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Abstract

Scanning electron microscopy (SEM) provides a technical platform for nanoscopic map-

ping of biological structures. Correct preparation of SEM samples can provide an unprece-

dented understanding of the nexus between cellular morphology and topography. This

comparative study critically examines two coating methods for preparing biological sam-

ples for scanning electron microscopy, while also providing novel advice on how to prepare

in vitro epithelial or endothelial samples for high-resolution scanning-electron microscopy

(HR-SEM). Two obstacles often confront the biologist when investigating cellular struc-

tures grown under tissue culture conditions, namely., how to prepare and present the bio-

logical samples to the HR-SEM microscope without affecting topographical membrane

and cellular structural alterations. Firstly, our use of the Millicell cellulose inserts on which

to grow our cellular samples in preparation for HR-SEM is both novel and advantageous to

comparing the permeability function of cells to their morphological function. Secondly, bio-

logical material is often non-conducting, thermally sensitive and fragile and, therefore,

needs to be fixed correctly and coated with thin conducting metal to ensure high-resolution

detail of samples. Immortalized mouse brain endothelial cells (bEnd5) was used as a

basis for describing the preferences in the use of the protocol. We compare two biological

sample coating modalities for the visualizing and analysis of texturized, topographical,

membranous ultrastructures of brain endothelial cell (BEC) confluent monolayers, namely,

carbon and gold:palladium (Au:Pd) sputter coating in preparation for HR-SEM. BEC mono-

layers sputter-coated with these two modalities produced three-dimensional micrographs

which have distinctly different topographical detail from which the nanostructural cellular

data can be examined. The two coating methods display differences in the amount of

nanoscopic detail that could be resolved in the nanosized membrane cytoarchitecture of

BEC monolayers. The micrographical data clearly showed that Au:Pd sputter-coated sam-

ples generate descript imagery, providing useful information for profiling membrane nano-

structures compared to carbon-coated samples. The recommendations regarding the
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contrast in two modalities would provide the necessary guidance to biological microsco-

pists in preparing tissue culture samples for HR-SEM.

Introduction

The successful generation of electron micrographs largely depends on the preparation of the

specimen under investigation. Early ultrastructural investigations were limited due to resolu-

tion limitations and investigators were restricted in their ability to observe the ultrastructural

details of cell membranes and their extracellular topography. This severely limited both the

theoretical and experimental approaches to cell biology. HR-SEM allows much higher resolu-

tion of the cell’s plasma membrane surface, allowing for the visualization of nanosized mor-

phological structures. Tissue-culture based samples also provide numerous challenges to the

microscopists in preparing the samples for HR-SEM. One of the main problems in presenting

endothelia or epithelia is that they have to be grown on a biological basement-like material to

orientate themselves morphologically into distinct basolateral and apical domains. These

domains are both morphologically and functionally different from each other. Therefore,

growing the cells on non-physiological surfaces namely, glass or plastic produces endothelial/

epithelial cells that are morphological and physiological disorientated. We, therefore, grew our

BECs on a cellulose-based insert (Millicell) which allowed our cells to grow into correctly ori-

entated cellular monolayers. These inserts allowed for the measurement of permeability across

the monolayer as well as a platform to fix the cells in preparation for HR-SEM.

We further describe two acceptable preparatory coatings of biological tissue and compare

the structural differences between the two protocols. For a specimen to yield high-resolution

micrographs, the surface of the specimen requires electrical conductivity. Biological material is

often non-conducting, thermally sensitive and fragile, therefore, fixation of biological samples

must be performed correctly and coated with thin conducting metal such as gold:palladium

(Au:Pd) (5 nm), contrary to carbon (15 nm) [1, 2].

We used Fig 1A and 1B to illustrate the relative lack of high-resolution detail in a recent

HR-SEM micrograph [3] compared with the resolution we routinely are able to generate in

our HR-SEM micrographs. Fig 1A, depicts a carbon-coated micrograph showing the interac-

tion between correlative light and scanning electron microscopy (CLSEM) of Enteropathogenic
Escherichia coli (EPEC) with the surface of a polarized epithelial monolayer. The micrograph

lacks nanoscaled detail of the ultrastructural profile of an epithelial cell membrane [3]. The

preparatory process of this epithelial cell sample may have caused structures to appear

obscured and lack three-dimensionality, which could be due to the type of coating material uti-

lized and how excessively it has been applied. Conversely, during monolayer development of

the BEC, as seen in Fig 1B of a BEC published in a recent study by [4] more nanoscopic details

can be observed, as the micrograph displays a detailed plasma membrane surface and the

extrusion of an amorphous extracellular matrix, showing molecular details of the plasma

membrane, after utilizing the Au:Pd alloy coating material on the BEC membrane. In this

methodology paper, we report on the comparison of using both carbon/graphite (C) and Au:

Pd coating methods and its ability to yield a greater resolution of ultrastructural detail of the

biological sample surfaces /plasma membrane topography.

