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1. Introduction

Fluorescent probes have emerged as important techniques

for cellular imaging to understand biochemical dynamics

and monitor the biological structures as well as drug

delivery over the past few decades.[1–8] Polymer lumino-

phores, which combine the advantages of inorganic
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quantum dots (QDs) and organic dyes, are promising for

bioimagingwith excellent photostability, low cytotoxicity,

and long-term cell tracking.[9–12] Obstacle of polymer

luminophores in bioimaging applications is to render them

dispersible in water with high fluorescence.[13] To achieve

high dispersibility, extensive research efforts have been

made and water-soluble polyelectrolytes as well as

polymer-based nanoparticles (NPs) were investigated

recently.[14,15] For polyelectrolytes, the synthesis generally

requires sophisticated modification with introducing

hydrophilic or ionic side chains to the polymer structures,

which is time-consuming and largely increases the cost.[14]

Moreover, most of these modifications may affect the

intracellular physiology andusually lower the fluorescence

quantum efficiencies of the polymer luminophores, be-

cause their excited states are quenched in water.

As compared to the synthesis of polyelectrolytes,

preparation of polymer NPs serves as a simple and more

general strategy. Actually, such polymerNPs can be formed

facilely by method of self-assembly or nanoprecipitation

with controlled sizes ranging from a few nanometers to
DOI: 10.1002/mabi.201300259 235brary.com
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hundreds of nanometers.[8,15] However, most of these

polymer luminophores have a common problem, that is,

their fluorescence efficiencies dramatically decrease when

they aggregate as NPs because of the strong intermolecular

p–p stacking interactions of p-conjugated systems in the

polymer chains and other non-radiative pathways.[16–19]

This photophysical phenomenon is commonly known as

aggregation-caused quenching (ACQ).[20,21]

In 2001, Tang and co-workers[22] reported someanti-ACQ

compounds having aggregation-induced emission (AIE)

characteristics. These luminogens are non-emissive in

dilute solutions, but are induced to exhibit strong fluores-

cence in the aggregated or solid states which is totally

opposite to the ACQ effect. Since then, AIE materials, with

tetraphenylethene (TPE) core being a typical example, have

attracted considerable researchattention for their potential

applications in various fields.[23–34] Hence, a satisfactory

strategy for developing of high-performance fluorescent

probes is to combine the advantages of AIE effect and

polymerNPs. Although a lot of AIE-based organic dyes have

been reported in recent years, polymer NPs with AIE

properties are still very limited and remain seldom to be

used in bioimaging.[12,35–43] The possible reason is that

most of the AIE polymers cannot be prepared in a mono-

dispersing form, and size and shape of the NPs are not

appropriate for being uptaken by cells.[44,45] Therefore, we

expect that fabrication of uniform polymer nanospheres

with AIE activity can offer a novel fluorescent probe with

an exceptional feature and promising application in

bioimaging (Scheme 1).
2. Experimental Section

2.1. Materials and Measurements

(2-Bromoethene-1,1,2-triyl)tribenzene (P3Br), (4-vinylphenyl)

boronic acid, tetrabutylammonium tribromide (TBAB), tetrakis-

(triphenylphosphine)palladium [Pd(PPh3)4], and potassium car-

bonate (K2CO3) purchased fromAlfaAesarwereusedas received. 2-
Scheme 1. Schematic showing preparation of PTPEE homopolymer fl
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Cyanopropan-2-yldodecyl carbonotrithioate (CPTC)waspurchased

from Strem Chemicals. 2,2-Azobis(isobutyronitrile) (AIBN) was

purchased from J&K Scientific Ltd. (China) and purified by

recrystallization from ethanol and dried under vacuum. All other

reagents and solvents were purchased as analytical grade from

GuangzhouDongzhengCompany(China)andusedwithout further

purification. Dioxane was distilled from sodium/benzophenone.

Ultra-pure water (18MV cm) was used in the experiments.

