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The cell surface distribution patterns (clustering) of membrane proteins have
been widely investigated in cell biology. Here we describe a novel transmission
electron microscopic (TEM) protocol designed to improve the quality of in-
formation obtained about the protein distribution patterns detected. This novel
method makes it possible to study the clustering of all transmembrane proteins
on one half of the cytoplasmic membrane of a whole cell. To achieve better
imaging, we combine various methods, including critical-point drying, fixa-
tion of gold beads with a carbon layer, and a newly developed chemical thin-
ning method. In addition, in our image-processing algorithm, we implemented
pair correlation and pair cross-correlation functions, providing more details and
better quantitative accuracy in characterizing the size and numbers of possible
protein clusters. © 2024 The Authors. Current Protocols published by Wiley
Periodicals LLC.

Basic Protocol 1: Sample preparation and transmission electron micrography
Alternate Protocol: Direct cell labeling for transmission electron micrography
Basic Protocol 2: Analysis of TEM images to detect immunogold-labeled pro-
teins
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INTRODUCTION

Studying receptor distribution patterns is important for investigating receptor systems
and characterizing them as potential therapeutic targets. Cell surface distribution studies
characterize the potential roles of candidate receptors in normal physiology or in disease
and can indicate possible adverse effects of targeting those receptors. Drug-discovery
investigations that reveal quantitative target engagement (e.g., percentage of receptor oc-
cupancy) help researchers formulate pharmacokinetic/pharmacodynamic (PK/PD) hy-
potheses for various compounds. In addition, receptor distribution and quantitative tar-
get engagement studies can validate truly translational technologies, such as positron
emission tomography (PET) ligands and pharmaco-EEG paradigms connecting preclin-
ical/clinical interfaces. The fluid mosaic membrane model explains various observations
regarding the structure of functional cell membranes (Nicolson & Ferreira de Mattos,
2022; Vereb et al., 2003). According to this biological model, the cell membrane com-
prises a lipid bilayer (a two-molecule-thick layer consisting primarily of amphipathic
phospholipids) in which protein molecules are embedded. The lipid bilayer provides the
membrane with fluidity and elasticity. Studying lipid rafts present on cell surface proteins
can provide detailed information on their functionality, e.g., T-cell signaling, treatment
of viral infection, receptor-mediated channel activity, and therapeutic targets for cancer
(Bobkov & Semenova, 2022; Carletti et al., 2017; Codini et al., 2021; Gold & Reth, 2019;
Li et al., 2022; Magee et al., 2002; Nagy et al., 2001).

In recent decades, significant advances in nanotechnology have been achieved, enabling
us to measure different nanoscale properties of membranes. New developments in various
microscopic techniques have made it possible to study the fine structure of cells and the
cell surface distribution patterns of membrane proteins using fluorescence microscopes
and their ultra-high-resolution versions. When higher resolution is needed, especially to
observe individual proteins, conventional light-microscopy methods are not applicable
due to their resolution limit. In these cases, transmission electron microscopy (TEM; Pe-
tralia & Wang, 2021; Piludu et al., 2018) and other super-resolution techniques, such as
high-resolution scanning electron microscopy (SEM; Goldberg, 2008; Ou et al., 2015),
stochastic optical reconstruction microscopy (STORM; Fish, 2022; Scalisi et al., 2023),
photoactivated localization microscopy (PALM; Butler et al., 2022), total internal reflec-
tion fluorescence microscopy (TIRF; Fish, 2022), stimulated emission depletion (STED;
Sahl & Hell, 2019), and so on, can be used to obtain more detailed information.

Here, we describe a novel TEM analysis method, providing two basic protocols for study-
ing the cell surface distribution of membrane proteins with increased sensitivity and sta-
tistical accuracy.

