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ABSTRACT: The direct tracking of cells using fluorescent dyes is a constant challenge in cell 

therapy due to aggregation-induced quenching (ACQ) effect and biocompatibility issues. Here, 

we demonstrate the development of a biocompatible and highly efficient AIE-active 

pseudorotaxane luminogen based on tetraphenylethene conjugated poly(ethylene glycol) (TPE-

PEG2) (guest) and α-cyclodextrin (α-CD) (host). It is capable of showing significant fluorescent 

emission enhancement at 400-600 nm range when excited at 380-388 nm, without increasing the 

concentration of AIE compound. The fluorescent intensity of TPE-PEG2 solution was effectively 

enhanced by 4-12 times with gradual addition of 1-4 mM of α-CD. 2D NOSEY 
1
H NMR 

revealed clear correlation spots between the characteristic peaks of α-CD and PEG, indicating 

the interaction between protons of ethylene glycol and cyclodextrin, and the structures are 

mainly based on threaded α-CD. The host-guest complex exhibits boosted fluorescent emission 

because the PEG side chains are confined in “nano-cavities” (host), thus, applying additional 

restriction on intermolecular rotation of TPE segments.  In vitro cells experiments demonstrated 

the potential of AIE-active pseudorotaxane polymer as a biocompatible bioimaging probes.  
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Introduction 

Cell-based cancer therapy has shown great promise in recent trials.
1
 The major 

advancement in the cancer treatment is based on T-cell immune therapy, which involves re-

engineering of patient‟s T-cells from blood to attack cancerous cells.
2, 3

 The ability to non-

invasively track the delivery and function of re-engineered immune cells and the distribution of 

cancer cells may reveal important information of treatment progress and tumour metastasis.  

The direct tracking of cells using fluorescent dyes is a constant challenge in cell therapy 

due to aggregation-caused quenching (ACQ) effect and biocompatibility issues. Fluorescent dye 

in the labelled cells exhibits short life-time as a result of ACQ effect, and may leak from cells 

due to concentration gradient.
4, 5

 The fluorescent emission of these molecules is normally 

quenched when they become aggregated in a complex system like human body due to their poor 

miscibility in water. Aggregation-induced emission (AIE) fluorescent probes are extensively 

described
6-10

, as perfect luminogens for bioimaging
4, 5, 11

, chemical sensors
12, 13

 and monitoring of 

drug delivery
14-16

. AIE molecules emit strong and long-lasting fluorescent when they are 

aggregated, which behaves in the opposite manner to conventional fluorescent dyes.
17

 These 

molecules emit strong fluorescence when they are aggregated in poor solvent (water) or in solid 

state; however, when being dispersed in good solvents, they show weak or no emission.
7, 18

 The 

mechanism of AIE characteristic is related to restricted intermolecular rotations (RIR) in 

aggregated state that limit the non-radiative energy decay pathways.
19

 AIE compounds showed 

strong enhancement of AIE effect resulting from their limited motions in viscous solution/gel 

such as thermoresponsive hydrogel,
20

 or after absorption onto biopolymers such as DNA,
21

 or 

bonded in the inner surface of hollow mesoporous silica tube-like structure.
22

 In these micro-

environments, AIE effect can be enhanced without increasing concentration of AIE compound. 



4 
 

Theoretically, AIE host-guest inclusion complex could also limit AIE molecular chain motion. 

However, in a host-guest inclusion complex based on TPE-oligo-ethylene glycol (n=2-4) and γ-

CD, fluorescent emission was quenched as a result of de-aggregation of TPE hydrophobic 

segments when TPE was covered by γ-CD. 

AIE host-guest inclusion complex is proposed to be a potentially efficient cell tracking 

formation, however, there are not many research reports focusing in this area. To understand the 

interaction between AIE luminogens (guest) and cyclodextrin (host) and their resulting 

supramolecular structure, in this study, we introduced PEG chains (2000 g.mol
-1

) at two of the 

side chains of TPE unit, an amphiphilic molecule TPE-PEG2 with AIE characteristics. Taking 

the advantage of the formation of pseudorotaxanes (or inclusion complex) between TPE-PEG2 

(guest) and α-cyclodextrin (α-CD) (host), we hypothesized an enhancement in emission 

efficiency due to restriction of intramolecular motion of TPE without increasing the 

concentration of fluorescent probes. Continuous increase in fluorescent emission was observed 

by gradual addition of α-CD. Undesired luminogen uptake by other cell types in vivo could be 

avoided because only the fluorescence intensity of the cells labelled with TPE-PEG2 would be 

selectively enhanced. Pseudorotaxanes are supramolecular structures that form between a host 