Proton and carbon nuclear magnetic resonance (1H NMR and
13C NMR) spectra were measured on a Mercury-Plus 300

spectrometer [CDCl3, tetramethylsilane (TMS) as the internal

standard]. Mass spectra (MS) were measured on a Thermo DSQ

MS spectrometer (ionization method: EI). Photoluminescence

spectra (PL)weremeasured onaShimadzuRF-5301pc spectrometer

with a slit width (both excitation and emission) of 5 nm for the

solution of the monomer and 1.5 nm for the solution of the

polymers, respectively. Gel permeation chromatography (GPC)

characterization was performed on a Waters Breeze at 25 8C with

THFas the eluent againstpolystyrene standards. Scanningelectron

microscopy (SEM) images were obtained on a Hitachi S4800

microscope operated at 15 kV. Dynamic light scattering (DLS)

measurementswere conducted at 25 8Cona BrookhavenBI-200SM

apparatuswith a BI-9000AT digital correlator and a He–Ne laser at

532nm. Transmission electronmicroscopy (TEM) observation was

performedona JEM-2010HRsystem.Zeta-potentialmeasurements

were made with a 90 Plus/BI-MAS equipment (Brookhaven

Instruments Corporation, USA), and a standard electrophoresis

mini-cell from Brookhaven was used. For the cell imaging, a

fluorescentmicroscope (NikonEclipseTi-S, Japan)withC-FLUV-2E/

C DAPI filter cube (EX340-380/DM 400/BA435-485) and a confocal

laser scanning microscopy (CLSM, Zeiss LSM710, Germany) with

excitation wavelength of 405nm were used.
2.2. Synthesis of 1,1,2,2-Tetraphenylethene (TPEE)

As shown in Scheme 2, P3Br (2.00 g, 5.97mmol) and 4-formylphe-

nylboronic acid (1.06 g, 7.16mmol) were dissolved in toluene

(50mL), TBAB (0.16 g) and 2M potassium carbonate aqueous

solution (12mL). The mixture was stirred at room temperature

for 0.5 h under argon gas followed adding Pd(PPh3)4 (0.005g) and

then heated to 85 8C for 24h. After cooling, the product was

extracted with dichloromethane–water. The organic layers were
uorescent NPs and their use as cell imaging probes.
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Scheme 2. Synthesis of monomer 1,1,2,2-tetraphenylethene (TPEE) and its homopolymers.
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collected and dried under anhydrous sodium sulfate. The

concentrated productwas chromatographed on a silica gel column

with n-hexane/CH2Cl2 (5:1 by volume) as eluent to give TPEE

(1.60 g, yield 90.0%). 1HNMR (300MHz, CDCl3): d(ppm)¼5.20 (dd, 1

H, J¼0.73Hz, 10.90Hz), 5.68 (dd, 1 H, J¼0.80Hz, 17.57Hz), 6.63

(dd, 1 H, J¼ 10.87Hz, 17.57Hz), 6.96–7.20 (m, 19 H); 13C NMR

(75MHz, CDCl3): d(ppm)¼143.87, 143.53, 141.22, 140.75, 136.77,

135.70, 131.56, 127.82, 126.66, 125.74, 113.68; MS (EI), m/z: 358
(calcd. for C28H22 358).

2.3. Synthesis of Poly[(2-(4-vinylphenyl)ethene-1,1,2-

triyl)tribenzene] (PTPEE10, 20, 40, and 80)

