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ABSTRACT: Prodrugs can be formed by chemical modification of
the existing active pharmaceutical ingredients (APIs); however, this
often sacrifices their functional efficacy. Self-immolative linkers have
recently attracted attention, as they can be designed to release pristine
APIs. Herein, we report a strategy to generate a self-immolative
prodrug (SIP) that can release pristine doxorubicin (DOX).
Compared to conventional linkers, the key SIP DOX (KSIP-DOX)
developed here can rapidly and quantitatively release the API due to
its strong leaving group after reduction by thiol groups, which are
present in tumors. KSIP-DOX has enhanced cellular uptake and
improved anticancer efficacy, demonstrating its utility for cancer
treatment.
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1. INTRODUCTION

Various prodrug strategies were designed for the development
of new anticancer prodrugs responsive to external stimuli
including redox,1,2 pH,3−5 and other stimuli.6−8 Conventional
cross-linkers involve direct conjugation of active pharmaceut-
ical ingredients (APIs) to the triggering group, which changes
the chemical structure of the APIs for prolonged periods and
which has therapeutic effects.9,10 Self-immolative linkers
(SILs), composed of a reactive site, a self-immolation spacer,
and a stimuli responsive moiety, have gained attention, as they
can release pristine APIs under external stimuli conditions in a
controlled fashion.11−13 Two main classes of reduction-
sensitive linkers have been used for this purpose; disulfide
carbamates14,15 and dithiobenzyl carbamates.16−18 Reduction-
sensitive SILs operate on the significant difference in
glutathione (GSH) concentration. For example, tumor cells
have a higher GSH concentration than normal cells.19 Also, the
concentration of intracellular GSH (1−10 mM) is about 3
orders of magnitude higher than the concentration of GSH in
serum.20 Thus, SILs are minimally cleaved in serum while
circulating but are cleaved to release anticancer drugs in tumor
cells. In spite of their potential, their applications for drug
delivery are still limited by their slow self-immolation rate or
incomplete release of pristine drugs. Therefore, new SILs that
can reversibly modify drugs and rapidly release them in a
traceless manner would be of interest.
Doxorubicin (DOX) is a widely used cancer chemotherapy

drug. Various DOX prodrugs and nanoparticles have been
developed to enhance the anticancer effect of DOX.21,22 Yet,
many of these methods fail to guarantee the complete and fast

drug release, so that the side groups left on the APIs after crack
in the disulfide bond reduce its bioactivity.10,16,23,24 In
addition, for active-targeted delivery of DOX, folic acid (FA)
has been commonly used as a targeting moiety for the testing
of targeted agents. The folate receptor has a high affinity and
specificity for FA and its derivatives such as methyl
tetrahydrofolate.25,26 The expression level of FA receptors on
some tumor cells is much higher than that of normal cells.27,28

Considering these aforementioned points, we herein design
a new DOX prodrug composed of four moieties: (1) DOX as
the API, (2) FA as a targeting moiety, (3) (ethylene glycol)
(PEG) to increase water solubility, and (4) a novel “key SIL”
to rapidly release DOX. As control, a self-immolative drug of
DOX was designed with the same scheme but using a
conventional benzyl carbamate-based linker instead. The two
DOX prodrugs synthesized by a key linker and control linker
are termed as a key self-immolative prodrug (KSIP-DOX) and
control SIP (CSIP-DOX). KSIP-DOX can release DOX within
minutes in the presence of GSH found in cancer cells. It also
has good water solubility, better targeting capability, and
longer circulation time in blood. Owing to the SIL design,
KSIP-DOX can rapidly and quantitatively release DOX
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without chemical modification with a half-life of about 20 min
after cleavage by 10 mM GSH, whereas CSIP-DOX exhibits a
much slower release rate of pristine drugs. Compared with free
DOX and CSIP-DOX, KSIP-DOX is better uptaken by cancer
cells and shows enhanced efficacy against tumor cells.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Thiol-Responsive Self-Immolative Cross-

linkers and Drug Conjugates. See Supporting Information.
2.2. Cleavage Kinetics of DOX Conjugates. 100 μL of

