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Development of nanomedicines to overcome the hindrances of tumor microenvironment (TME) for tumor
theranostics with alleviated side effects remains challenging. We report here a microfluidic synthesis of artesunate
(ART)-loaded polydopamine (PDA)/iron (Fe) nanocomplexes (NCs) coated with fibronectin (FN). The created
multifunctional Fe-PDA@ART/FN NCs (FDRF NCs) with a mean size of 161.0 nm exhibit desired colloidal sta-
bility, monodispersity, r; relaxivity (4.96 mM~'s™!), and biocompatibility. The co-delivery of the Fe?* and ART
enables enhanced chemodynamic therapy (CDT) through improved intracellular reactive oxygen species gener-
ation via a cycling reaction between Fe>* and Fe?" caused by the Fe>"-mediated glutathione oxidation and Fe?*-
mediated ART reduction/Fenton reaction for self-supplementing TME regulation. Likewise, the combination of
ART-mediated chemotherapy and the Fe?*/ART-regulated enhanced CDT enables noticeable immunogenic cell
death, which can be collaborated with antibody-mediated immune checkpoint blockade to exert immunotherapy
having significant antitumor immunity. The combined therapy improves the efficacy of primary tumor therapy
and tumor metastasis inhibition by virtue of FN-mediated specific targeting of FDRF NCs to tumors with highly
expressed Pz integrin and can be guided through the Fe(III)-rendered magnetic resonance (MR) imaging. The
developed FDRF NCs may be regarded as an advanced nanomedicine formulation for chemo-chemodynamic-
immune therapy of different tumor types under MR imaging guidance.

1. Introduction

Targeting and killing cancer cells while being blind to normal cells
still faces great challenges in clinical practice [1,2]. In comparison with
normal tissues, tumor microenvironment (TME) exhibits many distinc-
tive characteristics including weakly acidic pH, hypoxia, high contents of
reactive oxygen species (ROS) and glutathione (GSH), and immune
imbalance, which are likely major factors of drug resistance and the main
obstacles for current tumor treatments [3-6]. Nevertheless, in another
perspective, the tumor-specific features in TME may turn to be a prom-
ising target for improved tumor theranostics [7,8]. Promisingly, che-
modynamic therapy (CDT), a highly selective and endogenously
activated treatment modality, has shown enormous potential in
tumor-specific treatment with reduced systemic toxic side effects [9,10].
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In particular, transition metal-based nanomaterials dissociate metal ions
to initiate the Fenton or Fenton-like reaction with hydrogen peroxide
(H30) to generate a large number of lethal hydroxyl radicals (-OH, a
kind of ROS) under the hypoxic TME, triggering cell apoptosis and
realizing CDT of cancer [11,12]. However, overexpressed GSH (2-10
mM) [13] and relatively low HyO, content (~100 pM) [14,15] in TME
severely constrain the efficacy of CDT via effectively consuming ROS and
reducing ROS generation, respectively. Hence, it is vital to enhance CDT
through controllable TME regulation or improved ROS generation, and
CDT-based multimodal synergistic therapy has shown a great potential to
improve cancer treatment efficacy [16-19].

Artesunate (ART), a derivative of traditional Chinese medicine arte-
misinin with endoperoxide bridge, has demonstrated anticancer activity
and negligible toxic side effects [20]. Notably, the endoperoxide bridge
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of ART can be reduced by Fe?" to generate highly toxic superoxide
radicals (-O3, a kind of ROS), inducing apoptosis of cancer cells via lipid
peroxidation, and proteins and DNA damages [20,21]. Hence, ART has
been applied to achieve highly efficient CDT by increasing intracellular
ROS and avoiding the deficiency of HoO, in TME. However, hydrophobic
nature, instability, inferior pharmacokinetics, poor bioavailability and
non-specificity limit the direct utilization of ART in tumor treatment
[22-24]. Although various ART-based nanoplatforms have been devel-
oped for tumor treatment, the non-specificity, single modal treatment or
endogenous Fe?'-stimulated ROS generation alone significantly limits
their therapeutic efficacy [25-27].

