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1 | INTRODUCTION

Nanoparticles have a broad range of potential applica-
tions in biomedicine, for example in targeted drug delivery,
anti-tumor therapy, imaging, and immunization.!'->! Gold
nanoparticles are particularly interesting for a biomedi-
cal application, due to their size- and shape-related optical
properties like plasmon resonance, autofluorescence,!*7]
photoluminescence, ®! high biocompatibility and low tox-
icity to cells.[”.21! Cellular internalization plays the key
role in the interactions between nanoparticles and cells.
Therefore, numerous studies have been carried out to
better understand the interactions between nanoparticles
and cells. The uptake of various types of nanoparticles by
eukaryotic cells is now well understood. It is usually based
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The uptake of fluorescently labeled ultrasmall gold nanoparticles (2 nm)
by Gram-negative Escherichia coli bacteria occurs within 1-3 hours. This
was demonstrated by confocal laser scanning microscopy (CLSM), structured
illumination microscopy (SIM), stochastic optical reconstruction microscopy
(STORM), and flow cytometry. For imaging, eGFP-expressing and DsRed2-
expressing E. coli strains were used in addition to non-fluorescing E. coli strains.
Gold nanoparticles were labeled with fluoresceine (FITC), Cy3, and AF647,
respectively. Importantly, gold nanoparticles showed no toxicity to the bacteria,
indicating a non-lethal nature of the uptake, that is, not related to cell injury.

bacteria, gold, microscopy, nanoparticles, uptake

on vesicle-mediated endocytosis or phagocytosis.['>"]
Cluster-sized ultrasmall gold nanoparticles (1-2 nm in
core diameter) have a particularly high efficiency for cell
penetration, even into the cell nucleus.[6-20]

In contrast to eukaryotic cells, bacteria possess a rigid
multilayer cell wall which regulates cell-environment
interactions, including particle uptake. Therefore, the
uptake of nanoparticles by bacteria is more challenging
from both chemical and biological points of view. The
antibacterial activity of various nanoparticles, usually of
metallic (e.g., silver, copper [+*?'-24]) or oxidic nature (e.g.,
zinc oxide!>°!) has been thoroughly studied. Typically, the
antibacterial effect is ascribed to the release of antibacte-
rial ions like Ag* or Zn?* and not to the bacterial uptake
of the original nanoparticles.!?°?’! In addition, metal ions
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TABLE 1 Properties of ultrasmall gold nanoparticles used to study the uptake by bacteria
Dye molecules per gold Nanoparticle core Nanoparticle hydrodynamic
Sample nanoparticle diameter by HRTEM/nm diameter by DCS/nm
Au-Cy3 11751 5 1.9+0.2 15+0.38
Au-FITC [4°] 57 1.7+ 0.5 1.7+0.5
Au-AF647 [38] 1 25+11 14+0.2

The number of dye molecules per nanoparticle and the nanoparticle concentration are based on an average nanoparticle diameter of 2 nm (gold core) and the

assumption of spherical nanoparticles (see Ref.[38] for typical calculations).

may cause damage to the cell membrane, interfere with
protein synthesis, inactivate enzymes, and disrupt DNA
replication.[?8!]

In contrast to eukaryotic cells, our knowledge on
the uptake of nanoparticles by bacteria is more limited
because the mechanism behind cellular internalization
of nanoparticles is not well understood. This is mostly
due to the fact that bacteria are smaller than eukaryotic
cells, so that classical light microscopy (including confo-
cal microscopy) reaches its detection limit when trying
to visualize nanoparticles inside bacteria. As alternatives,
transmission electron microscopy (TEM)!?*-*°] and super-
resolution microscopy beyond the diffraction limit!*'! have
been used to address this important question. For exam-
ple, the detection limit of confocal microscopy is 200 nm
at best, whereas it is about 100 and 20 nm for structured
illumination microscopy (SIM) and stochastic optical
reconstruction microscopy (STORM), respectively.!32-34]
Nevertheless, the study of the particle uptake by bacteria
is challenging due to a still limited optical resolution and
due to artefacts in TEM imaging.!**]

It is expected that the uptake by bacteria occurs more
easily for very small nanoparticles. Perspectively, ultra-
small nanoparticles (<2 nm) may act as carriers for the
delivery of drugs and antimicrobials into bacteria.*-7]
Here, we show that fluorescently labeled ultrasmall gold
nanoparticles (2 nm) can penetrate the cell wall of the
Gram-negative bacterium E. coli and without cytotoxic
side effects. For improved imaging, eGFP-expressing and
DsRed2-expressing E. coli strains were used.

2 | RESULTS

E. coli bacteria were incubated with ultrasmall gold
nanoparticles with different fluorescent labels to assess
the interaction. All relevant properties of the applied
nanoparticles are summarized in Table 1. The nanoparti-
cle dose was between 10° and 107 nanoparticles per cell,
that is, very high compared to a physiological situation or
a nanomedical application. Both nanoparticles and bacte-
ria were dispersed in the medium; therefore, we can expect

many contacts between them in the dispersion by collision
during diffusion.

