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Lipid-PEG-Folate Encapsulated Nanoparticles with
Aggregation Induced Emission Characteristics: Cellular
Uptake Mechanism and Two-Photon Fluorescence

Imaging

Junlong Geng, Kai Li, Dan Ding, Xinhai Zhang, Wei Qin, Jianzhao Liu,

Ben Zhong Tang, and Bin Liu*

Folate functionalized nanoparticles (NPs) that contain fluorogens with aggregation-
induced emission (AIE) characteristics are fabricated to show bright far-red/
near-infrared fluorescence, a large two-photon absorption cross section and low
cytotoxicity, which are internalized into MCF-7 cancer cells mainly through caveolae-
mediated endocytosis. One-photon excited in vivo fluorescence imaging illustrates
that these AIE NPs can accumulate in a tumor and two-photon excited ex vivo
tumor tissue imaging reveals that they can be easily detected in the tumor mass at a
depth of 400 um. These studies indicate that AIE NPs are promising alternatives to
conventional TPA probes for biological imaging.

1. Introduction

Fluorescence imaging techniques have been intensely used
in biological studies as well as disease diagnosis and treat-
ment because of their high sensitivity and relatively inex-
pensive and more maneuverable equipments.l'! As compared
to traditional one-photon fluorescence imaging, two-photon
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fluorescence imaging techniques have shown advantages such
as minimal phototoxicity to living biosubstrate, deeper tissue/
tumor penetration depth and lower interference from bio-
substrate autofluorescence.?! To achieve high resolution and
good contrast in practice, two-photon absorbing probes with
large two photon absorption (TPA) cross section (6) and high
quantum yield (1) to afford efficient two photon action cross
section (nd) remain in urgent demand. Among various classes
of TPA materials, organic TPA chromophores have attracted
great interest due to their feasible preparation, abundant ver-
satility and good biocompatibility.’)] However, the prerequi-
site condition for these organic soluble TPA materials to be
used for biological applications is the water-solubility. As
compared to the sophisticated approach to synthesize each
water-soluble TPA molecule,*! fabrication of nanoparticles
(NPs) offers a more general strategy to yield water dispers-
able TPA materials with surface functionalization for tar-
geted bioimaging. To date, a number of organic-soluble TPA
chromophores have been synthesized to possess large 1o
values in organic solvents, but suffer from sudden decrease in
16 upon NP formulation in aqueous media, which is mainly
caused by aggregation induced fluorescence quenching due
to m— stacking and other nonradiative pathways.P!

To solve this problem, we and others have developed a
variety of organic chromophores with aggregation-induced

wileyonlinelibrary.com

MICRO

3655


http://doi.wiley.com/10.1002/smll.201200814

3656 www.small-journal.com

m full papers

emission (AIE) signature.’l These AIE luminogens show
great potential in construction of NPs with high quantum
yield due to restriction of intermolecular vibrational and rota-
tional motions in the nanoaggregates.[% In the past, different
strategies have been developed for fabrication of AIE NPs
with high TPA cross sections for bioimaging applications.”]
Unfortunately, majority of AIE NPs has emission wavelength
below 650 nm, which greatly limits their application in tissue
and tumor imaging due to the potential interference of probe
optical absorption and auto fluorescence from the biosub-
strate.’] In addition, although AIE nanoaggregates with far-
red/near-infrared (FR/NIR) emission (>650 nm) have been
successfully demonstrated,!'”] the reported bare nanoaggre-
gates have relatively large size (~150 nm) and are not suit-
able for targeted cellular imaging due to the lack of surface
functional groups.

