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Abstract In recent years, fluorescent bioimaging technology has great advantages in the fields of life science research and
medical diagnosis because of its advantages of fast and effective, high sensitivity, easy realization of multi-channel imaging
and economic efficiency. Organic fluorescent dyes have been widely used as biological imaging reagents due to their excel-
lent photoelectric properties, functional modification, adjustable optical properties, and good biocompatibility. However,
conventional organic fluorescent molecules cause aggregation-caused quenching (ACQ) due to n-n stacking in the aggregated
state, limiting their bioimaging applications in aggregated or high concentrations. Since the discovery of the unique lumines-
cence phenomenon of aggregation-induced emission (AIE), the ACQ phenomenon of traditional fluorescent materials has
been eliminated. Stimulating responsive polymer nanoparticles have been widely used in the life sciences due to their combi-
nation of nanoparticle and polymer advantages and their ability to respond intelligently with environmental changes. There-
fore, nanomaterials with excellent aggregation-induced emission (AIE) property, environmental stimuli responsiveness and
biocompatibility based on AIE molecules and smart responsive polymers have shown attractive application prospects in the
life sciences. A kind of multi-responsive AlE-active polymer nanospheres, which were composed of tetraphenylethylene
(TPE) and stimuli-responsive poly[/N]-2-(diethylamino)-ethyl]acrylamide (PDEAEAM), were constructed in this study. First-
ly, a multi-stimulation responsive monomer N-[2-(diethylamino)ethyl]acrylamide (DEAEAM) and TPE derivative tetra-
phenylethene-4-(12-hydroxydodecyl-2-methylpropionyl) (TPE-BIB) with propionyl bromide were synthesized, respectively,
and a multi-stimuli-responsive amphiphilic polymer of tetraphenylethene-graft-poly[N-[2-(diethylamino)ethyl]acrylamide]
(TPE-g-PDEAEAM) was then successfully synthesized by atom transfer radical polymerization (ATRP) using TPE-BIB as
initiator. Lastly, polymer nanospheres TPE-g-PDEAEAM of approximately 200 nm were formed by a self-assembling pro-
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cess. The results of the performed experiments showed that the LCST of TPE-g-PDEAEAM in aqueous solution is about
60 C. Meanwhile, the luminescence change of TPE-g-PDEAEAM at different temperatures from 20 to 66 ‘C was ob-
served. The fluorescence intensity of TPE-g-PDEAEAM firstly decreased with increasing temperature from 20 to 58 ‘C, and
the fluorescence intensity increased with increasing temperature from 58 to 66 ‘C. The phase transfer of PDEAEAM in
TPE-g-PDEAEAM may be the reason of luminescence change which may lead to the fluorescent temperature response.
Moreover, the fluorescence intensity of TPE-g-PDEAEAM nanospheres in aqueous solution increased with increasing tem-
perature pH. Besides, the fluorescence intensity of TPE-g-PDEAEAM decreased dramatically when the volume of CO, in-
creased from 0.0 to 1.2 mL. Therefore, TPE-g-PDEAEAM was a new temperature and pH/CO, responsive materials and
might be used as multi-functional smart fluorescent sensors. More importantly, the fluorescent signals were significantly
strong in HeLa cells after cells were incubated with TPE-g-PDEAEAM for 24 h based on the characteristic of AIE fluores-
cence and low cytotoxicity. The resultant nanospheres were able to be internalized by the cancer cells and effectively track
the HeLa cells for as long as 11 passages. So, the polymer nanomaterial is an ideal living cell fluorescent tracer probe, which
is expected to be applied as biosensors, long-term cell traces and medical biomaterials.

Keywords AIE; multiple sensitive response; polymer nanospheres; cell tracing; fluorescence imaging
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Figure 2 (a) Hydrodynamic size with concentration of 2 mg/mL. Inset:
Photograph of TPE-g-PDEAEAM solutions in water under irradiation of
laser point. (b) SEM image of TPE-g-PDEAEAM polymer dots
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Figure 3 (a) Fluorescence spectra of aqueous solutions of
TPE-g-PDEAEAM at different concentrations (ex=337 nm). (b) Relative
changes in fluorescence intensity of different concentrations of

