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Near infrared (NIR) fluorescent dyes that are widely used for cancer imaging usually suffer from their
hydrophobicity. To overcome this problem, a water-suspendable and biodegradable NIR-light-activating
aza-BODIPY (AZB-NO,) encapsulated in polymeric nanoparticles was prepared as a new class of deep-
tissue imaging agent. AZB-NO, possesses an intense, broad NIR absorption band (600-800 nm) with
a remarkably high fluorescent quantum yield. After being encapsulated with a biodegradable
polycaprolactone (PCL) and a Kolliphor P188 surfactant by emulsification-solvent evaporation method,
the AZB-NO, formed a spherical shape as observed in scanning electron micrographs (SEM) with
a hydrodynamic average size of 201 nm (average PDI = 0.185). The results from transmission electron
micrographs (TEM) and energy dispersive X-ray spectroscopy (EDS) elemental mapping indicated that the
AZB-NO, homogeneously distributed in the polymeric shell. UV-visible-NIR and fluorescence spectra of
the obtained nanoparticles, AZB-NO,@PCL, revealed that the nanoparticles prepared by using 0.8 mg
dye loading exhibited the highest fluorescence quantum yield. These nanoparticles were then applied for
fluorescence imaging in human glioblastoma cell line (U-251). After the cells were exposed to AZB-
NO,@PCL, the materials appeared to be localized inside U-251 cells within 3 h and the fluorescence

signal enhanced along with the increased incubation times. Moreover, 3D cell culture was used in this
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Accepted 19th November 2018 study to mimic in vivo tumor environments. The AZB-NO,@PCL exhibited bright fluorescence from U-

251 cells inside 3D Ca-alginate scaffolds after 24 h incubation. Our study successfully demonstrated that
the encapsulation of hydrophobic aza-BODIPY dye could enhance the water-suspendability of the dye
yielding biocompatible nanoparticles efficiently used in cancer cell imaging applications.
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Introduction

The development of near infrared (NIR) dyes has gained much
interest in recent years owing to their potential applications in
molecular imaging and therapy.”* NIR dyes allow for optical
imaging with minimal autofluorescence from biological
samples, reduced light scattering and high tissue penetration."
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BF,-chelated tetraphenylazadipyrromethene known as aza-
BODIPYs are fluorescent compounds that possess strong light
absorption and emission with high fluorescent quantum yields
as well as high stability in physiological conditions.>® Moreover,
aza-BODIPYs can be activated by NIR light, which is suitable for
deep tissue visualization. However, hydrophobicity of aza-
BODIPY core limits the use in biological applications. In the
past decades, many researchers focused on modifying aza-
BODIPY structures to improve their hydrophilicity such as
introducing hydrophilic groups onto the structure.”** Further-
more, nanoencapsulation of aza-BODIPY derivatives with poly-
meric materials can increase the ability to suspend these dyes in
aqueous solutions.™*

Polymeric nanoencapsulations are the most fashionable
technique for the drug carrier due to the enhanced drug
stability and suitable size for intracellular uptake.?*** This
method can also be employed for the preparation of fluorescent
polymer nanoparticles (NPs) holding good water suspend-
ability, biodegradability, and biocompatibility that are suitable
for bioimaging applications.>*** In general, there are three
common methods for the nanoencapsulation of organic mole-
cules, including,  emulsification  solvent-evaporation,

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 The structure of AZB-NO, (inset), UV-visible (blue line) and
fluorescence (red line, excited at 650 nm) spectra of AZB-NO, in
toluene.

nanoprecipitation, and self-assembly.** The emulsification
solvent-evaporation method requires a water-immiscible, vola-
tile solvent (e.g. dichloromethane or ethyl acetate) while the
nanoprecipitation method needs a water-miscible solvent (e.g.
acetone or methanol). In addition, both methods generally
require a surfactant and work well with homopolymer systems
which are considerably different from the self-assembly
method. The latter approach does not need any surfactants
but only amphiphilic block-copolymers. In term of particle
sizes, the NPs of around 180-210 nm were typically obtained by
emulsification solvent-evaporation method®*?® while the
smaller NPs with the sizes less than 100 nm were usually
acquired by nanoprecipitation or self-assembly methods.**

The development of organic NIR activated dyes that are
biocompatible, biodegradable with high fluorescent quantum
yield in the NIR region is highly desirable for deep-tissue tumor
imaging. Here, we report a facile way to prepare water-
suspendable, biodegradable, and biocompatible aza-BODIPY
based polymeric NPs by using emulsification solvent-
evaporation method. Biodegradable polycaprolactone (PCL)
and stabilizing agent Kolliphor P188 were use in the process
since they were reported to be safe in drug delivery systems.>
Optical properties and applications of the organic NPs in cancer
cell imaging were also investigated.