In this contribution, we report the synthesis of AIE NPs
with high TPA cross-section and FR/NIR emission for one-
photon excited in vitro and in vivo and two-photon excited ex
vivo fluorescence imaging. 2-(2,6-Bis((E)-4-(phenyl(4’-(1,2,2-
triphenylvinyl)-[1,1’-biphenyl]-4-yl)amino)styryl)-4 H-pyran-
4-ylidene) malononitrile (TPE-TPA-DCM) was selected
as the luminogen because it shows AIE features with high
brightness in FR/NIR region."!] The NPs were prepared with
nanoprecipitation method using a mixture of lipid deriva-
tives, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG,,,) and
DSPE-PEGg-folate, as the encapsulation matrix. Such a
lipid-PEG formulation has been actively used in encapsula-
tion of versatile chromophores to afford stable fluorescent
probes due to their good biocompatibility.®'2l To under-
stand the effect of formulation on cellular uptake of fluores-
cent probes, cellular uptake mechanism of the as-prepared
lipid-PEG encapsulated NPs has been investigated for the
first time. In addition, the targeting ability of the obtained
NPs to both folate receptor-overexpressed cancer cells and
tumors has been examined. Furthermore, ex vivo two-photon
excited tumor imaging was further performed to investigate
the effective penetration depth of the AIE NPs upon two-
photon excitation at 800 nm. These results indicate that the
lipid-PEG encapsulated AIE NPs can serve as efficient fluo-
rescent probes for both one-photon and two-photon excited
fluorescence imaging.

2. Results and Discussion

2.1. Synthesis and Characterization of TPE-TPA-DCM Loaded
DSPE-PEG NPs

The chemical structure of TPE-TPA-DCM is shown as the
inset in Figure 1.1 The fluorescent properties of TPE-TPA-
DCM in nanoaggregates were investigated by monitoring
the emission of TPE-TPA-DCM in tetrahydrofuran (THF)
upon addition of different amount of water. As shown in
Figure 1, upon gradual addition of water into THF solution,
the fluorescence intensity of TPE-TPA-DCM is significantly
weakened at the initial stage, which is mainly caused by the
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Figure 1. Changes of the maximum photoluminescence (PL) intensity of
TPE-TPA-DCM vs. water fraction in THF/water mixtures ([TPE-TPA-DCM] =
10 uM; A,, = 480 nm). The inset shows the chemical structure of TPE-
TPA-DCM.

increase in solvent polarity and the charge transfer between
the excited state of TPE-TPA-DCM and polar solvents.['!
The turning point appears at the water volume fraction (f;,)
of 50%, after which the fluorescence intensity increases with
further addition of water up to 90%, indicating the AIE char-
acteristic of TPE-TPA-DCM.

The folic acid-functionalized TPE-TPA-DCM loaded NPs
(FTTDNPs) were synthesized using a modified nanoprecipita-
tion method.'” The chemical structures of materials used for
FTTDNP formation are illustrated in Scheme 1. One starts
with a THF solution containing TPE-TPA-DCM, DSPE-
PEG,, and DSPE-PEGys-folate (50 mol% of the matrix).
Upon mixing the THF solution with water under sonication,
the hydrophobic DSPE segments tend to entangle with hydro-
phobic TPE-TPA-DCM molecules and the hydrophilic PEG
chains extend into the aqueous phase. After evaporation of
THF overnight, the FTTDNP suspension was collected after
further purification using a 0.2 um syringe filter. No obvious
precipitation from the FTTDNP suspension was observed
after storage at 4 °C for 5 months, indicating excellent col-
loidal stability of the as-prepared NPs. As a control group,
DSPE-PEG,, encapsulated TPE-TPA-DCM NPs (TTDNPs)
or 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-
4H-pyran (DCM) NPs without surface folic acid were also
synthesized following the same procedure.

Laser light scattering results suggest that FTTDNPs and
TTDNPs have similar volume average hydrodynamic diam-
eters, which are 53 £ 2 nm and 51 *+ 2 nm, respectively. The
morphology of FTTDNPs was investigated using field emis-
sion transmission electron microscopy (FE-TEM), which is
shown in Figure 2a. The image reveals that the FTTDNPs
are spherical and can be clearly distinguished as dark dots
due to the high electron density of TPE-TPA-DCM mol-
ecule. Figure 2b shows the UV-vis absorption and photolu-
minescence (PL) spectra of FTTDNPs in water suspension.
FTTDNPs show two maximum absorption peaks at 354 nm
and 497 nm, respectively. The emission maximum appears

small 2012, 8, No. 23, 3655-3663



NANOI |MICRO
Lipid-PEG-Folate Encapsulated Nanoparticles with Aggregation Induced Emission Characteristics smu _

/\/\/\/\/\/\/\/\)‘l\ 5 9
0" ™ To-P-o
/\<\ o >N Jl\(OCI-|2<:H2)45,0<:H3
\/\/\/\/\/\/\/\/Yo H NH+ H
4
o)
DSPE-PEG2000

