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A B S T R A C T

Background: The synthesis, thermal properties, and aggregation-induced emission (AIE)-responsive proper-
ties of a series of tetraphenylethene (TPE)-based cross-linked poly(N-isopropylacrylamide)s (PNIPAms) con-
sisting of a hydrophilic/thermosensitive NIPAm monomer and AIE-responsive/hydrophobic TPE derivative
through reversible addition-fragmentation chain transfer polymerization was investigated in this study.
Methods: The AIE effect was investigated in a H2O/THF mixture via photoluminescence intensity measure-
ments, and the polymers showed emission (λem = 485 § 5 nm). When the water fraction was 90%, the PL
intensity was enhanced to the highest value.
Significant findings: Polymers P1�P3 showed the low critical solution temperature (LCST) at approximately
33.5, 32.4, and 28.1 °C, respectively, and deformed at P4 and P5. From dynamic light scattering, the hydrody-
namic diameters of P0 and P1�P2 at a temperature higher than the LCST decreased from 564.0 to 159.6 nm,
417.4 to 126.7 nm, and 469.4 to 134.5 nm (P0, P1, and P2, respectively), indicating the thermoresponsive
property. A MTT assay was used for HepG2 liver cancer cells at a concentration of 2 mg/mL, and all the poly-
mers showed cell viability over 80%. P2 and P3 showed emission in the living HepG2 cells for 96 h of incuba-
tion. These findings suggest that the synthesized polymers have potential as drug carriers.

© 2022 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Liver cancer is one of the most widespread cancers, and in 2018, it
was identified as the sixth most common cancer and the fourth lead-
ing cause of cancer deaths worldwide. Various cancer treatments are
used worldwide, such as surgical resection, transplantation, ablation,
embolization, radiotherapy, targeted therapy, chemotherapy, and
immunotherapy. Chemotherapy remains the main method of treat-
ment for patients with cancer; however, this treatment lacks selectiv-
ity and induces damage to normal cells [1�3]. Targeted drug delivery
is a promising method for overcoming the obstacles of conventional
cancer treatments. Nanotechnology is applied in cell imaging, cell
tracking, and targeted therapy and provides a more effective treat-
ment with fewer side effects. It also enables tracing of drug accumu-
lation and metabolism in cells [4]. Self-assembly polymeric micelles
(PMs) are versatile carriers for drug delivery and nucleic acids as they
have favorable physicochemical properties, such as biocompatibility,
bioavailability, circulation time, drug loading, and controlled release
abilities. Additionally, the presence of the hydrophobic core makes
PMs a good choice for overcoming the problem of the short circula-
tion time and systemic toxicity in water-insoluble chemotherapeutic
agents [5�8]. Recently, many PMs based on the hydrophilic/thermo-
sensitive NIPAmmonomer (PM shell) and aggregation-induced emis-
sion (AIE)-responsive/hydrophobic tetraphenylethene (TPE; PM core)
[9�12] have been utilized to derive conjugated polymers with both
emission and temperature sensitivity. Thus, PMs are good candidates
for controlled/targeted drug delivery as well as cell imaging and
tracking.

Poly(N-isopropylacrylamide) (PNIPAm) is a thermo-responsive
switchable polymer that can switch between the water-soluble and
insoluble state in response to temperature changes [13]. These
reversible phenomena occur hundreds of times upon heating and
cooling without affecting or destroying the polymer chain. The low
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critical solution temperature (LCST) of PNIPAm (32.0 °C in water)
makes it suitable for various applications, especially biomedical
applications (controlled drug delivery, self-healing materials, tissue
engineering, regenerative medicine, etc.) [14�17]. The LCST of PNI-
PAm-containing polymers depends on the polymer compositions and
many other factors, such as the type of comonomers (hydrophilic or
hydrophobic), molecular weight, chemical nature of the chain end,
multi-solvent systems, salts, critical gel concentration, and end-group
or terminal unit of side chain [18,19]. PNIPAm-containing fluoro-
phores have been applied and investigated in several studies. Kim
et al. [20] demonstrated that the hydrophobic field near the fluoro-
phore unit increased upon increasing the temperature and the fluo-
rescence intensity of P(NIPAm-co-SPO-co-fluorophore) also
enhanced. Moreover, Li et al. [11] proved that the intrachain or inter-
chain hydrogen bonds within oligo(ethylene glycol) methacrylate-
based PNIPAm form fluorescent aggregates at a temperature higher
than the LCST.

