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Annotation:

Currently Correlative Light- and Electron Microscopy (CLEM) is widely used for high-
resolution analysis by electron microscopy (EM) after imaging by fluorescence markers by light
microscopy (LM).

The differences in sample preparation protocols for LM and EM create certain difficulties
to precise correlation of FLM and TEM imaging. Fluorescent marker GFP that used in present
work allows the study of cellular processes and detect ROI, while TEM is used for B.burgdorferi
ultrastructure study.

The high-pressure freezing (HPF) procedure, freeze substitution (FS) protocol and the
correct choice of resin compound for embedding strongly affects the fluorescence preservation.
Therefore, acrylic resins with different water content were investigated as a comprehensible

variant for cryofixed biological samples for CLEM technique.
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strain 297
B.burgdorferi with QDs  Borellia burgdorferi with quantum dots
BSA bovine serum albumin
BSK Barbour-Stoenner-Kelly
CCD charge coupled device
CEMOVIS cryo-electron microscopy of vitreous sections
CLEM correlative light- and electron microscopy
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EM  electron microscopy
EMS Electron Microscopy Sciences
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UA
uv

scanning electron microscopy
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transmission electron microscopy
uranyl acetate
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CHAPTER 1. INTRODUCTION

Single imaging procedure is not enough for additional insight into biological questions,
for this reason two or more imaging techniques (e.g. fluorescence- and electron microscopy)
are combined to study the one research object or area of interest.! CLEM is a universal tool in
cell biology at present. At the same time, CLEM is the complicated technique due to different
observation characteristics and magnification.

CLEM could disclose the cell surface topology and show structure details of certain
region of interest for understanding the complex processes occurring in a cell or tissue. For
example, high spatial resolution of TEM gives subcellular details of the area of interest, which
was detected before in FLM by fluorochrome in thin optical plane of the thin section. In
correlative microscopy and multiply labeling technologies the particulate immunoprobes with
different spectral properties are used for increasing sample efficiency and resolution afforded
by light and confocal microscopes.? “Immunoprobes labeled with fluorescent or particulate
markers constitute two of the most powerful reporter systems available for
immunocytochemistry”?.

Technical advances in visualizing antigen — antibody interactions in situ, report
systems for the detection of antigen — antibody interactions which provide specificity are
available due immunocytochemistry, centered on the distribution of molecules in biological
material for obtaining site-specific information.?

For better results in correlation, the biological sample usually prepared by the
independent methodology because of differences in observation conditions.

Correlative microscopy is quiet successfully applied with cryogenic temperatures.
Single particle analysis is available in cryo-EM for macromolecular complexity visualization
with helical Fourier inversion methods.?

Advancement in the problem of study compatibility in CLEM are currently observed
in the SECOM platform (DELMIC B.V., the Netherlands)* for integrated fluorescence and
electron microscopy and Delphy system (DELMIC B.V., the Netherlands with Phenom-World
B.V., the Netherlands)® that integrates a tabletop scanning electron microscope with an
inverted fluorescence microscope, FEI’s CorrSight automated correlative imaging system for
correlative workflow (Thermo Fisher Scientific Inc., USA)®, “MirrorCLEM” system (Hitachi
High-Technologies Corporation, Japan and RIKEN, Japan) for FE-SEM SU8200 series
(Hitachi High-Technologies Corporation, Japan) where “the field of view (FOV) ina FE-SEM



can move to any region of interest in the LM image and the same FOV can be observed in the
FE-SEM”’, SECOM with FM integrated into SEM chamber by Nanounity (USA)2.

CHAPTER 2. THE LITERATURE REVIEW

2.1 Basic principles of fluorescence microscopy

Due to high-contrast images (owing to bright properties of the fluorophore molecules,
which are easy detectable from background noise) the fluorescence microscopy is a popular
instrument in biological studies.

Fluorescence is the physical phenomenon of “absorption and subsequent re-radiation
of light by organic and inorganic specimens™®. It should be noted that there is also the
phenomenon of phosphorescence, a specific type of photoluminescence, but it is usually
observes when excitation light is absorbed, but the material does not emit the radiation.

The spatial resolution of fluorescence microscope is not lower than the “diffraction
limit of specific specimen features”®.

Fluorescence microscopy helps to detect and examine the distribution of
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10 in “the tissues in translucent and opaque objects™'?,

“spontaneously fluorescent pigments
in unstained preparations'® which cannot be studied “by any other methods™%; to serve
“translucent objects treated with fluorescent dyestuffs”'! and useful tool for intravital
microscopy?.

Fluorescence microscopy is based on the principle of illuminating the microscopic
object by fluorescent light produced in the object itself.® The basic principle of fluorescence
microscope, which was presented in 1908 by Kdhler A. and Siedentopf H., have a light source
(it could be a mercury-vapor lamp or a laser), an excitation filter for specific wavelength
isolation and a dichroic mirror for separation of excitation and emission light “in the same

light path™? (Fig.1).
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Figure 1. The basic scheme of the fluorescence microscopy principle.*2

The fluorescence is excited by short wave-length rays “which are focused on the
object”.® The emission light reaches the detector and the fluorescent structures are overlap
each other “with high contrast against a very dark background”®. To the point, the excitation
light 10° — 10° times brighter than the emitted fluorescence.® The emission filter (Fig.1) blocks
the “unwanted excitation wavelength”®, because the emitted light re-radiates in all directions.®
The fluorescence microscopy objective is a condenser and light collector contemporaneously.®
“The full numerical aperture of the objective is available when the microscope is properly
configured for Kohler illumination”®. The emitted light have longer wavelength that the
excitation illumination, that is why it is able to go upward to the detector.® The dichroic mirror
internal coating absorbs a small amount of excitation light.® Emitted fluorescence pass through
filter cube before reaching the detector. It helps to get needful wavelength of emission light.
Figure 2 shows an integrated “optical block™®, which consists from an excitation filter,

dichromatic mirror and barrier filter.
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Figure 2. Fluorescence filter cube.®

Fluorescence microscope could be adjusted for Kéhler illumination due the form of
vertical illuminator.®

The fluorescent dyes as acriflavin and fluorescin are used in intraviral microscopy,
wherein fluorescin allows “simultaneous estimation of the pH of the tissue”? of the animal.
Should be noted, that due to the problem of correct fixation of a living object, to get the
fluorescent image photomicrograph is a bit harder, than for the lifeless one.*®

Theoretical limit signal/noise ratio (s/n) for fluorescence is proposed by the following

expression®®:

(a2 o

DCDFO'pP()T
\/(—Ahv )+CbP0T+NdT

s/n=

Here, ®f - fluorescence quantum yield, op - the absorption cross section, T - the
constant of time integration of the detector, A - irradiation area, P,/hv - the number of
absorbed photons per second, Cy - background count rate value based on the driving power of
1 W, Nq - the dark count rate, D - depending on the instrument accumulation factor.

According to this equation, for increasing the ratio s/n should be used a fluorophore
with high quantum yield (®r) and absorption cross section cp. The laser beam should be as
narrow as far possible. Radiation power Po cannot rise uncontrollably as reduces the saturation

of the absorption cross section.



2.1.1 FLM in observation of a biological specimen

In biological research applications the fluorescence is the process which “is nearly
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% in virtue of “short time delay between photon absorption and emission™.

simultaneous”

In cell biology the fluorescence is used to identify the certain proteins'?, the molecules
of interest or reaction localization®. Fluorescence is characterized with high signal-to-noise
ratio, it enables “to distinguish spatial distributions of rare molecules”!*. To observe the
particular fluorochrome in cell or tissue it is needed to use in a specimen the molecules, which
become visible after illumination.** Also exists multiply fluorescence labeling, which allows
to “identify several target molecules simultaneously”®.

For observing the fluorescence emission in cells by fluorescence microscope it is
needed to have “appropriate filter packages™'* due to “the spectral characteristics of the
fluorochrome™*, because with improper filter pack, the fluorochrome may not fluoresce.*
During localization detecting is needed to be sure that the cell does not glow without
fluorochrome, as well as the fluorochrome “is responsible for the localization pattern
observed”*. It is logical, that mounting material for the object must not to be fluorescent. The
presence of fluorescent dye in the biological object is possible to detect by a spectral eyepiece,
which helps to recognize the emission bands of the fluorescent light.©

By fluorescent microscopy in unstained objects was determined the distribution of
fluorescent pigments in animal and plant tissues, such as porphyrins, lyochromes, chrorophyll.

According to the equation (1), high power radiation can destroy the structure of

biological objects.:®
2.2 Fundamental principles of TEM

The main principle of TEM is a transmission of an electron beam through an ultrathin
specimen (typically 50-70 nm thick) located on the metal grids. The beam of electrons is
focused into thin coherent beam by condenser lens and at the same time is limited by the
condenser aperture. The specimen with thickness up to 100 nm is transparent for electrons and
transmitted portion of ones is focused by the objective lens. Thus, obtain the image on the
phosphor screen/CCD camera and magnified by intermediate and projector lenses (see Fig.3).
It's obvious that lighter areas on the image are relate to a large number of electrons passed
through the sample. Exterior view of the JEOL JEM-1010 TEM is shown in Figure 4.
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Figure 3. The schematic diagram of Figure 4. JEOL JEM-1010 at Laboratory of
TEM [Ref. 15, edited]. Electron Microscopy,® Biology
Centre of ASCR - Institute of
Parasitology. Ceske Budejovice,

Czech Republic.

2.2.1 Fixation strategies for TEM in observation of a biological

specimen

Morphological study, 3D analysis of cellular interior or immunoelectron microscopy
visualization is performed by TEM. Based on the detailed morphologic image TEM helps to
recognize the ultrastructures of the biological cells and tissues owing to its near-atomic-level
resolution.’