To improve the CDT efficiency, a co-delivery nanoplatform of dihy-
droartemisinin (a derivative of artemisinin) and transferrin (a Fe*" car-
rier) has been developed to enhance the intracellular ROS generation
[28]. Apparently, Fe>* can interact with ART and H,0, to produce ROS
and Fe>*, respectively. Owing to the overexpressed GSH in TME, the
produced Fe>* can be reduced to Fe>™, further enhancing ROS generation
by Fe?t-mediated ART reduction and Fenton reaction [29]. Meanwhile,
the Fe3"-mediated GSH depletion can reduce the ROS loss to sensitize the
therapeutic efficiency of cancer cells [30]. Interestingly, based on the
Fe3*-mediated GSH oxidation and Fe?*-mediated ART reduction/Fenton
reaction, a classic cycling reaction between Fe3* and Fe?' could be
realized, resulting in self-supplementing and sustained ROS generation
and GSH depletion to modulate TME for enhanced cancer treatment.
Furthermore, due to the r; relaxivity of Fe3*t, the Fe?*-mediated ART
reduction/Fenton reaction also allows the generation of Fe®* for
T;-weighted magnetic resonance (MR) imaging applications. In any case,
according to our literature investigation, there is currently no co-delivery
nanoplatforms developed for both ART and Fe?t,

Single modal treatment is hardly enough to deal with the complexity,
heterogeneity and resistance of tumors. Obviously, both CDT and
chemotherapy have been proven to induce antitumor immune responses
through triggering immunogenic cell death (ICD) of tumor cells [18,31].
Simultaneously, compared to CDT or chemotherapy alone, the enhanced
CDT and CDT-based synergistic therapy can further profoundly amplify
ICD, enhancing antitumor immune responses [32-34]. Undergoing ICD,
the tumor cells generally generate damage-associated molecular patterns
(DAMPs) characterized by calreticulin (CRT) exposure on the surface of
dying cells, subsequent high mobility group box 1 (HMGB1) release from
cell nuclei, and adenosine triphosphate (ATP) secretion [31,35].
Furthermore, the DAMPs have been evidenced to effectively trigger
dendritic cells (DCs) maturation and cytotoxic T lymphocytes infiltration
in tumor tissues [36]. However, the tumor cells are generally able to
evade recognition of T cells, due to the expressed programmed
death-ligand 1 (PD-L1) on their surface [37]. Promisingly, immune
checkpoint blockade (ICB) therapy based on PD-L1 antibody (A-PD-L1)
can recover the tumor cell killing ability of T cells and systemic antitumor
immunity to reverse the immune suppression of TME [38]. Meanwhile,
due to the amplified ICD by cooperative CDT/chemotherapy, multimodal
therapy nanoplatforms have been employed to synergize with ICB ther-
apy to further boost the antitumor immunity and enhance antitumor
efficacy [34,35].

In addition, nanoplatforms with tumor-specific targeting ability can
further promote antitumor effects by enhancing the accumulation of
nanomedicines at tumor sites. Fibronectin (FN), a dimeric glycoprotein of
extracellular matrix, has good biocompatibility and can be easily modi-
fied [39]. In particular, due to the Arg-Gly-Asp peptide sequence at its
central cell-binding domain, FN-based nanoplatforms can specifically
target a,f3 integrin-overexpressing cells [40,41]. Moreover, our previous
work has demonstrated the FN-mediated tumor targeting through
development of an FN-coated Fe3*-phenolic network for cooperative
tumor chemotherapy and CDT [18].

Obviously, high-quality nanoplatforms with specific targeting prop-
erty for efficient drug delivery play a vital role in tumor diagnosis and
precision therapy [42]. Nevertheless, it still poses a huge challenge to
simply fabricate “all-in-one” nanoplatforms with multiple compositions,
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homogeneity, and stability for tumor theranostics, thus retarding the
clinical translation of nanomedicines [43]. For chemical synthesis of
nanoplatforms, microfluidics has been evidenced to precisely control the
multicomponent reactions, composition, shape, and size distribution of
nanoplatforms through controlling the reaction kinetics, reaction fluids,
fluids mixing, and temperature [44]. Thus, microfluidics has been
applied to manufacture a variety of high-quality nanoplatforms based on
porous silicon [45], ultrasmall superparamagnetic iron oxide [46], gold
[47], and lipid for tumor theranostics [48]. Particularly, for the efficient
manufacture of nanoplatforms, the microvortices caused by regulating
the flow rate ratio (FRR) of side inlets to middle inlet enable the
controlled and rapid mixing of input streams, resulting in effective
encapsulation of all components and tuning to reach the optimal ratios
[49]. For instance, a recent work by Liu and co-workers showed the
fabrication of an exosome membrane-coated poly (lactic-co-glycolic acid)
nanoplatform via a microvortices strategy for targeted imaging of tumors
[50].

