Open Access Article. Published on 12 June 2018. Downloaded on 11/8/2025 3:27:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

HFBI-RGD+

Cite this: RSC Adv., 2018, 8, 21472

The self-assembly of monosubstituted BODIPY and

Fengnan Sun,? Guang Yang,?® Qian Zhang,? Zhongbo Xue,? Chengzhi Gu,®
Zhuozhi Chen,® Boying Yan,® Yaqing Feng,?® Zefang Wang*® and Shuxian Meng { *2

A novel fluorescent probe was constructed by the self-assembly of monosubstituted BODIPY and a novel

Received 29th April 2018
Accepted 25th May 2018

targeted hydrophobin named hereafter as HFBI-RGD. Optical measurements and theoretical calculations

confirmed that the spectral properties of the probe were greatly influenced by the BODIPY structure, the

DOI: 10.1039/c8ra03687j

rsc.li/rsc-advances

1. Introduction

Functional dyes have been applied to a variety of research fields
such as fluorescent molecular probes,"* dye sensitized solar
cells (DSSCs)** and photodynamic therapy (PDT).>* As an
indispensable tool for modern biomedical research and pre-
clinical study, fluorescence imaging has attracted much atten-
tion. Dyes emitting in the far-red or near infra-red (NIR) region
(650-900 nm) are ideal materials for this application.” Of all
these dyes, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes (BODI-
PYs) are promising for their high quantum yields, large
extinction coefficients, and good absorption and emission
intensities. However, critical defects including short wavelength
(470-530 nm),® low water solubility and poor biocompatibility
are yet to be solved for further applications. Many strategies are
used to modify the BODIPY core to tune the emission into red/
near infrared region by mainly including a conjugate structure
at the 3,5-position,®*® replacing the meso-carbon atom of the
BODIPY framework to form aza-BODIPY,"'> and displacing the
fluoride atom in conventional BODIPY with oxygen (carbon)
atom to form O-BODIPY (C-BODIPY)."*** Hydrophobicity can be
modified by introducing an ionized hydrophilic'*"” or neutral
hydrophilic group™*® and self-assembly of amphiphilic block
copolymer.*
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appropriate volume of BODIPY and the cavity of HFBI-RGD. The experiments in vivo and ex vivo
demonstrated that the probe had excellent ability for tumor labelling.

The hydrophobins are small (7-15 kDa) proteins produced
by the filamentous fungi during a specific period. Their struc-
tures have been discussed in detail previously,>** and Fig. 1*°
shows the three-dimensional structure of one hydrophobin. The
hydrophobins possess amphiphilic characteristics, remarkable
surface activity’*” and various biological functions, which
makes them fascinating materials across a number of fields.
Integrin o,f; (ref. 28) can serve as a receptor for a variety of
extracellular matrix proteins displaying the RGD tripeptide
sequence.” Due to high expression in endothelial cells during
tumor angiogenesis, a,B; is considered as a suitable membrane
structure for tumor targeting.*®** In this study, a hydrophobin
modified by RGD peptide was prepared by genetic engineering.
Considering the specific binding of RGD and o, f3;, we envisaged
that this hydrophobin named hereafter as HFBI-RGD can be
used as a useful tool for labelling tumors.

We designed three monosubstituted BODIPYs (Scheme 1)
and prepared HFBI-RGD. Then, the dyes were wrapped into the
cavity formed by the self-assembly of HFBI-RGD to produce
protein nanocage—fluorescent probes, which not only retained
the fluorescence emission of BODIPYs, but also displayed water
solubility, biocompatibility and tumor-targeting. We further
analysed the main factors which affected the spectral properties

Fig. 1 Three-dimensional structure of HFBI. The green part on the
surface of HFBI is the hydrophobic patch that can bind to the hydro-
phobic solid surface.

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Synthesis of three mono-substituted BODIPYs.

of these protein nanocage-fluorescent probes. Optical
measurements and theoretical calculations confirmed that the
spectral properties were greatly influenced by the BODIPY
structure, the appropriate volume of BODIPY and the cavity of
HFBI-RGD. Last, using live animal imaging experiments, the
probes were verified to have the excellent capability of targeting
tumors.

