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ABSTRACT

Staphylococcus aureus is a widespread human pathogenic bacterium that poses an increasingly serious threat to public health

worldwide, due to the emergence and spread of antibiotic-resistant strains. A key virulence mechanism is the acquisition of

iron from the heme group of human host’s hemoglobin, initiated by hemoglobin binding to receptors exposed on the bacterial

surface. Although this interaction is a promising target for new antimicrobials, quantitative data on hemoglobin capture by single

bacteria are lacking. In this work, single-molecule localization microscopy is used to directly quantify the number of hemoglobin

molecules captured by individual S. aureus cells and resolve their nanoscale spatial distribution at the sub-cellular level. This

quantitative approach provides a methodological framework to monitor, with single-molecule sensitivity, changes in surface

density of functional receptors in response to iron limitations. This piece of information, in turn, is critical to define the overall

efficacy of antimicrobials targeting bacterial receptors. As proof of this concept, we develop a photo-activated molecular system

based on hemoglobin for targeted photodynamic inactivation of S. aureus.

1 | Introduction

Staphylococcus aureus is a commensal microorganism, com-
monly found on the skin and in the nasal cavities of humans. This
bacterium can become a dangerous human pathogen, usually
following lesions of skin or mucosal barrier. One of the main
challenges in the clinical treatment of S. aureus infections is
the emergence and spread of antibiotic-resistant strains [1].
Antibiotic resistance represents a major global threat, because it
reduces the efficacy of standard antibiotics and exposes humanity
to serious risks. The urgency of this issue is demonstrated by
reports of WHO predicting that antibiotic resistance could cause

up to 39 million deaths by 2050, also due to a scarcity of new drugs
and a lack of innovative methods against resistant bacteria [2].
In this context, methicillin-resistant S. aureus is one of the major
concerns. Therefore, developing novel and alternative methods
specifically directed against S. aureus is particularly urgent.

Since S. aureus must acquire iron ions (Fe) from the human
host to proliferate, molecular systems involved in Fe acquisi-
tion are regarded as potential therapeutic targets, alternative
or complementary to existing antibiotics. S. aureus can acquire
extracellular Fe, for instance from the human Fe-binding proteins
transferrin and lactoferrin, through the secretion of siderophores.
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Siderophores are small molecules that bind Fe with extremely
high affinity and are subsequently recognized by specific bacterial
receptors [3, 4]. Upon red blood cell lysis by secreted hemolysins,
S. aureus can also acquire Fe from the heme cofactor in human
hemoglobin (Hb). This process is mediated by bacterial Fe-
regulated surface determinant (Isd) proteins that bind Hb, extract
the heme, and transport it into the cytoplasm for degradation and
Fe release [5]. The role of the Isd system is crucial as heme is
considered the preferred Fe source in early S. aureus infections
and, additionally, mutants lacking Isd proteins show reduced
virulence [6, 7].

The binding of Hb to the surface of S. aureus occurs on two
receptors of the Isd system: IsdB and IsdH. If the predomi-
nant role of IsdB in binding free Hb is well established, the
contribution of IsdH is still under consideration. In fact, IsdH
has been demonstrated to bind in vivo the complex between
Hb and haptoglobin and possibly Hb at low concentration and
to be very important in determining survival of S. aureus to
phagocytosis in human blood [8]. Interestingly, very recently
Bettati and coworkers have reported the structural analysis of Hb
binding to full-length IsdH [9], but experiments in vivo are still
missing. Upon binding, IsdB and IsdH extract the heme from Hb
and pass it to another surface-exposed protein (IsdA) or to other
downstream Isd proteins for further transport [4].

Because IsdB, IsdH and IsdA proteins are exposed on the bacterial
surface, they constitute potential accessible targets for antimicro-
bials. Small molecules designed to inhibit the interaction between
IsdB and Hb have been proposed as an alternative class of
antibiotics [10]. Monoclonal antibodies directed to IsdA and IsdB
showed protection against S. aureus infection in murine models
[11, 12]. Nanobodies obtained from camelid immunoglobulins
targeting IsdH and IsdB have been shown to block heme acqui-
sition and inhibit bacterial growth [13]. Monoclonal antibodies
targeting IsdB and IsdA, conjugated with the photosensitizing
molecule IRDye 700DX, and combined with a second intracel-
lular photosensitizer, have been used for effective light-activated
elimination of S. aureus [14].

AsIsdB and IsdH are the predominant Hb receptors, the structure
of their complex with Hb, as well as the dynamics underlying
heme transfer from Hb to bacterial Isd proteins, have been
extensively studied [9, 15, 17] In contrast, much less is known
about the number and sub-cellular distribution of Hb molecules
that are effectively captured on the bacterial surface, which is
crucial in the overall Fe acquisition process. In a previous study,
fluorescence microscopy indicated a strong change of IsdB signal
in response to the amount of Fe available during bacterial growth
and demonstrated the co-localization of IsdB and IsdA at discrete
locations on the cell surface [18]. These results highlighted the
importance of visualizing proteins at sub-cellular level, yet they
were unable to provide a quantitative picture of the capture of Hb
on the cell surface.

