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Nanosilver-enhanced AIE photosensitizer for
simultaneous bioimaging and photodynamic
therapy†

Mohammad Tavakkoli Yaraki,ab Yutong Pan,‡b Fang Hu,‡bc Yong Yu, a

Bin Liu *b and Yen Nee Tan *ad

Theranostic photosensitizers which enable both disease diagnosis and effective treatment have recently

received much attention towards personalized medicine. Herein, we report a multifunctional nanohybrid

system using silver nanoparticles (AgNPs) to enhance the singlet oxygen generation (SOG) and

fluorescence properties of a unique photosensitizer with aggregation-induced emission (AIE-PS) for

simultaneous bioimaging and photodynamic therapy. To study the metal-enhancement effects,

4-mercaptobenzoic acid-capped AgNPs with well-controlled size (14, 40, and 80 nm) were synthesized

to form nanohybrids with a specially designed red-emissive AIE-PS via simple electrostatic interactions.

The careful control of the Ag nanoparticle concentration and the unique design of 80 nm AgNP@red-

emissive AIE in this study resulted in a 10-fold enhancement in SOG, which is higher than other

reported ME-SOG systems using similar plasmonic enhancers. Furthermore, the as-developed

AgNP@AIE-PS nanohybrid exhibited improved photostability with negligible fluorescence quenching

(5%), which is important for cell tracking. In addition, cytotoxity tests showed that these nanohybrids are

biocompatibile with normal NIH-3T3 cells under dark conditions. Thus, they were employed for

simultaneous imaging and photodynamic ablation of HeLa cancer cells. The results show that this

brightly fluorescent AgNP@AIE-PS enabled about 4 times higher efficacy in PDT as compared to the

control sample (i.e., 85% vs. 20% cell death) under low intensity white light irradiation (40 mW cm�2) for

only 10 minutes, demonstrating its promising potential for advanced theranostic treatment in future

nanomedicine.

1. Introduction

Developing multifunctional hybrid nanomaterials for simulta-

neous diagnosis and effective cancer treatment via fluorescence

imaging and photodynamic therapy has received much interest

in recent years.1–7 Photodynamic therapy (PDT) is an emerging

non-invasive technique based on the use of light, oxygen, and

photosensitizing molecules to produce reactive oxygen species

(ROS) for killing cancer and/or bacterial cells.8–12 In particular,

efficient PDT relies on the generation of sufficient ROS, espe-

cially singlet oxygen (1O2), to be able to disrupt the ‘stubborn’

microbial and cancerous cells.13–15 Although some of the

conventional photosensitizers are also fluorescent molecules,

most of them are not soluble in water, making them easily

aggregate at high concentrations in the biological medium due

to p–p stacking.16 This often leads to reduced singlet oxygen

generation abilities and also reduced fluorescence due to the

self-quenching effect.3,17–19 Therefore, there is a pressing need

to develop new generation PDT agents that could overcome

the drawbacks of traditional photosensitizers for effective

theranostic treatment.

Nowadays, aggregation-induced emission photosensitizers

(AIE-PSs) have received much attention in the biomedicine

communities owing to their intrinsic fluorescence which could

be ‘‘turned on’’ in the aggregate state for disease monitoring

while generating singlet oxygen species for PDT treatment.17,20–22

For biological applications,23 water-soluble AIE molecules or

AIE-PSs can be easily designed by introducing charged moieties
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onto the AIE-cores, such as tetraphenylethene (TPE) and tetra-

phenylsilole (TPS). As such, the aggregation-induced properties

of AIE-PSs can also be enhanced by interacting with oppositely

charged molecules or metal nanoparticles to form an

‘enhanced’ hybrid system for effective theranostic treatment.

Furthermore, as most AIE-PSs have greater photostability and

resistance to chemical degradation as compared to the conven-

tional fluorophores or photosensitizers, they are more suitable

for use in long term cancer cell tracking and treatment when

they are irradiated under white light for an extended period of

time. All these unique features of AIE-PSs make them a promising

candidate for use in next generation PDT.24–27

Other than exploring new designs of photosensitizers, a

plasmonic enhancement strategy has been exploited to improve

their singlet oxygen generation efficiency,28,29 termed metal-

enhanced singlet oxygen generation (ME-SOG). Similar to the

theory of metal-enhanced fluorescence (MEF)30–32 and surface-

enhanced Raman scattering,33–35 there are many factors affect-

ing ME-SOG, including the size36,37 and shape34,38 of the metal

nanoparticles (NPs) as well as the distance between the

photosensitizer (PS) and the metal NPs.37–39 Typically, the

photosensitizer can be either directly in contact with the metal

surface29,36,40–42 or separated by a dielectric spacer38,39 to

balance the competition between the enhanced excitation rate

and non-radiative energy transfer from the excited PS* mole-

cule to the metal surface. However, to the best of our knowl-

edge, metal-enhanced singlet oxygen generation of AIE-PSs

has not been systematically studied or designed for therano-

stic applications.

