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ABSTRACT: The visualization of the central nervous system (CNS) has
proposed stringent criteria for fluorescent probes, as the inevitable
production of reactive oxygen species (ROS) or heat generated from most
photoluminescent probes upon excitation can disturb the normal status of
relatively delicate CNS cells. In this work, a red-emitting fluorogen with
aggregation-induced emission (AIE) characteristics, known as DTF, was
chosen as the model fluorogen to investigate whether the side effects of ROS
and heat could be suppressed through easy-to-operate processes. Specifically,
DTF was encapsulated with different amphiphilic matrices to yield AIE
nanoprobes, and their photoluminescent properties, ROS production, and
photothermal conversion rates were examined. BSA@DTF NPs possessed
1.3-fold brightness compared to that of DSPE-PEG@DTF NPs and F127@
DTF NPs but its ROS generation efficiency is markedly decreased to only 2.4% of that produced by F127@DTF NPs. Meanwhile,
BSA@DTF NPs showed a negligible photothermal effect. These features make BSA@DTF NPs favorable for long-term live cell
imaging, particularly for fluorescent imaging of CNS cells. BSA@DTF NPs were able to sustain the normal state of HT-22 neuronal
cells with continuous illumination for at least 25 min, and they also preserved the cytoskeleton of microglia BV-2 cells as the
untreated control group. This work represents a successful but easy-to-operate process to suppress the ROS generation of red-
emissive AIEgen, and it highlights the importance of minimizing the ROS generation of the fluorescent probes, particularly in the
application of long-term imaging of CNS cells.
KEYWORDS: matrices optimization, suppressing ROS, cytoskeleton morphology, neuron cell imaging, microglia

■ INTRODUCTION
Increasing research attentions in the fields of brain research
have made it urgent to develop suitable imaging tools to
facilitate the physiological and pathological investigation in
central nervous system (CNS).1−3 Fluorescent probes are one
of the important candidates due to their good sensitivity, ease
of modification, and good selectivity/targeting ability.4−7

Traditional fluorogens suffer from detrimental aggregation-
caused quenching (ACQ), which can be effectively overcome
by fluorogens with aggregation-induced emission (AIE)
characteristics. In addition, expanding the emission window
of fluorescent dyes to longer wavelength is always desirable
because they enjoy better tissue penetration and fewer overlaps
with the short-wavelength autofluorescence in biological
environment.8 Modulation of chemical structures has been
proved useful in developing red-emissive fluorogens, com-
monly used strategies including elongating conjugation,
increasing the rigidity of chemical structure, and inserting
D−A structures (Scheme 1).9,10 For propeller-shaped AIEgen,
modulation of the D−A or D−A−D structures is a more

commonly used way to produce red-emissive fluorogens,11−13

however, the existence of D−A pairs inevitably splits up the
HOMO and LOMO distribution, which further decreases
ΔEST and promotes the ROS production.14,15 Though ROS
production and photothermal conversion are valuable in
ablation of cancer cells.16,17 Unfortunately, excessive ROS is
harmful for normal cells and tissues. Furthermore, it may also
trigger inflammation and take part in the pathogenesis and
development of neurological disorder.18−20 In this regard, red-
emissive AIEgens with little ROS generation are extremely
useful tools for live cell imaging of CNS cells.
Another prerequisite of applying fluorescent dyes to imaging

is to endow their good solubility or good dispersity in an
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aqueous medium. Organic fluorogens are commonly hydro-
phobic, but encapsulation into nanoparticles could endow
them with good solubility, water-dispersibility, and the
possibility for further surface modifications. Well-established
encapsulation scaffolds for fluorescent bioimaging include silica
NPs, liposomes NPs, polymeric NPs (Pluronic F127, PLGA,
PEG), etc.21−24 In addition, serum albumin, a good matrix for
drug carriers, has also attracted increasing research attention.
The hydrophobic pockets of serum albumin could confine
fluorescent dyes to take a rigid conformation, which help to
minimize the torsional rotations and avoid radiative decays,
particularly for molecules with propeller structures.25