2. Results and discussion

2.1. Synthesis and optical characterization of 3a-3c

Our initial efforts involved the synthesis and optical
measurement of BODIPYs. In this study, we reported three
new asymmetric structures with flexible and semi-rigid triar-
ylamino groups at the 3-position of the framework (Scheme 1).
The dyes were characterized by "H NMR, "*C NMR and HRMS.
The optical results demonstrated that the mono-substituted
structures possessed good spectral properties, especially with
the fluorescence emission in the visible region. 3a-3c¢ were
found to show similar profiles with the maximum absorption
wavelength (Amax) of approximately 600 nm and an intense
emission peak at around 650 nm (Fig. 2 and S2 in ESIf). In
consistent with their fluorescence quantum yields (@3, = 0.38,
@31, = 0.73, and @3, = 0.46), which might be ascribed to the
triarylamino groups at the C3 position. The dye 3a had the
lowest fluorescence intensity, which was caused by the free
rotation of benzene rings in the triarylated amine group.*>*

The dyes 3b and 3¢ with rigid triarylamino groups exhibited
higher emission peaks, especially compound 3b. The absorp-
tion and emission spectral behaviors of the dyes in other
solvents are also presented (Fig. S3 in ESIt). As indicated by the
plots, the fluorescence intensity decreased with the increase in
polarity, which could be due to a positive solvent kinetic
effect.’**

Because of the presence of m-m interactions between
molecules, the reduced HOMO-LUMO energy gap resulted in
a slight bathochromic shift.***” Thus, a slight red-shift
appeared for all these dyes with the increase in concentra-
tion. Among the three BODIPY dyes, dye 3b exhibited the best
co-planarity; on the one hand, this property limited free rota-
tion, resulting in the least non-radiative energy loss but on the
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Fig. 2 Fluorescence spectra of dyes 3a, 3b and 3c in CH,Cl, with
different concentrations. Condition: excitation wavelength 560 nm.

other hand, it greatly contributed to intermolecular w-7
aggregation compared to the observations for dye 3a and dye
3c. Dye 3b showed the strongest emission and exhibited
a sharp drop in fluorescence intensity at high concentration.

2.2. The morphology of BODIPY and HFBI-RGD/BODIPY

We utilized scanning electron microscopy to characterize the
morphological changes between BODIPY and HFBI-RGD/
BODIPY. The SEM images suggested that the morphological
variation was strongly and closely related to HFBI-RGD. The
rightmost image of Fig. 3b shows the membrane structure of
the hydrophobic protein modified by RGD. In the self-assembly
process, the amphiphilic film entrapped the BODIPY molecule
to form an analogous structure to that of a microcapsule,
varying the holistic morphology and dispersity of BODIPY. As
depicted in Fig. 3c, HFBI-RGD/BODIPY categorically showed
much smaller size and regular shape in comparison to BODIPY
dyes, which presented massive texture, as shown in Fig. 3a.

RSC Adlv., 2018, 8, 21472-21479 | 21473
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Fig.3 SEM images of BODIPY, HFBI-RGD and HFBI-RGD/BODIPY. (a)
BODIPY. The images from the left to right indicate the shapes of dyes
3a—3c, respectively. (b) HFBI-RGD. The figures from the left to right
exhibit the overall, single, membrane of hydrophobic protein modified
by RGD. (c) HFBI-RGD/BODIPY. The images from the left to right
indicate the shapes of HFBI-RGD/3a—3c, respectively.