The electron microscope was utilized due to its ability to generate high-definition (HD)

micrographs, at nanometer scaled resolution. In light microscopy, the maximum resolution is

approximately 0.2 μm, as opposed to 0.1 mm for the unaided eye (at a standard viewing
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distance of 25 cm [5]. HR-SEM, on the other hand, enables 3-dimensional (3-D) visualization

of biological specimens to a resolution of approximately 10 nm [6]. Therefore, both HR-SEM

and HR transmission-EM (HR-TEM) bridge the gaps between resolution produced with light

microscopy, which is limited in generating high-resolution micrographs. HR-SEM produces

images with a substantial amount of ultrastructural information which illuminates the physical

(molecular) composition of a specimen’s surface topography [4, 5]. The in situ HR-SEM analy-

sis of BEC monolayer growth was conducted to extrapolate nanostructural dynamics involved

in BEC-to-cell interaction. However, upon analysis with carbon-coated samples, we observed

large carbon grains which distorted the 3-D nature of the endothelial micrographs. The find-

ings were endorsed in a study conducted by [7] who reported altered morphology of a biologi-

cal specimen after being coated with carbon. For this comparative study, HR-SEM was

employed as a tool for the analysis of the ultrastructural dynamics of the BEC monolayer of the

in vitro blood-brain barrier (BBB) development. To date, an existing issue that persists in

micrographical findings found in the literature to as recent as 2019 is the excessive use of met-

als applied during sputter coating, thus, it is critical to consider finer and/or lower atomic

number elements such as iridium (atomic number = 77) or palladium (atomic number = 46 in

contrast to gold (atomic number = 79) [1]. The use of metals with high atomic numbers tend

to result in the obscurity of nanoscopic details and, more often than none, biological sample

surface appears bulky [1, 3]. Inadequate to poor coating choices for biological sample imaging

in HR-SEM remains the current status quo for biological sample preparation.

Modern high-resolution microscopy requires a re-evaluation of its current methodological

approaches. The objective of this study was to compare two coating modalities to visualize

high ultrastructural dynamics of BEC plasma membrane-associated nanostructures. The utili-

zation of an inadequate coating method would lose vital micrographical detail which is a disad-

vantage to an HR-SEM narrative for describing novel BEC ultrastructures. The detail seen in

Fig 1B is much more apparent, displaying greater molecular resolution upon coating with Au:

Pd (Fig 1B), in comparison to carbon (Fig 1A). The novelty in this study is not the utilization

of a Au:Pd alloy per sé, but in its recommended employment for visualizing ultrastructures,

when superficially studying the cell’s plasma membrane surface. The study aims to alert

microscopy scientists to make use of the Au:Pd alloy as opposed to non-metal carbon-coating

as it obscures a plethora of morphological detail that we can and/or should be observing. The

study investigated BEC ultrastructural variation utilizing two coating modalities for HR-SEM

Fig 1. Scanning electron micrographs displaying the apical surface of a polarized epithelial cell interacting with

Escherichia coli bacteria, grown on gold mesh grids, dried and coated with carbon, scale bar = 2000 nm [3]. ECM

denotes the epithelial cell membrane (A); A polarized brain endothelial cell (bEnd5), grown in our laboratory, on an

insert membrane, dried and coated with Au:Pd, scale bar = 2000 nm. ECM denotes the endothelial cell membrane and

the basement membrane of the BEC is denoted as BM (B).

https://doi.org/10.1371/journal.pone.0266943.g001
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studies: (i) metal coating Au:Pd 80:20 application (as opposed to 60:40) and (ii) non-metal,

Carbon-coating to decipher between samples exhibited detailed morphological features using

two different coating modalities.

Materials and methods

The protocol described in this peer-reviewed article is published on protocols.io, Updated

November 6 2021 dx.doi.org/10.17504/protocols.io.bw37pgrn and is included for printing as

S1 File with this article.

High-resolution scanning electron microscopy

When using HR-SEM, the signal generating the image occurs as a result of the interaction of

the primary electron beam with the biological specimen. Briefly, upon interaction, the primary

beam electrons induce ionization of the sample’s atoms and the subsequent emission of sec-

ondary electrons (SE) from the top-most region of the specimen. The surface-emitted SEs are

detected by a scintillator-based Everhart-Thornley detector (ETD), also known as secondary

or SE detector. Modern SEMs, however, are more frequently manufactured with in-lens SE

detectors, which have the ability to detect fine structures that are invisible to traditional ETDs

[8].

For biological materials, which are predominantly hydrocarbons, a low, primary beam

energy is desirable to minimize the interaction volume depth in accordance with Eq (1). A

small volume allows the operator to study finer specimen surface detail while simultaneously

minimizing sample charging caused by secondary electron build-up on the surface. One draw-

back, however, is a low signal-to-noise ratio caused by the reduced secondary electron emis-

sion. This can, however, be solved by coating the sample surface with a thin layer of

conducting material such as gold or graphite. The nexus of structural biology is achieving

three-dimensionality and investigating the correlation between the morphological framework

and its molecular underpinnings. The macromolecular structure is concomitant with its physi-

ology as the shape of any given structure determines its function. Studying both the nanostruc-

tural and/or molecular machinery that governs the phenotypic evolution of a BEC unifies our

understanding of BBB construction.

The volume created by electron beam when incident on the specimen surface is called the

interaction volume and is dependent on the following important parameters: (i) the primary

electron beam energy (E0), (ii) the average atomic number (Z), (iii) density (ρ) and (iv) average

atomic mass (A) of the specimen under investigation [9]. A semi-empirical model of the inter-

action volume depth, Rp is given by [10].

Rp in mm½ � ¼
0:0276A
rZ0:889

� �

E0
1:67 ð1Þ

In this study, specimens were analyzed using a Zeiss Auriga high-resolution field-emission

gun SEM (FEG-SEM), operated at an electron beam energy of 5 keV, a nominal working dis-

tance of 5 mm and using an in-lens SE detector for high-resolution imaging.