In this work, we use a single-molecule fluorescence imaging
methodology, based on direct stochastic optical reconstruc-
tion microscopy (d-STORM) [19], to quantify the number and
nanoscale distributions of Hb proteins bound on the surface of
S. aureus. Because the binding of Hb proteins is the first event in
the Fe acquisition process mediated by the Isd system, an absolute

quantification of these proteins at the level of single cell and single
molecule is expected to support the design of future antimicrobial
strategies, complementing structural information and biological
assays.

We estimate that a single S. aureus cell can bind, on average,
~450 Hb molecules under Fe starving conditions. We also show
that proteins are organized in clusters on S. aureus cells. Finally,
in a proof-of-principle application, we show that the efficacy of
light-activated microbial inactivation by methylene blue labelled
Hb, is related to the absolute number of Hb copies bound on the
bacteria. The results pave the way to a rational development of
antimicrobials acting on the Isd system.

2 | Results and Discussion

2.1 | Sub-Diffraction Visualization of Hb on S.
Aureus Cells

In a first fluorescence imaging experiment, S. aureus was grown
until reaching the stationary phase under Fe starving conditions
by adding 1 mM of the Fe chelator 2,2-dipyridyl (DiP) to the
culture medium. The reduced Fe availability is known to increase
the expression of Hb receptors, which in turns increases the
amount of Hb molecules captured on the cell surface [18]. After
chemical fixation, bacteria were incubated with 4 uM of Hb conju-
gated with the AlexaFluor647 fluorophore (Hb-AF647) and with
the wheat germ agglutinin—AlexaFluor488 conjugate (WGA-
AF488), which labels the cell wall of Gram-positive bacteria
and was used as a reference. Figure la illustrates a cartoon
representing the labeling results, where Hb-AF647 targets the
available receptor proteins and WGA-AF488 locates on the cell
wall of S. aureus.

It is worth mentioning that, at the employed concentration, Hb
retains its tetrameric structure (with two dimers, o5, and a,f,,
composed of o and 3 subunits), as oxy-Hb dissociates into dimers
with characteristic dissociation constants in the sub-micromolar
range at neutral pH [20, 21]. Even if S. aureus can acquire Fe
from Hb at 10-100 nM concentrations [7], recent cryo-EM studies
demonstrated that the first events of the heme extraction process
involve the interaction of IsdB with tetrameric Hb [16].

Since Hb-AF647 and WGA-AF488 emit in spectrally separated
detection channels, two-color d-STORM imaging was performed
to simultaneously localize these species with sub-diffraction
precision. The acquired d-STORM images (Figure 1b) show that
Hb-AF647 fluorescence (red) colocalizes with that of WGA-
AF488 (green) on the surface of the S. aureus cells, ensuring
that the observed Hb molecules are bound to the bacterial
surface. Additionally, the sub-cellular spatial distribution of the
fluorescent molecules on S. aureus was resolved at the nanoscale.
WGA-AF488 (green) labels the cell wall of bacteria, even if with
some inhomogeneities, generating typical ring-like fluorescence
patterns of ~800 nm diameter, occurring when bacteria are
in the focal plane of the microscope. This signal serves as
reference to easily identify individual cells, even within groups
of adjacent bacteria. The fluorescence of Hb-AF647 (red) was
also clearly located on the cell surface, but in a discontinuous
way, characterized by clusters and point-like structures, reflecting
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FIGURE 1 | Sub-diffraction visualization of Hb on S. aureus cells. (a) Cartoon representing the fluorescent labeling of S. aureus cells used for d-
STORM imaging: Hb-AF647 binds to available receptors and WGA-AF488 stains the cell wall. (b) Representative d-STORM images of S. aureus where
the reference WGA-AF488 (green, left) and Hb-AF647 (red, middle) channels are separately shown, together with the corresponding two-color image

(right). Scale bars: 1 um (top) and 500 nm (bottom).
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FIGURE 2 | Binding of Hb to S. aureus through Fluorescence Correlation Spectroscopy. (a) Photon count traces for Hb-AF647 in PBS (1 nM, gray
trace) and for Hb-AF647 (1 nM) exposed to S. aureus (OD at 600 nm = 0.3, red trace). Photon binning is 1 ms. Excitation at 635 nm, detection at 675/25 nm.
Bacteria were grown in the presence of 0.25 mM DiP. (b) Zoom of a selected portion of the photon count traces shown in panel (a). (c) Normalized
autocorrelation functions computed on signals in panel (a) on a 5 min time acquisition. The green lines are the result of a fitting with a model comprising

a triplet state and one diffusing species.

a non-homogeneous capture of Hb molecules on the surface
(Figure 1b). A qualitatively similar Hb organization was also
reported by Physchany et al. [18]., but with significantly lower
resolution and sensitivity.

2.2 | Fluorescence Correlation Spectroscopy
Shows Binding of Hb to S. Aureus

To further confirm binding of Hb-AF647 to bacteria, we per-
formed Fluorescence Correlation Spectroscopy (FCS) measure-
ments. This technique can detect interactions of dye-labeled
proteins with bulkier species, including bacteria, with high sensi-
tivity. Compared to fluorescence imaging, FCS operates on species
that diffuse in a homogeneous solution and does not require
multi-step protocols of staining and surface immobilization of
bacteria. In this way, the binding observed with d-STORM imag-
ing could be validated using a different experimental approach,
even if FCS cannot provide the spatial distribution of molecules.