Aromatic and classical luminophores emit strongly in their spread
states or dilute solutions. When they are aggregated or clustered,
they undergo various degrees of light emission quenching, which is
known as the aggregation-caused quenching (ACQ) effect. Thus, the
ACQ effect limits the application of these conventional fluorescence
materials in the aggregated or solid state [21,22]. In contrast, AIE
luminogens (e.g., TPE) emit strongly in the aggregate or solid state
and demonstrate weak or faint emission in the molecularly dispersed
state or dilute solutions [23�32]. The AIE phenomenon was first
demonstrated by Tang et al. in 2001 [33]. Photophysical properties of
the fluorescent materials are influenced by their molecular struc-
tures, conformations, and morphological arrangements [34]. Restric-
tion of intramolecular motions is the main reason for the AIE effect as
it causes radiative decay of excitations. In addition, the propeller
shape reduces the stacking interactions between the molecules, thus,
the ACQ phenomenon does not occur or is limited [35�38]. The
unique behaviors of AIE luminogens make them the focus of studies,
and several types of AIE have been designed and incorporated in dif-
ferent fluorescent systems for several applications (e.g., bioimaging,
optoelectronics, chemosensing, stimuli-responsive systems) [21,39].
Su et al. [40] reported that a fluorescent benzoxazine derivative (TPE-
BOZ) was used as an optical probe to determine the presence of picric
acid, and TPE-BOZ showed the AIE property in a mixture of ethanol/
H2O. Li et al. [41] synthesized an organic�inorganic thermorespon-
sive polymer (POSS-b-PNIPAM) encapsulating TPE and investigated
the effect of temperature on the photoluminescence (PL) intensity of
TPE. They found that when the temperature was close to the poly-
mer’s LCST, the PL intensity showed a notable increase and was high-
est when the temperature was 37 °C. Zhang et al. [42] reported atom
transfer radical polymerization techniques through the “arm-first”
strategy of core cross-linked multiarm stars made of polyethylene,
polystyrene, or polyethylene-b-poly(e-caprolactone) arms and a
cross-linked TPE-2St core. As the rigid cross-linked structure of the
poly(TPE-2St) core significantly decreased the intramolecular
motions of TPE’s aromatic ring, the star polymers were highly emis-
sive not only in the aggregate state but also in the dilute solutions.

In this study, one-step reversible addition-fragmentation chain
transfer (RAFT) polymerization techniques were employed to obtain
a series of TPE-based cross-linked dual stimulus-responsive (i.e.,
emission and temperature) random diblock copolymers (poly
(NIPAm-co-TPE2St)) using the TPE2St monomer as the AIE lumino-
phore and crosslinker. The TPE2St structural effect on the polymer
solution’s self-assembly and its optical or thermal properties under
various temperatures were investigated. Effect of the prepared poly-
mers on the cell viability of the human liver hepatocellular carcinoma
cells (HepG2) was studied via the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The assay confirmed that
the cell viability was over 80% even with high concentrations of
TPE2St and a long incubation period. Dynamic light scattering (DLS)
showed that polymer particle size decreased when the temperature
was higher than LCST. The polymers showed emission in the HepG2
cells, indicating the cell uptake of the polymers, and cell imaging
showed that the particles were located in the cytoplasm. These
results indicate that poly(NIPAm-co-TPE2St) is a good candidate for
biomedical applications.

2. Experimental

2.1. Materials

Scheme 1 illustrates the synthesis procedures for the TPE2St
monomer. The target intermediate, 4,40-(1,2-diphenylethene-1,2-
diyl)diphenol (TPE2OH, 1), was synthesized following the processes
reported previously [42,43]. Scheme 2 illustrates the TPE-based
cross-linked PNIPAms with different TPE2St feed molar ratios. The
monomer and PNIPAms were prepared following the synthetic
routes described in the supplementary information (SI). NIPAm was
purified through recrystallization from n-hexane twice before use.
2,20-Azoisobutyronitrile (AIBN) was recrystallized from ethanol
twice. The other reagents were purchased and used without further
purification. Reactions were performed with standard Schlenk tech-
niques under nitrogen.

