
Multifunctional pyrazoline based AIEgens: real-
time tracking and specific protein “fishing” of lipid
droplets†

Na Zhao, * Yan Li,‡ Weiyao Yang,‡ Jiabao Zhuang, Yue Li and Nan Li *

Despite the rapid development of organic fluorescent probes for bioimaging and biosensing applications,

construction of advanced probes with multiple biological functions by precisely integrating different

functionalized elements into a single molecule has rarely been reported. In this contribution, a series of

multifunctional pyrazoline based fluorescent probes (Pyr-n, n ¼ 1–5) were designed and synthesized by

introducing different aromatic moieties into the pyrazoline core. All Pyr probes exhibited the

aggregation-induced emission effect. Thanks to the excellent biocompatibility and suitable lipophilicity,

the Pyr probes can stain the lipid droplets (LDs) in living cells with high specificity as well as track the

lipid metabolism in Zebrafish embryos. The protonation–deprotonation capability of the diethylamino

group enables Pyr-5 to reversibly migrate between LDs and mitochondria, and real-time monitor the

intracellular pH change in dual-color mode. The mild reaction between the pentafluorophenyl unit and

thiol group makes Pyr probes the ideal probes to “fish out” the proteins associated with LDs in living cells.

Introduction

Lipid droplets (LDs), ubiquitous lipid-rich organelles that exist

in fungi, plants and animals, play crucial roles in diverse bio-

logical processes.1 It has been shown that LDs regulate the

cellular energy storage between surplus and starvation to

provide cells a competitive evolutionary advantage.2 By gener-

ating phospholipids and sterols from catabolism or mobiliza-

tion of lipids, LDs involve in membrane biosynthesis.3 Using

their buffering capacity, LDs protect cells from endoplasmic

reticulum stress under excessive amounts of lipids and even-

tually protect cells against apoptosis or necrosis.4 Meanwhile,

LDs participate in the progress of several human diseases from

diabetes, cardiovascular diseases to hepatic steatosis, neuro-

degeneration, and cancers by controlling the lipid homeo-

stasis.5 LDs also serve as the sites of storage and metabolism of

specic proteins.6–8 For example, by temporarily storing

histones, LDs could support the rapid development of

Drosophila and Zebrash embryos. By rerouting the peptides or

proteins derived from phagocytosed materials, LDs involve in

the process of antigen expression from immune cells to T cells.

Considering the important biological roles of LDs, tracing their

dynamic functions is of prime importance.

The progress of uorescence techniques stimulated the

principle, design and synthesis of uorescent probes with

capabilities to specically stain subcellular organelles.9 In

particular, some novel uorescent probes for LD imaging have

been developed, such as commercial probes BODIPY493/503

and Nile red.10,11 However, non-specic binding and low

signal-to-noise ratio (SNR) resulting from the aggregation-

caused quenching effect severely limited the application scope

of these conventional probes.12 The emergence of luminogens

with aggregation-induced emission characteristics (AIEgens)

provides the optimal choice to overcome the drawbacks of

traditional uorescent probes.13 Beneting from their “light-

up” properties that arise from the restriction of intramolecular

rotation, AIEgens allow staining of subcellular organelles with

high brightness, and have superior photostability, background-

free imaging ability and wide range concentration tolerance.14

Some elegant AIEgens that are favourable for staining LDs have

been developed, such as TPE-AmAl,15 AIP,16 NAP,17 and triphenyl

amino based probes.18 Nevertheless, it should be noted that

most of the LD specic AIEgens solely focus on staining, and

design and construction of simple AIEgens with advanced bio-

logical functionalities for tracking the dynamics, metabolism

and functionalities of LDs is still rare.

Herein, we have developed a series of multifunctional uo-

rescent probes (Pyr-1 to Pyr-5) by integrating the pyrazoline core

with different functionalized moieties (Scheme 1). The resulting

Pyr probes exhibited unique AIE characteristics, large Stokes

shis and tunable emission. The excellent biocompatibility as
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well as suitable lipophilicity with high Clog P values enabled

these Pyr probes to display superior LD staining ability in living

cells and track the lipid metabolism in Zebrash embryos.

