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ABSTRACT: Hybrid fluorescent nanoparticles (NPs) capable
of fluorescing near-infrared (NIR) light (centered ~730 nm)
upon excitation of 800 nm laser light were constructed. A new
type of conjugated polymer with two-photon excited
fluorescence (TPEF) feature, P-F8-DPSB, was used as the
NIR-light harvesting component and the energy donor while a
NIR fluorescent dye, DPA-PR-PDI, was used as the energy
acceptor and the NIR-light emitting component for the
construction of the fluorescent NPs. The hybrid NPs possess
& value up to 2.3 X 10° GM per particle upon excitation of 800
nm pulse laser. The excellent two-photon absorption (TPA)
property of the conjugated polymer component, together with

Two-photon excitation

NIR emission

its high fluorescence quantum yield (¢) up to 45% and the efficient energy transfer from the conjugated polymer to NIR-
emitting fluorophore with efficiency up to 90%, imparted the hybrid NPs with TPEF-based NIR-input-NIR-output fluorescence
imaging ability with penetration depth up to 1200 ym. The practicability of the hybrid NPs for fluorescence imaging in Hela cells

was validated.
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Bl INTRODUCTION

Fluorescence bioimaging is characterized by its ability of
inherently enabling the noninvasive studies of gene, protein,
and cellular processes with single-molecule sensitivity, excellent
spatiotemporal resolution, and ease of manipulation.'™* Such
feature makes fluorescence imaging a versatile modality for direct
visualization of physiological processes in living organisms,
probing biological structures, and exploring information
regarding various biological mechanisms.”~" The key enabling
technology is the fluorescent probes with optimized properties.
However, most conventional fluorescent probes are generally
excited via UV or visible light and therefore suffer from the
limited penetration depth of excitation light in imaging deep-
seated target and thick samples.”'? Because of the maximum
optical transparency of many tissues in the biological window
(~700—1000 nm),"" introduction of fluorescent probes with
two- (or multi-)photon excited fluorescence (TPEF or MPEF)
emission feature and can be excited by the laser light with near-
infrared (NIR) wavelengths has been proved an effective strategy
to circumvent such impediment of penetration depth.”'>"”
Additionally, because of the relatively low two-photon
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absorption (TPA) ability of most native biomolecules in the
biological window and the quadratic dependence of TPA on the
excitation laser power, TPA-based excitation using NIR light can
markedly reduce background signal arising from autofluor-
escence and enable highly localized excitation, which effectively
facilitates biological imaging with enhanced resolution.”"*~"°

It deserves mentioning that absorption and light scattering
caused by cellular structures and tissues are detrimental to both
incoming (excitation) and outgoing (emission) light. Specifi-
cally, optical loss of the incoming light is generally responsible for
the limited penetration depth of excitation light while
attenuation of the outgoing light results in the reduced
fluorescence signal and discrimination of signal from the
background.'”'® Ultimately, ideal fluorescence bioimaging
demands the probes to possess TPEF emission feature with
excitation and emission both in the NIR region. Considerable of
progress have been achieved in the TPEF-based'”™** and the
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Scheme 1. Chemical Structures of the Conjugated Polymer with TPEF Feature (P-F8-DPSB), NIR Fluorescent Dye (DPA-PR-
PDI), the Amphiphilic Tri-block Polymer with Grafted Folate Moiety (FA-F127) Used for the Construction of the Hybrid NPs,
and Illustration Showing the NIR Fluorescence Emission of the NPs upon TPA-Based Excitation Using 800 nm Pulse Laser
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Scheme 2. Synthetic Routes for the Target Conjugated Polymer P-F8-DPSB
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NIR-based biological fluorescence imaging.zs_25 However,
fluorescent probe possessing TPEF ability with excitation and
emission wavelengths both in NIR region has rarely been
reported thus far. In the present work, we developed a new type
of fluorescent probes capable of emitting NIR fluorescence
(centered ~730 nm) upon excitation of 800 nm pulse laser based
on the combination of TPEF and Forster resonance energy
transfer (FRET) mechanism (Scheme 1). Owing to such salient
property of NIR-incoming-NIR-outgoing, this type of probes
displayed superior ability for imaging thick samples as compared
to the conventional fluorescent probes with excitation and
emission in visible region. Additionally, these fluorescent probes
were functionalized with targeting moieties, folate (FA), for
selective recognition of the target cancer cells because of the
preferential binding of FA to the FA receptor that was highly
expressed on the surfaces of cancer cells. Such feature of merits of
these probes, together with the validation of their biocompat-
ibility and intracellular fluorescence imaging ability, are indicative
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of their potential for fluorescence bioimaging for deep-seated
target and thick samples.