(e.g. cyclodextrin, curcubiturils) and guests (e.g. PEG) in aqueous solution due to hydrophobic 

interaction of the long hydrocarbon chains (guest) with the inner surface of the host.
23

 Among 

the different types of cyclodextrins, α-CD was chosen in this study due to its relatively good 

solubility in water (as compared to β-CD) with suitable cavity size (inner diameter and cavity 

depth of 0.45 and 0.67 nm,
24, 25

 respectively) to accommodate single PEG chains. PEG-(-CD) 

inclusion complex were reported to self-assemble and aggregate in solution, resulting in 

crystalline pseudorotaxanes stacks in high yields,
26-29

 when PEG with molecular weight higher 
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than 3200 g.mol
-1

 are used.
30

 We report the development of a new AIE pseudorotaxane probe 

based on TPE-PEG2 and α-CD, which exhibits advantage such as: 1) good biocompatibility, 2) 

water-solubility, 3) AIE pseudorotaxane luminogen does not leak out from cells, and 4) high 

emission efficiency for imaging and cell tracking applications. The interaction between AIE 

luminogens (guest) and cyclodextrin (host) and their resulting supramolecular structure was 

studied, with a focus on in vitro cell traceability, critical micelle concentration (CMC) 

measurement, biocompatibility studies and fluorescent emission properties. The threading 

process was examined by using 2D-NOSEY 
1
H NMR. We also discuss the mechanism of 

fluorescent emission enhancement. 

 

Materials and Methods 

Polyethylene glycol monomethyl ether mesylate with Mn of 2000 Da was purchased from Sigma-

Aldrich. Anhydrous dimethylformamide (DMF) was purchased from Merck. Cyclodextrin was 

supplied by TCI America. All the reactants were used as received.  

Molecular characterization 

NMR spectra were measured at room temperature using Bruker AV-400 NMR spectrometers in 

CDCl3. 
1
H NMR measurement was also carried out as 2D Nuclear Overhauser Enhancement 

Spectroscopy (2D 
1
H NMR-NOSEY), using JEOL 500 MHz NMR spectrometer in D2O. Gel 

permeation chromatography (GPC) analysis was carried out with a Waters GPC system equipped 

with Waters Styragel columns, a Waters-2420 ELS detector, at 40 °C. Two columns (10
3
 and 

10
5
Å) (size: 300 × 7.80 mm) were arranged in series. Tetrahydrofuran (HPLC grade) was used as 

the eluent at a flow rate of 1.0 mL min
-1

. Monodispersed poly(methyl methacrylate) (PMMA) 

standards were used to generate the calibration curve. Fourier transform infrared (FTIR) 
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spectrum (KBr) was recorded on an Pelkin Elmer Spectrum 2000 Spectrometer. 16 scans were 

signal-averaged with a resolution of 4 cm
-1

 at room temperature. 

Synthesis of TPE-PEG2 (2) 

4,4'-(2,2-diphenylethene-1,1-diyl)diphenol (1) was prepared according to reference.
31

 A mixture 

of 1 (36.5 mg, 0.1 mmol), polyethylene glycol monomethyl ether mesylate with Mn of 2000 Da 

(600.0 mg, 0.3 mmol) and K2CO3 (69.1 mg, 0.5 mmol) were placed in a Schlenk flask, and was 

dried under vacuum at 60 
o
C for 2 hours. Then anhydrous DMF (1.0 mL) was introduced under 

argon atmosphere and purge for another 15 min. The reaction mixture was then heated to 120 
o
C 

for 2 days with stirring. After cooling down, the reaction mixture was extracted with CH2Cl2 and 

washed with deionized water. The organic phase was isolated and dried over MgSO4, followed 

by filtration and solvents were then removed under vacuum. The crude product was purified by 

precipitating its solution in THF (2 mL) by Et2O (250 mL), and the white powder was collected 

by filtration as 430.0 mg. Yield: 61%. 
1
H NMR (CDCl3): δ 3.64 (br). 

13
C NMR (CDCl3): δ 71.0. 

IR (thin film): ν = 3436, 2910, 2878, 1644, 1471, 1457, 1352, 1299, 1251, 1103, 952, 845 and 

704 cm
-1

. Mn ~3822 g mol
-1

, Mw ~4541 g mol
-1

 and PDI ~1.19 obtained by GPC. Ethylene glycol 

(EG) repeating unit n= 45, based on Mn from supplier. NMR and FTIR graphs were displayed in 

Figure S1-S3. 

