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Unravelling Immune-Inflammatory Responses and
Lysosomal Adaptation: Insights from Two-Photon Excited

Delayed Fluorescence Imaging

Xiang Wang, Gaona Shi, Shengnan Xu, Yuansheng Sun, Hailin Qiu, Qinghua Wang,
Xiaowan Han, Qingyang Zhang,* Tiantai Zhang,* and Hai-Yu Hu*

Two-photon excitation (TPE) microscopy with near-infrared (NIR) emission
has emerged as a promising technique for deep-tissue optical imaging.
Recent developments in fluorescence lifetime imaging with long-lived
emission probes have further enhanced the spatial resolution and precision of
fluorescence imaging, especially in complex systems with short-lived
background signals. In this study, two innovative lysosome-targeting probes,
Cz-NA and tCz-NA, are introduced. These probes offer a combination of
advantages, including TPE (4., = 880 nm), NIR emission (4., = 650 nm),
and thermally activated delayed fluorescence (TADF) with long-lived lifetimes
(1.05 and 1.71 ps, respectively). These characteristics significantly improve
the resolution and signal-to-noise ratio in deep-tissue imaging. By integrating

1. Introduction

Two-photon imaging has emerged as
a powerful tool for investigating bio-
logical systems, offering high spatial
resolution, minimal photodamage, and
long-wavelength excitation (800-1000 nm)
for in vitro and in vivo applications.['-*I The
use of two-photon excitation (TPE) probes
with near-infrared (NIR) emissions en-
ables deeper tissue penetration, facilitating
biomolecule imaging.”-1% However, image
quality often suffers from reduced signal-to-
noise ratio due to excitation light scattering

an acousto-optic modulator (AOM) device with TPE microscopy, the authors
successfully applied Cz-NA in two-photon excited delayed fluorescence
(TPEDF) imaging to track lysosomal adaptation and immune responses to
inflammation in mice. This study sheds light on the relationship between
lysosome tubulation, innate immune responses, and inflammation in vivo,
providing valuable insights for the development of autofluorescence-free

molecular probes in the future.
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and autofluorescence.''*/ Recent ad-
vances in fluorescence lifetime imaging
with long-lived emitters address these limi-
tations by eliminating nanosecond lifetime
background fluorescence and enabling
microsecond to millisecond timescale
signal accumulation from long-lifetime
probes.['*201 To date, two-photon excited
delayed fluorescence (TPEDF) imaging,
which combines TPE and delayed fluores-
cence, represents a pioneering approach to
visualizing biological functions. However, this field remains rel-
atively underexplored, with only one very recent publication, and
it lacks in vivo imaging studies.[?!]

Lysosomes, once seen primarily as digestive organelles, have
emerged as intricately regulated cellular components deeply in-
volved in inflammation and immunity regulation.??! These dy-
namic organelles play a pivotal role in modulating immune-
inflammatory responses, contributing to cellular homeostasis
and immune processes.[?*2*] Observing and studying lysosomal
adaptation provide valuable insights into its role in immune-
inflammatory modulation, advancing our understanding of dis-
ease pathogenesis and potential therapeutic targets.[?! Conven-
tional lysosomal trackers have limitations hindering precise,
long-term monitoring, particularly in complex in vivo systems.
Thus, innovative lysosome-targeting probes are crucial for accu-
rate, real-time lysosomal visualization in immune-inflammatory
responses, in vitro and in vivo.

The naphthalimide scaffold holds promise for efficient TPE
probes.?6®1 In this study, we designed two novel donor-
acceptor-donor (D-A-D) type thermally activated delayed fluores-
cence (TADF) probes, Cz-NA and tCz-NA, incorporating a rigid
1,8-naphthalimide acceptor skeleton with carbazole (Cz) or
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Figure 1. Schematic diagram of the a) design and b) biological applications of Cz-NA and tCz-NA.

(t-butyl)-carbazole (¢Cz) units as electron donors. We further in-
corporated the 2-morpholinoethylamine moiety to confer wa-
ter solubility and enhance lysosome targeting and accumula-
tion capabilities.[**-32] These probes exhibited large Stokes shifts
of ~200 nm, NIR emission at 650 nm, and effective separa-
tions of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) electron den-
sities, resulting in small AEg values of 0.10 and 0.12 eV,
and long luminescence lifetimes of 1.05 and 1.71 ps, respec-
tively. To overcome the limitations of the current two-photon
fluorescence lifetime imaging system, where the two-photon
laser is limited to producing high-frequency single-pulsed sig-
nals (usually 80 MHz) and encounters challenges in collecting
long fluorescence lifetime signals, we integrated an acousto-
optic modulator (AOM) into the system. This integration al-
lowed us to attain precise and adjustable frequency and duty
cycle controls (Figure 1a), thereby enhancing our ability to
perform effective TPEDF imaging. This improvement has sig-
nificantly increased our capacity to accurately capture long-
lived fluorescence signals and visualize biological events. Fur-
ther, Cz-NA was successfully employed in TPEDF imaging to
monitor real-time lysosomal dynamics in LPS-activated phago-
cytes (Figure 1b). Our results revealed significant lysosomal
volume expansion and retention capacity in activated immune
cells compared to resting counterparts. Additionally, we visu-
alized substantial lysosome expansion in activated immune
cells using a mouse ear swelling model-contact hypersensitivity
(CHS) responses,?*! providing scientific insights into lysosome’s
function in immune cell activation and immune-inflammatory
responses.
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2. Results and Discussion

