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Thesis Lay Abstract

In the electron microscopy (EM) community, there is a need for improved methodologies
for hightresolution liquid imaging of biological materials and dynamic processes. Imaging
biological structures andeactions in hydrated biomimetic environments improves our
understanding of their true nature, thus providing better insight into how they behave in
the human body. While liqguid EM methods have surged in publications recently, the field
is still in its infancy; limited works present best practice strategies, and several challenges
remain for their effective implementation. To address these shortcomings, this thesis aims
to strategically explore the improvement of liquid EM of biomaterials andtireal
dynamic processes through two key methods: room temperature ionic liquid treatment for
scanning EM and liquid cell transmission EM. Using these novel techniques, the research
explores the characterization of hdissue systems relevant to bone and seeksowode

new means of exploring structurally biological culprits behind diseases like GO¥.ID



Abstract

Advances in micro/nantabrication, thin electron transparent materials, holder designs,
and acquisition methods have made it possible to perfaeamimgful experiments using
liquid electron microscopy (liquid EM). Liquid EM provides researchers with mi@ro
nano scale tools to explore biomaterials in liquid environments capable of capturing
dynamicin situ reactions, providing characterization mgam mimetic conditions to the
human body. However, these emerging techniques remain in their infancy; limited work
presents best practice strategies, and several challenges remain for their effective
implementation, particularly for beasensitive, softimlogical materials. This thesis seeks

to address these shortcomings by exploring strategies for liquid EM of biomaterials and
reattime dynamic processes using two key methods: room temperature ionic liquid (RTIL)
treatment for scanning EM (SEM) and liqucell transmission EM (TEM). With these
techniques, the research explores the characterization ofi$sud systems relevant to
bone and seeks to provide new methods of exploring structurally biological culprits behind
diseases like COVIEL9. Researchithis thesis is presented by increasing complexity,
touching on three themes: @xploringliquid EM for the first time using RTILs for SEM

of biological samples notably bongtdtic, micrescalg, (i) developinghew methods for
high-resolution liquid Iological TEM of viruses gtatic, nanescalg, and (iii) applying

novel liquid TEM to dynamic biomineralization systerdgriamic, nanescalg.

After review articles serve as introductory material in Chapter 2, in Chapter 3, healthy and
pathological bone wasxploredin hydrated conditions with liquid SEM usingrew
workflow involving RTIL treatment, demonstrated to be highly efficient for biicialg

SEM. Moving to the nanoscale, Chapter 4 presents a commercial liquid TEM optian and
new liquid TEM clipped enclosuralevelopedfor imaging biological specimens,
specifically virus assemblies such as Rotavirus and SB8%2. Combined with
automatedacquisition tools and lowlose direct electron detection, enclosures resolved
high-resolution structural features in the range of 4.6 10 A and were correlatively

used for cryo TEM. Chapter &ppliesthese liquid TEM methods to study collagen
mineraliation, revealing in highesolution the presence of precursor calcium phosphate
mineral phases, important transitional phases to mineral plateletd in mineralized
tissuesButi dynamic reactions were not captured, attributed to confinement eftaaits, |

of heating functionality, and cumulative beam damage experienced. Chapter 6 overcomes
these challenges by optimizing collagequid encapsulation within a commercial liquid

TEM holder mimicking physiological conditions at 37 @ynamicnanoscale int@ctions

were highlighted, where evidence of the coexistence of amorphous precursor phases
involving polymerinduced liquid as well as particle attachment was presented within this
model. Several liguid TEM challenges remain particularly beam sensitivity an
distribution for biomaterials, providing many exciting avenues in future to explore. Taken
together, this thesis is advancing characterization through the development and applied use
of new liquid EM strategies for studying biomaterials and dynamiciogactnsights on

these reactions and structures anticipate leading to a better understanding of diseases and

treat ment pathways, the key to moving Cana
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Ch. 2.3i Figure 7. General workflow for in situ biomineralization. A. Key considerations to make before
performing in situ liquid TEM experiments. Researchers should contemplate the overall research goal of their
work, how the liquid technique will be u$do address these questions and optimize their experimental
conditions accordingly to tune towards a liquid enclosure. B. Considerations for in situ liquid TEM
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acquisition. Users should reflect on the liquid enclosure they aim to use (Fig. 2), acosgsitfppparameters,
electron dosage, and POSt SitU ANAIYSIS.......uuiiiiiiiiiii e ———— 67

Ch. 2.3i Figure 8. Electron beasamage summary. Schematic created by Pu et al. showing different types
of electron beam damage and their effects on liquid cell TEM (dotted lines indicate relatively insignificant
contribution). Image reproduced under the Creative Commons Attributioimté@ational (CC BY 4.0)
License from Pu et a*" published by Royal Society Open Science (Copyright © 2020 Pu et al.).72
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Ch. 371 Figure 2. Schematitlustrating the specific RTIL treatment process used in this work for SEM
imaging of hydrated, unfixed DONE SAMPIES........ooiiiiiii e 83

Ch. 3i Figure 3. BSE SEM images of healthy bone taken in‘asuum conditions. Samples were treated

with 5, 10, or 25 % v/v of [BMI][BE] (a-c) or [EMI][BF4] (d-f) in water for 60 s. All images show osteons

in a centralocation of each image surrounded by concentric lamellae bone centralized around a harversian
canal. At higher concentrations of 25 % v/v, fine details in the bone structure were obscured while liquid
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Ch. 371 Figure 4. BSE SEM images of healthy bone in-imeuum conditions treated with 10 % v/v
[BMI][BF 4]. Both cortical bone (a,b) with visible harversian canals arftetnalar bone (c,d) were easily
imaged with this concentration. At higher magnification (b,d) both osteonal and lamellar bone as well as
lacunae where osteocytes are located are visible. Minimal cracks are observed..................c....... 85

Ch. 3i Figure 5. RTIL 10 % v/v [BMI][BR] treated intact, unfractured osteoporotic cortical bone samples,
showing in (ac) BSE SEMmages and (d) SE SEM of image of (c), all in high vacuum condition. Clear bone
structural microfeatures can be distinguished such as a haversian canal at the center of (a,b) and
circumferential osteonal layers can be distinguished, showing similar imguggtity in comparison to low
vacuum observation in Fig. 4(8,0).......oo e 85

Ch. 31 Figure 6. SE SEMmages of RTIL 10 % v/v [BMI][BE] treated fractured osteoporotic trabecular
bone in high vacuum condition at successively higher magnificatioh @ne structural fracture surface
and topography can be resolved with minimal charging effects...........ooo e 86

Ch. 3i Figure 7. BSE SEM images of healthy dehydrated bone irvdighum conditions, highlighting dot

cortical bone (a,b) and trabecular bone (d,e), with SE SEM images featured in (c,f). Inset on (a) represents
the edge of a lacunae and (d) inset highlights two lacunae. Similar to Fig. 4, fine structural details can be
distinguished such as osteonal dadhellar bone as well as osteocyte lacunae; however, the structure has
been significantly impacted by dehydration and microcracks are more prominent in comparison to the RTIL
scheme, making them more susceptible to effget charging in SE mode..........cccooviieviiiicceninnee, 86

Ch. 371 Figure 8. EDS analysis applied in imaging healthy cortical bone irvémuMum mode usinthe 10
% v/v [BMI][BF 4]. (a) EDS spectra collected during analysis, with BSE image inset highlighting the cortical
region of interest considered, where distinct peaks are noted for C, Ca, P, O, Na, F, and Mg; trace amounts
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of N, Si, Cl and S were also ndteCorresponding EDS elemental maps for characteristic elements present
in bone structures (b) C, (c) Ca, (d) P, and (€) O, are SNOWN..........cccevviiiiieeciiiieiieeceee e, 87

Ch. 3i Figure S1. SEM of healthy bone imaged with a 25 v/v% of [BMI}JBFeatment in (a) SE and (b)

BSE mode. RTIL solution pooling is noted on the edge of the sample (interface indicataddigs), which
obscures the underlying features of the bone and results in poorer quality SEM images. It is noted that this
influence is more noticeable in SE mode than in BSE mode, where edge charging better highlights the liquid
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Ch. 31 Figure S2. SEM of healthy bone imaged with a 5 v/iv% of [EMI}|BFeatment in (a) SE and (b)
BSE mode. Charging effects are noted (triangle) which resulted in noise and distortions (arrow) from
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Ch. 47 Figure 1. Techniques used for higésolution imaging of viruses in liquid and in ice. The two

workflows highlight different LiquieEM sample preparation methods. The left panel shows a schematic
representationoftitos ei don Sel ect system. The Si N base micro
of integrated microwel | s (-defth withma ~80 natiick reembrane. iteet ar e
right panel presents a schematic of the microchip sandwich technigjol,can be used for both liquieM

and cryeEM research. The sandwich assemblies use a SiN microchip paired with acaabethgold TEM

grid. Acrosssecti on of the assembly indicates nine i magin
em x 5 Bizeawith membrane thicknesses of 10 nm or 5 nm, respectively. The carbon support film is
5 MM TNICK e e e e e e s e e e e s e e e e e e e e e 99

Ch. 471 Figure 2. The microchip sandwich technique for ligil and cryeEM. (A) The microchip
sandwich assembly uses a SiN microchip (Simpore, Inc.) paired with a «aaied gold TEM grid. A
glow-discharged microchip is placed on a gatk and virus samples are added to the microchip. After a
brief incubation period, excess solution is removed, and the sandwich is sealed with the TEM grid. (B) The
microchip sandwich is sealed in a clipping device at room temperature and can be loactbdinio a
singletilt TEM holder or a TEM autoloader system. (C) Crgsstion drawings of the microchip sandwich
assembly highlight the dimensions of the microchips and carbon layer...............cccocec. 100

Ch. 471 Figure 3. Comparison of liquitM and cryeEM structures of AAV. (A) Structure of AAV in
solution (3.22 A resolution) with colored radial densities shgvwenm slices through the map. Scale bar is

