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ARTICLE INFO ABSTRACT

Stimuli-responsive nanotheranostic systems, integrated with diagnosis and treatment features, have recently
emerged and attracted much interest. However, most of the research mainly focuses on the novelty of nano-
materials, and undervalues the significance of single-particle characterization which can provide detailed
physical and biochemical information for performance evaluation and heterogeneity assessment. Due to the
small particle size and low content of functional modules, high throughput and multiparameter analysis of
individual stimuli-responsive nanoparticles still remains challenging. Here, fabricating a reactive oxygen species
(ROS)-responsive liposome (Lipo@BODIPY11) and taking it as an example, we report the development of a
strategy for theranostic nanoparticle characterization by a laboratory-built nano-flow cytometer (nFCM).
Coincident detection of light scatter and fluorescence intensity provided a measure for liposome quality as-
sessment. Theranostic performance referred to stimuli-responsive capability and drug release behavior upon ROS
treatment were obtained in minutes. Besides, the dissociation of functional modules from liposomes and the
formation of aggregates under high modification degree were revealed, which was otherwise masked by en-
semble-averaged methods. At last, consistent results were also observed in intracellular studies. This nFCM-
based method provides a comprehensive approach for the proof-of-principle study, heterogeneity assessment
and quality control of biochemical nanosensors and theranostic nanomaterials.
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considered as an important pathological marker and therapeutic target
(Liu et al., 2018; Schumacker, 2015). This abnormal alteration has in-
spired the development of various ROS-responsive drug delivery sys-
tems (Kim et al., 2015; Saravanakumar et al., 2017). Among them,

1. Introduction

Nanotheranostics, which integrates diagnostic and therapeutic
functions in a single nanomaterial, has emerged as a promising platform

for cancer treatment (H. Chen et al., 2017; Muthu et al., 2014b). Na-
notheranostics enables tumor markers detection, pathological tissues
visualization and cancer cell killing simultaneously, which would sig-
nificantly improve the anticancer efficacy (Jo et al., 2016; Muthu et al.,
2014a). Advanced properties such as controlled drug release can be
accessed by introducing stimuli-responsive modules to the nanocarriers
(Lietal., 2014; Wang et al., 2017). Benefited from the advantages of co-
encapsulation of diagnostic, therapeutic and functional molecules in a
single particle, real-time diagnosis and treatment in response to en-
dogenous or exogenous stimulus can be achieved (Bolla et al., 2018; Li
et al., 2018; Qian et al., 2017; Yang et al., 2018).

Among the cancer-related variations, elevated ROS production has
been proved to be in close association with cancer progression and
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nanotheranostics affording both diagnostic and therapeutic functions in
a single particle have shown unprecedented potential in cancer treat-
ment (Q. Chen et al., 2017; Li et al., 2016; Zhang et al., 2018).
Generally, stimuli-responsive theranostic depends on the modifica-
tion of functional molecules to the nanoparticles (Chen et al., 2015;
Karimi et al., 2016; Mura et al., 2013). Controlled distribution of these
functional molecules in individual nanoparticle is essential for the
successful theranostic application. Therefore, it is important to ensure
the proper functionalization of nanocarriers, such as through in-
vestigating the existence (or not) of some particles with over-/in-
sufficient functionalization degree and other undesired materials which
would hamper the overall theranostic performance. Therefore, multi-
parameter characterization at the single-particle level is implemented
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to reveal particle heterogeneity and obtain distribution of properties on
stimulus sensing capability and controlled drug release efficiency
(Bayford et al., 2017; Muhlebach et al., 2015). However, the lack of
state-of-the-art techniques has become one of the major challenges in
this field, which will seriously impede the development of stimuli-re-
sponsive nanotheranostics (Cho et al., 2013; Mourdikoudis et al., 2018;
Rosenblum et al., 2018).

