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ABSTRACT: Nanotheranostics based on tumor-selective small
molecular prodrugs could be more advantageous in clinical
translation for cancer treatment, given its defined chemical
structure, high drug loading efficiency, controlled drug release,
and reduced side effects. To this end, we have designed and
synthesized a reactive oxygen species (ROS)-activatable
heterodimeric prodrug, namely, HRC, and nanoformulated it
for tumor-selective imaging and synergistic chemo- and
photodynamic therapy. The prodrug consists of the chemodrug
camptothecin (CPT), the photosensitizer 2-(1-hexyloxyethyl)-
2-devinyl pyropheophorbide-a (HPPH), and a thioketal linker.
Compared to CPT- or HPPH-loaded polymeric nanoparticles
(NPs), HRC-loaded NPs possess higher drug loading capacity,
better colloidal stability, and less premature drug leakage. Interestingly, HRC NPs were almost nonfluorescent due to the
strong π−π stacking and could be effectively activated by endogenous ROS once entering cells. Thanks to the higher ROS
levels in cancer cells than normal cells, HRC NPs could selectively light up the cancer cells and exhibit much more potent
cytotoxicity to cancer cells. Moreover, HRC NPs demonstrated highly effective tumor accumulation and synergistic tumor
inhibition with reduced side effects on mice.
KEYWORDS: activatable fluorescence imaging, nanotheranostics, reactive oxygen species, prodrug, synergistic therapy

Thepast decades have witnessed great progress in cancer
treatment, while challenges remain before the goal of
precision medicine can be achieved. Though being the

main conservative approach for cancer treatment, anticancer
drugs often suffer from rapid blood clearance, drug resistance,
and severe side effects.1−3 In order to alleviate the side effects
and improve the therapeutic selectivity to cancer cells, the
concept of a prodrug, which is usually inert and can be converted
to active drug molecules in response to a physiological stimulus,
has been proposed.4,5 By taking advantage of the abnormality of
the tumor microenvironment, such as acidity, redox potential,
hypoxia, overexpressed enzymes, etc., various types of stimuli-
activatable prodrug strategies have been explored.4,6−12 Among
them, reactive oxygen species (ROS) have attracted extensive
interest due to their higher levels in tumor areas than normal
tissue and critical roles in tumor proliferation and progres-
sion.5,13−18 ROS are key mediators of cell metabolism and
functions and usually exist in several forms, including superoxide
(O2

−), hydroxyl radical (•OH), singlet oxygen (1O2), hydrogen
peroxide (H2O2), and so on. By utilizing ROS-responsive

moieties, cancer-targeted prodrugs could be developed for
tumor diagnosis, therapy, and theranostics.
The common design of a prodrug is usually to encapsulate the

active drugs in an activatable polymeric carrier or conjugate the
drugs to the polymer side chain via an activatable linker, in order
to achieve the optimal pharmacokinetic and pharmacodynamic
characteristics. Currently, a variety of macromolecules and
polymers have been developed as carriers to deliver drugs to the
tumor site.5,13,19−25However, most of the developed systems are
far from satisfactory and often face the limitations of low drug
loading capacity and premature drug release. To solve these
problems, further modification of drug carriers is employed, but
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their clinical translation is potentially hindered by their
polymeric structural complexity.26 In contrast, small molecular
prodrugs with clear chemical structure are more advantageous in
clinical translation, due to its easy manipulation into nano-

formulations with high drug loading efficiency and controlled
drug release.27,28

Herein, as a proof of concept, we developed a heterodimeric
prodrug containing the photosensitizer 2-(1-hexyloxyethyl)-2-

Scheme 1. (A) Scheme of prodrugHRC encapsulated by F127 (HRC@F127 nanoparticles), which is activated by reactive oxygen
species (ROS), for cancer imaging and synergetic chemo- and photodynamic treatment. (B) Schematic illustration of the
mechanism of the selectivity of the prodrug HRC to cancer cells over normal cells.

Figure 1. (A) Synthetic route of HRC. (B) UV−vis absorption and (C) photoluminescence (PL) spectra of CPT, HPPH, and HRC in DMSO.
Concentration = 10 μM. Ex = 365 nm. (D) HPLC elution spectra of HRC under different conditions: control group, with light irradiation for 8
min or incubation with 500 mM H2O2 for 1 h. Laser intensity: 100 mW/cm2. (E) Size distributions of HRC@F127 analyzed by dynamic laser
scattering (DLS). (F) PL spectra of HRC@F127 in PBS and HRC in DMSO. Concentration = 20 μM.
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devinyl pyropheophorbide-a (HPPH) and camptothecin
(CPT), namely, HRC, with a ROS-cleavable thioketal linker
and nanoformulated it with a biocompatible polymer (Pluronic
F127) for cancer-selective nanotheranostics (Scheme 1A). After
nanoformulation, HRC tends to form aggregates in nano-
particles and exhibits aggregation-caused quenching (ACQ) of
its fluorescence,29−31 enabling its “turn-on” fluorescence
imaging of a tumor after activation by the endogenous ROS in
tumor cells. Since the tumor microenvironment has a higher
ROS level than normal cells (as shown in Scheme 1B), HRC
could be more selectively cleaved by the higher ROS of cancer
cells and exhibit cancer cell-specific fluorescence imaging and
therapy. Upon cleavage by ROS, the designed ROS-activatable
linker could liberate both free CPT and HPPH molecules from
nanoparticles (NPs) and exhibit cytotoxic effect in a synergistic
way to cancer cells, given the fact that CPT is not only a
topoisomerase I inhibitor but also a hypoxia-inducible factor-1α
(HIF-1α) inhibitor.32 HIF-1α is a key mediator of tumor
hypoxia, and its overexpression could increase the cell survival,
progression, and tumor metastasis.33 In the process of PDT,
oxygen molecules are effectively converted into ROS to kill
cancer cells, during which the simultaneous inhibition of HIF-1α
could render cells more vulnerable to low oxygen levels and
exhibit a synergistic cytotoxic effect (Figure S1). Fortunately,
HPPH could coordinate with radioactive 64Cu,31,34,35 and thus
detailed pharmacokinetics and biodistribution of HRC could be
acquired by positron emission tomography (PET) imaging in
vivo for better understanding the mechanism of action for HRC-
based nanotheranostics. As expected, in vivo imaging and
anticancer therapy results showed that the nanotheranostics
based on HRC exhibited effective tumor accumulation and
synergistic tumor therapeutic efficacy with reduced side effects
on mice as compared to its monomeric drug-loaded NPs,
indicating that the strategy of nanoformulation based on ROS-
activatable small molecular prodrug allows for safer and more
efficient delivery of anticancer drugs and synergistic tumor
suppression with reduced side effects.

