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hydrogen peroxide (H2O2) metabolites, 
at concentrations as high as 1 × 10−3 m.[7] 
Metallic ions, such as Fe3+[8] and Mn2+,[9] 
enable the disproportionation of H2O2 to 
its downstream toxic ROS hydroxyl radical 
(•OH). Thus, several therapeutic strate-
gies have been developed based on such 
catalytic reactions to generate ROS in 
tumors. The strategies were assisted by 
the released metallic catalyst from the car-
riers, such as iron oxide (Fe3O4) nanopar-
ticle (NP)[10] and amorphous iron NPs.[11] 
On the other hand, cisplatin is a food 
and drug administration (FDA)-approved 
anticancer drug, possessing nuclear DNA 
crosslinking ability, thus restraining cell 
division.[12–15] Cisplatin also has the ability 
to activate nicotinamide adenine dinu-
cleotide phosphate oxidase (NOX) and 
efficiently convert O2 to O2

•−, which can 
be dismutated by superoxide dismutase 
enzyme to form H2O2 (main source of 
H2O2 production), causing an upsurge 
in cellular H2O2.[16,17] Thus, developing 

multi functional chemotherapeutic agents, containing both cis-
platin and metallic ions, is desirable for enhanced therapeutic 
efficacy mediated by ROS generation.[18]

Photoacoustic (PA) imaging, which provides high spatial 
resolution with deep tissue penetration, has been employed 
in noninvasive real-time imaging of inflammation, throm-
bosis, tumor, and other diseases.[19–27] However, the detection 
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Increasing oxidative stress induced by reactive oxygen species 
(ROS) in cancer cells has been considered an effective anti-
cancer strategy.[1–3] Such a process can cause oxidative damage 
to cellular components including DNA strand breakage, 
leading to cell apoptosis.[4] Endogenous bioenergetic materials 
have been developed to produce ROS in cancer cells.[5,6] In the 
tumor region, excessive cellular growth produces a number of 
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of PA signal is intensity-dependent and thus is susceptible 
to some common analyte-insensitive artifacts that are hard 
to correct including photobleaching, local light deposition, 
and variations in PA probe concentrations and dimension of 
target analytes.[28] Recently, a series of activatable PA probes 
have been reported to detect specific biomarkers and small 
molecules by molecular structural changes that lead to spon-
taneous signal responsive variations.[29–31] Moreover, ratio-
metric PA measurements, which have increased analytical 
sensitivity, specificity, and accuracy, have been developed to 
replace absolute PA signal intensity measurements. Exam-
ples of these developments include disease-specific imaging 
of copper(II),[32] pH,[33,34] and methylmercury,[35] all of which 
were developed based on ratiometric PA probes.[36] Under-
standing ROS, the highly cytotoxic species that can be utilized 
to kill cancer cells, is imperative to the detection and treatment 
of many life-threatening diseases.[37,38] However, it is still dif-
ficult to detect ROS or trace its generation in vivo. An infrared 
(IR) dye, IR790s, has been used in ROS detection for in vivo 
real-time monitoring of hepatotoxicity based on its reactivity 

with ROS. The absorption intensity changes of IR790s have 
been demonstrated to reflect the ROS generation caused by 
drugs in the liver.[39–41] Thus, IR790s combined with an inert 
interference-free PA signal can be functionalized as a ratio-
metric PA probe to monitor the generation of ROS in situ.