2.1. Synthesis and Characterization of Cz-NA and tCz-NA

Cz-NA and tCz-NA were efficiently synthesized in a single step
using 2F-NA, previously prepared by our group.!*! (Scheme S1,
Supporting Information). Suitable single crystals for X-ray
diffraction analysis were obtained through the gradual evapora-
tion of a Cz-NA solution in a dichloromethane and methanol mix-
ture (1:4, v/v) (Table S1, Supporting Information). As depicted
in Figure 2a, Cz-NA assumes a twisted conformation, character-
ized by two carbazole groups positioned closely to each other,
featuring substantial dihedral angles of 62.7° and 64.7° in rela-
tion to the naphthalimide moiety. This twisted structure serves
a dual purpose: it prevents fluorescence quenching in the aggre-
gated state caused by intermolecular stacking and fosters effec-
tive charge separation between HOMO and LUMO, ultimately
leading to delayed fluorescence. In Figure 2b, the molecular pack-
ing and various intermolecular interactions are illustrated. Ad-
jacent molecules assemble through head-to-tail stacking, facili-
tated by numerous C-H---x and C-H---O interactions, while -z
stacking is conspicuously absent. These intermolecular interac-
tions enhance rigidity and minimize nonradiative energy dissi-
pation.

2.2. Theoretical Calculations of Cz-NA and tCz-NA
To further explore the distinctions in geometric structure and

electron density distribution between Cz-NA and tCz-NA, we
conducted molecular simulations using time-dependent density
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Figure 2. Crystal structures of a) Cz-NA and b) molecular packing and interactions of Cz-NA. The calculated spatial distributions of the HOMO and
LUMO energy densities and energy splitting (AEst) between singlet and triplet states of ¢) Cz-NA and d) tCz-NA.

functional theory (TD-DFT) within the B3LYP/TZP basis set, em-
ploying the ADF 2021 package. The computed energy levels of
HOMO and LUMO, along with the optimized geometries of Cz-
NA and tCz-NA, were displayed in Figure 2¢,d. The calculated
data revealed that Cz-NA and tCz-NA exhibited HOMO/LUMO
energy levels of —6.12/-3.58 and —5.97/-3.55 eV, respectively,
with corresponding band gaps of 2.54 and 2.42 eV. The HO-
MOs of Cz-NA and tCz-NA primarily resided on the carbazole
moiety due to their strong electron-donating capability, while

Adv. Healthcare Mater. 2024, 2304223

2304223 (3 of 11)

the LUMOs were situated on the naphthalimide moiety, ow-
ing to its pronounced electron-withdrawing properties. This spa-
tial electronic separation, a prominent characteristic of typi-
cal TADF molecules, effectively disrupted the electronic tran-
sition of the charge-transfer excited state and reduced AEq;.
The dihedral angles between the various carbazole donor units
and the naphthalimide unit in the optimized geometries were
64.9° and 65.6°, respectively. This dihedral angle value for Cz-
NA is closely aligned with those obtained from single crystal
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Figure 3. a) Absorption and b) fluorescence emission spectra of Cz-NA and tCz-NA (20 uM) in PBS buffer (pH 7.4) with 2.0% DMSO as co-solvent.
¢) Fluorescence emission intensity of Cz-NA and tCz-NA (20 uM) in a mixture of THF and water at different f,. Cz-NA: 4., = 655 nm; tCz-NA: 4., =
660 nm. Blue line: Cz-NA,; red line: tCz-NA. d) SEM and e) TEM images of Cz-NA. f) SEM and g) TEM images of tCz-NA. Fluorescence emission decay

of h) Cz-NA and (i) tCz-NA (20 uM) in toluene after deoxygenating. Blue line: Cz-NA; red line: tCz-NA; black line: IRF. Ao/ A¢p, = 475/640 nm.

analysis. Moreover, the AEg; was typically influenced by the
dihedral angle, which governs the extent of HOMO-LUMO
separation.!**33] Consequently, the calculated A Eg; values for Cz-
NA and $Cz-NA were 0.05 and 0.15 eV using the LCY-PBE/TZP
basis set, respectively, indicating efficient up-conversion from
T, to S,. To experimentally determine their AEg; values, we ex-
amined the emission spectra of Cz-NA and tCz-NA in oxygen-
free 2-methyltetrahydrofuran (2-MeTHF) at 77 K (Figure S1 and
Table S2, Supporting Information). The low-temperature emis-
sion properties yielded estimated AEq; values of 0.10 eV for Cz-
NA and 0.12 eV for tCz-NA in 2-MeTHF. These experimental
AEg; values closely matched the theoretical calculations, affirm-
ing the TADF characteristics of Cz-NA and tCz-NA.

