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Folate receptor targeting silica nanoparticle
probe for two-photon fluorescence bioimaging
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Abstract: Narrow dispersity organically modified silica nanoparticles
(SiNPs), diameter ~30 nm, entrapping a hydrophobic two-photon absorbing
fluorenyl dye, were synthesized by hydrolysis of triethoxyvinylsilane and
(3-aminopropyl)triethoxysilane in the nonpolar core of Aerosol-OT
micelles. The surface of the SiNPs were functionalized with folic acid, to
specifically deliver the probe to folate receptor (FR) over-expressing Hela
cells, making these folate two-photon dye-doped SiNPs potential candidates
as probes for two-photon fluorescence microscopy (2PFM) bioimaging. In
vitro studies using FR over-expressing Hela cells and low FR expressing
MG63 cells demonstrated specific cellular uptake of the functionalized
nanoparticles. One-photon fluorescence microscopy (1PFM) imaging,
2PFM imaging, and two-photon fluorescence lifetime microscopy (2P-
FLIM) imaging of Hela cells incubated with folate-modified two-photon
dye-doped SiNPs were demonstrated.

©2010 Optical Society of America

OCIS codes: (170.0170) Medical optics and biotechnology; (170.3880) Medical and biological
imaging; (170.2520) Fluorescence microscopy.
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1. Introduction

Two-photon fluorescence microscopy (2PFM) has several advantages in biological imaging
over conventional one-photon fluorescence microscopy (1PFM), including high three-
dimensional (3D) spatial localization due to the inherent nonlinear dependence of two-photon
fluorescence (2PF) on the illumination intensity [1,2], deeper penetration into optically thick
tissue, and improved tissue viability because of using near-IR excitation [3,4]. We have
reported a number of fluorene-based molecules that undergo good two-photon absorption
(2PA). However, 2PA fluorenyl fluorophores with high fluorescence quantum efficiency are
synthetically more accessible in hydrophobic forms [5-7]. The incompatibility to aqueous
biological systems limits their application in biological imaging area. Our efforts are directed
to overcome these limitations as described herein.

Nanomaterials are beginning to revolutionize the fields of medicine, bioimaging, and
photonics due to their chemical and biological resilience, safety, and multimodality of the
surface [8—10]. In the past few years, ceramic-based nanomaterials have proven to be
innocuous and have been widely investigated in the application of gene delivery as DNA
carriers [11], photodynamic therapy as carriers of photosensitizers [12,13], and bioimaging as
nanoprobes [14,15]. In this paper, organically modified silica (ORMOSIL) nanoparticles were
employed to encapsulate hydrophobic fluorenyl dyes to provide a stable aqueous dispersion of
the fluorescent probe and improve the fluorophore’s photostability. Narrow dispersity
ORMOSIL nanoparticles (diameter ~25 nm), entrapping a hydrophobic two-photon absorbing
fluorenyl dye 4,4'-(1E,1'E)-2,2'-(9,9-didecyl-9H-fluorene-2,7-diyl)bis(ethene-2,1-
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diyl)bis(N,N-dibutylaniline) (DBF), were synthesized in the nonpolar core of Aerosol-OT
micelles by hydrolysis of triethoxyvinylsilane and (3-aminopropyl)triethoxysilane. To
introduce targeting specificity, the surface of the SiNPs was further functionalized by a cell
receptor targeted ligand.

With the development of cell biology, a variety of disease-specific ligand-receptor pairs
have been identified, e.g., ligands based on antibodies, antibody fragments, proteins, and
peptides. Because of their high selectivity towards specific cell receptors, those biomolecules
were conjugated to nanoparticles and investigated for specific targeting delivery [16]. One
example of such a ligand-receptor pair is folate ligand and folate receptor (FR). FR is found
over-expressed in a number of human cancer cell while the distribution in normal tissues is
minimal. The folate ligand, which is a member of vitamin B family, plays an important role in
cell survival by its participation in the biosynthesis of nucleic and amino acids [17]. It is also a
high affinity ligand that enhances conjugated anti-cancer drugs by targeting folate receptor
(FR) positive cancer cells [18]. In this work, a most commonly used folate ligand, folic acid,
was introduced on the surface of dye-doped SiNPs, not only because it can efficiently
internalize into the cell through receptor mediated endocytosis when conjugated with a variety
of biomolecules, but, significantly, folic acid is stable and low cost [19].