Integrating light scattering with strategies for single molecule
fluorescence detection in a sheathed flow, a nano-flow cytometer
(nFCM) has been developed to achieve single lipid-nanoparticle de-
tection with size down to 40 nm, such as liposome and exosomes (C.X.
Chen et al., 2017; Tian et al., 2018; Zhu et al., 2014). Taking ad-
vantages of the multiparameter quantification ability of nFCM, here we
report a strategy for the characterization of a stimuli-responsive na-
notheranostics with ROS sensing and controlled drug release features.
Firstly, by insertion of a lipid oxidation sensor, C11-BODIPY (581/591),
to the bilayer of liposomes, we synthesized a ratiometric fluorescent
nanoprobe for ROS detection. Using nFCM, changes in the distribution
of ROS-induced fluorescence intensity, along with physical properties
such as particle size and concentration could be measured in minutes.
We also revealed the ROS-triggered detachment of the functional mo-
lecules and the formation of aggregation for liposomes with high
functionalization degree, which was often masked and ignored by tra-
ditional ensemble-averaged methods. Then a chemotherapy drug, Mi-
toxantrone (MXT), was encapsulated into C11-BODIPY (581/591)
functionalized liposomes, and the ROS sensing and drug release beha-
viors were simultaneously characterized by nFCM. Furthermore, the
intracellular theranostic effect was investigated to prove the applic-
ability of the as-fabricated nanomaterials.

2. Experimental section
2.1. Reagents and chemicals

Phospholipids and cholesterol (CHOL) were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL). C11-BODIPY (581/591) was pur-
chased from Invitrogen (Carlsbad, CA). Mitoxantrone dihydrochloride
was purchased from Sigma (St. Louis, MO). PD-10 desalting columns
and polycarbonate membrane filters were purchased from GE
Healthcare Life Sciences (Piscataway, NJ). All other reagents were
purchased from Beijing Chemical Reagent Company (Beijing, China).

2.2. Preparation of C11-BODIPY (581/591) modified liposomes

C11-BODIPY (581/591) modified liposomes were prepared by thin-
film hydration followed by extrusion (C.X. Chen et al., 2017). Unless
otherwise noted, the Lipo@BODIPY11 formulation was stated as fol-
lows. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000] (DSPE-PEG2000) and C11-BODIPY (581/591)
were dissolved and mixed in chloroform at a molar ratio of 57:38:5:5
with a total lipid content of 20 pmol. Then the lipid mixture was dried
on a rotary evaporator to form a thin film and kept in vacuo for 6 h to
remove the residual solvent. The lipid film was hydrated in 1 mL PBS
solution at R.T. for 1 h and followed by sequential extrusion through PC
membrane filters with pore sizes of 400, 200 nm and 50 nm for 20
cycles, respectively.

For the preparation of MXT loaded liposomes, the dried lipid film
was hydrated in 250 mM ammonium sulfate, and the liposome sus-
pension was dialyzed against PBS to establish a transmembrane am-
monium gradient for drug loading. MXT was added to liposomes with a
drug-to-lipid molar ratio of 1:10 and purified through Sephadex G-25
column to remove unloaded MXT.
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2.3. Fluorescence spectroscopy analysis

The Lipo@BODIPY11 samples were subjected to H,O, with con-
centration ranged from 0.01 mM to 10 mM and analyzed by a spec-
trofluorometer. The fluorescence spectrum was measured, and signal
intensity at 515nm and 595nm was recorded to quantitatively in-
vestigate the H,O,-triggered fluorescence change.

2.4. Multiparameter analysis by nFCM

A previously built nFCM system was used for the characterization of
Lipo@BODIPY11 with minor modification (C.X. Chen et al., 2017). The
detail of nFCM was described in Supplemental information. Lipo@
BODIPY11 with/without H,O, treatment was loaded to nFCM system
with a concentration at ~10° particles/mL. Events with signals con-
currently measured on all three channels, SS, green FL and orange FL,
were referred to well-prepared particles with C11-BODIPY (581/591)
modification, which were used for data analysis. For drug loaded li-
posomes, a second laser of 642 nm was settled to excite the intrinsic
fluorescence of MXT.