In this study, we report a novel semiconducting perylene 
diimide (PDI)-based theranostic NP that can simultaneously 
enhance ROS generation and self-monitor its levels by ratio-
metric PA imaging, thus facilitating real-time observation 
of anticancer chemotherapy effect in vivo. The theranostic 
NP (PDI–IR790s–Fe/Pt) with rod-like nanostructure was 
constructed by self-assembly of PDI-based cisplatin prodrug (PDI 
prodrug), IR790s, and chelated ferric ions. The PDI chemical 
structure was largely modified to synthesize a novel asymmetric 
PDI prodrug (Figure 1a) containing multifunctional group  
(Figures S1−12, Supporting Information). The polyphenols 
linked to one of the amide groups of PDI can coordinate with 
ferric ions, thus directing the self-assembly of PDI prodrug[42] 
and initiating the Fenton reaction with H2O2 to produce 
toxic •OH in acid environments. A polyethylene glycol (PEG) 
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Figure 1. Preparation of PDI-based nanotheranostics and ratiometric photoacoustic (PA) imaging of the generated ROS in vivo. a) Schematic 
illustration of the preparation of theranostics by self-assembly of PDI prodrug and IR790s triggered by Fe3+, b) the released cisplatin from the 
theranostic NPs activates NOX, which catalyzes formation of H2O2 and superoxide from O2. Then the Fe3+ turns H2O2 into highly toxic •OH by 
catalyzing the Fenton reaction. The generated •OH activates IR790s, leading to a PA signal change, while the PA signal from semidonducting PDI 
remains stable. Thus, the PA signal ratio of PDI and IR790s can be used for ratiometric PA imaging of the generated ROS.
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chain was linked to the other amide group of PDI to promote 
water solubility and biocompatibility of the nanoplatform. A 
cisplatin prodrug (Figure S13, Supporting Information) was 
further conjugated to the free end of a PEG chain (Figure 1a). 
In the tumor microenvironment, cisplatin is released in the 
presence of reductive species such as glutathione and medi-
ates the activation of NOX, triggering the conversion of oxygen 
(O2) to superoxide radical (O2

•−), finally, leading to the down-
stream formation of H2O2 (Figure 1b). The H2O2 can further 
be catalyzed to toxic hydroxyl radicals (•OH) by the loaded Fe3+ 
through the Fenton reaction. Moreover, PDI endows the NP 
platform with strong near infrared (NIR) absorption at 680 nm 
without bleaching by any photophysical or chemical interfer-
ences; and two pyrrolidines at the bay position make it a robust 
PA probe.[43–46] An ROS-sensitive molecule, IR790s, has a 
strong and distinct absorption at 790 nm (despite some insig-
nificant absorption at 680 nm). In the presence of ROS, IR790s 
can be cleaved into two oxides, diminishing its ability to absorb 
NIR light at 790 nm (Figure 1a). Therefore, these characteris-
tics allow the theranostic nanoplatform to track ROS genera-
tion and cancer therapy effect by ratiometric PA imaging under 
excitation wavelengths of 680 and 790 nm.

To prepare the theranostic NPs, the self-assembly ability of 
PDI prodrug in water was first investigated. By taking advan-
tage of the amphiphilic (hydrophilic–hydrophobic–hydrophilic) 
nanostructure of PDI prodrug, IR790s was encapsulated in PDI 
prodrug NPs by self-assembly in a solution containing dimeth-
ylformamide (DMF) and water (1:1, v/v). Due to the small pro-
portion (volume) of hydrophobic PDI segments in relation to 
hydrophilic PEG and polyphenols, small-sized PDI prodrug 
NPs loaded with IR790s (average size: 17 ± 5.4 nm) were 
obtained without adding ferric ions (Figures S14−S15, Sup-
porting Information). It is interesting to observe that large rod-
like NPs were formed when ferric ions were added to the solu-
tion. It is possible that the π–π interaction of PDIs as well as the 
coordination between polyphenols of PDI prodrug and ferric 
ions were greatly increased. Thus, these two kinds of forces 
lead to π–π stacking of the perylene cores along 1D long axis 
without curvature, and the structure is stabilized by coordina-
tion between polyphenols and ferric ions and the surrounding 
PEGs as shown in Figure 1.[47] Thus, the theranostic NPs, 
PDI–IR790s–Fe/Pt NPs, were obtained by the self-assembly of 
PDI prodrug and IR790s at a molar ratio of 30:1 in DMF, in 
the presence of ferric ions and water (which was added into the 
system). DMF was removed by dialysis against phosphate buff-
ered saline (PBS) (pH 7.4) and the as-prepared NPs were stored 
in PBS. The mass ratio of Pt and Fe in the PDI–IR790s–Fe/
Pt NPs was about 4.46:1 as measured by inductively coupled 
plasma mass spectrometry.

