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Research Highlight 

 Water soluble Ln(III)-based metallopolymer 

 AIE-active and ACQ-effect lanthanide emission 

 Detection of nanomolar pyrophosphate in Hela Cell 

 

Abstract: In this study, a polymerizable terpyridine 

2-(4-(4-(4-vinylbenzyloxy)phenyl)-6-(pyridin-2-yl)pyridin-2-yl)pyridine was synthesized, 

with N-(2-hydroxyethyl)acrylamide (HEAA) used to obtain an amphipathic polymer (Poly) 

through free radical polymerization. Then, Poly was coordinated with LnCl3 or 

Ln(ABM)3(H2O)2 (ABM = 4,4,4-trifluoro-1-phenylbutane-1,3-dione; Ln = Eu or Gd) in an 

equimolar ratio and a series of terpyridine-based Ln(III)-metallopolymer Poly-Eu or 

Poly-Eu-ABM obtained. The results strongly suggested that Poly-Eu exhibited 

aggregation-induced lanthanide emission. In contrast, after the introduction of a secondary 

sensitizer, ABM to Poly-Eu, aggregation-caused quenching effects were observed in 

Poly-Eu-ABM. In addition, both Poly-Eu and Poly-Eu-ABM were applied as fluorescence 

sensors to selectively detect pyrophosphate (PPi) among a series of different anions and the 

detection limit found to be at the nanomolar scale. Furthermore, high PPi sensitivity and 

selectively, low toxicity, and water solubility of this metallopolymer matrix Poly-Eu-ABM 

were used to detect PPi in living cells. 

Keywords: Water-soluble; Eu(III)-based metallopolymer; AIE-active lanthanide behaviors; 

PPi probes; nanomolar scale. 

 

1. Introduction 
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Lanthanide (Ln) luminescent materials have attracted increasing attention in sensors,1 

fluoro-immunoassay,2 and bioimaging.3 Unlike conventional fluorescent dyes or non-Ln 

metal compounds, they possess evident line-like emissions, large Stokes shifts, long lifetime, 

and good photostability.4 However, the strong luminescent emission of Ln materials is often 

weakened or even quenched in their aggregated states because of aggregation-caused 

quenching effects (ACQ).5 As luminophores, Ln materials are often required to be used in 

their solid or aggregated states, giving rise to ACQ effects that significantly limit these 

materials in real applications. 

Tang’s group has reported an aggregation-induced emission (AIE) phenomenon, which is 

exactly the opposite of ACQ effects.6 Instead of emission quenching, AIE materials emit 

strong light when aggregated into high concentration solutions or in solid-state.7 Recently, 

AIE effects in metal complexes, which have mainly involved to gold(I),8 zinc(II)9, and 

iridium (III),10 have been largely ignored in Ln3+ ions. AIE-active Ln-based materials possess 

more attractive optical characteristics, by combining AIE with the Ln characteristic 

luminescence. However, to date, the development of AIE Ln materials have been limited and 

only a few examples have been reported. Recently, Zhu et al. have designed a 

tetraphenylethylene-(TPE) based tetrapodal ligand for sensitized Ln luminescence.11 Despite 

the fact that Ln complexes present AIE-active behaviors in its residual fluorescence, the 

characteristic emissions of Sm3+ and Dy3+ are without AIE-active behavior. Also, in the 

combination of Ln emissions and AIE-active behaviors, Zhang et al. have designed a 

TPE-based terpyridine ligand to light up Ln emissions.12 In AIE-active behavior of Ln 

complexes, with the TPE-center phenyl ring being locked in an aggregated state, there is a 
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restriction of the intramolecular rotation process. The AIE-active Ln complexes have potential 

applications in high concentration probes with high sensitivity and selectivity. 