5 nm. Imaging metrics are for data acquisition using the DirectView direct detector. (B) Structure of AAV
imaged in ice (3.37 A resolution) with colored radial densities represemt §lices through the struceu

Scale bar is 5 nm. Imaging metrics are for data acquisition using the Falcon 3EC direct detector. (C) A region
of interest shows-8econd and 28econd time points along with Fourier transforms calculated at different
time points. Left side shows CTBtanates, right side shows the experimental data. (D) Rotational views of
the AAV VP1 subunit extracted from the liquid and ice structures. The segments were interpreted using the
crystal structure (PDB code 3KIC, A chain25). Scale bar is 10 A. (E) Dynaatuies in the liquid structures
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Ch. 471 Figure 4. SARSCoV-2 subviral assemblies prepared in liquid using the microchip sandwich
technique. (A) Image of SARSoV-2 subviral assemblies isolated from serum fractions from COYD
patients (RayBiotech, Inc.). Imaging metrics are for daguisition using the DirectView direct detector.
White bubbles in the top right corner of the image are a visual indicator that liquid is present in the sample.
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Scale bar is 100 nm. (B) Calculated Fourier transform of the image showsehahtion infomation in
reciprocal space with little to no drift in the corresponding image. Class averages show unique features in the
viral assemblies contained in solution. (C) An EM reconstruction of thevigabassemblies (8.25 A
resolution) is shown with coloreddial densities at-Bm slices through the map. Scale bar is 25Auntapted

from Jonaid € al. (20233 ......oiiiiiicceec e et enere et sbe e ere et 102

Ch. 471 Figure 5. Rotavirus DLPs prepared in liquid using the microchip sandwich technique. (A, B) Low
magnification screening steps using EPU software. Limited ice crystals were observed, and window
membranes were thinandale , si mpl i fying area selection for dat a
in (B) 500 nm. (C) Movies were acquired using the Falcon 3EC direct electron detector in counting mode
according to the indicated imaging metrics. Scale bar is 50 nm. (DieFtransform information indicates
high-resolution information present in the data and class averages show strong features in the icosahedral
lattice. (E) An EM reconstruction Of the DLPS.........ccoiiiiiiiiii i 103

Ch. 57 Figure 1. Microchip sandwich enclosure for liquid TEM of calcium phosgbased collagen fibril
mineralization processes. A. Assembly of liquid enastesmethod from left to right, where 2 pL of
mineralization solution is deposited onto a plasiieaned carbeooated 400 mesh gold TEM grid,
incubated for 4 minutes, and then excess solution is removed before assembling the enclosure by adding a
SiN micrcchip on top to create a Siffid sandwich. B. The SHgrid sandwich enclosure is hermetically

sealed using a cryautoloader grid clip, then stored or imaged immediately using a giltgi&M holder.

C. Crosssection of the microchip enclosure, highliglgtthe thin film of the 5 nm carbon and 10 nm SiN
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Ch. 5i Figure 2.Representative BF TEM micrographs of hydrated mineralized collagen fibrils mineralized
after 4 hrs in the presence of pAsp. A. Lower magnification image highlights highly mineralized (darker
contrast) and nearby regions of unmineralized collagen fillvdig)(under hydrated conditions. B. Higher
magnification image showing an intermediate phase of collagen mineralization where smaller mineral
aggregates were seen in solution and attached to the fibrilsi IBSESAED of these mineral aggregates
show thatthey are amorphous in nature. C. A separate low magnification region where sections of
unmineralized and mineralized collagen fibrils are shown. D. Higher magnification region where mineral
platelets were observed in the hydrated collagen fibrils, whégriid waterfront (triangles) and bubbles
(stars) validate the hydration of this region. E. Grayscale intensity plot profile from the rectangular box in D.
shows faint collagen banding patterns that repeat at intervals of 66.3 + 1.3 nm, highlightdy ivistial
(arrows). Scale bars: AC. 500 nm, InseB. 5 nntt, D. and F. 100 NM......c.ccoovveeiieeiee e 116

Ch. 51 Figure 3. Representative BF TEM micrographs of hydrated mineralized collagen fibrils mineralized
after 4 hours in the presence of pAsp. A. Low magnification imaging highlights a mineralized region (box)
with nearby unmieralized fibrils (arrows) and thicker clusters of lessdipersed fibrils (stars). Bubbles

(in starred regions) indicate the imaging area is hydrated. B. Higher magnification image showing an
intermediate phase of collagen mineralization wherein smalineral aggregates were seen in solution and
attached to the featured fibril (arrowheads). C. DED acquisition (feareeaged 4K 40 fps movie;skc
exposure) shows platike mineral features resolved clearly with high contrast in the hydrated filz@léct

regions along its length. InseC: SAED shows the intermediate apatite crystallization phase wherein thin
and faint arcs without preferred orientation are observed on an amorphous background. Scale bars: A. 1 um,
B. and C. 200 NM, INSEE. 5 MM oo et eee e e e e e e e et e e e e e e et enaeeeeaeeean 118

Ch. 57 Figure 4. Representative BF TEM micrographs of hydrated mineralized collagéndfter 15.5
hours in the presence of pAsp. A. Low magnification imaging highlights visible mineralized collagen fibrils
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(box). Bubbles (stars) indicate the imaging area is hydrated. B. Higher magnification image shows a region
with distinctive mineral |atelets visualized to be aligned along the length of the collagen fibrils featured. C.
DED acquisition (frameveraged 4K 40 fps movie;skc exposure) shows at higher resolution the clear
definition of these platelets. Insets 1,€: SAED shows 002), (), and (004) rings corresponding to €aP
based apatite crystals. The (002) and (004) arc alignments are indicative that the crystalline apatite is
preferentially oriented with its-axis parallel to the long axis of the collagen fibrils. Scale bars: &.n5g,

B. and C. 200 NM, INSE. 5 MM ..ottt et e e e e e e e eee et e e e e e e e e e e e e e e e enaeaenees 120

Ch. 57 Figure S1. Liquid TEM ancorrelative Dry Experimental Workflow Overview. A. Summary of
mineralization conditions and setup considered for the study, where collagen mineralization periods of 4, 7,
15.5, and 18 hrs were considered for liquid TEM. B. Summary of liquid TEM sandwidbsere
preparation, explained in greater detail within Fig. 1 of the main text. C. Correlative dry TEM preparation
method highlighted for the supplemental results featured with and without collagen for-hthe 4
mineralization period. D. Overview of key WEacquisition parameters. The murine schematic in A. was
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Ch. 51 Figure S2. Representative correlative ex situ BF TEM micrographs of dry CaP products mineralized
after 4 hrs in the presence of pAsp without collagen. A. Lower magnification image highlights larger mineral
aggregates that formed within the solution. Byhdir magnification image shows branched spherical mineral
assemblies. Insets 1j B: SAED of regions marked in B. show the amorphous nature of mineral aggregates.

Ch. 51 Figure S3. Representative correlative BF TEM micrographs of dry mineralized collagen fibrils after

4 hrs in the presence of pAsp.-B. Representative regiomsnsisting primarily of unmineralized fibrils at

an intermediate phase of collagen mineralization where small mineral aggregates can be seen around and
attached to the fibrils. Despite rinsing, salt residue from mineralization buffers is noted to padisdsty to

the fibrilsi a drawback to this traditional diyased preparation method. C. Another region highlights an

area in which both unmineralized and mineralized collagen fibrils can be seen D. Higher magnification region
where mineral can be obsenadng the length of the collagen fibril. In§dD: SAED show the (002), (211),

and (004) rings corresponding to Chdésed apatite crystals, where (002) and (004) arcs alignment indicate
that these mineral platelets are preferentially oriented withaxéscparallel to the long axis of the collagen

fibrils. Scale bars: A., B., and D. 200 N, C. 500 NIML.......cuuiiiiiiiiiiimeniiee et resrre e 130

Ch. 5i Figure S4. Representative BF TEM micrographs of hydrated mineralized collagen fibrils mineralized
for 18 hrs, showing minimal influence of the enclosure on SAED interpretatioB. Aow to high
magnification imaging highlights highly miredized collagen fibrils, with mineral (darker contrast)
appearing along the fibril length. InsétB: SAED of the substrate in the region without collagen shows the
amorphous nature of the SiN and carbon film membranes. Iris& ZAED show the (002)211), and

(004) rings corresponding to Gdlased apatite crystals, where (002) and (004) arcs alignment indicate that
these mineral platelets are preferentially oriented withdtsi€ parallel to the long axis of the collagen fibrils.
These patterns anmted clearly within the region, despite the apparent thickness of this collagen fibril bundle,
indicating that the SiN and carbon film membranes are thin enough to obtain clear diffraction patterns of
hydrated specimens with limited influence on sigredgedtion. Scale bars: A. 500 nm, B. 200 nm, InBets
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Ch. 57 Figure S5. Representative regions of thicker liquid and bubbling artifacts in 15.5 hr collagen
mineralization sampleéd. BF TEM micrograph of thicker liquid region showing instantaneous bubbling on
imaging of the solution, highlighting challenges with beam sensitivity and related resolution limitation caused
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by liquid mobility within thick regions in this liquid TEM im&gg. B. Overview image of the region of
interest featured in Figure 4 of the main text after continuous imaging and severe beam damage, occurring
after a cumulative electron dose of approximately 256.&@ale bars: A. 500 nm. B. 200 nm......... 131

Ch. 61 Figure 1. Overview of liquid TEM enclosures used to capture mineralization dynamiretéchips

SiNyx microchip assembly with heating used to observe collagen mineralization dynamics with exposure to
CaP and pAsp. B. Protochips SiMicrochip assembly featuring representative microwells used to probe
mineralization reactions of the GgiAsp solution without the addition of collagen. C. Talos F200X is used

for liquid TEM acquisition, equipped with a CETA 16M camera. Schematics not drawn to.scalel37