Aims of TEM study depend on appropriate preparation technique, wherein should be
remembered that the native state sample output in thinner layer leads to higher resolution (but
less information is achievable then).*® TEM produces 2D images, but in comparison with SEM
the ones have higher magnification and greater resolution. The chemical fixation or
cryofixation as the first stage of preparing biological sample for observing in TEM have the
requirement to maintain the size, the shape and 3D internal organization of the sample. There
are ample opportunities of TEM studies based on the methodology of sample processing
(Fig.5, Fig.6).1°
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Figure 6. Possibilities of obtaining information from a biological sample prepared by
cryofixation [Ref.19, edited].

To get thin section up to 100 nm from the thick biological sample, thinning methods
as in CEMOVIS, cryo-FIB or ultracut at RT are used.? Whereas cryo-ultramicrotomy requires
frozen specimens at ultra-cold temperature to cut the ultrathin sections, ultramictrotomy at RT
is used for cutting of samples embedded in polymerized plastic resins.

The biological sample needs to be fixed by chemical agents (glutaraldehyde,
paraformaldehyde, acrolein, osmium tetroxide, uranyl acetate, etc.) or cryofixation
(progressive lowering of the temperature or high pressure freezing), for obtaining the
ultrastructure of the tissues close to the living biological material. To view the biological
material in EM is important precondition to dehydrate the biological material by an organic
solvent (alchohol, acetone, ethanol, methanol, etc.); it maximally retains the size, shape and
internal organization of the sample. For sectioning, the sample is necessary to embed in an
epoxy-type resin (Spurr’s, Embed 812, Durcupan, etc.) or in an acrylic resin (LRWhite,
LRGold, Lowycryl, Unicryl, etc.) [Appx.1]. The additional condition for getting high contrast
images by TEM is contrasting of biological samples by heavy metals (osmium tetroxide, lead
citrate, uranyl acetate). van Driel L.F. et al. warns for faint contrast in sections because of

incompatibility with osmium tetroxide treatment.?!



Because in HPF technique intracellular gaseous spaces collapses e.g. as in lung tissues,
these compartments needed perfluorocarbon to substitute the air in the alveoli.?

Although the living specimens cannot be viewed using TEM due to requirement to be
a vacuum in the inner space of the microscope, Park J. et al. have declared the possibility of
direct observation of wet biological samples by TEM. An influenza viruses were in their native

buffer solution, encapsulate by multilayer graphene sheets (GLC).%
2.2.1.1 Chemical fixation

Chemical fixation is the most common way of dealing with specimen preservation; it
is used for the immobilization of biological processes in cells. Despite the positive result in
stabilizing the cellular components in large specimen, there are some drawbacks of this
method, as killing the cell content by fixative.

Fixative solutions for LM and EM composed of fixative agent (coagulant or non-
coagulant) and vehicle [Appx.2].2*

For TEM studies, due to slow penetration rate of glutaraldehyde and OsOg, the tissue
block should not exceed 1 mm? and the time of fixation is 4 h fixation at RT or overnight at
4 °C (immunological or enzymatic studies). TEM samples “should be fixed using a slightly

hypertonic fixative”?*, while SEM specimen usually fixed under or near isotonic condition.
2.2.1.2 Physical fixation

Cryofixation and microvave fixation are physical methods of fixation. Such techniques
allow stopping active cellular process in a split second, what is impossible in chemical fixation
due to slow penetration rate of fixing agents. Microwave irradiation is able speeding up
chemical reaction during chemical fixation, that shortens the processing time, but generated

heat may damage the biological sample components.
2.2.1.2.1 Cryofixation

This physical fixation is used to achieve ultrastructural and biological preservation.
Cryofixation stops the cell motion and metabolic activity outright by vitrifying cell
water. Rapid freezing of the sample to the temperature of liquid nitrogen (—196 °C) or below

prevents ice formation. This technique is very often used in the combination with freeze



substitution method (FS), which provides the best morphological preservation of biological
samples for EM. There are many methods (plunge, spray, propane-jet and high pressure
freezing (HPF)), which are used for the vitrification of biological samples. HPF is capable to
vitrify the specimen layer up to 200 um in thickness. HPF preserves the specimen in the native
size and shape avoiding internal damages by ice crystal formation, because the volume of ice
impeded by external high pressure which suppresses ice crystal formation (Le Chatelier’s

principle)®8. Inter alia vitreous water could be cut.
2.3 Specimen transfer from FLM to TEM without loss of ROI

The mutually exclusive requirements prevent simultaneous use of CLEM in study of
biological specimens. The main factor is that samples for TEM must be dehydrated, whereas
in FLM the ones are typically persisted in a hydrated state. The other factor is that the
fluorescence signal can be destroyed by high voltage electron beam in TEM.

Photobleaching or fading is an universal problem in CLEM procedure, which results
in underestimating and poor imaging of the labeled structures or in the worst case, in no
detection at all. To observe in prolonged period, the mounting media could be supplemented
with ascorbic acid.?®

Correlating ROI by CLEM without visible in FLM and TEM landmarks sometimes is
impossible. Although the electron imaging destroys the fluorescence signal, reverse back to
fluorescence imaging following electron microscopy is almost impossible. The possibility of
re-examining samples with either microscopy technique would give “considerable advantages
over traditional methods”?®. Combination of SIM and FLM for obtaining topographical and
biochemical information at nanoscale resolution without destroying the fluorescence signal
was reported by Bertazzo S. et al. in 2012.2° By their investigation, SIM uses a gallium beam
(which can be used with fluorescent probes without loss of fluorescence?” 28) to extract
secondary electrons from a surface and yet generates an electron micrograph.

The universal coordinate system for ROI retrieving in CLEM could be defined by using

specially designated index grids for TEM.
2.3.1 Fluorescent nanocrystals vs. organic fluorophores

Fluorescent nanocrystals (also known as QDs) are the source for engineering of stable

and “bioadaptable”? fluorophores due to their “surface functionalization”?°. Nanocrystals are
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stable against photobleaching, have narrow, symmetric emission spectra, that prevent crosstalk
in multicolor labeling,?® that is why they are preferable to organic fluorophores.?

Carbodiimides, glutaraldehyde are bifunctional cross-linking reagents which are able
to incorporate the fluorescent label into a biopolymer.2® This helps to have better control of
fluorescent label linking place (the center mark). To increase the signal it is necessary to have
fluorophores with high quantum yield, large absorption cross section and high photostability.
The substances belonging to the class of rhodamines, cyanines and oxazines are often used as
the labels of organic compounds.?

The QDs, which are most frequently used today, are made up of nanocrystals CdSe-
core coated with ZNS-shell, since the ones determined by their high brightness and high
chemical- and photostability.?® By varying the size of the QDs core, it is possible “to
customize” the nanocrystals to emit fluorescence by any fixed optical range.

It is important, that QDs of any color absorbs light in a broad spectrum, including UV,
and then converting it into fluorescence strictly with predetermined wavelength.*° The spectral
emission line of QDs is symmetrical, it’s width at half-maximum (FWHM) is usually 25-30
nm.3! The ability to initiate QDs with various diameters (different colors of fluorescence light),
but with one wavelength provides an unique opportunity for multiplexing.

Next is observed phenomenon of QDs blinking. It occurs due the fact, that electrons or
holes are periodically held in surface defects in the crystal structure of reserve transcriptase,
which prevents their emitting recombination and thus fluorescence QDs emission. QDs
surface passivation or QDs in the implementation of the polymeric matrix gives possibility to
substantially reduce the effect of blinking. This makes the QDs radiation source unit with a
molecular size (2-10 nm).*

The fluorescent proteins are used for visualization of proteins in live and fixed cells by
FLM. Usually in polymer embedding protocol the fluorescent proteins are quenched by “the
acidic, dehydrated and oxidizing conditions”®,

Organic dyes have long tail in their emission spectra, which extends far into the red
area — it causes imposition of signals from different fluorophores. That is why this
disadvantage limits the number (up to 4) of color labels for multiplexing detection.?® The
detection system for organic dyes is complicated due to the necessity to have a light source for

each dye, because of their excitation differences.
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In optical electron microscopy so-called “green fluorescent protein” (GFP) finds use
as an alternative to traditional fluorophores . It was originally isolated from some marine
organisms and got its name from the ability to produce fluorescence in the green part of
spectrum. The source of protein — a polypeptide of 238 amino acid residues, derived from the
jellyfish Aequorea Victoria, it absorbs radiation in the UV and blue spectral range and emits
in the green.3* GFP will not move anywhere after targeting to intracellular location.®

Protein tags can be incorporated into the protein by genetic engineering. For this
process the part of the DNA coding for the protein is injected with plasmid DNA code by GFP.
Thereafter, the protein synthesized in a living cell will contain a portion, providing a high level
of fluorescence. 3637

All known fluorophores, used for LM have photobleaching property, to increase the
duration of observation antifade mountants were designed. The mountants could be aqueous
(for example, FluorSave™ Reagent®® by Merck Millipore, a part of Merck, USA), glycerol-
based (for example, ProLong® Gold Antifade Mountant® by Thermo Fisher Scientific, USA)
and plastic based (for example, Permount Mounting Medium?*® by EMS, USA).

2.4 CLEM as a combination of FLM and EM techniques

Different fluorescent markers are used to visualize cellular components, protein
distribution, biochemical reaction in living cells in FLM. The resolution is limited in such
observation due to diffraction, unlabeled structures in the vicinity. Frequently, the labeled
structure details remain obscure too. The super-resolution microscopes have shifted the
diffraction barrier to 20-60 nm*!, but the reference space still could stay invisible.

EM helps to achieve higher resolution imaging. Moreover, it “reveals organelles,
membranes, macromolecules, and thus aids in the understanding of cellular complexity and
localization of molecules of interest in relation to other structures”*2.

