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Thesis Lay Abstract 
 

In the electron microscopy (EM) community, there is a need for improved methodologies 

for high-resolution liquid imaging of biological materials and dynamic processes. Imaging 

biological structures and reactions in hydrated biomimetic environments improves our 

understanding of their true nature, thus providing better insight into how they behave in 

the human body. While liquid 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 and real-time 

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 hard-tissue systems relevant to bone and seeks to provide 

new means of exploring structurally biological culprits behind diseases like COVID-19. 
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Abstract 
 

Advances in micro/nano-fabrication, thin electron transparent materials, holder designs, 

and acquisition methods have made it possible to perform meaningful experiments using 

liquid electron microscopy (liquid EM). Liquid EM provides researchers with micro-to-

nano scale tools to explore biomaterials in liquid environments capable of capturing 

dynamic in situ reactions, providing characterization means in 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 beam-sensitive, soft biological materials. This thesis seeks 

to address these shortcomings by exploring strategies for liquid EM of biomaterials and 

real-time dynamic processes using two key methods: room temperature ionic liquid (RTIL) 

treatment for scanning EM (SEM) and liquid cell transmission EM (TEM). With these 

techniques, the research explores the characterization of hard-tissue systems relevant to 

bone and seeks to provide new methods of exploring structurally biological culprits behind 

diseases like COVID-19. Research in this thesis is presented by increasing complexity, 

touching on three themes: (i) exploring liquid EM for the first time using RTILs for SEM 

of biological samples notably bone (static, micro-scale), (ii) developing new methods for 

high-resolution liquid biological TEM of viruses (static, nano-scale), and (iii) applying 

novel liquid TEM to dynamic biomineralization systems (dynamic, nano-scale).  

 

After review articles serve as introductory material in Chapter 2, in Chapter 3, healthy and 

pathological bone was explored in hydrated conditions with liquid SEM using a new 

workflow involving RTIL treatment, demonstrated to be highly efficient for biological 

SEM. Moving to the nanoscale, Chapter 4 presents a commercial liquid TEM option and a 

new liquid TEM clipped enclosure developed for imaging biological specimens, 

specifically virus assemblies such as Rotavirus and SARS-CoV-2. Combined with 

automated acquisition tools and low-dose direct electron detection, enclosures resolved 

high-resolution structural features in the range of ~3.5 Å – 10 Å and were correlatively 

used for cryo TEM. Chapter 5 applies these liquid TEM methods to study collagen 

mineralization, revealing in high-resolution the presence of precursor calcium phosphate 

mineral phases, important transitional phases to mineral platelets found in mineralized 

tissues. But – dynamic reactions were not captured, attributed to confinement effects, lack 

of heating functionality, and cumulative beam damage experienced. Chapter 6 overcomes 

these challenges by optimizing collagen-liquid encapsulation within a commercial liquid 

TEM holder mimicking physiological conditions at 37°C. Dynamic nanoscale interactions 

were highlighted, where evidence of the coexistence of amorphous precursor phases 

involving polymer-induced liquid as well as particle attachment was presented within this 

model. Several liquid TEM challenges remain particularly beam sensitivity and 

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 dynamic reactions. Insights on 

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

treatment pathways, the key to moving Canada’s health care system forward.   
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Grandfield, K. Electron Microscopy Imaging Applications of Room 

Temperature Ionic Liquids in the Biological Field: A Review. 2021. 

ChemBioChem, Vol. 22(15), pp. 2488-2506. DOI: 10.1002/cbic.202100041 

 

Contributions: This review provides a complementary perspective on the applied use of 

room-temperature ionic liquids for preparing biological samples for electron microscopy 

imaging applications. At the time that this was researched, there was no comprehensive 

review specifically on the topic of room-temperature ionic liquids for biological 

applications and the technique was still emerging as a method for preparing hydrated 

samples for electron microscopy imaging. The literature review article was primarily 

conducted and drafted by myself, with some research and writing assistance from Andrew 

D’Elia and Chelsea Miller. All the authors contributed to the review and editing of the final 

draft. This manuscript has been published in the ChemBioChem. 

 

(Ch. 2.2) Kelly, D.F., DiCecco, L.-A., Jonaid, G., Dearnaley, W.J., Spilman, M.S., Gray, 

J.L, and Dressel-Dukes, M.J. Liquid-EM goes viral – visualizing structure and 

dynamics. 2022. Current Opinion in Structural Biology, Vol. 75(102426). DOI: 

10.1016/j.sbi.2022.102426 [Invited] 

 

Contributions: This invited review and opinion article critically overviews the current state-

of-the-art in the field of liquid electron microscopy for biological applications, specifically 

for the study of virions. It is complementary to Chapter 4 and provides further detailed 

insights into crucial strategies and techniques used for liquid electron microscopy of 

biological samples. The literature review article was primarily conducted and drafted by 

Deborah F. Kelly and myself, with insights and suggestions provided by all authors. All 

the authors contributed to the review and editing of the final draft. This manuscript has 

been published in the journal Current Opinion in Structural Biology. 

 

(Ch. 2.3) DiCecco, L.-A., Tengteng, T., Kelly, D.F., Sone, E.D., and Grandfield, K. 

Exploring biomineralization processes using in situ liquid transmission electron 

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 my in situ 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 all provided their insights and 

suggestions throughout the writing process. All the authors contributed to the review and 

editing of the final draft. The manuscript is currently in submission format. 

 

In addition, the following is a list of 10 other relevant journal and conference publications 

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 in Chapter 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 Organic-Inorganic Interfaces: 

Exploring Hydrated Collagen Mineralization Processes. 2023. Microscopy and 

Microanalysis, Accepted for publication ID: 1474959.  

⸺ 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 In Situ Liquid Phase Electron Microscopy. 2022. 

Microscopy and Microanalysis Vol. 28 (S1), pp. 1818-1820. 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 SARS-CoV-2 Assemblies 

from COVID-19 Patients. 2022. Microscopy and Microanalysis Vol. 28 (S1), pp. 

1384-1386. 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 

Bone-Bacteria Interface in a Case of Medication-Related Osteonecrosis of the Jaw. 

2022. Journal of Bone and Mineral Research, Vol. 6 (12). DOI: 

10.1002/jbm4.10693 

⸺ Casasanta, M.A., Jonaid, G., Kaylor, L., Luqiu, W.Y., DiCecco, L.-A., Solares, 

M.J., Berry, S., Dearnaley, W.J., and Kelly, D.F. Structural Insights of the SARS-

CoV-2 Nucleocapsid Protein: Implications for the Inner-workings of Rapid 

Antigen Tests. 2022. Microscopy and Microanalysis, ID: ozac036. DOI: 

10.1093/micmic/ozac036 

⸺ Merlo, A., Gonzalez-Martinez, E., Saad, K., Gomez, M., Grewal, M., Deering, J, 

DiCecco, L.-A., Hosseinidoust, Z., Sask, K., Moran-Mirabal, J., and Grandfield, 

K. Functionalization of 3D printed scaffolds using polydopamine and silver 

nanoparticles for bone-interfacing applications. 2023. Journal of ACS Applied Bio 

Materials, Vol. 6 (3), pp. 1161-1172. 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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biomimetic implants. 2021. Journal of the Mechanical Behavior of Biomedical 

Materials, Vol. 116 (104361). DOI: 10.1016/j.jmbbm.2021.104361. 

⸺ Lee, B.E.J., DiCecco, L.-A., Exir, H., Weck, A., Sask, K.N., and Grandfield, K. 

Simultaneous Visualization of Wet Cells and Nanostructured Biomaterials in SEM 

using Ionic Liquids. 2021. ChemBioChem, Vol. 22(3), pp. 571-576. DOI: 

10.1002/cbic.202000552 

⸺ Abdellah, A.M., Ismail, F., Siig, O.W., Yang, J., Andrei, C.M., DiCecco, L.-A., 

Rakhsha, A., Salem, K.E., Grandfield, K., Bassim, N., Black, R., Kastlunger, G., 
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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 using liquid electron microscopy (EM).[1] 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 environments,[2,3] without 

needing to dehydrate, fix, and/or coat samples often required in conventional EM 

observations. Moreover, uniquely liquid EM can be used to observe reactions taking place 

dynamically in real-time in an EM environment, or in situ.[4–6] This capability is key for 

validating long-withstanding theories based on time-stamped observations, or in essence, 

seeing is believing. 

 

However, while these newly developed 21st-century techniques offer novel means of 

observing biological samples and related dynamic processes, several challenges exist to 

these approaches, notably: understanding electron beam sample interactions and their 

subsequent influence on the processes observed,[2,3,7] differentiating physical and chemical 

reactions from inelastic scattering events such as beam-induced crystallization and 

radiolysis effects,[3,8–11] resolution limitations such as liquid and/or membrane thickness,[3] 

need for faster imaging rates to limit artifacts due to blurring,[12] artifacts related to system 

assembly e.g. dewetting, bulging, bubble formation, contamination, etc.,[4,10] and many 

other general and system-specific challenges. Subsequently, these shortcomings limit the 

interpretation of liquid phase observations and thus restrict their implementation and 

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 practices. To address these 

shortcomings, this research is motivated to strategically explore the improvement of liquid 

EM of biomaterials and real-time dynamic processes through two key state-of-the-art high-

resolution liquid EM techniques: room temperature ionic liquid (RTIL) treatment for 

scanning EM (SEM) and liquid cell transmission EM (TEM). The exploration of both 

techniques addresses a microscopy need to improve workflows for liquid EM imaging as 

well as for real-time approaches to validate theory developed from time stamp 

observations. In systematically approaching these two techniques, this work aims to 

develop an improved framework that I hypothesize will allow for routine and reproducible 

imaging to advance this field. The liquid EM methods discussed will also be compared 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 these liquid EM techniques is crucial for the biological field, where for 

many biological systems it presents the only opportunity to validate nanoscale reactions 

and structural features in a biomimetic hydrated environment. This thesis focuses on 

researching liquid EM techniques to study the ultrastructure and mineralization of hard 

tissues, notably bone and collagen, and for structural biological virus research, relevant to 

the fight against COVID-19. This is impacting our current fundamental understanding of 

these events and structures. Insights on biomineralization and how this occurs can help 

further understand a variety of hard-tissue conditions that impact millions of Canadians, 

such as periodontitis and osteoporosis.[13,14] This improved understanding anticipates 

providing insight into how to better control these processes and reveal new treatment 

pathways. Additionally, a greater understanding of biomineralization processes will help 

in improving implant and scaffold designs to better interface with biological systems. 

Moreover, since the advent of the COVID-19 global pandemic, SARS-CoV-2 remains a 

grave threat to human health –  with over 6.7 million deaths worldwide and devasting 

global economic impacts.[15,16] The new liquid EM workflows presented are changing our 

understanding of such virions by revealing never-before-seen features, presenting new 

opportunities for targeted therapeutics and clinical advantages to fight future culprits.  

 

Herein, the research in this thesis is presented in four articles which represent my research 

contributions to liquid-EM for biological imaging and capturing dynamic processes. The 

four works are presented by increasing complexity discussed in the following subsections, 

touching on themes as follows: exploring liquid EM for the first time using RTILs for SEM 

of biological samples notably bone, (static, micro-scale), developing new methods for high-

resolution liquid biological TEM of viruses (static, nano-scale), and applying novel liquid-

TEM to dynamic biomineralization systems (dynamic, nano-scale).  

 

Overall, this work has broad implications for understanding the native hydrated 

morphology of biological materials such as bone and virions and can capture dynamic 

reactions. This is highly relevant to our growing aging population,[17] who are at higher risk 

of severe symptoms in viral infections and often prevalent victims of hard-tissue 

mineralization-related health conditions.[18,19] Thus, insights on these reactions and 

structures anticipate leading to a better understanding of diseases and treatment pathways, 

key to moving Canada’s health care system forward.  

 

1.1.1. Exploring Room Temperature Ionic Liquids to Facilitate Biological SEM 

 

For over the last fifty years, SEM has been among one of the most frequently used tools to 

study bone’s complex hierarchical structure and its relation to many human health 

concerns,[20] for instance for understanding disease mechanisms such as osteoporosis[21,22] 

and improving implant osseointegration.[23,24] However, conventional SEM imaging 

necessitates biomaterial sample preparation involving typically fixation, dehydration, 

embedding, and/or conductive coatings to visualize these structures in the high-vacuum 

environment in high-resolution – which together, risk altering their natural 

morphologies.[25–28] Moreover, for bone structures, these preparation methods are lengthy 
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and laborious.[29,30] As a solution, alternative preparation methods such as RTILs have been 

proposed in literature as a new liquid EM-based preparation method for SEM.[31–33] Due to 

their high conductivity and low vapour pressure, RTILs can be used to stabilize liquid 

samples in high-vacuum environments for stable SEM imaging.[33,34] However, limited 

researchers have explored these techniques for biomaterial applications, and no one has 

optimized its bone treatment. The work presented in Chapter 3 explores the first-time 

optimization of RTIL treatments for SEM preparation of hydrated, unfixed healthy and 

osteoporotic bone structures. The 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 method compared 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 proof-of-concept research in Chapter 3 lays a foundation for the broad 

application of RTIL-based techniques in the study of wide-ranging biomaterials in natural 

hydrated conditions.  

 

1.1.2. Developing New Methods for High-Resolution Liquid Biological TEM 

 

The emergence of SARS-CoV-2 triggered tremendous global resources aimed at 

understanding the features of a minute human pathogen.[15,16,35,36] High-resolution tools, 

such as cryogenic (cryo) EM, were deployed to shed light on the molecular aspects of 

SARS-CoV-2. This important structural information was key to identifying new vaccine 

products and drug therapies to save lives and curb viral transmission.[37–40] However, 

current technology that led to recent life-saving interventions has only provided limited 

snapshots 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 high-resolution information for dynamic 

interactions, key to understanding whole virions and protein behaviours while contained in 

a liquid environment.[2–4,41–50] The work presented in Chapter 4 focuses on the development 

of liquid-EM protocols for routine virus imaging for SARS-CoV-2 and other viruses, using 

commercially available specimen holders and a new thin-film-based clipped enclosure.  

 

Structural features from single-particle reconstructions are highlighted which are 

comparable to resolutions achieved in cryo EM modalities, where 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 high-resolution acquisition. 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 liquid-EM 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 near-atomic detail. This will help us better understand pandemic 
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pathogens and other 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 maintenance of hard tissues, thus 

essential for many organisms ranging from humans, zebrafish, lobsters, to mussels. For 

bone, the biomineralization of calcium-phosphate-based minerals in collagen is crucial for 

its mechanical integrity, where its distribution and extent are key factors to tissue 

mechanical strength.[51,52] Moreover, the study of biomineralization processes is clinically 

relevant for medical advancement, where it can provide an improved understanding of 

conditions such as diseases such as atherosclerosis, dental caries, and osteoporosis and 

provide new insights for designing bioinspired materials and treatment pathways.[53–57] 

While collagen biomineralization processes have been studied extensively in literature,[58–

64] many competing theories exist on mineral formation and distribution within bone and 

much is yet to be discovered about its complicated hierarchical micro-to-sub-nano scale 

structure.  

 

Thus far, traditional and cryo EM modalities have helped reveal time-stamp observations 

key to making eliciting crucial structural features and theories of mechanistic 

biomineralization pathways.[59,65–72] However, these methods do not provide a true view of 

the native liquid state of the structures, where water is an integral part of collagen,[73] and 

cannot capture dynamics key to validating biomineralization theories. Thus, studying how 

collagen mineralizes in a liquid environment is essential for understanding its 

mineralization processes and native structures. The work presented in Chapter 5 and 

Chapter 6 applies the novel new thin-film liquid TEM enclosure developed in Chapter 4 as 

well as commercially available liquid TEM holders to study a biomimetic collagen 

mineralization model for the first time in hydrated conditions. This involves using a 

calcium-phosphate (CaP) based mineralization solution with poly-L-aspartic acid (pAsp) 

considered, mimetic to non-collagenous proteins found in hard tissues, and a reconstituted 

rat-tail tendon collagen model that is similar in structure to type I 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 platelets formed 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 6 provides 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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1.2 Research Objectives  

 

As a general objective, this thesis aims to develop improved strategies for liquid EM 

methodologies for biological sample characterization and the observation of dynamic, real-

time processes. Specifically, 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 virions. This objective is broken down within Chapters 3-6 into 

three specific objectives schematically presented in Fig. 1-1. The three works are presented 

by increasing complexity, touching on themes as follows: 

 

(i) To explore liquid SEM for the first time using RTILs for biological samples 

notably bone (static, micro-scale) 

(ii) To develop new methods for high-resolution liquid biological TEM of virions 

(static, nano-scale) 

(iii) To apply novel liquid TEM to dynamic biomineralization systems (dynamic, 

nano-scale) 

 

 
 

Ch. 1.2 – Figure 1. Overview of thesis research objectives and three projects presented within this thesis.  

 

1.3 Thesis Chapter Summary 

 

The following summarizes how the subsequent sections of this thesis are organized:  

 

Chapter 2: Literature Review. This chapter reviews pertinent literature to provide 

context to the research 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, calcium-phosphate biomineralization 

processes in bone, 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 manuscript format. 
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Chapter 3: Ionic Liquid Treatment for Efficient Sample Preparation of Hydrated 

Bone for Scanning Electron Microscopy. This chapter presents the first-time exploration 

of RTILs for preparing bone samples for SEM imaging, where healthy and osteoporotic 

bone is imaged in unfixed, hydrated conditions. The newly established workflow presents 

a facile manner to image hard tissues and lays a foundation for the study of wide-ranging 

biomaterials in natural hydrated conditions.  

 

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

Ice. This chapter presents the development of novel liquid EM and correlative cryo 

protocols for routine virus imaging for SARS-CoV-2 and other viruses, using 

commercially available specimen holders and a new thin-film-based clipped enclosure. 

Using single-particle analysis, structural features at near-atomic resolution 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 presents the application of the new liquid TEM methods 

developed in Chapter 4 to the study of collagen biomineralization processes for the first 

time using a CaP and pAsp-based biomimetic collagen model. High-resolution nanoscale 

characterization was able to be achieved using these techniques to reveal early and mature 

mineralization patterns in liquid. This opens new characterization pathways in the study of 

biomineralization processes, bringing the field closer to controlling these complex 

mechanisms in clinical applications.  

 

Chapter 6: Towards Understanding Dynamics Behind Collagen Mineralization 

Through In Situ Liquid TEM – 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 incorporated in situ. 

Using this system, high-resolution nanoscale characterization was able to be achieved and 

dynamic mineralization of these events was captured.  This work is foundational for the 

study of dynamic biomineralization processes in situ and includes strategies to address 

challenges in the future.  

 

Chapter 7: Concluding Remarks. The final chapter links together the conclusions 

formalized between the preceding chapters and summarizes key findings and impacts, 

where future directions for this research are elaborated. 
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Chapter 2: Background 
 

Within the last few years, exciting liquid EM and ionic liquid research have emerged 

showcasing micro-to-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 manuscript format, key to the thesis research themes.  

 

2.1. Electron Microscopy Imaging Applications of Room Temperature Ionic Liquids 

in the Biological Field: A Review 
 

2.1.1. Section Introduction (Objective i) 
 

Recently, the use of RTILs has been proposed in literature as an alternative technique to 

traditional preparation schemes of biological materials for EM involving dehydration and 

fixation. Provided the low-vapour and highly conductive nature of RTILs, they can be used 

to treat biomaterials to stabilize them for EM imaging while 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 exploring an RTIL-based method to perform 

liquid SEM on bone, Section 2.1 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 to include: 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 and provides working guidelines that are 

anticipated to lead to wider adoption of these techniques in future. 

 

Authors: Liza-Anastasia DiCecco, Andrew D’Elia, Chelsea Miller, Kyla N. Sask, Leyla 

Soleymani, Kathryn Grandfield. 

 

Publication: This work is published with a full citation provided as follows:  

DiCecco, L.-A., D’Elia, A., Miller, C., Sask, K.N., Soleymani, L., and Grandfield, 

K. Electron Microscopy Imaging Applications of Room Temperature Ionic Liquids 

in the Biological Field: A Review. 2021. ChemBioChem, Vol. 22(15), pp. 2488-

2506. DOI: 10.1002/cbic.202100041 

 

Reprinted from the above-listed citation, with permission from ChemBioChem. Copyright 

© 2021 Wiley-VCH GmbH.  
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Challenges of Biological Sample Imaging in Electron Microscopy and Advantages to 

RTIL Application  
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Ch. 2.1 – Table 1. Chemical and physical properties of RTILs mentioned in this review. 
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Applications of Ionic Liquids in Biological Imaging 
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Ch. 2.1 – Table 2: Select RTIL treatment for biological material applications (RTIL: room temperature ionic liquid; SE: 

secondary electron; BSE: backscatter electron; SEM: scanning electron microscopy; S1: RTIL addition method 

(Figure 1B); S2: RTIL immersion method (Figure 1B); Var.: variable). 
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Ch. 2.1 – Figure 1. A) Illustration of the traditional biological sample preparation treatment procedure for SEM 

observation of cells. B) Illustration 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. 

 

Microbial Studies 
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Ch. 2.1 – Figure 2. Comparison of conventional sputter coating SEM sample preparation methods (left column) with 
[BMI][BF4] 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.[21] 

 

 

 

 

Ch. 2.1 – Figure 3. Illustration of sample addition RTIL method for TEM biological sample observation. Image created with 

BioRender.com. 
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Cellular Biology 

 

 

 

 

 

 

Ch. 2.1 – Figure 4. Fixed, hydrated A549 cells observed with [EMI][BF4], diluted to concentrations within 10—40 v/v%. 
Fine topographical features and microvilli were resolved with this treatment. Scalebars are 50 μm in panel A, 30 μm in 
B and C, and 10 μm in D. Image reproduced with permission from Yasuhito Ishigaki et al.[43] (Copyright © 2010 Wiley-
Liss, Inc.). 
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Ch. 2.1 – Figure 5. Cells adhered to titanium substrates after 5 minutes of a 5 v/v% aqueous [EMI][BF4] RTIL treatment. 
Cells can be observed across the entire substrate of the unmodified sample (A/B) and in detail with respect to 
submicron 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.[47] (Copyright © 2020 Wiley-VCH GmbH). 
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Plant Structures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Arthropods 
 

 

 

 

Ch. 2.1 – Figure 6. SEM images featuring pollen pretreated using an RTIL immersionbased method using a 10 v/v% 
[BMI][BF4] aqueous solution for 600 seconds. Pollen specimens shown are: A) Primula juliae, B) Anemone coronaria, C) 
Leucoglossum paludosum, and D) Lathyrus odoratus. Image reproduced with permission from Tetsuya Tsuda et al.[18] 
(Copyright © 2011 Wiley-VCH,Weinheim).  
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 Ch. 2.1 – Figure 7. SEM images of modern spruce pretreated with (a) no treatment, (b) platinum sputtering, (c) 5% 
[EMI][TFSI], (d) 5% [EMI][DCA] (e) 10% [BMP][TFSI],and (f) 7.5% [BMP][DCA]/ethanol solutions. The acceleration 
voltage is 5 kV. Arrows highlight regions of excess RTIL accumulation. Image reproduced under the Creative Commons 
CC BY 4.0 License from Bing-Jyun Lu et al. [27] 

 

 

 

 

 

 

 

 

 

 

Other Biological and Related Specimens 
 

 

Ch. 2.1 – Figure 8. SEM images highlighting the A) head of a yellow jacket and B) antennal fossae of a yellow jacket. 
Both were treated with a 5 v/v% ethanolic [BMI][TFSI] RTIL solution for 60 seconds. Image reproduced with permission 
from Tetsuya Tsuda et al.[18] (Copyright © 2011 Wiley-VCH, Weinheim).   
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Outlook 

Acclaim of the scientific community 
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RTIL selection and protocol optimization 

RTIL sample longevity and purity  
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Application of RTIL to live microscopy 
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2.2. Liquid-EM Goes Viral – Visualizing Structure and Dynamics 

 

2.2.1. Section Introduction (Objective ii) 
 

Interest in liquid EM methods has surged recently, provided its impactful ability to resolve 

real-time dynamics reactions in liquid environments. This is of particular interest to 

biological communities, with whom can benefit from the technique with the potential to 

resolve molecular dynamics at HR. However, the technique remains relatively new for 

structural biology applications, with limited knowledge of best practices summarized for 

potential users. To accomplish the objective (ii) set out for this thesis involving developing 

new methods for HR liquid biological EM of virions, Section 2.2 introduces liquid EM and 

summarizes research utilizing the technique to explore viral assemblies and host-pathogen 

interactions. Experimental details such as specimen preparation, data collection, and 

computing processes that have led to HR liquid EM imaging were concisely summarized. 

Future possibilities involving the development of high-speed, highly sensitive acquisition 

detectors and tomography were presented as exciting future avenues for biological 

imaging. Overall, this work contributes to the advancement of our understanding of these 

techniques for virus and other biological imaging, highlighting liquid EM as a dynamic 

complement to current cryo EM methods that can provide a “real-time revolution” in 

nanoscale imaging. 

 

Authors: Deborah F. Kelly, Liza-Anastasia DiCecco, G. M. Jonaid William J. Dearnaley, 

Michael S. Spilman, Jennifer L. Gray, Madeline J. Dressel-Dukes. 

 

Publication: This work is published with a full citation provided as follows:  

Kelly, D.F., DiCecco, L.-A., Jonaid, G., Dearnaley, W.J., Spilman, M.S., Gray, 

J.L, and Dressel-Dukes, M.J. Liquid-EM goes viral – visualizing structure and 

dynamics. 2022. Current Opinion in Structural Biology, Vol. 75(102426). DOI: 

10.1016/j.sbi.2022.102426 [Invited] 

 

Reprinted from the above-listed citation, with permission from Current Opinion in 

Structural Biology. Copyright © 2022 Elsevier Ltd.  
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Ch. 2.2 – Figure 1. Demonstration of biological samples in static and liquid environments. (a) Gallery of static images 
of an Australian shepherd in a frozen environment. Panels shown at different magnifications have consistent features. 
(b) Gallery of real-time images of the same specimen in a liquid environment. Movements presented in a dynamic 
framework complement the structural features displayed at high resolution in the static images. 
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Ch. 2.2 – Figure 2. Liquid-EM specimen preparation and general workflow. (a) Paired SiN microchips can be assembled 
in a static or flow configuration while being hermetically sealed in a commercially available specimen holder. The 
sealed assemblies may be flat surfaces or milled down to produce microwells. Thinfilm hybrid enclosures include SiN 
microchips paired with carbon-coated EM grids or two EM grids with graphene support films. Using these conventions, 
liquid layers are sandwiched between the microchips or the carbon-based materials. (b) New imaging innovations 
include (1) drift or motion correction in the EM stage; (2) high-frame rate direct detectors combined with automated 
data collection; (3) post-processing data analysis or high-throughput computing performed on multi-parallel 
processors and graphics cards (GPUs). Adapted from Ref. [25].  
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Determining biological structures in liquid – what is possible? 
 

