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in situ fabrication of
a photothermal composite hydrogel for MR-guided
localized tumor ablation
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Aihua Gong,b Qian Hanliang,*a Fengyi Du *b and Miaomiao Zhang*b

Photothermal ablation could be considered an effective treatment for tumors, but accurate administration

and enrichment of photothermal agents remain a huge challenge. Herein, a mussel-inspired photothermal

polymeric hydrogel (PPH) was synthesized through a ferric iron-triggered simultaneous metal–catechol

coordination reaction and oxidative polymerization of covalently linked pyrrole. The PPH with rapid

gelation (less than 10 s) exhibited high photothermal conversion efficiency (49.3%), which enabled

effective hyperthermal therapy in situ. Besides, the introduced iron could be used as a T2-weighted

contrast agent for real-time MR imaging to explore the retention and bio-degradation of PPH in vivo.

Overall, our findings evidence that the resultant PPH, which possesses potential application in tumor

ablation in situ, and metal–catechol coordination strategy inspired by mussel adhesion may stimulate

biomedical hydrogel development.
1 Introduction

Photothermal therapy (PTT) is a promising treatment tech-
nology using hyperthermia to eradicate solid tumors.1 During
the process, certain photosensitizers (PS) concentrated in the
tumor area generate heat to increase the local temperature of
tumor tissues under laser irradiation.2 At 40–45 �C, the bio-
macromolecules in tumor cells, such as proteins, nucleic acids
and lipids, will suffer irreversible damage, thereby the tumors
are destroyed.3 Furthermore, due to the disordered vascular
network and blocked blood vessels caused by PTT, tumor cells
are more sensitive than normal tissues. Due to the obvious
advantages, PTT-based technology is increasingly being devel-
oped and used in cancer treatment and research. Many inor-
ganic materials (gold nanostructures,4,5 palladium nanoakes
and metal sulde nanoparticles) and organic materials (carbon-
based nanoscale materials, near-infrared (NIR) dyes, polydop-
amine (PDA),6,7 and polypyrrole (PPY)) have been explored as PS
for effective PTT applications.8,9 Among them, PPY has attracted
great interest and attention due to its inherent excellent near
infrared photothermal conversion ability, photothermal
stability and good bio-compatibility.10–12 Polypyrrole (PPY) can
be formed by pyrrole through coordination polymerization in
the presence of an oxidant (such as Fe3+) by an electro chemical
ospital of Jiangsu University, Zhenjiang

henjiang, 212013, People' s Republic of

is work.
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coupling reaction.13,14 It is worth noting that the therapeutic
effect of PTT depends heavily on the concentration of PS based
on physical method. Despite the EPR effect and targeting
modication,15 it is difficult to achieve an ideal concentration in
tumor sites using traditional intravenous administration of
PS.16 Consequently, it is urgent to develop novel PS delivery
system to achieve the desired PTT therapeutic effect.

Injectable hydrogels with good biocompatibility and biode-
gradability have great prospect in drug delivery in situ due to
their unique hydrodynamic performance.17–21 Numerous multi-
functional injectable hydrogels were designed and prepared
based on distinct principles, such as ion exchange,22 enzyme
catalysis,23 borate reaction,24 Schiff Base reaction,25 Michael
addition reaction26 and catechol-based reaction.27 It was worth
noting that catechol-based hydrogel exhibited favorable
advantages in gelation in situ as injectable carriers for drug
delivery,28 which ascribed to hydrogen bond formation and
metal–catechol coordination interaction.29,30 The mechanism of
catechol-based gelation was derived from adhesion of mussels
to turbulent rock surfaces due to their secretion of a protein rich
in catechol groups.31–33 Due to the diversity of catechol chemical
properties, a variety of bio-adhesive hydrogel were fabricated via
polyphenol interaction for wearable devices, biological glue and
gelation in situ,34 such as tannin-mediated hydrogel,35

dopamine-modied hydrogel.36

Inspired by those results, we intend to develop a new type of
injectable photothermal polymeric hydrogel (PPH) for tumor
ablation in situ. Firstly, catechol graed PEI (Cate-PEI) was
synthesized using 3,4-dihydroxy hydrocinnamic acid (caffeic
acid) as precursor under amide reaction. Then, the PPH was
RSC Adv., 2021, 11, 19461–19469 | 19461

