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Abstract
Clinical treatment of hepatocellular carcinoma (HCC) with 5-fluorouracil (5-FU), the primary anticancer agent, 
remains unsatisfactory due to the glutathione (GSH)-associated drug resistance and immunosuppressive 
microenvironment of HCC. To develop a facile yet robust strategy to overcome 5-FU resistance for enhanced 
immunotherapy treatment of HCC via all dimensional GSH exhaustion, we report in this study construction of 
a minimalist prodrug consisting of 5-FU linked to an indoleamine-(2,3)-dioxygenase (IDO) inhibitor (IND) via a 
disulfide bridge, FU-SS-IND that can further self-assemble into stabilized nanoparticles, FU-SS-IND NPs. Specifically, 
besides the disulfide linker-induced GSH exhaustion, IND inhibits GSH biosynthesis and enhances the effector 
function of T cells for turning a “cold” tumor to a “hot” one, which synergistically achieving a tumor inhibition rate 
(TIR) of 92.5% in a 5-FU resistant mice model. Most importantly, FU-SS-IND NPs could upregulate programmed 
death ligand 1 (PD-L1) expression on the surface of tumor cells, which enables facile combination with immune 
checkpoint blockade (ICB) for a ultimate prolonged survival lifetime of 5-FU-resistant tumors-bearing mice. Overall, 
the minimalist bioreducible nano-prodrug developed herein demonstrates great translatable potential for efficiently 
reversing drug resistance and enhancing immunotherapy of HCC.
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Introduction
Chemotherapy remains the preferred clinical treatment 
strategy for hepatocellular carcinoma (HCC) [1, 2]. In 
addition to the general drawbacks of chemotherapeu-
tic drugs such as rapid clearance, compromised target-
ing efficiency and systemic toxicity [1, 2], antimetabolite 
5-fluorouracil (5-FU), a frontline anti-HCC drug suffered 
from significantly compromised therapeutic efficiency 
most likely attributed to its the drug resistance and com-
plicated immunosuppressive microenvironment of HCC 
[3]. Therefore, the primary intent of this work is to devise 
a simplified and reliable approach to intensify treatment 
efficiency of 5-FU against HCC, which can address the 
Glutathione (GSH)-associated drug resistance of HCC 
and the immunosuppressive effect of 5-FU.

GSH-related detoxification and antioxidant defense 
system has been repeatedly highlighted to be a main 
mechanism that accounts substantially for the 5-FU 
treatment failure [4]. Specifically, GSH overexpression at 
the tumor site compromises the reactive oxygen species 
(ROS)-induced antitumor efficiency via direct ROS scav-
enging [5]. Tremendous progresses have been devoted to 
targeting the intracellular GSH pathway [6, 7], including 
construction of GSH-scavenging nanoformulation [8, 9] 
and development of GSH-responsive prodrugs [10, 11]. 
Besides the inherent high GSH level, tumor cells exert a 
tricky compensatory effect on intracellular GSH biosyn-
thesis, which makes it impossible to exhaust the intra-
cellular GSH completely for significantly compromised 
therapeutic efficiency of the aforementioned GSH path-
way targeting strategies [12]. Therefore, an ideal means 
is to integrate intracellular GSH depletion and GSH 
biosynthesis inhibition for all dimensional GSH exhaus-
tion. Combining the two functions in one nanoformula-
tion exhibits more excellent performance compared to 
the use of a single treatment strategy for drug resistance 
problems [13]. A notable example of this state-of-the-art 
nanomedicine design is Qu’s highly potent GSH exhaus-
tion via consuming the stored GSH and preventing 
SLC7A11 (a cystine/glutamate antiporter) to block the 
cysteine needed for GSH synthesis [14].

In addition to GSH-associated drug resistance, 5-FU 
has been reported to trigger immunosuppression via T 
lymphocytes, myelosuppression depletion and exertion 
of other immunosuppressive effects [15], which accounts 
for the clinical failure of 5-FU. To address 5-FU-induced 
immunosuppression, various immunotherapy-based 
combination strategies have been extensively explored 
to reshape the immunosuppressive tumor microenvi-
ronment (TME) [16]. For example, Guo et al. reported 
a combination treatment comprising folinic acid (FnA), 
oxaliplatin (OxP) and 5-FU that can significantly reverse 
the immunosuppressive TME by inducing immunogenic 
cell death (ICD) [17].

Indoleamine 2,3-dioxygenase (IDO), a regulatory 
enzyme shaping immune responses that can cause tumor 
tolerance, could be adopted as an immune checkpoint 
[18, 19]. IDO leads to tryptophan depletion to stimu-
late multiple cell-protective pathways, such as SLC7A11 
expression [20]. IDO inhibitors are expected to synchro-
nously regulate GSH and reverse the suppressive TME. 
Recently, small molecular inhibitors have emerged to 
block the IDO effector pathway and revive T cells for 
cancer immunotherapy, including 1-methyl-D-tryp-
tophan (D-1MT, IND) [21, 22]. As a result, it will be a 
promising strategy to integrate IND and 5-FU via a nano-
prodrug for combinatory therapy that can address simul-
taneously the GSH-associated drug resistance of HCC 
and the immunosuppressive TME.

The self-assembly strategy based on small molecules 
prodrugs can avoid the problems of complex synthesis 
and purification processes, poor drug encapsulation, and 
premature drug leakage associated with the traditional 
nanocarrier-based drug delivery [23, 24]. Specifically, the 
disulfide link-mediated small molecular self-assembly has 
drawn considerable attention because the incorporated 
disulfide link can not only promote the self-assembly 
process of an amphiphilic prodrug into a stabilized nano-
formulation, but also enable GSH-cleavable structure to 
trigger particulate dissociation and promoted intracellu-
lar drug release [25–27].

Based on the above considerations, we reported in this 
research the development of a bio-reducible prodrug 
composed of 5-FU and an IDO inhibitor (IND), FU-SS-
IND that can self-assembly into stabilized nanoparticles, 
FU-SS-IND NPs, which integrates the ICD-triggering 
function of 5-FU and innate immunity activation prop-
erty of IND for all dimensional GSH exhaustion and 
overcoming 5-FU resistance. The nanoparticles (NPs) 
can achieve the site of tumors through an enhanced per-
meability and retention (EPR) effect upon intravenous 
injection. In 5-FU-resistant HCC cells, intracellular over-
expressed of GSH can trigger the cleavage of the disul-
fide link for particulate dissociation and release of 5-FU 
and IND. The released IND can not only downregulate 
SLC7A11 expression for blocking cystine uptake via 
inhibiting the IDO signaling pathway, thereby enhancing 
the ICD induced by 5-FU, but also impede the entry of 
tryptophan (Trp) into the kynurenine (Kyn) pathway to 
activate the immunosuppressive T cells (Scheme 1). Most 
importantly, our research has identified that FU-SS-IND 
NPs possess the ability to reprogram immunosuppressive 
TME and simultaneously upregulate programmed death 
ligand 1 (PD-L1) expression on the surface of tumor cells. 
This interesting finding holds a remarkable promise for 
the integration of FU-SS-IND NPs with PD-L1 monoclo-
nal antibody (PD-L1 mAb) immune checkpoint blockade 
therapy in vivo. Exhaustive tests in vitro and in vivo were 
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conducted to ascertain the efficacy of this innovative 
nano-prodrug, and the underlying mechanism of action.