Biological sample preparation

The bEnd5 cell line was purchased from the European collection of cell cultures (Sigma-

Aldrich, 96091930). The cells were cultured in Dulbecco’s Modified Eagles medium (White-

head Scientific, Cat no. BE12-719F, South Africa), supplemented with 10% fetal bovine serum

(FBS) (Celtic/Biowest, Cat no. S181G-500, South America), 1% Penicillin/Streptomycin
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(Whitehead Scientific, Cat. no. DE17-602E, South Africa), 1% non-essential amino acids

(Whitehead Scientific, Cat no. BE13-114E, South Africa) and 1% sodium pyruvate (Whitehead

Scientific, Cat no. BE13-115E, South Africa).

bEnd5 Cells were seeded at 5x105 cells/insert on a Millicell, mixed cellulose esters insert

membrane (Millipore/Merck, Cat no. PIHA01250, Germany). After exposure of the cell

monolayers to the standard culture medium (i.e. supplemented DMEM:F12), at respective

time intervals (24-48h), the bEnd5 cells were fixed with 2.5% glutaraldehyde made by adding

10 ml of a 25% solutions of glutaraldehyde (Fluka/ Sigma, Cat no. 49626, Switzerland) in 90 ml

of 1X phosphate-buffered saline (PBS) solution (Life Technologies, Cat. no. 20012019, South

Africa). Buffers and fixatives used in culture were maintained at pH 7.2 and an osmolality

which mimicked that of blood plasma (280–300 mOs/kg) utilizing a Vapor pressure osmome-

ter (VAPRO) (Wescor, South Africa, ser. no. 55201671, Germany), as BECs form the anatomi-

cal basis of the brains capillaries and its luminal surfaces are naturally exposed to circulating

blood in vivo.

Chemical fixation. Once bEnd5 monolayers reached confluence the inserts were removed

using a lancet and were placed in protein and lipid cross-linking reagent such as 2.5% solution

of glutaraldehyde (Fluka/ Sigma-Aldrich) was prepared in standard cell culture buffer- 1X PBS

solution [1, 11]. Following a 1 h incubation period at room temperature (RT). The sample

could be stored in a 2.5% glutaraldehyde fixative at 4˚C overnight. Thereafter, the specimen

was washed in 1X PBS (devoid of glutaraldehyde) for 2x5 minutes (min) each. Then samples

were washed twice in de-ionized water (H2O), each time for 5 min [1].

Biological specimens were removed from the de-ionized H2O and placed in a series of

graded ethanol (EtOH) (KIMIX, Batch no. 185/11/67 K08/0911) solutions: 50%, 70%, 90%,

95% and twice in 99.9% EtOH for 10 min each. All EtOH solutions were prepared by diluting

absolute EtOH in de-ionized H2O v/v.

Critical point drying. Biological samples are composed largely of H2O and sample desic-

cation using a critical point dryer (CPD) allows for the phased drying of wet, delicate samples

from liquid to gas form, by using liquid carbon dioxide (CO2) which functions as ‘transitional

fluid’. Since H2O is not miscible with CO2, the alternative is EtOH which serves as the ‘inter-

mediate fluid’/ ‘dehydration fluid.’ Following the dehydration of the fixed samples, it is

required that the sample be dry before further processing could occur, this was performed

using the Hitachi HCP-2 CPD. Evaporative drying of biological specimens could cause defor-

mation and collapse from the native state of the sample. The deformities in the sample are

often due to the surface tension of water, relative to evaporating air [1]. Therefore, CPD was

performed by immersing biological samples in liquid with a lower surface tension to air (i.e.

CO2).

The dehydrated samples were transferred to and retained inside 10 mm diameter alumin-

ium baskets. The basket holders were placed inside the CPD chamber and filled with liquid

CO2. This step is critical, as the amount of liquid CO2 injected into the chamber must be

between 50% and 80% of the total chamber volume. The chamber would not reach the critical

point (CP) with inadequate liquid CO2. The temperature was set to 20˚C for 15 min and then

38˚C for 5 min until the critical pressure was reached (73 kg/cm2).

Bio-organic specimen coating for HR-SEM. It is imperative to ensure that the coating

material does not compromise the surface details of the specimen during analysis. The coat-

ing’s main function is to ensure sufficient surface conductivity, reduction of beam heating and

radiation damage, as well as specimen volatility [12]. Post CP drying, the BEC monolayers are

coated with either a gold: palladium(Au:Pd) alloy by means of sputter-coating using a Quorum

Q150T ES sputter coater, or with a thin layer of carbon during thermal evaporation of a carbon

rod using an Emitech K950X carbon coater.
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Sputter coating using gold:palladium. A Au:Pd alloy in an atomic ratio of 80:20 (Au:Pd

80:20) was used as the sputtered target material. The use of Au:Pd 80:20 is much en vogue com-

pared to traditional gold only coatings. Palladium prevents Au agglomeration, which is known

to produce large islands between 8 nm and 12 nm which result in an uneven coating, especially

around the tallest structures in the specimen. This non-homogeneous coating invariably

restricts resolution performance [13]. Conversely, Au:Pd 80:20 produces a finer, homogenous

film with a particle grain size between 4 nm and 8 nm [14]. This information is supported by a

study that involved the imaging of blood capillaries using SEM by [13]. In their study the lumi-

nal cell surface of a fenestrated adrenocortical endothelial cell after deposition of a thick metal

film of Au:Pd 60:40 is reported, as indicated in the high-resolution micrograph of Fig 2 [13].