In this work, an AIEgen DTF was selected as the model
compound. DTF was encapsulated by different matrices,
including bovine serum albumin (BSA), DSPE-PEG2000, and
F127, yielding BSA@DTF NPs, DSPE-PEG@DTF NPs, and
F127@DTF NPs, respectively. Their photoluminescence, ROS
generation ability, and photothermal conversion efficiency
were determined and compared. Subsequently, to explore the
usefulness of BSA@DTF NPs for the live cell imaging, cellular
uptake, intracellular ROS generation, and long-term fluores-
cent imaging under continuous laser illumination were studied
and compared with other nanoprobes by coincubation with
neuronal cell HT-22. In addition, the three nanoprobes were
incubated with murine microglia cell BV-2, and their
cytoskeleton morphology was observed since the cytoskeleton
plays vital roles in cellular activities. The results showed that
only BSA@DTF NPs could maintain the cytoskeleton of BV-2
cells as the control group without any treatment.

■ EXPERIMENTAL SECTION

General Information
The solvents and reagents, instrumental information, and cellular
experiments were presented in Supporting Information (SI).
Synthesis of DTF
According to the previous report, DTF (2,3-bis(4′-(diphenylamino)-
[1,1′-biphenyl]-4-yl) fumaronitrile) was synthesized through a Suzuki
coupling reaction between phenylboronic acid and 2,3-bis(4-
bromophenyl)-2-butenedinitrile in the presence of tetrakis-
(triphenylphosphine)palladium as catalysis and a base potassium
carbonate to get product as a dark red solid with the yield of 80%. The
structure was confirmed by mass spectrometry and NMR spectros-
copy.
Preparation of BSA@DTF NPs, DSPE-PEG@DTF NPs, and
F127@DTF NPs
All the NPs were prepared according to previous reports.22,26,27

Specifically, DTF was first dissolved in THF and mixed with matrices
including BSA, DSPE-PEG2000, and F127 in THF. Then the mixture
was dispersed in PBS buffer with the assistance of ultrasonication,

followed by dialysis in deionized water for 24 h and change water
every 4 h. After concentrating by ultrafiltration centrifuge tube
(Millipore), nanoprobes including BSA@DTF NPs, DSPE-PEG@
DTF NPs, and F127@DTF NPs were obtained and stored at 4 °C
ready for use.
Measurement of UV−vis and PL Spectra of DTF and
Nanoprobes
DTF was dissolved in DMF with a concentration of 10 mM, as a stock
solution. The PL spectra of DTF and different DTF nanoparticles in
PBS buffer were measured at the same concentration of 10 μM. The
concentrations of different samples, including fluorescent NPs, were
calibrated based on the UV−vis absorbance maximum of DTF,
followed by collection of their PL spectra on a fluorescence
spectrometer.
Assessment of ROS Generation Ability and 1O2 Generation
Ability
DCFH solution (40 μM) in PBS buffer was freshly prepared by
hydrolyzing from DCFH-DA. Then stock solutions of BSA@DTF
NPs, DSPE-PEG@DTF NPs, and F127@DTF NPs were resuspended
in the solution of DCFH, respectively, to a final concentration of 1
μM according to the DTF content. The ROS generation ability of
different NPs was subsequently assessed by collecting the fluorescence
spectra from 495 to 650 nm, every 5 s after white light irradiation with
a power density of 30 mW/cm2. (DCFH was excited at 480 nm.) The
1O2 production was detected by 9′,10′-anthracenediyl-bis-
(methylene)-dimalonic acid (ABDA). Specifically, to a PBS solution
of ABDA (50 μM), stock solutions of BSA@DTF NPs, DSPE-PEG@
DTF NPs, and F127@DTF NPs were added, respectively, to get a
final concentration of 1 μM nanoprobes according to the DTF
content. The absorption spectra were monitored in a range of 330−
420 nm after white light irradiation of 30 mW/cm2 every 30 s. The
absorptance decline relative to the initial value at 378 nm (Ln(A0/A))
was recorded and plotted after taking the natural logarithm, to get the
1O2 generation rate.