Results and discussion
Characterization of small molecular self-assembly FU-SS-
IND NPs
The synthesis of small molecular prodrug FU-SS-IND 
was illustrated in Fig.  1a. Briefly, an esterification cou-
pling reaction between IND and bis (2-hydroxyethyl) 

disulfide in the presence of DCC/DMAP afforded IND-
SS-OH with a high yield of 60.0%. Following this, IND-
SS-OH and 5-FU were conjugated via an ester bond, 
and underwent a hydrolyzed reaction to obtain the tar-
get small molecule prodrug FU-SS-IND. The construc-
tions of the key intermediate and final product were 
determined using 1H NMR (Fig. S1-S5), revealing all 
characteristic signals attributable to 5-FU and IND. 
More importantly, successful preparation of FU-SS-IND 

Scheme 1 Diagram outlining the preparation of small molecular self-assembly FU-SS-IND NPs and the use of FU-SS-IND NPs for robust GSH exhaustion 
and tumor-specific immunotherapy. Combining FU-SS-IND NPs with PD-L1 mAb further maximizes tumor inhibition
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with an equivalent coupling between 5-FU and IND 
is strongly indicated by evaluating the integrated peak 
intensity at 8.0 ppm assigned to 5-FU of the peak of 5.8 
ppm attributed to IND. Benefiting from the inherent 
efficiency of disulfide-mediated small molecules in self-
assembly [28, 29], we have explored the spontaneous self-
assembly of FU-SS-IND into NPs in an aqueous solution. 
The nano-formulation, FU-SS-IND NPs, was fabricated 
through a classical nano-precipitation method, and the 
characterization of the resulting was carefully evalu-
ated via transmission electron microscopy (TEM) and 
dynamic light scattering (DLS) analyses. The FU-SS-IND 
NPs demonstrated an extremely narrow and unimodal 

particle size profile, exhibiting a hydrodynamic diameter 
(Dh) of 186.9 nm and a polydispersity index (PDI) of 0.1 
(Fig. 1b). FU-SS-IND NPs displayed a uniform spherical 
shape in TEM images (Fig. 1c). To investigate the stabil-
ity of the FU-SS-IND NPs, these particles were observed 
for changes in size over a 72-hour period in saline solu-
tion. Almost unaltered diameters and PDIs indicate the 
excellent salt stability of FU-SS-IND NPs (Fig. 1d), which 
is a prerequisite for controlled release applications. These 
experimental results confirm that the prodrug FU-SS-
IND can form stable nanoparticles. UV-vis spectrometry 
was used to evaluate the in vitro release characteristics of 
FU-SS-IND NPs in the presence of GSH concentrations 

Fig. 1 Synthesis and characterization of FU-SS-IND NPs. (a) The synthetic route for the designed FU-SS-IND prodrug. (b) Size and (c) TEM image of FU-SS-
IND NPs. Scale bar: 200 nm. (d )The stability of FU-SS-IND NPs. (e) GSH-responsive release of FU-SS-IND NPs. n = 3
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of 1, 5, and 10 mM, at the physiological pH of 7.4 
(Fig.  1e). The 5-FU release rate depends clearly on the 
GSH concentration. In the absence of GSH, FU-SS-IND 
NPs remained stable with only 15.1% of 5-FU release in 
48 h. As GSH levels increased, the release of 5-FU accel-
erated, reaching 71.7% with 10 mM GSH in an identical 
monitoring period. A higher GSH concentration pro-
motes the cleavage of a greater amount of disulfide links 
for a faster 5-FU release with a larger cumulative amount.

Cellular uptake of FU-SS-IND NPs
The in vitro cellular uptake efficiency of coumarin 6 (C6)-
loaded nanoparticles (C6@FU-SS-IND NPs) was assessed 
in Hepa1-6/FU cells using flow cytometry (FCM) and 
fluorescence inverted microscopy (FIM) analysis. To 
demonstrate the cellular uptake of FU-SS-IND NPs, 
Hepa1-6/FU cells were incubated with either free C6 or 
FU-SS-IND NPs for different incubation periods of 0.5, 
3, and 6 h. FU-SS-IND NPs show consistently greater cel-
lular uptake efficiency values than free C6 at all the three 
time points (Fig.  2a and b). The NPs’ excellent cellular 
uptake efficiency is reasonably attributed to the capacity 
in efficiently circumventing drug resistance in Hepa1-6/
FU cells. C6@FU-SS-IND NPs exhibited time-dependent 
endocytosis behaviors, i.e., characterized by enhanced 

green fluorescence intensities over extended incubation 
times. Subsequent FCM analysis also confirmed that the 
cell green fluorescence intensities gradually increased, 
and then reached saturation in 6  h. C6@FU-SS-IND 
NPs-treated Hepa1-6/FU cells displayed a mean fluores-
cence intensity (MFI) 7.6 times higher than that of the 
untreated control culture media in 6 h, revealing that the 
FU-SS-IND NPs had an excellent cellular uptake capacity 
(Fig. 2c and d).

In vitro antitumor effect
GSH elevation has been reported to be linked to acquired 
resistance of HCC cells to 5-FU [4]. 5-FU-resistant 
cells Hepa1-6/FU were generated by exposing paren-
tal Hepa1-6 HCC cells with 5-FU at stepwise increasing 
drug concentrations from 5 to 30 µM [30]. The GSH level 
in Hepa1-6/FU cells increased almost 3.2-fold higher 
than that of the parent Hepa1-6 cells (Fig. 3a). The IC50 
of the resistant Hepa1-6/FU cells (IC50: 89.4 ± 8.9 µM) 
(Fig. 3c) to 5-FU was identified to be approximately 16.0-
fold higher than that of the parental Hepa1-6 cells with 
an IC50 of 5.6 ± 2.9 µM at 48  h of incubation (Fig.  3b), 
indicating that the 5-FU-resistant cell line was success-
fully constructed. More importantly, FU-SS-IND NPs 
achieved a cytotoxic effect approximately 1.4-fold greater 