compound 9 or compound 10 (5 μmol/mL) in DMSO was added
to 90 μL of 10 mM GSH in water. The centrifuge tube was placed in a
37 °C incubator, incubated for different times, and then sampled for
the analysis with HPLC, monitoring the absorption at 480 nm. The
elution buffer was performed with A: H2O and B: acetonitrile (0.1%
trifluoroacetic acid). The gradient used was 0−5 min, 30−40% B; 5−
10 min, 40−50% B; 10−20 min, 50−60% B; and 20−30 min, 60−
70% B for the linker-DOX cleavage, peaks representing free DOX and
linker DOX were integrated, and the percentage of free DOX released
was calculated as the areaDOX/areaDOX.
2.3. Characterization of KSIP-DOX. Fluorescence spectra and

the UV−vis absorbance spectrum of KSIP-DOX were measured by a
microplate reader (Tecan infinite 200). Zetasizer was used to detect
the size and particle size distributions of KSIP-DOX. The samples
were diluted in water and analyzed (n = 3). To test the stability of
KSIP-DOX in different media, samples were diluted in water, PBS, or
FBS (10%) and size was recorded using the Zetasizer (n = 3).
2.4. In Vitro Drug Release. PBS (30 mL, with 1% Tween 80, pH

= 7.4) with or without 10 mM GSH was prepared and added into a 50
mL centrifuge tube. Then, 1 mL of KSIP-DOX and CSIP-DOX in the
prepared phosphate buffer saline (PBS, with or without 10 mM GSH)
was put in a dialysis bag (molecular weight cut: 2000 D). At the
predetermined time points, 100 μL of the solution was removed from
the tube outside the dialysis bag, and 100 μL of the corresponding
fresh PBS (with or without 10 mM GSH) was supplemented. Then,
the DOX fluorescence intensity in the removed solution was analyzed
with a microplate reader (λex = 480 nm, λem = 596 nm).
2.5. Cell and Animal Studies. Mouse melanoma cells: B16 cell

lines were kindly provided from Prof. Shaokai Sun’s group from
school of medical imaging, Tianjin Medical University, Tianjin.
Six week old female Balb/c nude mice (20 ± 2 g) and eight week

old CD-1 mice were purchased from Charles River Beijing Co., Ltd
(Beijing, China). Mice were maintained and treated according to the
US National Institutes of Health policy on laboratory animal care and
use guidelines, and the protocols were approved by Tianjin University
Institutional Animal Care and Use Committee (Protocol number:
TJUE-2020-034).
The in vitro cytotoxicity of the KSIP-DOX prodrug and free drugs

was examined using the CCK-8 assay. B16 cells were transferred to
96-well plates (5000 cells per well) and incubated for 24 h, and then,
the original medium was replaced with fresh medium with KSIP-
DOX, CSIP-DOX, KSIP-DOX-F−, and free DOX in different
concentrations (1, 2, or 5 μg/mL). In addition, B16 cells were
transferred to a 96-well plate (5000 cells per well) and incubated for
24 h. Then, the original medium was replaced with fresh medium with
KSIP-DOX, CSIP-DOX, KSIP-DOX-F−, and free DOX (1 μg/mL),
and it was incubated for different times (4, 8, or 12 h). Then, the
CCK-8 reagent (100 μL/mL) was added to each well and incubated
at 37 °C for 1 h in a cell culture incubator. The absorbance of each
well was measured at 450 nm.
2.6. Cellular Uptake and Distribution. B16 cells were

transferred to a 24-well plate at a density of 5 × 104 cells per well
and incubated at 37 °C for 24 h. Then, the previous medium was
replaced with 500 μL fresh medium containing KSIP-DOX, CSIP-
DOX, KSIP-DOX-F−, and free DOX (5 μg/mL) and then further
incubated for different times (0.5, 1, 2, 4, and 12 h). Untreated cells
served as control. Finally, we used PBS to wash each well, and B16
cells were decomposed with TX-100 solution (1%). Then, each well
was analyzed for the intracellular fluorescence by using a microplate

reader. For fluorescence imaging, B16 cells were transferred to
confocal dish (1 × 105 cells per well) and cultured for 24 h. After
incubation, the previous medium was replaced with 1 mL fresh
medium containing KSIP-DOX, CSIP-DOX, KSIP-DOX-F−, and free
DOX (DOX concentration: 5 μg/mL) and then was further incubated
for 4 h. Then, each dish was washed two times with PBS, and
paraformaldehyde was used to fix cells. After rinsing with PBS two
times, we stained the cells with DAPI (1 μg/mL) for 5 min.
Fluorescence images of treated cells were acquired under a laser
scanning confocal microscope.