Ch. 61 Figure 2. Protochips Poseidon Select assembly. A. Exploded view of the holder, highlighting the top
and bottom Sil¥ microchips or Echips that are sealed together through the axiditi a face plate. B. Sample
addition and assembly process shown for the holder, where 1) the smalltiasipeiEinserted into the -O

ring in the open configuration of the holder then 2) liquid solution is-degped onto it and 3) the top large
E-chipsis added to the face place is screwed to seal the assembly...........ccccoovvieecreininn, 139

Ch. 61 Figure 3. In sitdiquid and ex situ dry BF TEM of CaP mineralization at early time points, mineralized

in the presence of pAsp in a microwell system. A. Initial survey region where arrows denote the presence of
nucleation products formed in solution after mineralizing2ftwours. B. In a new microwell, at the h8ur

mark, small particle clusters are observed and are seen attaching (Video S1). C:iiuhewheralization

point, larger branched aggregates are visualized to move in solution (Video S2). D. Correlsitivredsx
mineralization of the same solution captures similar CaP products which have formed, where selected area
diffraction (inset) highlights the products are still amorphous after 4 hours of mineralizatian......143

Ch. 6i Figure 4. Post situ dry S/ITEM of CaP particle products, mineralized for approximately 6 hours in the
presence of pAsp. A. BF TEMnd B. HAADF STEM imaging of representative product on thex SiN
membrane. The box enclosed in B, C. shows an extracted post situ EELS Ca signal intensity map where in
blue higher signal of Ca were detected. D. Extracted EELS signal spectra from the regions identified in the
enclosed boxes in C. demonstrate that th&tinphase formed were @ased products where the-Cas

edge is identified, while the surrounding region without products was absent of this signal (representative of
the SIN MEMBIANE IESEIT). ..o et e e e e 145

Ch. 61 Figure 5. In situ liquid BF TEM of hydrated collagen fibrils, mineralized for approximately 2.5 hours
in the presence of pAsp. A. Lemagnificdion image of a hydrated region of interest, where a collagen fibril
bundle is shown. Bubbles formed instantaneously on imaging within this region, highlighting the instability
of the solution at this time point during liquid TEM even with {dase screeng measures with a rate of
approximately 2 #A%s. B. High magnification of visualized fibril from region enclosed in B., where
aggregates of unknown phase appear around and attached to the collagen (triangles).............. 146

Ch. 67 Figure 6. Representative correlative ex situ BF TEM of dry collagen fibrils, mineralized for
approximately 2.5 hours in the presence of pAsp. A.-hoagnification image of survey gmon, where
collagen fibrils seen are bundled on a dry carboated TEM grid. BG. Variable magnifications of
representative collagen fibrils with mineral products dispersed within the region. 1ri83et$s. SAED
patterns indicate that adhered parti@des likely amorphous............ccueeveiiiiiiiiesiiie e 147

Ch. 6i Figure 7. In situ liquid BF TEM imaging of dynamic hydratetlagen mineralization events at 37°C,
mineralized for approximately 6 hours in the presence of pAsp. A. Overview of the hydrated region of interest
with a heterogeneous distribution of collagen fibrils.[B.Elapsed time progression (collection min:sec
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shown in the upper left corner) snapshot views of dynamic particle attachment events toward the end of a
collagen fibril at its mineralization front (Video S3).-&. Magnified view of the reaction, where a white
arrow tracks the formation and movement gfaaticle assembly attaching to the collagen mineralization
front in situ while the white triangle highlights the apparition of a nelkBestructure after particle
attachment (Video S€)200n8,cadES.10)am.s......A....... 5...£.ml48 B.

Ch. 61 Figure 8. Possitu BF TEM of dry collagen fibrils, mineralized for approximately 7 hourthen

presence of pAsp. A. Low magnification imaging highlights the distribution of regions of mineralized
(arrows) and unmineralized (triangles) collagen fibrils. B. Higher magnification imaging of a mineralized
collagen fibril shows the presence of mingpidtelets with collagen banding patterns noted. C. SAED

patterns of the region highlight the (002), (211), and (004) rings corresponding to timseaPapatite

crystals, with arcs (002) and (004) indicating the preferential orientation of the crgstalics 6 al ong t he
axis of the collagen fibrils. D. Grayscale intensity plot profile from the region enclosed in B. displays a
magnified view of collagen banding patterns, repeating at intervals of 67.1 nm with a standard deviation of

Ch. 61 Figure 9. In situ liquid BF TEM of hydrated collagen fibrils at 37°C, mineralized for apprtelima

6 hours in the presence of pAsp. A. Overview of the hydrated region with a heterogeneous distribution of
collagen fibrils, where regions with a higher density of fibrils appear darker (stars). B.,C. Representative
imaging of collagen in the mineralizan solution, where needlike mineral platelets were observed but
overall features appear muted through the thick liquid [ayer.............cooviiiiiiaiiiii e, 153

Ch. 671 Figure S1. In situ liquid BF TEM of dynamic hydrated CaP mineralization events, mineralized for
approximately 4 hours in the presence of pAsp (Video S2IC.ASnapshot of representative frames
(collection min:sec shown in the upper left corner) of dynamic CaP mineralization events, referenced in Fig.
3C of the main text. White triangles show regions that transform over time from a seemingly dense phase to
branchlike particulate aggregates. SEdlars are 500 NML........oocvviiiiiiiiiieeeiie e 159

Ch. 61 Figure S2. Representative correlative ex situ BF TEM of dry Cateralization products,
mineralized with and without the presence of pAsp. A. Correlative ex-$itubmineralization point with

pAsp where SAED (inset) highlights that the mineral branched assemblies are nearly amorphous in nature.
B. Correlative ex sit 5.5hour mineralization point without pAsp where structures were significantly larger
and had a much higher degree of crystallinity from SAED (inset), where polycrystalline ring patterns of the
(002) and (211) planes are highlighted representative oBafe...............ccceeeeeeiiiiccceiieeeeeeeee, 159

Ch. 61 Figure S3. In situ liquid BF TEM imaging of beatnse related damage lofdrated collagen fibril,
mineralized for approximately 6 hours in the presence of pAsp. A. Similar area of interest to Fig. 5, showing
the mineralization front of a collagen fibril. B. Elapsed time progression (collection time min:sec shown

in the uppeleft corner) highlighting snapshots of the fibril with beam exposure over time at an electron dose
rate of 3.5 #A%s (Video S6). Scale bars: A. 500 nm anelB300 NM.........cccueeeeeeirieecriiecmee e 160

Ch. 61 Figure S4. Ex situ BF TEM of dry collagen fibrils, mineralized for approximately 6 hours in the
presence of pAsp. A. Low magnification view of fibrils, where a mixniferalized (darker contrast) and
unmineralized (lighter and more diffuse contrast) regions can be noted. B. Representative region showing
mineralized fibrils among unmineralized structures in the background. C., D. Higher magnification imaging
shows the esence of mineral platelets aligned along the long axis of the fibrils......................... 160
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minor writing andediting contributionsfrom all the listed contributing audhs. This
manuscript has been published in dloeirnal of Visualized Experimenishich includes a

freely accessible video tutorial on the methods described within the article.

(Ch.5) DiCecco, L-A., Gao, R., Kelly, D.F., Sone, E.D., and Grandfield, lKiquid
transmission electron miascopy for probing collagen biomineralizatidn.
submission format.

Contributions:The workconducted inrChapter 5 was conceptualized by myself, where |
proposed the idea of using the novel clipped liquid enclosieeslopedn Chapter 4 to
investigate collagen mineralization processes in hydrated condititerg, | prepared
mineralization experiments ampdimarily led the data curation and formal analy&isD.
Sone and Kathryn Grandfield provided insights into the analysis and helped guide
directions for the research.uRin Gao provided collagen samples and mineralization
reagents for the mineralizatieexperiments, where Ruixin Gao and BliSone together
with their teamoptimized separalg the @lcium phosphate pollk-aspartic acidn vitro
collagen mineralizatiomodelused in this papeDeborah F. Kelly aided as a consulting
expert on the liquid EM experiments and provided the imagingeatuhical resources to
conduct these experimeni$ie manuscript was primarily written and reviewed by myself,
with editing from all the listed contribing authors The manuscriptis in submission
format

(Ch.6) DiCecco, L-A., Gao, R., Sone, E.D., and Grandfield,Towards
Understanding Dynamics Behind Collagen Mineralizafibnoughin Situ
Liquid TEM T Trials and Tribulatios. In submission format.

Contributions: The work conducted in Chapter 6 was conceptualized by myself with
feedback from my advisdfathryn Grandfield and collaborator Eli D. Sonéhere first

time collagen biomineralization dynamics were captured usinig aitu liquid heating
hoder. Here, | prepared mineralization experiments and primarily led the data curation and
formal analysis. Eli D. Sone and Kathryn Grandfield provided insights into the analysis
and helped guide directions for the research. Ruixin Gao provided collagplesand
mineralization reagents for the mineralization experiments, where Ruixin Gao and Eli D.
Sone together with their teaoptimized separalg the calcium phosphate pely-aspartic

acid in vitro collagen mineralizatiormodel used in this paperThe mauscript was
primarily written and reviewed by myself, with editing from all the listed contributing
authors The manuscript is currently in submission format
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Apart from the published and submitted works featured in the main text of my doctoral
thesis mentioned above, | hagther authorship contributionthat relate themes on the
development of strategies for performing liquid electron microscopy of biomatandl
reaktime dynamic process@s situ. These articles are referenced in the main body of my
thesis. Notably, | have three separate review articles associated with each of the works
presented as distinct introductory sections within Chapter 2 of #ssstiThese provide a

clear background to the field and review the current-sthtbe-art to contextualize the
importance of this doctoral research while also providing clear insights into future
directions of the field and applications. These artictespaovided as a literature review
section of my thesis in Chapter 2 and are presented as follows for context to the thesis:

(Ch. 2.1) DiCecco, L-A., D6 EI i a, A, Mi Il |l er, c. , Sask,
Grandfield, K. Electron Microscopy Imaging Applications oRoom
Temperature lonic Liquids in the Biological Field: A Revie®02l.
ChemBioChenvol. 22(15), pp. 248&2506. DOI:10.1002/cbic.202100041

