N

N

Lipids and Proteins Differentiation in Membrane
Fouling Using Heavy Metal Staining and Electron
Microscopy at Cryogenic Temperatures
Hélene Roberge, Philippe Moreau, Estelle Couallier, Patricia Abellan

» To cite this version:

Hélene Roberge, Philippe Moreau, Estelle Couallier, Patricia Abellan. Lipids and Proteins Differ-
entiation in Membrane Fouling Using Heavy Metal Staining and Electron Microscopy at Cryogenic
Temperatures. Microscopy and Microanalysis, 2023, 10.1093/micmic/ozad114 . hal-04330553

HAL Id: hal-04330553
https://hal.science/hal-04330553v1
Submitted on 8 Dec 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04330553v1
https://hal.archives-ouvertes.fr

Lipids and proteins differentiation in membrane fouling
using heavy metal staining and electron microscopy at

cryogenic temperatures
Héléne ROBERGE™?*, Philippe MOREAU?, Estelle COUALLIER?, Patricia ABELLAN*

! Nantes Université, CNRS, Institut des Matériaux de Nantes Jean Rouxel, IMN, F-44000 Nantes,

France

2 Nantes Université, CNRS, ONIRIS, Laboratoire de Génie des Procédés, Environnement et

Agroalimentaire, 7 GEPEA, F-44600 Saint-Nazaire

*Corresponding authors: helene_roberge@hotmail.fr ; Patricia.Abellan@cnrs-imn.fr

Keywords

Cryo-TEM; cryo-SEM; heavy metal staining; biomolecule differentiation in EM; membrane

fouling

Abstract

The detailed characterization of fouling in membranes is essential to understand any
observed improvement or reduction on filtration performance. Electron microscopy allows
detailed structural characterization and its combination with labelling techniques using
electron-dense probes typically allows for the differentiation of biomolecules. Developing
specific protocols that allow for differentiation of biomolecules in membrane fouling in electron
microscopy is a major challenge due to both: the necessity to preserve the native state of fouled
membranes upon real filtration conditions as well as the inability of the electron-dense probes

to penetrate the membranes once they have been fouled. In this study, we present the



development of a heavy metal staining technique for identification and differentiation of
biomolecules in membrane fouling, which is compatible with cryofixation methods. A general
contrast enhancement of biomolecules and fouling is achieved. Our observations indicate a
strong interaction between biomolecules: a tendency of proteins, both in solution as well as in
the fouling, to surround the lipids is observed.. Using TEM and cryo-SEM in combination with
EDX, the spatial distribution of proteins and lipids within fouling is shown and the role of

proteins in fouling discussed.

Introduction

Membrane filtration processes using porous polymer membranes allow concentrating,
separating and purifying the components from a complex mixture in a liquid phase. Recently,
they have been adapted for microalgae biorefining, where filtration, is used to separate and
recover valuable metabolites from ground microalgae aqueous extracts (Lorente et al., 2017,
Safi et al., 2017). The biomolecules recovered using membrane filtration can then be used in
pharmaceutical industry, cosmetics, food supplements or biofuel industry as biodiesel (Clavijo
Rivera et al., 2020; Villafafia-Lopez et al., 2019). The biorefining is still a challenge that drives
many research works over the last decade to fully exploit different fractions after the biomass
harvesting. During filtration, unwanted accumulation of biomolecules on the surface and in the
pores of the membrane, known as fouling, hinders membrane performance and is the main
technical obstacle to improving the filtration of microalgae extracts for industrial applications
(S. Liu et al., 2021).For example, after the cell disruption of protein rich microalgae and the
production of a clarified aqueous extract, its microfiltration allows only a small recovery of
proteins (up to 10-20%) in the permeate, which has led different research groups to suggest that
they could be retained in macromolecular complexes or aggregates (S. Liu et al., 2021, 2022;

Safi et al., 2017; Ursu et al., 2014). In order to directly probe the precise interaction of



biomolecules in fouled membranes and to design new processes aimed at an efficient recovery
of valuable biomolecules from microalgae, a detailed characterization of fouling is needed.
Despite a large volume of work devoted to characterize fouling, it has not been fully described
or explained in the literature (Chen et al., 2018; Rudolph et al., 2019; Suwal et al., 2015;

Tummons et al., 2020).