B EXPERIMENTAL SECTION

Materials. Pluronic nonionic surfactant, poly(ethylene oxide)-b-
poly(propylene oxide)-b-poly(ethylene oxide), Pluronic F127 (M,, =
12 600) was purchased from Sigma-Aldrich. Milli-Q water with a
resistivity of 182 MQ-cm™', produced using a Milli-Q_apparatus
(Millipore), was used in all experiments. All other chemicals were
purchased from J & K Scientific, Ltd, and used without further
purification.

Synthesis of Conjugated Polymer P-F8-DPSB.?° 4-
(Diphenylamino)benzaldehyde (1), 2,5-bis(diethyl phosphonatometh-
yl)-1,4-dibromobenzene (2), and 2, 7-bis (4, 4, 5, S-tetramethyl-1, 3, 2-
dioxaborolan-2-y1)-9, 9-dioctylfluorene (3) were synthesized according
to the previously reported strategies (Scheme 2). 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-y1)-9,9-dioctylfluorene (4) was pre-
pared following the reported procedures.”” Compound 2 (2.68 g 5
mmol) was added to a solution of potassium tert-butoxide (1.68 g, 15
mmol) in dry THF (15 mL) at 0 °C and then the mixture was stirred for
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1 h. A solution of compound 1 (3.00 g, 11 mmol) in dry THF was added
via syringe and the resulting mixture was then stirred at room
temperature for 12 h. The reaction mixture was poured into water
and extracted with CH,Cl,. The organic layer was washed with water,
dried MgSO,, and concentrated under reduced pressure, recrystalliza-
tion (CH,Cl,/ hexane) afforded compound 3 as yellow solid (2.01 g,
52%). "H NMR (300 MHz, CDCL,): 5 7.83 (s, 2H), 7.41 (d, 4H), 7.28
(t,4H), 7.26 (d, 4H), 7.24 (d, 2H), 7.13 (d, 8H), 7.06 (m, 8H), 7.00 (d,
2H). 3C NMR (300 MHz, CDCl,): § 148.30, 147.55, 137.44, 131.71,
130.71, 130.20, 129.54, 128.05, 124.98, 124.08, 123.53, 123.24, 123.07.
MS (APCI, m/z): caled. for C,Hy,Br,N, [M + 1]* 773.11; found
772.12.

Compound 3 (160.6 mg, 0.25 mmol), compound 4 (193.6 mg, 0.25
mmol), and Pd(PPh;), (10 mg) were dissolved in toluene (S mL). An
aqueous K,CO; solution (2 M, 2 mL) was added to the mixture under
nitrogen atmosphere and the reaction mixture was degassed. The
mixture was stirred at 85 °C for 24 h under nitrogen atmosphere. The
reaction mixture was cooled to room temperature and poured into
methanol (200 mL) to precipitate the resulting polymer. The resulting
solid was filtered and dissolved in chloroform (20 mL). The solution was
washed with water (300 mL) several times. The organic phase was
separated and concentrated in vacuo to obtain the product in solid state,
which was then purified by Soxhlet extraction with acetone. The
polymer was extracted with chloroform followed by silica-gel
chromatography with chloroform eluent. The polymer was reprecipi-
tated using methanol and dried in vacuum at 60 °C overnight. Finally,
the polymer was obtained as yellow solid (yield = 85%). GPC: M, = 54.4
kDa, M,, = 131.7 kDa, PDI = 2.41.