It is well known that photosensitization and fluorescence

are competing processes for any photosensitizer, which makes

it very difficult to enhance the photosensitization without

affecting the fluorescence. Herein, we report a multifunctional

silver nanoparticle-AIE photosensitizer (AgNP@AIE-PS) hybrid

system to enhance the singlet oxygen generation efficiency

of the AIE-PS without affecting its fluorescence brightness via

systematic plasmonic engineering. Specifically, negatively

charged 4-mercaptobenzoic acid-capped AgNPs and positively

charged red-emissive AIE-PSs were used to form AgNP@AIE-PS

through a simple electrostatic-induced aggregation approach.

The SOG efficiency of the hybrid system was examined by a

chemical trapping method while the photophysical properties

were characterized using various techniques such as UV-visible

(UV-vis) and photoluminescence spectroscopy, transmission

electron microscopy (TEM) and time-resolved fluorescence

spectroscopy. The plasmonic enhancement effects in SOG were

assessed by comparing it with a control sample made from

AIE-PS loaded silica nanoparticles (SNP@AIE-PS). The results

show that a maximum 10-fold enhancement in singlet oxygen

generation with minimum fluorescence quenching (B5%)

could be achieved for the 80 nm AgNP@AIE-PS. It was also

found that the as-developed 80 nm AgNP@AIE-PS possesses

high photostability in the hybrid system with good biocompati-

bility, and it has been applied successfully for simultaneous

bioimaging and photodynamic therapy in cancer cell ablation

as demonstrated in this study.

2. Results and discussion
2.1. Metal-enhanced singlet oxygen generation of the AIE-PS

The theranostic PS used in this study was synthesized from an AIE

molecule with a tetraphenylethylene backbone modified with vinyl

pyridinium43 (Fig. 1a). The as-synthesized AIE-PS is red-emissive

when aggregated in a weak solvent, e.g., phosphate buffer solution.

It shows a maximum absorption peak at 400 nm from the UV-vis

absorption spectrum and an emission peak at 625 nm (Fig. 1b).

The fluorescence quantum yield of the aggregated AIE-PS was

measured to be 1.8% using 4-(dicyanomethylene)-2-methyl-6-

(p-dimethylaminostyryl)-4H-pyran (DCM) as a reference.43 The

singlet oxygen (1O2) generation property of the red-emissive AIE-PS

was studied by a chemical trapping method using 9,10-anthracene-

diyl-bis(methylene)dimalonic acid (ABDA) as the probe, where a

decrease in the absorption peak of ABDA corresponds to the amount

of 1O2 reacted. As shown in Fig. 1c, the as-synthesized AIE-PS also

possesses good 1O2 generation as evidenced by the rapid decrease of

the ABDA characteristic peaks (i.e., about 65%of ABDAwas degraded

in 20 min upon white light irradiation). The 1O2 quantum yield of

the red-emissive AIE-PS was estimated to be 78.5% as compared to

the conventional photosensitizer Rose Bengal (75%) using ABDA as

the 1O2 trapping agent (Fig. S1, ESI†). The good photosensitization

ability of the AIE-PS is due to the introduction of electron donor and

electron acceptor groups onto the TPE molecule, which decreases

the singlet–triplet energy (DST), leading to an increase in the inter-

system crossing (ISC) rate and better singlet oxygen generation

efficiency relative to that of TPE.44

For the study of metal-enhanced singlet oxygen generation,

three distinct sizes of silver nanoparticles (AgNPs) capped with

4-mercaptobenzoic acid were synthesized (Fig. 1c). The size and

zeta potential of the as-prepared 4-MBA-capped AgNPs were

measured using transmission electron microscopy (TEM) and a

Zetasizer, respectively. As shown in Fig. 1d–f, three samples of

the 4-MBA-capped AgNPs showed a uniform distribution of

particle sizes with a mean diameter of 14 � 3 (14 nm AgNPs),

40 � 9 nm (40 nm AgNPs) and 80 � 13 nm (80 nm AgNPs),

respectively. These negatively charged AgNPs (see the respective

zeta potential values in Fig. S2, ESI†) were then mixed with the

positively charged AIE-PS in aqueous solution (pH = 4) to

prepare the AgNP@AIE-PS hybrid systems via electrostatic

attraction forces (see the Experimental section for details).