2.3. Photophysical Properties Characterizations of Cz-NA and
tCz-NA

We conducted UV-vis absorption and fluorescence emission
spectra measurements of Cz-NA and tCz-NA in various sol-
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vents (Figure S2, Supporting Information). Notably, we ob-
served negligible solvent dependence in the absorption spec-
tra of Cz-NA and tCz-NA. In solvents with differing polar-
ities, both Cz-NA and tCz-NA displayed the lowest energy
absorption bands at ~435 and 460 nm, respectively. These
bands were attributed to charge-transfer absorption, primar-
ily involving electron transfer from the carbazole moieties to
the naphthalimide. Furthermore, we observed a distinct sol-
vatochromism effect in the fluorescence emission spectra of
Cz-NA and tCz-NA. To investigate their suitability for biolog-
ical applications, we measured the absorption and emission
spectra of Cz-NA and tCz-NA in phosphate-buffered saline
(PBS) (Figure 3a,b). Cz-NA and tCz-NA exhibited absorbance
peaks at 445 and 470 nm, respectively, and broad fluores-
cence emissions with maxima at 655 and 660 nm, indicat-
ing near-infrared emissions suitable for deep tissue imaging.
The small red-shift in Cz-NA and tCz-NA absorption peaks in
PBS (445 and 470 nm) compared to organic solvents (435 and
460 nm) is likely a result of aggregation in the PBS buffer.
We determined the fluorescence quantum yields of Cz-NA and
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tCz-NA to be 2.06% and 1.80% in toluene using the inte-
grating sphere method. Subsequently, we utilized Cz-NA and
tCz-NA for a more in-depth investigation of their aggregation-
induced emission (AIE) properties. In a PBS solution, Cz-NA
and tCz-NA exhibited the ability to aggregate. The emission in-
tensity of both Cz-NA and tCz-NA in the THF/H,O mixture ini-
tially decreased as the water fraction increased from f, = 0%
to 70%. However, a remarkable enhancement in emission oc-
curred upon further increasing the water fraction from f, =
70% to 98%. This enhancement was attributed to the restric-
tion of intramolecular vibration in Cz-NA and tCz-NA in the
aggregated state (Figure 3c and Figure S3, Supporting Infor-
mation). Moreover, we characterized the sizes of Cz-NA and
tCz-NA in water using a scanning electron microscope (SEM)
and transmission electron microscope (TEM) (Figure 3d-g).
The results revealed mean particle sizes of ~150 nm for
Cz-NA and ~500 nm for tCz-NA. These findings provided
clear evidence of the AIE property exhibited by Cz-NA and
tCz-NA.

Transient photoluminescence (PL) of TADF typically com-
prises two components: prompt and delayed fluorescence. No-
tably, the lifetime of delayed fluorescence is sensitive to oxy-
gen. To delve deeper into the TADF properties, we initially mea-
sured the PL decay curves of Cz-NA and tCz-NA in toluene under
oxygen-free and ambient air conditions, respectively (Figure 3h,i
and Figure S4, Supporting Information). In oxygen-free toluene,
both Cz-NA and tCz-NA exhibited substantial delayed fluores-
cence with average lifetimes of 1.05 and 1.17 ps (Table S3, Sup-
porting Information). However, in the presence of oxygen, the
delayed fluorescence of both Cz-NA and tCz-NA vanished, giv-
ing way to only prompt fluorescence with lifetimes of 13.01 and
11.46 ns (Figure S5 and Table S4, Supporting Information). This
phenomenon exemplified the typical TADF property, where oxy-
gen quenches triplet states, resulting in the disappearance of
delayed fluorescence. Furthermore, the temperature-dependent
transient PL decay spectrum of Cz-NA and tCz-NA in the solid
state was investigated. As the temperature rose, the lifetime of the
delayed components gradually intensified, which demonstrated
the TADF properties of Cz-NA and tCz-NA (Figure S8a,b, Sup-
porting Information). Meanwhile, we investigated the effect of
oxygen on PL intensity (Figure S8c,d, Supporting Information).
After oxygenating, the fluorescence intensity of Cz-NA and tCz-
NA exhibited a significant enhancement compared to Cz-NA
and tCz-NA under air atmosphere, demonstrating the sensitivity
of fluorescence intensity to oxygen. These results demonstrated
that Cz-NA and #Cz-NA had TADF features. Subsequently, we
examined the fluorescence emission decays of Cz-NA and tCz-
NA in a THF/H,O mixture with f,, = 98% and PBS (Figures S6
and S7 and Tables S5 and S6, Supporting Information). In the
THF/H,0 mixture (f, = 98%), both Cz-NA and tCz-NA dis-
played evident delayed fluorescence with lifetimes of 2.92 and
3.63 s, respectively. Similarly, in PBS, Cz-NA and tCz-NA ex-
hibited noticeable delayed fluorescence with lifetimes of 2.46
and 2.35 ps, respectively. These results underscored that Cz-NA
and tCz-NA, characterized by their aggregation-induced emis-
sion (AIE) properties, could effectively combat O, quenching
of triplet states, thereby enhancing aggregation-induced delayed
fluorescence.
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2.4. One-Photon Fluorescence Intensity and Lifetime Imaging for
Cz-NA In Vitro

