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Near-infrared (NIR) fluorescent dyes have attracted increasing attention as fluorescent probes in biomedical
applications due to their low biological autofluorescence as well as high tissue penetration depth. However,
their being hydrophobic in nature limits their clinical use as they are prone to aggregate in the physiological
environment. Herein, we have designed and synthesized a novel polymeric NIR fluorescent dye and then
encapsulated it into a poly(e-caprolactone) (PCL) matrix by way of an emulsion—diffusion technique. The
effect of the structure of the surfactant on the nanoparticle properties is investigated. Results show that
polymeric surfactant, Kolliphor® P188, allows the formation of a high fluorescence intensity of the

nanoparticles with the highest level homogeneity and stability. The synthesized nanoparticles show
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Accepted 1st September 2020 significant advantages in terms of a remarkable large stokes shift (276 nm) in the aqueous solution and
excellent biocompatibility. The fabrication process is not limited to encapsulation of polymeric

DOI: 10.1035/d0ra05809b fluorescent dye. The synthesized NIR polymeric nanoparticles would be potentially applicable for
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1. Introduction

Near-infrared (NIR) fluorescent dyes hold great promise as
imaging and therapeutic agents in biomedical applications.
Due to the high sensitivity of fluorescence and minimization of
unspecific background signal, this type of fluorescent dye is
becoming increasingly more employed, especially in early
detection and in vivo monitoring of disease-related pathological
changes." In this, the excitation of dye using NIR light offers
the advantages of extremely low absorption and auto-
fluorescence from organic tissue in the NIR spectrum window
(650-900 nm), which is favorable in terms of providing an
increase in penetration depth of the excitation light.>* An ideal
NIR fluorophore must exhibit a large Stokes shift for minimum
interference between absorption and emission spectral, high
molar absorption coefficient and quantum yield for intense
fluorescence and good photostability in buffers or biological
conditions.” Chemists continue to design and synthesize
a variety of novel NIR dyes, including organic fluorophores such
as cyanines, rhodamine analogs, 4,4-difluoro-4-bora-3a,4a-
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diaza-s-indacene (BODIPYs), squaraines, phthalocyanines,
porphyrin derivatives, conjugated polymer and inorganic dyes
(quantum dots).”™* Although the quantum dots principally
present interesting alternatives, cytotoxicity and stability
concerns, as well as difficulties in the reproducibility of their
preparation, need to be resolved.»" Compared to inorganic
dyes, organic NIR fluorophores display an improvement in
photophysical properties and have availability for large-scale
chemical synthesis.”” However, only a few of them are readily
available owing to poor water solubility, which probably brings
about dye accumulation in normal organs causing systemic
toxicity.

Developments of encapsulation of NIR fluorophores into
polymeric liposomes or nanoparticles have been extensively
studied. This can direct the protection of the dyes from degra-
dation and improve fluorescent signal (a high quantity of dye
molecules per nanoparticle), biocompatibility and especially
stability in a physiological condition.»>**™* Behnke et al. re-
ported that the encapsulation of hydrophobic cyanine Itrybe dye
into amino-modified polystyrene (PS) nanoparticles using
a one-step staining procedure yielded a bright labeling probe for
in vitro and in vivo sensitive tumor detection.>"* The presence of
an amino group on the surface of particles provides an active
site for antibody functionalization to improve tumor targeting
efficiency.”> Moreover, polymeric nanoparticles loaded with
NIR dyes and anticancer agents brought about the integration
of imaging and therapeutic functions to achieve the ultimate
goal of simultaneous diagnosis and treatment.”
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Polyfluorene conjugated polymer and its derivatives, has
gained considerable attention due to its excellent thermal and
chemical stability, high photostability, and good photo-
luminescence yield.'*"” However, it displays a short-wavelength
photoluminescence which is not preferable for in vivo
biomedical applications. Various low-band gap monomer units
have been incorporated into the polyfluorene backbone to
increase emission wavelengths to become long-wavelengths or
even to the near-infrared region.'®'®' Meng et al. prepared
conjugated copolymers comprising alternating fluorene and
BODIPY units in the main chain.’® The existence of BODIPY
dyes gave rise to significant red shifts in the UV-vis absorption
and emission spectral maxima. Later, Piyakulawat et al. alter-
nately  copolymerized  bis-[2,2’-(5,5-dibromo)-thienyl]-2,6-
naphthalene-1,4,5,8-tetracarboxylic ~ diimide and fluorene
monomers through Suzuki type cross-coupling reactions. This
led to the formation of alternated copolymers of poly{5,5'-
[bis(2,2'-thiophene)-2,6-naphthalene-1,4,5,8-tetracarboxylic-
N,N'-dihexyldiimide]-alt-[2,7-(9,9’-diocty])fluorene]} ~ (PNATF)
and poly{5,5-[bis(2,2'-thiophene)-2,6-naphthalene-1,4,5,8-tet-
racarboxylic-N,N'-ditolyldiimide]-alt-[2,7-(9,9’-dioctyl)fluorene]}
(PNTTOF)." The extension of m-conjugation throughout the
main chain allowed for the tunable emission spectral maxima
of the modified copolymer to the NIR wavelength region (684-
770 nm).

