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ABSTRACT: Natural biopolymers can be controllably in situ synthesized in
organisms and play important roles in biological activities. Inspired by this,
the manipulation of in situ biosynthesis of functional polymers in vivo will be
an important way to obtain materials for meeting biological requirements.
Herein, in situ biosynthesis of functional conjugated polymer at the tumor site
was achieved via the utilization of specific tumor microenvironment (TME)
characteristics for the first time. Specially, a water-soluble aniline dimer
derivative (N-(3-sulfopropyl) p-aminodiphenylamine, SPA) was artfully in
situ polymerized into polySPA (PSPA) nanoparticles at the tumor site, which
was activated via the catalysis of hydrogen peroxide (H2O2) overexpressed in
TME to produce hydroxyl radical (•OH) by coinjected horseradish
peroxidase (HRP). Benefiting from outstanding near-infrared (NIR)-II
absorption of PSPA, the in situ polymerization process can be validly
monitored by photoacoustic (PA) signal at the NIR-II region. Meanwhile, in situ polymerization would induce the size of polymeric
materials from small to large, improving the distribution and retention of PSPA at the tumor site. On the combination of NIR-II
absorption of PSPA and the size variation induced by polymerization, such polymerization can be applied for tumor-specific NIR-II
light mediated PA image and photothermal inhibition of tumors, enhancing the precision and efficacy of tumor phototheranostics.
Therefore, the present work opens the way to manipulate TME-activated in situ biosynthesis of functional conjugated polymer at the
tumor site for overcoming formidable challenges in tumor theranostics.
KEYWORDS: in situ polymerization, tumor microenvironment, NIR II, tumor-specific phototheranostics, polyaniline derivative

1. INTRODUCTION
In nature, a series of biopolymers, such as polysaccharides and
melanin, are controllably synthesized in organisms and play
important roles in biological activities.1 Inspired by this,
artificial manipulation in vivo of in situ polymerization will be a
greatly important way to obtain materials that meet biological
needs.2 Unfortunately, because of the harsh conditions of
polymeric synthesis and the mild biological microenvironment,
artificial manipulation in vivo of polymerization is still very
challenging. Along this line, Berggren and Stavrinidou recently
performed the seminal work to demonstrate that the
spontaneous in vivo biosynthesis of conjugated polymers
could happen in living organisms through electrical or
biological-microenvironment activation, and the resultant
polymers could be used to regulate biological functions.3−9

When considering the diverse functionalities and wide
existence in organisms of biopolymers, successful manipulation
of in vivo polymerization will be beneficial to not only meet
biological needs, but also understand the fundamental
processes of biosynthesis of biopolymers involved in
organisms.3,5−7

The malignant tumor is considered to be one of the biggest
unsolved mysteries in the world,10−12 which has specific tumor
microenvironment (TME) characteristics, including intra-
tumoral hydrogen peroxide (H2O2) overproduction, intra-
cellular glutathione (GSH) overproduction, mild acidic
conditions, etc.13−17 It shows great potential to overcome the
malignant tumor issues via the utilization of these TME
characteristics to develop tumor-specific theranostic systems.
For instance, acidic TME and specific enzymes were employed
to switch size and surface charge of nanotheranostics;18−21

GSH and H2O2 were designed to activate change in the near-
infrared (NIR) absorption of nanotheranostics.22,23 Never-
theless, there is still little research on the utilization of TME-
activated in situ polymerization to enhance the precision and
efficacy of tumor theranostics. In comparison to polymeric
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materials, small molecules possess several key advantages for
tumor theranostics: efficient tissue distribution, deep pene-
tration, and fast systemic clearance in normal tissues.24,25

However, they also suffer from poor retention compared to
polymeric materials. In situ polymerization of small molecules
into large polymers at the tumor site can take advantage of the
efficient distribution and clearance of small molecules as well
as the enhanced retention of polymeric materials. Among
various kinds of polymers, conjugated polymers have tunable
optical properties from visible to NIR-II light and good
biocompatibility, which have achieved great advances in the
field of tumor theranostics over the past decade.26−29 TME-
activated in situ biosynthesis of conjugate polymers may offer
the possibility to simultaneously regulate pharmacokinetic
behaviors and theranostic performances via the adjustment of
optical properties.30−33 Thereby, it is very meaningful to realize
TME-activated in situ biosynthesis of conjugated polymers for
tumor-specific theranostics.
Based on these understandings, we herein attempted to

develop in situ biosynthesis of functional conjugated polymer
at the tumor site via the utilization of specific TME
characteristics for the first time, and further, the resultant
polymerized material would be applied for realizing tumor-
specific theranostics. In this system, H2O2, which has been
proved to be overexpressed in the tumor tissue (about 100
μM),34−36 was chosen as an endogenous activated factor.