Fig. 2 In vitro cellular uptakes of FU-SS-IND NPs (a) In vitro cellular uptake images of Hepa1-6/FU cells treated with free C6 or C6@FU-SS-IND NPs for 0.5, 3 
and 6 h using FIM (Scale bar: 200 μm), and (b) quantification of MFI by ImageJ. (c) FCM analysis of Hepa1-6/FU cells exposed to 0.5 h, 3 h, 6 h and 9 h with 
C6@FU-SS-IND NPs and the MFI of (d) C6 in the Hepa1-6/FU cells. n = 3, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant
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than that of free 5-FU on Hepa1-6/FU cells, whereas in 
parental cell lines FU-SS-IND NPs were much less toxic 
than free 5-FU, which could be possibly attributed to the 
cellular GSH level diversity. To verify our findings, we 
pretreated parental Hepa1-6 cells using varying concen-
trations (0, 1, 5 and 10 mM) of GSH prior to the admin-
istration of FU-SS-IND NPs (Fig. 3d). All the GSH only 
groups show high cell viability values around 100%, sug-
gesting apparently an insignificant effect of GSH on the 
cell viability (Fig. S6). Together with the notable GSH-
dependent cytotoxicity of FU-SS-IND NPs (Fig.  3d), we 
thus draw a conclusion that the cytotoxicity of FU-SS-
IND NPs was positively correlated with the GSH levels, 
suggesting that a higher intracellular GSH concentration 
leads to a greater therapeutic efficiency of the NPs. These 
results provide strong corroboration to the in vitro drug 
release data.

5-FU mainly acts during the G1/S phases of the cell 
cycle by disrupting DNA synthesis [31]. Therefore, we 
further explored the effect of FU-SS-IND NPs treatment 
on cell cycle phases in Hepa1-6/FU cells. The experiment 
unveiled that Hepa1-6/FU cells treated with FU-SS-IND 
NPs had an obvious cell cycle arrest in the G1/S phase, 
along with a corresponding decrease in the G2/M phases 
(Fig.  3e). Next, the apoptosis of Hepa1-6/FU cells after 
different treatments was assessed using annexin V-FITC/
propidium iodide (PI) assay kits. Contrasting with the 

low cytotoxicity of 5-FU, resulting in an apoptotic rate 
of just 25.7%, FU-SS-IND NPs showed an outstanding 
increase of 60.2%, indicating nearly 2.4-fold higher apop-
tosis when compared to 5-FU alone (Fig. 3f ). This could 
be attributed to the synergistic action of disulfide link 
breakage and IND that leads to GSH exhaustion, which 
amplifies oxidative stress mediated by 5-FU for a syner-
gistic antitumor effect.

Redox imbalance
Tumor cells display a distinctive intracellular microenvi-
ronment characterized by a redox-heterogeneous state, 
because ROS and GSH are overproduced simultaneously 
in different cellular compartments [32, 33]. As far as 
drug resistance and tumor progression are concerned, an 
increase intracellular GSH level plays a crucial role [34]. 
The disulfide links incorporated in FU-SS-IND NPs for 
GSH-cleavable drugs release could consume the GSH to 
a certain extent 5-FU is also capable of elevating intracel-
lular ROS levels that subsequently lead to GSH depletion 
[35]. The efficacy of different treatments on intracellu-
lar GSH levels in Hepa1-6/FU cells was assessed using 
a GSH detection kit. Interestingly, significant reduc-
tions in intracellular GSH levels were noted in the FU-
SS-IND NPs group, a stark contrast to the insignificant 
effect on GSH levels observed in the free 5-FU group 
(Fig.  4a), implying the compensation of GSH synthesis 

Fig. 3 In vitro anti-tumor efficacies. (a) The intracellular GSH levels were measured in parental Hepa1-6 and resistant Hepa1-6/FU cells. The cytotoxicity 
of 5-FU, IND, 5-FU + IND, and FU-SS-IND NPs in parental Hepa1-6 (b) and resistant Hepa1-6/FU (c) cells. (n = 5). (d) Cell viability of Hepa1-6 cells pretreated 
with varying concentrations (0, 1, 5 and 10 mM) of GSH for 12 h and then treated with FU-SS-IND NPs for 48 h. FCM analysis of (e) cell cycle and (f) cell 
apoptosis in Hepa1-6/FU cells after they had been exposed to 5-FU, IND, 5-FU + IND, and FU-SS-IND NPs for 48 h. n = 3, *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001; ns, not significant
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for 5-FU-induced ROS production and GSH consump-
tion. The cystine transporter SLC7A11 is required for 
GSH synthesis by transporting cysteine into the cell 
[36]. IDO can not only stimulate several cellular protec-
tive pathways (including SLC7A11 expression) [20], but 
also improve the immunosuppressive TME via the deg-
radation of Trp into Kyn [37]. To confirm the function 
of nano-prodrug in IDO and SLC7A11 expression, we 
initially performed a Western blot assay to analyze the 
levels of these two signaling proteins. As expected, the 
IDO expression was downregulated in Hepa1-6/FU cells 
treated with FU-SS-IND NPs (Fig.  4b). The expression 
of SLC7A11 was also assessed by Western blot under 
various treatment conditions. The results revealed that 
IND alone insignificantly decreased SLC7A11 expres-
sion, whereas free 5-FU alone increased the SLC7A11 
level (Fig. 4c). The downregulation of SLC7A11 was most 
pronounced in the group treated with FU-SS-IND NPs, 

with its expression reduced by 38% compared to that of 
the free 5-FU group (Fig. 4c). This result suggests that the 
IND released from the NPs simultaneously downregu-
lates IDO and SLC7A11 expression for a compromised 
compensatory effect on intracellular GSH biosynthesis. 
The cysteine content showed a variation tendency almost 
the same as the SLC7A11 expression, with FU-SS-IND 
NPs inducing a significant decrease in cysteine content, 
which was 0.6-fold lower compared to 5-FU, demonstrat-
ing statistical significance (Fig.  4d). Intracellular GSH 
acts as an endogenous ROS scavenger and thus exerts a 
cytoprotective effect [38]. The 2,7-dichlorofluorescein 
diacetate (DCFH-DA) was further used to examine the 
effects of different treatments on intracellular ROS lev-
els (Fig.  4e). FU-SS-IND NPs-treated Hepa1-6/FU cells 
showed MFI 3.5-fold higher than cells treated with 5-FU 
after 48 h incubation, likely due to the further enhanced 
ROS production through GSH depletion (Fig. 4f ). Similar 

Fig. 4 In vitro mechanism of FU-SS-IND NPs-induced oxidative stress. (a) Changes in GSH consumption in Hepa1-6/FU cells over time after different 
treatments. (b) Western blotting analysis of IDO and SLC7A11 expression. (c) The corresponding gray statistics of the expression of IDO and SLC7A11 
from (b). (d) The relative intracellular cysteine content of Hepa1-6/FU cells following various treatments and incubated for 48 h. FCM analysis of (e) ROS 
production and the MFI of (f) DCF in Hepa1-6/FU cells after they had been treated with 5-FU, IND, 5-FU + IND, and FU-SS-IND NPs for 48 h. (g) The FIM 
images of Hepa1-6/FU cells with ROS production after various treatments. Scale bar: 100 μm (ROS, DCF, green). n = 3, *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001; ns, not significant
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results were recorded by FIM, which also confirms that 
the ROS production capacity of FU-SS-IND NPs is 
stronger than that of free 5-FU (Fig. 4g). All the results 
collectively suggested that the FU-SS-IND NPs simul-
taneously achieved all dimensional GSH exhaustion via 
amplifying the levels of oxidative stress by depleting the 
existing intracellular GSH reserves and impeding GSH 
biosynthesis.

