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Iron, particularly redox-active ferrous ions (Fe2"), is essential for biological processes. Despite their pivotal
roles, analysis of Fe** jons within individual extracellular vesicles (EVs) has been hindered by the ultralow
Fe?* content and substantial heterogeneity of EVs. To address this, we developed a novel approach by
integrating an Fe?*-specific fluorescent chemosensor (Ac-FluNox) with nano-flow cytometry (n\FCM) for
precise single-EV Fe>* mapping. Method specificity to Fe2* was validated via Fe**-loaded liposomal models
at the single-particle level. Comprehensive profiling of Fe?* distributions in HT-1080-derived EVs under
varying ferroptotic stress conditions revealed the striking heterogeneity in Fe?* loading among EVs and a
strong positive correlation between EV Fe?* levels and their parental cells. Notably, we identified an EV-
mediated Fe?" export mechanism that functionally parallels to ferroportin (FPN)-dependent iron efflux,
suggesting EVs may serve as a compensatory iron-release pathway during FPN inhibition. The nFCM
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DOI: 10.1039/d55d00060b platform achieved superior detection sensitivity with high throughput (up to 10 particles per min),

providing a powerful analytical tool for investigating EV heterogeneity and Fe?"-mediated regulatory
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Introduction

Iron, the most abundant transition metal in human physiology,
serves as a pivotal redox cofactor in oxygen-dependent metabolic
pathways, spanning mitochondrial respiration, hemoglobin-
mediated oxygen transport, and ATP synthesis, mediated by its
unique electron-shutting capacity via Fe**/Fe®" interconversion.'”
Cellular ion homeostasis is precisely controlled by iron-regulatory
proteins that maintain the dynamic equilibrium between Fe*
and Fe*".*® Due to the high cellular abundance of reductants
such as glutathione, intracellular labile iron consists of Fe*"
primarily, which participates in regulating iron metabolism
through binding to small molecules or proteins.”® Therefore,
elucidating Fe*’-mediated regulatory mechanisms provides
critical insights into metabolic homeostasis and iron-regulatory
networks. Although cells have evolved sophisticated systems for
the uptake, transport, utilization, storage, and export of Fe**,'*™
the intricacies of intercellular Fe** regulation remain poorly

understood.”” ™ Extracellular vesicles (EVs), nanoscale lipid-
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networks in iron homeostasis and ferroptosis-related pathologies.

bilayer-delimited  particles  that mediate intercellular
communication through selective cargo transfer,"*™® have
emerged as key players in iron-related bioactive substance
trafficking.***° The biogenesis of Fe*'-containing EVs occurs
through coordinated interactions between multiple organelles
(including endosomes, lysosomes, and mitochondria) and
cytosolic Fe** pools, enabling active loading of redox-active iron
during vesicle maturation. Through this mechanism, EVs
critically regulate parental cell iron homeostasis and ferroptosis
propagation.’*'**" Consequently, quantification of intravesicular
Fe*" is indispensable for deciphering EV-mediated biological
functions and their underlying regulatory networks.

Iron exhibits diverse chemical speciation and functional states
within EVs, encompassing free Fe*", Fe*', and ferritin-bound
iron.> While inductively coupled plasma mass spectrometry (ICP-
MS) has enabled quantification of total iron content in EVs, this
approach lacks specificity for discriminating between distinct
iron species.”” Current methodologies, including advanced
fluorescent chemosensors and commercial assay kits, require EV
disruption for Fe?* detection,”?* thereby providing only
ensemble-averaged measurements that obscure the inherent
heterogeneity of EVs. Single-EV characterization technologies,
such as super-resolution fluorescence microscopy, droplet digital
PCR (ddPCR), and nano-flow cytometry (nFCM), have
unequivocally demonstrated the marked heterogeneity of EVs in
terms of size, composition, and cargo loading.**° Consequently,
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Scheme 1 Single-EV Fe?* profiling via Ac-FluNox labeling coupled
with nFCM detection.