Horseradish peroxidase (HRP), coinjected with polymeric
monomer, was employed for catalyzing endogenous H2O2 to
produce hydroxyl radical (•OH), and it has been already
proved that •OH can activate polymerization of conjugate
monomer.37,38 When considering that polyaniline and its
derivatives have good NIR absorption features as well as
having been widely used in the field of tumor theranos-
tics,26,39,40 a water-soluble and easily polymerizable aniline
dimer derivative, N-(3-sulfopropyl) p-aminodiphenylamine
(SPA), was selected as polymeric monomer to in situ
biosynthesize polySPA (PSPA) nanoparticles (NPs) activated
by •OH at the tumor site. In situ polymerized PSPA would
generate NIR-II absorption, which can be used to effectively
monitor the polymerization process by photoacoustic (PA)
signal at NIR-II region. Meanwhile, in situ polymerization
would induce the size variation of polymeric materials from
small to large, improving the distribution and retention of
PSPA at the tumor site. On the combination of NIR-II
absorption of PSPA and the size variation induced by
polymerization, such polymerization can be applied for
tumor-specific NIR-II light mediated PA imaging and photo-
thermal inhibition of tumors. With these distinguishing
characteristics taken together, our TME-activated in situ
polymerization of SPA to produce PSPA NPs will be the
first example to utilize in situ biosynthesis of functional
conjugated polymers at the tumor site for overcoming

Scheme 1. Schematic Illustration of in Situ Polymerization of SPA at the Tumor Site and Its Application for Tumor-Specific
NIR-II Light Mediated PA Imaging and Photothermal Inhibition of Tumors
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formidable challenges in tumor theranostics. Specially, the
precision and efficacy of tumor phototheranostics are artfully
combined via the utilization of TME-activated in situ
polymerization of water-soluble aniline derivative (Scheme 1).

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. All chemicals used are reagent

grade unless noted. Horseradish peroxidase (HRP), dimethyl
sulfoxide (DMSO), N-phenyl-p-phenylenediamine, and 1,3-propane
sultone were purchased from Aladdin (Shanghai, China) Biochemical
Technology Co., Ltd. Acetone, N,N-dimethylformamide (DMF),
potassium bromide, formaldehyde (40%), and hydrogen peroxide
(H2O2, 30%) were purchased from Xilong (Guangdong, China)
Chemical Co., Ltd. Penicillin−streptomycin, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), and propidine iodide
(PI) were purchased from Sigma-Aldrich (America). Calcein-AM was
purchased from Baiying biology science and technology (Tianjin,
China) Co., Ltd. Fetal calf serum, DMEM medium, 1640 medium
were purchased from HyClone (America). Mouse breast cancer cell
(4T1) and human cervical carcinoma cells (HeLa) were purchased
from Kunming Cell Bank, Chinese Academy of Sciences.

2.2. Preparation of SPA. The mixture of N-phenyl-p-phenyl-
enediamine and 1,3-propane sultone as the molar mass ratio of 1:6
were reacted in a flask under N2 environment for 6 h to obtain a blue
solid. A proper amount of acetone was added to the obtained blue
solid, and the solid was collected by vacuum filtration and dried.
Then, an appropriate amount of secondary water was added into the
obtained powder and filtered to obtain a blue aqueous solution; the
blue solution was freeze−dried to obtain N-(3-sulfopropyl)-p-
aminodiphenylamine (SPA) solid.

2.3. Characterizations and Instruments. Vis-NIR spectra were
collected from 400 to 1200 nm by UV spectrophotometer (UV-2600,
Shimadzu). Electron paramagnetic resonance (EPR) measurement
was performed on Bruker A300. Gel permeation chromatography
(GPC) data was obtained from Agilent PL-GPC50. Photothermal
imaging was performed using an infrared thermal imager (MAG30,
Magnity). Average size was measured on a laser particle size analyzer
(Nano-ZS, Marven). Transmission electron microscope (TEM)
images were obtained on a field transmission electron microscope
(Talos 200S, ThermoFisher Scientific). Photoacoustic (PA) signal
collected by a multispectral photoacoustic tomography system
(inVision 256-TF, iThera Medical).

2.4. Cytotoxicity and Intracellular Polymerization. The
cytotoxicity of SPA, SPA + HRP + H2O2, and PSPA was studied
using 4T1 and HeLa cells as cell models by MTT assay. The 4T1 and
HeLa cells in the logarithmic growth period were added to 96-well
cell culture plates and incubated with SPA, SPA + HRP + H2O2, and
PSPA for 24 h, respectively, and then, the standard MTT method was
used to determine the survival rate of cells in each group. The
absorbance was measured at 570 nm of each well using a 96-microwell
plate reading with the absorbance at 630 nm as a reference. The cell
survival rate was calculated by eq 1:

Cell survival rate(%) (OD /OD ) 100%Experimental group Ctrl group= ×
(1)

Next, the polymerization of SPA into PSPA was studied in cells.
4T1 and HeLa cells were incubated with SPA and SPA + HRP +
H2O2, respectively. Then, the PA imaging performance of each group
was tested in the NIR-I (810 nm) and NIR-II (1065 nm) window. In
addition, EPR signals of each group were collected by electron
paramagnetic resonance spectrometer.
TEM cell samples were fixed with glutaraldehyde for 2 h and then

dehydrated with 10%, 30%, 50%, 70%, 90%, and 100% ethanol
gradient, respectively. After the cells were embedded in sections, they
were stained with uranyl acetate and lead citrate, respectively, and
TEM images were obtained by field transmission electron microscope.

2.5. In Vitro Phototheranostics. To evaluate the effect of
phototherapy in vitro, we synthesized d-PSPA in the presence of H2O2
(100 μM) and HRP (0.2 mg mL−1) for 6 h. In addition, 4T1 and

HeLa cells in each laser-irradiated (1064 nm, 1.0 W cm−2, 5 min)
group were stained with Calcein-AM and PI after 24 h incubation.
Calcein-AM is a kind of green fluorescent dye which can be used to
label living cells, and PI is a kind of red fluorescent dye which can be
used to label dead cells. Combination of the two fluorescent dyes can
simultaneously detect the living and dead cells under the confocal
laser scanning microscope (CLSM, Leica, TCS SP8 DIVE).

