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A polymer and silica co-protection strategy has been developed to
encapsulate organic fluorogens with aggregation-induced
emission and charge transfer characteristics into small
nanoparticles (NPs). The co-pretected NPs show bright red
fluorescence (50% quantum yield) with a large two-photon action
cross-section (450 GM at 840 nm), which have been sucessfully
used for two-photon fluorescence imaging of vasculature of the
mouse tibial muscle.

Two-photon microscopy is a powerful technique for three-
dimensional study of complicated biological processes. As
compared to one-photon excited technique, two-photon
fluorescence imaging (TPFl) demonstrates advantages in high
penetration  depth, minimized phototoxicity, and less
autofluorescence due to the utilization of near infrared laser (700—
1000 nm)."! To achieve a high signal-to-noise ratio in TPFI, two-
photon absorbing materials should have a large two-photon action
cross section, which is the product of the fluorescence quantum
yield (n) and the two-photon absorption (TPA) cross section (6).
Currently, the most popular TPA materials are conjugated organic
An effective strategy to increase 6 is to design strong
which have a large excited state
However, once

molecules.”
donor-acceptor structures,
intramolecular charge transfer (ICT) character.’
these ICT molecules are transferred from organic solvents to
aqueous media through either nanoparticle (NP) formulation or
1c,2d,4 . e

their né values decrease significantly,
primarily due to the significant drop in n. This is largely due to

side chain modification,

aggregation-caused quenching (e.g. m-w stacking of molecules) and
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environmental quenching (e.g. oxygen and polar media). To tackl~
this fluorogens  with
characteristics (AlEgen) have been developed to offer organic
fluorophore based NPs with high n in water.

AlEgens usually show weak fluorescence as molecular specie

issue, aggregation-induced emis.ion

due to free intramolecular rotation, and they exhibit stron-
emission in aggregated states as a result of the restriction of fre
motion.” Tetraphenylethylene (TPE, Scheme 1A) is a typical AlEge
The free rotation of phenyl groups makes it very weakly fluorescent
in tetrahydrofuran (THF) but emits strong fluorescence in the sol. 1
state.® More interestingly, attachment of TPE groups to existing
fluorogens could enable them with typical AIE properties. Fcr
example, conjugating TPE with ICT fluorophores could yiela
fluorogens with both AIE and ICT characteristics. TPETPAFN is 1
typical fluorogen consisting of two TPE pendants (AIE active groups)
and an ICT core. This AIE and ICT conjugation strategy rende s
TPETPAFN with a high far red/near infrared emission and an n o
~20% in aqueous media as NPs.**” However, the n of TPETPAF"
loaded NPs is still much lower than that in solid state (1 = 52%). .
such, an efficient strategy to enhance 1 of ICT based fluorogens in
aqueous media is highly sought after.

F127
TPETPAFN
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Scheme 1 (A) Chemical structures of TPETPAFN, TPE and F127. (B) Th~»
synthesis of AIE-F127 NPs and AIE-F127-SiO, NPs.

Several matrices (e.g. lipid based block copolymers, poly (DL
lactide-co-glycolide), bovine serum albumin, and F127) have be¢ .
utilized to encapsulate AlEgens to yield AIE NPs, exhibiting excel’
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performance in biological sensing and imaging applications.k’8
Moreover, the n of AIE NPs could be further optimized by
modulating polymer matrices, AlEgen packing states and their
loading concentrations.®” For example, Wu et. al. reported that the
1 of AIE NPs prepared using poly(ethylene glycol)-b-poly(styrene)
(PEG-b-PS) is higher than that of poly(ethylene glycol)-b-poly(e-
caprolactone) (PEG-b-PCL), which is ascribed to the increased
hydrophobicity of PS as compared to PCL.*® In addition to polymer
matrices, silica has been widely utilized to encapsulate conventional
and AlEgens to improve their fluorescence performance.10
Fluorogen loaded silica NPs exhibit improved brightness and
photostability thanks to the separation of organic fluorogens from
quenchers (e.g. water, oxygen) by silica matrices."" The positive
effects of both polymer and silica protection on organic fluorogens
motivated us to improve the n of ICT fluorogen loaded NPs through
a polymer/silica co-protection approach.

In this communication, we report a simple strategy to enhance
né and stability of ICT fluorogen based NPs. Taking TPETPAFN as an
example, AlEgens were encapsulated into F127 matrices to yield
TPETPAFN-F127 NPs, which were further coated with a silica layer
to yield TPETPAFN-F127-SiO, NPs. Interestingly, the n of TPETPAFN-
F127-Si0O, NPs was improved nearly 100% relative to that of
TPETPAFN-F127 NPs, and the reason was revealed by both static
and dynamic photoluminescence (PL) studies. In addition, individual
NP brightness was also compared against commercial quantum dot
(QD655). At last, the obtained TPETPAFN-F127-SiO, NPs have been
successfully used to visualize blood vasculature of the mouse tibial
muscle via real-time TPFI.