Synthesis of NIR-Emitting Dye DPA-PR-PDL.>® 1,7-Dibromoper-
ylene-3,4,9,10-tetracarboxydianhydride (1.06 g, 1.93 mmol) and 2,6-
diisopropylaniline (3.64 mL, 19.3 mmol) were added to a two-neck
bottle, and then added ~10 mL propionic acid. The reaction mixture
was refluxed overnight. The reaction system was cooled to room
temperature. A precipitate formed and was filtered off, washed with
propionic acid, ethyl alcohol and water three times under suction, until
the filtrate was shallow. The red crude product was then purified by
column chromatography on silica gel with a dichloromethane/
chloroform (1:1) solvent mixture. Yield: 554.9 mg (33%) as a red
solid. '"H NMR (400 MHz, CDCl,): 6 9.56 (d, J = 8.1 Hz, 2H), 9.02 (s,
2H),8.81 (d,]=8.1 Hz,2H), 7.52 (t, ] = 7.8 Hz, 2H), 7.37 (d, ] = 7.8 Hz,
4H), 2.77-2.70 (m, 4H), 1.19 (d, ] = 6.8 Hz, 24H). *C NMR (100
MHz, CDCL,): 5 163.2, 162.7, 145.8, 138.6, 133.6, 133.4, 130.8, 130.3,
130.0, 129.8, 128.9, 127.9, 124.4, 123.4, 123.0, 121.2, 53.6, 29.5, 24.2.
MS (MALDI-TOF, m/z): caled. for C,sH,,Br,N,0, 868.13; found
891.3 [M + Na]*.

A solution of the product in the above step (554.9 mg, 0.64 mmol) in
pyrrolidine (15 mL) was heated at 55 °C (external temperature) with an
oil bath for 14 h. The unreacted pyrrolidine was slowly neutralized by
10% hydrochloric acid under ice water bath and stirred for S h. The
resulting mixture was poured into a biphasic mixture of dichloro-
methane (100 mL) and water (50 mL). After extraction and
chromatography column chromatography on silica gel, the precipitation
from eluent gave DPA—PR-PDI (323.5 mg, 0.38 mmol, 60% yield) as
green solids. '"H NMR (600 MHz, CDCLy): 5 8.51 (d, J = 7.9 Hz, 2H),
7.78 (d,]=7.9 Hz,2H),7.48 (d,] = 7.7 Hz, 2H), 7.35 (t, ] = 7.8 Hz, 6H),
3.88—3.81 (m, 8H), 2.97—2.85 (m, 4H), 1.73 (q, ] = 7.1 Hz, 8H), 1.18
(q, ] = 6.8 Hz, 24H). 3C NMR (150 MHz, CDCL,): § 164.3, 146.8,
145.8,134.9, 131.3,130.6, 129.5, 127.3, 124.0, 123.0, 122.1, 121.4, 119.3,
118.5, 68.0, 67.8, 52.5, 29.1, 26.0, 24.1, 24.0. MS (MALDL-TOF, m/2):
caled. for Cs(Hy(N,O, 848.43; found 871.6 [M + Na]*.

Synthesis of the folate-grafted Pluronic F127 (FA-F127). The folate
moiety was grafted on the Pluronic F127 via the esterification reaction.””
Folate (11 mg, 0.025 mmol) was dissolved in 15 mL of dry dimethyl
sulfoxide (DMSO), and then dicyclohexylcarbodiimide (DCC) (5.3 mg,
0.025 mmol) and 4-dimethylaminopyridine (DMAP) (3 mg, 0.025
mmol) were added with vigorous stirring for 1 h at room temperature.
The Pluronic F127 was sonicated in S mL of DMSO and subsequently
dropwise added into the activated folic acid solution. The reaction
mixture was stirred at room temperature for 5 days and followed by
dialysis (MWCO = 1000 Da) for an additional 2 days to remove

unconjugated folic acid and DMSO. The final aqueous solution was
freeze-dried to form pale yellow powder. The structure of the folate
grafted Pluronic F127 was confirmed by FT-IR and MALDI-TOF.

Preparation of P-F8-DPSB/DPA-PR-PDI NPs. The target hybrid
NPs were prepared via the coprecipitation method reported
previously.” In a typical protocol, 1 mL of homogeneous solution of
P-F8-DPSB, DPA-PR-PD], and FA-F127 in THF was rapidly injected
into 10 mL of deionized water under brief sonication. The THF was
removed by partial vacuum evaporation and the resulting NPs
suspension was filtered through a 220 nm membrane filter (Millipore)
to remove larger aggregates, giving clear bright aqueous NPs dispersion.
The ratio of P-F8-DPSB to DPA-PR-PDI in the NPs was tuned by
changing the feeding ratio of these two components.