Herein, we propose to fabricate ART-loaded polydopamine (PDA)/
iron (Fe) nanocomplexes (NCs) coated with FN through a microfluidic
synthesis method for targeted MR imaging-guided combination chemo/
chemodynamic/immune therapy of tumors (Scheme 1). The Fe-
PDA@ART/FN (FDRF) NCs were manufactured by rapid interfacial pre-
cipitation, diffusion and convective mixing based on a three stage-
microfluidic chip. The developed FDRF NCs were systematically char-
acterized and tested for theranostics of a xenografted 4T1 tumor mouse
model through self-supplementing and sustained regulation of TME. The
major innovation of the created FDRF NCs lies in the following aspects:
(1) the FN-mediated targeting co-delivery of ART and Fe?* can be ach-
ieved to enhance CDT by the high-quality FDRF NCs manufactured via a
microfluidic synthesis method; (2) the amplified ICD-mediated immune
cell activation can be realized by the combination of ART-mediated
chemotherapy and the enhanced CDT through the cycling reaction of
Fe?'-mediated ART reduction/Fenton reaction and the Fe>*-mediated
GSH oxidation for self-supplementing and sustained TME regulation; and
(3) the FDRF NCs can achieve efficient Ty MR imaging-guided cancer
therapy by combination of A-PD-L1-mediated ICB and enhanced ICD-
activated immune stimulation.

2. Experimental section
2.1. Microfluidic synthesis of FD NCs

To prepare FD NCs, at the first stage, a Tris buffer solution (124 mM,
4 mL-h~1) and a mixture solution of FeCly-4H50 (2.54 mg~mL*1) and DA
(24.28 mg~mL’1) in water (0.2 mL-h™') sonicated for 5 min were
respectively injected into the microfluidic chip through two middle inlets
(1 and 2). Two Tris buffer solutions (124 mM, 21 mL-h™1) and a Tris
buffer solution (124 mM, 4 mL-h~1) were injected into the microfluidic
chip through two side inlets (3)*2 at the second stage and the middle
inlet (4) at the third stage, respectively. The flow rates of all inlets were
precisely adjusted by syringe pumps. The obtained FD dispersion was
collected via the outlet, purified (centrifugation at 8000 rpm, 10 min),
washed, redispersed in water, and stored at 4 °C for later use. A fraction
of the FD NCs was lyophilized for characterizations.

2.2. Microfluidic synthesis of FDR NCs

To prepare FDR NCs, a Tris buffer solution (124 mM, 4 mL-h Y anda
mixture solution of FeCly-4H,O (2.54 mg~mL*1) and DA (24.28
mg~mL’1) in water (0.2 mL-h™') sonicated for 5 min were respectively
injected into the microfluidic chip through two middle inlets at the first
stage (1 and 2). Two mixtures of ethanol and Tris buffer solution (v/v =
1: 20) containing ART (0.19 mg-mL "}, 21 mL-h~1) were injected into the
microfluidic chip through two side inlets (3)*2 at the second stage,
respectively. A Tris buffer solution (124 mM, 4 mL-h™!) was injected into
the microfluidic chip through the middle inlet (4) at the third stage. The
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Scheme 1. Microfluidic synthesis of FDRF NCs for T; MR imaging and chemo-chemodynamic-immune therapy of tumors.

obtained FDR dispersion was collected via the outlet, purified (ultrafil-
tration centrifugation at 4500 rpm, 5 min), washed, redispersed in water,
and stored at 4 °C for later use. A fraction of the FDR NCs was lyophilized
for characterizations.

2.3. Microfluidic synthesis of FDRF NCs

To prepare FDRF NCs, at the first stage, a Tris buffer solution (124
mM, 4 mL-h~1) and a mixture solution of FeCl,-4H50 (2.54 mg-mL_l)
and DA (24.28 mg-mL’l) in water (0.2 mL-h’l) sonicated for 5 min were
respectively injected into the microfluidic chip through two middle inlets
(1 and 2). Two mixtures of ethanol and Tris buffer solution (v/v = 1: 20)
containing ART (0.19 mg-mL~}, 21 mL-h™!) were respectively injected
into the microfluidic chip through two side inlets (3)*2 at the second
stage. A 0.8 mg-mL™! solution of FN in water (4 mL-h™1) was injected
into the microfluidic chip through the middle inlet (4) at the third stage.
The obtained FDRF dispersion was collected via the outlet, purified
(centrifugation at 8000 rpm, 10 min), washed, redispersed in water, and
stored at 4 °C for later use. A fraction of the FDRF NCs was lyophilized for
characterizations.