During the acquisition time, FCS monitors fluorescence origi-
nating from a fixed point in the solution, corresponding to the
small (~10™" L) detection volume of a confocal microscope.

The fluorescence intensity time-traces in Figure 2a demonstrate
that when Hb-AF647 is exposed to S. aureus (red), some high
spikes appear, due to the diffusion of bacteria-bound Hb-AF647
through the confocal volume of the microscope, in comparison
with the fluorescence fluctuations observed with only Hb-AF647
in solution (gray). The high intensity of the spikes shows that
several copies of the dye are decorating the surface of a cell
(Figure 2b). The associated correlation curves (Figure 2c) support
this hypothesis, showing a clear increase in the diffusion time in
the presence of S. aureus (red curve) in comparison with the value
for Hb-AF647 alone (gray curve).

In particular, the correlation curve for Hb-AF647 is best described
by a single diffusing species with a diffusion time 7, = 0.29
+ 0.01 ms and an additional kinetic phase with much shorter
lifetime, 7 = 72 + 2 ps, which is due to the formation of dark
states of the AF647 dye. It is worth noting that the measured
T is somewhat shorter than expected, considering the size and
molecular weight of tetrameric Hb. The single molecule level in
FCS experiments forces us to use very low concentrations of the
protein complex (1 nM). This entails that Hb does not retain its
full tetrameric form, tending to dissociate mainly to dimers and
possibly monomers, albeit their presence has been reported only
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at acidic and alkaline conditions [22]. Moreover, we cannot rule
out the possibility that the S/N ratio doesn’t allow for a precise
separation between the photophysics of the fluorophore (dark
states of AF647) and the diffusive process. However, it is clear
that in presence of S. aureus, the dyes diffuse more slowly (z},
= 38 + 1 ms) this is evidence of Hb-AF647 molecules diffusing
in solution attached to bacteria. Moreover, assuming a spherical
model, a diffusion coefficient D = 0.56 um?/s is estimated, from
which the hydrodynamic radius of the bacterium can be obtained,
Ry, ~ 430 nm, through the Stokes-Einstein equation. This value is
in line with the expected dimension of S. aureus cells [23, 24].

2.3 | Distribution of Hb on single S. aureus cells

We then investigated the amount of surface bound Hb per
bacterium. This is relevant as the ability of S. aureus to acquire Fe
from Hb can change significantly in response to mutated external
conditions such as availability of Fe in solution, which is a major
parameter determining the expression of Isd proteins [18].

We therefore grew S. aureus in culture medium enriched with
different concentrations of the Fe chelating agent DiP, from
0 to 1 mM, to modulate the expression of Hb receptors. As
described above, we exposed the cells, in the stationary phase, to
4 uM of Hb-AF647, performed the reference staining of the cell
wall with WGA-AF488, and finally acquired two-color d-STORM
images. Representative examples of acquired images are shown
in Figure 3a, where Hb-AF647 fluorescence is in red and the
reference WGA-AF488 fluorescence is in green.

It can be readily appreciated that the amount of surface bound
Hb increases with increasing concentration of the Fe chelator
DiP in the growth medium. Moreover, in all tested conditions,
the spatial organization of Hb on the cell surface is highly non-
homogeneous. Notably, a few red spots per cell (Figure 3a), which
correspond to single or small clusters of Hb molecules captured
on the bacterial surface, were observed in bacteria grown in
absence of DiP. This signal is low but clearly higher than negative
control samples (see next section and Figure S1). Such low surface
density of Hb could not have been observed with traditional
microscopy [18]. We also point out that, in d-STORM images, Hb
molecules are directly detected through the chemical conjugation
with small AF647 dyes, avoiding the introduction of additional
exogenous probes, e.g., bulky antibodies, which might introduce
labeling errors at single-molecule level.

These observations highlight a superior sensitivity of the method
which enables the detection of very low protein levels, as already
demonstrated for target receptors exposed on cancer cells [25, 26].

In d-STORM imaging, each fluorophore undergoes blinking
(on/off switching) during a time-course acquisition with continu-
ous laser excitation. When a single fluorophore transiently turns
on during acquisition, its center position, called localization, is
determined with sub-diffraction precision (~20 nm [19]) so that
the final image is reconstructed by merging all the localizations.
The number of localizations generated by Hb-AF647 is therefore
proportional to the actual number of proteins and it was used
as a semi-quantitative parameter to evaluate the amount of Hb
per bacterium. To do so, we first manually selected circular

a  Hb-AF647 4 uM — S. aureus

Hb-AF647 4 uM
S. aureus
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FIGURE 3 | Distributions of counted localizations per bacterium for
S. aureus grown at different concentrations of DiP. (a) Representative
two-color d-STORM images of S. aureus exposed to Hb-AF647 (red) and
stained with WGA-AF488 (green), obtained for bacteria grown in medium
supplemented with increasing concentration of DiP. Scale bars: 1 pm. (b)
Distributions of the counted localizations per bacterium, in the AF647
channel, obtained from d-STORM images of bacteria grown in medium
supplemented with 0 (N = 315), 0.25 (N = 712), 0.5 (N = 389) and 1 mM (N
= 386) DiP concentrations. The continuous lines show the results of the
fitting with a Gaussian model.