In vitro ICD induction and immune response
Reportedly, chemotherapeutic agents induce ICD, a 
unique form of cancer cell death and can facilitate anti-
gen uptake by dendritic cells (DCs). The ICD occurrence 
is accompanied by the release of damage-associated 
molecular patterns (DAMPs), such as the exposure of 
calreticulin (CRT) and secretion of autophagy-depen-
dent adenosine triphosphate (ATP) and high mobility 
group box-1 protein (HMGB1) [39, 40]. However, 5-FU 
as inducers of ICD remains controversial without solid 
detection of HMGB1 release [41]. To verify whether 
the nano-prodrug effectively triggers ICD in Hepa1-6/
FU cells, ATP release was first detected. In contrast to 
the free 5-FU-treated group, FU-SS-IND NPs markedly 
stimulated the production of ATP from Hepa1-6/FU 
cells (Fig.  5a). The ATP release by FU-SS-IND NPs was 
1.7-fold higher than free 5-FU, which means statistical 
significance. Subsequently, immunofluorescence analysis 

further verified the evaluation of CRT (Fig. 5b and c).and 
HMGB1 in Hepa1-6/FU cells (Fig. 5d). There was a sig-
nificant increase in both CRT exposure and HMGB1 
release in the FU-SS-IND NPs-treated group. Therefore, 
the ICD induction ability should be attributed to ampli-
fication of 5-FU-mediated oxidative stress via integrated 
GSH depletion and ROS enhancement.

ICD results in the DAMPs release to facilitate the 
cross-presentation of tumor-associated antigens to DCs, 
ultimately leading to the DCs activation and T lympho-
cyte infiltration [42]. To explore the immune response 
characteristics of FU-SS-IND NPs in vitro, the capability 
of FU-SS-IND NPs to stimulate and promote the activa-
tion of bone marrow-derived dendritic cells (BMDCs) 
was evaluated by co-incubation of FU-SS-IND NPs-
treated Hepa1-6/FU cells with BMDCs. The quantity of 
mature DCs showed a significantly increase in the FU-SS-
IND NPs-treated group compared to the group treated 
with free 5-FU, in accordance with DAMPs release data. 
Significantly, the DCs treated with FU-SS-IND NPs 
reached a maturation rate of 29.0%, outpacing the group 
treated with 5-FU by 1.2-fold (Fig. 5e and f ). In summary, 
the developed nano-prodrug harnesses the benefits of 
both 5-FU and IND to synergistically enhance the oxida-
tive stress within the tumor through GSH exhaustion of 
all dimensions to activate immunity.

Fig. 5 In vitro ICD induction and immune activation after various stimulations. (a) The ATP release from Hepal-6/FU cells post culture with PBS (control 
group), free 5-FU, free IND, 5-FU + IND, and FU-SS-IND NPs for 48 h. Immunofluorescence assessment of (b) CRT exposure and (d) HMGB1 release on 
Hepa1-6/FU cells following various treatments for 48 h. Scale bar: 100 μm (Nuclei, DAPI, blue; CRT/HMGB1, Alexa 488, green). (c) MFI statistical results of 
(b). (e, f) FCM analysis of DCs maturing rate following co-incubation with various treated Hepa1-6/FU cells for 24 h. n = 3, *p < 0.05; **p < 0.01; ***p < 0.001, 
****p < 0.0001
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In vivo distribution of nano-prodrug IR780@FU-SS-IND NPs
The hemolysis rate of FU-SS-IND NPs remains less than 
5% at a concentration of 400 μg/mL, indicating that FU-
SS-IND NPs exhibit favorable blood compatibility and 
are suitable for subsequent intravenous administration 
(Fig. S7). To assess the distribution of the nano-prodrug 
in vivo, IR780-loaded nanoparticles (IR780@FU-SS-IND 
NPs) were used for clear fluorescence monitoring. We 
first monitored the drug biodistribution properties on 
5-FU-resistant tumors mice using IVIS in vivo imaging. 
Injected via the tail vein were the different formulations 
(IR780 and IR780@FU-SS-IND NPs), with fluorescence 
changes monitored at predetermined time intervals. 
For IR780@FU-SS-IND NPs, a clear fluorescence was 
detected in tumor tissues at 12 h, which remained stron-
ger from 12 h to 48 h. The observed change in the fluo-
rescence signal within the liver site was progressive over 
time, with the signal steadily declining from 6 h to 48 h 
(Fig.  6a). The drug distribution of the harvested organs 
was similarly monitored using fluorescence imaging 

at exactly 48  h post-harvesting (Fig.  6b), and consistent 
results were acquired, i.e., IR780@FU-SS-IND NPs exhib-
ited significant accumulation in the tumor tissues with 
low fluorescence detected in the liver. It is worth pointing 
out that IR780@FU-SS-IND NPs mediated IR780 accu-
mulation in tumor tissues with a percentage of 46.5% for 
all the examined organs and tissues. This population was 
41.0% higher than that of free IR780 in 48 h (Fig. 6c). The 
results indicated that FU-SS-IND NPs exhibited excellent 
tumor targeting capability for in vivo tumor treatment.

In vivo anticancer efficiency in a subcutaneous hepa1-6/FU 
Tumor model
Finally, the in vivo therapeutic potential of FU-SS-IND 
NPs was analyzed in a 5-FU-resistant mice model. After 
the tumor achieved nearly 100 mm3, mice were intrave-
nously injected on days 1, 3, 5, and 7 with saline, 5-FU, 
IND, 5-FU + IND and FU-SS-IND NPs, each at a dos-
age equivalent to 10  mg of 5-FU/kg (Fig.  7a). After 19 
days of treatment, the tumor volume growth rate of the 