Instruments and Characterization Methods. The structures of
the conjugated polymer with TPEF features, poly[(9,9-di-n-octylfluor-
ene-2,7-diyl)-alt-co-(2,5-bis(4-(IN,N-(diphenylmino)styryl) benzene)-
1,4-diyl)] (P-F8-DPSB), and the perylenediimide (PDI) derivative
dye, DPA-PR-PDI, were characterized by nuclear magnetic resonance
spectroscopy (NMR). The structure of folic acid grafted Pluronic F127
was confirmed via transmission mode on a Fourier-transform infrared
spectrophotometer (FT-IR, American Nicolet Corp. Model 170-SX).
The hydrated diameter of the NPs was measured by dynamic light
scattering (DLS) (Zetasizer Nano ZS, Malvern). UV—vis absorption
spectra were recorded on Shimadzu UV2550 UV—vis Spectropho-
tometers. Fluorescence emission spectra were acquired on Horiba
FluoroMax4 Spectrofluometer. The relative fluorescence quantum
yields of the solution and nanoparticle samples were determined using
rhodamine B as a reference (¢ = 0.70).

For TPEF spectra collection experiments, the excitation light came
directly from the fundamental (800 nm, 120 fs, 1 kHz) of the
regenerative amplifier (Spitfire, Spectra Physics) seeded with a mode-
locked Ti:sapphire laser (Tsunami, Spectra Physics) with the excitation
power adjusted by using a set of neutral density filters. TPA cross
sections were evaluated via a comparative method, by measuring the
TPEF using Rhodamine B as a reference compound. The fundamental
of a mode-locked Ti:sapphire laser (770—830 nm, Tsunami) was
focused into a lidded quartz cuvette, and detected with a charge-coupled
device (CCD) cooled by liquid nitrogen (SPEC-10-400 B/LbN, Roper
Scientific) attached to a polychromator (Spectropro-550i, Acton).’

The cytotoxicity of the as-prepared P-F8-DPSB/DPA-PR-PDI NPs
was evaluated using a CCK-8 assays. HeLa cells were cultured in a full
culture medium DMEM containing various concentrations of P-F8-
DPSB/DPA-PR-PDI NPs encapsulated with F127 and FA-F127,
respectively, for 12 h at 37 °C in an atmosphere of 5% CO,. The
CCK-8 reagent was added and the HeLa cells were incubated at 37 °C
for another 2 h. The cell viability was determined by an ELISA
microplate reader.

The imaging depth of the P-F8-DPSB/DPA-PR-PDI NPs was
investigated using a laser confocal scanning fluorescence microscope
with the excitation wavelength of 405 nm and a multiphoton
fluorescence microscope with the excitation wavelength of 800 nm.
Intralipid was used as the simulated tissue phantom for its turbidity and
scattering properties similar to those of the real tissue. To set up
intralipid-based simulated tissue phantom with different thickness, two
coverslips were stacked face-to-face and two strips of double-sided
adhesive with different layers were intercalated between both ends of the
coverslips, which creates a gap between the coverslips with different
heights. Filling up such gap with 1% intralipid creates the target
simulated tissue phantom with specific thickness. The fluorescence
images of different tissue phantom thickness were acquired via tuning
the number of layer of the double-sided adhesive intercalated between
the two coverslips.

The TPEF-based biological imaging was carried out with a
multiphoton fluorescence microscope. HeLa cells were grown in
DMEM supplemented with 10% (v/v) FBS, 100 U/mL of penicillin,
and 100 U/mL of streptomycin.” Before the imaging, HeLa cells were
incubated with Pluronic F127 and folic acid grafted Pluronic F127
encapsulated P-F8-DPSB/DPA-PR-PDI NPs, respectively, at 37 °C for
2h. The HeLa cells were immobilized with dilute formaldehyde solution
before imaging. For the TPEF-based simulated deep-tissue cell imaging,
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Scheme 3. Synthetic Routes for the NIR Fluorescent Dye DPA-PR-PDI and FA-Functionalized Amphiphilic Triblock Copolymer
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Figure 1. (A) DLS measurement of the as-prepared hybrid NPs. (B) Representative TEM image of the same batch of hybrid NPs. (C) Evolution of
hydrodynamic diameter of the F127/FA-F127 encapsulated hybrid NPs in PBS buffer with storing time up to 15 days.

HeLa cells were treated following the similar procedure and 1%
intralipid was filled up into the gap with height of 900 yim between the
cell culture dish and the coverslip as the simulated tissue phantom,
similar to the aforementioned procedure.