The singlet oxygen generation rate of AgNP@AIE-PS could

be monitored using ABDA as the 1O2 trapping probe, and

was determined by the first-order kinetic constant (KABDA) of

ABDA’s degradation rate. That is, the larger KABDA, the faster the
1O2 generation of the sample. Fig. 2a shows the 1O2 generation

of AgNP@AIE-PS prepared with the AgNPs of different

sizes (i.e., 14 nm, 50 nm, and 80 nm) at varied concentrations.

It was observed that the 1O2 generation rate of AgNP@AIE-PS

increases as more AgNPs were introduced until it reaches a maxi-

mum value at its optimum concentration, beyond which the 1O2

generation rate decreases. The optimum concentrations of AgNPs

to achieve maximum 1O2 generation as indicated by the first-order

kinetic constant were 3 pM for 14 nm AgNPs (KABDA =

0.0682 min�1), 2 pM for 50 nm AgNPs (KABDA = 0.0721 min�1)
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and 0.22 pM for 80 nm AgNPs (KABDA = 0.1831 min�1). Interest-

ingly, the addition of much fewer 80 nm AgNPs led to the highest
1O2 generation among the tested AgNPs of different sizes. This

could be attributed to the relationship between the plasmonic

effect of the Ag NPs and their surface coverage by the AIE-PS

molecules. Hence, themaximum 1O2 generation rate is expected to

be observed for the samples with maximum surface coverage,

where a further increase in the concentration of AgNPs could lead

to a lesser number of AIE-PS molecules deposited on the surface of

the AgNPs. To examine this hypothesis, the amounts of adsorbed

AIE-PS molecules on the three samples of AgNP@AIE-PS with

maximum 1O2 generation rate at their optimum concentration

(i.e., 3, 2, and 0.22 pM for 14 nm AgNPs, 50 nm AgNPs, and

80 nm AgNPs, respectively) were determined experimentally.

Specifically, AgNP@AIE-PS (before addition of PBS) was centri-

fuged to obtain the supernatant, where its absorbance intensity

was measured and compared with that in the initial AIE-PS

solution (9 mM).

For the control sample, the same amount of AIE-PS mole-

cules was loaded onto negatively-charged silica nanoparticles

(SNP) with a diameter of 104� 3 nm and zeta potential of�29.6

� 1 mV.33 As such, AIE-PS molecules on the surface of SNP

would adsorb in the same aggregation state as that on the

surface of AgNPs. Hence, the SOG enhancement factor (EFSOG)

of AgNP@AIE-PS can be calculated based on the first-order

kinetic constant of ABDA degradation in the presence of the

Fig. 1 (a) UV-vis (blue line, left axis) and fluorescence spectra (red line, right axis) of the AIE-PS. The insets show the molecular structure and

fluorescence image of the AIE-PS molecule in PBS buffer under UV light. (b) Time profile showing the absorption spectra of ABDA (50 mM) in the presence

of the AIE-PS (9 mM) under 40 mW cm�2 white light irradiation. (c) Normalized extinction spectra, and TEM images of 4-MBA-capped AgNPs with three

distinct sizes: (d) 14 nm AgNPs (14 � 2.7 nm), (e) 50 nm AgNPs (50 � 8.9 nm), and (f) 80 nm AgNPs (80 � 12.7 nm). The insets show the size distribution of

the obtained AgNPs.
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metal-enhanced sample (KAgNP@AIE–PS) and control sample

(KSNP@AIE–PS), respectively, using the following equation:

EFSOG ¼
KAgNP@AIE�PS

KSNP@AIE�PS

(1)

Fig. 2b shows the SOG enhancement factor as a function of

AgNP size in the order of 14 nm AgNPs o 50 nm AgNPs o

80 nm AgNPs, where a maximum B10-fold enhancement was

observed for the 80 nm AgNP@AIE-PS sample. This trend is

consistent with the size-dependent light scattering contribution

(CScat/CExt) of AgNPs in Fig. 2c, which was obtained by the

mathematical simulations of absorbance, scattering and extinc-

tion spectra of individual AgNPs (Fig. S3, ESI†). The size-

dependency of ME-SOG as observed is due to the plasmonic

coupling between the AgNPs and excited AIE-PS molecules

where larger metal nanoparticles are known to exhibit stronger

field enhancement than that of the smaller ones.36,45 The

simulation results in Fig. 2d further show that the electric field

surrounding the surface of the 80 nm AgNPs is stronger as

compared with the respective 50 nm AgNPs and 14 nm AgNPs

under a plane-wave light source with a wavelength of 625 nm

(i.e., the maximum emission wavelength of the AIE-PS).

