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Photosensitizers with aggregation-induced emission (AIE-PS) are attractive for image-guided
photodynamic therapy due to their dual functional role in generating singlet oxygen and producing high
fluorescent signal in the aggregated state. However, their brightness and treatment efficiency maybe
limited in current practice. Herein we report the first systematic investigation on the metal-enhanced
fluorescence (MEF) and singlet oxygen generation (ME-SOG) ability of our newly synthesized AIE-
photosensitizers. The Ag@AIE-PS of varied sizes were prepared via layer-by-layer assembly with
nanoparticles (AgNPs) and AIE-PS. A maximum of 6-fold

enhancement in fluorescence and 2-fold increment in SOG were observed for the 85nmAg@AIE-PS.

controlled distance between silver

Comprehensive characterization and simulation were conducted to unravel the plasmon-enhancement
mechanisms of Ag@AIE-PS. Results show that MEF of AIE-PS is determined by the enhanced electric
field around AgNPs, while ME-SOG is dictated by the scattering efficiency of the metal core, where
bigger AgNPs would result in larger enhancement factor. Furthermore, the optimum distance between
AgNPs and AIE-PS to achieve maximum SOG enhancement is shorter than that required for the highest
MEF. The correlation of MEF and ME-SOG found in this study is useful for designing new a generation of
AlE-photosensitizers with high brightness and treatment efficiency towards practical theranostic
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1. Introduction

Aggregation-induced emission fluorogens (AIEgens) are a new
class of fluorogens that do not emit light in the molecular state,
but become highly emissive in the aggregated state due to the
restriction of intramolecular motions. Unlike the traditional
organic fluorophores, which often suffer from the aggregation-
caused quenching (ACQ) effect, AIEgens possess numerous
advantages such as good photostability, high brightness, and
efficient light-harvesting properties in the aggregated state, which
make them especially suitable for biological sensing and imaging
applications.** More recently, AIE-based photosensitizers (AIE-
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PSs) tailored with both AIE and singlet oxygen generation (SOG)
properties have been successfully developed. The use of such AIE-
PS for image-guided photodynamic therapy can greatly improve
the treatment efficiency by overcoming the intrinsic ACQ effects
faced by the traditional photosensitizers with reduced reactive
oxygen species (ROS) generation rate in the aggregated state,
especially when the loading of PS is high. To synthesize dual-
functional AIE-PS, several molecular design strategies such as
introducing electron donor (D) and electron acceptor (A)
groups,*® tuning the distance between the donor and acceptor,®
and incorporating auxiliary acceptor groups™” to the AIEgens have
been employed to decrease the singlet-triplet energy gap (AEsr)
and enhance the intersystem crossing (ISC) rate. However, it
remains challenging to improve both the SOG efficiency and
brightness of fluorescence concurrently by molecular design of
AlEgens as both functions consume the excited state.
Plasmonic nanoparticles (NPs) such as gold and silver NPs,
have unprecedented ability to localize and enhance their
surrounding electric field and confine it into subwavelength
volumes due to the excitation of their surface plasmon resonance
(SPR) by the incident electromagnetic field, leading to several
applications from structural color printing,*® energy storage,
and catalysis''~** to metal NPs-based biosensors'*?>* development.
More recently, these localised SPR effects have been exploited to
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enhance the optoelectronic properties of functional materials,
such as fluorophores and photosensitizers, leading to a new field
of studying metal-enhanced fluorescence (MEF)***' and singlet
oxygen generation (ME-SOG).***®

To date, several works have been reported to tune the
distance between the fluorophore and the metallic surface in
controlling the plasmonic-enhancement effects. For
example, Liang et al.*® employed the layer-by-layer (LBL) tech-
nique to control the distance between the conjugated polymeric
fluorophore (PFVBT) and silver nanocubes (for up to three
bilayers) by using oppositely charged polyelectrolytes for the
assembly. In another study, silica-coated silver nanoparticles
with varied shell thickness (up to 30 nm) have been used to
investigate the interparticle distance-dependent fluorescence of
the ultrasmall sized gold nanoclusters.®® Other than fluores-
cence, singlet oxygen generation is another interesting property
of some fluorophores (also known as photosensitizer, PS),
arising from the intersystem crossing in the excited fluo-
rophore. Due to the interactions of the excited fluorophore and
plasmonic NPs,*>**3*5% photostability and SOG rate of the
photosensitizers could be enhanced.** For instance, Ke and
coworkers® have reported the simultaneous enhancement of
fluorescence and SOG of the aluminium phthalocyanine on the
surface of Au@silica nanorods. However, no correlation was
found between the optimum distance for MEF and ME-SOG. To
the best of our knowledge, metal-enhancement study of the AIE-
based photosensitizer (AIE-PS) and the correlation of their
intrinsic fluorescent and singlet oxygen generation properties
have not been reported.