Assessment of Photothermal Properties of the
Nanoprobes
The nanoprobes at the same concentration of 1 or 15 μM were
subjected to white light with an intensity of 30, 45, or 60 mW cm−2

for 8 min. During this process, the temperature was continuously
monitored and the irradiation was halted once the temperature
approached a stable plateau. Additionally, a control experiment
utilizing pure water under identical conditions was concurrently
conducted for comparative purposes.
Evaluation of Cell Viability by CCK-8 kit
The cytotoxicity of the nanoprobes were assessed by coincubation
with HT-22 cells followed by measurement of cell viability using Cell
Counting Kit-8 (CCK-8) assays. HT-22 cells were seeded in 96-well
plates (5 × 103 cells/well) and incubated to allow cells adhere to the
plates. After 12 h of incubation with nanoprobes including BSA@
DTF NPs, DSPE-PEG@DTF NPs, and F127@DTF NPs, respec-
tively, HT-22 cells in each well were washed with PBS after removal of
nanoprobes in culture medium. Subsequently, 10 μL of CCK-8

Scheme 1. Modulation of Fluorescent Brightness and ROS Generation by Different Post-Synthesis Encapsulation Using
Matrices Including BSA, DSPE-PEG2000, and F127
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reagent in 100 μL of DMEM medium was added into each well and
cultured for another 1 h, followed by measurement of the absorbance
of the CCK-8 reagent at 450 nm by a BioTek Cytation 3 reader. The
cell viability was calculated by viability (%): (As/Ac) × 100% (As: the
absorbance of sample well; Ac: the absorbance of control well).
Assessment of Cellular Uptake Behavior and Intracellular
ROS Generation
Cellular uptake behavior and intracellular ROS generation of BSA@
DTF NPs, DSPE-PEG@DTF NPs, and F127@DTF NPs by HT-22
cells were assessed by confocal laser scanning microscopy (CLSM).
HT-22 cells were cultured in a 20 mm glass bottom confocal Petri
dish at 37 °C with 5% CO2 atmosphere. After cells reached 70%
confluence, stock solutions of BSA@DTF NPs, DSPE-PEG@DTF
NPs, and F127@DTF NPs were resuspended in the FBS-free DMEM
medium to a final concentration of 15 μM, and cultured with HT-22
cells. At different incubation time points of 30 min, 1, 2, 4, 6, 8, and
12 h, cells were washed with PBS and stained with Hoechst 33342
(0.5 μL, 10 mg/mL) after the fixation with 4% PFA Fix Solution for
15 min. The fluorescence images of HT-22 cells were acquired using
CLSM. Nanoprobes was excited at 488 nm and the emission was
collected at 630−690 nm. Hoechst 33342 was excited at 405 nm and
the emission was collected at 400−490 nm.
DCFH-DA was utilized to indicate nonspecific ROS generation

inside HT-22 cells. BSA@DTF NPs, DSPE-PEG@DTF NPs, and
F127@DTF NPs (15 μM according to DTF) were incubated with
HT-22 cells for 12 h in the dark, respectively. Then the cells were
washed and incubated with DCFH-DA (10 μΜm) for 30 min,
followed by removal of the probe by washing the cells with PBS
buffer. The CLSM images of HT-22 cells with or without white light
irradiation (30 mW/cm2, 3 min) were collected (excitation at 488 nm,
emission wavelength from 500 to 550 nm).
Fluorescent Imaging of HT-22 Cells under Continuous
Laser Illumination
HT-22 cells were preincubated with BSA@DTF NPs, DSPE-PEG@
DTF NPs, and F127@DTF NPs for 24 h, followed by exposure to a
continuous irradiation by a 488 nm laser light equipped on the
confocal microscope. Then the live cell images were taken by CLSM

every 5 min, up to 25 min. Hoechst 33342 (0.5 μL, 10 mg/mL) was
employed to localize the cell nuclei with a 15 min incubation time. N
anoprobes were excited at 488 nm, and the emission signals were
collected from 630 to 690 nm. Hoechst 33342 was excited at 405 nm,
and the emission was collected from 400 to 490 nm.
Effects of NPs on the Cytoskeleton Morphology of BV-2
Cell
BV-2 cells were cultured with BSA@DTF NPs, DSPE-PEG@DTF
NPs, and F127@DTF NPs at the same concentration of 10 μM for 24
h. BV-2 cells were also treated with LPS at the concentrations of 1 and
10 μg/mL, respectively. Specifically, BV-2 cells were starved in FBS-
free DMEM for 24 h after adhering to the confocal peri dish, followed
by addition of LPS at the desired concentration for another 24 h.
After being washed by PBS buffer, the cells were fixed with 4% PFA
Fix Solution for 15 min, and their actin filament was stained by a
commercial actin probe ActinRed 555 ReadyProbes Reagent
(Thermo Fisher Scientific Inc., U.S.A.). ActinRed 555 ReadyProbes
was excited at 561 nm, and the emission was collected from 570 to
620 nm.

