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ABSTRACT: Tumor phototheranostics in the second near-infrared
window (NIR-II, 1000−1700 nm) holds great promise due to high
spatiotemporal precision, enhanced penetration depth, and ther-
apeutic efficacy. However, current “always-on” NIR-II photo-
theranostic agents remain restricted by the inherent nonspecificity
from the pseudosignal readout and undesirable treatment-related side
effects. To address these challenges, herein we explore an activatable
and biocompatible nanotheranostics that generates diagnostic and
therapeutic effects only after specific activation and enhancement by
tumor microenvironmental redox and acid while keeping silent at
normal tissues. Such an intelligent “turn-on” chromogenic nanotheranostics allows in vivo nearly zero-background
photoacoustic tomography (PAT) and combined effective photothermal tumor therapy (PTT) both in the NIR-II range
with minimal adverse effects. In light of the high sensitivity, superior penetration depth, and biocompatibility, this stimuli-
activatable NIR-II photo-nanotheranostics provides broad prospects for the investigation and intervention of deep-tissue
redox and acid-associated physiological and pathological events.
KEYWORDS: tumor microenvironment, activatable nanotheranostics, second near-infrared window, photoacoustic tomography,
photothermotherapy

In the past few years, significant advances in near-infrared
(NIR) light-mediated nanoplatforms ranging from organic
dye assemblies, semiconducting polymers, and carbon

nanotubes to inorganic metallic gold nanoparticles, quantum
dots, and upconversion nanoparticles have highly promoted
the developments of phototheranostics for the healthcare and
life sciences.1−3 These NIR nanotheranostic agents hold great
promise in personalized medicine due to their simultaneous
disease diagnosis and therapy with specific targeting, deep-
tissue penetration, high spatiotemporal precision, and minimal
invasiveness.1,4−7 As an emerging phototheranostic modality,
NIR photoacoustic tomography (PAT) and its combined
photothermal therapy (PTT) have gained considerable interest
in recent tumor treatment research.8−12 Compared with most
NIR-I (650−1000 nm) phototheranostics, some NIR-II
window (1000−1700 nm) theranostic studies have validated
that both PAT and PTT in this wavelength range exhibit a
superior signal-to-noise ratio (SNR) and enhanced treatment
efficacy.13−25 However, despite these great promises, current

“always-on” NIR-II phototheranostic agents remain restricted
by the inherent nonspecificity from the pseudosignal readout
and undesirable treatment-related side effects.
To address these challenges, exploring the environment-

activatable “turn-on” NIR-II phototheranostics that generates
diagnostic and therapeutic effects only after specific activation
in a tumorous area while keeping silent at normal tissues could
be an effective strategy.26−28 In view of the intrinsic complexity
of tumor physiology, tumor microenvironment (TME)
characteristics (e.g., high redox state, low pH, hypoxia) have
attracted tremendous attention for the rational design of
stimuli-responsive, on-demand, and effective tumor theranostic
agents.29−33 Although several microenvironmental stimuli-
activatable NIR-II fluorescent nanoplatforms have been
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successfully constructed and applied in tumor detection and
guided phototherapy,34−36 it should be noted that these NIR-II
emissive systems were actually excited by a NIR-I (e.g., 800
nm) laser for imaging and therapeutic purposes in practice.
Particularly, the activatable phototheranostics with higher
efficacy and deeper tissue penetration of PA sensing as well
as combined PTT both in the NIR-II window has not been
fully developed to date.
In view of our previous results, the broadband absorbing and

biodegradable charge-transfer complex (CTC) by 3,3′,5,5′-
tetramethylbenzidine (TMB) oxidation not only possesses
strong NIR-II (1064 nm) PA signal but also can specifically
respond to an environmental pH change.37 Although such a
promising pH-sensitive NIR-II PA probe allows tumor acidity

imaging, the sensitivity, targeting specificity, and the
administration mode are worthy of further refinements. In
this study, we report an evolutionary version of tumor
microenvironment-activated nanotheranostics (SHT, SiO2@
HRP/TMB) for precise PAT and combined PTT both in the
NIR-II window. This intelligent chromogenic nanotheranostics
is fabricated by a tumor folate (folic acid, FA)-specific modified
mesoporous silica nanocarrier that is simultaneously loaded
with the enzyme horseradish peroxidase (HRP) and its
substrate, TMB, enabling specific “turn-on” response by the
key tumor microenvironmental redox parameter, H2O2.