Pyrophosphate anions (PPi) are essential for all living systems and play a significant 

role in many biochemical processes.13 A fluorescent method for PPi anion detection would be 

of considerable benefit and utility. Ln complexes are well known because of their excellent 

optical properties, which can yield high-resolution signatures with a long lifetime, large Stoke’s 

shift, and characteristic line-like emissions.14 However, most studied Ln complexes have been 

water-resistant and, thus, restricted applications in biosystems. To resolve this problem, a 

number of anion-type Ln complexes have been designed, such as Ln-dipicolinic,15 

Ln-diethylenetriaminepentaacetic acid,16 and Ln-terpyridine acid.9b Another Ln complex problem 

has been that these complexes usually exhibit high cell-toxicity as living cell bioprobes.17 In 

contrast, a water soluble polymer, such as poly(N-(2-hydroxyethyl)acrylamide), usually 

exhibits low toxicity or is nontoxic in biosystems.18 Naturally, by introducing Ln complexes 

into a polymer matrix via free radical polymerization, new Ln metallopolymers could be 

expected to possess excellent optical properties, water solubility, and low toxicity. To our 

knowledge, no study has been reported that has utilized the AIE or ACQ effects of Ln 

metallopolymers as a phosphorescent probe for detecting PPi. 

In this work, a polymerizable terpyridine, 

2-(4-(4-(4-vinylbenzyloxy)phenyl)-6-(pyridin-2-yl)pyridin-2-yl)pyridine (Tpy), was 

synthesized, with N-(2-hydroxyethyl)acrylamide (HEAA) used to obtain an amphipathic 

polymer (Poly) through free radical polymerization. Then, Poly was coordinated with EuCl3 

or Eu(ABM)3(H2O)2 in an equal molar ratio and a series of terpyridine-based 

ACCEPTED M
ANUSCRIP

T



Ln(III)-metallopolymer Poly-Eu (AIE-active behaviors) or Poly-Eu-ABM (ACQ effect) were 

obtained, respectively. Poly-Eu and Poly-Eu-ABM were applied as phosphorescent probes to 

selectively detect PPi among a series of different anions using fluorescent spectroscopy, with 

a detection limit at the nanomolar scale. Finally, the high PPi sensitivity and selectively, low 

toxicity, and water-solubility of this metallopolymer matrix, Poly-Eu-ABM was then used to 

detection nanomolar PPi in living cells. 

 

 

Scheme 1 Synthesis of ligand terpyridine (Tpy), polymer (Poly), AIE-active behaviors Poly-Eu, and ACQ effect 

Poly-Eu-ABM. 

2. Results and discussion 
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2.1 Synthesis and characterization of ligand (Tpy), polymer (Poly), Poly-Eu, and 

Poly-Eu-ABM 

Divinylphenyl-modified terpyridine (Tpy) was synthesized in 36% yield via a general 

two-step procedure in which the precursor 4-(4-vinylbenzyloxy)benzaldehyde was prepared 

by reacting 4-hydroxybenzaldehyde with 4-vinylbenzyl chloride in DMF solution (Scheme 1). 

Poly(HEMAA) is one of the popular polymer matrices that has excellent performance, 

including amphipathy and low toxicity. Copolymerization of Tpy and HEMAA was 

accomplished to obtain Poly based on free radical polymerization progress. Through the 

coordination of Poly and EuCl3∙6H2O or Eu(ABM)3(H2O)2, a novel AIE-active Poly-Eu or 

ACQ-effect Poly-Eu-ABM were obtained, respectively. 

 

Fig. 1. 1H NMR spectra of monomer Tpy, polymer Poly, and control sample in CDCl3 or D2O solution. 

Table 1. XPS and GPC data of Poly, Poly-Eu, and Poly-Eu-ABM. 

Sample XPSa GPC 

F 1s (%) Eu 4d (%)  Mn PDI 

Poly - - 22736 1.29 

Poly-Eu - 1.3 23490 1.37 
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Poly-Eu-ABM 6.8 1.1 24841 1.31 

aData of XPS obtained from peak integral area. 