RESULTS AND DISCUSSION
Synthesis of Heterodimeric Prodrugs and Character-

izations. First, the heterodimeric prodrug HRC was synthe-
sized from commercially available CPT and HPPH via a two-
step reaction route as shown in Figure 1A. Briefly, the thioketal
linker 1 was first obtained according to the previous report
(Scheme S1)36 and reacted with CPT to give compound 2. Next,
2 was reacted with HPPH through esterification reaction to give
HRC. The structure of HRC was confirmed by NMR spectra
and ESI-MS analysis (Figures S2 and S3). The UV−vis
absorption and photoluminescence spectra were studied and
displayed the characteristic spectra of both CPT and HPPH
(Figure 1B and C). Interestingly, the emission from the CPT
moiety is severely quenched by the HPPH moiety after linking
together, as CPT emission spectra overlap well with HPPH
absorption spectra and Förster resonance energy transfer
(FRET) occurs due to the proximity.37,38 Then, the ROS
generation ability of HRC under light irradiation was tested
using dichlorodihydrofluorescein (DCFH) as an ROS indicator
(Figure S4). The increase of the green fluorescence at around
514 nm clearly indicated the generation of ROS, due to the
oxidization of the nonfluorescent DCFH by ROS to form green
fluorescent form DCF.39,40 HPPH and HRC displayed a similar
increasing trend in ROS generation upon light irradiation,
suggesting that ROS generation ability of the HPPH part of

HRCwas not harmed by the conjugation of CPT. Similar results
were found using 9,10-anthracenediylbis(methylene)dimalonic
acid as a singlet oxygen indicator (Figure S5).
As reported, the thioketal linker is ROS-cleavable, and active

drugs were released via an intramolecular nucleophilic
substitution reaction as shown in Figure 1A upon activation
by endogenous ROS or ROS generated by a photosensi-
tizer.20,21,23,24,36,41−55 To confirm that, we treated the HRCwith
H2O2 or light irradiation and then analyzed the fragments with
HPLC (Figure 1D). It can be found that after ROS treatment
(H2O2 or light irradiation), a peak appeared at 10.65 min, which
is denoted as the elution time of free CPT, indicating the release
of drug CPT. Meanwhile, the peak of HRC at ∼24.1 min
decreased obviously, suggesting the effective cleavage of HRC
by ROS.

Nanoformulation of HRC. In cancer nanomedicine,
nanoformulation is important for improving colloidal stability
and stealth effects.1,2,56 Polymeric micelles, which consist of a
hydrophobic core for drug loading and a PEGylated hydrophilic
shell, are one of the most important drug carriers.57 However,
micellar formulations are facing problems of low drug loading
and premature drug leakage due to the payloads. WhenCPTwas
linked with HPPH, the overall molecular weight and hydro-
phobicity of HRCwere enhanced as hydrophobic carbonate and
ester groups were formed from the hydrophilic hydroxy group of
CPT and the hydrophilic carboxylic acid group of HPPH,
respectively. Thus, HRC was expected to address the above
obstacles of their corresponding monomers. To confirm these
rationales, we first investigated the drug loading of HRC into the
FDA-approved biocompatible polymer Pluronic F127. By
nanoprecipitation from DMSO to water, the formed nano-
particles HRC@F127 had an average hydrodynamic size of 23±
5 nm (Figure 1E) at a feeding ratio of 0.2. The transmission
electron microscopy (TEM) image of the NPs revealed the
average dimeter of ∼10 nm, likely due to shrinkage during the
drying process (Figure S6A). When the feeding ratio was
changed to 0.1 or 0.4, nanoparticles could also be formed with a
similar size (Figure S6B and C). The control compound with an
uncleavable linker, namely, HCC, and HPPH were also loaded
into F127, forming HCC@F127 NPs and HPPH@F127 with
similar sizes (21± 5 and 19± 5 nm, respectively, Figure S7A and
B). In contrast, the obtained nanoparticle CPT@F127 via the
same method had a larger hydrodynamic size of >200 nm
(Figure S7C), as most of the drug was retained by passing a 220-
nm filter, and these nanoparticles were not stable and
precipitated in a few hours. The HRC@F127 were stable, and
no visible precipitation was observed after a week and no
significant size change was found in both water and biological
buffer for 24 h (Figure S8). In addition to the favored stability,
HRC@F127 also exhibited a much higher loading efficiency of
over 95%, compared to both the CPT- and HPPH-loaded NPs
(55% and 76%, respectively). These results confirmed that the
formation of HRC greatly enhanced the drug loading efficiency
and colloidal stability.
It is expected that the increased hydrophobicity of HRC