The transmission electron microscopy (TEM) images 
(Figure 2a) showed that rod-like theranostic NPs with an average 
diameter of 120 ± 33.5 nm were formed. After incubation in 
serum for 30 d, the diameters of theranostic NPs, according 
to the dynamic light scattering results, were nearly unchanged 
(Figure S16, Supporting Information). This indicates that the ther-
anostic NPs are highly stable, which is likely due to strong π–π 
stacking interactions between PDI molecules and the coordina-
tion between ferric ions and polyphenols. Nevertheless, the coor-
dination is not stable in an acidic environment, and can lead to  

pH-responsive activity of theranostic NPs. Thus, the variations in 
size and morphology of NPs in different acidic environments were 
further investigated. In a buffer solution, pH 6.8, the theranostic 
NPs were larger and contained some nanopores on the surface 
(Figure 2a). Moreover, the NPs dissociated into smaller NPs or 
clusters in pH 5.0 buffer solution (Figure S17, Supporting Infor-
mation), possibly due to a disruption in coordination. In following, 
exploiting the acidic environment of the tumor, PDI–IR790s–Fe/
Pt NPs can be disassembled into smaller NPs, thus favoring their 
pH-responsive drug release and rapid clearance from the body.

To study the ROS-responsive ability of IR790s, PDI NPs 
loaded with IR790s (PDI–IR790s NPs) were prepared by the 
self-assembly of PDI structure 9 (Figure S1, Supporting Infor-
mation) and IR790s. The UV–vis spectra displayed in Figure 2b 
showed that PDI–IR790s NPs (in aqueous solution) exhibited 
two strong absorption peaks at 680 and 790 nm corresponding 
to PDI and IR790s, respectively. To study their responsive-
ness to ROS following Fenton reaction, PDI–IR790s NPs were 
further incubated with H2O2 and Fe3+. A H2O2 activity kit was 
utilized to monitor the concentration of H2O2 in aqueous 
solution, where absorption at 560 nm is observed when 
H2O2 is present. The decrease in absorption at 560 nm indi-
cates that the consumption of H2O2 is activated by ferric ions, 
resulting in the production of •OH. To quantitatively investi-
gate ROS-responsive ability of NPs in producing •OH, different 
amounts of •OH prepared by the reaction of H2O2 and FeCl3 
were incubated with PDI–IR790s NPs (3 × 10−6 m IR790s in 
0.1 m PBS (pH 6.8)) and the UV–vis spectra and PA signals at 
680 and 790 nm were then measured. The absorption inten-
sity of PDI–IR790s NPs at 790 nm gradually decreased due 
to its ROS-responsive property, producing •OH. In contrast, 
the absorption signal at 680 nm remained nearly unchanged 
(Figure 2c). The calculated absorption intensity ratio of 680 to 
790 nm (Ab680/Ab790) was high in the presence of •OH, while 
the ratio was low in H2O2-treated NPs without the addition of 
ferric ions due to an absence of •OH generation (Figure 2d).