■ RESULTS AND DISCUSSION

Synthesis of DTF and Preparation of BSA@DTF NPs,
DSPE-PEG@DTF NPs, and F127@DTF NPs
The DTF was synthesized through a typical Suzuki coupling
reaction according to previous reports.28,29 The chemical
structure was verified by 1H NMR and HRMS, as shown in the
SI (Figure S1 and S2). A commonly used nanoprecipitation
method was employed to encapsulate DTF into biocompatible
matrices, including BSA, DSPE-PEG2000, and F127 to yield
nanoprobes, including BSA@DTF NPs, DSPE-PEG@DTF
NPs, and F127@DTF NPs, respectively. Generally, DTF was
dissolved and mixed with the matrices in benign solvent such
as THF, followed by dispersion into PBS buffer under
ultrasonication. The nanoprobes are ready to use after being
stirred overnight and dialyzed in deionized water. All of the

Figure 1. UV−vis absorption and photoluminescence spectra of (A) DTF, (B) BSA@DTF NPs, (C) DSPE-PEG@DTF NPs, and (D) F127@DTF
NPs. Spectra of nanoprobes (B, C, D) were measured in PBS buffer at the same concentration of 10 μM (according to the molar concentration of
DTF). Spectra of DTF was measured in the mixture of THF:PBS = 1:99 (v/v).
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three nanoprobes have good water-dispersity and their
hydrodynamic diameters were determined to be 154 ± 4.1,
124 ± 2.6, and 57.9 ± 1.4 nm by DLS, as shown in Figure S3.
TEM was further employed to observe the morphology of the
nanoprobes, and the results were presented in the insets of
Figure S3. The zeta potential of BSA@DTF NPs, DSPE-
PEG@DTF NPs, and F127@DTF were measured to be −21.0,
−30.7, and −2.2 mV, respectively. The stability of different
nanoprobes was assessed by measuring their size distribution
and UV−vis absorbance spectra every 2 days. As shown in
Figure S4A−C, all of the nanoprobes have constant size and
PDI for at least 10 days. In addition, the DTF inside all of the
nanoprobes did not shown obvious decomposition within 12
days of observation, as shown in Figure S4D. The photo-
stability of the nanoprobes was evaluated by measurement of
their UV−vis absorbance at their maximum absorption
wavelength every 3 min within 30 min after exposure to
white light illumination, as shown in Figure S5.
Photoluminescence, Photodynamic Production, and
Photothermal Conversion

The UV−vis and photoluminescence spectra of the three
nanoprobes were subsequently recorded in PBS buffer at the
same concentration of 10 μM (Figure 1). Obviously, BSA@
DTF NPs demonstrated more red-shifted absorption peaks
than the other two nanoprobes and DTF molecules.
Theoretically, with the same donor and receptor, red-shifted
absorption indicates better conjugation, which is beneficial to

increasing the brightness. It is in accordance with the
phenomenon that BSA@DTF NPs showed the brightest
fluorescent emission, around 1.3-fold that of DSPE-PEG@
DTF NPs and F127@DTF NPs, with the same concentration
of DTF inside nanoparticles.
Alternatively, better conjugation between donor and accept-

or could inhibit the HOMO−LUMO separation, and
consequently decrease the ROS production.30 To verify this
point, the photosensitization effect of the three nanoprobes
was studied with the assistance of useful indicators including
dichlorofluorescin (DCFH) and 9,10-anthracenediyl-bis-
(methylene)dimalonic acid (ABDA) since ROS have too
short lifetimes to be quantified directly.31−33 DCFH is a useful
indicator for assessing nonspecific ROS level, while ABDA was
utilized to evaluate the production of singlet oxygen (1O2).

