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Reactive oxygen and nitrogen species (ROS/RNS) in macrophages have
a potent killing effect on pathogens that infect the host. Here, we
achieved in situ, quantitative detection of the homeostasis of four
primary ROS/RNS (ONOO™, H,0,, NO, and NO, ) and their precursors
(O2* ", NO) in phagolysosomes of single RAW 264.7 macrophages after
phagocytosis of Escherichia coli with platinum-black nanoelectrodes.
Enhanced bactericidal activity of the macrophages was observed by an
increase in the total amount of ROS/RNS as well as the level and
proportion of ONOO™, a potent bactericidal species of RNS. Moreover,
both the bactericidal process and the steady-state replenishment
process were dominated by the production of RNS (NO-based), reveal-
ing differences in the enzyme kinetics of the bactericidal process.

Bacteria are the main pathogens of microbial infections, including
Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), etc., and
cause a wide range of diseases affecting human and animal life and
health, such as pyelonephritis, septicemia, meningitis and so on."
The innate immune response is the host’s first line of defense
against bacterial infection.” Macrophages, the primary type of
innate immune cell, are capable of recognizing pathogens through
the pattern recognition receptor present on their surface, following
capture and subsequently destroying pathogens through the for-
mation of phagolysosomes.” In this process, NADPH oxidase (NOX)
and inducible nitric oxide synthase (iNOS) on the phagolysosomes
are activated, and a variety of reactive oxygen and nitrogen species
(ROS/RNS) are further synthesized. The ROS/RNS can oxidize a
range of biological molecules including DNA, lipids, and functional
proteins, resulting in the destruction of the pathogens.* Thus, the
composition and levels of ROS/RNS have an important influence
on their antimicrobial activity. Quantitatively distinguishing the
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ROS/RNS during the bactericidal process of macrophages could
contribute to the comprehension of cellular immune mechanisms,
thereby enhancing the efficacy of anti-infective therapies and
mitigating inflammation during infection. In recent decades,
ROS/RNS during bacterial infection have been studied using
fluorescent imaging and microfluidic chips.” However, these assays
generally perform a semi-quantitative analysis or endpoint detec-
tion of single or total levels of various ROS/RNS in the cytoplasm,
while the composition, contents, and homeostatic processes of
ROS/RNS within phagolysosomes remain unclear.

Nanoelectrodes possess the advantages of small size, high sensi-
tivity, and fast response speed, which can be inserted into cells to
realize electrochemical dynamic monitoring of electroactive sub-
stances at the level of single cells and organelles with high spatio-
temporal resolution, but without severely affecting cell activity.® The
determination of ROS/RNS in individual activated phagolysosomes
of lipopolysaccharide (LPS)-stimulated macrophages has been
reported previously, and it was revealed that the production of
RNS was predominant during continuous inflammatory situa-
tions.” In particular, the platinum-black nanowire electrodes
(SiC@Pt NWEs)”® were employed in conjunction with intracellular
vesicle impact electrochemical cytometry (IVIEC)® to achieve in situ,
quantitative and sub-millisecond dynamic discrimination of four
primary ROS/RNS (ONOO, H,0,, NO, and NO, ) in individual
phagolysosomes during RAW 264.7 macrophage sterilization pro-
cesses. Through comparative analysis of the content and proportion
of the produced and initial ROS/RNS and their precursors (O,° ",
NO), the kinetic difference of NOX and iNOS in homeostasis
supplementation during host defense was investigated.

To study the content and proportion of ROS/RNS during
bacterial infection, fluorescein isothiocyanate (FITC)-labeled
inactivated E. coli (Fig. S1, ESIT) was used to co-culture with
RAW 264.7 macrophages. Confocal and TEM images showed
that macrophages were able to internalize E. coli after 12 h, and
the number of internalized bacteria was positively correlated
with time. After 48 h of phagocytosis, the fluorescent spots of
E. coli in macrophages showed a reduction in size and intensity,
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Fig. 1 (A) Fluorescence images of macrophages before phagocytosis of
E. coli. (M0O) and after phagocytosis for 24 h and 48 h. (B) 3D confocal image
of macrophages after phagocytosis of E. coli for 24 h. TEM images of MO-type
macrophages (C) and macrophages after phagocytosis of E. coli for 24 h (D).

