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Abstract. The severe acute respiratory (SARS-CoV-2) jeopardized public health by causing significant morbidity
and mortality among people with pre-existing physiological dysfunction caused by aging, diabetes, hypertension,
and obesity. Besides, patients with severe infections are more likely to have neuro-inflammation and higher mor-
tality risk. Neuroinflammation is majorly caused by activating the brain’s residential macrophage cells called mi-
croglia, which increases the generation of reactive species including nitric oxide via the iNOS pathway. In addition,
NO regulates lysosomal functions and exhibits complex effects on lysosomal machinery to neutralize foreign path-
ogens through phagocytosis and improves host-defense inflammatory response. To date, lack of efficient probes to
monitor lysosomal NO and phagocytosis processes in least explored human microglia during SARS-CoV-2 infec-
tion. Herein, a unique design strategy was adopted for the first time by avoiding the conventional control amination
reaction approach to develop lysosomal specific-NO probe, PDM-NO, which can discriminate activated microglia
from its resting state. The nonfluorescent probe at physiological pH exhibits turn-on response towards NO only at
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lysosomal pH (4.5-5.5). PDM-NO demonstrated lysosomal specificity in activated HMC3 cells and enabled mon-
itoring phagocytosis process with a several advantages compared to commercial E. coli bio-particles. Moreover,
this probe can effectively map the overexpression and dynamics of lysosomal NO levels against SARS-CoV-2 RNA
virus-induced neuroinflammation in HMC3. Thus, lysosome-specific PDM-NO is a potential fluorescent marker
for detecting RNA virus infection in human microglia and excellent molecular probe for monitoring phagocytosis
during neuroinflammation. It could be a useful commercial probe in future for screening viral activity and neuro-
inflammation for diagnosis of neurological diseases.

Introduction. The microglia, macrophage cells located in the central nervous system (CNS), plays a piv-
otal role in various neurological processes, such as neurogenesis, myelination, synaptic pruning, and in-
flammation. The activated microglia migrate to the site of injury or pathogen invasion to respond and
start secreting pro/anti-inflammatory cytokines and neurotoxic molecules, such as interleukin (IL)-6, IL-
1B, tumour necrosis factor (TNF)-a, and nitric oxide (NO) respectively, leading to neuronal dysfunction.*
8 The activation also enables microglia to engulf foreign pathogens through phagocytosis, where phago-
somes containing the pathogens fuse with acidic lysosomes to remove damaged neurons, debris, and
apoptotic cells.®*? During activation, microglia upregulate inducible nitric oxide synthase (iNOS), releas-
ing excess nitric oxide (NO) that influences autophagy through interactions with the lysosomal machin-
ery.*1" Prolonged activation of microglia can lead to neuronal loss and contribute to neuroinflammatory
and neurodegenerative diseases.*'-21 While rodent models have been extensively used to study micro-
glial cell activation and functions, research on human microglia has been limited due to the lack of avail-
ability of HMC3 cells.?

Recent reports have shown that patients suffering from Long-COVID syndrome (LCS) and post-COVID-
19 syndrome (PCS) exhibit neurological alterations, indicating that SARS-CoV-2 impact on cellular dys-
function, and lysosomal egress pathways.?>-28 Notably, oxidative stress appears to be a major driver of the
pathophysiological mechanisms underlying LCS leading to the propagation of neuro-inflammation.2%-32
In severe COVID-19 infections, patients are more likely to experience microgliosis, immune cell accu-
mulation, and a higher risk of mortality.>*** Recent studies have revealed that single-stranded RNA frag-
ments from the SARS-CoV-2 genome can activate innate immune receptors, triggering the secretion of
pro-inflammatory cytokines.*>* However, understanding the dynamics of nitric oxide (NO) in neuroin-
flammation related to COVID-19 linked neurological symptoms in the human brain is currently limited
due to the lack of efficient cellular models for studying these processes.