The ligand (Tpy), precursor Poly, Poly-Eu, and Poly-Eu-ABM were characterized by 

1H NMR, GPC, FT-IR, or/and XPS. 1H NMR spectra of Tpy, which showed that Tpy was 

successfully prepared, and the character proton resonances of the functional vinyl (-CH=CH2) 

groups were at 6.74 ppm for -CH=C, 5.58 ppm for -C=CH2, and 5.27 ppm for -C=CH2 (Fig. 

1). However, the combined photon resonances ( = 8.69 to 0.93 ppm) for Poly of polymerized 

Tpy and HEMAA were observed, where the photon resonances of the vinyl groups (6.74 ppm 

for -CH=C, 5.58 ppm for -C=CH2, and 5.27 ppm for -C=CH2) disappeared and new 

up-shifted photon resonances (1.57–2.92 ppm for -CH and –CH2) observed. Also, the molar 

ratio of Tpy and HEMAA residues (45/1) was lower than its initial feed molar ratio of 50/1. 

Based on 1H NMR proton integration, each Tpy unit was connected to ~45 repeating HEAA 

units and the molecular weight of each repeating Poly at 5616. GPC results showed that the 

polydispersity indices (PDI = Mw/Mn) of these polymers (Poly, Poly-Eu, and Poly-Eu-ABM) 

were in the relatively narrow range of 1.29−1.37 due to radical copolymerization. However, 

the number-average molecular weights of Mn (23490−24841 Da) of metallopolymers 

(Poly-Eu and Poly-Eu-ABM) were slightly larger than Poly (Mn = 22736 Da), indicating the 

EuCl3∙6H2O and Eu(ABM)3(H2O)2 have coordinated to Poly, respectively. The characteristic 

absorptions of vibrations (C=O) at 1620–1623 cm-1 for poly-Eu were clearly 

blue-shifted 36–39 cm-1 relative to that (1659 cm-1) of free Poly upon coordinated Eu3+ 

ions. Similarly, Poly coordinated with Eu(ABM)3(H2O)2 displayed absorptions of 

(C=O) vibrations blue-shifted from 1659 to 1634–1637 cm-1. XPS survey spectra 

revealed that the poly-Eu and poly-Eu-ABM composed of carbon, oxygen, europium, 

ACCEPTED M
ANUSCRIP

T



nitrogen, and/or fluorine elements (Fig. 1S). The C-1s peak of Poly-Eu was deconvoluted into 

three significant peaks at 284.7, 285.2, and 288.1 eV, corresponding to C-C, C-O/C-N, and 

C=O, respectively (Fig. 2). Moreover, the high-resolution XPS spectra of Eu-4d3/2 and 4d5/2 

were centered at 142.2 and 137.5 eV, respectively, which corresponded to Eu elements of 

Poly-Eu and Poly-Eu-ABM in the trivalent state.19 Also, high-resolution of F elements were 

centered at 690.5 eV (F-1s) with a high concentration compared with Eu elements (Table 1), 

which indicated that the Eu(ABM)3-center was grafted to Poly. Based on the integral area of 

this peak, Eu occupied 1.3% and 1.1% of the entire Poly-Eu and Poly-Eu-ABM, respectively. 

However, based on the 1H-NMR proton integration, each Tpy unit was connected to about 45 

repeating HEAA units and the molecular weight of each repeating Poly was 5616 daltons. 

Theoretically, the Eu content of Poly-Eu (2.6%) or Poly-Eu-ABM (2.3 %) was calculated using 

the equation:  = M1/M2+5616, where M1 is the relative molecular weight of the Eu, and M2 is 

the relative molecular weight of EuCl3 or Eu(ABM)3 fragment, respectively. So the semi 

quantitative XPS and 1H-NMR analysis reveal that the definite molar ratio of Eu:Tpy in the 

Poly-Eu (1.3:2.6) and Poly-Eu-ABM (1.1:2.3) are observed, respectively. 
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Fig. 2. High-resolution XPS spectra of C-1s for Poly-Eu (a) and Poly-Eu-ABM (b), and Eu-4d (c) and F-1s (d) for 

Poly-Eu and Poly-Eu-ABM, respectively. 