areas comprising single S. aureus in the d-STORM images. This
selection was done on the WGA-AF488 reference signal (green)
to include bacteria that are well focused and show the typical
ring-like pattern. Then, the number of Hb-AF647 localizations
(red) within each selected area was counted (see Figure S2 for
an example). The results of the analysis are in Figure 3b, which
shows the distributions of counted localizations per bacterium
for S. aureus grown at different concentrations of DiP. The fitting
with a Gaussian model clearly highlights changes in the observed
distributions. In absence of DiP, the distribution is sharply peaked
around relatively small values of localizations per cell (peak =216,
width = 316). At 0.25 mM DiP, the distribution remains peaked
at 216 localizations per bacterium, but it is broadened (width
= 911), with a tail extending to larger values. This reflects the
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presence of more Hb bound per bacterium and, more specifically,
the appearance of larger Hb clusters on bacteria (Figure 3a).
At higher DiP concentrations (0.5 and 1 mM), the observed
distributions shift to larger peak values (peak = 1036 and 1650,
for 0.5 mM and 1 mM DiP, respectively) and, at the same time,
become broader and less defined (width = 1078 and 1630, for
0.5 mM and 1 mM DiP, respectively). This analysis confirms
that the amount of captured Hb strongly increases for bacteria
that are exposed to a reduced concentration of Fe in solution.
It also demonstrates that the amount of Hb loaded on single
bacterial cells is extremely variable, especially under Fe starving
conditions. A marked heterogeneity was also observed for the
spatial organization of Hb molecules on the bacterial surface, that
always showed discontinuities, clusters and patches, far from a
homogeneous covering.

2.4 | Hb Copies on Single S. aureus Cells

The previous semi-quantitative analysis relies on the fact that
the localization counts are roughly proportional to the number
of fluorescent molecules. However, retrieving the actual number
of Hb-AF647 copies from the localization counts is not obvious,
as a single fluorophore typically generates multiple localizations
during acquisition, with an intrinsic variability, and, additionally,
the dye-protein stoichiometry is also variable. Many methods
have been proposed for accurate molecule counting [27]. For
these data, we used a simplified approach to estimate the number
of surface bound Hb-AF647. Briefly, a calibration was performed
to measure the number of localizations generated by a single Hb-
AF647 molecule (calibration value). The number of Hb-AF647
proteins was then obtained by dividing the number of counted
localization per bacterium by the calibration value. Despite this
approach provides only an estimate of the number of proteins, it
is straightforward and direct, and it proved to be effective for the
measurement of overall surface densities of proteins on cancer
cells [26, 28].

Here, two separate calibration experiments were carried out. In
the first one, Hb-AF647 was deposited at very low concentrations
(< 100 pM) on the glass coverslip to ensure that proteins are
isolated and sparse. Each protein generated a small cluster of
d-STORM localizations that was easily quantified with a clus-
tering algorithm (Figure S3). In a second experiment, the same
clustering algorithm was applied to images of the sample where
Hb-AF647 was exposed to S. aureus grown in absence of DiP,
assuming that most of the observed clusters were generated by
single Hb-AF647 proteins. The two experiments gave comparable
results, yielding a final calibration value of 5 localizations per
Hb-AF647, in line with previous results [26, 28]. Using this
calibration, the mean absolute number of Hb-AF647 molecules
visible in the d-STORM images ranged from ~ 60, for S. aureus
grown in absence of DiP, to ~ 360, for bacteria grown with 1 mM
DiP (Figure 4). Importantly, control experiments performed using
dye-conjugated myoglobin (Mb-AF647), instead of Hb-AF647, or
exposing bacteria to Hb-AF647 and an excess of unlabeled Hb
showed significantly lower protein counts, ensuring the specific
detection of surface bound Hb-AF647 (Figure 4; Figure SI).

It should be noted that the number of Hb-AF647 counted from d-
STORM images does not include all the proteins captured on the
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FIGURE 4 | Hb copies on single S. aureus cells. Mean number of
observed Hb molecules per bacterium, visible in d-STORM images, as a
function of the concentration of DiP in bacteria growth medium (red).
The corresponding mean surface density of proteins is displayed on
the right axis. The results obtained in control experiments performed
exposing bacteria to 4 uM Hb-AF647 and 40 uM unlabeled Hb, either
simultaneously (dark grey) or sequentially (light grey) are also shown,
together with those obtained exposing bacteria to 4 uM Mb-AF647 (black),
instead of Hb-AF647.

whole bacterial surface, but only those that are in proximity to
the focal plane of the microscope. To estimate the actual surface
density of Hb-AF647, we developed a simple geometric model
that uses the ring-like pattern of the reference WGA-AF488 signal
to obtain the extent of the bacterial surface which contributes
to the observed d-STORM images (see Technical Notes with
Figures S4 and S5). In this way, we estimated a mean surface
density of ~ 240 Hb/um? for S.aureus grown under Fe starving
conditions (1 mM DiP, Figure 4), which gives ~ 450 Hb captured
on the whole bacterial cell surface. The Hb density values reduced
significantly for bacterial grown with lower concentrations of DiP,
i.e., with higher Fe availability: ~ 160 Hb/um? at 0.5 mM DiP, ~
80 Hb/um? at 0.25 mM DiP and 40 Hb/um? in absence of DiP
(Figure 4). These densities give, respectively, ~ 300, ~150, and ~80
Hb proteins on the whole bacterial surface.