38,39

Once reaching the tumor area, the colorless SHT nanoprobe
could be converted to the strong broadband-absorbing form
with the wavelength ranging from the visible to the NIR-II

Scheme 1. Illustration of SHT Formation and Its H2O2 Activation and Acid Enhancement for Tumor-Specific NIR-II Photo-
nanotheranostics

Figure 1. Preparation and characterization of the activatable nanotheranostics SHT. (A) TEM image of prepared SHT. (B) Size distribution
of SHT nanospheres in water determined by dynamic light scattering. (C) Absorbance of SHT at 1064 nm after incubation with various
types of free radical species (25 μM) for 10 min. (D) Determination of SHT sensitivity for H2O2 detection in different pH buffers. (E) UV−
vis−NIR absorbance spectra of SHT (0.1 mg/mL) with different H2O2 concentrations in PBS buffer. (F) PA imaging and signal plot at 1064
nm as a function of the concentration of H2O2.
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window; meanwhile the chromogenic response would be
significantly amplified in the acidic condition owing to the
relatively high HRP activity and better stability of CTC than
that at neutral physiological pH.37,40,41 Such an intelligent
H2O2-activable and acid-enhanced nanotheranostics allows in
vivo nearly-zero-background PA tumor tomography and
combined effective PTT with NIR-II light irradiation (Scheme
1). Considering the high sensitivity, superior penetration
depth, and excellent biocompatibility, this NIR-II photo-
nanotheranostics holds broad prospects for the investigation
and intervention of deep-tissue H2O2 production and acid-
associated physiological and pathological events.

RESULTS AND DISCUSSION

As indicated in Scheme 1 and Figure S1A, to construct the
activatable SHT nanotheranostics, we first prepared 3D
dendritic biodegradable and amino-functionalized mesoporous
silica nanospheres according to the heterogeneous oil−water
biphase stratification reaction strategy.42 Transmission electron
microscopy (TEM) observation clearly revealed that the as-
prepared SiO2 nanospheres feature a dendritic hierarchical
mesostructure (Figure S1B). To further fabricate the tumor-
specific nanotheronostics, folic acid as a targeting ligand was
subsequently modified on the surface of SiO2 (−NH2) by the
coupling reaction between −COOH and −NH2 groups.43

Then the HRP and TMB were encapsulated into the pores of
mesoporous silica-based nanocarriers through the processes of
physical diffusion and adsorption.44,45 The TEM image in
Figure 1A indicates the formation of nanocompositions for the
obtained SiO2@HRP/TMB (SHT), which showed mono-

dispersed, uniform spherical frameworks with the average
diameter distribution verified to be 145.5 nm by dynamic light
scattering (DLS) measurement (Figure 1B). Spectral differ-
ences in the FTIR characterization (Figure S1C) between
SiO2, SiO2−FA, and SiO2−FA−TMB could also be direct
evidence for the successful modifications. The loading efficacy
of FA, TMB, and HRP was determined to be 12.7%, 19.9%,
and 2.47% by using absorption spectroscopy, respectively
(Figure S2).
The HRP/TMB-based colorimetric assay has been exten-

sively applied for reactive oxygen species (ROS, e.g., H2O2)
sensing as well as the enzyme-linked immunosorbent assay
(ELISA) in biochemical research.41,46 In view of our “turn-on”
activatable nanotheranostics, the chromogenic substrate TMB
and the catalase HRP were encapsulated into SHT as an
integrated colorimetric assay system, which enabled the
capability of sensitive detection of environmental H2O2. The
sensing specificity of SHT was evaluated by incubation with
various radical species, including H2O2, peroxynitrite
(ONOO−), hypochlorite (−OCl), tert-butyl hydroperoxide
(TBHP), tert-butoxy radical (•OtBu), hydroxyl radical
(•OH), and nitric oxide (NO). Notably, only the SHT and
H2O2 co-incubated group showed strong NIR-II absorbance at
1064 nm, whereas no significant color response was found in
the groups with any other types of free radical incubation
(Figure 1C). Moreover, the absorbance change of SHT toward
H2O2 in the slightly acidic condition (pH 6.0) was more
obvious than those in the neutral condition (pH 7.4). To
further validate the sensitivity of SHT activation in various pH
environments, the pH-dependent absorption responses of SHT