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra00903f&domain=pdf&date_stamp=2021-05-28
http://orcid.org/0000-0002-3555-421X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00903f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011032


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 4
:1

1:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
quickly formed via ferric ion-mediated coordination reaction
and oxidative polymerization. During the process, ferric ion
both used as oxidant for catalyzing pyrrole to form polypyrrole
(PPY) and chelating catechol groups in side chain of Cate-PEI.
The photothermal conversion efficiency of PPH was calculated
and its photothermal therapeutic effect was veried in vitro and
vivo. In addition, iron element could be used as MRI contrast
agent for real-time imaging to guide precise tumor ablation in
vivo.37
2 Experimental
2.1 Chemicals and reagents

All chemicals are used directly without purication and anal-
ysis. 3,4-Dihydroxyhydrocinnamic acid (caffeic acid), N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
(EDC) ($98.5%), pyrrole ($99%), iron chloride hexahydrate all
were purchased from Aladdin Reagent Co. Ltd. (Shanghai,
China). Poly(ethyleneimine) solution (PEI, averageMw � 25 kDa
by LS, 50 wt% in H2O) was obtained by Sigma-Aldrich (USA).
2.2 Synthesis of Cate-PEI

Cate-PEI was synthesized via graing caffeic acid on the side
chain of PEI through EDC chemical reaction. Briey, 3,4-
dihydroxyhydro-cinnamic acid (0.05, 0.125, 0.25, 0.5, 0.75, 1.0,
1.25 mmol) and excessive EDC (0.06, 0.15, 0.3, 0.6, 0.9, 1.2, 1.5
mmol) were dissolved in 50 mL of phosphate buffer saline (PBS)
solution at pH of 5.5 using 1 N HCl solution to activate carboxyl.
Then, PEI (0.25 mmol) was added into the mixture solution and
then stirred for 4 h at pH of 5.5. Aerward, the unreacted
chemicals were removed by dialysis (MWCO: 2000). Finally,
Cate-PEI power was obtained aer two days of freeze drying. The
different molar ratio of caffeic acid to PEI was conducted during
the above process. The degree of coupling of catechol on the
side chain of PEI was measured using an ultraviolet-visible
spectrophotometer at a absorption wavelength of 280 nm. The
chemical structure of Cate-PEI was further analyzed by Nuclear
magnetic resonance (NMR) spectroscopy.
2.3 Fabrication and characterization of PPH

The PPH was fabricated in situ by ferric ion-mediated coordi-
nation reaction and oxidative polymerization. Briey, 4 mg of
Cate-PEI aqueous solution (500 mL) with different graing rates
and 35 mL of pyrrole were added into a centrifuge tube to form
an evenly mixed solution. Then, 500 mL of iron chloride hexa-
hydrate (FeCl3$6H2O) aqueous solution (0.1 gmL�1) were added
into the mixed solution and then let stand. The gelation time
was measured by the oblique method and hydrogel perfor-
mance was determined by the inversion method. In order to
observe the microstructure of PPH, Scanning Electron Micro-
scope (SEM) was carried out. In brief, the formed hydrogel was
placed in a refrigerator at �80 �C and then freeze-dried for 2
days. Aerward, the frozen hydrogel was cut into half with
a knife and the structure of its cross section was observed by
Scanning Electron Microscopy (SEM) (JSM-7800F, Japan).
19462 | RSC Adv., 2021, 11, 19461–19469
2.4 Instruments and equipment