TPETPAFN was synthesized according to the previous reports
(Scheme 1A ).”“®® The AIE characteristics of both TPETPAFN and TPE
were investigated by examining their emission spectra changes in
THF/water mixture at different water fractions (f,,). At lower f,,
TPETPAFN and TPE show weak fluorescence, while their
fluorescence intensities increase obviously with an increase of f,.
When f,, reaches 90%, the corresponding fluorescence intensities of
TPETPAFN and TPE are increased up to 70-fold and 86-fold,
respectively, as shown in Fig. S1 in the supporting information (Sl).
In addition, the solvent effects on the absorption and emission
spectra have also been studied (Fig. S2). With increasing solvent
polarity, the emission maximum of TPETPAFN is red-shifted from
597 nm in hexane to 643 nm in toluene and 652 nm in THF,
accompanied with fluorescence intensity decrease. The large
fluorescence change of TPETPAFN in different solvents
demonstrates its strong ICT character. On the other hand, the
emission spectra of TPE remain nearly the same in different
solvents as shown in Fig. S2B, illustrating its weak ICT property.

The AlEgen loaded NPs were prepared in one-step using a
triblock copolymer of F127 (a commercial polymer) as the
encapsulation matrix (Scheme 1B).12 It started with the preparation
of a THF solution of F127 and AlEgens. The solution was then blow
dried with nitrogen and further sonicated in water to yield AlEgen
loaded F127 NPs (AIE-F127 NPs). Accordingly, the TPETPAFN loaded
F127 NPs are denoted as TPETPAFN-F127 NPs while TPE loaded
F127 NPs are denoted as TPE-F127 NPs. The obtained AIE-F127 NPs
were further coated with a silica shell by a sol-gel procedure.12b The
thin  silica shell was optimized through addition of
diethoxydimethylsilane (DEDMS) into the NP suspension, which

2| J. Name., 2012, 00, 1-3

Journal Name

helps quench the silicate cross-linking (Scheme 1B). The produ .
mixtures were then dialyzed to yield silica cross-linked and F12
encapsulated NPs (TPE-F127-SiO, NPs and TPETPAFN-F127-SiC_
NPs).

TPETPAFN-F127 NPs exhibit small black dots with a size arour. !
~5 nm under the FE-TEM (Fig. S3A). After coating a silica layer.
TPETPAFN-F127-SiO, NPs have a relatively uniform size of ~12 n
(Fig. S3B). In addition, the sizes of both NPs have been investigated
with dynamic light scattering (DLS) technique, which are ~32 n 1
and ~25 nm for TPETPAFN-F127 NPs and TPETPAFN-F127-SiO, NPs,
respectively (Fig. S3C). The respective sizes of TPE-F127 NPs anad
TPE-F127-SiO, NPs are similar to those of TPETPAFN-F127 NPs ar..
TPETPAFN-F127-SiO, NPs (data not shown). The sizes of TPETPAF!
F127-SiO, NPs remain constant for the tested period (10 days
demonstrating their excellent colloidal stability (Fig. S4).
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Fig. 1 The absorption (dash-dotted lines) and PL (solid lines) spectra of (. )
TPETPAFN-F127 NPs (black) and TPETPAFN-F127-Si0, NPs (red), and (C) TPE-
F127 NPs (black) and TPE-F127-SiO, NPs (red). The emission decay curves ~*
(B) TPETPAFN-F127 NPs (black), TPETPAFN-F127-SiO, NPs (red); (D) . -
F127 NPs (black), TPE-F127-SiO, NPs (red). The instrument response (IRF)
(blue) signal is also shown for reference in B and D.

Time (ns)