Therefore, the development of a probe that can rapidly, sensitively, and selectively sense in-situ lysosomal
NO in HMC3 cells and study phagocytosis during infections would provide a unique platform for diag-
nosing and understanding inflammatory diseases. In recent times, small molecular fluorescent probes have
gained prominence as an alternative to ELISA for quantifying NO due to their simplicity, high sensitivity,
and non-invasive real-time imaging capability.>”-*! Although several NO-specific fluorescent probes have
been developed, very few can detect lysosomal NO, and none of them have been reported to study neu-
roinflammation in HMC3. The use of o-diaminophenyl (OPD) ligands with different fluorophores has
been common in developing NO-specific fluorescent probes, following pioneering research by the Na-
gano group.*? Secondary amine (N-methyl aniline) conjugated fluorophores have also been found to be
efficient NO probes due to their faster reaction with NO.*® The Nagano group further reported the use of
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three different cores, including rhodamine,** fluorescein,*® and BODIPY,*® with controlled methylation of
OPD derivatives. However, the tedious control amination process results in N-methyl 3,4-diamino ben-
zene/N1-methylbenzene-1,2-diamine conjugated fluorophores (Scheme 1). While a few more probes have
been developed, most of them suffer from inefficient synthesis, reactivity to NO, and small Stokes shifts
associated with autofluorescence. Additionally, in vitro studies, including cellular experiments, often in-
volve the use of high percentages of toxic organic solvents as co-solvents (Table S2).
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Figure 1. Design principle and proposed mechanism of PDM-NO for mapping nitric oxide in acidic
cellular organelles (Lysosome).

Herein, we developed a unique synthesis strategy to render secondary amine of OPD that overcome con-
trol methylation and double morpholine tagged fluorescent probe, PDM-NO for targeting lysosomes ex-
clusively (Figure 1). It demonstrates a turn-on florescence response to NO within lysosomal pH window.
The morpholine amine tagged-OPD serves as an effective NO trapper, while a novel pentacyclic pyri-
dinium fluorophore acts as a signal transducer. The inclusion of morpholine units enables specific target-
ing of lysosomes. The pH-dependent emission for NO sensing is thoroughly explained by employing
photoinduced electron transfer (PET) through TD-DFT/PCM calculations. The real-time Q-PCR confirms
pro-inflammatory gene expression in activated HMC3 cells. Additionally, the analysis of confocal fluo-
rescence images successfully detects exogenous NO in lysosomes in activated HMC3 for the first time.
Moreover, the probe efficiently monitors in-situ INOS-induced NO in lysosomes and accurately observes
the phagocytosis process. The probe also demonstrates the capability to detect SARS-CoV-2 infection in
activated HMC3 cells through lysosomal NO imaging. Finally, phagocytosis was monitored by the probe
during SARS-CoV-2 infection. Thus, PDM-NO is a promising fluorescent probe for unveiling a new
horizon in neuronal cells, particularly during neuroinflammation.

https://doi.org/10.26434/chemrxiv-2023-vk4f4 ORCID: https://orcid.org/0000-0002-6484-9017 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-vk4f4
https://orcid.org/0000-0002-6484-9017
https://creativecommons.org/licenses/by-nc-nd/4.0/

*Additional pH-responsive
& targeting motif

N NH NH,
0’36'7 NH, NH; v Faster Reaction
- 'hol'et ing . towards ‘NO’
1 ................. o eI Better Sensitivity
& :
o8 .
o
& : Concerns:
& SN <
& NH, N
X X X
Amination >
Reaction
N H
PET acceptor [o] P . E :
o v Tedious control amination reaction
Q
o v Poor yield
_ R oor yie
PDM-NO Ce® e ———————————"

Scheme 1. Schematic representation of newly designed fluorescent probe, PDM-NO with its advantages
on sensitivity, control reactivity compared to conventional OPD-based approach for NO sensing.

RESULTS AND DISCUSSION

Design and Synthetic demonstration of the probe. Recent studies have explored different strategies to
enhance target specificity for specific organelles, including lysosomes, allowing for the regular monitor-
ing of organelle functions. This provides invaluable information for investigating pathways associated
with disease progression. One such strategy involves the use of weakly basic compounds that can accu-
mulate in lysosomes due to their acidic vesicular structure,*” while cationic amphipathic compounds are
targeted to mitochondria.*® In a recent report, we introduced a small molecular fluorescent probe, PM-
Mor-OH, which is conjugated with a weakly basic morpholine amine (Figure 1).*° Surprisingly, despite
its weakly basic nature, the fluorophore demonstrated a preference for targeting mitochondria rather than
lysosomes, likely due to its cationic properties. Here, we adopted two morpholine ligands to introduce
more basic nature into cationic pyridinium fluorophore to develop PDM-NO for targeting lysosomes. It
detects exclusively NO within lysosomal pH window (4.5-5.7) (Figure 1). The secondary amine, N-me-
thyl 3,4-diamino benzene (NM-OPD), demonstrates higher reactivity towards NO compared to its primary
amine counterpart (3,4-diamino benzene known as OPD), resulting in improved sensitivity and higher
enhancement (Scheme 1 and Figure 2).
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Scheme 2. Synthetic Strategy difference among previously reported work and newly designed work. Syn-
thesis of PDM-NO.