Confocal laser scanning microscopy and structured illu-
mination microscopy were applied to study the uptake
of nanoparticles by bacteria. Au-FITC nanoparticles were
well taken up by E. coli (Figure 1). The particles were clus-
tered inside the cells. In contrast, dissolved FITC was not
taken up by the bacteria (Figure 2). A detachment of the
dye from the nanoparticle surface during the incubation
can be excluded due to the strong covalent bond as shown
earlier.!”]

The uptake of red-fluorescent Au-Cy3 nanoparticles by
green-fluorescent E. coli DH5a-eGFP cells gave similar
results (Figure 3). The nanoparticles were taken up to a
considerable extent by individual bacteria. In contrast to
FITC, the dissolved red-fluorescent dye Cy3 was taken up
by the bacteria to some extent (Figure 4).

There is the possibility that the penetration of the bac-
terial membrane by the nanoparticle causes lethal damage
to the cells. To assess a potential toxicity of gold nanopar-
ticles towards bacteria, we incubated non-fluorescent E.
coli DH5« cells with Au-FITC nanoparticles. The green
CLSM channel was used for nanoparticle imaging, and
the red CLSM channel was used for dead bacteria imag-
ing (propidium iodide; PI). We found that the ultrasmall
gold nanoparticles were not toxic to bacteria, as most E.
coli DH5« cells were still alive (Figure 5).

SIM has a higher resolution than CLSM and is there-
fore better suited to study bacteria and nanoparticles. SIM
images showed a strong red-fluorescence of Au-AF647
nanoparticles inside green-fluorescent E. coli DH5c-eGFP
cells (Figure 6). The nanoparticles were efficiently taken
up by bacteria already after 1 hour incubation. Signals from
single nanoparticles localized in the intercellular space
were also detected. The particles were well distributed
in the cells (cytoplasm). No preferential localization on
the cell wall or in the center was observed. Further cul-
tivation of E. coli DH5a-eGFP (3 hours) resulted in an
increasing number of bacteria. Due to the absence of
IPTG, subsequent E. coli generations did not produce
eGFP, therefore it was not possible to make studies beyond
3 hours.
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FIGURE 1

— D

Confocal laser scanning microscopy of red-fluorescent E. coli TOP10 cells, incubated with green-fluorescent Au-FITC

nanoparticles (25 g mL™) for 2 hours. A, DsRed2 channel for E. coli TOP10; B, FITC channel for nanoparticles; C, Overlay (yellow: Overlay of

red and green fluorescence). Scale bars 2 um
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FIGURE 2

Confocal laser scanning microscopy of red-fluorescent E. coli TOP10 cells, incubated with dissolved green-fluorescent FITC

for 2 hours. The images were taken under the same conditions as with Au-FITC nanoparticles. A, Brightfield channel for E. coli TOP 10; B,

DsRed2 channel for E. coli TOP 10; C, FITC channel. Obviously, all FITC molecules were removed by washing. Scale bars 2 um

An even higher resolving optical technique is STORM.
This method confirmed the suitability of the applied exper-
imental setup (AF488-stained bacteria and AF647-stained
nanoparticles) for prolonged imaging (thousands of cycles)
based on induced photo-switchability (excited state-dark
state) of the applied fluorophores. Figure 7 shows high-
resolution images of bacteria and nanoparticles. Binding of
the dye AF488 to the bacterial membrane was confirmed,
as the green-fluorescent signals corresponded to the local-
ization of the bacterial cell envelope. The red-fluorescing
Au-AF647 nanoparticles were detected in the intercellular
space (no washing step) and inside the bacteria. However,
it must be stressed that STORM does not permit to resolve
the data in z-direction as it is possible by CLSM.

Imaging gives only information about few cells. With
increasing resolution, the number of analyzed -cells
decreases. Analysis of bacteria by flow cytometry gives a
better statistical image as it permits to analyze thousands
of cells of one batch. However, the location of the fluo-
rescing particles (inside a cell or on the surface of a cell)

cannot be assessed by this method. Figure 8 shows flow
cytometry results on the uptake of red-fluorescent Au-
AF647 nanoparticles by green-fluorescent E. coli DH5x-
eGFP cells after incubation for 1 hour. There is a clear
dose-dependent uptake of nanoparticles by bacteria.

3 | DISCUSSION

By a combination of different methods, we have shown
that ultrasmall gold nanoparticles are taken up by E. coli
bacteria within a few hours. To enter the bacteria, nanopar-
ticles or molecules must penetrate the cell wall. Here,
fundamental differences exist between Gram-positive and
Gram-negative bacteria. The cell wall of Gram-positive
bacteria consists of a phospholipid bilayer (cell membrane)
tightly covered with a thick multilayer peptidoglycan net-
work, containing covalently bound teichoic, lipoteichoic
and teichuronic acids (cell wall thickness up to 80 nm).
These are responsible for the negative charge of the cell
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FIGURE 3 Confocal laser scanning microscopy of green-fluorescent E. coli DH5a-eGFP cells, incubated with red-fluorescent Au-Cy3
nanoparticles (25 ug mL™) for 2 hours. Arrows depict cells which took up the nanoparticles. A, GFP channel for E. coli DH5a-eGFP; B, Cy3
channel for nanoparticles; C, Overlay; D1-D2, Enlarged images of single bacteria which took up nanoparticles. Scale bars 2 um (top row) and