2.3. Fluorescence properties of the HFBI-RGD/BODIPY
fluorescent probe

To overcome the hydrophobicity of BODIPY dyes, we encapsu-
lated the dyes with the targeted hydrophobin HFBI-RGD by self-
assembly to form a protein nanocage, which exhibited water
solubility and excellent spectroscopic properties (Fig. 4), and
the protein nanocage also showed stability without aggregation
caused by the volatilization of dichloromethane (inset in
Fig. 4b). As the figure depicts, the fluorescence intensity
increased with the HFBI-RGD concentration in a non-linear
manner. The corresponding plot (Fig. S4 in ESIt) clearly indi-
cates the relationship between fluorescence and HFBI-RGD.
When the concentration of HFBI-RGD reached a critical value,
a decline in the fluorescence intensity was observed. The
following presumption might account for this phenomenon: At
low concentrations, the hydrophobin molecules in the solution
were insufficient to disperse the dyes, whereas the scattered
dyes were linked by the aggregation of redundant hydrophobins
at high concentrations.”® Another factor that was taken into
consideration was the cavity in the structure of hydrophobins.
Limited by the size of the cavity, fluorescence intensity for HFBI-
RGD/BODIPY was not observed when the BODIPY dyes were
mixed in the organic solvents. When the concentration of HFBI-
RGD was low, an excess of dye caused aggregation, resulting in
the decrease of fluorescence intensity and vice versa. We also
found that the critical value of dye 3a was 0.15 mg mL ",
whereas that of each of the other dye was 0.20 mg mL ", and
this divergence was observed due to the different substituents at
the 3-position of the central structure. The fluorescence emis-
sion wavelengths of the three dyes blue-shifted slightly in close
proximity to 645 nm compared to those of the dyes in
dichloromethane, which might be caused by the negative sol-
vatochromic effect.®®

In the process of encapsulating the dyes with HFBI-RGD, we
also noticed another interesting phenomenon. The compound
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Fig. 4 Fluorescence spectra of dyes in the presence of different
concentrations of HFBI-RGD aqueous solutions. (a) HFBI-RGD/3a. (b)
HFBI-RGD/3b. Inset: the image of HFBI-RGD/3b upon the irradiation
of ultraviolet lamp (365 nm) after two weeks. (c) HFBI-RGD/3c.

1 and monosubstituted BODIPY molecules 3a-3c¢ could be
wrapped by hydrophobins to form protein nanocages with
strong fluorescence emissions (Fig. S6 in ESI, 4), but disub-
stituted BODIPY molecules could not be wrapped by the
hydrophobins. Different concentrations of dyes and hydro-
phobins were assayed in this self-assembly process, but no
fluorescence emission of the disubstituted BODIPYs was
observed. We attributed this fluorescence quenching to the
difference in volumes of the BODIPYs. The volumes of these
dyes are listed in Table S1.7 On account of the influence of other
substituents, namely, triarylamino groups at the 5-position and
steric hindrance, the disubstituted dyes indisputably had bigger
volumes than compound 1 and monosubstituted dyes. Based
on these evidences, we speculated that hydrophobins with
a certain vacuum structure could be prepared by means of
ultrasonic agitation. This cavity might affect the fluorescence
properties of the dyes of different sizes, which were wrapped
into the protein nanocages.

2.4. Biological properties

Finally, we examined HFBI-RGD/BODIPY as a fluorescent
probe for targeting the tumor tissue. First, the cytotoxicity of
the HFBI-RGD/BODIPY fluorescent probe to glioma cells was
studied. The glioma cells were incubated with HFBI-RGD/

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Cytotoxicity of HFBI-RGD/BODIPY fluorescent probe by MTT
assay. Black, cytotoxicity of HFBI-RGD/3a; red, cytotoxicity of HFBI-
RGD/3b; blue, cytotoxicity of HFBI-RGD/3c. (n = 3, *P < 0.05).

BODIPY at different concentration gradients (0 pM, 0.1 pM, 1
1M, 3 uM, 5 uM, 10 uM, 20 uM, 60 uM, 100 uM, and 200 uM) for
48 h. The data showed cell survival of approximately 80
percent at 100 uM and 56 percent at 200 uM. The probes
exhibited weak even negligible cytotoxicity to the U-87 cells at
low concentration (Fig. 5) and thus, we used a low concen-
tration (5 pM) in the follow-up experiment.

Next, we tested the capability of tumor-targeting by
confocal fluorescence microscopy. U-87 cells treated with
probes displayed red fluorescence under a confocal fluores-
cence microscope (Fig. 6). A bright red fluorescence emission
was observed clearly when the cells were treated with HFBI-
RGD/3b. By contrast, the cells incubated with HFBI-RGD/3a
and HFBI-RGD/3c¢ showed indistinct red fluorescence emis-
sions. These changes were consistent with the previous optical
data wherein HFBI-RGD/3b displayed better fluorescence
intensity than 3a and 3c. It was worth noting that when the
cells were treated with HFBI-RGD/(3a-3¢), more probes could
enter into the cells, which was concluded from the area under
the curves of fluorescence spectra in the graphs. The results
indicated that HFBI-RGD/BODIPY possessed the ability of
targeting the cancer cells to some extent.