The dry solid hydrogel was obtained from Freeze dryer (Boyi-
kang, Beijing). The composition of the Cate-PEI was analyzed by
UV-Vis spectrophotometer (Aoyi, Shanghai). The chemical
structure of Cate-PEI was determined by Nuclear Magnetic
Resonance (1H NMR) spectrometer (AVANCE II 400 MHz,
Swiss). The cross-section structure of hydrogel PPH was
observed by SEM. Rheological properties of PPH hydrogels were
characterized by a ThermoHAAKEMARS 60 (HAAKE, Germany).
The potential photothermal effects of PPH were investigated by
808 nm NIR optical laser (Leizhiwei, Beijing). The infrared
thermal images were recorded by an infrared camera (NO:HT-
19) purchased from Dongguan Xintai Instrument & Meter Co.,
Ltd (Guangdong, china).
2.5 In vitro photothermal performance of PPH

In order to evaluate the photothermal performance, 0.1 g of
PPH was irradiated by the 808 nm laser for 5 minutes under
different power density (0.2, 0.3, 0.5, 0.6 W cm�2) and the
temperature was recorded every 20 s. Distilled water was set as
a control, the corresponding infrared thermal images were
photographed using an infrared camera. To simulate photo-
thermal performance in vivo, 0.1 g of PPH in different volume of
distilled water (0.1, 0.5, 0.9, 1.3, 1.5 mL) was placed in a EP tube
and irradiated by the 808 nm laser (0.6 W cm�2, 5 min). To
evaluate the photothermal stability, 0.1 g of PPH hydrogel was
subjected into 5 cycles of laser irradiation at 0.6 W cm�2 (laser
on/off: 5 min), and the temperature was recorded every 20 s.
2.6 Photothermal conversion efficiency of PPH

0.1 g of PPH or 0.1 g distilled water was irradiated by the 808 nm
laser at a power density of 0.6 W cm�2 for 10 min until a stable
maximum temperature, and then the irradiated laser or water
was allowed to cool down to room temperature for 10 min. The
following formula was used to calculate the photothermal
conversion efficiency (h),

X
mCp

dT

dt
¼ Qgel þQDis �QSurr (1)

According to the law of conservation of energy, Qgel is the
energy input of PPH. QDis represents the heat dissipated from
the photoabsorption of the sample cell itself. QSurr is the lost
heat energy to the surroundings.

Qgel ¼ I(1 � 10�Al)h (2)

QSurr ¼ hSDT (3)

where I is the incident power of the NIR laser, and A is the
absorbance of PPH at l of 808 nm. And h is the photothermal
conversion efficiency of PPH which means the ratio of absorbed
light energy converting to thermal energy, h is dened as the
heat transfer coefficient, S refers to the surface area of the
measured sample, and DT refers to the changes of temperature.
In the situation of heating pure water, the heat input is equal to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the heat output at the maximum steady-state temperature, so
the equation can be

QDis ¼ QSurr ¼ hSDTMax,water (4)

In the whole system, the heat inputs are the heat generated
by PPH hydrogel (Qgel) and the heat generated by water (QDis),
which are equal to the heat output at the maximum steady-state
temperature, so the equation can be

Qgel + QDis ¼ QSurr ¼ hSDTMax,mix (5)

According to the eqn (2), (4) and (5), the photothermal
conversion efficiency (h) can be expressed as following:

h ¼ hSDTMax;mix � hSDTMax;water

I
�
1� 10�Al

� ¼ hSðDTMax;mix � DTMax;waterÞ
I
�
1� 10�Al

�

(6)

DTMax,mix is the temperature change of PPH hydrogel at the
maximum steady state temperature, and DTMax,water is the
temperature change of distilled water at the maximum steady
state temperature, Only the hS remains unknown for the
calculation of (h).

hS ¼ mCp

ss
(7)

where m and Cp are the mass and heat capacity of solvent
(water), respectively. ss is the system time constant of PPH
hydrogel.

q ¼ T � TSurr

TMax � TSurr

(8)

q is the dimensionless driving force temperature. Tsurr is the
ambient temperature. T is the changing temperature of system
surface.