The values are affected by a relatively large uncertainty, due to
the intrinsic cell-to-cell variability and to the approximations of
the analysis model and should be regarded as estimates. Still, this
approach provides an absolute quantification of the Hb copies
on individual bacterial cells, and their changes in response to Fe
availability. This is an advancement compared to more traditional
imaging or bulk methods of protein quantification, e.g., gel elec-
trophoresis techniques, flow cytometry or spectroscopy, which
are limited to relative comparisons.

2.5 | A Hb-Based Photo-Antimicrobial Construct
and its Loading on S. Aureus

The above results demonstrate that d-STORM can be exploited
to quantify the extent of binding between Hb as physiological
ligand and its Isd system receptors, at the single molecule and
single cell level. Importantly, this quantitative analysis could
find a direct application in the related context of antimicrobials
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FIGURE 5 | A Hb-based photo-antimicrobial construct and its efficacy on S. aureus. (a) Schematic representation of the Hb-MB photosensitizing
conjugate: the targeting moiety (Hb) binds to available receptors on S. aureus wall and, upon exposure to red light, the photosensitizing moiety (MB)
reacts with molecular oxygen generating 0, and other reactive oxygen species. (b) Fluorescence emission intensity at 528 nm of the singlet oxygen
sensor green at increasing times of exposure to red light. The measurement was performed on solutions containing the sensor and either free MB (blue),
as a reference, or Hb-MB (red). A control measurement on a solution containing only the sensor was also performed (black). The lines show the results
of a fitting with a linear model. (c) S. aureus survival rate, obtained from colony forming units per mL, for bacteria incubated with 0 and 4 uM Hb-MB
and exposed to red light (red) or kept in the dark (grey). The plain bars refer to measurements performed on bacteria grown in absence of DiP, the bars

with stripes are for bacteria grown in the presence of 1 mM DiP. Fluence 222 J/cm? at 660-+10 nm.

targeting the Isd system. The heme-acquisition machinery of S.
aureus has previously been exploited for targeted photodynamic
inactivation (PDI) using the photoactive fluorescent hemin ana-
logue Ga (III)-protoporphyrin IX, either as a free photosensitizer
or incorporated into Hb-based nanoparticle constructs [29, 30].
Building on this concept, Hb can serve directly both as a targeting
agent and as a carrier for the delivery of photoactive molecules
to the bacterial surface. From this perspective, the density of
Hb molecules loaded on bacteria appears as a fundamental
parameter, since a positive correlation is expected between the
number of effective constructs bound to the target and treatment
efficacy. In fact, a precise estimate of functional molecules density
could foster a more rational development of treatments, by
increasing their strength and reducing off-target effects in drug
delivery.

As a proof of this concept, we developed a photoactive system by
conjugating Hb with the small organic photosensitizing molecule
Methylene Blue (MB), obtaining a functional Hb-MB conjugate
for targeted antimicrobialPDI. Upon exposure to red light, MB
molecules are photo-excited to their electronic triplet state which
readily reacts with surrounding molecular oxygen (O,) to gen-
erate cytotoxic reactive oxygen species, in particular superoxide
anion and O, in its excited singlet state (*O,) [31, 32], leading
to bacterial inactivation. PDI is effective also against antibiotic
resistant strains [33]. As represented in Figure 5a, the Hb moiety
acts as a targeting unit that specifically brings the conjugate
Hb-MB to available receptors on the surface of S. aureus.

A photo-physical characterization of the Hb-MB construct
allowed to test if MB retains its photosensitizing properties upon
conjugation with Hb. With this aim, using nanosecond laser
flash photolysis on air-equilibrated solutions, we monitored the
kinetics of the recovery of the MB ground state after pulsed laser
excitation in order to determine the lifetime of the molecule
triplet state (zr; see Figure S6). For the reference (MB in PBS), the
kinetics occurs with a lifetime 7, = (1.8+0.1) ps, a value typical
for the triplet of a photosensitizer in air equilibrated aqueous

solution at room temperature. For MB conjugated to Hb the
lifetime becomes 7 = (3.0£0.1) ps, as expected for a triplet state
only slightly shielded by the protein scaffold from O, dissolved
in solution. A similar value had been observed for MB bound to
streptavidin [34].