Contributions:This review provides a complementary perspective on the applied use of
roomtemperature ionic liquids for preparing biological samples for electron microscopy
imaging applicationsAt the time that this wasesearchedthere was no comprehensive
review specifically on the topic of roomtemperature ionic liquidgor biological
applications and the teclyue was still emerging as a method for preparing hydrated
samples for electron microscopy imaginghe literature review article was primarily
conducted and drafted by mysetfith some research and writing asaistefrom Andrew

D6 EI i a seaNliter. Sliithe &uthors contributed to the review and iedibf the final

draft. This manuscript has been published in@emBioChem

(Ch. 2.2) Kelly, D.F.,DiCecco, L-A., Jonaid, G., Dearnaley, W.J., Spilman, M&ay,
J.L, and DresseDukes, M.J. LiquieEM goes viral visualizing structure and
dynamics2022.Current Opinion in Structural Biologwol. 75(102426)DOI:
10.1016/j.sbi.2022.1024F6vited]

ContributionsThisinvitedreviewand opinion article critically overviews the current state
of-the-art in the field of liquid electron microscopyr biological applications, specifically

for the study of virions. It ifomplementaryto Chapter 4 angrovides further detailed
insights into crucial strategies and techniques used for liquid electron microscopy of
biological samplesThe literature review article was primarily conducted and drafted by
Deborah F. Kelly and myselfvith insights and suggestismprovided by all authorgll

the authors contributed to the review andiediof the final draft. This manuscript has
been published in theurnal Current Opinion in Structural Biology

(Ch. 2.3) DiCecco, L-A., Tengteng, T.Kelly, D.F., Sone, B., and Grandfield, K.
Exploringbiomineralizatiorprocessessingin situ liquid transmission lectron
microscopy:A review In submission format
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Contributions:This invited review is comprehensive of current liquid electron microscopy
research related to biomineralization. It is complementary to Chapter 5 and the review of
the literature presented was foundational to the execution of s liquid transmission
electron microscopy biomineralization and other research. The literature review article was
primarily conducted and drafted by myself with guidance provided by Kathryn Grandfield.
Tengtang Tang, Deborah F. Kelly, and Eli D. Sone aflvigied their insights and
suggestions throughout the writing process. All the authors contributed to the review and
editing of the final draft. The manuscript is currenthsubmissiorformat.

In addition the following is a list b10 other relevanjournal and conferengeublications
representing significant research contributions by myself during the time of my doctoral
studies. These works relate to themes presented within this thesis and further build upon
the motivation and objectives outlined indpiter 1, but are not included for evaluation.

DiCecco, L-A., Gao, R.,Gray, J.L.,Kelly, D.F., Sone, E.D., and Grandfield, K.
Liquid Transmission Electron Microscopy of Orgaftnmorganic Interfaces:
Exploring Hydrated Collagen Mineralization Processes. 20#8roscopy and
Microanalysis Accepted for publication 1Dt474959.

DiCecco, L-A., Gao, R., Athanasiadou, D., Chan, R.L., Carneiro, K.M.M., Kelly,
D.F., Sone, E.D., and Grandfield, K. Exploring Calcium Phosphate
Biomineralization Systems Using SituLiquid Phase Electron Microscopy. 2022.
Microscopy and MicroanalysisVol. 28 (S1), pp. 1818820. DOI:
10.1017/S1431927622007176

Berry, S.,DiCecco, L-A., Dearnaley, W.J., Solares, M.J., Gray, J.L., and Kelly,
D.F. Utilizing Liquid-Electron Microscopy to Visualize SARSoV-2 Assemblies
from COVID-19 Patients. 202Microscqy and Microanalysi&/ol. 28 (S1), pp.
13841386. DOI: 10.1017/S1431927622005645

Micheletti, C., DiCecco, L:-A., Wexell, C.L., Binkley, D.M., Palmquist, A.,
Grandfield, K., and Shah, F.A. Multimodal and Multiscale Characterization of the
BoneBacteria Inteface in a Case of MedicatidrRelated Osteonecrosis of the Jaw.
2022 Journal of Bone and Mineral Researchivol. 6 (12). DOI:
10.1002/jbm4.10693

Casasantayl.A., Jonaid, G., Kaylor, L., Lugiu, W.YDiCecco, L-A., Solares
M.J., Berry, S., Dearnaley, W.J., and Kelly, DSfuctural Insights of the SARS
CoV-2 Nucleocapsid Protein: Implications for the Inmearkings of Rapid
Antigen Tests. 2022.Microscopy and MicroanalysisIiD: 0zac036. DOI:
10.1093/micmic/ozac036

Merlo, A., GonzalezMartinez, E., Saad, K., Gomez, M., Grewal, M., Deering, J,
DiCeccq L .-A., HosseinidousZ., SaskK., MoranMirabal, J., andGrandfield

K. Functionalization of 3D printed scaffolds using polydopamine and silver
nanoparticles for bonmterfacing application2023.Journal of ACS Applied Bio
Materials,Vol. 6 (3), pp. 11611172 DOI: 10.1021/acsabm.2c00988

Deering, J, Dowling, K.I*, DiCecco, L-A., McLean, G.D., Yu, B., and
Grandfield, K. Selective Voronoi tessellation as a method to design anisotropic and
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Materials Vol. 116(104361).DOI: 10.1016/j.jmbbm.20R.104361.
Lee, B.E.J.DiCecco, L-A., Exir, H., Weck, A., Sask, K.Nand Grandfield, K.
Simultaneous Visualization of Wet Cells and Nanostructured Biomaterials in SEM
using lonic Liquids 202L. ChemBioChem Vol. 22(3), pp. 571576. DOI:
10.1002/chic.202000552
Abdellah, A.M., Ismail, F., Siig, O.WYang, J., Andrei, C.M.DiCecco, L-A.,
Rakhsha, A., Salem, K.EGrandfield, K., Bassim, N., Black, R., Kastlunger, G.,
Soleymani, L., and Higgins, DImpact of Palladium/Palladium Hybride
Corversion on Electrochemical G&eduction via IrSitu Transmission Electron
Microscopy and Diffraction. Under Revisioni Nature Materials (ID:
NM23030941).
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Chapter 1: Introduction
1.1.Research Motivation

In the past few decades, advances in micro/nanofabrication, thin electron transparent
materials, holder designs, and acquisition methods have made it possible to perform
meaningful experiments usitiguid electron microscopgEM).!! Since its advent, liquid

EM has proven to be a powerful microscopy tool that provides new possibilities to observe
soft biological samples at high resolution in native hydrated environféhtgithout
needing to dehydrate, fix, and/or coat sample®nofrequired in conventional EM
observations. Moreover, uniquely liquid EM can be used to observe reactions taking place
dynamically in reatime in an EM environment, on situ.*'® This capability is key for
validating longwithstanding theories bagen timestamped observations, or in essence
seeing is believing.

However, while these newly developeds'2Entury techniques offer novel means of
observing biological samples anelateddynamic processesgveral challenges exist to
these approachesiotably: understanding electron beam sample interactions and their
subsequent influence on the processes obs&¥édifferentiatingphysical and chemical
reactions frominelastic scatteringevents such as beasmduced crystallization and
radiolyss effectg®8 14 resolution limitations such disjuid and/or membrane thickne$s
need for faster imaging rates to limit artifacts due to bluftfartifacts related to system
assembly e.g. dewetting, bulging, bubble formation, contaminagioi**% and many
other general and systespecific challenges. Subsequently, these shortcomingsthienit
interpretationof liquid phase observatiorsnd thus restrict their implementati@md
broader use in research fields

Due to the infancy of this field, while there remain many exciting research possibilities and
biological specimens to characterize using this powerful platform, limited works are
available which provide a comprehensive understanding of best practiceslréssathese
shortcomings, this researchnmtivatedo strategically explore the improvement of liquid

EM of biomaterials and rediime dynamic processes through two key stditthe-art high
resolution liquid EM techniques: room temperature ionic ligiRIIL) treatment for
scanning EM (SEM) and liquid cell transmission EM (TEM). The exploration of both
techniques addressesrgcroscopy neetb improve workflows for liquid EM imaging as

well as for reatime approaches to validate theory developed frame tstamp
observations. In systematically approaching these two techniques, thisawwkto
develop an improved framewatkat| hypothesizeavill allow for routine and reproducible
imaging to advance this field. The liquid EM methods discussed willb&ssmmpared to
conventional preparation methods to better understand how artifacts related to sample
preparation, such as fixation and dehydration, may be influencing the natural morphology
of biological structures being observed.
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Improving upon theeliquid EM techniqus is crucialfor the biological fieldwhere for

many biological systems it presents the only opportunity to validate nanoscale reactions
and structural features in a biomimetic hydrated environmiEms thesisfocuses on
researchingiduid EM techniques tesstudy the ultrastructure amdineralizationof hard
tissues, notably borend collagenandfor structural biological virus research, relevant to

the fight against COVIEL9. This isimpactingour current fundamentainderstanding of

these events and structures. Insights on biomineralization and how this occurs can help
further understand a variety of haigsue conditionshat impactmillions of Canadians

such as periodontitis and osteopordsis” This improvel understandinganticipates
providing insightinto how to better control these processes and reveal new treatment
pathways Additionally, a greater understanding of biomineralization processe$fail

in improving implant and scaffold designs to better interface with biological systems.
Moreover,since the advent of theOVID-19 global pandemicSARSCoV-2 remains a

grave theat to human health with over 6.7 million deaths worldwide and devasting
global economic impacts*¢ The new liquidEM workflows presented are changing our
understanding oguchvirions by revealing nevdreforeseen features, presenting new
opportunities for targeted therapeutics and clinical advastadeght future culprits.

Herein, the research in this thesis is presented in four articles which represent my research
contributions to liquieEM for biological imaging and capturing dynanprocesses. The

four works are presented by increasing complexity discussed in the following subsections,
touching on themes as followestploringliquid EM for the first time using RTILs for SEM

of biological samples notably bone, (static, misoale) developingrhew methods for high
resolution liquid biological TEM of viruses (static, naswale), anépplyingnovel liquid

TEM to dynamic biomineralization systems (dynamic, nacale).