2.7. In Vivo Pharmacokinetics and Biodistribution Study.
CD-1 mice of the same age were divided into three groups at random
(KSIP-DOX group, CSIP-DOX, free DOX injection group). Each
group was injected with different DOX formulations (5 mg/kg)
through the tail vein. Then, we collected blood samples at different
time points (0.5, 1, 2, 4, 8, and 24 h), placed them at 4 °C for 1 h, and
centrifuged at 1000g for 10 min at 4 °C to separate plasma.

Then, we prepared plasma samples for analysis, used methyl-4-
hydroxybenzoate as an internal standard, and added 100 μL of serum,
50 μL of methyl-4-hydroxybenzoate (1 μg/mL), and 600 μL of
acetonitrile to the centrifuge tube. Then, we vortexed the centrifuge
tube containing the mixture for 3 min. After centrifugation at 4000g
for 10 min, the supernatant (700 μL) was collected. The solvent was
evaporated under vacuum and redissolved with 100 μL of mobile
phase buffer before the HPLC measurement.

The mobile phase was composed of methanol, acetonitrile (0.1%
TFA), and Milli-Q water (23:17:60 v/v). The peak monitoring
wavelength was 240 nm. 20 μL of the sample solution was injected,
and the flow rate was 1 mL/min for analysis.

For the biodistribution study, three CD-1 mice of the same age and
similar body weight were selected at random. Each mouse was
injected into the tail vein and received different DOX formulations
(10 mg/kg). The organs of different mice were placed in 1.5 mL of
PBS and homogenized at a high speed for 3 min using a homogenizer.
After centrifugation at 4000g for 10 min in 4 °C, 1 mL of the
supernatant was collected in a test tube, and then, we added 50 μL of
methyl-4-hydroxybenzoate (1 μg/mL) and 600 μL of acetonitrile in a
centrifuge tube. We vortexed the centrifuge tube containing the
mixture for 3 min. The supernatant (500 μL) was collected after
centrifugation at 4000g for 10 min at 4 °C. The solvent was
evaporated under vacuum and redissolved with 100 μL of mobile
phase buffer before the HPLC measurement.

2.8. Toxicity Evaluation In Vivo. For the evaluation of
nephrotoxicity and hepatotoxicity of KSIP-DOX, mice were divided
into PBS and KSIP-DOX groups (5 mg/kg, n = 3). All mice were
given PBS or drugs intravenously three times (on day 1, 3, and 5), and
the body weight was weighed and recorded every day. Then, we
collected blood samples on the day 8 and used them for further
toxicity analysis.

To determine the nephrotoxicity caused by KSIP-DOX, the blood
was centrifuged at 1000g for 10 min at 4 °C and analyzed using
biochemical assay kits [NGAL (neutrophil gelatinase-associated
lipocalin) and BUN (blood urea nitrogen)].

To determine the hepatotoxicity caused by KSIP-DOX, the blood
was centrifuged at 1000g for 10 min at 4 °C and analyzed using
biochemical assay kits [AST (aspartate aminotransferase), ALT
(alanine aminotransferase), and AKP (alkaline phosphatase)].

2.9. In Vivo Anticancer Efficacy. B16 cells (100 μL, containing 5
× 107 cells) were injected into the subcutaneous area of the right back
of nude mice to establish a tumor-bearing mouse model. When the
tumor volume of the mice increased to about 100 mm3, we divided
the tumor-bearing mice into five groups (n = 3) at random, and (1)
free DOX, (2) KSIP-DOX, (3) CSIP-DOX, (4) KSIP-DOX-F−, and
(5) normal saline were injected through the tail vein on day 1, 3, and
5 until the end of the treatment on day 7. The dose of DOX is 5 mg/
kg. We monitored and recorded the tumor volume and body weight
of mice every day.