Determination of the Critical Micelle Formation Concentration (CMC)  

CMC of polymer 2 aqueous solutions was determined by Dynamic light scattering (DLS), using 

Malvern Zetasizer Nano ZS, at 25 °C. Stock solution was prepared by dissolving small amount 

of polymer 2 in DI water, equilibrate overnight at room temperature. Concentrations ranging 

from 2.6 × 10
-3

 – 2.6 mM were studied. All data were triplicated and the average values were 
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plotted. The intersection of the tangents to the two slopes of the graph where the log 

concentration was plotted versus count rate. 

Fluorescent properties 

Stock solution was prepared by dissolving small amount of polymer 2 in deionized water, 

equilibrate overnight at room temperature. Concentrations ranging from 2.6 × 10
-3

 – 2.6 mM 

were studied. The fluorescence intensity at wavelength of 400 – 600 nm was measured (excited 

at 388 nm), using a fluorescent spectrophotometer (Shimadzu RF5301). Slit width of 5 was used 

for excitation and emission.  

Atomic force microscope (AFM) 

The Nanowizard III instrument (JPK Instruments AG, Berlin, Germany) equipped with the 

NanoWizard head and controller was used in the AFM measurement. The morphology of the 

model surfaces was visualized by tapping mode AFM imaging under ambient conditions using 

standard silicon probes (k ~ 40 N/m, Tap 300AL-G, Budget sensors). All the images were 

processed using the JPK data processing software (Version 4.2). 

Study of cellular internalization of TPE-PEG2 by confocal microscopy 

Cellular uptake of TPE-PEG2 in the presence of -CD was determined in A549 cells by confocal 

microscopy. Cells cultured on 18-mm coverslips were incubated with 2 mg/ml each of TPE-

PEG2 or TPE-PEG2 + -CD for 4 h and fixed using 4% formaldehyde in phosphate-buffered 

saline (PBS). Untreated cells were used as control. After washing with PBS thrice, cells were 

fluorescently stained with rhodamine phalloidin (Life Technologies) and DRAQ5 (eBiosciences) 

to visualize cells and nuclei respectively. Following the staining procedure, cells were washed 

with PBS and mounted on clear glass slides using Flouromount Aqueous mounting medium 

(Sigma-Aldrich). Cellular internalization of TPE-PEG2 was visualized by LSM 800 Airyscan 
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microscope using a Plan-Apochromat 1.4 numerical aperture / 63× oil immersion objective lens 

(Carl Zeiss Microimaging Inc., NY, USA).  Three channel images were obtained as a Z-stack 

(0.45 m slice thickness) with 405-, 561- and 640 nm excitation lasers.  Figures were processed 

using Zen lite imaging software (Carl Zeiss) and presented. Cellular uptake of TPE-PEG2 was 

quantified with the help of IN Cell Investigator software (GE Healthcare Life Sciences). At least 

15 different fields for each sample were considered for quantitative analysis.  

High Content Analysis (HCA) 

Biocompatibility of TPE-PEG2 and -CD was assessed using a comprehensive multimodal 

platform utilizing three different human cell types - alveolar basal epithelial cell line A549, 

primary dermal fibroblasts (DF) and liver epithelial cell line HepG2 (American Type Culture 

Collection, ATCC). Cells were cultured in DMEM (Gibco) supplemented with 10% fetal 

bovine serum (Gibco) and Penicillin-Streptomycin antibiotics (Life Technologies, Singapore). 

For experimental purposes, cells were seeded in 96-well culture plates (Nunc) at a density of 

2000 cells/well and allowed to grow overnight. Cells were then treated with various 

concentrations of TPE-PEG2 or -CD or both (ranging from 62.5 g/ml to 2000 g/ml) for 24 h. 

After washing, cells were fixed by incubating them for 20 min with 4% formaldehyde in PBS. 

Adherent cells were then fluorescently stained with rhodamine-phalloidin and Alexa Fluor 488 

conjugated anti--tubulin (Life Technologies) to visualize cellular morphologies and Hoechst 

33258 (Sigma-Aldrich) to visualize nuclei. After washing with PBS, plates were scanned using 

20X objective, three detection channels with different excitation filters – DAPI filter (461 nm), 

FITC filter (509 nm) and Cy3 filter (599 nm) and 10 randomly selected fields/well by an 

automated High Content Screening (HCS) microscope, IN Cell Analyzer 2200 (GE Healthcare). 