would reduce the drug leakage during circulation. Therefore, we
further investigated the drug release of the monomeric and
heterodimeric drugs. The typical release plot of CPT@F127
showed that the release was mainly a diffusion-controlled
process and initial burst drug release occurred in the first 2 h due
to the weakly bound drugs on the surface of the nanoparticles
(Figure S9A). Such a burst release is one of the prevalent
drawbacks of micellar formulations to be solved. By contrast,
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nearly 98% of HRC remained after 48 h, and it showed a much
smaller percentage of leakage (2%) than CPT (75%) and HPPH
(24%) (Figure S9B). The results clearly indicated that formation
of the heterodimeric prodrug could effectively reduce premature
drug release during blood circulation, thus greatly alleviating the
side effects.
Intriguingly, the nanoformulation of HRC led to a change of

its fluorescence properties. After encapsulation into NPs, the
fluorescence of HRC was severely quenched as compared to its
DMSO solutions (Figure 1F), suggesting HRC experienced
severe ACQ. Such a phenomenon was also found in HPPH@
F127 and HCC@F127 (Figure S10). In PBS, HRC was well
encapsulated in the hydrophobic core of the polymeric micelles
due to its poor water solubility. And in the core, the high
concentration of HRC led to the formation of aggregates due to
the strong π−π stacking of the rigid planar HPPH chromophore,
consequently quenching the fluorescence.29,30 In contrast, HRC
was well dispersed molecularly and exhibited strong fluores-
cence in DMSO. Thanks to the ACQ property, HRC@F127 can
achieve “turn-on” imaging of cancer cells where HRC@F127
was activated by the high ROS level and release HPPH into the
outside environment, and the recovered fluorescence can be

utilized for monitoring the drug release of HRC@F127 in cells.
To further investigate the activation and drug release of the
HRC@F127NPs, we treated the NPs with H2O2 andmonitored
the particle size changes by dynamic light scattering (DLS) and
TEM (Figure S10A−D). Results showed that the particles
gradually enlarged over time, suggesting the responsiveness of
particles to the oxidative environment.

Selective Cancer Cell Imaging and Therapy. Given the
excellent properties of HRC@F127 NPs, we next investigated
their intracellular performances on HCT116 human colon
cancer cells. To confirm the significance of the ROS-cleavable
thioketal linker, a control compound with an uncleavable linker,
HCC, was also synthesized and examined. First, HCT116 cells
were incubated with HRC@F127 or HCC@F127 for 24 h, and
fluorescence images were captured. As shown in Figure 2A and
B, cells treated with HRC@F127 showed a high fluorescence
intensity, while the control experiments of HCC@F127 showed
negligible fluorescence, suggesting that the higher fluorescence
in HCT116 was mainly from the released HPPH segments by
ROS cleavage. Furthermore, we found that the released HPPH
fromHRC@F127 could generate much more ROS in cells upon
light irradiation as compared to that of HCC, indicated by the

Figure 2. (A, B) Fluorescent and bright field images of HCT116 cells incubated with (A) HRC@F127 and (B) HCC@F127 for 24 h.
Concentration = 5 μM. Ex = 561 nm. (C) Relative fluorescence intensity of HCT116 cells incubated with 5 μMHPPH@F127, HRC@F127, and
HCC@F127 for 3 h, followed by incubation with 10 μM DCFH-DA for 20 min. Then the cells were treated with/without 671 nm light
irradiation (15mW/cm2) for 5min. (D) Cell viability of HCT116 cells evaluated by theMTT assay. Cells were incubated with HRC orHCC for
24 h, followed by treatment with/without 671 nm light irradiation (15 mW/cm2) for 5 min and incubated for another 24 h.
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higher green fluorescence intensity of the ROS indicator (Figure
2C). The elevated ROS in cells would oxidize the lipids,
proteins, and DNA nearby and lead to cell malfunction and
death.58−63 The thiazolyl blue tetrazolium bromide (MTT)
assay results showed that HRC had more potent cytotoxicity
than HCC both in the dark and with light irradiation due to the
activation by ROS. In the dark, the 50% inhibition concentration
(IC50) for HRC was 9.48 μM, 5-fold lower than that of HCC
(47.8 μM), suggesting that CPT was effectively released by ROS
activation and exhibited cytotoxicity. With light irradiation, the
IC50 of HRC was further decreased to 0.46 μM, which was 22-
fold lower than that of HCC (10.2 μM). The much lower IC50
suggested HRC was cleaved by ROS, and free CPT and HPPH
molecules were efficiently released from the nanoparticles and
killed cells effectively and synergistically with light irradiation.
Since a higher ROS level is a hallmark of cancer cells, we