2.7 In vitro cytotoxicity

Hydrogel and cells were co-cultured in transwell to investigate
the cytotoxicity. Normal broblasts (MEF) were planted in the
lower culture plate, hydrogels of different quality (25, 50, 100,
200, 400 mg) were placed in the upper chamber, and then
incubated with the cells for 24 hours, standard cck-8 kit was
used to detect cell viability.

2.8 In vitro and in vivo MR imaging of PPH

MR imaging of the synthesized PPH was obtained by Nuclear
Magnetic Resonance scanner (Germany SIEMENS, Model:
Magnetom Trio Tim) to investigate the possibility as a T2 MR
contrast agent. Different amounts of PPH (0.8 mg, 1.6 mg,
2.4 mg, 3.2 mg, 4.0 mg) was placed in a 96-well plate respec-
tively. The measurement parameters were as follows: TR¼ 3500
ms, TE ¼ 89 ms.

For in vivo MR imaging, PPH (100 mL) was injected subcu-
taneously into the tumor of breast tumor mouse aer anes-
thetize mice with 1% sodium pentobarbital. The retention of
PPH were observed in vivo at different durations (0 h, 2 h, 24 h,
© 2021 The Author(s). Published by the Royal Society of Chemistry
48 h, 7 d), and the mice pre and post injection were scanned to
observe the distribution and retention of the PPH in tumors.

2.9 In vivo PTT therapy

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Jiangsu
University, the animal experiments were conducted according
on the Animal Management Rules of the Ministry of Health of
the People's Republic of China and approved by the Animal
Ethics Committee of Jiangsu University. In order to establish
the breast cancer mouse model, female BALB/C mice aged 6–8
weeks were all purchased from experimental Animal Center of
Jiangsu University (Permit No. SYXK Su 2018-0053). 4T1 ortho-
topic tumor model was established by subcutaneously injecting
100 mL of 4T1 cells (1 � 106 mL�1) into the le breast pad of
mice. Aer establishing a mouse model of breast cancer, anti-
tumor photothermal therapy and imaging experiments were
conducted.

When the tumor volume reached about 200 mm3, the mice
were randomly divided into three groups (ve mice in each
group) to receive PPH hydrogel injection in situ (100 mL per
mouse) including (1) PPH, (2) laser (1 W cm�2, 5 min), (3) PPH +
laser (1 W cm�2, 5 min). The temperature changes of the tumor
site were measured aer 808 nm laser irradiation, and the
corresponding thermal images were obtained by the infrared
digital camera. The tumor growth and body weight were recor-
ded every 2 days. The tumor volume was calculated according to
the following equation: V ¼ L � W2/2. V represented the tumor
volume, L represented tumor length, W represented tumor
width.

2.10 In vivo biocompatibility of PPH

The potential toxicity of PPH hydrogel was systematically
studied in vivo. Fieen healthy female Balb/c mice (6–8 weeks
old) were randomly divided into 3 groups: (1) PPH, (2) laser (1 W
cm�2, 5 min), (3) PPH + laser (1 W cm�2, 5 min). Twenty days
aer the injection, liver, spleen, kidney, heart, lung and other
major organs and tumors were sliced and stained with hema-
toxylin and eosin.

2.11 Statistical analysis

All the experimental data were expressed by the mean � stan-
dard deviation (SD). The statistically difference analysis was
investigated by one-way of ANOVA using SPSS soware. In all
the statistical evaluations, P < 0.05 was considered signicant
difference, P < 0.01 was considered highly signicant difference,
and P < 0.001 was considered very highly signicant difference.