34

The fluorescence spectra of DCFH were recorded in the
absence and in the presence of different nanoprobes under
light illumination. As shown in Figure S6A and S6C, after
exposure to white light for 70 s, DCFH showed very limited
fluorescence enhancement in the presence of BSA@DTF NPs
(1 μM) than that of DCFH alone. The ROS produced by
BSA@DTF NPs was even fewer than that produced by DTF
(Figure S6B) at the same concentration, suggesting that
encapsulation by BSA indeed lower the ROS production of
DTF molecules. In contrast, DSPE-PEG@DTF NPs and
F127@DTF NPs (Figure S6D and S6E) induced obvious
fluorescence enhancement of DCFH after being illuminated,
reaching around 58 and 99 folds as that produced by BSA@

Figure 2. (A) Plots of nonspecific ROS production in the presence of DTF, BSA@DTF NPs, DSPE-PEG@DTF NPs, and F127@DTF NPs
indicated by the fluorescence intensity of DCFH at 525 nm. PL intensity (I) was recorded every 5 s during white light illumination for 70 s. (B)
Plots of 1O2 generation of DTF, BSA@DTF NPs, DSPE-PEG@DTF NPs, and F127@DTF NPs in PBS buffers indicated by the absorbance of
ABDA at 378 nm. The absorbance of ABDA was recorded under white light illumination every 30 s within 300 s. (C) Photothermal conversion
efficiency of DTF, BSA@DTF NPs, DSPE-PEG@DTF NPs, and F127@DTF NPs solutions at the same concentration of 15 μM demonstrated by
the temperature changes exposed to white light illumination for 8 min. The power density of white light is 60 mW/cm2. (D) Comparison of the
normalized photoluminescence (I/Imax × 100%, I represents the photoluminescence intensity of nanoprobes) and ROS generation (I/Imax × 100%,
I represents the photoluminescence intensity of DCFH solution incubated with DTF and different nanoprobes), and the temperature changes
(ΔT/T) after 8 min white light illumination on the three types of nanoprobes as labeled.
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DTF NPs. The fluorescence intensity of DCFH in the
presence of BSA@DTF NPs, DSPE-PEG@DTF NPs, and
F127@DTF NPs at different time points was summarized in
Figure 2A, from which the ROS generation efficiency of BSA@
DTF NPs was calculated to be only 2.4% of that produced by
F127@DTF NPs.
The 1O2 generation ability of these nanoprobes was

subsequently determined by measuring the absorption of
9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA)
after light irradiation.33 ABDA decomposed in the presence
of 1O2 with a declined absorption, which is quantitively related
to the amount of 1O2. As shown in Figure S7A and S7C,
BSA@DTF NPs (1 μM) induced very limited ABDA
decomposition after the white light illumination for 300 s,
which is similar as that of ABDA alone and even less than that
produced by DTF as shown in Figure S7B. In comparison,
Figure S7E shows that in the presence of F127@DTF NPs at
the same concentration, around 38% of ABDA decomposed
after white light illumination for 300 s. DSPE-PEG@DTF NPs
only induced a very small portion of ABDA decomposed as
indicated in Figure S7D. The decomposition rate of ABDA
(ln(A0/A) vs time) was plotted and calculated to be 0.125,
0.032, and only 0.013 for F127@DTF, DSPE-PEG@DTF, and
BSA@DTF NPs, respectively, as shown in Figure 2B.
The photothermal effects of the three nanoprobes were

further evaluated by measuring the changes of temperature of
the nanoprobes solution. As shown in Figure S8, under white
light illumination at the power density of 30, 45, and 60 mW/
cm2, all of the three nanoprobes showed very minor
temperature changes after illumination for 8 min, neither at
the concentration of 1 nor 15 μM. The results indicated that
none of the three nanoprobes have adequate photothermal
effect to induce cell damage, which is actually favorable for
fluorescence imaging. Figure 2D actually makes a comparison
of the fluorescence intensity, ROS generation, and photo-
thermal conversion efficiency of BSA@DTF NPs, DSPE-
PEG@DTF NPs, and F127@DTF NPs. Collectively, these
results revealed that the photophysical and photochemical

properties of AIEgens could be further adjusted through simple
matrices optimization, even after synthesis of certain chemical
structures. Particularly in this work, BSA@DTF NPs were the
most suitable one for live cell imaging due to the best
photoluminescent emission and neglected ROS and heat
production.
In Vitro Fluorescent Imaging by the Three Nanoprobes
Using HT-22 Cells