Herein, we propose a simple design strategy to efficiently synthesize a secondary amine, N*-(2-morpho-
linoethyl)-benzene-1,2-diamine tagged fluorophore, named as PDM-NO (Pyridinium-Di-Morpholine-
Nitric Oxide), in an easy step from PS-FN (as shown in Scheme 2 and Scheme S3). To synthesize PS-
FN, 1 equivalent of 4-fluoro-3-nitro-benzaldehyde was mixed with 2 equivalents of 6-methoxy-tetralone
in the presence of a catalytic amount of perchloric acid, and the reaction was carried out at 80°C for 2
hours, yielding 67%. Subsequently, PS-FN was treated with 2.5 equivalents of 2-morpholinoethan-1-
amine to obtain PDM which was further reduced using hydrazine and Pd (C) to obtain the final probe.
The product was purified by column chromatography with 65% vyield. The intermediates and the final
probe were characterized by *H-NMR, 3C-NMR, and HRMS (Scheme 2 & S1-S4). In summary, a unigque
design and straightforward synthesis of secondary aromatic amine, a derivative of OPD is adopted that
reacts with NO to show efficient turn on fluorescence response in acidic window.

Spectroscopic Study. Organelle-specific fluorescent probe are always invaluable tools for the investiga-
tion of disease-relevant pathways if the probe exhibits good optical properties and low cytotoxicity.
Hence, we first elucidated spectroscopic properties of PDM-NO, including absorbance maxima (Amax),
emission maxima (/max), Stokes shift, relative quantum yield (®f), and molar extinction coefficient (£) in
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PBS buffer. The solubility of PDM-NO in water (DMSO: H20; 0.1/1000 pL) was evaluated, and it ex-
hibited excellent solubility in an aqueous medium (Figure S1), allowing its use without the need for unsafe
organic solvents typically used with other NO probes (Table S2). This attribute is advantageous for cel-
lular imaging and avoids potential cytotoxicity associated with organic solvents used in other probes (Ta-
ble S2). The PDM-NO showed an absorption and emission maxima at 420 nm and 585 nm respectively
with large Stokes shift of 165 nm (6715.5 cm™) compared to the reported probes (Figure S2). The probe's
large Stokes shift is beneficial for cellular imaging by setting a secondary filter that reduces the auto-
fluorescence, resulting in improved image quality.

The probe exhibited minimal fluorescence (®r=0.005) upon excitation at 420 nm, indicating low auto-
fluorescence. Upon reaction with NO (DEA-NONOate: a commercially available NO donor with a half-
life time of 16 min) at lysosomal pH 4.5, a remarkable fluorescence enhancement was observed, with a
high ®r of 0.26. The probe demonstrated a fluorescence intensity enhancement of approximately 45.1 and
40.5-fold at pH 4.5 and 5.0, respectively, upon titration with 100 uM NO (1 uM probe) as shown in Figure
2e & S3. The probe's emission response to NO at pH 4.5-5 was rapid (Figure 2a and b), occurring in less
than 7 minutes (Figure 2c and d). At physiological pH 7.4, the probe remained almost silent even after
adding an excess of NO, indicating its suitability for lysosomal pH-specific imaging. The limit of detec-
tion for NO was determined to be 23.59 nM using the 3o/k method with a high R?=0.9973 (Figure 2f &
Table S1), demonstrating its sensitivity in detecting low concentrations of NO. PDM-NO exhibited good
photo-stability in PBS buffer at pH 4.5 during continuous irradiation of 450W mercury lamp for 30 min
in the presence of 100 uM NO (Figure S4), ensuring reliable and consistent fluorescence measurements
during imaging experiments.
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Figure 2. Fluorescence spectra of PDM-NO (1 uM) Probe treated with DEA-NONOate (0—800 uM) in
PBS buffer (10 mM) at a) pH 4.5 and b) 5.0 respectively (Jex. 420 nm). Time-dependent fluorescence
intensity changes of probe PDM-NO towards DEA-NONOate (10-200 xM). Each spectrum was recorded
in PBS buffer (10 mM) at c¢) pH 4.5 and d) 5.0 respectively (Jex. 420 nm, Aem. 585 nm). e) Titration of
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100 uM DEA: NONOate with the probe 1 uM shows a fluorescence intensity enhancement with approxi-
mately 45.1 and 40.5-fold at pH 4.5 and 5.0, respectively. ‘EF’ stands for fold of enhancement. f) Limit
of detection (LOD) of the probe was determined to be 23.59 nM using 3a/k method with R>=0.9973.