1 um (bottom row)
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FIGURE 4 Confocal laser scanning microscopy of green-fluorescent E. coli DH5a-eGFP, incubated with the dissolved red-fluorescent
dye Cy3 for 2 hours. The images were taken at the same conditions as with Au-Cy3 nanoparticles. A, GFP channel for E. coli DH5a-eGFP; B,
Cy3 channel for Cy3; C, Overlay. Scale bars 2 um

surface.[*1"#3] In contrast, the cell wall of Gram-negative In Gram-negative bacteria, the presence of two different
bacteria (like E. coli studied here) is more complex and con- and metabolically active membranes in the cell wall cre-
sists of two phospholipid bilayers (inner and outer mem- ates a complex permeability barrier for molecule and par-
brane), separated by a peptidoglycan-containing periplas- ticle uptake.l“°l Moreover, the surface of Gram-negative
mic space. The peptidoglycan network is limited to justa  bacteria is decorated with glycolipids like lipopolysaccha-
few layers (thickness of the cell wall up to 10 nm).l#4-4%] rides (LPS) which provide a strongly negative charge of
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FIGURE 5
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Confocal laser scanning microscopy of non-fluorescent E. coli DH5a cells, incubated with green-fluorescent Au-FITC

nanoparticles (25 ug mL™) for 2 hours, followed by PI dead staining (red). A, FITC channel for nanoparticles; B, PI channel for dead E. coli

DHb5« cells; C, Overlay (including brightfield). Scale bars 2 um

the cell surface.[**7#3] The EPS production by bacteria,

either in form of a capsule tightly bound to the cell sur-
face (capsular polysaccharide, CPS) or loosely attached
and secreted to the extracellular environment slime, makes
particle entrance into bacteria also challenging.[*°]

Due to differences in bacterial cell wall structure,
the penetration of nanoparticles into Gram-positive and
Gram-negative bacteria is expected to be different. As we
have studied the Gram-negative species E. coli, we will dis-
cuss our observations in the context of the literature, also
in comparison with Gram-positive species.

The superficial LPS layer of the cell wall outer mem-
brane plays a protective role against antibiotics.!**! It has
been suggested that its absence in Gram-positive bacteria
could be the reason for the increased cytotoxicity of some
nanoparticles compared to Gram-negative bacteria.l>!l The
complexity of the cell membrane penetration, particu-
larly in Gram-negative bacteria, can be illustrated with
antibiotics. Those with cytoplasmic or ribosomal targets
in bacteria, first cross the outer membrane by passive dif-
fusion through porin channels and next require an active
transport mechanism to further pass the inner membrane
and finally reach the bacterial cytoplasm. ]

Three main mechanisms have been proposed to explain
how nanoparticles can cross the bacterial cell envelope: (i)
non-specific diffusion (e.g., through -barrel porin chan-
nels in Gram-negative bacteria), (ii) non-specific mem-
brane damage (related to cell injury), and (iii) specific
uptake (suitable also for large molecules).|**] Non-specific
diffusion is believed to be the leading mechanism for par-
ticle uptake in bacteria, however, it is restricted by the cell
wall pore diameter and believed to be possible only for par-
ticles below 20 nm diameter.!**5*] The average diameter of
the cell wall pores in Gram-positive Bacillus subtilis and
Gram-negative E. coli is ~2 and ~4 nm, respectively.[>*]

Moreover, in E. coli, 600 Da is the mass limit for molecules
in a pore-mediated uptake.[*>) However, the pore size may
change during cell division. For instance, in other cell wall-
possessing organisms (algae, fungi and plants), the pore
size in cell walls increases during cell division and makes
the cell wall permeable for larger particles.!>0~7]

Some examples of nanoparticle uptake by bacteria have
been reported. Kloepfer et al. demonstrated that CdSe
quantum dots with a diameter below 5 nm were able
to penetrate the cell wall of B. subtilis (Gram-positive)
and E. coli (Gram-negative).[>>] Morones et al. concluded
that a size range of 1-10 nm is preferential for the uptake
of silver nanoparticles by various bacteria (Salmonella
enterica Typhimurium, E. coli, Vibrio cholerae, and P.
aeruginosa; all Gram-negative).[**! Lonhienne et al. have
shown that even 10 nm gold nanoparticles were taken
up by Gemmata obscuriglobus (Gram-negative) However,
for G. obscuriglobus, a representative of the phylum
Planctomycetes, a specific uptake mechanism was pro-
posed. Due to the presence of an intracellular membrane
system, which is unique among bacteria and Archaea
and similar to the cell compartment network observed
in eukaryotic cells, G. obscuriglobus can also internalize
larger particles in analogy to endocytosis.[*! Kumar et al.
reported the uptake of 5 nm gold nanoparticles by E. coli
and S. aureus (Gram-positive).[**] Interestingly, Feng et al.
have shown that gold nanoparticles in the size range of
4-9 nm were not taken up by B. subtilis and Gram-negative
Shewanella oneidensis.°'] Wang et al. demonstrated that
16 nm gold nanoparticles were not taken up by S. enterica
Typhimurium (Gram-negative).[! On the other hand,
Mohamed et al. showed that even 25 nm gold nanoparticles
were able to pass through the cell wall of Corynebacterium
pseudotuberculosis (Gram-positive).l'] Butler et al.
did not observe an uptake of 20 nm titanium dioxide
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FIGURE 6
mL™) for 1 hour (A) and 3 hours (B). The arrows indicate examples of the intracellular uptake of the nanoparticles by bacteria. SIM-MIP