In this study, we intended to synthesize the NIR PNATF
conjugated copolymer encapsulated in a biocompatible poly-
mer. To enhance encapsulation efficiency in polymer material
by increasing hydrophobicity of the dye, molecular structure of
the NIR PNATF conjugated copolymer was modified by replac-
ing the hexyl group of naphthalene-diimide-based monomers
with the ethylhexyl group to achieve poly{[2,7-(9,9"-dioctyl)fluo-
renel-alt-[5,5-bis(2,2'-thiophene)-2,6-naphthalene-1,4,5,8-tetra-
carboxylic-N,N'-diethylhexyldiimide]} (PF8NT2/6). After being
well-characterized using NMR, the modified dye was encapsu-
lated into a poly(e-caprolactone) (PCL) matrix by way of an
emulsion-diffusion technique. Influence of surfactant structure
on hydrodynamic diameter, zeta potential, and fluorescent
properties of the PF8NT2/6 encapsulated PCL (PCL-PFSNT2/6)
nanoparticles was systematically assessed. The adjusted
amount of PF8NT2/6 in the encapsulation process was also
studied to tune encapsulation efficiency (EE). Finally, as a proof-
of-concept for its potential for in vivo applications, the cyto-
toxicity of the prepared particles was tested using fibroblasts.

2. Materials and methods

2.1. Materials

Bis-[2,2'~(5,5'-dibromo)-thienyl]-2,6-naphthalene-1,4,5,8-tetra-

carboxylic-N,N'-di(2-ethylhexyl)imide was synthesized in close
analogy to method described in the literature.”® 9,9-
Dioctylfluorene-2,7-bis(trimethylborate), 97% and tetrakis(-
triphenylphosphine)palladium(0), 99% (Pd(PPhj),) were
purchased from Aldrich and Acros organics, respectively. PCL
(molecular weight 14 000 g mol "), Kolliphor® P 188 (molecular
weight 7680-9510 ¢ mol™ '), Tween® 80 (molecular weight
1310 ¢ mol ") and poly(vinyl alcohol) (PVA) (99+% hydrolyzed,
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molecular weight 89 000-98 000 g mol ") were purchased from
Sigma-Aldrich (Analytical Grade). Organic solvent including
chloroform, toluene, tetrahydrofuran (THF), n-butanol, meth-
anol and acetone purchased from Carlo-Erba (Analytical Grade)
was used as received. Deionized (DI) water purified by PureLab
Ultra water system (ELGA, UK) was used throughout the work.

2.2. Synthesis of PFSNT2/6 NIR dye

The PF8NT2/6 NIR dye was synthesized through a Suzuki-type
coupling reaction using Pd(PPhs), as the catalyst (Scheme 1).
Bis-[2,2'-(5,5'-dibromo)-thienyl]-2,6-naphthalene-1,4,5,8-tetra
carboxylic-N,N'-di(2-ethylhexyl)imide (1) (503.8 mg, 0.62 mmol),
9,9-dioctylfluorene-2,7-bis(trimethylborate) (2) (346.2 mg, 0.62
mmol) and Pd(PPh;), (25.7 mg, 0.02 mmol) were dissolved in
a degassed mixture of aqueous Na,CO; (2.5 mL; 20% w/v), n-
butanol (2.5 mL), toluene (20 mL) and THF (20 mL). After stir-
ring under reflux for 3 days and cooling to room temperature,
aqueous HCl (2 N, 20 mL) was poured into the mixture.
Extraction with chloroform was done before allowing phase
separation. The organic phase containing PFSNT2/6 NIR dye
was isolated and then washed with saturated aqueous EDTA
and subsequently NaHCO; solution. It was then harvested,
dried over anhydrous Na,SO,, and evaporated solvent off. The
dye was solvated in chloroform and precipitated into a mixture
of methanol/aqueous HCI (2 N) (10/1, vol%), filtered, and
extracted in a Soxhlet apparatus with methanol, acetone, and
hexane, respectively to remove impurities and oligomers. The
obtained PF8NT2/6 was dissolved in chloroform, concentrated
and precipitated in methanol/aqueous HCI (2 N) (10/1, vol%)
before drying under vacuum. Yield: 0.272 g (42%).