indicating bacterial decomposition (Fig. 1A-D and Fig. S2, S3,
ESIT). Accordingly, macrophages after 24 h phagocytosis of
E. coli were selected to determine the levels of ROS/RNS
generated during the sterilization process, and then DAF-FM
DA and DCFH-DA probes were used to characterize ROS and NO
after phagocytosis of the pathogens by macrophages. The
results showed that the levels of ROS and NO were significantly
increased in the macrophages after phagocytosis of E. coli as
compared to the MO type (Fig. S4, ESIt). In addition, calcein-AM
and PI staining showed that macrophage activity still remained
high under the determined conditions (Fig. S5, ESIT).
Macrophages phagocytize pathogens to form phagolyso-
somes and generate ROS/RNS precursors (O,*” and NO)
through NOX and iNOS, respectively. O,°~ is converted to
H,0, by superoxide dismutase (SOD), while O,*~ and NO will
further rapidly react to form ONOO™ under diffusion control.
ONOO™ is a more oxidizing and cytotoxic species with a short
lifetime, which could further convert to more stable NO, .*°
And the relationship between the production of substances
follows the equations (ESI, T eqn (1)-(3)). This series of ROS/RNS
has a crucial impact on the defense and killing of pathogens in
the phagolysosomes. The SiC@Pt NWEs exhibit distinct oxida-
tion potentials for the four primary ROS/RNS (ONOO™, H,0,,
NO, and NO, ) (Fig. S6, ESI{).” To differentiate individual ROS/
RNS while simultaneously reducing interference from other
species, the optimal detection potentials for the four primary
ROS/RNS were +100 mV, +500 mV, +600 mV, and +800 mV
(Fig. S7, ESIt). During the IVIEC events, each phagolysosome in
a macrophage ruptured on the electrode surface by electropora-
tion and released its entire contents resulting in the generation
of a spike signal.” The charge value (Q) of a single spike signal
was obtained by integrating the signal. The series of spike
signals was observed after inserting NWE into the macrophages
and applying different potentials (+800 mV, +600 mV, and
+500 mV) (Fig. 2A). However, the minimum potential of IVIEC
events is +500 mV,’ and thus the detection of ONOO™ and H,0,
would be realized simultaneously at this potential and cannot
be quantified separately. In order to distinguish ONOO™ and
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Fig. 2 (A) Representative amperometric traces recorded after insertion of
a SiC@Pt NWE into macrophages after 24 h phagocytosis at (a) +800 mV,
(b) +600 mV, (c) +500 mV and (d) +500 mV (CAT pre-incubated). Typical
events marked with an asterisk in each trace were shown at large resolu-
tion (the black triangles indicated normal spikes, and the red asterisks
indicated shoulder spikes). (B) Statistical analysis of log;oQ at different
potentials (mean + SEM, one way ANOVA), ***P < 0.001, **P < 0.01, n.s.:
no significance. (C) Scheme of the chemical relationships between four
primary ROS/RNS and their precursors (O,*~ and NO). The average
amounts of substance (n) of each species are indicated in parentheses.

decomp.

diffusion

H,0,, the specific scavenger of H,0, (catalase, CAT) was pre-
incubated with macrophages to monitor ONOO™ alone (Fig. S8,
ESIT). Besides, no spike signal was generated after inserting
SiC@Pt NWEs into E. coli solution or inserting carbon-coated
SiC nanowire electrodes (SiC@C NWEs)'' into macrophages
after 24 h phagocytosis (Fig. S9 and S10, ESIt), suggesting that
interference from other electroactive substances as well as
bacteria could be ruled out in the assay.

The statistical data of the signals at different potentials
showed that the electric quantity at different potentials were
log-normally distributed (Fig. S11, ESIT), and their peak values
at +800 mV, +600 mV, and +500 mV were significantly different:
10g10Qs00mv = —13.61 £ 0.01, 10g10Qs00my = —13.77 & 0.03,
10g10Q500my = —14.14 % 0.02, 10g10Qs00omv+car = —14.21 £ 0.02
(Fig. 2B). According to the equations 4-7 and Faraday’s law
(ESI), Q = nzF where F = 96 500 C mol ' is the Faraday constant
and z is the electron transfer number (Zy,0, = Zno, = 2,
Zno = Zonoo- = 1), the quantities of four ROS/RNS can be
obtained: ny o, = 5 2zMoOl, nonoo- = 60 zMOl, NN, = 40 zmol, nne
=100 zmol (Fig. 2C). The precursors of four primary ROS/RNS
(0,*” and NO) were calculated by means of the relationship