Cell-based multi-parametric quantitative estimation of the acquired images was performed 
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automatically with IN Cell Investigator software (version 1.6). All the measured quantitative 

multi-parametric datasets were normalised using their respective percentage change against the 

corresponding controls and automatically converted in the form of colorimetric gradient heat-

maps using TIBCO Spotfire®. Heat-map graphical illustration is considered as the most suitable 

schematic representation to report variations of multiple quantified parameters. For better 

visualization of the datasets under the current analysis, minimum values obtained from various 

parameters were kept “red” through the mean “black” to the maximum “green”.  

  

Cell viability assay 

Cell viability was studied using MTS-based assay CellTiter 96® AQueous One Solution Cell 

Proliferation Assay kit according to manufacturer‟s instructions (Promega Corporation, Madison, 

WI, USA). After the treatment period similar to that of HCA above, cells were incubated with 20 

l of MTS reagent for 2 h at 37C. Absorbance was recorded at 490 nm using a microplate 

reader (BioTek) and graphs were platted after subtraction of background absorbance. Treatment 

was done in triplicates for each sample. 

Statistical analysis 

Statistical significance of differences among two experimental groups was analyzed by two-

tailed unpaired Student‟s t test.  

 

Results and discussion 

Synthesis and characterization of TPE-PEG2 (2) 
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Amphiphilic TPE-conjugated PEG (2) was synthesized based on the scheme provided in 

Figure 1(a). TPE-PEG2 was prepared with PEG molecular weight of Mn 2000 g.mol
-1

 on each of 

the two arms, in cis conformation. The 3D structure of TPE-EG2 (n=1) was shown in 1(b). The 

purified polymer exhibited molecular weight of Mn 3800 g.mol
-1

, with narrow dispersity index. 

Molecular characterization datasets, including FTIR, 
1
H and 

13
C NMR spectra are given in 

Figure S1-S3. The polymer is water-soluble and emits bright blue light, in water and in solid 

bulk (Figure S4), under UV illumination. Photograph of aqueous solutions of the polymer under 

UV lamp is displayed in Figure 1(c). Concentrations of AIE molecule 2 aqueous solutions are 

listed in Table 1.  

Figure 1. (a) Synthesis procedure of 2, using 4,4'-(2,2-diphenylethene-1,1-diyl)diphenol (1) and 

polyethylene glycol monomethyl ether mesylate with Mn of 2000 g.mol
-1

. (b) Representative 

chemical structure of TPE-EG2 drawn using ChemDraw® 3D, with black arrow indicating RIR. 

(c) Digital photograph of aqueous solutions of 2 with various concentrations under UV 

illumination (λ= 365 nm).  

 

Table 1. Sample ID and concentrations of TPE-PEG2 aqueous solutions 

Sample ID TPE-PEG2 

conc. (mg/mL) 

M (mol/L) 

T0 10.0 2.62 × 10
-3

 

Increasing concentration
3D Structure of  TPE-EG2

when n=1

GPC in THF 

(PS standard)

Mn = 3822 Da

Mw = 4541 Da

PDI = 1.19

Hydrophilic

Hydrophobic

(a)

(b) (c)
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T1 5.0 1.31 × 10
-3

 

T2 2.5 6.54 × 10
-4

 

T3 1.25 3.27 × 10
-4

 

T4 6.25 × 10
-1

 1.64 × 10
-4

 

T5 3.13 × 10
-1

 8.18 × 10
-5

 

T6 1.56 × 10
-1

 4.09 × 10
-5

 

T7 7.81 × 10
-2

 2.04 × 10
-5

 

T8 3.91 × 10
-2

 1.02 × 10
-5

 

T9 1.95 × 10
-2

 5.11 × 10
-5

 

T10 9.77 × 10
-3

 2.56 × 10
-5

 

 

TPE segments are inherently hydrophobic due to the presence of aromatic rings, 7, 32, 33 

while the long PEG chains with Mn of 2000 g.mol
-1

 provide relatively good water-solubility and 

micelle stability than the amphiphilic molecule in previous study.
34

 Critical micelle concentration 

(CMC) reflects the concentration of the AIE amphiphilic polymer at which micelle starts to 

form.We performed dynamic light scattering (DLS) analysis to determine the CMC of aqueous 

solutions of the polymer 2 (Figure 2(a)). In Figure 2 (a), CMC at 25 °C was calculated at 23.7 × 