Results and discussion

The AZB-NO, was synthesized according to the previous
report.’® The photophysical properties of this compound were

Table 1 Photophysical properties of AZB-NO,*
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Fig. 2 Vial A contains a free AZB-NO, in water and vial B contains
AZB-NO,@PCL suspended in water.

carefully investigated by UV-VIS-NIR and fluorescence spectro-
photometer (Fig. 1). AZB-NO, features broad absorption bands
with absorption maximal ranging from 693 to 707 nm and
emission bands centred at 731-735 nm in various solvent
systems (Table 1). The quantum yields of AZB-NO, are typical of
other aza-BODIPY dyes®* and depends systematically on both
polarity and proticity of solvents. As shown in Table 1, AZB-NO,
demonstrated a comparatively high fluorescent quantum yield
in apolar solvent (toluene) and small polar solvent (CH,Cl,),
while quantum efficiencies slightly decreased in high polar
solvents, including, acetone, MeCN, and MeOH, respectively.
Next, the octanol-water partition coefficient (P) of AZB-NO,
was determined. The log P value of 2.48 + 0.09 indicated the
hydrophobic nature of this aza-BODIPY. The resulting

Solvent? Amax (NM) eM tem™) Aemiss” (nm) A2 (nm) o (n=23)

Toluene 707 4.6 x 10* 733 26 9.92 x 1072 (£0.28 x 107?)
CH,Cl, 701 5.7 x 10 735 34 8.46 x 10> (£0.22 x 107?)
Acetone 699 4.2 x 10* 732 33 6.82 x 10> (£0.30 x 107?)
MeCN 693 4.4 x 10* 733 40 6.46 x 107> (£0.24 x 107?)
MeOH 696 4.3 x 10* 731 35 5.11 x 10? (£0.33 x 107?)

¢ 10 uM of AZB-NO, was prepared. ° Solvents were arranged according to increasing polarity from top to bottom. ¢ Samples were excited at 650 nm.

4 Relative to Zn-phthalocyanine in pyridine (@ = 0.30).
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Fig. 3 (A) Bar chart showing the absorbances and emission intensities
of the aza-BODIPY dye loaded PCL NPs at different dye loading. (B)
Absorption (dashed line) and emission (solid line) spectra of aqueous
suspension of 0.8 mg (blue line) and 1.2 mg (red line) aza-BODIPY dye
loaded PCL NPs.

condition in entry 4, Table 2 (dye 0.8 mg, Kolliphor P 188 5% w/
v, PCL 10 mg, 5 min sonication time), were used as a reference
because they held the highest quantum yield among the series.
As demonstrated in Table S1,T the uses of small amount of
Kolliphor P 188 leaded to the NPs with larger DLS sizes and PDI
values. In addition, the NPs with larger DLS sizes but smaller
PDI values were obtained when a short sonication time (2.5
min) was applied. Although a longer sonication time (10 min)
caused smaller DLS sizes compared with the sizes of the refer-
ence, larger PDI values were observed indicating high degree of
polydispersity of the NPs. Bases on these results, the condition
in entry 4, Table 2, is still the most suitable condition for the
preparation of AZB-NO,@PCL.

Then, the PCL NPs prepared by the condition in entry 4 were
further characterized by electron microscopic techniques. The
scanning electron microscope (SEM) images (Fig. 4B and C) and
the transmission electron microscope (TEM) images (Fig. 4D
and E) of the NPs showed a spherical shape with diameters
ranging from 70-220 nm, which similar to the DLS size distri-
bution demonstrated in Fig. 4A. Energy Dispersive X-ray Spec-
troscopy (EDS) elemental (boron, nitrogen and fluoride)
mapping (Fig. 4F-I) confirmed the homogeneous distribution
of AZB-NO, in polymeric shells.

To ensure the stability of NPs under physiological condition,
AZB-NO,@PCL were incubated in phosphate buffer solution
(PBS, 0.1 M, pH 7.4) at 37 °C up to 7 days and no significant

This journal is © The Royal Society of Chemistry 2018
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changes on DLS sizes, PDI values, and zeta potentials were
observed (Table S2t), suggesting an excellent stability under
this condition. Additionally, in vitro dye releasing experiment of
AZB-NO,@PCL was carried out in PBS (0.1 M, pH 7.4, contain
1% (w/v) tween 80 and 5% (v/v) dimethyl sulfoxide (DMSO))
through dialysis bag method at 37 °C compared with that of free
AZB-NO, dye as shown in Fig. 5. Similar to other hydrophobic
dyes,*** the releasing profiles indicated that the leaching of
AZB-NO, dye from the lipophilic core of the PCL NPs was
negligible which is suitable for cell imaging applications.