Figure 2. In vitro photothermal and photoacoustic studies of SHT with or without H2O2 in different pH conditions. (A, B) Temperature
increase and IR thermal images of SHT (0.1 mg/mL) in different pH PBS buffers with or without H2O2 (50 μM) incubation under 1064 nm
laser irradiation (1.0 W/cm2). (C) Photostability study of SHT after H2O2 response in pH 6.0 PBS buffer by reversible photothermal heating
and natural cooling cycles. (D) Schematic illustration of deep-tissue NIR-II PT and PA studies of SHT after H2O2 response. (E)
Temperature changes of H2O2-incubated SHT at different tissue depths under 1064 nm laser irradiation (1.0 W/cm2). (F) Plot of
photoacoustic SNR with H2O2-incubated SHT at 1064 nm as a function of the tissue depth. Laser energy density was 20 mJ/cm2.
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toward H2O2 were measured in varying pH buffers ranging
from 5.0 to 9.0. The results indicated that SHT exhibited high
sensitivity in acidic buffers in the presence of H2O2, while the
response in the basic condition was extremely slow (Figures
1D and S3A). Additionally, the strong NIR-II absorbance of
the H2O2/SHT solution in acidic condition (pH 6.0) remained
unchanged even after 24 h; however, the absorption of the
same sample at pH 7.4 almost entirely disappeared due to the
biodegradability of the generated charge-transfer complex
(Figure S3B).
To determine the feasibility of H2O2 sensing by using the

PAT modality, SHT solutions with different concentrations of
H2O2 were tested for both absorbance and PA signal changes.
As shown in Figure 1E, the absorbance increase was found to
be H2O2-concentration-dependent. Moreover, the linear
correlation between the concentration of H2O2 and the NIR-
II PA amplitude was observed in Figure 1F, indicating the
potential applicability for quantitative H2O2 detection.
Considering a high-redox and acidic microenvironment in
solid tumors due to the increased glycolytic metabolism,
deficient blood perfusion, and the processes of hypoxia,47,48

such a H2O2-activated and acidity-enhanced nanotheranostics
holds promising potentials for further applications of tumor-
specific activatable diagnostics and therapeutics.
The broadband NIR-absorbing feature of SHT upon H2O2

action not only enables a good NIR-II absorber for PAT but
also may serve as a photothermal agent for in vivo tumor PTT.
Notably, very recent research has demonstrated that TMB-
oxidation-based CTC showed a strong NIR-laser-driven
photothermal effect and the TMB−H2O2 colorimetric system
could be potentially used for photothermal immunoassay.49

We examined the photothermal property of SHT upon H2O2
activation by NIR-II laser (1064 nm) irradiation at a power

density of 1.0 W/cm2. As shown in Figure 2A and B, the IR
thermal camera images clearly showed dramatic temperature
increases with the blue-colored H2O2-incubated SHT solutions
after 5 min of irradiation. However, no obvious temperature
change was found with the colorless SHT solutions in the
absence of H2O2. Furthermore, there was obvious enhanced
photothermal heating effect observed in the acidic SHT−H2O2
reaction solution (pH 6.0) than that in the neutral condition
(pH 7.4) with the same NIR-II irradiation, indicating the
excellent photothermal specificity for potential tumor-selective
PTT without the normal tissue damage caused by nonspecific
overheating. Moreover, the H2O2-activated SHT solution
exhibited superior photothermal stability (Figure 2C), which
reveals the possibility for potential in vivo PTT studies.
To validate the deep-tissue penetration performances of

NIR-II PAT and photothermal effects, a homemade PAT
system and a tissue-mimicking phantom covered with different
thicknesses of chicken breast muscles were used to test the
penetrating features (Figures 2D and S4A,D).16 The results in
Figure 2E demonstrated tissue-depth-dependent temperature
decreases of H2O2-activated SHT solutions under 10 min of
1064 nm laser irradiation (1.0 W/cm2). It should be noted that
a 14.7 °C extra temperature increase was observed with the 5
mm tissue depth covered SHT/H2O2 sample; such heating
enhancement was sufficient to ablate tumor cells according to
the threshold temperature increase (10−13 °C) for in vivo
PTT.50 However, 808 nm laser irradiation for this sample with
5 mm tissue blocking only induced a tiny temperature change
at the same power intensity (Figure S4E). Additionally, the
deep-tissue 1064 nm PA signals of H2O2-activated SHT
solutions were examined and plotted in Figure 2F. Although
the SNR of the irradiated samples gradually decreased along
with the tissue depth increasing from 0 to 4 cm, a clear PA