The PTPEE polymers were synthesized following the route shown

in Scheme2. For the synthesis ofPTPEE10,TPEE (0.358g, 1.0mmol),

CPTC (34.6mg, 0.10mmol), and AIBN (3.28mg, 0.02mmol) were

dissolved in2mLofdioxane.The solutionwasdegassed three times

through a standard freeze–thaw process. The monomers were

polymerized at 75 8C for 24h under argon. Homopolymer was

precipitated into 100mL of n-hexane from the dioxane solution

twice, resulting in 315mg of PTPEE10 as pale yellow powder (yield

88.0%). 326mg of PTPEE20, 340mg of PTPEE40 and 329mg of

PTPEE80 were obtained by using similar protocols except the

amounts of CPTC usedwere 17.3, 8.64, and 4.32mg, and AIBN used

were 1.64, 0.82, and 0.41mg for preparing PTPEE20, PTPEE40, and

PTPEE80, respectively. 1H NMR for all the PTPEE polymers

(300MHz, CDCl3): d(ppm)¼6.10–7.20 (broad, aromatic protons),

5.30 (CH2Cl2 remained), 1.00–2.50 (broad, –CH2– and –CH (C6H4)

CH2–), 0.95–0.98 (–CH3).

2.4. Quantum Efficiency Measurements

Fluorescence quantum yields for the PTPEE polymers

were obtained by comparing the integrated fluorescence
Macromol. Biosci. 20
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spectra and absorbance spectra of the polymers in solutions

to the fluorescence spectrum and absorbance spectrum of

quinine sulfate in 1.0N H2SO4 (F¼ 0.55, excitation wavelength

of 350nm) with a correction of refractive index differences

using:
14, 14,

bH & C
hs ¼ hr
Ar

As

� � Is
Ir

� � n2
s

n2
r

� �
ð1Þ
where (hs) and (hr) are the fluorescence quantum yield of

the samples (PTPEE polymers) and the standard, respectively.

As and Ar are the absorbance of the samples and the standard

at the excitation wavelength, respectively. Is and Ir are the

integrated emission intensities of the samples and the standard.

ns and nr are the refractive indices of the corresponding

solvents of the solutions, respectively (the refractive indices of

H2O and THF are 1.333 and 1.407, respectively).
2.5. Preparation of PTPEE40 NPs

The preparation of PTPEE40 NPs was carried out as follows.

PTPEE40 (10mg) was dissolved in 10mL of THF overnight. The

solution was then filtered through a 0.2 mm filter. 1mL of the

PTPEE40/THF solution was added quickly to 9mL of deionized

water while the mixture was sonicated.
2.6. Cell Culture

HeLa cells (a human cervical carcinoma cell line) were

maintained in RPMI 1640 (Invitrogen) supplemented with

10% heat-inactivated endotoxin-free newborn calf serum

(HyClone), under a humidified 5% CO2 atmosphere at 37 8C in an

incubator.
235–243
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2.7. Cytotoxicity of PTPEE40 NPs

The cell viability of PTPEE NPs on HeLa cells was evaluated by

thiazolyl blue tetrazolium bromide (MTT) assay. Briefly, HeLa cells

seeded into 96-well plates at a density of 5 � 104 cellsmL�1 and

were cultured for 24h. Then, the cells were incubated with 0, 3.13,

6.25, 12.5, 25.0, 50.0mgmL�1PTPEENPs for 24h.After removing the

culture medium, 10 mL of 5 mg mL�1 MTT was added to each well

and incubated for 3.5 h, then, 200 mL DMSO solvent was added to

and the absorbance was read at 488nm with a reference filter of

620nm by iMark Microplate Absorbance Reader (Bio-Rad, USA).

Cell morphology was also observed to examine the effect of

PTPEENPs toHeLa cells. Briefly, cellswere seeded into6-well plated

at a density of 1 � 104 cells mL�1 and then were cultured for 24h.

After removal of old culturemedia, the cellswere incubatedwith0,

3.13, 6.25, 12.5, 25.0, mg mL�1 PTPEE40 for 24h, respectively. The

morphology of cells was observed with an optical microscopy

(Zeiss, Germany).
Figure 1. GPC traces of PTPEE homopolymers obtained with
different CPTC concentrations.
2.8. Cell Imaging Using PTPEE40 NPs

Cells were grown on 6-well plates and 2mm confocal culture dish,

respectively. After 12h of cultivation, cellswere culturedwith 6.25

mg mL�1 PTPEE40 NPs [Containing 0.625% (volume fraction) THF,

which do not influence on the cell activity[46]] for 12h. Cells were

washed with phosphate buffered saline (PBS) for four times.