To further explore the advantages of BSA@DTF NPs over the
other two nanoprobes in the fluorescent bioimaging in the
CNS, the mouse hippocampal neuronal cell line HT-22, an
important cell line for studying neurodegenerative diseases and
testing potential neuronal therapies, was employed as the in
vitro model in this work. The cellular toxicity of different
nanoprobes was first evaluated by incubation with HT-22 cells
for 12 h followed by CCK-8 assay, and the results were
summarized and shown in Figure S9. In the following in vitro
experiment, all of the nanoprobes were used with the same
concentration of 15 μM according to the DTF content. First,
to investigate the cellular uptake behaviors of BSA@DTF NPs,
DSPE-PEG@DTF NPs, and F127@DTF NPs, they were
incubated with HT-22 cells for different periods of time, from
30 min up to 12 h. The cellular uptake was assessed by
confocal laser scanning microscopy (CLSM) with cell nuclei
localized by blue emissive Hoechst 33342. As shown in Figure
3, BSA@DTF NPs enters HT-22 cells very quickly even after
30 min incubation, while DSPE-PEG@DTF NPs did not
exhibit obvious fluorescence inside cells until 4 h incubation.
The integrals of red fluorescence in each figure can be
calculated with the assistance of ImageJ software; hence, the
mass ratios of DTF could be determined after correcting the
fluorescence integrals by the relative brightness of each
nanoprobes. According to the calculated results, after
coincubation for 2 h, only around 5% and 2.5% of DSPE-
PEG@DTF NPs and F127@DTF NPs were uptaken by HT-
22 cells, compared with that of BSA@DTF NPs. After 6 h of
coincubation, the ratio of BSA@DTF NPs and DSPE-PEG@
DTF NPs uptaken by HT-22 reached 2:1. As for F127@DTF

Figure 3. Confocal Images of HT-22 cells incubated with BSA@DTF NPs, DSPE-PEG@DTF NPs, and F127@DTF NPs for different periods of
time as stated. The nuclei were stained with Hoechst 33342 (1 μg/mL, 20 min) showing blue fluorescence. All of the three nanoprobes share the
same concentration at 15 μM for incubation. All the images share scale bar of 20 μm.
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NPs, it took around 12 h to exhibit obvious red fluorescence
inside cells. After 12 h coincubation, though the same amount
of DSPE-PEG@DTF NPs and BSA@DTF NPs were taken up
by HT-22 cells, the former ones look much dimmer than the
latter one. Collectively, the results demonstrated that BSA@
DTF NPs enter the HT-22 cell much more quickly. Together
with its better emissive brightness, it is a superior reagent for
fluorescent bioimaging over the other two nanoprobes.
Subsequently, HT-22 cells were first incubated with BSA@

DTF NPs for 24h, DSPE-PEG@DTF NPs, and F127@DTF
NPs, respectively, and then illuminated by the 488 nm laser
equipped on the CLSM. As shown in Figure 4 and Figure S10,
HT-22 cells treated with F127@DTF NPs become rounded in

shape, suggesting a deterioration in their healthy situation. In
comparison, BSA@DTF NPs did not exert much of an effect
on the morphology of HT-22 cells. It is noteworthy that the
number of BSA@DTF NPs taken up by HT-22 was much
greater than that of F127@DTF NPs, which further suggests
that BSA@DTF NPs are much less toxic than F127@DTF
NPs. The intracellular ROS generation was indicated by the
light-up fluorescence emitted by DCFH-DA probe, as shown
in Figure S11, revealing that there are significant ROS
generation in HT-22 cells treated with both DSPE-PEG@
DTF NPs and F127@DTF NPs. In contrast, HT-22 cells
coincubated with BSA@DTF NPs remain emissive under the
same conditions.

Figure 4. Confocal Images of HT-22 cells taken at time points of 0 and 25 min after exposure to 488 nm laser illumination. HT-22 cells are first
incubated with BSA@DTF NPs, DSPE-PEG@DTF NPs, and F127@DTF NPs for 24 h and then their nuclei were stained by Hoechst 33342.