single-particle-resolution analysis of Fe** within EVs represents a
fundamental prerequisite for investigating the heterogeneity and
regulatory mechanisms of EVs in iron metabolism. Building on
these technological advances, nFCM stands out as the optimal
platform for single-EV Fe*' analysis, uniquely combining: (i)
high-throughput detection (up to 10* particles per min) essential
for capturing population heterogeneity; (ii) quantitative
multiparameter measurement of size, fluorescence intensity, and
concentration; and (iii) sizing accuracy comparable to cryo-TEM,
which collectively enabling unprecedented resolution of Fe>"
distribution patterns in EV subpopulations.****

In this study, we developed a novel method for detecting
Fe’* in individual EVs by integrating the Fe>"-specific
fluorescent chemosensor (Ac-FluNox) with nFCM (Scheme 1).
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Upon esterase activation within EVs, Ac-FluNox generated
morpholinorhodol (MR) through its reaction with Fe*"
exhibiting detectable green fluorescence. The specificity and
reliability of this Fe** labeling approach were validated using
Fe*'-loaded liposomes as model systems. Leveraging this
platform, we performed systematic profiling of Fe*
distributions and dynamic changes in EVs derived from HT-
1080 cells under various ferroptosis-inducing conditions.
Significantly, our results revealed a strong correlation of Fe**
levels between EVs and their parental cells, providing
mechanistic insights into EV-mediated regulation of iron
homeostasis during ferroptosis.

Results and discussion

Synthesis and performance evaluation of Fe>" chemosensor
Ac-FluNox

As illustrated in Scheme S1, the fluorescent chemosensor Ac-
FluNox was synthesized according to the previously reported
procedure,**?? with the target compound characterized by 'H
NMR, C NMR (Fig. S1 and S2). Leveraging N-oxide
chemistry for fluorescence switching, the N-O bond in Ac-
FluNox isolates the nitrogen atom from p-conjugation,
yielding a fluorescence turn-off state. Subsequential esterase
hydrolysis followed by Fe*'-mediated deoxygenation converts
Ac-FluNox to morpholinorhodol (MR), which exhibits strong
green fluorescence (Fig. 1a). Owing to its inherent
lipophilicity, Ac-FluNox readily traverses lipid bilayers via
passive diffusion, achieving efficient loading into both
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Fig. 1 Fluorescence responses of Ac-FluNox for Fe?* detection in HEPES buffer (50 mM, pH 7.4, 0.2% DMSO). (a) The mechanism of Fe?*-specific

fluorescence activation of Ac-FluNox via sequential esterase-catalyzed hydrolysis (generating H-FluNox) and Fe**

-mediated deoxygenation to

yield morpholinorhodol (MR), a green-emitting fluorophore. (b) Fluorescence emission spectra of Ac-FluNox (1.0 pM) upon reaction with different

concentrations of Fe?*
(lem = 535 nm) with increasing Fe?*

(0-10 pM) in the presence of esterase (0.1 mg mL™2). (c) Dose-response curves of Ac-FluNox (1.0 pM) fluorescence intensity
(0-16 uM), with or without of esterase (0.1 mg mL™). (d) Time-dependent fluorescence enhancement (recorded

at 5 min intervals) of Ac-FluNox (1.0 uM) upon addition of Fe?* (10 uM) in the presence of esterase (0.1 mg mL™). (e) Metal selectivity test against
various metal ions. The error bar represents the standard deviation (s.d.) of three replicate experiments (n = 3, mean * s.d.).
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natural EV membranes and artificial liposomes. This dual-
enzyme/metal-responsive mechanism establishes Ac-FluNox
as a promising probe for Fe*" detection in EVs via nFCM.