Liquid-electron tomography reveals host-pathogen interactions 
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Ch. 2.2 – Figure 3. Real-time imaging of AAV in liquid. (a) Data parameters are indicated in cyan panels. Imaged 
regions at different time intervals and Fourier transforms show nanoscale information. Edge of each panel is ~1/3 Å; 
left is CTF estimates, right is experimental data. (b) VP1 protomers were extracted from the solution structure and 
compared with the VP1 crystal structure (pdb code, 3KIC, A chain). The magnified loop conveys virus specificity for 
immune evasion. The model structure was calculated at 3.2 Å and shows good agreement with EM protomer. Scale 
bar is 10 Å. (c) Slices through the AAV map with the atomic model (blue; pdb code, 3KIC) placed in the envelope. A 
magnified region along the fivefold axis shows density for a few side chains. Scale bar is 5 nm. (d) Relative motion in 
the liquid maps was estimated using the morph map function implemented in the Chimera software package (top 
panel). The structures show conformational changes representing the ~5% diameter change measured in the movie 
data. RMSD values in voxels are indicated by the gradations and according to the color scale. Contour maps (bottom 
panel) of the corresponding structures highlight variations of significance. (e, f) Contour maps of images taken at 1 s 
and 20 s reveal AAV particle diffusion. Scale bar is 5 nm. Changes in representative particle diameters varied between 
237 and 251 Å at a cumulative dose of 20 electrons/Å2. Adapted from Ref. [24]. 
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Ch. 2.2. – Figure 4. Liquid-electron tomography applications to assess host–pathogen interactions. (a) Tomographic 
section and reconstruction (red) of an empty phage capsid lacking genetic material and the tail domain (–DNA). Scale 
bar is 30 nm. Tomographic central section and reconstruction (green) of intact phage (capsid + tail) with genomic 
material intact (+DNA). Scale bar is 20 nm. (b) Quantitative analysis to indicate physical variability in phage 
architectures. (c) EM images of bacterium and phage contained in liquid at different tilt angles (0σ and 45σ). Black 
arrows point to individual phage particles while white arrows indicate flagella. (d) Colored contour maps of the 
untilted and tilted images correlate with differences in electron density. Colors range from light gray (1s) to yellow 
(4s). Inset highlights the phage heads (magenta) contacting the outer cell body layer of the bacterium (cyan). Scale 
bars are 250 nm. Adapted from Ref. [10]. 
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2.3. Exploring Biomineralization Processes Using In Situ Liquid Transmission 

Electron Microscopy: A Review 
 

2.3.1. Section Introduction (Objective iii) 
 

Biomineralization processes are fundamental in our daily lives, and responsible for 

important physiological and pathological processes for a wide range of organisms. Liquid 

TEM techniques are revolutionizing the field of biomineralization by providing new 

capabilities for visualizing dynamic mineralization reactions in real-time, expanding 

current knowledge on these complex processes and complementing current 

characterization techniques for theory validation. However, a review on these topics has 

yet to be accomplished which summarizes comprehensively the impact that liquid TEM 

has had on the field. To accomplish the objective (iii) set out for this thesis involving 

applying novel liquid TEM means to study dynamic biomineralization systems, Section 

2.3 summarizes current best practices within the liquid EM community and state-of-the-art 

research that has used these techniques to study biomineralization-related research. For the 

works discussed, key preparation and imaging parameters were summarized for reference 

to provide a foundation for the application of this technique for mineralization research. 

Several shortcomings of the technique were addressed, where two main challenges which 

reoccurred in literature involved effects arising from confinement and electron beam. 

Mitigation strategies for these effects were further summarized, the key to the execution of 

the research presented in Chapters 5 and 6. Overall, insights from this comprehensive 

review contribute to an improved understanding of in situ liquid TEM biomineralization 

applications, which is anticipated to lead to wider adoption of these methods within the 

field. 

 

Authors: Liza-Anastasia DiCecco, Tengteng Tang, Deborah F. Kelly, Eli D. Sone, 

Kathryn Grandfield. 

 

Publication: This work is to be submitted in 2023.  
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2.3.2. Abstract 

 

Biomineralization processes are fundamental to life itself and vital for important 

physiological and pathological processes for a wide range of organisms. For years, a 

classical view on crystallization pathways dominated theories on biomineralization 

progression, despite the observations of non-traditional routes involving precursor phases 

using traditional- and cryo- transmission electron microscopy (TEM). While TEM 

evidence shifted paradigms towards non-classical theories, the time-stamped evidence 

remained contended within the field without dynamic proof of mechanisms. With the 

emergence of novel liquid TEM methods, complex and multifaceted biomineralization 

processes have been explored with dynamic, real-time resolution, where a variety of 

classical and non-classical mineralization pathways have been observed for Ca and Fe-

based mineral systems. In this review, we provide a summary of recent in situ liquid TEM 

research related to the biomineralization field. Key preparation and imaging parameters are 

provided as a foundation for the application of this technique for biomineralization 

research. Challenges and considerations are discussed for those considering liquid TEM. 

Notably, effects of confinement and electron beam damages are addressed relevant to 

biomineralization reactions. An outlook on a plethora of opportunities available to those in 

the biomineralization field is also provided. In future, we anticipate the expansion of liquid 

TEM biomineralization research will lead to transformative discoveries, providing 

complimentary dynamic insight on what may be happening in biological systems – 

revealing secrets behind life itself.  

 

Keywords: Liquid electron microscopy, biomineralization, crystallization, biominerals, 

amorphous precursors  
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Exploring Biomineralization Processes Using In Situ Liquid  

Transmission Electron Microscopy: A Review 

 

2.3.3. Introduction 

 

Broadly, biominerals can be defined as natural composite materials which comprise 

organic and inorganic phases – produced through living organisms and/or template 

biomolecules.[1–3] The study of mineralization processes is fundamental to understanding 

life itself, where organisms from zebra mussels to humans rely on biominerals to reinforce 

tissues and/or for vital physiological and pathological processes.[4] For marine life, ocean 

acidification and warming can directly impact the biomineralization of aquatic organisms 

such as sea urchins, coral, and oysters, and whose study can help understand the impact of 

climate change.[5–7] For mammals, biomineralization processes are key to the formation, 

mechanical properties, and maintenance of hard tissues found in the musculoskeletal 

system such as teeth and bone.[2] Insight into the mechanisms behind these processes can 

aid in a better understanding of hard tissue diseases, such as osteoporosis and osteoarthritis, 

as well as possible improvements in the osseointegration of orthopedic and dental 

implants.[8–11] Biomineralization also plays a relevant role in pathological calcification, 

such as kidney stones, osteoarthritis, and atherosclerosis [12]. Moreover, for example, iron-

based biominerals found in the brain have even been suggested to be associated with 

neurodegenerative diseases such as Alzheimer’s.[13,14] Thus, understanding the 

fundamental steps behind biomineralization events and the mechanisms controlling these 

events are instrumental across different fields. 

 

While biologically driven, it is the physical and chemical reactions that contribute to the 

formation of inorganic biominerals. To elicit mechanistic details on biomineral formation, 

traditional and cryogenic (cryo) transmission electron microscopy (TEM) have been used 

extensively in the study of mineralization processes at the micro to sub-nanometer length 

scales. These studies have led to transformative discoveries in the field, shifting the belief 

of traditional ion-by-ion crystallization pathways to non-traditional crystallization theories 

involving precursor mineralization phases.[15–20] As a result, new paradigms regarding 

biomineralization processes are shifting toward crystallization steps involving more 

thermodynamically stable precursors that premediate bulk crystal formation,  where a 

variety of possible multiphasic mineralization steps have been proposed (Fig. 1).[20] Some 

of these precursors include prenucleation clusters (PNCs) and/or an ion-saturated liquid 

precursor phase through liquid-liquid phase separation (LLPS),[21] where the polymer-

induced liquid precursor (PILP) theory has been prominently discussed as an LLPS method 

for a variety of biomineral systems.[18,22–24] However, traditional and cryo TEM methods 

only offer time-stamped observations of biomineralizing systems in dried or frozen fixed 

states, unrepresentative of the dynamic liquid environment in which biomineralization 

occurs. There is, thus, a great need to validate the theory through visualization of dynamic 

interactions within the biomineralization systems in real-time. 
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Ch. 2.3 – Figure 1. Pathways to crystallization by particle attachment. In contrast to monomer-by-monomer 

addition as envisioned in classical models of crystal growth (gray curve), CPA occurs by the addition of 

higher-order species ranging from multi-ion complexes to fully formed nanocrystals. The final faceted bulk 

crystal is a schematic representation of a final single-crystal state, whereby the final crystal can have more 

complex morphologies. Image reproduced with permission from De Yoreo et al.[20] (Copyright © 2015 

American Association for the Advancement of Science). 

 

In the last few years, manufacturing advances in micro and nano fabrication, thin electron 

transparent materials, and holder designs, have made it possible to perform meaningful 

experiments using liquid TEM.[25,26] Liquid TEM is a powerful tool for understanding 

biological structures and how they interact at high-resolution (HR) in mimetic liquid 

environments.[27–29] More importantly, it has enabled unique visualization of real-time in 

situ dynamic reactions[29,30] and high-throughput, HR imaging of biological assemblies in 

hydrated conditions.[31,32] Since the first functional liquid cell TEM enclosure was 

introduced in 2003,[33] the newly established technique has risen in popularity to 

characterize reactions and hydrated biological structures, key to determining mechanisms 

behind complex biomineralization processes. 

 

In this review, we shed light on innovative tools for liquid TEM while exploring research 

that has utilized this technique to make ground-breaking discoveries in the 

biomineralization field, including calcium carbonates, calcium phosphates, Fe-based 

systems and others. We also tabulate and describe essential preparation steps, imaging 

parameters,  experimental considerations, and an outlook on the field. In summarizing 

experimental parameters and in situ biomineralization-related research within this review, 

we aspire that others will be encouraged to explore this novel imaging methodology for 

their research to make new biomineralization discoveries and move the field further.  

 

2.3.4. The Liquid Transmission Electron Microscopy Technique 

 

Historically, traditional and cryo TEM modalities have played a dominating role in the 

characterization of biomineralization mechanisms and structural observations of 

mineralized tissues.[15–17,34,35] Micro to sub-angstrom scale features revealed through EM, 
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that could not otherwise be resolved through alternative light microscopy means, have 

driven theories and helped shape the biomineralization field – from establishing theories 

on structure-function relationships between tissues and their mineralization to eliciting 

crucial information on crystallization pathways.[15–20]  

 

Since its emergence, cryo TEM has become one of the most important techniques for 

structural characterization and the understanding of biomineral synthesis in a near-native 

state. The process typically involves the fast-freezing of samples using liquid ethane 

condensed by liquid nitrogen. As such, researchers can observe hydrated specimens that 

are vitrified in action – immobilizing dynamic reactions for their interpretation at HR and 

stabilizing a liquid sample for the high-vacuum TEM environment.[36] Moreover, cryo 

TEM optimizes sample preparation for microscopic analyses and mitigates concerns 

regarding shrinking and/or solution supersaturation associated with traditional TEM 

preparation methods involving dehydration, fixation, and/or freeze-drying.[37–40] 

Nonetheless, some drawbacks to the cryo TEM technique can be elaborated. For one, the 

vitrification process and sample preparation require extensive trial and error to achieve the 

desired results, and the related preparation equipment is relatively expensive in comparison 

to other preparation methods. Moreover, once condensed, the similar densities of the 

specimens and the vitrified mediums often result in low imaging contrast and low signal-

to-noise ratio in cryo TEM.[41]  One possible approach to enhance the imaging quality is 

through contrast agent staining, however, it often employs aggressive heavy elements that 

can deform soft materials and distort elements of interest in imaging.[41] 

 

While cryo and traditional TEM observations of sample interactions at different 

timestamps are useful for proposing and hypothesizing theories, dynamic visualization of 

interactions is required for theory validation. In this context, liquid TEM presents new 

alternative means to observe wet and/or soft materials, providing the opportunity to 

visualize dynamic processes with real-time resolution in a mimetic liquid state where many 

reactions naturally occur.[25,28,42,43] Further, recent endeavours have highlighted the 

possibility of performing 3D tomography of hydrated specimens using liquid TEM.[44,45] 

In comparison to cryo TEM, liquid TEM has the advantages of less laborious sample 

preparation and fewer specialized equipment requirements. However, liquid TEM does not 

consistently yield the same level of resolution as cryo TEM. This is attributed, in part, to 

the variable thickness of liquid layers, which scatter electrons more than vitrified ice,[35] 

and the presence of encapsulating membranes in liquid TEM enclosures, which contribute 

to increased sample thickness. Nonetheless, recent applications of liquid TEM using single-

particle analysis strategies of biological specimens are pushing the resolution boundaries 

of the technique to sub-nanometer ranges[31,46] while others have achieved atomic-

resolution imaging in materials science applications.[47,48] We emphasize liquid TEM 

provides a complimentary view for research and the validation of theories. It is not meant 

to be presented herein as a competitive replacement for traditional and cryo TEM methods, 

where liquid TEM research necessitates extensive correlative ex situ and post-mortem or 

post situ analysis to validate findings observed in situ.  

 



Ph.D. Thesis – L.-A. DiCecco; McMaster University – Materials Science & Engineering 

46 
 

Most commonly, liquid TEM enclosures involve a cell holder structure with an electron 

transparent membrane, designed to encapsulate the hermetically sealed samples within the 

vacuum state for imaging.[45,49–52] Early works by Parsons et al. first inspired those to 

explore liquid TEM methods for biological imaging,[53–55] though it was not until 2003 that 

the first functional in situ closed cell liquid TEM configuration was published.[33] The cell 

used sapphire as the electron-transparent membrane to visualize for the first time 

nanometer scale dynamic copper cluster nucleation and growth at a solid-liquid 

interface.[33] This was a particularly important development for future studies exploring the 

particle dynamics at solid-liquid/vapour interfaces, and soon after, other explorations were 

put forward to develop liquid-cell in situ liquid TEM holders for a variety of research 

applications.[25]  

 

Several liquid cell designs and configurations have been developed since,[27] and they can 

generally be categorized into 1) silicon-based assemblies that are used in commercially 

available holders, 2) thin-film configurations that are custom-developed and feature hybrid 

enclosure options (Fig. 2). These designs are applicable for both TEM and scanning TEM 

(STEM) modalities supplemented with EELS and EDX elemental/phase 

characterization.[56–60] This is an advantage of the liquid TEM technique over cryo TEM 

for biological imaging, as in STEM this is challenging to perform in cryo conditions due 

to the intensity of the electron beam and its destructive interactions with vitreous media.  

 

 

Silicon-based liquid TEM assemblies, normally silicon nitride (Si3N4; referred to as SiN in 

text), are mostly widely used in literature (Fig. 2A.-C.). Commercially available SiN 

configurations offer static and/or dynamic functional capabilities such as microfluidic 

flow, solution mixing in situ from different inlets, heating to various temperature ranges, 

and electrochemistry functions. This makes liquid TEM a powerful platform to 

characterize dynamic reactions and hydrated material structures important for 

understanding biomineralization processes.[59,61,62]  Novel adaptations of these commercial 

holders include the ability to perform atmospheric gaseous imaging in traditional TEMs, 

which can provide key insights into liquid-vapour dynamic events.[63–65] Popular 

companies among those who develop liquid TEM systems commercially include 

Protochips Inc., Hummingbird Scientific, and DENSolutions.[60,66,67] The drawbacks to 

commercial liquid TEM holders include the investment cost related to its purchase and the 

thick SiN membranes used, typically ranging from 30-50 nm, which can limit TEM 

imaging resolution.  

 

More recently, new thin-film configurations have been actively explored (Fig. 2D.-F.). 

Notably, these methods often require no specialized holder, making them more affordable. 

Moreover, thin films range in thickness on the order of 5 nm or thinner, and thus are less 

limiting for HR imaging. The materials used for these thin-film assemblies typically consist 

of amorphous carbon[45,46] or graphene.[49,51,68,69] Graphene enclosures have been reported 

to reduce beam damage during imaging by limiting free radical formation and thus provide 

high electron dose tolerance than samples imaged in cryo TEM.[51,70,71] In applications, the 
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thin films are described to blanket specimens and lead to small volume liquid pockets with 

thin liquid regions thus helping improve HR data acquisition.[72] Studies have explored 

these options using thin-film coated TEM grids paired with SiN microchips (Fig. 2D.),[32,44–

46,69] self-paired thin film coated TEM grids that feature a holey supporting material (Fig. 

2E.),[49,51] and with thin films which are directly coated onto a SiN support (Fig. 2F.).[68,69] 

 

 
 
Ch. 2.3 – Figure 2. Representative overview of common liquid TEM assemblies. A.-C. Commonly used 

commercial-based options that are silicon nitride (SiN)-based formed of pairing options that can include A. 

microwells, B. fluidics, and/or C. controlled thickness through the integration of spacers. D.-F. 

Representative emerging thin-film options, often graphene or amorphous carbon, that can include D. a thin-

film coated TEM grid paired with a SiN membrane, E. self-paired thin-films with or without a uniform or 

non-uniform porous substrate for the controlled formation of liquid pockets, and/or F. a larger support SiN 

microchip with a thin-film deposited directly onto the membrane.  

 

Self-paired thin-films (Fig. 2E.), consisting of only thin-film membrane layers paired 

together to enclose solutions, are reported to achieve the highest spatial resolution to date 

with the thinnest liquid volumes. However, their fragile membranes can lead to lower 

reproducibility in a liquid enclosure. In contrast, thin-film assemblies paired with SiN 

counterparts (Fig. 2D., F.) can benefit from its rigid substrate support to obtain higher 



Ph.D. Thesis – L.-A. DiCecco; McMaster University – Materials Science & Engineering 

48 
 

repeatability in a liquid enclosure and accommodate more liquid and larger biological 

specimens, though with lower imaging spatial resolution. One significant hurdle to these 

assemblies is reproducing samples with enough liquid volumes captured to observe 

dynamic reactions due to the thin-film confinement.[72] To address this issue, several recent 

works within the field have described in detail the optimized preparation methods and 

facile-to-use commercial options are becoming more widely available.[32,68,73] Another 

limitation of the thin-film enclosures includes the lack of holistic functionality that 

commercial holder alternatives offer, such as flow, heating and electrochemistry. A recent 

work by Dunn et al. using novel graphene flow assemblies using nanochannels for dynamic 

experiments has opened the possibility of other functional capabilities for these systems in 

future.[74]  

 

Other alternative assemblies for liquid TEM include single-use enclosures, such as Bio 

Ma-Tek K-kits, a silicon-based assembly that has been successfully used to image a wide 

variety of biological samples.[75,76] These fit into the enclosure type shown in Fig. 2C. The 

benefit of the K-kits is they can fully seal and encapsulate samples quickly and easily, 

involving usually thirty to sixty minutes of preparation time, and fit into a standard-size 

TEM grid loop and thus compatible with most standard TEM holders, mitigating the need 

for a specialized holder.  

 

There are also environmental TEM options that can be used alternatively to enclosures 

described above to image hydrated specimens, where vapour water is considered for 

imaging wet and insulating materials in native conditions.[77–79] In this method, materials 

are viewed in open air, requiring higher pressures and usually a lower vacuum mode to 

observe wet, uncoated samples. While research has successfully used this technique for 

studying HR dynamic reactions, one drawback remains as they typically require a 

specialized microscope system, where there may be challenges to analysis based on the 

types of imaging and spectroscopy detectors that are available. Noted previously, there are 

recent emerging environmental TEM option holders, similar to the described commercial 

liquid TEM holders but for environmental gas-based options which can operate under 

atmospheric conditions.[63–65] For samples that are not just wet but are rather submerged in 

liquids like microorganisms, cells, and colloidal nano/micro particle solutions, 

environmental EM does not allow for depth observations and often provides poor contrast 

and object drifting while imaging liquid media.[80] Moreover, environmental EM in 

aqueous conditions can depend on vapour condensation which limits the temperature and 

pressure achieved in the system.[81] Few applications of environmental EM published in 

literature studying biomineralization reactions could be found by the authors, though the 

technique would be useful for studying liquid-solid phase separation and evaporation 

reactions of biominerals. 

 

Correlatively to TEM, micro-to-nano liquid EM can be done using scanning EM (SEM). 

Single-use sealable liquid SEM capsules are commercially available that are configurable 

to most standard SEM holders, such as the QuantomiX WETSEMTM capsules. The 

capsules allow users to use easily configurable, familiar pin-shaped capsules to observe 
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soft and wet samples in standard SEM working conditions. Typically, these capsules 

feature a body with a pressure relief membrane underneath the liquid sample compartment 

and a liquid media compartment that is encapsulated by an electron transparent membrane 

such as a polyimide polymer.[81] Researchers have been able to use these WETSEM setups 

to perform in situ SEM experiments such as heating and cooling[82] as well as correlative 

light microscopy through the introduction of an optical fibre.[83] While these cells have 

been effective to image wet and soft biological samples,[83] some reported limitations with 

these capsule designs include the thick viewing membranes that result in lower resolution, 

poor contrast and resolution, as well as limiting imaging modality in just backscatter 

electron mode.[84,85] Research is seeking to address these challenges, where for instance 

one team has explored the design of a microfluidic platform with thin membranes made 

from graphene for liquid SEM work.[86]  

 

Recently, the use of room temperature ionic liquids (RTILs) has been considered as an 

alternative method to visualizing hydrated specimens in SEM.[87] RTILs, otherwise known 

as molten or fused salts, are composed of ions and short-lived ionic pairs and uniquely are 

known for their low vapour pressure, high ionic conductivity, and non-combustibility.[88,89] 

Their nearly negligible vapour pressure allows for these liquids to be stable in SEM 

systems under normal operating conditions, where RTILs behave like conductive coatings 

and experience limited charge buildup.[90] This provides new capabilities to image wet 

biological samples with comparable imaging capabilities to conventional methods at a 

fraction of the preparation time.[40,91] For biomineralization-related research, our team 

highlights that these tools are quite useful for imaging cellular systems to assess implant 

surface candidates[92] and can be used to study hard tissues such as bone.[93] Others have 

noted RTIL application successfully in TEM for biological applications,[94,95] though 

limited works are available using this as a technique in TEM modalities at HR.    

 

2.3.5. Innovations in Biomineralization Theory Through Liquid Electron 

Microscopy 

 

Innovations in biomineralization studies through liquid TEM are drastically changing the 

field to address these debated topics through in situ dynamic visualization, providing new 

avenues to observe the biomineralization processes. The following subsections summarize 

and discuss selective key works which have investigated biomineralization-related 

processes using novel in situ liquid TEM means. Available published works have primarily 

focused on studying the formation and mineralization progression of calcium carbonate 

(CaCO3) and calcium phosphate (CaP) minerals, and few other applications involving iron-

based biominerals in literature. The literature reviewed and relevant liquid TEM 

preparation and acquisition parameters reported in literature are summarized in Table 1 for 

those seeking to explore the technique.  
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Ch. 2.3 – Table 3. Overview of relevant experimental conditions reported for select in situ liquid TEM 

research related to the biomineralization field, discussed within this section. Acronyms: amorphous calcium 

carbonate (ACC), pre-nucleation clusters (PNCs), polystyrene sulphonate (PSS), L-aspartic acid (L-Asp), 

sodium citrate (Na-Cit), sodium poly-acrylate (PAA), poly-L-aspartic acid (pAsp), amorphous calcium 

phosphate (ACP), hydroxyapatite (HA). 

 

Product 

Observed & 

Study Focus 

Liquid TEM Methodology 
Liquid TEM 

Acquisition 

Variables 

Reported 

Electron 

Dosage  

Ref. 
Enclosure 

Membrane 

Configuration 

Reported 

Assembly 

(Fig. 2) 

Calcium Carbonates 

CaCO3; 

nucleation & 

formation of 

ACC & 

vaterite 

Hummingbird 

Scientific 

liquid flow  

SiN, 50 nm 

membranes, 

max. imaging 

area 50 µm × 

200 µm,  

(B) fluidics; ~10 

µL min-1, 250-

500 nm spacer 

BF TEM, 200 kV, 

JEOL JEM2100F 

TEM,  

0.1-0.2 s exposures 

5 ± 3 × 102 

e- nm-2 s-1  

[96] 

CaCO3; 

formation, 

dissolution; 

effect of 

confinement on 

mineralization 

Poseidon, 

Protochips 

SiN (B) fluidics; 300 

µL min-1 

STEM, 200 kV, 

JEOL 2200 FS, 1.5 

pA current, 1 µs 

dwell time w/ 0.5 s 

exposures at 

intervals of 5 s for  

~120 s 

3-10 × 10 

e- Å-2 

[97] 

CaCO3 w/ PSS; 

early-stage 

precipitation, 

nucleation, 

growth; 

globule & 

ACC formation 

+ calcite & 

vaterite 

crystallization 

Hummingbird 

Scientific 

liquid flow 

SiN, 50 nm 

membranes; 

max. imaging 

area 50 µm × 

50 µm  

(B) fluidics; 100 

µL hr-1, 0.5 µL 

of ultrapure 

water at start, 

250-500 nm 

spacer 

BF TEM, 200 kV, 

JEOL 2100-F, 5-

10 fps acquisition 

1 ± 0.5 × 

103 e- Å-2 s-

1;  

50-300 e- 

Å-2 

[98] 

CaCO3 w/ & 

w/o L-Asp; 

early-stage 

precipitation, 

nucleation, 

growth 

Poseidon, 

Protochips 

SiN  (B) fluidics; 10 

µL hr-1, 5 µL of 

solution at start 

BF S/TEM, 200 

kV, JEOL 2100-F, 

current 50 pA cm-2 

– 134 pA cm-2 in 

TEM & 7.9 pA 

cm-2 in STEM, 3 

fps acquisition  

Not 

specified. 

[99] 

CaCO3 w/ & 

w/o L-Asp; 

early-stage 

precipitation, 

nucleation, 

growth 

Poseidon, 

Protochips 

SiN, 50 nm 

thick 

membranes; 50 

µm × 550 µm 

membrane 

windows 

(B) fluidics; 2.7 

µL of fluid 

passed, 1 µL of 

solution medium 

added at start, 

150 nm spacer  

BF S/TEM, 200 

kV, JEOL 2100-F, 

10 fps acquisition 

Not 

specified. 