3 Results and discussion
3.1 Preparation and characterization of PPH hydrogel

Inspired by catechol-mediated mussel adhesion, we proposed
a novel promising strategy for preparation of multifunctional
hydrogel. In order to synthesize PPH, Cate-PEI was rstly
synthesized through graing catechol group to the side chain of
PEI via the amide reaction. Then, PPH was rapidly formed by
RSC Adv., 2021, 11, 19461–19469 | 19463
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Fig. 1 Optimization of the grafting rate of Cate-PEI. (a) 1H NMR
spectra of PEI, Cate-PEI, Cate. (b) UV-Vis absorption spectrum of
Cate-PEI.

Table 1 Photothermal conversion efficiency of PPH

P
m Cp ss DTMax,mix DTMax,water I (W)

1 �
10�Al h

0.1 4.2 160.76 59.1 �C 3 �C 0.3 0.99 49.3%
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ferric ion mediated coordination reaction and oxidative poly-
merization (Scheme 1a). Specically, ferric ion not only served
as oxidant to catalyze pyrrole (py) to polypyrrole (PPY), but also
as a cross-linking agent to coordinate with the catechol groups
on the side chain of the Cate-PEI (Scheme 1b). In addition, the
interaction between the resultant PPY and catechol groups
further enhanced gelation formation. In order to form the
hydrogel at tumor site in situ, a double-tube injection device was
adopted to control gelation behavior, which was conducive to
the adequate coverage completion of photothermal ablation at
the tumor area under laser irradiation. Besides, the PPH can be
used as a MR contrast agent for real time imaging-guided
treatment (Scheme 1c).

We suppose that the graing degree of catechol on the PEI
branch directly affects the formation of hydrogels. Therefore, it
is important to regulate and optimize the graing rate of cate-
chol groups on the side chain of PEI. We choose Nuclear
Magnetic Resonance spectroscopy (NMR) and UV-Vis absorp-
tion spectrum to investigate catechol graing and measure the
graing rate. NMR results shown that the presence of the three
protons peaks at about 6.5 ppm were clearly visible in the
spectrum, which were corresponding with the characteristic
peaks of the pure product of catechol, while the individual PEI
has no peak. This data preliminarily demonstrated that cate-
chol have been successfully graed on PEI (Fig. 1a). Then, UV-
Vis absorption spectrum further conrmed this result accord-
ing to characteristic absorption peak at about 280 nm due to
benzene ring (Fig. 1b).

Next, a series of Cate-PEI with distinct graing rate were
prepared using DHPPA as catechol precursor. As Table 2 shown,
the graing rate increased gradually as the amount of DHPPA
increased and the highest graing rate reached 39.5%. The
reaction products formed by Cate-PEI with different graing
rate (from 0.65%, 2.38%, 7.9%, 17.8%, 33.5%, 36.3%, 39.5%)
were noted as PPH-1, PPH-2, PPH-3, PPH-4, PPH-5, PPH-6, PPH-
7. The gelation time of different hydrogels was studied by vial-
Scheme 1 Schematic illustration of the fabrication of synthetic PPH (a). P
in vivo (c).

19464 | RSC Adv., 2021, 11, 19461–19469
tilting method. Fig. 2a shown that PPH-1, PPH-2, PPH-3 could
not form hydrogel at any time. Along with graing rate
increasing, PPH-4, PPH-5, PPH-6, PPH-7 exhibited solid rigidity,
revealing the formation of hydrogel. The gelation time of PPH-7
with the maximum graing rate was 10 seconds in Fig. 2b.
Therefore, PPH-7 was chosen in subsequent experiments. Next,
we investigated gelation performance under each ingredient
(Fig. 2c). The results indicated that Cate-PEI and pyrrole, pyrrole
and FeCl3, Cate-PEI and FeCl3 did not form hydrogel. In
contrast, hydrogel was only formed under Cate-PEI, pyrrole and
FeCl3 blending in aqueous solution. It was well known that
ferric ion could easily coordinated with catechol group to form
otential molecular mechanismmodel of gelation (b) and its applications

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The grafting rate under different mole ratio of PEI, DHPPA, EDC

Proportion 1 : 0.2 : 0.24 1 : 0.5 : 0.6 1 : 1 : 1.2 1 : 2 : .4 1 : 3 : 3.6 1 : 4 : 4.8 1 : 5 : 6