In this study, we have conducted a systematic investigation
to unravel the correlation of the metal-enhanced fluorescence
and metal-enhanced singlet oxygen generation of our newly
synthesized dual-functional AIE-PS. Specifically, layer-by-layer
technique is utilized to control the distance between the silver
nanoparticles (AgNPs) and AIE-PS molecules using differently
charged polyelectrolytes. Although the enhancement factors for
either fluorescence or singlet oxygen generation is unique for
each of the AIE-PSs nanohybrids, it was found that the
maximum singlet oxygen occurs at a shorter distance between
AgNPs and AIE-PS than that with the maximum fluorescence.
The correlation found between the MEF and ME-SOG of
Ag@AIE-PS nanohybrids in this study could be useful for
designing brightly fluorescent photosensitizers. That will, in
turn, open up new opportunities to enhance the unique prop-
erties of AIE-based photosensitizers for effective theranostic
treatment in the future.

49-51

2. Results and discussion

2.1. Synthesis of yellow emissive AIE-PS and study of its
photophysical properties

In this study, a new photosensitizer with aggregation-induced
emission (AIE-Y-SOG) was synthesized as the model AIE-based
photosensitizer (AIE-PS) to investigate the enhancement
effects by the silver nanoparticles (AgNPs). Fig. 1a shows the
synthetic route of AIE-Y-SOG formation. Simple heating the
mixture of compound 2 with bromoethane in DMF resulted in
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the formation of yellow emissive AIE-Y-SOG in PBS bulffer (inset
of Fig. 1¢). The chemical structure of the purified AIE-Y-SOG was
confirmed by the nuclear magnetic resonance (NMR) spectros-
copy (Fig. S17). Fig. 1b shows the unique optical properties of
the as-synthesized AIE-Y-SOG. By introducing an electron-
withdrawing group (ie., vinyl-pyridinium) to tetraphenyl-
ethylene (TPE), AIE-Y-SOG was obtained with intramolecular
charge transfer character. AIE-Y-SOG has an absorption
maximum at 385 nm with yellow emission at 595 nm.*® The
presence of vinyl-pyridinium moiety renders AIE-Y-SOG with
positive charges at neutral and acidic pH. Interestingly, the
introduction of vinyl-pyridinium also reduces the singlet-triplet
gap (AEsy) of the AIE-Y-SOG,® endowing it with the unique
photosensitizing ability, which can be utilized for photody-
namic therapy (PDT).**° The large Stokes shift (about 210 nm)
in AIE-Y-SOG could be attributed to the strong intramolecular
charge transfer as a result of the incorporation of the electron-
donating and accepting groups to the TPE moiety.*®

The AIE behavior of AIE-Y-SOG was investigated in a mixture
of dimethyl siloxane (DMSO) as good solvent and PBS as a poor
solvent. As shown in Fig. 1c, the AIE-Y-SOG shows red emission
(cantered at 680 nm, inset of Fig. 1¢) in the DMSO solution. The
emission intensity was decreased gradually as the PBS fraction
was increased up to 80%, due to the twisted intramolecular
charge transfer (TICT) effect.®>** Then, the fluorescence inten-
sity was recovered with blue-shifted emission peaked at 595 nm,
showing yellow emission in PBS buffer (inset of Fig. 1c). This
enhanced fluorescence effects (as compared with the diluted
AIE-Y-SOG in DMSO) could be attributed to the restriction of
intramolecular motions, which is activated by the formation of
AIE-Y-SOG nanoparticles (NPs) in PBS solution. Fig. S21 shows
that AIE-Y-SOG NPs in PBS have an average hydrodynamic
diameter of 155 £ 4 nm as measured by dynamic light scat-
tering (DLS). The fluorescence quantum yield of AIE-Y-SOG NPs
was calculated to be 4.9%, measured against the 4-(dicyano-
methylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran
(DCM) as reference.