2.6. In Situ Polymerization in Tumor Tissue. 4T1 tumor-
bearing female Balb/c nude mice were selected as an animal model.
All in vivo experiments concerning animals had strictly referred to the
experimental manipulations performed on living vertebrates and were
under the supervision of the Ethics Committee of Guangxi Normal
University Laboratory Animal Centre, as well as authorized by it. The
assigned approval accreditation number of this work is 202209−02.
After tumor sizes grew to ≈100 mm3, mice were intratumorally
injected with SPA and SPA + HRP, respectively. As a control, normal
tissues were injected with SPA + HRP. The variation of PA signal at
1065 nm was continuously monitored in the tumor site within 48 h
after the injection.
In order to further explore the in situ polymerization of PSPA in the

tumor tissue, tumor tissues were collected 24 h after SPA + HRP
injection. The tumor tissues were fixed with glutaraldehyde for 2 h
and then dehydrated with 10%, 30%, 50%, 70%, 90%, and 100%
ethanol gradient, respectively. After the tumor tissue were embedded
in sections, they were stained with uranyl acetate and lead citrate,
respectively, and TEM images were obtained by field transmission
electron microscope. When considering that the excellent con-
ductivity of the polyaniline skeletons of PSPA, SPA, and SPA + HRP
was injected into tumor tissues, after 24 h, the tumor tissues were
peeled off and the electrical conductivity of tumors in each treatment
group was measured.

2.7. In Vivo Phototheranostics. In order to evaluate the PTT
effect in vivo, 4T1 tumor-bearing mice were randomly divided into 8
groups (5 mice in each group). Specifically, saline, SPA (3.5 mg
mL−1), d-PSPA (3.5 mg mL−1), and SPA + HRP (contains 0.2 mg
mL−1 HRP and 3.5 mg mL−1 SPA) were injected into tumor sites of
tumor-bearing mice in different experimental groups at 100 μL,
respectively. After 12 h of injection, the tumor was irradiated with or
without 1064 nm laser (1.0 W cm−2) for 10 min. During this period,
the photothermal process was monitored by infrared cameras.
Furthermore, the daily tumor volume and weight changes of mice
were recorded. The tumor volume was calculated by eq 2:

V a b( )/22= × (2)

In the equation, a represents tumor length; b represents tumor
width.
The relative tumor volume was calculated by eq 3:

V VRelative tumor volume / 0= (3)

In the equation, V0 represents the initial tumor volume before the
start of treatment (day 0).
All results were expressed as means ± standard error of mean

(SEM) and analyzed using GraphPad Prism 9 or Origin 2021.
Statistically significant differences were assessed by unpaired Student’s
t test for two groups, one- or two-way analysis of variance (ANOVA)
for multiple groups, or Log-rank test for survival analysis in GraphPad
software, unless noted exceptionally. P values <0.05 were considered
statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001).

2.8. Histology Evaluation. For histological evaluation, the tumor
tissue, heart, liver, spleen, lung, and kidney organ samples of each
treatment group were collected on the 14th day after treatment. The
collected specimens were immediately fixed in 4% formaldehyde and
subsequently embedded in paraffin for sectioning. Organ and tumor
specimens were stained with hematoxylin and eosin (H&E), stained
histological sections were observed under an automatic cell imaging
system (EVOS FL Auto 2, ThermoFisher Scientific).
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3. RESULTS AND DISCUSSION
3.1. H2O2-Responsive Polymerization Behavior of

SPA. With the aim of obtaining water-soluble aniline
derivatives, we first prepared SPA via the reaction of N-
phenyl-p-phenylenediamine and 1,3-propane sultone according
to the previous work.41,42 The solubility of SPA was tested,
which was found to exhibit high solubility in various mediums,
including deionized water, phosphate-buffered saline (PBS),
saline, DMEM medium, and 1640 medium (Figure S1).
Subsequently, the polymerization of SPA was studied in the
presence of HRP and H2O2. In general, the polymerization of
aniline derivatives to produce a polyaniline skeleton would be
accompanied by the absorption spectrum transformation.41,43

The absorption spectra of SPA with the treatment of HRP and
H2O2 were measured by visible-near-infrared (Vis-NIR)
absorption spectrometry. As shown in Figure 1A, SPA aqueous
solution showed no obvious absorption peak at about 600 nm.
However, absorbance ranging from 500 to 800 nm, assigned to
characteristic absorption of polyaniline skeleton, immediately
appeared after the addition of HRP and H2O2. It can also be
intuitively observed that the solution color varied from
colorless to blue (Figure 1A, inset). As a control, the
absorption spectrum was also obtained for SPA after treatment
only with H2O2, and insignificant characteristic absorption of
polyaniline skeleton was found. To prove the polymerization of
SPA to produce a polyaniline skeleton, the electron para-
magnetic resonance (EPR) measurement was carried out.
Intrinsic EPR signal of the polyaniline skeleton was found for
SPA after being treated with HRP and H2O2, whereas
insignificant EPR signal was observed for only SPA and SPA
after being treated with H2O2 (Figure 1B). These observations
indicated that the simultaneous existence of HRP and H2O2 is

a necessary condition for the polymerization of SPA to
produce PSPA. When considering that HRP can catalyze H2O2
to produce •OH and •OH which has been proved to initiate
the polymerization of aniline derivatives,30 we can infer that
•OH produced from the catalysis of H2O2 by HRP activated
the polymerization of SPA.
To further explore that •OH activated the polymerization of