NHj

PP { 9 0 o LI
P~ (0]
(0] 3 0, -0
/X\ iy \/\N J]\(OCHch 2)113—"Nl'?_\f . \N adk
o . H
HN (0]
o}

DSPE-PEG3qq-Folate

TPE-TPA-DCM

5o 1);2);3)
DSPE-PEG-FoIate —

ROV

DSPE-PEG

In 1 mL of THF

Scheme 1. Chemical structures of DSPE-PEG, o, and DSPE-PEG;,-folate, and schematic illustration of the synthesis of FTTDNPs. Conditions: 1) Mix
with 9 mL of H,0; 2) Sonication for 60 s; 3) Solvent evaporation.

at 684 nm with an intense emission tail extended to over
850 nm. The FR/NIR emission and large Stokes shift make
them good candidates for both in vitro and in vivo fluores-
cence imaging. The n of FTTDNPs in water is 0.13, which
is over 10 times higher as compared to that of DCM NPs
(~0.01), measured using DCM in methanol as a standard
(n = 0.43).1%1 This further demonstrates the importance of
molecular design that the conjugation of triphenylamine and
tetraphenylethylene to the DCM core has significantly trans-
fromed a traditional chromophore with aggregation induced
quenching to a AIE luminogen.!'"! It is also important to
note that such modification does not significanlty alter the
absorption and emission maxima of DCM (Figure S1 in the
Supporting Information, ST).

e bl e 2.2. Two-photon Absorbing Property of FTTDNPs
—~0.04 - - 125 _ _
5 I o  The TPA spectra of FTTDNP water suspension were studied
) 100~ using the two-photon-induced fluorescence (TPIF) tech-
8 0.034 L % nique with a femtosecond pulsed laser source. According to
c ] s .
8 75 @ the laser availability, the spectra were collected in 800 nm to
§ 0.02 4 = 960 nm range at 10 nm intervals. The relative TPIF intensi-
2 - 50 2 ties of FTTDNPs were measured using Rhodamine 6G in
- -~ methanol as the standard. Details of the measurement and
' -25 calculation method are provided in the Experimental Sec-
tion.'¥] The TPA cross section was calculated based on NP
0.00 L L S SR 0 concentration and the obtained TPA spectrum of FTTDNPs
0e Ho b W0 TR MG R is shown in Figure 3. The relationship between [FTTDNP]
Wavelength (nm) and [TPE-TPA-DCM] is shown in the SI. The maximum & is
Figure 2. (a) FE-TEM image of the FTTDNPs. (b) UV-vis absorption and PL ~ ~2.3 X 10° GM at 820 nm, which gives an 1§ value of 2.8 x
spectra of FTTDNPs in water (Ao, = 497 nm). 10° GM. The result suggests that FTTDNPs have larger TPA
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Figure 3. Two-photon absorption spectrum of FTTDNPs in water.
cross-sections than previously reported NPs (e.g., organic

dye nanoaggregates and quantum dots) in aqueous media,!!>!
which is highly desirable to ensure a high signal-to-noise ratio

J. Geng et al.

2.3. Uptake Mechanism of FTTDNPs

The application of FTTDNPs for in vitro cellular imaging was
studied by confocal laser scanning microscopy with MCF-7
breast cancer cells as an example. The confocal images of
MCEF-7 breast cells after incubation with both FTTDNP and
TTDNP suspension are shown in Figures 4a and 4b, respec-
tively. The cell nuclei were stained with 4,6-diamidino-2-phe-
nylindole (DAPI). These images were taken upon excitation
at 488 nm with a 650 nm long pass barrier filter. The higher
fluorescence intensity observed in Figure 4a as compared to
that in Figure 4b indicates that more FTTDNPs are internal-
ized into MCF-7 breast cells via folate receptor-mediated
endocytosis.'®) 3D sectional confocal image of the control
group indicates that the fluorescene is mainly from the cyto-
plasm due to the sufficient uptake (Figure S2 in the SI).