2.2. Investigation of the metal-enhanced fluorescence of
AIE-PS

2.2.1 Formation of Ag@AIE-Y-SOG nanohybrids through
layer-by-layer assembly. To study the plasmonic enhancement
effect of AIE-Y-SOG, we have synthesized different sizes of
AgNPs using tannic acid as the stabilizer as shown in Fig. S3a.f
The size distributions of AgNPs with an average diameter of
25 nm, 40 nm, and 85 nm, were determined by the dynamic
light scattering (Fig. S3bt) and transmission electron micros-
copy (Fig. S4T) measurement. All of the as-synthesized AgNP are
negatively charged as shown by the zeta potential measurement
(Fig. 2a), indicating the presence of tannic acid as capping
agent, which is consistent with the literature.®

Upon successful synthesis of the well-dispersed AgNPs,
a suitable pair of oppositely charged polyelectrolytes (PEs) were
selected to enable the layer-by-layer (LBL) assembly onto the
AgNPs surface. Based on the consideration of molecular weight
and structure of PEs, polyethyleneimine (PEI, M,, = 2000) and

This journal is © The Royal Society of Chemistry 2020
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(a) Synthetic route of AIE-Y-SOG. (b) Normalized absorbance (black line) and normalized fluorescence (blue line) spectra of AIE-Y-SOG in

PBS buffer, Aox = 385 nm. (c) Effect of solubility of AIE-Y-SOG in PBS/DMSO mixture at different fraction on photoluminescence (PL) spectra.
Inset of 1c shows the color photograph of the AIE-Y-SOG in DMSO (right) and PBS (left) solution, respectively under 365 nm UV excitation. (d)
Degradation of 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA, 50 uM) in the presence of AIE-Y-SOG (10 uM) in PBS buffer under

white light (40 mW cm™2) irradiation at different duration.

poly(styrene sulfuric acid) sodium salt (PSS, M,, = 70 000) were
selected in this study (Fig. 2a) to form the bilayers of suitable
thickness in controlling the distance between AgNPs and AIE-
gens for the metal-enhancement study. To obtain a thin bilayer
of PEs, suitable solution pH (i.e., pH = 3) in consideration of the
pK. and pK,, of the two polyelectrolytes and NaCl concentration
(10 mM)*** were selected for the LBL assembly of PEI and PSS
onto AgNPs. The presence of tannic acid on the surface of
AgNPs enables the adsorption of positively charged PEI on the
negatively charged AgNPs. Fig. 2b shows the variation of the
zeta potential for the 25 nm AgNPs after deposition of each layer
of polyelectrolyte, indicating the successful assembly of PEI or
PSS in each step. As shown in Fig. 2c-e, the as-formed PEs-
coated AgNPs are stable throughout the LBL assembly process
since no apparent redshift in the SPR peak or change in the
intensity of extinction at the higher wavelengths (>600 nm) were
observed. Based on the TEM images of PEs-coated AgNPs (see
insets of Fig. 2c for 25Ag/1BL and Fig. 2e for 85Ag/1BL,
respectively), the thickness of each PEI/PSS bilayer is esti-
mated to be around 3.5 nm.

2.2.2 Distance and size-dependent fluorescence enhance-
ment of Ag@AIE-PS. Firstly, distance-dependent study of the

This journal is © The Royal Society of Chemistry 2020

Ag@AIE-PS nanohybrids for fluorescence enhancement was
conducted by controlling the spaces between AgNPs and AIE-Y-
SOG (10 uM) through the LBL assembled PEI/PSS bilayers. Due
to the aggregation-induced emission nature of the AIE-Y-SOG,
the MEF effects of Ag@AIE-Y-SOG was compared with the same
amount of AIE-Y-SOG adsorbed on silica nanoparticles (SiNP).
The fluorescent of AIE-Y-SOG was turned on when they were
adsorbed/aggregated on the surface of either AgNPs or SiNP in
water solution. The fluorescence enhancement factor is defined
by the ratio of the maximum photoluminescent (PL) intensity of
Ag@AIE-Y-SOG to the Si@AIE-Y-SOG in the control sample.
Based on the PL intensity of the Ag@AIE-Y-SOG, the fluores-
cence enhancement factor (EFyg) was calculated:

Max_PLAg@A[E
Max_PLSi@AIE

(1)

Fluorescence enhancement factor (EFygr) =

As can be seen in Fig. 3a, the fluorescence of AIE-Y-SOG was
quenched at the close vicinity of AgNPs when no polyelectrolyte
(OBL sample) was introduced. This phenomenon is due to the
significant energy transfer rate from the excited AIE-Y-SOG to

Nanoscale Adv., 2020, 2, 2859-2869 | 2861
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(a) Schematic diagram showing the layer-by-layer assembly of oppositely charged polyelectrolytes composed of polyethyleneimine (PEI)

and poly(styrene sulfuric acid) sodium salt (PSS) to control the distance between AlEgen and AgNP, (b) zeta potential of PEs-coated AgNPs as
a function of polyelectrolytes bilayers (odd layer numbers for PEl and even layer numbers for PSS), (c) normalized extinction of 25 nm AgNPs with
different PEI/PSS bilayers. Inset shows the TEM image of the 25 nm AgNPs with 1 bilayer (i.e., 25Ag/1BL), (d) normalized extinction of 40 nm
AgNPs with different PEI/PSS bilayers. Inset shows the TEM image of 40 nm AgNPs without bilayers (i.e., 40Ag/0BL), (e) normalized extinction of
85 nm AgNPs with different PEI/PSS bilayers. Inset shows the TEM image of 85 nm AgNPs with 1 bilayer (i.e., 85Ag/1BL).

the AgNPs surface. It was found that the fluorescence
enhancement factor increases with the increasing number of
bilayers and reaches a maximum before decreasing with the
increased distance. This trend indicates the distance-
dependent nature of the MEF of Ag@AIE-Y-SOG in the nano-
hybrid system. The maximum MEF (~1.4-fold enhancement)
was obtained for the nanohybrids consisting of 25 nm AgNPs
with 2 PEI/PSS bilayers, which is estimated to have a spacing of
7 nm between the AgNPs and AIE-Y-SOG.

2862 | Nanoscale Adv,, 2020, 2, 2859-2869

To investigate the size-dependent MEF of AIE-Y-SOG, two
other sizes of AgNPs (i.e., 40 nm and 85 nm) were synthesized.
Similar LBL assembly conditions were used to form the
Ag@AIE-Y-SOG nanohybrids with different number of PEI/PSS
bilayers (BL). Fig. 3b shows the distance-dependent MEF
effect for different sizes of AgNPs, where 2BL is the optimum
distance for all the sizes of AgNPs tested in this study. It was
also found that the fluorescence enhancement factor (EFygg)
increases with the increasing sizes of AgNPs. The highest

This journal is © The Royal Society of Chemistry 2020
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respectively.

enhancement of 6-fold was achieved for the 85 nm Ag@AIE-Y-
SOG sample with 2 bilayers. Simulation has been conducted to
better understand the plasmon-enhanced fluorescence. The
enhanced electric field (|E|/|E,|) around the AgNPs of different
sizes excited at the 385 nm wavelength (i.e., excitation wave-
length of AIE-Y-SOG) are shown in Fig. 3¢ (top row). Although
the enhanced electric field on the surface of 25 nm AgNPs is
stronger than the 40 nm and 85 nm AgNPs, the quenching effect
of a small AgNPs (e.g., 25 nm) is much higher than the large NPs
(e.g.,85 nm) as reported in other literature.®**” Hence, the EFygr
is higher when the fluorophore locates around a bigger AgNP.
Another possible reason is the volumetric effect of the enhanced
electric field around AgNPs, where bigger nanoparticles can
enhance the electric field in a more prominent space/distance
from the surface of metal NPs. Hence, more fluorophore