further tested whether HRC@F127 has selectivity toward
cancer cells. To confirm this, first, the endogenous ROS levels on
cancer cells (HCT116 cells) and normal cells (mouse fibroblast
cell line L929) were evaluated by the ROS indicator 2′,7′-
dichlorofluorescin diacetate (DCFH-DA).39 Both live cell
imaging and flow cytometry results suggested that the
endogenous ROS levels in HCT116 cancer cells were much
higher than those in L929 cells (Figures 3A and S12A). Then, we
incubated the cells with HRC@F127 and analyzed the

fluorescence recovery of HPPH molecules by fluorescence
imaging (Figure 3A) and flow cytometry (Figure S12B).
HCT116 cells showed a higher fluorescence intensity than
L929, indicating more HPPH was released in cancer cells due to
the higher ROS levels. It should be noted that though previous
experiments were performed at the time point of 24 h, the
difference of HCT116 and L929 cells can also be obviously
observed at earlier time points (<6 h), and the difference is
enlarged with time (Figure S12C). Meanwhile, fluorescence
images of cells incubated with HPPH@F127 or HCC@F127
did not show a difference between HCT116 and L929 cells
(Figure S13). The higher fluorescence intensity in both cell lines
treated with HPPH@F127 should be attributed to the much
easier release of HPPH from the particles. Overall, all these
results strongly confirmed the importance of the activation by
ROS in differentiating the cancer cells and normal cells.
As expected, HCT116 cells with HRC@F127 treatment and

light irradiation hadmuch higher fluorescence intensity from the
ROS indicator than L929 under the same condition, not to
mention those cells in the dark (Figure 3B). To evaluate the
cytotoxicity, we performed the MTT assays (Figure 3C and D).
Figure 3C showed a difference in cell viability between HCT116
and L929 in the dark (1.6-fold, 37% vs 61% at 20 μM).With light
irradiation, the difference was greatly increased (19-fold, 4.3%
for HCT116 vs 80% for L929 at 2.5 μM, Figure 3D), indicating a

Figure 3. (A) Fluorescent images ofHCT116 and L929 cells incubatedwith 5 μMDCFH-DA for 1 h. Ex = 488 nm.HCT116 and L929Cells were
incubated with 5 μMHRC@F127 or HCC@F127 for 24 h. Ex = 561 nm. (B) Fluorescent images of HCT116 cells and L929 cells incubated with
2 μMHRC@F127 for 24 h and 5 μMDCFH-DA for 1 h and then treated with/without 5 min light irradiation (15 mW/cm2). Ex = 488 nm. (C,
D) Cell viability of HCT116 and L929 evaluated by the MTT assay. Cells were incubated with different concentrations of HRC for 48 h (C)
without or (D) with treatment with 671 nm light irradiation (light intensity = 15 mW/cm2) for 5 min at the time point of 24 h.
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high selectivity to kill cancer cells. In addition to HCT116 and
L929 cells, we also investigated the cytotoxicity of HRC toward
macrophage RAW 264.7 cells. As expected, RAW 264.7 cells
exhibited a higher tolerance to the treatment (more than 70%
cell viability at 2.5 μM) due to the lower ROS level (Figure S14).
Above all, thanks to the higher ROS levels in cancer cells, more
HRCwas cleaved andmore HPPH and CPT were released from
the particles in cancer cells, resulting in high selectivity in cancer
cell imaging and chemo- and photodynamic therapy.
In Vivo PET Imaging and Fluorescence Imaging. Prior

to the use of this nanotheranostics for in vivo tumor inhibition,
the biocompatibility, pharmacokinetics, and biodistribution in
mice should be first studied. The hemolysis test suggested that
HRC@F127 at a high concentration of 100 μg/mL only induced
slight hemolysis (Figure S15), suggesting its good biocompat-
ibility. Then, the pharmacokinetic profile (Figure S16) showed
that HRC@F127 NPs had much longer retention in blood
compared to HPPH molecules, further confirming the
advantage of the nanoformulation. Later, using the subcuta-
neous xenograft human colon cancer tumor model, we further
studied the biodistribution of HRC@F127 in mice by PET
imaging. As the porphyrin-like structure of HPPH could
coordinate with transition metals,31,34 we labeled the free
HPPH molecules, HPPH@F127 NPs, and HRC@F127 NPs
with radioactive 64Cu to monitor their distribution in vivo by

quantitative PET imaging. As shown in Figure 4A, both
HPPH@F127 and HRC@F127 were able to gradually
accumulate in the tumor areas, while negligible PET signals
were detected in mice treated with free HPPH molecules,
evidencing that the F127-modifiedmicelles exerted an enhanced
permeability and retention (EPR) effect and slower body
clearance for efficient drug delivery.57 Further quantitative
analysis of the region of interest (ROI) indicated that the tumor
accumulation of HRC@F127 reached 4.02 ± 0.58% ID/g at 24
h postinjection (p.i.) and remained high at 48 h (4.12 ± 0.41%
ID/g), which were both higher than those of HPPH@F127 NPs
at the 24 h (1.98 ± 0.59% ID/g) and 48 h time point (3.39 ±
0.30% ID/g) (Figure 4B). The higher tumor uptake of HRC@
F127 over HPPH@F127 was probably attributed to the lower
premature drug leakage during the blood circulation and higher
retention of more hydrophobic activatable prodrug HRC in the
tumor. In addition to the tumor uptake, the distributions in the
liver and spleen were also compared, and the results showed that
they exhibited a similar trend after 24 h and could be eliminated
from liver and spleen over time (Figure 4C and D), exhibiting
less long-term toxicity concern.
After verification of the successful tumor accumulation of