Basic Protocol 1 deals with sample preparation and TEM imaging. Cells are labeled in
suspension and chemically fixed with glutaraldehyde, and then the cell suspension is
placed on a gold support grid used as the TEM sample holder, which has previously
been coated with a collodion film and treated with poly-L-lysine. The sample is then
subjected to critical-point drying, which preserves the original spatial morphology. The
sample is then coated with a thin (∼10-nm) carbon film using a vacuum evaporator;
this physically anchors the gold beads in their original position in the protein matrix
and provides mechanical stability. The collodion membrane is then dissolved with amyl
acetate and washed several times. In the next step, chemical etching with 100 g/L sodium
hydroxide solution is performed, followed by thorough washing. Finally, TEM images
are taken from the prepared samples.

In the Alternate Protocol, we present an alternative direct immunogold labeling protocol
using a conjugation kit. This involves less washing, which will reduce the chance of gold
beads being washed off.
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Basic Protocol 2 details the image analysis process. In this protocol, we identify gold
beads on the digitized TEM images using the ClickOnGold program, and then analyze
the data using the Gold software to determine the pair correlation function and pair cross-
correlation function.

CAUTION: Hydrogen fluoride is a strong acid that is deadly if inhaled or ingested. Skin
contacts cause severe burns and eye damage. Use this chemical under fume hood.

CAUTION: Chromosulfuric acid is a very toxic, strong oxidizing agent! Protective
gloves, protective clothing, eye protection, and face protection are mandatory when
using this.

CAUTION: Amyl acetate is organic solvent of collodion. When using collodion solution,
or dissolving dried collodion with amyl acetate, the resulting vapor or aerosol should not
be inhaled. Avoid contact with the material. Appropriate ventilation should be utilized.
Keep the solvent away from heat and sources of ignition.

BASIC
PROTOCOL 1

SAMPLE PREPARATION AND TRANSMISSION ELECTRON
MICROGRAPHY (TEM)

In this section, we describe the step-by-step process of TEM sample preparation for anal-
ysis of the distribution pattern of proteins on the cell surface. We detail sample holder
preparation, cell labeling with immunogold beads, critical-point drying, coating of the
bead with a thin carbon film, and thinning of the sample in preparation for TEM.

Materials

47%-51% hydrofluoric acid (VWR, cat. no. BDH3040-500MLP; optional)
Chromosulfuric acid (VWR, cat. no. 18040502)
Double-distilled water (ddH2O)
2% collodion solution (Sigma Aldrich, cat. no. 09817-100 ML)
Poly-L-lysine, EM grade (VWR, cat. no. 103701-192)
JY cells (American Type Culture Collection, cat. no. 77441)
RPMI 1640 medium (Merck, cat. no. R8758)
10% fetal bovine serum (FBS; Merck, cat. no. F7524)
Glutamine (Sigma Aldrich, cat. no. 1294808)
Penicillin-streptomycin (Merck, cat. no. P4333)
10 μg/ml gentamycin (Merck, cat. no. G1272)
Phenol red indicator (Merck, cat. no. 114529)
Phosphate-buffered saline (Merc, cat. no. P5493)
50% glutaraldehyde (EMS, cat. no. 16520)
Antibody W6/32 (Abcam, cat. no. ab22432)
Antibody HLADQ (Abcam, cat. no. ab20173)
Anti-MHC class II antibody (Abcam, cat. no. ab157210)
Absolute ethanol (VWR, cat. no. 20816.298)
Immunogold reagents:

InnovaCoat GOLD Anti-Mouse IgG-10 nm (Innova Biosciences, cat. no.
214-1000)

InnovaCoat GOLD Anti-Mouse IgG-20 nm (Innova Biosciences, cat. no.
215-1000)

InnovaCoat GOLD Anti-Rabbit IgG-10 nm (Innova Biosciences, cat. no.
218-1000)

InnovaCoat GOLD Anti-Rabbit IgG-20 nm (Innova Biosciences, cat. no.
219-1000)

Carbon rods, length 12 inches (304 mm), diameters ⅛ inch (3 mm) and 1
4 inch

(6.2 mm) (EMS, cat. nos. 70210 and cat. no. 70212)
>60% amyl acetate (EMS, cat. no. 10800)
Sodium hydroxide (VWR, cat. no. 05022312)