Samples were examined with the fluorescent microscope and the

CLSM to analyze the translocation of PTPEE40 NPs.
3. Results and Discussion

The PTPEE polymers were synthesized following the route

shown in Scheme 2. The monomer (2-(4-vinylphenyl)

ethene-1,1,2-triyl)tribenzene (TPEE) was synthesized by

the Suzuki reaction. CPTC was used as a RAFT reagent to

control the RAFT polymerization of TPEE in the presence

of the initiator, azodiisobutyronitrile (AIBN). The data

about PTPEE homopolymers obtained at different CPTC

proportion of RAFT polymerization are summarized in
Table 1. Results for the synthesis of PTPEE homopolymers.

Sample PTPEE10 PT

Mn(GPC)
a) 2 085 3

Mn(NMR)b) 2 494 2

PDIa) 1.13

DPa) 6

[TPEE]/[CPTC] 10:1

Conv. [%]a) 60%

a)PDI, polydispersity index; DP, polymerization degree; both determ

Polymerization time 24h.
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Table 1. The molecular weight of the homopolymers

increased with decreased CPTC proportion, and the

molecular weight distribution remained relatively narrow

(Mw=Mn ¼ 1.13–1.32). As shown in Figure 1, the GPC traces

of the PTPEE homopolymers shifted toward higher values

along themolarmassscalewithdecreasedCPTCproportion,

and appeared monomodal and relatively symmetric

in shape.[47] By controlling the CPTC proportion, homo-

polymers with different molecular weights and narrow

distributions can be obtained.

Table 1 also showed that the polydispersity index (PDI)

increased with decreased CPTC proportion, and the

conversion of TPEE to polymers did not exceed 60%.

This behavior is similar to that already observed in the

case of styrene and benzyldiethoxyphosphoryldithio-

formate.[48–50] Compared with the monomer conversion

rate, the rate constant of radical formation was not
PEE20 PTPEE40 PTPEE80

304 7 325 11 701

852 5 358 12 047

1.14 1.26 1.32

9 20 33

20:1 40:1 80:1

45% 50% 41%

ined by GPC; b)determined by 1H NMR with CDCl3 as solvent.
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Figure 2. PL spectra of the dilute solutions of monomer TPEE in
water/THF mixtures with different water fractions
(concentration: 10�5 M; excitation wavelength: 350nm). The
insets depict the changes in PL peak intensity (up) and
emission images of the compound in pure THF and 90% water
fraction mixtures under 365 nm UV illumination (down).

Figure 3. PL spectra of the dilute solutions of PTPEE40
homopolymer in H2O/THF mixture with different water
fractions (concentration: 0.1mgmL�1; excitation wavelength:
350nm). The insets depict the changes in PL peak intensity
(up) and emission images of the compound in pure THF and
95% water fraction mixtures under 365 nm UV illumination
(down).
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sufficiently high. The initiating activity of the polymer

chainmay have been inhibited because of the steric effects

of the pendant group TPE, resulting in the occurrence of a

coupling reaction during polymerization.

TPEE and all four obtained PTPEE samples display AIE

behaviors in H2O/THF mixed solutions. The intensity of

emission of the TPEE was enhanced with increased water

content up to 90% (Figure 2). And much more obvious AIE

behaviors were observed when the TPEE was replaced by

the four PTPEE samples. For example, PTPEE40 exhibited

nearlyno emission at 470nm inTHF solution.However, the

addition of 90% water to THF solution enhanced the

emission intensity up to 100-fold (Figure 3), showing a

significant AIE effect. Further evidence was obtained by

quantumefficiencymeasurement, as shown in Figure S8 of

Supporting Information, the quantum efficiencies of the

PTPEE samples in H2O/THF were increased by increasing

thewater content, as hydrophobic TPE segments aggregate

together and restrict the intramolecular rotations of the

fluorophores, increasing the fluorescence quantum effi-

ciencies.[43] In addition, at the same H2O/THF fraction, the

polymers with higher molecular weight exhibit higher

quantum efficiencies, due to the increase of hydrophoby.