HRC@F127 by PET imaging, we subsequently evaluated
whether the HRC@F127 could be activated by the tumor and
the quenched fluorescence could be recovered in vivo. In

Figure 4. In vivo distribution of HRC@F127, HPPH@F127, and HPPHmolecules. (A) Representative PET images of HCT116 tumor-bearing
mice at 1, 4, 24, and 48 h p.i. of 64Cu-labeled HPPH-based formulation. Quantitative ROI assay of (B) tumor uptake, (C) liver uptake, and (D)
spleen uptake at 1, 4, 24, and 48 h p.i. of the indicated formulation (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. In vivo fluorescence imaging. (A) Representative in vivo fluorescence images of tumor-bearing mice at 1, 4, 24, and 48 h p.i. of HRC@
F127, HPPH@F127, and HPPH molecules (n = 3). (B) Quantitative ROI assay of the fluorescence intensity in a tumor at designated time
points after indicated treatments. (C) Ex vivo fluorescence images and (D) quantification of major organs fromHCT116 tumor-bearing mice at
72 h p.i. H: heart, Li: liver, Sp: spleen, Lu: lung, Ki: kidney, T: tumor. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 6. In vivo anticancer therapy. (A) Relative tumor growth curves of mice subjected to various treatments. Blue arrows indicate i.v.
injection of drugs, and red arrows indicate laser irradiation. The overall tumor inhibition rates are presented after each curve. (B) Survival
curves of HCT116 tumor-bearing mice after indicated treatments (n = 5). (C) H&E (upper panel) and TUNEL (lower panel) staining of tumor
slices with various treatments. Blue signals: Hoechst dyeH33342 (nuclear stain). Green signals: TUNEL-positive cells. Scale bar = 100 μm. *P <
0.05, **P < 0.01, ***P < 0.001.
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agreement with PET results, obvious time-dependent increases
of fluorescence signals in the tumor were observed in both
HPPH@F127 and HRC@F127 treatment groups, while subtle
signal changes were detected in the HPPH-treated mice group
(Figure 5A). The HRC@F127 is expected to show minimal
fluorescence until the micelle gradually dissociates, followed by
the recovery of the fluorescence signal. Semiquantitative analysis
revealed that the fluorescence intensity in the tumor area at 24 h
after intravenous (i.v.) injection of HRC@F127 was rather high
and the signal remained high up to 72 h (Figure 5B). Consistent
with the PET imaging results, the fluorescence intensity of
HPPH@F127 reached a peak value at 48 h and was close to that
of HRC@F127 at 48 h. This result provides strong evidence that
HRC@F127 could undergo “off-to-on” transition, and most
fluorescence was recovered at the tumor site. More importantly,
HPPH@F127 showed much slower tumor light-up and faster
signal decrease compared to HRC@F127, which might be
attributed to its faster drug leakage and slower tumor
accumulation. Additionally, the ex vivo biodistribution in
major organs at 72 h after different treatments clearly revealed
preferential retention of HRC@F127 over HPPH@F127 and
HPPH molecules at tumor sites, while other major organs
presented much lower signals (Figure 5C and D), indicating the
high selectivity of HRC@F127 for tumors and thus benefiting
the reduction of potential side effects. Overall, PET and
fluorescence imaging results clearly demonstrated that HRC@
F127 could preferentially accumulate in tumor sites with
prolonged retention and efficient fluorescence recovery.
In Vivo Anticancer Activity in a Mouse Model.

Encouraged by the promising in vitro cytotoxicity and in vivo
tumor accumulation results of HRC@F127 NPs, we further
explored their therapeutic effect on an established subcutaneous
xenograft tumor model of human colon cancer in athymic nude
mice. HCT116 tumor-bearing mice were randomly divided into
7 groups (n = 5/group) and intravenously treated with the
following regimens: G1 (PBS), G2 (PBS, + laser), G3 (HRC@
F127), G4 (CPT), G5 (HCC@F127 + laser), G6 (HPPH@
F127 + laser), and G7 (HRC@F127 + laser). The mice were
treated with two doses at an interval of 4 days, and the groups
with laser treatment were irradiated at the tumor region using a
671 nm laser at 24 h p.i. (10 min, 100 mW/cm2). As seen in
Figure 6A, mice injected with PBS with or without laser
irradiation exhibited fast tumor growth. G3 (HRC@F127) with
the ability of endogenous ROS-responsive drug release and G4
(CPT) could moderately cause 56% and 66% tumor inhibition
on day 16, which was probably attributed to the individual
chemotherapy effect. When exposed to laser irradiation, the
tumor treated with HRC@F127 was significantly suppressed,
which is muchmore effective than the G5 group (HCC@F127 +
laser) without drug release and limited PDT effect. For the G6
(HPPH@F127 + laser) group, although the PDT effect
contributed to around 40% tumor inhibition, the “always on”
PDT platform without tumor selectivity could display potential
side effects and themicemust always be kept in a dark place (low
percent survival, Figure 6B). On the contrary, the G7 (HRC@
F127 + laser)-treated mice would not suffer from light exposure-
induced systemic toxicity during the whole period of treatment,
further manifesting the importance of the ROS-activatable “off−
on” PDT and chemotherapy. Moreover, the G7 treatment group
provided the best overall survival over the other groups, owing to
its desirable synergistic therapeutic outcome (Figure 6B). To
further elucidate the underlying mechanism, hematoxylin and
eosin (H&E) and terminal deoxynucleotidyl transferase