'H NMR (500 MHz, CDCl,): 6 8.85 (2H), 7.63-7.75 (6H), 7.48
(2H), 7.42 (2H), 4.12 (4H), 2.05 (4H), 1.96 (2H), 1.56 (4H), 1.29-
1.41 (12H), 1.10 (24H), 0.87-0.96 (12H), 0.76-0.81 (6H)
(Fig. S11). *C NMR (500 MHz, CDCl,): 6 162.7, 151.9, 148.4,
140.7, 139.7, 139.6, 136.6, 132.9, 130.2, 127.6, 125.4, 125.1,
123.5, 122.7, 120.3, 120.1, 55.4, 44.6, 40.6, 37.8, 31.8, 30.6, 30.1,
29.3,28.6, 23.9, 23.1, 22.6, 14.1, 10.6 (Fig. S21). M,, = 18 586. M,
= 36 358. M,,/M,, = 1.96.

2.3. Preparation and characterizations of PCL-PF8NT2/6
nanoparticles

2.3.1. Preparation of PCL-PF8NT2/6 nanoparticles. The
PCL-PF8NT2/6 nanoparticles were prepared using the emul-
sion-diffusion method. First, chloroform (50 mL) and DI water

1 PF8NT2/6

Scheme 1 Synthetic route of PF8BNT2/6.
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(150 mL) were mixed by mechanical stirrer for 24 hours. The
mixture solvent was separated using separatory funnel to obtain
the chloroform-saturated water and water-saturated chloroform
which used as a continuous phase and solvent for polymer and
NIR dye, respectively. Next, PCL (10 mg) and various amount of
PF8NT2/6 (0.00, 0.25, 0.50, 0.75, 1.00, 1.50 and 2.00 mg) were
dissolved in water-saturated chloroform (3 mL). This organic
phase was mixed and pre-emulsified with chloroform-saturated
aqueous phase (50 mL) containing non-ionic surfactant (5.0 ),
i.e. Kolliphor® P188, Tween® 80 or PVA, using mechanical
stirrer at 500 rpm for 1 h before being emulsification with
ultrasonic probe (VCX-750, SONICS, USA) at 90% amplitude for
5 minutes. DI water (200 mL) was added to the reaction while
moderate stirring for 1 h at room temperature. Finally, chloro-
form and part of water were removed using rotary evaporator
(Rotavapor R-200, Biichi, Switzerland) under reduce pressure.
The obtained nanoparticles were purified by repetitive centri-
fugation before characterizations.

2.3.2. Characterizations. Hydrodynamic diameter, poly-
dispersity index (PDI) and zeta potential of diluted PCL-
PF8NT2/6 nanoparticles were determined using dynamic light
scattering (DLS, Zetasizer Nano Series, Malvern Instruments,
UK) at 25 °C. Each sample was measured at least three times
and the average values were calculated. The instrument
measures the autocorrelation function of the sample and then
fits to a single exponential (Cumulants analysis ISO 13321)
(Fig. S37) yielding the mean hydrodynamic diameter and PDI.
To examine the EE of PF8NT2/6, the as-prepared nanoparticles
were centrifuged at 4 °C (12 000 rpm, 30 min) and the super-
natant was collected to measure the amount of free PFSNT2/6
(non-encapsulated PF8NT2/6) using UV-Vis-NIR spectrometer
(Agilent Technologies, Cary 5000, USA) at 610 nm. All
measurements were performed in triplicate. The EE (%) was
then calculated as the following equation:

EE (%) = <—Wi““*““ — W““) x 100 (1)
Wfrcc

where Winitiai and W are weight of initial PFSNT2/6 and
PF8NT2/6 detected in supernatant after centrifugation
respectively.”®

Morphology of the PCL-PF8NT2/6 nanoparticles was inves-
tigated using Transmission Electron Microscopy (TEM, JEM-
2100, JEOL, Japan) operated at an accelerating voltage of 200
kv. Size distribution of the nanoparticles was analysed from
TEM imaging (n = 50) using image processing program
(Image]). Elemental analysis was done using an Energy
Dispersive X-ray Spectrometer (EDS) detector equipped with
TEM. For specimen preparation, a few drops of the diluted
sample were deposited on a carbon coated copper grid without
staining and air dried overnight. Composition of the nano-
particles was investigated through thermogravimetric analysis
(TGATGA/DSC 3+, Mettler Toledo, Switzerland). The samples
were heated from 25 to 700 °C using a heating rate of
10 °C min ' under nitrogen atmosphere. NIR fluorescence
spectra of the prepared nanoparticles were recorded using NIR
spectroscopy (QuantaMaster™ 500, Photon Technologies
International, USA) at excitation wavelength (1) of 610 nm and
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emission spectra recorded in range of 700-1200 nm. All
measurements were performed in 1 cm quartz cell with the
excitation and emission slit of 10 nm at room temperature. Flow
cytometer (FACScanto II, BD) was also applied for determina-
tion of homogeneity of fluorescence emission of the PCL-
PF8NT2/6 nanoparticles.