The evaluation of the triplet formation quantum yield (@) for
Hb-MB is hindered by the competitive absorption of Hb that
results in a small amplitude of the transient absorption signal.
Upon correction for this filter effect (Equation 1 within Materials
and Methods section), @ provided a significant value, 0.21+0.05.
Consistently, an appreciable photosensitization of 'O, by Hb-
MB exposed to red light (quantum yield of 'O, formation, ®,)
was measured spectroscopically by monitoring the fluorescence
emission at 528 nm of a 'O, fluorescent sensor at increasing
red light exposure (Figure 5b). Applying a comparative approach
using free MB (®, = 0.5 [32]) as a reference, ®, = 0.19+0.05 was
obtained (Equation 2 within Materials and Methods section). The
similar reduction of both ®; and ®, values for Hb-MB compared
to free MB suggests a partial quenching mechanism, most likely
due to the interaction with protein amino acids around the
conjugation site, occurring when MB is bound. However, these
results confirm that Hb-MB can act as a photosensitizing agent,
despite with lower photosensitization yields compared to free MB.

Bacterial photo-inactivation assays were then performed. As
reported in Figures 5c, S. aureus grown in absence of DiP,
incubated with Hb-MB and then exposed to red light (1 = 660
+ 10 nm; 222 J/cm?), showed a 2-log reduction of the survival
rate, compared to bacteria kept in the dark. After the same
treatment with Hb-MB and red light, S. aureus grown under Fe
starving conditions (with 1 mM DiP), where d-STORM results
demonstrate higher Hb-MB binding to S. aureus, remarkably
showed a 4-log reduction of the survival rate, compared to dark
conditions (Figure 5c). No reduction of survival rate after light
exposure was observed for bacteria that were not treated with
Hb-MB, both in absence and in presence of DiP in the culture
medium. Photo-inactivation treatments were carried out on bac-
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teria in the stationary growth phase, to ensure consistency with
the conditions used in d-STORM experiments. These results, even
if obtained under a limited set of conditions, demonstrate that:
(I) the Hb-MB conjugate can reduce the bacterial survival rate in
response to light excitation in vitro; (II) the antimicrobial efficacy
of the photo-activated Hb-MB conjugate strongly depends on the
amount of Hb bound to S. aureus.

Importantly, the marked heterogeneity observed in Hb loading on
single bacteria (Figure 3), especially under Fe starving conditions,
means that, even if exposed to an excess of Hb-MB, a fraction
of the bacteria might remain unaffected by the photo-treatment,
due to the low number of surface-bound molecules. Finally, the
clustered organization of Hb on the cell surface (Figures 1 and 3)
might also play a role, since densely packed proteins might favor
quenching processes thereby reducing the photosensitization
efficacy.

3 | Concluding Remarks

Quantification of the density of cell surface receptors with high
sensitivity is of central importance for the improvement and
development of effective diagnostic and therapeutic routines. For
that reason, single molecule localization microscopy has been
employed with eukaryotic cells to provide an absolute quan-
tification of the molecular densities of, for example, membrane
proteins and glycans [35, 36], CD56 receptors [37], epidermal
growth factor receptors [28]. On the contrary, very few quanti-
tative studies were performed on bacteria. Carsten et al. have
extensively shown in a recent review [38] how overcoming the
visible light diffraction limit has offered relevant advantages
in studying bacterial cell biology, as synthesis and assembly
of peptidoglycan, DNA and RNA metabolism, macromolecular
machines involved in protein secretion and DNA replication. In
this context we report localization and quantification of human
Hb copies decorating S. aureus wall at the single molecule level.
Using d-STORM microscopy, we were able to determine the sub-
cellular position and the copy number of Hb molecules on the S.
aureus surface. We estimated that, under Fe starving conditions
induced by treating cells with 1 mM DiP, ~ 450 Hb molecules are
bound to each bacterium. This number reduces to ~ 80 in absence
of DiP. Additionally, the spatial distribution of Hb molecules on
the single cell was highly discontinuous. This might reflect an
intrinsic clustering of cell wall-anchored receptor proteins, but it
may also arise from an irregular efficacy in the binding of Hb,
e.g., due to steric hindrance or to variable affinity. As in this study
bacteria are in their stationary growth phase when exposed to Hb,
it is unclear whether the discontinuity can be explained with an
accumulation of proteins at the cell division site. Moreover, the
presence of two receptors for Hb binding, namely IsdB and IsdH,
might be an additional source of heterogeneity. While further
studies are needed to systematically investigate the origin of such
heterogeneity in Hb capturing, we highlight how quantitative
microscopy is a powerful tool to address these questions. Indeed,
this methodology is not strictly limited to the localization and
counting of Hb molecules but is broadly applicable to other
relevant targets on the cell surface.

Furthermore, since binding of Hb is the primary step in the Fe
acquisition process mediated by the Isd system, this quantifica-

tion is expected to support the design of antimicrobial strategies
alternative to more traditional antibiotics. To explore this concept,
we then developed a photoactive derivative of Hb, by conjugating
the protein to MB, and found that the photoinactivation efficiency
is positively correlated with the number of Hb molecules bound,
hence to the expression level of accessible Hb receptors. Even
if limited to the model Hb-MB conjugate, these observations
exemplify how single-molecule imaging can support a more
precise evaluation of the action of targeted photo-antimicrobials,
toward a more rational design of functional constructs.