deoxyuridine triphosphate (dUTP) nick end labeling
(TUNEL) staining were performed in tumor tissues after
various treatments (Figure 6C, upper and lower panels,
respectively). In line with the trend of in vivo tumor inhibition,
there was an obvious hiatus in the cell spaces, nuclei shrinkage by
H&E results, and enhanced cell apoptosis in the HRC@F127 +
laser group compared to the other treatment groups. Besides an
antitumor effect, the safety of the designed nanoparticle is of
concern for further clinical translation and was thus assessed
with two key important factors (body weight and major organ
injury). As shown in Figures S17 and S18), there was no obvious
body weight loss or injury to major organs during the treatment
course of HRC@F127 + laser as compared to the control
groups, suggesting HRC@F127 had minimal side effects. Taken
together, the nanoparticles of the designed ROS-sensitive
heterodimer prodrug could largely overcome the off-target risk
and improve the anticancer efficacy and could be considered as
an ideal candidate for in vivo anticancer therapy.

CONCLUSION
In summary, we have designed and prepared a ROS-activatable
heterodimeric prodrug of a synergistic drug pair (CPT and
HPPH) via a thioketal linker for tumor-selective imaging and
therapy. The prodrug was able to be efficiently encapsulated into
a biocompatible polymeric nanocarrier with higher loading
capacity, better colloidal stability, and much lower premature
drug leakage than their corresponding monomeric drug-loaded
NPs. After formation of the nanotheranostics in aqueous
solutions, HRC tends to form aggregates due to the strong
π−π stacking and its fluorescence was thus quenched. Upon
cleavage by endogenous ROS in cells, the HPPH and CPT
segments of HRC were released from the NPs, lit up the cells,
and exhibited cytotoxicity to the cells through synergistic
chemotherapy and photodynamic therapy. Due to the higher
ROS levels in cancer cells than normal cells, HRC@F127 could
selectively light up the cancer cells and exhibit much more
potent cytotoxicity to cancer cells. The in vivo results indicated
that HRC@F127 demonstrated effective tumor accumulation
and synergistic therapeutic efficacy with longer survival and
minimal side effects on mice. Above all, our results clearly
demonstrate that nanotheranotics based on the ROS-activable
heterodimeric prodrug HRC is a promising approach for safe
delivery of antitumor drugs and improving cancer therapeutic
efficacy. Such a simple formulation and the defined small
molecular structure will be of benefit for future clinical
translation.

EXPERIMENTAL SECTION
Materials and Instruments. (S)-(+)-Camptothecin was pur-

chased from Fisher Scientific. 2-(1-Hexyloxyethyl)-2-devinyl pyro-
pheophorbide-α was purchased from MedKoo Biosciences. All other
chemicals and solvents were purchased from Sigma-Aldrich and used
without further purification. The 1HNMR spectra were performed with
a Bruker AV300 spectrometer (300 MHz), and chemical shifts were
referenced to the solvent residual signals or internal standard
tetramethylsilane. UV−vis absorption spectra were recorded by a
UV3100PC spectrophotometer (VWR). DLS measurements were
determined by a Horiba SZ-100 instrument. Photoluminescence
spectra were obtained by a Hitachi F-7000 fluorescence spectropho-
tometer. The control compound HCC with an uncleavable were
synthesized in a previous report.34

Synthesis of Compound 1. As shown in Scheme S1, the precursor
of compound 1 was synthesized from the condensation of methyl
thioglycolate (70 mmol, 6.26 mL) and acetone (34 mmol, 2.55 mL)
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under the catalysis of BF3Et2O (110 mmol, 13 mL) in 50 mL of
acetonitrile according to the literature report.64 The compound was
obtained as a pale yellow oil (yield: 90%). 1H NMR (300 MHz,
MeOD): δH (ppm) 3.718 (6H, s), 3.463 (4H, s), 1.603 (6H, s).
Referring to the literature,48 the precursor of compound 1 (1 g) in
anhydrous THF (150 mL) was cooled in an ice bath, and LiAlH4(1 g)
(1.52 g, 40.1 mmol) was slowly added into the reaction mixture. After
30 min, the mixture was slowly heated to reflux for 2 h and quenched by
water (1 mL). The mixture was filtered, and the solvent of the filtrate
was evaporated to dryness by rotatory evaporator to obtain a yellow
liquid. The liquid was purified by silica column chromatography at 5%
MeOH/DCM to give the product as a yellow liquid, compound 1
(yield: 98%). 1HNMR (300MHz, CDCl3): δH (ppm) 3.67 (4H, t, J = 6
Hz), 3.54 (2H, s), 2.75 (4H, t, J = 6 Hz), 1.53 (6H, s).
Synthesis of Compound 2. Referring to the method in the