B RESULTS AND DISCUSSION

Bis(diphenylaminostyryl)benzene (DPSB)-based chromo-
phores are characterized by their large TPA cross sectlon ©)
owing to their typical donor-z-donor (D-z-D) structure.” In the
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present work, a type of DPSB-based conjugated polymer (P-F8-
DPSB) was synthesized according to the literatures”® and used as
the two-photon harvesting components and energy donor for
construction of the target NPs. A type of fluorescent dye with
NIR fluorescence emission feature, a peryleneimide derivative
with two strong electron-donating pyrrolidine moieties at the
perylene core and two bulky 2,6-diisopropylphenyl moieties at
both imide ends (DPA-PR-PDI), was synthesized and used as the
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energy acceptor (Scheme 3). Peryleneimide-based dyes are
characterized by their chemo-, thermo-, and photostability.
Specifically, introduction of strong electron-donating pyrrolidine
moieties at the perylene core enables strong absorption and
fluorescence emission in the NIR region, while the presence of
the bulky substituent at the imide nitrogen is expected to alleviate
the aggregation of the dye and fluorescence self-quenching. Folic
acid (FA) moiety was grafted on the amphiphilic triblock
copolymer Pluronic F127 via the esterification strategy and the
obtained FA-functionalized polymer (FA-F127) was used to
decorate the surfaces of the target NPs to impart them with
targeting features.

The target hybrid NPs containing the TPEF component P-F8-
DPSB, the NIR-emitting component DPA-PR-PDI, and FA-
functionalized amphiphilic triblock copolymer FA-F127 were
fabricated via a coprecipitation strategy. Owing to the miscibility
of THF with water and the insolubility of highly hydrophobic P-
F8-DPSB in water, the sudden change of solvent quality upon
mixing induces the collapse and aggregation of P-F8-DPSB
polymer chains, forming polymer NPs. For the DPA-PR-PDI
molecules, their highly hydrophobic characteristics also drive
them to aggregate in water, and the hydrophobic interactions
between P-F8-DPSB components and DPA-PR-PDI are
expected to lead to the formation of NPs with the DPA-PR-
PDI more or less evenly incorporated throughout the NPs.
Amphiphilic F-127 copolymer has a hydrophobic segment
poly(propylene oxide) (PPO) sandwiched between hydrophilic
poly(ethylene oxide) (PEO) segments. During the change of
solvent quality, the PPO segments are expected to entwine with
the hydrophobic P-F8-DPSB polymer chains due to hydrophobic
interactions while the PEO segments extended into the aqueous
phase. As a result, hybrid NPs with two photoactive components,
P-F8-DPSB and DPA-PR-PD], residing in the hydrophobic core
and the FA-containing hydrophilic F-127 segments decorating
on the surfaces were constructed, as illustrated in Scheme 1.

Figure 1 displays the dynamic light scattering (DLS) and
transmission electron microscope (TEM) characterization
results of a representative batch of the as-prepared hybrid P-
F8-DPSB/DPA-PR-PDI NPs. DLS measurement result reports
an average hydrodynamic radius of ~45 nm and a relatively
narrow polydispersity, while the TEM characterization of the
same NPs sample reveals their spherical shape with diameter
roughly consistent with the DLS measurement results. Addi-
tionally, the NPs aqueous dispersion sample shows a zeta
potential of —40.5 mV, indicating a good stability of the as-
prepared hybrid NPs sample. As compared to the freshly
prepared NPs sample, NPs in PBS stored 15 days did not display
noticeable changes in the hydrodynamic radius, which verifies
the size stability of the hybrid NPs investigated in the present
work (Figure 1C). Moreover, fluorescence quantum yield of the
NPs stored 2 weeks was found similar to that of fresh NPs
sample, suggesting no noticeable leaching of the dye from the
NPs occurred. This result is in agreement with previously
reported results regarding the structural stability of conjugated
polymer NPs with incorporated hydrophobic small-molecular-
weight dyes and dopants.”**

For the practical application of TPEF-based imaging, the
selection of the appropriate probes is impeded by the TPA cross
section (5) of most of the commonly used fluorophores. To
evaluate the TPA performance of P-F8-DPSB conjugated
polymer within NPs, the wavelength-dependent TPA cross
section (5) of the hybrid P-F8-DPSB NPs in the wavelength
range of 750—850 nm was acquired with the results shown in

Figure 2. Specifically, the hybrid NPs with diameter of ~45 nm
displayed & value of 2.3 X 10° GM per nanoparticle upon 800 nm
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Figure 2. Plot of TPA cross sections of the hybrid P-F8-DPSB/DPA-
PR-PDI NPs versus the excitation wavelength. For comparison, the
wavelength-dependent 6 of rhodamine B, a standard, was illustrated.

excitation with rthodamine B as the reference, which is much
higher than that of other types of NPs reported previ-
ously.'”****=" Such high & value, together with the high
fluorescence quantum yield of the P-F8-DPSB in NPs, ~45%,
and their NIR fluorescence emission as discussed in the next
section, suggests their great potential for TPA imaging.