SPA, Vis-NIR absorption variations of SPA after treatment
with HRP and H2O2 were investigated at different H2O2
concentrations and reaction times. Compared with the normal
tissue, tumor tissue has overexpressed H2O2, but the
expression level of H2O2 is usually limited (about 100
μM),34−36 which greatly restricted the occurrence of oxidative
polymerization initiated by H2O2. We primarily explored the
H2O2 responsiveness of this polymerization at different H2O2
concentrations. The absorption intensity around 600 nm
gradually rose with the increase of H2O2 concentrations in the
range from 2 to 150 μM (Figure 1C), and SPA can even
respond to the H2O2 concentration as low as 2 μM, exhibiting
high responsive sensitivity of the polymerization of SPA to
H2O2. It should be noted that such high responsive sensitivity
of the polymerization will provide the enormous possibility for
the subsequent use of H2O2 overexpressed in the TME to
realize the in situ polymerization of SPA. As shown in Figure
1D, with the extension of reaction time, the characteristic
absorption peak centered around 600 nm had significant red
shift, and meanwhile, another new absorption peak appeared
near 1000 nm, accompanying the solution color change from
blue to green (Figure 1D, inset). Subsequently, pH-dependent
vis-NIR measurement of polymeric solutions was performed.
As shown in Figure S2, the absorption peak at 1000 nm
gradually disappeared upon the increase in pH values, and the
colors of the solutions changed from green to blue. Combining

Figure 1. (A) Vis-NIR spectra of SPA, SPA + H2O2, and SPA + H2O2 + HRP. (B) EPR signals of SPA, SPA + H2O2, and SPA + H2O2 + HRP. (C)
Vis-NIR spectra of SPA treated with fixed HRP and different H2O2 concentrations. Inset in (C): H2O2 concentration-dependent absorption (600
nm) curve. (D) Time-dependent Vis-NIR spectra of SPA in the presence of HRP and H2O2 (100 μM). (E) Time-dependent gel permeation
chromatography test. (F) TEM images of SPA after the polymerization for 0 and 2 h. Scale bar: 200 nm.
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the previous studies on absorption properties of polyaniline
derivatives,41,44 the absorption peak near 1000 nm was
assigned to emeraldine salt resulting from doping the proton
of −SO3H into the polyaniline skeleton, causing the movement
of electrons and decreasing the excitation-energy level. In
addition, the absorption peak centered around 600 nm
corresponded to the quinoid ring of the polyaniline skeleton.
With an increase in the pH, the emeraldine salt was
transformed into an emeraldine base, and the characteristic
absorption near 1000 nm of the emeraldine salt gradually
disappeared. To further verify the polymerization of SPA, the
samples were characterized by FT-IR spectroscopy. As shown
in Figure S3, the two strong vibrations in the SPA at 1597 and
1515 cm−1 were assigned to symmetric (C�C) and
antisymmetric (C�C) stretching, and they shifted to 1594
and 1511 cm−1 in the PSPA. Combining the previous studies
on FT-IR properties of polyaniline derivatives,45,46 such

vibrational shift could be ascribed to the polymerization of
SPA to form the polyaniline skeleton. In addition, a peak
appeared at 1158 cm−1 assigned to the stretching vibration of
-NH+� structure in the doped PSPA. These results proved
that SPA could be polymerized to produce PSPA in the
presence of HRP and H2O2. Time-dependent gel permeation
chromatography (GPC) measurement was also performed to
explore the molecular weight of PSPA at different polymer-
ization times (Figure 1E). The time-dependent GPC result
revealed that the polymerization of SPA can rapidly occur, and
the molecular weight of PSPA gradually increased with the
extension of polymerization time, which well agreed with the
vis-NIR absorption result. After those, dynamic light scattering
(DLS) and transmission electron microscopy (TEM) measure-
ments were employed to characterize size and morphology
variations before and after the polymerization. DLS data
displayed that the average hydrodynamic diameter was about

Figure 2. (A) Time-dependent photothermal curve of SPA samples after polymerization for different times. The polymerization was performed
with H2O2 (100 μM) in the presence of fixed HRP (0.2 mg mL−1). (B) Time-dependent photothermal curve of SPA treated with different
concentrations of H2O2 in the presence of fixed HRP. The laser irradiation in (A) and (B) was performed using 808 and 1064 nm laser (1.0 W
cm−2). (C) Time-dependent PA signal curves at 810 and 1065 nm of SPA after treatment with H2O2 (100 μM) in the presence of fixed HRP. Inset
in (C): their corresponding PA photographs. (D) PA intensities at 810 and 1065 nm of SPA after treated with different concentrations of H2O2 in
the presence of fixed HRP. All data are presented as mean ± SD (n = 3).
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200 nm after the polymerization, while an insignificant DLS
signal was found before the polymerization (Figure S4). The
TEM measurement implied that the polymerization of SPA led
to the generation of 150−200 nm spherical nanoparticles,
whereas no obvious specific morphology was found for SPA
before the polymerization (Figure 1F). Such size variation
(small to large) and nanosized morphology are both suited for
further biomedical applications.

