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Abstract: Reactive Oxygen/Nitrogen Species (ROS/RNS) produced by macrophages inside their phagolysosomes
are closely related to immunity and inflammation by being involved in the removal of pathogens, altered cells, etc.
The existence of a homeostatic mechanism regulating the ROS/RNS amounts inside phagolysosomes has been
invoked to account for the efficiency of this crucial process but this could never be unambiguously documented. In
this work, intracellular electrochemical analysis with platinized nanowires electrodes (Pt-NWESs) allowed monitoring
ROS/RNS effluxes with sub-millisecond resolution from individual phagolysosomes randomly impacting onto the
electrode inserted inside a living macrophage. This evidenced for the first time that the consumption of ROS/RNS
by their oxidation at the nanoelectrode surface stimulates the production of significant ROS/RNS amounts inside
phagolysosomes. These results established the existence of the long-time postulated ROS/RNS homeostasis and
allowed quantifying its kinetics and efficiency. ROS/RNS concentrations may then be maintained at sufficiently high
levels for sustaining proper pathogen digestion rates without endangering the macrophage internal structures.

Macrophages are essential in protecting our body against bacteria, viruses and mutant or abnormal
cells. They detect and internalize such pathogens within endocytotic vesicles named phagosomes.
These are carried inside the macrophages cytoplasm where they merge with lysosomes, another kind
of vesicle, whose membranes host a panoply of enzymes including NADPH oxidase 2 (NOX2) and
inducible nitric oxide synthase (INOS) prone to release reactive oxygen/nitrogen species (ROS/RNS)
inside the resulting phagolysosomes. This allows the biological cargoes carried by the initial
phagosomes to be broken down to the molecular level.? To ensure a complete digestion of these
pathogens the quantities of ROS/RNS present inside phagolysosomes must be sufficient without being
excessively high to prevent their leakage and accumulation inside macrophages cytoplasm.B! This dual
requirement suggested the presence of some feedback mechanism operating inside phagolysosomes
in order to ensure a ROS/RNS homeostasis.. Such hypothesis was recently shown to be coherent
with the outcome of long-time (minutes) electrochemical monitoring of ROS/RNS fluxes produced inside
phagolysosomes of RAW 264.7 murine macrophages stimulated by Lipopolysaccharides (LPS) and
Interferon-y (IFN-y).5! However, to the best of our knowledge, the monitoring of ROS/RNS production
inside phagolysosomes with the sub-millisecond time resolution required to establish the very existence
of a fast homeostatic regulation could never be achieved before the present work.
Nanoelectrochemical monitoring of intracellular ROS/RNS at the single cell level is a very efficient
and quantitative method that has been applied in cancer cells,’®! macrophages!* *> 71 and neurons.l®l We
recently reported the fabrication of a novel kind of platinized nanowire SIC@C electrodes (Pt-NWEs)
and demonstrated their perfect suitability to analyze ROS/RNS inside single phagolysosomes of living
macrophages.®! Phagolysosomes may then randomly collide onto the surface of a Pt-NWE inserted
into a macrophage cytoplasm (Figure 1A). This situation is identical to that which operates during
vesicle impact electrochemical cytometry (VIEC), a method initially introduced for quantifying
neurotransmitters amounts in liposomes and exocytotic vesicles.['! The high electric field prevailing at



the electrode surface over nanometric distances is more than enough for electroporating bilipidic
membranes.' ROS/RNS contained in phagolysosomes may then spill onto the Pt surface through the
ensuing pore and be oxidized giving rise to individual amperometric spikes (Figure 1B).

By analogy to the release of neurotransmitters!'" 12! it is expected that in the absence of any
ROS/RNS homeostasis all recorded spikes display three main features: (i) a small pre-spike feature
evidencing the initial opening of the pore followed by (ii) a rapid increase of the current due to the rapid
expansion of the pore up to its maximum size, and (iii) finally an exponentially decaying branch (Figure
1D) representing the diffusion-limited emptying of the initial ROS/RNS content. However, only 25% of
the events (N = 1040) presented this expected pattern('® ' 12 (Figures 1D, 2C). The large majority
(75%) of spikes displayed the anticipated behavior only up to a given point (¢t < texp in Figure 2A, S2A,
C) located on their descending branch. The current then significantly deviated from their expected
exponential falloff.