2.5. ROS-activated intracellular ratiometric fluorescence response

For the intracellular detection of ROS-activated ratiometric fluor-
escence response, 0.5 mol% DSPE-PEG2000-FA was added to prepare
folate-conjugated liposomes, Lipo-FA@BODIPY11. Then KB cells were
incubated with Lipo-FA@BODIPY11 at a final lipid concentration of
100 uM for 1 h, 3h, 6h, 12h and 24 h. For the study of the influence of
exogenous ROS, 500 uM H,0, or a mixture of 500 uM H,0, and 2 mM
NAC was added to specific wells three hours before the liposome
treatment. Afterward, the cells were analyzed immediately by a BD
FACSAria III flow cytometer. The filters used for the ratiometric
fluorescence analysis were 530/30 nm and 610/20 nm under 488 nm
excitation.

2.6. Simultaneous intracellular ROS sensing and drug release analysis

MXT loaded folate liposomes with or without C11-BODIPY (581/
591) modification were incubated with KB cells for 1h, 3h, 6h, 12h
and 24 h, respectively. Then the samples were excited with 488 nm and
633 nm lasers for the fluorescence detection of C11-BODIPY and MXT
by the flow cytometer. The filters used for fluorescence detection of
C11-BODIPY and MXT were 530/30 nm, 610/20 nm and 660/20 nm.

2.7. CCK-8 cytotoxicity analysis

CCK-8 assay was applied to assess the liposome cytotoxicity. KB
cells were seeded in 96-well plates and cultured in RPMI-1640 medium
for 6 h. Then liposomes or free MXT with drug concentration ranging
from 0.1 to 10uM (or 1-100uM of total lipid concentration) were
added to KB cells and cultured for another 12 h. To analyze the impact
of exogenous ROS, cells were treated with 200 uM H»0, and incubated
for additional 12 h. Afterward, 10 uL. CCK-8 solution was added to each
well for 2h according to the instructions. The absorbance at 450 nm
was measured on a Spectra MAX 190 microplate reader. Measurements
were carried out in triplicate.

3. Results and discussion

3.1. H;0z-induced ratiometric fluorescence response of a ROS-responsive
liposomes, Lipo@BODIPY11

C11-BODIPY (581/591) is an established ratiometric fluorescent
sensor for ROS detection in cells and membranes (Drummen et al.,
2004, 2002). Owing to the amphipathic characteristic, it can be easily
inserted into liposomes and become a nanoprobe for ROS detection.
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Fig. 1. Fluorescent analysis of C11-BODIPY (581/591) modified liposomes, Lipo@BODIPY11, by spectrofluorometer and nFCM. a) Schematic of C11-BODIPY (581/
591) oxidation in liposomes by ROS, leading to the fluorescence change. b) Fluorescence spectra of Lipo@BODIPY11 upon 5mM H,0, treatment by spectro-
fluorometer. ¢) H,O, concentration-dependent changes in FL515 and FL595 of Lipo@BODIPY11. d) Representative SS, FL-1 and FL-2 burst traces of Lipo@BODIPY11
without (i-iii) or with (iv-vi) H,O, treatment. e) H,O, concentration-dependent changes in SS, FL-1 and FL-2 burst area of Lipo@BODIPY11. f) Comparison of the
H,0,-triggered ratiometric fluorescence changes of Lipo@BODIPY11 by spectrofluorometer and nFCM. The error bars represent the standard deviation from three
independent measurements in SF-based plots, and the interquartile range of the distribution in nFCM results.

Therefore, a C11-BODIPY (581/591) modified liposome, Lipo@
BODIPY11, was prepared by thin-film hydration method followed by
extrusion (Zhang, 2017).

The ROS sensing capability of Lipo@BODIPY11 was investigated via
the H,O»-induced ratiometric fluorescence change by a spectro-
fluorometer (SF). In the absence of H,0,, Lipo@BODIPY11 showed a
strong signal at 595 nm and emitted dim fluorescence at 515 nm. Upon
the addition of 5 mM H,0,, a significant increase of FL515 along with a
fluorescence decline at 595 nm was observed, due to the ROS-induced
oxidation of the diene between the BODIPY chromophore and the
phenyl group (Fig. 1b). The oxidized C11-BODIPY (581/591) without
extension over the phenyl moiety retroceded to the initial green
fluorescence of the BODIPY chromophore (Drummen et al., 2004). With
the increase of H,0,, the FL595 intensity boosted slightly at first and
then significantly dropped off compared to the continuously growing
FL515 intensity (Fig. 1c). A plausible explanation for the FL595 in-
crease under low levels of H,O, stimulation is the oxidation induced
fluorescence dequenching of C11-BODIPY (581/591) on liposome bi-
layers.