PEI (25 000) 0.237 g
(0.25 mmol)

0.237 g
(0.25 mmol)

0.237 g
(0.25 mmol)

0.237 g
(0.25 mmol)

0.237 g
(0.25 mmol)

0.237 g
(0.25 mmol)

0.237 g
(0.25 mmol)

DHPPA 0.05 mmol 0.125 mmol 0.25 mmol 0.5 mmol 0.75 mmol 1 mmol 1.25 mmol
EDC 0.06 mmol 0.15 mmol 0.3 mmol 0.6 mmol 0.9 mmol 1.2 mmol 1.5 mmol
Rate (%) 0.65% 2.38% 7.9% 17.8% 33.5% 36.3% 39.5%
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stable complex. In spite of this, ferric ion was thought to react
with Cate-PEI, but the resultant complex was incapable of
forming hydrogel. In view of the nding, we proposed that PPY
was likely to play a critical role in metal–catechol hydrogel
formation.

Aer freeze-drying, the cross-sectional morphology of PPH
was obtained by scanning electron microscope (SEM) analysis.
PPH exhibited a three-dimensional microporous foam network
similar to traditional hydrogels27 (Fig. 2c and d). A lot of
spherical particles could be clearly observed in the microporous
structure. This might be attributed to the formation of PPY
nanoparticles in situ.

In order to study the rheological and mechanical properties
of PPH, we monitored the storage (G0) and loss modulus (G00)
and complex viscosity (h*) of the hydrogel under different
strains (0.1–1000%) and different angular frequencies. As
shown in Fig. 2e, in the linear viscoelastic region (LVR 0.1–
6.524%), the storage modulus (G0) was signicantly higher than
the loss modulus (G00). When the deformation was greater than
6.524%, the storage modulus (G0) and loss modulus (G00) both
decreased, and hydrogel network structure was destroyed. In
the linear viscoelastic region, as the test results of the sample
Fig. 2 The analysis of formation and physical characterization of PPH hyd
6, PPH-7 after vial-tilting process. (b) The gelation time of PPH-4, PP
combinations and SEM image of the PPH Hydrogel. Tube 1, Cate-PEI; tu
and FeCl3; tube 5, Cate-PEI, pyrrole and FeCl3 (scale bar: 1 mm). (d) Higher
to the PPY nanoparticles (scale bar: 100 nm). (e) Storage (G0) and loss mod
(f) Storage (G0) and loss modulus (G00) and the complex viscosity (h*) at d

© 2021 The Author(s). Published by the Royal Society of Chemistry
modulus changing with angular frequency (Fig. 2f), it can be
seen that the storage modulus (G0) of the sample was slightly
higher than the loss modulus (G00) in the entire frequency sweep
range. This all conrmed the hydrogel was stable and appeared
as a viscoelastic solid. The complex viscosity (h*) decreased with
the increase of angular frequency. This change in mechanical
behavior could be attributed to the change in crosslink density
in the PPH hydrogels.
3.2 In vitro photothermal performance of PPH