Figure 3. NIR-II PT study in cells. (A) Confocal fluorescence images of SHT-incubated 4T1 cells after laser irradiation at 1064 nm (1 W/
cm2) for 6 min. Live/dead stain shows dead cells as red and viable cells as green. Scale bars, 100 μm. (B) Viability test of photothermal
destruction of 4T1 cells. (C) Hsp70-expression analysis of 4T1 cells treated with SHT and activated by H2O2 upon 1064 nm irradiation (1
W/cm2, 6 min). Treated 4T1 cells were stained with Alexa Fluor 488 labeled anti-Hsp70 antibody. Scale bars, 100 μm. (D) Cytotoxicity of
different concentrations SHT against 4T1 cells.

ACS Nano Article

DOI: 10.1021/acsnano.9b01411
ACS Nano 2019, 13, 5816−5825

5819

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01411/suppl_file/nn9b01411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01411/suppl_file/nn9b01411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01411/suppl_file/nn9b01411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01411/suppl_file/nn9b01411_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b01411


contrast was still detectable (SNR, ∼10 dB) even up to a 2 cm
tissue depth. Further comparative deep-tissue penetrating
studies between typical NIR-I (800 nm) and NIR-II (1064
nm) lasers also indicated the superiority of NIR-II PAT
(Figure S4B and C). These results demonstratively proved the
excellent tissue-penetrating capabilities of both PAT and PT
effects in the NIR-II window.
To further look into the specificity and capability of NIR-II

photothermal tumor cell ablation by H2O2-activated SHT
nanotheranostics, 4T1 cells were incubated with 0.1 mg/mL of
SHT for 4 h, and the culture medium was removed, then
replenished with a fresh one without or with 50 μM H2O2 to
mimic the normal or tumor redox microenvironment. After 1 h
of incubation, the cells were irradiated for 6 min with a 1064
nm laser (1.0 W/cm2). The PTT efficacy was evaluated by
live/dead cells staining (calcein AM and propidium iodide)
and quantitatively measured through using the resazurin-based
cell viability assay. As shown in Figure 3A, B, and D, there was
no obvious cytotoxicity in both SHT and H2O2 treatment
groups without laser irradiation, while remarkable dead cell
staining and much lower viability (29.7%) were observed in the
SHT/H2O2 co-incubated group after the photoirradiation.
Moreover, a significant difference of cell viability was found
between H2O2-treated and control (no H2O2 treatment)
groups with combined SHT/NIR-II laser operations, indicat-
ing that such effective photothermal damage was specifically
activated by H2O2. These results clearly demonstrated the
selective photothermal tumor-cell-killing ability of our

activatable nanotheranostics. In an attempt to clarify the
potential mechanism of this H2O2-activated SHT in PTT, we
analyzed the expression level of thermal-stress-associated heat
shock protein 70 (Hsp70) in 1064 nm laser irradiated 4T1
cells.51 After the immunofluoresent staining by Alexa Fluor 488
anti-Hsp70 antibody, an obvious green fluorescence was
observable in SHT−H2O2-treated cells (Figure 3C), which
confirmed the heat-induced Hsp70 overexpression. In contrast,
4T1 cells with either SHT or H2O2 treatment only showed
relatively low Hsp70 expression after the same photo-
irradiation. These results further validated the NIR-II PTT-
triggered tumor cell response specifically derived from the
external heat stimuli that was generated by H2O2-activated
SHT.
In order to evaluate the capability of SHT for NIR-II PA

H2O2 sensing in the tumor microenvironment, the 4T1-tumor-
bearing mouse model was established by following the
standard protocol;52 then mice administrated with SHT (200
μL, 2 mg/mL) via tail vein injection were scanned on a
homemade PAT setup with 1064 nm pulsed laser excitation
(Figure 4A and B). The PA signals of the tumor area at one
back side gradually increased over time, which indicated the
formation of the broadband-absorbing CTC derived from the
SHT response toward tumorous H2O2. However, no obvious
enhanced PA contrast except for the background noise
appeared in the normal tissue at different time periods after
SHT injection (Figures 4C and S5). It was noted that the 1064
nm PA signal reached a plateau after SHT injection at 4−6 h,