The reaction of PDM-NO with NO led to the formation of a benzotriazole derivative, PDM-BT, as con-
firmed by HRMS analysis (Figure 1 and S5). The electron transfer from the OPD derivative was inhibited
upon the formation of benzotriazole derivative, resulting in turn-on fluorescence at physiological pH (pH
7.4). However, the fluorescence intensity was enhanced only 4.5-fold (Figure 2e). At lysosomal pH (pH
4.0 to 5.7), after protonation of the morpholine units, the fluorescence intensity was drastically enhanced
(Figure 2e). The underlying principles of these turn-on optical properties were explained using TD-
DFT/PCM theoretical calculations.

Mechanistic investigation using TD-DFT. Next, we studied using theoretical calculation to understand
the modulation of optical properties of the probe alone and after the reaction with NO at variable pH. The
optimized geometry of the probe, PDM-NO and the products PDM-BT at the electronic ground state was
first optimized using density functional theorem (DFT) at the B3LYP level of theory and 6-311++G (d,
p) basic set through the polarizable continuum model (PCM), using water as a solvent. The time-depend-
ent density functional theorem (TD-DFT) was employed for the vertical excitation (absorption) by the
corrected linear response (CLR) method using the non-equilibrium solvation (PISALR) model. The S1
state of PDM-NO showed a clear excited charge transfer (CT) state. The transition occurred from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). HOMO
was predominantly located on the donor part (OPD-Mor) and LUMO was on the fluorophore part (PSM)
(Figure 3a). The overlapping area between the HOMO and LUMO was low, corresponding to its lower
oscillator strength (f=0.15), suggesting the weak-fluorescent property (Table S3). To explain the quench-
ing phenomenon, the role of OPD-Mor and Morpholine (Mor) moiety were considered as both were
attached to the acceptor part of the fluorophore, denoted as PSM. Firstly, as shown in Figure 3b, the
HOMO of OPD-Mor moiety is present above the HOMO of PSM, suggesting photo-induced electron
transfer (PET) is feasible to quench the fluorescence property. Next, the distribution of localized electron
density of PDM-BT was also evaluated (Figure 3a). HOMO and LUMO were located on the PSM and a
high overlapping area between the MOs led to high oscillator strength (f=0.57) in the S1 state (Table S3).
Consequently, the de-excitation/emission of PDM-BT in the S1 state showed high oscillator strength 0.70
compared to unreacted PDM-NO (f<0.01). It also again confirms the turn-on emission property (Table
S4) by suppressing the quenching pathway (PET).

Subsequently, the morpholine group attached fluorophore shows quenching in PSM-Mor (Figure S6). As
shown in Figure 3c and d, the HOMO energy of the morpholine unit (Mor), and PSM exhibited almost
similar (-6.23 eV). Thus, the possibility of electron exchange (EE) or PET between the HOMOs of
both PSM and Mor, may lead to quenching the fluorophore. In acidic lysosomal pH (pH 4.5~5.7), the
HOMO energy of protonated morpholine (MorH*) decreased to -8.07 eV from -6.23 (Mor) (Figure 3d).
Hence, neither EE nor PET processes are feasible to quench the fluorescence properties.
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Figure 3. a) Theoretical representation of PDM-NO and PDM-BT in the S1 state. The localized elec-
tronic charge distribution in HOMO and LUMO, and their corresponding variable oscillator strengths.
b) Theoretical representation of Photoinduced electron transfer (a-PET) process from OPD-Mor moiety.
c) Localized electronic charge distribution in HOMO and LUMO of PSM-Mor, PSM and Mor moiety
and prediction of electron exchange (EE) process. d) Theoretical representation of electron exchange
(EE) process from Mor moiety and in acidic pH neither EE nor PET.

Selectivity Test. The specificity towards NO of the probe is essential for the selective detection of NO in
a complex cellular environment. Thus, we recorded the emission intensity at 585 nm of PDM-NO with
NO (100 pM) and several biologically relevant analysts, including metal ions [Na*, K*, Co?*, Zn?*, Ni%*,
Ca?*, Mg?*, Cu?*, Fe?*, Fe**, NH4*; 500 uM], anions [F, CI, COs*, HCOs™, Cr207, tBuO"; 500 uM],
Sucrose, amino acids [Gly, Ala; 500 uM], bio thiols [Cys, GSH; 500 puM], reactive oxygen species [OH",
KOz, HOCI, H202, NO2", NO; 100 puM], and reactive carbonyl species [FA, MGO, GO; 100 uM] at PBS
buffer (10 mM, pH 7.4). As shown in Figure 4, none of the analysts shows significant fluorescence inten-
sity change with the probe PDM-NO, except for a small fluorescence change for the trivalent metal ions.
The probe only responded with NO, suggesting PDM-NO is a potential probe for further investigating
the imbalance of NO in the lysosomes.
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Figure 4. 1 uM PDM-NO was taken in PBS buffer at pH 4.5 in room temperature and emission was
measured (lex. 420 nm, dem. 585 nm). Then different biological analytes are added in that solution and
emission was taken at the same excitation wavelength.