3.2. H2O2-Responsive Photothermal and PA Perform-
ances. The excellent NIR-I and NIR-II absorption feature may
endow the polymerization of SPA to be applied for NIR light
mediated phototheranostics, including PA imaging and photo-
therapy.28,47,48 The photothermal conversion behavior of the in
situ polymerized PSPA was primarily studied under irradiation
using two lasers with different wavelengths (808 and 1064
nm). The aqueous solution obtained from the polymerization
of SPA at different time points was irradiated with NIR-I light
(808 nm, 1.0 W cm−2) and NIR-II light (1064 nm, 1.0 W
cm−2) for 5 min. When considering that the concentration of
H2O2 in the TME is generally about 100 μM, 100 μM was
herein used to activate the polymerization of SPA. According
to Figure 2A, even after the polymerization of SPA happened
for 5 min, the temperature of the corresponding solution can
be increased by over 25 °C whether irradiated by 808 nm laser
or 1064 nm laser, which is enough to be used for damaging
tumor cells. In addition, the SPA aqueous solution irradiated
by 808 and 1064 nm lasers showed different polymerization
time-dependent temperature change behaviors. Under 808 nm
laser irradiation, no obvious polymerization time-dependent
temperature change was found, whereas under 1064 nm laser

irradiation, the temperature elevation of the resultant solution
gradually became more prominent as the polymerization time
increased. Such polymerization time-dependent temperature
change under 1064 nm laser irradiation can be ascribed to the
enhancement of NIR-II absorbance induced by more doping
and the formation of high molecular weight PSPA upon the
increase of polymerization time, in according with polymer-
ization time-dependent Vis-NIR absorption results (Figure
1D). As a control, the temperature of pure water and the SPA
solution showed no obvious heating phenomenon under the
same condition (Figures 2A and S5). This result indicated that
PSPA obtained from the polymerization of SPA can efficiently
convert the NIR-I and II light into heat. As shown in Figure S6,
the photothermal conversion efficiencies (PCE) of the
solutions obtained after 2 h of polymerization were 40.35%
for 808 nm laser irradiation and 42.90% for 1064 nm laser
irradiation using the data obtained from Figure 2A. These
values are comparable to those of other already reported
conjugated polymers.40,47

Furthermore, the photothermal behaviors of the solution
after the polymerization for 5 min were investigated with
different amounts of H2O2 under 808 and 1064 nm laser
irradiation, respectively. As shown in Figure 2B, the photo-
thermal conversion ability of the polymerization solution is
dependent on the concentration of H2O2, and even at low-
concentration H2O2 (25 μM), the polymerization solution
could still be heated by 13.5 and 10.1 °C upon both 808 and
1064 nm laser irradiation, indicating excellent photothermal
conversion capability. Meanwhile, cyclic irradiation experiment
was performed (Figure S7). The temperature variation of

Figure 3. In vitro PA signal intensities at 810 nm (A) and 1065 nm (B) of 4T1 and HeLa cells after treatment with H2O2 (100 μM) for different
times in the presence of fixed HRP. Inset in (A) and (B): their corresponding PA photographs. (C) EPR signals of 4T1 cells in different treatment
groups. (D) TEM image of as-polymerized PSPA NPs in 4T1 cells. Red dashed circles were used to label NPs. Scale bar: 500 nm. Inset: Enlarged
view of NPs. Scale bar: 50 nm. All data are presented as mean ± SD (n = 3).
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polymerization solution showed insignificant deterioration
after repeated heating/cooling processes under 808 and 1064
nm laser irradiation, implying good photothermal stability of
PSPA. These results indicated that SPA could be polymerized
to PSPA with remarkable photothermal capability in the
presence of HRP and H2O2 (100 μM), which would have the
potential to be applied for tumor-specific PTT via ROS
activation.
In addition to the possibility of NIR-light mediated PTT, the

polymerization of SPA into PSPA may be applied for NIR-light
mediated PA imaging.18,32,47 PA imaging behavior of SPA
solution was evaluated in the presence of HRP and H2O2 for
different times (Figure 2C). As the polymerization time
increased, the PA signal intensities at 810 and 1065 nm of the
sample solution gradually rose. In contrast, the mixture of HRP
and H2O2 displays insignificant PA signals at 810 and 1065 nm
(Figure S8), indicating that the obvious PA signal of the
sample solution is mainly attributed to the polymerization of
SPA into PSPA. PA signal variation of the polymerization
process was also assessed in response to different concen-
trations of H2O2. As shown in Figure 2D, the PA signal
intensities at 810 and 1065 nm increases significantly with the
increase of H2O2 concentration, and the variation in the
intensity of the PA signal is consistent with that the absorption
spectra (Figure 1C). It should be mentioned that even at low-
concentration H2O2 (25 μM), the sample solution still has a
strong PA signal. When considering that it has 100 μM H2O2
in TME, it suggests that the polymerization of SPA into PSPA

has the potential to be used for in situ NIR-light mediated PA
imaging of the tumor.