Beneting from the protonation of the diethylamino group

under acidic conditions, Pyr-5 could reversibly migrate between

LDs and mitochondria with dual emission color by precisely

responding to the intracellular pH changes within narrow acid–

base transition. Moreover, taking advantage of mild reaction

conditions between the pentauorophenyl unit and thiol group,

Pyr probes could serve as ideal probes to “sh out” the proteins

associated with LDs in living cells.

Results and discussion
Synthesis and optical properties

The synthetic routes to Pyr probes are shown in Scheme S1 and

S2.† By adapting the convergent “photo-click” reaction of pen-

tauorophenyl substituted tetrazoles and styrene derivatives,19

the pyrazoline based compounds (Pyr-1 to Pyr-5) were facilely

obtained with reasonable yield. All Pyr probes were fully char-

acterized by NMR spectroscopy and high-resolution mass

spectroscopy, and the data were in good agreement with the

target structures.

The UV-Vis spectra of Pyr probes were studied at the initial

stage. As illustrated in Fig. 1A and Table 1, the longest

absorption peaks of Pyr-1 to Pyr-5 in acetonitrile varied from 367

to 402 nm, which is probably attributed to the intramolecular

charge transfer (ICT) transition from the electron donating part

to the electron decient unit.20 The red-shied absorption

peaks from Pyr-1 to Pyr-5 could be caused by the increase of

electron donating ability from the 4-methylphenyl to the 4-

diethylaminophenyl group. When the solutions of Pyr probes

were photoexcited, faint or moderate photoluminescence was

observed. However, increasing the water fractions (fw) of mixed

solutions enhanced their emission intensity (Fig. 1B and S1†).

By taking Pyr-5 as an example, the uorescence intensity

remained at a low level when the fw was less than 70%, and

a continuous increase of fw led to the emission “light-up” and

the emission intensity at 565 nm reached the maximum at an fw
of 99% with an approximately 30-fold enhancement compared

to that in the solution state (Fig. 1C), demonstrating its typical

AIE effect. The existence of nanoaggregates at an fw of 99% was

further conrmed by the measurement of dynamic light scat-

tering (Fig. S2†). It is worth mentioning that the emission

intensity of Pyr-4 dropped when the fw was more than 80%,

which could be ascribed to the change of morphology and size

of nanoaggregates at higher fw.
17 Importantly, all Pyr probes

exhibited a large Stokes shi (>133 nm), which shows great

advantage for bio-imaging applications due to the reduction of

self-absorption. Moreover, the solid-state emission of Pyr-1 to

Pyr-5 was tuned from 480 to 558 nm with higher uorescence

quantum yields (Ff, 5.7–45.2%) than those in the solution state

(0.3–34.8%), which further proved their AIE feature.

The uorescence lifetimes of all Pyr probes both in the solid

(2.19–3.91 ns) and solution (1.14–2.26 ns) states were also

measured (Table 1). The rate constants for radiative (kr) and

non-radiative decay (knr) of Pyr probes in different states were

calculated based on the uorescence lifetimes and quantum

yields (Table S1†). Taking Pyr-5 as an example, the kr was 1.639

� 106 s�1 in the solution state, which was less than the knr value

(5.448 � 108 s�1). However, the kr increased to 4.346 � 107 s�1

whereas the knr decreased slightly to 4.238� 108 s�1 in the solid

state. These results implied that suppression of the non-

radiative decay was responsible for the enhanced emission in

the solid state.

Scheme 1 (A) Chemical structures of Pyr probes. (B) Illustration of bio-

application of Pyr probes.
Fig. 1 (A) Absorption spectra of Pyr probes (10 mM) in acetonitrile. (B)

Emission spectra of Pyr-5 (10 mM) in acetonitrile/water mixtures with

different fw. (C) Plots of I/I0 versus the fw for Pyr probes (10 mM). (D)

Normalized solid-state emission spectra of Pyr probes. Inset in (B):

photograph of Pyr-5 in acetonitrile/water mixtures with an fw of 0 and

99% under irradiation of 365 nm UV light.
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Crystal analysis and theoretical calculation