The nanoparticle probes were structurally characterized while spectroscopic analyses
demonstrated that the optical properties of the incorporated dye were retained. Moreover the
photostability of the dye improved significantly by encapsulation within the SiNPs. In vitro
studies using Hela cells that overexpress FRs revealed cellular uptake of the folate
nanoparticles. Meanwhile MG63 cells, which do not express FR, did not uptake the folate
SiNPs efficiently [20]. Furthermore, Hela cells, whose FRs were first blocked by free folic
acid, were incubated with the folic acid conjugated SiNPs, resulting in a dramatic decrease in
the uptake of the folic acid conjugated SiNPs. These finding demonstrated that the folic acid
functionalized SiNPs have in vitro cell specificity, while mainting good 2PA, fluorescence,
and photostability properties, making these 2PA modified SiNPs useful tools as for two-
photon optical bioimaging [21].

2. Experimental
2.1. Materials

Triethoxyvinylsilane (VTES, 97%), cosurfactant 1-butanol (99%), surfactant Aerosol OT
(AQOT, 98%). Dioctylsulfosuccinate sodium salt and (3-aminopropyl)triethoxysilane (APTES)
were purchased from Sigma-Aldrich. N-methyl-2-pyrrolidinone (NMP, 99%) was purchased
from Acros Organic. Thermo Slide-A-Lyzer® 10K cut off dialysis cassettes and 0.22 pm
cutoff membrane filter were purchased from Fisher Inc. All the above chemicals were used as
received without further purification unless noted. Hela and MG63 cells were purchased from
ATCC (America Type Culture Collection, Manssas, VA). All cells were incubated in RPMI-
1640 medium (Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum (FBS,
Atlanta Biologicals, Lawrenceville, GA), 100 units/mL penicillin-streptomycin (Atlanta
Biologicals, Lawrenceville, GA), and incubated at 37 °C in a 95% humidified atmosphere
containing 5% CO,. Details of fluorenyl derivative DBF, including preparation and
characterization, were described in ref. 22 [22].

2.2. Synthesis of dye-encapsulated amine-terminated silica nanoparticles

Amine-terminated SiNPs, with or without fluorenyl derivative DBF, were synthesized
according to the method described by P. N. Prasad et al. [15]. The synthesis of silica
nanoparticles and their bioconjugation with folic acid was schematically described by Fig. 1.
Briefly, the nanoparticles were synthesized in the nonpolar core of AOT/1-butanol micelles in
deionized water. NMP was used as a hydrophilic solvent which has unlimited water
miscibility as well as suitable solubility for DBF. First, 0.22 g of the surfactant AOT, 300 pL
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of the cosurfactant 1- butanol, and 100 pL. of NMP were dissolved in 10 mL deionized water
with magnetic stirring, forming an oil-in-water microemulsion. To the microemulsion system,
100 pL of neat NMP or NMP solutions containing DBF dye (2 mg / mL) was added, followed
by addition 100 pL of neat VTES. After stirring the reaction mixture for one additional hour,
the polymerization reaction was initialized by the addition of 20 puL neat APTES. To ensure
completion of polymerization within the coprecipitated nanoparticles, the mixtures were
further stirred at room temperature for 20 h. Nanoparticle purification was conducted by
dialysis against deionized water in a 10 kDa cutoff cellulose membrane to remove surfactant,
cosurfactant, and other unreacted molecules for 48 h. The dialyzed solution was then filtered
through a 0.22 pm cutoff membrane filter and stored at 5 °C for later use.

o?’@?gio DBF

—_—
O’f é VTES, APTES
NH, NHFA

HoN NH, AFHN, NHFA

o @ s Folic Acid, EDC _  ar @ A
>

H,N NH, AFHN NHFANHFA

NH,

SNP-DBF-NH, SNP-DBF-NHFA
C1oH21 C1oH21

s 28 N
oH O OH
as N NH I/\r
HaN N N7 ©\|_|/N§O oOH

O~ = AOT o« = Dye DBF

Dialysis

Fig. 1. Schematic illustration of the synthesis of silica nanoparticles and their bioconjugation
with folic acid.