3.3. Intracellular Polymerization and in Vitro Photo-
theranostics. Before the study on the intracellular polymer-
ization of SPA and the evaluation of the in vitro photo-
theranostics of PSPA, the in vitro biocompatibility of SPA and
PSPA was primarily investigated via a standard MTT assay.
Two kinds of cancer cells were chosen to assess the in vitro
biocompatibility: mouse breast cancer (4T1) cells and human
cervical carcinoma (HeLa) cells. The MTT assay result
indicated that the cell viabilities of both 4T1 and HeLa cells
remain more than 85% even at the highest concentration of
250 μg mL−1 for SPA or PSPA in various groups, including
SPA, SPA + HRP + H2O2 (HRP, 0.2 mg mL−1; H2O2, 100
μM), and PSPA (Figure S9). It revealed that the dark
cytotoxicity of each group is negligible, as well as SPA and
PSPA having good biocompatibility.
Next, the polymerization of SPA into PSPA was studied in

cells. 4T1 and HeLa cells were incubated with SPA and SPA +
HRP + H2O2, respectively. Then, the PA imaging performance
of each group was tested in the NIR-I (810 nm) and NIR-II
(1065 nm) windows. In the blank group (only treated by PBS)
and SPA group, insignificant PA signal could be observed in
the cell solution (Figure 3A and B). By contrast, significant PA
signals at 810 and 1065 nm could both be observed in the SPA
+ HRP + H2O2 group (Figure 3A and B). Specifically, as the
incubation time increased, the PA signal gradually increased.
This observation agreed well with the PA imaging result

Figure 4. Concentration-dependent in vitro photothermal-induced cell-killing effect of 4T1 and HeLa cells: d-PSPA (A) and SPA in the presence of
fixed HRP and H2O2 (100 μM) (B). (C) Confocal laser scanning microscopy images of 4T1 and HeLa cells stained with calcein-AM (green, living
cells) and propidium iodide (red, dead cells) after different treatments, respectively. The laser irradiation was performed using 1064 nm laser (1.0
W cm−2). Scale bar: 200 μm. All data are presented as mean ± SD (n = 3).
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obtained from the polymerization of SPA in aqueous solution
(Figure 2C), confirming that SPA could be effectively
polymerized in the cells. EPR spectroscopy also proved the
formation of PSPA in the cells. An obvious intrinsic EPR signal
of the polyaniline skeleton was observed for the SPA + HRP +
H2O2 group, whereas the EPR signal was not found for the
blank group (only treated by PBS) or the SPA group (Figures
3C and S10). Moreover, TEM measurement was also used to
further verify the formation of PSPA NPs in the cells. As
shown in Figure 3D, after SPA + HRP + H2O2 incubation for
12 h, solid spherical NPs of 100−200 nm, differing from
endogenous vesicles that have typical vesicle wall and show a
hollow structure, could be observed in the 4T1 cells. As a
control, no solid spherical NPs were observed in the untreated
4T1 cells (Figure S11). The NPs without the vesicle wall
structure illustrated that they comprised highly conjugated
polymer PSPA, resulting from the polymerization of SPA into
PSPA NPs in the cells.
On the basis of these results, phototherapeutic efficacy was

in vitro assessed. A 1064 nm laser (1.0 W cm−2) was used to
irradiate 4T1 and HeLa cells for 5 min. To demonstrate the
feasibility of the in situ synthesized PSPA (the SPA + HRP +
H2O2 group) via the polymerization of SPA for photo-
therapeutics, we selected the directly synthesized PSPA
(denoted as d-PSPA) for comparison in such in vitro
experiments. Specially, d-PSPA was synthesized by the reaction
of SPA catalyzed by HRP (0.2 mg mL−1) in the presence of
H2O2 (100 μM) for 6 h. Before assessing phototherapeutic
efficacy, we studied the interaction of d-PSPA and in situ
synthesized PSPA with cells by PA signal. Insignificant
difference of PA intensity was seen between cells treated by
d-PSPA and those treated by in situ polymerized PSPA (Figure
S12), indicating that both of them can effectively interact with
cells via surface adsorption or internalization. With the increase
in the concentration of the SPA unit, the cell viability was
significantly reduced for both the SPA + HRP + H2O2 group

and d-PSPA group under laser irradiation (Figure 4A and B),
and such a decrease in the cell viability is comparable between
the two. At the highest concentration of 250 μg mL−1, the
relative cell viability of 4T1 and HeLa cells dropped below
15%. As control, only SPA could not cause an obvious
reduction in the cell viability under laser irradiation (Figure
S13). These observations implied that the photoinduced cell
killing of the SPA + HRP + H2O2 group was attributed to the
in situ synthesized PSPA in the cells. Specifically, in situ
synthesized PSPA produced heat to damage cells under 1064
nm laser irradiation. To visually evaluate the photothermal
ablation of cancer cells induced by the in situ synthesized PSPA
under laser irradiation, live and dead cells were stained with
green emitting calcein-AM and red emitting propidium iodide,
respectively (Figure 4C). Green fluorescence was clearly
observed in the SPA group before and after 1064 nm laser
irradiation (1 W cm−2) for 5 min. In contrast, strong red
fluorescence was clearly visible for the d-PSPA and SPA + HRP
+ H2O2 groups after laser irradiation for 5 min. Similar
photoinduced cell killing behavior of the SPA + HRP + H2O2
group was also observed under 808 nm laser irradiation
(Figure S14). These observations indicated that the in situ
synthesized PSPA in cells exhibited both NIR-I and NIR-II
light-mediated killing of cancer cells, favoring for subsequent in
vivo PTT of cancer.