Motivated by the favorable TADF properties observed in the so-
lutions of Cz-NA and tCz-NA, we investigated their potential
for fluorescence imaging within living cells. Considering the
relatively large particle size of tCz-NA in aqueous solutions,
we opted to focus on exploring imaging and biological appli-
cations using Cz-NA. To begin, we conducted cell viability as-
says for Cz-NA on macrophages (RAW 264.7) and bone marrow-
derived dendritic cells (DC) using the CCK-8 kit (Figure S9, Sup-
porting Information). Besides, as shown in Figure S10, Sup-
porting Information, both RAW264.7 cells and DC cells ex-
hibited no apoptosis rates after being treated with Cz-NA (10
and 20 uM) for 24 h in vitro. For the excitation and emission
wavelength of Cz-NA was 488 and 650, we used the Cz-NA
(10and 20 uM) sole treatment group as a negative control to ex-
clude non-specific staining. As shown in Figure S10, Support-
ing Information, the percentage of 7-AAD*Annexin V- cells af-
ter treated with Cz-NA (10 uM) for both RAW264.7 and DC
cells was 3.58 and 4.87, and the percentage of 7-AAD*Annexin
V-~ cells after treated with Cz-NA (20 uM) for both RAW264.7
and DC cells was 6.88 and 7.09. The results revealed that ex-
posure to Cz-NA did not induce any noticeable cytotoxic re-
sponses, indicating the low cytotoxicity and excellent biocom-
patibility of Cz-NA in both RAW 264.7 cells and DC. Further-
more, we aimed to establish specific staining within lysosomes.
To achieve this, we conducted a colocalization study of Cz-NA
in RAW 264.7 cells and DC with commercially available track-
ers via confocal laser scanning microscopy (CLSM). As depicted
in Figure 4a, and Figures S11 and S12, and Tables S7 and
S8, Supporting Information, Cz-NA (red channel) exhibited a
high degree of overlap with Lysosome Tracker Red (green chan-
nel), as evidenced by the high Pearson’s and overlap correlation
coefficients.[*®] This compellingly demonstrated that the fluores-
cence emitted by Cz-NA was primarily concentrated within the
lysosomes.

Encouraged by the one-photon fluorescence imaging result
obtained with Cz-NA, we proceeded to utilize Cz-NA to inves-
tigate immune-inflammatory responses and lysosomal adapta-
tion. When activated by inflammatory factors, the endo-lysosome
morphology of RAW 264.7 cells and DC undergoes a signifi-
cant transformation, changing from numerous individual puncta
into a tubular network. We examined the endo-lysosome mor-
phology of these cells using CLSM imaging experiments. Ini-
tially, we pre-incubated RAW 264.7 cells and DC with Cz-NA
and lysosome tracker red to ensure that the endo-lysosomes
were loaded with the dye in both resting and activated cells.
Subsequently, we exposed the cells to either LPS or a vehi-
cle alone for 24 h to induce endo-lysosome tubulation and
serve as a control, respectively. As depicted in Figure 4a, af-
ter 24 h of LPS activation, we clearly observed that both the
endo-lysosomes of RAW 264.7 cells and DC displayed a tubu-
lar form and exhibited an expanded total endo-lysosomal vol-
ume. To substantiate this observation, we quantified the to-
tal endo-lysosome volume in LPS-activated and resting cells
using fluorescence intensity analysis, leveraging the fluores-
cence intensity of Cz-NA and lysosome tracker red (Figure S13,
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Figure 4. a) Confocal fluorescence images of Cz-NA (10 uM) in RAW 264.7 cells and DC treated with LPS for 24 h for co-localization, incubated with
lysosome tracker red DND-99. Red channel for Cz-NA: A, = 488 nm, A,,,, = 580-635 nm. Green channel for lysosome tracker red DND-99: 4., =561 nm,
Aem = 580-635 nm. Blue channel for Hoechst 33342: A, =405 nm, A, = 420-470 nm. Scale bar = 20 pm. b) Two-photon confocal fluorescence images
of Cz-NA in RAW 264.7 cells and DC treated with LPS for 24 h. Red channel for Cz-NA: 1., = 880 nm, 4., = 580-635 nm. Blue channel for Hoechst 33342:
Aex =780 nm, A, = 420-470 nm. Scale bar = 20 um. c) The schematic of two-photon confocal microscopy for FLIM. Two-photon delayed fluorescence
intensity images, delayed fluorescence lifetime images, and lifetime fitting plots of d) RAW 264.7 cells and e) DC treated with LPS for 24 h incubated
with Cz-NA (10 uM). 4., = 880 nm (50 kHz repetition). Fluorescence intensity and lifetime signals were collected using a 580-635 nm filter. Scale bar =

20 um (n = 3).