2.3. Conjugation of amine-terminated silica nanoparticles with folic acid

To a 5 mL portion of stock solution of amine-terminated DBF dye-doped or unlabeled
nanoparticles, 200 pL of 0.1 M EDC solution was added, and the mixture was stirred at r. t.
for 30 min. Then, an excess of folic acid (2 mg) was added, and the reaction between folic
acid and amino groups was allowed to proceed for 3 h. The reaction mixture was dialyzed
against deionized water for 50 h to remove unreacted molecules. Finally, all the samples were
filtered through a 0.22 pm cutoff membrane filter and stored at 5 °C for later use.

2.4. Characterization of dye-encapsulated silica nanoparticles

Transmission electron microscopy (TEM) images were obtained using a JEOL-JEM 1011
Transmission electron microscope (Manufacturer: JEOL, Ltd., Japan.) operating at 100 kV n
bright field for the SiNPs. A drop of nanoparticles dispersed in water was placed on a holey
carbon film copper grid and left to evaporate. The bioconjugation of the SiNPs with folic acid
was confirmed by comparing the optical spectra of the SiNPs.

2.5. Linear photophysical characterization

Linear photophysical properties of DBF and the SiNPs, including absorption, fluorescence,
excitation, anisotropy, and fluorescence lifetime, were investigated in spectroscopic grade
THF or ultrapure deionized water at room temperature. The steady-state absorption spectra
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were measured with an Agilent 8453 UV-visible spectrophotometer in 10 mm path length
quartz cuvettes. The steady-state fluorescence, excitation, and fluorescence anisotropy spectra
were measured with PTI QuantaMaster spectrofluorimeter in 10 mm spectrofluorometric
quartz cuvettes, with dye concentrations ~(1—1.5) x 10™° M. Fluorescence lifetimes of the free
dye and nanoparticles were measured with a single photon counting system PicoHarp 300
under 76 MHz femtosecond excitation (MIRA 900, Coherent) with time resolution of =80 ps.
The values of fluorescence quantum yield of DBF in THF and SiNPs in water were
determined relative to 9, 10-diphenylanthracene in cyclohexane (® = 0.90) as a standard [23].
All optical densities of the dye DBEF, silica nanoparticles, and standard were less than 0.1.

2.6. Photostability measurement

The photostabilities of DBF in THF and SiNPs suspended in water were measured by
irradiation of solutions of DBF in THF or SiNPs in water in 1 mm path length quartz cuvettes
using a 405 nm diode laser at 20 mW [24]. Irradiation time-dependent absorption spectra were
obtained with an Agilent 8453 UV/Vis spectrophotometer with an initial OD of ~1.5. For
comparison, the photostability of fluorescein was measured by irradiation of solutions of
fluorescein in 0.1 M NaOH(aq) in 1 mm path length quartz cuvettes by a 501 nm argon ion
laser at 2.1 mW. Absorption spectra were recorded with an initial OD of ~1.6.
Photodecomposition quantum yields, ®, were calculated according to Eq. (1), and the result
shown in Table 1 is the average of ten pairs of adjacent maximum absorption values.

@ (A —Ag)N 4 (1)
103 x e xIx (1-10A41F40 2y

where ® is the photodecomposition quantum yield, A; is absorbance maximum at t;, A, is
absorbance maximum at t,, N, is Avogadro’s number, € is molar absorbance, t;-t; is exposure

time (s), and I is the intensity in photon - sec”" - cm™.

2.7. Determination of two-photon cross section

The 2PA spectrum of DBF was determined over a broad spectral region by the typical two-
photon induced fluorescence (2PF) method relative to Rhodamine B in methanol as a standard
[25]. A PTI QuantaMaster spectrofluorimeter and femtosecond Ti: sapphire laser (Mira 900F,
220 fs pulse width, 74 MHz repetition rate, Coherent, USA), tuning range 700-940 nm, were
used. Two-photon fluorescence measurements were performed in 10 mm fluorometric quartz
cuvettes with dye concentrations ~1.5 x 10~ M in THF. The experimental fluorescence
excitation and detection conditions were conducted with negligible reabsorption. The
quadratic dependence of two-photon induced fluorescence intensity on the excitation power
was verified for each excitation wavelength.

