mode observa-
tion and only one liquid can be enclosed at one time. It will
be impressing if we could provide condition to flow the solu-
tion mixing in GLCs by manipulating the electron beam to
generate bubbles and create bridge between two or more
GLC pockets for solution mixing. This could result in effec-
tive observation of solution reaction dynamics with analytical
capability and at high spatial resolution.

3.5. Studies of living organisms

There are some reports about using the liquid cells to observe
the nanoparticles formed inside bacteria (i.e. magnetotactic
bacteria) such as iron oxide nanoparticles [46]. However,
the dynamic formation process of these nanoparticles inside
the bacteria and their evolution pathways inside live bacteria
are currently unclear. With the development of the liquid-cell
technique, various stimuli such as bias and heat are expected
to be introduced into the liquid environment to provoke the
nanoscale response of organisms [96]. The pH of the solution
can be also changed with the dose rate [78]. The pH dependent
reactions could be studied by controlling the dose rate and ini-
tial pH. It should be also noted that during TEM imaging, the
electron beam can generate various radiolysis products [78].
Therefore, attention should be given to control the dose rate
and carefully evaluate the effect of radiolysis products on the
living organisms.
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