PPY has been widely used as an effective photothermal agent in
tumor ablation due to its broad near infrared absorption
properties. Encouraged by this property, the photothermal
performance of PPH was evaluated under 808 nm laser irradi-
ation with different output power. As shown in Fig. 3a, the PPH
was exposed to 808 nmNIR irradiation for 5minutes at different
power density (0.2, 0.3, 0.5, 0.6 W cm�2). The temperature of the
PPH rapidly heated above 55 �C under irradiation at a low power
density of 0.5 W cm�2, but the temperature of pure water did
not change signicantly. The corresponding thermal images
conrmed the conclusion in Fig. 3b. The result shown that the
PPH as an ideal photothermal agent had a great potential in
rogels. (a) Photographs of PPH-1, PPH-2, PPH-3, PPH-4, PPH-5, PPH-
H-5, PPH-6, PPH-7. (c) Photographs of distinct aqueous solution of
be 2, Cate-PEI and FeCl3; tube 3, Cate-PEI and pyrrole; tube 4, pyrrole
-magnification SEM image of the PPH hydrogel. The red arrow pointed
ulus (G00) at different strain (0.1–1000%) of different hydrogel networks.
ifferent angular frequency of different hydrogel networks.
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Fig. 3 Characterization of photothermal properties and photothermal conversion efficiency of PPH. (a) Temperature variation curves of PPH
under 808 nm laser irradiation at different power density (0.2, 0.3, 0.5, 0.6 W cm�2) for 5 min and (b) corresponding digital images of aqueous
solution. (c) Periodic temperature variation curve of PPH during five on/off irradiation cycles laser (in each cycle, laser on time: 5 min, laser off
time: 5 min). (d) Temperature variation curves of PPH in different proportions of distilled water ranging from 1 : 1, 1 : 5, 1 : 9, 1 : 13, to 1 : 15
(g : mL) after irradiation at 0.6 W cm�2 for 5 min. (e) Calculation of the photothermal-conversion efficiency at 808 nm. Black line: photothermal
profile of PPH (0.1 g) irradiated with NIR laser (808 nm, 0.6W cm�2) to reach a plateau and natural cooling to ambient temperature. Red line: time
constant (ss) for the heat transfer from the system determined by applying the linear time data from the cooling period. (f) Cell viability of MEF
cells after cocultivation with different quality of hydrogels (25, 50, 100, 200, 400 mg) for 24 h.
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tumor ablation. In addition, the photothermal effect of PPH was
relatively stable without discernible recession aer ve rounds
of repeated laser irradiation (Fig. 3c). Then, the capability of
PPH to inuence the surrounding environment was further
investigated to simulate the photothermal effect in tumor
region aer in situ injection. Briey, 0.1 g of PPH in different
proportions of distilled water was irradiated using NIR laser
(808 nm, 0.6 W cm�2) for 5 min in Fig. 4d. The results indicated
Fig. 4 In vivo and in vitro MR imaging experiments. (a) T2-Weighted MR
T2-Weighted MR images of the BALB/C mice bearing 4T1 tumor injecte
pointed to the tumor site.

19466 | RSC Adv., 2021, 11, 19461–19469
that PPH in each group aer irradiation could lead to rapid
rising of the solution temperature, even when the ratio was up
to 1 : 15 (g : mL). According to the reported method, as Table 1
shown, the photothermal conversion efficiency (h)38,39 of PPH
was calculated to be around 49.3% in Fig. 4e and f, which was
better than traditional photothermal preparations, including
Au nanorods (21%),40 Cu9S5 nanocrystals (25.7%),41 WS2 nano-
sheets (32.8%).42
images of PPH at various Fe concentrations (2, 4, 6, 8, 10 mg mL�1). (b)
d with PPH at different times (0 h, 2 h, 24 h, 48 h, 7 d). The red arrow

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 In vivo PTT for treatment of cancer. (a) Infrared thermal images and (b) temperature curve of orthotopic 4T1 tumor in vivo under laser
irradiation after injection of PPH (100 mL) in situ. (c) Tumor growth curves, (d) body weight curves, and (e) survival curves after different treatments
(n ¼ 5). (f) Mice images of different treatment groups before and 7 days after laser treatment.
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3.3 In vitro cytotoxicity

The cytocompatibility of PPH hydrogels must be evaluated
before in vivo experiments in mice. In this study, cck-8 method
was used to detect cell viability. PPH hydrogel was co-incubated
with MEF cells for 24 h, and cell viability was measured. As can
be seen in Fig. 3f, cell viability in distinct treatment was rela-
tively stable. Even at the highest dose of 400 mg of PPH
hydrogel, the cell viability still reached 95%. These results
indicated that PPH has good biocompatibility and can be
applied to biomedicine.
3.4 In vitro and in vivo MR imaging of PPH

On account of the iron element doped in the PPH during
gelation process, we speculated that PPH might be used as
contrast agent in MRI for imaging-guided tumor ablation in
vivo. PBS solution was used as a control for T2-weighted MR
imaging. As shown in Fig. 4a, it can be obviously seen that the
signal intensity gradually decreased with the increase of iron
Fig. 6 Representative micrographs of H&E stained slices after the corres
the same scale bar: (200 mm) (n ¼ 5).