2.8. Cytotoxicity Assay

To test the cytotoxicity of the folate-modified SiNPs, 4 x 10° per well of Hela cells or MG63
cells in 96-well plates were incubated for 24 h in 90 pL. of RPMI-160 medium without phenol
red, supplemented with 10% FBS and 100 units / mL penicillin-streptomycin. Then cells were
then incubated with various amounts of silica nanoparticles SNP-DBF-NHFA (30 uM, 20
uM, 10 uM, 5 uM, 1 uM) for an additional 20 h. Subsequently, 20 pL of CellTiter 96®
AQueous One Solution reagent was added into each well, followed by incubation for an
additional 4 h at 37 °C. The relative viability of the cells incubated with the SiNPs relative to
untreated cells was determined by measuring the MTS-formazan absorbance on a Kinetic
microplate reader (Spectra Max M5, Molecular Devices, Sunnyvale, CA, USA) at 490 nm
with a subtraction of the absorbance of cell-free blank volume at 490 nm. The results from
three individual experiments were averaged.
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2.9. Uptake of silica nanoparticles in cancer cells

Hela cells or MG63 cells were placed onto poly-D-lysine coated glasses in 24-well plates
(40,000 cells per well), and the cells were incubated for 48 h before incubating with dye-
doped SiNPs. A stock solution of dye-doped SiNPs suspended in water was prepared as 0.5
mM solution. The solution was diluted to a 10 uM, 20 uM, and 50 pM by complete growth
medium, RPMI-1640, and then freshly placed over the cells for a 2 h period. After incubation,
cells were washed with PBS (3-5X) and fixed using 3.7% formaldehyde solution for 15 min
at 37 °C. To reduce autofluorescence, a fresh solution of NaBH, (1 mg/mL) in PBS (pH =
8.0), which was prepared by adding few drops of 6N NaOH solution into PBS (pH = 7.2), was
used for treating the fixed cells for 15 min (2X). The plates were then washed twice with PBS
and finally water. Subsequently, glass covers were mounted with Prolong gold mounting
medium for microscopy.

2.10. IPFM, 2PFM and two-photon FLIM imaging

Conventional single-photon fluorescence images were obtained using an inverted microscope
(Olympus IX70) equipped with a QImaging cooled CCD (Model Retiga EXi) and excitation
with a 100 W mercury lamp. In order to improve the fluorescence background-to-image
ratios, one-photon confocal fluorescence images of the fixed cells were obtained using a
custom made filter cube (Ex: 377/50; DM: 409; Em:525/40) for the dye-doped SiNPs. The
specifications of the filter cube were tailored to match the excitation wavelength of probes and
to capture most of its emission profile. 2PFM and 2P-FLIM imaging were performed by a
modified Olympus Fluoview FV300 microscope system coupled to a tunable Coherent Mira
900F Ti:sapphire (76 MHz, modelocked, femtosecond laser tuned to 740 nm), and a compact
FLIM system from PicoQuant. An emission short-pass filter (cutoff 690 nm) was placed in the
microscope scanhead to avoid background irradiance from the excitation source. Consecutive
layers, separated by approximately 0.15 um, were recorded to create a 3D reconstruction from
overlaid 2PFM images. The two-photon induced fluorescence was collected with a 60 x
microscope objective (UPLANSAPO 60x, NA = 1.35, Olympus). For 2P-FLIM imaging, the
output fluorescence was delivered to an avalanche photodiode (APD) detector (PicoQuant,
Germany). A band-pass filter (500nm —700 nm) was placed in front of the APD detector. Data
were acquired using theTime Harp 300 module and software package SymPhoTime
(PicoQuant, Germany).

3. Results and discussion

The morphology and size of the DBF-doped SiNPs were determined by TEM images (Fig. 2).
The particle size distribution determined by the TEM images indicated that they were of
narrow dispersity, with a diameter range of 25-40 nm. The average particle size of the dye-
doped amino-terminated silica nanoparticles (SNP-DBF-NH,) was 30 nm. After the particles
were conjugated with folic acid, their average particle size increased to 34 nm. The increase in
particle size is apparently attributed to the shielding of their surface by folic acid. In addition,
the absorbance of 272 nm in the folic acid functionalized nonlabeled silica nanoparticles
(SNP-NHFA) and folate dye-doped silica nanoparticles (SNP-DBF-NHFA) also indicated
successful conjugation of the folic acid with the silica nanoparticles (Fig. 3a). Moreover, the
presence of the folic acid on the surface of the SiNPs was demonstrated by comparing the
anisotropy, excitation, and emission spectra of the nonlabeled amino-terminated silica
nanoparticles (SNP-NH,) and SNP-NHFA in water. The concentration of dye in SNP-DBF-
NHFA was determined by absorbance at 410 nm (&40 ym = 7.1 X 10* M 'em™ in water). The
final concentration of SNP-DBF-NHFA in water was 2.3 mg/mL, determined by vaporization.
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Fig. 2. TEM images of silica nanoparticles (a) SNP-NH,, (b) SNP-DBF-NH,, and (c) their
particle size distribution, (d) SNP-NHFA, (e) SNP-DBF-NHFA, and (f) their particle size
distribution. Scale bar: 100 nm.