Kormos et al.
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76 × 26-mm microscope slides (Thermo Scientific)
Engraving tools
Beaker (VWR 10754-700)
Ultrasonicator (Elmasonic S30H)
Hood or laminar-flow box
Tweezers (EMS, 72864-D)
Buchner funnel: Buchner Filter Funnel, Chemglass (VWR, cat. no. 80068-282)
TEM grid: 200- to 400-mesh square AU (EMR, lot no. 200305)
Lint-free filter paper (VWR, 400 mm × 570 mm, 516-0880)
15-ml centrifuge tubes (VWR, 21008-189)
Centrifuge (Rotina 46R)
Lint-free filter paper: 400 mm × 570 mm (VWR, cat. no. 516-0880)
Pipets
Pipet tips
8-well square plate (Thermo Scientific Nunc, lot no. 1217270, 267062)
Critical-point dryer (CPD; Bal-Tec CPD030)
Vacuum evaporator system
Needle
Fine-tip tweezers (EMS, 72864-D)
40-mm-diameter, 12-mm-high glass petri dish (Merc, BR455701)
Transmission microscope (JEOL 2000FX)

Preparation of sample carrier glass surface
1. Cut rectangle glass slides (∼25 mm × 10 mm) using microscope slides and mark

the sample IDs onto the surface of the slides using an ethanol- and acetone-resistant
technique. This can be achieved through scratching (with engraving tools) or etching
(with hydrogen fluoride).

2. Degrease the slides for 30 min in an ultrasonic device with 15 ml chromosulfuric
acid in 20-ml beaker, and then rinse three times with 15 ml filtered ddH2O in 20-ml
beaker for 5 min. Air-dry the slides in a dust-free environment (hood or laminar-flow
box).

Preparation of collodion membrane
3. Close the valve of the Büchner funnel, fill it with filtered ddH2O, and place the glass

plates on a suitable stand at the center of the funnel using tweezers. The glass plate
must be under the water. Place the gold TEM grids very carefully on the glass using
fine-tip tweezers (see details in the Supplemental Information).

4. Place a drop of 2% collodion solution of ∼15 μl in the center of the water surface
using a pipet. Wait ∼20 min for the solvent to evaporate completely, preferably under
a fume hood.

5. When the solvent has completely disappeared, carefully open the valve of the funnel
and release the water under the carrier glass. Then remove the carrier glass plate from
the funnel and place it on dust- and lint-free filter paper until it dries.

6. When the plate is completely dry, drop ∼10 μl of EM-grade poly-L-lysine solution
onto the surface of the collodion-coated grid.

This plate will be used in step 18.

Cell culture
7. Culture JY cells according to their specifications in RPMI-1640-based medium (see

Reagents and Solutions) supplemented with phenol red indicator in a humidified,
5% CO2 incubator at 37°C. Passage cells every second day. Test cells regularly
for mycoplasma. Harvest 1 × 106 cells freshly and wash them twice, each time byKormos et al.
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resuspending the cells in 4 ml ice-cold PBS (pH 7.4) in a 15-ml centrifuge tube and
centrifuging for 10 min at 200 × g, 4°C, in preparation for immunogold labeling.

Indirect immunogold labeling
8. Resuspend cells by pipetting up and down in a 15-ml centrifuge tube in 4 ml PBS

and centrifuge for 10 min at 200 × g, 4°C.

9. Pour off or aspirate supernatant from the tubes, and gently soak up the residual liquid
from the mouth of the tube with a paper towel, if needed.

10. Resuspend the cell pellet in 50 μl PBS by pipetting up and down and add 50 μl pri-
mary antibodies (W6/32 and anti-HLADQ; to a final primary antibody concentration
of 10 μg/ml).

11. Incubate the cells for 40 min at 4°C.

12. Wash the samples with 4 ml PBS in a centrifuge tube for 10 min at 200 × g, 4°C.

13. Remove the supernatant from the tubes by aspiration, and gently soak up the residual
liquid from the mouth of the tube with a paper towel.

14. Resuspend the cell pellet in 50 μl PBS by pipetting up and down and add 50 μl
secondary antibodies (Anti-Mouse IgG-10 nm and Anti-Rabbit IgG-20 nm or Anti-
Mouse IgG-20 nm and Anti-Rabit IgG-10 nm; to a final secondary antibody con-
centration of 10 μg/ml).