TPE-g-PDEAEAM aqueous solution and digital photographs under UV
light (365 nm)
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Figure 4 (a) Fluorescence spectra of TPE-g-PDEAEAM in a mixed
solvent of water and THF (,=337 nm). (b) The relative change in fluo-
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vent and its digital photograph under UV light (365 nm)
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Figure 6 (a) Fluorescent spectra of the TPE-g-PDEAEAM in aqueous
solution with temperature increasing from 20 to 66 C. [TPE-g-
PDEAEAM]=2.0 g/L. 1x=337 nm. Inset: Photo of TPE-g-PDEAEAM
solution under 25 C (left) and 65 C (right) under visible and UV light.
(b) Change of relative fluorescent intensity (//1;) of TPE-g-PDEAEAM in
aqueous solution under different temperature
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Figure 7 (a) Fluorescent spectra of the TPE-g-PDEAEAM in different
pH solution. (b) Change of relative fluorescent intensity (I/l;) of
TPE-g-PDEAEAM in aqueous solution under different pH.
[TPE-g-PDEAEAM]=2.0 g/L
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Figure 8 (a) Fluorescence spectra of TPE-g-PDEAEAM in different
CO, volume solutions. Inset: Digital photo of a 2 mg/mL TPE-g-
PDEAEAM aqueous solution under UV light (365 nm) before and after
carbon dioxide. (b) The relationship between the linearity of relative
fluorescence intensity (I/1p) and the volume of CO,
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(R AT, BT FH T e 40 i 2 e A5

5T TPE-g-PDEAEAM {571 AIE K64 A
AREEYE, XTI SRR AT, B 9b NTEIR
4 100 pg/mL ] TPE-g-PDEAEAM — &K PE4th 24 h )5,
Hela ZHfA FEARESERE DM EE. HER A, Hela
YN fu7F TPE-g-PDEAEAM Wi E 24 h (55105,
REAS I SR SR A2 GAF 5, 1020 B PN 2 M i P AR T A 55
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Concentration/(ug-mL-")

1 Passage 5 Passage

3 Passage

25 pm 25 pm

7 Passage

11 Passage

9 Passage

25 pm 25 pm . 25 pm

B9 (a)f i NIRRT TPE-g-PDEAEAM 4L 3 48 h 5 HeLa 411 251
Ji; (b) TPE-g-PDEAEAM %+t HeLa 40 AN R 4L 3R 45 WA
KL, EEBIRUZ 25 pm

Figure 9 (a) Cell viabilities of HeLa cells treated with different concen-
trations of TPE-g-PDEAEAM for 48 h by MTT assay. (b) Confocal mi-
croscopy images of HeLa cells TPE-g-PDEAEAM staining (100 pg/mL)
in different algebras. The scale bar is 25 um

) X e A AL A B, 3R 2N KR 1 I e ) G
HeLa 4 Jf (9 48 ff 5 [X 4. 4k 2: %% HeLa 4H 1 7E
TPE-g-PDEAEAM ¥ & 24 h )5, 13RSI 2558 (1) ¢
HA55. N T #E—H W 5E TPE-g-PDEAEAM #& 75 7] LIAE
FKIHIE R A A SRR, FRATTX IR Hela 40 i
1TAE4X, BT Hela 2RI 4HM A HAZ) 24 h, 7EG4 24 h
J&, MR M4aM S 24K, f£48 h 5 N34, E£72h
JENE 448, DAESSHERE S 1148, BE24 h EE K, Al
I L TR R A M B — AR A SO BRI L. G
)5 1) Hela 4 MO 7E KA 12 RIIBTEI, mEEZED 1148
J&, WAREA RIFIZICHG B, X —SLinst R
TPE-g-PDEAEAM fei8 4 2R iR HeLa 40 gt 55 2/ 11
UL L, AR —FhiE 4 i 58 e R R e AR
3 #ig

Zx LRTiR, it ATRP iR G R NA BT —Fiof
R Z ) B BB ATE B AW 9N K R TPE-g-
PDEAEAM. H TGV RS>+ 4589 v] IR
ILEE, pH 1 CO, & B MR A4k, (AT 5] 24k i TPE
Iy T ORSERR LI B, AT S 2 O nik P 77 AR A M AR
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1 F F ®R

k. S2EG45 KW, TPE-g-PDEAEAM /KW LCST
219 60 C, f£ LCST ZHl, HI00m ALl 45 i B i
ERES, MTHEERGE LCST Ja, HuotimiE s in g
[ E R, X K TR B R BURIA L, T
ReaWEE L TPE 5+ EEFHM. I,
TPE-g-PDEAEAM 7K 5% 58 B [ pH 38 AN W73 .
[FI, 24 CO, MIBAAFIEH 0 mL #EnE] 5.0 mL i,
TPE-g-PDEAEAM 7K ¥4 ¥ 7 't 58 5 2 R ek 55 FF P4 22 A