This journal is © The Royal Society of Chemistry 2020

molecules could be located there and subsequently be
excited.®®*®® To assess this volumetric effect, the surface average
enhanced electric field around the AgNPs at different distances
was calculated. As can be seen in Fig. S5, the electric field at the
surface of 25 nm AgNP is higher than the 40 nm and 85 nm
AgNPs. The magnitude of the electric field is however, in
a reverse order of AgNP (85 nm) > AgNP (40 nm) > AgNP (25 nm)
for more than 6 nm from the surface of AgNP. These results are
in good agreement with the experimental data presented in
Fig. 3b where the MEF effect is highest for the AIE-Y-SOG on
85Ag/2BL as compared with the AgNPs of the smaller particle
size and same number of bilayers. In addition, the enhanced
electric field around the AgNPs at the 595 nm wavelength (i.e.,
emission wavelength of AIE-Y-SOG) was simulated (Fig. 3c,
bottom row). The enhanced electric field at this wavelength

Nanoscale Adv., 2020, 2, 2859-2869 | 2863
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shows that the electrons in AgNPs could be excited when AIE-Y-
SOG is emitting fluorescence, leading to the plasmonic-
coupling effect of AgNPs in MEF. Furthermore, it was found

that the magnitude of the enhanced electric field is in order of
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AgNP (85 nm) > AgNP (40 nm) > AgNP (25 nm), which is aligned
with the size-dependent fluorescence enhancement factor for
AIE-Y-SOG as observed experimentally in Fig. 3b.
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Fig. 4 Fluorescence decay profile of Ag@AIE-Y-SOG with different PEI/PSS bilayers and AgNPs sizes (a) 25 nm AgNPs, (b) 40 nm AgNPs, and (c)
85 nm AgNPs. (d) Average fluorescence lifetime (7) for AQQAIE-Y-SOG samples with 1 (square), 2 (sphere), and 3 (triangle) PEI/PSS bilayers. (e)
Simplified Jablonski diagram for a typical AIE-PS in the vicinity of AQNPs. =k,.4 is the summation of intrinsic radiative decay rate in AIE-PS (kaq)
and radiative decay rate due to the presence of metal NPs (Kragametal)- =Knraa IS the summation of intrinsic non-radiative decay rate in AIE-PS
(knraa) @and non-radiative decay rate due to the presence of metal NPs (Knragametal). The average fluorescence lifetime is defined as 7= 1/(Skyaq +
Sknraa) for a classical fluorophore.
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2.2.3 Fluorescent lifetime measurement and mechanism
study of Ag@AIE-PS. To further investigate the MEF mechanism
of this newly synthesized AIE-Y-SOG photosensitizer with
different sizes of AgNPs (i.e., 25, 40 and 85 nm), fluorescence
lifetime measurement was conducted and fitted using a bi-
exponential decay model as shown in Fig. 4. Table S1f
summarizes the fluorescence lifetime data for different
Ag@AIE-Y-SOG samples with varied number of bilayers (or
distance). Fig. 4a shows that the AIE-Y-SOG has a shorter life-
time on silica nanoparticles than that in the water medium,
which could presumably be due to the aggregation of AIE-Y-SOG
molecules on the surface of silica nanoparticles. The same trend
has also been observed for the previously reported PFVBT
conjugated polymer system when it is in the molecular state (in
water) and aggregated state (loaded on silica NPs).* In addition,
the fluorescence lifetime of all samples containing AgNPs
increases as compared to the control sample loaded on SiNP
(i.e., from 3.64 ns for SiI@AIE-Y-SOG to >4 ns for all Ag@AIE-Y-
SOG samples). Based on the theory of MEF for a classical fluo-
rophore, the fluorescence lifetime should remain constant (i.e.,
due to plasmonic coupling effect) or decrease (ie., due to
enhanced electric field around the metal nanoparticle) when
a fluorophore locates in the vicinity (~<20 nm) of metal NPs.”>”*
As AIE-Y-SOG itself is also a photosensitizer, the excited elec-
trons may undergo intersystem crossing process, which could
be changed due to the enhanced electric field around AgNPs,>>”*
leading to the increase in its fluorescence lifetime. Hence, the
longer fluorescence lifetime as observed for all the Ag@AIE-Y-
SOG samples tested in this study (Table S17) could be due to the
balancing changes among the radiative decays, non-radiative
decays and intersystem crossing rate as a result of the
enhanced electric field around AgNPs and plasmonic coupling
effect. Fig. 4d shows the size effect of AgNPs on the average
lifetime of Ag@AIE-Y-SOG when it is located at different
distances from the surface of AgNPs. The Jablonski diagram for
a typical AIE-PS in the vicinity of AgNP and the effect of changes
in the ISC rate, radiative decay rates (Zk..q) and non-radiative
decay rates (Zknraq) on the average fluorescence lifetime is
summarized in Fig. 4e. This can be used to explain the observed
fluorescence lifetime of the 25 nm Ag@AIE-Y-SOG samples
prepared at different number of bilayer (BL) (i.e., 4.45 ns, 5.04
ns and 5.09 ns for 1BL, 2BL and 3BL separation thickness,
respectively) which is shorter than that for the 85 nm Ag@AIE-Y-
SOG samples (i.e., 5.63 ns, 5.60 ns and 5.61 ns for 1BL, 2BL and
3BL separation thickness, respectively), due presumably to the
relatively larger energy transfer from the excited AIE-PS mole-
cules to the smaller AgNPs (2k;aq < Zknraq)-*>* Distance-
dependent effect was also observed for the fluorescence life-
time of Ag@AIE-Y-SOG samples with the same AgNPs size. That
is, the fluorescence lifetimes for 1BL samples are shorter than
the 2BL and 3BL samples, respectively. This could be attributed
to the large non-radiative decay rates for the AIE-PS around the
small AgNPs or near the metallic surface (Ekpg < Zknraa).”
However, when the non-radiative decay rates are not dominant
in a further distance (e.g. 2BL and 3BL), the fluorescence life-
time of Ag@AIE-Y-SOG samples with the same bilayer is found