3.4. In Situ Polymerization and in Vivo Photo-
theranostics. Encouraged by desirable polymerization of
SPA as well as PA and photothermal effects of the in situ
synthesized PSPA in solution and in vitro, the polymerization
behavior of SPA using H2O2 overexpressed in the TME and
the phototheranostics property of the in situ synthesized PSPA
were then in vivo assessed. 4T1 tumor-bearing female Balb/c
nude mice were selected as the animal model. After tumor sizes
grew to ≈100 mm3, mice were intratumorally injected with
SPA + HRP. When considering that NIR-II light has better
tissue penetration,49−51 NIR-II light was used to perform

Figure 5. (A) Schematic illustration of in situ polymerization of SPA at tumor tissue initiated by •OH for PA imaging. (B) Time-dependent PA
imaging and corresponding PA intensity (C) of 4T1 tumor-bearing mice intratumorally injected with SPA + HRP. (D) TEM image of polymerized
PSPA NPs in 4T1 tumor tissue. Red dashed circles were used to label NPs. Scale bar: 500 nm. Inset: Enlarged view of NPs. Scale bar: 25 nm. (E)
Electrical conductivity of tumor tissue injected with SPA and SPA + HRP. All data are presented as mean ± SD (n = 3).
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subsequent phototheranostics in vivo. The variation of the PA
signal at 1065 nm was continuously monitored at the tumor
site within 48 h after the injection (Figure 5A). As could be
seen from Figure S15, the PA signal at the tumor site of the
SPA group did not change significantly throughout the whole
period. However, the PA signal of the SPA + HRP group
gradually increased during the first 24 h (Figure 5B and C). It
reached the maximum intensity at about 24 h and gradually
attenuated. This indicated that in the presence of the HRP,
SPA can be in situ polymerized to form PSPA using H2O2
overexpressed at the tumor site. On the contrary, when SPA +
HRP was injected into the normal tissue on the back of the
mouse, insignificant PA signal at 1065 nm was found (Figure
S16), attributed to the lack of H2O2 required for polymer-
ization in normal tissues. Such a remarkable difference in PA
intensity between tumor and normal tissues indicated that in
situ polymerization of SPA can be used for tumor-specific PA
imaging in the NIR-II region. In addition, time-dependent PA
intensity was utilized to compare the polymerization differ-
ences of SPA in solution and in tumor tissue. As shown in
Figure S17, we could find that PA intensity has almost
remained unchanged for SPA in solution after 3 h treatment of
HRP and 100 μM H2O2, whereas for SPA in tumor tissues, PA
intensity reached a plateau until 12 h. In addition, the PA
intensity in the solution group was also higher than that in the
tumor tissue group when the time-dependent PA intensity

reached a plateau. These results indicated that SPA
polymerized faster and more effectively in solution than in
tumor tissue, possibly because of lower switching speed and
less fluid in tumor tissues than in solution, which reduce the in
situ biosynthesis rate of PSPA. Furthermore, TEM measure-
ment of tumor tissue was performed to verify the in situ
polymerization of SPA to form PSPA NPs. As shown in the
Figure 5D, solid spherical NPs with 100−200 nm, differing
from endogenous vesicles that have typical vesicle wall and
hollow structure, could be observed in the space between
tumor tissues and tumor cells, after intratumoral injection of
SPA + HRP for 12 h. As a control, no solid spherical NPs were
observed in the untreated tumor tissues (Figure S18).
Combining the aforementioned TEM results of in situ
synthesized PSPA NPs in the cells, it can be inferred that
these solid spherical NPs were PSPA NPs obtained by in situ
polymerization of SPA at the tumor site. When considering
that the polyaniline skeleton of PSPA is one kind of conducting
polymer, the conductivity of the tumor treated by SPA was
measured in the absence and presence of HRP (Figures 5E and
S19). The tumor treated by SPA in the absence of HRP
displayed a significant conductivity change compared to the
tumor treated by SPA in the presence of HRP. In Figure 5E,
the current intensity at 2 V increased from about 0.42 to 0.53
mA. Meanwhile, time-dependent current intensity displayed a
similar phenomenon (Figure S19). Such variation in current

Figure 6. (A) Schematic illustration of in situ polymerization of SPA at tumor tissue initiated by •OH. (B) Photothermal images of 4T1 tumor-
bearing mice in different treatment groups. (C) The corresponding time-dependent photothermal curve displayed in (B). The irradiation was
performed using 1064 nm laser (1.0 W cm−2) for 5 min. (D) Photographs of 4T1 tumor-bearing mice after different treatments on days 0, 4, 7, and
14. Tumor growth curves (E) and weight change curves (F) of different treatment groups within 14 days. All data are presented as mean ± SD (n =
3). ***p < 0.001; *p < 0.05.
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intensity revealed the increase in the electron transfer, further
proving that the conducting polyaniline skeleton was formed as
a result of in situ polymerization of SPA into PSPA. These
results indicated that SPA can be effectively in situ polymerized
into PSPA at the tumor site through the utilization of HRP to
catalyze H2O2 overexpressed in the TME, and such in situ
synthesized PSPA NPs can be further applied for tumor-
specific PA imaging in NIR-II region.
Based on the efficacious in situ polymerization of SPA into