3.2. nFCM characterization of Lipo@BODIPY11

To confirm the homogenous insertion of C11-BODIPY (581/591)
and analyze the ROS-induced variation on fluorescence intensity and
other physicochemical properties, such as size distribution and particle
concentration, a nFCM-based methodology was developed for the
single-particle characterization of Lipo@BODIPY11. As individual li-
posomes passing sequentially through the tightly focused laser beam of
nFCM, side scatter (SS) and fluorescence (FL) signals were simulta-
neously detected. Fig. 1d showed the representative SS and FL burst
traces of Lipo@BODIPY11 with/without H,O, treatment. The con-
comitantly detected peaks and the positive correlation in signal in-
tensity on both channels, SS and Orange FL (FL-2), proved the

successful C11-BODIPY (581/591) modification (Fig. 1d, i&iii). After
subjected to 5mM H,0,, the intensity of green FL (FL-1) remarkably
increased along with the decline of orange FL, which was in consistency
with the spectrofluorometer-based results (Fig. 1d, iv-vi). The constant
SS intensity and the consistent one-to-one correspondence on three
channels showed that there was no detectable compromise in particle
integrity upon H,O, treatment. Compared with the results obtained on
the spectrofluorometer, a significant discrepancy of green FL intensity
and the ratio of green FL to orange FL was observed, especially when
H>0, concentration was above 1 mM (Fig. le&f). According to the
previous research of the H,O, induced structure change of C11-BODIPY
(581/591), we attributed this phenomenon to the hydrophobicity
change. In detailed, the diene conjugated phenyl moiety attached to the
BODIPY core is hydrophobic, accounted for its tightly insertion in li-
posome bilayers. Under exposure to oxidant, this group is converted to
the hydrophilic carboxyl group, which reduces the overall hydro-
phobicity of the whole molecule. With the continuous formation of
hydrophilic groups, some oxidized C11-BODIPY (581/591) will detach
from liposomes and diffuse to the solution. Using bulk analysis methods
like spectrofluorometer, the detected FL intensity were attributed to the
whole solution, including the liposomes and the detached fluorophores.
For nFCM, only particles with scattering signals would be counted as an
individual event and the corresponding SS & FL signals were recorded
for data processing. Therefore, the detached fluorophores made no
contribution to the signal intensity, which caused the discrepancy of
green FL intensity measured by nFCM and spectrofluorometer. As the
increase of ROS, more C11-BODIPY (581/591) molecules were oxidized
and detached from liposomes, which made the discrepancy more sig-
nificant. Apart from the ratiometric fluorescence detection, nFCM was
also applied to obtain the particle concentration and size distribution
profile of Lipo@BODIPY11 (Fig. S4&S5).
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Fig. 2. Investigation of C11-BODIPY (581/591) content on the ROS sensing performance of Lipo@BODIPY11. a) Spectrofluorometer analysis of the H,O, con-
centration-dependent changes in FL515 of Lipo@BODIPY11 with various C11-BODIPY (581/591) content. b) nFCM analysis of the H,O, triggered SS and FL-1 change
of Lipo@BODIPY11 with various C11-BODIPY (581/591) content. ¢) Comparison of the normalized green fluorescence measured by spectrofluorometer and nFCM.
d) Bivariate dot-plots of SS versus orange/green fluorescence for Lipo@BODIPY11 with 20% C11-BODIPY (581/591) with or without H,O, treatment, respectively.
The error bars represent the standard deviation from three independent measurements in SF-based plots, or the interquartile range of the distribution in nFCM results.
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