This journal is © The Royal Society of Chemistry 2020
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to be 5.92 ns for the 40Ag/2BL@AIE-Y-SOG and 5.59 ns for the
85Ag/2BL@AIE-Y-SOG. This trend could be described by the
METF effect where the radiative decay rates for 85 nm Ag@AIE-Y-
SOG samples is much larger than that for the 40 nm Ag@AIE-Y-
SOG samples (2kyag > Zkirag), causing a slight decrease in the
fluorescence lifetime.

To better understand the MEF effects of the AIE-based
photosensitizer, two other AIEgens were synthesized (see ESI,
Page S27). They are the blue emissive AIE-B without SOG ability
(inset of Fig. 5a) and the red emissive AIE-R-SOG with SOG
ability (inset of Fig. 5¢c). AIE-B is composed of an iconic AIE core,
TPE™ and positively charged ammonium salt, which is linked
by alkoxy. Similar to TPE,” it has an ultraviolet-visible absorp-
tion, with a maximum absorbance peak at 321 nm, exhibiting
blue emission at 485 nm. The AIE-B can neither generate singlet
oxygen nor form AIE nanoparticles in PBS solution (Scheme S1,
Fig. S6, and S77). On the other hand, AIE-R-SOG is an improved
AIE-PS from the AIE-Y-SOG by decorating two electron-donating
methoxy groups. The donor-acceptor effect makes the absorp-
tion and emission of AIE-R-SOG further red-shifted to 405 nm
and 625 nm, respectively. Meanwhile, the AIE-R-SOG also
possesses the photosensitizing ability to generate singlet oxygen
(Fig. S8%). It can also form the AIE nanoparticles in PBS solution
with a twisted intramolecular charge transfer behavior, as re-
ported previously.*