Combination of fluorescence and EM techniques with different resolution limits* 44 is
difficult to get, but recently high resolution technologies give chance for fluorescent probes,
which are capable of generating contrast for electron microscopy. Correlative microscopy
allows “a particular cell to be studied from the micron to the nanometer scale while
maintaining spatial orientation 2.

Correlative imaging helps to gain additional morphological information of the

biological sample, to compare the obtained information with the other methods.*® 45 46

12



Because in CLEM technology are used two separate microscopes, it is possible to use super
resolution fluorescent microscopy t0o.3 4/

CLEM - the combination of the labeling power of fluorescence imaging and the high-
resolution structural information of electron microscopy — is the perfect tool to study the

complex relation between form and function in biology.

CHAPTER 3. METHODS

HPF procedure, FS protocol and the correct choice of resin compound for embedding
strongly affects the fluorescence preservation in a biological sample. Therefore, acrylic resins
with different water content were investigated as a comprehensible variant for cryo-fixed
virulent B.burgdorferi Bb914, a GFP-expressing virulent derivative of strain 297 in CLEM

technique.

3.1 Object of study

3.1.1 Bacterial strains and culture conditions

Virulent B.burgdorferi Bb914, a GFP-expressing virulent derivative of strain 297
(5 ml of isolate in glycerol stock solution) were cultivated in Barbour-Stoenner-Kelly-11 (BSK-
I1) medium without gelatin (50 ml in a sealed sterile culture tube for gas balance) containing
6% rabbit-serum (Sigma-Aldrich Co. LLC.) to late logarithmic phase (1 x 108 spirochetes per
ml) for 7 days at 34°C.

The number of the spirochetes per milliliter of media was determined using Petroff-
Hausser counting chamber with low-power magnification and dark-field illumination and
found to be up to 1x108 spirochetes per ml.

50 ml of cultivated B.burgdorferi was devided into Eppendorf® Safe-Lock
microcentrifuge tubes (Sigma-Aldrich Co. LLC.) with 1.5 ml volume and centrifuged with
4000 rpm for 3 min at 15°C to maximize the number of spirochetes in content. The cell pellet
was collected in the Eppendorf® Safe-Lock microcentrifuge tube and centrifuged again under
the same conditions for 1 min.

Resuspension of 1x108 spirochetes per ml was done in 1.5 ml BSK-Il medium with
adding 20% bovine serum albumin (BSA) and kept at 24 °C until HPF procedure was done.
The buffer solution had pH=7,2.%°
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3.1.2. Embedding media
3.1.2.1. Water-miscible embedding media

Several acrylate resins were tested for their water miscibility as the assumption that
water content could play important role in the fluorescence preservation in those resins.

The water was purified by GORO AQUA 65 (GORO, spol. s r.0., Czech Republic)
reverse osmosis system with output of 10 I/h.

The mixing processes must be done in a well-ventilated fume hood, to avoid
dermatological problems the use of gloves is needed.

3.1.2.1.1 Hydroxypropyl Methacrylate

The HPMA resins of different water content were prepared by addition of 5%, 10%,
15% of water into the prepolymer.

To prepare a prepolymer, 0.03 g azobis was added into 30 ml of HPMA in a beaker
and heated with stirring on the heating plate until steaming. Then rapid cool was done in the
ice bath. The goal of the process was to obtain liquid-viscous consistency of the prepolymer.
After the series of “heat-rapid cool”, the water was added. The recommended condition is to
stir the tissue during the infiltration process to achieve “desirable infiltration”®. The final
polymerization was achieved by long wave UV irradiation by adding 0.25% (by weight) of
benzoin ether (0.5% wi/v) and by heating to 50°C by adding 0.8% (by weight) of benzoyl
peroxide as chemical initiators. Infiltrated tissues were polymerized in polypropylene flat
bottom capsules (Ted Pella, Inc., USA) closed with leaving as little air as possible.

The necessary condition for HPMA Kit is storage in the darkness.

3.1.2.1.2 Glycol Methacrylate

This resin has low viscosity and penetrates tissue easily, preserving morphology
without crosslinking.>> The manufacturer (EMS, USA) recommends to prepolymerize the
solution partially to reduce the swelling of a specimen,*® but | did not made this step.

The GMA resins of different water content were prepared by addition of 3%, 6%,
9% of water into the low acid monomer with the condition of mixture constant cooling in the
ice water bath.

35 ml mixture containing of 97% of GMA and 3% of water was mixed with 14.7 ml
of 98% butyl methacrylate with 2% 2,4 dichlorobenzoyl peroxide and 0.3 ¢

2,4 dichlorobenzoyl peroxide. The final polymerization was achieved by long wave UV
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irradiation by adding 0.25% (by weight) of benzoin ether (0.5% w/v) and by heating to 50°C
by adding 0.8% (by weight) of benzoyl peroxide as chemical initiators. Infiltrated tissues were
polymerized in polypropylene flat bottom capsules closed with leaving as little air as possible.

3.1.2.1.3 Polyethylene Glycol — Glycol Methacrylate mix

30,25 ml of GMA (see 3.1.2.1.2.) was mixed with 0.5 ml of PEG (1% v/v) on the hot-
plate with stirring function. For present study 3%, 6% and 9% of water was added to this
mixture and 0.25% (by weight) of benzoin ether (0.5% w/v) for polymerization was achieved
by long wave UV irradiation and 0.8% (by weight) of benzoyl peroxide for heating to 50°C.
Infiltrated tissues were polymerized in polypropylene flat bottom capsules closed with leaving
as little air as possible. The manufacturer warns about the possible formation of bubbles inside
during polymerization and does not consider it as a problem, in addition section staining by
UA and LC is possible.>

3.1.2.1.4 Nanoplast

This resin does not need dehydration step by organic solvents during embedding
process of the biological sample. At the same time, Nanoplast declared by the manufacturer
as media that permits to get excellent structural resolution without section staining, but it is
more brittle than epoxy resin.>

In present work 10 g of hexamethylol-melamine-methyl ether (70% in water) was
mixed with 0.2 g of p-toluene sulfonic acid to get medium hardness of the embedded blocks
and 10 g of hexamethylol-melamine-methyl ether (70% in water) was mixed with 0.25 g of
p-toluene sulfonic acid to get hard blocks (usage for extremely thin sections). During stirring
before dissolving, the solution was on the 65°C heating plate, and then it was left for 1 hour
before heat polymerization at 60°C for 5 days. Polymerization process included drying for 48
hours with desiccator in the oven and then left for hardening (new desiccator was given) for

the remaining term.

3.1.2.2. Hydrophilic embedding media
3.1.2.2.1 Lowicryl K4M

Lowicryl K4M is highly cross-linked acrylate-based embedding medium with low

viscosity at low temperatures (usable up to -35°C).>®
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For preparing by heat polymerization at 60°C the Lowicryl K4M embedding solution
is needed to protect against incorporation of oxygen during stirring because of reducing the
polymerization quality. 2.7 g of triethylene glycol dimethacrylate was gently mixed with
17.3 g of mequinol and 0.1 g of benzoin methyl ether by glass rod until the initiator completely
dissolved inside.

The manufacturer (EMS, USA) recommends to replace benzoin methyl ether on
benzoin ethylether (same amount) if polymerization in in the range -50°C to 0°C, 0.3% (by
weight) dibenzoyl peroxide if polymerization is thermal (60°C). The hardness of the resulting
block can be changed by a different amount of triethylene glycol dimethacrylate (up to 20 g).

The UV polymerization was done by long wavelength UV in polypropylene flat
bottom capsules closed with leaving as little air as possible, for 24 hours at -35°C followed by
6 days of natural UV polymerization at -6°C to 2°C at open space.

3.1.2.2.2 LR White
LR White was given by manufacturer (EMS, USA) in a catalyzed form that was needed

to kept at 4°C or lower. If the resin became more viscous it is not recommended to use it. For
heat polymerization 3.5 g of LR White was mixed with 0.0692 g benzoyl peroxide by magnet
stir at 5.6°C for 20 min and given into gelatin capsules for 51°C heat polymerization for
48 hours. For UV irradiation 3.5 g of LR White was mixed with 0.0176 benzoin methylether
by magnet stir at 5.6°C for 20 min and given into polypropylene flat bottom capsules for long-
wave UV polymerization at -20°C for 24 hours and some resin samples were polymerized at
20°C for 48 hours.

3.1.2.3 EMbed 812

To prepare the embedding mixture for medium hardness of the resin block, 20 ml of
EMbed 812, 16 ml of dodenyl succinic anhydride, 8 ml of Methyl-5-Norbornene-2,3-
Dicarboxylic anhydride and 0.66 ml of 2,4,6-Tri(dimethylaminomethyl) phenol were mixed
together. This process was done with warming up the resin and the anhydride to 60°C, to make
them more liquid (convenient for mixing).%®

This mixture could be stored for up to 6 months at 4°C, but freshly prepared medium
was preferred in accordance with manufacturer recommendations.

EMbed 812 was polymerized by 60°C heat during 24 hours in polypropylene flat

bottom capsules.
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3.2 Sample preparation for CLEM

Among different methodologies, HPF preparation technique followed by fixation in
FS device with resin embedding is still experimental work for certain biological systems. The
main idea is to preserve fine structure of biological sample much close to its native and

physiologically active state with good resolution for EM.