2.4. Cell culture and in vitro assays

4T1 and L929 cells were regularly cultured, passaged and adopted for
in vitro assays including CCK-8 cytotoxicity, cellular uptake, standard kit,
flow cytometry, confocal microscopic observation of the intracellular
ROS generation, GSH depletion and LPO accumulation, cell apoptosis,
Western blotting, ICD, and DCs maturation.

2.5. Animal experiments

All animal experiments were performed after approval by the Ethical
Committee for Experimental Animal Care and Use of Donghua University
and also according to the guidelines and regulations of National Ministry
of Health (China). Mouse blood was collected for hemolysis assay to
evaluate the hemocompatibility of FDRF. Mouse 4T1 tumor model was
established for MR imaging, biodistribution, and in vivo chemotherapy,
enhanced CDT and immunotherapy evaluations. Histological examina-
tions of major organs, blood routines and serum biochemistry tests were
conducted to evaluate the biosafety of FDRF.
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2.6. Statistical analysis

Experimental data are displayed as the mean + standard deviation (n
> 3). One-way analysis of variance statistical analysis was performed
using GraphPad Prism 8.0.2 software (San Diego, CA) to evaluate the
significance of the experimental data. In all cases, a p value of 0.05 was
chosen as the significance level, and the data were marked with (*) for p
< 0.05, (**) for p < 0.01, and (***) for p < 0.001, respectively. For full
experimental details, see the Supporting Information.

3. Results and discussion
3.1. Synthesis and characterization of FDRF NCs

To manufacture the FDRF NCs, a microfluidic chip was designed
[50-52] to contain three stages: a) the first stage consists of two inlets
and a straight channel (the first inlet for introducing the Tris buffer so-
lution, and the second inlet for the mixed aqueous solution of Fe?* and
dopamine (DA)); b) the second stage owns two side inlets for the mixture
of ethanol and Tris buffer solution sheaths containing ART and one
straight channel; and c) the third stage possess one center inlet for FN in
water, and one double spiral mixing microfluidic channel (Figs. SIA-B
and Scheme 1). In the present work, the Fe-PDA (FD) was firstly syn-
thesized through an efficient and rapid interfacial precipitation method
based on the microvortices generated by regulating the FRR (FRR = 20)
at the first stage of the multi-stage microfluidic device. Furthermore, ART
or ART/FN were assembled onto the outer surface of FD for the synthesis
of Fe-PDA@ART (FDR) or FDRF through primary rapid interface diffu-
sion and secondary convective mixing induced by regulating the FRR
(second: FRR = 10, third: FRR = 11.5) at the second and third stage of
microfluidic device, respectively. Meanwhile, the assembly was also
assisted with the double spiral structure at the third stage of microfluidic
channel [53,54]. For comparison, bovine serum albumin (BSA) without
targeting ability was used as an alternative to FN and the
Fe-PDA@ART/BSA (FDRB) NCs were prepared under the same condi-
tions as FDRF NCs. In order to optimize the fabrication of FDRF, under
varying DA/ART molar ratios, the loading capacity (LC) and encapsula-
tion efficiency (EE) of ART in FDRF were calculated (Table S1). At the
DA/ART molar ratio of 1.2: 1.0, the LC and EE of ART in the FDRF reach
the optimal values of 38.1% and 55.0%, respectively. The synthesized
NCs exhibit a spherical morphology and good monodispersity, which can
be proven by transmission electron microscopy (TEM) imaging (Fig. S2
and Fig. 1A-C). Compared with FD with a mean diameter of 201.8 + 9.4
nm (Fig. S2A), the loading of ART leads to a smaller size of the FDR NCs
with a mean dimeter of 70.9 + 11.9 nm (Fig. S2B), which may be due to
the reaction of a portion of ART with Fe?" on the surface of FD to shrink
the particle volume. Further coating of BSA and FN brings the formation
of mesoporous particles of FDRB with an average size of 121.3 + 12.5 nm
(Fig. S2C) and FDRF with a mean diameter of 161.0 £+ 7.6 nm (Fig. 1C),
respectively, which are both larger than that of FDR, implying the success
of BSA or FN coating, which could be helpful to effectively protect ART
from decomposition. Interestingly, compared to the FDRB NCs, the FDRF
NCs display a more roundish and neat morphology, which might be due
to the differences in the molecular weight and the number of amino or
carboxyl groups between BSA and FN. It seems that FN with a larger
molecular weight and number of amino or carboxyl groups has a better
coating than BSA.