PSPA NPs at the tumor site, we attempted to further assess the
corresponding photothermal behavior in vivo using the same
tumor model as that used in PA imaging. According to the
results of PA image in vivo, the tumor was irradiated using
1064 nm laser (1.0 W cm−2) after 12 h of intratumoral
injection of SPA and HRP (Figure 6A). The photothermal
process was monitored by infrared cameras. As shown in
Figure 6B, the tumor temperature of the d-PSPA group and the
SPA + HRP group gradually increased from 37 °C to over 50
°C during irradiation for 5 min, comparable to each other.
Such a noticeable rise in tumor temperature is sufficient to
cause serious damage or even necrosis of tumor cells, which is
suited to photothermal ablation of the tumor. As a control, the
rise in temperature of the blank group (injected with only
saline) and the SPA group is much lower than those of the d-
PSPA group and the SPA + HRP group (Figure 6C),
indicating that the existence of PSPA is the key to generating
a photothermal effect at the tumor site. In addition, under the
same conditions, the photothermal effect of the normal tissue
in situ injected with SPA + HRP was also studied. It was
observed that the surface temperature of normal tissue only
increased by about 8 °C under 1064 nm laser irradiation after
12 h of injection (Figure S20). These observations were in
accordance with those obtained from the in vivo PA image
(Figures 5B and S16). It indicated that PSPA could be in situ
produced via the polymerization of SPA at the tumor site
through the utilization of HRP to catalyze H2O2 overexpressed
in the TME, and the further irradiation of this PSPA could
generate heat. Such in situ polymerization of SPA to produce
PSPA has significant photothermal specificity under laser
irradiation in NIR-II region, which would avoid damage to
normal tissues due to nonspecific overheating, providing the
possibility of realization of tumor-specific PTT.
After confirming that SPA can be in situ polymerized into

PSPA at the tumor site and the as-formed PSPA has benign
photothermal conversion capability in vivo, in vivo PTT efficacy
was further evaluated. Different groups were randomly divided
by female Balb/c nude mice with 4T1 tumors, with
intratumoral injection of saline, SPA, d-PSPA, and SPA +

HRP plus 1064 nm laser irradiation (1.0 W cm−2) for 5 min.
The tumors in the test groups (d-PSPA + Laser and SPA +
HRP + Laser) shrink over the whole experimental period, and
the tumors were almost eliminated on the 14th day (Figure 6D
and E). In remarkable contrast, rapid growth of tumors was
found for the control (injection of SPA, d-PSPA, or SPA +
HRP, but without irradiation) and blank groups (only injection
of saline or saline + laser irradiation) over time (Figure 6D).
These in vivo results indicated that only injection of d-PSPA or
SPA + HRP or only laser irradiation could not effectively
inhibit tumor development. When considering that comparable
PTT efficacy was observed for the d-PSPA + Laser and SPA +
HRP + Laser groups, we could infer that the PTT effect of the
SPA + HRP + Laser group was generated from NIR-II light
mediated heating of in situ synthesized PSPA, in accordance
with the results obtained from in vivo PA and thermal images
(Figures 5B and 6B). As an essential parameter to evaluate the
potential in vivo toxicity of materials, fluctuation in body
weight of the tested mice was monitored. No obvious
fluctuation in body weight was found over the whole
experimental period (Figure 6F), and this illustrated that
there were insignificant signs of toxic effects for such PTT
process. Next, hematoxylin and eosin (H&E) staining of
tumors was carried out. The tumor tissues in the test groups
showed significant cellular damage, including irregular cell
shrinkage and loss of contact, whereas the tumor tissues in the
control and blank groups almost displayed insignificant cellular
damage (Figure 7). These observations agreed well with the in
vivo antitumor activities in which tumors treated with d-PSPA
+ Laser and SPA + HRP + Laser were seriously destroyed.
Moreover, H&E staining of major organs (heart, liver, spleen,
lung, kidney) did not exhibit any abnormality after 14-day
treatments (Figure S21), demonstrating negligible systemic
toxicity of those treatments. Overall, in vitro and in vivo
experimental results demonstrated that the in situ polymer-
ization of SPA into PSPA through the utilization of HRP to
catalyze H2O2 is a highly effective and feasible approach to
achieve tumor-specific phototheranostics.

4. CONCLUSIONS
In summary, we successfully developed one kind of aniline
derivative (SPA) to polymerize into water-soluble polyaniline
derivative (PSPA) through the utilization of HRP to catalyze
H2O2 for generating •OH. Based on this specific reaction,
H2O2 overexpressed in the TME can be used for initiating in
situ polymerization of SPA into PSPA at the tumor site.
Benefiting from outstanding NIR-II absorption characteristics

Figure 7. H&E staining of tumor tissue sections of 4T1 tumor-bearing mice after different treatments for 14 day. Scale bar: 100 μm.
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of PSPA, this in situ polymerization can be validly monitored
by PA signal at the NIR-II region. Meanwhile, in situ
polymerization induced the size of polymeric materials from
small to large, improving the distribution and retention of
PSPA at tumor site. On the combination of NIR-II absorption
of PSPA and the size variation induced by polymerization, such
polymerization offered the possibility to realize tumor-specific
NIR-II light mediated PA image and PTT of tumors,
enhancing the precision and efficacy of tumor theranostics.
As expected, tumor-specific phototheranostics was proved by
in vitro and in vivo experimental data, where tumor-specific
inhibition upon 1064 nm laser irradiation as well as real-time
PA image at 1065 nm were realized. It should be mentioned
that the integration of SPA and HRP into one system have not
been carried out in this work, restricting systematic
administration of SPA and HRP to conduct in situ polymer-
ization. When considering that systematic administration is
favored for clinical use, we will attempt to develop tumor-
targeted nanoplatforms with coloading SPA and HRP to realize
in situ polymerization via systematic administration in the
follow-up work.
This work proposes novel biosynthesis of polyaniline

derivatives at the tumor site via TME characteristics with the
overexpression of H2O2 to activate in situ polymerization of
aniline derivative and demonstrates that such in situ polymer-
ization can be used for tumor-specific phototheranostics. In
particular, it paves a new pathway to in situ biosynthesize other
conjugated polymers by the utilization of TME characteristics
for overcoming formidable challenges in tumor theranostics.
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