Figure 4. In vivo NIR-II PA tumor detection. (A) Representative PA images of the 4T1-tumor-bearing mice postinjection of SHT (2 mg/mL,
200 μL). (B) Schematic diagram of 1064 nm Nd:YAG laser based PAT system. Here, RP = right angle prism, CRD = circular rotating disc,
SM = stepper motor, DAQ = data acquisition card, RFA = ultrasound receiver/filter/amplifier unit, UST = ultrasound transducer, OD =
optical diffuser, PF = 100 μm transparent polythene membrane. (C) Normalized mean PA amplitudes as a function of SHT postinjection
time. Energy density of 1064 nm pulse laser irradiation, 5.5 mJ/cm2. Statistically significant difference in PA amplitude (au) between tumor
and normal tissue (*p < 0.05, **p < 0.01, ***p < 0.001, n = 3).
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and a significant difference (p < 0.001) of PA intensity could
be observed between tumor and normal tissue images. Besides,
in vivo and ex vivo biodistribution analysis (Figure S6) by
systematic administration of fluorescent dye (Cy7) labeled
SHT further validated the superior tumor accumulation
efficacy of this nanotheranostics due to the effects of both
the enhanced permeability and retention (EPR) and the
feature of folate-mediated tumor targeting.53,54 Although the
PA intensity in the tumor decreased over time attributed to
metabolism and clearance, there are still detectable PA signals
after 24 h. This phenomenon was consistent with our previous
results that tumorous acidity significantly enhanced the
stability of CTC generated by the H2O2/SHT response. In
contrast, the CTC would be degraded under physiological
conditions (pH 7.4).37 These data demonstratively proved that
SHT could be used for NIR-II PA tumor detection based on
the specific microenvironmental-H2O2-activated strategy.
In light of the tumor PAT results, the PTT capability and

efficacy were investigated in the 4T1 xenograft tumor model.
The maximum NIR-II PA signals in the tumor region could be
detected at 4 h post SHT injection. PTT was conducted
accordingly with a 1064 nm laser irradiation (1.0 W/cm2) for 6
min, and the heating process was monitored every minute by
an IR camera. The tumor temperature with SHT-treated mice
gradually increased from the lowest at 31.2 °C to the maximum
at 52.9 °C during the photoirradiation, which was significantly
higher than that of saline-treated mice, with a plateau
temperature of 37.4 °C (Figure 5A and B). Considering the
threshold temperature (43 °C) of PTT,55 this temperature
change generated by H2O2-activated SHT was high enough to
induce tumor ablation. To evaluate the antitumor effect for the
NIR-II PTT using SHT, tumor volumes were continuously
monitored for 2 weeks. As indicated in Figures 5C and S7, the
growth of tumors for SHT-treated mice was significantly
suppressed without reoccurrence observed after 1064 nm

photoirradiation. In contrast, saline-treated mice with the same
irradiation failed to show any antitumor capability. Besides, no
notable therapeutic effect was found for both SHT and saline-
treated mice without NIR-II laser irradiation. These results
showed that SHT offers excellent activatable photothermal
therapeutic ability against tumors. Moreover, there was no
obvious body weight loss observed for all the mice throughout
the experimental period (Figure 5D). Additionally, the
histological studies by using TUNEL and H&E staining
methods were carried out to further evaluate the PTT
outcomes and potential side effects.56,57 As expected, no
appreciable histopathological damage or inflammation could
be observed in hearts, livers, spleens, and kidneys of both SHT-
and saline-treated mice with or without NIR-II laser irradiation
(Figure S8). In contrast, compared to saline-treated tumor
tissues or free NIR-II laser irradiated groups, tumor tissues in
the SHT-treated group after PTT indicated obvious damage
(Figure S9). Most importantly, the TUNEL staining of tumor
tissues also indicated apoptotic tumor cells for SHT-treated
mice after PTT, while no noticeable apoptosis could be
observed for saline-treated mice after laser irradiation. Further
serum biochemical tests of SHT-administrated mice indicated
that the pathological indicators of both liver (e.g., ALT, AST,
ALP) and kidney (e.g., CREA, BUN, LDH) were all in the
normal range in comparison to the control (Figure S10).
These data validated that the SHT-mediated microenviron-
mental activatable NIR-II PTT exhibited a highly specific and
effective tumor therapeutic action along with good biosafety.