3.2.1 HPF preparation technique

HPF is fast technique and therefore it stabilizes all cellular components simultaneously
without minimal ice crystal formation. In present study we were used Leica EM PACT2
(Leica Microsystems, a part of Danaher, Germany) with sample carriers where bacterial
suspension were given. This process was important in accuracy, because air pockets or small
bubbles inside of placed sample into inner cavity of the specimen holder could result specimen
damage or even lost. The suspension of B.burgdorferi was centrifuged in 20% BSA diluted in
spirochete growing media (BSK-11) and thickened by discarding supernatant. This dense slurry
was divided by micropipette into aliquots to brass specimen carriers under the stereo
microscope. These carriers had round flat shape with a small pit with small hole in center, the
size of used holders were 1.2 mm in diameter with 200 um depth and 0.5 mm thickness. The
carrier with specimen inside was held in the rapid loader for automatically freeze in RTS of
Leica EM PACT?2. For freezing process the rapid loader with mounted in it the flat specimen
carrier loaded onto loading platform. After loading of the flat specimen pod, it was mounted
on bayonet loading device by matching bayonet connections and turned counterclockwise to
lock bayonet.

The RTS triggers freezing, the process of ejecting by RTS the Rapid Loader and
automatic high pressure completion had taken only 2.5 sec. The rapid freeze specimen was
ejected into LN> bath automatically and carefully collected in container with liquid nitrogen,
for the next stage of processing by AFS. Because the pod was used few times, it was

completely dried by hairdryer after each use, by manufacturer recommendations.

3.2.2 Fixation and embedding process in FS device

Rapidly frozen biological samples were dehydrated in FS unit. FS device with a
gradual temperature change avoids detrimental effects of ambient temperature dehydration on
the biological sample ultrastructure. This process removes water and allows the crosslinking

of cellular components. Moreover, FS embedding can preserve antigens for immunolabeling.
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The organic solvents as acetone, ethanol and methanol were used in different protocols
during this study.

The program with shorter time was set up for agitation device with methanol reagent
as the next:

Table 1.

Program view for Leica EM AFS2 (Leica Microsystems, a part of Danaher, Germany).

Tstart (°C) | Tend (°C) Slope Time (hour)
(°C/hod)
1. -90 -90 0 03:00
2. -90 -20 30 02:20
3. -20 -20 0 01:00
4, -20 -20 0 01:00
5. -20 -5 10 01:30
6. -5 -5 0 13:00
7. -5 -5 0 48:00

As can be seen from the Tab.1, FS started with very low temperature (i.e., up to -90°C)
that prevented formation of secondary ice crystals during rise of temperature in fixation and
embedding process. It means recrystallization was absent during the FS run and ultrastructural
changes in biological sample were minimal. As the samples warm up (i.e., up to -5°C), the
crosslinking activity of the chemical fixatives present in FS medium was activated. In order
to prevent the sample damage by temperature, all used solutions (organic solvents, resins), a
stainless forceps, a tube for solution drain and plastic pipettes (3 ml BRAND® pipettes
(Sigma-Aldrich Co. LLC., USA)) for manipulating were precooled in the processing chamber
of Leica EM AFS2. For this purpose, prepared solutions were given in Leica EM AFS2
chamber in advance in the 2 ml Sarstedt tubes. The substitution medium (100% methanol+
2% GA+5% water) provided in four 5 ml glass bottles were precooled as well before use.

The specimen carriers were transferred in the chamber of Leica EM AFS2. The
temperature of the chamber was already customized to -90°C. The sample carriers were

warmed to -90°C and sub-solution thawed with release of samples on the bottom of plastic
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flasks. The freeze substitution started at -90°C and for 3 hours the spirochetes were left in
100% methanol+2% GA+5% water for the test sample and 100% methanol+2% GA for other
ones. The test sample was prepared for GMA low acid resin for comparison with GMA low
acid resin embedding result without water content in substitute medium. For fixative uniform
distribution through the sample, the process of dissolution was repeated with 30°C/hour slope
up to -20°C. Then the spirochetes were left for one hour at -20°C in Leica EM PACT2
specimen carriers in 100% methanol+5% water for the test sample and 100% methanol for
other ones. Prepared beforehand resins were diluted in 100% methanol for required
concentrations. The 30% of resin in methanol filled the glass bottles with specimen carriers
for 1 hour, and then was change for 70% of resin in methanol and during this step the
temperature raised up to -5°C. Then the liquid content in the glass bottles replaced by last
needed concentration in 100% methanol, which was 91%, 90% and 95% of GMA low acid,
HPMA, HPMA resp. and left overnight. Next day the specimen carriers with spirochetes were
prepared to move in determined polypropylene flat bottom capsules with 7.92 mm inside
diameter by sample release. In 91%, 90% and 95% of GMA low acid, HPMA, HPMA resins
resp. were added accelerators, as ether for GMA and 0.5% benzoin methyl ether for HPMA
resp. for the final change of resin. The propylene capsules were filled as 1/3 with resin +
accelerator, by 3 ml BRAND® pipette the biological sample was transferred on the surface of
resin drop inside the propylene capsule and filled up to the brim with opportunity to avoid air
bubble when closing the capsule cap. The resin was polymerized by long-wave UV light (over
3150 A wavelength) for 48 hours inside of Leica EM PACT2 chamber at -5°C.

The second variation was done by Leica EM AFS (Leica Microsystems, a part of
Danaher, Germany). 25%, 50%, 75% and 95% of HPMA resin were used for infiltration and
with -20°C warming step 95% acetone was given for 30 min as the organic solvent, then it
was replaced by 95% ethanol (2 times change for 30 min), followed by resin infiltration:
25% HPMA for 60 min, 50% HPMA for 85 min, 75% HPMA for 100 min and 95% HPMA
overnight. UV polymerization was done after 95% HPMA substitution for the same fresh
solvent. Four test samples from these resin series were covered by foil, just top and bottom of
the propylene capsules were not covered for UV long-wave light.

In third variation, HPMA resin from different manufacturers (Electron Microscopy
Sciences, USA and Fluka, BioChemika, Sigma-Aldrich Chemie GmbH, Switzerland) with

different water content as 5%, 10% and 15% of purified water (by weight) were embedding
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material for B.burgdorferi spirochetes. In this case Leica EM AFS2 programming with

agitation device was done as:
Table 2.

Program view for Leica EM AFS2.

Slope _
Tstart (°C) | Tena (°C) Time (hour)
(°C/hour)
1. -82 -82 0 03:00
2. -82 -28 5 10:48
3. -28 -28 0 08:00
4. -28 -20 8 01:00
5. -20 -20 0 48:00

Dehydration with 90% acetone was in the step 1 and 2. After 2 series of 10 min wash
with 90% ethanol, the acrylic resin with different water content was given in polypropylene
flat bottom capsules sequentially with increasing concentration every 15 min. The step no.5
was provided for polymerization of acrylic resins with biological samples inside under the
LED UV-lamp of Leica EM AFS2.

These two AFS devices were provided by the Laboratory of Electron Microscopy,
Biology Centre of ASCR - Institute of Parasitology (Ceske Budejovice, Czech Republic). The
main difference was in technical improvement of Leica EM AFS2 model that facilitate the
work, as LED illumination in the chamber, user-friendly interface for programming and

S6E stereomicroscope.

3.2.3 Sample sectioning

The polymerized blocks were freed from the form in which they were polymerized by
a cut with a surgical scalpel in the case of polypropylene flat bottom capsules and immersion
in a tub with warm water in the case of gelatin.

In present work for ultramicrotomy by Leica Ultracut UCT Ultramicrotome
(Leica Microsystems, part of Danaher, Germany) were used self-prepared glass knifes. The
glass knifes were made from the glass strips by LKB 7801 A Knife Maker (LKS Produkter
KB, Sweden) with glass knife fork tool. The quality of the glass knife edge depends on the

break speed, the slow speed normally provides the good edge of the one. It should be noted
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that glass knife edge does not remain sharp for longer time, as diamond’s one. Diamond knife
could be used for calcified biological tissues and have good characteristics for cutting of
thinner sections, as 10-20 nm thick.>” The troughs were made by acrylate adhesive polyester
film tape 850 Silver (3M, USA) and sealed by nail polish. The clearance angle was set as
6° for Leica Ultracut UCT Ultramicrotome knife holder.

To start with ultramicrotomy the block trimming was made by hand with double-edged
razor blade at the angle about 60° to the vertical from all four sides forming a trapezoidal shape
of the specimen block. It is necessary to monitor the trimming process, because deep riffles
provoke the capillary process, when the liquid from the trough stretches after the block. The
mechanical trimming of surface was done by Leica Ultracut UCT Ultramicrotome followed
by sectioning on the trough with liquid (purified water or 10% actenone). Accompanied by
interference phenomenon the floating sections help visually determine the thickness of the
ones [Appx.4]. The movement directions during sectioning of mounted block is shown in
Appx.5.

The motor cutting speed was 40-100 mm/s for surface mechanical trimming and
2 mm/s for the specimen thickness up to 90 nm as optimal one.

The specimen corrugation was partially reduced by chloroform wafting on a ear wand

over the section.*®
3.3 Study methods

Study methods in present work were aimed at suitability of derived embedding media
for CLEM techniques. Micromechanical properties of epoxy, acrylic and aminoplastic resins
were investigated by Micro Combi Tester (CSM Instrument, Switzerland) in the Laboratory
of Morphology and Rheology of Polymer Materials, Otto Wichterle Centre of Polymer
Materials and Technologies (Innovation center of the Institute of Macromolecular Chemistry,
Academy of Sciences of the Czech Republic, Prague).

FLM examination was aimed at clarifying of incorporated fluorescent label availability
in biological tissue in acrylic embedding media. The ultrastructure examination of the

biological sample for ROI was done by TEM.
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3.3.1 Measurement of micromechanical properties

The material hardness tests were done by Micro Combi Tester to determine the
influence of crosslinking in the resin on the Leica Ultracut UCT Ultramicrotome sectioning
process. The instrumented microhardness tests were done at RT by square base pyramid
shaped indenter. The surface characterization was done by dint of LM NIKON/C73.