Fig. 1A shows the UV-vis absorption and PL spectra «ft
TPETPAFN-F127 NPs and TPETPAFN-F127-SiO, NPs in water. Bo' i
NP suspensions exhibit similar absorption maxima at ~ 500 nri.
Although they have similar absorbance, TPETPAFN-F127-SiO, NPs (
=50 + 1%) display much higher brightness than that of TPETPAF!
F127 NPs (24 + 1%). In addition, as shown in Fig. 1B, the emissic
maxima for TPETPAFN-F127-SiO, NPs and TPETPAFN-F127 NPs ar
located at 641 nm and 655 nm, respectively. The blue-shifte '
emission maximum with layer po'ar
environment in the F127/silica matrix as compared to F 27
alone.”™ To the best of our knowledge, the 50 £ 1% is the highe.
n for the reported TPETPAFN NPs,”“*“%%® which is similar to that © .
solid state (n = 52%).7c On the other hand, as shown in Figure 1C, 7
the same absorbance, the emission of TPE-F127-SiO, NPs (n = 23 -
1%) is similar to that of TPE-F127 NPs (n = 21 + 1%). No obviou-~
fluorescence enhancement has been observed for TPE based NI -
with and without SiO, coating, which is very different from that of
TPETPAFN NPs. As shown in Fig. S2, TPETPAFN emits stror.*
fluorescence in non-polar solvents but it is very weakly emissive in

silica indicates less

This journal is © The Royal Society of Chemistry 20xx
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polar media. The protective silica layer thus provides a relatively
less polar environment for TPETPAFN by minimizing its contact with
water. However, the environmental polarity change does not
influence the fluorescence of TPE (Fig. S2), which agrees with the
very minor fluorescence change for TPE NPs with and without silica
coating.

To understand the effect of silica coating on fluorescence, the
fluorescence lifetimes for all the synthesized NPs were examined
with a Fluorolog-3 iHR spectro-fluorometer. The relationship
between n and fluorescence lifetime (t) of a fluorophore is given by
n=T/(T +k,) and 1t = (T + knr)'l,14 where I" and k,, are radiative
decay and nonradiative decay rates, respectively. The I' is the
intrinsic property of a fluorophore, which is generally regarded as a
constant. The changes of n and t are thus mainly resulted from the
variation in k.. In addition, the n and 1 values are expected to vary
in the same direction, either both increase or both decrease based
on the above equations.14 Fig. 1B shows the fluorescence lifetime
decay curves of TPETPAFN-F127-SiO, NPs and TPETPAFN-F127 NPs.
Clearly, the average fluorescence lifetime of TPETPAFN-F127-SiO,
NPs (4.18 ns, Table S1) is more than twice longer relative to that of
TPETPAFN-F127 NPs (1.81 ns, Table S1). The longer lifetime of
TPETPAFN-F127-SiO, NPs should be due to blocking of nonradiative
decay pathways of TPETPAFN fluorogens in the aggregated state.
The silica layer in TPETPAFN-F127-SiO, NPs should also prevent the
contact between TPETPAFN and water/oxygen molecules, both are
beneficial to the fluorescence enhancement. On the other hand,
TPE-F127-Si0, NPs and TPE-F127 NPs have a similar average
fluorescence lifetime (4.99 vs 5.23 ns, Table S1), which is consistent
with the close n for both.
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@ TPETPAFN-F127-Si0, @
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Occurrence

50x10° 1.0x10° 15x10° 2.0x10°
Total counts in 100 s

s 0
10° 1.0x10° 15x10° 20x10° 0.0
tal counts in 100s

oo
°
o

04 P
0 1x10° 2x10° 3x10° 4x10° 5x10° 0
Total counts in 100 s T

)

Fig. 2 (A, B, C) Wide field fluorescence images and (D, E, F) histograms of the
total numbers of photons collected for (A, D) TPETPAFN-F127-SiO, NPs, (B,
E) TPETPAFN-F127 NPs and (C, F) commercial QD655. Note the different
binning and scales for D, E and F; A, = 488 nm for all samples.

The fluorescence behaviours of TPETPAFN-F127-SiO, NPs and
TPETPAFN-F127 NPs were subsequently investigated using single NP
fluorescence imaging. The commercial QD655 with a diameter
around ~20 nm (based on DLS measurement) was chosen as the
reference. Typical single NP fluorescence images of TPETPAFN-
F127-SiO, NPs, TPETPAFN-F127 NPs, and QD655 are shown in Fig.
2A-C, respectively. The emission of TPETPAFN-F127-SiO, NPs is
obviously brighter than that of TPETPAFN-F127 NPs and QD655. The
intensity time-traces of TPETPAFN-F127-SiO, NPs, TPETPAFN-F127

This journal is © The Royal Society of Chemistry 20xx
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NPs and QD655 were recorded over 100 s. As shown in Fig. 2L- ,
the average number of photons emitted by each TPETPAFN-F12~
SiO, NP (1.04 x 10° counts)is around 1.7-fold of TPETPAFN-F127 N
(6.08 x 10° counts), and 3.7-fold of commercial QD655 (2.8 x 10°
counts). The trend is similar to their overall fluorescence intensitic :
measured by a fluorometer. In addition, fluorescence intensity time
traces for individual NP reveal that both TPETPAFN-F127-SiO, NI s
and TPETPAFN-F127 NPs keep stable fluorescence, while QD 655
shows prominent fluorescence intermittency, which is referred ‘>
as blinking (Fig. S5). It is also worth noting that the photostability o
TPETPAFN-F127-SiO, is better than that of TPETPAFN-F127 NPs
upon continuous laser excitation (Fig. S6), which should result fro..,
the protection of silica layer. Considering the similar DLS size « .
TPETPAFN-F127-SiO, NPs (~25 nm) and TPETPAFN-F127 NPs (~3°
nm) with that of QD655 (~20 nm), the higher brightness and mor
stable TPETPAFN-F127-SiO, NPs are thus promising for biologic. '
applications.