The fluorescence response of Ac-FluNox was systematically
evaluated for Fe*" sensing in HEPES buffer containing esterase
(0.1 mg mL ™). Upon gradual increase of Fe** (0-10 uM), a 75.2-
fold fluorescence enhancement in green fluorescence emission
(Aex = 490 nm, ey, = 535 nm) was observed at 10 uM Fe** within
60 min (Fig. 1b-d), demonstrating rapid and efficient Fe**
detection, a feature that leverages the ubiquitous presence of
esterase in EVs for precise intravesicular Fe®* analysis.***
Furthermore, the selectivity of Ac-FluNox for Fe** was
investigated. As demonstrated in Fig. 1e, negligible fluorescence
was observed in the presence of biologically relevant
interferents, confirming the probe's specificity and stability for
Fe”* detection in complex biological environments. Collectively,
these results rigorously validated that Ac-FluNox not only
quantitatively detects Fe** in solutions, but also serves as a
highly selective sensor for monitoring Fe** changes.

Single-liposome Fe>* profiling

To validate the single-particle Fe®* labeling method, we
synthesized liposomes (LPs) encapsulating Fe** (0-4.0 uM) and
esterase (0.1 mg mL™) via microfluidics (Fig. 2a(i) and b). During
microfluidic assembly, Fe** and esterase were successfully co-
encapsulated within the liposomes' aqueous lumen, leveraging
their characteristic phospholipid bilayer-enclosed aqueous core
architecture (Fig. 2b). The liposomes were stained with Ac-FluNox
and analyzed by nFCM. Analysis of liposome size distribution
following refractive index correction using Mie theory revealed
that variations in encapsulated Fe** concentration had negligible
effects on particle size distribution (Fig. S3 and S4). The observed
heterogeneity in size and fluorescence distributions reflects the
size-dependent loading variability inherent to liposome
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populations (Fig. 2a(ii)). Both the percentage ratio and median FL
intensity ~of  Fe*'-positive-liposomes  (Fe*'-LPs)  showed
concentration-dependent responses to Fe>" (Fig. 2c and d). The
strong linear correlation (R* = 0.9812) between Fe**-LPs' median
FL intensity and Fe*" loading concentration demonstrates Ac-
FluNox's capability for quantifying Fe** in single particles via
nFCM (Fig. 2d). These results establish the nFCM-based single-
particle Fe*" detection method as a robust platform for
intravesicular Fe®" analysis with direct applicability to EV studies.

Property characterization of EVs derived from ferroptotic cells

The nFCM-based single-particle Fe** detection method was
applied to analyze EVs derived from HT-1080 cells, a well-
established human fibrosarcoma cell line for ferroptosis
research. EVs were isolated through sequential centrifugation
(1000g, 5 min; 2000g, 10 min) and ultracentrifugation (100 000g,
2 h, twice) (Fig. 3a). TEM imaging confirmed typical EV
morphology (Fig. 3b and S5), while Western blotting verified the
presence of classical EV markers CD9 and TSG101 and the
absence of the endoplasmic reticulum (ER) marker calnexin in
the EV preparation (Fig. 3c). Triton X-100 treatment, developed
in our previous study,>*® was conducted, affirming a purity
(defined as the detergent sensitivity) of 88.6% for the HT-1080
EVs isolate (Fig. 3d).

Three ferroptosis inducers were used to treat HT-1080
cells: ammonium ferric citrate (FAC, 0-200 ug mL™"), RSL3
(0-2 uM), and erastin (0-4 uM). FAC serves as a direct iron
source that elevates intracellular labile iron pool (LIP) levels
through cellular uptake and subsequent reduction.>*” Both
RSL3 and erastin are classical ferroptosis inducers that
indirectly increase intracellular Fe** levels through promoting
ferritin degradation, RSL3 through GPX4 inhibition and
erastin via system x. blockade.! All treatments (48 h
incubation) maintained >80% cell viability (Fig. S6). Iron
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Fig. 2 Analysis of Fe?* in individual Fe?*-encapsulated liposomes using nFCM. (a) Schematic diagram of liposome formulations with graded Fe?*
concentrations (0-4.0 uM) (i) and representative bivariate dot-plots of Fe?* fluorescence (FL) versus particle size for liposomes labeled with Ac-
FluNox (ii). (b) Microfluidic device schematic for liposomes synthesis. (c) Scatter plot presenting percentage ratios of Fe?*-LPs. (d) Linear regression
correlating FL median with intra-liposomal Fe?* concentration. Initial concentration of liposome: ~5.0 x 10° particles per mL. The concentrations
of Fe?*-LPs were calculated by multiplying the positive ratios with the initial liposome concentration. Error bars represent standard deviation (s.d.)