Figure 4A shows the SEM image of the aggregation

morphologies of PTPEE40 when the water content was up

to 90%. The SEM images show the formation of spherical

particles ‘‘dimpled beads’’,[51] separated from one another

with dimples on their smooth surfaces, with the sizes

varying from 400 to 800nm. Interestingly, only one

‘‘dimple’’ was observed on each particle. These morphol-
Macromol. Biosci. 20
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ogies were also confirmed by the TEM images in Figure 4C.

However, the monomer cannot form regularly shaped

particles, as shown in Figure S9 in the Supporting

Information, and precipitationwas formed in the solutions

of TPEE within 24h.

The sizes ofPTPEE spherical particles canbe controlledby

the speedand sequence of adding theTHF solutionofPTPEE

into the water. For PTPEE40, the ‘‘dimpled beads’’ with a

diameter of above 400nm were observed when the

dropping speed of water was slow. By contrast, NPs with

a diameter of 100–150nmwere obtainedwhen1mLof THF

solution of PTPEE was quickly charged into 9mL of

deionized water, as shown in Figure 4,D. The method for

the rapid addition of polymer solution into an excess

volumeofwater is simply ‘‘precipitation’’.[15] In the present

study, the preparation process did not involve any

surfactant and could be further applied to a series of

polymers, and thus this method is simple and easy to

prepare AIE NPs. The emission lmax of the ‘‘dimpled beads’’

appeared at awavelength of only 5nm (475nm vs 470nm)

longer than that of the NPs, and had a more intense

emission (Figure 5). The diameter of the PTPEE10 NPs was

the smallest among the four polymers (PTPEE10, 167 nm;

PTPEE20, 197nm; PTPEE40, 192nm; PTPEE80, 204nm), as

shown in Table 2. It could be deduced from these data that

the diameter may have no direct obvious influence on the

molecular weight of the homopolymers. The diameters of

the NPs based on SEM and TEM images were smaller than

those measured by DLS. The NPs were stable in solution, as

the intensity of emissionof the solutionsofNPsalmost kept
14, 14, 235–243
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Figure 4. A,B) SEM images and C,D) TEM images of PTPEE40 particles. A,C) Particles obtained when the 9mL deionized water was slowly
added into the 1mL THF solution of PTPEE40 homopolymer; B,D) NPs obtainedwhen 1mL THF solution of PTPEE40was added quickly to 9mL
deionized water (concentration: 0.1mgmL�1).
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constant within 48h, as shown in Figure S10 (Supporting

Information), andtherewasnoprecipitationof theparticles

from the solutions within a week. The stability of the NPs

was also demonstrated by Zeta potentials of the PTPEE40
Figure 5. PL spectra of the dimpled beads (9mL deionized water
was slowly added into the 1mL homopolymer THF solution) and
NPs (1mL homopolymer THF solution was added quickly to 9mL
deionized water) (concentration: 0.1mgmL�1; excitation
wavelength: 350nm).
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and PTPEE80NPs,which ranged from–30 to –20mV. Aswe

known, the surface potential is considered to be the main

reason for the stability of homopolymer NPs, and may

originate from the selective adsorption of OH– anions from

ionizedwater.[52] Thus, these AIENPswere stable under the

experimental conditions.