Fig. 6 The distribution of the nano-prodrug in vivo. (a) Biodistribution of free IR780 and IR780@FU-SS-IND NPs in subcutaneous Hepa1-6/FU cells tumor 
model at various time intervals (0.5, 6, 9, 12, 24 and 48 h) post-injection (The tumor is indicated by a red circle). (b) 48 h after dosing, tissue distribution 
and tumor accumulation of free IR780 and IR780@FU-SS-IND NPs from sacrificed mice. (c) After 48 h, quantification of uptake of free IR780 and IR780@
FU-SS-IND NPs into tumor and organs. n = 3, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant
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Fig. 7 In vivo assessment of the anticancer efficiency. (a) Schematic illustration of administration. (b) Tumor volumes, (c) body weights and (d) images of 
tumor tissues of 5-FU-resistant tumors mice treated saline (control group), 5-FU, IND, 5-FU + IND, and FU-SS-IND NPs. (e) H&E analysis of the tumor tissues 
and major organs. Scale bar: 100 μm. n = 5, *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001
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FU-SS-IND NPs-treated group was obviously lower com-
pared to that observed in the other treatment groups, 
resulting in a final mean tumor size of 110.4 ± 42.5 mm3 
smaller than those of 5-FU (890.2 ± 348.9 mm3) and 
5-FU + IND (343.1 ± 101.2 mm3) groups (Fig.  7b). Simi-
lar therapeutic effects were also evidenced by the tumor 
tissue in anatomical photos (Fig.  7d). Moreover, there 
was no significant body weight change in C57BL/6j 
mice in the FU-SS-IND NPs -treated group during the 
whole treatment phase, which was comparable to that 
observed in the saline group. However, the weight loss 
of the C57BL/6j mice in the free 5-FU-treated group 
had reached around 22.8%. Further hematoxylin-eosin 
(H&E) staining analyses support that the FU-SS-IND 
NPs -treated group had the lowest degree of cell prolif-
eration and the greatest histological damage/apoptosis 
in tumor tissues with minimal impact on other primary 
organs. Serious liver and kidney damage from treatment 
with free-5-FU and 5-FU + IND accounted for the severe 
weight loss in mice (Fig. 7e). All the results indicated that 
FU-SS-IND NPs displayed excellent antitumor effect 
with minimized systematic side effects.

In vivo antitumor immune response
To further assess the immunoregulatory impact of FU-
SS-IND NPs, FCM evaluated the distribution of differ-
ent immune cell populations within the tumor-draining 
lymph nodes (TDLNs), tumor tissues, or the spleen. 
The release of DAMPs signaling molecules from dying 
tumor cells has been identified as an essential factor in 
promoting DCs maturation [43, 44]. This process then 
activates T lymphocytes and potentiates the mobilization 
of an adaptive immune response [45]. Firstly, the matu-
ration of DCs in tumor tissue and TDLNs was evaluated 
in vivo. On one side, the percentage of mature DCs in 
TDLNs in the FU-SS-IND NPs-treated group reached 
41.8%, which was approximately 1.6 folds that of the 
5-FU + IND-treated groups (26.4%) (Fig. 8a and b). Simi-
larly, the proportion of mature DCs in tumor tissues in 
the FU-SS-IND NPs-treated group achieved 56.4%, sur-
passing those in the free 5-FU and 5-FU + IND-treated 
groups by 13.3% and 9.9%, respectively (Fig.  8c). The 
results indicated that FU-SS-IND NPs significantly stim-
ulated the accumulation and maturation of DCs in both 
TDLNs and tumor tissue. The maturation of DCs can 
further amplify their ability in presenting tumor anti-
gens and stimulate antitumor immune response [46, 47]. 
Consequently, CD8+ T cells infiltration was evaluated in 
both the spleen and tumor, with the highest proportion 
observed in the FU-SS-IND NPs-treated groups. The 
percentage of CD3+CD8+ cytotoxic T cells in the spleens 
was 30%, which was approximately 1.5-folds and 1.9-
folds that of free 5-FU and 5-FU + IND groups (Fig. 8d). 
In addition, a remarkable increase in CD3+CD8+ T cells 

was also observed in tumor tissues, with a percentage of 
1.2-fold and 1.5-fold of free 5-FU and 5-FU + IND groups, 
respectively (Fig. 8e). The interferon-gamma (IFN-γ) and 
tumor necrosis factor-alpha (TNF-α) as essential pro-
inflammatory cytokines are predominantly released by 
activated T cells [48, 49]. The level of both pro-inflam-
matory cytokines is significantly increased in blood, sug-
gesting that FU-SS-IND NPs may induce T-cell activation 
in tumor tissues (Fig. 8f and g). Meanwhile, tumors filled 
with regulatory T (Treg) cells are typically linked to an 
unfavorable prognosis, as the number of Treg cells rises 
in tandem with increased IDO activity, which can be 
reversed by IDO inhibitor IND. A substantial infiltration 
of intratumoral Foxp3+ Treg cells, defined as a frequency 
of 34.3 ± 3.1%, was observed in the saline group (Fig. 8h 
and i), suggesting an immunosuppressive microenviron-
ment in Hepa1-6/FU tumors. After the treatment with 
FU-SS-IND NPs, the percentage of Tregs decreased dra-
matically to 7.9 ± 0.1% (Fig. 8h and i), demonstrating that 
the combination of 5-FU and IDO inhibitor significantly 
reduced Tregs of intratumoral. The findings of the above 
studies highlight that FU-SS-IND NPs, when adminis-
tered intravenously, is capable of triggering an effective 
antitumor immune response and exhibits considerable 
antitumor potency by remodeling the immunosuppress 
microenvironment. Nonetheless, the clinical efficacy of 
CD8+ T cell-based tumor immunotherapy remains lim-
ited by not only insufficient T cell penetration in tumor 
tissue [50], but also the presence of PD-L1 on tumor cells 
[51, 52]. PD-L1 expression on tumor cells can prevent T 
cells from recognizing and attacking tumors by binding 
to PD-1 on T cells [53]. Unexpectedly, immunofluores-
cence results revealed a strong red fluorescence singling 
(PD-L1 expression) in the tumor tissue administered 
FU-SS-IND NPs (Fig. 8j), most likely due to an increased 
PD-L1 expression level after administration of chemo-
therapeutic agents [54]. Therefore, it is reasonable to pos-
tulate that combination of FU-SS-IND NPs further with 
PD-L1 mAb will enhance the anticancer efficacy of FU-
SS-IND NPs.

FU-SS-IND NPs combined with PD-L1 mAb could 
synergistically improve anticancer effect and 
immunotherapy in a Hepa1-6/FU tumor model
Given that the FU-SS-IND NPs group has been observed 
to induce a robust upregulation of PD-L1 expression 
on murine tumor cells, we explored the potential syn-
ergy between FU-SS-IND NPs and the administration 
of PD-L1 mAb (10  mg kg− 1) in the treatment of 5-FU-
resistant tumor mice models (Fig.  9a). First, the results 
showed that FU-SS-IND NPs in combination with PD-L1 
mAb led to significantly superior tumor growth inhi-
bition compared to treatment with either FU-SS-IND 
NPs or PD-L1 mAb separately (Fig. 9b). Specifically, the 
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tumor volume of 5-FU-resistant tumors mice adminis-
tered saline, PD-L1 mAb, and FU-SS-IND NPs + PD-L1 
mAb was 1738.0 mm3, 1142.3 mm3, 187.4 mm3, and 
54.2 mm3, respectively, indicating that FU-SS-IND 