15. Incubate the cells for 40 min at 4°C.

16. Wash with 4 ml PBS in a centrifuge tube for 10 min at 200 × g, 4°C.

17. Remove the supernatant from the tubes by aspiration, and gently soak up the residual
liquid from the mouth of the tube with a paper towel.

Critical-point drying
18. The labeled cells should be in suspension at ∼106 cell/ml concentration. Place

∼15 μl of this cell suspension on the TEM grid, working carefully to avoid dam-
aging the collodion membrane.

19. Place the sample holder glass with the cells in an 8-well square plate for fluid
exchange.

20. Remove the residual suspension and successively add 5 ml of increasingly concen-
trated solutions of aqueous ethanol (10%, 30%, 50%, 50%, 70%, and 100%). After
adding each solution, incubate for 10 min and then aspirate residual solution before
adding the next one. With the final ethanol concentration (100%), repeat this process
twice.

21. Place the samples in the pressure chamber of the CPD instrument and cover the
samples with replacement fluid (100% ethanol) to prevent air leakage.

22. Cool the critical-point chamber to 10°C.

23. Inject liquid CO2 into the precooled pressure chamber and let stand for ∼20 min.

Precooling is important, as it ensures that CO2 remains a liquid during the process.

24. Release the replacement fluid from the pressure chamber and add fresh CO2. Repeat
this cycle until the alcohol solution is completely replaced by CO2.

IMPORTANT NOTE: Samples should always be kept covered with liquid to prevent
drying.

Kormos et al.
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25. Next, replace the previous replacement fluid with liquid CO2 and start the heating
process.

Supercritical CO2 is generated during the heating process; CO2 is in a supercritical
gaseous state at temperatures >31°C.

26. Carefully open the gas vent valve at a constant temperature (with continuous tem-
perature control of the chamber) and then reduce the pressure very slowly to 1 atm.
The most important requirement in this step is that the temperature never fall below
31°C (the critical point of CO2).

Coating of sample with carbon layer
27. Using a carbon vacuum evaporator equipped with a resistant, heated thermal carbon

source and carbon rods, coat the sample from step 26 with a few thin carbon layers
of ∼10-20 nm. The typical pressure and heating current used are ∼5-10 mbar and
50-100 amp, respectively. The source-sample distance should be ∼30 cm to keep
the sample from overheating.

Removal of grids from the glass plate
28. Scratch around the perimeter of the grids with a sharp needle, and then use tweezers

to remove the grids from the glass plate.

Dissolution of collodion film under the cells
29. Carefully place the grids on the amyl-acetate-impregnated filter paper placed in the

petri dish with tweezers and let stand for 30 min.

30. Prepare other petri dishes with clear filter paper. Transfer the grids to these prepared
petri dishes, soak up the remaining liquid with lint-free filter paper, and air dry on
dry lint-free paper.

Sample thinning
31. Place lint-free filter paper in the bottom of the petri dish and soak with 5 ml of freshly

prepared 100 g/L sodium hydroxide solution.

32. Carefully place the grids on the previously prepared petri dish. Incubate overnight.

33. Rinse the samples thoroughly with ddH2O. Place the filter paper impregnated with
ddH2O in a petri dish and place the samples on the top of filter paper. After 5 min,
remove the sample with fine-tip tweezers and soak up the unnecessary water with
dry filter paper. Then, return the paper to the petri dish. Repeat this step 10 times.

34. Transfer the samples to a clean filter paper with fine-tip tweezers and allow it to
completely air dry, which will take ∼1 hr. The sample will then be ready for TEM
imaging.

TEM analysis
35. Take TEM images with transmission electron microscope.

ALTERNATE
PROTOCOL

DIRECT CELL LABELING FOR TRANSMISSION ELECTRON
MICROGRAPHY

As an alternative to the indirect labeling method presented in Basic Protocol 1, cells can
be directly immunogold labeled using a conjugation kit. This reduces the number of steps
in the labeling process, which minimizes the loss of gold beads.