As demonstrated in the comparison table with other
BODIPY-based NPs (Table 3), only AZB-NO, was encapsulated by
homopolymeric PCL with the need of surfactant (emulsion/
solvent evaporation method), while the others (Fig. 6) were
encapsulated by either amphiphilic polymers (PLA-PEG, DSPE-
PEG) or functionalized polymer (PEG-DOX) without surfactant
stabilizers (nanoprecipitation and self-assembly methods).
Although the method in this work provide comparatively large
particle size, it is an economy method to prepare aza-BODIPY
based NPs with great stability and trivial dye release.

To ensure the biocompatibility in living cells, cytotoxicity of
AZB-NO,@PCL was then studied in a human glioblastoma cell
line (U-251). Two culturing systems were used in this study; one
was the traditional cell culture (2D cell culture) and another one
was 3D cell culture to mimic microenvironment of tumor cells
inside the body. Resazurin was used to determine cytotoxicity of

RSC Adv., 2018, 8, 39248-39255 | 39251
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Fig. 5 In vitro AZB-NO, release profile from PCL NPs. Free AZB-NO,

release was used as control. Error bars represents mean + standard
deviation (n = 3).

U-251 cells in both 2D and 3D cultures. The results (Fig. 7)
showed that the cells from both culturing systems maintained
full viability when exposed to AZB-NO,@PCL for 24 h and the
highest concentration of the NPs was up to 100 pg mL ™"
(equivalent to 40 uM of dye). These results suggested that the
NPs within this concentration range were suitable to use in
bioimaging.

Subsequently, cellular uptake of AZB-NO,@PCL was moni-
tored by confocal laser scanning microscopy (CLSM). U-251
cells were incubated with AZB-NO,@PCL for various times
and concentrations. For 2D cell culture, the uptake of the NPs
increased when the cells were incubated with greater amount of
the NPs (Fig. 8). Moreover, NIR fluorescent signal was clearly
observed after 3 h incubation and slightly enhanced when
prolonged incubation time (Fig. S11). The internalization of
AZB-NO,@PCL inside the cancer cells was also confirmed by z-
stacking images (Fig. S21). Examination of the 3D confocal
image (z-stacking) obtained for the 2D cell culture image
revealed the absence of colocalization with respect to the
nucleus of the cell. The top z-plane explicitly showed the pres-
ence of AZB-NO,@PCL evenly distributed in the cytosol but not
colocalizing with the DAPI stained nucleus.

In addition, 3D cell culture was used to investigate the
uptake of NPs by the cancer cells that were allowed to grow in all
direction, which is similar to what happens in vivo. In this study,
we created the tumour environment for U-251 cells by allowing

View Article Online
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Fig.6 The structure of BODIPYs encapsulated in polymers reported in
other publications.
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Fig. 7 U-251 cells viability of different concentrations of AZB-
NO,@PCL in 2D (blue bars) and 3D (red bars) cell culture systems
incubated for 24 h.

the cells to grow inside 3D Ca-alginate scaffolds until the tumor
could mimic in vivo.** After incubating AZB-NO,@PCL with 3D
cells inside Ca-alginate scaffolds for 24 h, the NIR fluorescent
signal was observed with dose dependent manner (Fig. 9). The
results suggested that our prepared NPs have great potential to
be used as optical imaging agent in vivo.

Table 3 The formulation and the obtained DLS sizes of AZB-NO,@PCL compared with those of other BODIPY-based nanoparticles®

Aza-BODIPY Polymer Surfactant Average DLS size (nm) Reference
I PLA-PEG No 60 18
11 DSPE-PEG No 60.1 19
I DSPE-PEG No 35.3 20
v PEG-DOX No 817+ 75 21
AZB-NO, PCL Yes 202.2 £ 6.1 This work

“ PLA = Polylactic acid, PEG = Polyethylene glycol, DSPE = 1,2-distearoyl-sn-glycero-3-phosphoethanolamine, DOX = doxorubicin.
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Fig. 8 Confocal laser scanning microscopy (CLSM) imaging of AZB-
NO,@PCL in U-251 cells. After 6 h incubation, NPs were uptaken by
the cells and the NIR fluorescent signal increased with the greater
amount of the NPs added.
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Fig.9 CLSMimaging of AZB-NO,@PCL in U-251 human glioblastoma
cells that developed inside 3D Ca-alginate scaffolds. After 24 h incu-
bation, NIR fluorescent signal of NPs was observed and the signal
increased when more amount of the NPs added.