2.2. Plasmonic effects on the photophysical properties of

AgNP@AIE-PS

To assess the plasmonic effect of the AgNPs on the fluorescence

properties of the red-emissive AIE-PS, the photoluminescent

intensity (PL) of the AgNP@AIE-PS samples was measured

(Fig. S4, ESI†) and used to calculate the fluorescence quantum

yield (see the ESI,† SI-S3, for detailed calculations). It was found

that the presence of AgNPs quenched the fluorescence of the

Fig. 2 (a) Plot of the ABDA kinetic constant (KABDA) vs. different concentrations of AgNPs showing the plasmonic enhancement effect of 14 nm AgNPs

(squares), 50 nm AgNPs (spheres), and 80 nm AgNPs (triangles) on the singlet oxygen generation efficiency of the AIE-PS; (b) calculated SOG

enhancement factor (EFSOG) for AgNP@AIE-PS at the respective optimum concentration of AgNPs; and simulated (c) scattering contribution (CScat/CExt)

and (d) electric field distribution of AgNPs in water, where CScat and CExt are the scattering and extinction efficiency of the AgNPs, respectively. The arrows

for E and K indicate the direction of electric field polarization and incident light propagation, respectively.
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AIE-PS in the hybrid system. Fig. 3a shows the change in the

fluorescence quantum yield of AgNP@AIE-PS with different

AgNP concentrations. Unlike other particle sizes across different

concentrations, there is only a slight change in the fluorescence

quantum yield of the AIE-PS when it was adsorbed onto the surface

of 80 nm AgNPs (o10% for all tested concentrations). To further

evaluate the fluorescence quenchingmechanism of AgNP@AIE-PS,

the spectral overlap ( J(l)) between the extinction of AgNPs (as the

acceptor) and emission of the AIE-PS (as the donor), as shown in

Fig. 3b, was quantified using the following equation:

JðlÞ ¼

ðl

0

FðlÞeðlÞl4dl (2)

where F(l) is the normalized fluorescence spectrum of the

AIE-PS and e(l) is the molar extinction coefficient of the AgNPs

in mol�1 dm3 cm�1 at a certain wavelength (l). The calculated

values of J(l) for the different sizes of AgNPs are 2.96 � 10�13 for

the 14 nm AgNPs, 4.63 � 10�13 for the 50 nm AgNPs and 2.29 �

10�12 for the 80 nm AgNPs, which are considerably less than those

obtained for the reported fluorescence energy transfer (FRET)

pairs.46,47 Thus, non-radiative energy transfer from the AIE-PS to

AgNPs via other mechanisms than FRET is expected (Fig. 3c).

Despite the fact that few mechanisms48,49 have been proposed to

explain the energy transfer between a donor and acceptor pair,

nanometal surface energy transfer (NSET) is the one providing a

better correlation between the theory and experimental fluores-

cence quenching results when the fluorescence of a fluorophore is

quenched in the vicinity of a metallic surface with insufficient

spectral overlap.50 As can be seen in Fig. 3d, NSET is the main

responsible mechanism for the fluorescence quenching as

observed in AgNP@AIE-PS (see the ESI,† SI-5, for detailed

calculations).

Next, the photophysical properties of the red-emissive

AgNP@AIE-PS hybrids with the greatest SOG enhancement

factor at each particle size were investigated (Fig. 2a). Fig. 4a

shows that the fluorescence lifetime of AIE-PS molecules in the

hybrid system decreases when they were attached to the

surface of AgNPs. It is noticed that the presence of larger AgNPs

(e.g., 80 vs. 14 nm) would lead to a shorter fluorescence lifetime

(i.e., 4.25 versus 4.64 ns) as observed in the AgNP@AIE-PS

studied herein. However, there is no direct correlation between

the energy transfer efficiency of the hybrids (i.e., 9% for 14 nm

AgNP@AIE-PS, 32% for 50 nm AgNP@AIE-PS, and 5% for

80 nm AgNP@AIE-PS) and their fluorescence lifetime. This

could be explained by the modification of both radiative and

non-radiative decay rates in the vicinity of AgNPs due to the

enhanced electric field around them.32,51 As shown in Fig. 4b,

the net absorbance spectra of the AIE-PS have been increased in

the presence of AgNPs of increasing sizes. This provides strong

evidence to support the observation that the 80 nm AgNP@AIE-PS

exhibited the highest SOG enhancement factor among other

nanohybrids with smaller particle sizes. In addition, the presence

of plasmonic NPs also enhanced the photostability of 80 nm

AgNP@AIE-PS as compared with the AIE-PS alone in PBS (Fig. 4c),

Fig. 3 (a) Change (%) in the fluorescence quantum yield (QY) of different AgNP@AIE-PS samples, (b) spectral overlap between the extinction of AgNPs