NPs + PD-L1 mAb had optimal antitumor effect. Second, 
the association of body weight changes among the dif-
ferent drug treatment groups revealed that statistically, 
these differences were negligible (Fig.  9c). Furthermore, 

Fig. 8 In vivo assessment of the antitumor immunity efficiency. (a, b) FCM profiles and quantitative statistics of mature DCs in TDLNs with different 
therapies. FCM quantitative statistics indicating the maturity rate of (c) DCs in tumors following various treatments. FCM evaluation of the proportions 
of CD8+ T cells in the (d) spleens and (e) tumors following various treatments. Immunological parameters: enzyme-linked immunosorbent assay (ELISA) 
was employed to quantify serum levels of cytokines, including TNF-α (f), and IFN-γ (g). (h, i) FCM profiles and quantitative analyses of Tregs in the tumors 
following various treatments. (j) Immunofluorescence staining of PD-L1 levels in Hepa1-6/FU tumors after treatment with saline, 5-FU, IND, 5-FU + IND 
and FU-SS-IND NPs. Scale bar: 100 μm. n = 3, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant
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the survival rate in the combination of FU-SS-IND 
NPs and PD-L1 mAb treatment group was significantly 
increased compared to the FU-SS-IND NPs alone group. 
The survival rate of mice in the FU-SS-IND NPs + PD-L1 
mAb in combination of reached 60% within the next 60 

days, while all mice in the FU-SS-IND NPs alone group 
died (Fig. 9d). To verify whether FU-SS-IND NPs + PD-L1 
mAb could further enhance T cell immunity, we sub-
sequently assessed the infiltration of CD8+ T cells and 
memory T cells in the tumor tissues. In the tumor tissues 

Fig. 9 Evaluation of the in vivo anticancer and immunological efficacy of FU-SS-IND NPs plus PD-L1 mAb. (a) Schematic illustration of administration. (b) 
Volumes of tumors, (c) body weights and (d) survival curves of 5-FU-resistant tumors mice treated with saline, FU-SS-IND NPs, PD-L1 mAb and FU-SS-IND 
NPs + PD-L1 mAb. (e, f) FCM profiles and quantification of CD8+ T cells in tumors with various treatments. (g, h) FCM profiles and quantification of Tcm in 
spleens with different treatments. (i, j) FCM analysis and quantification of PD-L1 expression in tumors of mice following various treatment groups. n = 3–5, 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant
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of mice treated with FU-SS-IND NPs + PD-L1 mAb, the 
percentage of CD3+CD8+ T cells was 59.4%, which was 
1.3-fold and 1.7-fold that of FU-SS-IND NPs or PD-L1 
mAb alone (Fig. 9e and f ). To conduct a further exami-
nation of the immunological memory response, central 
memory T cells (Tcm, CD3+CD8+CD44+CD62L+) in the 
spleen were performed using FCM (Fig.  9g and h). The 
percentage of Tcm in FU-SS-IND NPs + PD-L1 mAb 
group was 11.8%, which was 1.6-fold and 2.3-fold that of 
FU-SS-IND NPs or PD-L1 mAb administered separately. 
Finally, the expression of PD-L1 in the tumor tissues of 
5-FU is resistant mice treated with different therapeutic 
interventions has been examined by FCM (Fig. 9i and j). 
The results indicated that the FU-SS-IND NPs treatment 
group significantly enhanced the PD-L1 expression, with 
downregulating the PD-L1 levels in the tumor cells of 
mice treated with FU-SS-IND NPs + PD-L1 mAb group.

Conclusions
In summary, a minimalist bio-reducible nano-prodrug 
based on 5-FU and IND, FU-SS-IND was constructed to 
enhance the treatment efficiency of 5-FU for HCC. The 
disulfide links not only participated in the self-assembly 
process of an amphiphilic prodrug into stabilized NPs, 
but also enabled GSH-triggered particulate dissocia-
tion for an accelerated intracellular drug release toward 
enhanced therapeutic efficiency. Specifically, GSH con-
sumption via disulfide bonds in Hepa1-6/FU cells with an 
elevated GSH level can further increase the intracellular 
ROS production for inducing oxidative stress. Mean-
while, the released IND served as an IDO inhibitor to 
reverse the immunosuppressive microenvironment and 
downregulated SLC7A11 expression for compromised 
GSH synthesis and amplified oxidative stress. There-
fore, FU-SS-IND NPs reshaped the immunosuppressive 
TME by stimulating CD8+ T cell activation and inhibit-
ing Treg. More importantly, FU-SS-IND NPs signifi-
cantly enhanced the expression of PD-L1 on the tumor 
cell surface and effectively increased the PD-L1 mAb 
response rate in tumor tissues, leading to synergistic che-
motherapy with immunotherapy to extend the survival 
lifetime of 5-FU-resistant HCC mice. However, there 
remains several limitations that should be given further 
consideration. Firstly, our initial assessment focused on 
vital organs like the liver and kidney, necessitating fur-
ther comprehensive evaluation of the nanoprodrugs’ 
toxicity to fully understand its potential effects. Sec-
ondly, while laboratory-cultured tumor cells typically 
exhibit a clear phenotype, naturally occurring tumors 
show different characteristics, thus further utilization 
of organoids or primary tumor cells provides a more 
accurate indication of the practical therapeutic index 
of FU-SS-IND NPs. Last but not least, this study is lim-
ited to subcutaneous tumor models, and in situ models 

or tumor models induced by risk factors may have more 
potential ranslational prospects. Overall, the minimalist 
bio-reducible nano-prodrug developed herein demon-
strates great translatable potential for efficient overcom-
ing 5-FU-resistant HCC, which could be facile combined 
with immune checkpoint blockade (ICB) therapy for ulti-
mately promising clinical outcomes.

Methods
Materials
Dichloromethane (DCM), Tetrahydrofuran (THF), Ethyl 
acetate, Methanol (MeOH) were supplied by Hengyang 
Hongjin Chemical Company. Sodium sulfate (anhydrous) 
was obtained from Tianjin Beilian Fine Chemicals Devel-
opment Co., Ltd. 5-FU, IND, Trifluoroacetic acid (TFA), 
Dicyclohexylcarbodiimide (DCC), Bromoacetic acid, 
4-dimethylaminopyridine (DMAP), 2,2’-Dithiodiethanol, 
Di-tert-butyl dicarbonate ((BOC)2O), Potassium hydrox-
ide (KOH) and C6 were obtained from Macklin Co., Ltd. 
GSH (Reduced) and Sodium bicarbonate (NaHCO3) were 
supplied by Shanghai Aladdin Biochemical Technology 
Co., Ltd. 0.25% trypsin-EDTA, penicillin-streptomycin, 
RIPA Lysis Buffered Solution, Fetal bovine serum (FBS) 
and DMEM medium were obtained from MeilunBio Co., 
Ltd. MTT was supplied by Coolaber. GSH and oxidized 
glutathione (GSSG) Assay Kit, Annexin V-FITC Assay 
Kit, ROS Assay Kit and Hoechst 33,342 were obtained 
from Beyotime Biotechnology Co., Ltd.