2.2 The AIE phenomenon for Poly-Eu and ACQ phenomenon for Poly-Eu-ABM 

In the UV−Vis absorption spectra, Poly’s absorption band at 285 nm was observed, which 

was derived from  →  transitions of the Tpy unit. The absorption band was slightly 

blue-shifted, by 14 nm, relative to that of Poly coordinated with Eu3+ ions (271 nm, Fig. 3a). 

In addition, Poly showed a strong blue emission upon excitation in DMF solution at 330 nm 

(Fig. 2S). When the Poly-Eu concentration increased from 1 to 40 mg/mL, the excitation 

spectrum was red-shifted from 343 to 396 nm. The probable cause is stronger intermolecular 

interaction under higher concentration conditions. As expected, the UV-visible absorption of 

Poly-Eu red-shifted accordingly upon concentration increased (Fig. 3S). With 396 nm 

excitation, a related Poly-Eu exhibited typical Eu3+ ion emissions at higher concentrations (40 

mg/mL), due to transitions from the emitting level of 5D0 to the ground multiple 7FJ (J = 0, 1, 

2, 3, and 4), with 579 nm for 5D0  7F0, 589–595 nm for 5D0  7F1, 613 nm for 5D0  7F2, 

652 nm for 5D0  7F3, and 679 nm for 5D0  7F4, while such emissions disappeared at lower 

concentrations (1 mg/mL, Fig. 3b). With increased concentrations from 1 to 40 mg/mL, the 

characteristic emission intensity of Eu3+ ions gradually increased, and on the contrary, the 

residual emission of Tpy unit gradually decreased. Obvious level-off tails were observed in 

the visible region (400–500 nm) when using solvent mixtures with volume ratios up to 50–75% 

(Fig. 4S). Such tails are usually observed in particle suspensions and attributed to light 

scattering effects of aggregates.8 Interestingly, the luminescence behaviors of Poly-Eu were 

tunable in DMF/Dioxane (Diox) solutions using different volume ratios. Poly-Eu (1 mg/mL) 
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exhibited very weak emission at 613 nm in pure DMF solution (Fig. 3c). However, when the 

volume ratio exceeded 50%, new emissions of Eu3+ ions were observed at 578 nm for 5D0  

7F0, 588–595 nm for 5D0  7F1, 613 nm for 5D0  7F2, 651 nm for 5D0  7F3, and 678 nm for 

5D0  7F4. In addition, when the DMF/Diox volume ratio exceeded 75%, the emission 

intensity at 613 nm showed a ~58-fold enhancement, compared with the intensity in pure 

DMF. As Poly-Eu was insoluble in Diox, increasing the Diox fraction in the solvent mixture 

might have changed the form of the metallopolymer from a well-dispersed state in pure DMF 

to aggregated particles. The morphology analysis by SEM confirmed that Poly without 

aggregating exhibited as a film state in pure DMF (Fig. 5S). It is very interesting that 

look-like flowers particles (7-12 m) were presented in mixtures solution (volume ratio 

exceeded 50%), which indicated that aggregated particles were formed. In addition, DLS 

results also suggested that the size of Poly-Eu particles formed in DMF/Dioxane mixtures 

(volume ratio exceeded 50%) was 15-18 m. Because of drying effects, the hydrodynamic 

diameter (15-18 m) measured by DLS showed significant shrinkage, compared to the SEM 

values (7-12 m).20 These results implied that Poly-Eu easily formed larger particles under 

the same conditions because of solvent-induced stronger intermolecular interactions, causing 

aggregates to exhibit strong AIE behaviors. It is worth mentioning that the traditional 

AIE-active effects exhibited restricted molecular motion results in increased radiative 

emissions. However, the characteristic luminescence of Eu3+ ions might depend on the ligand 