[100] 

CaCO3; early-

stage 

precipitation, 

nucleation; 

ACC, embryo, 

& PNC 

formation 

Poseidon, 

Protochips 

SiN (B) fluidics; 2 

µL min-1, 150 & 

500 nm spacers  

TEM, 200 kV, 

Hitachi H-8100, 8-

10 fps acquisition  

Variable: 1 

– 7 × 103 e- 

nm-2 s-1; 

reported 

total dose 

in one case 

was 1 × 106 

e- nm-2 

[101] 
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Product 

Observed & 

Study Focus 

Liquid TEM Methodology 
Liquid TEM 

Acquisition 

Variables 

Reported 

Electron 

Dosage  

Ref. 
Enclosure 

Membrane 

Configuration 

Reported 

Assembly 

(Fig. 2) 

CaCO3 w/ & 

w/o Mg2+, Na-

Cit, & PAA; 

nucleation, 

growth; ACC 

to CaCO3 

Hummingbird 

Scientific 

liquid flow  

SiN, 50 nm 

membranes, 30 

µm × 200 µm 

membrane 

windows 

(C)  0.6 μL of 

liquid place on 

each microchip, 

500 nm spacer 

BF TEM, 200kV – 

Tecnai G2 F20, 2 s 

exposure 

 ≤ 3.11 e- 

nm-2 s-1   

[102] 

 

CaCO3; 

nucleation, 

growth, 

coalescence; 

aragonite & 

calcite 

formation 

Graphene 

liquid cell 

Multilayer 

graphene 

membrane 

transferred 

onto a 

quantifoil 

holey-carbon 

TEM grid 

(E)  DF-TEM & 

HRTEM, 200kV, 

Tecnai G2 F30 S-

TWIN, DF-TEM 

imaging performed 

at d-spacing of 

2.07, 2.43, 2.94 Å 

50 e- Å-2 in 

DF TEM,  

837 e- Å-2 s-

1 in 

HRTEM 

[103] 

CaCO3; Early-

stage 

precipitation, 

nucleation; 

dense liquid 

globules & 

calcite 

crystallization 

Custom setup 

involving 2D 

thin-films 

SiN w/ two 

hexagonal 

boron nitride 

spacers; few-

layer graphene 

upper & lower 

membranes; 

MoS2 

separation 

mixing layer 

N.A. – custom 

thin-film 

enclosure with 

mixing 

BF TEM & ADF 

STEM, 200 kV, 

Titan G2 80-200 

S/TEM 

ChemiSTEM, 

probe current for 

STEM 80-160 pA 

for 2-20 µs 

6.8 × 106 e- 

Å-2 for 

mixing 

pore 

production; 

7.3 × 102 e- 

Å-2 s-1 & 

1.5 × 103 e- 

Å-2 s-1 for 

imaging 

 

[69] 

Calcium Phosphates 

CaP; 

nucleation, 

aggregation 

growth 

Poseidon, 

Protochips 

Microwell SiN 

– 1) 50 nm 

membrane 

paired w/ 2) 8 

× 16, 10 µm × 

10 µm 

microwell 

windows of 30 

nm membrane 

(A) 2 µL 

solution added 

BF STEM, 200kV, 

JEOL 2010F TEM  

21 e- frame-

1 nm-2; 

2.198 x 103 

e- Å-2 s-1 

[30] 

ACP to HA; 

nucleation, 

growth 

pathways 

Poseidon, 

Protochips 

SiN, 50 nm 

membranes 

(B) fluidics 300 

µl/hour, 150 nm 

spacer 

BF TEM & 

HAADF-STEM, 

200 kV, JEOL 

JEM-ARM 200CF, 

30 fps acquisition 

1 e- Å-2 s-1 

for in situ; 

17.5, 60 & 

1114 e- Å-2 

s-1 for other 

imaging 

[104] 

ACP to HA w/ 

& w/o Mg2+; 

nucleation, 

growth 

pathways 

Hummingbird 

Scientific 

liquid flow 

SiN, 50 nm 

membrane, 50 

μm × 200 μm 

membrane 

windows 

(C) 0.4 μL BF TEM & 

HAADF STEM, 

200 kV,  FEI 

Tecnai G2 F20, 0.3 

s exposure, 10 fps 

acquisition 

0.4 e- Å- 2 s-

1  

[105] 
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Product 

Observed & 

Study Focus 

Liquid TEM Methodology 
Liquid TEM 

Acquisition 

Variables 

Reported 

Electron 

Dosage  

Ref. 
Enclosure 

Membrane 

Configuration 

Reported 

Assembly 

(Fig. 2) 

HA; 

dissolution & 

crystallization 

Graphene 

liquid cell 

Commercially 

available single 

or few-layer 

chemical vapor 

deposition-

grown 

graphene on 

copper 

(E) lacey 

carbon-coated 

copper TEM 

grid used as 

graphene 

support 

LAADF STEM, 80 

kV, JEOL JEM-

ARM200CF 

Variable 

ranges; 

reported 

HA 

damage 

threshold 

noted 24 e- 

Å- 2 s-1 

[106] 

ACP to HA; 

nucleation, 

growth 

pathways 

Poseidon, 

Protochips 

SiN, 50 nm 

membranes 

(C) 0.6 μL, 150 

nm spacer  

BF TEM, 200 kV, 

JEOL 

2100F/Cs(S), 3fps 

acquisition  

Variable 

range 

reported 

~10-2500 e- 

nm-2 s-1 

[107] 

CaP w/ pAsp, 

particle 

assembly & 

aggregation 

growth 

Poseidon, 

Protochips 

Microwell SiN 

– 1) 50 nm 

membrane 

paired w/ 2) 8 

× 16, 10 µm × 

10 µm 

microwell 

windows of 30 

nm membrane 

(A) 0.5-1 µL 

solution added 

BF TEM, 200 kV, 

Talos 200X, 1 fps 

acquisition 

Variable 

range 0.4-

0.75 e- Å2 s-

1 

[108] 

Other Biomineralization Systems  

Iron 

oxyhydroxide; 

assembly, 

growth 

Hummingbird 

Scientific 

liquid  

SiN, 50-100 

nm membranes 

(C) 450 nm 

spacer 

TEM, 200 kV, 

JEOL 2100F, 4-10 

fps acquisition, 

current 35 pA cm-2 

Not 

specified. 

[109] 

Iron binding to 

Mms6 protein; 

pre-nucleation, 

nucleation 

Hummingbird 

Scientific 

liquid flow  

SiN (B) fluidics; 2-5 

µL min-1; 

protein addition 

onto SiN using 

Nano eNabler 

molecular 

printer 

HAADF STEM, 

200 kV, FEI 

Tecnai G2 F20 

(S)TEM  

Not 

specified. 

[110] 

 

Magnetospirill

um 

magneticum 

strain AMB-1; 

structural 

liquid phase 

observation 

Hummingbird 

Scientific 

liquid flow  

SiN, 50 nm 

membrane, 50 

μm × 200 μm 

membranes 

windows, 

positive 

charged either 

BioPlus 

biofunctionaliz

ed (no spacer) 

or with poly-L-

lysine or (3-

Aminopropyl)t

riethoxysilane 

(APTES) 

(spacer) 

(B) 10 μL min-2 

up to 100 μL to 

freshen media; 

100 nm spacer 

or no spacer  

HAADF STEM 

200 kV, FEI 

Tecnai G2 F20 

(S)TEM, 38 pA 

current, low mag: 

dwell time 2 μs, 

higher mag: dwell 

time 8 μs 

Low mag < 

0.05 e- Å2 s-

1 

High mag 

0.1-2.3 e- 

Å2 per scan 

 

[111] 
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Product 

Observed & 

Study Focus 

Liquid TEM Methodology 
Liquid TEM 

Acquisition 

Variables 

Reported 

Electron 

Dosage  

Ref. 
Enclosure 

Membrane 

Configuration 

Reported 

Assembly 

(Fig. 2) 

Magnetospirill

um 

magneticum 

strain AMB-1; 

Structural 

liquid phase 

observation 

Hummingbird 

Scientific 

liquid flow  

SiN, 50 nm 

membrane, 50 

μm × 200 μm 

membranes 

windows, 

positive 

charged 

functionalized 

with (3-

Aminopropyl)t

riethoxysilane 

(APTES) 

(B) 1 μL 

deposition; 100 

nm spacer 

HAADF STEM, 

200 kV, FEI 

Tecnai G2 F20 

(S)TEM, off-axis 

electron 

holography done in 

FEI Titan 80-300 

(S)TEM at 300 kV, 

Lorentz mode, 6-8 

s exposures  

1.4-47 e- 

Å2 s-1 

[112] 

Magnetospirill

um 

magneticum; 

structural 

liquid phase 

observation; 

magnetosome 

nucleation & 

growth 

Graphene 

liquid cell 

2000 mesh 

graphene 

coated copper 

grids  

(E) 1 μL 

deposition 

BF-TEM 80 kV, 

JEOL 1220 & 

Hitachi HT7700, 

0.1 & 1 sec 

exposures 

200-2000 e- 

nm-2 per 

frame 

[113] 

Ferritin-

Iron; 

formation 

of iron 

oxide core 

inside 

apoferritin 

 Graphene 

liquid cell 

Graphene 

coated lacey 

grids 

(E) 1.5-3.5 μL 

deposition 

HAADF-STEM, 

80 kV, JEOL-JEM 

200CF 22 mrad 

semi convergence 

angle, 90 mrad 

inner HAAD 

detector angle, 

dwell time 31.2 µs 

for 256 × 256 for 

imaging 

7 e Å-2 [114] 

Human spleen 

& heart 

ferritin; 

structural 

liquid phase 

observation 

Graphene 

liquid cell 

Graphene 

coated lacey 

gold grids 

(E)  STEM 80kV, 

80kV Hitachi 

HT7700 & JEOL-

JEM 200CF, 22 

mrad semi 

convergence angle, 

90 mrad inner 

HAAD detector 

angle, dwell time 

31.2 µs for 512 × 

512 for imaging 

9-181 e Å-2 [115] 

CaOx w/ & 

w/o citrate; 

nucleation, 

growth, 

assembly 

Graphene 

liquid cell 

Graphene-

coated copper 

grids 

(E) 0.5 μL 

deposition 

TEM, 80kV, JEOL 

1220 TEM & 

JEOL ARM 

200CF STEM 

 

3 × 109 – 

2.24 × 1012 

Gy s-1 

[116] 
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Calcium Carbonates  

 

Calcium carbonate (CaCO3) is one of the most broadly studied biomineral compounds  and 

was among some of the first biominerals probed using liquid TEM. CaCO3 is found in a 

range of substances, such as eggshells, shellfish skeletons, pearls, and sediments, and is 

used as a medical supplement for calcium.[117–119] While simple in chemical structure, 

CaCO3 exists in several different stable polymorphic crystalline forms such as calcite, 

aragonite, and vaterite.[120] Moreover, its formation has been reported to occur through both 

classical monomer-by-monomer nucleation and non-classical means involving several 

proposed polyamorphic amorphous calcium carbonate (ACC) forms.[121–124] The reactions 

behind these processes have been widely debated and remain to be elucidated – which is 

where dynamic visualization through liquid TEM has been leading discoveries, revealing 

new evidence to explain these complex pathways.  

 

Early in situ liquid TEM work by Nielsen et al. revealed the coexistence of direct and 

indirect crystallization pathways during CaCO3 nucleation and growth.[96] Using a liquid 

TEM enclosure that allowed for reagent mixing, the study showed several different 

concurring pathways involving classical direct nucleation from solution and non-classical 

processes with ACC formation and crystalline precursors.[96] Direct nucleation of ACC and 

a vaterite crystalline phase (Fig. 3) was observed in one pathway. Non-classical, precursor-

related nucleation from ACC particles was also seen, where aragonite and vaterite were 

observed to grow within or on the surface of ACC particles, where their growth occurred 

at the expense of ACC.[96] ACC to calcite transformation was not observed, which aligned 

with leading theories at the time which hypothesized a classical means to its formation.[96] 

Particularly, the work challenged the existence of different distinct polyamorphic ACC 

phases as they might represent different time points of a similar reaction, and proposed 

instead that ACC as a term represents a variety of structures including ion-dense liquid and 

anhydrous forms. This important research was the first to visualize mimetic 

biomineralization reactions in liquid, demonstrating the potential of utilizing liquid TEM 

to study biomineralization. 

 

Since the work by Nielsen et al., the formation mechanisms of calcium carbonates in 

biological settings have remained poorly understood, particularly considering the role of 

ACC and biological environment effects. This has led to further exploration conducted 

using liquid TEM combined with other characterization methods to address unsolved 

questions within the field and shed light on CaCO3 formation reactions.  

 



Ph.D. Thesis – L.-A. DiCecco; McMaster University – Materials Science & Engineering 

55 
 

 
 
Ch. 2.4 – Figure 3. Direct formation of ACC and vaterite. A. Frames highlighting fluid cell before 

nucleation and B.-D. during nucleation and growth of ACC. Diffraction analysis [inset to D.] of thinned fluid 

layer confirms the amorphous nature of the particles. E.-J. Frames following vaterite formation and growth. 

E. Gray spots already present are salt deposits that formed on the outer surface of the liquid cell window 

during cell assembly. In E. and F., the nucleation site of a vaterite particle is circled for clarity. G. The 

particle grows, H. merges with a second particle, and I., J. exhibits layering at the growth front and 

dissolution in the center. Diffraction analysis [inset to J.] identifies the material as vaterite. Scale bars are: 

A.-J. 500 nm, and [insets D., J.] 2 nm–1. Solution conditions—designated in all figure legends by 

[CaCl2]:[NaHCO3]/R(CaCl2): R(NaHCO3) with concentrations in millimolar and flow rates R in microliters 

per minute are: A.-D. 50:50/10:0.2 and E.-J. 40:40/9:1. Times listed in all figures are relative to the 

beginning of the associated movie shared within the work. Image reproduced with permission from Nielsen 

et al.[96] (Copyright © 2014 American Association for the Advancement of Science). 

 

Focusing on early-stage CaCO3 development at relatively lower supersaturation 

concentrations, Kimura et al. explored the role of ACC and embryos or PNCs, and their 

significance in CaCO3 nucleation using liquid and traditional TEM means.[101] In the study, 

prenucleation pathways in near-equilibrium conditions were visualized, where PNCs were 

observed to form in ACC structures at relatively high formation rates, indicative of low 
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interfacial energy existing between crystals and ACC.[101] They note that PNCs may be of 

different polymorphs of CaCO3, though observed only the formation of calcite nucleation 

particles passed critical radius growth thresholds.[101] In contrast, ACC phases were 

observed with similar composition and structure, implying the lack of distinctive 

polyamorphs associated with specific CaCO3 polymorphs.[101] 

 

In performing liquid TEM, there is often a disparity in results stemming from bulk solutions 

to those captured in situ in confined liquid enclosures.[97] Further, confinement is highly 

relevant in natural biomineralization systems, which can impact CaCO3 polymorph 

structure stabilization.[125] To investigate the impacts of confinement on mineralization 

dynamics of supersaturated solutions, Kröger and Verch used liquid TEM to study CaCO3 

formation as a model system.[97] Based on their observations in situ, CaCO3 precipitates 

(calcite) were formed spontaneously upon imaging in STEM.[97] The study speculated the 

calcite formation was likely to be accelerated by the electron beam in surveying other 

regions.[97] By combining liquid TEM findings with 2D Finite Elements simulations, their 

work further suggested certain ranges of liquid volume confinement led to reductions in 

ion concentrations, resulting in more stable precipitate formation.[97] Overall, they found 

that confinement in liquid TEM has a strong impact on ion transport mechanisms affecting 

mineralization processes.[97] In particular, ion incorporation rates based on fluidics and 

solution diffusion were noted to be controlling factors in phase stabilization for 

consideration.[97] This does not disregard findings found in the liquid TEM field studying 

these phenomena within confined environments; in native biomineralization systems, 

confinement is hypothesized to play a role in how biominerals form and has been noted to 

impact the CaCO3 polymorph structure stabilization.[125] 

 

Others have been working towards pushing imaging boundaries of liquid TEM in 

application to study CaCO3 crystallization events by replacing SiN membranes with thinner 

film-based enclosures. Work by Dae et al. examined CaCO3 formation under 

supersaturated conditions with dark field (DF) TEM and HRTEM with graphene 

enclosures.[103] Their work highlighted a sequential three-stage growth process involving 

nucleation, diffusion-limited growth, and Ostwald ripening with particle coalescence (Fig. 

4). Real-time dynamic liquid imaging exposed the transformation of metastable aragonite 

which grew sequentially into stable calcite under highly supersaturated conditions.[103] In 

contrast to other studies, Dae et al. did not observe the formation of any ACC phase; rather, 

they suggested that spatial resolution may be a limiting factor in liquid TEM restricting 

capabilities in experiments to clarify the presence of an amorphous phase in comparison to 

nanocrystalline precipitation.[103] 

 

However, the graphene thin-film enclosure used by Dae et al.[103] did not allow for solution 

mixing in situ, implying that reactions were possibly driven by electron beam interactions 

to induce crystallization. To address this challenge, emerging research from Kelly et al. 

further expanded upon liquid TEM thin-film capabilities with a new 2D layer mixing 

technique to study CaCO3 reactions at HR.[69] Using controllable fracture of an adjunct 

atomically thin separation membrane within the enclosure, in situ mixing was induced with 
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the electron beam through a 2D heterostructure mixing cell, pushing the visualization of 

CaCO3 mixing reactions to sub-nanometer resolution.[69] Using this technique, direct 

visualization of calcite formation was achieved where nanodroplet precursors that formed 

into crystalline calcite were observed, supporting non-classically proposed liquid-liquid 

phase separation theories leading to the formation of ACC.[69] This unique cell offers 

benefits not just for studying CaCO3 formation and growth, but also in other mineralization 

systems and liquid-liquid mixing reactions, expanding thin-film liquid TEM capabilities.  

 

 
 
Ch. 2.3 – Figure 4. In situ dark-field liquid TEM analysis of CaCO3 crystallization. A. Time series images 

corresponding to each mineralization stage. B. Each black and blue dot gives the number of particles and 

total projected area of all precipitates as a function of irradiation time t. Based on the dynamics of 

mineralization, the whole process is divided into three stages: nucleation, diffusion-limited growth, and 

Ostwald ripening/coalescence. Red solid lines show the trends in each stage. C. Logarithm relationship 

between the radius r of the particles and t. D. Increase in the ratio of the number of particles larger than r 

during the growth step (Stage 2), ΔR60,160(r). The peak indicated by the red dotted line shows the critical 

radius for the nucleation, rc (nucleation). Image reproduced under the Creative Commons Attribution 4.0 

International (CC BY 4.0) License from Dae et al.[103] published by the ACS Omega journal (Copyright © 

2020 American Chemical Society). 

 

To mimic biological systems where CaCO3 forms, researchers have also incorporated 

additives to explore the impacts of additional system variables on CaCO3 formation. 

Research from Smeets et al. was among the first to study the nucleation and growth of 

CaCO3 in supersaturated conditions with exposure to a matrix of polystyrene sulphonate 

(PSS).[98] PSS is a negatively charged polyelectrolyte known as a growth modifier for 

CaCO3 mimetic to biomacromolecules in marine life. PSS has been shown through dry 

spectroscopy and imaging techniques to inhibit the crystallization of liquid ACC while 

promoting crystallization in solid-state.[126] However, this behaviour had not been proven 

with dynamic evidence, until findings from Smeets et al. demonstrated real-time metastable 

ACC formation in situ.[98] At the initial stage of mineralization, calcium ion binding to PSS 

led to the formation of Ca-PSS globules, an essential precursor for the formation of ACC 

https://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html
https://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html
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in biomineralization systems.[98] Subsequently, ACC nucleation was observed from the Ca-

PSS globules with carbonate introduction to the enclosure, where over time with electron 

beam exposure crystals formed within the same regions.[98] Without the addition of PSS, 

direct nucleation, and growth of vaterite were observed as the predominant phase, but some 

calcite formation was noted.[98] Overall, these findings demonstrate ion Ca-binding in PSS-

containing systems is an important factor leading to the formation of metastable ACC, 

directing nucleation processes within this system, and lending insight into how other acidic 

macromolecules may behave in analogous mineralization processes.  

 

Similar to PSS, the highly negatively charged structure of L-aspartic acids’ (LAsp) is 

believed to influence CaCO3 formation through crystallization inhibition of liquid ACC 

while promoting crystallization in solid-state.[126] In this context, efforts stemming from 

Longuinho et al. and Ramnarain et al. investigated the process of CaCO3 formation with 

the presence of LAsp.[99,100] The formation of Ca-rich, organic vesicle-like structures with 

LAsp was described – similar in behaviour to ACC droplets/globules described by Smeets 

et al. [98] – where CaCO3 formed in association with these described vesicle structures.[99] 

Complimented by molecular dynamics simulation analysis, LAsp was proposed to reduce 

CaCO3 crystal growth rates by decreasing Ca ion diffusion.[99] Follow-up works by some 

of these authors further expanded this research, supporting the findings with 

hyperpolarized solid-state nuclear magnetic resonance (DNP NMR) and density functional 

theory (DFT) calculations.[100] LAsp was observed to lead to the stabilization of transient 

precursor phases that increase the formation of individual and aggregated PNCs that 

transform into an ACC phase.[100] These two studies not only highlighted the key findings 

regarding how organic molecules influence CaCO3 mineralization processes, but they also 

demonstrated the efficacy of complementary analytical techniques and modelling analysis 

to validate observations in situ.  

 

Inorganic ions are also reported to impact the formation of biominerals, such as CaCO3. 

For instance, Mg2+ is shown to alter CaCO3 transformation pathways and is theorized to 

act as a stabilizer of ACC[127–129] and inhibit the crystal formation of calcite.[130,131] Recent 

work from Liu et al. demonstrated the influence of Mg2+, sodium citrate (Na-Cit) and 

sodium poly-acrylate (PAA) individually as biomimetic representatives of inorganic ions, 

small organic molecules, and macromolecules, respectively, found in natural CaCO3 

biomineralization systems.[102] It was reported that Mg2+ at lower concentrations (≤2.5 

mM) increased ACC lifetimes, Na-Cit slowed calcite formation and ACC dissolution, and 

PAA had the same effects as both Mg2+ and Na-Cit, leading to dissolution-reprecipitation 

formation of ACC-to-calcite.[102] At higher concentrations (≥5.0 mM), Mg2+ additions were 

observed to lead to shape-preserving direct transformation of ACC-to-calcite.[102] Through 

in situ and complimentary spectroscopy and molecular dynamics analyses, Mg2+ was found 

to increase hydration in the ACC phase which allowed for its direct transformation into 

calcite through dehydration, conserving the ACC shape, rather than through morphological 

changing steps.[102] This work highlights the varying effects of different additives on in situ 

CaCO3 formation while also providing new rationale as to the presence of Mg in CaCO3-

based biominerals.  
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The fundamental mechanisms governing CaCO3 mineralization remain poorly understood 

as there are many competing theories proposed under different systems. However, as first 

discussed in the work by Nielsen et al.[96] many different pathways likely coexist based on 

the in situ work presented in literature. Considering the number of different polymorphs of 

CaCO3, their stabilization in situ may vary based on factors such as solution concentration, 

thermodynamic conditions, confinement, electron beam effects, and more. While select 

additives, both organic[98–100] and inorganic,[102] have been probed, limited research has 

been performed to examine the influence of other additional system elements that aid in 

mimicking these complex systems in nature. This leaves room for opportunity for future 

liquid TEM research studying the formation and growth of CaCO3, a simple biomineral 

with complex mineralization processes behind its formation. 

 

Calcium Phosphates  

 

One principal component of hard tissues, such as bone and teeth, in vertebrates consists of 

a CaP mineral that is fundamental for the mechanical strength of the tissue.[132,133] A clear 

understanding of the pathways behind CaP biomineralization in healthy and pathological 

conditions is significant for biological and medical advancements.[4] In particular, 

knowledge of the mechanisms behind CaP biomineralization can inform perspectives on 

therapeutic targets for diseases such as atherosclerosis, dental caries, and 

osteoporosis[4,134,135] and strategies for treatment and repair, such as improving implant 

osseointegration.[136,137] 

  

As far as the authors are aware, our recent study was the first to explore the early stages of 

CaP mineralization in situ using liquid TEM.[30] The work revealed for the first time 

dynamically that CaP mineralization in a simulated body fluid occurs through particle 

attachment,[30] using Ca-P model ratios based on established mineralization models.[138,139] 

Bright-field STEM captured real-time CaP nucleation and growth events with nanometer 

spatial resolution and documented the movement and aggregation of particulates in 

solution as well as the subsequent formation of polymeric branch structural assemblies 

(Fig. 5).[30] This observation provided novel dynamic evidence that CaP mineralizes 

through a more complex, non-classical crystal growth pathway involving the formation of 

pre-nucleation clusters that aggregate before more mature crystallization,[30] supporting the 

works explored at similar time-scale points using cryo TEM.[15,17] This work laid the 

foundation for further biomineralization research in studying CaP mineralization processes 

in situ. 

 

New works exploring CaP crystallization in situ have since emerged, probing the formation 

of hydroxyapatite (HA). HA is a naturally occurring CaP-based mineral found prominently 

in bone structures and has been studied extensively in hard tissue regeneration.[140,141] Most 

notably, He et al. conducted a comprehensive and systematic HR in situ liquid TEM study 

of HA nucleation and mineralization process.[104] Using a biomimetic ion-rich saliva 

model, they revealed that the nucleation processes started with the formation of ion-
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rich and ion-poor regions that subsequently led to an amorphous CaP (ACP) phase.[104] 

Uniquely, they observed the co-existing classical and non-classical growth pathways, 

involving multiphasic processes with direct agglomeration-coalescence growth of HA 

as well as nucleation of HA on ACP phase, respectively.[104] Agglomeration and 

coalescence formation mechanisms driven theoretically by the minimization of surface 

energy were observed as a dominant growth process for HA.[104] They note other common 

growth mechanisms such as Oswald ripening, island growth, and intraparticle growth, were 

not observed.[104] These findings demonstrate more broadly the multiphasic behaviour 

of biomineralization processes and allude to simultaneous mechanisms at play during 

these complex processes, even when the same experimental conditions are considered.  

 

 
 
Ch. 2.3 – Figure 5. In situ exploration of CaP mineralization processes. A.-F. In situ liquid TEM BF-STEM 

imaging highlighting initial nucleation and growth of CaP over 60 minutes. A.-D. Nucleation and growth of 

CaP particles are observed to occur, which form E. a branched particle assembly after 60 minutes, 

correlating to ex situ observations in F. G. Representative schematic of this in situ CaP mineralization 

process over time in the liquid cell assembly. Image reproduced under the Creative Commons Attribution 

4.0 International (CC BY 4.0) License from Wang et al.[30] published by Communications Chemistry 

(Copyright © 2018 Wang et al.). 

