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Abstract

The visualization of microtubules by combining optical and electron microscopic
techniques provides valuable information to understand correlated intracellular activities.

However, the lack of appropriate probes to bridge both microscopic resolutions restricts the
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areas and structures that can be comprehended within such highly assembled structures. Here,
a versatile cyclometalated Iridium (111) complex was designed that achieves synchronous
fluorescence-electron microscopy correlation for the first time. The selective insertion of the
probe into microtubule triggers remarkable fluorescent enhancement along with promising
electron contrast. The long-life, highly photostable probe allows live-cell super-resolution
imaging of tubulin localization and motion with a resolution of ~ 30 nm. Furthermore,
correlative light-electron microscopy and energy-filtered transmission electron microscopy
reveals the well-associated optical and electron signal at a high specificity, with interspace of ~
41A of microtubule monomer in cells.
1. Introduction

The structure of living cells involves a complex and highly dynamic assembly of proteins,
lipids and nucleic acids. Imaging techniques such as electron and optical microscopy provide
both structural and dynamic information to dissect cellular complexity. Currently, there are tools
such as x-ray crystallography and transmission electron microscopy (TEM) [! that resolve
structures of individual cell components at atomic resolution. However, the new frontier of
structural cell biology is a holistic characterization of cellular units and how their structures
adapt to the very crowded and complex cell environments. ! Techniques such as cryo-electron
tomography 1 provide a glimpse of how cellular components operate over multiple length-
scales. New sample holders enable TEM visualization of wet samples and whole cells. [*!
However, TEM does not use probes that enable molecular specificity and often suffer from a
limited observation window. In contrast, optical microscopy is the workhorse of cell biology
because this technique can be combined with selective molecular probes such as fluorescent
proteins, immune-labelling, and synthetic dyes to image live specimens across several
dimensions. [°! In particular, in the last two decades super-resolution optical microscopy (SRM)
techniques such as stimulated emission depletion (STED) and stochastic optical reconstruction

6]

microscopy (STORM) have improved optical microscopy resolution! to tens of nm, which is
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close to the resolution of TEM. However, the quality of SRM imaging is probe-dependent, and
resolution limitation is defined by the probe own size. Besides, most SRM techniques require
photostability, and, for STORM, photo-switchable, fluorescent probes, > 7! thereby hampering
time resolution measurements. These issues limit the scale that SRM can access to reveal
molecular arrangements of cellular components, [*°! thereby bridging structure with function.
To circumvent SRM and TEM limitations involves combining them to capture a
multidimensional and correlated image that contains high resolution dynamic structural
information alongside functionality, cellular localization and possibly chemical mapping. [ %]

Correlative light electron microscopy (CLEM) [!!}is fast becoming a critical tool to study
biology to overcome the above barriers. However, this calls for an entirely new way of
designing functional materials that possess both the adequate photo-physical properties for
SRM while providing sufficient density to enhance contrast in electron microscopy. ') Among
the different chemistries, compounds containing at least one metal-to-carbon bond, known
collectively as organometallic molecules, are extremely promising compounds for CLEM. [2]
We have shown that metal complexes can be used in electron or optical microscopy to image
nuclear DNA, 3! mitochondrial DNA, " lipid membranes !> and nuclear factor kappa B. [¢]
This shed light to utilize such materials to correlate light and electron information.

In this work, the rational design of cyclometalated iridium (III) complexes (cIr-Tub, clr-1
ad clr-2) and their application in correlative optical and electron microscopy are presented. We
chose the microtubule as the subcellular target since it represents a major component of all
eukaryotic cytoskeleton that consisted by a- and B-tubulin dimers, catalyzed by GTP binding
and polymerized into microtubules. [!”! Above all, intracellular microtubules CLEM imaging
using a single agent had not previously achieved elsewhere. It is known that Iridium (III)
complexes are ideal luminescent materials with a tunable MLCT (metal-to-ligand charge
transfer) emissive from blue to red, with high photostability, and a large stock-shift. 2% 23]

Taking advantage of these features, we showed the obtained clr-Tub complex displayed red
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emissions upon selectively binding microtubule in live cells. In cellulo and ex vivo super-
resolution imaging demonstrated significantly improved resolution due to clr-Tub long-life and
photostable nature. Mostly importantly, we indicated such complex target microtubules offered
high contrast in electron microscopy at molecular level under EF-TEM, and enabled for the
first time the correlation of super-resolution and electron microscopy under CLEM with high
specificity.