Figure 5. CLSM images of actin filaments in BV-2 cells incubated with BSA@DTF NPs, DSPE-PEG@DTF NPs, and F127@DTF NPs for 24 h,
respectively. Actin filaments were stained by a red-emissive commercialized dye ActinRed 555 after the fixation of BV-2 cells with 4%
paraformaldehyde.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Article

https://doi.org/10.1021/cbmi.4c00061
Chem. Biomed. Imaging 2024, 2, 775−783

780

https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00061/suppl_file/im4c00061_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.4c00061/suppl_file/im4c00061_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00061?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00061?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00061?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00061?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00061?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00061?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00061?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00061?fig=fig5&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


BV-2 Cytoskeleton Morphology Changes after Incubation
with Three Nanoprobes

Microglia are resident immune cells in the brain, which
account for about 10−15% of cells in the brain and spinal cord.
Microglia keep scanning the environment for danger signals
and play both protective and detrimental functions by taking
different phenotypes under certain circumstances. Microglia
could polarize into M1 pro-inflammatory phenotype from
resting phenotype (M0) in response to the inflammatory
environmental stimuli. M1 microglia, which are also termed as
classical activation state, are associated with further production
of pro-inflammatory cytokines such as interleukin-1 β (IL-1 β),
nitric oxide (NO), reactive oxygen species (ROS), etc. BV-2
cells are semiadherent cells with a range of heterogeneous
appearance. It has been reported that resting microglia (M0)
are activated by lipopolysaccharide (LPS) to M1 microglia, and
experience a morphological transit from a ramified shape to an
ameboid shape.35,36 However, there are more frequent debates
on the cell morphology of different phenotypes.37

In this part, the morphology changes of BV-2 cells before
and after incubation with different nanoprobes, including
BSA@DTF NPs, DSPE-PEG@DTF NPs, and F127@DTF
NPs, were studied by staining their cytoskeleton. Specifically,
BV-2 cells were first incubated with the three nanoprobes, and
their actin filaments were stained by a commercialized dye
ActinRed 555. Though BV-2 cells without any treatment show
a range of morphology including normal shape, elongated, and
oval cell shape, they are all characterized with one feature of
many small protrusions on the outer parts of their
cytoskeleton, particularly in the top cross sections of each
cell, which are recorded clearly in CLSM images in Figure 5A.
However, after incubated with DSPE-PEG@DTF NPs or
F127@DTF NPs, most of BV-2 cells lost their small
protrusions and some of the them become rounded in shape.
In contrast, BV-2 cells incubated with BSA@DTF NPs did not
show obvious changes in the morphology of their actin
filaments. To figure out the reasons for the disappearance of
the small protrusions on BV-2 cells treated with DSPE-PEG@
DTF NPs and F127@DTF NPs, BV-2 cells were treated with
LPS, which is a classic inducer of M1 microglia, and their actin
filaments were also stained and observed by CLSM.
Interestingly, BV-2 cells showed much less protrusion on
their cell membrane after being treated with 1 μg/mL of LPS.
Moreover, this phenomenon became much more obvious after
treatment with 10 μg/mL of LPS, showing a concentration-
dependent trend. The results indicated that to sustain normal
cytoskeleton morphology of BV-2 cells, it is important to
minimize the ROS generation of the bioimaging reagents,
particularly for those with long-wavelength fluorescence
emission. Collectively, BSA@DTF NPs showed much less
side effects on sensitive cells such as microglia, which is
important for fluorescent imaging in the CNS.

■ CONCLUSIONS
In conclusion, this study investigated the effect of encapsula-
tion on the photoluminescent properties, ROS generation, and
photothermal conversion rate of AIEgen using various matrices
including BSA, DSPE-PEG2000, and F127. Interesting,
compared with F127@DTF NPs, BSA@DTF NPs showed
1.3 folds of brightness but only produced around 2.4% of ROS.
The potential of BSA@DTF NPs for the live cell imaging
particularly for CNS was evaluated using HT-22 cell. The

results demonstrated better cellular uptake, negligible intra-
cellular ROS, and phototoxicity even after a continuous
illumination for 25 min. It is noteworthy that the small
protrusions outside the cytoskeleton of BV-2 cells vanished
after incubation with DSPE-PEG@DTF NPs or F127@DTF
NPs, similar to those treated with LPS. In contrast, BSA@DTF
NPs preserved the normal cytoskeleton morphology of BV-2
cells, akin to untreated control group. This work represents a
successful but easy-to-operate process to suppress the ROS
generation of red-emissive AIEgens. It underscores the critical
importance of minimizing the ROS generation of the
fluorescent probes, particularly for long-term imaging
applications involving CNS cells.
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