2.2. Cell culture and treatments

HepG2 and HEK293T cell lines were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Corning) at 37 °C (in a 5% CO2 incubator)
for 24 h. DMEM was supplemented with 10% (v/v) fetal bovine serum
(Biological Industries), L-glutamine, non-essential amino acids,
10 unit/mL penicillin, 10 ng/mL streptomycin, and 25 pg/mL ampho-
tericin B (Biological Industries). The cells were seeded at a density of
1 £ 104/well on a 96-well plate. After 24 or 48 h of incubation, the
cells were treated with TPE2St-based PNIPAms as the experimental
group.

2.3. In vitro cell cytotoxicity

The cell viability was assessed by MTT assay. The MTT solution
contained 5 mg/mL thiazolyl blue tetrazolium bromide which was
dissolved in phosphate-buffered saline (PBS). Firstly, MTT solution
was added into the medium of each well in a 96-well plate. After 2 h
of incubation at 37 °C, the culture medium was replaced by dimethyl
sulfoxide (DMSO). The cell viability for each well was detected by
measuring the optical density at 570 nm in the Hidex Sense micro-
plate reader (Hidex) HEK293T.

2.4. Cell imaging

First, 3 £ 105 HepG2 cells were seeded onto 6-well plates. After
24 h, the medium was replaced with new one with the drug at a con-
centration of 50 mg/mL. After 24 or 48 h, the cells were washed with
PBS and treated with 500 mL of trypsin-EDTA for 5 min. Then, 2 mL of
culture medium was added and the cells were harvested, transferred
to 15 mL tubes, centrifuged at 1000 rpm for 5 min. Next, the superna-
tant was removed, washed with 5 mL of PBS, and centrifuged at
1000 rpm for 5 min. Afterward, the supernatant was removed and
the cells were resuspend in 1 mL of PBS. Next, 10 mL of PBS was
retrieved with the cells, and 10mL of trypan blue was added. A hema-
tocytometer was used to count the cell numbers. The cell suspension
was diluted to 100 cells/mL and 100mL of the cell mixture was added
to a white 96-well plates (each well had 1 £ 104 cells). Fluorescence
was detected using an ELISA reader, luciferase assay reader, or any
instrument that could detect fluorescence. The excitation light wave-
length was set at 360 nm and the emission light wavelength was set
at 450 or 490 nm. The fluorescent intensities of P2, P3, and P4



Scheme 1. Routes to synthesizing the TPE2OH intermediate (1) and TPE2St monomer (2).

Scheme 2. Routes to synthesizing the TPE2St-based PNIPAm polymers.
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polymers in the cells were measured for 4 days. PL intensity was
measured after washing the cells directly (day 0), and after 24 h (day
1), 48 h (day 2), 72 h (day 3), and 96 h (day 4).

2.5. Drug loading on P2 and cytotoxicity of the drug loading polymer
(DOX-P2)

Doxorubicin hydrochloride (DOX.HCl) was loaded on P2
depending on the hydrophobic forces, which made TPE2St and
DOX.HCl aggregate in the aqueous solutions. Drug coating began
with the preparation of the PMs by dissolving 25 mg of P2 in
10 mL of acetone and stirring for 6 h at room temperature. In
addition, 5 mg of DOX.HCl was dissolved in 1 mL of DMSO. Then,
2 mL of triethylamine was added to the solution, which was then
stirred for 30 min in darkness. The P2 solution was added drop-
wise to DOX and the mixture was stirred for 24 h in darkness at
room temperature. Then, the mixture was dialyzed against DI
water for 24 h at room temperature to remove unreacted DOX
and organic solvents (dialysis bag MWCO: 1 kD). The final DOX-
loaded P2 was stored at -4 °C.
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3. Results and discussion