Nude mice bearing U-87-derived glioma were injected with
HFBI-RGD/3b or HFBI/3b fluorescent probes (5 pM) via the
tail vein. As shown in the real time-dependent fluorescence
images of the living tumor-bearing nude mice (Fig. 7a), fuzzy
fluorescence at the tumor site was observed at wavelengths
close to 645 nm, which may not be completely devoid of
interference from the normal tissues. The tumor tissues
could be distinguished from the surrounding normal tissues
with a certain degree of clarity. Weak fluorescence was
observed at the tumor site after 2 h. But as time elapsed, more
fluorescent probes gathered around the tumor tissues, and
this was accompanied with higher fluorescence intensity,
which reached a peak after 24 h. Negligible fluorescence
emission was observed after 72 h because of the rapid
clearance of the fluorescence probe. To further characterize
the tumor-targeting property of the probe, tumor tissues and
main organs were harvested at certain times post labelling.
The tumors exhibited persistent and strong fluorescence

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Confocal fluorescence images (40x) of glioma cells U-87
incubated with HFBI/3a or HFBI-RGD/3a, HFBI/3b or HFBI-RGD/3b,
HFBI/3c or HFBI-RGD/3c (5 uM) for 4 h at 37 °C. Merged images, probe
(red), cell nuclei (blue) are shown. (a) U-87 cells were incubated with
HFBI/3a or HFBI-RGD/3a (5 uM) for 4 h; (b) U-87 cells were incubated
with HFBI/3b or HFBI-RGD/3b (5 uM) for 4 h; (c) U-87 cells were
incubated with HFBI/3c or HFBI-RGD/3c (5 uM) for 4 h. The excitation
wavelengths of DAPI and HFBI-RGD/BODIPY fluorescent probe were
405 nm and 560 nm, respectively.

emission without the interference of autofluorescence from
the background (Fig. 7b). The results of the control experi-
ment showed that no fluorescence was observed in the tumor

RSC Adv., 2018, 8, 21472-21479 | 21475
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Fig. 7 (a) Time-dependent in vivo fluorescence images of hude mice
bearing glioma cells U-87 after tail intravenous injection. Images were
takenat2h,4h,6h,8h,24h, 48 h,and 72 h. (b) Fluorescence images
of the main organs (heart, liver, spleen, lung, and kidneys) and tumors
from U-87 tumor-bearing mice at different time intervals (24 h, 48 h,
and 72 h).

tissue whether in the real time-dependent fluorescence
images or anatomic images (Fig. 7). These results confirmed
the capability of HFBI-RGD/BODIPY fluorescent probes to
target the tumors.

3. Conclusions

In summary, we have shown the construction of a novel fluo-
rescent probe—HFBI-RGD/BODIPY. Three new asymmetric
structures with flexible and semi-rigid triarylamino groups at
the 3-position of the framework were designed and synthesized.
A novel hydrophobin modified by peptides RGD was prepared
by genetic engineering. Next, HFBI-RGD was exploited to
encapsulate the dyes to form protein nanocages by self-
assembly. The protein nanocages not only retained the fluo-
rescence emission of BODIPYs, but also showed water solu-
bility, ~biocompatibility and tumor-specific targeting.
Subsequently, we turned our attention to the main factors
which affected the spectral properties of the protein nanocages.
Optical measurements and theoretical calculations confirmed
that the spectral properties were greatly influenced by the
BODIPY structure, the appropriate volume of BODIPY and the
cavity of HFBI-RGD. The experiments in vivo and ex vivo ascer-
tained that the fluorescent probe had a powerful tumor-
targeting property.
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4. Experimental section
4.1 Materials and instruments