Microalgae produce proteins containing essential amino acids, polysaccharides with
texturing or antibacterial properties, lipids such as triglycerides, antioxidant polyunsaturated
fatty acids (DHA, EPA), pigments like carotenoids, terpenes. Fouling with microalgae extracts
is therefore a very complex process where interactions between a large number of different
biomolecules occur. In order to investigate membrane filtration processes and fouling
formation, model mixtures of biomolecules are typically produced to separate the interactions
of a small set of target compounds (Clavijo Rivera et al., 2020). Of particular relevance is the
use of model solutions allowing the study of the impact of lipids and proteins within the
microalgae extracts on membrane filtration since these are two of the most sought-after
biomolecules from microalgae (Clavijo Rivera et al., 2020; Couallier, 2019; S. Liu et al., 2022).
The performance of the membrane filtration process (productivity and selectivity) is impacted
by the nature of the filtered solution itself. For example, the filtration of lipids alone presents a
better flux than when proteins are added, leading to the assumption that the presence of proteins
may decrease the filtration performance. Previous work has suggested that proteins could block
the pores of the membrane (Couallier, 2019; Suwal et al., 2015) or involve a high retention of
lipids on the membrane surface. However, these hypotheses could not be verified so far. Thus,
a better understanding of the interactions between lipids and proteins, as well as their
organization at the surface and in the porous medium, are necessary to understand membrane

fouling. Strategies to limit fouling and improve process performance could then be proposed.



Generally, lipids and proteins can organize in a wide range of colloids with sizes from very
small to relatively large (between 10 nm and 100 um in diameter). The former one gather in
stable spherical droplets (Clavijo Rivera et al., 2018; Gennes & Brochard-Wyart, 2015; S. Liu
et al., 2022; Villafaiia-Lopez et al., 2019) while the later one appear as aggregates, filaments or
soluble molecules in liquid phase (Linder, 2009; Stradner et al., 2004). When the two types of
biomolecules are mixed, a strong reorganization occurs, due to interactions between them,
generating a modification of the suspension to be filtered (size of droplets and aggregates for
example) (Linder, 2009; Stradner et al., 2004). In particular, in the presence of lipids, proteins
can organize themselves into intermediate layers at the interface between oil and water

(Damodaran, 2005).

Electron microscopy techniques (EM) are now expanding to characterize ultrafiltration (UF)
and microfiltration (MF) polymer membranes. Notably, FIB/SEM allows the characterization
of the internal nanoporous structure of the material in 3D with a few cubic nanometer resolution
(Brickey, et al., 2021; Roberge et al., 2022; Sundaramoorthi et al., 2016). In addition, the use
of Energy-dispersive X-ray spectroscopy (EDX) and transmission electron microscopy (TEM)
provides additional chemical and structural information with high spatial resolution (Ktosowski
et al., 2016; Lin et al., 2016; Pacheco et al., 2010). One of the major challenges in the
characterization of fouled membranes is the differentiation of biomolecules mixed within the
fouling. Biomolecules are composed of light elements such as carbon, nitrogen, oxygen or
hydrogen, and thus present low image contrast (Frank, 2006; J. Liu et al., 2019). Additionally,
lipids and small proteins agglomerates can present similar size and shape. During electron
microscopy observations, the use of staining agents is commonly used for localization and
differentiation of biomolecules. Staining methods, thus, could be applied in the field of filtration
processes, to allow us to understand the architecture of fouling, both on the surface (external

fouling) and within the membrane (internal fouling).