The Ag@AIE-B and Ag@AIE-R-SOG nanohybrids were then
prepared using the same pairs of PEI/PSS polyelectrolytes and
assembly conditions. Their MEF effects were studied and
compared with the Ag@AIE-Y-SOG (Fig. 5). As can be seen in
Fig. 5a and ¢, the maximum PL intensity for both AIE-B and AIE-
R-SOG was observed at a distance of three bilayers. According to
Table S21 (and Fig. 5b), the Ag@AIE-B samples has a longer
fluorescence lifetime as compared to the control sample of AIE-
B loaded on silica NPs. This result suggested that the fluores-
cence dynamic of AIE-B depended on its distance from the
surface of AgNPs. Since AIE-B can neither generate singlet
oxygen nor form AIE nanoparticles in PBS solution, its fluo-
rescence behaviour should follow the classical model, ie.,
fluorescence lifetime is a function of the radiative decay rate
and non-radiative decay rate. These two decay rates are
manipulated when the AIE-B is placed in the vicinity of AgNPs,
resulting in changes in the fluorescence lifetime for the samples
prepared with varied separation distances between the AIE-B
and AgNPs. Although no change or a decrease in fluorescence
lifetime is expected in MEF system, there are a few reports on
the increase in the fluorescence lifetime of the fluorophore in
the vicinity of metallic NPs.” In addition, the lower fluorescence
enhancement of AIE-B could be attributed to the smaller over-
lap between the absorbance of the AIE-B (centred at 321 nm)
and the extinction spectra of AgNPs.”””® Likewise, the fluores-
cence lifetime of Ag@AIE-R-SOG samples are slightly longer
than the control sample loaded on silica NPs (Fig. 5d and Table
S3t). This is because AIE-R-SOG is a photosensitizer molecule,
which changes in the radiative decay rates, non-radiative decay
rates and intersystem crossing rate determine the fluorescence
lifetime of AIE-R-SOG when placing near to the AgNPs. The
same phenomenon was observed in the Ag@AIE-Y-SOG

Nanoscale Adv., 2020, 2, 2859-2869 | 2865
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Fig. 5 Distance-dependent MEF (left) and fluorescence decay profile (right) of (a and b) 85 nm Ag@AIE-B and (c and d) 85 nm Ag@AIE-R-SOG
with different bilayers of PEI/PSS, in water, and their control samples loaded on SiNP and in PBS, respectively. The insets of (a and b) show the
chemical structure (top right) and fluorescence color (bottom left) of each AlEgen in the aggregated state under 365 nm UV light.

nanohybrids with AgNPs of different sizes and number of PEI/
PSS bilayers.

2.3. Investigation of the correlation between MEF and ME-
SOG of AIE-PS

To understand the correlation between the metal-enhanced
fluorescence (MEF) and metal-enhanced singlet oxygen gener-
ation (ME-SOG) of AIE-PSs, the SOG rate of different AIE-PSs
(i.e., AIE-Y-SOG and AIE-R-SOG) in the presence of AgNPs core
was measured using 9,10-anthracenediyl-bis(methylene)
dimalonic acid (ABDA) as an indicator. ABDA is an anthracene
derivative, which can trap the singlet oxygen molecule and
convert to an endoperoxide product. The disappearance of the
characteristic absorption peak of ABDA indicates the amount of
consumed ABDA and correspondingly, the amount of produced
singlet oxygen by the photosensitizer. Thus, the degradation of
ABDA was monitored by its UV-vis spectra (Fig. S9t). Similar to
MEF, the enhanced electric field around the silver nanoparticles
results in the enhanced excitation rate, which in turn increases
the population of electrons in the excited singlet state (S;). The
excited electrons in the singlet state may go through the inter-
system crossing process (S; — T;) and produce excited elec-
trons in the triplet state (T;). Finally, the increased population

2866 | Nanoscale Adv, 2020, 2, 2859-2869

of electrons in T; will result in a higher amount of singlet
oxygen generation (see Fig. 4e).”*” Fig. S10at shows the ME-
SOG effect of Ag@AIE-Y-SOG prepared using different size of
AgNPs and numbers of bilayers similar to the MEF study. It was
found that the singlet oxygen generation has an opposite trend
as compared with the MEF of Ag@AIE-Y-SOG (Fig. 3b). The ME-
SOG effect is maximum when AgNPs directly contacted with the
AIE-Y-SOG (i.e., OBL) and the observed enhancement effects
decreased with increasing distance (number of bilayers)
between them. The enhancement factor of singlet oxygen
generation (EFgog, see Page S4 in ESIT for detailed calculation)
is a function of the AgNPs size (Fig. S10at). The calculated EFsog
for the 85 nm Ag@AIE-Y-SOG is higher than the 25 nm Ag@AIE-
Y-SOG. The simulated scattering efficiencies of AgNP samples
indicate that 85 nm AgNP has a higher scattering efficiency
when they exposed to the white light (Fig. S10bt). The correla-
tion between ME-SOG and scattering efficiency in our study is in
agreement with the literature,®*”® indicating the important role
of the metal NP's scattering efficiency in enhancing singlet
oxygen generation. The slight increase in EFgog for the 2BL
Ag@AIE-Y-SOG samples could be attributed to an increase in
the intersystem crossing and the competition between different
pathways for excited electrons. Planas et al.** have reported the