4 | Experimental Section
4.1 | Materials

Human hemoglobin and equine heart myoglobin were from
Sigma-Aldrich, WGA-AF488 and AF647 NHS ester were from
Invitrogen. DiP (2,2-bipyridyl) was from Sigma-Aldrich. Methy-
lene Blue NHS ester was from Atto-tech GmbH.

Concentrations were estimated from the molar extinction coeffi-
cients of the compounds: ¢ (414 nm) = 524,280 M~'cm™ for Hb, ¢
(409 nm) = 157,000 M~'cm~! for myoglobin, £ (658 nm) = 270,000
M-lcm™ for AF647 NHS ester, £ (663 nm) = 85,000 M~'cm™
for (monomeric) methylene blue. The Hb concentration in Hb-
AF647 complex was estimated from the absorbance at 414 nm
after correcting for the AF647 contribution at this wavelength.

4.2 | AlexaFluor647- and MB-Protein Conjugates
Preparation

The conjugates between the fluorophore (AF647 NHS ester)
or the photosensitizer (MB NHS ester) and a hemoprotein
(hemoglobin/myoglobin) were prepared using the same standard
protocol. A concentrated stock of dye in DMSO was diluted in PBS
buffer (pH 7.4) with 10% of NaHCO; (pH 8.5), and vortexed for
2 h at room temperature in dark. Then the conjugate was purified
using a Sephadex G25, PD-10 column (Cytiva, Marlborough, MA,
USA) equilibrated with PBS buffer at pH = 7.4.

The degree of labeling (DOL, which indicates the average num-
ber of dye molecules bound to each protein) was determined
spectroscopically using a Jasco V650 spectrophotometer (Jasco
Europe S.R.L., Milano, Italy). The obtained DOL, expressed as
[fluorophore]/[protein] molar ratio, was of 1.6 dye molecules per
protein for Hb-AF647 and 1.1 for Hb-MB.

4.3 | Photophysical Properties of the Conjugate
for Bacteria Photo-Inactivation

The relaxation of the triplet state of MB conjugated to Hb has been
monitored at 633 nm upon excitation with the second harmonic
at 532 nm of a pulsed Nd:Yag laser (Surelite I-10, Continuum,
San Jose, CA, USA), using a set up previously described [39, 40,
41]. The quantum yield of triplet formation was estimated using
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a comparative method, defined by the equation:

AA 1-10"%\ [ Ayp

Drx = DPrp (AA);) <1 _ IO_AX) ( IZXMB> @
where ®;p and ®py are triplet quantum yield of MB in PBS
(reference compound) and Hb-MB complex, respectively, Ay, Ax
and Ay,.vp the absorbance values at 532 nm of the reference, of
MB in the complex and of the complex, AAy and AAy the values
obtained from the measured transient absorbance changes. MB in
PBS was considered as a reference compound (0.52 [32]) and the
kinetics was followed at 633 nm, where bleaching of the ground
state is observed. The last factor in Equation 1 has been introduced
as a correction for the filter effect due to Hb absorption at 532 nm
in the complex.

A comparative method was exploited to evaluate the singlet
oxygen (10,) quantum yield when MB is conjugated to Hb using
MB in PBS as a reference and singlet oxygen sensor green (SOSG)
(Invitrogen). The procedure is based on the linear relationship
between SOGS fluorescence emission and the photo-induced 'O,
concentration. SOSG was dissolved in methanol to obtain a 5 mM
stock solution, that was diluted in PBS solutions containing MB
and Hb-MB. The sample (Hb-MB), the reference (MB in PBS)
and a control solution containing only SOGS were progressively
illuminated using a cw He:Ne laser (Melles Griot, 30 mW at
633 nm). SOSG fluorescence emission was measured (1, =
488 nm) after progressive illumination steps of 20 s, repeated up to
a total of 160 s. A linear fitting can be used to analyze the emission
intensity increase and the slopes of the sample and the reference,
upon correction for SOGS contribution, permit to calculate the
singlet oxygen quantum yield according to the equation:

o — slopex \ [ 1—107"%,633
AT TR \slopey ) \ 1 — 107

1 — 10~ Asosc.rass Ax s @
1— IO—AS()SG,XARS AR,488

where:

@, and @, are 'O, quantum yield of the reference (MB in
PBS, 0.5 [32, 34]) and Hb-MB, respectively, Ag g3 and Ay, the
absorbance values of the photosensitizer at 633 nm Agogg r 455 and
Agosc.x.4ss the absorbance values of SOSG at 488 nm in reference
and sample solution respectively, sloper and slopey the values
retrieved from the linear fitting. The last factor in Equation 2 has
been introduced as a correction for the filter effect due to Hb
absorption at 488 nm in the complex.

4.4 | Bacteria Preparation for Imaging

A colony of S. aureus ATCC25923 was picked from blood agar
plate and inoculated in 3 mL of TSB medium with different
DiP concentrations (0, 0.25, 0.5, and 1 mM). The inoculum was
incubated at 37°C, 180 rpm, for 22 h to reach the stationary phase
of growth (ODgy>1).