Because of the high sensitivity of PDI–IR790s to the gener-
ated •OH in the reaction of H2O2 and Fe3+, we were encour-
aged to further investigate the ROS generation and the respon-
sive properties of the theranostic PDI–IR790s–Fe/Pt NPs 
using UV–vis spectra and PA imaging. The PDI–IR790s–Fe/Pt 
NPs (250 µg mL−1) were incubated with 0.1 m phosphate buffer 
(pH 6.8) and then treated with different concentrations of H2O2 
(from 0 to 18 × 10−6 m). From the UV–vis spectra (Figure S18, 
Supporting Information), the absorption at 790 nm decreased 
with adding H2O2. The correlation between Ab680/Ab790 ratio 
and H2O2 concentration ranging from 0 to 18 × 10−6 m was 
linear. At a H2O2 concentration of 18 × 10−6 m, the Ab680/Ab790 
ratio was 4.25 ± 0.25. The PA images and their corresponding 
signals at 680 and 790 nm were further measured. The PA 
spectrum of the PDI–IR790s–Fe/Pt NPs showed two strong 
PA intensity peaks at 680 and 790 nm (Figure 2e), which is con-
sistent with their UV–vis spectra. After H2O2 was added into 
the system, the PA signal at 790 nm gradually decreased, while 
that at 680 nm remained almost constant. The PA images of 
the NPs at 680 and 790 nm were recorded in pseudo green 
and red colors, respectively. The color at 790 nm changed from 
white to dark red, while that at 680 nm was nearly unchanged 
(Figure 2f). The ratiometric PA signal at 680 to 790 nm  
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(PA680/PA790) showed linear correlation with H2O2 concentra-
tion (Figure 2g). The PA680/PA790 ratio at a saturation point 
(4.37 ± 0.27) was around fourfold higher than that at the initial 
inactive state (1.07 ± 0.13). Such high accuracy and sensitivity 
of PDI–IR790s–Fe/Pt NPs in the ratiometric PA imaging of 
•OH may provide the possibility to visualize ROS generation 
in living mice.

Additionally, we conducted an experiment to monitor 
intracellular generation and self-monitoring of ROS from 
PDI–IR790s–Fe/Pt NPs. A compound, 2′,7′-dichlorodihydro-
fluorescein diacetate (H2DCFDA), was employed as an ROS 
indicator. It can be activated by ROS and converted to green-
fluorescent 2′,7′-dichlorofluorescein. Compared with the 
control/untreated cells, in which green fluorescence signal 
was not detected, cells treated with PDI–IR790s–Fe/Pt NPs 
for 6 h exhibited green fluorescence signal in the cytoplasm 

(Figure 3a). The fluorescence signal was further amplified 
when the incubation time was increased to 12 h, indicating 
that ROS generated inside the cells was further increased 
(Figure 3a). The results demonstrated in vitro generation 
of •OH from the increasing H2O2 was enhanced by PDI–
IR790s–Fe/Pt NPs. In contrast, fluorescence signal was not 
observed in cells treated with PDI–IR790s NPs in the absence 
of Fe3+; it is evident that no ROS were generated without the 
Fenton reaction (Figure S19, Supporting Information).

The cytotoxic effect of PDI–IR790s–Fe/Pt NPs on U87MG 
cells was further evaluated using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Figure 3b). 
PDI–IR790s NP exhibited nearly no toxicity to U87MG cells 
(Figure S20, Supporting Information). Small molecular cispl-
atin prodrug and free cisplatin and (carboxylic cisplatin) con-
taining the same platinum content were used as controls. While 
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Figure 2. Characterization and in vitro ratiometric PA imaging of ROS from the theranostic PDI–IR790s–Fe/Pt NPs. a) Representative TEM images 
of the PDI–IR790s–Fe/Pt NPs treated with different pH buffers for 24 h. b) UV–vis spectra of different solutions treated with Amplex Red H2O2 
activity kit, indicating the consumption of H2O2 in the presence Fe3+ catalyst. (Inset photographs (from right to left): water, H2O2, PDI–IR790s NPs, 
PDI–IR790s NPs plus H2O2, PDI–IR790s NPs plus H2O2 and excess Fe3+, all with H2O2 activity kit). c) UV–vis absorption spectra of PDI–IR790s NP 
solutions after adding •OH. d) The reactivity of PDI–IR790s NPs to H2O2 and •OH in PBS (pH = 7.4). (P values, ***P < 0.001, are calculated by t test.) 
e) Representative PA spectra of the PDI–IR790s–Fe/Pt NPs with or without H2O2 treatment. f) PA images of the PDI–IR790s–Fe/Pt NP solution at 
680 and 790 nm treated with increased concentrations of H2O2 (from right to left). g) The PA680/PA790 ratio of the PDI–IR790s–Fe/Pt NPs as a function 
of the concentration of H2O2 in PBS (pH = 7.4).
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PDI–IR790s–Fe/Pt NPs and free cisplatin exhibited similar 
cytotoxic effect against U87MG cells (half maximal inhibitory 
concentration (IC50) values were 9.01 and 5.98 × 10−6 m, respec-
tively), cisplatin prodrug exhibited very weak cytotoxicity. These 
observations showed that combining ferric ions with anticancer 
drug cisplatin may induce H2O2 production, thus enhancing 
hydroxyl radical formation, leading to apoptosis, and eventually, 
sensitizing the anticancer drug (Figure 1b). This demonstration 
shows a new strategy in which ferric ions were used to deliver 
H2O2-inducing cancer therapy based on combined actions.