The linear and nonlinear photophysical properties of the SiNPs were investigated to assess
their potential for two-photon bioimaging. The absorption, excitation, and fluorescence
spectra of the SiNPs suspended in water, as well as the free DBF dye in THF, are shown in
Fig. 3. The spectra of dye-doped SiNPs were similar to the spectra of the free DBF in THF,
except for the expected absorbance of folic acid at 272 nm in the folate SiNPs. The spectra of
unlabeled folate silica nanoparticles (SNP-NHFA) exhibited absorbance and excitation of
folic acid at 272 and 360 nm, and very weak fluorescence of the folic acid with maximum
emission at 476 nm, which was not present in the spectra of folic acid-free unlabeled silica
nanoparticles (SNP-NH,).
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Fig. 3. (a) Normalized absorption of DBF in THF and SiNPs in water, (b) normalized
excitation spectra of DBF in THF and SiNPs in water, the maximum excitation of SNP-NH,
and SNP-NHFA were normalized to 0.1 (Em: 490 nm), (c) normalized fluorescence emission
spectra of DBF in THF and SiNPs in water, the maximum fluorescence of SNP-NH, and SNP-
NHFA were normalized to 0.1 (Ex: 410 nm), and (d) fluorescence anisotropy of DBF in THF
and SiNPs in water (Em: 490 nm).
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The fluorescence anisotropy of SNP-DBF-NH2, SNP-DBF-NHFA suspended in water and
the free dye in THF (Fig. 3d) indicates that the fluorescence of the dye doped in the particles
manifests relative high anisotropy, just as in very viscous solvent pTHF [15] while the free
dye in THF exhibited much lower fluorescence anisotropy. This result can be explained by the
fact that the rotational mobility of the dye molecules within the SiNPs was limited. Although
the fluorescence quantum yield, ¢, of the dye in SiNPs suspended in water decreased to 0.49
from 1.0 in organic solvent, due to likely aggregation, its photostability improved nearly 7
times when it was encapsulated in the SiNPs. The photostability of the dye-doped SiNPs
nanoparticles and free dye in THF were compared with the common fluorescent dye
fluorescein. The photobleaching decomposition quantum yield of fluorescein was 7.3 x 107°,
approximately 4 times higher than DBF in THF and 28 times higher than SNP-DBF-NHFA in
water. The photostability results and the photophysical properties of SNP-DBF-NHFA
suspended in water and the free dye in THF are summarized and compared with fluorescein in
Table 1. The florescence decays of the free dye in THF and SNP-DBF-NHFA suspended in
water were characterized by a single exponential process. The fluorescence life time, t ~1.2
ns, of DBF remained almost the same after encapsulation in SiNPs. The efficiency 2PA for
free DBF in relatively high polarity solution, THF, which is close to water, was investigated.
The 2PA cross sections were determined in the range of 700-940 nm, a useful range for
2PFM, and are presented in Fig. 4a. The dye showed a maximum 2PA cross section value of
~400 GM at 740 nm, which is quite suitable for 2PFM bioimaging using commercially
available femtosecond lasers.
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Fig. 4. (a) 2PA cross sections of DBF (fs excitation). (b) Viability of Hela and MG63 cells with
SNP-DBF-NHFA.

Table 1. Photophysical properties of the DBF in THF, SNP-DBF-NHFA in water and
fluorescein in 0.1 M NaOH aqueous solution

Materials ex a 107" T° ¢ ®-10°¢
Arpan | A
DBF 410/470 10.1 1.25+0.08 1.0 1.9
SNP-DBF-NHFA 409/458 7.1 1.20 +0.08 0.49 0.26
Fluorescein 491/521 8.8 nd.' 0.95 73

* Amax values of the one-photon excitation and emission spectra in nm; ® molar absorbance in
Mlem™; ¢ fluorescence lifetime in ns; 4 fluorescence quantum yield, * 15%;
photodecomposition quantum yield, + 15%; " Not determined.