The single crystal structures of these Pyr probes were thoroughly

investigated in order to explain the origination of their emission

properties from the aspects of molecular conformations and

crystal packing modes. To our delight, the single crystals of Pyr-

1, Pyr-2 and Pyr-4 were successfully obtained by slowly evapo-

rating mixtures of tetrahydrofuran/n-hexane or dichloro-

methane/n-hexane containing the probes at room temperature

(Table S2†). As shown in Fig. 2, all crystals adopted a non-planar

conguration and the torsion angles between the pyrazoline

core and the substituted groups at position 1 were 13.52, 11.57

and 4.62� in the order from Pyr-1, Pyr-2 to Pyr-4, respectively.

Additionally, the torsion angles between the pentauorophenyl

group at position 3 and the central pyrazoline ring were 13.57,

8.15 and 0.29� from Pyr-1, Pyr-2 to Pyr-4, respectively. It is

noteworthy that the torsion angles varied from 70.87, 98.10 to

73.21� (Pyr-1, Pyr-2 to Pyr-4) between phenyl rings at position 5

and the pyrazoline part, which turned the whole molecule into

an extremely distorted conformation. All crystals stacked in the

form of an offset head-to-tail arrangement while the distances

between neighbouring molecules range from 4.096 to 6.503 Å,

indicating the absence of p�p stacking interaction. Moreover,

multiple intermolecular interactions such as C–H/F (2.505,

2.560, 2.569 and 2.635 Å) and C–H/O (2.602 Å) were observed

within crystal lattices (Fig. S3†), which could help the excited

molecules to overcome the non-radiative decay and give intense

emission in the condensed state.21

To provide further insight into the relationship between the

electronic transitions and special optical behaviour, the ground-

state molecular orbital geometries of Pyr probes were optimized

using the density functional theory (DFT) method at the B3LYP/

6-31G basis set (Fig. 3). The calculation results revealed that the

highest occupied molecular orbital (HOMO) was primarily

delocalized on the aromatic substitutes at position 1 and the

central pyrazoline ring, while the lowest unoccupied molecular

orbital (LUMO) is mainly distributed over the pentauorophenyl

unit at position 3 as well as the pyrazoline core. The separated

frontier orbitals suggested the existence of the ICT process in Pyr

probes. It is noteworthy that no electron cloud distribution was

observed for the aromatic rings at position 5 because of their

non-participation in molecular conjugation. Meanwhile, as the

electron-donating abilities increased in the order from Pyr-1 to

Pyr-5, the energy levels of the LUMO varied from �0.30 to �0.12

while the energy levels of the HOMO increased from �6.40 to

�5.65 eV. The energy gaps between the HOMO and LUMO were

calculated from 6.10 to 5.53 eV (Pyr-1 to Pyr-5). The better orbital

separation degree and reduced energy gap resulted in the red-

shied absorption bands from Pyr-1 to Pyr-5.

Fig. 2 Torsion angles, distances between neighboring molecules and

crystal packing modes of (A) Pyr-1, (B) Pyr-2 and (C) Pyr-4.

Fig. 3 Molecular orbital amplitude plots of HOMO and LUMO energy

levels of Pyr probes calculated by using the DFT method at the 3LYP/

6-31G (d,p) basis set.

Table 1 Optical properties of Pyr probes

Comp.

Solutiona Solidb

labs [nm]

lem

[nm] Ff
c (%) savg

d [ns] lem [nm] Ff
c (%) savg

d [ns]

Pyr-1 367 500 34.8 1.96 480 43.3 2.69

Pyr-2 373 529 6.9 1.14 494 45.2 3.91

Pyr-3 395 560 0.6 1.26 546 19.2 2.19
Pyr-4 402 562 1.3 2.26 558 5.7 2.31

Pyr-5 402 565 0.3 1.83 555 9.3 2.14

a In acetonitrile (10 mM). b In the solid state. c Absolute uorescence quantum yield measured using a calibrated integrating sphere system. d Mean
uorescence lifetime (savg) calculated using the equation savg ¼ A1s1 + A2s2.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 9009–9016 | 9011
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LD imaging and lipid metabolism tracking

