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Abstract. Despite advances in Electron Microscopy (EM) that enable to image protein assemblies
within vitreous sections of cells at nearly atomic resolution, labelling is still necessary to locate small
proteins or rare complexes. Gold immunolabelling has been used for decades to localise specific
proteins within cellular sections. However, current gold particle-antibody conjugates are not built
with enough chemical precision to match the current resolution oVered by cryo-EM methodology.
Furthermore, as a close to native specimen state can only be achieved by strict preservation of a frozen
hydrated state, it is required to deliver gold labelling agents into living cells prior to their vitrification.
Several 1.4 nm gold nanoparticle-antibody conjugates were synthesised. Their abilities to bind to and
label their corresponding epitopes within living cells after cytosolic delivery by electroporation are
documented here.
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1. Introduction

Understanding how multiple components of a hu-
man cell interact together to sustain the basic mech-
anisms of life remains mostly unknown but makes
fast progress through the combination of multiple
experimental approaches. Encyclopedia containing
the human genome [1] and tissue-based maps of the
human proteome [2] enable us to define gene expres-
sion profiles and subsequently the protein levels that
compose each human cell type. Advanced quanti-
tative methods (quantitative Polymerase Chain Re-
action, mass spectrometry) estimate the abundance
of mRNA and proteins per cell [3]. Progresses
in microscopy allow imaging protein—protein inter-
actions at resolution approaching (macro)molecule
level for super resolution fluorescent microscopy and
nanometric resolution for cryo-Electron Microscopy
(EM) [4]. At nanometric dimensions, specimen
preservation is crucial and dehydration or chemi-
cal cross-linking should be avoided to prevent struc-
tural reorganisation of cellular content. In this re-
spect, eukaryotic cells, including mammalian ones,
can be vitrified either by plunge freezing or by high-
pressure freezing, to preserve a close-to-native frozen
hydrated state, and sectioned below j 140 °C for cryo-
EM imaging [5]. Abundant proteins forming fila-
ments or large assemblies such as ribosomes or nu-
clear pores are easily recognised in cryo-electron
micrographs due to their characteristic shape [4,6].
However, less abundant biomolecular complexes or
small proteins cannot be recognised unambiguously
in electron tomograms and their identification relies
on labelling tools. Electron-dense gold nanoparti-
cles (AuNPs) conjugated to antibodies are popular
tags for EM immunolabelling since their high elec-
tron scattering, round shape, and specific dimension
provide suYcient contrast to identify the probe [7].
Colloidal AuNPs with size larger than 5 nm in di-
ameter are readily detected even when the cellular
sample is contrasted. They oVer a large surface area
onto which many proteins adsorb [8]. This ability
has been exploited to make immunocolloids of pop-
ular usage [7]. However, size restricts penetration
of those colloids in gel-like biological samples [9].
It has led to the development of gold nanoparticles
with diameters below 2 nm and to modification of
the gold-to-antibody conjugation because proteins
do not adsorb tightly enough on the surface of gold

particles below 2 nm [10]. Phosphine-coated 1.4 nm
Nanogold® [11] and 0.8 nm ultrasmall AuNPs [12]
have increased labelling e ciency but to the cost of
an extra step consisting in increasing the size of the
gold particles by silver deposition to reveal their po-
sitions in the cell sections. Due to the imperme-
ability of the plasma membrane, labelling of spe-
cific intracellular targets is generally performed post-
embedding on cell sections at temperatures above
0 °C [13]. This protocol is not consistent with high-
resolution cryo-EM because vitrified cellular samples
cannot be warmed up after sectioning. Therefore,
the gold nanoparticles-antibody conjugates need to
be delivered into living cells, prior to the vitrification
step, using weakly perturbing transduction meth-
ods [14]. Ultra-small 0.8 nm AuNPs conjugated to
antibodies directed against RNA polymerase II were
shown to be delivered into living HeLa cells using a
cationic lipid formulation, and the gold labels were
detected within the nucleus by Scanning Electron
Microscopy (SEM) after resin embedding and silver
enhancement [15]. To develop gold particles of sizes
directly visible in vitrified cell sections by cryo-EM,
mercaptobenzoic acid (MBA)-coated AuNPs of de-
fined sizes around 2 nm [16,17] appeared extremely
promising [18,19]. We previously attempted to sub-
stitute MBA coating on AuNPs by thionitrobenzoate
(TNB) [20] to increase ligand exchange kinetics [21].
During the synthesis of 1.4 nm AuNP with sodium
borohydride, a fraction of nitro groups underwent re-
duction to amines, yielding AuNP with a mixed co-
ordination layer consisting of TABs and TNBs (TAB-
, TNB-AuNP) named AuZ. This mixed coverage was
seen advantageous, in terms of ligand exchange with
incoming thiols on the one hand, and colloidal sta-
bility on the other hand. Indeed, ligand exchange
onto the AuNPs is rarely quantitative and preferen-
tially occurs with the negatively charged TNBs, leav-
ing zwitterionic TABs on the surface as putative pro-
tecting groups against strong associations to pro-
teins [22].