3.1. Synthesis of the TPE2St monomer and PNIPAm-containing polymers

The route through which the AIE cross-linker (labeled 2 (TPE2St)
in Fig. 1) was prepared and shown in Scheme 1. The TPE intermedi-
ate, 4,40-(1,2-diphenylethene-1,2-diyl)diphenol (1; TPE2OH), at 80 °C
were obtained through the McMurry coupling reaction of 4-hydrovy-
benzopheone in the presence of titanium tetrachloride and zinc. We
subsequently prepared 1,2-bis[4-(4-vinylbenzyloxy)phenyl]-1,2-
diphenylethene (2; TPE2St) in a 57.2% yield by using a Williamson
ether reaction at 100 °C using intermediate 1 and 4-vinylbenzyl chlo-
ride as reactants in the presence of potassium carbonate. The 1H
NMR spectrum derived for TPE2St as well as the corresponding pro-
ton assignments are displayed in Fig. 1. The presence of the vinyl
group doublet of doublets (dd; Ha, Hb, and Hc) in protons at
5.26�6.64 ppm confirmed that the TPE2St was synthesized success-
fully. Conversely, the shifts d = 4.99�5.01 and 6.65�7.45 ppm were
ascribed to the singlet proton signals of aliphatic methylene (Hd) and
aromatic doublet/triplet proton signals (He, Hf, Hg, Hh, Hi, and Hj),
respectively.

The RAFT polymerization was performed to synthesize poly
(NIPAm-co-TPE2St)s with different feed molar ratios; it was reacted
in THF at 60 °C by employing the monomer in a 1000:2:1 [M]0:
[CTA]0:[AIBN]0 molar ratio. The TPE2St monomer only occupies
0.25�2.0 mol% of the total monomers. The polymerization conditions
and results are summarized in Table 1, and Scheme 2 presents the
synthetic routes of the poly(NIPAm-co-TPE2St)s. We used 1H NMR
Fig. 1. 1H NMR spectrum of TPE

Table 1
Molecular weights and thermal properties of polymers.

No Feed molar ratio NIPAm: TPE2St (m:n) Final block length NIPAm: TPE2St (m:

P0 100:0 192:0
P1 99.75:0.25 62.5:0.33
P2 99.5:0.5 34.4:0.38
P3 99.0:1.0 33.3:0.46
P4 98.5:1.5 29.4:0.64
P5 98.0:2.0 21.4:0.85
a Calculated based on the individual integral proton ratio of two monomers using the 1

b Mn and PDI of polymer were determined by gel permeation chromatography using po
c Glass transition temperature by DSC under N2 at a heating rate of 10 °C/min.
d The temperatures at 10% weight loss.
spectroscopy, recorded in acetone-d6, to determine the final ratio of
NIPAm and TPE2St, which is displayed in Fig. 2 and Table 1. The
degree of polymerization (DP) of the poly(NIPAm-co-TPE2St) was cal-
culated based on the integral ratio of methine protons Hb

(3.86�4.12 ppm) derived from the NIPAm monomer, and the ali-
phatic methylene (Hc) from the TPE2St, to methyl protons Ha in the
CTA agent (0.86 ppm). We obtained a DP of 192 for homopolymer
PNIPAm (P0) and the Mn(NMR) of the polymer was 22.05 kg mole�1,
according to the following equation:

MnðNMRÞ ¼ ð3ðHb=HaÞ � Mn;NIPAm Þ þ Mn;CTA ð1Þ
where Mn, NIPAm, and Mn, CTA are the molecular weight of the NIPAm
monomer and CTA, respectively, and Ha and Hb are the integrals of
methyl and methine protons (�CH) protons, respectively. Using GPC,
Mn was found to be 18.94 kg mole�1. The GPC traces of the synthe-
sized polymers are shown in Fig. S1. Thus, the proportion of NIPAm
macro-CTA chains that had their ends capped with CTA groups was
roughly equal to 85.9%. From the final ratio of PNIPAm: TPE2St (m:n),
it was found that the ratio of NIPAm decreased by increasing the
TPE2St ratio; this can be attributed to the steric hinderance caused by
the TPE monomer, as it influenced the RAFT copolymerization, lead-
ing to the decrease in NIPAm ratio.