Conclusions

Emulsification-solvent evaporation method was successfully
used to encapsulate NIR-light-activating aza-BODIPY (AZB-NO,)
to overcome its water solubility problem. After being

This journal is © The Royal Society of Chemistry 2018
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encapsulated with PCL and Kolliphor P188, the resulting NPs
appeared in a spherical shape as shown in SEM images with an
average hydrodynamic size of 201 nm (average PDI = 0.185).
TEM and EDS elemental mapping confirmed the homogeneous
distribution of AZB-NO, in the polymeric shell. Optical prop-
erties of AZB-NO,@PCL suggested that the NPs prepared by
using 0.8 mg dye loading exhibited the highest fluorescence
quantum yield which were then applied for fluorescence
imaging in glioblastoma cell line (U-251). After the cells were
exposed to AZB-NO,@PCL, the materials appeared to be local-
ized inside U-251 cells within 3 h and the fluorescent signal
enhanced along with the increased incubation times. Moreover,
3D cell culture was used in this study to mimic tumor envi-
ronments. The AZB-NO,@PCL showed bright fluorescence from
U-251 cells inside 3D Ca-alginate scaffolds after 24 h incuba-
tion. Our study successfully demonstrated that the encapsula-
tion of hydrophobic aza-BODIPY dye could enhance water-
suspendability and biocompatibility of the dye. The results in
this study suggested that our prepared NPs have great potential
to be applied in optical cancer imaging in vivo.

Experimental section
Materials and instruments

AZB-NO, was synthesized according to the previous report.*
Polycaprolactone (M,, ~ 14 000) and Kolliphor P 188 was
purchased from Sigma Aldrich. All chemicals and solvents were
used without further purifications. UV-VIS absorption and
fluorescence spectra were acquired from a Cary Series UV-VIS-
NIR spectrophotometer (Agilent Tech, Santa Clara, CA, USA)
and a Perkin Elmer LS55 fluorescence spectrometer, respec-
tively. The sonication processes were carried out through high
intensity ultrasonic processor, VCX 500/750 (Sonics & Materials,
Inc.). Dynamic light scattering (DLS) measurement was per-
formed by Zetasizer Nano series (Malvern Panalytical). SEM
images were obtained from SU-8030 Field-Emission Scanning
Electron Microscope (Hitachi), TEM images and EDS elemental
mappings were acquired from JEM-2100-Plus Transmission
Electron Microscope (JEOL).

Encapsulation of AZB-NO,

Dichloromethane (CH,Cl,) solution (3 mL) containing PCL (10
mg) and various amounts of AZB-NO, (0.2, 0.4, 0.6, 0.8, 1.0, or
1.2 mg) was poured into an aqueous solution (50 mL) contain-
ing Kolliphor P 188 (2.5 g, 5% w/v) as an emulsifier. The mixture
was vigorously stirred for 30 min. The resulting mixture was
then sonicated for 5 min at 90% amplitude using ultrasonic
probe equipped with high intensity ultrasonic processor (Sonics
and Materials Inc.). The organic solvent was removed under
reduced pressure using rotary evaporator. The obtained PCL
nanoparticle suspension was centrifuged for 30 min at
12 000 rpm, 4 °C and washed three times with de-ionized (DI)
water to remove the excess emulsifier. During the washing
process, the PCL NPs were re-dispersed into DI water by soni-
cation. Finally, the resulting NPs were freeze-dried yielding light
green powder as a final product (AZB-NO,@PCL).
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Octanol-water partition coefficient determination

To determine the lipophilicity of the compound, the sample of
AZB-NO, (1 mg) was dissolved in 0.5 mL of octanol and 0.5 mL
of de-ionized water. After vigorous shaking for 10 min, the
mixture was separated by 5 min centrifuge (5000 rpm). Then,
aliquots (n = 3) of the octanol and water layers were collected
and measured the UV absorbance at 700 nm. The log P values
were calculated and reported as an average of three indepen-
dent measurements plus the standard deviation (S.D.).