When labelling fouled biomolecules in filtration membranes using electron dense probes,
there are several major technical challenges to anticipate. One is the inability of staining agents
(which are usually applied in solution) to penetrate through the external membrane fouling and
through the fouled membrane pores. This is particularly true when relatively large volumes, as
those probed by FIB/SEM (as opposed to thin films by TEM) are characterized. Labelling the
different biomolecules prior to filtration could be a solution to this problem, which has not been
explored before. Another technical challenge is keeping the fouled membrane as closely as
possible to the real filtration conditions during observations. Conventional sample dehydration
for EM was reported to destroy the fouling structure (Gusnard & Kirschner, 1977; Mollenhauer,
1993). The use of cryotechniques can be a solution to this issue and indeed, electron microscopy
techniques at cryogenic conditions have been widely applied in biology (observation of cells,
tissues or samples with a lot of artefacts due to dehydration) (Thompson et al., 2016), and are
starting to be applied to material sciences (alternative for imaging sensitive materials, such as
organic materials (Franken et al., 2017)). Despite their promise, however, they have not been
applied yet for the characterization of filtration membranes fouled by biomolecules. Finally, if
cryotechniques are used to preserve the hydrated state of fouled membranes, staining methods

that are compatible with cryogenic sample preparation must be applied.

One of the most successful methods for macromolecular detection in electron microscopy is
immunolabeling. Immunostaining requires extensive expertise and has traditionally been used
for functional imaging (Beesley, 1989; Carrassi et al., 1990; Sarraf, 2000), i.e. it is suitable for
specifically localizing molecules in a medium, such as a cell (Marion & Trichet, 2018; Ripper
etal., 2008). It is most commonly done prior to dehydration of the sample (either before or after
resin embedding), which is not compatible with observing fouling on hydrated membranes. It
also requires the use of soft fixatives to preserve epitopes, which damages the ultrastructure, in

addition to the effects of dehydration and resin inclusion (Beesley, 1989; Giepmans, 2008). For



the case of cryofixated samples, several preparation techniques are possible which have only
been applied to thin films for TEM analysis. They can be separated into two categories:
immunolabeling of (i) an internal object and (ii) an external object (within a matrix or a cell).
In the case of biomolecules determination within fouled membranes, these two categories
would correspond to the labelling of the biomolecules after filtration and fouling, case (i), or
labelling of the biomolecules prior to filtration and fouling, case (ii). Immunolabeling of an
internal object has the disadvantage of damaging the ultrastructure due to the use of detergents
to allow internal penetration of antibodies, as well as a saturator of sites (often BSA, bovine
serum albumin) to avoid false positives (Beesley, 1989; Marion & Trichet, 2018) and thus, it
could modify both the fouling and the structure of filtration membranes. Regarding
immunolabeling of an external object, although this option could allow for easy penetration of
the labelled biomolecules through the membrane and would also be compatible with
cryofixation of the membranes after filtration, it requires additional chemical modification of
the membranes prior to filtration to allow the bonding (Giepmans, 2008), which will interfere

with the natural filtration process.

Another solution for achieving macromolecular imaging in electron microscopy is to
enhance image contrast with the addition of heavy metals (M. A. Hayat, 2000). Indeed,
biological materials, containing lipids and proteins such as those in this study, possess specific
sites or structures that facilitate chemical bonding with heavy metals (Gloaguen, 2010; J. Liu
et al., 2019; Rames et al., 2014). For example, Sato et al (Sato et al., 2019), used uranyl acetate
or osmium tetroxide, for identification of proteins, nucleic acids, and lipids within an animal
tissue and Monneron and Bernhard(Monneron & Bernhard, 1969) used it to differentiate RNA
from DNA. This is not typically the case for polymers, which do not have such sites. General
contrast enhancement, however, is possible in polymeric membranes by absorption of heavy

metals (Gloaguen, 2010; Trent, 1984). Importantly, heavy metal staining can be performed on



the biomolecules prior to filtration thus allowing for the use of cryofixation techniques without
the need of chemical modification of the membranes.. Furthermore, heavy metal staining
protocols are more cost-effective than immunolabeling, easier to adopt, faster, and generates

less bias(Hayat, 1975).

In this study, the development of a heavy metal staining technique is presented for the
identification and differentiation of the biomolecules (lipids and proteins) which constitute
membrane fouling. A general contrast enhancement of the biomolecules and the fouling,
compared to the polymeric filtration membrane, has been accomplished. Both types of stained
biomolecules are observed alone and then mixed on the surface of a fouled MF PES membrane.
Thanks to this development, the staining allows the differentiation of lipids and proteins not
only within a model mixture, but also within the fouling of a membrane by both TEM and cryo-

SEM of cross-sectional FIB sections.