All solvents and starting materials were commercially avail-
able and used without further purification (unless specified).
The synthetic routes of 2b and 2¢ were described in our lab's
previous publications.*® HFBI-RGD was purified by our labo-
ratory. 'H NMR and *C NMR spectra were recorded on
a Bruker AV400 MHz spectrometer. HRMS results were ob-
tained with a Bruker microTof-QII instrument. Absorption
spectra were measured using Shimadzu UV-1800. Fluores-
cence spectra were determined on a Hitachi F-2500 spectro-
photometer. The morphology was obtained with a scanning
electron microscope (S-4800, Hitachi, Japan). The cell viability
was analysed using a microplate reader (Perkin Elmer Ens-
pire). Fluorescent images of cells were obtained with
a confocal microscope (Ultra VIEM Vox, PerkinElmer). In vivo
images were captured with a Cri Maestro In vivo imaging
system (Cri, Woburn, MA).

4.2 Synthesis

Synthesis of compound 1. Methyl 4-formylbenzoate
(0.864 g, 5.2 mmol) was dissolved in 32 mL CH,Cl, in
a 100 mL round-bottom flask equipped with a magnetic
stirrer and then, 2,4-dimethylpyrrole (1 mL, 10.0 mmol) was
added. The mixture was stirred in the dark for 30 min with
nitrogen bubbling to remove dissolved oxygen, followed by
addition of 0.08 mL trifluoroacetic acid with syringe slowly
under nitrogen atmosphere to continue the reaction. After
4 h, the particles of the raw material 2,4-dimethylpyrrole
disappeared (monitored by TLC), after which the nitrogen
atmosphere was removed. DDQ (2,3-dichloro-5,6-dicyano-
1,4-benzoquinone) (1.2 g, 2.6 mmol) dissolved in a mixed
solution (5 mL CH,Cl, and 5 mL THF) was introduced with
constant-voltage funnels. The mixture was stirred in the
absence of light for 1 h at room temperature and then, 8.6 mL
triethylamine was added drop by drop. Subsequently, 8.6 mL
boron trifluoride etherate was added in the same way under
the condition of an ice bath. The ice bath was removed after
30 min, and the reaction mixture was stirred in the dark
overnight. The product of the reaction was washed with water
and extracted with dichloromethane. The extracted liquid
was dried over anhydrous sodium sulfate. Dichloromethane
was removed by evaporation to obtain the crude product,-
which was further purified by column chromatography (silica
gel) using CH,Cl,/hexane = 2/1 as eluent to yield a red solid
(287 mg, yield 14.4%). '"H NMR (400 MHz, CDCls, 6): 8.18 (d,/
= 8.0 Hz, 2H, Ph-H); 7.41 (d, J = 8.0 Hz, 2H, Ph-H); 5.99 (s,
2H, pyrrole-H); 3.97 (s, 3H, -COOCH3); 2.56 (s, 6H, pyrrole-
CH5); 1.36 (s, 6H, pyrrole-CH3). >C NMR (100 MHz, DMSO,
6): 166.22, 155.83, 143.09, 140.99, 139.33, 130.82, 130.70,
130.50, 129.11, 122.11, 52.89, 14.56. HRMS (ESI) calcd for
C,1H,,BF,N,0, 382.1562, found 382.1570.

Synthesis of 3a-3¢c. Compound 1 (45.9 mg, 0.12 mmol) and
(29.7 mg, 0.1 mmol) 2 were dissolved in 10 mL benzene,
0.12 mL piperidine and 0.12 mL acetic acid, and this solution

This journal is © The Royal Society of Chemistry 2018
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was then injected with a syringe. The resulting orange red
mixture was stirred with reflux condensation under 90 °C in
the dark. After 8 h, the reaction stopped when the concen-
tration of raw material and product stayed unchanged. The
product was washed with water and extracted with
dichloromethane. The liquid extracted was dried over anhy-
drous sodium sulfate. Dichloromethane was removed to
obtain the crude product. The crude product was further
purified by column chromatography (silica gel) using CH,Cl,/
hexane = 10/1 as eluent and then, it was recrystallized in
CH,Cl,/hexane to obtain the target product.