2.3.3. In vitro cytotoxicity of PCL-PF8NT2/6 nanoparticles.
Colony-forming technique was carried out according to ISO
10993 Part 5 to ascertain the viability of mouse fibroblast cells,
NCTC clone 929 [L-929, derivative of Strain L] (ATCC® CCL-1™)
treated with the PCL-PF8NT2/6 nanoparticles.* First, L-929 cells
were cultured in RPMI completed medium (Bibco). Cells were
stained with trypan blue exclusion technique and the number of
living cells was determined with hemacytometer using an
optical microscope (CKX41, Olympus, Japan).

The PCL-PF8NT2/6 nanoparticles (0.1 g) were separately
diluted using the completed medium (1 mL), i.e. RPMI-1640
supplemented with HEPES (25 mM), p-glucose (1.8 mg mL ™),
glutamine (2 mM), gentamicin (40 mg mL™") and 10% heat-
inactivated fetal calf serum (FCS) to attain a given concentra-
tion. L-929 cells were seeded at the density of 100 cells per well
in 24-well plates and incubated for 24 h (37 °C, 5% CO,). After
incubation for 6 days, the number of colonies on each well was
counted under the optical microscope and % inhibition of cell
growth was evaluated. Culture medium was used instead of the
encapsulated nanoparticles in the case of negative control.
Statistical significance was evaluated using one-way analysis of
variance (ANOVA) (Minitab). Results with p-values < 0.05 were
considered to be statistically significant.

3. Results and discussion

3.1. Preparation of PCL-PF8NT2/6 nanoparticles

With the aim to apply the synthesized PCL-PF8NT2/6 nano-
particles in biomedical applications, it is expected that the
monodisperse nanoparticles possess high stability and cell
compatibility. Herein the encapsulation of hydrophobic
PF8NT2/6 NIR dye into a polymer matrix was carried out by way
of an emulsion-diffusion technique as this offers mono-
dispersed particles with high encapsulation efficiency of active
compounds (generally >70%) from preformed polymer. This
process exhibits a high batch-to-batch reproducible manner
and ease of scale-up.”** Generally, this method uses ethyl
acetate (water solubility 8.3 g/100 mL at 20 °C, dielectric
constant 6.0) as an organic solvent to dissolve polymers and the
active molecules.”** However, in our study, very hydrophobic
PF8NT2/6 dye cannot be completely dissolved in ethyl acetate.
Chloroform (water solubility 0.809 g/100 mL at 20 °C, dielectric
constant 4.8) was used instead to dissolve the NIR dye and PCL
yielded a blue transparent mixture.>® Firstly, the partially water-
soluble chloroform was saturated with DI water ensuring an
initial thermodynamic equilibrium of both liquids which can
avoid mass-transfer during the process.” The reaction began
after the addition of surfactant dissolved in chloroform-
saturated water into water-saturated chloroform containing
a mixture of PCL and NIR dye under ultrasonic treatment. After
adding water in the dilution step, chloroform continuously

RSC Adv, 2020, 10, 33279-33287 | 33281
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flowed away from initial homogeneous droplets of PCL-PFSNT2/
6-chloroform stabilized with non-ionic surfactant to the
aqueous-rich phase. This gave rise to polymer aggregation and
consequently formed solid PCL-PF8NT2/6 nanoparticles.””*®
Moinard-Chécot suggested that the advantage of eliminating
organic solvent using the diffusion process (water addition) is
the fact that it is milder than the direct evaporation as the
nanodispersion does not directly resist mechanical stress inside
the aqueous suspension during the evaporation.

It is noteworthy that a surfactant is a critical preparative
variable to obtain the stable nanoparticles and can affect the
formation mechanism, as well as surface characteristics of the
prepared nanoparticles.* In this study, various biocompatible
non-ionic surfactants, including Tween® 80 (small molecule
surfactant), PVA and Kolliphor® P188 (polymeric surfactant)
with different hydrophilic-lipophilic balance (HLB) values, were
employed in the preparation process. Surfactants with high
HLB values correspond to the high hydrophilic/lipophobic
characteristics of the molecule.** Hydrodynamic diameter, PDI
and zeta potential of the encapsulated nanoparticles prepared
using those surfactants at the same concentration of PCL (10
mg) and PF8NT2/6 NIR dye (1 mg) are summarized in Table 1.