However, although this microgragh shows a fair amount of detail regarding the magnitude of

the textured topography of the biological sample, the molecular details are obscured.

For the purpose of this study, the thickness of the Au:Pd 80:20 coating is controlled by stick-

ing to a standard sputtering time of 60 s. A chamber pressure of 10−5 mbar is maintained

beforehand, with a sputtering pressure of 10−2 mbar used during coating. A sputtering current

of 40 mA and tooling factor for Au:Pd of 2.3 are used with a quartz, crystal thickness monitor

used to measure the thickness of the coating during sputtering. At the above experimental con-

ditions, a deposition rate of roughly 5 nm/min is achievable at a sample-to-target distance of

50 mm. During deposition, the sample stage is rotated at a speed of 70 rotations per minute to

ensure even coating across the specimen surface. Based on the above, a nominal coating thick-

ness of 5 nm is thus deposited.

The deposition of layers of material (i.e. metal/non-metal) are denoted as films that range

from nanometers to micrometers. Films can be classified into Physical Vapor Deposition

(PVD) and Chemical Vapor Deposition (CVD) [15]. To investigate the exact sample thickness,

three different sputtering thicknesses are shown in Fig 3 below. From left to right, Au:Pd layers

sputtered on soda-lime glass substrates for 30 s, 60 s and 120 s (s: seconds) are displayed. The

Fig 2. High-resolution SEM of the luminal surface of a capillary coated with Au:Pd [13]. Here the molecular detail

on the luminal surface appears obscured, due to bulky coating, thus resulting in loss of ultrastructural detail.

https://doi.org/10.1371/journal.pone.0266943.g002
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reflectivity of the films decreases with increasing sputtering times, readily suggesting an increase

in thickness of the films, with the sample deposited at 120 s exhibiting a very dark tinge.

To validate the sputtered thicknesses, surface profilometry was performed using a Veeco

Dektak 6M Stylus Profilometer. A diamond stylus tip, with an average diameter of 12.5 μm,

was scanned at a step-size of 0.333 μm across the film for a total length of 3 mm. The thickness

of the Au:Pd layer was determined by scanning the stylus across the film step, as indicated by

the arrows in Fig 3.

As shown in Fig 3, a sputter time of 30 s produces a film thickness of approximately 4 nm

(shown by the red double arrows) which increases to roughly 5 nm after 60 s and 8 nm after

120 s. The spikes observed in the profilometry profiles are due to Au:Pd flakes attaching to the

stylus tip. This is very common and indicative of the soft nature of the sputtered film surface.

It must be noted that the above results on reasonably flat soda-lime glass produce even coat-

ings, which is not always the case for specimens that are highly textured topographically. Previ-

ous results show that coatings of 30 s or less produce specimens that are unevenly coated and

still experience surface charging during SEM analysis. Hence, to ensure evenly coated BEC

monolayers and to avoid the previously mentioned challenges, a sputter coating time of 60 s

(and thus Au:Pd 80:20 coating of 3–5 nm) is recommended for coating biological samples.

Thermal evaporation of carbon. In comparison, the BEC monolayers were coated with

carbon during thermal evaporation. A 3 mm thick carbon rod is sharpened to a diameter (d)

of 1.1 mm, with an evaporation length (L) totaling approximately 2 mm. The sharpened rod is

mounted against a spring-loaded counter electrode in a vacuum, with the specimen placed a

distance, r, from the carbon source. During evaporation, the chamber is pumped down to a

vacuum of 10−3 mbar, which increases to 10−1 mbar for deposition. The current is then slowly

increased to a max of 20 A and passed through the carbon rod, thereby heating it beyond the

vaporization temperature of carbon; the vaporized carbon plumes subsequently coat the speci-

men. Fig 4 shows a schematic representation of this set-up.

From Fig 4, the average thickness of the deposited carbon film, t, can be estimated using

simple geometry and the inverse square law as follows:

pd2lr
4
¼ 4pr2tr ð2Þ

Fig 3. Optical images of the Au:Pd 80:20 coatings sputtered on soda-lime glass for 30 s, 60 s and 120 s (s: Seconds)

with correlative profilometry measurements after 30 s, 60 s and 120 s sputter-coated by Au:Pd films

approximately 4 nm, 5 nm and 8 nm thick. The glass level, which refers to the soda-lime glass, is indicated by the blue

baseline, with the film step and thicknesses indicated by red arrows. The film step refers to the sputter-coated material

and the red and blue arrows correspond with each other and indicate the same place where the coating has taken place.

https://doi.org/10.1371/journal.pone.0266943.g003
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or

t ¼
d2l

16r2
ð3Þ

where ρ is the density of the source material. Fig 5 shows optical images of three carbon films

deposited on soda-lime glass. From left to right, the films were deposited at a distance of 15

mm, 25 mm and 40 mm from the carbon source. As shown, the transparency of the films

decreases with increasing distance, suggesting a decrease in film thickness. To confirm this,

profilometry is once more employed and shown in Fig 5.