The study conditions for HPMA with 15% water content (polymerized by heat at
50°C), HPMA with 15% water content (polymerized by long-wave UV irradiation at -20°C
during 48 hours in Leica EM AFS), Nanoplast Hard resin (stirred under 65°C and polymerized
by heat at 60°C during 5 days) were the next: indenter depth 400 on the x axis and 0 on the y
axis with standard load 490.5 mN for 6 s holding time. To determine the mean value 10 surface

injections were done for each sample.
3.3.2 FLM

The biological sample, prepared for investigation (see 3.2.) was sectioned and
70-90 nm thick sections were given on the drop of 10% acetone on the microscope slides
(Waldemar Knittel, Germany), some of them were investigated directly on the copper mesh
grids for later research in TEM (to facilitate ROI finding). To stick these mesh grids to the
microscope slide the drop of water was added on the glass surface. The microscope slide with
sectioned biological sample was mounted to Olympus BX41 microscope (Olympus, Japan)
for inspection. Excitations of UV (330-385 nm), blue (460-490 nm), green light (510-550 nm)
and full spectrum light were used for detection and observation of GFP-expressing virulent
derivative of B.burgdorferi Bb914 strain 297. The reflected light and sample fluorescence
were viewed through the UMPIlanFI objectives (Olympus, Japan) with followed
magnifications: 5x/0.15 BD, 10x/0.30 BD, 20x/0.46 BD, 50x/0.80 BD, 100x/1.30 Oil.
Immersion oil drop was given on the second cover microscope slide during observation under
UMPIlanFI 100x/1.30 Oil objective.

3.3.3 TEM

The B.burgdorferi 30-100 nm thick sections were studied by TEM for ROI
ultrastructure examination. The water-miscible embedding media were also studied for their

stability under self-biasing tungsten filament in JEOL JEM-1010. For one of the experiments,
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100 nm thick section of HPMA (Fluka, BioChemika, Sigma-Aldrich Chemie GmbH,
Switzerland) contained 10% water and polymerized by long-wave UV irradiation at -20°C, 30
nm thick sections of HPMA (Electron Microscopy Sciences, USA) contained 15% water and
polymerized by long-wave UV irradiation at -20°C and 30 nm HPMA (Electron Microscopy
Sciences, USA) contained 15% water and polymerized by 50°C heat were carbon coated by

JEOL JEE 4C vacuum evaporator to provide resin stability under the electron beam.

CHAPTER 4. RESULTS

In the course of the experiments I carried out the following tasks:

1. Subjectively evaluate the ability of water-miscible embedding media to be cut by
Leica Ultracut UCT Ultramicrotome.

2. Estimate the micromechanical properties of epoxy, acrylic and aminoplastic embedding
media and determine the presence of changes over time in micromechanical properties of
water-miscible embedding medium by Micro Combi Tester.

3. Check the stability of water-miscible embedding media under tungsten filament in
JEOL JEM-1010 TEM.

4. Detect GFP-expressing virulent derivative of B.burgdorferi Bb914 strain 297 and register
its location (ROI) by Olympus BX41 microscope.

5. Detect ROI and examine its ultrastructure by JEOL JEM-1010 TEM, compare with results
obtained by Olympus BX41 microscope.

4.1 The composition of the FS solution

Minimal extraction of cell components followed by good preservation of fine structure
attributed to acetone, while methanol could substitute even with small presence of water and
do it faster than acetone.>®

That is why the FS program with shorter time was set up for agitation device with

methanol reagent (see 3.2.2).

4.2 Polymerization results and sample sectioning

In present work | polymerized epoxy, acrylic and amino resins under different
conditions of heat and UV, as temperature and time of curing, to determine the suitable

polymerization mode for its application in CLEM.
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The bacterial culture was embedded in the hard resins to obtain the uniform thin section
layer for EM observation. To facilitate the task for ROI identification | used one section for
sequential observation in FLM and TEM.

It should be noted that patience during sample sectioning and careful attitude to the
obtained sections process increase the success result.

4.2.1 Water-miscible embedding media

In the Ref. 60 these media are indicated as possessing good cutting properties for all
kinds of tissues and one of the main tasks of present work was to test their cutting properties

experimentally.

4.2.1.1 Hydroxypropyl Methacrylate

During my study | used two different hydroxypropyl methacrylate kits, the one was
produced by Sigma-Aldrich Chemie GmbH, Switzerland and another one by EMS, USA. The
polymerization results, which | obtained during the study are based on my subjective

assessment and presented in the Table 3 and Table 4.
Table 3

Polymerization results according to percentage of imparted water for
HPMA (Fluka, BioChemika, Sigma-Aldrich Chemie GmbH, Switzerland)

% of Presence of

imparted | a biological Polymerization mode Result
water sample
1 2 3 4
5 none 55°C heat for 48 hours The resin block had low hardness

with air bubbles in thickness.

5 B.burgdorferi | long wave UV irradiation | I got with effort only 200 nm thick
with QDs at -20°C for 60 hours sections.

5 B.burgdorferi | long wave UV irradiation | | got with effort the ribbon of 200

at -20°C for 60 hours nm thick sections.
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1 2 3 4
The brittle 80 nm thick sections |
got at 3 mm/s cutting speed.

10 none 55°C heat for 48 hours The resin block had low hardness.

10 none long wave UV irradiation | The resin block was flexible as a

at -20°C for 48 hours rubber.

10 B.burgdorferi | long wave UV irradiation | After resin polymerization in the

at -20°C for 48 hours | lower part of polypropylene flat

(with  methanol freeze- | bottom capsules was detected the

substitution medium; | presence of air.

agitation device in AFS

protocol)

10 none long wave UV irradiation | The resin block had sensitive

at -20°C for 60 hours surface to mechanical action
(squeezing with mounting
clamps), but the resin sliced
gently.

15 none 50°C heat for 48 hours The resin was not polymerized
(liquid state).

15 none 55°C heat for 48 hours The resin  block was not
polymerized completely and was
sticky to the touch.

15 none long wave UV irradiation | The resin block had milky color

at -20°C for 48 hours and was flexible as a rubber.

15 none long wave UV irradiation | The resin block had white color

at -20°C for 60 hours

precipitate in the bottom.
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Table 4

Polymerization results according to percentage of imparted water for
HPMA (EMS, USA)

% of Presence of
imparted | a biological Polymerization mode Result
water sample

1 2 3 4

5 B.burgdorferi | long wave UV irradiation | The resin block had air bubbles at
at -20°C for 48 hours | the bottom.
(with  methanol freeze-
substitution medium;
agitation device in AFS
protocol)

10 none 50°C heat for 48 hours The resin was not polymerized

(liquid state).

10 none long wave UV irradiation | The resin was not polymerized
at -20°C for 48 hours (liquid state).

10 B.burgdorferi | long wave UV irradiation | I got fragile 200 nm thick sections,
at -20°C for 48 hours | while 80 nm thick sections I got at
(with acetone to ethanol | 10 mm/s cutting speed.
freeze-substitution
medium; agitation device
in AFS protocol)

10 B.burgdorferi | long wave UV irradiation | I got 90 nm thick sections at 2

at -20°C for 48 hours
(methanol freeze-

substitution medium)

mm/s cutting speed, these sections
were clung to the edge of the glass
knife.

The 80 nm thick sections | got at
10 mm/s cutting speed.

To prevent chatter appearance |
reduced the cutting speed to 2

mm/s and got 70 nm sections,
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4

which were stretched from the
edge of the glass knife with
simultaneous adhesive

phenomenon.

15

none

55°C heat for 48 hours

The resin block had low hardness,
| easily formed the block face. The
resin block had a lot of small
bubbles inside, | detected it
visually during block trimming.
The sections 400 nm thick | got at
50 mm/s cutting speed.

During the block trimming the
resin created fibers on the edge of
the glass knife.

15

none

long wave UV irradiation
at -20°C for 48 hours

The resin block was milky color,
was flexible as a rubber and

contained air bubbles in thickness.

15

none

long wave UV irradiation
at -20°C for 60 hours

The resin block trimming was
difficult due to cleavages. The
sections adhered to the glass knife
edge. During sectioning resin
block cracked and deep holes in
resin thickness indicated presence
of air during the polymerization

process.
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4.2.1.2 Glycol Methacrylate

The glycol methacrylate polymerization results are presented in the Table 5.

Table 5

Polymerization results according to percentage of imparted water for
GMA (low acid) (EMS, USA)

% of Presence of
imparted | a biological Polymerization mode Result
water sample

1 2 3 4

3 none 55°C heat for 48 hours The resin block was polymerized.

3 none long wave UV irradiation | The resin block was polymerized.
at -20°C for 48 hours

6 none 55°C heat for 48 hours The resin block was polymerized.

6 none long wave UV irradiation | The resin block was polymerized.
at for 48 hours

9 none 55°C heat for 48 hours The resin had matt surface.

9 none long wave UV irradiation | The resin was not transparent in
at -20°C for 48 hours thickness.

9 B.burgdorferi | long wave UV irradiation | During  the  section  ribbon
at -20°C for 48 hours | formation the resin did not float
(methanol freeze- | out on the water in trough and
substitution medium, last | clung to the edge of the glass knife.
infiltration step in AFS | Under these conditions | got 80 nm
protocol had 5% of water | sections at 10 mm/s cutting speed.
in methanol) The resin sections were wavy with

uneven thickness.
9 none long wave UV irradiation | The resin block trimming was

at -20°C for 60 hours

difficult due to cleavages. The

resin block had sensitive surface
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1 2 3 4

(squeezed in mounting clamps).
The sections was cut gently, during
the block trimming | got 20 nm
thick sections, but they were

uneven and irregular in thickness.