SIM images of green-fluorescent E. coli DH5a-eGFP cells, incubated with red-fluorescent Au-AF647 nanoparticles (25 ug

images (left) and SIM-ORTHO projections for intracellular tracking of the nanoparticles (right) are shown. Scale bars correspond to 5 um

nanoparticles by S. enterica Typhimurium (Gram-
negative).[62] Pajerski et al. reported that 30 nm gold
nanoparticles were not taken up by Staphylococcus
carnosus (Gram-positive) and B. subtilis (Gram-
positive), Neisseria subflava (Gram-negative), and
Stenotrophomonas  maltophilia (Gram-negative).[°3]
Sawosz et al. observed that gold nanoparticles (2-30 nm;
polydisperse) did not penetrate cells of Listeria monocyto-
genes (Gram-positive) and Salmonella enterica Enteritidis
(Gram-negative). However, platinum nanoparticles
(2-20 nm; polydisperse) entered L. monocytogenes (Gram-
positive) and S. enterica Enteritidis (Gram-negative)
after disintegration of the cell wall which confirms a
significant cytotoxicity of platinum nanoparticles to

bacteria (lethal internalization) in contrast to gold.[®*]

Zhang et al. reported that gold nanoclusters (Au,,) were
taken up by non-photosynthetic Moorella thermoacetica
(Gram-positive).[%]

Although not always consistent, the results indicate that
the particle size is a key parameter in nanoparticle inter-
nalization by bacteria. The nature of the uptake varies
strongly between the bacterial species, but their Gram-
affiliation does not appear to play a major role. In our
experiments, the small diameter of the ultrasmall gold
nanoparticles has helped to penetrate the cell wall of
E. coli. An important question regarding the size limi-
tation of internalized particles is whether the involved
uptake mechanism is passive or active (energy-driven).

35UBD1 7 SUOWILLOD BAIERID 3|dedl|dde ay Aq pausenoh aJe Sao1e WO ‘@SN JO Sa|nJ Joy ARIqITaUIUO AB]I UO (SUORIPUOD-PUB-SLLLBY/LL0D" AS | 1M ARIq 1 |BUUO//SNY) SUO HIPUOD pue SWie | 84} 885 *[£202/TT/0z] U0 ARiqiTaulluo A3|IM ‘Usss3-BIngsing 1BerseAIUN AG 670002202 0URU/ZO0T OT/I0p/wo0 A3 1M Akeid puljuoj/sdny wolj papeojumod ‘0T ‘2202 ‘TT0V8892



BIALAS ET AL.

FIGURE 7 STORM images of green-fluorescent E. coli DH5« cells (AF488 membrane-stained), incubated with red-fluorescent
Au-AF647 nanoparticles (25 ug mL™) for 2 h. A, AF488 channel for E. coli DH5x cells; B, AF647 channel for nanoparticles; C, Overlay; D1-D2,
Enlarged images of a single cell (D1; AF488 channel) with incorporated nanoparticles (D2; overlay of AF488 and AF647 channels). Scale bars

1 um (top row) and 250 nm (bottom row)

The surface nature of the nanoparticles also plays an
important role, together with the particle size and charge.
Biomolecules (e.g., peptides, proteins or nucleic acids) that
are attached to the nanoparticle surface (e.g., a protein
coronal ®!) play an important role in biorecognition and
specific particle uptake, but the effect has been considered
minor for ultrasmall particles by Boselli et al.l%’]

In terms of the experimental evidence for a nanoparti-
cle uptake, it is often difficult to assess whether particles
are inside the cells or on their surface. In this respect,
gold nanoparticles are especially well suited for to study
uptake mechanisms because they are neither cytotoxic nor
membrane-damaging like silver!*>*%%] or platinum.[%°-7!]
The observed absence of cytotoxicity of the ultrasmall
gold nanoparticles is in line with the literature. Hayden
et al. demonstrated that thiol-stabilized gold nanoparticles
(2 nm) rapidly lysed B. subtilis cells but not E. coli.7?) Boda
et al. reported that ultrasmall gold nanoparticles (2 nm)
were not cytotoxic to Staphylococci (S. aureus, S. epider-
midis), E. coli, and P. aeruginosa.l”! Jin et al. suggested
that the antibacterial activity of ultrasmall silver nanopar-

ticles could be strain-specific. In the E. coli DH5« strain,
ultrasmall silver nanoparticles (2 nm) caused outer mem-
brane damage resulting in increased cell wall permeability.
The antibacterial activity inside the cell was ascribed to
the release of silver ions from the nanoparticles. In the E.
coli DSM 4230 strain, ultrasmall silver nanoparticles were
taken up by cells via porin-mediated diffusion and targeted
the respiratory chain at the inner membrane level. How-
ever, an antibacterial effect of these nanoparticles on S.
aureus was not observed.!®] This mechanism was also sug-
gested by Morones et al. for E. coli (strain not reported),
S. enterica Typhimurium, V. cholerae, and P. aeruginosa,
incubated with silver nanoparticles.!5*!]