CONCLUSION

In conclusion, we have successfully developed a micro-
environmental stimuli-activatable nanotheranostics (SHT) for
PA tumor detection and combined PTT both in the NIR-II
optical window. Such a smart phototheranostics showed highly
sensitive H2O2-activated/acid-enhanced PA signal changes as

Figure 5. In vivo NIR-II PTT against tumor. (A) IR thermal images of 4T1-tumor-bearing mice with intravenous injection of SHT under
laser irradiation at 1064 nm (1 W/cm2) for different times. (B) Temperature changes during laser irradiation after intravenous injection of
saline and SHT into 4T1-tumor-bearing mice (**p < 0.01, n = 4). (C) Tumor growth curves and (D) body weight data of mice after NIR-II
PTT operations (**p < 0.01, n = 4).
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well as precision PTT in vitro and in vivo, which significantly
minimized the nonspecific signal readout and therapeutic side
effects encountered in the conventional “always-on” theranos-
tic agents. Most importantly, the NIR-II light-mediated tumor
PAT and PTT eventually led to superior deep-tissue
photoacoustic contrast and photothermal heating capabilities
in living mice. In view of the numerous merits of stimuli-
activatable NIR-II photo-nanotheranostics, this study provides
great opportunities for the investigation and management of
redox/acid-associated (patho)physiological alterations, as well
as contributing to the development of future nanomedicine.58

METHODS
Preparation of Mesoporous Silica Nanoparticles (MSNs).

The dendritic MSNs were prepared following the previous reported
one-pot biphase stratification approach.42 Typically, 12 mL of (25 wt
%) cetyltrimethylammonium chloride (CTAC) solution and 45 μL of
triethylamine (TEA) were added to 18 mL of DI water and stirred
gently at 60 °C for 1 h in a 100 mL round-bottom flask. Then 5 mL of
(5 v/v %) tetraethoxysilane in cyclohexane was carefully added to the
water−CTAC−TEA solution and kept at 60 °C in an oil bath under
slow stirring (∼100 rpm) for 30 min. Then 1 mL of (10 v/v %) (3-
aminopropyl)triethoxysilane in cyclohexane was drop-wisely added
and kept at a constant temperature with continuous stirring for
another 6 h. The products were collected by centrifugation (5000
rpm, 5 min) and washed three times with ethanol to remove the
residual reactants. Finally, the collected products were extracted with
a 3 mg/mL ammonium nitrate (NH4NO3) ethanol solution at 60 °C
for 6 h twice to remove the template. The obtained dendritic MSNs
can be stored in ethanol solution in 4 °C for the subsequent
experiments.
Modification and TMB/HRP Loading of MSNs. The folic-acid-

functionalized MSNs were prepared following a reported method.43

Briefly, the folic acid (10 mg) was first activated by N-
hydroxysuccinimide esterification of FA (22 mg, 0.05 mmol) with
N-hydroxysuccinimide (NHS) (5.8 mg, 0.05 mmol) in 2 mL of dry
DMSO solution of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(19 mg, 0.1 mmol), hydroxybenzotriazole (9 mg, 0.07 mmol), and 20
μL of N,N-diisopropylethylamine. The mixture was stirred for 30 min
at room temperature. Then, the MSN−NH2 suspension (20 mg in 3
mL of DMSO) was dropped into the NHS−FA solution and stirred
for 24 h. Finally, the reaction mixture was collected by centrifugation
(5000 rpm, 5 min) and washed with DMSO and DI water several
times, respectively, to afford FA-MSNs. For the TMB loading, 1 mL
of FA-MSNs suspension (10 mg/mL) was added in 1 mL of 0.1 M
TMB water solution, which was sonicated for 10 min and then stirred
for 12 h under a N2 gas atmosphere. The mixture was washed with DI
water two times to produce TMB-loaded MSNs. For the HRP
(Sigma-Aldrich) loading, 10 mg of as-prepared TMB-MSNs was
redispersed in 2 mL of acetic acid−sodium acetate buffer (pH = 5.0)
containing 1 mg of HRP. The mixed solution was then kept at 4 °C
with gentle stirring for 12 h. The TMB/HRP-loaded MSNs (SHT)
were obtained by centrifugation (5000 rpm, 5 min) after washing with
DI water. The products were stored at 4 °C for further use. In all
modification and loading processes, the loading efficacy was
quantified by the TMB/HRP/H2O2 absorbance response with UV−
vis spectroscopy measurements.
Characterization and Measurements. TEM images were recorded