Overall, this work hasbroad implications for understanding thenative hydrated
morphology of biological materials such as bone wainns and can capture dynamic
reactionsThisis highly relevant to our growing aging populatféfwho are at higher risk

of severe symptoms in viral infections and often prevaldotims of hardtissue
mineralizationrelated health conditiod®*°! Thus, insights on these reactions and
structures anticipate leadingadetter understanding of diseases and treatment pathways,
key to moving Canadads health care system

1.1.1. Exploring Room Temperature lonic Liquids to Facilitate Biological SEM

For over the last fifty years, SEM has been among one of the most frgquesditools to

study bonebs complex hierarchical structu
concerng?’! for instance for understanding disease mechanisms such as osteBpéfosis

and improving implant osseointegratiéi®?* However, conventional SEM imaging
necessitates biomaterial sample preparation involving typically fixation, dehydration,
embedding, and/or conductive coatings to visualize these structures in theabugim
environment in highresolution 7 which together risk altering their natural
morphologied?® 281 Moreover, for bone structures, these preparation methods are lengthy

2
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and laboriou$®3% As a solution, alternative preparation methods such as RTILS have been
proposed in literature as a new liqEM-based preparation method for SEWZ3 Due to

their high conductivity and low vapour pressure, RTILs can be used to stabilize liquid
samples in higivacuum environments for stable SEM imagdifig# However, limited
researchers have explored #dschniques for biomaterial applications, and no one has
optimized its bone treatment. The work presented in Chapter 3 explores tiengrst
optimization of RTIL treatments for SEM preparation of hydrated, unfixed healthy and
osteoporotic bone structweThe refined RTIL treatment was noted to achieve similar
imaging quality in comparison to conventional treatments and was suggested to better
preserve the natural features of bones. Moreover, it proved to be a much faster and simpler
preparation methodompared to conventional means, with the downfall that it cannot
permanently conserve samples for periods longer than one month. Complemented by the
review and suggested best practices provided within Chapter 2.1 for imaging biomaterials
with RTILs, the prof-of-concept research in Chapter 3 lays a foundation for the broad
application of RTll-based techniques in the study of wirdaging biomaterials in natural
hydrated conditions.

1.1.2. Developing New Methods for HighResolution Liquid Biological TEM

The emergnce of SARSCoV-2 triggered tremendous global resources aimed at
understanding the features of a minute human patH&yér>3¢High-resolution tools,

such as cryogenic (cryo) EM, were deployed to shed light on the molecular aspects of
SARSCoV-2. This important structural information was key to identifying new vaccine
products and drug therapies to save lives and curb viral transnmiiésitindowever,
current technology that led to recent {6aving interventions has only provided limited
snagshots of one part of the virus, the outer spike protein, which is the part most subject
due to environmental pressures. Liquid EM, the room temperature correlate to cryo EM, is
a relatively new imaging technique that provides higgolution information fodynamic
interactions, key to understanding whole virions and protein behaviours while contained in
a liquid environmeni' 44750 The work presented in Chapter 4 focuses on the development
of liquid-EM protocols for routine virus imaging for SARSV-2 and other viruses, using
commercially available specimen holders and a newfiinmbased clipped enclosure.

Structural features from singfmarticle reconstructions are highlighted which are
comparable to resolutions achieved in cryo EM modalit#egre structural dynamics can

be simulated. The use of automated tools and direct electron detectors in imaging is also
highlighted as a novel means to quickly screen samples for optimum thickness and electron
dose parameters for highsolution acquisitio. Moreover, the article is accompanied by a
video supplemental that will highlight the techniques presented in detail as a tutorial to
broaden the accessibility of these techniques to biological communities. Complemented by
the critical review of liquieEM related to viral applications in Chapter 2.2, the innovative
research presented in Chapter 4 is anticipated to provide new characterization tools to study
dynamic processes in neatomic detail. This will help us better understand pandemic
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pathogens andther specimens encompassing life science, medicine, and materials
research.

1.1.3. Applying Novel Liquid-TEM to Dynamic Biomineralization Systems

Biomineralization processes are key to the formation and maintenanaeldissueshus
essential for many organismangingfrom humans, zebrafishpbsters,to musselsFor
bone thebiomineralization of calciusphosphatédased minerals icollagenis crucial for
its mechanical integritywhere its distribution and extemre key factors to tissue
mechanical strengff-52 Moreover, the study of biomineralization processadinically
relevantfor medical advancemeniyhere it can providan improved understanding of
conditions such as diseases such as atherosclerosis, dental caries, and osteoporosis and
provide new insights for designing bioinspired materials and treatment patf#ys
While collagerbiomineralization processes have been stueieensively in literatur&®
4 many competing theories exish mineral formation and distribution within boaed
much is yet to be discovered aboutdtsnplicated hierarchical mictim-subnanoscale
structure.

Thus far, traditional and cry&M modalities have helped realegime-stamp observations
key to making eliciting crucial structural features antheories of mechanistic
biomineralization pathway#&>®% 72l However, these methods do pobvide a true view of
the native liquidstate of the structureshere water is an integral paftcollagen,” and
cannot capturdynamics key to validatingiomineralizatiortheories Thus, studying how
collagen mineralizes in a liquid environment is essential for understanting
mineralization processes and native structufd® work presented in Chapterahd
Chapter @Gpplies the novel new thiiiim liquid TEM enclosure developed in Chapteas!
well as commercially available liquidEM holdersto study a biomimetic collagen
mineralizationmodel for the first time in hydrated conditiondhis involves using a
calciumphosphate (CaP) based mineralization solution with4hefspartic acidpAsp)
considered, mimetic to necollagenous proteins found in hard tissuesl areconstituted
rat-tail tendon collagermodel that is similar in structure to type | collagen found in
bone[57*59'74]

TEM acquisition at high resolution highlights key features at early mineralization periods,
notably the presence of precursor minerals attached to collagen fibrils, as well as distinctive
crystalline nanoscale mineral platel&asmed aligned the long axis of collagen fibrils at
more mature periods. Complemented by the detailed review of liquid EM techniques and
their application in biomineralization research in Chapter 2.3, the novel research presented
in Chapter 5 and Chapter@ovides new techniques to study these systems in native
hydrated environments at high resolution, pushing the biomineralization field one step
closer to answering how collagen biomineralization occurs.
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1.2Research Objectivs

As ageneralobjectve, this thesis aim$o develop improved strategies faguid EM
methodologies for biological sample characterization and the observation of dynamic, real
time processesSpecifically, this research has considered RTIL treatment and liquid cell
TEM means methods to consider and ameliorate to study hard tissues and their
mineralization as well as virion$his objective is broken down withi@hapters & into
threespecificobjectives shematically presented in Fig:11 The three works angresented

by increasing complexity, touching on themes as follows

® To explore liquid SEM for the first time using RTILsfor biological samples
notably bone (static, micrscale)

(i) To develop new methods for higiesolution liquid biological TEM of virions
(static, nanescale)

(i)  To apply novel liquiIdTEM to dynamic biomineralization systems (dynamic,
nano-scale)

General Objective: Develop improved strategies for liquid EM methodologies
for biological sample characterization and the observation of dynamic, real-time processes

» Considering specifically RTIL treatment and liquid cell TEM means

Summarize best practices for
RTIL treatment of biomaterials

Explore in situ how CaP

Improve and develop
biomineralization occurs in

- ; methods to allow for single-
+ explore for the first-time to

particle analysis liquid TEM of the presence of pAsp &

bone & other materials viral assemblies collagen
Ch3. Exploring RTILs To Cha4. Developing New Methods for High ~ ChS5 & Ch6. Applying Novel Liquid TEM
Facilitate Biological SEM Resolution Liquid Biological TEM to Dynamic Biomineralization Systems
Static, micro-scale Static, nano-scale Dynamic, nano-scale
Explore Develop Apply

Increasing system complexity

Ch. 1.27 Figure 1. Overview of thesis researchjebtivesand threeprojects presented within this thesis.
1.3Thesis Chapter Summary
The following summageshow the subsequent sections of this thesis are organized:

Chapter 2: Literature Review. This chapter reviews pertinent literature to provide
context to theesearch presented while also elaborating on fundamental principles of the
work related to the thesis. This includes a focus on fundamental concepts of EM, a
comprehensive overview of the liquid EM field, calchpmosphate biomineralization
processes in @, and the characterization of viral entities. The work is split into three
sections, one related to each theme, presented through two published review articles and a
third in manuscripformat
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Chapter 3: lonic Liquid Treatment for Efficient Sample Preparation of Hydrated
Bone for Scanning Electron MicroscopyThis chapter presentise firsttime exploration
of RTILs for preparing bone samples for SEM imagimghere healthy andsteoporotic
bone is imaged in unfixed, hydrated conditiohise newlyestablished workflovpresents
a facile manner to image hard tissues layd a foundatiorfor the study of wideanging
biomaterials in natural hydrated conditions.

Chapter 4: Advancing High-Resolution Imaging of Virus Assemblies in Liquid and

Ice. This chapter presents th@evelopment ofnovel liquid EM and correlative cryo
protocols for routine virus imaging for SARSV-2 and other viruses, using
commercially available specimen holders and a newfilnmbased clipped enclosure.
Using singleparticle analysis, structural features at ret@micresolution were able to be
resolved. These new techniques for native hydrated imaging will help us better understand
pandemic pathogens and other specimens encompassing life science, medicine, and
materials research.

Chapter 5: Liquid Electron Microscopy Techniques for Probing Collagen
Biomineralization. This chapter presentse application ofhe new liquidTEM methods
developed in Chapter 4 to the study of collagen biomineralization prodesshs first
time using aCaP and pAsjpased biomimeticollagenmodel.High-resolution nanoscale
characterization was able to be achieusihg these techniqués reveal early and mature
mineralization patterns in liquidhis opens newharacterizatiopathways in the study of
biomineralization processedringing the fieldcloser to controlling these complex
mechanisms in clinical applications.