3a. 13% yield. "H NMR (400 MHz, CDCl;, 6): 8.18 (d, 2H, ] =
8.4 Hz, Ar-H); 7.72-7.69 (m, 1H, Ar-H); 7.57-7.52 (m, 3H, Ar-
H); 7.44 (t, 4H, J = 8.6 Hz, Ar-H); 7.14-7.12 (m, 4H, Ar-H);
7.07-7.06 (m, 2H, Ar-H); 7.02 (d, 2H, J = 8.8 Hz, Ar-H); 6.66
(s, 1H, pyrrole-H); 5.99 (s, 1H, pyrrole-H); 3.98 (s, 3H,
-COOCHs3;); 2.58 (s, 3H, pyrrole-CH3); 1.41 (s, 3H, pyrrole—
CH3;); 1.37 (s, 3H, pyrrole-CH;). "*C NMR (101 MHz, CDCl;,
d): 167.73, 154.85, 153.89, 148.77, 147.09, 140.08, 136.51,
132.44,132.36,132.30,131.97,130.89, 130.86,130.27,128.82,
128.78,128.70,128.62,125.03,123.62,122.39,121.22,117.86,
114.73, 52.37, 14.05, 13.72, 10.95. HRMS (ESI) calcd for
C40H34BF,N;0, 637.2618, found 637.2612.

3b. 17% yield. "H NMR (400 MHz, CDCl;, 6): 8.16 (d, 2H, ] =
8.4 Hz, Ar-H); 7.52-7.39 (m, 11H, Ar-H); 7.12 (d, 1H, J =
15.6 Hz, -CH=CHyyns-); 6.85 (s, 2H, -CH=CHy,,-); 6.55 (s,
1H, pyrrole-H); 6.28 (d, 2H, J = 8.4 Hz, Ar-H); 5.95 (s, 1H,
pyrrole-H); 3.97 (s, 3H, -COOCH3); 2.54 (s, 3H, pyrrole-CH3);
1.37 (s, 3H, pyrrole-CHj,); 1.34 (s, 3H, pyrrole-CHj;). "*C NMR
(101 MHz, CDCl;, 6): 167.73, 149.95, 142.42, 140.26, 137.62,
137.49,136.08,132.44,132.31,130.90, 130.86, 130.62, 130.50,
130.41,130.20,129.94,129.79,128.83, 128.79, 128.60, 127.36,
126.69, 120.74, 117.90, 115.04, 112.17, 52.35, 19.16, 14.05,
10.96. HRMS (ESI) caled for C,4,H3,BF,N30, 661.2615, found
661.2606.

3c. 16% yield. "H NMR (400 MHz, CDClj, 6): 8.17 (d, 2H, ] =
8.4 Hz, Ar-H); 7.72-7.69 (m, 11H, Ar-H); 7.54-7.52 (m, 11H,
Ar-H); 7.43-7.36 (m, 7H, Ar-H); 7.29-7.15 (m, 5H, Ar-H); 7.17
(d, 1H, J = 16 Hz, -CH=CH,qpn,-); 6.60-6.57 (m, 3H, pyrrole-
H and Ar-H); 5.96 (s, 1H, pyrrole-H); 3.97 (s, 3H, -COOCH3);
3.00 (s, 4H, -CH,CH,-); 2.56 (s, 3H, pyrrole-CH3); 1.39 (s, 3H,
pyrrole-CH3); 1.35 (s, 3H, pyrrole-CH,). **C NMR (101 MHz,
CDCl;, 6): 167.89, 150.11, 142.58, 140.42, 137.78, 136.24,
132.60, 131.06, 131.02, 130.78, 130.66, 130.57, 130.36, 130.10,
129.95,128.99, 128.95, 128.76, 127.52, 126.85, 120.90, 118.06,
115.20, 112.33, 52.51, 23.90, 23.14, 19.32, 14.21, 11.12. HRMS
(APCI) caled for C,,H;6BF,N;0, 663.2290, found 663.2298.

4.3 Preparation of HFBI-RGD/BODIPY solution

3a-3c were dissolved in dichloromethane to obtain a certain
concentration. Phosphate buffer (pH 7.4) was used to prepare
five concentrations of HFBI-RGD solution (50, 100, 150, 200, 250
ng mL™1). Subsequently, 30 uL. BODIPY-dichloromethane solu-
tion was added to five concentrations of HFBI-RGD (200 pL).
The layered solutions were self-assembled by ultrasonic
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agitation for 1 h below 25 °C. The upper transparent solution
was separated for further tests.