= ×tumor volume (longest diameter shortest diameter )/22
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Figure 1. (A) Structure of the key SIP DOX, KSIP-DOX. (B) Schematic illustration of KSIP-DOX-mediated chemotherapy after its disulfide bond
is cleaved by GSH in tumor cells, releasing free DOX in a fast manner, compared to CSIP-DOX replacing the self-immolative key linker with the
control linker.

Figure 2. Fast self-immolation rate of compound 10 (A) chemical structures of compounds 9 and 10 for the analysis of self-immolation kinetics.
HPLC analysis for DOX that is released from (B) compound 9 (5 μmol/mL) and (C) compound 10 (5 μmol/mL) in a system containing 10 mM
GSH as a thiol trigger. (D) DOX-released percentage from compound 9 and compound 10 in a system containing 10 mM GSH. (E) Scheme for
the self-immolation mechanism of KSIP-DOX.
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3. RESULTS AND DISCUSSION

As shown in Figure 1, KSIP-DOX was designed with three
moieties including the key SIL, PEG, and FA conjugated in
series connected to the amines of DOX. Responsive to
reducing thiols in tumor cells, the disulfide SIL can release
pristine DOX without chemical pedants left on the API. PEG
and FA moieties offer functionalities of improved solubility and
targeting, respectively. In comparison with free DOX and
CSIP-DOX, KSIP-DOX can specifically target tumor cells and
rapidly release DOX. In order to achieve the traceless release
free DOX, we designed two SILs with different decomposition
rates, key SIL (compound 8) and control SIL (compound 5).
Also, the synthetic route of the two cross-linkers is shown in
Figure S1A, and the synthetic route of their corresponding
DOX prodrugs, termed as KSIP-DOX and CSIP-DOX, is
shown in Figure S1B. The intermediate and final products
were characterized by 1H NMR, 13C NMR, and HR/MS
(Figures S2−S27)
Next, we investigated the cleavage kinetics of the self-

immolative moieties of these two DOX prodrugs. The DOX-
conjugated key cross-linker (compound 10) and DOX-
conjugated control cross-linker (compound 9) without FA
and PEG moieties were chosen for this comparison in the
presence of 10 mM GSH (the chemical structures of
compound 9 and compound 10 and their synthetic routes
are shown in Figures 2A and S1C). Compound 9 or 10 was
dissolved in DMSO, mixed with aqueous GSH, and then
subjected to HPLC analysis at different time points. As
demonstrated in Figure 2B,C, being responsive to 10 mM
GSH, both compounds 9 and 10 were hydrolyzed and released
free DOX, indicated by the DOX peaks monitored by HPLC at
480 nm. However, the key cross-linker exhibited a faster rate of
self-immolation, and the half-life of the DOX release was 20
min. By contrast, the control cross-linker did not release
completely until 24 h (Figure 2D). A similar trend was also
shown in aqueous medium (Figure S28). Previously, we have

shown that the newly designed cross-linker with thiol-ethyl
carbonate and 1,6-elimination spacers can completely release
amine-containing drugs in a faster mode, whereas the
conventional cross-linkers for amine modification such as the
dithiobenzyl carbamates and disulfide carbamates cannot.29

After disulfide reduction, the key cross-linker undergoes the
cyclization of free thiol and 1,6-elimination, eventually
releasing the primary amine on DOX. Two self-immolation
mechanisms of such a type of linker after the reduction of the
disulfide bond were previously reported including the
elimination of the five-membered ring 1,3-oxathiolan-2-one
or the elimination of the three-membered ring of thiirane and
carbon dioxide.30−32 The latter one involving the generation of
the three-membered ring 1,3-oxathiolan-2-one is more likely to
occur, although some studies also proposed the simultaneity of
these two scenarios;33,34 so, the mechanism of self-immolation
for the key cross-linker in this work was proposed, as shown in
Figure 2E.
As shown in Figure 3A, KSIP-DOX has characteristic