Cytotoxicity of PDM-NO in HMC3. The biocompatibility of the developed NO-specific fluorescent
probe, PDM-NO, within the permissive concentration range, is extremely crucial for conducting further
experiments. To assess this, we initially evaluated the cytotoxicity of the probe in the human microglia
clone 3 (HMC3) cell line using the methyl thiazolyl tetrazolium (MTT) assay (Figure S7). The probe was
tested at various concentrations ranging from 1 M to 50 M. Remarkably, at a concentration of 10 pM,
the PDM-NO probe exhibited > 90% cell viability. This result indicates its good biocompatibility within
this concentration range and consequently, we selected 10 uM as the appropriate concentration for the
subsequent cellular imaging study.

g-PCR analysis for Activated HMC3. Microglia cells can be activated under diverse signaling cascades
triggered by both intrinsic and extrinsic stimulus including pathogen-associated molecular pattern mole-
cules (PAMPs) (Figure 5a). It is also known that Interleukin-1p (IL-1B) and TNF-a (tumor necrosis factor-
alpha) plays a crucial role as a pro-inflammatory cytokine, upregulating and secreted as part of the primary
host defense against various PAMPs.% To induce activation and promote M1 polarization (pro-inflam-
matory phenotype) of human microglia cells, we treated HMC3 cells with LPS (lipopolysaccharide) and
IFN-y (interferon-gamma) for overnight in culture. To confirm the activation of microglia cells, we per-
formed real-time quantitative polymerase chain reaction (Q-PCR) and quantified the mRNA expression
levels of IL-1p and TNF-a (Figure 5b). Our data revealed a significant 10-15-fold increase in the expres-
sion of TNF-a in microglia cells activated with either LPS or a combination of LPS and IFN-y, compared
to the control group. Besides, we also observed 2-fold increase in IL-1 in both conditions as compared
to the control. These results indicated successful activation of the microglia cells and the induction of a
pro-inflammatory response under the given conditions.
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Figure 5. a) Schematic representation of HMC3 cells activation by different types of intrinsic and extrin-
sic factors and their responses in activated HMC3. b) Q-PCR validation of pro-inflammatory markers
(IL-1p and TNF-@) gene expression in response to different stimuli. Data represent the means £ SEM (n
= 3). * shows significance values compared to control, * p <0.05, ** p <(0.01. Statistical analysis was
performed using Two-way ANOVA. c) The cells were incubated with PDM-NO for 15 min after the cells
were stimulated without/with LPS (1 xg/ ml) at 37 °C for 24 hrs and with exogenous NO (15 and 30 xM)
for 15 min. Images were acquired in a confocal microscope in the green channel, 550—600 nm, ex. 488
nm. The marked yellow circle represents the probe was stained brightly in a colony of distinct activated
HMC3. The image scale bar is 10 um. Images were captured using a 60X oil emersion lens with 2X zoom.
d) Mean intensity image profile of figure ‘c’ without/with the stimulated condition.

NO imaging in HMC3. As PDM-NO exhibits a turn-on fluorescence response towards NO, we further
examined the sensing ability of NO in HMC3 cells. As the probe was non-fluorescent, the cellular imaging
experiments were performed without washing, which minimizes the additional effort for mapping nitric
oxide in cells. Reactive NO is synthesized from L-arginine by activating the iNOS enzyme, which was
induced by treating bacterial lipopolysaccharide (LPS) and interferon-y (IFNy) in living HMC3 cells.>%>!
Cells treated only with the probe, PDM-NO (10 M), showed a negligible green fluorescence, but LPS-
treated cells along with the probe showed a bright green fluorescence (Figure 5¢ & d). This observation
suggests that the probe is specific towards endogenous nitric oxide detection. Next, HMC3 cells were
treated with variable amounts of NO (DEA-NONOate) at 37 °C in Opti-MEM media for 15 minutes

https://doi.org/10.26434/chemrxiv-2023-vk4f4 ORCID: https://orcid.org/0000-0002-6484-9017 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-vk4f4
https://orcid.org/0000-0002-6484-9017
https://creativecommons.org/licenses/by-nc-nd/4.0/

before imaging (Figure 5¢ & d). The fluorescence intensity in cellular imaging from the colony of acti-
vated microglia (marked by the yellow circle) gradually increased with NO concentration in the treated
cells. These results indicate that PDM-NO can detect exo/endogenous NO with an easy and fast response
and may be localized in lysosomes.