3.3. nFCM guided optimization of C11-BODIPY (581/591) content

Firstly, liposomes with various molar content (%) of C11-BODIPY
(581/591) were fabricated. Then FL515 intensity was recorded and
plotted verse H,O, concentration to analyze the ROS induced fluores-
cence change by a spectrofluorometer (Fig. 2a). As expected, FL515
intensity boosted initially and then leveled out with the increase of
H,0, concentration. Liposomes with most C11-BODIPY (581/591)
molecules would reach a highest plateau, but displayed a compromised
sensitivity to H>O, stimulation in the lower concentration range. As for
the nFCM analysis, we found C11-BODIPY (581/591) content lower
than 10% had negligible influence on SS intensity, which proved no
integrity compromise of liposomes upon H,O, treatment (Fig. 2b).
Green FL intensity increased firstly along with the increment of C11-
BODIPY (581/591) concentration but then suddenly dropped off when
the molar content of C11-BODIPY (581/591) was above 10%. Fig. 2¢
demonstrated a growing discrepancy of green FL intensity (normalized
by the green FL intensity of liposomes containing 0.5% C11-BODIPY
(581/591)) measured by nFCM and spectrofluorometer. This further
consolidated the speculation that H,O,-triggered hydrophobicity
change of C11-BODIPY (581/591) would lead to its detachment from
the nanocarriers, especially for liposomes with higher C11-BODIPY
(581/591) content. In addition, bivariate dot-plots of SS and FL of
Lipo@BODIPY11 with 20% C11-BODIPY (581/591) were illustrated in
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Fig. 2d. In the absence of H,0,, unmodified C11-BODIPY (581/591)
would self-assemble to form small aggregates with weaker SS and or-
ange FL signals compared to Lipo@BODIPY11 (Fig. 2d, orange dots).
Owing to the increased hydrophilicity of C11-BODIPY (581/591) upon
H,0, oxidization, the aggregates were disassembled to individual mo-
lecules, which could no longer be detected by nFCM (Fig. 2d, green
dots). Collectively, we found that liposomes with higher functionali-
zation degree showed a stronger tendency to undergo ROS-induced
detachment of C11-BODIPY (581/591). But over-modification (> 10%)
lead to the formation of undesired C11-BODIPY (581/591) aggregates,
which might influence the ROS-responsive behavior of Lipo@
BODIPY11.

3.4. Multiparameter characterization of drug loaded Lipo@BODIPY11

We adopted this nFCM-based method to investigate ROS-triggered
drug release profile along with the ratiometric fluorescence change of
drug encapsulated Lipo@BODIPY11. Firstly, loading an anti-cancer
chemotherapeutic drug mitoxantrone (MXT) to liposomes with 5% C11-
BODIPY (581/591), a nanoplatform (Lipo@BODIPY11&MXT) with
theranostic features was prepared (Fig. 3a). Using remote loading ap-
proach, anthracyclines such as MXT could be efficiently transferred
from bulk solution to the inner core of liposomes. Meanwhile, the in-
trinsic fluorescence of MXT was significantly quenched due to the
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Fig. 3. Simultaneous detection of the ROS sensing and controlled drug release behavior of Lipo@BODIPY11&MXT by nFCM. a) Schematic illustration of the
simultaneous fluorescence change and drug release behavior of Lipo@BODIPY11&MXT triggered by ROS. b) Three-dimensional dot-plots of SS, green FL and red FL
for Lipo@BODIPY11&MXT with/without H,O, treatment. c-e) The H,O, triggered SS, green FL and red FL change.

highly-concentrated aggregation inside liposomes. Thanks to the su-
perior sensitivity of nFCM, the fluorescence of MXT could still be de-
tected despite of the dramatic quenching effect. Therefore, three-
parameter correlation analysis was conducted to evaluate the co-ex-
istence of C11-BODIPY (581/591) and MXT on a single liposome, which
was essential to ensure the theranostic properties. According to the
results illustrated in Fig. 3b, nearly 100% insertion of C11-BODIPY
(581/591) and encapsulation of MXT were achieved. After treated with
5mM H,O0,, the concurrent signal change of SS, green FL and red FL
confirmed the ROS-responsive theranostic property of Lipo@BODIPY11
&MXT at single-nanoparticle level. The decrease of SS intensity was a
result of drug-release caused deformation and refractive index change
of liposomes (Fig. 3c). The shifts of green FL and red FL were referred to
the ROS sensing and the corresponding drug release behavior, respec-
tively (Fig. 3d&e).