Figure 3A displays the normalized UV—vis absorption and
fluorescence emission spectra of the TPA polymer P-F8-DPSB
and the NIR dye DPA-PR-PDL. It can be seen that P-F8-DPSB
exhibits broad emission band in the range of 450—650 nm, while
the NIR dye DPA-PR-PDI absorbs strongly in the range of 500—
750 nm. Thus, the overlap of the emission band of P-F8-DPSB
(donor) with the absorption band of DPA-PR-PDI (acceptor)
enables an intercomponent energy transfer from the former to
the latter in the hybrid NPs. As a result, two-photon excitation of
P-F8-DPSB components eventually activates the emission of
DPA-PR-PDI dye in the NIR region. Figure 3B displays the
fluorescence emission spectra of the hybrid P-F8-DPSB/DPA-
PR-PDI NPs with various polymer/dye ratios upon 800 nm
excitation. It can be clearly seen that upon increasing the ratio of
DPA-PR-PDI dye in the hybrid NPs, the NIR emission band
centered at 730 nm attributable to the DPA-PR-PDI gradually
augmented at the expense of the emission band originating from
the P-F8-DPSB component. Specifically, in the case of hybrid
NPs with ~9.1% DPA-PR-PDI dye, fluorescence emission of the
P-F8-DPSB component significantly attenuated and simulta-
neously the emission intensity centered at 730 nm displayed a
375-fold increase as compared to the emission features of NPs
without DPA-PR-PDI. Additionally, energy transfer efficiency up
to 90% from the donor to the acceptor in such case was
determined. Such efficient energy transfer from TPA active
component to the NIR-emitting dye, together with the super
two-photon harvesting ability of the P-F8-DPSB component, is
expected to impart the hybrid NPs with strong NIR fluorescence
emission upon NIR two-photon excitation for biological
imaging.

Figure 4 displays the fluorescence emission feature of the
hybrid NPs with various ratio of NIR dye to TPA polymer. It can
be seen that when the percentage of NIR dye increased up to
9.1%, the fluorescence intensity of NIR dye at 730 nm reached a
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Figure 4. Two-photon excitation fluorescence intensity of P-F8-DPSB/
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maximum and a further increase in the NIR dye percentage led to
sharp decline in the intensity. It is noted that the fluorescence
intensity ratio, I;3y/Isq, displayed a maximum in the case of NPs
with 16% NIR dye, which suggests the most efficient energy
transfer from the donor to acceptor. However, the NIR
fluorescence emission intensity in this case was much weaker
than that of the NPs with 9.1% NIR dye, most probably a result of
aggregation-induced fluorescence self-quenching of the NIR dye
upon increasing the doping ratio.

As a typical nonlinear optical process in bioimaging, TPEF is
inherently based on efficient two-photon excitation at a specific
wavelength with the involvement of a resonance of the two-
photon absorbing fluorescent agent.'’ It is worth noting that
owing to the underlying resonant nature, TPEF probes are
potentially susceptible to photobleaching or reduction in
fluorescing ability upon continuous excitation. On the other
hand, for application of probes in fluorescence-based imaging,
photostability, or photobleaching resistance, is a critical measure,
particularly for long-term imaging applications involving live cells
and tissue.”® To evaluate the photostability of the hybrid NPs in
bioimaging experiment, aqueous dispersion sample with
suspended hybrid NPs encapsulated with FA-F127 was spun
on the coverslip to evenly distribute the NPs; the coverslip with
NPs was then placed on the sample stage for bioimaging and the
fluorescence intensity at 730 nm of the sample was acquired
every 30 s upon continuous illumination of an 800 nm pulse laser.
Specifically, the illumination power of the pulse laser was set as
the same as that used in the typical cell fluorescence imaging. As
shown in Figure S, upon 0.5 h continuous laser illumination,
~9% fluorescence intensity loss of NPs was found, suggesting the
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Figure 5. Evolution of the fluorescence intensity (at 730 nm) of the
hybrid NPs encapsulated with FA-F127 under continuous illumination
of 800 nm laser.

perfect photostability of the hybrid NPs in the present work for
TPEF-based imaging.