(dashed-dot lines, left axis) and emission of the AIE-PS (solid line, right axis), (c) energy transfer efficiency (fET %) from the AIE-PS to the AgNPs as a

function of the size and concentration of the AgNPs, and (d) fitting of experimental energy transfer data (black circles) with the nanometal surface energy

transfer (NSET) model (red line) of AgNP@AIE-PS.
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showing its great promise as a theranostic agent for long-time PDT

and cell tracking.

As depicted in the simplified Jablonski diagram in

Scheme 1, the excited electrons come back to the ground state

via radiative (fluorescence) or non-radiative decay, while some

of them can go to the triplet state via the intersystem crossing

(ISC) process. The electrons in the triplet state can produce

singlet oxygen molecules (1O2) via energy transfer to the sur-

rounding triplet molecular oxygen (3O2). In the presence of

AgNPs (Scheme 1b), their strong light scattering provides more

photons to be absorbed by the AIE-PS. Therefore, the excitation

rate in the AIE-PS is increased due to the enhanced photon

absorption as well as the enhanced electric field around the

AgNPs. The higher rate for excitation of electrons in the singlet

state leads to an increase in the ISC rate. This would result in a

larger number of electrons present in the triplet state, causing

more singlet oxygen to be generated. However, there is sub-

stantial energy transfer from the excited AIE-PS* molecules to

the surface of AgNPs via the NSET mechanism, which neutra-

lizes the effect of enhanced excitation by the AgNPs. This

explains why there is only slight fluorescence quenching (5%

for 0.22 pM 80 nm AgNPs) observed in the 80 nm AgNP@AIE-PS

with the highest SOG enhancement effect in the nanohybrid

system.

2.3. Cytotoxicity and application of AgNP@AIE-PS for

fluorescence imaging and cancer cell ablation

Firstly, the cytotoxicity of the 80 nm AgNP@AIE-PS was evaluated

using the MTT viability assay on both NIH-3T3 mammalian cells

and HeLa cancer cells. Three control samples including (1) 80 nm

AgNPs, (2) the AIE-PS and (3) SNP@AIE-PS prepared using the

same concentration of AIE-PS were also subjected to the cell

viability test (Fig. S5, ESI†). The results show that the AIE-PS

possesses good cytotoxicity (i.e., cell viability 485% at a

concentration o10 mM), while the presence of AgNPs causes

a slight drop (B5%) in the cell viability as compared with the

SNP@AIE-PS control sample. Cellular imaging experiments

were carried out upon incubating the 80 nm AgNP@

AIE-PS with HeLa cells for 12 h prior to the cellular imaging

experiments. A similar experiment was done using SNP@

AIE-PS and the AIE-PS alone in PBS as controls. Surprisingly,

the fluorescence image of HeLa cells in the presence of AgNP@

AIE-PS (Fig. 5a) was much brighter than that with the AIE-PS

alone in PBS (Fig. 5b), while a similar brightness was observed

in the SNP@AIE-PS control sample (Fig. 5c). As the the fluores-

cence intensities of the three tested samples are similar (prior

to the cellular experiments), the observed brighter cellular

images could be due to the difference in the overall size of

each sample (i.e., B80 nm AgNP@AIE-PS, 104 nm SNP@

AIE-PS, and 160 nm AIE-PS aggregates in PBS43), leading to

differential uptake efficiency by the HeLa cells. Therefore, lower

cellular uptake for AIE-PS aggregates alone in PBS was observed

as compared to the 80nm AgNP@AIE-PS sample.52,53 Next, the

in vitro photodynamic efficiency of the 80 nm AgNP@AIE-PS

was evaluated by treating HeLa cells under white light with a

power of 40 mW cm�2. Fig. 5d shows the cell viability in the

presence of 80 nm AgNP@AIE-PS after treating with white light

for 10 minutes. The results show that the PDT treatment with

80 nm AgNP@AIE-PS can effectively kill the cancer cells (B85%

cell death, 10 mM AIE-PS) within 10 min, the performance of

which is better than that using the AIE-PS alone (20% cell

death) as well as the control sample (23% cell death) tested

under the same conditions. This results shows the promising

use of the AgNP-enhanced AIE-PS as a next-generation biocom-

patible photo-theranostic agent for simultaneous bioimaging

and effective photodynamic therapy.