We have shown here that only a combination of sev-
eral methods permits to draw conclusions on the actual
degree of bacterial uptake. Ultrasmall nanoparticles can
penetrate the bacterial cell wall more easily, but even
optical super-microscopy reaches its limits. Transmission
electron microscopy of ultrasmall nanoparticles requires
high-resolution  aberration-corrected  instruments!**!
which cannot be applied to metal-stained bacteria without
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FIGURE 8 Flow cytometry of green-fluorescent E. coli DH5a-eGFP cells, incubated with red-fluorescent Au-AF647 nanoparticles for 1

hour. Representative flow cytometry results (A), percentage of nanoparticle-positive bacteria (B), and mean fluorescence intensity (MFI)
values of AF647 (from internalized nanoparticles) (C) are shown. In B and C, nanoparticle concentrations are given in g mL™. Data shown
are mean + SEM. p values indicate significant differences to control bacteria (not exposed to the nanoparticles) with p < 0.01 (**) or

p < 0.0001 (**) (N = 3)

the occurrence of artefacts, for example by osmium,
uranium, or lead staining.!7*!

For a biomedical application, it is interesting that
nanoparticles tend to increase the permeability of bacte-
rial cell wall membranes which may result in an enhanced
uptake of antibiotics.*””] This is an emerging topic
because due to the rapid development and spread of
drug resistance among bacteria, there is a lack of new
and effective antibiotics,!’°! and a need to develop novel
platforms for antimicrobial drug delivery.!”>”” It has
been reported that gentamicin!’®! and azithromycin!”!
were more effective against enteropathogenic S. enter-
ica Typhimurium when delivered to cells by polymeric
nanoparticles compared to the dissolved antibiotics. A sim-
ilar effect was observed in S. aureus, a skin-associated
opportunistic pathogen, for nanoparticles loaded with
clarithromycin.!*%] Ultrasmall gold nanoparticles do not

appear to damage the bacterial cell wall, but they may be
well suited as carriers for drugs or antimicrobials into a
bacterium.

4 | CONCLUSIONS

We have shown by a combination of methods, that is
confocal laser scanning microscopy (CLSM), structured
illumination microscopy (SIM), stochastic optical recon-
struction microscopy (STORM), and flow cytometry, that
Gram-negative E. coli bacteria take up ultrasmall gold
nanoparticles (2 nm; labeled with the fluorescent dyes
Cy3, FITC, and AlexaFluor-647). This is the first report on
the application of super-resolution microscopy to bacteria-
nanoparticle investigations. Fluorescently labeled ultra-
small gold nanoparticles were taken up by fluorescent
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E. coli strains DH5¢, DH5a-eGFP and TOP10. The uptake
efficiency increased with increasing particle dose. How-
ever, it must be noted that the nanoparticle concentration
that was applied here was rather high and will proba-
bly be lower for any therapeutic application. Due to the
very small size of the nanoparticles, we assume that they
were internalized via non-specific pore-mediated diffu-
sion. Ultrasmall gold nanoparticles were not toxic to the
bacteria, that is a penetration by membrane damage as
reported for silver and platinum is unlikely. Thus, fluores-
cently labeled ultrasmall gold nanoparticles are promising
tools to study the uptake of particles from the environment
by bacteria (without causing lethal effects), possibly for a
future nanomedical application.

5 | METHODS

5.1 | Gold nanoparticles

Ultrapure water (Purelab ultra instrument from ELGA)
was used for all syntheses, analyzes and procedures unless
otherwise noted.

Ultrasmall gold nanoparticles were covalently
functionalized!'”! with the dye Cy3 (Au-Click-Cy3) by
click chemistry (copper-catalysed azide-alkyne cycloaddi-
tion; CuAAC), following earlier reported syntheses. ®-%2]
AlexaFluor-647 (abbreviated as AF647 in the follow-
ing) was attached by clicking on azide-terminated gold
nanoparticles (2 nm)!*¥! to yield Au-AF647 nanopar-
ticles. The synthesis of ultrasmall gold nanoparticles
labeled with FITC (Au-FITC) was a two-step process.
First, ultrasmall gold nanoparticles were functionalized
with glutathione (Au-GSH). In the second step NHS-
fluorescein was coupled to the primary amine group of
Au-GSH.[*0]

For both kinds of nanoparticles, the gold content of
the nanoparticle dispersions was determined by atomic
absorption spectroscopy (AAS) and converted to the
number of gold nanoparticles, using the density of gold
and the average particle diameter (solid core) of 2 nm.
As each gold nanoparticle has a weight of 8.08 x 1020 g
(about 250 Au atoms per particle), 1 g of gold nanoparticles
corresponds to 1.24 x 10'° particles. The amount of dye
was measured by UV-vis and fluorescence spectroscopy,
using calibration curves from dye solutions (see Ref.[17]
for a typical calculation).

5.2 | Bacterial strains

All experiments were performed with sterile materials and
labware. Ultrapure water (Purelab ultra instrument from

ELGA) was used for all synthetic procedures involving
nanoparticles.