2. Materials and Methods
2.1 Materials

2.1.1 Conditioning of biomolecule solutions

The use of model mixtures, more stable and with a composition and properties
(conductivity, pH, concentration...) similar to real mixtures, allows us to reproduce the
behavior of microalgae extracts during membrane filtration (Clavijo Rivera et al., 2020;
Villafafia-Lopez et al., 2019). In this study, lipid (SL), protein (Sp) and mixed lipids and proteins
(S.p) solutions were used. The solutions were prepared following protocols published elsewhere
(S. Liu, 2021) and stabilized by a phosphate buffer (pH 7.4, Conductivity 790 uS-cm-1, close

to Parachlorella kessleri culture medium properties).



2.1.2 Membrane conditioning

A flat-sheet commercial microfiltration membrane of polyethersulfone (PES), with an
average nominal pore diameter of 0.1 um (Koch membrane systems, USA), was analyzed. Prior
to its characterization, the membrane was conditioned following the procedure reported by

Rouquié et al (Rouquié et al., 2020, 2022) and described in Roberge et al (Roberge et al., 2022).

2.1.3 Membrane fouling and storage

The stained solutions (S., Sp or S.p) were individually filtered using an Amicon® cell with
a transmembrane pressure of = 0.45 bar and stirring of 300 rpm, (S. Liu, 2021) as previously

performed.

The solutions were filtered through the PES membrane until the flow decreased and
stabilized (between 3 and 6 h of duration), showing the presence of a stable fouling. After the
filtration, the membrane was rinsed with water and stored in a box at 4°C with a little water to
keep the sample hydrated. EM observations were carried out as soon as possible after filtration
to analyze the freshest fouled membrane (risk of contamination by microorganisms or drying

of the membrane and its fouling over time).

2.1.4 Final staining protocols using Uranyless® and PTA

The S and Sp solutions were individually stained with 1% of Uranyless® and PTA
(Phosphotungstic acid, in solution, HT152-250ML, Sigma-Aldrich) respectively and mixed to
obtain the Spp considering the respective concentrations of the biomolecule solutions. Note that
the concentration of staining (1%) was chosen based on similar contrast protocols (Hayat,

1975).



The stained solutions were left under agitation for 20 minutes. Then, the S was left
without stirring for 15 minutes. In this way, the excess Uranyless® has been removed from the
surface of the final lipid solution. The Sp was centrifuged for 5 minutes at 5000 g and the PTA
phase was removed (bottom). This technique allows limiting false positives (identification of
markers without presence of biomolecules during EM analysis). After staining, the solutions

were homogenized again by shaking.
2.2 Methods

2.2.1 Characterization by TEM, STEM and EDX

Prior to their use, the TEM grids (Carbon Film, 400 mesh) were hydrophilized (to allow
easier deposition of a solution of minimal thickness) using a plasma cleaner (Fischione
Instruments, model 1070) with pure argon gas for 5 minutes and with a 30 % power and a gas
flow of 30 sccm. The hydrophilic property of the grids is maintained between 30 minutes and
1 hour. A droplet of sample solution is placed on a grid for 5 minutes. The excess is then
removed by contact with a Whatman® paper and the grid is stored in a sample dish (allowing
it to dry). The grids are prepared in duplicate and at least 4 h before their observation in TEM

in order to minimize the water content.

TEM images were acquired using a Hitachi H-9000 NAR TEM operated at 300 kV to
test the effect of the different contrast enhancement protocols in TEM images. STEM images
and EDX analyses were performed using a S/TEM Themis Z G3 (Thermo Fisher Scientific),
operated at 300 kV and equipped with the ChemiSTEM™ Super-X EDX detector, consisting
of four silicon drift EDX detectors (SDD). STEM imaging was performed using a HAADF
detector and beam current of 65 pA. EDX maps of 512x512 pixels and 1024x1024 pixels were

acquired with a pixel size of 5 to 10 nm. Between 70 and 250 frames with a dwell time of 10 ps



were acquired to limit instantaneous beam damage but allow for enough statistics. The software

Velox® (3.5.0.952 version) was used to process the data.