Subsequently, the FDRF NCs were characterized by various tech-
niques. As displayed in Table S2, the FD, FDR, FDRB, and FDRF have
hydrodynamic diameters of 219.1 + 3.6, 113.1 + 18.7, 140.9 + 8.9, and
207.7 £ 4.7 nm, respectively, displaying similar changing tendency to
that measured by TEM. After ART loading, the zeta potential of FD (—9.7
+ 0.5 mV) decreases to —12.6 + 0.7 mV owing to the physical interaction
with negatively charged ART with FD [20,29,55], and further decreases
to —21.7 £ 1.7 mV or —23.7 + 0.1 mV after being lastly coated with
negatively charged BSA or FN via the Michael addition or Schiff base
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reaction between the abundant catechol groups on FD surface and amines
and thiols of BSA or FN, respectively (Table S2 and Fig. 1D) [56].

UV-vis absorption spectra reveal the near infrared absorption band of
FD at 600-800 nm and the typical protein absorption band at 280 nm
associated with the coated BSA or FN, implicating the successful syn-
thesis of FD and coating of BSA or FN, respectively (Fig. 1E and Fig. S3A).
In order to reveal the structure of the FD, FDR, FDRB, and FDRF, Fourier
transform infrared (FTIR) spectroscopy was performed (Fig. 1F and
Fig. S3B). Apparently, the peak at 596 cm™! is assigned to Fe-O bond of
FD, and the band at 1504 cm ™! is attributed to the stretching vibration of
indole structure of PDA, indicating the successful generation of FD. In
addition, the peak at 1756 cm™! can be attributed to the characteristic
endoperoxide bridge (-C-O-O-C-) of ART [23], suggesting the successful
loading of ART.

X-ray photoelectron spectroscopy (XPS) was carried out to further
verify the synthesis of FDRF (Fig. 1G). For FD and FDR, four elements
including Fe, O, C, and N appear in the XPS spectra. In the XPS spectra of
FDRB and FDRF, the emerging S peaks indicate that BSA and FN have
been successfully loaded (Fig. 1G and Fig. S4). The high-resolution XPS
spectrum of Fe 2p for the FDRF NCs can be fitted to have six peaks at
711.2, 714.8, 720.0, 725.5, 728.8, and 733.4 eV that can be ascribed to
Fe?t 2p3 /9, Fe®t 2p3 9, Fe 2ps o satellite, Fe2 2p; o, Fe> 2p; o, and Fe
2p1 /2 satellite, respectively, demonstrating the existence of Fe?™ in the
FDRF (Fig. 1H). The existence of Fe3* could be associated to the oxida-
tion of a portion of Fe?* on the surface of FDRF NCs. Furthermore, so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was utilized to prove the loading of BSA or FN in the FDRB or FDRF NCs
(Fig. 1I). The FDR NCs do not show any protein bands, while both FDRB
and FDRF exhibit protein bands belonging to BSA and FN, respectively,
proving the successful formation of FDRB and FDRF NCs. To further
confirm the feasibility of FDRF for biomedical applications, the colloidal
stability of the FDRF NCs dispersed in phosphate buffered saline (PBS)
was then examined by dynamic light scattering (Fig. S5). The hydrody-
namic size of the NCs shows no significant changes during the monitoring
period of one week, validating their excellent colloidal stability.

3.2. Drug release kinetics

Subsequently, the hydrodynamic sizes of FDRF NCs under different
pHs (6.5 and 7.4) were detected to investigate their pH-mediated
degradation property. As shown in Fig. 2A, under pH 6.5, the FDRF
NCs display an apparent size distribution variation with the appearance
of multiple peaks. Furthermore, the characteristic absorption of -C-O-O-
C- for ART disappears in the FTIR spectrum of FDRF under pH = 6.5,
presumably due to the Fe?*-mediated reduction of ART (Fig. S6), con-
firming the pH-responsive dissociation of FDRF NCs.

The pH-sensitive release of Fe and ART from the FDRF NCs was
examined under different pHs (Fig. 2B—C). Obviously, about 19.0% of Fe
and 38.4% of ART are released from the FDRF NCs at 96 h under a
slightly acidic condition (pH 6.5), which is around 2.0 and 1.5 times
higher than the release of Fe (9.7%) and ART (24.9%) under a physio-
logical environment (pH 7.4), respectively. This demonstrates that the
FDRF NCs can be responsively dissociated to release both Fe?t and ART
for efficient tumor theranostics under the acidic TME, while exhibit a
lower drug release rate under physiological conditions to achieve
reduced toxic side effects.