Considering the hydrophobic characteristic of Pyr probes and

the lipophilic environment within LDs, we anticipated that the

Pyr probes could be used for LD-targeted imaging. The cell

viability studies were carried out at rst by using the 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT)

assay. As shown in Fig. S4,† aer incubating either cancer cells

(HeLa cells) or normal cells (CHO cells) with Pyr probes (Pyr-1,

Pyr-2 and Pyr-5) over a concentration range from 100 nM to 10

mM, negligible cell toxicity was observed, suggesting their good

biocompatibility. The cellular uptake and localization of Pyr

probes were checked using confocal laser scanning microscopy

(CLSM). By incubating HeLa cells with Pyr-1 for 30 min, the

probe could successfully penetrate the cell membrane and

accumulate in the LDs with blue emission (Fig. S5†). To eluci-

date exactly the localization of Pyr probes in the LDs, HeLa cells

were co-stained with Pyr probes and the commercial LD-

targeting marker HCS LipidTOX™ Deep Red Neutral Lipid

Stain. As displayed in Fig. 4, the merged images indicated that

the location of Pyr probes in cells was well consistent with that

of the HCS LipidTOX™ Deep Red Neutral Lipid Stain. The

Pearson's coefficients were calculated up to 0.94, 0.94 and 0.96

for Pyr-1, Pyr-2 and Pyr-5, respectively. Similar specic LD-

targeted images were obtained when the CHO cells were

treated with Pyr probes (Fig. S6†), manifesting that Pyr probes

can selectively stain the LDs in living cells.

To provide explanation for the high specicity of Pyr probes to

LDs, their Clog P values were calculated. Clog P is dened as the

calculated log P (n-octanol/water partition coefficient) value and

the probes with Clog P > 5 are usually considered to specically

stain LDs.17,22 As shown in Fig. 5A, the Pyr probes displayed Clog P

values between 6.516 and 7.820, which were much higher than

those of commercial probes BODIPY493/503 (5.028) and Nile red

(4.618), and resulted in their selective localization in LDs.

Besides their excellent biocompatibility and specicity

properties, we further evaluated the photostability of these Pyr

probes, since superior photostability is always critical for high

resolution 3D imaging and time-resolved studies. To our

delight, aer 100 scans, the uorescence intensity of Pyr probes

remained over 95% (Fig. 5B and C), demonstrating that they

possess higher resistance to photobleaching.

3D imaging is a powerful tool to track the dynamics and

functions of subcellular organelles. Generally, 3D imaging is

obtained by the reconstruction of multiple Z-stack images,

which involves several laser scans of the sample. Therefore,

a qualied uorescent probe capable of giving high resolution

3D images is required to emit more photons before photo-

bleaching than 2D imaging and also without sacricing lateral

resolution. However, commercial uorescent probes always

result in non-specic staining, which leads to the mixed signals

of both specic uorescent response and non-specic back-

ground noise, further limiting their ability in 3D imaging. Since

Pyr probes displayed high brightness as well as excellent pho-

tostability, Pyr-2 and Pyr-5 were adopted for 3D imaging of LDs

in living cells. Prior to imaging, the nucleus, LDs and cell

plasmamembrane were stained with Hoechst 33342, Pyr probes

and DiD perchlorate, respectively. Then, 18 mm Z-stacking for

Pyr-2 (14 mm Z-stacking for Pyr-5) was performed using 1 mm

steps, representing 18 (or 14) scans per image. The 3D images

exhibited clear and bright green (yellow) spots (Fig. 6), which

revealed the great 3D imaging capability of Pyr probes for

subcellular LD localization in HeLa cells.

Another key feature for a qualied subcellular organelle

uorescent tracker is wash-free imaging capability, because the

wash-free manner can signicantly simplify the bioimaging

Fig. 4 Co-localization CLSM images of HeLa cells stained with Pyr

probes (500 nM) and HCS LipidTOX™ Deep Red Neutral Lipid Stain

(1 : 1000 dilution). Scale bar: 10 mm.