Cytotoxicity of the SiNPs must be minimized if the particles are to be used as probes for
2PFM imaging in living cells. An MTS viability test with Hela and MG63 cells was
performed to determine the cytotoxicity of the folate dye-doped SiNPs The results presented
in Fig. 4b indicates that the toxicity of the nanoparticles is very low (~90% viability) over a
concentration range from 1 — 30 pM, after treating the Hela and MG63 cells with a variety of
concentrations of nanoparticles for 24 h. The concentrations were determined by the
absorbance of the SiNPs at 410 nm.
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To test the selectivity of the folate dye-doped SiNPs in vitro, Hela cells, known to
overexpress FRs, were employed as a positive control while low folate receptor expressing
cancer cells MG63 were selected as a negative control [17]. One-photon and two-photon
fluorescence microscopy was used to study the selective uptake of the folate silica
nanoparticles SNP-DBF-NHFA between Hela and MG63 cells. The fluorescence images of
Hela and MG63 cells incubated with folate silica nanoparticles SNP-DBF-NHFA, shown in
Fig. 5, indicated that SNP-DBF-NHFA was specifically taken by FR overexpressing Hela
cells. However, the low FR expressing MG63 cells (Fig. 5 middle row) did not take the folate
nanoparticles effectively. To confirm that the uptake of the folate nanoparticles by Hela cells
is mediated by the FR, Hela cells whose FR were initially blocked by free folic acid were used
to incubate with SNP-DBF-NHFA. The result (bottom row of Fig. 5) indicated that the Hela
cells did not uptake the folate silica nanoparticles to any large degree after their FRs were
blocked by folic acid. This enhanced efficiency is attributed to receptor-mediated uptake of
these folate nanoparticles with the FR of Hela cells.

10um grid <

Fig. 5. Images of Hela cells (top row), MG63 cells (middle row), and folate receptor blocked
Hela cells (bottom row) incubated with SNP-DBF-NHFA (20 uM, 2 h). Left column: DIC, 40
ms. Middle column: one-photon fluorescence image, 200 ms (filter cube Ex: 377/50 DM: 409
Em: 525/40). Right column: 3D reconstruction from overlaid two-photon fluorescence images
(Ex: 740 nm; Power: 30 mW; Em. short-pass filter 690 nm) 10 um grid.

Moreover, 2PFM and 2P-FLIM images (Fig. 6) of Hela cells incubated with SNP-DBF-
NHFA were performed to show the distribution of nanoparticles in the cells. The resulting
2PFM and 2P-FLIM images clearly illustrate organelles in the cytoplasm of cells. The
organelles are spherical in shape with an average diameter of ~600 nm, likely lysosomes or
endosomes in term of their size and morphology [26]. The average fluorescence lifetime of
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the SiNP probe within the organelles was ~1.2 ns, consistent with that observed for the dye-
doped SiNPs in water, further confirming successful SNP-DBF-NHFA up take by Hela cells.

Averspe Listme jns|

Fig. 6. Images of Hela cells incubated with SNP-DBF-NHFA (20 uM, 2 h). (a) DIC, 20 ms, (b)
3D reconstruction from overlaid two-photon fluorescence images (Ex: 740 nm; Power: 30 mW;
Em. short-pass filter 690 nm) 10 um grid, (c) 2P-FLIM image (Ex: 740 nm; Power: 30 mW).

4. Conclusion

Narrow dispersity organically-modified SiNPs, entrapping a hydrophobic 2PA fluorescent
dye, were synthesized and characterized. In order to specifically deliver the two-photon
fluorescent SiNPs to cancer cells, the surface of the nanoparticles were functionalized with
folic acid. Significantly, the photostability of the fluorescent silica nanoparticles was seven
times greater than the free dye and 28 times greater than the commercially available dye
fluorescein. Cytotoxicity of the folate-modified dye-containing SiNPs was low. The folate-
modified dye-containing SiNPs were selectively taken by folate receptor overexpressing Hela
cells, as determined by 1PFM, 2PFM, and 2P-FLIM imaging experiments. Thus, these folate-
modified dye-containing SiNPs are excellent candidates as efficient probes for 2PFM and 2P-
FLIM bioimaging applications, and have prospective application for earlier diagnosis of folate
receptor overexpressed cancers, including breast, ovary, endometrium, and lungs cancer [27].
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