"antenna effect". To examine the AIE-active mechanism, Poly-Gd was also prepared, in which 

Gd3+ ions could not accept any energy from the chromophore excited state because the 6P7/2
 

(first excited state) of the Gd3+ ion exceeded the chromophore singlet state. The 1→* (singlet 
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state level) of Poly was calculated from the higher absorption wavelength edge of the 

UV-visible spectrum (absorption) of Poly-Gd.21 The emission (77 K) band centered at 461 nm 

(21691 cm-1) was considered the emission from the 3→* (triplet state) of Poly.22 The 

Poly-Eu concentration-induced regulation of the first excited state might be explained by 

AIE-active lanthanide behaviors. As expected, as the Poly-Gd concentration increased from 1 

to 40 mg/mL, the higher absorption wavelength edge was red-shifted from 330 nm (30303 

cm-1) to 370 nm (27027 cm-1) and the energy gap reduced from 8612 to 5336 cm-1, giving rise 

to more efficient intersystem crossing process. The energy transfer rate (kET) was calculated 

using the equation: kET = 1/q - 1/u, where q is the lifetime of the residual emission at 430 

nm (quenching by Eu3+ ions) for Poly-Eu and u the unquenched lifetime for Poly-Gd.23 As a 

result, the energy transfer rate between Eu3+ ions and Tpy units was calculated to be 1.1 x 107 

and 4.2 x 107 s-1 at 1 and 40 mg/mL, respectively, from kET = 1/(Poly-Eu) - 1/(Poly-Gd). These 

findings indicated that high concentrations of Poly-Eu consumed energies of Poly-Eu excited 

states, markedly increasing the energy transfer efficiency from Tpy units to Eu3+ ions. 

   
(a)                                             (b) ACCEPTED M
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(c)                                             (d) 

Fig. 3. UV-visible and excitation spectra of Poly and/or Poly-Eu at different concentrations in DMF (a); emission 

spectra of Poly-Eu at different concentrations in DMF, inset photo image of fluorescence change of Poly-Eu upon 

increasing concentration (b); emission spectra of low Poly-Eu concentrations (1 mg/mL) after reprecipitated in 

Diox (v/v = 1/0, 1/1, 1/2, and 1/3) (c); and emission spectra of Poly-Eu-ABM at different concentrations in DMF 

(d). 

Interest here was naturally in the influence of different sensitizers in Eu3+ ion emission 

intensities of Poly-Eu-ABM at different concentrations. ABM has been demonstrated to be one 

of the best sensitizers for Eu3+ ion emissions in dilute DMF solutions.24 Compared with the 

absorption spectra of Poly-Eu, Poly-Eu-ABM was shown here to have a new absorption bond 

at 345 nm, which was derived from the    transition of ABM units (Fig. 6S). These facts 

indicated that both Poly and ABM were activated as sensitizers for Eu3+ ion emission. To 

better understand the energy transfer process between the Poly, ABM and Eu3+ ions, the 

overlap was discussed in detail (Fig. 7S). There is an overlap of the absorption spectra 

between Poly and ABM in the region 250−400 nm (Fig. 8S), giving rise to a similar singlet 

state. However, no overlap exists between the emission spectrum and the absorption spectra 

of the ABM and Poly, respectively. It indicates that the radioactive energy that comes from 

the singlet state without energy exchange. The triplet level of Poly can transfer energy to the 
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triplet level of ABM, which can be proved from its overlap.25 The triplet level of Poly can also 

transfer energy to the central Eu3+ ion directly or through the triplet state of ABM. The triplet 

levels of the Poly (21691 cm-1) and ABM (20131 cm-1) are obviously higher than the 5D0 level 