of three replicate experiments (n = 3, mean * s.d.).
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Fig. 3 Characterization of EVs released during ferroptosis. (a) Workflow of EV isolation and purification from HT-1080 cells. (b) Representative
TEM micrograph of EVs isolated from the conditioned cell culture medium (CCCM) of untreated HT-1080 cells. (c) Immunoblots comparing a cell
lysate with an EV preparation (10 ug protein per lane). (d) Side scatter (SSC) distribution histograms of EVs before and after Triton X-100 treatment.
(e) Quantitative comparison of secreted particle concentration of EVs under different treatment conditions in per mL of conditioned medium. (f)
Comparison of EV size distribution under different treatment conditions. Error bars represent the standard deviation (s.d.) of three replicate

experiments (n = 3, mean * s.d.).

overload conditions significantly enhanced EV secretion
(Fig. 3e), suggesting a stress-responsive regulatory
mechanism in parental cells. Notably, all EV populations
exhibited similar size distributions (Fig. 3f), confirming the
preservation of EV integrity under different iron metabolic
states. Taken together, the isolated EVs met all quality
criteria for subsequent Fe*" profiling.

Single-particle analysis of Fe** in EVs during ferroptosis via
nFCM

Previous studies have established the association between
e** fluctuations and ferroptosis, with distinct cellular Fe**
levels observed across different induction pathways.'
However, whether ferroptosis drives Fe*" accumulation in
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Fig. 4 Analysis of Fe*

A

in EVs derived from ferroptotic HT-1080 cells treated with different ferroptosis inducers. (a) Schematic diagram of the

regulatory mechanisms of FAC, RSL3, and erastin on iron metabolism. (b) Fe?* level in HT-1080 cells treated with different inducers by flow
cytometric analysis. (c) Confocal microscope images of Ac-FluNox-stained HT-1080 cells treated with different inducers. (d) Bivariate dot-plots of

FL versus particle size of EVs derived from different treatments. (e) Absolute concentrations of Fe*

-positive EVs calculated by multiplying the

positive ratios from panel (d) with corresponding total particle concentrations. (f) Bar graphs presenting FL median of Fe?* positive EVs in (d). The
labels i-iv represent different treatments (i: control, ii: 200 ug mL™ FAC, iii: 2.0 uM RSL3, and iv: 2.0 uM erastin). Scale bar: 20 um. The error bar
represents the standard deviation (s.d.) of three replicate experiments (n = 3, mean * s.d.).
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EVs, and whether EVs serves as an iron export mechanism
parallel to ferroportin FPN, remains unclear. Capitalizing on
the single-particle resolution of nFCM for intravesicular Fe>*
analysis, we performed quantitative mapping of Fe*' in
individual EVs. Initial investigations focused on FAC-induced
iron overload (Fig. 4a). Flow cytometry and confocal
microscopy confirmed dose-dependent intracellular Fe*"
accumulation in HT-1080 cells after 48-hour FAC treatment
(Fig. 4b and c and S7). To compare the correlation between
parental cells and EVs in Fe** content, Ac-FluNox was used to
label Fe** in EVs. nFCM analysis revealed FAC concentration-
dependent increases in Fe*'-positive EV ratios and their
median fluorescence intensity, which were attenuated by the
iron chelator deferoxamine (DFO), confirming the iron-
dependent nature of these responses (Fig. S8). These results,
combined with the FAC-induced increase in EV secretion
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(Fig. 3e) demonstrate synchronized intracellular-extracellular
e’" dynamics, suggesting a regulatory link between cellular
iron status and EV biogenesis.