2.2.2 Cryofixation of fouled membranes and Cryo-SEM

characterization

A dual FIB/SEM Zeiss Crossbeam 550L, equipped with a Quorum® PP3010 Cryo-
FIB/SEM preparation system was used allowing for sample preparation (cryofixation) and
transfer and observations at cryogenic temperatures. The PES membrane fouled with stained
biomolecules was cryofixed by fast freezing into slush nitrogen. Then, the membrane was cryo-
fractured with a blade in the SEM prep chamber and metalized with a thin layer of few
nanometres of platinum to obtain a conductive coating. Finally, it was transferred under

cryogenic conditions using the Quorum transfer system to the SEM chamber for observation.

SEM images were obtained with a SESI detector (10 keV, 1000 pA) and a pixel size
between 10 and 100 nm. EDX was performed at cryogenic conditions in the Zeiss Crossbeam
550L microscope using an Oxford energy-dispersive spectrometer. The spectrometer is
composed of an ULTIM® Max with a large silicon drift detector area (sensor area of 100 mm?)
and positioned at a take-off angle of ~35° from the sample. For EDX analysis, an incident beam
energy of 7 or 15 keV, a current of about 1 nA and a dwell time of 100 ps were used. It should
be noted that the energy was chosen according to the element to be detected, the rule being that
the energy of the incident beam must be at least 2.7 times higher than the energy of the targeted
emission line (Ruste, 1987). Here, 15 keV was chosen for the analysis of S and Spp solutions,
which contain lanthanum (La, found in Uranyless®, emission line L, at 4.6 keV), and 7 keV
for the analysis of SP, which contains tungsten (W, found in PTA, emission line My at 1.7 keV).

No damage from the electron beam could be observed after the analysis.
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3. Results

3.1 Identification and selection of the staining agents

In this study, OsO4, RuO4, Uranyless® as well as PTA were tested in order to contrast

biomolecules, individually and then mixed, for EM. These products were selected based on the

following criteria: A) they should present the highest possible specific affinity for both, or at

least for one of the molecules and B) they should not be CMR (carcinogenic, mutagenic and

toxic for reproduction), which also avoids the contamination of the filtration modules.

Furthermore, C) the staining should be effective, not only to improve the imaging contrast, but

also to allow its detection by the available EDX detectors.

Table 1: Comparison of the different staining agents selected and tested in this work, showing their
ability (v') or inability (X) to stain specific biomolecules or polymers, according to the literature
(indicated by a citation) and to the experiments performed during this work (indicated by: "[this
work]"). The CMR nature of the product as well as the possibility of detection by EDX using the
Super X detector in the Nant’Themis were also indicated.

Staining agent

Uranyless® Osmium Ruthenium phosphotungstic
(with La) tetroxide tetroxide (RuQ.) acid (PTA)
(Os0a) (with W)
Membrane PES X(Gloaguen, v v X
2010) (Trent et al., (Trent et al., (Gloaguen, 2010)
1983) 1983)
PAN X X X v'(Chenetal.,
(Gloaguen, (Trent et al., (Trent et al., 2005)
2010) 1983) 1983)
Biomolecules  Lipid v v( v X(@J. Liuetal.,
(J. Liu et al., Hayat, 1975) ; (Hayat, 1975) ; 2019; Sato et al.,
2019) ; [this X X 2019)
work] [this work] [this work]
Protein v X( X v
(Sato et al., Hayat, 1975) (Hayat, 1975) (Hayat, 1975;

2019; Trent et

Rames et al., 2014)
; [this work]
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al., 1983) ; [this

work]
CMR? No Yes Yes No
EDX Yes (La, Gd) Yes (Os) Yes (Ru) Yes (W)

(TEM)

a: Carcinogenic, Mutagenic or Toxic to Reproduction.

In Table 1 are presented the different candidates considered to contrast the biomolecules.
The results from the literature and this work (presented below) are summarized. The different
contrasting agents were compared according to their ability to contrast lipids, proteins, but also
PAN and PES polymers, which are the constituents of filtration membranes. The staining

should be as specific as possible.