Chapter 6: Towards Understanding Dynamics Behind Collagen Mineralization
Through In Situ Liquid TEM i Trials and Tribulations. This chapter presents the
application of commercially available liquid TEM methods to study the collagen
biomineralization processes presented in Chapter 5, where heating is incorpositted
Using this system, highesolution nanoscale characterizatisas able to be achieved and
dynamic mineralization of these events was captured. This work is foundational for the
study of dynamic biomineralization processessitu and includes strategies to address
challenges in the future.

Chapter 7: Concluding Remarks. The final chapter links together the conclusions
formalized between the preceding chaptensl summarizes key findings and impsct
where titure directions for this research are elaborated.
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Chapter 2: Background

Within the last few years, exciting liquid EM and ionic liquid researole leanerged
showcasing micrdo-nano scale possibilities of observing biological structures in hydrated
conditions. The following is an introduction of relevant literature, organized into three
review articles published or in manuscriptmat, key to the thsis research themes

2.1 Electron Microscopy Imaging Applications of Room Temperature lonic Liquids
in the Biological Field: A Review

2.1.1 Section Introduction (Objective i)

Recently, the use of RTILs has been proposed in literature aseamative technique to
traditional preparation schemes of biological materials for EM involving dehydration and
fixation. Provided the lowapour and highly conductive nature of RTILS, they can be used
to treat biomaterials to stabilize them for EM imagiwhile conserving their naturally
hydrated structure. However, the use of RTILs is highly underutilized within the
microscopy field and their application has not been widely established. To accomplish
objective (i) set out for this thesis involving expim an RTIL-based method to perform
liquid SEM on bone,Section2.1 provides a comprehensive summary of biological
applications of RTILs for EM and best practices for their use. Future research avenues
within RTIL liquid EM research were summarised tolinie: i) RTIL selection and
optimization, ii) applications for live cell processes and iii) electron beam and ionic liquid
interaction studies. Overall, this work contributes to a foundational understanding of the
applied use of RTILs for biological EM anprovides working guidelines that are
anticipated to lead to wider adoption of these techniques in future.

Authors: Liza-Anastasia DiCeccoAndr ew DO E| i a KylaQlhSaskkeglaa Mi | | «
Soleymani, Kathryn Grandfield

Publication: This work is publised with a full citation provided as follows:
DiCecco, L-A,. DO EIl i a, A. Mi I |l er, c. , Sask, K. I
K. Electron Microscopy Imaging Applications of Room Temperature lonic Liquids
in the Biological Field: A Review. 202ChemBioChemyol. 22(15), pp. 2488
2506. DOI: 10.1002/chic.202100041
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For biological imaging using electron microscopy (EM), the use
of room-temperature ionic liquids (RTILs) has been proposed as
an alternative to traditional lengthy preparation methods. With
their low vapor pressures and conductivity, RTILs can be applied
onto hard-to-image soft and/or wet samples without dehydra-
tion - allowing for a more representative, hydrated state of
material and opening the possibility for visualization of in situ
physiological processes using conventional EM systems. How-
ever, RTILs have yet to be utilized to their full potential by

Introduction

Room temperature ionic liquids (RTILs), also referred to as
molten or fused salts, are composed of ions and short-lived
ionic pairs that are liquid at room temperature. They are known
for their attractive properties such as low vapour pressure, high
ionic conductivity, non-combustibility, and capacity to dissolve
many kinds of substances."™¥ In the last forty years, water-stable
RTILs have been studied in a wide range of applications within
chemical fields"*® such as for biocatalysis and
biotransformations,”¥  electrolytes  for  electrochemical
applications,"”  specifically ~ for  batteries""  and
electrodeposition,? micro-CT imaging,"™ and lubrication,!™
among others. However, only recently has the potential of RTILs
as a preparation method for biological sample imaging in
electron microscopy (EM) been explored."" Applications of
RTILs in the place of conductive coatings"***¥ provide
comparable resolution and contrast to that of conventional
preparation methods for biological EM imaging.”"! Notably,
their low vapour pressures enable samples wetted with ionic
liquid solutions to be imaged under high vacuum conditions.""
Combined, the unique properties of RTILs allow them to play
the role of a solvent, a discharging layer for electron charge,
and a vacuum-stable solution that enables hydrated EM
imaging at high vacuum. While conventional methods of
preparing biological samples for EM constitute dehydration and
fixation protocols that can significantly alter the structure of
these materials,**% preparation methods with RTILs involve
simpler and shorter steps.”*"! The unique properties of RTILs
have provided new avenues for EM applications involving soft
and/or hydrated biological materials as well as novel mediums
for in situ EM. However, RTILs in EM have yet to be explored to
their full potential by researchers including microscopists and
microbiologists.

[a] L.-A. DiCecco, A D'tlia, Prof. Dr. K. N. Sask, Prof. Dr. K. Grandfield
Department of Materials Science and Engineering

McMaster University, 1280 Main Street West, Hamiiton, Ontario, L8S 47
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School of Biomedical Engineering
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Prof. Dr. L. Soleymani

Department of Engineering Physics

McMaster University, 1280 Main Street West, Hamiiton, Ontario, L8S 4.7
(Canada)

b
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microscopists and microbiologists alike. To this end, this review
aims to provide a comprehensive summary of biological
applications of RTILs for EM to bridge the RTIL, in situ micro-
scopy, and biological communities. We outline future research
avenues for the use of RTILs for the EM observation of biological
samples, notably i) RTIL selection and optimization, ii) applica-
tions for live cell processes and iii) electron beam and ionic
liquid interaction studies.

This review paper aims to offer a fresh perspective on the
capabilities, challenges, and outlook of using RTILs in the EM
study of biological materials. Here, we present the use of RTILs
in common preparation schemes for biological samples and
highlight their use in a diverse range of applications, summar-
ized in Tables 1&2. We intend this review paper to inspire
others working with biological samples to explore the use of
RTILs to investigate new avenues for hydrated sample prepara-
tion.

Brief Historical Review

Early work produced by Hurley et al. in 1951 highlighted initial
research in the field of ionic liquids with the exploration of
fused quaternary ammonium salts used for electrodeposition of
metals.” However, they found the ionic liquid solution was
highly ~sensitive to moisture and unstable at room
temperature™ which remained a limiting factor in their
application for years to come. Further development of RTILs
was pioneered by Wilkes et al. starting with their key 1982
published work," though it was the 1992 article produced by
Wilkes et al. that revolutionized the field by presenting the first
water-stable RTIL, 1-ethyl-3-methylimidazolium tetrafluorobo-
rate or [EMII[BF,1!" In parallel to Wilkes, Cooper and O'Sullivan
prepared  1-ethyl-3-methylimidazolium  with triflate  or
[EMIJ[CF,S0.], a novel water-stable RTIL"

Previously limited by chemical instability in the presence of
moisture, the new generation of water-stable RTILs have
received wide acclaim for their synthetic and electrochemical
applications, with an electrochemical window of larger than
three Volts."! Since then a variety of commercially available
water-stable ionic liquids have been developed featuring
various cationic and anionic combinations, each comprising a
unique subset of physicochemical properties. Also referred to as
“designer solvents,” jonic liquids can be defined as a material
in the liquid state at or below 373 K (100°C), composed entirely
of cations and anions that do not contain a molecular solvent.!!
Those that remain liquid at or below room temperature (298 K)
are more specifically referred to as RTILs.*” Table 1 summarizes
select RTILs commonly used in EM applications, their chemical
structures, and other properties, such as molecular weight and
hydrophobicity.

The first application of RTILs in EM was not shown until
2006 by Kuwabata etal. in their fundamental work which
describes the first published observation of RTILs in scanning

© 2021 Wiley-VCH GmbH
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EM (SEM).*? They featured the use of [EMII[TFSI] applied to the
star-shape shells of Foraminifera, that post-RTIL treatment
exhibited a significant reduction of charging effects in SEM
compared to untreated shells** A simple immersion method
was used where a sample is directly dipped into an RTIL and
excess liquid is removed, which allowed the shell’s features to
be imaged efficiently and clearly.”” In electron microscopy,
RTILs lend similar electrical conductivity to those of metal or
carbon  coatings commonly used in EM  sample
preparation."***! Electron ejection from RTILs has been shown
to be effective due to the solvation nature of the condensed
jons which compose this solution,*** leading to improved
electron signal detection in EM.

Further to this, Kuwabata et al. postulated if the morphol-
ogy of samples is not influenced by replacing water constitu-
ents of biological samples with RTILs, they could be used to
image hydrated samples in normal high-vacuum EM modes.*
Subsequent work by Arimoto et al. using both [BMI][TFSI] and
[BMI][BF,] for imaging rehydrated seaweed demonstrated that
RTIL treatment could facilitate imaging hydrated specimens
through water replacement with RTIL.*' Arguably, these
works®®! paved the way for the consideration of RTILs as
treatment methods for biological samples in EM studies, with
several works since exploring the application of RTILs in EM in
the biological field, as discussed in the following subsections. A
summary of biological applications of RTILs in EM is presented
in Table 2.

Challenges of Biological Sample Imaging in Electron
Microscopy and Advantages to RTIL Application

Prior to introducing applications in which RTILs have been used
for imaging biological samples, it is important to discuss the
current protocols and challenges with biological sample
preparation, particularly of soft and/or wet samples for EM. EM
generally must be performed under high-vacuum, low moisture
conditions on conductive, dry specimens with negligible vapour
pressure. Moreover, to probe specimens with high resolution,
electron charging effects must be mitigated.

Traditional EM preparation methods for biological materials,
such as cells and soft tissue, require hours of work prior to
observation. An example of a typical workflow for a traditional

Liza-Anastasia DiCecco is a Ph.D. candidate in
Materials Science and Engineering at McMas-
ter University where she holds a prestigious
Vanier Canada Graduate Scholarship, a top
doctoral distinction in Canada. She utilizes
and develops advanced microscopy techni-
ques to characterize mineralization processes
and bone structure. Notably, her research
. interests centre on liquid-phase imaging
methods including liquid-phase transmission
electron microscopy and exploring the use of
ionic liquids to observe cells, biofilms, bone,
and other biological samples in electron
microscopy systems.