4.4 General biology experiments

Cell culture. U-87 cells (high o,f; integrin expression) were
cultured in DMEM supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin. The cells were cultured at 37 °C
in a humidified atmosphere containing 5% CO,.

Cytotoxicity study. The cytotoxicity of HFBI-RGD/BODIPY
fluorescent probe was evaluated by the MTT assay. The U-87
cells were seeded on 96-well plates at a density of 1 x 10°
cells per well in DMEM medium overnight for adherence. Then,
the cells were treated with different doses of HFBI-RGD/BODIPY
(0 uM, 0.1 uM, 1 uM, 3 uM, 5 UM, 10 puM, 20 uM, 60 pM, 100 uM,
200 pM) in DMEM supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin for further culture of 48 h at
37 °C under 5% CO,. After 48 h incubation, DMEM was aban-
doned, and 10 pL MTT (5 mg m~ "' L™ ") was added to each well
subsequently for 4 h. At last, the formazan crystals in the viable
cells were dissolved in 100 uL. DMSO, and the absorbance at
490 nm was determined with a microplate reader. The
untreated cells were regarded as the 100% cell viability control,
and the treated cell viability (%) was calculated in line with the
following formula:*°

A Xperimenta
Vo = Zepenmental 1000,

control
Here, V% is the percent of cell viability, Acsperimentar iS the
absorbance of the treated cells, and A¢onro1 iS the absorbance of
the untreated cells.

Confocal microscopy. The U-87 cells were seeded onto the
48-well glass slides and cultured in DMEM medium supple-
mented with 10% fetal bovine serum and 1% penicillin/
streptomycin at 37 °C under 5% CO, overnight for attach-
ment. Subsequently, the cells were washed twice with phos-
phate buffer (pH 7.4) and treated with HFBI-RGD/BODIPY or
HFBI/BODIPY fluorescent probe in DMEM medium at the
concentration 5 pM. After 4 h incubation, the cell supernatant
was discarded. Then, 4% formaldehyde solution was added for
5 min to fix the cells, and DAPI solution was added for 10 min to
stain the nucleus. In all cases, the cells were washed with PBS
prior to any process to remove the remnant compound from the
previous step. Finally, the cells were washed twice and trans-
ferred from the cellular slides onto the microscope slides after
which they were sealed with a fluorescence quenching sealant.
All fluorescence images were taken by a 40 objective lens. Blue
channel 405 nm was used to visualize the cell nucleus, and red
channel 560 nm was used to excite HFBI-RGD/BODIPY fluo-
rescent probe.

The experiments in vivo. The animal studies complied with
the China Animal Protection Law. These experiments were done
under the regulations set out for Tianjin University Animal
Experiments, and they were approved by the animal ethics
committee. Female nude mice (six weeks old) were injected with
100 puL (3.5 x 10° cells per mL) glioma cells into the left forelimb
to generate the xenograft tumor model. After the mice were

RSC Adv., 2018, 8, 21472-21479 | 21477


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03687j

Open Access Article. Published on 12 June 2018. Downloaded on 11/8/2025 3:27:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

raised for approximately 2-3 weeks, the HFBI-RGD/BODIPY or
HFBI/BODIPY fluorescent probe (5 uM, 200 pL) was injected via
the tail vein. The mice were anesthetized with isoflurane, and
the in vivo images were captured at different points of time. All
images were determined with a Cri Maestro In vivo imaging
system (Cri, Woburn, MA), with the excitation wavelength of
605 nm and emission wavelengths ranging from 615 nm to
800 nm.

The experiments ex vivo. To eliminate the interference from
background, ex vivo imaging procedures were carried out. At
different time points (24 h, 48 h, 72 h), the mice were dissected.
The tumor and main organs (heart, liver, spleen, lung, kidneys)
were harvested for the ex vivo imaging. The images were taken
with the same instrument under the same conditions as those
of the in vivo imaging.
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