Excellent signal stability of fluorescent probes is of hign
importance for biological applications. As a result, the fluoresce -
intensity changes were studied for TPETPAFN-F127-SiO, NPs upon
incubation in 1 x PBS at 37 °C for 10 days. No evident fluoresce~--
change indicates good physical stability of the NPs (Fig. S7A and i =
inset). On the other hand, the cytotoxicity results of the NIH/3T3
fibroblast cells upon incubation with 100 to 500 pg/mL f
TPETPAFN-F127-SiO, NPs are shown in Fig. S7B. The cell viabilities
are > 90% after 48 h, demonstrating their low cytotoxicity, which .3
desirable for biological imaging.

Real-time visualization of blood vessels in vivo is important L.
study biological leakagr,
angiogenesis, and leukocyte extravasation.” As compared to one

processes, for instance, vascular
photon excited fluorescence imaging, TPFl is often used for th .
visualization of tissues or vessels due to the use of near infrarec
excitation which offers deeper tissue penetration, in addition to .
low autofluorescence interference and minimal phototoxicity t.
biosubstrates. Materials with large & values are thus desirable to
achieve high imaging contrast. The TPA spectra of TPETPAFN-FL 7-
SiO, NPs in water were investigated together with Evans Blue, a
widely used TPA contrast agent in vascular imaging.16 The & of
TPETPAFN-F127-SiO, NPs was analyzed based on NP concentratic
and the corresponding TPA spectrum is shown in Fig. S8. Tk .
TPETPAFN-F127-SiO, NPs show a maximum & of 900 GM at 8/
nm,17 which is considerably better than Evans Blue.

.

.

Fig. 3 Intravital TPFI for blood vessels of mouse tibial muscle stained wi’ .
TPETPAFN-F127-Si0, NPs at depths of (A) 0, (B) 20, (C) 40, (D) 60, (E) 8¢ -~
and (F) the respective Z-projected image. The scale bar is 50 um.

J. Name., 2013, 00, 1-3 | 3
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The biological application of TPETPAFN-F127-SiO, NPs was
subsequently explored. After intravenous administration of the NPs
to an anaesthetized mouse, the vasculature of the tibial muscle was
imaged using a two-photon microscopy.”® Fig. 3A-E shows
representative images of the blood vessels at different depths. Both
major blood vessels and smaller capillaries of the tibial muscle are
clearly visualized because of TPETPAFN-F127-SiO, NPs, with no
obvious aggregation of NPs observed. It also shows 1.6-fold higher
fluorescence signal than that upon injection with TPETPAFN-F127
NPs at the same concentration for TPETPAFN (Fig. S9 in SI). Under
the same imaging condition, no fluorescent signal is detected
without NP administration (Fig. S10 in Sl). The Z-projected (Fig. 3F)
image illustrates that the NPs could effectively label the vasculature
in vivo.

In summary, a F127-silica co-encapsulation strategy has been
developed to improve the n of ICT fluorogen based NPs using
TPETPAFN as an example. The obtained TPETPAFN-F127-SiO, NPs
have a QY of 0.50 as a result of the relatively non-polar
microenvironment provided by the silica shell and the reduced
water and oxygen attack to TPETPAFN. Single NP study proves that
the TPETPAFN-F127-SiO, NPs exhibit higher brightness and better
photostability as compared to TPETPAFN-F127 NPs. The large 1o
value and excellent biocompatibility make TPETPAFN-F127-SiO, NPs
a good contrast agent for two-photon in vivo blood vascular
imaging, as illustrated using the tibial muscle model. The polymer
and silica shell dual encapsulation strategy is expect to help
improve the performance of ICT fluorogen loaded NPs in various
fluorescence imaging applications.
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and the JCO (IMRE/14-8P1110), the Research Grants Council of
Hong Kong (604913, 16301614, N_HKUST620/11 and
N_HKUST604/14) and Guangdong Innovative Research Team
Program (201101C0105067115) for financial support.
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