absorption maxima at wavelengths at 480 and 365 nm,
indicative of the presence of DOX or FA. The fluorescence
spectrum showed that KSIP-DOX had an emission wavelength
maximum around 600 nm, exhibiting a slight red shift
compared to free DOX with emission maxima at about 595
nm (Figure 3B) because the addition of PEG and linker
structures to the prodrug altered the optical property of DOX.
Because KSIP-DOX has amphiphilic blocks, KSIP-DOX self-
assembled into nanoparticles around 100 nm characterized by
transmission electron microscopy (TEM) and dynamic light
scattering (DLS). In addition, the size of KSIP-DOX remained
almost the same in different solutions including water, PBS, or
10% FBS medium within a time course around 2 weeks
(Figure 3D).
Then, we investigated the pharmacokinetics of KSIP-DOX

on mice. As shown in Figure 4A, after mice were intravenously
administered KSIP-DOX, CSIP-DOX, or free DOX (5 mg/kg

Figure 3. (A) Absorbance spectrum of free aqueous DOX, folate, and KSIP-DOX conjugates. (B) Fluorescence spectrum of aqueous KSIP-DOX
and free DOX. (C) DLS of KSIP-DOX in water solution and TEM images. (D) Stability of KSIP-DOX in different media (Water, PBS, and 10%
FBS) for 13 days.
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DOX), the peak DOX concentration (Cmax) of the KSIP-DOX
group (2.75 μg/mL) was higher than that of the free DOX
(1.61 μg/mL) group or CSIP-DOX (2.27 μg/mL). Also, the
serum half-life in the KSIP-DOX group (5.81 h) was also
longer than that in the free DOX group (1.4 h) or CSIP-DOX
(4.78 h). These results indicated that DOX in the form of
KSIP-DOX exhibited prolonged blood circulation time. Next,
we assessed the DOX uptake and distribution in B16 tumor
cells when treated with various DOX formulations including
free DOX, KSIP-DOX, CSIP-DOX, and KSIP-DOX without
folate (KSIP-DOX-F−) under different treatment conditions.
As shown in Figure 4B, KSIP-DOX had the highest cellular
uptake efficiency and the uptake was saturated around 4 h,
whereas KSIP-DOX-F− had the lowest cellular uptake
efficiency. The enhanced cellular uptake was ascribed to the
targeting of FA expressed on B16 tumor cells or possibly
enhanced phagocytosis. Furthermore, we also investigated the
cell uptake by laser scanning confocal microscopy after B16

tumor cells were treated with different DOX formulations for 4
h. As demonstrated in Figure 4C, the DOX fluorescence
intensity (red) of KSIP-DOX was significantly higher than
other groups, which is consistent with the data of the cellular
uptake shown in Figure 4B. The observed nuclear localization
is expected for liberated DOX. These results indicate that
when DOX exists in the form of KSIP-DOX, it will enhance
the uptake of DOX by tumor cells. In comparison with CSIP-
DOX, the higher cellular uptake of KSIP-DOX is probably
ascribed to the more hydrophobic moiety, and previously, it
was also shown that hydrophobic modification of drugs can
facilitate translocation across the membrane and phagocyto-
sis.35−37

Encouraged by the improved cellular uptake, we next
evaluated antitumor efficacy of KSIP-DOX. First, the efficacy
of KSIP-DOX was assessed on the B16 cell line using the
CCK-8 viability assay. As shown in Figure 5A, the cell viability
decreased as DOX concentration increased after incubation