ChemBioChem 2021, 22, 1-20 www.chembiochem.org

cell treatment methodology for SEM is shown in Figure 1A,
where a biomaterial disc is considered after being incubated
with cells. First, a fixation media such as glutaraldehyde can he
applied which creates crosslinks between proteins and fixes
membranes for shape preservation. However, through fixation,
the soft fluid-like behaviour of the membrane is compromised,
proteins lose their function, and cells quickly die.””? Moreover,
the high-vacuum EM necessitates biological samples to be
dehydrated to maintain the vacuum, prevent damage to the
instrument, and mitigate sample evaporation. This may be
accomplished via dehydration in increasing concentrations of
ethanol followed by critical-point or freeze-drying. Fixation and
subsequent dehydration are known to influence the structure
of biological samples, leading to significant morphological
changes such as shrinkage or wrinkling and potential imaging
artifacts in EM.**® This poses a greater limitation of the
observations made with EM methods, being that biological
structures observed in EM may not be representative of the
naturally hydrated state. In consideration of this, users can
alternatively employ more involved critical point drying proc-
esses which offer improved preservation of the morphological
structures of samples but with the trade-off of increased
complexity in preparation.

Biological specimens are most commonly insulators, soft,
and composed of low atomic number elements, which render
samples susceptible to several chemical and physical electron
beam damage phenomena. Relevant damage examples include
electrostatic charging effects, burn artifacts, carbon depaosition
from sample preparation itself or storage, and sample
degradation,” which can of course be exacerbated further by
poor vacuum conditions. To prevent artifacts related to
conductivity, samples are often sputter-coated with a metal or
carbon to improve surface conductivity. Sputter coating may
result in non-uniform thickness over the surface of the
substrate, a particular challenge for samples with distinct
geometries, such as biological entities. Alternatively, methods
that employ heavy metal stains, such as uranyl acetate, lead
citrate and osmium tetroxide, can be used with the disadvan-

of toxicity, and potential for altering sample
24,2660

tages
morphology.”

Environmental-SEM (ESEM) and Cryogenic-EM (Cryo-EM)
have been used as alternative methods to observe biological
materials,

suspended solutions, and liquid-solid
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interactions.”" However, shortcomings and limitations to

these techniques for hard-to-image soft and/or wet
samples®'® ¢ have resulted in the exploration of new methods
to facilitate EM observation of biological specimens. In contrast
to these established techniques, RTILs leverage properties that,
in theory, are better equipped to handle the unique demands
of biological specimens. By maintaining the hydrated nature of
these specimens, RTIL treatments may be able to preserve
delicate morphological structures often damaged through
dehydration, providing a means to image samples in a
representative state of their true size and morphology."
Golding et al. suggest RTILs can provide superior capabilities of
conserving the size of microbes while minimizing the effects of
cracking and wrinkling.”" Figure 2 featured from their work
provides a visual on how RTIL treatment for imaging various
microbes compare to conventional preparation methods, nota-
bly sputter coating for SEM and negative staining for TEM
imaging.”" They posit that RTIL treatment can produce images
of similar quality to traditional sputter coating in a fraction of
the time,”*" without the need of specialized equipment required
i for ESEM or Cryo-EM.

20]
[40]

Hydrophobic
Hydrophilic

Viscosity Density Hydrophilicity Ref.(s)
[g/cm’]

[cP]
1310

Molecular
weight
[g/mol]
458.7
2193

[BF4]
[Lev]
o

Applications of lonic Liquids in Biological Imaging

S RTIL treatment can facilitate EM imaging of biological samples
; \/ by offering an alternative to coatings for conductivity-improve-
Zs ment and the ability to view samples in a hydrated state. With
the elimination of dehydration and/or fixation steps, RTIL-based
\ protocals can drastically reduce preparation time."”'® Research
in this area suggests that RTILs produce a thin, uniform
conductive layer on samples for their imaging,"%*%! thus their
capacity to spread evenly on a wet surface is key in this type of
work.

Table 1 summarizes relevant material properties of the RTILs
used in EM studies and shows the anions and cations which
form these solutions. Table 2 displays a variety of biological
samples where RTILs have been used to observe in the
literature while also showing the various sample conditions that
have been applied to commonly fixed or unfixed and
dehydrated or hydrated samples. Two direct and facile RTIL
sample preparation protocols for EM are summarized through
the illustration in Figure 1B. These include: 1) the addition of an
RTIL solution directly to the sample of interest through directly
pipetting solution to the sample for a given exposure period
(Figure 1B - Scheme 1); and 2) the RTIL solution immersion
treatment, an infiltration method where samples are immersed
in solution for a given amount of time for sample integration
(Figure 1B - Scheme 2).

Most waorks using RTILs for EM preparation fall within these
two schemes, with some variation in protocols and preliminary
sample preparation. Typically, the Scheme 1 (Figure 1B) addi-
tion method is applied for smaller samples or for quick surface
treatment of drier samples while the Scheme 2 (Figure 1B)
immersion method may be required with large, hydrous
samples that are being impregnated by the RTIL solution.*” The
treatment time associated with solution addition or immersion

HO'

[cation][anion]

RTIL
[Pss000]
[Ch]

2-hydroxy-N,N,N-trimethyl-ethanaminium 4-oxopentanoate

tri-n-butyldodecylphosphonium
(choline levulinate)

Chemical name
tetrafluoroborate

RTIL in-
dex
20

Table 1. continued
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A) Traditional Biological Sample Treatment
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Figure 1. A) lllustration of the traditional biological sample preparation treatment procedure for SEM observation of cells. B) lllustration of RTIL biological
sample treatment procedure, highlighting RTIL solution via addition (Scheme 1) or immersion (Scheme 2) techniques to prepare cells for SEM observation.
Note the decrease in preparation time from longer than six hours to minutes. Image created with BioRender.com.

is variable in literature, though can be found to normally last
under 5 minutes (Table 2). With this minimal exposure time in
treatment, an unfixed, hydrated sample may be prepared for
EM imaging in under an hour. Heating the soluticn prior to
treatment is recommended, reducing the viscosity of the
solution to spread more evenly across a surface and mitigating
liquid accumulation on the surface referred to as pooling.'**¥ If
high-purity RTILs cannot be obtained, purification methods of
RTILs may be considered.”’! Post-treatment, samples are
typically blotted using filter paper or other means to remove
excess liquid, often followed by vacuum treatment in the range
of 1-30 mins before SEM observation to evaporate excess liquid
from the sample surface. After being appropriately prepared
and mounted onto an SEM stub, RTIL-treated biological samples
are typically observed using acceleration voltages within the
range of 5-10 kV in SEM (Table 2). Similarly, Figure 3 shows how
the Scheme 1 (Figure 1B) addition method can be adapted for
use in transmission electron microscopy (TEM).

ChemBioChem 2021, 22, 1-20 www.chembiochem.org

Microbial Studies

Since Kuwabata et al. first observed star sand grains, Foramin-
ifera shells, using RTILs*” many other microbial-based applica-
tions have been explored, outlined within this section. Golding
et al. proposed that the RTIL treatment may better conserve
microbe size, making it a representative preparation model for
studying microbes.”" Similarities between morphological meas-
urements of the Ebola virus prepared for EM using [BMI][BF.]*"
are noted to Cryo-EM observations,”? suggesting that the RTIL
preparation is a closer representation of the natural hydrated
state®” This is attributed to the low vapor pressure of
[BMI][BF,], which avoided artifacts in samples such as wrinkling,
shrinkage and cracking, as well as the preserved hydrated state
of the sample.”" Traditionally prepared samples were reported
to have flattening and collapse of samples due to
dehydration.”"!

Microbial samples with pointed or sharp features are often
hard to image in SEM due to a phenomenon known as the
“edge effect”. For samples that have sharp edge-like features,

© 2021 Wiley-VCH GmbH
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Negative Stain
(TEM)

lonic Liquid
(SEM)

Sputter coat
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Figure 2. Comparison of conventional sputter coating SEM sample preparation methods (left column) with [BMI[BF,] RTIL treatment (middle column) and
conventional TEM (right column) for the observation of microbes: (a) Leptospira biflexa, (b) Salmonella Senftenberg, (c) vaccinia, and (d) Ebola virus. Sputter
coating was done with gold on plain uncoated filters, RTIL treatment was on pre-coated aluminium filters, and TEM utilized methylamine tungstate negative
staining. Image reproduced under the Creative Commons CC BY 4.0 License from Christine G. Golding et al.?"