In contrast to some ex situ studies performed through traditional TEM where no sign of 

ACP dissolution was observed during HA nucleation, He et al. demonstrated that the 

ACP substrates shrunk at the expense of HA growth.[104] This highlights the key 

capability of liquid TEM to track and identify the dynamic mineralization processes 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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that led to a better understanding of the role of ACP during HA mineralization and other 

biomineralization process pathways. Additionally, while briefly addressed, He et al. 

discuss that the negatively charged surface of the SiN-based window served as a 

functional surface that likely promoted the nucleation of HA,[104] whereas others have 

observed similar preferential attachment mechanisms in SiN-based liquid TEM studies 

at the surface.[142] While He et al. describe that these confinement effects and 

preferential nucleation may not be a significant concern due to liquid TEM reports of 

membrane bulging, this could further serve at explaining faster reaction rates observed 

in comparison to ex situ.[104] 

 

In other CaP mineralization studies, confinement effects in liquid TEM studies are 

described to significantly impact biomineralization reactions, necessitating the use of 

complementary and ex situ analysis to understand wholistically reactions at play. Recent 

liquid TEM work from the team of De Yoreo et al. explored further the transformation 

from an ACP phase to HA with and without exposure to Mg2+.[105] Mg2+ is a naturally 

occurring element in hard tissues that has been shown to chemically inhibit ACP 

crystallization, delaying the formation of HA and acting as a promoter for mineralization 

in bone at certain concentrations.[143] Mg2+ has also been reported as a stabilizer of other 

amorphous precursor biominerals such as ACC.[144] In comparison to the previous work 

described by He et al. claiming liquid TEM confinement has negligible effects on CaP 

mineralization,[104] this recent research from De Yoreo’s team attributed the increases in 

ACP size within the liquid TEM system to the confinement effects.[105] Liquid TEM work 

was complemented by Fourier Transform Infrared Spectroscopy (FTIR) and extensive 

correlative ex situ and post situ studies.[105] ACP particles were described to be much larger 

in liquid TEM cells, even without beam exposure, than in vitro work, highlighting the 

confined environment may either slow nucleation rates or increase growth rates.[105] In 

discussing the role of Mg2+ in governing HA formation, it was thought that Mg2+ stabilized 

ACP by reducing its solubility leading to the inhibition of HA formation.[105] The 

stabilization of ACP led to the delayed formation of HA in situ, thus making the two-step 

dissolution-recrystallization process that transforms ACP to HA easier to be observed using 

liquid TEM.[105] 

 

It was proposed that the addition of Mg2+ altered the transformation mechanisms from ACP 

to HA by structurally and/or chemically changing the ACP surface.[105] This was supported 

through the formation of hollowed structures, hypothesized due to the dissolution of the 

ACP core, visualized to form after which HA formed preferentially on its surface and then 

in bulk.[105] Overall, this work has broad implications regarding the confinement effects on 

ACP formation and biomineralization reactions in general, as well as provides better 

insight into the influence of HA-inhibitory additives in CaP systems. Similarly noted for 

CaCO3 systems, in certain applications, confinement effects may be relevant to the study 

of natural biomineralization reactions and key to their mimetic study. For instance, in the 

context of mineralized tissues such as bone and dentin, biomineralization is hypothesized 

to occur in confinement in small liquid regions within compact tissue sections, where 

confinement has been demonstrated to stabilize ACP.[145] Regardless, in planning a liquid 
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TEM experiment, such confinement effects must be considered in scaling up liquid TEM 

observations to understand nanoscale in situ reactions observed in the context of the whole. 

 

Previous in vitro TEM studies on CaP mineralization often demonstrated the formation of 

classic needle-like structures of HA. This morphological feature has not been observed in 

liquid TEM investigations until very recently by the team of Dalmônico et al.[107] In their 

study on exploring ACP to HA transformation, they observed the dissolution process of 

Ca(OH)2, originating from their buffer solutions, followed by the formation of an ion-dense 

phase that appeared to be liquid.[107] This ion-dense phase subsequently was observed to 

lead to the transformation of ACP nanoparticles from this phase.[107] Most interestingly, 

they observed the formation of plate-like needle HA structures through three different 

pathways involving precursors, summarized in Fig. 6, of 1) ion-dense, high-Ca 

concentrated regions, 2) ACP nanoparticle attachment to existing HA particles, and 3) ACP 

nanoparticle aggregation, where crystallization in these cases was observed after particle 

elongation.[107] 

  

 
 
Ch. 2.3 – Figure 6. Schematic illustration summarizing different CaP phase transformations observed in 

situ using liquid TEM. Image reproduced with permission from Dalmônico et al. [107] (Copyright © 2022 

American Chemical Society). 

 

While not explicitly studying the biomineralization mechanisms of HA, recent work 

published by Jokisaari et al. demonstrated the crucial behaviour of HA in situ in water 

using a thin-film graphene liquid cell for HR imaging and spectroscopy analysis.[106] A 

challenge to studying CaP systems in situ with liquid TEM is the sensitivity of CaP 

structures to changes in pH, which can impact the stabilization of formed CaP-based 

compounds.[4,146] Electron beam-induced hydrolysis of water in liquid TEM can lead to 

local changes of pH in situ in aqueous solutions,[147,148] and subsequently impact CaP 

mineralization taking place. A peculiar finding made by Jokisaari et al. identified the 

critical role of HA in increasing the radiolysis resistance of water, acting as a scavenger 

of reactive species and raising the cumulative electron dose threshold where hydrogen 

bubbles are normally observed to form.[106] The work further observed the dynamic 

dissolution and recrystallization of HA, which was correlated to the production of H+ ions 
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with electron beam interactions.[106] Overall, these observations have wider implications 

beyond biomineralization research whereby the outcomes of this work suggest that beam-

sensitive samples in aqueous conditions could be stabilized for in situ liquid TEM through 

the addition of HA as a radical product scavenger. Exploring HA as an additive could then 

aid in reducing imaging artifacts and provide a means to push for HR imaging for longer 

periods. However, this scavenging behaviour makes studying CaP-based 

biomineralization systems increasingly more difficult due to considerations that must 

be made to reduce electron beam effects to this sensitive material and necessitate 

correlative means for validating observations made in situ. Others note that the use of 

buffering agents in biomineralization systems may alleviate this problem by stabilizing 

the pH and helping reduce electron beam effects described.[30,104] 

 

These works represent tremendous strides toward understanding the complex mechanisms 

behind CaP biomineralization relevant to tissue mineralization, however, these 

biomineralization pathways are still not fully understood. Apart from the addition of 

Mg2+,[105] limited research has considered the influence of additional system additives and 

biomolecules key to representing CaP systems in a more holistic biomimetic fashion. This 

presents a clear opportunity for growth within the biomineralization field to further utilize 

novel liquid TEM techniques. Most recently, we have started to explore the addition of 

poly-L-aspartic acid  (pAsp) as a mimic of non-collagenous proteins found in mineralized 

hard tissues.[108] pAsp-CaP models are well established for studying hard tissue 

mineralization and can lead to intrafibrillar collagen mineralization patterns mimetic of 

natural tissues.[19,24,138,139,149] Our latest work showed in situ stabilization of CaP 

mineralization reactions and their overall delay with pAsp addition, where ACP particles 

were observed to stably aggregate and form branched structures over lengthened 

periods.[108] Understanding how CaP systems mineralize with exposure to additives such 

as pAsp will lead to better replication of these natural biomineralization processes for their 

study, which anticipates in future to provide meaningful contributions to understanding the 

role of NCPs in controlling mineralization processes. 

 

Other Mineralization Systems 

 

While CaCO3 and CaP systems are the most widely studied biomineralization systems 

in situ using liquid TEM, other calcium-based mineralization systems that have 

implications within the health field can be discussed. For instance, a recent work by 

Banner et al. has investigated the formation of calcium oxalate (CaOx), a process that is 

related to kidney stone formation in humans and calcium storage in plants.[116] The study 

highlighted the critical role of citrate, a common kidney stone inhibitor relevant to clinical 

research, in controlling CaOx nucleation pathways.[116] The absence of citrate had led to 

the coexistence of classical and nonclassical nucleation pathways in the nucleation of CaOx 

in saturated solutions.[116] More specifically, rhombohedral CaOx monohydrate was 

formed through classical means while square CaOx monohydrate formed non-classically 

with precursors.[116] In adding citrate, Ca solubility increased where amorphous precursors 

were observed to form, then dissolve, reform, and eventually lead to the formation of CaOx 
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dihydrate particles.[116] These dynamic observations supported by atomistic molecular 

dynamics simulations revealed the potential mechanisms behind the pathological 

formation and controlled growth of CaOx biominerals in kidney stones as well as the 

effectiveness of citrate as a mineralization inhibitor. This study presents essential 

information on the clinical application of citrate in kidney stone treatments.  

 

Most prominently, other mineralization systems studied using liquid TEM involve 

research probing the formation of iron-based biominerals. Iron oxides and related 

chemical compounds play important roles in different geological and biological 

processes.[150] Notably, iron-based biominerals such as magnetite, greigite and goethite 

offer unique magnetic and mechanical properties within magnetotactic bacteria, chiton’s 

teeth, and limpet’s teeth.[150] Early liquid TEM work observing iron-based crystal growth 

processes was achieved by Li et al. which focused on studying iron oxyhydroxide 

nanoparticle attachment processes.[109] The study adopted HRTEM to examine liquid 

directed particle attachment interactions and subsequent crystal growth in these systems, 

where nanoparticles were observed to rotate in situ until a preferential crystal lattice 

alignment occurred.[109] The work was the first to provide real-time evidence at HR of such 

processes in liquid, elucidating the alignment mechanism of oxyhydroxide nanoparticle 

crystal growth which has wide implications for a variety of iron-based mineral assembly 

processes.  

 

In health science research, ferritin biomineralization processes have recently been 

investigated using liquid TEM with graphene cells by Narayanan et al. Ferritin 

biomineralization is key for regulating iron ions within our bodies, where ferritin acts as a 

storage unit for iron and is involved in several physiological and pathological processes.[151] 

Work produced earlier by Narayanan et al. (2019) focused on studying the structure and 

chemistry of iron oxide cores in human heart and spleen ferritins in hydrated conditions,[115] 

and the latest work from Narayanan et al. visualized the formation of such iron oxides in 

situ using graphene liquid enclosures.[114] Observations at the nanometer length scale were 

reported for the first time showcasing template-based biomineralization processes of 

individual ferritin proteins, where iron ions accumulated over time.[114] Past two hours, 

mineralization reactions reached a latent point where progression ceased to occur. It was 

speculated that the halt in mineralization was attributed to cumulative electron beam 

damage as well as enclosure confinement.[114]  

 

The study of magnetotactic bacteria and the formation and growth of their magnetite or 

greigite grain-based organelles termed magnetosomes have also emerged related to the 

formation of iron-based biominerals. These highly mobile Gram-negative bacteria, through 

a term coined magnetotaxis, utilize these magnetosomes as fixed magnets for geomagnetic 

navigation within their local environment.[152] The work produced by Kashyap et al.[110] 

used liquid TEM to explore the unique mediation processes of iron oxide nanoparticle 

nucleation using the Mms6 protein, otherwise known as the magnetite biomineralization 

protein – an acidic bacterial recombinant protein believed to play a dominant role in the 

formation of magnetosomes.[153,154] Kashyap et al. focused on in situ visualization of early 
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phases of nucleation of iron-based nanoparticles, mediated using an in vitro model 

involving the addition of sodium hydroxide to Mms6 protein micelles exposed to ferric 

chloride.[110] Their work provides the first real-time in situ visualization of iron-binding to 

negatively charged Mms6, where an amorphous iron prenucleation phase was observed to 

preferentially appear on micelle surfaces.[110] The study by Kashyap et al. is among the first 

in liquid TEM to explore a protein-based template for the formation of biomimetic 

minerals,[110] shedding light on how ion-binding reactions may take place within specific 

liquid iron-based biological systems and beyond.  

 

In other work studying magnetotactic bacteria, Woehl et al. used a correlative approach 

combining liquid TEM with fluorescence microscopy.[111] Both techniques have the 

advantage of imaging viable, unfixed, hydrated cells, and the study was the first to examine 

magnetotactic bacteria in liquid conditions in TEM. A key distinction is emphasized that 

the cells imaged were viable before imaging, not necessarily culturable post situ. Woehl et 

al. discussed challenges in assessing whether cells are alive or not within liquid TEM and 

several factors, notably electron beam irradiation and confinement, which may have 

resulted in alterations or arresting of cellular functions as well as possible reproductive 

death of cells post situ.[111] Using magnetosomes as high-contrast particles as labels, the 

bacteria were easily identifiable in liquid TEM and correlated with fluorescence 

microscopy.[111] Low electron dose rates in thin liquid regions were attributed to the 

resolution of intact membranes with minimal ultrastructure damage in situ observed.[111]  

 

Other works have since probed magnetotactic bacteria to study their unique magnetosomes. 

Prozorov et al. observed magnetotactic bacteria and magnetic nanoparticle assemblies 

using liquid TEM through off-axis electron holography.[112] They successfully 

demonstrated the ability to collect electron holograms in liquid, with sufficient signal in 

the low-contrast structures for reconstructions of electron wave phase shifts, as well as 

visualized magnetization of nanocrystals through magnetic mapping.[112] These studies 

present tremendous advancements in cellular imaging using liquid TEM with 

complementary techniques, opening the door towards in vivo imaging for a wide variety of 

biomineralizing applications. Further, these works have implications beyond the study of 

magnetotactic bacteria, where a variety of bacteria are studied within the biomineralization 

field, with microbe-mineral interactions being important within the study of habitat 

mineralization and for de-pollution research.[155] 

 

Further, using thin-film graphene enclosures, Firlar et al. recently explored the nucleation 

and growth processes of magnetosomes in magnetotactic bacteria.[113] To induce 

biomineralization, specimens were grown in an iron-depleted medium and then exposed to 

an iron-rich solution when encapsulated in the graphene enclosure.[113] Within the work, 

nucleation and growth of nanoparticles resembling in vivo biomineralization of 

magnetosomes were reported, indicating the bacteria were alive and viable during TEM 

imaging.[113] The graphene enclosure was theorized to have led to higher tolerance to 

electron beam-induced radiation damage, with less liquid encapsulated and thinner 

membranes.[113] However, the article provided limited biological assessments post situ or 
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correlative ex situ to support these claims – where the formation of iron-based nanoparticles 

resembling magnetosomes could potentially occur in the presence of relevant template 

proteins and iron sources demonstrated by Kashyap et al.[110] in their in situ work with 

Mms6. Regardless, this work provided HR imaging and visualized these biomineralization 

reactions in the context of a whole cell structure, thus presenting tremendous strides toward 

how these processes may occur in vivo and highlighting the potential of the technique for 

studying whole biomineralization organisms.  

 

These select additional studies demonstrate the versatility of the liquid TEM technique to 

support biomineralization-themed research. Apart from iron-based biomineralization 

processes and the previous calcium-based studies reviewed, there are limited liquid TEM 

works relating to the biomineralization field. This presents a substantial opportunity for 

expanding liquid TEM research, which through real-time observation of dynamic 

interactions could aid in answering important research questions about how 

biomineralization processes occur. For instance, biomineralization processes related to 

marine silica cycles have not yet, to our knowledge, been probed using liquid TEM, where 

silica biomineralization is ecologically important to several organisms such as sponges, 

radiolarians, and diatoms. 

 

2.3.6. General Challenges & Considerations for Liquid TEM 

 

While successful mineralization studies utilizing liquid TEM  have been highlighted in this 

review, several technical challenges remain that can impose limitations on experiments. 

Although it is possible to perform HR liquid TEM, optimum liquid TEM imaging 

parameters and standardized experimental settings are yet to be established, since best 

practice approaches are far from being understood, especially for electron beam-sensitive 

matter.[41] As such, running an in situ liquid TEM experiment can be a daunting task for 

the first-time user. However, with the right background information paired with careful 

experimental planning to wholistically consider the system being explored, the liquid TEM 

technique offers a highly impactful way of exploring mechanisms behind biomineralization 

processes dynamically in real time.  

 

In this context, we have summarized a general proposed workflow for liquid TEM methods 

for observing biomineralization events and key considerations to make along each step 

(Fig. 7). As shown in Figure 7, it splits up the general workflow for in situ 

biomineralization into: A. Considerations before in situ liquid TEM and B. Considerations 

for in situ liquid TEM acquisition. These are generalized and applied to a variety of other 

liquid TEM systems. 
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Ch. 2.3 – 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 used to address these questions and optimize their experimental 

conditions accordingly to tune towards a liquid enclosure. B. Considerations for in situ liquid TEM 

acquisition. Users should reflect on the liquid enclosure they aim to use (Fig. 2), acquisition setup 

parameters, electron dosage, and post situ analysis. 

 

Considerations Before In Situ Liquid TEM 

 

Thus far, liquid TEM research presented herein has focused on successes within the 

biomineralization field for performing novel in situ research. However, there are several 

challenges related to the execution of the liquid TEM technique which requires 

introspective inspection and planning before running the experiment to overcome these 

hurdles and get interpretable data. We note: Liquid TEM will not be the magic answer to 

all your research questions. For example, if a liquid TEM experiment is planned poorly, 

consumable resources, money, and time could be wasted in pursuit of an answer that may 

be unable to be answered using a particular liquid TEM configuration.  

 

Importantly, before moving forward with planning liquid TEM mineralization 

experiments, one should establish a research goal and ask yourself (Fig. 7A.-1): What am 

I trying to explore dynamically? As in any experiment planning, specific research questions 

relating to the overarching research goal should be established at the beginning of the 

project, which are related to a research goal and tied may be tied to an established 

hypothesis supported by literature if applicable. As a second step, one should consider the 
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technique and ask (Fig, 7A.-2): Can liquid TEM examine the events that I aim to 

explore/observe? A careful translation of an experiment to a liquid enclosure should be 

considered as to how a system may be scaled down for liquid TEM. A potential user should 

also think about what advantages liquid TEM has over other techniques that would prompt 

them to use this method to lead to an answer to their research question. Special 

consideration should be made for spatial and temporal resolution needed to answer a 

research question and whether in situ methods can capture these dynamics in real-time.  

 

Moreover, as discussed earlier in this review, confinement within small liquid volume 

enclosures can influence mineralization reactions, where others have reported confinement 

impacts on nucleation rates and the stabilization of larger ACP particles in solution in 

comparison to bulk in vitro studies.[97,105] This should further be considered in scaling down 

to the liquid TEM level. For instance, one can imagine that larger samples and assembly 

processes ranging from several microns in size or more may further be impacted by a thin-

liquid TEM enclosure. Strong and well-understood in vitro models should be established 

before a liquid TEM study to translate a biomineralization reaction trying to be mimicked 

in situ. Compounding variables can add additional factors that influence observations in 

situ; dividing a hypothesized reaction into steps with levels of control can aid in the 

interpretation of liquid TEM results and validate findings later on. Using an established 

biomimetic in vitro model can potentially lead to well-informed observations with 

optimized experimental conditions that can be scaled up from liquid cells to make 

meaningful contributions to the field of biomineralization.  

 

A relevant challenge with liquid TEM strategies is acquisition data tends to be more 

qualitative than quantitative. For in situ liquid TEM research, there is often a lack of 

confidence in reported results where small sample sizes are considered as often 

experiments show limited repeatability.[156] Observations can give information on size, 

composition, homogeneity, distribution, etc., but as enclosures are not reusable and are 

relatively expensive in addition to EM time, it is difficult to study a wide variety of samples 

with statistical significance. For performing liquid TEM studies, it is thus essential to 

consider sample optimization before in situ studies and ask (Fig. 7A.-3): How can I get my 

sample ready for liquid TEM? Challenges with collecting quantitative data using liquid 

TEM are often overcome through correlative ex situ means to understand reactions that 

may take place and validate observations made in situ later. In correlative studies, larger 

sample sizes are typically more feasible, serving for quantitative validation and identifying 

important reaction time points to probe in situ. Sample optimization through correlative 

means can further help in understanding how confinement in liquid TEM may impact a 

reaction in comparison to bulk in vitro studies. Additionally, as demonstrated, the use of 

complementary correlative techniques can also be informative in understanding reactions 

occurring in situ using liquid TEM for biomineralization research and their 

validation.[97,102,104,111] Several of the published studies reviewed within this work support 

their research claims through correlative means, be it through ex situ analysis with 

spectroscopy methods such as EELS and/or EDX, correlative techniques including FTIR 
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and thermogravimetric analysis (TGA), or computational-based estimations such as 

molecular dynamic simulations.  

 

Considerations for In Situ Liquid TEM 

 

At the start of performing in situ liquid TEM research, an enclosure must be chosen, and a 

researcher should answer (Fig. 7B.-1): Which liquid TEM enclosure is suitable for my 

experiment? As described within this review, several different enclosure options have been 

used in literature, generally summarized in Fig. 2 for TEM while other methods for SEM 

including RTILs and WETSEM capsules were discussed.  

 

Many factors can influence the selection of an enclosure, such as functional requirements, 

liquid thickness needs on specimen size, as well as field of view and desired resolution. 

Considerations for selecting an appropriate enclosure are discussed earlier in this review, 

particularly focusing on the selection of SiN-based versus thin-film enclosures for liquid 

TEM. From literature survey on liquid TEM studies related to the biomineralization field, 

enclosure methods are summarized in Table 1 where SiN-based commercial holders are 

among those widely used within the community to date. One possible reason for the wide 

acceptance of SiN holders is the quicker process for commercialization and slower 

adoption of thin-film assemblies in biomineralization research. SiN-based commercial 

holders can meet some of the functional requirements needed to replicate physiological 

conditions within a biological environment, with options for heating and flow, while 

functional thin-film enclosures with flow and mixing capabilities have only recently been 

explored experimentally.[69,74] 

 

Another deciding factor in selecting enclosures relates to the amount of liquid that is 

typically encapsulated and resolution limitations based on enclosure setup. Liquid 

thickness combined with the contributing thickness of membrane windows has been one 

of the biggest limiting factors in imaging resolution in liquid TEM, as the resolution is 

reduced with electron scattering.[42] With the advent of thinner membrane windows and 

thinner liquid layers encapsulated in enclosures, this problem has been better addressed in 

literature, though remains a challenge for biomineralization research. Routinely, thin-film 

enclosures encapsulate much less liquid – often resulting in isolated liquid pockets rather 

than a continuous liquid layer – in comparison to commonly used SiN-based enclosures. 

The liquid pockets provide thinner imaging regions and thus lead to higher resolution in 

imaging.[49,51,72] The use of thin-film enclosures can also help reduce artifacts from window 

bowing from high vacuum conditions experienced in SiN-based assemblies that can 

contribute to thicker liquid layers.[157] However, these thin liquid layers can limit solution 

mobility and confinement effects may further be experienced. In comparison, thicker layers 

offered in SiN-based holders can provide more liquid in encapsulation and an improved 

ability to enclose larger biological specimens, which may be necessary to visualize 

biomineralization reactions over time and reduce confinement effects. However, thicker 

imaging regions can lead to increased beam scattering and decreased resolution.[157,158] 

With thicker liquid layers, Brownian motion and liquid movement may be more prominent. 
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This can cause blurring in imaging and biases towards larger, less mobile particles and 

agglomerates.[84,85] 

 

Acquisition setup is also a key element to consider, where users should ask (Fig. 7B.-2): 

What is the spatial and temporal resolution needed? In TEM, a high-energy beam is 

transmitted through a specimen to get an image; this can be done through a broad beam in 

TEM or through rostering with a small probe in STEM. Different TEM modalities are 

available, such as BF TEM and HAADF STEM, which have been successfully applied 

within liquid EM paired with several analytical techniques such as diffraction, EELS and 

EDX.[42] Each technique provides unique insight into material behaviour, with different 

contrast mechanisms and optimizing in collection conditions required. Choosing the right 

modality could be vital for in situ validation and the observation of a particular 

phenomenon. It is outside of the scope of this paper to cover the physical considerations 

behind acquisition and different TEM modalities, though we recommend readers consult 

the book Liquid Cell Electron Microscopy edited by Frances Ross[159] as well as Williams 

and Carter’s book on Transmission Electron Microscopy[160] to gain insight on choosing 

appropriate acquisition conditions. 

 

Acquisition parameters are also important for collecting and determining framerates that 

are needed to capture a reaction taking place. Fast, instantaneous reactions that occur within 

seconds will need to be captured with a high framerate enabling camera while slow 

reactions occurring over long periods may need to be imaged serially at low framerates to 

reduce electron exposure and reduce dataset sizes. Advances in aberration-corrected 

electron optics, the advent of high-speed and sensitive direct electron detectors, and light-

element-sensitive analytical instrumentation, and their wider availability, are further 

leading into exciting new avenues for fast-frame, HR, and low-dose in situ imaging.[161] 

Others within the liquid TEM field have used automated acquisition tools paired with direct 

electron detectors to conduct high-throughput, low-dose biological imaging to collect 

sufficient views of specimens to reconstruct its 3D structure using single-particle 

analysis.[31,32] The availability and suitability of each such technique may depend on current 

resources available within an imaging facility as well as sample-specific acquisition needs.  

 

Generally, liquid TEM involves complex observations which necessitate a holistic 

approach to understanding the influence of compounding system variables. Notably, 

related directly to acquisition setup and determining spatial resolution and temporal 

imaging needs, one of the biggest challenges in liquid TEM includes considerations related 

to the electron beam and its effects.[42,162] The electron beam can both destroy samples or, 

if well monitored, can be used to help as a catalysis to initiate and drive reactions at faster 

rates.[28,51,74] Inelastic electron scattering can further lead to several physical and chemical 

changes, leading to imaging artifacts.[163] Researchers should seek to understand (Fig. 7B.-

3): What electron dose threshold should I use? To get a better understanding of the 

reactions at play in liquid TEM, researchers must consider how the electron beam interacts 

with the solution, the sample within the solution, and the membrane, to further understand 

what the sample is being exposed to and mitigate its effects. However, this is no easy task 
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and standardized operation procedures and workflow practices to consider remain a current 

challenge within the liquid TEM community.[28,157]  

 

Electron beam and sample interactions can cause radiolysis and ionization processes to 

occur which leads to the formation of reactive radiolytic products, dependent on electron 

flux and cumulative dose.[157] These products influence the local chemical environment and 

must ultimately be considered when interpreting the results of in situ experiments. System 

pH and temperature changes that may arise could impact mineralization events. For 

instance, work from Koutsoukos et al. studying the crystallization of CaP noted that 

changing composition ratios has a direct impact on acidity and solubility.[146] Further work 

showed different pH stability ranges of different CaP-based compounds.[4] Temperature 

changes alter the synthesis and stabilization of different calcium carbonate polymorphs.[164] 

While often overlooked, recent works by Birk et al. highlighted the necessity of considering 

local beam-induced changes in temperature and pH for liquid TEM research.[148,165] 

 

Thus, to make these considerations and monitor environmental changes in situ from the 

electron beam, the in situ community has identified electron flux, or dose rate, and 

cumulative electron dose as critical parameters for reporting to improve experiment 

reproducibility and validate results.[28] The total electron dose D is typically estimated 

through the following equation: 

𝐷 =
𝐼𝑝𝑡

𝑒𝐴
 (1) 

Where Ip is the probe current, t is the exposure time, A is the area exposed to the electron 

beam, and e is the elementary charge.[28] Wu et al. further described that electron dose rate 

is typically estimated in three main manners: 1) using a known conversion factor of signal 

intensity to electron count (ke) obtained for a camera, 2) measuring Ip using a pAmp 

Faraday cup built in the tip of a holder or mounted in the microscope, and 3) using a 

fluorescent screen read-out.[28,166] 

 

Considering the electron flux and cumulative electron dose, the schematic presented in Fig. 