The folate receptor-mediated endocytosis mechanism has
been further examined by free folic acid blocking and temper-
ature dependent MCF-7 cellular uptake studies, using the cells
incubated with FTTDNPs at 37 °C as a control (Figure 4a).['”]
The folic acid blocking experiment was conducted by treating

in bioimaging experiment. the MCF-7 breast cancer cells with free folic acid, followed

Figure 4. Confocal fluorescence images of MCF-7 breast cancer cells after 2 h incubation with (a) FTTDNP and (b) TTDNP suspensions at 0.1 nM
NPs at 37 °C. (c) Confocal fluorescence image of the free folic acid pre-treated MCF-7 breast cancer cells after 2 h incubation with 0.1 nM FTTDNPs
at 37 °C. (d) Confocal fluorescence image of MCF-7 breast cancer cells after 2 h incubation with 0.1 nM of FTTDNPs at 4 °C. The nuclei were stained
with 4,6-diamidino-2-phenylindole (DAPI). The images were taken upon excitation at 488 nm with a 650 nm long pass barrier filter. The colour
version of Figure 4 can be found in the Supporting Information.
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Figure 5. (@) Flow cytometry histograms of pure MCF-7 breast cancer cells without FTTDNP incubation (black) as well as untreated cells at 37 °C
(circle), 4 °C (triangle) and free folic acid pre-treated cells (cube) at 37 °C after incubation with 0.1 nM FTTDNPs for 2 h. (b) Flow cytometry
histograms of pure MCF-7 breast cancer cells without FTTDNP incubation (black) as well as untreated cells (rhombus), cells treated using endocytic
inhibitors of LY284002 (triangle), nocodazole (circle), chloropromazine (del triangle) and genistein (cube) after incubation with 0.1 nM FTTDNPs at
37 °C for 2 h, respectively. (c) Summary of the relative cellular uptake efficiencies under different conditions.

by incubation with 0.1 nM FTTDNP suspension. The corre-
sponding image is shown in Figure 4c, which has a much lower
fluorescence intensity as compared to that in Figure 4a, indi-
cating that the uptake of FTTDNPs is greatly inhibited by free
folic acid treatment. This should be attributed to the effective
blocking of the folate receptors on cell membrane by the free
folic acid, which lead to reduced interaction with FTTDNPs
and lower uptake efficiency.['72<! In addition, the much lower
fluorescent signal from Figure 4d as compared to that in Figure
4a suggests that the internalization of FTTDNPs at 4 °C is dra-
matically inhibited, indicating that the uptake of FTTDNPs
by MCF-7 cells is through an energy dependent pathway.!'7"]
The fluorescent profiles of these samples have also been quan-
titatively studied using flow cytometry and the results are
shown in Figure 5a. The relative cellular uptake efficiencies of
FTTDNPs under different conditions as compared to the con-
trol are shown in Figure 5c. The results show significant inhibi-
tion of FTTDNPs uptake by free folic acid block (reduced by
57%) and low temperature (reduced by 71%), which further
confirm the receptor-mediated endocytosis pathway.

To date, various endocytic mechanisms are found to be
operative in cellular uptake, which include clathrin-mediated
endocytosis, caveolae-mediated endocytosis, clathrin- and
caveolae-independent endocytosis, and macropinocytosis.*!
To determine the specific uptake mechanism of FTTDNPs, we
examined the effect of a series of inhibitors which are known to
block corresponding cellular uptake pathways. In these experi-
ments, MCF-7 breast cancer cells were pre-treated with various
inhibitors before incubation with 0.1 nM FTTDNP suspension.
The cellular uptake efficiencies upon different pre-treatments
were quantitatively evaluated with flow cytometry and the
results are summarized in Figures 5b and 5c, using untreated
cells as the control. A decrease in the average fluorescence
intensity due to specific inhibitor treatment reflects involvement
of the corresponding endocytic mechanism.'”! As shown in
Figure 5c, a moderate decrease of FTTDNP uptake effeciency
is observed for nocodazole and genistein pre-treated cells. In
addition, no obvious change in FTTDNP uptake is observed
upon pre-treatment using chlorpromazine, a clathrin-mediated
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endocytosis inhibitor.'” As nocodazole is able to inhibit
caveolae-mediated endocytosis and genistein can inhibit both
clathrin- and caveolae-mediated endocytosis,'**"! these results
indicate that FTTDNP uptake by MCF-7 breast cancer cells
mainly involves caveolae- rather than clathrin-mediated endo-
cytosis. Moreover, no obvious inhibition by L'Y294002 suggests
that macropinocytosis is not involved.l'”] As folic acid uptake
has been considered through binding with folate receptors that
are clustered in invaginated caveolae,?’! the folic acid groups
functionalized on FTTDNP surface provide the main route to
enter MCF-7 cells through caveolae-mediated endocytosis.