literature,48 CPT (348 mg, 1 mmol) and DMAP (240 mg, 2 mmol)
were stirred in 40 mL of dry CH2Cl2 and cooled in an ice bath under N2
protection. Triphosgene (100 mg, 0.33 mmol) was added to the
mixture, and reaction mixture was stirred for 30 min at room
temperature. Subsequently, compound 1 (800 mg, 4 mmol) dissolved
in dry tetrahydrofuran (10 mL) was added, and the reaction mixture
was stirred overnight. The reaction was filtered, and the solvent was
removed with a rotatory evaporator. The crude product was purified by
column chromatography to give the CPT prodrug, compound 2, as a
pale white solid (yield: 80%). 1H NMR (300 MHz, MeOD): δH (ppm)
8.42 (1H, s, CPT), 8.24 (1H, d, J = 8.4 Hz, CPT), 7.95 (1H, d, J = 8.1
Hz, CPT), 7.85 (1H, t, J = 7.7 Hz, CPT), 7.69 (1H, t, J = 7.5 Hz, CPT),
7.39 (1H, s, CPT), 5.70 (1H, d, J = 17.4 Hz, CPT), 5.42−5.29 (3H, m,
CPT), 4.23 (2H, t, J = 7.0 Hz), 3.70 (2H, t, J = 6.0 Hz), 2.86−2.74 (4H,
m, thioketal linker), 2.28−2.03 (2H, m, CPT), 1.47 (6H, s, methyl
groups of thioketal linker), 0.93 (3H, t, J = 7.5 Hz, CPT).
Synthesis of HRC. HPPH (12.6 mg, 0.02 mmol), 2 (14 mg, 0.025

mmol), DMAP (0.6 mg, 0.5 mmol), and EDC·HCl (9 mg, 0.05 mmol)
were dissolved and stirred in 5 mL of CH2Cl2 at room temperature for
24 h. Then the mixture was concentrated by rotatory evaporator and
purified by silica column using ethyl acetate/hexane as eluent. Yield:
70%. Chemical formula: C67H76N6O10S2.

1H NMR (300 MHz,
CDCl3): δH (ppm) 9.75 (1H, d, J = 8.1 Hz, CPT), 9.46 (1H, s,
CPT), 8.36 (1H, d, J = 9.7 Hz, CPT), 7.89 (1H, t, J = 10 Hz, CPT),
7.55−7.47 (2H, m, CPT), 7.28−7.20 (3H, m), 7.12 (1H, d, J = 9.6 Hz),
5.98−5.93 (1H, m), 5.73 (1H, d, J = 17.1 Hz), 5.43−5.25 (1H, m),
5.23−5.02 (2H, m), 4.87−4.61 (2H, m), 4.48−4.12 (6H, m), 3.80−
3.60 (6H, m), 3.39 (3H, d, J = 4.8 Hz), 3.33 (3H, s), 2.93−2.76 (4H, m,
thioketal linker), 2.50−2.07 (6H, m), 1.95−1.65 (10H, m), 1.53 (6H, s,
methyl groups of thioketal linker), 1.36−1.20 (8H, m), 1.01−0.78 (6H,
m), −1.86 (1H, d, J = 14.4 Hz). ESI-MS m/z (M+): calc 1188.5064,
found (M + H+) 1189.5490.
Nanoformulation with Pluronic F127 Polymer. The nano-

particles were obtained through a nanoprecipitation method. Briefly,
HRC,HCC,HPPH, or CPTwas dissolved inDMSO at a concentration
of 5 mM. A 40 μL amount of the solution was first mixed with 50 μL of
F127 (20mg/mL in DMSO) solution. Then 910 μL of water was added
into the solution and mixed thoroughly. The unencapsulated free
molecules and DMSO were removed by centrifuge dialysis (30 kDa).
When the solution in the centrifuge tube was less than 100 μL, water
was added to resuspend the nanoparticles and make up a solution
volume of 1 mL (<1% DMSO remaining). The solutions were filtered
with a 220 nm filter to remove the possible drug aggregates. The
amount of drug before and after dialysis and filtration was measured by
UV−vis absorbance to calculate the drug loading efficiency (drug
loading efficiency = Aafter/Abefore × 100%).
Drug LeakageMeasured by a Dialysis Method. Briefly, 1 mL of

the diluted solution of CPT@F127, HPPH@F127, or HRC@F127
(diluted with phosphate-buffered saline (PBS) to a drug concentration
of 80 μM) was transferred into a semipermeable membrane tubing
(MWCO: 10 kDa) and dialyzed against 30 mL of PBS in a beaker
covered with foil paper at room temperature. At different time points, 2
mL of the solution was collected from the beaker, and 2mL of fresh PBS
was added. At the end point, the amount of drug left in the dialysate was
measured by UV−vis absorption. For CPT, the cumulative release

curve was obtained by measuring the CPT concentration in the
collected solutions at each time point. The diluted CPT concentration
was determined by the fluorescence method with a calibration curve.
Each experimental group was evaluated in duplicate.

Cell Viability Evaluated by MTT Assays. HCT116, L929, or
RAW 264.7 cells were cultured with completed DMEM (containing
10% fetal bovine serum, 100 IU/mL penicillin, and 100 μg/mL
streptomycin) in a 37 °C incubator with an air atmosphere containing
5% CO2. The passage was performed every 2 to 3 days. For the MTT
assay, cells were seeded in 96-well plates at the density of 5000 cells/
well for 24 h and then incubated with 100 μL of fresh completed
medium containing drugs (CPT and HPPH) or drug-loaded
nanoparticles (HRC@F127 or HCC@F127) at predetermined
concentrations. For dark toxicity, cells were incubated with drugs for
48 h and protected from light. For photodynamic treatment, cells were
irradiated with a 671 nm laser for 5 min at 15mW/cm2 at the time point
of 24 h and further incubated for another 24 h. Then, 10 μL of 5mg/mL
MTT in medium was added to each well and incubated for 4 h. After
careful removal of the medium, 100 μL of DMSO was added to each
well. Then the absorbance of each well was recorded at a wavelength of
570 nm by a BioTek Synergy H4 hybrid plate reader. After background
subtraction, the cell viability of each group was calculated from the
relative absorbance value to the control groups. Each group was
performed with six parallel wells.