In this study, we linked several commercial mon-
oclonal antibodies (mAbs) to 1.4 nm AuZ gold
nanoparticle to produce AuNP-mAb conjugates.
First, we verified that these conjugates specifically
bind to their intracellular targets using fixed and
permeabilised cell lines in a classical gold immuno-
labelling procedure. We confirmed that shielding
the gold surface of the AuNP-mAb conjugate with
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1. AuNP-mAb
conjugates

Living cells

2. Cytosolic entry :
electroporation
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Figure 1. Illustration of gold immunolabelling in living cells. The strategy relies on the synthesis of
specific AuNP-mAb conjugates and delivery procedure for the probes to diVuse, even into the cell

nucleus, and bind to their specific targets.

2 kDa polyethyleneglycol drastically reduced unspe-
cific adsorption of nanoparticles to extracellular con-
stituents but also to intracellular ones [23,24]. The
AuNP-mAb conjugates were then delivered inside
living cells by electroporation [25,26] and the cells
containing cytosolic AuNP-mAb conjugates were
cultivated before monitoring the cell distribution of
the probes (Figure 1). Our data demonstrate that the
1.4 nm AuNP-mAbs enter the cytoplasm where they
circulate and associate to their targets. Accumulation
of the probes in living cells was mAb-dependent. The
accumulation patterns of the AuNP-mAb conjugates
anti-GFP, anti-RPB1 (7G5, anti-RNA polymerase II)
and anti-nucleoporins were analogous to the clas-
sical immunogold labelling ones indicating that the
probes bind in cellulo to their targets without per-
turbing their function. Cytoplasmic-delivered anti-

-tubulin and anti- -tubulin conjugates in contrast
promoted intracytoplasmic aggregates, indicating
that real-time binding of these conjugates perturbs
microtubule dynamics.

2. Results and discussion

2.1. Synthesis of gold nanoparticle-antibody
conjugates

The 1.4 nm AuZ used in this study has been pre-
viously described and comprehensively charac-
terised [20]. To conjugate the mouse monoclonal
antibodies to AuZ, we took advantage of the disul-
fide bonds present in the hinge region. These disul-
fide bonds are easily reduced to sulfhydryl groups
using Tris(2-carboxyethyl)phosphine (TCEP) [28],
thus creating a conjugation site for the 150 kDa mAb
onto TAB-, TNB-AuNP at about 7 nm of the recog-
nised antigen paratope (Figure 2) [29]. The various
reaction intermediates can be monitored using a
non-reducing SDS-PAGE experiment as illustrated
by the conjugation of AuZ to the 7G5 mAb (Fig-
ure 2B). The 7G5 mAb targets the 52 times-repeated
YSPTSPS sequence at the C-terminal domain of the
largest subunit (RPB1) of mammalian RNA poly-
merase II (Pol II). TCEP at a concentration of 1 mM
fully cleaved the disulfide bond holding the heavy
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Figure 2. Synthesis and characterisation of the AuNP-antibody conjugate. (A) Disulfide bonds of the
mouse monoclonal antibody targeting RPB1 of RNA polll (clone 7G5) are reduced at the hinge area with
TCEP. The sulfhydryl groups at the hinge can then react with AuZ by thiolate exchange. After clearing
the conjugate from excess AuZ, the remaining reacting thiolates on the AuNP surface are exchanged
with thiolated 2 kDa polyethyleneglycol (PEG). (B) Non-reducing SDS-PAGE analysis of the reaction
intermediates. Illustration of the antibody derived from protein data bank entry id 1IGY [27]. (C) Gallery
of two-dimensional class averages from negatively stained 7G5AuPEG particles. (D) Representative class
averages representing 2-D views of unlabelled (top) or gold-conjugated (bottom) IgG molecules. The bar

represents 15 nm in C and D.

chains together as seen in the SDS-PAGE analysis
(lane 7G5-SH). The mAb with an initial apparent
molecular weight (MW) of 150 kDa was completely
transformed into a 75 kDa protein corresponding to
a single copy of the heavy and light chains. The re-
duced mAb was then reacted with a 1.5 molar excess
of AuZ to yield a new component with an apparent
MW slightly above 150 kDa (lane 7G5Au). Excess
AuZ and the first released TNBs were removed by
size exclusion chromatography. The purified 7G5Au
was then reacted with an excess of thiolated 2 kDa
polyethyleneglycol (PEG) to chemically neutralise

the remaining reacting TNBs present on the gold
particle surface [30] and to shield the gold surface
from unspecific binding [8,23]. A material with a
highly retarded electrophoretic mobility was ob-
served (lane 7G5AuPEGQG), indicative of the shielding
ability of PEG.

To assess the molecular organisation of the probe,
the purified antibody-gold particle was visualised
by transmission EM after negative staining with 2%
uranyl acetate. Single particle analysis was per-
formed to observe the position of the AuNP rela-
tive to the antibody, to determine the proportion
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