3.2. Thermal and crystalline properties of polymers

TGA was used to analyze the decomposition temperature (Td) val-
ues at 10% weight loss of the polymers, which were in the range of
334.6�359.6 °C. It is notable that the Td decreased with increase in
2St monomer in DMSO-d6.

n)a Mn(NMR)
a (kg/mole) Mn(GPC)

b (kg/mole) PDIb Tg (oC)c Td10 (oC)d

22.05 18.94 1.26 139.0 359.6
7.61 10.40 1.42 140.9 352.0
4.39 8.65 1.55 140.4 342.9
4.57 7.84 1.24 144.0 341.3
4.16 5.20 1.53 147.0 334.6
3.56 4.20 1.55 146.8 337.4

H NMR spectra.
lystyrene standards in THF.



Fig. 2. 1H NMR spectra of (a) P1 and (b) P4 in acetone-d6.
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the added amount of TPE2St. This decrease in Td can be attributed to
the effect of steric hindrances of TPE2St. Polymers with a stronger
steric hindrance have high repulsive force and the disturbance
caused by heat leads to easier decomposition of these polymers than
those with weak steric hindrance [36]. Moreover, the final residual
ratio of the polymer at 450�600 °C was relatively higher than that of
P0 when the added amount of the TPE2St monomer increased (Fig.
S2), revealing that the thermal stability was improved when the
bulky TPE segments were incorporated into the copolymer.

The glass transition temperature (Tg) of the prepared polymers
derived from DSC is summarized in Table 1. It was observed that the
Tg value of the polymers increased as increasing amounts of the
cross-linker TPE2St were added. This can be attributed to increases in
molecular weight, cross-linking, and the steric hindrance effect; these
factors increased when increasing the TPE2St ratio. These results sug-
gest that the Tg value can be influenced by many factors, e.g., molecu-
lar weight, cross-linking density, steric hindrance, bulkines of the
pendants, stiffness of the backbone, symmetry, branching, and polar-
ity [44�46].

XRD of the powder of the prepared polymers (P0, P1, and P2) was
carried out to determine the crystallinity properties. The measure-
ments were in the 2u range of 5° to 50° with a step size of 0.05°. Fig.
S3 shows the XRD pattern of the P0, which exhibited two broad peaks
at 2u1 = 7.83° and 2u2 = 19.98° (d = 4.44 A

�
), indicating an amorphous

structure. P1 and P2 also exhibited the same peaks as P0, indicating
the governing polymer structure presence of PNIPAm. It is worth
noting that the 2u2 values of P1and P2, i.e., 19.87° (d = 4.46 A
�
) and

19.79° (d = 4.48 A
�
) for P1and P2, respectively, were smaller than that

of P0, implying that the existence of the TPE2St moiety influenced
the arrangement of the main P0 structure, leading to the increasing
distance between the adjacent side chains.

3.3. Thermoresponsive properties of polymers

Thermoresponsive properties of polymers were studied by mea-
suring the LCST and investigating the effect of temperature on the
particle size distribution at two different temperatures (e.g., 25 °C
lower than LCST, 40 °C higher than LCST). Generally, PNIPAm in an
aqueous solution collapses and forms polymer chain aggregates at
approximately 32 °C and the turbidity of the solution increases upon
heating to more than 32 °C [47]. Fig. 3 presents the LCST behavior of
P0�P5 (2.5 mg/mL). The LCST of P0 was 32.2 °C which is in accor-
dance with the LCST of PNIPAm reported in previous studies [48,49].
By adding TPE2St, it was found that the LCSTs of P1 and P2 (33.5 °C
and 32.4 °C, respectively) were higher than that of P0 (32.2 °C). This
can be attributed to the repulsion of the PNIPAm chains tethered to
the micelle’s hydrophobic TPE core [50]. On the other hand, the LCST
of P3 decreased to 28.1 °C, indicating that greater amounts of bulky
TPE2St destroyed the hydrogen bonds within the PNIPAm chains.
Moreover, a large amount of TPE2St monomer increased the hydro-
phobicity, leading to the decrease of LCST [51,52]. Also, we noted that
the phase transition in P4 and P5 was not clear, which can be



Fig. 3. Thermoresponsive properties of polymers at various temperatures. Concentration of polymers: 2.5 mg/mL in water.
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attributed to the higher ratios of TPE2St. Fig. S3 shows the phase tran-
sition of the polymer solutions, where lower than LCST polymer solu-
tions were clear (Fig. S4 (a)) and transformed to white or milky
solutions when the temperature was higher than the LCST (Fig. S4
(b)).