4.2.1.3 Polyethylene Glycol — Glycol Methacrylate mix
Table 6
Polymerization results according to percentage of imparted water for
GMA/PEG (1% v/v) (EMS, USA)

% of Presence of

imparted | a biological Polymerization mode Result
water sample
1 2 3 4
3 none 50°C heat for 48 hours The resin block was polymerized.
3 none long wave UV irradiation | The resin block was polymerized.

at -20°C for 48 hours

6 none 50°C heat for 48 hours The resin block was polymerized.

6 none long wave UV irradiation | The resin block was polymerized.
at -20°C for 48 hours

9 none 50°C heat for 48 hours The resin block was hard to trim
due to its solid consistency,
cleavages appeared.
Simultaneously the resin block had
sensitive surface (squeezed in
mounting clamps).

The resin sections in the trough
with 10% acetone were sticky, had
small tension and were easily cut

by fine hair.
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1 2 3 4
9 none long wave UV irradiation | | got 50 nm, 100 nm thick sections.

at -20°C for 60 hours

4.2.1.4 Nanoplast
Nanoplast resin samples after 60°C heat polymerization during 72 hours with silica gel
as dessicant in the oven had slightly wet surface and air bubbles at the bottom of the resin

blocks.
4.2.2 Lowicryl K4M

One of three Lowicryl K4M resin samples was polymerized by long wave length UV
for 24 hours at -35°C followed by 6 days of natural UV polymerization at -6°C to 2°C at open
space, the resin block had matt pinkish color.

4.2.3 LR White

LR White is an aromatic acrylic resin mixture with 8-102 Pa viscosity rate, low toxicity
and stability under the electron beam.5! To confirm the last statement this resin was prepared
for microindentation hardness test investigation.

This resin is universal for wide scale of polymerization types: heat, UV irradiation,
chemical and microwave one. In present study | used heat and long wave UV irradiation at

-20°C for polymerization.

Table 7
Polymerization results according to polymerization mode for
LR White (EMS, USA)
Presence of
a biological Polymerization mode Result
sample
1 2 3
None 51°C heat for 48 hours The resin block was slightly damp and sticky-

apparently it was insufficiently polymerized.

None 60°C heat for 48 hours During the resin block trimming | got
relatively easy 500 nm thick sections at

40 mm/s cutting speed.
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1 2 3

none long wave UV irradiation | The resin block had matt surface.
at -20°C for 24 hours
none long wave UV irradiation | The resin block had matt surface.

at -20°C for 48 hours

4.2.4 EMbed 812

EMS (USA) have replaced EPON 812 by Embed 812 in 1978. The resin block was
fully polymerized at 60°C heat during 24 hours. This resin was prepared for microindentation
hardness test investigation to verify the manufacturer's declaration of cutting qualities and

stability under the electron beam. %

4.3 Measurement of micromechanical properties

The hardness number was calculated using test load, impression length and Vickers
indenter shape factor.®

EMbed 812 and LR White were polymerized by heat at 60°C for 24 hours and 48 hours
respectively and the tested surface was sufficiently smooth (obtained by block trimming in
Leica Ultracut UCT Ultramicrotome) and reflective to prevent artefacts during
microindentation hardness testing. The changes in indentation hardness and indentation
modulus over time were investigated.

To achieve required smoothness of tested surface the down stroke speed of specimen
arm was manually configured as 100-50-20-5-2 mm/s for 500 nm sections of Embed 812,
during the block trimming. Surface touching was avoided. Block trimming of LR White was
done by 100-40 mm/s specimen arm down stroke speed for 500 nm sections.

The surface finish had influence on the measurement, small chips created air pits where

indenter lied by value, Hir was more than 400 MPa.
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Figure 13. Indentation hardness Hir changes over time. [based on Ref. 62]
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From Fig.13 and Fig.14 Embed 812 is harder and inflexible than LR White, in process

of time this phenomenon becomes more characteristic.
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For measurement of micromechanical properties by Micro Combi Tester it was
necessary to prepare the 2x2 mm block of HPMA (EMS, USA) with 15% water content,
polymerized during 48 hours by 55°C heat. To avoid measurement error | decided to get the
smooth surface of the block by trimming in Leica Ultracut UCT Ultramicrotome. But required
size of the block was impossible to infix in the specimen holder; if | used a foil for its
reinforcement inside, the wavy surface with compressed areas was caused by block vibrations.
In this case | decided to use the standard size of resin block (polished surface diameter was
7.92 mm). The indentation hardness Hir of this resin by Micro Combi Tester was 100 MPa at
25000 mN/min indenter speed and after 6 month 198 MPa at 2500 mN/min indenter speed,
which proves the solidification over time.

The same resin, polymerized in Leica EM AFS by long wave UV irradiation at -20°C
for 48 hours had indentation hardness Hir by Micro Combi Tester 196.3 MPa at
25000 mN/min indenter speed and after 6 month 215.6 MPa at 2500 mN/min indenter speed,
which proves the solidification over time.

Nanoplast Hard had indentation hardness Hir by Micro Combi Tester 334,5 MPa at

2500 mN/min indenter speed after 6 month of storage.

4.4 FLM examination
All obtained resin blocks were stored in aluminum foil in light-proof boxes at the
refrigerator (4°C) to protect the GFP from UV light, to postpone the inevitable changes in their

properties.
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Table 8

Results of GFP detection in B.burgdorferi by Olympus BX41 microscope

Embedding Yoof Polymerization Section
] imparted thickness GFP visibleness
resin mode
water (nm)
HPMA (Fluka, 5 Long wave UV 200 The fluorescence signal
BioChemika, irradiation at - was not detected.
Sigma-Aldrich 20°C for 48 hours
Chemie
GmbH,
Switzerland)
HPMA (EMS, 5 Long wave UV 80 The fluorescence signal
USA) irradiation at - (10 mm/s was not detected.
20°C for 48 hours | specimen
(methanol freeze- | arm down
substitution stroke
medium) speed)
HPMA (EMS, 5 Long wave UV 80 The fluorescence signal
USA) irradiation at - was not detected.
20°C for 48 hours I was not able to focus
(acetone to the image by 50x/0.80
ethanol freeze- BD UMPIlanFI
substitution objective.
medium)
HPMA (EMS, 10 Long wave UV 80 The fluorescence signal
USA) irradiation at - was not detected.

20°C for 48 hours
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4.5 TEM examination

It should be noted that to reduce chatter I tried to change cutting down stroke speed in
Leica Ultracut UCT Ultramicrotome, but this does not overcome it completely. It was not
possible to change the sectioning angle due to capillary process, which greatly complicates the

sectioning by Leica Ultracut UCT Ultramicrotome.
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Table 9

Observation results of B.burgdorferi by JEOL JEM-1010 microscope

% of Presence of a

Embedding | ) ) Polymerization Section Accelerating )
) imparted biological _ Observation results
resin mode thickness (nm) | voltage (kV)
water sample

1 2 3 4 5 6 7
HPMA 5 B.burgdorferi |long wave UV | 80,90 80 The resin sections had chatter. During
(Fluka, irradiation at -20°C the observation with simultaneous
BioChemika, for 48 hours (acetone presence of stable regions the sections
Sigma- to ethanol freeze- had been exploded.
Aldrich substitution medium)
Chemie
GmbH,

Switzerland)
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1 2 3 4 5 6 7
HPMA 10 none long wave UV | 100 80 The resin sections were stable under
(Fluka, irradiation at -20°C | (with thin carbon electron beam without any tears.
BioChemika, for 48 hours layer)
Sigma-
Aldrich
Chemie
GmbH,
Switzerland)
HPMA 5 B.burgdorferi |long wave UV |60, 80 (10 mm/s 80 The resin sections were relatively
(EMS, USA) irradiation at -20°C | specimen arm stable under the electron beam.

for 48 hours
(methanol  freeze-

substitution medium)

down stroke

speed)

I was not able to get not blurred image
of spirochetes, so its morphological
structure was not possible to get in
this type of embedding media.

The resin sections had chatter on a
whole observed sample except the

area with spirochetes group.
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1 3 4 5 6 7
HPMA B.burgdorferi |long wave UV |70 (2 mm/s 80 I was not able to get not blurred image
(EMS, USA) irradiation at -20°C | specimen arm of spirochetes, so its morphological
for 48 hours | down stroke structure was not possible to get in
(methanol  freeze- | speed) this type of embedding media.
substitution medium) The resin sections had chatter on a
whole observed sample including the
area with spirochetes group (Fig. 7).
The resin sections were partially torn.
HPMA 10 B.burgdorferi |long wave UV |90 60 I was not able to focus the image, The
(EMS, USA) irradiation at -20°C resin section ruptured under the
for 48 hours electron beam.
(methanol  freeze-
substitution medium)
HPMA 10 B.burgdorferi |long wave UV |80, 90 (10 mm/s 80 The resin sections were stable under
(EMS, USA) irradiation at -20°C | specimen arm the electron beam, only appeared the

for 48 hours
(methanol  freeze-

substitution medium)

down stroke

speed)

breaks at the specimen grid edges

(Fig. 8, 9). At low magnifications the
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1 2 4 5 6 7
spirochetes had sufficiently clear
contours (Fig. 10).
HPMA 15 none 50°C heat for 48|80 80 The resin sections had chatter (Fig.
(EMS, USA) hours 11), the focused electron beam
provoked rupture of the resin section
and its corrugation.
HPMA 15 none 55°C heat for 48| 30 80 The resin section ruptured and folded
(EMS, USA) hours under the electron beam.
HPMA 15 none 55°C heat for 48|30 (with thin 80 The resin sections were stable under
(EMS, USA) hours carbon layer) the electron beam.
HPMA 15 none long wave UV |30 80 The resin sections had chatter which
(EMS, USA) irradiation at -20°C indicated  variation in  section
for 60 hours thickness (Fig. 12). The resin section
ruptured and folded under the electron
beam.
HPMA 15 none long wave UV |30 (with thin 80 The resin sections were stable under
(EMS, USA) irradiation at -20°C | carbon layer) the electron beam.

for 60 hours

39




1 2 4 6 7
HPMA 15 none long wave UV |80 80 The resin sections had chatter which
(EMS, USA) irradiation at -20°C indicated  variation in  section

for 60 hours thickness.