Supporting Information). Through fluorescence analysis, we
noted a substantial increase in the fluorescence intensity of lyso-
somes in both RAW 264.7 cells and DC after 24 h of LPS stim-
ulation. Additionally, DC exhibited a higher fluorescence in-
crease than RAW 264.7 cells, indicating that DC was more sensi-
tive than macrophages. This observation demonstrates that ac-
tivated phagocytes have an increased endo-lysosomal volume
relative to resting cells. Interestingly, we observed a relative
decrease in fluorescence intensity with commercial lysosome
tracker red in 24 h LPS-stimulated DC, which might due to dif-
ferent lysosomal staining mechanisms, potentially yielding mis-
leading outcomes. Utilizing the Cz-NA probe, during the in-
flammatory state, we achieved clear imaging of a significant
transformation of the endo-lysosomal system with the increasing
fluorescence intensity of Cz-NA, transitioning from individual
globular organelles to intricate tubular networks inflammation-
induced lysosome activation. This result suggests that Cz-NA
holds significant potential for unraveling immune-inflammatory
responses and lysosomal adaptation during the inflammatory
process.
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2.5. Two-Photon Fluorescence Intensity and Lifetime Imaging for
Cz-NA In Vitro and In Vivo

In TPEDF imaging, precise modulation of the TPE flicker fre-
quency is crucial.’”! To meet this requirement, we established
a time-resolved TPE imaging system and incorporated an AOM
to control the TPE ON/OFF frequency and duty cycle. The AOM
has the capacity to modulate the laser ON/OFF frequency from
1 Hz up to 1 MHz for fluorescence and phosphorescence life-
time measurements. This system allows us to precisely adjust the
imaging parameters for measuring long-lived fluorescence and
phosphorescence lifetimes over a wide range, from submicrosec-
onds to hundreds of milliseconds (as illustrated in Figure 4c, ad-
ditional details can be found in the Supporting Information). To
demonstrate the capabilities of our system, we first investigated
the phosphorescent decay curves of Cz-NA in the solid state fol-
lowing two-photon femtosecond laser excitation. In Figure S14,
Supporting Information, we fitted the delayed fluorescence life-
time decay curve of Cz-NA using an exponential fitting model.
Our findings revealed significant delayed fluorescence in the
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solid state, with an average lifetime of 8.128 ps for Cz-NA. Ex-
ploiting these promising spectral properties, we conducted endo-
lysosome labeling and imaging using Cz-NA in a two-photon
confocal fluorescence imaging setup. We employed RAW 267.4
cells and DC for this study. As shown in Figure S15a,c, Sup-
porting Information, the cell images labeled with Cz-NA exhib-
ited bright red fluorescence in macrophage and DC exposed to a
vehicle-alone control, which aligned well with one-photon confo-
cal imaging. Subsequently, we stimulated the cells with LPS for
24 h and then applied Cz-NA labeling. In Figure 4b, we observed
that the endo-lysosomes in both cell types had transformed into a
tubular network after 24 h of LPS stimulation. Furthermore, we
introduced dexamethasone (DEX), an anti-inflammatory agent,
to suppress the LPS-induced stimulation. Figure S15b,d, Sup-
porting Information showed that after adding DEX, the morphol-
ogy of the endo-lysosomes reverted from a tubular network to
individual puncta. This underscores Cz-NA'’s efficacy in endo-
lysosome labeling and its capacity to visualize comprehensive
endo-lysosomal volume changes during LPS stimulation via two-
photon confocal imaging. Subsequently, we performed lifetime
imaging using a two-photon laser scanning microscope and time-
resolved phosphorescence microscopy to visualize the changes
in endo-lysosomes during LPS stimulation in living macrophage
and DC. Furthermore, we obtained long fluorescence lifetime
signals with a mean lifetime of 2.071 ps in RAW 264.7 cells and
2.148 ps in DC when Cz-NA was incubated with cells undergo-
ing LPS stimulation (Figure 4d,e). Additionally, long fluorescence
lifetime signals with a mean lifetime of 1.894 ps in RAW 264.7
and 1.343 ps in DC were recorded when Cz-NA was incubated
with cells exposed to both LPS and DEX (Figure S16, Supporting
Information). Both of these show that during phagocyte activa-
tion after LPS stimulation, the lysosome undergoes an expansion
in volume and capacity. These results underscore the potential of
Cz-NA for tracking endo-lysosome morphology and visualizing
changes in the endo-lysosomal microenvironment in inflamma-
tory cells.