An average thickness of approximately 20 nm is deduced from the stylus profile of Fig 5 for

the sample placed at 15 mm from the source, which reduces to approximately 16 nm and 6 nm

for the 25 mm and 40 mm placed samples, respectively. Closer inspection reveals that the car-

bon film roughness is more pronounced compared to the Au:Pd 80:20 coatings of Fig 3 as the

spikes in the profiles are more closely spaced and more frequent compared to the Au:Pd coat-

ings. In addition, from the optical images of Fig 5, the carbon film integrity is of inferior qual-

ity than the Au:Pd films, which had high reflectivity indicative of a compact layer. A simple

swab test also reveals that the carbon film is more powdered compared to the metal layers, as

they delaminate far easier from the glass slides than the Au:Pd sputtered films. This is to be

Fig 4. Schematic layout of the thermal evaporation set-up used to deposit carbon layers using the Emitech carbon

coater. The t symbol denotes the time in seconds, r denotes the radius between the rod and the specimen, d refers to

the diameter of the rod and L denotes the evaporation length.

https://doi.org/10.1371/journal.pone.0266943.g004
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expected and can be explained by the relative chamber pressures (namely, the metal coatings

were deposited in a cleaner chamber (10−6 mbar) compared to the carbon coating at a pre-

deposition vacuum of (10−3 mbar)). Based on the above analysis, a standard sample distance of

25 mm was maintained for all specimens, implying a nominal carbon coating of 16 nm.

Results and discussion

To date, HREM studies producing 3-D volume images remains scant. The current issue with

the loss of resolution, especially with respect to nanoscopic topographical detail, has remained

a largely unresolved microscopy problem. Moreover, mapping the membrane pore sizes,

nanovesicles and the complex interactive PC spaces of BECs have been thwart with technical

difficulty. The absence of these HR-SEM micrographs is a glaring omission in the literature

with regards to describing biological surfaces on a nanoscopic level. In parallel, there is a

dearth of information regarding the preparation of biological material. Given this lack of cru-

cial preparatory methodology, we utilize the preparation of BECs in monolayers grown on

insert cellulose membranes as an exemplar technique. The insert cellulose membrane mimics

the basement membrane of epithelia/endothelia. This allows for epithelia or endothelia to

express and orientate themselves morphological into distinct basolateral and apical functional-

ity. Our use of these in vitro techniques is essential to viewing how cells interact with each

other and also cellular interaction within an epi/endothelial monolayer. These techniques pro-

vide much greater insight into how these cells would behave within the in vivo environment,

which is critical for developing in vitro models of biological structures to mimic in vivo tissues

and to further investigate regulatory mechanisms to treat pathological states of disease. The

greater the detail that we can observe in cells under normal physiological states the better we

can elucidate how these nanoscopic details change within the pathological states. Therefore,

the selected and recommended methodology proposed in this paper should tremendously

advance the study of biological structures at the nanoscopic level.

Sputter coating cellular surfaces for high-resolution

The loss of ultrastructural, topographical detail of biological specimens using the incorrect

coating modality gives an obscured impression of how these nanostructures are presented

Fig 5. Optical images of carbon coatings deposited on soda-lime glass at a distance of 15, 25 and 40 mm from the

carbon source with correlative profilometry measurements of carbon films deposited on soda-lime glass placed

15, 25 and 40 mm from the carbon rod. The glass level is indicated by the blue baseline, with the film step and

thicknesses indicated by red arrows. The red and blue arrows correspond with each other, indicating the same place

where the coating has taken place.

https://doi.org/10.1371/journal.pone.0266943.g005
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within their native state. The incorrect view of a structure would subsequently lead to an incor-

rect view of its functionality.

We present a series of HR-SEM micrographs to compare two modalities for coating cellular

surfaces of monolayers of immortalized mouse brain endothelial cells (bEnd5). In Fig 6 the

topographical data generated between a carbon-carbon coat and a Au:Pd coat show stark dif-

ferences in ultrastructural definition. Fig 6B was able to generate an image that allows for the

visualization of detailed features of a phospholipid membrane surface with numerous pore for-

mation and vesicular bodies accrued on the cell membrane surface, compared to Fig 6A which

shows visible obscurity of HD detail, producing an almost 2-D interpretation of the cell

surface.

Enabling nanoscopic cytoplasmic projections observations

In this study we utilized cytoplasmic projections as an exemplar for this technique, comparing

carbon and Au:Pd coated samples to illustrate the discrepancies between the ultrastructural

information gathered using a non-metal vs a metal sputter coating modality.

Fig 7A and 7C (carbon-coated), relative to Fig 7B and 7D (Au:Pd coated), shows stark dif-

ferences in the detailed development of nanotubes (NT) between PC spaces of the BECs. In the

carbon-coated micrographs, there are projecting membrane edges that appears continuous

with the cell membrane material (Fig 7B and 7D). The membrane appears roughly textured

and porous, while the projecting NTs are smooth in texture. In addition, extracellular mem-

branous structures visibly suffuse the BEC membrane surfaces in Au:Pd coated samples thus

more morphological data is able to be extrapolated from an Au:Pd coating.

Enabling tight junction interaction observations

When tight junction (TJ) proteins interact between adjacent BECs it forms contact points with

its counterparts. These intercellular adherens junctions were, therefore, coated and compared.