We used the Gram-negative E. coli DH5« strain (non-
fluorescent, parental strain) and two fluorescent E. coli
strains, that is DH5a-eGFP (eGFP-expressing bacteria;
green fluorescence) and TOP10 (DsRed2-expressing bacte-
ria; red fluorescence; obtained from Prof. Wiebke Hansen,
University Hospital Essen). The E. coli DH5a strain was
cultivated in lysogeny broth (LB), whereas the strains
DH5a-eGFP and TOPI10 required an LB medium supple-
mented with ampicillin (100 mg L™). LB medium was
prepared by addition of agar-agar Kobe 1 (15 g L™1). All
growth media and chemicals were purchased from Carl
Roth (Germany). All bacterial strains were grown at 37°C
with orbital shaking at 130 rpm (ThermoScientific, MAXQ
4000).

For the preparation of electrocompetent E. coli DH5a
cells and all further experiments with the strains E. coli
DH5a and E. coli DH5a-eGFP, log-phase bacterial cultures
were prepared from overnight cultures. 49 mL medium
were inoculated with 1 mL of an overnight culture (2%
inoculum) and grown until the fresh culture reached the
optical density (OD) of 0.6 (measured by turbidimetry
at 600 nm; WPA Biowave, CO8000 Cell Density Meter;
McFarland turbidity standards were used as reference).
Bacteria were made electrocompetent as follows. 50 mL
of a log-phase E. coli DH5x culture were incubated on
ice for 15 minutes and isolated by centrifugation (Ther-
moScientific, Multifuge X1R; 4000 rpm, 10 minutes, 4°C).
The pellet of bacteria was resuspended in 50 mL, fol-
lowed by the addition of 25 mL cold water, thorough
vortexing (Scientific Industries, Vortex-Genie 2), and again
centrifugation. The pellet was resuspended in 5 mL of
cold 10/90 glycerol/water (Carl Roth), vortexed and cen-
trifuged. Finally, the pellet was resuspended in 2.5 mL
of cold 10/90 glycerol/water, vortexed and aliquoted. The
electrocompetent E. coli DH5a cells were immediately
frozen and stored at -80°C.

For the transformation of bacteria, 39 uL of electrocom-
petent E. coli DH5« cell dispersion were thoroughly mixed
with 1 pL (115 ng) of eGFP- and ampicillin-resistance-
carrying plasmid DNA (pGEX-6P-1, 5.7 kb, containing
the lac operon) and incubated for 1 minute on ice. The
sample was transferred to a pre-cooled electroporation
cuvette (Biorad, GenePulser Cuvette; 0.2 cm, gap 5) and
transformed with an electric pulse (Biorad, Gene Pulser
Xcell; 25 pF, 1.8 kV, 5 ms). After electroporation, 900 pL
of LB medium pre-warmed to 37°C was immediately
added to the transformed bacteria, then the sample was
transferred to a new tube and incubated with intensive
shaking at 37°C for 1 hour. The culture was centrifuged
(Eppendorf Centrifuge 5430; 4000 rpm, 10 minutes, room
temperature), 2/3 of the supernatant was removed, and
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the remaining volume of the supernatant was used to
resuspend the bacterial pellet. 150 pL of the bacterial sus-
pension was plated on ampicillin-containing LB agar plate
and incubated overnight at 37°C for the isolation of eGFP
plasmid-positive bacterial colonies. A pure liquid culture
of transformed E. coli DH5a-eGFP cells was prepared from
a single colony after performing streak plating, mixed thor-
oughly with glycerol as cryoprotective agent (1:4 = v/v),
aliquoted, immediately frozen, and stored at -80°C.

For the stimulation of eGFP expression in bacteria,
isopropyl-B-D-thiogalactopyranoside (IPTG; Carl Roth)
was used. On the molecular level, IPTG mimics allolactose
which is the natural activator of lac operon transcrip-
tion. The activation results in the expression of proteins
encoded by genes being controlled by the lac operon. %
IPTG was added to 50 mL of a log-phase E. coli DH5a-eGFP
culture (prepared as described above) to a concentra-
tion of 0.4 mM. Bacteria were grown overnight at 30°C
with orbital shaking at 130 rpm. Fluorescence microscopy
(Keyence, Biorevo BZ-9000) confirmed the efficient eGFP
expression by IPTG-stimulated bacteria.

In E. coli TOP10 cells, the expression of the fluores-
cent protein DsRed2 occurs constantly in cells during the
bacterial growth. An intense expression of DsRed2 in E.
coli TOP10 cells was observed after 48 hours of bacterial
growth. For all experiments with the strain E. coli TOPI10,
48 hours cultures were diluted with fresh growth media to
obtain bacterial cultures with an OD of 0.6.

5.3 | Incubation of bacteria with
nanoparticles and analysis by confocal
laser scanning microscopy (CLSM)

0.2mL (1 x 10° CFU mL™) of bacterial cultures of the E. coli
strains DH5a, DH5a-eGFP, and TOPI10, respectively, were
mixed with dispersions of Au-Cy3 (10 uL; 0.5 mg Au mL™)
or Au-FITC (20 pL; 0.25 mg Au mL™), respectively. This
gave a final dose of nanoparticles for the incubation of 5 ug
per well and about 25 ug mL™.