SR SR, AR 9 2 R R SO AR A AT RL

5t EKf, T TPE-g-PDEAEAM 1 57 AIE &%
R AR ZH H 251, Hela 2HH7E TPE-g-PDEAEAM &)
HIEE 24 h(EE—R)E, TR GG S, T
J& 1) Hela A FE KL 12 RIEFRIN, 7~EEZb 11 AL
b, ORI R B 9B RBUR. R, KA
YRR — PP ER AR S 40 M SO R B RET, BN
TADAE RS AR R S 5 F AR A RS A 2 40
1.

4 SCIGERSY

41 BKN-2-(ZESE)ZE|RBHIEZH &K

HRYE BRI G AR N-[2-( — 2 RS I 2 FE A
WhRZ, BARERAEWN: FER IR T NN-— 05—
J1#(8.72 g, 75 mmol) A 75 mL CHCl; il 250 mL ) 511
[ eI 1, LEOKK I H G218 0 50 mL ¥ A7 A I IR
(7.2 mL, 90 mmol)f CHCLs. i hn5e J& 78 S iRt +E T 4%
BERME1 he RIS E RIS A 100 mL 1 mol/L
() NaOH ¥ F1 100 mL 7K, FFIIAN CHCL A HL, A
WA MgSO, TH 5, @i e 2 K LA IER, &
Ja FAE E Mg AT 70 B ali, DL 4R L lE itk vt
A, 135129 23.3 g EEBIAT=, 725 91%. 'H NMR
(600 MHz, CDCl;) 6: 6.31~6.22 (m, 2H), 1H), 3.37 (dd,
J=11.5, 5.5 Hz, 2H), 2.59~2.50 (m, 6H), 1.01 (t, J=7.1
Hz, 6H); °C NMR (151 MHz, CDCl3) §: 165.44, 131.11,
125.82, 51.28, 46.63, 36.84, 11.63. H{kf) 'H NMR I,
Figure S1.
42 4-BEMNKZKHTPE-OH)RIE R

¥ Zn #3(20 g, 0.31 mol), 4-F2FE —ZLHI(9.9 g, 0.05
mol) I —ZE 9.1 g, 0.05 mol)i&T 200 mL THF H,
SR R TiCly (30.0 mL, 0.27 mol)[alJii 24 h,
RNEERGRH R ZER, SREREFIMA 150 mL 10%
) KoCOs KW, B4k 0.5 h. SRJE L g, 38 4R 2
BRHEAT 2R, FRIE I et 28 R 22 A HUET, B AT
JEHT 5 BEN HBAT A B R ARV swew 1V
=1:10), &5 6.1 g HA[E{A&™Y TPE-OH, f=%
Z1°4 35 %. "H NMR (400 MHz, CDCl;) d: 7.13~6.97 (m,
15H), 6.89 (d, J=8.6 Hz, 2H), 6.55 (d, J=8.6 Hz, 2H),
4.60 (s, 1H); *C NMR (151 MHz, CDCl;) §: 153.96,
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14428, 140.29, 136.37, 132.7, 131.52, 127.63, 126.24,
114.57. ESI-MS: M=348.48. TPE-OH (] 'H NMR /.
Figure S2.
4.3 4-(12-BE+ZIkE )UK ZH(TPE-C-OH)H &
74