Figure 4. (A) Pharmacokinetics of KSIP-DOX, CSIP-DOX, and free DOX in mice. DOX concentration was measured by HPLC after mice were
intravenously administered KSIP-DOX, CSIP-DOX, or free DOX (5 mg/kg DOX), and the blood was collected after 24 h. B16 cells were
incubated with KSIP-DOX, CSIP-DOX, free DOX, and KSIP-DOX-F− for 4 h, followed by cell lysis by TX-100, and then, the cellular uptake was
quantified by measuring (B) fluorescence of DOX; and (C) laser scanning confocal microscopy images.
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with different DOX formulations for 24 h including free DOX,
KSIP-DOX, CSIP-DOX, and KSIP-DOX-F−, showing a dose-
dependent cytotoxicity. Among these groups, the cytotoxicity
of KSIP-DOX was almost the same as that of the free DOX
group. KSIP-DOX exhibited more cytotoxicity than CSIP-
DOX and KSIP-DOX-F− groups. As shown in Figure 5B, the
KSIP-DOX group had higher cytotoxicity than other prodrug
treatments after incubation with B16 cells for 4, 8, or 12 h, and
it also had cytotoxicity similar to the DOX group. This can be
explained by the fact that KSIP-DOX can rapidly release DOX
for the effective antitumor effect. Next, the efficacy of KSIP-
DOX was evaluated in vivo. Bearing-tumor nude mice were
intravenously administered PBS or 5 mg/kg DOX of free
DOX, KSIP-DOX, CSIP-DOX, or KSIP-DOX-F‑. Then, we
monitored the body weight and tumor size every day. As
demonstrated in Figure 5C, no obvious body weight loss
occurred, suggesting that these formulations had no noticeable
toxicity at these doses, at least within the time window of 1
week. As demonstrated in Figure 5D, compared to the PBS
group, the CSIP-DOX group showed a significant difference in
inhibition of tumor growth. In comparison with other groups,
the KSIP-DOX group has a significant inhibitory effect on
tumor growth.
Previously, it was demonstrated that the wide application of

DOX is limited by its nephrotoxicity and hepatotoxicity,38−40

and we found that KSIP-DOX primarily accumulated in liver,
as shown in Figure S29; so, we further assessed the toxicity of
KSIP-DOX in vivo including nephrotoxicity and hepatotoxicity
when mice were treated by the same treatment scheme shown
in Figure 5. BUN and NGAL are two biomarkers used to assess
nephrotoxicity.41 As shown in Figure S30A,B, the level of
NGAL and BUN has no significant difference when mice were
given PBS or 5 mg/kg (DOX) KSIP-DOX three times for 7
days. Then, we also assessed the AST, ALT, and AKP in serum,
which are biomarkers of the liver function. As shown in Figure
S30C−E, the PBS group and KSIP-DOX group show no
significant difference in the level of AST, ALT, and AKP.
These results indicate that KSIP-DOX presents a safe prodrug
for cancer chemotherapy.

4. CONCLUSIONS

In conclusion, we developed a thiol-responsive and traceless
antitumor prodrug with rapid self-immolation. Compared with
traditional SILs, the KSIL can quantitively and rapidly release
pristine amine-containing drugs. KSIP-DOX has longer
circulation times in serum and enhanced cell uptake in
tumor cells owing to the chemistry design in the KSIL
including the good leaving group and fast self-immolation rate.
KSIP-DOX with better solubility, targeting capability, and

Figure 5. Antitumor effects of KSIP-DOX. (A) B16 cell viability after incubation with different DOX concentrations of KSIP-DOX, CSIP-DOX,
free DOX, and KSIP-DOX-F− (1, 2, and 5 μg/mL) for 24 h. (B) B16 Cell viability after incubation with KSIP-DOX, CSIP-DOX, free DOX, and
KSIP-DOX-F− (1 μg/mL DOX) for different times (4, 8, and 12 h). In vivo antitumor efficacy of KSIP-DOX. The (C) body weight and (D) tumor
size change of B16 tumor-bearing mice treated with PBS, KSIP-DOX, CSIP-DOX, free DOX, or KSIP-DOX-F−. (One-way analysis of variance was
used for significant difference analysis, ns P > 0.05, *P < 0.05, **P < 0.01).

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.1c00247
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00247/suppl_file/mt1c00247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00247/suppl_file/mt1c00247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00247/suppl_file/mt1c00247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00247/suppl_file/mt1c00247_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00247?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00247?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00247?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00247?fig=fig5&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00247?rel=cite-as&ref=PDF&jav=VoR


enhanced antitumor efficacy represents a new and enabling
prodrug, showing its promise for cancer treatment.
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