3.3. T; MR relaxometry

The T; MR relaxometry of FD, FDR, and FDRF was tested under pH =
7.4. As can be seen in Fig. 2D, FDRF NCs possess a high r; of 4.96
mM's™! with an excellent T; MR effect, which is similar to those of FD
(Fig. S7A, 4.57 mM~!s~1) and FDR (Fig. S7B, 4.69 mM~'s~1), indicating
that the loading of ART and FN has no appreciable effect on the relaxa-
tion rate of the NCs. Due to the pH-responsiveness of FDRF, under a
weakly acidic conditions (pH 6.5), the T; MR relaxometry of FDRF was
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Fig. 1. Characterization of FDRF NCs. (A, B, and C) TEM images of FDRF NCs. (D) Zeta potentials of FD, FDR and FDRF NCs (n = 3). (E) UV-vis and (F) FTIR spectra of
FN, ART, FD, FDR and FDRF. (G) XPS spectra of FD, FDR, FDRB and FDRF. (H) High-resolution XPS spectra of Fe 2p for FDRF. (I) SDS-PAGE analysis of FN, FDRF, BSA,

FDRB and FDR.

further tested to explore the acid-enhanced T; MR effect (Fig. 2D).
Notably, the r; of FDRF under pH 6.5 is 5.93 mM s}, which is higher
than that under pH 7.4 (4.96 mM !s™1), showing that the developed
FDRF NCs are endowed with enhanced T; MR imaging potential in the
acidic TME, due to the increased release of Fe>* caused by the dissoci-
ation of the NCs.

3.4. Detection of ROS generation

On one hand, Fe?* can react with H,O, via a Fenton reaction to
produce -OH [7], and on the other hand the endoperoxide bridges of ART
can be reduced by Fe?' to generate -O3 [21]. Then, an methylene blue
(MB) degradation experiment was performed to explore the capacity of
FDRF NCs to produce ROS under different conditions. As shown in Fig. S8
and Fig. 2E-F, the MB degradation occurs within 90 min under different
conditions. In the absence of FDRF, MB is hardly degraded under phys-
iological conditions (pH = 7.4) with or without HyO,. Nevertheless, the
degradation of MB is improved to 16.9% and 26.3% in the presence of
FDRF under pH 7.4 and pH 6.5, respectively, due to the Fe?*-mediated
reduction of the endoperoxide bridges of ART. Meanwhile, the higher
degradation rate of MB under a slightly acidic condition than under pH

7.4 should be attributed to the pH-responsive of release of FeZ* from the
FDRF NCs. Lastly, under slightly acidic condition containing HyO,, the
performance to amplify ROS generation of FDRF via dual pathways of
Fenton reaction and ART reduction was confirmed. In such a case, the
rate of MB degradation reaches 39.1%. Collectively, the developed FDRF
NCs show an excellent CDT property based on the enhanced ROS gen-
eration via the dual-pathway strategy.

3.5. Cytotoxicity and cellular uptake assays in vitro

The cytotoxicity of FD, FDR, FDRB, FDRF and free ART was assayed
with 4T1 cells to validate the anticancer activity of the FDRF NCs. We
calculated the half maximal inhibitory concentrations (ICsos) of FD, FDR,
FDRB, FDRF and free ART to be 44.2, 8.2, 8.0, 5.2 and 34.3 pg-mL %,
respectively (Fig. 2G and Fig. S9A). Apparently, the combined chemo-
therapy/enhanced CDT by the co-introduction of ART and Fe?* (FDR,
FDRB, and FDRF) exhibits much higher cytotoxicity than CDT alone (FD)
or the combined chemotherapy/endogenous Fe?*-activated CDT (ART).
Cells treated with FD, FDR, FDRB, or FDRF at various Fe concentrations
(1.25,2.5, 5, 10, or 20 pg-mL 1) display an Fe-dependent decrease of cell
viability, and the FDRF NCs show the most remarkable anticancer effect
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owing to the combined chemotherapy/enhanced CDT, and the enhanced
cellular uptake (Fig. 2H) via the FN-mediated targeting. The FDR NCs
([Fe] = 5 pg-mL™Y) show a much stronger cytotoxicity than FD (p <
0.05), illustrating the superior anticancer activity of the combined
chemotherapy/enhanced CDT based on the dual-pathway ROS genera-
tion. Similarly, the FDRF NCs display a higher cytotoxicity than the FDRB
NCs at an Fe concentration of 5 pg-mL™!, owing to the FN-mediated
specific targeting to cancer cells having @,f3 integrin overexpression (p
< 0.05) [40].