Lipo@BODIPY11&MXT with different C11-BODIPY (581/591)
content were fabricated and the ROS-triggered variations in SS, green
FL and red FL intensity were simultaneously detected. The green FL
intensity varied identically as the liposomes without MXT. The red FL
intensity remained unchanged and then suddenly dropped off when
C11-BODIPY (581/591) content exceeds 2%, indicating the leakage of
MXT from liposomes (Fig. 4a). The similar SS variation pattern as red
FL further proved the effective drug release process. Although a more
significant releasing process was observed for liposomes with higher
C11-BODIPY (581/591) content, the compromised ROS sensing sensi-
tivity and the aggregate formation would largely limit their application.
Therefore, MXT loaded liposomes with 5% C11-BODIPY (581/591)
showed an optimal theranostic effect and were chosen for the following
research. The simultaneous signal changes on three channels were re-
corded to investigate the ROS sensing and controlled drug release
profiles under various H,0, concentration or incubation time (Fig. 4b&
c). The bivariate plots between green to orange FL ratio (FLgreen/
FLorange) and the red FL intensity (FL.eq) derived from Fig. 4b offered a
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more straightforward insight into their relationship (Fig. 4d). More-
over, we also analyzed the incubation time dependent signal changes on
SS, green FL and red FL of Lipo@BODIPY11&MXT without H,0,
treatment or liposomes without C11-BODIPY (581/591) modification
(Fig. S6). It showed no obvious variation on all three channels during
24h incubation period, which further proved that the theranostic
function was attributed to the insertion of C11-BODIPY (581/591).

3.5. ROS-triggered intracellular fluorescence change and drug release

To investigate the ratiometric fluorescence change induced by en-
dogenous ROS, a Lipo@BODIPY11 with folate modification (Lipo-FA@
BODIPY11) was fabricated and internalized by KB cells through folate
receptor mediated endocytosis (Patil et al., 2016; Zwicke et al., 2012).
Analyzed by a conventional flow cytometer (FCM), the time-dependent
elevation of fluorescence intensity on both channels (FLs3y and FLg;0)
was observed, which could be attributed to the increased internaliza-
tion level or the ROS triggered colorimetric response (Fig. 5a&b). To
clarify that, the ratio between both channel (FLs30/FLg10) Was calcu-
lated and plotted verse the incubation time (Fig. 5¢). A proportional
relationship between the increased Fs30/Fg10 value and the prolonged
incubation time was observed in Fig. 5¢, which substantially proved the
existence of a ROS activated fluorescence response.

To further elucidate the role of ROS concentration in the induction
of ratiometric fluorescence change, KB cells were treated with H>O, or
a mixture of H,O, and N-acetyl-1-cysteine (NAC) for 12h prior to the
addition of Lipo-FA@BODIPY11. Upon additional H,O, stimulation, a
more significant variation on both fluorescence channels was observed
compared to the H,O,-free samples (Fig. 5d). Quantitative analysis
revealed about a three-fold (0.91-3.01) increase of FLs30/FLgyo after
H,0, treatment. On the other hand, the ROS scavenger, NAC, drama-
tically suppressed the H,O, induced change on FLs30, FLg1o and FLszo/
FLg10- On the whole, the ratiometric fluorescence change of Lipo-FA@
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BODIPY11 can be applied to detect the intracellular ROS.