Additional Materials (also see Basic Protocol 1)

Immunogold conjugation kit: Gold Conjugation Kit 10 nm, 20 OD (Abcam, cat. no.
ab201808) or Gold Conjugation Kit 20 nm, 20 OD (Abcam, cat. no. ab201808)Kormos et al.
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Direct immunogold labeling
1. Wash cells with 4 ml PBS in a 15-ml centrifuge tube and centrifuge tube for 10 min

at 200 × g, 4°C.

2. Remove the supernatant from the tubes by aspiration, and gently soak up the residual
liquid with a paper towel from the mouth of the tube.

3. Prepare gold-conjugated antibody following the manufacturer’s protocol (Abcam).

4. Resuspend the cell pellet in 50 μl PBS by pipetting up and down and add 50 μl
gold-conjugated primary antibodies (to a final primary antibody concentration of
10 μg/ml).

5. Incubate the cells for 40 min at 4°C

6. Wash with 4 ml PBS in a centrifuge tube for 10 min at 200 × g, 4°C.

7. Remove the supernatant from the tubes by aspiration, and gently soak up the residual
liquid with a paper towel from the mouth of the bottle.

The labeled cells should be in suspension at ∼106 cell/ml concentration

8. Proceed to Basic Protocol 1 and perform steps 18-35.

BASIC
PROTOCOL 2

ANALYSIS OF TEM IMAGES TO DETECT IMMUNOGOLD-LABELED
PROTEINS

Here we analyze the digitized TEM micrographs to identify the gold beads using a propri-
etary program we designed (ClickOnGold). Then we apply the pair correlation function
(PCF) or pair cross-correlation function (PCCF) using the Gold software.

Materials

Image-processing software (recommended: Adobe Photoshop, Adobe)
ClickOnGold software (available for free download; see Internet Resources)
Gold software (available for free download; see Internet Resources)
TEM images files
Recommended system requirements:

Multicore Intel® or AMD processor (2 GHz or faster processor with SSE 4.2 or
later) with 64-bit support

Windows 10, 64 bit (version 21H2 or later; LTSC versions are not supported)
16 GB or more
GPU with DirectX 12 support (feature level 12_0 or later)
4 GB of GPU memory for 4K-resolution displays and larger
1920 × 1080 or larger display at 100%
100 GB of available hard disk space

1. Use digitized image for analysis. If TEM images are registered on traditional photo
plate, digitize these image plates.

2. Crop out the maximum possible area of rectangular shape from the region of interest
(ROI) portion of the raw image using image-processing software.

3. Convert the pictures to monochrome bitmap (BMP) format with the image-processing
software.

4. Find the nanoparticles (black spots in the images) with the computer program. We
perform this analysis using a proprietary program (ClickOnGold) in which we can
manually correct any hit errors and sort them into different groups depending on the
size of the beads (see details in the Supplemental Information). Kormos et al.
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5. Save the coordinate position of the spot to digital format for further processing in a
*.txt file.

6. Execute a Monte Carlo simulation to determine the pair correlation function (PCF)
or pair cross correlation function (PCCF). We performed this analysis using the Gold
software (see details in the Supplemental Information).

REAGENTS AND SOLUTIONS

Cell culture buffer

10% (v/v) fetal bovine serum (FBS; Merck, cat. no. F7524)
10 μg/ml (w/v) penicillin-streptomycin (Merck, cat. no. P4333) or 10 μg/ml (w/v)

gentamycin (Merck, cat. no. 345815)
15 mg/ml (w/v) phenol red indicator (Merck, cat. no. 114529)
Store at −20°C

COMMENTARY

Critical Parameters
During sample holder preparation (Basic

Protocol 1), the slides must be free of grease
and dust during the coating of the collodion
membrane, and the ddH2O must be clear (fil-
tered); otherwise, the membrane will not be
homogeneous. To ensure that the water and
funnel remain pure, ddH2O should only be
used up to five times without being changed
or cleaned; otherwise, the membrane will also
not be homogeneous.