8 is a summary of possible solutions to mitigate electron irradiation damage influencing 

liquid TEM research.[157] A general solution provided in all cases is to reduce the electron 

dose.[157] Works produced by Egerton and colleagues should further be consulted for 

understanding radiation damage in EM modalities and the mitigation of electron beam 

effects.[167–170] 
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Ch. 2.3 – Figure 8. Electron beam damage 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 Attribution 4.0 International (CC BY 4.0) 

License from Pu et al. [157] published by Royal Society Open Science (Copyright © 2020 Pu et al.). 

 

In setting up a liquid TEM experiment, it is important to consider the resolution required, 

which is proportional to the electron dose – where a scaling law implies reducing the dose 

leads to lower resolution.[28,167,171,172] Users need to identify what spatial and temporal 

resolution is needed for their liquid TEM experiment, rather than what maximum resolution 

is achievable, to minimize radiation damage. Moreover, there exists a limiting electron 

dosage, where, after a certain threshold, samples are critically exposed. In such an instance, 

mineralization events may be dominantly controlled by electron beam interactions, 

experience critical amounts of damage, and/or amorphize. Researchers have summarized 

that limiting dosage thresholds can be estimated by 1) diffraction pattern disappearance 

with exposure[28,173] or 2) Fourier transferred signal intensity reduction, which reduces 

exponentially with respect to electron dose.[28,174] Others have also recommended that 

electron dose be validated by taking a series of images at different conditions to understand 

the influence of electron dosage, electron flux, as well as beam energies.[28] 

 

Last of all, after in situ liquid TEM, one remaining question that should be considered in 

experimental workflow includes (Fig. 7B.-4): How do I validate products visualized in 

situ? For liquid TEM experiments which can often be challenging and costly to replicate 

results in a statistically relevant way, considerations must be made to correlatively 

understand what was observed in situ using post situ or post mortem means. Typically, this 

will involve disassembling the liquid enclosure after an experiment and performing TEM 

analysis on dry products on a window membrane, where products can be observed at higher 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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resolution without the liquid layer and concern of impacting an in situ reaction with longer 

electron beam exposures. Often, higher-intensity analytical chemical techniques that may 

have been avoided in situ, such as EELS, will be probed post situ to confirm elements 

presented in products.[30] Other correlative characterization means could be used, such as 

SEM, FTIR, and X-Ray diffraction analysis.  

 

2.3.7. Outlook & Concluding Remarks 

 

Biomineralization processes are essential for life on Earth. In this review, the liquid TEM 

technique itself is introduced and research utilizing in situ liquid TEM techniques relevant 

to biomineralization has been summarized, demonstrating the significant impact of this 

technology on the field. A range of exciting applications using the method was reviewed; 

from studying Ca to Fe-based minerals, many are using this technique to probe 

biologically-relevant mineralization reactions occurring in liquid with real-time and at 

nanometer resolution – complimenting timestamp-based traditional and cryo-TEM 

methods to establish mineralization theories. Moreover, for those interested in expanding 

their research capabilities with this technique, we summarized liquid TEM experimental 

details found in biomineralization studies (Table 1) and presented an experimental 

workflow (Fig. 7) as a reference to overcome the technical challenges discussed, notably 

related to liquid layer confinement and beam effects, acting as a foundational resource to 

achieve better quality liquid TEM data. 

 

The liquid TEM field is approaching a point where methods are better established, and 

experimental workflows have significantly improved since the field was established twenty 

years ago.[33,159] Emerging technical advances such as the possibility to perform liquid 

TEM tomography,[45] thin-film enclosures with sub-nanometer resolution and mixing 

capabilities,[69] smart dose and sample tracking software to streamline acquisition,[175] fast 

framerate low-dose direct-electron detectors,[26] and automated acquisition tools,[32] are 

transforming the field, leading us into uncharted research territories.  

 

However, the liquid TEM technique is yet to be widely adopted within the 

biomineralization field, where many of the works reviewed within this article stem from 

collaborations involving only a few key researchers using this novel technique. Reflecting 

on Table 1 which summarized liquid TEM experimental details, standardized reporting 

metrics still need to be established within the liquid TEM community related to enclosure 

setup and acquisition details. For instance, while electron dose rates are typically provided, 

especially for more recent articles, few shared details on the cumulative electron doses 

experienced by samples during imaging, which are essential to understanding damage 

threshold limits, understanding electron beam effects, and planning future studies in similar 

mineralization systems. For improvement, researchers should strive towards sharing clear, 

detailed information on experimental parameters to standardize these experiments. Guiding 

principles outlined by Wilkinson et al. for standardization reporting and data access, i.e. 

the Findability, Accessibility, Interoperability, and Reusability (FAIR) Guiding 

Principles,[176] should be adopted to remove barriers to using these novel techniques. 
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Considering the plethora of mineralization systems and species investigated within the 

biomineralization field, there is a clear opportunity to utilize this technique more to 

investigate these processes dynamically in a liquid environment. To date, simpler 

mineralization systems have dominated what has been published using liquid TEM, where 

the majority of the processes are Ca or Fe based. To our knowledge, no research has been 

published involving, for instance, silica mineralization, relevant to marine life. 

Additionally, limited works have considered the introduction of biologically relevant 

additives, such as proteins (e.g. NCPs) which are hypothesized to inhibit crystallization in 

biological systems, leaving the opportunity for the utilization of liquid TEM. In future, we 

anticipate the expansion of current and emerging liquid TEM methods to lead to 

transformative discoveries within the field of biomineralization, providing complimentary 

real-time dynamic insight on what may be happening in biological systems – revealing 

secrets behind life itself.  
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Chapter 3: Ionic Liquid Treatment for Efficient Sample Preparation of 

Hydrated Bone for Scanning Electron Microscopy 
 

3.1 Section Introduction (Objective i) 
 

SEM has been used for years in the characterization of mineralized tissues such as bone, 

particularly useful for its spatial resolution and spectroscopy capabilities. However, 

conventional preparation methods for bone necessitate lengthy steps to stabilize structures 

for imaging in a high-vacuum SEM environment, involving typically dehydration, fixation, 

and/or embedding steps that can risk altering native structures. As outlined in the 

objectives, in Chapter 3 a new liquid SEM protocol involving RTILs, also referred to as 

molten or fused salts, was explored for bone as an alternative solution to these conventional 

preparation methods. SEM preparation involving different low-vapour, highly conductive 

RTILs was optimized for the treatment of hydrated, unfixed healthy and pathological bone 

structures. An optimal RTIL treatment was established using a 10 % v/v [BMI][BF4] 

aqueous-based method which led to successful imaging in both SE and BSE mode with 

minimal electron beam charging effects even in EDX analysis. In comparison to 

conventional preparation means, this RTIL-based method reduced bone SEM preparation 

time by nearly ten-fold and was observed to better preserve natural bone structures. 

Overall, this research contributes a highly efficient new liquid SEM method for preparing 

bone and other biomaterials, having wide implications for the field of liquid EM. 
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1. Introduction 
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2. Materials and methods 

2.1. Bone preparation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ch. 3 – Figure 1. Illustration of conventional SEM preparation methods used for bone with time of each step 
approximated (estimation for bone specimens 1 cm3 or larger). 

Note that staining and embedding procedures would further lengthen the preparation time. 
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Ch. 3 – Figure 2. Schematic illustrating the specific RTIL treatment process used in this work for SEM imaging of 
hydrated, unfixed bone samples. 

Ch. 3 – Table 1. Summary of human bone specimen information imaged in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. RTIL application methods 

2.3. SEM imaging 

3. Results and discussion 

3.1. Effect of RTIL selection and concentration  
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Ch. 3 – Figure 3. BSE SEM images of healthy bone taken in low-vacuum conditions. Samples were treated with 5, 10, or 
25 % v/v of [BMI][BF4] (a-c) or [EMI][BF4] (d-f) in water for 60 s. All images show osteons in a central location 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 pooling was also observed on the structure. The 10 
% v/v had limited issues with charging and could be used readily for high resolution in both low and high-vacuum 
conditions, thus performed optimally within the treatments explored. 

 

 

 

 

 

 

3.2. RTILS for imaging cortical bone and trabecular bone 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Applications to osteoporotic bone 
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Ch. 3 – Figure 4. BSE SEM images of healthy bone in low-vacuum conditions treated with 10 % v/v [BMI][BF4]. Both 
cortical bone (a,b) with visible harversian canals and trabecular 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. 

 

 

 

 

 

 

 

 

 

 

 

 

Ch. 3 – Figure 5. RTIL 10 % v/v [BMI][BF4] treated intact, unfractured osteoporotic cortical bone samples, showing in 
(a-c) BSE SEM images 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 imaging quality in comparison to low vacuum observation in Fig. 4(a,b).   
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Ch. 3 – Figure 6. SE SEM images of RTIL 10 % v/v [BMI][BF4] treated fractured osteoporotic trabecular bone in high 
vacuum condition at successively higher magnification (a-c). Fine structural fracture surface and topography can be 
resolved with minimal charging effects. 

 

 

 

 

 

 

 

 

 

 

 

3.4. Comparison to dehydrated bone 

3.5. RTIL treatment and elemental analysis 
 

 

Ch. 3 – Figure 7. BSE SEM images of healthy dehydrated bone in high-vacuum conditions, highlighting both 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 and lamellar 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 
edge-effect charging in SE mode. 
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Ch. 3 – Figure 8. EDS analysis applied in imaging healthy cortical bone in low-vacuum mode using the 10 % v/v 
[BMI][BF4]. (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 of N, Si, Cl and S were also 
noted. Corresponding EDS elemental maps for characteristic elements present in bone structures (b) C, (c) Ca, (d) P, 
and (e) O, are shown. 

 

 

 

3.6. Potential pitfalls and challenges.  
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4. Conclusions 
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Chapter 3: Supplemental Figures 

  

Ch. 3 – Figure S1. SEM of healthy bone imaged with a 25 v/v% of [BMI][BF4] treatment in (a) SE and (b) 

BSE mode. RTIL solution pooling is noted on the edge of the sample (interface indicated by triangles), 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 

interface.  

  

Ch. 3 – Figure S2. SEM of healthy bone imaged with a 5 v/v% of [EMI][BF4] treatment in (a) SE and (b) 

BSE mode. Charging effects are noted (triangle) which resulted in noise and distortions (arrow) from 

scanning in SEM imaging.  
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Chapter 4: Advancing High-Resolution Imaging of Virus Assemblies in 

Liquid and Ice 
 

4.1 Section Introduction (Objective ii) 
 

Within the structural biology field, cryo TEM is considered the gold standard 

characterization technique for characterizing small biological specimens. However, cryo 

TEM captures specimens in ice, where the dynamic and flexible nature of biological 

structures are limited. With the advent of new liquid TEM techniques, there is a desire to 

pair the two methods to combine HR cryo with liquid dynamic imaging to expand insights 

into complex structures. Considering the ongoing COVID-19 pandemic, there is emerging 

pressure to gain dynamic insights into virus structures for the development of new 

therapeutics and the fight against future pandemic pathogens. As outlined in the objectives, 

in Chapter 4 new methods for HR liquid biological TEM of virions were developed. This 

involved the use of a commercial liquid TEM holder as well as a newly developed thin-

film liquid TEM enclosure. Combined with automated acquisition tools and low-dose 

direct electron detection, high-resolution structural features in the range of ~3.5 Å – 10 Å 

were able to be resolved using single-particle analysis and the enclosures were established 

as a correlative complementary tool for cryo TEM. Particularly, the development of a new 

thin-film liquid TEM enclosure was highlighted as a facile and affordable tool to perform 

liquid TEM and its assembly demonstrated within this video article, broadening the 

accessibility of the technique. Overall, this research contributes to the improvement of 

structural biology single-particle methods in liquid and ice for virus studies – helping give 

the field new resources for studying these elusive disease culprits. 
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Protocol 
 

1. Load the Poseidon Select System for Liquid-EM.  
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2. Produce Microchip Sandwich Assemblies 

 

 

 

 

 

 

 

 

 

 

3.  Imaging Specimens using a Transmission Electron Microscope 
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4. Data analysis and 3D structure comparisons 
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Representative Results 
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Ch. 4 – Figure 1. Techniques used for high-resolution imaging of viruses in liquid and in 
ice. The two workflows highlight different Liquid-EM sample preparation methods. The 
left panel shows a schematic representation of the Poseidon Select system. The SiN base 
microchip includes an array (500 μm x 100 μm) of integrated microwells (10 μm x 10 
μm) that are ~ 150 nm in-depth with a ~30 nm-thick membrane. The right panel 
presents a schematic of the microchip sandwich technique, which can be used for both 
liquid-EM and cryo-EM research. The sandwich assemblies use a SiN microchip paired 
with a carbon-coated gold TEM grid. A cross-section of the assembly indicates nine 
imaging windows ranging from 250 μm x 250 μm to 50 μm x 50 μm in size with 
membrane thicknesses of 10 nm or 5 nm, respectively. The carbon support film is ~5 nm 
thick.  
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Figure 2. The microchip sandwich technique for liquid-EM and cryo-EM. (A) The 
microchip sandwich assembly uses a SiN microchip (Simpore, Inc.) paired with a carbon-
coated gold TEM grid. A glow-discharged microchip is placed on a gel pack 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 loaded directly into a single-
tilt TEM holder or a TEM autoloader system. (C) Cross-section drawings of the microchip 
sandwich assembly highlight the dimensions of the microchips and carbon layer.  
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Ch. 4 – Figure 3. Comparison of liquid-EM and cryo-EM structures of AAV. (A) Structure of AAV in solution (3.22 Å 
resolution) with colored radial densities showing 5-nm 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 Å resolution) with 
colored radial densities represent 5-nm slices through the structure. Scale bar is 5 nm. Imaging metrics are for data 
acquisition using the Falcon 3EC direct detector. (C) A region of interest shows 5-second and 20-second time points 
along with Fourier transforms calculated at different time points. Left side shows CTF estimates, 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 Å. (E) Dynamic values 
in the liquid structures generated using the morph map function in Chimera. From left to right, structures show 
conformational changes with a corresponding ~5% diameter change, measured using EM data. RMSD values in voxels 
indicate changes according to the color scale. Adapted from Jonaid et al. (2021)12. 
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Ch. 4 – Figure 4. SARS-CoV-2 sub-viral assemblies prepared in liquid using the microchip 
sandwich technique. (A) Image of SARS-CoV-2 sub-viral assemblies isolated from serum 
fractions from COVID-19 patients (RayBiotech, Inc.). Imaging metrics are for data 
acquisition 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. Scale bar is 100 
nm. (B) Calculated Fourier transform of the image shows high-resolution information 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 the sub-viral assemblies (8.25 A resolution) is shown with colored radial densities at 
5-nm slices through the map. Scale bar is 25 nm. Adapted from Jonaid et al. (2021)12. 
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Ch. 4 – 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 thin and clear, simplifying area 
selection for data acquisition. Scale bar in (A) is 5 μm and 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. (D) Fourier transform 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 
(10.15 A resolution) is shown with colored radial densities at 10-nm slices through the 
map. Scale bar is 15 nm. 
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Chapter 5: Liquid Transmission Electron Microscopy for Probing 

Collagen Biomineralization  
 

5.1 Section Introduction (Objective iii) 
 

For mineralized tissues such as bone, collagen biomineralization processes are essential for 

their formation and maintenance. However, while studied extensively in research, the 

mineralization mechanisms behind these nanoscale processes are highly debated with 

many different contributing theories proposed in literature based on time-stamped 

observations. Liquid TEM provides a new way for theories behind collagen mineralization 

to be tested through real-time visualization. As outlined in the objectives, in Chapter 5 the 

newly developed thin-film enclosure featured in Chapter 4 was applied to study collagen 

biomineralization processes. A murine-derived collagen mineralization model was used 

with a CaP and pAsp solution to promote intrafibrillar mineralization. Using the liquid 

enclosure, HR details of collagen mineralization processes were revealed in liquid 

conditions, where direct electron detector automated acquisition provided high-throughput, 

low-dose imaging capabilities. Dynamic interactions were however not captured within 

this enclosure, theorized to be a result of confinement effects, lack of heating functionality, 

and cumulative beam damage. However, the first-time liquid TEM imaging of collagen 

mineralization progression provided unparalleled resolution into the natively hydrated 

structures. Amorphous precursors were noted in early mineralization while at more mature 

mineralization crystalline mineral platelets were observed along fibril lengths. Overall, this 

work contributes a new, facile liquid imaging approach that can be used for exploring 

collagen biomineralization and other biological systems, expanding our understanding of 

complex biological processes.    
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5.2. Abstract  

 

Collagen biomineralization is foundational to hard tissue assembly. While studied 

extensively, collagen mineralization processes are not fully understood as the majority of 

theories are derived from electron microscopy (EM) in static, dehydrated, or frozen 

conditions, unlike the liquid environment where mineralization occurs dynamically. 

Herein, novel liquid transmission EM (TEM) strategies are presented, where collagen 

mineralization was explored in hydrated liquid conditions for the first time. Custom thin-

film enclosures were employed to visualize the mineralization of reconstituted collagen 

fibrils in a calcium-phosphate and polyaspartic acid solution to promote intrafibrillar 

mineralization. TEM highlighted that at early time points, precursor mineral particles 

attached to collagen and progressed to crystalline mineral platelets aligned with fibrils at 

later time points. This aligns with current theories and validates this liquid TEM approach. 

This work provides a new liquid imaging approach for exploring collagen 

biomineralization, advancing toward understanding disease pathogenesis and 

remineralization strategies for hard tissues.  
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Liquid Transmission Electron Microscopy for Probing Collagen Mineralization  

 

5.3. Introduction 

 

Biomineralization is key to the formation and maintenance of mineralized tissues found in 

the musculoskeletal system of vertebrates, such as bones and teeth[1]. Bone is a 

biocomposite made primarily of calcium phosphate (CaP) mineral phase, known as 

hydroxyapatite, an organic phase consisting mainly of type I collagen and non-collagenous 

proteins (NCPs), and water.[2] Notably, the distribution and extent of CaP among collagen 

fibrils are fundamental to the mechanical strength of mineralized tissues.[3,4] Understanding 

the pathways behind collagen mineralization in tissues is thus significant for medical 

advancements; both to shed light on disease pathogenesis, such as periodontitis and 

osteoporosis, and to provide new insights for designing regenerative materials and 

treatment pathways.[5–7]  

 

Although collagen biomineralization has been studied extensively,[8–14] it is yet to be fully 

understood and well-controlled synthetically. Type I collagen is found prominently in hard 

tissues and formed of a triple helix of peptide chains rich in amino acids glycine, proline, 

and hydroxyproline.[15] The Type I collagen molecule is approximately 300 nm in length 

and 1.23 nm in width and in mineralized tissues like bone, they bundle together into fibrils 

with a repeating periodicity[11] of 67 nm, with characteristic gap and overlap zones of 40 

nm and 27 nm, respectively.[8,11] These gap and overlap zones play a key role in 

biomineralization, where CaP mineral nucleates preferentially within gap regions,[9,16–18] 

but can also grow outwards into overlap regions.[9,11,18] The unique structure of these fibrils 

combined with the presence of NCPs are believed to actively contribute to the 

biomineralization of collagen.[9] A significant portion of mineral can be found between 

(interfibrillar) and outside (extrafibrillar) of collagen fibrils as well.[12,19,20]  

 

For tissue regeneration applications, imitating this complex biomineralization behaviour of 

native collagen is key for engineering synthetic biomaterial models of similar structure, 

composition, and mechanical properties to facilitate tissue restoration.[7] This has been 

achieved in vitro with the use of organic macromolecules to replace the role of NCPs in 

templating mineral formation.[9] One such additive includes polyaspartic acid (pAsp), a 

synthetic mimic of NCPs believed to facilitate intrafibrillar collagen mineralization found 

in native mineralized tissues.[21,22] pAsp is an established additive in in vitro collagen 

mineralization models, where its highly disordered structure is theorized to act as a 

nucleation inhibitor of CaP in solution.[9,23,24] One theory suggests that pAsp sequesters 

mineral precursor, forming a negatively charged structure that interacts with the positively 

charged gap-zone C-terminus to mediate intrafibrillar mineralizatio.[26] 

 

Limited by the technologies available to probe it directly, questions still remain on how 

this process fundamentally takes place, notably: where is the mineral mainly located? And 

how does it transform and get there in the first place? To date, traditional and cryogenic 

(cryo) transmission electron microscopy (TEM) modalities have dominated the 
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characterization of nanoscale collagen mineralization processes and helped elicit crucial 

theories of their mechanistic pathways.[9,11,25–32] This research has led to tremendous strides 

within the collagen mineralization field, specifically involving the discovery of non-

traditional CaP crystallization theories involving precursor phases unlike traditional ion-

by-ion pathways.[32] However, these TEM methods cannot visualize structures in the liquid 

state, representative of how they exist within the human body. Within collagen, water is an 

integral part of its structure, where water migration from dehydration or osmotic stresses 

can lead to structural alterations such as shrinkage.[33] It can be inferred that the state and 

amount of water in collagen therefore influences structural observations made at the 

nanoscale. Moreover, sample preparation for TEM can lead to structural alterations arising 

from artifacts such as shrinking and ice-induced crystal formation that may influence 

nanoscale observations.[34–37]  

 

Thus, capturing mineralization processes in a liquid state is key to understanding and 

interpreting mineralization pathways. Liquid TEM, the room temperature correlate to cryo 

TEM, is a relatively new imaging technique that can provide high-resolution (HR) and real-

time information of hydrated biological states.[38–46] While cryo TEM routinely provides 

HR imaging, recent technical breakthroughs in acquisition strategies and thin films 

enclosures are pushing liquid TEM imaging resolution to comparable levels with the 

additional benefit of retaining hydration.[45] Liquid imaging is often performed in one of 

two ways: with a commercial liquid TEM holder, or by encapsulation methods. Neither 

approach has been used previously to observe collagen mineralization processes. 

 

Herein, liquid TEM techniques were used in a facile manner to probe collagen 

mineralization. A hybrid silicon nitride (SiN)-thin film enclosure was used with a simple 

two-step assembly process (Fig. 1), where collagen in solution was added to the enclosure, 

hermetically sealed, screened in a light microscope and loaded into the TEM. This method, 

adapted from the protocol described by DiCecco et al. for virus imaging[47], was highly 

repeatable – with an over 70% estimated encapsulation success rate, facile – taking only 

10 mins to prepare, and affordable – accessible to use without specialized equipment. 
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Ch. 5 – Figure 1. Microchip sandwich enclosure for liquid TEM of calcium phosphate-based collagen 

fibril mineralization processes. A. Assembly of liquid enclosure method from left to right, where 2 µL of 

mineralization solution is deposited onto a plasma-cleaned carbon-coated 400 mesh gold TEM grid, 

incubated for 4 minutes, and then excess solution is removed before assembling the enclosure by adding a 

SiN microchip on top to create a SiN-grid sandwich. B. The SiN-grid sandwich enclosure is hermetically 

sealed using a cryo-autoloader grid clip, then stored or imaged immediately using a single-tilt TEM holder. 

C. Cross-section of the microchip enclosure, highlighting the thin film of the 5 nm carbon and 10 nm SiN 

membranes. 

 

5.3. Results & Discussion 

 

A rat tail tendon source was used to extract reconstituted collagen fibrils for mineralization 

and imaging, described in greater detail in the supplemental methods (Fig. S1). CaP-based 
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solutions with pAsp were used to drive collagen mineralization, which have successfully 

mimicked  intrafibrillar mineralization similar to bone in vitro.[22] A 25 µg/ml 

concentration of pAsp (Mw 14 kDa; Alamanda Polymers, Huntsville, AL, USA) was used, 

where full mineralization of collagen fibrils (~0.1 mg/ml) has been observed to occur 

within 18 hrs. Solutions were mineralized in bulk at 37°C and sampled using liquid TEM 

at time points of 4, 7, 15.5, and 18 hours, rather than mineralized within the enclosures in 

an attempt to mitigate long-term confinement effects described in literature.[48] Automated 

low-dose image acquisition, automated focusing, frame averaging and direct electron 

detectors, detailed further in supplemental information, are some of the technological 

strategies implemented to enable imaging.  

 

Within a 4-hour mineralization period, two representative collagen stages were detected, 

with unmineralized regions dominating the mineralized (Fig. 2). Along less mineralized 

collagen fibrils both small and large higher-contrast globular particle aggregates were 

noted (Fig. 2A-B) and confirmed to be amorphous by SAED (Fig. 2B-Inset). This is 

indicative that the particles may be amorphous CaP (ACP) precursors. Mineral precursor 

aggregates have been identified in collagen models involving pAsp by works by Olszta et 

al.[24] and Deshpande and Berniash[23] with theories proposing a polymer-induced liquid 

precursor or involving particle attachment, respectively. Nudelman et al. theorize that 

collagen works together with pAsp to inhibit apatite formation and promote ACP 

infiltration observed in HR cryo TEM studies involving horse tendon-derived collagen.[25] 

They note clusters of charged amino acids in gap and overlap zones form nucleation sites 

that facilitate ACP transformation into aligned mineral apatite platelets.[25] Others studying 

compact turkey tendon collagen mineralization models theorize diffusive behaviour of 

mineral ions, where mineral precursors first integrate into the intrafibrillar space 

transversely and propagate in the longitudinal direction of fibrils to form mineral 

platelets.[26] 

 
While regions were observed with particles attached to fibrils with this work, a caveat is 

that these observations cannot rule out the presence of crystalline-based and/or ion-dense 

liquid precursors elsewhere in the bulk sample. However, without the presence of collagen, 

the same CaP mineralization solutions combined with pAsp at 25 µg/ml resulted in the 

formation of ACP precursor mineral phases in the form of branched polymeric assemblies 

or globular particle aggregates (Fig. S2). This observation aligns with assemblies 

visualized in similar CaP-pAsp-based systems, where works by Quan and Sone show that 

pAsp molecules increase crystallization inhibition effects by stabilizing ACP while recent 

in situ studies showed the formation of such assemblies through liquid TEM methods.[21,43] 
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Ch. 5 – 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 fibrils (box) 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 fibrils. Inset – B: SAED of these mineral 

aggregates show that they 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, where a liquid 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, highlighted visually in F. 