(17286 cm-1) of Eu3+ ion, and their energy gaps ΔE (3ππ* - 5D0) are 4405 and 2845 cm-1, 

respectively. The energy gap between the 1ππ* and 3ππ* states of Poly and ABM are 5184, 

and 5096 cm-1 (> 5000 cm-1), respectively, endowing high efficiency intersystem crossing 

process. For Poly-Eu and Poly-Eu-ABM, the highest emission intensities were the 

hypersensitive transition (5D0  7F2) and the highest intensity (at 613 nm) strongly depended 

on symmetry around the Eu3+ ion center. In contrast, the magnetic dipole allowed the 5D0  

7F1 transition (592 nm), which did not depend on Eu3+ site symmetry. The difference of the 

5D0  7F2 and 5D0  7F1 emission intensity ratios was used to determine the Eu3+ site 

symmetry of Poly-Eu and Poly-Eu-ABM, respectively.26 Herein, the obtained emission 

intensity ratio was ~1.5 for Poly-Eu and ~8.5 for Poly-Eu-ABM, indicating a lowered 

symmetry order with the introduction of ABM sensitizer. When the concentration exceeded 10 

mg/mL, the emission performance of Poly-Eu was activated due to AIE effects and only ABM 

served as the sensitizer. Consequently, the Eu3+ ion emission intensity of Poly-Eu-ABM 

became lower (40 mg/mL). Thus, when the concentrations of Poly-Eu-ABM changed from low 

to high, the emission intensities of Eu3+ ions changed from high to low to high (Fig. 3d). With 

ABM acting as the main sensitizer for Eu3+ emission in dilute solution (1 mg/mL), the quantum 

yield () of Eu3+ in Poly-Eu-ABM was 47.2%. The quantum yield of Eu3+ ions was 16.7% 

when the concentration of Poly-Eu was 40 mg/mL. It is worth noticing that the quantum yield 

of Poly-Eu-ABM (44.8%) in solid state was slightly lower than those in solution. On the 
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contrary, Poly-Eu in solid state can improve quantum yield obviously as compared to that in 

solution. Also, the luminescent decay curve (141 s) of Poly-Eu at 613 nm was increased to 

528 s after ABM induction (Fig. 9S). When the concentration increased to 10 mg/mL, ABM 

was fully activated as a sensitizer for Eu3+ ion emissions. However, the Eu3+ ion emission 

intensity was lower than that at 40 mg/mL, with a quantum yield of 31.9%. This might have 

been because ACQ effects on ABM decreased its sensitizer performance and AIE effects on 

Poly-Eu were not activated at this concentration. 

2.3 Selective detection of PPi based on Poly-Eu-ABM and Poly-Eu 

The analysis of PPi in biological systems is commonly performed in aqueous buffers. Here, 

Poly-Eu was composed of the Eu(III)-terpyridine complex grafted onto a water-soluble 

polymer that was successfully dissolved in water. The luminescence of Poly-Eu was almost 

quenched in aqueous buffers. To determine the stability of the Poly-Eu in aqueous buffers, the 

absorption of Poly and Poly-Eu was studied. A new absorption band appeared at 400 nm, 

relative to that of Poly coordinated with Eu3+ ions (Fig.10S). It is important that Poly’s only 

one absorption band at 285 nm was observed in DMF. Obviously, a new absorption band at 

348 nm was observed in aqueous buffers. The singlet state of Poly was greatly reduced to 

22222 cm-1 (aqueous buffers) from 27027 cm-1 (DMF), which may induce luminescence 

quenching. In contrast, Poly-Eu-ABM possessed a strange characteristic luminescence by 

Eu3+ ions under the same conditions, which benefited from the bidentate coordination 

between Eu3+ ions and ABM, replaced water molecules around the Eu3+ ions, and formed a 

stable nine-fold coordination structure. Therefore, novel ACQ effects in Poly-Eu-ABM and 

AIE effects in Poly-Eu were titrated with some representative substrates in aqueous buffers 
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and DMF solution, respectively. PPi detection with Poly-Eu-ABM (10 μM) was investigated 

in HEPES buffer solution (pH 7.4 and 10 mM). Poly-Eu-ABM was found to act as an “on-off” 

probe for PPi in HEPES buffer. Poly-Eu-ABM displayed moderate fluorescence at 450 nm 

and luminescence at 613 nm in the absence of PPi (Fig. 4a). The good coordination ability of 