The use of Au:Pd coating in Fig 8B clearly demonstrates the interaction of TJs between

adjacent BEC membranes, within its PC shunt. Conversely, Fig 8A demonstrates that carbon–

coating obscures the detailed fusion of adjacent BEC membranes at the paracellular (PC)

shunt. In Fig 8B the Au:Pd coating enables the visualization of textured surface structures on a

Fig 6. A micrograph representing BEC plasma membrane (PM) surfaces. (A) An image of carbon-coated PM and

microvesicle (MV) formation. Scale bar = 1000 nm; (B) An image of a Au:Pd coated PM and vesicle formation. Scale

bar = 200 nm. The “red circles” indicate distinct differences in the PM: (A) shows a smooth membrane surface, devoid

of pores; (B) displays a porous membrane surface. Pore sizes range between 62–70 nm. The “black arrows” indicate the

formation of microvesicles (A) reveals smooth vesicles; (B) exhibits textured vesicles on the PM surface.

https://doi.org/10.1371/journal.pone.0266943.g006

PLOS ONE Preparing HR-SEM biological samples

PLOS ONE | https://doi.org/10.1371/journal.pone.0266943 July 8, 2022 10 / 15

https://doi.org/10.1371/journal.pone.0266943.g006
https://doi.org/10.1371/journal.pone.0266943


nanoscale, such as membranous tent-like leaflets (see “purple circle”) forming what would

eventually be overlapping regions across the TJ zones which measured approximately 60–90

nm, occluding the PC shunt.

Fig 7. A micrograph representing apicolateral membranous projections between adjacent BECs grown on a

Millicell insert membrane. (A) An image of a carbon-coated NT formation, showing smooth, indistinct leading edges,

continuous with the cell membrane, see “red circle.” Scale bar = 300 nm; (B) An image of a Au:Pd coated leading edges

where more textured lateral vesicles fuse into distinct cytoplasmic projections, see “red circle,” within the PC space, as

indicated by the “yellow arrows.” Scale bar = 300 nm; (C) An image of a carbon-coated cytoplasmic projections (CPs)

within the PC spaces, see “yellow arrowheads.” Scale bar = 200 nm; (D) An image of Au:Pd coated CPs, indicated by

the “yellow arrows.” Scale bar = 300 nm.

https://doi.org/10.1371/journal.pone.0266943.g007

Fig 8. A micrograph representing juxtaposing BEC PMs within the PC spaces. (A) An image of carbon-coated

juxtaposed PMs. Scale bar = 1000 nm; (B) An image of Au:Pd coated juxtaposed PMs as seen in the “purple circles”.

Scale bar = 1000 nm. (A) When coating with carbon the detail of the membrane is obscured by the coating process,

with the membrane presenting an amorphous appearance; (B) shows definitive TJ interaction of two adjacent BECs.

This technique provides an unprecedented level of biological detail, making it possible to observe these molecular

interactions at the level of the surface of the plasma membrane.

https://doi.org/10.1371/journal.pone.0266943.g008
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Viewing paracellular spaces under HR-SEM. To comprehend the convoluted nature of

the paracellular (PC) spaces between BECs during monolayer establishment, the study

attempts to elucidate the complexity of the PC space using carbon coating and Au:Pd.

Carbon coating seen in Fig 9A produced blunt membrane edges, with a smooth finish of

the membranous material, which does not resemble the rich in situ biological topography.

This is a disadvantage as the morphological data that can be extrapolated remains infinitesi-

mal, thus limiting our understanding of the nanoscaled structural dynamics at play within the

PC spaces of BECs. Fig 9B, however, exhibits a nuanced, multi-layered PC space enabling the

visualization of an array of membranous surface structures, mono-vesicles and multiple vesic-

ular fusion to form nanotubes between adjacent BECs. The Au:Pd, thus, generates more useful,

3-D topographical data that can be investigated and incorporated when describing PC dynam-

ics during BEC monolayer establishment.

Coating the samples with Au:Pd (Figs 6B–9B) produced more detailed micrographs,

revealing ultrastructural data on the membrane surfaces of BEC monolayers. In addition, Au:

Pd prevented charging of images, compared to (Figs 6A–9A) which produced a membrane

surface that obscured a substantial amount of topographical data. The images generated in this

study suggest that coating samples with Au:Pd improved bulk conductivity and generated well

contrasted topographical imagery.

To develop high-quality micrographical information, sputter-coating the biological sample

with the correct alloy is imperative as it enables the elucidation of ultrastructural, morphologi-

cal and/or topographical data of a developing BEC in high-resolution. The most frequently

used sputter coating material has been gold, iridium, tungsten and carbon which are common

choices for low- resolution. Gold particles, however, allow viewing at both low and high mag-

nification [1]. It possesses a high conductivity and relatively small grain size, which makes it

ideal for HR imaging. However, the use of Au:Pd, as a metal alloy coating, provides more detail

and is advantages in that it provides greater contrast within an HR-SEM micrograph, com-

pared to non-metal carbon coating. Sputter coating with metal alloys are advantages in that it

visibly produce greater contrast and HD micrographs and thus it is more beneficial for coating

biological samples as it is able to: (i) reduce microscope beam damage, (ii) increase thermal

conduction, (iii) reduce sample charging (increased conduction), (iv) improve secondary elec-

tron emission, as the metal coat generates higher secondary electrons than samples with no

metal/conducting coated (v) reduce beam penetration with improved edge resolution and (vi)

protect beam sensitive specimens [12, 14, 16]. It is, thus, critical to ensure that the biological

specimen and its environment are modified by the correct sputter-coating. Specimen

Fig 9. A HR-SEM micrograph representing multiple layers of PM interaction within the PC spaces of BECs. (A)

An image of a carbon-coated PM interaction; (B) An image of Au:Pd coated PM interaction as seen by the “white

arrowheads.” Scale bar = 1000 nm.

https://doi.org/10.1371/journal.pone.0266943.g009
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modification entails coating specimens to increase their conductivity which precludes prob-

lems such as electric charge build-up; thermal and radiation damage by the primary beam and

thickness of the metallic coating [2, 12]. To retain the biological sample’s authentic characteris-

tics, care should be taken during the fixation process namely: the pH, temperature and osmo-

lality should be within physiologically relevant ranges for the specific cell type. Moreover,

strict adherence to timeframes for fixation ensures the preservation of the native state of the

biological material under investigation.