During critical-point drying (Basic Proto-
col 1, steps 18-26), due to the small volume
of the sample, it can easily become dry, which
must be avoided.

During the sample thinning (Basic Protocol
1, steps 31-35), the sodium hydroxide should
be fresh during every experiment, as other-

wise, the sodium hydroxide precipitates and its
concentration changes.

Troubleshooting
The main possible problems with these pro-

tocols are shown in Table 1, along with likely
causes and solutions.

Statistical Analysis

Image analysis
We detect the gold beads on TEM images

using software called ClickOnGold that our
team developed previously. This software can
capture the center of the beads and save these
in a *.txt file. We perform statistical anal-
ysis of data stored in the *.txt file with
the help of software called Gold. The analysis

Table 1 Possible Problems and Their Solutions

Problem Possible cause Solution

The grid contains an
insufficient number of
cells

The concentration of the cell
suspension was insufficient

Double the cell concentration: the
acceptable range is 5 × 105-2 × 106

cells/ml; increase the incubation time.

The washing or liquid changing steps
were performed too roughly

Perform the dehydration procedure
with more care.

The sample was too thick
and not transparent to the
electron beam

The etching of the inner part of the cell
etching is not appropriate and the
etching time was insufficient

Increase the etching time or increase
the concentration of sodium hydroxide
solution.

The quality of the carbon
layer was poor

The quality of the vacuum was poor or
the sample was contaminated

Use higher vacuum level and carbon
rods of greater purity.

The collodion layer was
ragged

ddH2O was contaminated Filter the water to eliminate dust and
other pollutants.

The thickness of the
sample did not change
after thinning

The collodion layer was not fully
dissolved

Dissolve the collodion layer with amyl
acetate for a longer time.
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Figure 1 Flow chart of the traditional TEM protocol. This diagram shows the main steps of the tra-
ditional protocol without data analysis, which is a simple comparison of the pattern of immunogold
beads with the Poisson distribution.

Figure 2 Differences between the results obtained by the traditional and new protocols. (A and
B) Kv1.3/FLAG channels labeled with 10-nm gold beads on the CTLL-2 cell line (Panyi et al., 2003).
(C) Pair correlation function (PCF) from the cropped image B. The diameter (d) of the clusters (in
nanometers) is plotted on the abscissa. The PCF function is labeled with a solid line and the upper
and lower confidence intervals with dashed lines. (D and E) Major histocompatibility complex class
II (MHCII) molecules labeled with 20-nm gold beads on JY cell lines. (F) PCF from the cropped
image E (details as in B). Scale bars: (A), 400 nm; (B), 200 nm; (D), 1500 nm; (E), 400 nm.

produces a pair correlation function and pair
cross-correlation function.

The use of the ClickOnGold and Gold pro-
grams is described in detail in the Supplemen-
tal Information. The ClickOnGold program is
available free and downloadable—see the In-
ternet Resources section below.

Understanding Results
Previously we applied TEM to describe

the pattern of the cell surface protein. That
method is illustrated in a flow chart provided in
Figure 1.

That relatively simple procedure shown in
Figure 1 has several shortcomings, however.
The most critical issue is the size of the observ-
able area, which we found was severely lim-
ited because only a thin ring at the edge of the

cell was transparent to the electron beam due
to the excessive thickness of the cell. There-
fore, because of the low number of detected
objects, the statistical description is very un-
certain (see Fig. 2A-C).

Figure 2 shows the differences between
the results obtained by the traditional pro-
cedure and the new one we describe in the
protocols above. Considered numerically, the
dimensions of the picture prepared with the
traditional technique are 883 nm × 896 nm
(see Fig. 2B), whereas the dimensions of the
picture prepared with the novel technique are
2883 nm × 2918 nm (see Fig. 2E). Therefore,
the new protocol enables us to observe a much
larger area of the region of interest (ROI).
We characterized the distribution with pair-
correlation function (see Statistical Analysis Kormos et al.
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Figure 3 Flow chart of the new TEM protocol. The basic steps of the newly developed protocol
can eliminate the disadvantages of the traditional sample preparation method. The new method
involves more steps than the traditional method, however.