As shown in Table 1, when using polymeric surfactants, PVA
or Kolliphor® P188, the prepared PCL-PF8NT2/6-2 and PCL-
PF8NT2/6-3 exhibited a drastically higher hydrodynamic diam-
eter of 282.7 and 285.7 nm compared to that using Tween® 80
(PCL-PF8NT2/6-1). This might be attributed to the small
molecular size of Tween® 80 which can lower surface tension at
the oil-water interface compared to that of polymeric surfactant
(PVA and Kolliphor® P188) at the same concentration. This led
to reduction of particle sizes during the emulsification step
which encourages solvent diffusion to the aqueous phase
during dilution and evaporation steps resulted in small size
nanoparticles.*® However, upon short-term storage, precipita-
tion of PCL-PF8NT2/6-1 in aqueous medium can be observed.**
This indicates a low efficiency of Tween® 80 at a given
concentration for stabilization of the prepared nanoparticles.
Based on emulsion-diffusion technique, it has been believed
that a stable nanoparticle would generate if the sufficient
surfactant remains on the interface area and adequately
protects the globule from coalescence or aggregation during
dilution step.” In the case of Kolliphor® P188, poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(PEG-b-PPG-b-PEG), this block copolymer acts as steric stabi-
lizer in a manner where the hydrophobic PPG chain aligns on
the surface of the nanoparticles and the other two hydrophilic
PEG chains extend into the aqueous phase. This structure
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promotes steric repulsion to prevent droplet aggregation during
PCL-PF8NT2/6-3 formation.**** In addition, the high HLB value
of Kolliphor® P188 indicates the strong tendency to migrate at
oil/water interface and then stabilized the prepared nano-
particles, as well as lowering the exchange rate of entrapped
PF8NT2/6 dye to the surrounding aqueous solution.** Although
PVA and Kolliphor® P188 are non-ionic polymeric surfactants,
higher HLB values of Kolliphor® P188 can stabilize smaller,
more uniform and homogeneous emulsion droplets compared
to PVA. This led to the low PDI value of PCL-PF8NT2/6-3. In
addition, larger PDI values of the PCL-PF8NT2/6-2 may attribute
to high extent of hydrolysis of PVA (99+% hydrolyzed), inducing
strong intermolecular and intramolecular hydrogen bonding
occurrence in PVA chain. This results in a low efficiency of PVA
to prevent the globule coalescence by steric stabilization during
solvent diffusion process.?***?* These results suggest that the
structure of the surfactant is a factor that significantly influ-
ences hydrodynamic diameter and PDI of the prepared PCL-
PF8NT2/6 nanoparticles.

According to Table 1, it can be seen that the zeta potential of
all PCL-PF8NT2/6 nanoparticles exhibited slightly negative
values. This relates to dissociation of hydrophilic -COOH end
group of PCL. During the dilution step, the migration of chlo-
roform in the PCL matrix to the chloroform-saturated aqueous
phase possibly encourages the re-arrangement of PCL by
moving the hydrophobic part of PCL chain close to the oil and
water interface.”?*® In addition, using TGA technique, two steps
thermal degradation of PCL-PF8NT2/6-2 and PCL-PF8NT2/6-3
(320-440 °C and 460-600 °C) compared to neat PCL and
PF8NT2/6 were observed (Fig. S41).*” The data implied the
presence of PF8NT2/6 encapsulated in PCL matrix.

Based on intrinsic characteristics of PFSNT2/6, the fluores-
cence intensity of the prepared PCL-PF8NT2/6 nanoparticles
was investigated in comparison to free PF8NT2/6 dye at A, of
610 nm, as presented in Fig. 1.

As can be seen in Fig. 1, the prepared PCL-PF8NT2/6-2 and -3
exhibited two obvious maximum emission wavelengths (Amax)
(at 841 and 918 nm for PCL-PF8NT2/6-2 and 840 and 921 nm for
PCL-PF8NT2/6-3), which resembled the A, of free PFSNT2/6
NIR dye at 843 and 922 nm. Significant lower fluorescence
intensity of PCL-PF8NT2/6-1 might be originated from the low
amount of the dye encapsulated in the PCL matrix due to the
low efficiency of Tween® 80 to stabilize the nanoparticles as
mentioned above. It is worth noting that A;,.x of PCL-PFSNT2/6-
2 and -3 nanoparticles at approximately 840 nm is in the NIR
optical window (between 700-900 nm in wavelength), enabling
deeper tissue penetration with a higher signal-to-background