To prove the FN-mediated enhanced cellular uptake of FDRF, the Fe
contents of FDRF or FDRB taken up by 4T1 cells with @,f3 integrin-
expression were quantitatively tested through inductively coupled
plasma-optical emission spectroscopy (ICP-OES). At the same Fe con-
centration (10 pgmL’l), cells incubated with FDRF or FDRB all show
time-dependent uptake of Fe (Fig. 2H). Notably, compared to the non-
targeted FDRB NCs, the FDRF NCs show much higher Fe uptake at the
same time points, presumably owing to the FN-mediated targeting of
FDRF toward a,f3 integrin-expressing cancer cells.

To verify the biomedical applicability of FDRF NCs, we further
examined their cytocompatibility and hemocompatibility using normal
cells (L929 cells) and mouse red blood cells (MRBCs), respectively. As can
be seen in Fig. S9B, L929 cells treated with FDRF or ART for 24 h show
non-compromised cell viability in an ART concentration range of 0-49.6
pg-mL~Y, possibly owing to the less release of Fe and ART under the
normal cellular microenvironment. Meanwhile, after treated with FDRF
or ART, the viability of cells remains 86.9% or 85.4% at an ART con-
centration of 99.2 pg-mL~!, further proving the cytocompatibility of
FDRF.

Furthermore, hemolysis assay of MRBCs treated with the developed
FDRF NCs was performed (Fig. 2I). In contrast to the positive control of
H,0 having a 100% hemolysis rate, the MRBCs show a hemolysis rate
below the threshold value of 5% after treated with FDRF at various Fe
concentrations, approaching to the negative PBS control. Overall, the
good cytocompatibility and hemocompatibility of the developed FDRF
NCs were well proved.
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3.6. ROS- and GSH-modulation in vitro

Then, the ROS- and GSH-modulation by FD, FDR, FDRB, FDRF and
free ART were examined in vitro, respectively. Firstly, the ROS generation
capacity of FD, FDR, FDRB, and FDRF at the same Fe concentration (20
pgmL™!) and the ART concentration corresponding to the Fe-
incorporated groups (99.2 pg-mL~!) was assessed in 4T1 cells by 2, 7-
dichlorofluorescin diacetate (DCFH-DA) through flow cytometry
(Fig. 3A and Fig. S10). It is clear that the FDRF NCs exhibit the strongest
ROS generation capacity (132.1%) among all groups, suggesting their
powerful TME regulation ability. Compared to the PBS control, improved

*k

Materials Today Bio 20 (2023) 100670

ROS levels in cells treated with FD and ART can be achieved, presumably
owing to the -OH production via FD-promoted Fenton reaction in 4T1
cells containing excessive HoO5 and -O3 generation through endogenous
Fe?'-mediated reduction of ART, respectively. Interestingly, the ROS
level of FDR group is higher than those of FD (p < 0.001) and ART (p <
0.01) groups, likely attributed to the dual-pathway amplified ROS gen-
eration through the exogenous/endogenous Fe?*-induced Fenton reac-
tion and reductive decomposition of ART. Compared to the FDRB group,
the FDRF group shows a stronger ROS generation (p < 0.01), possibly due
to the effect of FN-mediated targeting.

GSH, a ROS scavenger, can be directly oxidized by ROS and Fe>* in
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TME [29]. The depletion of intracellular GSH can make tumor cells more
susceptible to oxidative stress, chemotherapeutic drugs and ROS through
weakening their antioxidative capacity [57], thus improving the anti-
cancer effect [58]. Next, the GSH depletion ability of FD, FDR, FDRB,
FDREF, and free ART at the same Fe concentration (20 pg~mL_1) and the
ART concentration corresponding to the Fe-incorporated groups (99.2
pg-mL 1) was evaluated using 4T1 cells. Compared to the PBS group, all
other groups show apparent depletion of GSH due to the mentioned ROS
generation ability (Fig. 3B). Obviously, the FDR NCs exhibit a higher GSH
consumption ability than FD and ART due to the dual-pathway improved
ROS generation (p < 0.05) on one hand, and Fe** produced by both the
Fe?"-mediated Fenton reaction and reductive decomposition of ART on
the other hand. Meanwhile, along with the consumption of GSH, Fe3*
can also be reduced to Fe?*, indicating a probable cycling reaction be-
tween Fe3* and Fe?' resulting from GSH oxidation and both ART
reduction and Fenton reaction (Scheme 1). Furthermore, the FDRF NCs
exhibit the strongest ability to regulate TME with the highest GSH
depletion (26.6%) by virtue of the FN-rendered specific targeting.