This journal is © The Royal Society of Chemistry 2020
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distance-dependent ME-SOG effects of the AgNPs@Rose Bengal
nanohybrid where the maximum enhancement occurs at
a distance of 20 nm between the 67 nm AgNPs and Rose Bengal
as the photosensitizer. However, our results for the AIE-Y-SOG
show a different trend where the maximum ME-SOG occurs at
the surface of AgNPs (i.e., 0 bilayer), which is in agreement with
the results reported by Zhang et al.>> We further studied the ME-
SOG of AIE-R-SOG with 85 nm AgNPs at distance controlled by
the similar number of bilayers as the 85 nm Ag@AIE-Y-SOG
(Fig. S117). Comparing the distance-dependent MEF and ME-
SOG data for the two studied AIE-PSs (i.e., AIE-Y-SOG and AIE-
R-SOG in Fig. 6a and b) reveals that the optimum distance of
ME-SOG (dme-sog) required to achieve the maximum enhance-
ment factor is shorter than that required for the maximum
fluorescence intensity (dygr) in the Ag@AIE-PS nanohybrid
system. In addition, these optimum distances (i.e., dyg-soc and
dmer) are unique for each Ag@AIE-PS nanohybrid system and
should be obtained experimentally. According to the classical
Jablonski diagrams as shown in Fig. 6c, either the intersystem
crossing (ISC) rate or radiative decay rates could be enhanced in
AIE-PS placed in a proximity of the silver nanoparticle. Since the
ISC is a non-radiative process, it tends to be enhanced at

This journal is © The Royal Society of Chemistry 2020

a shorter distance (e.g., 1 bilayer thickness for the Ag@AIE-R-
SOG with an estimated dygsoc = 3.5 nm), where the non-
radiative decay rates are enhanced dramatically as compared
to the radiative decay rates. In contrast, radiative decay rates
become dominant at a longer distance (e.g., 3 bilayer thickness
for the Ag@AIE-R-SOG with estimated dygr = 10.5 nm). The
correlation as observed in study is important in designing the
effective metal-enhanced AIE-based photosensitizer for effect
theranostic treatment.

3. Conclusion

In summary, we have systematically studied the metal-
enhanced fluorescence (MEF) and singlet oxygen generation
(ME-SOG) of the Ag@AIE-PS nanohybrids prepared via layer-by-
layer assembly of PEI/PSS polyelectrolytes to control the
distance between AgNPs and AIE-PS. Both sizes and distance-
dependent effects of Ag@AIE-PS on the MEF and ME-SOG
were carefully investigated. It was found that the 85 nm Ag
NPs could lead to about 6-fold enhancement in fluorescence
and 1.95-fold increment in singlet oxygen generation for the
yellow emissive AIE-Y-SOG synthesized in this study. While the

Nanoscale Adv., 2020, 2, 2859-2869 | 2867
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enhancement of singlet oxygen generation was mainly deter-
mined by the enhanced excitation due to a stronger scattering
around the bigger AgNPs, the fluorescence enhancement of AIE-
PS was determined by two competing processes, ie., (1)
enhanced excitation and plasmonic-coupling due to enhanced
electric field around the AgNPs and (2) energy transfer to the
metallic NPs. Time-resolved fluorescence study also indicates
that the balance among radiative decay rate, non-radiative
decay rate, and intersystem crossing rate in AIE-PSs could be
changed in the vicinity of AgNPs. Nonetheless, the optimum
distance of ME-SOG required to achieve the maximum
enhancement factor (e.g., 0BL for AIE-Y-SOG) is usually shorter
than that required for the highest MEF (e.g., 2BL for AIE-Y-SOG).
This information is useful for the development of effective AIE-
PS based theranostic agents with high brightness and improved
efficacy for practical application of image-guided PDT treatment
in the future.
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