In addition, methylthiazolyldiphenyltetrazolium (MTT)
assay was adapted to investigate the cytotoxicity of FTTDNPs
by studying the metabolic viability of MCF-7 breast cancer
cells after incubation with FTTDNPs at various TPE-TPA-
DCM concentrations. As shown in Figure 6, the cell viability
remains 95% within 48 h under the experimental conditions,
indicating the low cytotoxicity of FTTDNPs, which will ben-
efit both in vitro and in vivo fluorescence imaging.

100

80

60

40

Cell Viability (%)

204

5
TPE-TPA-DCM (uM)

Figure 6. Metabolicviability of MCF-7 breast cancercells afterincubation
with FTTDNPs at various TPE-TPA-DCM concentrations for 12 (blank), 24
(gray) and 48 h (dark gray).
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Figure 7. Two-photon excited fluorescence imaging of MCF-7 breast cancer cells after 2 h incubation with (a,b) FTTDNP and (c,d) TTDNP suspensions
in culture medium with 0.1 nM NPs at 37 °C, respectively. The images were recorded upon 800 nm excitation with 600-780 nm band pass filter.

The colour version of Figure 7 can be found in the Supporting Information.

2.4. Two-Photon Excited Cell Imaging

Two-photon fluorescence images of MCF-7 breast cancer
cells after incubation with FTTDNP and TTDNP suspensions
in culture medium with 0.1 nM NPs are shown in Figure 7.
The fluorescent signal from cytoplasm is clearly observed
to distinguish the cell profile, indicating that FTTDNPs can
serve as a promising two-photon fluorescent probe. Under
the same experimental conditions, the cells show no auto fluo-
rescence (Figure S3 in the SI). The higher fluorescence inten-
sity observed in Figure 7a as compared to that in Figure 7c
further confirms that more FTTDNPs are internalized into
MCF-7 breast cancer cells via folate receptor-mediated
endocytosis,!'?] which is consistent with the results shown in
Figures 5a and 5b.

2.5. One-photon Excited /n Vivo and Two-photon Excited
Ex Vivo Fluorescence Imaging

The in vitro studies demonstrated the targeting ability of
FTTDNPs to MCF-7 breast cancer cells, which motivated us
to further investigate their in vivo performance. Mice bearing

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

murine hepatoma H22 tumors with overexpressed folate
receptors were administrated with FTTDNP and TTDNP
suspension via tail vein injection. The mice were imaged at
different time points post injection, using a Maestro EX in
vivo fluorescence imaging system. Figure 8 A and 8B show
the time-dependent excretion profile and tumor accumula-
tion of both FTTDNPs and TTDNPs in tumor-bearing mice,
respectively. After 1h, the fluorescence signal from FTTDNPs
was detected in the tumor site. A steady increase of the tumor
fluorescence intensity in the mice injected with FTTDNPs
was observed in the following 6h and 12h. Moreover, the
tumor site of the mouse treated with FTTDNPs (Figure 8A)
shows much higher fluorescence intensity as compared to
that treated with TTDNPs (Figure 8B) at 12 h post injection.
These results indicate that FTTDNPs are able to efficiently
accumulate in tumor tissues through both passive targeting
by enhanced permeability and retention (EPR) effect and
folate receptor-mediated active targeting effect.[®]

The utility of FTTDNPs in deep tissue two-photon excited
fluorescence imaging was also investigated in a tumor-bearing
mouse model. The model animals were established by subcu-
taneously inoculating the C6 glioma cancer cells into the left
flank of the BALB/c nude mice. After intratumoral injection

small 2012, 8, No. 23, 3655-3663
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Figure 8. One-photon excited in vivo non-invasive fluorescence imaging of H22 tumor-bearing mice after intravenous injection of A) FTTDNPs and
B) TTDNPs at the same NP concentration of 1 nM. The white circles mark the tumor sites. (C-a) 3D two-photon fluorescence image of C6 tumor
from the mouse that was intratumorally injected with FTTDNPs. (C-b) 100 um, (C-¢) 300 um and (C-d) 400 um deep images from the C6 tumor. The
images were recorded upon 800 nm excitation with 600-780 nm band pass filter.