2. Results and discussion
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Figure 1: In vitro assessment of microtubules binding with cIr-Tub complex. The chemical structure of clr-
Tub Ir complex (cIr-Tub) (a). Computer modelling of Ir-Tub complex (b) docking into aff and fo tubulin
binding sites. Emission spectra of clr-Tub complex (10 uM) bound to tubulin, actin and bovine serum albumin
(all concentration = 36 ug/mL). The inserts show the corresponding cuvette of clr-Tub and clr-Tub + tubulin
solution under UV irradiation (c). Normalised fluorescence intensity of (d) free (blank) clr-Tub, clr-1 and
clr-2 and the corresponding signal when bound to tubulin (30 ug/mL), dsDNA (10 uM), and RNA (10 ug/mL)
respectively. In vitro polymerisation of tubulin protein into microtubules (e) in the presence of growth
inhibitor (Nocodazole) and (f) cIr-Tub with its correspondence florescent images. The arrows indicated

microtubule fibers.

We synthesized the clr-complexes (Fig. 1a) and two similar complexes (cIr-Tub and clr-1,
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clr-2, Figure S1, CCDC number: 2001309, 2002391 and 2002390) using vanillin and
phenanthroline to coordinate the electron-dense Ir(III), obtained complexes with Ir-N and Ir-C
bonds that possess high stability and photo resistance. Vanillin is a food additive with minimal
cytotoxicity towards living systems that forms thiazole derivatives by carboxylation with o-
aminothiophenol, resulting in larger conjugated systems and push-pull electronic groups.
Phenanthroline is a classic coordination group with a planar conjugated system that enables
yellow emission upon iridium binding. *?! Such properties bestow the complex with longer
lifetimes when compared with that of conventional organic fluorophores and, most relevant
here, offer the capability for time-gated STED, resulting in improved imaging resolution.®!
Finally, thiazole derivatives and phenanthroline allow for hydrogen bonding and hydrophobic
interactions (r—m and m-alkyl) with protein amino acid residues, which restrains the molecular
torsion of the extended conjugated systems to augment complex fluorescence and consequently
enable the “light switch” phenomenon.

The synthesis and characterization of the Ir (III) phenanthroline complex clr-Tub and its
analogous complexes clr-1 and clr-2 are provided in the Supporting Information. The final
product was crystallized (Figure S2 and Table S1) and characterized by '*C NMR (Figure S3),
'H NMR (Figure S4) and mass spectroscopy (Figure S5). The fluorescence spectrum of clr-Tub
exhibits a weak red broad emission from 520 to 700 nm (Figure S6), ?* with a large Stocks-
shift (118 nm) **!and lifetimes on the order of 20 ns (Table S2).

The binding of cIr-Tub to tubulin was first evaluated in silico via molecular docking using
the Discover Studio ligand fit Vina software (version 2016, The Biovia Co) and the protein data
base (PDB) tubulin heterodimer structure (PDB ID: 5J2T). [26] This particular structure mimics
the structural rigidity of tubulin within microtubules and has a size that is computationally
manageable. We set two tubulin dimers as the minimal units of receptor microtubules for clr-
Tub and present the resulting complex in Figure. 1b, Figure S7 and Figure S8 (Video S1 — S4).

We found that the Ir(IIl) complex binds to both tubulin aff and Pa sites in the same site as
5
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vinblastine (Table S3), a well-known tubulin-targeting anticancer drug. *” It is also indicated
that clr-Tub complex and vinblastine share many similarities such as volume and molecular
weight (Figure S9). We demonstrated that cIr-Tub could interacts with several residues
including Phe214, Asn329, Pro325, Val353, Leu248, Val250, Tyr224, Leu227 and Tyr210 via
n-1 and m-alkyl interactions as well as forming a hydrogen bond network that is mapped in
Figure S7. The interaction is relatively strong, with much higher calculated binding energy than
that of vinblastine (Table S3).

We further confirmed the interaction experimentally by fluorescence spectroscopy and
observed that cIr-Tub fluorescence is enhanced when the probe is bound to tubulin (Figure 1c).
The titration experiments (Figure S10) and polyacrylamide gel electrophoresis of tubulin (55
kDa) after staining with cIr-Tub (Figure S11) revealed that both effects are tubulin-
concentration dependent. It is also showed that the interaction of clr-Tub against tubulin is very
specific, without responding to other various biomolecules (Figure 1d and Figure S12).

In Table S2, we report the measured photo-physical properties of clr-Tub fluorescence in
different solvents and when bound to tubulin. The data showed that interaction is likely to be
driven by the phenanthroline ligands as demonstrated with other metal complexes. 1> 28] We
monitored tubulin polymerization in vitro at 37 °C to fully assess the suitability of clr-Tub as a
probe. The results report tubulin growth into microtubules as measured by optical microscopy,
and the inhibitor nocodazole (500 nM) was used as a control. ?°! After 30 min, nocodazole
prevented tubulin polymerization, while cIr-Tub did not alter microtubule growth(Figure 1e)
and gave the desired light switch effect (Figure 1f).