Fig. 4 (a) Fluorescence decay profile of the respective AgNP@AIE-PS

hybrids with maximum ME-SOG. (b) Change in the absorbance spectra

of the AIE-PS in PBS after forming a hybrid with AgNPs of different sizes.

The absorbance of the AgNPs has been subtracted from the spectra.

(c) Comparison of the photostability between 80 nm AgNP@AIE-PS

and the AIE-PS alone in PBS buffer. Both samples were irradiated with

100 mW cm�2 white light. All the samples were prepared at a con-

centration of 3 pM 14 nm AgNPs, 2 pM 50 nm AgNPs, 0.22 pM 80 nm

AgNPs, and 9 mM of AIE-PS molecules, respectively. The excitation and

emission wavelengths for the fluorescence measurements are lex = 374 nm

and lem = 625 nm, respectively.
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3. Conclusions

In summary, a unique theranostic photosentizer comprising

silver nanoparticles (AgNPs) and an AIE luminogen has been

developed for simultaneous cellular imaging and photo-

dynamic therapy (PDT). AgNP@AIE-PS was formed via a simple

electrostatic-induced aggregation approach. It was found that

the size and concentration of AgNPs were critical in dictating

the metal-enhanced singlet oxygen generation (ME-SOG)

property of the nanohybrids. Typically, larger AgNPs can lead

to higher SOG enhancement at a lower AgNP concentration,

Scheme 1 Simplified Jablonski diagram for the (a) SNP@AIE-PS hybrid and (b) Ag@AIE-PS hybrid. ET is the energy transfer from the excited AIE-PS

(in the triplet state) to the surrounding oxygen molecules. ISC stands for the intersystem crossing process (S1 - T1). The thicker arrows refer to an

enhanced rate in each process. In part (b), the purple glow and black arrows around the silver nanoparticle refer to the enhanced electric field around the

AgNP and strong light scattering by the AgNP, respectively.

Fig. 5 CLSM (left) and bright-field (right) images of HeLa cells incubated with 10 mM of (a) 80 nm AgNP@AIE-PS, (b) the AIE-PS in PBS, and (c) SNP@AIE-PS;

(d) in vitro photodynamic therapy of HeLa cells treated with 80 nm AgNP@AIE-PS (cyan) and SNP@AIE-PS (violet) under white light irradiation (40 mW cm�2)

for 10 minutes. Control studies showing cell viability in the presence of respective samples under dark conditions (pattern-filled).
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among which the 80 nm AgNP@AIE-PS could achieve a 10-fold

enhancement of the SOG capability compared to the AIE-PS

alone. Simulation studies have been conducted to confirm that

the enhanced singlet oxygen generation in AgNP@AIE-PS was

due to the excellent scattering efficiency of metal NPs and

electric field enhanced plasmonic coupling effect in the resulting

hybrids. It is noteworthy that only minimum fluorescence

quenching (5%) with a slight decrease in fluorescence lifetime

was observed for the 80 nm AgNP@AIE-PS hybrid. Thus, it is

bright enough to be used for simultaneous cellular imaging and

photodynamic therapy. In summary, the as-developed AgNP@

AIE-PS possesses many unique features, including ME-SOG, high

fluorescent brightness, good photostability and low cytotoxicity,

making it a promising next-generation multifunctional photo-

sensitizer for theranostic applications.

4. Experimental section
4.1. Materials

Chemicals including silver nitrate, tannic acid (TA), 4-mercapto-

benzoic acid (4-MBA), potassium carbonate (K2CO3), 9,10-anthra-

cenediyl-bis(methylene)dimalonic acid (ABDA), Rose Bengal,

4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran

(DCM), ethanol, tetraethyl orthosilicate (TEOS), ammonia solution

(25%), and phosphate buffer solution (PBS, 1�) were purchased

from Sigma–Aldrich and used as received. Ultrapure water

(18.2 MO cm) was used to prepare all aqueous solutions.