Encapsulation efficiency

Encapsulation efficiency is defined as a ratio of one component
(e.g. AZB-NO,) that has been successfully encapsulated into the
NPs to the total amount of the component loading. To deter-
mine the encapsulation efficiency of AZB-NO,, a calibration
curve was first constructed by plotting the absorbance of a series
of CH,Cl, solutions at different concentrations of AZB-NO,. The
freeze-dried aza-BODIPY-encapsulated PCL NPs were then dis-
solved in CH,Cl,, and the absorbance at 701 nm was obtained
by UV-VIS-NIR spectrophotometer. The amount of AZB-NO,
encapsulated in PCL NPs was determined from the standard
calibration curve to calculate the encapsulation efficiency of
AZB-NO,.

Dye-loading percentage determination

Dye-loading percentages were determined from the ratio of
mass of the encapsulated dye to the total mass of NPs. To obtain
the dye-loading percentages of AZB-NO,@PCL, the freeze-dried
aza-BODIPY-encapsulated PCL NPs were weighted to get the
total mass of NPs prior to dissolving in CH,Cl,. Then, the mass
of AZB-NO, in NPs was determined from the standard calibra-
tion curve.

In vitro dye-releasing experiment

The in vitro dye release was determined for AZB-NO,@PCL and
free AZB-NO, in triplicate in phosphate buffer solution (PBS)
(pH 7.4) with 1% (w/v) tween 80 and 5% (v/v) DMSO. Briefly,
0.5 mg of free AZB-NO,, or 20 mg of AZB-NO,@PCL were diluted
with 1 mL of PBS buffer pH 7.4 (contain 1% (w/v) tween 80 and
5% (v/v) DMSO) and sealed in dialysis bag with a molecular
weight cut-off (MWCO) 12 kDa. The dialysis bag was incubated
in 20 mL of pH 7.4 PBS (contain 1% (w/v) tween 80 and 5% (v/v)
DMSO) at 37 °C with continuous magnetic stirring. At selected
time intervals, 100 pL of release medium was taken and the
AZB-NO, content was determined by fluorescence
spectrophotometer.

Cell cultures

The U-251 cells were grown in plastic tissue flasks (2D) and
maintained with complete medium. The complete medium
contained Dulbecco's modified eagle's medium (DMEM,
Hyclone), 10.0% (v/v) heat-inactivated fetal bovine serum (FBS,
Hyclone), 1% (v/v) non-essential amino acids (MEM NEAA,
Gibco), 1% (v/v) L-glutamine (Gibco, 1% (v/v)) penicillin-strep-
tomycin (Pen-Strep, Gibco). For 3D cells culture systems, 3D Ca-
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Alginate scaffolds were generated based on a previously re-
ported method.** The U-251 cells were seeded onto the scaffolds
in 24-well plates at 5 x 10 cells per scaffold in 50 pL completed
media. Cells were allowed to infiltrate the scaffold for 1 h before
1 mL complete medium was added to each well. All cells were
incubated at 37 °C in a humidified incubator keeping atmo-
spheric carbon dioxide at 5%. Fresh complete medium was
changed every 2 days.

Cytotoxicity of AZB-NO,@PCL

To test AZB-NO,@PCL toxicity, U-251 (5 x 10° cells/well) were
seeded into 12-well plates (2D) and 3D Ca-Alginate scaffolds for
7 days. The cells were treated with varying concentrations of
AZB-NO,@PCL (0-100 pg mL~") at 37 °C for 24 h. The cells were
washed with PBS before adding 1 mL of resazurin solution (25
pg resazurin per 1 mL fully supplemented medium) to each
well. After 40 min, the resazurin solution was transferred into
a black 96-well plate to obtain fluorescence values on a micro-
plate reader (Thermo Scientific Varioskan, USA). The fluores-
cence intensity of resazurin was measured by a microplate-
reader at an excitation wavelength of 530 nm and an emission
wavelength of 590 nm. Results were expressed as percentage of
cell viability to controls.

Confocal microscope

U-251 (5 x 10° cells per well) were seeded on coverslips in 24-
well plates (2D) and 3D Ca-Alginate scaffolds in complete
medium. After 2 days of cultivation, cells from the 2D system
were treated with 12, 24 ug mL~ ' AZB-NO,@PCL for 6 h. For 3D
system, cells were obtained after 7 days of culture and later
treated with 12, 24 pg mL~' AZB-NO,@PCL for 24 h. Cells were
then washed twice in PBS, fixed with 4% paraformaldehyde in
PBS at room temperature for 30 min, washed 3 times with PBS
for 5 min each. Nuclei were counterstained using DAPI (Life
Technologies), and the stained cells were observed under a laser
scanning confocal microscope Nikon A1+ (Nikon, Tokyo, Japan)
and 60x Oil Objective Lens.
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