PPi with Eu3+ ions induced Eu3+ ions to part from Poly-Eu-ABM and prevented energy 

transfer from Poly to Eu3+ ions. As a result, fluorescence intensity at 450 nm slightly 

increased with incremental PPi addition, whereas the characteristic luminescence of Eu3+ ions 

gradually decreased, with a fluorescence decrease of over 180-fold at 613 nm. It was 

pleasantly surprising that the probe was able to detect PPi at nanomolar concentrations, ~80 

nM, and that the detection limit was ~12 nM. Furthermore, the luminescence quenching effect 

of various anions on Poly-Eu-ABM, such as Cl-, NO3
-, SO4

2-, OAc-, NO2
-, PO4

3-, Br-, CO3
2-, 

H2PO4-, and HPO4
2-, were investigated, with each anion (560 nM) added into a Poly-Eu 

dispersion (40 mg/mL, Fig. 4b). PPi anions were observed to have the greatest effect on 

luminescence quenching among these anions. For PO4
3-, H2PO4-, and HPO4

2-, slight 

fluorescence quenching was attributed to nonspecific interactions between Eu3+ ions and 

anions. In addition, Poly-Eu acted as a fluorescence probe for PPi detection in DMF solution. 

Poly-Eu displayed a strange fluorescence at 420 nm and characteristic luminescence of Eu3+ 

ions in the absence of PPi (Fig. 4c). However, the fluorescence intensity of Poly-Eu at both 

420 and 613 nm decreased with incremental PPi addition, which was adverse relative to 

Poly-Eu-ABM, and with an observed luminescence decrease of over 100-fold at 520 nm. In 

addition, there was a linear relationship between the intensity ratio (I0 - It/I0) and PPi 

concentration, and the detection limit calculated to be ~200 nM. As mentioned above, PPi 
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anions had the greatest quenching effects and a few other quenchings were attributed to other 

anions (Fig. 4d). Poly-Eu could be quenched by PPi anions because of the strange 

coordination interactions between PPi anions and Eu3+ ions of Poly-Eu. As expected, upon 

adding Eu3+ ions into Poly in DMF solution (40 mg/mL), the characteristic luminescence of 

Eu3+ ions was enhanced (Fig. 11S). Accompanied by Eu3+ ions bound in Poly, the absorption 

band of Tpy-centers at 284 nm was blue-shifted to 271 nm (Fig. 12S). However, the 

absorption band eventually returned to 284 nm, which was attributed to Eu3+ ions leaving 

Poly-Eu (Fig. 13S). 

     
(a)                                         (b) 

     
(c)                                       (d) 

Fig. 4. (a) Emission spectra response of Poly-Eu in DMF upon addition of PPi (80–560 nM); (b) emission intensity 

of Poly-Eu at 613 nm in presence of different anions (560 nM); (c) visible emission spectra of Poly-Eu (20 mg/ml) 

in DMF upon addition of PPi (10–90 M); and (d) emissions intensity of Poly-Eu-ABM (2 mg/ml) at 613 nm in 

water upon addition of PPi (80–560 nM). 
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2.4 Cytotoxicity assay of Poly-Eu-ABM 

An MTT assay showed that Poly-Eu-ABM possessed low cytotoxicity，which could serve as 

an excellent bioimaging reagent. Cytotoxicity and interactions between Poly-Eu-ABM and 

cells were evaluated by standard MTT assays using HeLa cells as model cells. Cell 

viabilities were examined upon exposure to Poly-Eu-ABM of different concentrations 