Table 2: Comparison of the different staining agents selected and tested in this work, showing their
ability (v') or inability (X) to stain specific biomolecules or polymers, according to the literature
(indicated by a citation) and to the experiments performed during this work (indicated by: "[this
work]"). The CMR nature of the product as well as the possibility of detection by EDX using the
Super X detector in the Nant’Themis were also indicated.

Although Osmium (OsQO4) and Ruthenium Tetroxide (RuO4) were considered for staining
of lipids following literature results (Hayat et al, 1975), our tests using these compounds showed
degradation of the biomolecules upon staining (not shown). Moreover, their CMR character
complicates experiments, by making necessary the establishment of specific treatments of
wastes and cleaning procedures of the filtration modules and tools used. Thus, OsO4 and RuO4
were ruled out as appropriate candidates. We included them in table 1, with respect to observed

discrepancy with the results from the literature.
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Regarding the Uranyless®, it is commonly used in EM to stain biological samples and
therefore it is compatible with the biomolecules used in this study (lipids and proteins). This
compatibility was successfully verified for both types of biomolecules. However, although it
enhances the overall contrast of biomolecules, a second staining agent is required to
differentiate lipids from proteins. Finally, Phosphotungstic acid (PTA) is described in the
literature to specifically target proteins and not lipids. After verification of this property, PTA
was chosen to stain proteins and Uranyless® to stain lipids (highlighted in gray in Table 1). It
should be noted that both staining agents are easy to use, cheap, detectable by EDX

spectroscopy and not CMR.

Figure 1 : TEM images of solutions after drop-casting and drying of 5 uL of SL solution (lipids, images on the left hand
side) and 5 pL of SP solution (proteins, images on the right hand side) on a TEM grid. (a): Lipid aggregates, forming
relatively large droplets without staining. (b): Protein aggregates without staining. (c): Lipid droplets observed after
staining of the SL solution using Uranyless®. Contrast enhancement of the external bilayer membranes is observed. (d):
Protein aggregates observed after PTA staining of the SP solution, displaying homogeneous contrast.

Considering the selective properties of PTA (see Table 1), its direct use on a Sp containing the

ready-mixed biomolecules was tested to label only the proteins (results not shown).
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Unfortunately, the aggregates are already formed by lipid-protein interactions, and the PTA,
which targets proteins, binds around the aggregate, and thus does not differentiate the

biomolecules within. However, it allows a general contrast enhancement of the biomolecules.

Figure 1 shows TEM images of lipids (left) and proteins (right) before and after their
staining with Uranyless® and PTA respectively. In Figure 1c, lipids show a higher contrast than
in Figure 1a, with higher presence of Uranyless® on the surface of the lipids, depicting a ring-
like contrast, consistent with the limitation of staining penetration into the lipid droplet.
Similarly, Figure 1d shows proteins more contrasted than in Figure 1b, where in this case, PTA
produces a homogeneous contrast enhancement, which is consistent with a homogeneous

distribution of proteins and staining within the agglomerates in Figure 1.

3.2 ldentification of mixed lipids and proteins by HAADF STEM

and EDX

Figure 2 (i) and (ii) shows two regions of the same sample, a mixture of lipids and
proteins previously stained with Uranyless® containing lanthanum (La) and PTA containing
Tungsten (W), respectively. Regions indicated as a and b in the STEM image in Fig. 2 (ii) have
been digitally enlarged to point out specific details in the images. The images were obtained
using a HAADF detector and thus, contrast can be linked to chemistry variations (Z contrast)
in the sample and to thickness. Images show mostly rounded particles, many of which present
brighter contours with a size between a few nanometers and a few hundred nanometers of
diameter, consistent with the presence of lipids. Other objects display either spherical
morphology with homogeneous contrast or a filament-shaped morphology, and have a size from
a few nanometers to a few micrometers in diameter or length. These homogeneous spheres and
filaments appear in many cases to be positioned around the ring-like features (lipids) and may

be associated with protein agglomerates. Although differences in size, contrast homogeneity
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and morphology are thus observed, and considering the strong interactions between
biomolecules in complex mixtures reported in the literature (J. Liu et al., 2019), additional data
is required in order to separate and identify the different biomolecules. EDX analysis was

performed to this end.