In vitro ratiometric PA imaging was further performed to 
monitor ROS generation as a result of theranostic NP uptake 
in cancer cells (Figure 3c). After the cells were treated with 
PDI–IR790s NPs or PDI–IR790s–Fe/Pt NPs for 8 h, the PA 
signals were simultaneously monitored at 680 and 790 nm, 
as illustrated by pseudo green and red colors, respectively 
(Figure 3d). In comparison to strong PA signal at 790 nm 
in cells treated with PDI–IR790s NPs, cells treated with 
PDI–IR790s–Fe/Pt NPs exhibited weak signal, indicating that 
ROS were generated through Fenton reaction, and further 
reacted with IR790s. Moreover, the PA680/PA790 ratio of the 

PDI–IR790s–Fe/Pt NP-treated cells (3.25 ± 0.35) was signifi-
cantly higher than that of PDI–IR790s-treated cells (1.31 ± 0.25) 
(Figure 3e). The results demonstrated that the PDI–IR790s–Fe/
Pt NPs not only could generate ROS and induce toxicity but 
could also measure the ROS generation through ratiometric PA 
imaging.

To demonstrate the capability of the ratiometric PA imaging 
in the detection of ROS generation in vivo, PDI–IR790s–Fe/Pt 
NPs or PDI–IR790s NPs (10 µL, 1 mg mL−1) were administered 
locally and subcutaneously to U87MG xenograft tumors. PA 
images at 680 and 790 nm were captured at 0.5 and 6 h postin-
jection (Figure 4a,b). PA intensities at 680 nm captured at 0.5 
and 6 h postinjection were similar in both samples, indicating 
that PDIs were stable inside the tumors. However, PA intensity 
at 790 nm of the tumors treated with PDI–IR790s–Fe/Pt NPs at 
6 h postinjection decreased by a certain extent, indicating that 
the reaction between the generated ROS and IR790s took place. 
Such specific ratiometric response could easily be distinguished 
in the PA images. On the other hand, PA signals at 790 nm of 
the tumors treated with PDI–IR790s NPs at 0.5 and 6 h postin-
cubation were not significantly different, indicating that ROS 
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Figure 3. In vitro ROS generation and cytotoxicity of theranostic PDI–IR790s–Fe/Pt NPs. a) Confocal microscopy images of U87MG cells incubated 
without (control cells) and with PDI–IR790s–Fe/Pt NPs for 6 and 12 h. (Blue color: nuclei stained by DAPI, red color: cell membrane stained by 
WGA-594, green color: ROS indicator of H2DCFDA). The increasing intensity of the green signal of H2DCFDA in the cell represented the enhanced 
ROS generation from PDI–IR790s–Fe/Pt NPs. b) The cytotoxicity of the different formulations after 48 h incubation. c) Schematic illustration of the 
cancer cells treated with PDI–IR790s–Fe/Pt NPs followed by concentration for ratiometric PA imaging. PA images d) and ratiometric PA signals (PA680/
PA790) e) of the concentrated cancer cells treated with PDI–IR790s NPs or PDI–IR790s–Fe/Pt NPs. (P values, ***P < 0.001, are calculated by t test.)
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generation in the tumors was not enhanced. The PA images 
and the spectral data confirmed that interaction between ROS 
and IR790s occurred in the tumors of mice treated with PDI–
IR790s–Fe/Pt NPs, but not in mice treated with PDI–IR790s 
NPs. To minimize the tissue interference during PA testing, 
ΔPA, a veritable PA intensity of NPs in the tumor was defined. 
The value was obtained by deducting the endogenous tissue 
intensity (e.g., absorption of oxy- and deoxyhemoglobins), 
which was used to evaluate the ratiometric PA signals (ΔPA680/
ΔPA790) in vivo. The ratiometric ΔPA680/ΔPA790 of the tumors 
treated with PDI–IR790s–Fe/Pt NPs (3.53 ± 0.44) was 2.5-fold 
higher than that of PDI–IR790s NPs (1.43 ± 0.32) (Figure 4c). 
Thus, the significantly enhanced ratiometric PA signal of PDI–
IR790s–Fe/Pt NPs in tumors indicated its ability to monitor 
ROS generation during use in chemotherapy.