Cellular Co-localization Experiment. The cellular co-localization experiments were performed in
HMCS3 cells after activating with LPS, and LPS/IFNy for 24 h (Figure 6a). Confocal fluorescence image
analysis after co-staining with the PDM-NO probe and LysoTracker Deep red for 15 minutes indicated
maximum co-localization of the probe with lysosomes when co-activated with a mixture of LPS and IFNy
(Pearson's correlation coefficient 0.90) compared to LPS alone (Pearson's correlation coefficient 0.84)
(Figure 6b). These results are well correlated with the previous report. Furthermore, to confirm the spec-
ificity of the PDM-NO to NO, we treated an inhibitor of nitric oxide synthase (iNOS) called L-NAME
(L-NC-Nitroarginine methyl ester) and a negligible fluorescence intensity was observed as expected (Fig-
ure 6b). Moreover, the line profile diagram shows the relative trend (LPS-IFNy > LPS > LPS-IFNy-L-
NAME) of iNOS activity and its corresponding fluorescence intensity. Thus, our data clearly state that
the PDM-NO is highly selective for NO and particularly co-localizes with lysosomes.

a) 7 - | L-NAME e :
1 :
: | /’ *’ .i | ..o ‘.\.... ! . ;".:..'.
i = v ¢ T ——— N o
; , LPS
' IFN-y
\ *% 4+ Nitric Oxide
b) Scattering Plot Line Profile Diagram

Probe

+ LPS

Probe

LPS + IFNy

Probe

L-NAME + LPS +
IFNy

Figure 6. a) Schematic demonstration of HMC3 cells activation and inhibition towards NO by different
stimulators and activated state of HMC3 identification by using our PDM-NO probe. b) Confocal fluo-
rescence images for intracellular localization study of PDM-NO probe. Here, the HMC3 cells were ad-
ministrated with a probe that was previously treated with LPS; LPS/IFNy; LPS/IFNy/L-NAME. For la-
beling lysosomes, the cells were also treated with LysoTracker deep Red. Images were taken in the green
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channel (550—600 nm, ex. 488 nm) for PDM-NO and red channel (680—720 nm, ex. 640 nm) for
LysoTracker deep Red and the corresponding scatter plots and line profile diagram were represented.
The line profile diagrams of the merged images are shown by the arrow marks. In the scatter plot, “r”
and “R” represent Pearson’s correlation coefficient and Mander’s overlap coefficient, respectively. The

image scale bar is 10 um. Images were captured using a 60X oil emersion lens with 2X zoom.

Monitoring Phagocytosis. In response to pathogen invasion and injury, activated microglia undergo a
highly ramified transformation and migrate to the lesion area through chemotaxis.'>? They release pro
and anti-inflammatory cytokines along with nitric oxide (NO). High levels of NO serve as a cellular de-
fense mechanism, expelling damaged cells and countering infections caused by invading pathogens.?°
Growing evidence suggests that lysosomes play a crucial role in removing pathogens through phagocyto-
sis in the immune system.>** Studies have reported that LPS/IFNy activation leads to the release of NO
by intracellular iINOS in microglia. This activation enables microglia to perform both immune functions
and support neuronal health, depending on the NO levels.

a) Phagocytosis
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Figure 7. a) Schematic representation of the phagocytosis process against the pathogen in a cellular sys-
tem. b) Confocal fluorescence images for NO-induced phagocytosis study by PDM-NO probe towards
pHrodo-Red E. coli-bioparticles (E. coli. P). Here, the HMC3 cells were administrated with the probe,
that was previously activated with LPS/IFNy for 24 hrs. For labeling lysosomes, the cells were also
treated with LysoTracker deep red. Images were taken in the green channel (550—600 nm, ex. 488 nm)
for PDM-NO, pseudo blue channel for LysoTracker deep red (680—720 nm, ex. 640 nm), and red channel
(620—650 nm, ex. 560 nm) for E. coli. P. The line profile diagrams of the merged images are shown by
arrow marks. The image scale bar is 10 um. Images were captured using a 60X oil emersion lens with 2X
zoom. The zoom images marked a, b and ¢ represent the perfect merged images of the probe with
LysoTracker, the probe with E. coli. P, and the probe with LysoT+E. Coli. P respectively.