Figure 2 (bottom) shows an overlay of EDX maps obtained for the areas imaged (STEM
images in Figure 2 top) using the lanthanum (La), in red, and tungsten (W), in green. These
elements are present in Uranyless® (used for lipid staining) and PTA (protein staining) (see
Table 1), respectively, and thus reveal the position of lipids (in red) and proteins (in green) in

the image.

From the EDX analysis, it is observed that a large part of the solution consists of an intimate
mixture of proteins and lipids. It should be noted that some regions appear as yellow color,
indicating the presence of lipids and proteins in the same area. These results are consistent with
previous observations and demonstrate the complex interaction between lipids and proteins.
Areas containing spheres with the stained contour are labeled in red (La), in consistency with
the presence of lipids (visible in Figure 2(i) and the enlarged area b). Large green areas (without
apparent lipids intermixing) are observed, such as the globule in the lower right-hand side of
the image (ii) or the enlarged image b, and are consistent with the presence of larger protein
agglomerates. Notably, green areas (W), consistent with a large presence of proteins, are mostly
observed on and around the lipids. This observation indicates that the proteins in the solution,
even when they do not agglomerate, will tend to surround the lipids, which will have strong

consequences in fouling.
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Figure 1: HAADF STEM image (i) and EDX analysis (ii and iii) of a stained lipid and protein mixture solution with
Uranyless® (La in red) and PTA (W in green), respectively.

Figure 2 (iii) shows EDX spectra averaged over Area 1 (a protein-rich area as indicated in
the EDX maps) and Area 2 (consistent with a lipid droplet, based on image contrast and the red

color in the EDX map). In area 1, a W peak (Ma energy line) with a high intensity is observed



and the presence of a La peak (La energy line) with a lower intensity is noted. While in area 2,
a W peak (Ma energy line) is also observed, but with a lower intensity than in area 1 as well as
a La peak (La energy line) with a higher intensity. The presence of the W peak in the lipid area
is an indicator of the existence of proteins in the same region, and confirms the strong
interactions between biomolecules. Since the biomolecule markers have now been identified, it
is necessary to verify if this observation is also possible within the membrane fouling. This will

be probed below.

3.3 ldentification of lipids and proteins on a fouled membrane by

SEM and EDX under cryogenic conditions

In order to test the methods described above for the differentiation of lipids and proteins on
fouled membranes, a PES membrane fouled with a model mixture of stained biomolecules in
the Amicon® cell was characterized by SEM/EDX. In order to observe the fouling as close as
possible to native conditions, cryofixation of the sample was performed and observations were
performed at cryogenic temperatures. Figure 3 shows cross-sectional images of the fouled PES
filtration membrane. The images were obtained by cryo-SEM (SE) imaging, under cryogenic
conditions (upper part of the figure) and by cryo-EDX analysis (lower part of the figure). The
red rectangles indicate the enlarged areas on the right-hand side of the figure. For the cryo-SEM
images, the fouled membrane was fractured, after freezing, using a pivot-mounted knife in the
SEM cryo prep-chamber, to observe the interior of the porous medium. In this way, the different
layers of the membrane are visible. In particular, a few micrometers thick layer of biomolecules
is observed at the surface of the membrane. This is an external fouling that can be described as
a "cake" of biomolecules (Yu et al., 2021). Consistently with previous observations, it is

difficult to differentiate lipids and proteins in this fouling layer, using only cryo-SEM (SESI)
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images. We note that this was also the case for images acquired using both the InLens and BSE

detectors (not shown).

Cryo SEM

Selective skin

Porous layer I Fouling layer

4,

Fibrous layer Membrane

EDX

Protein

Lipid

Figure 3: Cryo-SEM image and EDX analysis of cross section of a PES membrane fouled with stained biomolecules.

Note: Cis in red in this image (versus La in red in Figure 2).