(0, 0.031, 0.062, 0.125, 0.25, 0.5, and 1 mg/mL). Poly-Eu-ABM exhibited very low 

cytotoxicity and a viability of >91% at a concentration of 0.5 mg/mL after a 24 h 

incubation (Fig. 5a). However, when the concentration was elevated to 1 mg/mL, cell 

viability decreased to 20%. Poly-Eu-ABM’s toxicity and the potential for reducing cell 

cycle effects on toxicity were further explored by exposing cells to Poly-Eu-ABM at 

the above concentrations for 48 h. The results indicated that Poly-Eu-ABM had low cell 

toxicity at concentrations ranging from 31 to 125 μg/mL (Fig. 5b). These results 

demonstrated that Poly-Eu-ABM had low toxicity and good biocompatibility towards 

HeLa cells, which was attributed to the low toxicity of Poly-Eu-ABM that minimized 

Eu3+ leakage into the surroundings. In summary, this indicated that Poly-Eu-ABM 

showed excellent biocompatibility, suitable for bio-applications, and could serve as a 

fluorescent bioprobe with low cytotoxicity. 

2.5 PPi detection in living cells 

The high-efficiency luminescence, high PPi sensitivity, low toxicity, and water solubility of 

this polymer matrix indicated the significant potential of this Poly-Eu-ABM for investigating 

PPi concentrations in biological systems. Poly-Eu-ABM was introduced into cultured Hela 

cells in DMEM at 37°C in a CO2 incubator for 90 min and observed under an Olympus 
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FV1000 laser confocal microscope IΧ81 (Olympus Corp., Tokyo, Japan). Images showed a 

similar dual (blue and red) emission under a Em = 320, 340, or 360 nm excitation (Figs. 5c 

and 14S), due to their broad excitation spectrum (250–400 nm) and narrow emission 

spectrum (Fig. 15S). Both blue and red luminescence was observed from these cells, 

indicating that the nanoprobe passed through cell membranes. Poly-Eu-ABM was thus 

successfully employed in staining for PPi of these cells, exhibiting a bright blue 

emission (Fig. 5d and 16S). Because of the excellent sensitivity of Poly-Eu-ABM, 

almost pure red light was eliminated over the entire cell, even regions with 560 nM PPi 

concentrations. In contrast, the blue emission channel was assigned to the residual 

fluorescence from the Poly segment and blue fluorescence persisted both in PPi or 

PPi-free conditions. 

    
(a)                                           (b) 
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Fig. 5. Cytotoxicity assay of Poly-Eu-ABM at higher doses for incubation time varied from 24 (a) to 48 h (b) using 

HeLa cells; the confocal fluorescent microscopic images of HeLa cells treated with 0.062 mg∙mL-1 Poly-Eu-ABM 

(c); and/or further incubated with 10 M PPi for 30 min 9D). Images: c1 and d1 taken under bright field, c2 and d2 

under 421–471 nm, c3 and d3 under 600–650 nm , c4 and d4 an overlay of fluorescence images, and c5 and d5 an 

overlay of fluorescence images under bright field. Scale bar, 20 μm. 

3. Conclusion 

In this study, a polymerizable Tpy was synthesized, with HEAA used to obtain an 

amphipathic polymer, Poly, through free radical polymerization. Further, Poly was 

coordinated with LnCl3 or Ln(ABM)3(H2O)2 (Ln = Eu or Gd) in an equimolar ratio and a 

series of terpyridine-based Eu(III)-metallopolymer Poly-Eu prepared. Also, the UV-Vis 

absorption spectra, visible emission spectra, and time-correlated single photon counting 

strongly suggested that Poly-Eu exhibited AIE effects. In contrast, after the introduction of a 

secondary sensitizer ABM, ACQ effects by Poly-Eu-ABM were obvious. Moreover, Poly-Eu 

and Poly-Eu-ABM were applied as phosphorescent probe to selectively detect PPi by 

spectroscopy, from among series of different anions, and the detection limit found to be at the 

nanomolar scale. Furthermore, the high-efficiency luminescence, high PPi sensitivity, low 

toxicity, and water solubility of this metallopolymer matrix Poly-Eu-ABM was used to detect 

nanomolar PPi concentrations in living cells. 
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