The effect of temperature on the particle size and size distribution
was investigated by DLS measurements. We determined the Dh of the
P0 and P1�P2 nano-assemblies at two temperatures; lower and
higher than the LCST (i.e., 25 and 40 °C; Fig. 4). The Dh of the P0 and
P1�P2 at a temperature higher than the LCST decreased from 564.0
to 159.6 nm, 417.4 to 126.7 nm, and 469.4 to 134.5 nm for P0, P1, and
P2, respectively. These results indicate that the swollen aggregates of
TPE-based cross-linked poly(N-isopropylacrylamide)s transformed
into separated objects with increasing temperature from 25 to 40 °C.
The addition of cross-linker (TPE2St) has been proposed as a means
to control the swelling/shrinking ratio of the gels and to add respon-
siveness toward different stimuli. This can also be attributed to the
fact that, above LCST, the coil PNIPAm chains turn to a shrunken state,
and a swollen state happens in the transition state. Obviously, above
the LCST, shrinking objects formed very stably, and further elevation
of temperature to 40 °C led the more aggregated amorphous particles
to shrink greatly, and the Dh reduced to smaller size [53�55]. Regular
morphological micelles at 40 °C in an aqueous solution were
observed (Fig. 4 (b)). Fig. S5 presents the TEM images of the spherical
aggregates obtained using the P0 and P1�P2 (0.5 mg mL�1) dissolv-
ing in H2O. The decresing phenomenon of Dh under TEM was consis-
tent with that of DLS.

3.4. Optical properties and AIE effect

UV-vis absorption spectroscopy for the five poly(NIPAm-co-
TPE2St)s was recorded in the THF solution (1.0 £ 10�6 M), as shown
in Fig. S6. Strong absorption bands were observed in the spectra at
250 nm, which were attributable to the p�p* transition of the poly-
meric structure. Furthermore, weak absorption bands at
approximately 315 § 15 nm were engendered by the TPE chromo-
phores. The AIE properties of P1 and P2 (Fig. 5) were investigated in a
mixture of THF (solvent)/water (nonsolvent) with a concentration of
1.0 £ 10�5 M. Adding water into the THF induces the TPE2St core to
aggregate and the PL intensities increased proportionally with the
increase of H2O fractions added to the THF solution. PL intensity was
highest when the water fraction was 90%, and its intensity was
enhanced by about 2.2�2.4-fold compared with that of its pure THF
solution. Restriction of the intramolecular rotation is the reason for
the AIE effect. In dilute THF solutions, intramolecular rotations of the
TPE2St molecules are active, thus, the PL intensity is weak. On the
other hand, adding H2O to the THF solution leads to TPE aggregation
and restricts the intramolecular rotation, leading to deactivation of
the nonradiative path and activation of radiative decay which enhan-
ces the PL intensities [42]. Fig. 5 shows the differences in the emission
of the solutions by adding water under UV light. However, the tem-
perature effect on AIE properties of P2 in THF/H2O and pure THF
under different temperature was shown in Fig. S7. These results indi-
cate that increasing of temperature of P2 solution in the presence of
THF/H2O of 10/90 vol% led to destroy the restriction of free motion of
TPE2St molecules, decreased PL emissions.
3.5. Cell viability

To apply the prepared polymers to biomedical applications, it is
important to evaluate the cytotoxicity of the polymers on living cells.
Cytotoxicity was measured by the MTT assay in HepG2 and HEK293T
cells. The MTT assay was tested for the prepared monomer TPE2St,
and polymers (P1�P5) three times to confirm the cell viability at a
concentration of 2 mg/mL and under further dilutions. The polymers
showed cell viability of over 80% after the incubation period reached
24 h (Fig. 6 (a) and Fig. S10 (a)) as well as 48 h (Fig. 6 (b) and Fig. S10
(b)). Herein, the high cell viability that the polymers showed that
they were not toxic to living human cancer and non-cancer cell lines.