Fig. 5 (A) The Clog P values of Pyr probes, BODIPY493/503 and Nile

Red. (B) Loss in the fluorescent signal of HeLa cells stained with Pyr

probes (500 nM), BODIPY493/503 (500 nM) and Nile red (500 nM) with

the number of scans after laser irradiation. (C) CLSM images of HeLa

cells stained with Pyr probes after 1 and 100 scans. Scale bar: 10 mm.

9012 | Chem. Sci., 2019, 10, 9009–9016 This journal is © The Royal Society of Chemistry 2019
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procedure and avoid interference from the cell morphology

during the cell washing process. In view of the AIE character-

istics of these Pyr probes, their wash-free staining ability was

evaluated. HeLa cells were treated with Pyr probes, BODIPY493/

503 or Nile red for 30 min and their uorescent images were

then collected directly (Fig. 7). The resulting images revealed

that even without washing, the LDs can be successfully stained

by Pyr probes with excellent image contrast as well as negligible

background uorescence. In sharp contrast, the cell images

obtained by incubation with BODIPY493/503 or Nile red without

washing exhibited strong uorescent signals in the whole cell

area. The wash-free imaging ability of Pyr probes with high SNR

could be originating from their suitable lipophilicity nature as

well as unique AIE characteristics. By virtue of the wash-free

imaging ability of Pyr probes, a time-dependent staining was

facilely achieved. As shown in Fig. S7,† aer mixing the cell

culture with Pyr probes at 37 �C for 5 min, the LDs could be

visualized for Pyr-5. Upon prolonging the incubation time to

15 min, all Pyr probes gave uorescent signals from LDs,

illustrative of their fast staining ability for LDs.

Zebrash and Drosophila embryos are two kinds of ideal

candidates to study lipid dynamics as well as lipid-related

diseases, such as diabetes, atherosclerosis and obesity.7,23 The

superior LD staining capabilities of Pyr probes inspired us to

explore their application in the tracking of lipid metabolism in

living Zebrash and staining of Drosophila embryos. 3 day post

fertilization (dpf) Zebrash embryos were incubated with Pyr

probes in embryo media for 30 min at 28 �C and the images of

Zebrash embryos were collected using CLSM (Fig. 8A and S9–

S11†). Intense uorescent signals mainly located in the yolk sac

were observed. As the embryonic yolk zone is the sole energy

supplier for larval development within the rst week by storing

most of the neutral lipids and phospholipids, the above results

proved the ability of Pyr probes to stain the yolk lipids. With the

absorption of the yolk sac (from 3 dpf to 5 dpf), the uorescence

intensity of Pyr probes decreased gradually, which was consis-

tent with the development of the yolk sac. The results showed

that the Pyr probes could be used as a probe for tracking the

lipid metabolism in living vertebrate organisms. Meanwhile,

during the process of imaging, no Zebrash death was

observed, suggesting the good biocompatibility of Pyr probes.

Similar specic staining of lipids was obtained when the xed

Drosophila embryos (stage-13) were employed (Fig. 8B and

S12†).

Fig. 6 3D CLSM images of HeLa cells incubated with (A and C) Pyr-2

(500 nM) and (B and D) Pyr-5 (500 nM), obtained by 18 mm (Pyr-2) and

14 mm (Pyr-5) depth Z-stacking (1 mm steps) showing the repartition of

the LDs within the cells. Maximum intensity projection images (top

panel) and 3D images (bottom panel) showing the nucleus (blue), the

LDs (green or yellow spots), and the cell plasmamembrane (red). Scale

bar: 10 mm.

Fig. 7 CLSM images of HeLa cells stained with Pyr probes (500 nM),

BODIPY493/503 (500 nM) and Nile red (500 nM) in the absence of the

washing procedure. Scale bar: 10 mm.

Fig. 8 (A) The tracking of lipid metabolism in Zebrafish embryos at

different development stages after staining with Pyr probes (2 mM, 30

min). (B) CLSM images of fixed Drosophila embryos (stage-13) stained

with Pyr probes (2 mM, 30 min). Scale bar: 100 mm.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 9009–9016 | 9013
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Real-time monitoring of the intracellular pH in dual-color

mode

The reversed transmembrane pH gradient is a key characteristic

of cancer cells, and therefore, development of an intracellular

pH indicator becomes particularly important for convenient

histopathological analysis.24 Since Pyr-5 contains a dieth-

ylamino group, we speculated that it may serve as a sensitive pH

indicator. As shown in Fig. 9A, Pyr-5 gave orange emission at

565 nm when the pH value was more than 9. Reducing the pH

value to 7, a new blue emission at 480 nm emerged, which

further became dominant when the pH value was less than 5.