of the FTTDNPs, the C6 tumor-bearing mice were sacri-
ficed at 24 h post-injection. The tumor tissues were isolated,
which were then whole-mounted and imaged by two-photon
excited fluorescence microscope with 800 nm laser excitation.
To investigate the efficient penetration depth of fluorescence
from FTTDNPs in tumor mass, the images were taken layer-
by-layer in a 3 pm-step. Under the same experimental con-
dition, the tumor shows no auto fluorescence (Figure S4 in
the SI). As shown in Figure 8C, the 3D two-photon excited
fluorescence image and the images in various depth of tumor
mass indicate that deep tumor tissue imaging of at least
400 um can be achieved. These results demonstrate that the
FTTDNPs can also serve as a feasible two-photon absorbing
nanoprobes for deep tumor tissue imaging.

3. Conclusion

In summary, we synthesized AIE luminogen-loaded fluores-
cent NPs for targeted one-photon and two-photon fluores-
cence imaging of folate receptor overexpressed cancer cells
and tumor tissues. The as-prepared NPs show high TPA cross
section of 2.3 x 10°® GM for each NP, bright FR/NIR fluo-
rescence, small size (~50 nm) and low cytotoxicity. Uptake
mechanism study suggests that the fabricated NPs are
mainly internalized into MCF-7 breast cancer cells through
caveolae-mediated endocytosis. In addition to in vitro study,
in vivo fluorescence imaging illustrates that FTTDNPs can
effectively accumulate in tumor tissue for tumor diagnosis in
a living body. Moreover, the high TPA cross section and FR/
NIR emission of NPs allow two-photon fluorescence imaging
of MCF-7 breast cancer cells and ensure the efficient pen-
etration depth in tumor tissue (~400 um) upon intratumoral
injection on a C6 glioma tumor-bearing nude mouse model.
The unique two-photon excited FR/NIR fluorescence, effi-
cient live cell internalization and desirable tumor penetra-
tion depth make AIE NPs a novel class of fluorescent probes
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© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

for in vitro and in vivo imaging and diagnosis in the near
future.

4. Experimental Section

Materials: 2-(2,6-Bis((E)-4-(phenyl(4’-(1,2,2-triphenylvinyl)-
[1,1’-biphenyl]-4-yl)amino) styry))-4H-pyran-4-ylidene)
malononitrile (TPE-TPA-DCM) was synthesized according to the
literature.'”  1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG,q,,) was a
gift from Lipoid GmbH (Ludwigshafen, Germany). DSPE-PEGq,-
Folate was a commercial product of Avanti Polar Lipids, Inc.
Tetrahydrofuran  (THF), 4’,6-diamidino-2-phenylindole (DAPI),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium bromide
(MTT), penicillin-streptomycin solution, LY294002, chlorpromazine,
genistein, nocodazole, fetal bovine serum (FBS) and trypsin-EDTA
solution were purchased from Sigma-Aldrich. Milli-Q water was
supplied by Milli-Q Plus System (Millipore Corporation, Breford,
USA). MCF-7 breast cancer cells were provided by American Type
Culture Collection.

Synthesis of TPE-TPA-DCM Loaded DSPE-PEG NPs: A THF solu-
tion (1 mL) containing TPE-TPA-DCM (1 mg) and a mixture of
DSPE-PEG,y,o and DSPE-PEGg,.-folate (1.5 mg; molar ratio of
DSPE-PEGg,o-folate to DSPE-PEG,qo, is 0:1 or 1:1) was poured
into water (9 mL). This was followed by sonicating the mixture
for 60 seconds at 12 W output using a microtip probe sonicator
(XL2000, Misonix Incorporated, NY). The suspension was then
stirred at room temperature overnight to evaporate the organic
solvent. TTDNPs and FTTDNPs were assigned to NPs prepared with
0:1 and 1:1 molar ratio of DSPE-PEG;,-folate to DSPE-PEG,q,
respectively.