(arrows). Scale bars: A.-C. 500 nm, Inset-B. 5 nm-1, D. and F. 100 nm.  
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In other regions at 4 hours, select fibrils show signs of more mature mineralization, with 

mineral platelets formed along fibril lengths (Fig. 2D-F). This is expected as the fibrils will 

not all mineralize simultaneously based on their heterogeneous distribution in suspension 

and variations in bundle sizes. The presence of mineral platelets at the 4-hour period 

demonstrates the active role of collagen in mineralization with pAsp, as the same solution 

without collagen at 4 hrs forms ACP polymeric branched structures as opposed to needle-

like mineral platelets (Fig. S2). Faint collagen banding patterns that repeat locally at 

intervals of 66.3 ± 1.3 nm are shown in Fig. 2E, highlighted with better clarity in Fig. 2F 

(arrows). This local measurement is slightly lower than values obtained by Quan et al. 

reported as 68.0 ± 0.2 nm from cryo TEM of unmineralized collagen fibrils derived from  

rat tail tendon.[31] This difference is expected due to contractile stresses that arise during 

mineralization and result in shrinkage.[31,33,49]  

 

Similar trends were noted in correlative 4-hour collagen biomineralization study in 

dehydrated conditions (Fig. S3), where SAED results show the presence of a CaP apatite 

crystalline phase with diffraction pattern (DP) rings for planes (002), (211), and (004) 

observed (Fig. S3D-Inset). The (002) and (004) DP arcs in reciprocal space aligned with 

that of the collagen in real space, indicative of apatite c-axis alignment to the long axis of 

the fibril (Fig. S3D-Inset). However, even with sample rinsing, under dehydrated TEM 

preparation methods (Fig. S1C) salt residue was noted (Fig. S3A,B). Salt accumulation 

was not noted in hydrated conditions however – pointing towards the importance of having 

a fully hydrated view of biomineralized samples. 

 

At later time-points, after the 7-hour mineralization period, similar regions with various 

stages of mineralization were observed (Fig. 3). In Fig. 3A, bubbles (upper right) exemplify 

hydration in densely packed collagen region. Unlike many graphene liquid cells that feature 

isolated liquid pockets[50], continuous liquid layers in grid squares appear to be achieved. 

Figure 3B focuses on a collagen fibril that exhibits signs of early mineralization, 

surrounded by unmineralized fibrils seen at lower magnification (Fig. 3A). Particulate 

matter was also noted in solution and on collagen fibrils (Fig. 3B, triangles). To visualize 

the region with higher resolution, DED acquisition was also performed (Fig. 3C) in parallel 

to CETA camera imaging. Here, high-frame-rate 40 fps 4K videos were captured on the 

Direct-View camera at an electron dose rate of 45 e/Å2s (1 second exposure). Videos were 

frame averaged by processing with motion correction using cryoSPARC 2.14.2[51] with 

MotionCor2 v1.2. DED acquisition shows, with high contrast, the presence of plate-like 

mineral features aligned along the collagen fibril among what appears to be amorphous 

darker contrast regions (Fig. 3C). SAED highlights faint diffraction patterns, the start of 

fine mineral platelets forming (Fig. 3C-Inset), though these are on a predominantly 

amorphous background without a distinguishable preferential orientation, as seen by 

images. Cryo TEM observations by Nudelman et al. show that collagen mineralization 

progresses by the infiltration of ACP and later the formation of apatite mineral platelets 

arises from ACP regions, with a similar intermediate platelet-ACP region noted.[25] 
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Ch. 5 – 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 unmineralized fibrils (arrows) and thicker clusters of less well-dispersed fibrils 

(stars). Bubbles (in starred regions) indicate the imaging area is hydrated. B. Higher magnification image 

showing an intermediate phase of collagen mineralization wherein smaller mineral aggregates were seen in 

solution and attached to the featured fibril (arrowheads). C. DED acquisition (frame-averaged 4K 40 fps 

movie, 1-sec exposure) shows plate-like mineral features resolved clearly with high contrast in the hydrated 

fibril in select regions along its length. Inset - C: 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 µm, B. and C. 200 nm, Inset-C. 5 nm-1. 

 

The fibril featured in Fig. 3B-C is only partially mineralized, with the transverse direction 

showing signs of mineralization across its width, while the longitudinal direction is 

mineralized only in the specific segment shown in Fig. 3B-C, though it extends further 

(Fig. 3A). This indicates active mineralization was ongoing before encapsulation for TEM 

imaging. The ends of this mineralized region seem partially mineralized, suggesting 

mineralization is still occurring at these mineralization fronts – progressing outwards, 
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along the length of the fibril. This parallels the mineralization model proposed by Macías-

Sánchez et al.[26] whereby using a compact turkey-tendon collagen model, mineralization 

is said to occur first transversely across a fibril width and then proceeds longitudinally.  

 

Nearly mature fully-mineralized collagen arose after longer times, with a representative 

period of 15.5 hours in Figure 4. Stable bubbles demonstrate the hydrated nature of these 

specimens (Fig. 4A). At a higher magnification region, discrete mineral platelets were 

observed aligned with their c-axis to the fibril length (Fig. 4B). Again, DED acquisition 

shows clear platelets aligned with collagen banding, suggesting the possibility of 

intrafibrillar mineralization (Fig. 4C). On the SAED, (002), (211), and (004) rings were 

noted with (002) and (004) arcs aligned to fibrils in real space (Fig. 4C-Inset1,2), 

confirming the presence of apatite with preferred c-axis along the fibril length. Imaging of 

the mature 18hr collagen mineralization period (Fig. S4) further supports that the enclosure 

membranes and liquid environment have limited influence on interpreting SAED patterns.  
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Ch. 5 – Figure 4. Representative BF TEM micrographs of hydrated mineralized collagen fibrils after 15.5 

hours in the presence of pAsp. A. Low magnification imaging highlights visible mineralized collagen fibrils 

(box). Bubbles (stars) indicate the imaging area is hydrated. B. Higher magnification image shows a region 

with distinctive mineral platelets visualized to be aligned along the length of the collagen fibrils featured. C. 

DED acquisition (frame-averaged 4K 40 fps movie, 1-sec exposure) shows at higher resolution the clear 

definition of these platelets. Insets 1,2 – C: SAED shows 002), (211), and (004) rings corresponding to CaP-

based apatite crystals. The (002) and (004) arc alignments are indicative that the crystalline apatite is 

preferentially oriented with its c-axis parallel to the long axis of the collagen fibrils. Scale bars: A. 500 nm, 

B. and C. 200 nm, Insets-C. 5 nm-1.  

 

Collagen fibrils and their aggregates were challenging to image in liquid TEM. First, they 

are quite large for liquid TEM enclosures, with ranges in size from twenty to hundreds of 

nanometers in diameter, which also corresponds to sample thickness.[52] Moreover, 

collagen fibrils distribute heterogeneously in solution and tend to aggregate. This poses a 

challenge for commercial liquid TEM holders that use rigid SiN membranes, where the 

large collagen fibrils would act as spacers – leading to thick liquid layers that limit the 
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resolution and/or uneven membrane stresses that lead to rupture.[42] While affordable 

graphene thin-film liquid TEM enclosures are now often used and result in thinner liquid 

layers for HR imaging,[53–58] their assembly can be complex with multiple steps and the 

handling of fragile graphene susceptible to cracking.[55,59] Moreover, only small amounts 

of liquid are captured within these assemblies, where liquid pockets enveloping samples 

are often achieved rather than continuous liquid layers.[59] The effect of the lack of liquid 

on mineralization kinetics would likely be substantial. The hybrid carbon-SiN membrane 

liquid TEM thin-film enclosure used herein (Fig. 1) proved to be effective in imaging these 

large samples with continuous liquid layers while automated tools and direct electron 

detector acquisition allowed for high-throughput HR imaging at low dose. 

 

While this exciting new strategy holds promise for studying biomineralization reactions in 

hydrated conditions, a limitation was that dynamic events could not be captured with this 

imaging strategy. This is theorized due to the following three factors, discussed herein, 

which must be considered in the future: i) confinement effects, ii) lack of heating 

functionality of the enclosure, and iii) cumulative beam damage. 

  

Firstly, based on qualitative changes observed in liquid contrast, it is likely that the carbon 

TEM-grid film ‘blankets’ the collagen structures, where near the fibrils the collagen itself 

acts as a local spacer but away from the fibrils the liquid thins out. Confinement of 

mineralized solutions in small liquid volumes is known to affect mineralization, namely by 

influencing nucleation rates and leading to larger ACP precursors in comparison to bulk 

volumes.[41,48] By using a bulk mineralization solution and probing at defined time points, 

some long-term confinement effects may have been avoided in this work. Further, the thin 

liquid layers and encapsulation may have provided more of a 2D, rather than 3D, space for 

mineralization where collagen fibrils and large particles were immobilized within the 

enclosure. Similar observations have been made in carbon-based thin-film liquid cells of 

larger biological samples such as bacteria, which are described as being wrapped in the 

film with limited movement,[60] while smaller samples, such as adeno-associated virus[45] 

and platinum nanocrystal growth in solution,[61] have been reported to exhibit dynamic 

motion in such enclosures. 

 

Secondly, the current enclosure has no heating functionality to mimic physiological 

conditions in which collagen biomineralization occurs at 37°C. Thermodynamics play a 

key role in calcium phosphate mineral nucleation and particle growth rates, as summarized 

in detail by Sorokina et al.[62] Energy transferred thermodynamically into a system by heat 

contribute to the control of nucleation and growth, affect the diffusion of mineralization 

products, and influence the thermodynamic stability of pre-nucleation and ACP phases 

present in the system.[62] Considering the colder vacuum TEM environment, this may have 

delayed mineralization within the enclosures, nearly halting reactions from progressing and 

limiting dynamics. 

 

Last of all, electron beam sensitivity of the solution and cumulative beam dose damage 

contribute to challenges related to capturing dynamic mineralization processes. In this 
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mineralization system, the use of buffers stabilized to a pH of 7.4 is hypothesized to aid in 

reducing chemically active species[38] while in mineralized fibrils apatite acts as a 

scavenger of radiolysis species to increase electron beam dose damage thresholds.[63] 

However, in thicker liquid regions where small particle motion was observed during 

screening, beam sensitivity of the solution caused near-instant bubbling (Fig. S5A). Such 

bubbles form from H+ ions arising from beam irradiation during imaging of beam-sensitive 

solutions and in thick regions that require a higher beam intensity to resolve formed 

products.[63,64] Automated imaging through SerialEM helped overcome these barriers to 

mitigate beam exposure during sample screening, though beam-sensitive regions still 

posed problems for longer video acquisitions needed to capture dynamics. Cumulative 

doses of approximately 250 e/Å2 were detected to lead to severe structural beam damage 

in mineralized fibrils (Fig. S5B). Moser et al.[64] report that structural damage such as 

shrinking occurring in biological cell samples as low as 4 e/Å2 while structural damage 

caused by bubbling in cryo TEM occurred in ranges between 300-400 e/Å2. 

 

5.4. Conclusion 

 

This work demonstrates a facile method to visualize collagen mineralization in liquid TEM 

for the first time. A new hybrid SiN-thin film liquid TEM enclosure hermetically sealed 

with a clip was presented which encapsulated collagen fibrils in thin, continuous liquid 

layers for imaging. Automated acquisition and direct electron detection provided high-

throughput, low-dose, HR imaging of collagen in liquid. In addition, automated imaging 

helped in increasing acquisition efficiently in screening samples and identifying regions of 

interest, while mitigating unnecessary electron beam exposure prior to acquisition. 

 

Using these imaging techniques, various stages of mineralization were captured in liquid: 

an amorphous mineral phase was noted attached to unmineralized fibrils at initial time 

points, then amorphous and crystalline mineral platelets co-existed, and finally, distinctive 

nanoscale mineral platelets that aligned with their c-axis along the collagen fibrils were 

revealed, and confirmed through SAED to be a crystalline apatite. These observations 

parallel and complement the findings of others under dry or cryo conditions, [9,11,25–31] 

validating this liquid TEM technique as a feasible tool to apply to the investigation of 

complex real-time mineralization processes. This work highlights a significant leap 

forward by introducing a facile liquid TEM characterization tool to  view native hydrated 

specimens with nanoscale features – important for understanding collagen mineralization 

and foundational to the clinical study of mineralized tissues and their repair. 
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Chapter 5: Supplemental Information 
 

5.5. Materials and Methods  

 

5.5.1. Collagen Fibrillogenesis 

 

Collagen was extracted from a rat-tail tendon model as a close structural mimic to type I 

collagen found in mineralized tissues within the human body.[1,2] Collagen fibrillogenesis 

and crosslinking of this model are further elaborated in works by Lausch et al.[3] Briefly, 

extracted rat tail tendons were dissolved at 1 mg/mL in 0.5 M acetic acid. Then, the solution 

was diluted 1:1 by distilled water (diH2O) and the pH was adjusted to 5.0 with 1 M NaOH, 

which was incubated for 2 hours in a water bath at 35°C before collecting collagen fibrils.  

 

Collected collagen fibrils were fixed using glutaraldehyde over an 18-hr fixation period 

with 0.08% glutaraldehyde in an aqueous solution (Electron Microscopy Sciences, 

Hatfield, PA, USA). Samples were subsequently dialyzed against diH2O for 2 days with 

frequent water replacements to halt system reactions and remove glutaraldehyde and acetic 

acid from the system.  

 

5.5.2. Collagen Mineralization 

 

An overview of key experimental details within this and the following subsections of the 

materials and methods is provided in Fig. S1. Reconstituted collagen fibrils were 

mineralized based on procedures adapted from published work by the team of Despande 

and Beniash,[4] where a calcium phosphate-based system is used. Mineralization was 

prepared by mixing equal volumes of collagen fibrils in diH2O at a concentration of 

approximately 0.4 mg/mL with the following aqueous-based solutions, all buffered to a pH 

of 7.4 at 37◦C using 1 M of hydrochloric acid: 9 mM CaCl2 in 50 mM Tris, 4.2 mM K2HPO4 

in 50 mM Tris, and 100 mM Tris–500 mM NaCl (Tris-NaCl). Poly-L-aspartic acid (pAsp) 

sodium salt (pAsp 100 – Mw 14 kDa; Alamanda Polymers, Huntsville, AL, USA) was 

dissolved into the Tris-NaCl solution such that a desired concentration of 25 µg/ml of pAsp 

would be achieved in the final solution. All mineralization solutions, except the collagen 

suspension, were filtered through a 0.2 µm acrodisc syringe filter before incorporation. 

After mixing, the final mineralization solution consisted of 125 mM NaCl, 1.7 mM CaCl2, 

9 mM Na2HPO4, 50 mM Tris, and a concentration of 25 µg/ml of pAsp and an approximate 

concentration of 0.1 mg/mL of collagen fibrils. Prepared solutions were mineralized at 

37◦C in a water bath set with a probe-controlled hot plate and gentle mixing of 100 rpm. 

All reagents described were purchased from Sigma Aldrich and dissolved in Milli-Q 

diH2O, except for the pAsp which was purchased Alamanda Polymers as noted.  

 

For liquid TEM, mineralization periods of 4, 7, 15.5, and 18 hrs were probed to capture 

early to mature mineralization phases within collagen fibrils. For correlative studies of the 

mineralization solution without collagen fibrils featured in the supplemental material, the 
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solution was prepared in the same manner with simply diH2O added instead of the collagen 

fibril suspension. 

 

5.5.3. Liquid Enclosure TEM: Sample Preparation and Acquisition 

 

Figure 1 of the main body of this article highlights schematically the two-step assembly 

process of the liquid enclosure used in this work, adapted from the protocol described in 

DiCecco et al.[5] The hybrid SiN-thin film enclosure used is composed of two pieces: a 2.9 

mm diameter silicon nitride microchip with nine membrane windows (sizes: (8) 250x250 

µm + (1) 250x500 µm) with a membrane thickness of 10 nm (SiMPore Inc., West 

Henrietta, NY, USA) on one side and a gold 400 mesh TEM grid with a 5 nm carbon film 

(Electron Microscopy Sciences) on the other, clamped together by copper grid clip used 

for cryo-TEM autoloaders (ThermoFisher Scientific, MA, USA). Before loading, all TEM 

grids and SiN microchips were plasma glow discharged for 2 cycles of 45 seconds with a 

plasma current of 15 mA using a Pelco EasiGlow instrument (Ted Pella, Inc. Redding, CA, 

USA).  

 

To form the enclosure, 2 µL of the liquid collagen solution was deposited onto the carbon 

side of a TEM grid resting on a gel pack holder (Fig. 1A). The grid was then incubated for 

4 minutes to allow collagen to settle. During this time, the samples were screened under a 

light microscope to confirm collagen deposition. Following this, excess solution was 

removed with the edge of a piece of Whatman #1 filter paper (Sigma-Aldrich Canada Co., 

Oakville, ON, Canada), and the sample was enclosed by the addition of the SiN microchip 

(Fig. 1A) on top. Early attempts at collagen deposition onto SiN highlighted that collagen 

removed itself easily from the membranes, while the carbon-coated TEM grid kept samples 

stable on the surface and was thus used. The assembly was hermetically sealed with a 

copper grid clip, traditionally used for cryo TEM autoloaders (Fig. 1B). Prior to insertion 

in the TEM, the enclosure was inspected using a light microscope to ensure there were no 

cracks in the SiN microchip and that collagen fibrils were visible. 

 

For correlative dry TEM samples presented within the supplemental of this study, 2 µL of 

a liquid mineralization sample was deposited onto a copper 400 mesh TEM grid with either 

a continuous or lacy 5 nm carbon film (Electron Microscopy Sciences) for reactions with 

or without collagen, respectively. These samples were then incubated for 4 minutes and 

then dipped into methanol to halt any further mineralization reactions and rinse away 

excess products arising from drying. 

 

A single-tilt TEM holder was used for bright field (BF) TEM imaging using a Talos F200C 

or X  series TEM (ThermoFisher Scientific, MA, USA), both operated at a voltage of 200 

kV and equipped with a Direct-View direct electron detector (Direct Electron, CA, USA) 

and/or a CETA camera. For liquid TEM, the SerialEM software[6] (University of Colorado, 

Boulder, CO, USA) was used to facilitate high-throughput acquisition through automation 

using both the CETA camera and Direct-View detector. 5Automated sample screening 

using SerialEM provided low-dose, low-magnification window-membrane maps, which 
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supported quick sample screening and the selections of regions of interest (ROIs) for 

imaging. This offered quick screening capabilities of the entire microchip sandwich for 

ROIs, limiting beam exposure to the sensitive samples. Within each TEM grid square 

captured, ROIs for imaging were either selected manually or chosen through a grid square 

of points for serial acquisition, where SerialEM automated focusing was used to adjust 

acquisition parameters adjacent to an ROI to mitigate its beam exposure to an ROI. 

 

Electron dosage was varied between 40-55 e/Å2 per acquisition. When considered, direct 

electron (DE) movies were acquired at 40 fps, with 1 s exposure at an approximate rate of 

45 e/Å2s. These DE movies were frame averaged to provide images featured within this 

work with motion correction using cryoSPARC 2.14.2[7] with MotionCor2 v1.2.3. 

Selective area electron diffraction (SAED) was achieved using either 10 µm or 40 µm sized 

apertures which covered an approximate diameter of 125 nm or 250 nm in the real image, 

respectively. Indexing for SAED polycrystalline patterns for CaP-apatite was done by 

analyzing concentric ring patterns belonging to the polycrystalline structures captured 

using the ImageJ software. From these measurements of the calibrated camera acquisitions, 

interplanar spacing was calculated and compared to reference CaP-based crystal structures. 

Regions with distinguishable ring patterns were compared to a hydroxyapatite 

crystallography base reference[8] – as expected for mineral platelets present in mineralized 

collagen fibrils within regions investigated. 

 

5.5.4. Line Scan Analysis 

 

When referenced, the periodicity of collagen fibrils was investigated using grayscale 

intensity analysis using the ImageJ software package “Plot Profile” function. Here, the 

fibril considered is featured in Figure 2 with 6 distinguishable periods noted. This region 

was considered for line grayscale intensity profiling along the c-axis of the collagen fibril, 

with an applied averaging line width of approximately 47.7 nm (300 px). Local graph 

maximum and minimum points were identified using MATLAB, where a custom 

smoothing algorithm[9] was applied for local peak identification using pseudo-Gaussian 

smoothing (4 passes of the same sliding average) applied to 5 data points at a time. The 

periodicity of the collagen fibril was calculated based on the appearance of a local 

maximum present, visually associated with collagen banding patterns, found at repeating 

patterns of the grayscale intensity plots.  
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5.6. Supplemental Images 

 

 
 
Ch. 5 – Figure S1. Liquid TEM and Correlative 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 sandwich enclosure 

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 the 4-hr 

mineralization period. D. Overview of key TEM acquisition parameters. The murine schematic in A. was 

created with Biorender.com. 

 

 
 
Ch. 5 – 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. B. Higher magnification image shows branched 

spherical mineral assemblies. Insets 1, 2 – B: SAED of regions marked in B. show the amorphous nature of 

mineral aggregates.  
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Ch. 5 – Figure S3. Representative correlative BF TEM micrographs of dry mineralized collagen fibrils 

after 4 hrs in the presence of pAsp. A.-B. Representative regions consisting 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 

possibly adhere to the fibrils – a drawback to this traditional dry-based 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 observed along the length of the collagen fibril. Inset – D: SAED 

show the (002), (211), and (004) rings corresponding to CaP-based apatite crystals, where (002) and (004) 

arcs alignment indicate that these mineral platelets are preferentially oriented with its c-axis parallel to the 

long axis of the collagen fibrils. Scale bars: A., B., and D. 200 nm, C. 500 nm. 
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Ch. 5 – Figure S4. Representative BF TEM micrographs of hydrated mineralized collagen fibrils 

mineralized for 18 hrs, showing minimal influence of the enclosure on SAED interpretation. A.-B. Low to 

high magnification imaging highlights highly mineralized collagen fibrils, with mineral (darker contrast) 

appearing along the fibril length. Inset 1– B: SAED of the substrate in the region without collagen shows 

the amorphous nature of the SiN and carbon film membranes. Inset 2 – B: SAED show the (002), (211), and 

(004) rings corresponding to CaP-based apatite crystals, where (002) and (004) arcs alignment indicate that 

these mineral platelets are preferentially oriented with its c-axis parallel to the long axis of the collagen 

fibrils. These patterns are noted 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 signal detection. Scale bars: A. 500 nm, B. 200 nm, 

Insets-B. 5 nm-1.  

 

 
 
Ch. 5 – Figure S5. Representative regions of thicker liquid and bubbling artifacts in 15.5 hr collagen 

mineralization sample. A. 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 by liquid mobility within thick regions in this liquid TEM imaging. 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 250 e/Å2. Scale bars: A. 500 nm. B. 200 nm. 
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Chapter 6: Towards Understanding Dynamics Behind Collagen 

Mineralization Through In Situ Liquid TEM – Trials and Tribulations 
 

6.1 Section Introduction (Objective iii) 
 

Determining the mechanisms behind collagen mineralization processes presents many 

medical benefits to society, whereby an improved understanding of these pathways can 

help identify better treatments for hard tissue diseases such as osteoporosis as well as aid 

in tissue regeneration research involving implants. However, the dynamic mechanisms 

behind these processes have yet to be visualized, where our current understanding of these 

processes is enumerated from dry or frozen time-stamp states of these reactions. As 

outlined in the objectives, Chapter 6 sought to explore the dynamics behind these processes 

using liquid TEM and attempted to overcome the functional limitations described in 

Chapter 5. A similar collagen mineralization model from Chapter 5 was used in Chapter 6, 

involving a murine-derived collagen model with a CaP and pAsp solution to promote 

intrafibrillar mineralization. Successful acquisition of dynamic nanoscale processes was 

captured using a commercial liquid TEM holder mimicking physiological conditions at 

37°C to study dynamic mineralization reactions. Uniquely, I present evidence of the 

coexistence within this model of two amorphous precursor phases, potentially involving 

polymer-induced liquid as well as particle attachment mineralization mechanisms. 

However, several liquid TEM challenges remain, particularly beam sensitivity and 

distribution, which pose limits on what can currently be captured, though provides many 

exciting avenues in future to explore this system. Overall, this work contributes to a new 

understanding of potential mechanisms behind collagen mineralization involving ACP 

phases which interplay with one another as well as demonstrates the potential of liquid 

TEM for biomineralization research. 

 

Authors: Liza-Anastasia DiCecco, Ruixin Gao, Eli D. Sone, Kathryn Grandfield. 

Publication: This work is to be submitted in 2023.  
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6.2. Abstract 

 

Collagen is one of the major constituents of mineralized tissues. Understanding its 

biomineralization mechanisms can aid in the improvement of regenerative biomaterials and 

inform new treatment pathways for diseases. While studied extensively, collagen 

mineralization is yet to be fully understood. Several competing theories exist based on 

time-stamped observations using conventional transmission electron microscopy (TEM) 

means. But – complementary real-time dynamic observations are needed for validation. 

Liquid TEM, an emerging technique used to observe nanoscale reactions in near-native 

liquid environments, is explored as an alternative to probe dynamic collagen mineralization 

at physiological temperatures in real-time for the first time. To elucidate early to mature 

mineralization behaviour, an established biomimetic rat-tail tendon reconstituted collagen 

mineralization in vitro model is used, featuring poly-aspartic acid (pAsp) as a mimic of 

non-collagenous proteins to mediate collagen mineralization. Evidence of two amorphous 

mineral precursors were noted in liquid, where at early mineralization an ion-dense mineral 

phase was observed while at later stage mineralization dynamic results show particle 

attachment at a mineralization front. This may suggest that two mechanisms interplay the 

two phases interplay in collagen biomineralization processes in the presence of pAsp. 