To visualize ROS generation during cancer chemotherapy 
by ratiometric PA imaging in vivo, U87MG tumor-bearing 
mice were intravenously injected (i.v.) with PDI–IR790s–

Fe/Pt NPs. The injected dosage was 200 µL of theranostic NPs 
in PBS (5 mg mL−1, based on PDI prodrug content). The PA 
images at 680 and 790 nm were recorded by pseudo green 
and red colors, respectively (Figure 4d). The PA signal incre-
ment at 680 nm (ΔPA680) in PDI–IR790s–Fe/Pt NP-treated 
mice was substantially increased, and this may be attributed to 
enhanced permeability and retention effect of the theranostic 
NPs (Figure 4e). In contrast, the increase of ΔPA790 was lower 
than that of ΔPA680 (Figure 4e), indicating the reaction between 
generated ROS and IR790s occurred in the tumors. Owing to 
such great signal differences, the in vivo ratiometric PA signal 
(ΔPA680/ΔPA790) for the treated mice gradually increased and 
reached its maximum at ≈24 h postinjection (Figure 4f). At 
24 h postinjection, the ΔPA680/ΔPA790 reached a plateau at 3.41 
± 0.13, which was ≈1.7-fold higher than that of the 2 h postin-
jection (2.01 ± 0.16). N-acetyl-L-cysteine (NAC) is an antioxidant 
drug with the ability to scavenge ROS and reduce ROS level 
in the tumor. As a negative control experiment, ratiometric 
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Figure 4. In vivo ratiometric PA imaging of ROS generation. PA images and spectra of the tumor with local administration of PDI–IR790s NPs a) and 
PDI–IR790s–Fe/Pt NPs b) recorded at postinjection time of 0.5 and 6 h, respectively (Scale bar, 2 mm). c) Ratiometric PA signals (ΔPA680/ΔPA790) after 
local injection of PDI–IR790s NPs and PDI–IR790s–Fe/Pt NPs at 6 h postinjection. (P values, ***P < 0.001, are calculated by t test.) d) Representative 
PA images at 680 and 790 nm of a subcutaneous U87MG tumor after intravenous injection of PDI–IR790s–Fe/Pt NPs at different postinjection times. 
e) PA intensity increment at 680 nm (ΔPA680) and 790 nm (ΔPA790) as a function of postinjection time of the PDI–IR790s–Fe/Pt NPs in tumor-bearing 
mice (n = 3) (Scale bar, 2 mm). f) The ratiometric PA signals (ΔPA680/ΔPA790) in the tumor as a function of postinjection time of PDI–IR790s–Fe/Pt 
NPs (n = 3).
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PA imaging of PDI–IR790s–Fe/Pt NPs on NAC-treated mice 
was used to verify the stability of the loaded IR790s in the NPs 
during blood circulation and in the tumor with low ROS level 
(Figure S21, Supporting Information).[30] After injection of 
the PDI–IR790s–Fe/Pt NPs to the NAC-pretreated mice, the 
ΔPA680/ΔPA790 value was only 1.55 ± 0.15 at 24 h postinjection, 
indicating low ROS level in the NAC-pretreated tumors. These 
data not only validated the enhanced ROS generation due to the 
theranostic PDI–IR790s–Fe/Pt NPs in tumors but also high-
lighted the ability of in vivo ratiometric PA imaging to visualize 
and monitor ROS levels in real time, after the NP treatment.