C57BL/6j mice were supplied from Hunan Slack Jingda 
Experimental Animal Co., Ltd. (Hunan, China). All ani-
mals were kept in the Laboratory Animal Centre in a spe-
cific pathogen-free (SPF) condition.

Synthesis of FUA
First, the 5-FU derivative FUA was synthesized accord-
ing to previous report. Briefly, KOH (1.32 g) was mixed 
with deionized water (5 mL), followed by mixing with 
5-FU (1.046 g). Stirring at 60 °C continued until a trans-
parent solution was formed. At 60℃, bromoacetic acid 
(1.146  g) was introduced and stirred for 6  h. After the 
solution was cooled, the pH was adjusted to 5, and impu-
rities were removed by suction filtration after refrigera-
tion for 6–8  h. The pH was then lowered to 2, and the 
mixture was refrigerated until the product separated out. 
The crystallized compound FUA was separated and dried 
under vacuum.

Synthesis of bOC-IND
A mixture of equal volumes of THF and deionized water 
(35 mL) was dissolved with NaHCO3 (740 mg), (BOC)2O 
(630  mg), and IND (520  mg). The solution was stirred 
with ice cooling for 10  min, then transferred to room 
temperature, where it was allowed to react for 24 h. Fol-
lowing this, THF was removed, and the remaining liquid 
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was neutralized to pH 1.0 using 1  M hydrochloric acid, 
followed by overnight refrigeration. Next, the residue was 
extracted with ethyl acetate, and after evaporating the 
ethyl acetate, a yellow solid was obtained. The final prod-
ucts were characterized using 1H NMR.

Synthesis of bOC-IND-SS-OH
BOC-IND (300  mg), DCC (466.7  mg) and 2,2′Dithio-
bisethanol were combined in DCM (10 mL) and kept 
reaction at 30℃ for 24 h. Following filtration and rotary 
evaporation, the target compound was separated and 
purified using chromatographic separation, eluting with 
MeOH/DCM (v/v, 1:200-1:100). The final products were 
characterized using 1H NMR.

Synthesis of FU-SS-IND-BOC
The BOC-IND-SS-OH was stirred in DCM (10 mL) at 
25℃, and DMAP, DCC, FUA were added to kept reac-
tion for 24 h. Following filtration and rotary evaporation, 
the target compound was separated and purified using 
chromatographic separation, eluting with MeOH/DCM 
(v/v, 1:80 − 1:30). The final products were characterized 
using 1H NMR.

Deprotection of bOC groups of FU-SS-IND
FU-SS-IND-BOC was combined with a mixture of DCM 
and TFA for 2 h at 25℃. Following filtration and rotary 
evaporation, the target compound was separated and 
purified using chromatographic separation, eluting with 
MeOH/DCM (v/v, 1:80 − 1:25). The final products were 
characterized using 1H NMR.

Preparation of the FU-SS-IND NPs
The FU-SS-IND NPs were synthesized using the nano-
precipitation method. Briefly, 50 µL methanol with 
dissolved FU-SS-IND (10 mg mL− 1) was gradually intro-
duced into 1.2 mL water, followed by stirring for half an 
hour. FU-SS-IND NPs loaded with C6 or IR780 were pre-
pared employing a comparable nanoprecipitation tech-
nique. The morphology and particle size of nano-prodrug 
were assessed by TEM and Malvern ZS90 DLS instru-
ment, respectively.

Drug release profile of nano-prodrug in vitro
By employing a dialysis method and UV-visible spectro-
photometer, the release characteristics of FU-SS-IND 
NPs in vitro were investigated. In this investigation, FU-
SS-IND NPs (1  mg mL− 1, 0.5 mL) were enclosed in a 
dialysis bag (MWCO = 3500 Da) and placed into a 30 mL 
aqueous solution with varying GSH concentrations (0, 
1, 5, 10 mM). The system was then kept at 37℃ for 48 h 
with agitation. Samples were collected at specific time 
points (0, 0.5, 1, 2, 4, 6, 8, 12, 24, 36 and 48 h), the release 

of 5-FU in FU-SS-IND NPs was determined using UV-vis 
spectroscopy.

Cell culture
Hepa1-6 (a mouse HCC cell line) was supplied from 
the Cell Bank of the Chinese Academy of Sciences. At 
37℃ in a 5% CO2 atmosphere, the cells were cultured in 
DMEM high glucose medium containing 10% FBS and 
1% penicillin/streptomycin.

To establish 5-FU resistance in Hepal-6 cells, Hepal-6 
cells were continuously cultured in escalating doses 
of 5-FU (5–30 µM) for at least 6 months, until the cells 
could be expanded in medium containing 30 µM 5-FU.

In vitro cellular uptake of FU-SS-IND NPs
We added C6 to construct C6@FU-SS-IND NPs to evalu-
ate Hepa1-6/FU uptake behavior. Hepa1-6/FU cells were 
cultured in 12-well plates or 24-well plates. Subsequently, 
free C6 or C6@FU-SS-IND NPs were introduced into 
the culture medium. After 0  h, 0.5  h, 3  h, 6  h incuba-
tion, 12-well plates cells were harvested and suspended 
in 500 µL PBS for detecting by FCM. For 24-well plates, 
cells were immobilized with 4% paraformaldehyde, sub-
sequently stained with Hoechst 33,342 for 15  min. The 
resulting cells were imaged using a FIM to obtain fluores-
cent images.

In vitro cytotoxicity assessment
The cytotoxicity assessment used 96-well plates and the 
seeding number of Hepa1-6/FU cells was 3 × 105 cells per 
well, followed by treated with the drug/nano-prodrug 
for 48  h. Furthermore, to assess the cytotoxicity of FU-
SS-IND NPs after GSH treatment, Hepa1-6 cells were 
exposed to varying concentrations of GSH (0, 1, 5 and 10 
mM) for 12 h prior to dosing, followed by 48 h with FU-
SS-IND NPs, with the separate GSH group serving as a 
control. Then, MTT solution (5 mg/mL) was applied and 
treated for 4 h. The crystals that resulted were dissolved 
in 100 µL SDS solution, and a microplate read recorded 
their absorbance at OD 562 nm. Cell viability was calcu-
lated as:

 
cell viability ratio (%) =

ODtreated − ODblank

ODcontrol − ODblank
X100

In vitro apoptosis analysis
The apoptosis experiment used 12-well plates and the 
seeding number of Hepa1-6/FU cells was 1 × 105 cells per 
well. Then, PBS, 5-FU, IND, 5-FU + IND and nano-pro-
drug FU-SS-IND NPs were diluted with DMEM medium 
containing 5% FBS to treat the cells respectively. After 
48  h, cells were treated by the prescribed procedure of 
the Annexin V-FITC/PI Assay Kit. Quantitative detection 
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of apoptotic rate in Hepa1-6/FU cells was performed 
using FCM.