section). The statistical accuracy can be well
characterized by the confidence intervals.
The confidence interval is proportional to the
reciprocal of the square root of the numbers
of events: for example, in Figure 2C, the aver-
age confidence interval is ∼0.32, whereas in
Figure 2F, it is ∼0.12 in the same “d” interval
(from 0 to 450 nm). More than eight times
more gold beads can be detected with the new
protocol at the same density, so the statistical
accuracy can be increased significantly. In
addition, the observation area is increased, so
the detection of any larger structures is ten
times more probable with the new method
than with the traditional approach.

Coating the carbon layer by vacuum evap-
oration increases the resistance of the sample;
thus, a higher accelerating voltage can be ap-
plied, which provides better contrast for the
beads and allows for a higher sample thick-
ness and resolution. A flow chart of the new
procedure is shown in Figure 3.

Figure 4 shows the effects of our new pro-
tocol for one cell (microscopic; Fig. 4, A/1-
A/5) and for one grid (macroscopic; Fig. 4,
B/1-B/6).

Having improved our previous traditional
sample preparation protocol, we aimed to de-
scribe the distribution pattern of membrane
proteins more accurately. There are basically
three types of point patterns: complete spa-
tial randomness (CSR), uniform or segregated,
and clustered (Fig. 5). In the first case, no in-
teraction occurs between points; in the second
case, a repulsive interaction occurs; and in the
third case, attractive interactions can be ob-
served. There are different ways to evaluate
the distribution of the point patterns: second-
order analysis and the use of the pair correla-
tion function PCF(r). PCR(r), also known as
the radial distribution function g(r), is widely

used in various fields, such as biology, ge-
ology, economics, and astronomy. This func-
tion can describe the type of distribution and
can estimate the sizes and numbers of clusters
(Ripley, 1981, 1988).

The values of PCF(r) in these three cases
are as follows:
Random: PCF(r) = 1
Uniform or segregated: PCF(r) < 1:
Clustered point pattern: PCF(r) > 1

To clarify the information, we generated an
artificial image with a nonrandom clustered
point pattern and its PCF (Fig. 6).

In Figure 6B, the solid line presents the
PCF values of the observed point pattern panel
(Fig. 6A). The two dashed lines are the up-
per (thick dashed line) and lower (thin dashed
line) confidence intervals of the PCF, and the
dotted dashed line is the baseline, the exact
PCF value of the complete spatial random-
ness. When the PCF value crosses the confi-
dence lines, the distribution of the point pat-
tern is nonrandom. If the PCF value is higher
than the upper confidence interval (upper thick
dashed line), the distribution is clustered; if
it is lower than the lower confidence interval
(lower thin dashed line), the distribution is seg-
regated or uniform. Basically, there are sev-
eral different clusters with different sizes and
quantities. There are few clusters with vari-
ous sizes, such as d ~10, d ~100, d ~370, and
d ~550 pixels. The value of PCF is propor-
tional to the number of a given size cluster. The
peaks have different heights, which indicate
the number of clusters of various sizes. For ex-
ample, as shown in Figure 6, the clusters with
the smallest size have a relatively large PCF
value and therefore occur in greater numbers
as well, which is significantly higher than the
PCF value of the larger clusters with smaller
quantities. The PCF function is determined byKormos et al.
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Figure 4 The scheme illustrates the steps of the new protocol. (A) Steps of the new protocol
performed with an individual cell. (A/1) Labeled cell; (A/2) labeled cell on the collodion-coated grid;
(A/3) labeled cell with carbon layer; (A/4) dissolution of the collodion layer; (A/5) sample after the
cell components are digested (the finished sample). Thick yellow line, grid; thin grey line, collodion
layer; solid black line, carbon layer. (B/1) Steps of the new protocol from the point of view of the
sample holder grid loaded with cells. (B/1) Initial sample holder TEM grid; (B/2) grid with collodion
layer; (B/3) coated grid with labeled cells; (B/4) the state of the sample after carbon coating; (B/5)
the state of the sample after the dissolution of the collodion layer; (B/6) the finished sample after
the cell is digested.