Fig. 5. PL intensity variations of (a) P1 and (d) P2 in the presence of various fractions of THF/H2O and their corresponding emission colors under 365 nm UV light at room tempera-
ture.

Fig. 4. Particle size distributions of P0 and P1-P2 in water at (a) 25 and (b) 40 °C. (Concentration of 2 mg/10 mL).
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Thus, the prepared polymers could be appropriate carriers and lumi-
nophores for drug delivery and cell imaging in cancer therapy.

3.6. Cell imaging

The fluorescence intensity of P1�P3 in HepG2 cancer cells was
investigated for 4 days as shown in Fig. 7. It was noticed that the PL
intensity at day 0 was the strongest for the three polymers and
decreased with time until it decayed on day 2 for P1 and on day 3 for
P2. It did not decay totally for P3 even after the day 4. The amount of
TPE2St in each polymer is the reason for the differences in the PL
intensities and the long-lived emission, where P3 had a higher ratio
of TPE2St than P1 and P2. Thus, it showed the highest and longest PL
intensity. It is worth noting that the PL intensity was stronger at an



Fig. 6. Percentages of HepG2 cell survival following exposure to various drug concentrations for (a) 24 h and (b) 48 h at 37 °C via MTT cell growth assay.

Fig. 7. PL intensity of P1-P3 in HepG2 cancer cells in a concentration of 50mg/mL after (a) zero time, (b) 24 h, (c) 48 h, (d) 72 h, and (e) 96 h incubation at 37 °C.
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emission wavelength of 450 nm than that at 490 nm. Moreover,
the decrease of the intensities is a sign that the polymers became
soluble and were undergone hydrolysis and cleared [56]. Fig. 8
shows the images of HepG2 cells under fluorescence microscope
under daylight and UV light at 360 nm. Images were taken after
24 h of incubation with P1�P3 at a concentration of 50 mg/mL at
37 °C. It was clear that the polymers were located in the cell
cytoplasm, which indicated that the cells were able to uptake the
polymers. Therefore, the prepared polymers can be used for cell
imaging applications.

3.7. Drug coating by P2 (Doxorubicin.HCl)

The absorbance of free and P2-coated DOX was measured via UV-
vis spectrometer. The absorbance wavelength of free DOX was
485 nm, while that of P2-coated DOX was 503 nm (Fig. S8 (a)). A
redshift occurred because of the hydrogen bonding between the
polymer and DOX, as shown in Fig. S8 (b). In addition, the PL intensity
of P2-coated DOX was measured at an excitation wavelength of
360 nm; it showed emission peak at a wavelength of 477 nm, which
is related to P2. At an excitation wavelength of 490 nm it showed
emission at 587 nm, which is related to DOX (Fig. S9). Moreover, the
particle size for P2-coated DOX was measured via DLS, and it was
found that the particle size increased compared to that of P2, as
shown in Fig. 9. With these measurements, we can conclude that
DOX was successfully loaded onto P2.

4. Conclusions

In this study, we prepared five TPE-based cross-linked PNIPAms
through RAFT polymerization and estimated their optical and ther-
mal characteristics. According to the NMR spectra, the RAFT



Fig. 8. Images of HepG2 cells under flurocence microscopy after 24 h incubation with P1-P3 in a concentration of 50mg/mL at 37 °C. (Scale bar = 50mm).

Fig. 9. Particle size distributions of P2 and DOX-P2 in a concentration of 2 mg/10 mL H2O at 25 °C.
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polymerization was successful. XRD patterns confirmed the amor-
phous structure of the polymers P1 and P2, and TPE2St affected the
distance between the polymer side chain molecules. DLS revealed
that increasing the temperature in the polymer solution induced
microphase separation and the formation of regular micelles. From
PL intensity measurements, we confirmed that the prepared poly-
mers showed an AIE effect. The MTT assay of the polymers confirmed
that the cell viability was over 80% with high concentrations or a long
incubation period, which means that the polymers are not toxic to
living cells.
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