40




a) b)
Figure 7. 70 nm thick section with B.burgdorferi polymerized in HPMA (EMS, USA) with 5%
of imparted water under long wave UV irradiation at -20°C for 48 hours (methanol freeze-

substitution medium) in JEOL JEM-1010 microscope under accelerating voltage 80 kV. Scale

bar: a) 1 um, b) 500 nm.

a) b)
Figure 8. 80 nm thick section with B.burgdorferi polymerized in HPMA (EMS, USA) with 10%
of imparted water under long wave UV irradiation at -20°C for 48 hours (methanol freeze-

substitution medium) in JEOL JEM-1010 microscope under accelerating voltage 80 kV.

Scale bar: a) 1 um, b) 200 nm.
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a) b)
Figure 9. 90 nm thick section with B.burgdorferi polymerized in HPMA (EMS, USA) with 10%
of imparted water under long wave UV irradiation at -20°C for 48 hours (methanol freeze-
substitution medium) in JEOL JEM-1010 microscope under accelerating voltage 80 kV. Scale
bar: a) 20 um, b) 500 nm.

Figure 10. 80 nm thick section with B.burgdorferi polymerized in HPMA (EMS, USA) with
10% of imparted water under long wave UV irradiation at -20°C for 48 hours (methanol freeze-
substitution medium) in JEOL JEM-1010 microscope under accelerating voltage 80 kV. Scale
bar: 500 nm.
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Figure 11. 80 nm thick HPMA (EMS, USA) section with 15% of imparted water under 50°C heat
polymerization for 48 hours in JEOL JEM-1010 microscope under accelerating voltage 80 kV.
Scale bar: a) 50 um, b) 5 um.

Figure 12. 30 nm thick HPMA (EMS, USA) section with 5% of imparted water under
long wave UV irradiation at -20°C for 60 hours in JEOL JEM-1010 microscope under accelerating

voltage 80 kV. Scale bar: 5 um.
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CHAPTER 5. DISCUSSION

The one of the most perspective methods to study biological objects at the cellular level is
the CLEM technique.

Fluorescent markers are able to image the live cells, while ultrastructure morphology of a
biological object in EM usually obtains in high vacuum conditions. The differences in sample
preparation protocols for LM and EM create certain difficulties for precise correlation in LM and
EM imaging. In this case for relocation of ROI the TEM finder grids are used or cell position in
the section is taking into account.®® The biological sample must be fixed, dehydrated and
embedded into resin with the possibility that GFP will reduce the fluorescence due to protonation
of GFP chromophore during embedding process.%* Because imaging is very important research
tool in natural sciences, the preparation methods for post-embedding CLEM technique, which are
not contradicting each other, are still the trial area.

To keep the fluorescence intensity during resin embedding | used the buffer solution with
pH=7,2 as reported in the Ref. 50, because chromophore “protonation state [...] is responsible for
GFP pH sensitivity.

To study possibility of water-miscible embedding media utilization for accurate
correlation in FLM and TEM | used hydroxypropyl methacrylate with 5 and 10 percent of
imparted water, with different condition of long wave UV polymerization for embedded
B.burgdorferi, where composition of FS solution was changed to ethanol® as the second fixative
or have been replaced by methanol. According to Johnson E. et al. ethanol did not affect in-resin
fluorescence and resin sections have less tears then.%

HPMA resin is hydrophilic one and this characteristic may preserve the fluorescence in
the embedded biological material®® because fluorescent proteins “maintain their conformation in
hydrated states®’, in addition Yang Zh. et al. represents HPMA as an ideal media for fluorescence
preservation.®’

I was not successful in the fluorescent signal observation during my experiments. | atribute
it to the way of manipulating with B.burgdorferi that it was not kept in the dark and during
sectioning by Leica Ultracut UCT Ultramicrotome the sections with embedded B.burgdorferi

were illuminated by internal bulb of the device (it is not possible to make this procedure in the
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dark, because the quality of the resin section and its thickness is controlled visually and by light
reflection from the resin section).

My experiment with GFP detection in Olympus BX41 microscope probably led to
“bleaching” of the fluorescence, because I used full spectrum light (to find the section on the grid)
and sequential switching of UV (330-385 nm), blue (460-490 nm), green light (510-550 nm) to
be sure that | detected specifically GFP signal

| used the resin embedding protocol where heavy metals were absent to prevent
fluorescence quenching but simultaneously led to low contrast.®

In freeze substitution protocol | added 2% GA in the substitution media, that purposed by
Bell K. et al. as excellent ultrastructural preservation without GFP fluorescence elimination, but
with simultaneous increasing of autofluorescence of plant cell components.®® I took this statement
into account, since endogenous expression is the same for live plant or animal cell.>!

Because preliminary identification of B.burgdorferi through Olympus BX41 microscope
was unsuccessful, I had huge amount of spirochetes in the square meshes of TEM standard grid
without marks to study its ultrastructure by JEOL JEM-1010 TEM and | was not able to find the
corresponding cells. I was not able to focus the image and blurred silhouettes of B.burgdorferi did
not allow me to get ultrastructure information. Despite | used the protocol, based on
manufacturer's recommendations®: % for preserving a recordable GFP signal and get good image
resolution in EM, | was not able to make the correlation at all.

The blurred image of spirochetes during observation under the electron beam in
JEOL JEM-1010 TEM probably points on atomic structure scattering potential,’® because the
embedding material was hydrophilic.

80 nm thick section with B.burgdorferi polymerized in HPMA (EMS, USA) with 10% of
imparted water under long wave UV irradiation at -20°C for 48 hours (methanol freeze-
substitution medium) under accelerating voltage 80 kV revealed the presence of sufficiently clear
spirochete contours, but to get the ultrastructure image still was not possible.

At the same time JEOL JEM-1010 TEM gave me the opportunity to check the stability of
water-miscible embedding media with different percentage of imparted water, different
polymerization modes and different thickness under tungsten filament at 60 kV, 80 kV

accelerating voltage. | noted that the biological material embedded in hydroxypropyl methacrylate
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sections with thickness <90 nm tends to tear under the electron beam, most often in the center of
the TEM grid mesh, that complicated my study. Especially, if the ROIs were directly in the in the
field of discontinuity.

To find a possible cause of ruptures in the embedding medium itself, | have coated few
hydroxypropyl methacrylate sections (with different thickness (30 nm, 100 nm) and different
water percentage (15 and 10% resp.)) with carbon film by JEOL JEE 4C vacuum evaporator.
TEM imaging showed that the resin surface was not contaminated with coarse carbon particles,
due the fact that | conducted the carbon atomization by indirect method, when the deposition
surface was hidden from direct hit of carbon atoms including accidental cleavage of large particles
from the carbon spike. As the result, | got stable resin sections, without any tears. These sections
did not contained any biological material, but resin blocks were polymerized by long wave UV
irradiation at -20°C for 60 hours and 48 hours resp., which makes it possible to use this protocol
for biological sample embedding.

Rupture of hydroxypropyl methacrylate sections with embedded B.burgdorferi inside was
not prolonged process, after abrupt tearing - it stopped, and partially spatially undistorted material
was at mesh edges and it does not changed upon further study, even after prolonged storage in the
refrigerator at 4°C.

It should be noted that the common problem of observed sections was chatter, that makes
it possible to misinterpret the information about the ultrastructure of the biological object.
| attribute this to the difficulties during sample sectioning with Leica Ultracut UCT
Ultramicrotome, created by the structure of embedding media and the capability of the equipment,
when the block face on my opinion slightly warms up during mechanical shearing. Polymerization
mode did not affect the occurrence of chatter, | watched it both: in samples polymerized by heat
conditions and samples, polymerized by UV irradiation.

To secure the resin block in the socket of specimen arm | tried to lay a piece of aluminum
film wrapped around the base of the resin block, despite the manufacturer has provided a toothed
mounting surface. This improvement did not lead to the desired result, in some cases there was
an imbalance of clamping, the resin block could suddenly deviate upwards at the junction with
the edge of the glass knife, that threatened to break the resin block and violate the whole process

of sectioning.
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In order to obtain sections with uniform thickness | had changed the motor cutting speed
to the lowest possible value, but I spent a lot of time to get each section. Since my experience has
shown that very low motor speed complicated the work at all — hydrophilic attitude of acrylic
resins attracted the water from the trough.

The section corrugation was not effectively relieved by chloroform wafting on a cotton
swab over the section. | attribute this to the internal structure of the resin block, modified by water
content in it and respectively by the type of polymerization.

B.burgdorferi immunolabeled with QDs was kindly provided by Jana Kopecka
(Laboratory of Electron Microscopy, Biology Centre ASCR - Institute of Parasitology, 2015) |
embedded this sample in HPMA (Sigma-Aldrich Chemie GmbH, Switzerland) with 5 % of
imparted water, and | used for the polymerization long wave UV irradiation at -20°C for 60 hours.
This sample was hard to cut less than 200 nm thick sections, than the sample without QDs, despite
the fact that QDs are good as optical contrast agents.*

The HPMA of this manufacturer had the tendency to stay liquid after 50°C heat
polymerization during 2 days, when | added 15% of water to hydroxypropyl methacrylate,
probably due to limits of HPMA to be mixed with water®. The same problem appeared in
HPMA embedding kit from EMS, USA, but with 10% of imparted water, it was not polymerized.