Table 1 Hydrodynamic diameter, PDI and zeta potential of the PCL-PF8NT2/6 nanoparticles prepared using different surfactants

Sample Surfactant HLB Hydrodynamic diameter® (nm) PDI¢ Zeta potential® (mV)
PCL-PF8NT2/6-1 Tween® 80 15 21.2 +1.3 0.65 &+ 0.02 —5.52 + 0.44
PCL-PF8NT2/6-2 PVA 18 282.7 £ 4.3 0.51 &+ 0.04 —1.55 £ 0.06
PCL-PF8NT2/6-3 Kolliphor® P188 29 285.7 £ 4.9 0.25 £+ 0.01 —6.65 = 0.44

¢ Each value represents the mean + SD (n = 3).
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Fig.1 Fluorescence spectra of free PF8NT2/6 NIR dye (0.05 mg mL™*
in chloroform) and PCL-PF8NT2/6 nanoparticles (0.05 mg mL™* in DI
water) prepared using different surfactants (iex = 610 nm).

ratio.*® Ding et al. noted that the emission wavelength of far-red/
near-infrared fluorescent conjugated polymer (CP) nano-
particles is 600-800 nm (A,.x = 698 nm) and can be utilized as
a fluorescent probe for bio-imaging applications.?** The red-shift
of emission spectra of CP nanoparticles is attributed to the
increased conjugation system.*® The quantum yield of PCL-
PF8NT2/6-1, 2 and 3 nanoparticles measured using indocyanine
green (ICG) dye dissolved in DMSO as a reference was found to
be 0.9, 1.6 and 3.3%, respectively. Although the fluorescent
intensity of PCL-PF8NT2/6-2 and -3 nanoparticles was quite
similar, PDI and stability of PCL-PF8NT2/6-2 measured from the
DLS was lower than that of PCL-PF8NT2/6-3. Therefore,
Kolliphor® P188 block copolymer was found to be a suitable
surfactant for preparing the PCL-PF8NT2/6 nanoparticles in
this system.

3.2. Influence of PF8NT2/6 concentration on optical and
colloidal characteristics of PCL-PF8NT2/6 nanoparticles

Dye concentration is an important factor yielding high fluo-
rescent intensity, colloidal stability and EE of the nanoparticles.
In this study, initial concentration of the PF8NT2/6 was varied
from 0.25 to 2.0 mg while keeping other parameters including
concentrations of PCL and surfactant, reaction temperature and
time constant.

Optical characteristics of the PCL-PF8NT2/6-3 nanoparticles
with various amount of dye were investigated using UV-vis
absorption and NIR photoluminescence. Fig. 2a shows the
absorption spectra of the aqueous suspension of the encapsu-
lated nanoparticles as a function of dye concentration. All PCL-
PF8NT2/6-3 nanoparticles exhibit the two maximum absorption
peaks at wavelengths of 400 and 645 nm. The absorbance
increases with increasing dye concentration which relates to
color intensity of the prepared nanoparticles, as displayed in
Fig. 2b. The absorption peak at 400 nm is attributed to w-7*
transition of the conjugated backbone of the PF8NT2/6 dye,

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) UV-vis absorption spectra and (b) photographs of the PCL-

PF8NT2/6-3 nanoparticles at different dye concentrations.

while the broad absorption peak at 550-700 nm is resulted from
charge transfer between fluorene and naphthalene units of dye
molecule.*" It can be noticed that the fluorescence signal from
the PCL-PF8NT2/6-3 nanoparticles is detectable upon excitation
at 610 nm, indicating that most excited electrons return to the
ground state via radiative decay.*” Fig. 3 shows the near IR
photoluminescence spectra of the prepared nanoparticles sus-
pended in DI water. As can be seen in Fig. 2a and 3, the PCL-

=== 0 mg
—O=0.25 myg

Fluorescence intensity (a.u.)

T T T
9200 1000 1100

Wavelength (nm})

1200

Fig. 3 Fluorescence intensity of the PCL-PF8NT2/6-3 nanoparticles
in aqueous media at different dye concentrations.
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PF8NT2/6-3 nanoparticles present the absorption peak at
645 nm and the emission maximum peak at 921 nm with an
obvious large Stokes shift of 276 nm. This value is remarkably
larger than the previously reported NIR conjugated dye nano-
particles.**** Slight red-shift of absorption and the emission
peaks can be observed when the concentration of PFSNT2/6 was
increased. These results are in line with the previous research
reported by Wu et al., in which the shift of spectra is probably
due to the aggregation of dye which is attributed to the dye
molecules getting close to each other inside the nanoparticle.**
Additionally, the encapsulated nanoparticles exhibit the
increasing fluorescence intensity of two emission peaks (837
and 919 nm) when the dye concentration increased, as shown in
Fig. 3. These results reveal that there is an increasing number of
dye molecules in the PCL matrix.