The lower part of Figure 3 shows a superposition of EDX maps with tungsten (W) in green,
carbon (C) in red, sulfur (S) in pink and oxygen (O) in blue. It should be noted that the
homogeneous presence of oxygen in the image is due to the cryogenic conditions (presence of
water and thus ice inside the membrane and everywhere in the sample) and the composition of
the sample (oxygen present in membrane and biomolecules). Concerning sulfur, it is one of the
elements that compose the PES membrane and it is only minimally present in the biomolecules.
Therefore, the delimitation of the membrane in space is possible due to the sulfur signal. The
analysis reveals the position of the proteins (in green, W). Lanthanum (La), the lipid marker,
was however not detected. This seems to be due to its concentration being too low, (below the

18



sensitivity of the EDX detector used in the SEM) and/or to the orientation of the sample in the

SEM chamber with respect to the detector.

In order to verify this hypothesis, the sensitivity of the detector was evaluated by analysing,
with the SEM, the TEM grid presented in Figure 2. In opposition to tungsten (W), lanthanum
(La) was not detected by the SEM EDX detector on this grid in opposition to the previous TEM
analyses. Therefore, although Uranyless® is relevant for the differentiation of biomolecules in

TEM, in our case, the SEM analysis configuration does not allow it.

Nevertheless, lipids are mostly composed of C and can be mapped without staining using
the C signal (in red) on the EDX cartography. Indeed, Figure 3 reveals the presence of a carbon
signal, complementary to the one of proteins, in the fouling cake formed on the membrane

surface.

A surface fouling can thus be observed, containing proteins and lipids that can be seen in
the whole thickness of the fouling. A space, appearing to be water, is observed between the
cake and the membrane, which could be due to a detachment of the cake from the membrane
surface during the freezing experiments. The use of other cryofixation methods, such as high
pressure freezing could minimize this effect. The proteins seem to be present at different
locations: at the bottom of the fouling forming a layer, around lipid droplets, but also in
concentrated areas that could be protein aggregates. This observation highlights the role of
proteins in the membrane fouling: their adhesion to the membrane may initiate the fouling, then
their interaction with lipids may induce the entrapment of the droplets and form a complex cake
where both molecules are intimately combined. This observation will drive the future
development of the separation process as it becomes clear from these detailed data that the
separation of the biomolecules by filtration will only be possible by mitigating the interaction
that has been demonstrated here. The staining method developed, in combination with

cryofixation and electron microscopy opens up the previously barely accessible black box of
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the membrane fouling processes. It is of major interest for the understanding of the fouling,

which is the main bottleneck in membrane processes, in many applications.

Conclusion

A heavy metal staining technique in (cryo) electron microscopy of lipids and proteins with
Uranyless® and PTA, respectively, has been developed. This technique, essential to overcome
the low contrast of biomolecules, allows to differentiate them within the fouling of filtration
membranes. The heavy metal staining technique developed in this study allowed us to enhance
the general contrast of biomolecules and to differentiate object aggregates, supposedly lipids
and proteins, according to their morphologies, contrast and size in STEM. Then, by EDX
mapping, the distribution of heavy metals is observed and consequently a differentiation
between lipids and proteins is demonstrated possible. Finally, the analysis of a precise area with
the acquisition of an EDX spectrum allows, in case of any doubt, to confirm the presence of
specific markers of the observed biomolecules. In addition, lipids and proteins accumulated on
the surface of a filtration membrane, were differentiated using cryo-SEM and EDX
spectroscopy. In the latter case, we propose to use the C signal for SEM whenever the

Lanthanum signal falls below the detection limit of the EDX detector.

In agreement with the previous observations, the proteins seem to present a important role
in the membrane fouling. Notably, their adhesion to the membrane may initiate the fouling and
their strong interaction with lipids may induce the formation of aggregates and a complex cake
containing both molecules. These observations will lead to a better understanding of fouling,
which is the main bottleneck in membrane filtration, and then develop fouling-limiting

processes.

To go further and know, e.g., the spatial distribution of the different types of biomolecules

in the fouling, a 3D acquisition by FIB/SEM coupled with EDX spectroscopy and cryogenic
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conditions would allow to obtain more information. This technique could be explored in the
future. Finally, this technique could be applicable in other fields (e.g. in biology with
differentiation of lipid and protein in a cell (Sato et al., 2019) or in protein structure analysis
(Rames et al., 2014)), allowing staining, identification and differentiation of objects within
samples, not only for TEM imaging but also for SEM imaging, with cryogenic conditions or

not.
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