In practical fluorescence imaging applications involving live
cells and tissue, one of the key litmus test for fluorescent probes is
whether they are capable of circumventing the impediment of
penetration depth of the incoming (excitation) light and the
attenuation of the outgoing (emission) light owing to absorption
and light scattering caused by cellular structures and tissues. To
evaluate the performance of P-F8-DPSB/DPA-PR-PDI NPs in
deep tissue fluorescence imaging, the imaging depth of two types
of P-F8-DPSB-containing fluorescent NPs was investigated with
the results shown in Figure 6. The left column displays the
fluorescence imaging results using P-F8-DPSB-based NPs as
probes and 405 nm light as the excitation source by collecting the
fluorescence signal in the range of 450—550 nm. The medium
and the right columns show the fluorescence imaging results
using hybrid P-F8-DPSB/DPA-PR-PDI NPs as probes by
collecting the fluorescence signal in the range of 650—730 nm
with 405 and 800 nm light in the case of medium and right
columns, respectively, as the excitation sources. Specifically, a
10X objective lens with long working distance was used in the
imaging experiments with various mock tissue depths and the
laser powers were adjusted for acquiring fluorescence images
with roughly similar brightness in the cases of samples without
mock tissue (the top images in three columns). It can be seen
that in the cases of imaging by collecting emission signal in the
range of 450—550 nm upon excitation of 405 nm light, mock
tissue with 300-um thickness significantly attenuated the
collected fluorescence signal, which is attributable to the serious
absorption and light scattering caused by the mock tissue to
excitation and emission light, both in the visible range. In
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Figure 6. Evaluation of the penetration ability of hybrid fluorescent NPs
for fluorescence imaging under different imaging modes. The scale bar
refers to 100 ym.

contrast, in the cases of imaging by collecting emission signal in
the range of 650—730 nm upon excitation of 405 nm light, the
attenuation effect that the mock tissue exerted on the collected
fluorescence signal was obviously alleviated. Specifically, in the
case of sample with 900-ym thickness of mock tissue,
fluorescence signal from single nanoparticle can be clearly
observed. A larger imaging depth was observed in the case of
imaging by collecting emission signal in the range of 650—730
nm upon excitation of 800 nm light, which demonstrates clear
fluorescence image of NPs even with the challenge of mock tissue
with thickness of 1200 um. Unequivocally, such excellent
performance of the fluorescent probes in deep-tissue imaging
observed in the NIR-input-NIR-output mode is attributable to
the strong penetration ability of excitation and emission light in
the NIR region. It is important to note that for NIR fluorescence
imaging results shown in Figure 6, only fluorescence signals in
the range of 650—730 nm were collected while those in the range
of 730—800 nm lost due to the limit of instrument used in the
present work, as illustrated in Figure 3. Therefore, using
instrument with optimum capacity regarding to the energy
range of collected photon is expected to roughly double the
amount of NIR photons collected from the hybrid NPs and
consequently enables the NPs with larger penetration depth in
fluorescence imaging experiment of thick samples.

Taking the growing safety concerns about the use of artificial
NPs in biological systems, we evaluated the cytotoxicity of the
hybrid NPs themselves. As shown in Figure 7, less than 5%
decrease in the cell viability was observed when Hela cells were
treated with the hybrid NPs with concentration of 10 pug/mL.
Although the cell viability displayed gradual decrease upon
increasing the concentration of NPs, more than 81% cells
survived in the case of cells incubation with the NPs with
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Figure 7. Cell viability assays of HeLa cells treated with P-F8-DPSB/
DPA-PR-PDI NPs with encapsulation of F127 and FA-F127 for 12 h.

concentration up to 50 pg/mL for 12 h. It deserves mentioning
that the concentration of NPs used in cell imaging in the present
work was ~8 pg/mL. Thus, the hybrid NPs developed herein
possess good biocompatibility for biological applications.