Next, we investigated the application of the clr-Tub complex in vivo and measured
cytotoxicity by incubating the clr-Tub complex with several types of cells, including
immortalized cancerous cells (A549, HeLa, MCF-7, HepG2 and HEK) as well as primary
human dermal fibroblasts (HDF) and human embryo liver fibroblasts (HELF). Incubation of

clr-Tub with these cells showed a minimal effect on cell viability over 72 h, indicating that the
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probe does not affect cell metabolic activity (Figure S13). Upon treatment of living cells with
clr-Tub (Stock solution ImM in DMSO, then diluted into working concentration), the
intracellular microtubules emitted a strong red fluorescence signal under excitation at 450 nm.
The in-situ emission spectra were recorded under the lambda model and fitted with in vitro
spectra in solution for a range of wavelengths (Figure S14).

Co-staining experiments were consequently performed using the tubulin probes SiR-
Tubulin (Figure 2a) in live cells. Furthermore, an @-tubulin antibody (Figure 2b) demonstrated
a high degree of colocalization with the clr-Tub probe and microtubules in fixed cells.
Microtubule selectivity was also demonstrated by the lack of colocalization with other
subcellular components including mitochondria, endoplasmic reticulum, lysosomes and actin
(Figure S15). In contrast, clr-Tub analogues, clr-1 displayed a much weaker emission than clr-
Tub, whereas clr-2 showed non-specific nuclear targeting (Figure S16).

Interestingly, the clr-Tub probe was very efficient in monitoring the structure of
microtubules dynamics (Figure S17) also during mitosis (Figure 2c). HepG2 cells were co-
stained with nuclear dye, Nuc-Red, which allowed negligible signal overlap and highlighted
the transformation from chromatin to chromosomes (prometaphase), indicating the progression
of cell division. clr-Tub enabled visualization of microtubule polymerization through the
centriole (prophase) to mitotic spindles (metaphase). Structural and numeric aberrations (excess
centrosomes) can be observed commonly in human tumors. % Hence the ability of cIr-Tub to
effectively monitor microtubules dynamically during mitosis provides an attractive approach to

investigate cancer biology.
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Figure 2: In cella assessment of clr-Tub complex for microtubules staining. Confocal laser scanning
micrographs of live HepG?2 cells (a) incubated with 5ug/mL clr-Tub for 30 min and co-stained with SiR-
Tubulin (Agr = 640 nm, Ag, = 670 nm). Confocal laser scanning micrographs of fixed HepG2 cells (b)
incubated with 5 M clr-Tub for 30min and immunofluorescently labeled with F-Tubulin antibody
(secondary: Agr = 488 nm, Agm= 520-550 nm) Scale bar = 5 pm. Snapshots of dividing cells at different cell
cycle phase (c) stained with clr-Tub (5uM) and with DNA dye NucRed (Agy = 633 nm, Agn = 650-700 nm).

Scale bar = 5 um

Encouraged by the above results, we further assessed the capabilities of cIr-Tub to mark
microtubules ex vivo and its use in STED microscopy. Photo-bleaching experiments suggested
that the fluorescence signal was preserved after 400 scans during either the confocal or STED
mode (Figure S18), indicating a superior light resistance when compared with that of reported
microtubule marker (e.g., SiR-tubulin) or other commercial available dyes (e.g. Alex Fluor 488,

Figure S19).

We expected the clr-Tub iridium metalcore to be considerably resistive to the high laser
power associated with STED imaging and hence enable high-resolution imaging. As shown in

Figure 3a and its corresponding cell imaging (Figure 3b), the cIr-Tub labelled microtubules (5
8
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UM clr-Tub, fixed HepG2 cells) full width at half maximum (FWHM) decreases with increasing
STED laser power intensity or gating time (ns). At full power and longest gating time, we can
image with a resolution as low as 30 nm, and with 10% STED laser power and 20 ns gated time

we can image as low as 50 nm.

Such an augmented resolution is a critical factor when imaging sensitive samples such as
the microtubule-rich brain tissues presented in Figure 3c. Here, STED imaging highlights the
elongated fibril structures throughout the hippocampus region and collection of over 150 optical
slides, which allows visualization of the microtubule networks in 3D (Figure 3d). This imaging
approach enabled the visualization of complex neuronal microtubular networks. In addition,
some ultra-structures have been captured and might well correspond to neuronal subunits,
including the growth cone, nascent neurites and spines with high spatial resolution (Figure 3e¢).