These promising results motivated us to further eval-
uate the antitumor performance of the PDI–IR790s–Fe/Pt 
NPs in vivo. Mice bearing U87MG tumors were randomly 
divided into five groups, each of which were administered 
with different compounds, including PBS, PDI–IR790s NPs, 
free prodrug, cisplatin, and PDI–IR790s–Fe/Pt NPs. The 
tumors of mice treated with PDI–IR790s NPs and prodrug 
were found to grow very quickly (Figure 5a), indicating that 
the compounds had poor antitumor efficacy. As expected, 
PDI–IR790s–Fe/Pt NPs effectively inhibited tumor growth 
due to the synergistic therapeutic effect of cisplatin drugs and 
enhanced ROS (•OH) generation (based on Fenton reaction). 
Compared with other compounds, the survival rate of the 
PDI–IR790s–Fe/Pt NP-treated mice was higher (Figure 5b). 
There was no significant body weight loss observed during 
the therapeutic process (Figure S22, Supporting Informa-
tion), suggesting that the theranostic NP platform has high 

biocompatibility and biosafety. In addition, apoptosis and 
necrosis of tumor cells were observed by the hematoxylin and 
eosin (H&E)-stained tumor sections collected at day 18 in the 
PDI–IR790s–Fe/Pt NP-treated group, which is consistent 
with the anticancer therapy effect of the theranostic NPs 
(Figure 5c,d). The results suggested that cisplatin and ferric 
ions delivered through PDI–IR790s–Fe/Pt NPs could enhance 
ROS generation while providing synergistic tumor therapeutic 
efficacy.

In conclusion, we developed a strategy for the delivery 
of ROS-inducing anticancer drug cisplatin and ferric ions 
through a semiconducting organic nanoplatform. The nano-
platform preferentially increases ROS generation at the tumor 
site, while levels of ROS generation are monitored through 
ratiometric PA imaging. The cisplatin prodrug-encapsulated 
theranostic platform can rapidly disintegrate into cisplatin 
that subsequently forms Pt-DNA adducts, leading to activa-
tion of NOXs. Such activation then triggers a reaction cas-
cade, resulting in increased formation of H2O2. The loaded 
ferric ions can catalyze H2O2 decomposition into highly 
toxic ROS within cancer cells, leading to rapid oxidation and 
deterioration of cellular membranes. A ROS indicator, IR790s, 
which was integrated into the PDI nanoplatform, exhibited 
high detection sensitivity to ROS through ratiometric PA 
imaging, both in vitro and in vivo. The combination of cispl-
atin and enhanced ROS generation exhibited strong combina-
tion antitumor efficacy in vivo. Summarily, the multifunctional 
PDI–IR790s–Fe/Pt NPs with facile preparation, real-time 
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Figure 5. In vivo combined cancer therapy of PDI–IR790s–Fe/Pt NPs. a) Xenograft tumor volume growth curves in different treatment groups: G1–G5, 
namely PBS, PDI–IR790s NPs, free prodrug, cisplatin, PDI–IR790s–Fe/Pt (different groups with the same Pt dose). The above results indicate the 
PDI–IR790s–Fe/Pt NPs have strong therapeutic effect on U87MG tumor. (P values, *P < 0.05, ***P < 0.001, are calculated by t test.) b) The survival 
rate curves of xenograft tumor bearing mice with various treatments of G1–G5. (c) Resected U87MG tumors in different treatment groups on day 18 
(Scale bar, 10 mm). d) The H&E stained images of tumor sections after various treatments of G1–G5 (Scale bar, 20 µm). Compared with the control 
groups, the tumor cells in the PDI–IR790s–Fe/Pt NPs treated group developed larger necrotic areas, which show strong tumor inhibition efficacy of 
the theranostic NPs.
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monitoring ability, and synergistic efficacy may potentially be 
used to provide real-time ratiometric PA imaging in situ for 
guided cancer therapy.
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