4.2. Synthesis of the water-soluble red-emissive AIE-based

photosensitizer

The red-emissive AIE photosensitizer was synthesized according

to a previous report.43

4.3. Synthesis of silica nanoparticles

The silica nanoparticles were synthesized according to the

modified Stöber method reported in the literature.54,55 Briefly,

a mixture of water (8.83 mL), ammonia solution (1 mL), and

ethanol (5.67 mL) was prepared. Then, TEOS (1.35 mL) was

dissolved in ethanol (13.65 mL) and added to the prepared

solution dropwise with vigorous stirring. After 30 min at room

temperature, the nanoparticles were washed with ethanol and

water to remove unreacted chemicals. Finally, the obtained

nanoparticles were dispersed in deionized water (25 mL) by

30 min bath ultrasonication. The final concentration of silica

nanoparticles was 1.67 nM.33

4.4. Synthesis of 4-mercaptobenzoic acid-capped AgNPs

4-Mercaptobenzoic acid-capped AgNPs (4-MBA-AgNPs) were

synthesized by a ligand exchange approach.56 First, tannic

acid-capped AgNPs (TA-AgNPs) were synthesized according to

the literature.57 Tannic acid was used as both the reducing and

capping agent. Briefly, a tannic acid solution (500 mL, 5 mM)

was added to deionized water (DI-water, 19 mL). Then, the

solution pH was adjusted to 8, 6.5 and 6 with K2CO3 solution

(0.05 M). Finally, AgNO3 (500 mL, 100 mM) was added to the

above mixture under constant stirring. AgNPs of 14 nm and

50 nm were collected after 2 h of reaction and 80 nm AgNPs

were collected after 6 h of reaction. The as-synthesized AgNPs

were dialyzed against DI-water for 24 h prior to ligand

exchange. To make 4-mercaptobenzoic acid-capped AgNPs,

TA-AgNPs (20 mL) were transferred to a round-bottom flask,

followed by addition of 4-MBA (2 mL, 1 mM in 0.1 M NaOH).

The mixture solution was stirred vigorously for 2 h to complete

the reaction. The final solution was collected and dialyzed

against 0.01 M NaOH solution overnight. The concentrations

of AgNPs in the final products were estimated to be 155 pM,

48.3 pM, and 4.23 pM for the 14 nm, 50 nm and 80 nm AgNP

samples, respectively, according to the extinction molar coeffi-

cients reported in the literature.58

4.5. Preparation of AgNP@AIE-PS nanohybrids with

maximum SOG enhancement

AgNP@AIE-PS nanohybrids with different sizes of the Ag core

(i.e., 14 nm, 50 nm, and 80 nm) were prepared by the adsorp-

tion of positively-charged AIE-PS molecules onto the surface of

negatively-charged 4-MBA-capped AgNPs. Briefly, an AIE-PS

solution in DMSO (i.e., a final concentration of 9 mM) was

mixed with the respective size AgNPs under different optimized

conditions (i.e., 3 pM for 14 nm AgNPs, 2 pM for 50 nm AgNPs,

and 0.22 pM for 80 nm AgNPs) to form the AgNP@AIE-PS

nanohybrids with maximum SOG enhancement. The pH was

set at 4 to maximize the electrostatic interactions between

the AIE-PS molecules and AgNPs. The mixture was stirred for

20 min to complete the adsorption process.

4.6. Characterization

Fluorescence and UV-visible absorption spectra were recorded

using an Infinite M-200 microplate reader and Shimadzu

UV-2450 spectrophotometer, respectively. TEM images were

obtained on a JEOL JEM-2010F transmission electron micro-

scope operating at 200 kV. The zeta potential and hydraulic size

of the samples were acquired on a Malvern Zetasizer at room

temperature.

4.7. Fluorescence quantum yield measurements

The fluorescence quantum yield (QY) of the samples was

measured using DCM as a reference in water. The quantum

yield was calculated according to the following formula:

QY ¼ QYRef �
F

FRef

�
ARef

A
�

n2

nRef
2

(3)

where QY and QYRef are the fluorescence quantum yields of the

sample and reference, respectively. F and Fref are the integral of

the fluorescence spectra of the sample and reference in the

range of 400 nm to 800 nm, respectively. A and ARef refer to the

absorbance of the sample and reference at the excitation

wavelength (400 nm).

4.8. Detection of singlet oxygen (1O2) generation

The singlet oxygen generation rate was measured using ABDA

as an indicator. The AgNP@AIE-PS hybrid (1 mL, with a final
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AIE-PS concentration of 9 mM) was transferred to a disposable

cuvette (1 mL). The sample was irradiated with 40 mW cm�2

white light in the presence of ABDA (a final concentration of

50 mM). The absorbance of the sample was measured every

10 min, and the rate of ABDA degradation was calculated using

the following first-order kinetic model:59

ln
AðtÞ

Að0Þ

� �

¼ �K � t (4)

where A(t) and A(0) are the absorbance of ABDA at 379 nm at

time t and 0, respectively. K is the first-order kinetic constant

for degradation of ABDA and t is time. The absorbance of each

photosensitizer sample was subtracted from the observed

absorbance of ABDA before calculation of the degradation rate.