After the successful visualization of endo-lysosome changes
with Cz-NA in cells, we employed this probe for monitoring the
process of immune-inflammatory responses in a murine ear in-
flammation model in vivo (Figure 5a). Balb/c mice were divided
into three groups, each consisting of five individuals. In two
of these groups, croton oil was applied to the right ears to in-
duce an inflammatory response, inducing an inflammatory re-
sponse and activating the innate immune system.***!l Subse-
quently, one of the inflamed groups received treatment with com-
mercially available DEX ointment (10 pg per mouse) through
transdermal application, administered 30 min after the induc-
tion of inflammation.[*** The third group, comprised of healthy
mice, served as the negative control. Cz-NA, dissolved in DMSO
with 2% azone, was administered to the right ears of all three
groups (10 mg kg1, 20 ul per mouse) via the transdermal route.
After 4 h of croton oil stimulation, we employed two-photon
confocal phosphorescence microscopy to capture time-resolved
phosphorescence images in vivo and perform lifetime analysis.
In Figure 5b-d, the in vivo images of Cz-NA revealed numer-
ous bright red fluorescence signal dots in the inflamed group,
whereas much fewer fluorescence signals were observed in the
vehicle or DEX-treated groups. These results were further con-
firmed by time-resolved fluorescence imaging in investigations.
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As depicted in Figure S17, Supporting Information, long-lifetime
signals were detected in the inflamed group, with an average
lifetime of 2.054 ps. In contrast, much less long-lived fluores-
cence signals were found in the vehicle and DEX-treated groups.
This finding indicated the recruitment of macrophages and DC to
the site of inflammation. Furthermore, immunofluorescence re-
sults confirmed the co-localization of Cz-NA within lysosomes of
CD11c/CD11b-positive antigen-presenting cells (Figure 5e and
Figures S18 and S19, Supporting Information). These results
aligned well with the above in vitro imaging.

2.6. Cz-NA Promotes Phagocytosis and Anti-Inflammatory Effect
of AntigenPresenting Cells

Phagocytosis plays a pivotal role in immune cells, driving es-
sential functions such as antigen presentation and pathogen
elimination.[**®l To assess the impact of Cz-NA on phagocytosis,
we conducted in vitro experiments using the model antigen oval-
bumin (OVA). The results clearly demonstrated that Cz-NA treat-
ments (10 uM) significantly enhanced the phagocytic functions
both in RAW 264.7 and DC. Additionally, macrophages treated
with lower concentrations of Cz-NA (2.5 and 5 uM) also displayed
a marked improvement in phagocytosis (Figures 6a,b, and S24,
Supporting Information). Subsequently, we investigated the in-
fluence of Cz-NA on surface markers of macrophages and DC.
As shown in Figure 6¢, Cz-NA (10 uM) increased the percentage
of CD11b*F4/80* in macrophages. In contrast, Cz-NA (2.5 and
5.0 uM) led to a decrease in the percentage of CD11c¢*CD86" and
CD11c*MHCII* DC, both in the presence and absence of LPS
(1 mg ml™!) in lower concentrations treated group. (Figure 6d,e
and Figure S25, Supporting Information). We further delved into
the anti-inflammatory properties of Cz-NA in both macrophages
and DC. Irrespective of LPS treatment (1 mg ml™?), Cz-NA (2.5,
5.0, and 10 uM) significantly decreased the release of IL-6 in
macrophages and DC and also markedly reduced the release of
TNF-a in DC (Figure 6f-h). In summary, Cz-NA exhibited sig-
nificant biological functions by enhancing phagocytosis and ex-
erting anti-inflammatory effects. Furthermore, in a mouse ear in-
flammation model, Cz-NA (10 mg kg1, 20 pl per mouse) demon-
strated the capability to reduce ear thickness in mice treated with
1.5% croton oil, with results comparable to those achieved with
the positive control, commercially available dexamethasone oint-
ment (10 pg per mouse) (Figure 6i and Figure S26, Supporting
Information).

2.7. Biosafety Assessment

Biocompatibility is essential for the in vivo biological applica-
tions of autofluorescence-free molecular probes. For the in vivo
safety analysis, Cz-NA (10 and 20 mg kg~!, 20 ul per mouse)
was treated through a transdermal administration route on the
right ears of mice for 24 h. The body weight showed no differ-
ence among all groups (Figure S23, Supporting Information) and
no damage and inflammation were observed on the H&E im-
ages of the main organs (Figure S24, Supporting Information).
The complete blood panel test and serum biochemistry assays
(Figures S25 and S26, Supporting Information) illustrated that
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(a)
Top View
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Croton Oil
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(b)

Control

Croton Oil + DEX

Cz-NA

Cz-NA Merged

Figure 5. a) The front and top views of two-photon FLIM imaging for ear swelling mouse model in vivo. Fluorescence imaging and lifetime images of
Cz-NA in b) control group, c) ear swelling mouse model group, and d) DEX-treated pinna swelling mouse model group in vivo. 4., = 880 nm, A.,, =
580-635 nm. Scale bar = 200 um. e) Confocal imaging of the immunofluorescence staining of Cz-NA, CD11b, and CD11c cells in ear tissues of the
pinna swelling mouse model group. Red channel for Cz-NA: 4., = 488 nm, A.,, = 580-635 nm. Green channel for Cd11b/CD11c: A,, = 488 nm, A, =

500-550 nm. Blue channel for DAPI: 4

Cz-NA did not cause significant changes to the key hematological
parameters and serum biochemical indicators after transdermal
administration. All these data confirmed that Cz-NA possessed
good biocompatibility for in vivo applications.