Characterization: The UV-vis spectra of NP aqueous suspen-
sions were recorded on a Shimadzu UV-1700 spectrometer. Their
fluorescence spectra were measured using a fluorometer (LS-55,
Perkin Elmer, USA). Average particle size and size distribution of
the NPs were determined by laser light scattering (LLS) with particle
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size analyzer (90 Plus, Brookhaven Instruments Co. USA) at a fixed
angle of 90° at room temperature. The morphology of NPs was also
studied by field emission transmission electron microscope (FE-
TEM, JEM-2010F, JEOL, Japan).

Two-photon Absorption Measurements: TPA spectra were
measured using two-photon induced fluorescence (TPIF) spec-
troscopy.l?! The samples were excited with laser pulses of 100 fs
produced by the mode-locked Ti:Sapphire laser (Spectraphysics
Tsunami) with a repetition rate of 82 MHz, and a femtosecond
optical parametric amplifier (OPA) was used within the spectral
range 800-960 nm. The emission from FTTDNP aqueous suspen-
sions was collected at a 90° angle by a high numerical aperture
lens and directed to a spectrometer’s entrance slit. Rhodamine
6G in methanol was used as a reference. TPA cross section was
calculated from equation:?? % = % where &, and §, are the
TPA cross sections, F, and F, are the TPIF intensities, n, and 1, are
the fluorescence quantum yields, ¢, and c, are the concentrations,
n, and n, are the refractive indexes of solvents (1 corresponds to
Rhodamine 6G, 2 is FTTDNP). The concentration of FTTDNP suspen-
sion is calculated based on NP.

Cell Culture: MCF-7 breast cancer cells were cultured in folate-
free Dulbecco’s Modified Eagle Medium (DMEM) containing 10%
fetal bovine serum and 1% penicillin streptomycin at 37 °C in a
humidified environment containing 5% CO,. Before experiment,
the cells were pre-cultured until confluence was reached.

Cytotoxicity of FTTDNPs: The metabolic activity of MCF-7 breast
cancer cells was evaluated using methylthiazolyldiphenyl-tetra-
zolium (MTT) assays. MCF-7 cells were seeded in 96-well plates
(Costar, IL, USA) at an intensity of 4 x 10* cells-mL™. To eliminate
the UV-vis absorption interference of the FTTDNPs at 570 nm, the
cells incubated with the FTTDNPs without post-treatment with MTT
were used as the control. After 24 h incubation, the medium was
replaced by the FTTDNP suspension at different TPE-TPA-DCM con-
centration, and the cells were then incubated for 12, 24 and 48 h,
respectively. After the designated time intervals, the wells were
washed three times with 1 x PBS buffer and 100 pL of freshly pre-
pared MTT (0.5 mg-mL™) solution in culture medium was added
into each well. The MTT medium solution was carefully removed
after 3 h incubation in an incubator. DMSO (100 uL) was then
added into each well and the plate was gently shaken for 10 min-
utes at room temperature to dissolve all the precipitates formed.
The absorbance of MTT at 570 nm was monitored by the micro-
plate reader (Genios Tecan) after subtracting the absorbance of
the corresponding control cells incubated with FTTDNP at the
same concentration but without the addition of MTT to eliminate
the absorbance interference from TPE-TPA-DCM. Cell viability was
expressed by the ratio of absolute absorbance of the cells incu-
bated with FTTDNP suspension to that of the cells incubated with
culture medium only.

One-photon and Two-photon Excited In Vitro Cellular Imaging:
MCF-7 breast cancer cells were cultured in the confocal imaging
chambers (LAB-TEK, Chambered Coverglass System) at 37 °C. After
80% confluence, the medium was removed and the adherent cells
were washed three times with 1 x PBS buffer. The TTDNPs and
FTTDNPs in FBS-free DMEM medium with 0.1 nM NPs were then
added to the chambers, respectively. After incubation for 2 h, the
cells were washed three times with 1 x PBS buffer and then fixed
with 75% ethanol for 20 minutes, which were further washed three
times with 1 x PBS buffer and stained by DAPI for 10 minutes.
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The cell monolayer was then washed three times with 1 x PBS
buffer and imaged by confocal laser scanning microscope (CLSM,
Zeiss LSM 410, Jena, Germany) with imaging software (Olympus
Fluoview FV1000) under the same experimental condition. The flu-
orescence signal from NPs was collected with a 650 nm long pass
barrier filter upon excitation at 488 nm. Two-photon fluorescence
images of MCF-7 breast cancer cells after incubation with TTDNPs
and FTTDNPs were studied by Leica TCS SP 5X and multiphoton
microscope equipped with two-photon Chameleon Ultra Il, respec-
tively. The detection of TPA fluorescence is achieved by excitation
at 800 nm (~13 mW) with a 600-780 nm bandpass filter.