between the substances shown in Fig. 2C: gy = 115 zmol and

nR&Rt = 205 zmol, noticed that the amount of 0,*~ was ca. half
that of NO. The overall quantity of both ROS and RNS was
augmented in comparison to LPS-activated phagolysosomes in our
previous work,” suggesting that macrophages exhibit heightened
bactericidal efficacy in actual bacterial eradication. Additionally,
the content of ONOO™, which plays a significant role in the killing
capacity of RNS, was also elevated. These evidences indicated that
macrophages initiated a bactericidal process predominantly invol-
ving RNS when eliminating pathogens.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Schematic diagram of the detection principle of the produced
(Qproa) and initial (Qo) ROS/RNS. (B) Proportions of normal spikes and
shoulder spikes at different potentials. (C) Log-normal distribution of
charge value (logipQproq) at different potentials (purple, +800 mV,
n = 226 events from 20 cells; green, +600 mV, n = 219 events from 26
cells; orange, +500 mV, n = 94 events from 15 cells; blue, +500 mV (CAT
pre-incubated), n = 86 events from 13 cells). (D) The amounts and
proportion of the produced four primary ROS/RNS and their precursors
(O2*~ and NO). (E) Schematic diagram of the transformation and propor-
tion of freshly produced four primary ROS/RNS and their precursors (O5°*~
and NO) during homeostatic replenishment in a single phagolysosome.

Similar to previous work,”'? it was noted that a majority of
the spikes exhibited a “shoulder”, i.e., current fall-off tails that
deviated significantly from the normal exponential expected
behavior. Upon the consumption of ROS/RNS by NWEs within
their phagolysosomes, a rapid replenishment mechanism of
iNOS and NOX was initiated within sub-milliseconds to main-
tain the killing ability of the phagolysosomes, resulting in the
“shoulder” spikes (Fig. 3A). The number of shoulder spikes was
further calculated and the percentage of shoulder spikes was
found to be ca. 60% at both the +800 mV and +600 mV, while
the percentage of shoulder peaks was found to decrease signifi-
cantly to ca. 20% at +500 mV (Fig. 3B). This indicated that the
steady-state replenishment process generated species were
predominantly NO-based. These findings are consistent with
the kinetics of the two enzymes and previous conclusions
from simulated bactericidal models constructed using LPS
stimulation.”"® Subsequently, in order to further investigate
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the shoulder spikes, the previously constructed kinetic model
was employed to split the shoulder peaks.'? Briefly, it deconvo-
lutes mathematically the current time variation, fitted based on
the behavior of the spike currents prior to the inflection point
of the downward trend (ESIt). The shoulder spikes were then
split into two portions with the charge of newly produced
(Qproa) and initial (Q,) ROS/RNS.

Statistical analysis was performed on the amount of newly pro-
duced ROS/RNS during homeostatic replenishment in individual
phagolysosomes. The Qproq under different potentials were consistent
with log-normal distribution (Fig. 3C), while no significant difference
between the value obtained at +800 mV (10g10Qprod,s00mv = —14.17
0.02) and +600 mV (10g10Qprode0omyv = —14.26 £+ 0.04), and those
obtained at +500 mV (l0g10Qprod,500mv = —14.80 & 0.04) and on pre-
incubation with CAT at +500 mV (10g10Qprod,s00mvicar = —14.82 *
0.04) (Fig. S12, ESIt). The amount of the four ROS/RNS species was
calculated: ”g;)doz = 1 zmol (ca. 1%), nBye - =15 zmol (ca. 25%),