Hence, understanding the role of lysosomal nitric oxide in activated microglia and its impact on microglial
phagocytosis is crucial. To investigate the phagocytosis process, we treated pHrodo-Red E. coli-conju-
gated bioparticles (E. coli. P) as foreign pathogens and phagocytotic markers (Figure 7a). We used our
lysosome-specific NO probe, PDM-NO, to monitor the phagocytosis process in both resting and activated
microglia cells.

In Figure S8, we observed the cellular uptake of E. coli. P in LPS/IFNy-treated cells (pre-treated for 24
hours) compared to non-treated HMC3 cells. Activated HMC3 cells exhibited the uptake of numerous E.
coli. P, that could be detected at the single cell level, as shown in the z-stack images (Figure 7b and upper
and side view). Moreover, activated HMC3 cells demonstrated good fluorescence signal overlap among
PDM-NO, LysoTracker red, and E. coli. P (Figure 7b and S8), confirming the definite localization of E.
coli. P to phagolysosomes. The internalization of bio-particles was trapped by the phagosomes and sub-
sequently fused with lysosomes, as tracked by PDM-NO. In resting microglia, PDM-NO did not show
phagosomes or the corresponding phagocytosis process (Figure S8). Overall, the results suggest that our
lysosome-specific NO probe, PDM-NO, effectively monitors the phagocytosis process in activated mi-
croglia cells but not in resting microglia. The study highlights the importance of lysosomal nitric oxide in
phagocytosis and provides valuable insights into the mechanisms of immune responses mediated by mi-
croglia.

Lysosomal NO detection against SARS-CoV-2 RNA in microglia. SARS-CoV-2 hijacks human host
cells and replicating its own genome and generating progenies.> It utilizes the lysosomal egress pathway
as one of the means to exit the host cell before invading various cell types and spreading throughout the
body (Figure 8a).%® Studies have shown that the spike protein of SARS-CoV-2 binds to the TLR2/TLR4
receptor on the surface of immune cells, leading to the activation of pro-inflammatory pathways, cytokine
storm, and promotion of phagocytosis.®”*® To mimic the disease scenario in vivo, we used in vitro tran-
scribed SARS-CoV-2 RNA to transfect HMC3 cells and induce their activation for subsequent pro-in-
flammatory responses.

Initially, we detected the expression of the spike protein in SARS-CoV-2 RNA-transfected HMC3 cells
using immuno-fluorescent labelling with the RBD antibody (Figure 8b & c). Additionally, real-time Q-
PCR studies confirmed the upregulation of pro-inflammatory responses in HMC3 cells upon exposure to
SARS-CoV-2 by quantifying the gene expression of IL-1B and TNF-a (Figure 8d). Specifically, SARS-
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CoV-2-treated HMC3 cells exhibited a very intense fluorescence intensity of PDM-NO localized to ly-
sosomes (Figure 8e). This was further confirmed by its well co-localization with the LysoT probe, as
evidenced by the Pearson's coefficient (r) value of 0.91. The PDM-NO, being highly specific to the lyso-
some, displayed a turn-on response to the INOS-induced lysosomal NO in SARS-CoV-2- RNA-
transfected activated HMC3 cells. These findings indicate that SARS-CoV-2 RNA triggers pro-inflam-
matory responses in HMC3 cells, leading to lysosomal NO generation. The use of our lysosome-specific
NO probe, PDM-NO, enables the visualization and detection of lysosomal NO response, providing valu-
able insights into the host cell-pathogen interactions during SARS-CoV-2 infection.
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Figure 8. a) Schematic representation of SARS-CoV-2 replication process. b) confocal microscopy imag-
ing showing expression of spike protein in the cytoplasm of SARS-CoV-2 RNA transfected HMC3 cells
compared to non-transfected control cells. ¢) The mean fluorescent intensity value of Figure 8b, was
represented as a bar diagram. Data represent the means + SEM (n = 3). * shows significance values
compared to control, with a p-value <0.0001(unpaired t-test Welch’s correction). d) Q-PCR validation
of pro-inflammatory response of activated HMC3 through administration of SARS-CoV-2 RNA; Data
represent the means = SEM (n = 3). * shows significance values compared to control, * p < 0.05, ** p <
0.01. Statistical significance was calculated using Two-way ANOVA. e) Confocal fluorescence images for
intracellular localization study of PDM-NO probe. Here, the HMC3 cells were administrated with a
probe that was previously transfected with SARS-CoV-2 RNA. For labeling lysosomes, the cells were also
treated with LysoTracker deep Red. Images were taken in the green channel (550—600 nm, ex. 488 nm)
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for PDM-NO and red channel (680—720 nm, ex. 640 nm) for LysoTracker deep Red and the correspond-
ing scatter plots were represented. In the scatter plot, “r” and “R” represent Pearson’s correlation co-
efficient and Mander’s overlap coefficient, respectively. The image scale bar is 10 um. Images were cap-
tured using a 60X oil emersion lens with 2X zoom.