This blue-shied emission was probably due to the reduction of

the ICT effect once the diethylamino group of Pyr-5 was

protonated. We next evaluated the capability of Pyr-5 for intra-

cellular pH detection, and the cells pre-stained with Pyr-5 were

treated with HEPES buffer at different pH values, respectively.

As illustrated in Fig. 9C, Pyr-5 presented orange uorescent

signals with the targeting of LDs in living cells at pH 7. However,

when the cells were incubated with buffer at pH 6, the orange

signals became weak whereas blue uorescent signals

appeared. And the signals from the blue channel became

dominant at pH 5. The emission change of Pyr-5 under different

intracellular pH conditions was further conrmed by the in situ

lambda scan (Fig. 9B). It is noteworthy that the blue uorescent

signals were not located in the LDs. The co-staining experiment

with commercial Mito Tracker Deep Red (MTDR) indicated that

Pyr-5 mainly accumulated in the mitochondria under pH 5

conditions with the Pearson's coefficient of 0.87 (Fig. 9D). The

cationic probes prefer to target the mitochondria through

electrostatic interaction because of the negatively charged

mitochondrial inner membrane.25 Therefore, the location of

Pyr-5 in mitochondria under acidic conditions could be attrib-

uted to the conversion of the probe from neutral to cationic

nature aer the molecule was protonated.

We further tested the real-time migration of Pyr-5 between

LDs and mitochondria along with the change of intracellular

pH. As shown in Fig. 10, intense orange signals from LDs were

observed when the Pyr-5 pre-stained cells were incubated with

buffer at pH 7. The culture medium was then replaced with

buffer at pH 5 and incubated for 15 min; Pyr-5 released from

LDs and migrated to mitochondria with strong blue emission.

Subsequently, the stained cells were re-treated with buffer at pH

7 for another 15 min, and the orange signals from LDs recov-

ered while the blue uorescent signals in mitochondria almost

disappeared. The above results depicted that Pyr-5 can revers-

ibly monitor the intracellular pH from the aspects of both

localization and emission color. To the best of our knowledge,

this is the rst example that uorescent probes can migrate

between LDs and mitochondria with different emission colors

accompanied by a slight intracellular pH change.

LD related protein labeling

Development of chemical strategies for specic modication of

proteins associated with LD dynamics and metabolism would

enable a new avenue to precisely identify and regulate LD

Fig. 9 (A) Emission spectra of Pyr-5 (10 mM) in HEPES buffer (1%

acetonitrile) at various pH values. (B) Emission spectra collected by the

lambda scan after HeLa cells were stained by Pyr-5 at different pH

values. (C) CLSM images of HeLa cells stained by Pyr-5 (10 mM) at

different pH values. (D) Co-localization CLSM images of HeLa cells

stained by Pyr-5 (10 mM) and MTDR (500 nM) at pH 5. Inset in (A):

photograph of Pyr-5 under different pH conditions under irradiation of

365 nm UV light. Scale bar: 10 mm.

Fig. 10 CLSM images of HeLa cells stained by Pyr-5 (10 mM)with in situ

adjusting of the intracellular pH value. Scale bar: 10 mm.
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functions. In view of the reactivity between the penta-

uorophenyl unit and thiol group through the nucleophilic

aromatic substitution (SNAr) reaction,26 Pyr probes would be

able to “sh out” the proteins associated with biological

processes of LDs in native environments by modifying their

cysteine (Cys) residues. To implement this possibility, the

model reaction of Pyr probes towards N-acetyl (Ac) cysteine was

investigated rst (Scheme S3†). The Pyr probes could smoothly

react with N-acetyl (Ac) cysteine in DMF/Tris solution at 37 �C

for 24 h to generate the desired product with a high yield

(>70%). As shown in Fig. S13A and S13B,† absorption and

emission wavelengths of the addition product (Pyr-6) between

Pyr-1 and N-acetyl (Ac) cysteine red-shied to 400 and 535 nm in

DMSO solution compared to those of Pyr-1 (370 and 510 nm).