However, further immune labelling should be performed in order to confirm these structures.
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Figure 3: Feasibility of Ir-Tub complex for STED microscopy. HepG?2 cell fixed and stained with 54M Ir-
Tub, showing the Ir-Tub labeled microtubules resolution indicated by (a) full width at half maximum (FWHM)
as a function of the STED laser power intensity (donuts laser = 592 nm, full power = 12 mW) and gating

time (ns). Corresponding micrographs (b) by confocal, STED (full power) and time gated-STED (15ns)
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microscopy. Graph (c) STED micrographs of brain hippocampus sections labeled with cIr-Tub complex (d)
and its 3D rendering of STED micrographs (e) and magnified regions showing neuronal subunits (indicated

by arrows).

We finally exploited if cIr-Tub could provide selective contrast for electron microscopy and
eventually bridge optical-electronic information. Initially, this was tested by pretreating cells
with clr-Tub, post-fixed by osmium tetroxide (OsOs), a specific membrane structure stains for
transmission electron microscopy. The control group solely treated with OsO4 solely displayed
clear membrane structure including vesicles, endoplasmic reticulum and mitochondria;
however, microtubule structures were not visible (Figure S20). For comparison, cells treated
with both stains, clr-Tub and OsOs showed interesting complex networks where the
microtubules (stained by clr-Tub) appear to interact intimately mitochondrial membrane
structure (stained by OsQOas); Cells solely treated clr-Tub indicated microtubules were clearly
visible with high selectivity. Although other staining agents such as uranyl acetate (UA) or lead
citrate (LC) can also stain microtubules at high concentration, these approaches also displayed
clear unspecific staining. B The comparison between clr-Tub and UAJ/LC staining
demonstrates that the image contrast afforded by clr-Tub provides better resolution of the
microtubules and also a contrast enhancement when compared with that of UA/LC staining
(Figure S21).

The above results validated clr-Tub for an unprecedented combination of imaging modalities,
providing microtubule-selective contrast for both super-resolution optical microscopy and
electron microscopy. Thus, clr-Tub treated cells were imaged using CLEM by sequential super-
resolution microscopy (airy-scan model) followed by STEM. As shown in Figure 4a, the
microtubule network was visible under both optical and electron microscopic channel with the
two signals overlapping with a colocalization Pearson coefficient of Rr = 0.91, confirming clr-

Tub affinity towards tubulin and showing its suitability for CLEM imaging.

10
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To prove clr-Tub is associated with microtubules at the molecular level, cell sections were
imaged via energy-filtered TEM (EF-TEM). Such an imaging mode allows chemical mapping
and hence the position of the iridium atoms within the microtubule structures by selecting
electrons that have lost a specific amount of energy from inelastic scattering interactions with
the inner-shell ionization. In the present study, the iridium O shell maps were acquired
alongside conventional TEM imaging. In Figure 4b the details of a single microtubule structure
are shown both in conventional (unfiltered) TEM and EF-TEM, a merged image showing the
Iridium elemental distribution along with the microtubule structures with sub-nanometer
resolution. The distances between neighboring iridium atoms obtained from the elemental map
were measured (Figure 4c), showing that the probes were distributed along with the
microtubule structure with average interspaces of 4.1+0.3 nm. The distance between each
Iridium element might match with value calculated in the reconstructed microtubule model in
Figure 4d (and Figure S22). However, it is important to point out while we detect Iridium both
alone (Fig S22a) and mixed with a polymer (Fig.S22b) using EF-TEM, the technique is
extremely sensitive to the specimen thickness with large mean free path (mfp) hindering the
filtering process (see Fig S22a). We thus scan the cell section for the shortest mfp (see Fig.S23)
to than image the region of interest for Iridium. Although metallic complexes (e.g. Iridium)
with high atomic number offers better scattering performance, we believe further investigation
would be necessary and indeed ongoing in our lab. Nonetheless, all the above results suggested
that the clr-Tub complex is internalized effectively within intracellular microtubules and
capable of acting as a multifunctional probe for light (confocal, STED and time-gated STED)

and electron microscopy (TEM, STEM and EF-TEM).