To validate the application of the hybrid NPs for TPEF
biological imaging, TPEF images of the NPs residing in HeLa
cancer cells were acquired. For a typical imaging protocol, HeLa
cancer cells were incubated with 8 y1g/mL P-F8-DPSB/DPA-PR-
PDI NPs with encapsulation of F127 and FA-F127, respectively,
for 2 h. After incubation, the cells were immobilized by 4%
formaldehyde solution following by PBS buffer rinse to remove
any residual fluorescent probes. Cells were subsequently imaged
using 800 nm light to excite the fluorescence images. Figure 8
displays the representative cell fluorescence images with
internalized hybrid NPs. It can be seen that the hybrid NPs
were phagocytized by HeLa cancer cells after incubation and the
bright fluorescent spots clearly light up cell organelles.
Additionally, cells after incubation with the hybrid fluorescent
NPs with encapsulation of FA-F127 fluoresce intensely with their
nuclear membrane area clearly illuminated (Figure 8C). In
contrast, the cells after incubation with F127-encapsulated
hybrid NPs without the decoration of FA components displayed
relatively weak fluorescence and faint cellular contour (Figure
8A). It is known that FA component preferentially binds to the
FA receptor that is highly expressed on the surfaces of cancer
cells, which is anticipated to facilitate the receptor-mediated
endocytosis of the exogenous nanoparticle. Therefore, the
observed discrepancy in the fluorescence brightness in cells is
attributable to the targeting effect of FA component decorated
on the surface of NPs.

The litmus test for the as-prepared fluorescent probes is
whether they are capable of defying the impediment that the
thick tissue brings out in biological imaging. Figure 8 B and D
display the fluorescence images of HeLa cells with internalized
F127-encapsuled and FA-F127-encapsuled hybrid NPs, respec-
tively, in the presence of mock tissue with 900-ym thickness. As
compared to their counterpart fluorescence images acquired in
the absence of mock tissue as shown in Figure 8 A and C, signals
in Figure 8 B and D were obviously attenuated due to the
scattering effect that the mock tissue brings out. However, even
in the case of imaging with the challenge of mock tissue with
thickness up to 900 pm, the bright fluorescence of the target NPs
in the cells can be clearly observed, particularly for FA-F127-
encapsuled hybrid NPs. These preliminary fluorescence imaging
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Figure 8. TPEF-based penetration imaging of Hela cells after incubation with 8 ug/mL of hybrid NPs acquired by collecting the fluorescence signal in
the range of 650—730 nm. A and B: F127-encapsuled NPs, mock tissue thickness of 0- and 900-um, respectively. C and D: FA-F127-encapsuled NPs,

mock tissue thickness of 0- and 900-ym, respectively.

results voted our hybrid NPs as a type of effective probes for
TPEF-based biological imaging. It deserves mentioning that, due
to the limit of instrument used in the present work, the
fluorescence imaging results shown in Figure 8 were acquired on
the basis of losing approximately half of the photon that the NPs
emit. Thus, cell fluorescence imaging with improved signal-to-
noise ratio can be anticipated by using instrument with optimum
capacity regarding to the energy range of collected photon.

B CONCLUSIONS

In this Research Article, we describe the synthesis, properties,
and preliminary intracellular fluorescence imaging application of
a new type of hybrid NPs characterized by NIR-fluorescence
emission upon TPA-based excitation of pulse laser with
wavelength in NIR region. Such NIR-input-NIR-output
fluorescence feature is based on the efficient FRET process
from conjugated polymer with excellent TPA property, the
donor, to fluorophore with NIR-fluorescence emission feature,
the acceptor. As a desirable property of fluorescent probe for
biological application, such TPEF-based NIR-input-NIR-output
feature intrinsically imparts the hybrid NPs with superb ability
for imaging deep-seated target with penetration depth up to 1200
pum. The preliminary fluorescence bioimaging experiments have
revealed the facile cellular ingestion and biocompatibility of the
as-prepared probes, and the TPEF penetration imaging experi-
ments validated their practicability for tissue imaging with
thickness up to millimeter scale. In spite of considerable amount
of effort devoted to the development of fluorescent probes for
multiphoton fluorescence imaging, previous paradigms where a
conjugated polymer based fluorescent probe with TPA-based
excitation and fluorescence emission both in NIR region have

been scarcely reported. The above-mentioned figure of merits of
the hybrid NPs developed in the present work is indicative of the
potential of these fluorescent NPs for bioimaging of scattering
samples, such as thick tissue.
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