Technical limitations to the liquid TEM technique, notably impacts of collagen 

heterogeneity and electron beam sensitivity, are summarized. We aspire sharing trials and 

tribulations in a transparent manner will bridge technical knowledge gaps and guide others 

seeking to use liquid TEM. This work lays a foundation for studying collagen 

mineralization in situ and brings us closer to understanding how it occurs.   

mailto:kgrandfield@mcmaster.ca
mailto:eli.sone@utoronto.ca
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Towards Understanding Dynamics Behind Collagen Mineralization 

Through In Situ Liquid TEM – Trials and Tribulations 

 

6.3. Introduction 

 

Collagen is one of the most abundant proteins in the human body and forms the structural 

units responsible for the differentiated properties of connective tissues. Type I collagen 

molecules, formed of a triple helix of peptide chains rich in amino acids glycine, proline 

and hydroxyproline, are most prominently found in mineralized tissues such as bone.[1,2] 

Its molecule is approximately 300 nm in length and 1.23 nm in width, where in human 

bone they bundle together to form fibrils with a stacked repeating periodicity of 

characteristic gap and overlap regions on average of 67 nm.[3,4] As one of the major 

constituents of hard tissues, the study of collagen structure and mineralization pathways is 

key to improving biomaterial design for hard-tissue regenerative medicine applications and 

for helping inform new treatment pathways of related diseases such as osteoporosis and 

dental caries.[5–9] Notably, the mechanical properties of bone are attributed to the extent 

and distribution of calcium phosphate (CaP) based mineral, typically hydroxyapatite 

(HAP), among collagen fibrils.[10,11] An in-depth understanding of how CaP mineralizes 

with respect to collagen hence offers significant possibilities for clinical advances.  

 

Decades of research and advances in characterization techniques have led to transformative 

findings and theories on how collagen biomineralization may occur,[3,4,12–16] however, the 

mechanisms behind these processes have remained elusive. While it is generally accepted 

that high mineral-dense matrix vesicles start primary mineralization in bone, secondary 

mineralization over time involving the formation, refinement and organization of CaP-

based mineral platelets among collagen is widely disputed.[1,12,17] A combination of non-

collagenous proteins (NCPs) and the distinct structure of collagen molecules and formed 

fibrils are believed to regulate the initiation and growth of CaP biomineralization.[12] It is 

theorized that gap and overlap zones fulfill an important role in collagen mineralization, 

where preferential intrafibrillar CaP mineral nucleation has been observed in gap 

regions[12,18–20] that seem to grow in excess outwards into overlap regions[3,12,20]. Apart from 

intrafibrillar regions, mineral has also been reported to be found outside (extrafibrillar) and 

amid (interfibrillar) collagen fibrils.[14,21,22]  

 

Biomimetic in vitro models have been used to elucidate the influence of various systematic 

factors contributing to complex collagen biomineralization processes.[12] One such 

successful mimic in collagen mineralization models has included the use of polyaspartic-

L-acid (pAsp) as a substitute for NCPs found in natural mineralized collagenous 

tissues.[12,23] Research performed by Olszta et al[24] and Deshpande and Berniash[25] were 

among the first to use this additive in mineralization solutions to induce intrafibrillar 

mineralization in vitro, mimetic of what occurs in native hard tissues.  
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Current theories indicate that pAsp acts as a nucleation inhibitor, stabilizing CaP systems 

and delaying mineralization events due to its highly charged, aspartate-rich, disordered 

structure.[12,23–27] The size of aspartate-rich sequences of pAsp impact mineralization, 

where work by Quan and Sone suggests that larger pAsp molecules increase crystallization 

inhibition effects, decreasing the growth rates of amorphous CaP (ACP) and ultimately 

leading to its stabilization.[23] It has also been suggested that pAsp sequesters mineral ions 

or precursors in solution[24,25] and that its negative charge interacts with the positive C-

terminus of collagen gap-zones, delaying extrafibrillar mineralization and leading to the 

mediation of intrafibrillar mineralization.[26] Through this interaction with pAsp, 

mechanistically CaP apatite minerals are hypothesized to form through the action of either: 

1) the formation of a polymer-induced liquid precursor (PILP), otherwise described as an 

ion-dense highly hydrated ACP phase, that infiltrates into collagen fibrils by capillary 

action to then form apatite,[24] or 2) the binding of pAsp to collagen, leading to the 

sequestering of supersaturation of mineral ions locally, particle attachment, and then direct 

mineralization into collagen fibrils.[25] Regardless, despite being extensively studied, these 

theories have yet to be validated through in situ observation and remain contended.  

 

Commonly, traditional and cryogenic (cryo) transmission electron microscopy (TEM) 

methods have been used to explore collagen biomineralization mechanisms and reveal 

structural insights into these pathways, eliciting key theories on their mineralization.[12,23–

26,28–34] These techniques provide a high-resolution (HR) avenue to probe nanoscale 

mineralization events, however, they only capture time-stamp observations in a dry or 

frozen state. Water is integral to the collagen structure, where its displacement can lead to 

structural alterations such as shrinkage.[35] Thus, to validate theories behind these 

interactions, real-time dynamic liquid imaging is required to visualize these nanoscale 

processes. With the advent of improved manufacturing in microchip fabrication and 

enclosure methods, liquid TEM is an emerging technique that can visualize nanoscale 

organic-inorganic interactions in near-native liquid state environments, in real-time and at 

resolutions encroaching those similarly achieved through conventional and cryo TEM 

means.[36–44] Liquid TEM could be a key correlative means to validate established theories 

on the complex mechanisms behind collagen mineralization with real-time resolution, but 

technical challenges to date have restricted the visualization of such dynamics. Recently, 

our team demonstrated that thin-film liquid TEM enclosures can be used to study HR 

collagen mineralization steps in hydrated conditions, although dynamic reactions were not 

captured as described in Chapter 5. Overall, the samples have been challenging to image 

in liquid; collagen is beam-sensitive, fibril aggregations impose excess stress onto viewing 

membranes, as well as act as spacers leading to local thick liquid layers, confinement in 

thin films restricts particle mobility, and mineralization is sensitive to local environmental 

conditions – discussed in detail in Chapter 5.  
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Herein, dynamic collagen mineralization events in liquid at physiological temperatures are 

shown for the first time. This work sheds light on collagen mineralization mechanisms by 

overcoming technical challenges experienced prior with the implementation of the liquid 

TEM experimental configurations summarized in Figure 1. A previously established in 

vitro rat tail tendon-derived reconstituted collagen model mineralized with exposure to CaP 

and pAsp is consulted as a mimic of Type I collagen found in bone.[9,23,45] Early collagen 

mineralization periods were explored using a Protochips Poseidon liquid TEM holder with 

heating at 37°C to mimic conditions in the body using a silicon nitride (SiNX) based 

enclosure (Fig. 1A). The Poseidon holder was also used to explore correlative 

mineralization solutions in situ without the addition of collagen using a microwell 

configuration (Fig. 1B). Observations from experiments presented seem to point towards a 

combination of both proposed theories from literature for collagen mineralization. A 

significant caveat to liquid TEM remains its low repeatability for capturing these events 

and thus qualitative observations must be paired with correlative experimental methods. 

Trials and tribulations related to overcoming issues with repeatability and efforts to make 

this liquid TEM configuration work for collagen-based systems are shared. Ultimately, the 

novel liquid TEM techniques presented are not aimed to replace current characterization 

methods but rather offer real-time dynamic complementary insight to help validate theories 

arising from time-stamp observations, providing researchers with unparalleled 

opportunities to probe mineralization reactions. This work provides a foundation to move 

the field forward toward improving upon our liquid TEM capabilities to capture nanoscale 

inorganic-organic reactions and providing new means to unravel the intricacies behind how 

collagen mineralization occurs.  

 

 
Ch. 6 – Figure 1. Overview of liquid TEM enclosures used to capture mineralization dynamics. A. 

Protochips SiNx microchip assembly with heating used to observe collagen mineralization dynamics with 

exposure to CaP and pAsp. B. Protochips SiNx microchip assembly featuring representative microwells used 

to probe mineralization reactions of the CaP-pAsp 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 scale. 
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6.4. Materials & Methods 

 

6.4.1. Collagen Preparation 

 

To study collagen biomineralization processes, a biomimetic rat-tail tendon reconstituted 

collagen mineralization in vitro model was used. The model closely mimics the structurally 

Type I collagen found in hard tissues in the human body.[9,23] The work described by 

Lausch et al. [9] describes the model collagen fibrillogenesis and crosslinking preparation 

in greater detail while Quan et al.[34] performs structural characterization on the structures.   

 

To summarize the technique, rat tail tendons were surgically extracted from and then 

dissolved at 1 mg/mL in 0.5 M acetic acid. The solution was then diluted 1:1 by distilled 

water (diH2O) and pH was adjusted to 5.0 using 1 M NaOH. After a 2-hour incubation 

period at 35°C in a water bath, collected collagen fibrils were fixed for 18 hours using a 

0.08% glutaraldehyde aqueous solution (Electron Microscopy Sciences, Hatfield, PA, 

USA). After this crosslinking process, to remove excess glutaraldehyde and acetic acid as 

well as cease further system reactions, the collagen fibrils were dialyzed against diH2O for 

2 days with frequent water replacements. 

 

6.4.2. Mineralization Experiments 

 

Mineralization experiments were conducted based on an adaption to established procedures 

using a calcium phosphate-based system published by Despande and Beniash[25]. The 

aqueous-based mineralization solutions were prepared by mixing equal volumes of: 

prepared collagen fibrils in diH2O at a concentration of approximately 0.4 mg/mL, 9 mM 

CaCl2·2H2O in 50 mM Tris, 4.2 mM K2HPO4 in 50 mM Tris, and 100 mM Tris–500 mM 

NaCl (Tris-NaCl). Prior to mixing, pAsp sodium salt (Mw 14 kDa; Alamanda Polymers, 

Huntsville, AL, USA), referred to as pAsp100, was dissolved into the Tris-NaCl solution 

to achieve a final solution concentration of 50 µg/ml for collagen mineralization 

experiments and 25 µg/ml for experiments without collagen. Except for the collagen 

solution, all other mineralization reagents were buffered to a pH of 7.4 at 37°C using 1M 

of hydrochloric acid and filtered through a 0.2 µm acrodisc syringe filter before use. For 

mineralization experiments without collagen fibrils, diH2O was substituted in equal 

volume to the collagen fibril suspension.  

 

Prepared solutions were mineralized at 37°C in a water bath set with a probe-controlled 

hot plate and gentle mixing of 100 rpm. All solutions for the experiments described were 

mineralized first in vitro and sampled at periods of interest for either in situ liquid TEM or 

ex situ correlative analysis. This was done to avoid long-term mineralization in situ under 

confinement, where mineralization in small liquid volumes has been reported to influence 

nucleation rates and lead to larger ACP particles in solution.[39,46,47] In between 
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transportation and setup periods, mineralization solutions were stored on ice to minimize 

reaction progression. All reagents were purchased from Sigma Aldrich and dissolved in 

Milli-Q diH2O unless otherwise specified.  

 

6.4.3. Liquid TEM Enclosure and Dry Sample Preparation  

 

Liquid TEM experiments were performed using the Poseidon Select (Protochips, 

Morrisville, NC, USA) liquid TEM holder, a commercially available holder with in situ 

heating functionality. An exploded view of all of its components and the general liquid 

sample addition process and assembly process flow are shown in Figure 2.  

 

 
 

Ch. 6 – Figure 2. Protochips Poseidon Select assembly. A. Exploded view of the holder, highlighting the 

top and bottom SiNX microchips or E-chips that are sealed together through the addition of a face plate. B. 

Sample addition and assembly process shown for the holder, where 1) the small base E-chip is inserted into 

the O-ring in the open configuration of the holder then 2) liquid solution is drop-casted onto it and 3) the 

top large E-chips is added to the face place is screwed to seal the assembly. 

 

For liquid TEM collagen mineralization experiments featured, EPB-55A bottom SiNX 

microchips, or E-chips referred to by Protochips, were paired with EHT-45ZZ top heating 

SiNX E-chips. Both microchips have a 550 µm × 50 µm membrane window size. For these 

experiments, E-chips were arranged in a parallel configuration to maximize the field of 

view for experimentation to find regions of interest. During acquisition, the sample solution 

was heated to 37°C using the holder’s in situ heating functionality. 
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For mineralization experiments without collagen added, EPT-42A top microwell E-chips 

with an 8 × 16 array of 10 µm × 10 µm, 170 nm-deep microwells were used paired with 

ECB-39A bottom E-chips, which had 400 µm × 200 µm and 300 µm × 90 µm membrane 

window sizes, respectively. For this configuration, E-chips were aligned perpendicularly 

to each other, leaving an effective viewing membrane window area of 200 µm × 90 µm. 

The perpendicular alignment provides higher stability to the assembly and mitigates 

bulging at the sacrifice of a larger viewing area. The microwells used in this assembly 

create small, isolated liquid pockets for running multiple experiments simultaneously to 

each other while mitigating beam effects from overspilling from one microwell to the 

next.[36,43] The microwells also have supports within the membrane through sections 

separating microwells, which contribute to a more rigid membrane that can lead to reduced 

bulging and a more uniform liquid layer within microwells. 

 

E-chips were cleaned following the standard operating procedure recommended by 

Protochips to remove their photoresist protective layer. This involved a two-minute acetone 

then methanol wash, with approximately 50 mL of each solution, after which compressed 

air-dried E-chips were plasma cleaned with a Solarus Gatan Plasma System under 30 kW 

power conditions for two minutes with a Ne, H2, and Ar gas combination (Gatan, Inc., 

Pleasanton, CA, USA). To form the liquid enclosure (Fig. 2B), variable amounts of 

mineralization solution, between 1-2 μL, were deposited onto the bottom E-chip and 

incubated for 2 minutes. Excess solution was removed using the edge of a piece of filter 

paper before adding the top E-chip and sealing the liquid TEM holder assembly, all done 

with screening using a light optical microscope (LOM). Prior to TEM imaging, the sealed 

liquid TEM holder was leak checked using a custom-designed vacuum pump station based 

on the HiCUBE™ Eco turbo pump platform (Pfeiffer Vacuum, Inc., Aßlar, Germany). 

 

Following in situ liquid TEM experimentation, the holder was disassembled, and E-chips 

were removed, dipped in methanol to halt mineralization reactions from further progressing 

and clean samples of excess mineralization products, and then air-dried for post situ 

analysis. Correlative ex situ analysis was conducted using the same in vitro bulk 

mineralization solutions used for in situ testing at similar periods. Ex situ samples were 

drop-casted onto carbon-coated 400 mesh Cu TEM grids (Electron Microscopy Sciences, 

Hatfield, PA, USA) in 2 μL amounts. Liquid samples were allowed to incubate onto the 

grids for 2 minutes and then gently rinsed in a series of methanol droplets and allowed to 

air dry before imaging. 

 

 

6.4.4. TEM Acquisition and Analysis 

 

TEM acquisition was performed Talos 200X TEM (ThermoFisher Scientific, Waltham, 

MA, USA) equipped with an X-FEG source operated at 200kV in bright-field (BF) mode 
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with a CETA 16M camera. For post situ and ex situ correlative analysis, either the Poseidon 

Inspection single-tilt (Protochips, Morrisville, NC, USA) or a standard single-tilt 

(ThermoFisher Scientific, Waltham, MA, USA) holder was used. A 100 μm objective lens 

was used for low-dose beam exposure liquid TEM acquisition, with electron flux or dose 

rates varying between 0.40-6.5 e-/Å2s in dynamic video mode and 0.40-10 e-/Å2s otherwise 

for standard imaging. This electron dose rate aligns with acceptable ranges identified 

within mineralization systems involving CaP[36] and CaCO3
[37] as a safe threshold with 

limited beam-induced crystallization effects, having similar thresholds to low-dose cryo 

TEM if short exposures are considered.[48] Rates were measured using a recently calibrated 

fluorescent screen. Beam size was locked during imaging such that it would not vary during 

magnification to reduce sudden changes in beam dosage during screening and sample 

screening was further minimized throughout acquisitions. For acquisition, an exposure 

time of 1 second per frame was chosen using the Velox software (ThermoFisher Scientific, 

Waltham, MA, USA) with a 1-sec delay between acquired frames. All videos provided in 

the supplemental information were exported at a sped-up framerate of 10 fps, where 

elapsed time is featured in the upper left of each video in the minute:second configuration. 

When used, selective area electron diffraction (SAED) patterns were acquired using either 

a 10 or 40 µm sized aperture which provided an area coverage of an approximate diameter 

of 125 or 250 nm, respectively, in real space. SAED indexing was accomplished by 

analyzing concentric rings present in polycrystalline structures using the ImageJ software. 

Radii measurements from the camera-calibrated acquisitions were used to calculate the 

interplanar spacing and then compared to a hydroxyapatite (HA) crystallography base 

reference[49] – the expected present mineral phase in mineralized collagen fibrils.  

 

Scanning TEM (STEM) mode using a high-angle annular dark field (HAADF) detector 

was used for post situ analysis. Electron energy loss spectroscopy (EELS) was conducted 

using a CMOS detector (Thermo Fisher Scientific) for EELS acquisition at an energy 

dispersion of 0.3 eV/channel and with a convergence semi-angle of 10.5 mrad. Dual EELS 

was used to simultaneously collect spectra from both core-loss and low-loss regimes. The 

acquisition region had a pixel size of 1.2 m and was collected with an exposure time of 

0.005 s, where the total acquisition time was 21 min and 31 s in the region analyzed. EELS 

spectra were analyzed using Digital Micrograph Suite (GMS) 3.4.3 (Gatan, Inc., 

Pleasanton, CA, USA). Spectra collected were processed using principal component 

analysis (PCA) for denoising through the GMS PCA denoising option, based on the work 

of Lucas et al.[50] For maps collected, a power Law background subtraction modelling 

approach was taken. Elemental maps for Ca were generated from signals extracted within 

the corresponding peak energy window of PCA-analyzed spectra after background 

subtraction.  

 

6.4.5. Grayscale Intensity Line Scan Analysis 
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Grayscale intensity line scan analysis was used to investigate collagen periodicity using 

the ImageJ software package and then analyzed in MATLAB. When implemented for Fig. 

8, the “Plot Profile” function in ImageJ function was used for 7 whole distinguishable 

periods within the collagen fibril observed. Line scanning was done profiling along the 

long axis of the collagen fibril, with a line width averaging approximately 89.8 nm (280 

px). Using MATLAB, a custom smoothing algorithm[51] was applied to the collected data 

using pseudo-Gaussian smoothing (4 passes of the same sliding average) applied to 5 data 

points at a time. The software was also used to identify local graph maxima and minima 

points to correlate with the line scan region to calculate the periodicity of the patterns 

present at repeating intervals. 

 

6.5. Results & Discussion 

 

6.5.1. CaP-pAsp In Situ Mineralization in Liquid TEM 

 

To better understand in situ collagen mineralization reactions, the CaP-pAsp 

mineralization solution was investigated firstly on its own using in situ liquid TEM 

measures with the use of isolated microwells. In this set of experiments, a lower 

concentration of 25 μg/ml pAsp was used as a correlate to previously published work by 

Quan et al.[23] While studied extensively through time-stamped observations, limited 

research, except preliminary results of our own,[41] has explored this CaP-pAsp system 

dynamically in liquid.   

 

Two representative early mineralization time points of approximately 2 and 4 hours were 

explored, where dynamic mineralization reactions were observed (Fig. 3). At the 2-hour 

mineralization point, small nucleation products and particles are seen (arrows, Fig. 3A). 

As mineralization progressed in different microwells, assumed to be isolated from each 

other and representative of different experiments running in parallel, branching and growth 

of particle assemblies occurred at approximately a 2.5-hour point (Fig. 3B, Video S1). To 

reduce electron beam dose, the long-term observation of CaP mineral assembly growth was 

prioritized over the observation of nucleation and growth mechanisms which require a 

higher magnification and dose. Thus, a low dose rate of 0.4 e-/A2s was selected to provide 

sufficient resolution to observe particles over time while simultaneously mitigating beam 

effects. Under these exposure rates, where Videos S1 and S2 have cumulative doses of 

approximately 400 e-/A2 and 800 e-/A2, respectively, the solution appeared stable. Beam-

induced crystallization and sample degradation were not readily observed when comparing 

microwells that were exposed to the electron beam for relatively long periods in 

comparison to those that were left ‘untouched’ by the beam and only quickly screened for 

validation.  
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Ch. 6 – Figure 3. In situ liquid 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 mineralizing for 2 hours. B. In a new microwell, 

at the 2.5-hour mark, small particle clusters are observed and are seen attaching (Video S1). C. At the 4-

hour mineralization point, larger branched aggregates are visualized to move in solution (Video S2). D. 

Correlative ex situ dry 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 

mineralization. 

 

At the 4-hour mineralization point, larger mineral aggregates were observed to grow over 

time and form branched assemblies (Fig. 3C, Video S2). Correlative ex situ mineralization 

results at the same period highlight similar-sized branched assemblies, where 

representative SAED confirms that the products formed are ACP in nature (Fig. 3D). In 

keyframes from Video S2 shown in Fig. S1, white triangles point out regions of the 

aggregate shown in Fig. 3C that transform over time. The regions of interest seem to 

transition from a dense phase to a more discretized branch-like particle aggregates with 

distinctive beads or globular particles. This could be further paralleled to the work from 

Olszta et al[24] and the formation of an ion-dense ACP PILP phase in the native liquid 

environment. However, the lower resolution of this reaction due to the low electron dose 
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rates used cannot, with certainty, validate this theory. Moreover, considering the size of the 

aggregate visualized and its partial mobility, products may be affected by the confinement 

of the liquid microwell and be partially adhered to the membrane window.  

 

Post situ analysis of the sample after in situ mineralization for 6 hours (sample from Fig. 

3C) is shown in Figure 4. Using the HAADF-STEM modality, EELS confirmed that the 

branched particle assemblies visualized were Ca-based, where the Ca-L2,3 edge could be 

identified in the products, while the surrounding region without products was absent of this 

signal (and representative of the SiNx membrane itself) (Fig 3C,D). Correlative ex situ 6-

hour mineralization results highlight the formation of large aggregates of similar polymeric 

branch morphology, wherein these structures were observed to be nearly amorphous (Fig. 

S2A). Without the addition of pAsp to inhibit crystallization, structures mineralized in this 

solution are expected to form crystalline apatite much quicker.[23,52] Figure S2B shows a 

correlative ex situ 5.5 hr mineralization period without the addition of pAsp to exemplify 

its role; a large, crystallized apatite structure is shown with no signs of polymeric branch 

structures when pAsp is not added (Fig. S2B). 

 

These findings are consistent with the expected role of pAsp in solution. The mineral 

products visualized in situ at both 2 and 4 hr time points can be compared to the works of 

Quan and Sone using the same CaP mineralization solution buffers and pAsp concentration 

analyzed under dry conditions.[23] Similar branched polymeric bead assemblies were 

achieved in their experiments at 2 and 4-hour time points, where pAsp is attributed to a 

delay in apatite formation from Ca2+ ion-selective electrode measurements.[23] Similarly, 

cryo TEM observations, however without the presence of pAsp, have clearly demonstrated 

the formation of branched polymer assemblies before CaP crystalline mineral formation.[52] 

Prior in situ observations have also shown this behaviour, where nucleation and growth of 

similar branched assemblies, formed without the addition of pAsp, occurred within 20 

minutes of mineralization with continued branching and growth observed within 60 

minutes.[36] Polymeric branches and aggregated spherical particles in these systems without 

pAsp were visualized within earlier ranges of 2-60 minutes,[36,52] showing the comparative 

delay of mineralization events in 2-6 hour time points within the work presented here when 

pAsp is present. These findings and preliminary mineralization experiments set the stage 

for conducting in situ mineralization experiments in the same solution in the presence of 

collagen.  
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Ch. 6 – Figure 4. Post situ dry S/TEM of CaP particle products, mineralized for approximately 6 hours in 

the presence of pAsp. A. BF TEM and B. HAADF STEM imaging of representative product on the SiNx 

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 the in situ phase formed were Ca-based products where the Ca-L2,3 

edge is identified, while the surrounding region without products was absent of this signal (representative of 

the SiNx membrane itself). 

 

6.5.2. Early Collagen Minearalization in Liquid TEM 

 

Liquid TEM methods with heating at 37°C to mimic physiological conditions in the body 

were successfully applied to capture dynamic collagen mineralization reactions in solution 

from early (diffuse polymeric structures, limited CaP mineral platelets) to more mature 

(highly contrasted mineralized structures, CaP platelets aligned along fibrils) phase 

mineralization. As early as a 4-hour mineralization period, signs of mature mineralization 

have been observed within this collagen model from Chapter 5. Collagen fibrils do not 

mineralize simultaneously with each other within this system, attributed to their 
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heterogeneous suspension in solution, differences in surface area, solution exposure in 

vitro, and aggregation effects – as expected even within the body.  

 

At early collagen mineralization periods, the majority of fibrils have diffuse contrast and 

have limited mineral platelets observed within their structures, demonstrated by the 2.5 hr 

mineralization period in Fig. 5. These regions were highly unstable during liquid TEM 

imaging, where solution bubbling was seen almost instantly at low electron dose rates of 2 

e-/A2s or less. On magnification (Fig. 5B), short-beam exposures of an approximate 

cumulative dose of 10 e-/A2 showed already an increase in bubble sizes and a change in 

contrast of the fibril, eliciting potential electron damage to the collagen fibril. Recent 

literature suggests that HA, the common CaP-mineral phase in mature mineralization, can 

act as a scavenger of radiolysis species and thus lead to increased electron beam dose 

damage thresholds.[53] Likely this may explain the much higher beam sensitivity of the 

system at early mineralization points where mineral apatite is not yet observed – where 

more mature mineralization periods, discussed later, experienced higher beam damage 

tolerances.  

 
 
Ch. 6 – Figure 5. In situ liquid BF TEM of hydrated collagen fibrils, mineralized for approximately 2.5 

hours in the presence of pAsp. A. Low-magnification 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 low-dose screening measures 

with a rate of approximately 2 e-/A2s. B. High magnification of visualized fibril from region enclosed in B., 

where aggregates of unknown phase appear around and attached to the collagen (triangles).  

 

Considering challenges with beam sensitivity at this early mineralization stage, dynamic 

observations that elucidate mineralization initiation have yet to be captured using liquid 

TEM in this system. The magnified region in Fig. 5B where bubbles expanded with beam 

exposure did however lead to a partly thinner area on the fibril exposing particulate matter 

of an unknown phase (arrows, Fig. 5B). This seems to be attached to the fibril and could 

be visualized in the surrounding region, though it could not be fully resolved due to the 
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beam sensitivity and formation of bubbles on continued imaging. Thus, it is difficult to 

distinguish whether this is an agglomeration of particles or potentially an ion-dense PILP 

phase. 