In VIEC experiments exocytotic vesicles or liposomes may only release their initial load of
electroactive molecules.['> 1" 12 However, phagolysosomes are not inert containers. Their membranes
are equipped with pre-assembled NOX2 and iNOS enzymes that are likely to be activated to swiftly
produce ROS/RNS at least while phagolysosomes keep their functionality after being electroporated.
In other words, the unexpected behavior displayed by 75% of the events could be the first quantitative
evidence of the long-time purported homeostatic activity, provided it is established that the current
shoulders correspond to ROS/RNS oxidation. This is fully consistent with a recent report by some of us
showing that intact phagolysosomes could produce NO and O2" under near steady-state conditions
over time durations exceeding tens of minutes.®
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Figure 1. A) Schematic principle of electrochemical detection of ROS/RNS spilling out individual phagolysosomes
with a platinized SiC@C nanowire electrode (Pt-NWE) inserted into the cytoplasm of a single macrophage (the
pink-colored area at the tip of the NWE symbolizes the black-Pt electroactive coating). B) Typical amperometric
trace recorded in a RAW 264.7 murine macrophages. C, D) Magnified resolution of the two representative spikes
marked by the dashed rectangles in B. C) spike displaying a clear shoulder superimposed onto its exponential
decay branch (75% of events); D) spike displaying a characteristic exponential decay branch (25% of events) as
expected in the absence of ROS/RNS homeostatic mechanism. The orange hatched areas in (C, D) represent the
contributions of the expected releasing behavior in absence of homeostasis while the green hatched one in (C)
represents the superimposed homeostatic contribution (see text and Fig. 2).

However, if the present Pt-NWEs provided an exceptional time resolution in vivo compared to those
used in ref. [5], they could not allow a complete chemical characterization of the efflux giving rise to the
current shoulders during the short time life of electroporated phagolysosomes.!["¥! Instead, a biochemical
approach was implemented by taking advantage that NOX2 and iNOS enzymes may be selectively
inhibited by diphenylene-iodonium chloride (DPI) or N®-monomethyl-L-arginine monoacetate salt (L-
NMMA) respectively. Macrophages treated with DPI and L-NMMA immediately before the intracellular
insertion of a Pt-NWE afforded much fewer and smaller spikes per unit of time. More importantly, their
spikes displayed perfect exponential decay branches (Figure 2C). This confirmed that the species
responsible for the current shoulders of spikes observed in absence of inhibitors (Figure 2A,B) consisted



in freshly produced ROS/RNS. Together with the observations reported in ref. [5] this brings strong

evidences that phagolysosomes are equipped with efficient means of regulating their intravesicular
ROS/RNS content at optimum levels.

For quantitatively investigating the kinetics and intensity of the underlying mechanism we adapted
a previous theoretical modell'®: 1" 12 developed for rationalizing the kinetics of neurotransmitters
release. This allows assessing the ROS/RNS quantities present inside one phagolysosome of released
by it in terms of the electrical charge that they deliver upon oxidation at the Pt-NWE surface rather than
in moles. The two quantities are proportional through the Faraday law. Herein, the time-dependent
quantity of ROS/RNS, Qiy(t), present at time t inside the phagolysosome is then formulated as:!'?!

dQin(t) d dQproda(t)
LD — kgl Qun () + =2 €))

where Q,r04(t) is a time-dependent kinetic term accounting for the ROS/RNS production inside the
phagolysosome during release; kg(‘g is a pseudo-rate constant featuring the diffusion-controlled release

out of the phagolysosome pore of time-dependent radius p(t).['*? The current, i(t), featuring the
ROS/RNS oxidation at the Pt-NWE surface is then:['2<!

i(t) = kgt Qin(®) @
Introducing Eqn (2) into Eqn (1) and integrating affords Eqn (3):
t.
Qproa(® + Qin (1) = Qo — [, i(T)dt 3)
where Qo is the initial ROS/RNS content, i.e., that contained in the phagolysosome just before it is

electroporated.['0hil Q;md, the limit achieved by Q,,q(t) at the end of the spike represents the total

ROS/RNS quantity that has been produced by the phagolysosome while it could maintain its functions
after being electroporated (Figure 2B).