10
-5

 g/mL (6.2 × 10
-5

 M) (between T5-T6), where the tangents to the two slopes of the graph 

intersect. In dilute solution at concentration below CMC, the amphiphilic molecules are in 

free/unimer state in water. At CMC, they self-assemble and form micelles with the TPE 

segments aggregated in the core of the micelles. This is a physical association mainly due to 

hydrophobic interaction and dehydration of PEG segments. As concentration continues to 

increase, micelles start to form clusters. A schematic drawing of unimers and micelles is shown 

in Figure 2(b). 
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Figure 2. (a) CMC of polymer 2 aqueous solution was in between T5 and T6, determined by 

DLS at 25 °C. (b) Schematic drawing of self-assembly of AIE micelles.  

 

AIE behavior of aqueous solutions of 2 was characterized by fluorescence assay, as 

shown in Figure 3. In Figure 3 (a), using excitation wavelength of 388 nm, fluorescent intensity 

of their polymer solutions increased as the concentration increased at 25 °C. At concentration 

below CMC (T6 - T10), unimer peak at 448 nm was observed. At T5 (above CMC), broad peak 

in addition to unimer peak started to appear. As the concentration increased, the AIE solutions 
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(T0 – T4) exhibited high fluorescent (FL) emission, broadened and red-shifted peak at 464-474 

nm, reflecting a more inhomogeneous environment,
35

 which could be due to the presence of a 

mixture of unimers, micelles and micelle aggregates. The enhancement of AIE emission was 

observed starting from T5 where micelles started to form. The increase in fluorescent intensity 

due to the formation of micelles (compare unimers state (T10) to micelle state (T5)), was about 

2.5 times (250 %). It was attributed to two physical phenomena: i) Intramolecular rotation of 

TPE was physically restricted by PEG extension. The restricted intramolecular rotation (RIR) 

blocks non-radiative pathways and leads to fluorescence emission; ii) Further increase in the 

concentration of polymer resulted in boosted emission due to micelles formation and aggregation 

of micelles, in which higher degree of rotational restriction was imposed by the surrounding 

micelles aggregates. Figure 3(b) displayed the fluorescent excitation spectrum of TPE-PEG2, 

showing high FL intensity at the range of 370 – 430 nm. AIE behaviour was also characterized 

FL intensity change in different ratio water/THF (vol %) mixture, as shown in Figure 3(c). The 

change in intensity was plotted in Figure 3 (d). 
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Figure 3. TPE-PEG2 aqueous solution exhibits AIE behaviour. (a) Fluorescence emission 

spectra of aqueous solutions of 2 with various concentrations (2.6 × 10
-3

 – 2.6 mM) at 25 °C, λex 

= 388 nm, λmax = 448 - 474 nm. (b) Fluorescence excitation spectra of T0 (2.6 mM) in 99 % 

water/THF mixture, λem = 465 nm. (c) Fluorescence emission spectra of T0 in different water % 

in water/THF mixture (vol %). (d) Plot of relative intensity (I/I0) of T0 at 25 °C, λex = 388 nm, in 

different water % in water/THF mixture (vol %). 

 

 

Formation of inclusion complex with α-CD 

Pseudorotaxanes are supramolecular structures that formed between a host (e.g. 

cyclodextrin, curcubiturils) and guests (e.g. PEG) in aqueous solution due to hydrophobic 

interaction of the long hydrocarbon chains (guest) with the inner surface of the host.
23, 30, 36, 37
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good solubility in water (relative to β-cyclodextrin) and their ability to self-assemble and 

aggregate in solution.
26-29

 α-CD is known to self-assemble in the following ways: i) Formation of 

the inclusion complex with PEG chains (threading process) mainly driven by hydrophobic 

interaction;
36, 37

 ii) The attractive hydrogen-bond interactions between the adjacent cyclodextrins 

contribute to the formation of columnar (rodlike) structure.
30, 38

 The structure can be viewed as 

the alignment of cyclodextrins along the polymer chains.
38

 The intermolecular aggregation leads 

to the formation of α-CD threaded nanocylinders (gyration radius ≥ 33nm);
26

 iii) The 

nanocylinders that are connected by naked PEG segments, in a higher length scale, aggregate 

into larger structure.
39

 