 

Similarly, correlative ex situ dry imaging of a 2.5-hour mineralized sample (Fig. 6A) shows 

diffuse low contrast in fibrils characteristic of early mineralization, where most fibrils are 

not fully mineralized and have minimal contrast. Darker regions represent areas that have 

accumulated mineral products and/or have started to mineralize. Representative areas 

shown in Fig. 6B-G highlight similar regions to Fig. 5 with particles attached and 

surrounding collagen fibrils. These regions appear to have less defined particulate 

structures, with no large polymeric structures but rather a diffuse phase decorated with 

small higher contrast particles. SAED shows these structures to be amorphous, with no 

diffraction rings or points noted (Fig. 6D, G). From the mineralization, times observed here 

and the reported CaP crystallization inhibition role of pAsp,[23] products observed in situ 

here seem to be an ACP precursor mineral phase to collagen mineralization. The structures 

seen in situ and ex situ, supported by the in situ observations in the absence of collagen 

presented in 3.1, seem to be potentially analogous to the ACP PILP collagen mineralization 

theory proposed by Olszta et al.[24] 

 

 
 

Ch. 6 – Figure 6. Representative correlative ex situ BF TEM of dry collagen fibrils, mineralized for 

approximately 2.5 hours in the presence of pAsp. A. Low-magnification image of survey region, where 

collagen fibrils seen are bundled on a dry carbon-coated TEM grid. B.-G. Variable magnifications of 

representative collagen fibrils with mineral products dispersed within the region. Insets - D., G. SAED 

patterns indicate that adhered particles are likely amorphous.  
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6.5.3. Dynamic Collagen Mineralization in Liquid TEM 

 

Later stage collagen mineralization progression after 6 hrs is shown in Fig. 7, where 

collagen had darker contrast and mineral platelets were visualized. Dynamic particle 

attachment events were captured towards the end of a collagen fibril at its mineralization 

front in situ (Fig. 7B-G, Video S3 and S4). The video captures the dynamic formation of a 

mineral aggregate in solution near the collagen fibril mineralization front, tracked by the 

white arrow in Fig. 7E-G, which then attaches to the fibril. Additionally, a mineral 

aggregate already attached to the fibril is shown that seems to attract other particles in 

solution and integrate/flatten itself along the fibril, where a needle-like mineral structure 

appears adjacently (triangle, Fig. 7G). Seeing such a reaction in situ points towards the 

pAsp-involving particle attachment theory for collagen mineralization suggested by 

Deshpande and Berniash.[25] Others have theorized that once mineralization occurs across 

the transverse direction of a collagen fibril through spherulitic growth, it progresses from 

mineralization fronts longitudinally along fibril lengths.[28] Provided the in situ dynamics 

visualized at the 6-hour point (Fig. 7) and results presented in sections 3.1 and 3.2, there is 

a possibility of the interplay between PILP and particle attachment theory mechanisms that 

contribute together to collagen mineralization. But – the interpretation of these 

observations in Fig. 7 must be dissected further. 

 

 
 

Ch. 6 – Figure 7. In situ liquid BF TEM imaging of dynamic hydrated collagen 

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.-D. Elapsed time progression (collection min:sec shown in the upper 
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left corner) snapshot views of dynamic particle attachment events toward the end of a 

collagen fibril at its mineralization front (Video S3). E.-G. Magnified view of the reaction, 

where a white arrow tracks the formation and movement of a particle assembly attaching 

to the collagen mineralization front in situ while the white triangle highlights the 

apparition of a needle-like structure after particle attachment (Video S4). Scale bars: A. 5 

μm, B.-D. 200 nm, and E.-G. 100 nm.   

 

Although seeing this reaction take place may lead to ‘believing’, a caveat to the 

interpretation of these in situ using liquid TEM observations must be discussed: beam 

sensitivity. As the achievable resolution is sensitive to electron dose exposure,[40] a fine 

balance is needed between having a high enough electron dose rate to visualize nanoscale 

reactions taking place while not pushing this rate too high to destroy the sample too quickly. 

Tuning this balance can be done by observing changes in image quality/information with 

limiting beam-damage dosage thresholds using live monitoring of diffraction pattern 

disappearance or Fast Fourier Transform (FFT) signal intensity change, with beam 

exposure.[40,54,55] The review by Wu et al. nicely summarizes further approaches to take in 

performing liquid TEM for soft biological matter in consideration of beam effects in greater 

detail for reference.[40] While low-beam dose rates were carefully used, screening was kept 

to a minimum to reduce exposure, and solutions were buffered to aid in reducing 

chemically active species as theorized in literature,[36] electron beam damage could not be 

fully avoided in this system in situ. The electron beam may have induced the formation of 

products under beam exposure and/or accelerated reaction rates.[47,56] This re-emphasizes 

the importance of conducting ex situ observations in parallel, as done in this work.  

 

Moreover, collagen as a biological material and matrix polymer is a soft, beam-sensitive 

material. CaP minerals are also formed of lighter elements and are inherently beam 

sensitive. Combined, these components were unstable during imaging, making in situ 

repeatability extremely challenging. The reactions taken place in Fig. 7 were only 

successfully captured in video in one instance. Within the region in Fig. 7, after 34 

acquisition frames at an electron dose rate of 6.5 e-/A2s, signs of beam damage were 

observed which progressed and led to severe degradation (Video S5). The upper damage 

threshold of this system is estimated to be a cumulative dose of 442 e/Å2, where severe 

structural damage occurred after this range. In another region with a dose rate of 3.5 e-/Å2s, 

severe degradation occurred almost immediately on electron beam exposure past a 

cumulative dose of approximately 119 e/Å2 (Fig. S3, Video S6). Mineral products were 

seen around the collagen fibril and near the mineralization front in Fig. S3, but dynamic 

mineralization interactions could not be captured there or in other areas as fibrils 

experienced expansion and degradation processes quickly after acquisition (Fig. S3, Video 

S6). 
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Insight into processes viewed in situ must be paired with correlative complementary 

characterization methods for validation such as post situ (after in situ liquid imaging) and 

ex situ (without beam exposure) experimentation. Representative post situ observation 

results of the 6-hour collagen mineralization point (Fig. 7) after mineralizing for 1 hour in 

situ are shown in Fig. 7. Regions could not be located that were similar to the key frames 

shown in Fig. 7, though particulate matter was seen around and attached to collagen fibrils 

throughout their lengths. Similar observations were made in correlative ex situ 6-hour 

mineralization (Fig. S4). The dry post situ sample, now without a thick liquid layer, showed 

more clearly the presence of nanoscale CaP apatite mineral platelets along the collagen 

fibrils (Fig. 8A, B). SAED highlight the (002), (211), and (004) planes associated with 

crystalline CaP apatite, where arcs (002) and (004) indicate the preferential c-axis 

orientation of the crystals along the long axis of the collagen fibrils, indicative of 

intrafibrillar mineralization (Fig. 8B-Inset). Banding patterns of the repeating collagen 

structure were resolved post situ (Fig. 8B) where grayscale intensity plot profiling shows 

a repeating pattern of 67.1 nm with a standard deviation of 0.8 nm (Fig. 8C). These values 

align with results obtained by Quan et al. of unmineralized rat tail tendon derived 

reconstituted collagen with banding intervals on average to be 68.0 +/- 0.2 nm from cryo 

TEM imaging,[34] with the slightly lower average values achieved herein expected from 

shrinkage arising from contraction in mineralization.[35] Since the same mineralization 

solution without collagen would form large ACP polymeric branch structures (Fig. 4, Fig. 

S2A) rather than ordered plate-like mineral platelets along the long-axis of collagen fibrils 

(Fig. 7 and 8) at similar mineralization periods, the collagen fibril itself must then play an 

active role in forming crystalline mineral products within this CaP-pAsp system.  
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Ch. 6 – Figure 8. Post-situ BF TEM of dry collagen fibrils, mineralized for approximately 7 hours in the 

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 mineral platelets with collagen banding patterns noted. C. SAED 

patterns of the region highlight the (002), (211), and (004) rings corresponding to the CaP-based apatite 

crystals, with arcs (002) and (004) indicating the preferential orientation of the crystal c-axis’ along the long 

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 

0.8 nm.  

 

6.5.4. Technical Challenges, Limitations, and Future Considerations  

 

There are several technical complexities involving using liquid TEM that limit the 

interpretation of these results and lead to future considerations. Two main challenges faced 

in collecting results within this collagen mineralization system are discussed herein which 

primarily included: 1) collagen heterogeneity and 2) electron beam sensitivity. Trials and 

tribulations to yield dynamic observations are further discussed, while future 

considerations are highlighted for those interested in performing similar experiments. 
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Collagen Heterogeneity  

 

First, imaging the collagen fibrils proved to be challenging based on their heterogeneity 

and size ranges, which vary between twenty to hundreds of nanometers in diameter.[57] This 

is large for liquid TEM samples. In many instances, specimens would aggregate in solution 

and lead to uneven stresses on E-chips, resulting in a rupture on assembly or within the 

vacuum leak-check stage. Protochips offers E-chips with built-in spacers ranging from 50 

nm to 5 μm to help control liquid thickness within a system and ensure a uniform liquid 

layer is achieved based on sample size to mitigate this. However, the spacers required to 

accommodate a larger thickness, like collagen fibrils, are generally over 150 nm and lead 

to significantly thick liquid layers on viewing membranes that limit resolution capabilities 

– making observing nanoscale CaP mineralization mechanisms of low-contrast collagen 

fibrils extremely challenging. Within these experiments, no spacer was used in these trials 

to keep liquid layers thin and reduce electron scattering, where larger fibril aggregates 

likely served as spacers themselves. Considering experiments to date, the success rate of 

enclosing a collagen sample without rupture and achieving images in the TEM is estimated 

to be 1/10, but this did not guarantee a good region of interest for capturing reactions or 

that collagen was found within membrane windows – making running these experiments 

time-consuming and expensive.  

 

Moreover, heterogeneous collagen fibril aggregates can act as spacers between the SiNX 

membranes, where such large specimens lead to thick, resolution-limiting liquid layers.[40] 

This is observed in a separate 6-hour mineralization trial presented in Fig. 9 where no 

spacer was used. Signs of mature mineralization with higher contrast fibrils with mineral 

platelets are present, though less diffuse unmineralized fibrils are not able to be resolved 

within the region (Fig. 9). Regions of higher density of collagen fibrils appear significantly 

darker (stars, Fig. 9A), where it is assumed locally that the collagen is acting as a spacer 

and contributing to thicker liquid regions based qualitatively on mass-thickness contrast. 

This is expected due to sample size and associated liquid thickness effects in BF TEM.[43,58] 

While plate-like mineral structures could be resolved in select regions where the liquid 

layer appeared thinner due to higher intensity brightness (Fig. 9B,C), these areas appeared 

muted and resolution of such features was challenging in the thicker liquid.  
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Ch. 6 – Figure 9. In situ liquid BF TEM of hydrated collagen fibrils at 37°C, mineralized for approximately 

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 mineralization solution, where needle-like mineral platelets were observed but 

overall features appear muted through the thick liquid layer.  

 

Ruptures and thick liquid layers from the heterogeneous collagen fibrils were somewhat 

avoided through careful specimen solution deposition during the liquid TEM preparation 

(Fig. 2B). Light optical microscopy (LOM) screening was used to ensure large aggregates 

were removed with a pipette or filter paper before assembly while removing excess 

solution. LOM screening served another failure-reducing purpose during preparation: to 

ensure that collagen was deposited across the viewing area. At times, collagen would not 

be distributed across the membrane window or would dewet from the membrane when the 

excess solution was removed or on assembly. This led to trials with no collagen within the 

viewing membranes in liquid TEM. LOM aided to verify the presence of collagen on 

membrane windows; if no collagen was seen, additional liquid sample was deposited. This 

is the reason why a parallel E-Chip configuration was used to maximize viewing area and 

hence increase the odds of collagen fibrils being captured in situ. This is at the sacrifice of 

a more rigid membrane structure that would be more resistant to rupture and bulging that 

would otherwise be obtained using a perpendicular E-Chip configuration with a smaller 

viewing area. Significantly fewer fibril aggregates were encapsulated in comparison in Fig. 

7 implementing LOM screening and the deposition method described, resulting in regions 

with less fibril density and assumed thinner liquid layers based on resolution capabilities 

and brightness in BF TEM. 

 

Running post situ analysis brought to light other challenges with collagen heterogeneity. 

Post situ, a methanol rinse was used to clean and halt mineralization reactions, which could 

further displace specimens. Fibrils risked delamination and displacement from SiNX E-chip 

membranes on liquid TEM enclosure opening and during the post situ methanol rinse. 
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Thus, collagen and mineralization products were unlikely to remain in the same location 

as observed in situ, limiting the ability to revisit this region post situ.  

 

While this discussion has provided methods to improve the success throughput of 

enclosures for liquid TEM research studying heterogeneous collagen fibrils, widely 

applicable to other mineralization systems and heterogeneous samples, it is warned that 

these large structures with the tendency to aggregate and dewet from SiNx membranes 

remain challenging to image, requiring time and resource investment to move forward in 

making observations using liquid TEM.  

 

Electron Beam Sensitivity and Beam Effects 

 

The second and perhaps more prominent challenge with these liquid experiments is the 

electron beam sensitivity of this system and the potential for beam-induced effects to 

influence findings. Within experiments presented herein, electron dose rates varying 

between 0.40-6.5 e-/Å2s in dynamic video mode and 0.40-10 e-/Å2s otherwise for standard 

imaging were used. As mentioned in the methods section, these rates align with acceptable 

ranges identified within mineralization systems involving CaP[36] and CaCO3
[37] as a safe 

threshold with limited beam-induced crystallization effects. They also align with similar 

thresholds to low-dose cryo TEM if short exposures are considered.[48] 

 

Still, it was noted in situ that the observation of long-term collagen mineralization reactions 

was impeded by electron beam irradiation that led to severe damage to samples over time. 

Section 3.2 reports that for early mineralization periods, cumulative doses of approximately 

10 e-/Å2 lead to increases in bubble sizes as well as changes in contrast in the polymeric 

collagen, indicative of beam damage (Fig. 5). Section 3.3 reports higher range cumulative 

dose values between 119-445 e-/Å2 resulting in severe fibril damage (Videos S5 and S6), 

suggesting in comparison that a higher degree of mineralization may contribute to 

increased electron beam damage thresholds. Recent work by Jokisaari et al. suggests that 

HA, the common CaP-mineral structural formed in mineral platelets described within 

mature mineralization, can act as a scavenger of radiolysis species and thus lead to 

increased electron beam dose damage thresholds.[53] An increase in the resistance of water 

against radiolysis of approximately twentyfold when HA was introduced in their graphene-

based liquid TEM enclosure, where no stable hydrogen bubbles were found for electron 

dose rates below a 170 e-/Å2s threshold compared to in water alone was a mere 9 e-/Å2s 

threshold was shown.[53] This may explain differences in beam dose tolerances in regions 

previously discussed in the 6-hour mineralization system versus the 2.5-hour sample, 

where also consideration of sample distribution and liquid layer thickness could contribute. 

Thus, the same damage threshold cannot be applied across collagen fibrils experiments and 

will vary on sample mineralization progress and distribution and must be optimally and 

conservatively chosen for each experiment.  
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Moreover, unlike many in situ liquid TEM reactions published, collagen mineralization 

reactions take place over long periods, often lasting hours with some tissue models taking 

days. As observed within this work, beam exposure within seconds can cause permanent 

damage to the structures, affecting subsequent reactions even when low electron doses are 

used, limiting the ability to image such samples over long periods. Such beam interactions 

can affect local temperature and chemistry in situ[59,60] – where temperature and pH also 

have been reported to play a significant role in CaP mineral nucleation and growth.[61] 

Thus, unlike other liquid TEM experiments where a region of interest may be revisited and 

reimaged, this limits the ability to perform liquid TEM over long periods in the same area.  

 

This provides only the capability of viewing snapshots of reactions such as that shown in 

Fig. 7, limiting observations over time and introducing the need to validate with correlative 

TEM. Moreover, while microfluidic liquid flow is often introduced to relieve in situ of 

radiolysis products and replenish regions of interest with fresh solutions,[62,63] this was not 

implemented with mineralization systems explored herein. As collagen and CaP mineral 

products can easily dewet from SiNx membranes and form aggregates, as described earlier, 

they could also do so under flow conditions and likely clog microfluidic lines. Second, this 

would ideally require a heated external pump capable of maintaining an ex situ reservoir 

solution at consistent temperatures, currently not commercially available. Thus, while 

microfluidic liquid flow could be a better mimic for the human body and would mitigate 

some effects from electron dose, this could not be implemented in trials that were 

operationally safe for the liquid TEM holder or reliable without external liquid reservoir 

heating.  

 

In the future, the advent of low-electron dose imaging and automated tools, used 

extensively in cryo TEM fields, and new software options for sample and acquisition 

metadata tracking, e.g. Protochips AXON platform,[64] will be key for promoting faster 

high-resolution liquid TEM acquisition with better control over electron beam effects.[44,65] 

Electron beam effects may further be mitigated in future research by introducing a 

scavenging element, such as graphene, shown in literature to effectively scavenge reactive 

radical species in solution.[66,67] Care must be made to ensure that such additives do not 

significantly interfere with these sensitive mineralization processes. Lastly, to avoid 

continued effects from radiolysis product buildup and possible long-term confinement 

effects, as reported previously in literature in CaP[39] and CaCO3
[46] systems to impact 

mineralization and ACP stabilization, bulk mineralization solutions should be sampled at 

multiple periods of interest as done herein. Nonetheless, considering the multiscale 

hierarchy of mineralized tissues,[68] understanding how these reactions scale up must 

further be investigated to correlate in situ nanoscale observations to macroscale tissue 

regeneration events. Light microscopy methods paired with novel liquid-SEM means, such 

as WETSEM[69] or room-temperature ionic liquids,[70,71] offer further opportunities to 
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correlatively study mineralization processes with direct imaging through hydrated 

multiscale means.  

 

6.6. Conclusion 

 

Liquid TEM is a powerful tool to shed light on real-time dynamic processes. In this work, 

the first dynamic and physiological temperature liquid TEM videos capturing collagen 

mineralization from a CaP-pAsp mineralization solution are presented.  Using in situ liquid 

TEM, early to more mature collagen mineralization periods were probed in near-native 

conditions. Evidence of both ACP PILP and particle attachment processes were seen in 

early and later mineralization, respectively, suggesting the two mechanisms contribute to 

collagen mineralization in the presence pAsp and may operate at different stages of 

mineralization. These first-time experiments in liquid present considerable leaps in 

technique development and demonstrate the feasibility of studying collagen mineralization 

dynamically by liquid TEM. These findings and our ensuing honest discussion on trials 

and tribulations will help bridge technical knowledge gaps and guide others seeking to 

study collagen mineralization processes or similar inorganic-organic interfaces in situ 

using liquid TEM. Ultimately, this work shares new technical breakthroughs in the 

characterization of complex mineralization reactions, bringing us ultimately one step closer 

to answering: how does biomineralization occur?  
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Chapter 6: Supplemental Figures 
 

 
 

Ch. 6 – Figure S1. In situ liquid BF TEM of dynamic hydrated CaP mineralization events, mineralized for 

approximately 4 hours in the presence of pAsp (Video S2). A.-C. Snapshot 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 

branch-like particulate aggregates. Scale bars are 500 nm.  

 

 
 

Ch. 6 – Figure S2. Representative correlative ex situ BF TEM of dry CaP mineralization products, 

mineralized with and without the presence of pAsp. A. Correlative ex situ 6-hour mineralization point with 

pAsp where SAED (inset) highlights that the mineral branched assemblies are nearly amorphous in nature. 

B. Correlative ex situ 5.5-hour 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 of CaP apatite.  
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Ch. 6 – Figure S3. In situ liquid BF TEM imaging of beam-dose related damage of hydrated 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.-D. Elapsed time progression (collection time min:sec 

shown in the upper left corner) highlighting snapshots of the fibril with beam exposure over time at an 

electron dose rate of 3.5 e-/A2s (Video S6). Scale bars: A. 500 nm and B.-D. 300 nm.  

 

 
 

Ch. 6 – 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 mix of mineralized (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 presence of mineral platelets aligned along the long axis of the fibrils. 
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Chapter 7: Conclusions & Future Work 
 

In this thesis, liquid EM techniques have been demonstrated to be a powerful tool which 

can assist in studying biological samples and their dynamic processes in situ, ultimately 

helping answer life science questions using materials science approaches. The research 

workflow presented, adapting in complexity from static microscale to dynamic nanoscale 

liquid EM, was key for the characterization of hydrated specimens in biomimetic 

conditions. 

 

7.1. Key Findings and Contributions  
 

7.1.1. Exploring Room Temperature Ionic Liquids to Facilitate Biological SEM 

 

In Chapter 3, RTILs are explored to facilitate biological SEM, particularly for mineralized 

tissues such as bone in healthy and pathological conditions. The work contributes a simple 

and efficient workflow for liquid-SEM using RTILs for bone that was demonstrated to 

better preserve bone structures by avoiding traditional, lengthy SEM preparation schemes 

involving dehydration. An optimal ionic liquid treatment was established using a 10 % v/v 

[BMI][BF4] aqueous-based method for studying hierarchical structures of bone which led 

to minimal electron beam charging effects even in EDX analysis. Overall, this provides a 

foundation for the use of RTIL-based SEM techniques for the study of hard tissues, widely 

applicable to a variety of biological materials.  

 

Future work: In future, this technique is anticipated to be key for the study of inorganic-

organic implant-bone interfaces, which are susceptible to separation and other preparation-

related artifacts for traditional SEM involving dehydration, fixation, and embedding.[1,2] 

As exemplified in Chapter 3 and further summarized in literature in Chapter 2.1, these 

preparation-related artifacts for polished and bulk bone samples may be avoided through 

the implementation of the hydrated RTIL scheme by avoiding traditional preparation 

methods altogether. Moreover, recent work from my team highlights RTIL liquid SEM 

imaging visualizing hydrated cells on nanostructured surfaces,[3] demonstrating the 

potential utility of the technique to visualize hydrated cells within bone at a nanotextured 

interface. This could aid in expanding our understanding of implant-bone interfaces and 

ultimately contribute to the characterization and improvement of osseointegration 

processes. Additionally, there have yet to be FIB-SEM applications to my knowledge that 

have involved hydrated RTIL-treated biological samples. Bone as a hard tissue presents an 

excellent candidate for attempting hydrated FIB-SEM using RTILs, which could push the 

liquid EM field to 3D characterization capabilities to understand native hydrated 

biomaterials.  
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7.1.2. Developing New Methods for High-Resolution Liquid Biological TEM 

 

In Chapter 4, I elaborated on technical protocols for performing correlative HR imaging of 

virions in both liquid and in ice, where notably a new thin-film liquid TEM enclosure 

method is developed and presented upon. Leveraging automated tools and direct electron 

detection capabilities, it is demonstrated through single-particle analysis in liquid and cryo 

conditions that similar resolutions may be achieved – where 3D reconstructions were able 

to resolve sub-nanometer structural features in the range ~3.5 Å – 10 Å.  

 

This new liquid TEM enclosure is facile to assemble (with a video procedure provided 

within the article) and I highlight that samples can be stored for months in the hermetically 

sealed clipped enclosure. An advantage to the enclosure includes that it can be used with 

most TEM holders and requires limited specialized tools for assembly – contributing to the 

field a more inexpensive and accessible way to perform liquid TEM. I also note another 

contribution to this field which is demonstrated includes that this enclosure can be flash-

frozen using liquid nitrogen, where screened encapsulated frozen samples were noted to 

have limited ice crystals present and could produce HR structural reconstructions of 

particles. Overall, I highlight that these complementary characterization tools are 

expanding our capabilities at studying biological specimens in hydrated environments, 

relevant to our current COVID-19 climate and understanding the complex behaviour 

behind pandemic pathogens.  

 

Future work: As noted in Chapter 2.2, technical advances in direct electron detection for 

acquisition are anticipated to be an exciting future avenue for biological imaging with high-

speed, highly sensitive acquisition capabilities key for maximizing signal-to-noise ratios at 

low-dose electron exposure. These technical advances paired together with automated 

programs that allow for high-throughput sample screening and automated acquisition 

techniques, such as SerialEM and EPU used in Chapter 4, anticipate leading the push for 

the “real-time resolution revolution” as an emerging future for liquid EM of biological 

specimens – leading someday to visualize HR molecular dynamics in situ in real-time. 

 

7.1.3. Applying Novel Liquid-TEM Methods to Dynamic Biomineralization Systems  

 

In Chapter 5, I applied the novel liquid TEM enclosure developed in Chapter 4 successfully 

to the study of collagen mineralization processes in hydrated conditions. HR resolution 

details were revealed in thin-liquid regions, where direct electron detector automated 

acquisition is attributed to high-throughput, low-dose imaging capabilities within this 

work. Within the biomimetic model consulted in liquid conditions, precursor amorphous 

mineral phases were noted in early phases of mineralization while at later progressions 

distinctive crystalline, nanoscale mineral platelets were visualized aligned along collagen 

fibrils. The complementary study of these processes in liquid paralleled with observations 

found in literature,[4–12] demonstrates the key potential of this facile liquid TEM enclosure 

method as a characterization tool within the field of biomineralization. However, dynamic 

mineralization reactions were not captured using this liquid encapsulation method. This 
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was discussed with support from literature to be likely a result of confinement effects, lack 

of heating functionality, and cumulative beam damage.  

 

Overcoming the functional challenges described in Chapter 5, within Chapter 6 dynamic 

collagen mineralization reactions were successfully acquired using a commercial liquid 

TEM holder mimicking physiological conditions at 37°C. Uniquely, using this liquid 

technique, I present evidence of the coexistence of two different ACP precursors discussed 

separately in literature in CaP-pAsp collagen mineralization models, notably collagen-

adhered PILP[13] and particle structures.[14] This suggests that the two mechanisms, 

discussed separately and often debated in literature, may interplay within collagen 

biomineralization processes – contributing to a new understanding of the potential 

mechanisms behind how collagen mineralizes. Chapter 6 also enumerates several 

challenges related to performing and interpreting in situ mineralization studies where I 

highlight two key technical challenges within research: 1) electron beam sensitivity and 

beam effects and 2) collagen heterogeneity. Overall, this research contributes new tools to 

study biological structures and complex reactions at the nanoscale in hydrated conditions.  

 

Future Work: With the advent of novel spacers and new MEMS designs to functionalize 

thin-liquid EM enclosures,[15–19] in future, I aspire that thin-film enclosures can be adapted 

to accommodate more liquid to visualize 3D mineralizing dynamics at HR with heating to 

better mimic physiological conditions. Moreover, another future avenue includes the 

potential of this technique to be used for tomography with similar microchip 

assemblies.[20,21] Tomography through liquid EM is anticipated to be key to revealing the 

hydrated ultrastructure of mineralized collagen and to studying more broadly hard tissues 

– sans fixation, freezing, and embedding. The advent of real-time fast-tomography methods 

for beam-sensitive samples through video acquisition instead of incremental angular 

changes,[22,23] opens the doors to visualizing 3D liquid EM biological dynamics live. This 

represents an exciting albeit challenging future direction for the future of liquid EM which 

could transform our understanding of biological specimens and materials.  
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