Figure 5 Schematic diagrams showing the basic types of point distributions and their relationship
with their pair correlation functions. Kormos et al.
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Figure 6 Demonstration of the relationship between a nonrandom clustered point pattern and
its pair correlation function (PCF). The special property of PCF values is demonstrated. (A) Arti-
ficially generated point pattern with various sizes and different quantities of clusters. (B) The PCF
generated from the clustered point pattern in A, plotted as a function of cluster size.

Monte Carlo simulation using computer soft-
ware (GOLD software) (Philimonenko et al.,
2000).

One technique used to visualize cell mem-
brane proteins and describe their distribution
is immunogold labeling, which is among the
most sensitive methods possible for perform-
ing these studies on a nanometer scale. In con-
trast with other methods, this method does
not require special equipment (e.g., working
at ultralow temperature) and can avoid the
large area loss due to ultrathin slicing, in
which the contiguous cell membrane is rel-
atively small. Typical results from immuno-
gold labeling are shown in Figure 7A, where
TEM micrographs of double-immunogold-
labeled proteins (MHCI and MHCII) on the
cell membrane of a JY cell with 10 and
20 nm gold beads are presented. Figure 7B
and C present the pair correlation functions
(PCFs) of MHCI and MHCII, respectively,
and Figure 7D shows the pair cross-correlation
function (PCCF) or co-localization of MHCI
and MCHII proteins.

Combining this protocol with second-order
evaluation functions, such as PCF and/or
PCCF, generates a very powerful tool to accu-
rately describe the distribution of cell surface

proteins. Compared to the traditional protocol,
this novel method covers a larger study area,
allowing us to map the pattern of cell surface
proteins and their interaction with each other
from the nanometer to the micrometer range.

Limitations
With this novel protocol, only half of the

cell surface can be examined due to the chem-
ical thinning technique. Furthermore, the pro-
tocol can only describe the pattern of cell sur-
face proteins and is therefore not suitable for
analyzing association patterns to intracellular
proteins. At a proximity of less than ∼10 nm,
the results are strongly influenced by the phys-
ical size of the immunogold particles because
of the so-called umbrella effect, which can be
significant in this case. Because of their physi-
cal extent, the gold beads overshadow the area
underneath, and therefore that area cannot be
labeled, so no information can be collected
from that region.

Our protocol has been successfully ap-
plied to the investigation of MHCII-deficient
bare lymphocyte syndrome BLS1 cells. BLS1
cells not expressing MHCII molecules on the
cell surface were transfected with appropri-
ate genes, and the MHCII molecules wereKormos et al.
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Figure 7 TEM micrograph of MHCI and MHCII molecules and their pair correlation functions
(PCFs). Samples were labeled with anti-MHCI and anti-MHCII antibodies conjugated with 10- and
20-nm immunogold beads, respectively. (A) The finished TEM image. Scale bar, 200 nm. (B) PCF
of the MHCI molecules, which shows the possible clusters of MHCI with sizes of approximately 10
and 380 nm. (C) PCF of the MHCII molecules, showing clusters of MHCII of size 20-650 nm. (D)
PCCF of MHCI and MHCII, which shows cross-correlation of MHCI and MHCII, indicating a weak
association between MHCI and MHCII, between approximately 380 and 620 nm.

Table 2 Time Considerations

Basic Protocol 1 20-24 hr

Basic Protocol 1 + Alternate Protocol (direct labeling) 24-29 hr

Basic Protocol 2 7-8 hr

detected on the cell surface (Kormos et al.,
2023). With our novel protocol, it was shown
that both the MHCI and MHCII molecules
formed clusters on the cell surface of the
transfected cells, and the de novo-synthesized
MHCII clusters did not intersperse with MHCI
clusters within the timeframe of 2-3 weeks.
In the case of the JY cell line, the MHCI and
MHCII clusters are partially interspersed, as
shown by double-immunogold labeling.

Time Considerations
The full procedure takes ∼4 days. The de-

tailed timing for the protocols is shown in
Table 2.
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