We next incorporated α-CD with TPE-PEG2 solution to obtain an inclusion complex or 

pseudorotaxane. 
1
H NMR (500 MHz, CDCl3) of the TPE-PEG2 solution before and after addition 

of 4 mM of α-CD were analysed to determine host-guest interaction. The spectra in Figure S5 

showed that there was no interaction between the phenyl ring and α-CD (at chemical shift of 6-8 

ppm), interaction between PEG and α-CD could not be confirmed. In 2D NOSEY 
1
H NMR (500 

MHz, D2O) spectrum (Figure 4), we observed clear correlation spots between the characteristic 

peaks of α-CD and PEG (area in the dotted rectangle), at 25 °C, indicating that the structures are 

mainly based on threaded α-CD. In the 2D 
1
H NMR spectrum, proton signal H(a) was attributed 

to -CH2- on PEG, while H(1)-(6) were assigned to protons on the glucose unit of CD. TPE-PEG2 

self-assembles into micelles in water at 25 °C, at concentration above CMC. TPE segments 

aggregated in the core and PEG segments interacting with water molecules at the corona, with 

some PEG segments threaded with α-CD. The naked PEG segments of the inclusion complex at 

the corona are also in good solvent conditions. When the concentration of α-CD is increased, α-
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CD aggregation may form due to intermolecular association between threaded α-CD, resulting in 

α-CD rodlike tubes or nano-cylinders.
26, 30, 38
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H(2)
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Figure 4. Threading α-cyclodextrin (α-CD) and TPE-PEG2 (2). 2D-NOESY 
1
H NMR (500 

MHz) spectrum of α-CD and TPE-PEG2 mixture at 25 °C, in D2O. [α-CD] = 11 mM, [TPE-

PEG2] = 2.6 mM 

 

CMC of TPE-PEG2 and α-CD mixture at different α-CD concentrations were studied by 

using DLS analysis. Previous section showed that CMC of TPE-PEG2 solution was calculated at 

23.7 × 10
-5

 g/mL (6.2 × 10
-5

 M) (between T5-T6), based on intersection of the two slopes. As 

shown in Figure 5, after adding 1 mM of α-CD, CMC of the mixture was increased to 46.9 × 10
-5

 

g/mL (1.23 × 10
-4

 M) (between T4-T5), which could be attributed to greater amount of unimers 

complexed with cyclodextrin in solution, thus lowering the chance of unimer packing into 

micelles. Similar results of CMC increase in the mixture of cyclodextrins and sodium dodecyl 

sulfate (SDS) micelles were reported previously.
40, 41

 Further increasing concentration of α-CD 

(2-4 mM) resulted in increased inhomogeneity in the system. In other words, the addition of CD 

and the formation of inclusion complex may lead to a mixture of unimers, CD, micelles and 

dissociated micelles, micelle aggregates and pseudorotaxanes in the solution. Thus, no clear 

CMC could be calculated based on the graphs obtained (Figure 5(b-d)).  
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Figure 5. CMC of polymer 2 aqueous solution with addition of various concentrations of α-CD 

(a) 1 mM, (b) 2 mM, (c) 3 mM and (d) 4 mM, determined by DLS. The intersection of the 

tangents to the two slopes of the graph where the log concentration was plotted versus count rate 

at 25 °C. 
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Figure 6 (a) shows the micelles size decrement after addition of α-CD. When CD is 

added, the pseudorotaxane structure no longer resembles a normal micelle.
40, 41

 The particle size 

and morphology were examined by atomic force microscopy (AFM), as shown in Figure 6 (b-c). 

The reduction in particle size after addition of CD was confirmed by AFM, with the change of 

diameter estimated from around 80 nm (TPE-PEG2 micelle aggregates, in Figure 6(b)) to 

pseudorotaxanes diameter of around 35 nm (Figure 6(c)).  

 
Figure 6. (a) Particle size of [TPE-PEG2] = 8.2 × 10

-2
 mM, before and after addition of [α-CD] = 

1 - 4 mM, determined by DLS at 25 °C. (at 4 mM, there could be more free CD present) (b) 

Particle diameter (black arrow) and morphology of TPE-PEG2 d ~ 80 nm, scale bar represents 
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100 nm. (c) Pseudorotaxane d ~ 35 nm, scale bar represents 100 nm, determined by Atomic 

Force Microscope (AFM) at 25 °C. 