The Au:Pd has a significant impact on the quality of the image generated in HD. It illumi-

nates the presence of a porous membrane surface, detailed surface topography, down to indi-

vidual molecules, jutting out of the cell.

Conversely, the carbon coat obviates analysis of high-resolution, ultrastructural biological

data as it reduces the ability to see new, textured nanosized structures during cellular develop-

ment as it is inclined to produce 2-D planar surfaces and subsequently results in less 3-D anat-

omizing of the ultrastructures under investigation. HR-SEM utilizing well coated Au:Pd allows

for the visualization of a smooth/rough or hollow surface, allows for morphological studies,

allows the study of surface texture, whether the structure has pores and pore sizes, normally at

a micron size or a nano size.

Coating thickness is a critical aspect to take into account. Based on the profilometry analysis

the lowest amount of coating was 15 mm for carbon. The advantage of using Au:Pd is that a

coating of a meagre 5 nm is able to produce an even spread of coating over 60 s producing

high-resolution ultrastructures which, for the first time, closely presents nanostructures found

in its native state.

Conclusions

When preparing biological samples for HR-SEM imaging the goal is to minimize the aberra-

tion of structures found within the native state of the sample. We show that using the tissue-

culture technique of growing cellular structures on the cellulose membrane provides novel and

optimal experimental conditions for preparing samples for HR-SEM. Given the success we

had in elucidating the in vitro nanoscopic structure of the endothelial BBB model [4], we have

provided a detailed experimental procedure to enhance further investigation of such biological

in vitro structures (e.g., monolayers of retinal epithelium, germinal epithelium of the blood-

testis barrier, endothelial layers of both the systemic and brain endothelia, etc). These struc-

tures have not yet been investigated using the methodology we recommend.

Furthermore, the use of Au:Pd sputter-coating, enables the nanostructures of biological

specimens to be studied at high-resolution, at a molecular level, whereas carbon-coated sam-

ples tend to lose a significant amount of ultrastructural detail. Carbon thermal evaporation

may, however, be useful in determining the dimensions of biological structures given its 2-D

attributes. In summary, our experimental data recommends using cellulose-based inserts to

biologically prepare samples for HR-SEM and Au:Pd sputter-coating as the superior technique

that allows for clearly defined nanostructures without adding extrinsic defects, when acquiring

HR-SEM nanoscopic topographical details of biological samples. It is recommended that bio-

logical material is grown in a manner that mimics the in situ situation when preparing it for

HR-SEM. This is critical, and if not done correctly, factors such as hypertonicity, osmolality,

pH and temperature could result in the severe aberration or/and tearing of tissue/cell samples.

We strongly recommend correct coating to preserve the detail of biological samples. Lastly, we

recommend Au:Pd sputter-coating, as per our descriptions in the methodology and protocol,

to illuminate ultrastructural data in order to study the molecular detail of the BEC membrane

surfaces.
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Supporting information

S1 Fig. A flow-diagram illustrating the preparation of brain endothelial cell monolayers

for imaging using high-resolution electron microcopy. The flow-diagram illustrates the pro-

cess of monolayer development on a mixed cellulose esters insert membrane, fixation of the

BEC monolayer. Fixation was followed by dehydration within a series of graded ethanol con-

centrations and, thereafter, it underwent critical point drying, replacing ethanol with liquid

carbon dioxide at high pressure and regulated temperature until the critical point was reached.

After drying, the biological samples were sputter-coated with carbon and Au:Pd in order to

ensure the preservation of the sample in its native state when viewed under HR-SEM.

(TIF)

S1 File. PDF version of the protocol submitted on protocols io.

(PDF)

Acknowledgments

This work was supported by the infrastructural and academic support provided by the Depart-

ment of Medical Biosciences at the University of the Western Cape (UWC) and the Electron

Microscopy Unit at the University of the Western Cape, Cape Town, South Africa.

Author Contributions

Conceptualization: Shireen Mentor, David Fisher.

Data curation: Shireen Mentor, Franscious Cummings.

Formal analysis: Shireen Mentor, Franscious Cummings, David Fisher.

Funding acquisition: David Fisher.

Investigation: Shireen Mentor, David Fisher.

Methodology: Shireen Mentor, Franscious Cummings, David Fisher.

Resources: Franscious Cummings, David Fisher.

Supervision: David Fisher.

Visualization: Shireen Mentor.

Writing – original draft: Shireen Mentor, Franscious Cummings, David Fisher.

Writing – review & editing: Shireen Mentor, Franscious Cummings, David Fisher.

References
1. Fischer ER, Hansen BT, Nair V, Hoyt FH, Dorward DW. Scanning electron microscopy. Curr Proto in

Micro, 01 May 2012, Chapter 2:Unit 2B.2. Nihms-375012;2013. https://doi.org/10.1002/

9780471729259.mc02b02s25 PMID: 22549162

2. Giurlani W, Berretti E, Innocenti M, Lavacchi A. Measuring the thickness of metal coatings: A review of

the methods. Coatings. 2020; 10: 1–36. https://doi.org/10.3390/coatings10121211

3. Kommnick C, Lepper A, Hensel M. Correlative light and scanning electron microscopy (CLSEM) for

analysis of bacterial infection of polarized epithelial cells. Sci. Rep. 2019; 9: 17079. https://doi.org/10.