As described above, the controlled MXT release was closely related
to the ROS- triggered ratiometric fluorescence change. Therefore, we
further investigated the intracellular drug release behavior of the folate
modified, C11-BODIPY (581/591) inserted and MXT loaded liposomes
(Lipo-FA@BODIPY11&MXT) by FCM. As illustrated in Fig. 6a, fol-
lowing folate receptor mediated endocytosis, Lipo-FA@BODIPY11&
MXT was oxidized by the intracellular ROS and lead to the MXT release.
Upon the interaction of MXT with mitochondria or other cellular
components, more ROS were generated which triggered a ROS positive
feedback loop to accelerate the MXT release (Fig. 6a). To ensure the
efficient MXT release was regulated by the ROS responsive behavior of
Lipo-FA@BODIPY11&MXT, liposomes without C11-BODIPY (581/591)
modification (Lipo-FA@MXT) were prepared and investigated in par-
allel. Since the liposome encapsulated MXT exhibited very dim fluor-
escence due to the quenching effect, there would be a significant in-
crease once it was released to the cytoplasm. Based on that, the
fluorescence intensity on 660/20 nm (FLggo) of liposome treated KB
cells was measured (Fig. 6b&c). It turned out that the FLggo intensity of
Lipo-FA@BODIPY11&MXT showed a more remarkable elevation com-
pared to Lipo-FA@MXT with the increase of incubation time. Moreover,
the positive correlation between FLs3z0/FLg19 and FLggo further proved
that the sustained MXT release was regulated by the intracellular ROS
level (Fig. 6¢).

The cytotoxicity of Lipo-FA@BODIPY11 was investigated by CCK-8
assay (Fig. 6d). Empty Lipo-FA@BODIPY11l showed negligible

190

cytotoxicity with total lipid concentration up to 100 uM. In contrast, the
MXT loaded Lipo-FA@BODIPY11 displayed a concentration-dependent
cytotoxicity to KB cells with ICsq lower than 10 uM MXT. Upon H,0,
treatment, the cytotoxicity of Lipo-FA@BODIPY11&MXT was notably
enhanced. On the other hand, Lipo-FA@MXT without C11-BODIPY
(581/591) modification displayed relatively weak cytotoxicity and
showed no observable H,O,-dependent variation. Therefore, the en-
hanced cytotoxicity of Lipo-FA@BODIPY11&MXT confirmed the ROS
triggered MXT release process.

4. Conclusion

Single-particle characterization of stimuli-responsive nanomaterials
is fundamental to fully understand their functions and ensure re-
producibility of performance. Base on the ROS-triggered ratiometric
fluorescence variation and hydrophobicity change of a lipid oxidation
sensor, C11-BODIPY (581/591), we fabricated a functional liposome
with ROS responsive features. Taking it as a model, we developed a
strategy for characterization of nanotheranostics via nFCM. By si-
multaneous detection of scatter light and multi-fluorescence, we were
able to ensure the proper functionalization of liposomes and to assess
the ROS sensing ability. Besides, we also revealed the ROS-triggered
dissociation of C11-BODIPY (581/591) and the formation of aggregates
for samples with high modification degree, which were otherwise
masked by ensemble-averaged methods. For drug loaded samples, the
reduced intensity on SS and red FL along with the increase of green FL
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Fig. 5. FCM analysis of the intracellular ROS sensing behavior of Lipo-FA@BODIPY11 in KB cells. a) The bivariate dot-plots of green fluorescence (FLs3,) verse
orange fluorescence (FLg10) for KB cells incubated with Lipo-FA@BODIPY11 for different time. b) Histograms of the green and orange fluorescence intensity of KB
cells incubated with Lipo-FA@BODIPY11 for different time. ¢) Time-dependent changes in green FL intensity, orange FL intensity and their ratio of Lipo-FA@
BODIPY11 treated KB cells. d) The change in green FL intensity, orange FL intensity and their ratio of Lipo-FA@BODIPY11 treated KB cells upon various stimulations.

signal indicated a sustained drug release process, responding to the
elevated H,0O, concentration. At last, the distinct intracellular ROS
sensing and controlled drug release behavior, as well as the enhanced
cytotoxicity of Lipo@BODIPY11&MXT compared with the unmodified
counterpart further confirmed its applicability for theranostic purpose.
This nFCM-based approach can be applied to analyze other nanother-
anostics with fluorescence response modules and encapsulated with
therapeutic components either exhibiting intrinsic fluorescence or can
be fluorescent labeled, such as proteins and nucleic acids.
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Supplementary data associated with this article can be found in the
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