# TPE-OH (3.48 g, 0.01 mol). 12-7R-1-+ "% fE(2.8
mL, 0.012 mol)Hl K,CO; (1.66 g, 0.012 mol)i%fET 100
mL K ZHEH, AR R 24 h. M2
&, BRBRA R ER, R NE, IEUHH OET %
2~3 IR, P SR e 25 R B A, e
FEJE AT 4 B RN b AT 4y B AR AE (R IE . V swew
Vosww=115), m&HFH 2.6 g kHOEAK™Y
TPE-C,-OH, 7# 3R %1~ 48.8%. 'H NMR (600 MHz,
CDCLy) §: 7.16~7.05 (m, 15H), 6.98 (d, J=8.8 Hz, 2H),
6.67 (d, J=8.8 Hz, 2H), 3.92~3.85 (m, 2H), 3.65 (t, J=
6.7 Hz, 2H), 3.45~3.37 (m, 1H), 2.03~1.82 (m, 2H),
1.81~1.75 (m, 2H), 1.67~1.54 (m, 4H), 1.47 (dd, J=
14.2, 9.0 Hz, 4H), 1.35 (s, 8H); °C NMR (151 MHz,
CDCly) d: 153.96, 144.28, 140.29, 136.37, 132.71, 131.52,
127.63, 126.24, 114.57. TPE-C,,-OH ¥ "H NMR . Figure
S3.
4.4 ATRP 5|&7 4-(12-BE+ i B-2-RE R E)
MU Z 4 (TPE-BIB)HI & X

# TPE-OH (5.33 g, 0.01 mol). =Zf%(1.75 mL,
0.0125 mol)Fl 2-¥-2-H B A I (1.5 mL, 0.0125 mol)i#
T 150 mL B/AK 2, fE=R TR 24 h, V45
WG, HhUE, FriSuEi i e 28 K B A HLER, &
J& FARE Z 0T 73 B ant g AT 40 S PR A0 OB V zsec
Voaww=1"110). IZEF] 4.4 g WHGKELSY), 7=
FYN 65%. "H NMR (600 MHz, CDCl;) J: 8.89~7.06
(m, 15H), 7.06~6.92 (m, 2H), 6.85~6.49 (m, 2H), 4.39~
4.16 (m, 2H), 3.93~3.70 (m, 2H), 2.14~1.91 (m, 7H),
1.93~0.80 (m, 24H). TPE-BIB /] 'H NMR /L Figure S4.
45 TPE-g-PDEAEAM BI& R

FHAR N [2-(Z ORI CE NGB (3.0 g)iF
fRAE 15 mL FEERIZKIBEVE RNV wn - Vx=1 1 2)h, i
FF 20 min JEEEG RS T FHVES 822125 0 160 uL =
- R ILZ ) MecTREN, fit#E 10 min 5
CuBr;, (0.0282 g, 0.1960 mmol) , F-45+¥ 10 min 5 N5
&7 TPE-BIB (0.05 g, 0.05 mmol), EIEE4& 24 h. BE
RS JE, 7 IE TS (MWCO = 5000)3% HT 7 K,
R HRTRFERRE O E AR AR 2.3 g, 7% 75%. TPE-
g-PDEAEAM ] '"H NMR, IR #%& W, Figure S5, Figure
S6, GPC %45 L3 Table S1.

4.6 MTT ;585 TPE-g-PDEAEAM RU4RAEE 14

¥ HeLa 4HffILL 10000 41 H/FL AT % FE 2 FHAE 96
FLES IR, BE R MRS 9R 24 h J5, FIAREIKREW
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¥ F R

it

TPE-g-PDEAEAM W% &40, I /5 FHECLT ) PBS ek
Hela 408, 4% 5 mg/mL ] MTT % (10 pL)Fl Hela
YR 7R (90 pL) I BV EEANFL A A b 25, %
96 FLEFFRIRAE 37 CI CO, B 7R FE (T 5% CO)HIEE 4
h. iEBR&A MTT M FE, AEIMAZH IR
(DMSO, 100 uL)¥fiEF ek, &5, £/ RT-6100 B
FRAXAE 492 nm A& 96 FLESFRAR AW .

4.7 TPE-g-PDEAEAM HY4ABRAL 1%

Jeks Hela QHPRTVGHEATE 12 FLESFRAANA T L.
MBS FRIE(EH 1% R 10%J64-1M35) 55 12 L
WRETRERN 37 C. CO, RN 5% MR E:F=4
24 h. K5 H 100 pg/mL ] TPE-g-PDEAEAM §#4L Hela
YA, 24 h EHGHANR T, R SR R e =K.
ARSI BT A 20 B R A5 B A 24045 A Olympus FV1000 F£5%
£ 12 7UB% (Olympus Tokyo Japan)#i$%, /4 332 nm iR
WOk, KX IEALT 460~490 nm.
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