Uptake Mechanism Study of FTTDNPs: Cells were plated in cul-
ture flask and grown to the desired confluence. The cells incubated
with 0.1 nM FTTDNPs for 2 h at 37 °C were used as the control. To
study low temperature uptake efficiency, the cells were incubated
with 0.1 nM FTTDNPs for 2 h at 4 °C. To study the competitive
effect of free folic acid on the endocytosis of FTTDNPs, the cells
were firstly incubated with 50 pg-mL™! of free folic acid in DEME
medium, which were followed by incubation with FBS-free DMEM
medium containing 0.1 nM FTTDNPs for 2 h at 37 °C. To study the
detailed endocytic mechanism, the cells were pre-treated with var-
jous inhibitors, including LY294002 (20 ug-mL™?%), chlorpromazine
(1 pug-mL™), genistein (10 ug-mL™Y) and nocodazole (5 pug-mL™?)
for 30 minutes. The pre-treated cells were then washed three times
with 1 x PBS and further incubated with 0.1 nM FTTDNP suspen-
sions for 2 h at 37 °C. The fluorescence intensities of cells incu-
bated under different conditions were analyzed by flow cytometry
measurements using Cyan-LX (DakoCytomation) and the mean
fluorescence was determined by counting 10,000 events (A, =
488 nm, 680/20 nm bandpass filter). Statistical analysis of the
mean fluorescence intensity for each group of cells was compared
with the control group to obtain the corresponding relative uptake
efficiency.

One-photon Excited In Vivo Fluorescence Imaging: The animal
experiments for one-photon excited studies were performed in
compliance with guidelines set by the Animal Care Committee
at Drum-Tower Hospital. Male ICR mice implanted with murine
hepatic carcinoma cell line H22 were used to investigate the in
vivo imaging of the FTTDNPs and TTDNPs. H22 tumor cells (5-6 x
106 cells per mouse) were inoculated subcutaneously to the ICR
mice at the right waist. H22 tumor-bearing mice were intravenously
injected with 100 pL of 1 nM FTTDNPs and TTDNPs, respectively,
when the tumor volume reached a mean size of about 300 mm?>.
For in vivo fluorescence imaging, the mice were anesthetized and
placed on an animal plate heated to 37 °C. The time-dependent
biodistribution in mice was imaged using the Maestro in vivo fluo-
rescence imaging system (CRi Inc.). Light with a central wavelength
at 523 nm was selected as the excitation source. In vivo spectral
imaging from 560 to 800 nm at 10 nm steps was conducted with
an exposure time of 150 ms for each image frame. Autofluores-
cence was removed by using spectral unmixing software. Scans
were carried out at 1 h, 6 h and 12 h post-injection.

Two-photon Excited Ex Vivo Tumor Imaging: The animal experi-
ments for two-photon excited ex vivo study were performed in
complicance with guidlines set by the Institutional Animal Care
and Use Committee (IACUC), Singapore General Hospital. C6
glioma cell suspension containing 1 x 10°® cells (0.1 mL) was
injected subcutaneously to the left flank of BALB/c nude mice.
When the tumor volume reached a mean size of ~200 mm?, the
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mice were intratumorally injected with 100 pL of 1 nM FTTDNPs.
At 24 h post-injection, the tumor tissues were excised, fixed in 4%
paraformaldehyde and then imaged by Leica TCS SP 5X and mul-
tiphoton microscope equipped with two-photon Chameleon Ultra
Il. Two-photon excited fluorescence images of consecutive layers
with 3 um per layer were recorded to generate 3D reconstruction
to investigate the penetration depth of fluorescence from FTTDNPs
under excitation upon 800 nm (~39 mW) with a 600-780 nm band-
pass filter.
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or from the author.
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