Cysteine content detection assay
To exploit cysteine levels, Hepa1-6/FU cells were exposed 
to either PBS, 5-FU, IND, 5-FU + IND or FU-SS-IND 
NPs. 48 h post treatment, cells were harvested. The lev-
els of cysteine were then measured by the Cysteine Assay 
Kits.

ICD induction
The HMGB1 release and CRT exposure were evaluated 
using FIM. The seeding number of Hepa1-6/FU cells was 
8 × 104 cells/well on 24-well plates. Following 24 h incu-
bation, the cells were then exposed to either 5-FU, IND, 
5-FU + IND or FU-SS-IND NPs. 48  h post incubation, 
cells were fixed with ice-cold methanol or 4% paraformal-
dehyde, blocked by 1% bovine serum albumin. Follow-
ing 1 h treatment, then the cells were treated with either 
anti-CRT antibody or anti-HMGB1 antibody overnight 
at 4℃. After PBS washing, secondary antibodies were 
treated with cells for 2 h at room temperature. Afterward, 
cells were stained for 15  min with Hoechst 33,342. The 
resulting cells were imaged using a FIM to obtain fluores-
cent images.

The ATP assay Kit was employed to assess the released 
ATP levels. Hepa1-6/FU cells were treated with either 
5-FU, IND, 5-FU + IND or FU-SS-IND NPs. The culture 
media was gathered for analysis after 48 h of incubation.

Intracellular GSH and ROS content
The intracellular GSH levels between Hepa1-6 and 
Hepa1-6/FU cells and the intracellular GSH content of 
Hepa1-6/FU incubated with various preparations were 
assessed by GSH and GSSG Assay Kit. The cells were 
incubated with PBS, 5-FU, IND, 5-FU + IND, FU-SS-IND 
NPs. After 48 h treatment, cells were harvested by cen-
trifugation. The levels of GSH were then assessed by the 
GSH and GSSG Assay Kits.

The intracellular ROS levels in Hepa1-6/FU exposed to 
various conditions were investigated using the ROS fluo-
rescence probe (DCFH-DA). In brief, Hepa1-6/FU cells 
were incubated in 24-well plates. After 24 h incubation, 
Hepa1-6/FU cells were expose to 5-FU, IND, 5-FU + IND 
and FU-SS-IND NPs for 48 h. Subsequently, serum-free 
medium supplemented with DCFH-DA was utilized to 
replace the medium and treated for a further 30 min at 
37℃. The cellular ROS generation was imaged by FIM 
and quantitatively analyzed by FCM.

Hemolysis evaluation
Hemolysis test was used to evaluate the blood biocom-
patibility and feasibility of intravenous administration of 
FU-SS-IND NPs. Fresh Sprague-Dawley rat blood was 

centrifuged at 3000  rpm for 5  min, the pellet was col-
lected, and red blood cells were extracted by washing 3 
times with PBS. Add PBS (pH7.4) to prepare a 2% (v/v) 
red blood cell suspension. Mix different concentrations of 
FU-SS-IND NPs solution (80, 400, and 800 μg/mL) with 
an equal volume of red blood cell suspension and add to 
the centrifuge tube while incubating at 37℃ for 3 h. PBS 
and 0.1% Triton X-100 were used as negative and positive 
controls, respectively. Then, the mixture was centrifuged 
at 1200×g for 10 min at 4℃, the supernatant was trans-
ferred to a new 96-well plate, and absorbance was mea-
sured at OD 560 nm using a microscope. The hemolysis 
rate was calculated according to the following equation:

 
Hemolysis rate (%)=

ODsample-ODnegative

ODpositive-ODnegative
X100

In vivo biodistribution
In the right lower buttocks of the mice, tumor-bearing 
mouse models were established by inoculating a total 
of 5 × 106 Hepa1-6/FU cells/mouse. The mice were par-
titioned into two groups at random once their tumor 
volume reached nearly 400  mm³. The one group was 
injected with IR780@FU-SS-IND NPs intravenously, the 
other one injected with free IR780 was used as its control. 
All the mice were imaged at 0.5, 6, 9, 12, 24, 36, 48 h after 
injection, using a small animal optical molecular imaging 
system for acquiring the body fluorescence images.

In vivo antitumor performance
The mice were allocated into 5 groups (n = 5) after their 
tumor volume reached nearly 100 mm³.The mice received 
treatments of saline, 5-FU, IND, 5-FU + IND, FU-SS-IND 
NPs once every 2 days for 4 doses, at a dose of 10 mg kg− 1 
5-FU. The formula for calculating tumor volume: vol-
ume = width2 × length × 0.5.

The mice were allocated into 4 groups (n = 5) after 
their tumor volume reached nearly 100  mm³. The mice 
received treatments of saline, FU-SS-IND NPs, PD-L1 
mAb and FU-SS-IND NPs + PD-L1 mAb once every 2 
days for 4 doses (FU-SS-IND NPs were injected intrave-
nously on days 1, 3, 5, and 7, respectively; intraperitoneal 
injection of 10  mg kg− 1 of PD-L1 mAb on days 2, 4, 6, 
and 8, respectively). The mice’s body weight and tumor 
volume were recorded bidaily, and the survival rate of the 
mice in each group was monitored within 60 days.

Tumors and main organs of the mice were harvested 
the day the treatment experiment was concluded, immo-
bilized with 4% (v/v) paraformaldehyde, processed for 
paraffin embedding for subsequent H&E staining or 
immunofluorescence assays.
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In vivo immune response experiments
Tumor-infiltrating lymphocytes or spleen cells with 
various treatments were assessed through FCM. Lymph 
nodes, tumors and spleens from each group of tumor-
bearing mice were harvested on day 9 after treatment, 
dispersed through a filter screen into cell suspension, 
stained with the fitting antibodies, and analyzed by 
FCM. Tcm cells were detected by CD3, CD8a, CD62L, 
and CD44 antibodies, CD8+ T cells were assessed with 
CD3, CD8a, and CD4 antibodies, Treg cells were iden-
tified using CD3, CD4, CD25 and Foxp3 antibodies, the 
maturation of DCs were assessed with CD11c, CD86 and 
CD80 antibodies, and PD-L1 level in tumor cells was 
detected by PD-L1 antibody.

Whole blood was harvested from mice to extract serum 
on the day the experiment ended, and the levels of IFN-γ 
and TNF-α were determined through ELISA kit.

Statistical analysis
The results were presented as mean ± standard deviation 
(SD). The statistical analysis utilized one-way analysis 
of variance (ANOVA) and Student’s t-test in GraphPad 
Prism version 8 software. Statistical significance between 
the datasets was defined as follows based on the p-values: 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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