1038/s41598-019-53085-6 PMID: 31745114

4. Mentor S, Fisher D. High-resolution insights into the in vitro developing blood-brain barrier: Novel mor-

phological features of endothelial nanotube function. Front. Neuroanat. 2021; 15: 1–15. https://doi.org/

10.3389/fnana.2021.661065 PMID: 34248507

PLOS ONE Preparing HR-SEM biological samples

PLOS ONE | https://doi.org/10.1371/journal.pone.0266943 July 8, 2022 14 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266943.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266943.s002
https://doi.org/10.1002/9780471729259.mc02b02s25
https://doi.org/10.1002/9780471729259.mc02b02s25
http://www.ncbi.nlm.nih.gov/pubmed/22549162
https://doi.org/10.3390/coatings10121211
https://doi.org/10.1038/s41598-019-53085-6
https://doi.org/10.1038/s41598-019-53085-6
http://www.ncbi.nlm.nih.gov/pubmed/31745114
https://doi.org/10.3389/fnana.2021.661065
https://doi.org/10.3389/fnana.2021.661065
http://www.ncbi.nlm.nih.gov/pubmed/34248507
https://doi.org/10.1371/journal.pone.0266943


5. Postek MT, Howard KS, Johnson AH and McMichael KL. Scanning Electron Microscopy: A Student’s

Handbook, edn. Ladd Research Industries: Postek, M.T. Jr. 1980.

6. Raval N, Maheshwari R, Kalyane D, Youngren-Ortiz SR, Chougule B. and Tekade,R.K. Importance of

physicochemical characterization of nanoparticles in pharmaceutical product development. In basic fun-

damentals of drug delivery, ISBN 9780128179093, Chpt 10. 2019. pp 369–400. https://doi.org/10.1016/

B978-0-12

7. Park JB, Kim YJ, Kim SM, Yoo JM, Kim Y, Gorbachev R, et al. Non-destructive electron microscopy

imaging and analysis of biological samples with graphene coating. 2D Mater. 3. 2016. https://doi.org/

10.1088/2053-1583/3/4/045004

8. Griffin BJ. A comparison of conventional Everhart-Thornley style and in-lens secondary electron detec-

tors-a further variable in scanning electron microscopy. Scanning 2011; 33: 162–173. https://doi.org/

10.1002/sca.20255 PMID: 21695706

9. El Azzouzi M, Khouchaf L, Achahbar A. Monte Carlo study of the interaction volume changes by the

beam skirt in Vp-Sem. Acta Phys. Pol. A. 2017; 132: 1393–1398. https://doi.org/10.12693/APhysPolA.

132.1393

10. Kanaya K, Okayama S. Penetration and energy-loss theory of electrons in solid targets. J. Phys. D.

Appl. Phys. 1972; 5: 43–58. https://doi.org/10.1088/0022-3727/5/1/308

11. Faso L, Trowbridge RS, Quan W, Yao XL, Jenkins EC, Maciulis A, et al. Characterization of a strain of

cerebral endothelial cells derived from goat brain which retain their differentiated traits after long-term

passage. Vitr. Cell. Dev. Biol.—Anim. 1994; 30: 226–235. https://doi.org/10.1007/BF02632044 PMID:

8069445

12. Goldstein JI, Newbury DE, Echlin P, Joy DC, Romig AD, Lyman CE, et al. Coating and conductivity

techniques for SEM and microanalysis. Scanning electron microscopy and X-Ray microanalysis.

1992. pp 671–740. https://doi.org/10.1007/978-1-4613-0491-3_13

13. Zhou W, Apkarian R, Wang ZL, Joy D. Fundamentals of scanning electron microscopy (SEM). Scan-

ning Microsc. Nanotechnol. Tech. Appl. 2007; 1–40. https://doi.org/10.1007/978-0-387-39620-0_1

14. Heu R, Shahbazmohamadi S, Yorston J, Capeder P. Target material selection for sputter coating of

SEM samples. Micros. Today 2019; 27: 32–36. https://doi.org/10.1017/s1551929519000610

15. Rath SS. Growth and characterization of gold-palladium thin-films on a silicon substrate. Ijert. 2014; 3:

261–264.

16. Sputter coating brief: Available from: http://www.iitk.ac.in/meesa/SEM/coater_manual_technical.pdf

[Cited 21 May 2021].

PLOS ONE Preparing HR-SEM biological samples

PLOS ONE | https://doi.org/10.1371/journal.pone.0266943 July 8, 2022 15 / 15

https://doi.org/10.1016/B978-0-12
https://doi.org/10.1016/B978-0-12
https://doi.org/10.1088/2053-1583/3/4/045004
https://doi.org/10.1088/2053-1583/3/4/045004
https://doi.org/10.1002/sca.20255
https://doi.org/10.1002/sca.20255
http://www.ncbi.nlm.nih.gov/pubmed/21695706
https://doi.org/10.12693/APhysPolA.132.1393
https://doi.org/10.12693/APhysPolA.132.1393
https://doi.org/10.1088/0022-3727/5/1/308
https://doi.org/10.1007/BF02632044
http://www.ncbi.nlm.nih.gov/pubmed/8069445
https://doi.org/10.1007/978-1-4613-0491-3%5F13
https://doi.org/10.1007/978-0-387-39620-0%5F1
https://doi.org/10.1017/s1551929519000610
http://www.iitk.ac.in/meesa/SEM/coater_manual_technical.pdf
https://doi.org/10.1371/journal.pone.0266943