11
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Figure 4: Correlative light and electron microscopy (CLEM) and energy filtered transmission electron
microscopy (EF-TEM) imaging. (a) Correlative super-resolution fluorescent imaging and scanning-
transmission electron microscopic image of clr-Tub labelled microtubules in HepG2 cells. The images
obtained using light and EM microscopy were taken from the same site and the co localization scatter plot
between fluorescent and inverted electronic microscopic signal shows high correlation with Pearson's
coefficient, Rr = 0.91. (b) Conventional TEM image, Iridium elemental mapping and merged images of a
single intracellular microtubule. The spacing between the Ir signals in the microtubule is periodic (c) with
an average period length of 4.1+0.3 nm. Comparison of this measurement with the distance between the Ir-

Tub complex (ved sphere) tubulin binding sites as shown in the schemes (d) of the microtubule reconstructed.
3. Conclusions

In summary, we have designed and synthesized a novel iridium (IIT) complex, and offered
specific intracellular microtubule optical and electron signal correlation that had not previously
achieved. The MLCT emission of the clr-Tub complex ‘switched on’ upon internalization and

facilitating high specificity and sensitivity in vitro studies. In vivo investigations demonstrated
12
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that the proposed probe enables microtubule tagging and monitoring of cell phases during
mitosis. In particular, microtubules were observed under STED nanoscopy by using clr-Tub at
the in cellulo, and ex vivo level provided ultra-stable and excellent signal-to-noise ratio,
resulting in an unprecedented resolution in 3D. Besides, this complex also offered unique,
specific contrast for multiple electron microscopic techniques (e.g. CLEM and EF-TEM) along
with its optical information. Thus, our approach herein provided a fundamental tool to
understand further microtubule dynamics in living systems, as well as a potential targeting
vector for therapeutic purposes.

4. Experimental Sections

STED super-resolution image The compound was excited under STED laser (doughnut laser:
595nm), the emission signals were collected using HyD reflected light detectors (RLDs) with
2048*2048 pixel and *100 scanning speed. The STED micrographs were further
processed ’deconvolution wizard’ function using Huygens Professional software (version:
16.05) under authorized license. The area radiuses were estimated under 0.02 micros with the
exclusion of 100 absolute background values. Maximum iterations were 40-time, signal-to-
noise ration 20 was applied, with quality threshold 0.05; iteration mode: Optimized; Brick
layout: Auto

Correlative light-electron microscopy (CLEM) The ultra-thin (100-120 nm) sections from
the above process were moved to ZEISS LSM800 with Airyscan to obtain light microscope
data. Electron microscopic imaging was taken under GeminiSEM 500 scanning transmission
electron microscopy. To correlative, ZEISS ZEN connect module was chosen to find the same
scan region under LM and EM, and ZEISS ZEN shuttle and find module was used merge two
images together, the process was described as follow: (1) Set up a connect project in ZEN Blue,
and take an overview bright field image of the whole copper grid under LSM800 with the
objective of EC Epiplan 5X/0.13. (2) Choose different regions of interest to scan high

magnification fluorescent image in the connected project that first set up. (3) Transfer the
13
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copper grid sample to ZEISS GeminiSEM 500 and use the ZEN connect module to open the
project data saved in LSM800. (4) Take a large field of view image on GeminiSEM 500 and
align those two-overview images. (5) Click the position where the fluorescent image takes; the
stage will automatically move to the position where the FL image is. (6) Take the EM image
for the sample, and merge the two images by using the ZEISS ZEN shuttle and find module
based on the 3-points method.

Chemical analysis by Energy-Filtered TEM The chemical analysis investigation of the
specimen was performed using a JEOL JEM-2200FS TEM equipped with a field emission gun
(FEG) at 200 kV, and an in-column energy Omega filter. Images were taken at a collection
angle of 24.282 mrad. The microscope was used in energy-filtered transmission electron
microscopy (EF-TEM) mode in order to perform elemental analysis, and, thus, fine structure
imaging. The software used for image acquisition and processing was the Digital Micrograph™
software (version 3.20). Images were recorded using a charge-coupled device (CCD) camera
US1000XP from Gatan. The Iridium present in the cells was identified by exciting the atomic
O shell (50 eV) with a slit width of 6.0 eV. The 3-window technique was employed. This
technique entails two images before the ionization edge and one after. The pre-edge images are
used to compute the approximate background contained in the post-edge window. Once the
background is determined and removed, the subsequent map displays a signal that is
proportional to the element concentration in the sample. The first pre-edge second pre-edge and
post-edge energies were 39 eV, 45 eV, and 53 eV respectively. The unfiltered TEM image and
the false colour chemical mapping were superimposed using ImageJ software.

Note: All procedures involving animals were approved by and conformed to the guidelines of
the Southwest University Animal Care Committee, College of Pharmaceutical Sciences
(accreditation number: 001563). We have taken great efforts to reduce the number of animals
used in these studies and also taken the effort to reduce animal suffering from pain and

discomfort.
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