3. Conclusion

In conclusion, we have introduced a novel two-photon ex-
cited delayed fluorescence methodology, capable of monitor-
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=405 nm, A, = 420-470 nm. Scale bar = 20 ym (n = 5).

ing lysosomal adaptations and immune-inflammatory responses
both in vitro and in vivo. This approach allows us to track
the endo-lysosomal system and observe immune cells, such
as macrophages and DC, transition between resting, inflam-
matory, and anti-inflammatory states. Notably, during the in-
flammatory state, we observed a remarkable transformation of
the endo-lysosomal system within immune cells, transition-
ing from individual globular organelles to intricate tubular net-
works. This transformation was captured effectively through both
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Figure 6. The biological effects of Cz-NA on inflammation and inflammatory antigen-presenting cells both in vitro and in vivo. The phagocytosis efficacy
of a) RAW 264.7 and b) DC on model antigen OVA (20 ug mL™") after being treated with Cz-NA (2.5, 5.0, and 10 uM) for 24 h. c) The percentage of
CD11b*F4/80" RAW 264.7 cells after treated with Cz-NA (2.5, 5.0, and 10 uM) together with or without LPS (1 mg ml~") for 48 h. d) The percentage of
CD11c*CD86* DC after treated with Cz-NA (2.5, 5.0, and 10 uM) together with or without LPS (1 mg ml~') for 48 h. e) The percentage of CD11c*MHCII*
DC after treated with Cz-NA (2.5, 5.0, and 10 uM) together with or without LPS (1 mg ml~") for 48 h. IL-6 secretion from f) RAW 264.7 cells and g) DC
after treated with Cz-NA (2.5, 5.0, and 10 uM) together with or without LPS (1 mg ml~") for 48 h. h) TNF-a secretion from DC after treated with Cz-NA
(2.5, 5.0, and 10 uM) together with or without LPS (1 mg ml~") for 48 h. i) Ear thickness as a function of Cz-NA treatment in mice with ear swelling.
Data are given as the mean + SEM (n = 5). Statistical analysis was implemented using one-way ANOVA, followed by Dunnett’s multiple comparison
tests. Statistical significance values indicated as follows: ns, not significant (p > 0.05). p < 0.05: significant differences compared to the control group.

AD = D — Dy o1 Where D is the thickness of the ear tissues with treatment and Do is the thickness of the other normal ear of the mouse.

one-photon and two-photon fluorescence intensity imaging us-
ing Cz-NA. Moreover, in a murine ear swelling experiment, Cz-
NA proved invaluable as an in vivo probe, enabling us to visualize
the recruitment of inflammatory cells, including macrophages
and DC, to the swelling ear. This recruitment was further con-
firmed by co-staining with both CD11c and CD11b positive cell
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markers. Additionally, Cz-NA exhibited the capability to enhance
phagocytosis and demonstrated anti-inflammatory effects in both
in vitro and in vivo studies. Our findings provided an innovative
imaging technology and expanded our understanding of lysoso-
mal dynamics in activated immune cells and their pivotal role in
immune cell activation and inflammatory responses.
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4. Experimental Section

Synthetic Procedures and Characterized Data: Detail synthetic proce-
dures and characterized data can be found in Supporting Information.

Theoretical Calculations of Cz-NA and tCz-NA: The geometric struc-
tures and molecular frontier orbitals of Cz-NA and tCz-NA were con-
ducted using time-dependent density functional theory (TD-DFT) within
the B3LYP/TZP basis set, employing the ADF 2021 package. The calculated
AEgy values for Cz-NA and tCz-NA were using the LCY-PBE/TZP basis set.

Mice and Cell Differentiation and Activation: ~Balb/c mice 6-8 weeks old
were purchased from Beijing HFK Bioscience Co. Ltd and were housed
under specific pathogen-free conditions. All animal experiments were ap-
proved by the Animal Care and Use Committee of the Institute of Materia
Medica, Chinese Academy of Medical College (approval No. 00004182 and
00004194).

DC was obtained from Balb/c mice by incubating primary bone mar-
row cells for 7 days in RPMI 1640 (Gibco) supplemented with 1% sodium
pyruvate, 50 U ml~1 penicillin, 50 ug ml~" streptomycin, 5 x 107> M 2-
mercaptoethanol, and 10% FBS (all from Invitrogen) supplemented with
20 ng ml~! recombinant GM-CSF (PeproTech) and 10 ng mI~" IL-4 (Pe-
proTech).

The RAW 264.7 cell line used in the experiments was purchased from
the ATCC Cell Resource Centre. RAW 264.7 cells were cultured in RPMI
1640 containing 10% FBS and 1% sodium pyruvate, 50 U ml~! penicillin,
and 50 pg ml~1 streptomycin, under a humidified atmosphere of 5% CO,
at 37 °C under normoxic conditions.