using a FEI EM208S TEM (Philips) operated at 100 kV. DLS
measurement was performed by a Brookhaven 90 Plus nanoparticle
size analyzer. UV−vis−NIR absorption spectra were measured using a
Perkim Elmer Lambda 950 spectrometer, and a Bruker Vertex 80v
vacuum FTIR spectrometer was used to study the material
modifications.
Specific and Quantitative Detection of H2O2. To study the

specificity of H2O2 detection, 0.1 mg/mL SHT was incubated with
various reactive oxygen species (25 μM) for 10 min with gentle
shaking. Then, the UV−vis−NIR absorption spectra of the mixtures

after incubation were measured. To study the pH-sensitivity, SHT
and H2O2 were added in phosphate-buffered saline (PBS) buffers with
different pH values, and the colorimetric test was subsequently
performed following the same procedure. For the quantitative
analysis, different concentrations of H2O2 were incubated with SHT
for 10 min, and then the absorbance and photoacoustic signals were
measured at 1064 nm.

In Vitro NIR-II PAT and PT Studies. NIR-II PA signals of SHT with
different concentrations of H2O2 were measured and plotted by the
homemade PAT instrumentation (Figure 4B) with a Q-switched
Nd:YAG pump laser at 1064 nm, 5 ns, 10 Hz as the light source.
Samples were placed inside low-density polyethylene (LDPE) tubes
with an inner diameter (i.d.) of 0.59 mm and outer diameter (o.d.) of
0.78 mm. A single-element ultrasound transducer (UST, V323-SU/
2.25 MHz, 13 mm active area, and 70% nominal bandwidth,
Panametrics) was immersed in water for coupling of PA signals to
the UST. The sample was irradiated with 1064 nm laser pulses, and
PA signals were detected by UST, amplified with a gain of 50 dB, and
subsequently band-pass filtered (1−10 MHz) by a receiver/filter/
amplifier (RFA) unit. Finally, the output signals from the RFA unit
were digitized with a data acquisition card (GaGe, Compuscope
4227) operated at 25 MHz, and the acquired signals were stored in
the computer. For the NIR-II photothermal test, SHT solutions (200
μL, 0.1 mg/mL) with H2O2 in different pH PBS buffers were
irradiated by a 1064 nm laser with a power density of 1 W/cm2. The
temperature changes were monitored every 20 s by an IR thermal
camera (FLIR) during both the photothermal heating (0−3 min) and
the cooling period (3−8 min). The photostability study of SHT with
50 μM H2O2 was also evaluated by 1064 nm laser irradiation (1 W/
cm2) for five repetitions.

Deep-Tissue NIR-II PAT and PT Studies. For the deep-tissue PAT
study, 100 μL of SHT (1 mg/mL) after 50 μM H2O2 activation was
first embedded in a sample phantom. Then chicken breast tissues
were stacked layer by layer above the phantom to obtain various
imaging depths (0−4 cm). The homemade PAT setup was used for
deep-tissue imaging with both typical NIR-I (800 nm) and NIR-II
(1064 nm) laser sources. Finally, the acquired PA signals were used to
reconstruct the image using a delay-and-sum back projection
algorithm. The deep-tissue photothermal studies with both 808 and
1064 nm laser irradiations were performed following a previously
reported method.16 Typically, a 200 μL SHT solution with 50 μM
H2O2 was filled in a 96-well plate and covered by chicken breast tissue
of various thicknesses (0, 2.5, 5, and 10 mm) and then exposed to an
808 or 1064 nm laser (1 W/cm2) for 10 min. The temperature
changes of the sample under the chicken breast tissue were monitored
by an IR thermal camera.

Cell Culture and Viability Test. The 4T1 cancer cell line was
purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA), and it was cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS)
containing penicillin (100 IU/mL) and streptomycin (100 μg/mL)
and maintained in an atmosphere containing 5% CO2 and 95%
humidified air at 37 °C. For the cytotoxicity assay, cells were seeded
in 96-well plates (8000 cells/well in 100 μL) and incubated overnight.
Then different concentrations of SHT were added to the cell culture
medium, respectively, and the cells were incubated for 24 h. The
medium was then removed and washed with PBS. Fresh cell culture
medium containing TOX8 was added to the wells, and the plate was
incubated for another 3 h. The fluorescence at 590 nm was measured
by a Tecan’s Infinite M200 microplate reader with 560 nm excitation.
Cell viability was expressed by the ratio of the fluorescence of cells
incubated with SHT to that of control cells.