4.9. 1O2 quantum yield measurements

The 1O2 quantum yield was measured by a chemical trapping

method using ABDA as a 1O2 selective indicator. Water-soluble

Rose Bengal was selected as a reference photosensitizer. Briefly,

an aqueous solution (1 mL) containing AgNP@AIE-PS or Rose

Bengal (5 mM) and 50 mM ABDA was prepared and subjected

to white light irradiation at the same conditions as afore-

mentioned. The degradation rate of ABDA was monitored by

measuring its absorbance intensity at 379 nm under irradiation

over time. The 1O2 quantum yield was calculated using the

following equation:

j ¼ jRB �
K

KRB

�
ARB

A
(5)

where K and KRB are the degradation rate of ABDA by the test

sample and Rose Bengal, respectively. A and ARB are the integral

of the absorbance spectra data for the sample and Rose Bengal

in the wavelength range of 400–800 nm. jRB is the
1O2 quantum

yield of Rose Bengal in water, which is 75%.

4.10. Time-resolved fluorescence spectroscopy

The as-prepared AgNP@AIE-PS samples were excited at 374 nm

using a FluoTime 200 TCSPC machine (Picoquant BmbH,

Germany) for fluorescent lifetime measurements. The fluores-

cence decay profile of the samples was collected at 625 nm and

modeled using the two-exponential equation below:

IðtÞ ¼
X

ai exp �t=tið Þ (6)

where I(t) is the fluorescence intensity at time t, ti is the decay

time, ai is the amplitude, and
P

ai ¼ 1. The average life-time

can be written as:

t ¼
X

fiti (7)

where the contribution fraction of each component ( fi) is given

as follows:

fi ¼
aiti

P

aiti
(8)

The curve fitting was performed using the curve-fitting toolbox

in Matlab 2014b software.

4.11. Cell culture

HeLa cells and NIH-3T3 cells were pre-cultured in Dulbecco’s

Modified Eagle Medium (DMEM) with 10% Fetal Bovine Serum

(FBS) and 1% penicillin–streptomycin at 37 1C in a humidified

incubator containing 5% CO2.

4.12. Cellular imaging

After reaching confluence, pre-cultured cells were seeded in

8-well chambered cover glass (Nunc Lab-Tek, Thermo Scientific).

After adherence, fresh DMEM containing the AIE-PS or 80 nm

AgNP@AIE-PS was added and incubated for 12 h at 10 mM (based

on the AIE-PS). FBS-free DMEM was used during CLSM imaging.

Cell images were taken using a Leica SP8X laser scanning confocal

microscope.

4.13. Cytotoxicity study

Methylthiazolyldiphenyltetrazolium bromide (MTT) assay was

used to evaluate the cytotoxicity of the AgNP@AIE-PS hybrid

system. For the dark cytotoxicity, pre-cultured cells were seeded

into 96-well plates at a density of 4000 cells per well. After

reaching confluence, fresh DMEM containing the AIE-PS and

80 nm AgNP@AIE-PS was added and incubated for 24 hours

at different concentrations. The medium was replaced by

0.5 mg mL�1 methylthiazolyldiphenyltetrazolium bromide in

the medium for 4 hours, and DMSO was used to dissolve non-

soluble formazan. The absorbance was measured by a micro-

plate reader at 570 nm. For the photodynamic therapy (PDT)

study, cells were treated for the same time period at the same

concentrations. After changing to fresh medium, 10 min white

light irradiation at 40 mW cm�2 was applied to the cells, and

the treated cells were further cultured for 6 hours. Standard

MTT assay was performed after the PDT study to evaluate the

light treatment efficiency. Each condition was repeated three

times to calculate the standard deviation.

4.14. Simulation study

In order to calculate the electric field and scattering cross-

section of spherical AgNPs, finite element method (FEM)

simulations were carried out in the COMSOL multiphysics

software package (see www.comsol.com). The complex refrac-

tive index of Ag was taken from the CRC handbook.60 Water was

used as the surrounding environment. A plane wave propagating

in the x-direction and linearly polarized along the z-axis spanning

the wavelength range of 300 nm to 700 nm was set as the source.

Due to the symmetry of the problem, only one-quarter of the

sphere was modeled.
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