SARS-CoV-2 RNA-induced phagocytosis in HMC3. Currently, there is no effective way to study phag-
ocytosis during SARS-CoV-2 invasion in any brain cellular model, including HMC3, due to the lack of a
suitable tool. We have already observed an increase in lysosomal NO during the SARS-CoV-2 attack
(Figure 8e). To address this limitation, we propose a method to study the phagocytosis process in HMC3
cells using confocal fluorescence imaging with our developed probe. Herein, PDM-NO (probe),
LysoTracker red (LysoT), and E. coli. P were administrated with HMC3 cells, which was previously
transfected with SARS-CoV-2 RNA for 24 hrs. As shown in Figure 9, we obtained perfectly overlapping
images of the PDM-NO with LysoT and E. Coli P. Moreover, zoom images (marked a, b, ¢ and d respec-
tively of Figure 9) further confirmed the phagolysosomal fusion of bio-particles. In conclusion, our find-
ings provide valuable insights into the phagocytosis process during SARS-CoV-2 invasion in HMC3 cells.
This novel approach can potentially serve as a valuable tool for future studies investigating the mecha-
nisms of viral invasion in brain cellular models. Most importantly, the probe can be implicated for screen-
ing the efficacy of any vaccine or therapeutics against SARS-CoV-2 that might be governed by NO dy-
namics to neutralize foreign pathogens through lysosomal degradation, i.e., phagocytosis.

SARS-CoV-2 RNA induced Phagocytotic response

== Line Profile diagram

Figure 9. Confocal fluorescence images for SARS-CoV-2 RNA-induced phagocytosis response study in
HMC3 by PDM-NO probe. Here, the HMC3 cells were administrated with the probe, that was previously
transfected with SARS-CoV-2 RNA for 24 hrs. For labeling lysosomes, the cells were also treated with
LysoTracker deep Red. Images were taken in the green channel (550—600 nm, ex. 488 nm) for PDM-NO,
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pseudo blue channel for LysoTracker deep red (680—720 nm, ex. 640 nm), and red channel (620—650
nm, ex. 560 nm) for E. coli. P. The line profile diagrams of the merged images are shown by arrow marks.
The image scale bar is 10 um. Images were captured using a 60X oil emersion lens with 2X zoom. The
zoom images marked a, b, ¢ and d represent the perfect merged images of the probe with LysoTracker,
the probe with E. coli. P, LysoTracker with E. coli. P and the probe with LysoT+E. Coli. P respectively.

CONCLUSIONS

We have developed a unique synthetic strategy to create an OPD-derivative that exhibits an efficient flu-
orescent probe, named PDM-NO. It specifically targets lysosomes and allows for the detection of NO.
This probe was designed by avoiding the tricky controlled amination reaction to render OPD derivative.
It contains a positively charged pyridinium moiety with two morpholine units, which grants it excellent
water solubility and lysosomal specificity. The probe demonstrates rapid responses to NO, with high sen-
sitivity. The optical properties of PDM-NO are mostly regulated by PET which is well explained by
DFT/TD-DFT/PCM theoretical calculations. The probe responds to NO by inhibiting the PET process,
while the protonation of the morpholine unit interrupts the PET/EE process within the lysosomal pH win-
dow (pH 4.0 to 5.7). This unique probe shows significant potential for detecting lysosomal NO during
inflammation in activated HMC3 cells. Furthermore, it also effectively monitors the phagocytosis process
in activated microglia cells. The study highlights the importance of lysosomal nitric oxide in phagocytosis
and provides valuable insights into the mechanisms of immune responses. PDM-NO enables the visuali-
zation and detection of lysosomal NO triggered by SARS-CoV-2 RNA. It offers valuable insights into the
host cell-pathogen interactions during SARS-CoV-2 infection and phagocytosis process in HMC3 cells.
This approach can potentially serve as a valuable tool for future studies, investigating the mechanisms of
viral invasion in brain cellular models. Most importantly screening the efficacy of any vaccine or thera-
peutics against SARS-CoV-2 can also be studied.
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