Cellular Imaging. Cell imaging was performed with an LSM780
confocal microscope. HCT116 cells were incubated with HPPH,
HRC@F127, and HCC@F127 at 5 μM for 24 h and then washed with
cold Dulbecco’s PBS three times before imaging.

Pharmacokinetic Study. The prepared HRC@F127 NPs or free
HPPH were i.v. injected into mice (n = 3), and the blood samples were
collected at 5 min, 15 min, 30 min, 1 h, 4 h, and 24 h. Then blood
samples were centrifuged at 4000 rpm for 5 min to collect the
supernatant plasma. Methanol was added into the supernatant to
extract HRC or HPPH, and the resulting mixture was incubated at 4 °C
for 4 h. The methanol extract was obtained by centrifugation, and the
concentration of HRC or HPPH was determined with a standard curve
by the fluorescence method.

Hemolysis Assay. Red blood cells (RBCs) were isolated by
centrifugation and washed and diluted with PBS before use. In the test,
0.25 mL of RBC suspension was mixed with 1 mL of HRC@F127 at
various concentrations in PBS. After incubation for 3 h, samples were
centrifuged, and the supernatants were collected and analyzed by UV−
vis absorbance at 540 nm. Backgrounds were subtracted by control
experiments, and the percentages of hemolysis were calculated and
plotted.

Radioactive [64Cu]-Labeling of HPPH NPs and HPPH-ROS-
CPT NPs. Radioactive metal [64Cu] was produced by the PET
Department in the NIH Clinical Center. First, we prepared stock
solutions of HRC and HPPH in DMSO at 1.0 mg/mL, respectively.
Then, an aliquot of the solution (0.1 mL) was mixed with 0.1 mL of
[64CuOAc] in 0.4 M sodium acetate (pH = 5.6) buffer and incubated at
50 °C for 5−7 min. Then, 0.2 mL of F127 (10 mg/mL in DMSO) was
added, and the solution was stirred for 30 min. Later, 0.2 mL of water
was added to the mixture, and the mixture was then purified by passing
through a PD-10 column using PBS as the eluent. The total time of
labeling and purification procedures took about 1 h. Before the i.v.
injection, the radioactivity of the radiolabeled solutions of HPPH,
HPPH@F127, and HRC@F127 was diluted to 120−150 μCi (4.44−
5.55 MBq) per 100 μL for use.

Fluorescence Imaging and PET Imaging of HCT116 Tumors.
All animal work was conducted in accordance with the NIH Guide for
the Care and Use of Animals under the protocols approved by the NIH
Clinical Center Animal Care and Use Committee. HCT116 tumor-
bearing nude mice (8 weeks old, female) were prepared by
subcutaneous injection of HCT116 cells (5 × 106) into the flank of
the athymic nude mice. When the tumor sizes reached 500−1000 mm3,
mice were used for fluorescence imaging and PET imaging. For the
fluorescence imaging, 100 μL of the solutions of HPPH, HPPH@F127,
and HRC@F127 (all the HPPH is 2.5 mg/kg) was intravenously
injected into the HCT116 tumor-bearing mice. The fluorescent scans
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were recorded at 1, 4, 24, 48, and 72 h p.i. on an IVIS Spectrum system.
At 72 h postinjection, the above mice were sacrificed, and major organs
were collected and imaged. For PET imaging, 100 μL of the 64Cu-
labeled solutions of free HPPH molecules, HPPH@F127, and HRC@
F127 was i.v. injected into HCT116 tumor-bearing mice at a
radioactivity of around 120−150 μCi. At 1, 4, 24, and 48 h p.i., mice
were scanned on an Inveon DPET scanner. ASI Pro VMTM software
was used for image analysis.
In Vivo Therapy in HCT116 Tumor-Bearing Mice. HCT116

tumor-bearing nude mice (8 weeks old, female) were prepared by
subcutaneous injection of a suspension of 5× 106 HCT116 cells in PBS
(100 μL). When the tumor reached around 80−100 mm mm3 after
tumor inoculation, the mice were randomly divided into seven groups
(n = 5) and i.v. injected with specified regimens: G1 (PBS), G2 (PBS +
laser), G3 (HRC@F127), G4 (CPT), G5 (HCC@F127 + laser), G6
(HPPH@F127 + laser), and G7 (HRC@F127 + laser) twice at an
interval of 4 days (dose of injection: CPT: 1.7 mg/kg, HPPH: 2.5 mg/
kg, HRC: 5 mg/kg, HCC: 5 mg/kg, same molar concentration).
Irradiation by a 671 nm laser (100mW/cm2, 10min) was performed for
the noted groups at 24 h p.i. each time. Tumor volume and body weight
of mice were recorded every other day. The volume was calculated
using the formula volume = (length×width2)/2. Mice were euthanized
when any dimension of tumor was close to 2 cm or over 20% of the
mouse body weight was lost. Results were analyzed using GraphPad
Prism.
Statistical Analysis. Quantitative data were presented as mean ±

SD. Statistical differences were calculated by an unpaired two-tailed
Student’s t test using Excel software. P values < 0.05 were considered
statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).
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