TEM RTIL Biological Sample Treatment

TEM Observation

Blot grid
(filter paper) or
air dry, and/or
vacuum treat
~1-30 mins

8

et
TEM Grid With Lacy or
Holey Motif

Pipette RTIL Solution Onto Grid
Containing Biological Sample
~1-900 sec

Figure 3. lllustration of sample addition RTIL method for TEM biological sample observation. Image created with BioRender.com.

higher amounts of escaping surface electrons cause charge
accumulation in these areas, which can be difficult to mitigate
using conventional sample preparation methods apart from
using lower electron-beam energies.”? Yanaga etal. used
varying concentrations of [EMI][BF,] in pure water to study the
ultrastructure of various basidiospores, which are highly topo-

ChemBioChem 2021, 22, 1-20 www.chembiochem.org

graphical with pointed features"® Notably, at an optimal
concentration between 5-10%, imaging artifacts such as
electron charging at point tips were mitigated using the RTIL
treatment, showing that RTILs present a method to improve
imaging of sharp edge-like features."” Similarly, Ishida etal.
found an optimal treatment of 2-3% [BMI][BF,] resolved fine
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structural details of highly textured protists with minimal
amounts of charging.”’ Both works further note that low
concentrations outside of these optimal ranges resulted in
surface charging while higher concentrations resulted in liquid
pooling on the surface.[**"

Other applications of RTILs can be found in literature
reporting quick and efficient observation of microbes in SEM. In
the study of biofilms, Asahi et al. were able to use RTILs to study
the native structure of Streptococcus mutans, in hydrated fixed
and unfixed states’” Biofilms are hydrous and otherwise
severely impacted by dehydration and harsh fixation steps used
in conventional EM preparation.”’? Hydrophilic RTILs resulted
in better imaging quality for biofilms while highly concentrated
RTIL solutions led to liquid pooling on regions of interest”
Typical features of conventionally prepared biofilms such as
sample cracking and fibrous features of extracellular matrix
constituents were not observed in RTIL treatment.”*

Recently, works produced by Tsuda et al. explored the use
of RTILs in TEM imaging applications for microbial research#%
Following a pipette-based IL treatment protocol (similar to
Figure 3), RTILs successfully facilitated the visualization of
herpes simplex virus | (HSVI) in TEM.? Kamlet-Taft parameters
for polarity factors were consulted in evaluating RTILs for TEM
imaging, where RTILs such as [EMII[BF,] and [Ch][Lac] with a
high hydrogen bond accepting ability (denoted by parameter
) performed optimally and caused no noticeable damage to
specimen morphology.®® This is one of the few studies to
effectively report the successful use of RTILs in TEM, while most
available studies use RTIL treatment in SEM.

Cellular Biology

Key works produced in 2011 were the first to collectively
explore fundamental concepts of RTIL usage for cellular
samples, notably the feasibility of imaging cells with various
RTILs at different concentrations, the influence of hydrophilicity,
and its application for different cellular samples."®**%:44 Since
then, RTIL solutions have been applied to a variety of cellular
samples and proposed as a potential medium for live-cell
imaging.

Tsuda et al. were the first to describe RTILs as a “facile”
treatment in studying a wide range of biological samples, from
insects and plants to single-cell observation applications."® For
cellular studies, Tsuda etal. suggested using biocompatible
RTIL candidates that may better preserve cellular structures,
where [EMI][Lac] & [Ch][Lac] were identified as the most suitable
for imaging mouse-derived L929 cells after evaluating their
viability using flow cytometry at different RTIL and cell medium
concentrations."® While the cells could be quickly imaged using
this method, finer cellular features were lost due to low
secondary electron contrast and cells appeared flattened, a
potential artifact from the drying and/or vacuum conditions.'¥
Fixed hydrated samples were found to provide stable and
improved imaging quality in their work in comparison to
unfixed samples."® Joubert and McDonald further note that
fixation may allow for better sample preservation when using

ChemBioChem 2021, 22,1-20 www.chembiochem.org

diluted 10% Hitachi lonic Liquid HILEM® IL1000 solution to
perform single-cell SEM observation of Chinese Hamster
Ovarian (CHO) cells 2

The influence of RTIL concentration and selection for cellular
samples have been explored in great depth for fixed A549 cells,
treated with and without gold-conjugated antibodies.®**¥ It
was highlighted that RTILs can efficiently facilitate cellular
imaging without SEM charge build-up, resolve fine cellular
features such as microvilli, and perform optimally at low SEM
accelerating voltages of 0.9-1.2kV (Figure 4).5%* Hydrated
A549 cell images of exceptional quality are shown using a
reported 1-minute [EMI][BF,] RTIL treatment protocol in Fig-
ure 4, which was further improved upon using gold-conjugated
antibodies treatment prior to RTIL treatment.“? In exploring the
influence of concentration, similarly to previously presented
microbial studies,"****'! it was found that higher concentrated
RTILs resulted in solution surface pooling due to their highly
viscous nature while low concentration solutions resulted in
charge buildup.f**! Moreover, the study of these cells helped
show that the hydrophobicity of the RTILs greatly affects
imaging, with hydrophilic RTILs diluted in aqueous solution
giving far superior imaging quality in comparison to hydro-
phobic RTILs diluted in acetone-based solutions.*?

The potential of RTILs to image different types of cells and
cellular processes was highlighted by Ishigaki et al., who studied
the epithelial-mesenchymal transition of A549 as well as Panc-1
(pancreatic carcinoma) cells in the presence of TGF-31, a
transforming growth factor."! Fine features such as cell-to-cell
bridging as well as filopodia in cells could be observed using a
25 % [EMII[BF J-aqueous solution in SEM, features that were also
observed at lower resolution in their EVOS microscope.t!
Moreover, the authors distinguished key morphological differ-
ences between cells with and without TGF-31 treatment, noting
that the number of filopodia reduced in size and number
significantly with exposure to TGF-31, one of the first demon-
strations of this novel effect in SEM.

L R

Figure 4. Fixed, hydrated A549 cells observed with [EMI][BF,], diluted to
concentrations within 10—40 v/A/%. Fine topographical features and micro-
villi were resolved with this treatment. Scalebars are 50 pm in panel A,

30 umin B and G, and 10 pm in D. Image reproduced with permission from
Yasuhito Ishigaki et al*! (Copyright © 2010 Wiley-Liss, Inc.)
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A novel application of RTILs in imaging of cellular structures
by Dwiranti et al. used combinations of platinum blue (Pt-blue)
staining and one of EMI-BF, or BMI-BF, to image Indian Muntjac
and human chromosomes.™ The optimal concentration of
these RTILs for imaging was found to be within the range of
0.1-1%." Notably, phase contrast microscopy of these chro-
mosomes confirmed that the treatment had no detrimental
effects on chromosome morphology, indicating that RTILs can
be used to image DNA without significantly altering its
structure.”” The results and discussion of this study suggested
simply trading traditional methods out for RTILs is insufficient.””
The use of an ionic liquid comes with its own unique set of
parameters to achieve the best results, ranging from sample
preparation technique to optimal instrument operating con-
ditions. However, the best practices and operating parameters
for SEMs, such as optimal spot size and accelerating voltage,
have yet to be fully characterized for the use of ionic liquids.

While RTIL treatment for cells in these works shows
promising results due to their comparable imaging quality and
resolution to conventional preparation techniques,'®*¢*%%49
several aspects must still be understood and further studied in
this field. Differences in morphological features in RTIL treated
samples and conventionally prepared samples have been noted
in the literature and should be further explored. Smooth
surfaces obtained in platinum-coated cells versus ragged
surfaces of those treated with RTIL have been observed as well
as different lengths of microvilli of cells.*? It is unclear as to
whether these morphological features are preserved natural
structures or artifacts from the treatment itself.

A new avenue explored by a limited number of researchers
is the potential of RTILs for studying “live” cell imaging and
surface interactions. Recently, Lee et al. featured a new treat-
ment scheme that utilized a 5% [EMI][BF.] solution in McCoy's
5 A modified medium to image mammalian cells adhered to
nanotopographic laser-modified titanium substrates (Fig-
ure 5)“7 In Figure 5, low-vacuum backscattered SEM imaging
mode is used with the RTIL treatment, where cells appear dark
in contrast to the bright titanium substrate. The work compared
the influence of untreated titanium substrates (Figure 5A/B) and
laser-modified titanium (Figure 5C/D), where sub-micron fea-
tures induced from the laser-modification appear as thin lines
most clearly represented in Figure 5D.“” Prior to imaging, an
optimal percentage of ionic liquid that would cause limited
influence on cell viability while maintaining improved imaging
in SEM was determined. Human osteoblast-like Saos-2 cells
were imaged using SEM and subsequently evaluated using
biochemical assays as well as fluorescence microscopy to
confirm cell viability.*” Cells from this specimen were viable
after treatment with the RTIL-media solution and after imaging;
however, directly irradiated cells were killed due to electron
beam damage."” This demonstrates treatment applicability to
facilitate live imaging of cells in near-native environments while
warning that cells are still highly vulnerable to the extreme
environment required for EM.

In separate works, the viability of yeast cells in RTIL solutions
was explored using hydrophilic [Ch][Lac] and [EMI][AcO] diluted
with cell culture medium.”® Observation characteristic bands

ChemBioChem 2021, 22, 1-20 www.chembiochem.org

Figure 5. Cells adhered to titanium substrates after 5 minutes of a 5 v/v%
aqueous [EMI][BF,] RTIL treatment. Cells can be observed across the entire
substrate of the unmodified sample (A/B) and in detail with respect to sub-
micron features from the laser-modification treatment, which appear as fine
lines on the metallic substrate (C/D). Image reproduced with permission
from Bryan E. Lee et al.”’ (Copyright © 2020 Wiley-VCH GmbH).

following treatment revealed that yeast cells were able to
maintain their bioactivity in the presence of RTILs,"® further
highlighting RTILs as a potential medium for live studies.
Evidence of blueshift in the Raman spectrum corresponding to
[EMII[ACO], however, was reflective of protein denaturation.”
These results warn that only select RTILs such as [Ch][Lac] may
be suitable for the investigation of cellular events that are
contingent upon proper protein functioning, an incipient
advantage of RTIL-based EM. A choline-like [EHACh][MO] RTIL
used in the observation of red blood cells in SEM by Hyono
et al. was noted to have minimal effect on the shape and size of
cells observed with minimum charging.”” When observation
was attempted using imidazolium-based ionic liquids, no cells
could be visualized, speculated due to induced cell lysis with
high osmotic pressure on the cell membrane.”” This suggests
that choline-based RTILs could be used to accurately study
blood cells without causing significant damage to their
structure. Additionally, [Ch][Lac] has been demonstrated to be
an effective medium for the analysis of lipid vesicle fusion in
TEM.F" It was posited that ionic liquids induce this process via
localization at the water-lipid interface between the vesicles
and cytosol, which separates the water layer and promotes
fusion of the membrane with the vesicle.®" With lactate anions,
comparison with vesicle fusion induced by [EMI] cations
showed that cholinium cations yield smaller vesicles.”"” The
observation of these sub-cellular processes in vitro and in vacuo
provides further support for the potential to view live cellular
processes in EM through sample preparation methods using
choline-based RTILs.
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