nergdZ = 5 zmol (ca. 10%), nRS® = 40 zmol (ca. 64%) (Fig. 3D), and the

precursors of ROS/RNS were calculated according to the conversion
relationship between ROS/RNS: npoazlff“"’md = 20 zmol, P = 60
zmol (Fig. 3D). It is shown that the replenishment process is
dominated by the production of NO, with a less amount of O,*~
being produced. Moreover, only a very small amount of O,*~ would
be converted to H,O, by SOD, and most of the O,* ™ would be rapidly
generated with NO to ONOO™ under diffusion control (Fig. 3E).
Moreover, the statistical analysis of initial content revealed
that the Q, under different potentials also conformed to the log-
normal distribution (Fig. 4A), and the peak values at +800 mV,
+600 mV and +500 mV potential were significantly different:
10210Q0,s00my = —13.69 £ 0.01, 10g10Q0 s0omy = —13.89 % 0.04,
10g1oQo,500mv = —14.19 + 0.04, 10g1oQo,500mv+CAT = —14.26 +
0.03 (Fig. 4B). The amounts of four primary ROS/RNS were
calculated by using the equations: n%lzoz = 5zmol (ca. 3%),
nonoo- = 35 zmol (ca. 34%), nY, = 35 zmol (ca. 23%), nxo =
70 zmol (ca. 40%) (Fig. 4C), and their precursors were further
calculated according to the conversion relationship between

ROS/RNS: n3" = 105 zmol and nE*"%° = 160 zmol (Fig. 4C).
These evidences implied that the ROS/RNS in phagolysosomes
accumulated over time, with the amount of ROS increasing but
remaining significantly less than that of RNS. The proportion of
ONOO™ increased, while the conversion ratio of ONOO™ to
NO,™ (ca. 41%) also showed an increasing trend compared with
the production process (ca. 30%) (Fig. 4D). This phenomenon
may be attributed to the continuous reaction of O,*~ and NO to
ONOO™ during the bactericidal process to maintain the bacter-
icidal capacity of the phagolysosomes. At the same time, the
ONOO in the phagolysosomes was partially consumed under
the bactericidal effect for a period of time.'°*'* On the other
hand, due to its strong oxidative activity and cytotoxicity of
ONOO™, it will bring some damage to the host itself while
achieving host defense.'” Therefore, in order to prevent exces-
sive levels of ONOO™ from causing severe injury to the host,
part of the ONOO™ was converted to the more stable NO, .
Thus, the combination of antimicrobial activity and host cell
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Fig. 4 (A) log-normal distribution of charge value (log;0Qq) at different
potentials (purple, +800 mV, n = 226 events from 20 cells; green,
+600 mV, n = 219 events from 26 cells; orange, +500 mV, n = 94 events
from 15 cells; blue, +500 mV (CAT pre-incubated), n = 86 events from
13 cells). (B) Statistical analysis of log;0Qq at different potentials.
***P < 0.001, n.s.: no significance. (C) The amounts and proportion of
the initial four primary ROS/RNS and their precursors (O,*~ and NO). (D)
Schematic diagram of the transformation and proportion of four primary
ROS/RNS and their precursors (O,*~ and NO) after a period of storage in a
single phagolysosome.

protection mechanism led to an increase in the conversion of
ONOO™ to NO, ™ after a period of storage.

In conclusion, the SiC@Pt NWE was employed in combi-
nation with the IVIEC to monitor the contents, composition,
and homeostatic complement of the four primary ROS/RNS
within individual phagolysosomes throughout bactericidal pro-
cesses in single RAW 264.7 macrophages. The experimental
results showed that macrophages initiate an RNS-based bacter-
icidal process after recognizing and phagocytosing pathogens.
Additionally, the content of ROS/RNS in phagolysosomes with
pathogens was higher than that in activated macrophages
stimulated by LPS.” Meanwhile, the level and proportion of
ONOO ™, which plays a major bactericidal role in RNS, also
showed an increasing trend. Upon the rapid depletion of
ROS/RNS within phagolysosomes, NOX and iNOS promptly
initiated a homeostatic replenishment mechanism within
sub-milliseconds to maintain the killing capacity of phagolyso-
somes, as evidenced by the production of large quantities of
NO. These findings revealed the complex interactions and
bactericidal processes of ROS/RNS during bacterial infection
and host defense, thereby providing a basis for the regulation
of ROS/RNS during macrophage immunity. It is anticipated
that this will lead to improvements in the therapeutic efficacy of
bacterial infections by targeted regulation of ROS/RNS in
macrophages and may provide new ideas for the prevention
of bacterial infections and the development of new therapeutic
strategies.
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