(A)400; 5 i (B)
o o ! 250
300 dra o
oy Y 200
_— I [1h]
Ezno- 6 C:: de rod >0 gﬁo—
= I 9 dE 1001
100+ & ¥ O
[ 50+
' { =
A P A
00 05 10 15 20 25 3.0 00 05 10 15 20 25 30
o time /' ms time / ms
(C) (D) 5]

15 71 | Wmomm
3 e gy 4 *
= 101 ¥ o pre il o
5 ? :'. derod 0 % 2 o ,-‘_)

E P T “] )
=3 3 g %ﬂ dt L 14 ®
&) : C‘Pd;po (@] o
ofped =~ F B Rgrard T (1 o ~—~~——
0 05 1.0 15 20 0.0 05 10 15 20
time / ms time / ms

Figure 2. Typical spikes recorded at Pt-NWEs from phagolysosomes (RAW 264.7 murine macrophages) displaying
an efficient ROS/RNS homeostasis (A, and two more examples are shown in Figure S2) or after inhibition by DPI
and L-NMMA (C), some quantitative data are listed in Table S1. The corresponding charges are displayed in B) for
(A), and D) for (C). In all figures the untreated experimental data are shown in black circles. The orange dashed
curves in A) and C) are the reconstructed spikes assuming no homeostasis. The green dashed curves provide the
computed rates of ROS/RNS homeostatic production in A) and C) or the corresponding charges in B) and D)

respectively. The dashed vertical line in A) marks the instant, texp, at which an efficient production of fresh ROS/RNS
began.



Qo and kg(‘g are intrinsic characteristics of each individual phagolysosome so they are not known a

priory. Even so, they can be determined from the theoretical reconstruction of the variations of the spike
current when Qproa(t) is negligible, i.e., for t < tey (Figure 2A). Indeed, the theoretical procedure
previously developed to account for the treatment of vesicular exocytosis is then readily applicable
based on Egns (1,2).'*l The outcome of this procedure is evidenced by the orange curves
reconstructed and extrapolated in Figures 2A,C. (see more detailed description in Sl and Figure S1 in

Sl for the extracted k{/f} time-variations for the spikes shown in Figures 2A,C). Qo and k{({j being then

known, Eqn (3) immediately affords the time variations of Qprd(t) (Figures 2B,D) whose time derivative

gives med() (Figures 2A,C). This evidenced that for all 75% spikes exhibiting shoulder signals the

homeostatic process was activated less than 1 ms after the beginning of release and led to Q:md values

ranging between ca. one third and one half of the initial content Qo (Table S2, Figure 2B). Conversely,
for the remaining 25% spikes Qprod(t) resulted negligible compared to background current fluctuations
(Fig. 1D; compare Figs. 2C, D).

The same procedure was used to compare the homeostatic performances of different phenotypes
of RAW 264.7 murine macrophages, i.e., in the resting stage (MO type) or after their 24h incubation (M1
type) with LPS/IFN-y.*- 5 15,161 Both phenotypes exhibited extremely different morphologies and diverse
mean intracellular ROS/RNS concentrations as revealed, respectively, by bright-field microscopy and
DCFH-DA fluorescent staining (see insets in Figure 3A).['7]
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Figure 3. A) Typical amperometric traces recorded inside MO (upper) or M1 (lower) RAW 264.7 murine
macrophages; the same scale bar applies to the two amperometric traces; the arrows indicate the moments of
insertion of Pt-NWEs. Insets: optical microphotographs of macrophages (BF: bright field; FL: fluorescence after
staining with DCFH-DA); scale bars: 25 ym. B, C) Distribution of the logarithms of initial, Qo (B) and freshly produced,

Q;md (C) charges recorded for the MO (black, 909 spikes from 15 cells) and M1 (red, 127 spikes from 5 cells)

phenotypes; arrows indicate the average values (see quantitative details in Table S2).



Figures 3B, C and Table S2 evidenced that the mean Qo value for M1 cells (18 fC) was nearly
double that (9.1 fC) for MO cells.l'® The same occurred for the homeostatic efficiency as indicated by

©

Qproq Values (6.1 fC for M1 cells versus 3.1 fC for MO ones).l'®l These quantitative differences confirm

that LPS/IFN-y activated macrophages contain phagolysosomes generating higher initial level of
ROS/RNS (Qo) and equipped with more efficient biological means for maintaining their homeostasis

©

(med). This may be tentatively ascribed to an up-regulation of enzymes due to the LPS/IFN-y

treatment.l'®]

In conclusion, this work reported an easily implemented and very efficient experimental and
theoretical strategy for quantitative monitoring of ROS/RNS content and production by individual
phagolysosomes over sub-millisecond time-scales. This unambiguously unraveled for the first time the
existence of a fast ROS/RNS homeostasis and allowed characterizing quantitatively its efficiency under
different conditions. We believe that this electrochemical strategy will allow deeper quantitative
understanding of phagocytosis.
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