The reduced energy gap of Pyr-6 (5.74 eV) could be responsible

for this red-shi of spectra (Fig. S13C†).

The above results encouraged us to examine whether Pyr

probes could be employed to modify the Cys residue of protein.

Therefore, bovine serum albumin (BSA), which contains one

free thiol (Cys34) and 17 conserved disulphide bonds, was

selected as the target protein and Pyr-1 was used as the repre-

sentative labeling probe.27 Aer incubating BSA with Pyr-1 (50

equiv.) at different pH values (6.0, 7.2 and 8.6) for 16 h, the

reaction mixtures were subjected to sodium dodecyl sulphate

polyacrylamide gel electrophoresis (SDS-PAGE) followed by in-

gel uorescence analysis (Fig. 11B and S14†). A clear uores-

cent band around 66 kDa was detected for the reaction at pH

8.6, while weak (or faint) uorescent bands were observed for

the reactions at pH 7.2 (or 6.0), which was attributed to the

reduction of reactivity of Pyr-1 when the pH decreased from 8.6

to 6.0. Control experiments showed that the reaction did not

proceed in the absence of Pyr-1. To prove that the penta-

uorophenyl unit can specically react with the Cys-residue, the

compound without uoro substitutes (5HPyr-1) was used to test

the labeling reaction at pH 8.6. Gratifyingly, the reaction of

5HPyr-1 with BSA did not give any uorescent band compared

to Pyr-1 (Fig. 11C and S15†). Pyr-2 and Pyr-5 were also reacted

with BSA and the results indicated that the Cys-residue of BSA

can also be conveniently modied by Pyr probes through the

SNAr reaction (Fig. 11D and S16 and S17†). The protein labeling

was further proceeded in living cells using Pyr-1 due to its

excellently long-term LD targeting (Fig. S8†). Aer treating cells

with Pyr-1 for 48 h, the cells were lysed and the cell lysis was

analysed by SDS-PAGE (Fig. 11E and S18); two major uorescent

bands were detected out of multiple other protein bands.

However, no uorescent bands were observed in the absence of

Pyr-1, indicating that the proteins associated with LDs were

successfully labeled by Pyr-1.

Conclusions

In conclusion, a series of multifunctional pyrazoline based

uorescent probes (Pyr-n, n ¼ 1–5) have been designed and

synthesized. The Pyr probes exhibited a specic AIE feature and

tunable emission. Taking advantage of their excellent cellular-

penetration ability and biocompatibility, Pyr probes can serve

as the ideal uorescent probes for selective LD imaging in living

cells. Meanwhile, the tracking of lipid metabolism in Zebrash

embryos as well as staining of Drosophila embryos was

successfully achieved by employing Pyr probes. Due to the

sensitive pH response, Pyr-5 was able to dynamically and

reversibly monitor the intracellular pH through both localiza-

tion and emission color. In view of the reactivity between the

pentauorophenyl unit and thiol group, the protein with the

Cys residue which is associated with LDs in living cells can be

selectively “shed out” by Pyr probes. This intriguing strategy

provides a rational platform for the construction of advanced

multifunctional uorescent probes for both fundamental and

practical applications.
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Fig. 11 (A) Illustration of protein labeling by Pyr probes. (B) In-gel

fluorescence and Coomassie blue staining for SDS-PAGE analysis of

BSA protein labeled by Pyr-1 under different pH conditions. (C) In-gel

fluorescence and Coomassie blue staining for SDS-PAGE analysis of

BSA protein labeled by Pyr-1 (or 5HPyr-1) at pH 8.6. (D) In-gel fluo-

rescence and Coomassie blue staining for SDS-PAGE analysis of BSA

protein labeled by Pyr probes at pH 8.6. (E) In-gel fluorescence and

Coomassie blue staining for SDS-PAGE analysis of the proteins in living

cells (HeLa cells) labeled by Pyr-1.
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