 

The emission efficiency of TPE-PEG2 pseudorotaxanes was examined by fluorescent 

assay. Figure 7(a) showed the fluorescent intensity of T0 ([TPE-PEG2] = 2.6 mM) before and 

after adding different α-CD concentrations. The change in FL intensity was obvious especially 

when 2 mM of CD was added. Figure 7(b) highlighted the numerical improvement of FL 

intensity. The increase in FL emission due to formation of pseudorotaxanes was about 12 times. 

This is significant when we compare our result with a couple of similar studies. In a TPE-oligo 

EG solution (n=2-4), a FL emission quenching effect was observed when γ-CD was added due to 

de-aggregation of hydrophobic TPE segments when being covered in the cavity of γ-CD.
42

 In 

another study, a 2.5 times of FL enhancement was achieved due to micelles precipitation.
34

 FL 

emission intensity of TPE-PEG2 solution was increased after addition of α-CD, as shown in 

Figure 7. PEG and α-CD can form host-guest inclusion complex based on threading process, as 

reported in previous studies.
36, 37

 The formation of host-guest inclusion complex between TPE-

PEG2 and α-CD was proven by 2D NOSEY NMR in Figure 4. Therefore, the FL emission 

enhancement could be attributed to the increase of the number of TPE-PEG2 chains threaded 

with α-CD, limiting chain motion both in linear unimers, and in micellar assemblies. The 

increment of FL emission reached a plateau when 2-4 mM of CD was added. It was attributed to 

the fact that when there is sufficient CD added and the solution is mainly as inclusion complex, 

the system is no longer a micellar system.
43

 And FL emission was reduced when 5 mM of CD 

was added (FL emission spectrum not shown) due to de-aggregation and dissociation of micellar 

structures. A schematic drawing of the formation of CD-threaded unimers and CD-threaded 

micelles was shown in Figure 8.  
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β-CD were not used in the investigation of AIE effect, mainly because if it limited 

solubility in water. This will affect the yield of crystalline pseudorotaxane formation. γ-CD (1 

mM) was added to [TPE-PEG2] = 2.6 mM for comparison of AIE effect, as shown in Figure S7. 

Our observation is similar with previous study mention above, adding γ-CD resulted in reduction 

in FL intensity.  

 

Figure 7. (a) Fluorescence spectra of T0 [TPE-PEG2] 2.6 mM before and after addition of [α-

CD] = 1 - 4 mM, at 25 °C, λex = 388 nm, λmax = 464 nm. (b) Comparison of relative fluorescent 

intensity at 464 nm (blue fluorescent). 
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Figure 8. Schematic drawing of pseudorotaxanes solution that consisted of CD-unimers and CD-

micelles 

 

Fluorescent intensity of TPE-PEG2 in cells is elevated by the addition of -CD  

In order to examine the internalization of TPE-PEG2, A549 cells were treated with 2 

mg/ml each of TPE-PEG2 either alone or in combination with -CD (stock solutions 40 mg/ml in 

cell culture medium) for 4 h. Confocal microscopy of cells treated with TPE-PEG2 showed dull 

„blue‟ fluorescence in the cytoplasm (Figure 9(a)). Addition of equal amount of -CD to TPE-

PEG2 (final concentration of 2 mg/ml each) significantly enhanced the fluorescence intensity of 

TPE-PEG2 and relatively stronger „blue‟ fluorescence was detected in the cytoplasm of treated 

cells in comparison to cells treated with TPE-PEG2 alone (Figure 9(a),(b)). There was no obvious 

„blue‟ fluorescence in the nucleus suggesting that the TPE-PEG2 was not internalized into the 

nucleus and specifically taken up into the cytoplasm. 
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Figure 9. Cellular uptake of TPE-PEG2 by A549 cells. (a) A549 cells seeded on coverslips 

were treated with 2 mg/ml of TPE-PEG2 or a combination of TPE-PEG2 and -CD (2 mg/ml 

each) for 4 h at 37C and fixed. Untreated cells served as control (NT). Cells were counterstained 

with rhodamine-phalloidin to visualize cellular morphologies (red) and DRAQ5 to visualize 

nuclei (purple). Intracellular uptake of TPE-PEG2 (blue florescence) was detected by confocal 

microcopy and representative images are shown. Scale bar 10 m. (b) Bar graph shows relative 

fluorescence unit (RFU) of TPE-PEG2 as analyzed automatically by IN Cell Investigator 

software. Data represents mean ± SEM of three independent experiments from five random 

fields per sample per experiment. *p<0.05.  