The biocompatibility of thePTPEENPswas subsequently

evaluated.[53] Figure 6A–C showed the morphologies of

HeLa cells incubated with different PTPEE concentrations

(0, 6.25, and 25.0 mg mL�1) for 24h. The HeLa cells did not

show any obvious morphological changes. For PTPEE20/

PTPEE40/PTPEE80 NPs, cell viability of the MTT assay

(Figure 6D) revealed no significant cytotoxic effect at the

concentration of up to 25 mg mL�1. And the relatively high

cytotoxicity of PTPEE10 may be due to the excess

intracellular accumulation of PTPEE10, because the NP

diameter of PTPEE10 is smaller than the other three

polymers, as shown in Table 2, so it is easier for the NP of

PTPEE10 to be internalized into cells. Nevertheless, both the

cell morphological observation and cell viability examina-

tion suggest that the PTPEE NPs were biocompatible with

HeLa cells, which should be valuable for their further

biological imaging applications.

To investigate the potential biomedical applications of

PTPEENPs, theywere used as probes for cell imaging under
14, 14, 235–243
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Table 2. Physical parameters of PTPEE homopolymer NPs with different molecule weighta)

System PTPEE10 PTPEE20 PTPEE40 PTPEE80

RDLS [nm] 167.0 197.3 191.2 203.6

PDI 0.168 0.027 0.186 0.053

j-potential [mV] �11.09� 1.45 �14.64� 1.51 �21.73� 2.88 �24.49� 0.86

a)RDLS is the particle diameter determined by DLS; PDI and j-potential are the polydispersity index and zeta potential of NPs, respectively.

Figure 6. Biocompatibility of PTPEE NPs: optical microscopy photos of HeLa cells incubated with different concentrations of PTPEE40 NPs
A) 0 mg mL�1, B) 6.25 mg mL�1, C) 25.0 mg mL�1 (scale bars: 20 mm); D) concentration-dependent cytotoxicity of PTPEE NPs.

Figure 7. CLSM images of HeLa cells stained by PTPEE40NPs. A) 405nmexcitation, B) bright field, C) overlay of image (A,B) (scale bars: 10mm).

Preparation of Biocompatible Aggregation-Induced Emission Homopolymeric . . .
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Figure 8. Fluorescence images of HeLa cells stained by PTPEE40 NPs. A) 405 nm excitations, B) bright field, C) overlay of image (A,B) (scale
bar: 50 mm).
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CLSM.As shown inFigure7, bluefluorescencewasobserved

when the cellswere incubatedwith 6.25mg �mL�1PTPEE40

NPs for 12h. Blue fluorescence areaswere foundwithin the

HeLa cells, specifically, the cytoplasm, suggesting that the

PTPEE NPs were easily internalized into cells. The mecha-

nism of the cellular uptake of the particles should be

macropinocytosis, because cells can internalize particles

with diameter larger than 150nm through this path-

way.[54,55] on the other hand, strongly negatively charged

polymers prefer macropinocytosis pathway to be internal-

ized into cells.[56] Notably, PTPEE40 with a low concentra-

tion (6.25 mg mL�1) led to clearer cell imaging not only

under CLSM, but also under fluorescence microscopy

(Figure 8), suggesting that the PTPEE NPs had potential

biological imaging applications.
4. Conclusion

A series of new homopolymers with various degrees of

polymerization, i.e., poly[(2-(4-vinylphenyl)ethene-1,1,2-

triyl) tribenzene] homopolymers, were successfully syn-

thesized by RAFT polymerization. The homopolymers

exhibited a significant AIE effect with 100-fold increase

in emission intensity fromsolution tonanosuspension. The

homopolymers can assemble themselves to AIE NPs by

quickly charging THF solution into deionized water. The

NPs exhibited good dispersibility, stability and biocompat-

ibility. The current study provides a new framework to

fabricate more stable surfactant-free AIE polymer NPs. The

NPs were then used for imaging studies of HeLa cells and

were found to have potential biomedical applications. A

comprehensive study on the RAFT polymerization of TPEE

monomer, assembly mechanism and further work in this

respect are now in progress.
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