With an average nanoparticle diameter of 2 nm, this cor-
responds to 3.1 x 10 nanoparticles per mL in the well.
With 1 x 10° bacteria per mL, the dose was about 3.1 x 10°
nanoparticles per cell. Note that this number is an approx-
imation as the number of bacteria increased continuously
during the experiment due to cell division (the genera-
tion time of E. coli under optimal laboratory conditions is
~20 minutes).!%*!

The bacteria were incubated with nanoparticles for 2
hours at 37°C with orbital shaking (130 rpm) in darkness,
and then prepared for confocal laser scanning microscopy.
20 pL of the sample (bacteria + nanoparticles) was placed
on a square glass coverslip (Carl Roth; 18 x 18 mm?, thick-

ness 170 + 5 um) and left to dry at room temperature in
darkness. Next, the bacteria were fixed with 4% formalde-
hyde (Merck, pH 7.4) for 8 minutes at 37°C, the sample was
carefully rinsed twice with water and again left to dry at
room temperature in darkness. Next, 20 uL of the mount-
ing medium (Invitrogen, Fluoromount-G) was placed on
a glass microscopy slide (ThermoScientific, 76 x 26 mm?)
and the coverslip was put on the microscopy slide in a
way that the surface with the dried sample was carefully
immersed, avoiding air bubbles, in the mounting medium.
After this procedure, the samples were studied by confo-
cal laser scanning microscopy (Leica TCS SP8 HCS A) and
stored, protected from drying, at 4°C in darkness. Glass
coverslips and microscopy slides were cleaned with 99%
ethanol and water before preparation of the CLSM sam-
ples. The laser lines used for excitation were Argon 488 nm
(FITC, detection range 488-520 nm) and DPSS 514 nm
(Cy3 and propidium iodide; detection range 535-561 nm).
Images were acquired with an HCX PL Apo 63x/1.4 oil
objective. To study the uptake of the nanoparticles within
the cells, z-stacks were acquired (step size 0.1 pm).

For comparison, bacteria were also incubated with the
dissolved fluorescent dyes FITC and Cy3. All experimental
conditions were the same as in the nanoparticle incubation
studies. Instead of nanoparticle dispersions, aqueous dye
solutions of the same volume were used. The bacteria were
mixed with 10 pL of 50 uM Cy3 solution (final dye concen-
tration in the well: 2.5 uM) or 20 uL of 85 uM FITC solution
(final dye concentration in the well: 8.5 uM). Imaging of
the samples was performed by CLSM as described above.

To evaluate the cytotoxicity of gold nanoparticles, non-
fluorescent E. coli DH5« cells were incubated with Au-
FITC nanoparticles under the same conditions as above.
After incubation and prior to preparation of samples for
CLSM imaging (as described above), bacterial cultures
were stained with propidium iodide (PI), according to
the manufacturer’s protocol, for detection of the dead
cells. PI is a membrane-impermeable dye, which binds
to double-stranded DNA by intercalation.l*] It is used
as dead cell marker in commercially available Live/Dead
staining kits for evaluation of cell viability. We used the
Live/Dead® BacLight Bacterial Viability Kit L7012 (Invit-
rogen). A crosstalk between the green and red CLSM
channel was not observed. Furthermore, untreated E. coli
DH5a cells were not visible in the fluorescent channels.

5.4 | Incubation of bacteria with
nanoparticles and analysis by structured
illumination microscopy (SIM)

A total of 0.2 mL (1.5 X 108 CFU mL™) of bacterial cultures
of E. coli DH5a-eGFP were mixed with a dispersion
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of Au-AF647 nanoparticles (5 uL; 1 mg Au mL™). This
gave a dose of 5 ug gold per well and a concentration
of about 25 ug gold per mL, corresponding to 3.1 x 10™
nanoparticles per mL. With 1.5 X 10% bacteria per mL,
the dose was about 2.1 X 10° nanoparticles per cell. Note
that this number is an approximation as the number of
bacteria increased during the experiment. The bacteria
were incubated with nanoparticles for 1 or 3 hours at
37°C under orbital shaking (130 rpm) in darkness, and
then prepared for SIM. 20 uL of the sample (bacteria +
nanoparticles) was placed on a square glass coverslip (Carl
Roth; 18 x 18 mm?, thickness 170 + 5 um) and left to dry
at room temperature in darkness. Next, the bacteria were
fixed with 4% formaldehyde (Merck, pH 7.4) for 8 minutes
at 37°C, the sample was carefully rinsed twice with water
and left to dry at room temperature in darkness. Next, 20
pL of the mounting medium (Invitrogen, Fluoromount-G)
was placed on a glass microscopy slide (ThermoScientific,
76 x 26 mm?) and the coverslip was put on the microscopy
slide in a way that the surface with the dried sample was
carefully immersed, avoiding air bubbles, in the mounting
medium. After this procedure, the samples were studied
by SIM (Zeiss Elyra PS.1 instrument) and stored, protected
from drying, at 4°C in darkness. Glass coverslips and
microscopy slides were cleaned with 99% ethanol and
water before preparation of the SIM samples.