Hydrodynamic diameter, PDI and zeta potential of the
synthesized PCL-PF8NT2/6-3 at various dye concentrations are
displayed in Table 2.

As shown in Table 2, the hydrodynamic diameter of PCL-
PF8NT2/6-3 nanoparticles tends to increase with increasing NIR
dye concentration. Bare PCL nanoparticles exhibit the smallest
diameter and highest PDI, indicating its inhomogeneous size
distribution.

However, after loading PF8NT2/6 dye, the PDI of the nano-
particles decreases, especially when using PF8NT2/6 concen-
tration in the range of 0.5 to 1.5 mg. Increasing dye
concentration higher than 1.5 mg caused the formation of large
aggregates of the excess dye in aqueous phase which can be
seen via the naked eye. Considering the absolute zeta potential
of the PCL-PF8NT2/6-3 nanoparticles, an increase in the abso-
lute value is observed compared to that of the bare PCL nano-
particles. However, the value does not significantly differ as the
dye concentration increased. These nanoparticles are stabilized
owing to the steric repulsion of the hydrophilic part of
Kolliphor® P188 extending into aqueous phase.** The near
neutral surface charges of these synthesized PCL-PF8NT2/6-3
nanoparticles would be advantageous for in vivo use as the large
positive or negative charges can lead to rapid blood clearance.*®

Based on eqn (1), EE of the PCL-PF8NT2/6-3 nanoparticles
prepared using various concentrations of the dye are summa-
rized in Table 2. Our results indicate that EE increased up to
82.8% with increasing the dye concentration from 0.25 to
2.0 mg. This result agrees well with the photographs of the PCL-
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PF8NT?2/6-3 shown in Fig. 2b. Since the structure of the PFSNT2/
6 molecule is quite hydrophobic, its interaction with PCL chain
and consequential encapsulation is preferable. Although the
use of 2.0 mg NIR dye showed the highest EE of 82.8%, its PDI
value indicated low homogeneity of nanoparticles. Mono-
disperse particles are an important requirement to understand
the physical property (size and shape) of nanoparticles and to
minimize the variability in biological application.*” Therefore,
an optimal concentration of PF8NT2/6 NIR dye giving high
fluorescence intensity, EE, as well as low PDI value, is 1.5 mg.
Fluorescence intensity histogram obtained from flow cytometer
in Fig. 4b clearly demonstrates homogeneity of fluorescence
emission of PCL-PF8NT2/6-3 nanoparticles (1.5 mg of PFSNT2/
6) compared with that of bare PCL in Fig. 4a at the same particle
concentration. The histogram shifts more to the right-hand side
compared to that of PCL nanoparticles (Fig. 4a), suggesting
a strong fluorescence signal of these PCL-PF8NT2/6-3 nano-
particles, which could provide a sufficient fluorescence signal
for cell labelling.

Morphology and elemental composition of the PCL-PF8NT2/
6-3 nanoparticles (1.5 mg of NIR dye) was investigated using
TEM equipped with EDS. Results are displayed in Fig. 5.

As can be seen in Fig. 5a, the prepared PCL-PF8NT2/6-3
nanoparticles (1.5 mg of PF8NT2/6) are spherical in shape with
mean diameter ranged from 110 to 350 nm. Size distribution
analysed from TEM image demonstrates a uniform particle size
distribution of the nanoparticles (Fig. S6t) which corresponds
to its low PDI value, as shown in Table 2. Theoretically, the dried
size observed by TEM is smaller than that measured by DLS

(a) (b)

50 60 70 80 9f

Count

3

P2 P2
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Mean fluorescent intensity Mean fluorescent intensity

Fig. 4 Fluorescence intensity histogram determined by flow cytom-
eter of (a) bare PCL nanoparticles and (b) PCL-PF8NT2/6-3 nano-
particles at 1.5 mg of NIR dye.