(a)
Blue fluorescence       Phalloidin DRAQ5                 Merged

N
T

T
P

E
-P

E
G

2
T

P
E

-P
E

G
2

+
 

-C
D

0

0.5

1

1.5

2

R
F

U

* *



24 
 

 

TPE-PEG2 and -CD are biocompatible to mammalian cells 

We examined the cytocompatibility of TPE-PEG2 and -CD in three different human cell 

types - alveolar basal epithelial cell line A549, primary dermal fibroblasts (DF) and liver 

epithelial cell line HepG2. Cells seeded in 96-well plates were treated with various 

concentrations of the TPE-PEG2, -CD or both (62.5, 125, 250, 500, 1000 and 2000 g/ml) for 

24 h and cellular and nuclear morphologies were quantified using High Content analysis (HCA). 

Data showed that either TPE-PEG2, -CD or a combination of both were biocompatible with 

little or no cytotoxicity even at the concentration of 2000 g/ml. Various morphological 

parameters, including cell 1/form-factor, cell area, cell gyration and nuclear area were within the 

normal range of variation after treatment with TPE-PEG2 and -CD in comparison to that of 

untreated control cells (NT) (Figure 10 (a), (b)).  However, nocodazole, a toxic drug used as a 

positive control, showed a marked change in gross morphology of cells and nuclei as compared 

to untreated cells (Figure 10 (a), (b)).  

Next, we determined cell viability in the presence of TPE-PEG2, -CD or both by MTS-

based assay, which is a colorimetric method widely used for quantifying the number of viable 

cells in a population. The method is based on conversion of MTS to formazan and the quantity of 

formazan measured by the amount of 490 nm absorbance is directly proportional to the number 

of living cells in a population. MTS assay showed that there was no major reduction in the 

viability of A549, DF and HepG2 cells due to the treatment with various concentrations (62.5 – 

2000 µg/ml) of TPE-PEG2, -CD or a combination of both (Figure 10 (c)). Overall, both HCA 
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and MTS-based cell viability assays conformed that TPE-PEG2 and -CD are biocompatible to 

mammalian cells.  
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Figure 10. Multi-parametric biocompatibility analysis of TPE-PEG2. (a) A549, DF and 

HepG2 cells seeded in 96-well plates were treated with increasing concentrations (62.5, 125, 

250, 500, 1000, 2000 g/ml) of TPE-PEG2, -CD or both for 24 h. Cells were fixed and stained 

with rhodamine-phalloidin (red) and Alexa Fluor 488 conjugated anti--tubulin (green) to 

visualize cellular morphologies and Hoechst 33258 (blue) to visualize nuclei. Images were 

acquired using IN Cell Analyzer 2200 automated microscope. Multiple morphological 

parameters (cell 1/form-factor, cell area, cell gyration and nuclear area) were automatically 

quantified by IN Cell Investigator software. Normalized values in terms of percentage change in 

comparison to that obtained from corresponding untreated control (NT) cells (indicated in 

parenthesis of the legends below each heat-map tables) were automatically converted into colour 

gradient-coded heat-maps (spanning from minimum values “red” through the mean “black” to 

the maximum “green”) and presented. (b) Representative images of the cells treated with 500 

µg/ml compounds are shown. (c) Bar graphs showing absorbance values [OD (450 nm), mean ± 

SEM] of A549 (n=9), DF (n=6) and HepG2 (n=3) cells after treatment with TPE-PEG2, α-CD or 

both for 24 h as determined by MTS assay. Noc, cells treated with nocodazole as toxicity 

control. 

 

Conclusions 

A new strategy for highly efficient AIE by formation of AIE pseudorotaxanes was demonstrated 

in this study. Amphiphilic TPE-PEG2 exhibited typical AIE behavior in aqueous solution and in 

solid state. Enhancement in AIE FL intensity was achieved by first, transformation from unimer 

to micelle state, and second, the formation of pseudorotaxanes with micelles. The AIE-active 

pseudorotaxane molecule is more superior than most of AIE micelles as the former showed 

significantly (12 times) higher emission, thanks to the enhanced RIR process in the α-CD 

cavities. In vitro studies showed that the cellular fluorescent emission signals was enhanced with 

the formation of AIE pseudorotaxanes. The AIE pseudorotaxane polymer was non-toxic, and did 

not enter the nucleus. These observations suggest that a new biocompatible AIE pseudorotaxane 

based on host-guest interaction of TPE-PEG2 and α-CD is an excellent FL formulation for cell 

imaging.  
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