For each culture condition, 300 pl of the stationary phase
culture were pelleted at 3000 g for 5 min, washed once in PBS,

then, incubated with 100 ul of the Hb-AF647 conjugate (final
concentration 4 uM) for 1 h, followed by fixation with PFA 2%
for 10 min. Fixed bacteria were blocked in glycine 300 mM for
20 min, then in BSA 30 mg/mL for 20 min. Finally, bacterial cells
were pelleted and resuspended at an ODy,, of approximately 0.3
in PBS.

The bacteria were then placed in Lab-Tek chambers (pre-treated
with poly-L-lysine 0.1 mg/mL for 20 min at room temperature)
and allowed to adhere for 20 min. After a PBS wash, bacteria were
incubated with WGA-Alexa488 (25 nM) for 10 min at room tem-
perature. Before d-STORM imaging, a STORM buffer composed
of PBS with cysteamine (100 mM), glucose (5% w/v), glucose
oxidase (0.5 mg/mL) and catalase (40 ug/mL) was introduced. All
the procedures were carried out at room temperature in the dark.

4.5 | Instrumentation. d-STORM Imaging

d-STORM images were acquired with an Oxford Nanoimaging
(ONI) Nanoimager-S Mark III microscope equipped with four
excitation lasers (405, 488, 561, and 640 nm) and a 100x/NA1.4 oil
immersion objective (Olympus, Tokyo, Japan). The fluorescence
emission was collected by the objective, split into two spectrally
separated channels (576-620 nm and 665-705 nm) by a 640LP
dichroic beam-splitter, and recorded using a CMOS camera
(Hamamatsu OrcaFlash 4.0) to obtain 428 x 684 images with a
pixel size of 117 nm. All measurements were performed at 28°C
and using HILO (highly inclined and laminated optical sheet)
configuration which improves signal-to-noise ratio and enables
precise focusing of bacterial cells.

Samples were acquired for 10000 frames using continuous
640 nm (322 mW) excitation, followed by 20000 frames using
continuous 488 nm (245 mW) and 405 nm (0.1 mW) excitation.
The camera exposure time was 10 ms per frame. The acquired
frames were processed with the NimOS software 1.19.4 from ONI.
In each frame, a single emitting fluorophore was fitted with
a 2D Gaussian model to determine the center position of the
localization. The localizations obtained were brought together to
reconstruct the final d-STORM image. Localizations that were
too weak (below 1000 detected photons in the green channel
and below 700 detected photons in the red channel) or acquired
during initial equilibration (first 500 acquisition frames for the
640 nm excitation and between 10000-12000 frames for the
488 nm excitation) were discarded. Prior to imaging measure-
ments, an alignment of the two spectrally separated acquisition
channels was performed using TetraSpeck microspheres (0.1 um,
Invitrogen) by means of a specific tool of the NimOS software.
This avoids systematic shifts between the two colors in the d-
STORM images. Effect of residual mechanical drift of the sample
occurring during acquisition was negligible but it was anyway
corrected by a redundant autocorrelation algorithm of the NimOS
software.

4.6 | Instrumentation. Fluorescence Correlation
Spectroscopy

Fluorescence correlation spectroscopy (FCS) experiments were
carried out using a Microtime 200 system from PicoQuant,
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based on an inverted confocal microscope (Olympus IX71) and
equipped with two SPADs (Single Photon Avalanche Diodes).
The cross-correlation mode was exploited in all experiments.
AF647 excitation was achieved by a 635 nm picosecond diode
laser operated at 20 MHz. Fluorescence emission was collected
through a bandpass filter (675/25 nm) and split with a 50/50
splitter between the two detection channels. Photon binning is
1ms.

A S. aureus suspension (grown in TSB enriched with 0.25 mM
DiP) was washed with PBS to remove the culture medium
from the aqueous solution. Then, bacteria (ODg,, = 0.3) were
incubated with Hb-AF647 (1 nM) for 1 h at room temperature.

4.7 | Photoinactivation of S. aureus Suspensions

A colony of S. aureus ATCC25923 was picked from blood agar
plate and inoculated in 3 mL of TSB medium with different DiP
concentrations (0, and 1 mM; from a 10 mM stock solution in
water). The inoculum was left to incubate at 37°C, 180 rpm, for
22 h to reach the stationary phase. After that, the culture reaches
an OD of at least 1.3 (slightly higher without DiP, ~1.5), indicating
entry into the stationary phase.

After the growth, the bacteria solution was washed twice by
centrifugation (3000 g for 5 min) and diluted to an ODg,, = 0.2,
corresponding to an initial concentration of bacteria of 10° Colony
forming units/mL (CFU/mL). Then, the bacteria were incubated
with the Hb-MB complex (4 uM) for 1 h at room temperature in
the dark. Suspensions (200 puL) were placed in 96-well plates and
illuminated from the top with red light for 70 min using a LED
light source (Red Light Man lamp) with power of 53 mW/cm? at
660+10 nm.

Suspensions were then serially diluted until 10-% times the
original concentration and 10 pL of the diluted suspensions were
plated on tryptic soy agar plates. Experiments were carried out
in duplicate for each condition, including cell and dark controls.
CFUs were counted, after 24 h incubation in the dark at 37°C, to
calculate the survival fraction.
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