Table 2 Characteristics of the synthesized PCL-PF8NT2/6-3 nanoparticles using different initial concentration of PFBNT2/6

Amount of dye (mg) Hydrodynamic diameter” (nm) PDI Zeta potential” (mV) EE (%)
0.0 179.1 £ 6.0 0.49 £+ 0.03 —4.77 £ 0.39 —

0.25 265.7 + 12.6 0.41 £+ 0.02 —8.83 £ 0.30 12.5 + 6.4
0.5 261.6 £ 2.1 0.25 + 0.01 —7.75 £ 0.51 64.5 + 4.0
0.75 259.6 £ 1.7 0.25 + 0.03 —8.62 + 0.42 67.7 £ 6.5
1.0 285.7 £ 4.9 0.25 + 0.01 —6.65 = 0.44 70.4 £ 2.4
1.5 285.0 £ 6.7 0.26 + 0.01 —8.38 £ 0.67 759 £ 6.3
2.0 297.7 £ 5.6 0.41 £+ 0.02 —7.59 £ 0.28 82.8 £ 3.5

“ Each value represents the mean + SD (n = 3).
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Fig.5 (a) TEM and high-magnification TEM micrographs (inset) and (b)
EDS spectrum of PCL-PF8NT2/6-3 nanoparticles (1.5 mg of NIR dye).

involving the shrinkage of hydrophilic part (PEO chain) of
Kolliphor® P188 in dried state. In addition, there is a distinct
difference in the contrast of dye (dark core) and PCL (light shell)
having thickness approximately 36-39 nm, indicating that most
PF8NT2/6 were preferentially located inside the nanoparticle as
previously reported.>*** Results obtained from EDS in Fig. 5b
confirm the presence of sulphur at 2.307 keV which is an

Survivalfraction (%)

Negative 0.25 0.5 0.75 1 15 2
control

Concentration of PF8NT2/6 dye (mg)

Fig. 6 Percentage of survival fraction of the PCL-PF8NT2/6-3 nano-
particles at various dye concentration on L-929 fibroblast cells after 6
days exposures. Untreated cells or negative control was similarly
incubated. Error bar represents mean + SD of 3 separated sample (at
concentration of 0.025 mg mL™Y).
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element composed only in PF8NT2/6 compared to that of PCL
nanoparticles (Fig. S77).

3.3. Invitro cytotoxicity of the PCL-PFSNT2/6-3
nanoparticles

With the aim to apply this nanoparticle in biomedical applica-
tions, the cytotoxic effect of the PCL-PF8NT2/6-3 nanoparticles
was evaluated. Proliferation capacity of a single cell in the
presence of the PCL-PF8NT2/6-3 nanoparticles prepared at
various dye concentrations was studied based on colony-
forming efficiency assay using L-929 fibroblast cell line. In
RPMI culture media composed of protein and salt components,
the PCL-PF8NT2/6-3 nanoparticles demonstrate good stability
as their hydrodynamic diameter is close to that in original
synthesis media (Fig. S81). Changes in cell viability after incu-
bation with the samples result in a reduction of the number of
colonies formed compared to a negative control. The percent-
ages of survival fraction as a function of NIR dye concentration
are depicted in Fig. 6.

As can be seen in Fig. 6, after 6 days’ exposure to the PCL-
PF8NT2/6-3, the percentage of survival fraction of L-929 cells
was higher than 90% irrespective of concentration of PF8NT2/6
dye. The values do not significantly differ from negative control
(P < 0.05). Slight negative charges of these nanoparticles may
not drastically affect cell viability as it has been reported that
positively charged particles likely interact with negatively
charged portions of cell membrane inducing toxicity response
via endocytosis.”” An almost neutral charge of the synthesized
PCL-PF8NT2/6-3 might hinder them from getting internaliza-
tion through the cell membrane. In addition, Kolliphor® P188
is defined as a FDA approved surfactant and suitable for human
use. The zeta potential of the PCL-PF8NT2/6-3 at various NIR
dye concentrations is quite similar, so that survival fraction was
not remarkably different. It has been previously described that
dynamic layer of protein corona occurred from interaction
between cell culture media components and nanoparticles
diminished the toxic response to the cells.*® A similar contri-
bution was possibly observed in this study. Additionally, the
adsorbed proteins might increase the colloidal stability of the
nanoparticles by taking part in their stabilization via steric
stabilization. These results highlighted that the synthesized
nanoparticles are not toxic to L-929 cells at this investigated
concentration.

4. Conclusions

We have successfully synthesized the NIR fluorescent dye
(PF8NT2/6) encapsulated into PCL matrix via emulsion-diffu-
sion technique. Using Kolliphor® P188 as a surfactant, the
prepared PCL-PF8NT2/6-3 nanoparticles exhibited a spherical
morphology and uniform size distribution. Increasing dye
concentration gave rise in absorbance and fluorescence inten-
sity of the nanoparticles. Remarkably, a large Stokes shift of
276 nm in aqueous medium was obtained. These results reveal
the PCL-PF8NT2/6-3 nanoparticles with great potential to
diminish  background interference for  bio-imaging
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applications. Finally, the results from the colony-forming
technique demonstrated low toxicity of the nanoparticles to
the cells irrespective of PFSNT2/6 concentration.
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