© 2021 The Author(s). Published by the Royal Society of Chemistry
concentration and exhibited good concentration dependent
manner. Next, we investigated whether PPH could be used as
a T2-weighted contrast agent for MR imaging in breast cancer
mice (Fig. 4b). PPH was injected in situ into the tumor region
when the tumor volume reached 200 mm3. A black area in
tumor region could be observed aer PPH injection at 2 h. Aer
7 days, the black signal derived from PPH still remained in the
tumor site, which demonstrated the excellent imaging capa-
bility of PPH in vivo. More importantly, these results indicated
that PPH was conducive to persistent photothermal therapy
without multiple injection. In addition, PPH could be degraded
and absorbed under physical condition. Overall, PPH with
excellent MR imaging performance could be used to monitor
the progress of tumor treatment in real time.
3.5 In vivo PTT efficacy of PPH

The therapeutic efficacy of PPH in vivo was evaluated in mice
bearing orthotopic 4T1 tumor. When the tumor volume reached
ponding treatment: (1) PPH; (2) laser; (3) PPH + laser. All images share
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200 mm3, 100 mL of PPH was in situ injected into the tumor and
irradiated with NIR laser (808 nm, 1 W cm�2) for 5 min. The
mice weight and tumor volume was measured during the
following 20 days. The temperature change of the tumor was
monitored and recorded by an infrared camera under the laser
irradiation. In the Fig. 5a and b, it can be seen that the
temperature in PPH group or laser groups hardly changed aer
5 minutes, but the temperature in PPH combined laser group
increased sharply up to 58.5 �C. Furthermore, the mice in PPH
combined laser group showed almost complete tumor ablation
in 20 days, while mice in PPH group or laser groups showed
rapid tumor growth (Fig. 5c). Similarly, we can see from the
mice images in Fig. 5f that tumor growth was signicantly
inhibited aer 7 days of combined laser treatment. In addition,
the mice in the three groups showed similar trends in body
weight. Finally, the average life span of mice in PPH combined
laser treatment could be prolonged to 45 days, but that of mice
in PPH or laser group was less than 30 days (Fig. 5e). In general,
these results indicated that PPH could be served as ideal PTT
agent for cancer treatment. As shown in Fig. 6, there were no
obvious histological abnormalities or lesions in PPH combined
laser group, and the toxicity of the hydrogel in vivo is not
obvious. Aer PPH pulse laser treatment, the tumor sections
showed obvious vacuolar degeneration, indicating the presence
of pathological changes associated with necrosis occurred.
4 Conclusions

To sum up, we have successfully proposed a new method of
injectable photothermal therapeutic PPH for MR imaging-
guided tumor ablation. Inspired by mussel adhesion, catechol
graed PEI (Cate-PEI) was produced via EDC chemical reaction.
Then, the PPH was in situ synthesized based on ferric ion-
mediated simultaneous oxidative polymerization and metal–
catechol coordination. The results demonstrated that PPH was
capable of fast gelation in situ and highly photothermal
conversion efficiency up to 49.3%. In addition, PPH could be
used as an ideal T2-weighted contrast agent for MR imaging in
vivo. Furthermore, PPH could be injected in situ into orthotopic
tumor, then effectively killed tumor cells and inhibited tumor
growth under NIR laser irradiation. This study provides not only
a versatile photothermal therapeutic agent for tumor treatment,
but also a novel strategy to design and prepare multifunctional
hydrogel based on biomimetics.
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