Cell Viability Assays: DC and RAW 264.7 cells were incubated for 24 h
with increasing amounts of Cz-NA (0.625, 1.25, 2.5, 5, and 10 uM). After
incubation, cell viability was assessed with the CCK-8 kit protocol. The ab-
sorbance was measured at 450 nm with a Tecan Spark 10 M Multimode
Microplate Reader. Cell viability was calculated according to the following
formula: Cell viability (%) = (A — Acz.na — Ao) | (As — Ag) X 100%, where
A'is the absorbance of the experimental group, Ac,.na is the absorbance of
Cz-NA at 450 nm, A is the absorbance of the control group, and Ay is the
absorbance of the blank group (no cells). The experiment was repeated
three times for each compound.

Annexin V-FITC/7-AAD Staining: Cell apoptosis assay was tested ac-
cording to the manufacturer’s instructions for Annexin V-FITC/7AAD
apoptosis detection kit (BioLegend, San Diego, USA). Briefly, RAW 264.7
and DC cells were seeded and grown overnight, then treated with 10 and
20 uM for 24 h. Cells were washed, collected, and resuspended with 100 pl
Annexin V binding buffer containing 5 ul Annexin V-FITC and 5 pl 7-AAD
for 10 min at room temperature in the dark. The fluorescence intensity of
each group was analyzed within 1 h by flow cytometry (Longcyte, Challen-
bio, China). The data were collected to analyze the percentage of apoptosis
cells.

Lysosome Colocalization Analysis of RAW 264.7 Cells and DC Incubated
with Cz-NA:  Colocalization experiments were conducted by co-staining
the RAW 264.7 cells and DC with different treatments (vehicle, LPS
[1 mg ml~1], LPS+DEX [10 uM]) with appropriate combinations of Cz-NA
(10 uM) for 24 h, and the corresponding commercial organelle markers
(Lysosome Tracker Red DND-99 for Lysosome) for 30 min. Fluorescence
imaging experiments were implemented by a Nikon Ti2U microscope us-
ing 60x magnification. Cz-NA were excited at 488 nm and the emissions
were collected in the range of 580-635 nm (red); while 50 nM Lysosome
Tracker Red DND-99 was excited at 561 nm and the fluorescence was mon-
itored at 580-635 nm (green); meanwhile Hoechst 33342 was excited at
405 nm and the fluorescence was monitored at 420-470 nm (blue). The
corresponding Pearson’s and overlap correlation coefficients were calcu-
lated by using the software Image J.

Two-Photon Fluorescence Lifetime Imaging Microscopy (FLIM) In Vitro:
Two-photon fluorescence intensity and lifetime imaging experiments were
conducted by staining the RAW 264.7 cells and DC with different treat-
ments (vehicle, LPS [1 mg ml~1], LPS+DEX [10 uM]) with appropriate
combinations of Cz-NA (10 uM) for 24 h. Hoechst 33342 was added to
cells for 5 min. Fluorescence imaging experiments were implemented by
the Nikon Ti2U microscope using 60x magnification. Cz-NA were excited
at 880 nm and the emissions were collected in the range of 580-635 nm
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(red); meanwhile Hoechst 33342 was excited at 780 nm and the fluores-
cence was monitored at 420-470 nm (blue).

Mice Ear Swelling Model Induction and Lysosome Tracker Labeling:  For
the induction of skin inflammation, we used 20 pl 1.5% croton oil sensi-
tization on the right mouse ears by transdermal treatment. The lysosome
tracker Cz-NA in DMSO with 2% azone (10 mg kg=', 20 ul per mouse)
was treated by transdermal treatment after sensitized with croton oil for
30 min, and swelling was measured after 4 h of sensitization. Mice in
commercially available dexamethasone ointment as the positive control
group were also transdermally treated with commercially available dex-
amethasone ointment (10 pg per mouse) and DMSO with 2% azone (20
ul per mouse) as negative control was treated by transdermal treatment
after sensitized with croton oil for 30 min. Two-photon fluorescence imag-
ing lifetime imaging experiments were implemented by the Nikon Ti2U
microscope using 4X magnification. Cz-NA were excited at 880 nm and
the emissions were collected in the range of 580-635 nm (red). The FLIM
data were analyzed using the ISS VistaVision 64-bit software using an ex-
ponential decay model.

Statistical Analysis:  Statistical analysis was implemented using Stu-
dent’s t-test or one-way ANOVA. All the results were analyzed with the use
of Prism 7 (Prism GraphPad Software, Inc., San Diego). Analysis of flow
cytometry data was performed by FlowJo 7.6.1 software (BD Biosciences,
New York, USA). Data were expressed as mean = SD for in vitro experi-
ments and mean + SEM for in vivo experiments. Statistical significance
values were indicated as follows: ns, not significant (p > 0.05). p < 0.05:
significant differences compared to the control group.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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