The laser lines used for excitation were OPSL 488 nm
(eGFP, detection range 495-575 nm; 200 mV) and Diode
642 nm (AF647; detection at 655 nm; 150 mV). Images
were acquired with an alpha Plan-Apochromat 100x/1.46
Oil DIC M27 Elyra objective. Z-stacks were acquired (step
size 0.1 um). SIM processing of images was performed with
the ZEN system 2012 software. No crosstalk between the
eGFP and AF647 channels was observed. Bacteria were not
visible in the channel for nanoparticles and vice versa.

SIM images are presented as maximum intensity projec-
tions (MIP). With the ORTHO projection of SIM z-stacks,
we were able to confirm the intracellular localization of the
nanoparticles.

5.5 | Incubation of bacteria with
nanoparticles and analysis by stochastic
optical reconstruction microscopy
(STORM)

For STORM imaging, the autofluorescent eGFP-producing
E. coli strain could not be used because this super-
resolution microscopy technique requires the application
of more photostable fluorophores.!*°! The photostability
of eGFP is not sufficient for STORM imaging. There-
fore, the membrane of non-fluorescent E. coli DH5¢ cells
(1.5 x 108 CFU mL™) was chemically labeled with Alexa

Fluor-NHS-ester (AF488; Lumiprobe, Germany) accord-
ing to the protocol described by Turner et al.l”] Bacteria
were labeled before incubation with the nanoparticles.
NHS-esters are amino group-specific and bind covalently
to free amine functional groups of protein amino acids,
particularly lysines, in the bacterial cell membranes.[5%!
Next, E. coli DH5« cells (stained with AF488) were incu-
bated with Au-AF647 nanoparticles for 2 hours. The dose
of nanoparticles added to the bacterial suspensions and
the incubation conditions were the same as in the CLSM
and SIM experiments described above. To remove excess
nanoparticles after incubation of the bacteria, the bacterial
suspension was washed twice with water and centrifuged
(4000 rpm, 10 minutes, RT).

For imaging, 30 uL of the sample (bacteria + nanopar-
ticles) were placed on a round glass coverslip with round
fiducials (diameter 25 mm, thickness 170 + 5 um) and left
to dry at room temperature in darkness. Next, the bacte-
ria were fixed with 4% formaldehyde (Merck, pH 7.4) for
8 minutes at 37°C, the sample was carefully rinsed twice
with water and then left to dry at room temperature in
darkness. As STORM measurements require a constant
immersion of the sample in the oxygen-scavenging buffer,
and the bacteria are not adherent, particular attention was
paid during the sample preparation to a delicate handling
of the samples with liquids and a thorough drying of the
samples after each rinsing step.

The samples were studied by STORM (Zeiss Elyra PS.1
instrument) in a closed chamber system. The freshly pre-
pared oxygen-scavenging buffer was added to the sample
in the chamber directly before imaging.!*°! Up to 30,000
frames were recorded with a built-in EMCCD camera with
exposure times of up to 100 ms. After imaging, the sam-
ples were stored in the dried state at 4°C in darkness. The
laser lines used for excitation of the fluorophores were the
same as those used for SIM imaging (see above). Excitation
of AF488 was performed under the same conditions as the
excitation of eGFP. Images were acquired with an alpha
Plan-Apochromat 100x/1.46 Oil DIC M27 Elyra objective.
STORM processing of the images was performed with the
ZEN system 2012 software. STORM images are presented
as MIP projections.

5.6 | Incubation of bacteria with
nanoparticles and analysis by flow

cytometry

A total of 1 mL (1.5 X 108 CFU mL™) of E. coli DH5a-eGFP
cultures was mixed with dispersions of Au-AF647 nanopar-
ticles (5, 10, 20, 40, and 80 pL; 1 mg Au mL™). By assuming
an average nanoparticle diameter of 2 nm, this corresponds
to a nanoparticle dose of 6.2 X 1013-9.9 x 10" particles
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per mL, or about 4.1 X 10°-6.6 X 10° particles per cell.
Note that this number is an approximation as the number
of bacteria increases during the experiment. The bacteria
were incubated with nanoparticles for 1 hour at 37°C in
darkness. Next, the bacteria were fixed with 4% formalde-
hyde (Merck, pH 7.4) for 8 minutes at 37°C and washed
twice with ultrapure water. During fixation and washing
steps, bacteria were harvested by centrifugation (Thermo-
Scientific, Heraeus Fresco 21; 5000 rpm, 10 minutes, room
temperature). Finally, bacteria were resuspended in 0.3 mL
PBS with 2% fetal calf serum (FCS, Sigma Aldrich) and
2 mM ethylenediaminetetraacetic acid (EDTA, Carl Roth)
(4°C). All samples were prepared in triplicates. As nega-
tive control, untreated E. coli DH5a-eGFP cells were used.
The uptake of the nanoparticles by bacteria was quantified
with an LSR II instrument (BD Biosciences). The frequen-
cies of AF647-positive eGFP-expressing bacteria as well as
the mean fluorescence intensity (MFI) were analyzed with
the DIVA software (BD Biosciences). Statistical analysis
was performed by ordinary one-way ANOVA followed by
Tukey’s multiple comparisons test.
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