We extended these observations to ferroptosis inducers
that indirectly alter iron homeostasis through promoting
ferritin  degradation (Fig. 4a). Flow cytometry and
fluorescence microscopy imaging (Fig. 4b and ¢)
demonstrated RSL3- and erastin-induced iron overload in
HT-1080 cells, mediated by ferritin degradation followed by
Fe’" release and reduction. EVs generated under ferroptosis
induction exhibited Fe*' accumulation patterns similar to
those of FAC-treated EVs (Fig. 4b-f and S8), with increases in
both particle concentration and median fluorescence
intensity of Fe*'-positive populations. Together, these results
demonstrate that iron-overloaded cells actively release Fe*'-
enriched EVs, with their Fe®" content closely linked to
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in EVs derived from ferroptotic HT-1080 cells under FPN inhibition. (a and b) Flow cytometric analysis (a) and confocal

microscope images (b) of intracellular Fe?* level in HT-1080 cells treated with different conditions upon Ac-FluNox staining. (c) Bivariate dot-plots

of FL versus particle size of Fe*

-EVs derived from different treatments. (d and e) Bar graphs of the particle concentration (d) and FL median

intensity (e) of Fe?*-EVs in (c). Scale bar: 20 pm. (f) Schematic diagram of the dual-phase iron export systems. The labels i-iii represent different
treatments (i: control, ii: 1.0 uM VIT-2763, and iii: 1.0 uM VIT-2763 + 200 ug mL™* FAC). The error bar represents the standard deviation (s.d.) of

three replicate experiments (n = 3, mean % s.d.).
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parental cell iron metabolism—supporting the involvement
of an active transport process.

Exploring the relationship between FPN and EVs in Fe>*
export

Building on nFCM evidence of EV-mediated iron homeostasis
regulation during stress (Fig. 4b—f and S8), we postulated that
EVs might functionally compensate for FPN deficiency by
providing an alternative Fe®" efflux pathway. To test this, we
employed VIT-2763, a specific FPN inhibitor, to
pharmacologically block canonical iron efflux.*® Consistent with
FPN inhibition, quantitative analysis revealed significant
intracellular Fe*" accumulation in HT-1080 cells (Fig. 5a and b),
while parallel detection of EV-associated Fe** confirmed
compensatory extracellular export (Fig. 5c-e). Notably, under
combined FPN inhibition and iron overload induced by FAC,
RSL3, or erastin, elevated particle concentrations and Fe** FL
intensities of Fe**-EVs were observed (Fig. 5c-e, S9 and S10).
These results further demonstrate that EV-mediated Fe** export
increases proportionally with both pharmacological FPN
inhibition and pathological iron overload. Collectively, these
findings establish a dual-phase iron export system wherein
iron-overloaded cells not only export Fe>" via FPN but also
release Fe®" into the extracellular microenvironment in an EV-
dependent manner. Importantly, EV-meditated efflux is further
activated as an adaptive response to FPN dysfunction
(Fig. 5f schematic). This spontaneous compensatory mechanism
likely represents a cellular safeguard against iron toxicity when
FNP-meditated export pathway is compromised.

Conclusions

In conclusion, this study elucidates the regulatory role of EVs
in iron homeostasis, with specific focus on Fe*'. By
developing a novel analytical platform combining Fe**-
specific fluorescent chemosensor (Ac-FluNox) with nFCM, we
achieved single-EV  resolution for quantitative Fe*"
characterization. This approach enabled the precise
characterization of Fe*' distribution and content in EVs,
revealing a strong correlation between Fe®" levels in EVs and
their parental cells. Moreover, we discovered the capacity of
EVs to function as an auxiliary Fe®* export system
complementing FPN-mediated efflux. This study not only
advances the understanding of iron regulatory networks by
demonstrating EV-mediated Fe®" transport but also
establishes a versatile platform for investigating the
heterogeneity and functional significance of EVs in iron
metabolism and associated pathological conditions. While
the current methodology specifically detects free Fe**, future
studies incorporating nFCM's multiparametric capabilities
could extend to iron-containing cargos (e.g:, ferritin), offering
more comprehensive insights into EV-mediated iron
communication. This direction would further unravel the
multifaceted roles of EVs in iron regulation under
physiological and pathological conditions.
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