GMA (low acid) (EMS, USA) had been polymerized at the 55°C heat and long wave
UV at -20°C during 2 days, with presence of 3 % -9 % of imparted water. But it was hard to get
uniform section surface during resin block trimming. The same behavior | detected from
GMAJ/PEG (1% v/v) (EMS, USA). According to the obtained results the higher percentage of
imparted water in GMA/PEG (1% v/v) (EMS, USA) under long wave UV irradiation at -20°C for
60 hours results in ability to get the section even 50 nm thick.

It should be noted that for the purpose of experiment, | added 5% of water in methanol in
the last infiltration step in AFS protocol for GMA (low acid) (EMS, USA) with 9% of imparted
water and presence of B.burgdorferi, then I polymerize it with long wave UV irradiation at -20°C
for 48 hours. The presence of water in the last infiltration step does not affected the polymerization
success but complicated the sectioning by Leica Ultracut UCT Ultramicrotome.

The resin block of HPMA (EMS, USA) with 10% of imparted water and embedded

B.burgdorferi before polymerization under long wave UV irradiation have passed the stage of fast
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FS in Leica EM AFS2 that was done by agitation device. As the result | got the fragile sections,
that may be the result of vertical position of polypropylene capsules inside the Leica EM AFS2
chamber, while McDonald K.L. et al. insists that polypropylene capsules should be located close
to horizontal position for good mixing of the FS solution.”

Taking into account all the experimental data obtained, I can confirm, that adding water

into the polymer gives success in polymerization in 75,8% of cases for acrylic resins.
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CHAPTER 6. CONCLUSIONS

o Adding water to the polymer during hydrophilic resin preparation eventually led to
deterioration of resin cutting abilities with Leica Ultracut UCT Ultramicrotome.

o The sections of acrylic resins with percentage of imparted water had chatter, which
was not able to get rid of.

o The embedding protocols for HPMA with 5-15% of imparted water, which are
presented in this study, do not led to preserve a recordable GFP signal in
B.burgdorferi.

o The sections of water-miscible resins with 5 % - 15% of imparted water were
unstable under the electron beam in JEOL JEM-1010 TEM and did not allow to
focus the blurred image of B.burgdorferi.

o Use of agitation device during FS protocol accelerates the infiltration process, the

resin blocks were succesfully polymerized.
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APPENDIX 1. Table 1. Resin methodology for localization of cellular
structures with EM (based on Ref.48)
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APPENDIX 2. Table 2. Characteristics of fixative agents used in LM and
EM (based on Ref.24)

Impact on
Fixative agent Properties biological Result
componets
1 2 3 4
Coagulant | Ethanol Dehydrating
solvent for LM
and EM. Good preservation
(Farmer’s of nuclear morphology.
fixative Conformation and
(ethanol:acetic Unfixed proteins solubility change of
acid; 3:1, viv) are coagulated by | protein molecules.
preffered for ethanol. Lipids are not preserved.
laser-capture Precipitate Shrinkage effect.
microdissection proteins by
methods. replacing water.
Methanol Good preservation
of nuclear morphology.
Conformation and
solubility change of
protein molecules.
Lipids are not preserved.
Acetone Cold acetone Dehydration of Conformation and
fixation maintain | tissues. solubility change of
enzyme activity. | Precipitate protein molecules.
Miscible with proteins by Make the tissue more
epoxy resins. replacing water. brittle.
Non- Acetic acid Does not react Coagulation of Swelling of cells.
coagulant with proteins. nuclear proteins. In conjunction with
Fast penetration. | Prevent the loss of | ethanol gives suppression
Farmer’s fixative | nucleic acids. of shrinkage effect.
(ethanol:acetic
acid; 3:1, viv)
preffered for
laser-capture
microdissection
methods.
Formalin—acetic
acid-alcohol
(FAA) is the
most common
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2

botanical
fixative

for the paraffin-
embedded
method.

Formaldehyde

Quick
penetration due
its molecular
weight.

Longer fixation
time.

Toxic one.

To prevent self-
polymerization
methanol is
added as a
stabilizer.
Recommends to
use only fresh
made solution
and use it
immideately.
Could be
combined with
glutaraldehyde.

Slow forming of
stable methylene
bridges with
protein nitrogen.
Intra- and
intermolecular
cross-links.

Better preservation of the
cellular organization.

Glutaraldehyde

For
ultrastructural

Irreversible
reactions with

Fixed specimes have a
high level of

studies. Slow macromolecules. fluorescence.
penetration. Inhibits enzyme Better preservation of the
Could be activity. cellular organization.
combined with Intra- and
formaldehyde. intermolecular
Not compatible cross-links.
with paraffin-
embedding
medium.
Osmium Slow penetration | Reacts with Glycol methacrylate is
tetroxide (OsO4) | (0.25 mm/h). unsaturated lipids. | not compatible with it.

Sublimate into
vapor froma
solid state, could
cause blindness.
Mainly used as a
secondary fixing
agent.

Intra- and
intermolecular
cross-links.
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1 2 3 4
Glyoxal A “formalin A pleasing effect in
substitute” histology and

immunohistochemistry

Carbodiimides

Effective as tissue
fixative

For

immunohistochemical
studies.
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APPENDIX 3. Table 3. Comparison of properties of QDs and organic

dyes.*

Quantum dot
(dependent on material, size,

Organic dye
(dependent on dye class and

Property size distribution and surface are tunable via substitution
chemistry) pattern)
1 2 3

Absorption spectra

Steady increase toward UV
wavelengths starting from
absorption onset; enables free
selection of excitation
wavelength

Discrete bands, FWHM of the
maximum 35 nm (fluoresceins,
rhodamines and cyanines) to 80-
100 nm (CT dyes, such as
coumarins, for example)

Molar absorption coefficient

10°-10°M™cm at first exitonic
absorption peak, increasing
toward UV wavelength ; larger
(longer wavelength) QDs
generally have higher
absorption

2.5%10* - 2.5x10° M cm™ (at
long-wavelength abruption
maximum)

Emission spectra

Symmetric, Gaussian profile;
FWHM, 30-90 nm

Asymmetric, often tailing to
long-wavelength side; FWHM,
35 nm (fluorosceins,
rhodamines and cyanines) to 70-
100 nm (CT dyes)

Stokes shift

Typically <50 nm for visible
wavelength-emitting QDs

Normally <50 nm (fluoresceins,
rhodamines and cyanines), up to
>150 nm (CT dyes)

Quantum yield

0.1-0.8 (visible: 400-700 nm),
0.2-0.7 (NIR: >700 nm)

0.5-1.0 (visible), 0.05-0.25
(NIR)

Fluorescence lifetimes

10-100 ns, typically multi-
exponential decay

1-10 ns, mono-exponencial
decay

Two-photon action cross section

2x10%7-4.7%10 cm*s photon”
1

1x10°%-5x10“ cm*s photon™
(typically about 1x10*° cm*s
photon™

Solubility or dispersibility

Control via surface chemistry
(ligands)

Control by substitution pattern

Binding to biomolecules

Via ligand chemistry; few
protocols available. Several
biomolecules bind to a single
QD. Very little information
available on labeling-induced
effects

Via functional groups following
established protocols.

Often several dyes bind to a
single biomolecule. Labeling-
induced effects on spectroscopic
properties of reporter studied for
many common dyes.

Size

6-60 nm (hydrodynamic
diameter); colloid

~0.5 nm; molecule
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1

2

3

Thermal stability

High; depends on shell or
ligands

Dependent on dye class; can be
critical for NIR-wavelength
dyes.

Photochemical stability

High (visible and NIR
wavelengths); orders of
magnitude higher than that of
organic dyes; can reveal
photobrightening

Sufficient for many applications
(visible wavelength), but can be
insufficient for high-light flux
applications; often problematic
for NIR-wavelength dyes

Toxicity

Little known yet (heavy metal
leakage must be prevented,
potential nanotoxicity)

From very low to high;
dependent on dye

Reproducibility of labels
(optical, chemical properties)

Limited by complex structure
and surface chemistry; limited
data available; few commercial
systems available

Good, owing to defined
molecular structure and
established methods of
characterization; available from
commercial sources

Applicability to single-molecule
analysis

Good; limited by blinking

Moderate; limited by
photobleaching

Fluorescence Resonance Energy
Transfer (FRET)

Few examples; single-donor-
multiple-acceptor
configurations possible;
limitation of FRET efficiency
due to nanometer size of QD
coating

Well-described FRET pairs;
mostly single-donor-single-
acceptor configurations; enables
optimization of reporter
properties

Spectral multiplexing

Ideal for multi-color
experiments; up to 5 colors
demonstrated

Possible, 3 colors (MegaStokes
dyes), 4 colors (energy-transfer
cassetes)

Lifetime multiplexing

Lifetime descimination between
QDs not yet shown; possible
between QDs and organic dyes

Possible

Signal amplification

Unsuitable for many enzyme-
based techniques, other
techniques remain to be adapted
and/or established

Established techniques
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APPENDIX 4. Table 4. Observed colors and measured thicknesses of the
sections by Peachey L.D. [Ref. 58, edited]

Measured thickness Color observed at Effective thickness for
(um) 15° to normal 0=15° (um)
49 Gray 48
49 Gray 48
49 Gray 48
49 Gray 48
64 Grayish silver 63
64 Silver 63
83 Silver 82
85 Silver 84
88 Silver 87
92 Silver 91
95 Gold 94
110 Silver 108
125 Gold-silver 123
125 Gold 123
127 Gold 125
128 Gold 126
135 Reddish gold 133
166 Reddish gold 164
200 Purple 197
239 Sky-blue 235
264 Yellow 260
278 Yellow-green 274