Live/Dead Cell Staining and Hsp70-Expression Study. For
live/dead cell staining, 4T1 cells were seeded in an eight-well dish
(Ibidi) at a concentration of 2 × 104 cells/mL (0.3 mL) and
incubated for 24 h. Then 0.1 mg/mL of SHT was added in the wells
and incubated for another 4 h, then washed and treated with 50 μM
H2O2 or H2O2-free medium. After 1 h of incubation, the cells were
irradiated with a 1064 nm laser (1.0 W/cm2) for 6 min. The control
groups without NIR-II irradiation were performed. The cells were
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incubated overnight and then stained with calcein AM and propidium
iodide (PI) for 30 min, washed with PBS, and then imaged by a Carl
Zeiss LSM 800 confocal laser microscope (Germany). Additionally,
the cell viability was also measured by using a TOX-8 assay kit. For
Hsp70-expression study, the 4T1 cells irradiated by a 1064 nm laser
(1.0 W/cm2, 6 min) were incubated for another 3 h; then the medium
was removed and washed with PBS. Subsequently, 4T1 cells were
fixed with 4% paraformaldehyde solution for 20 min. After washing
three times with PBS, the cells were stained with anti-Hsp70 antibody
conjugated with Alexa Fluor 488 (Biolegend Alexa Fluor 488 anti-
Hsp70) and Hoechst 33258 at room temperature for 30 min. Finally,
stained cells were washed with PBS again and imaged with the
confocal laser microscope.
Animal Model. All animal experiments were performed in

compliance with the Guidelines established by the Institutional
Animal Care and Use Committee (IACUC), Sing Health. To
establish the tumor model in female NCr nude mice, two million 4T1
cells suspended in 0.2 mL of DMEM (10% FBS, 1% antibiotics) were
subcutaneously injected into one side of the back of mice. In vivo
NIR-II PTT was performed when the subcutaneous tumor volume
reached approximately 100 mm3, while tumor-bearing mice with an
average tumor size around 1000 mm3 were used for NIR-II PAI.
In Vivo Tumor NIR-II PAT. In vivo tumor PAT was acquired by the

homemade 1064 nm PAT system mentioned above. A layer of
ultrasonic coupling gel was applied on the mouse’s skin at the tumor
area. The mouse was subsequently anesthetized and placed into the
PA setup with the tumor protruding above the water tank through a
hole that was sealed by transparent polyethylene film. The tumor-
bearing mice were monitored and imaged before and after tail vein
injection of SHT (2 mg/mL, 200 μL per mouse, n = 3) using the
1064 nm laser with a power intensity of 5.5 mJ/cm2. At different times
postinjection, PA images were acquired and reconstructed for the
tumor and the normal tissue.
In Vivo Tumor NIR-II PTT. The mice bearing 4T1 xenograft tumors

were administered with SHT (2 mg/mL, 200 μL) or saline (200 μL)
via tail vein injection (n = 4). According to the PAT results, at 4 h
postinjection, tumor regions of living mice were irradiated with the
1064 nm laser at 1 W/cm2 for 6 min. An IR thermal camera was used
to monitor the temperature changes of the tumor region every 1 min
during laser irradiation. After the photothermal treatment, the sizes of
tumors and mice body weights were measured by a caliper every other
day for 2 weeks.
Histological Analysis. After NIR-II PTT and observations, mice

were sacrificed (n = 4) and organs (livers, spleens, kidneys, lungs, and
tumors) were fixed in 4% paraformaldehyde solution. Then paraffin-
embedded sectioning was performed, and hematoxylin and eosin
(H&E) staining was carried out according to standard protocols.57 As
for the terminal deoxyribonucleotide transferase-mediated nick-end
labeling (TUNEL) assay,56 the ApopTag plus peroxidase in situ
apoptosis detection kit (Merck) was used according to the
manufacturer’s instructions. Images of slices were captured by a
Nikon ECLIPSE 80i microscope.
Statistical Analysis. Mean PA signals of in vitro sample test and in

vivo tumor detection were measured by region of interest (ROI)
analysis using Matlab. Results are expressed as the mean ± SD
deviation unless otherwise stated. The results were plotted by
OringinPro 8.5 software, and statistical analyses were performed using
the t test.
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