3.7. Intracellular LPO accumulation and cell apoptosis assays

Encouraged by the excellent capacity of FDRF to modulate TME for
ROS generation and GSH depletion, we next explored the intracellular
LPO accumulation and cancer cell apoptosis after cells were treated with
the FDRF NCs. In comparison with the PBS control, other groups exhibit
strengthened green fluorescence signals (oxidized C11-BODIPY>81/5%1)
and corresponding attenuated red fluorescence signals (non-oxidized
C11-BODIPY®8Y/5%1y in Fig. 3C, proving the NCs- and ART-induced LPO
accumulation within the cancer cells. Compared to the FD and ART
groups, much weaker red fluorescence signals and stronger green fluo-
rescence signals of cells can be seen in the FDR-associated groups owing
to the dual-pathway amplified ROS generation. Furthermore, cells
treated with the FDRF NCs have the most effective LPO accumulation,
owing to the FN-mediated specific targeting.

Subsequently, the FDRF-induced cell apoptosis effect was examined
through flow cytometry. As shown in Fig. 3D, the sum of necrotic and
apoptotic percentages of 4T1 cells treated with FDR (59.23%) is higher
than that treated with the FD (22.39%) and ART (41.8%), suggesting the
enhanced anticancer activity of FDR. Compared to the FDRB group
(70.08%), the sum of necrotic and apoptotic percentages of 4T1 cells in
the FDRF group (98.32%) increases dramatically, which should be owing
to the improved endocytosis of the NCs via FN-mediated targeting. This
further suggests that the FDRF NCs possess the highest anticancer effi-
cacy among all groups, attributed to the combination of chemotherapy
and enhanced CDT, and the specific targeting.

Furthermore, to elucidate the mechanism of the FDRF NC-caused cell
apoptosis, proteins (Bax, p53, PTEN, and Bcl-2) associated to cell
apoptosis were measured via Western blotting (Fig. 3E). The significant
downregulation of antiapoptotic protein Bcl-2 and upregulation of both
tumor suppressor p53/PTEN and proapoptotic protein Bax can be found
after various treatments for 24 h, explaining the apoptosis pathway
activation. Noticeably, the FDRF group displays the largest Bax/Bcl-2
ratio among all groups (p < 0.001), proving the tremendous potential
of FDRF in the combination chemotherapy and enhanced CDT to treat
cancer cells (Fig. S11).

3.8. ICD effect of FDRF NCs in vitro

As is known, ICD induced by chemotherapy and CDT has been re-
ported to trigger dying cancer cells to generate DAMPs [33,59].
Encouraged by the excellent chemotherapy and enhanced CDT effect of
the developed FDRF NCs, we next verified the in vitro ICD efficacy to
confirm their immunity activation function. The characteristic ICD bio-
markers in 4T1 cells after various treatments were detected, including
ATP, HMGBI, and CRT. As shown in Fig. 4A-B, the released ATP and
HMGB1 levels in the FDR group are remarkably higher than those in the
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FD (p < 0.01) and ART (p < 0.01) groups, indicating the improved ICD
effect of FDR through the combination of chemotherapy and the
enhanced CDT. Likewise, compared to the FD (p < 0.05) and ART (p <
0.05) groups, the FDR group shows significantly increased cell-surface
CRT exposure (Fig. 4C). Meanwhile, as shown in Fig. 4D, the stronger
green fluorescence of CRT can be seen in cells treated with FDR than in
cells treated with FD and ART. Furthermore, the highest levels of ATP,
HMGBI, and CRT in the FDRF group are found due to the FN-promoted
cellular uptake (Fig. 4A-D), suggesting the tremendous ICD effect trig-
gered by the FDRF NCs.

The DAMPs can trigger the maturation of DCs to activate T lympho-
cytes for immune-mediated tumor eradication [36]. For example, CRT
transferring from rough endoplasmic reticulum to cytomembrane surface
and HMGB1 spreading from the nucleus to the extracellular matrix can
induce and speed up DCs maturation to express elevated levels of mol-
ecules involved in antigen presentation such as CD80 and CD86 [60,61].

As seen in Fig. 4E, to verify the DCs maturation via FDRF-induced ICD
of 4T1 cells, the immature DCs (iDCs) were co-cultured with FDRF-
treated 4T1 cells through a transwell system in vitro. Flow cytometry
was used to analyze the biomarkers of DCs maturation, co-stimulatory
molecules CD80 and CD86. Interestingly, the DCs in the FDR group
show a maturity rate of 41.70%, about 2.6- and 8.0-fold higher than the
ART and FD groups (Fig. 4F), respectively, owing to the improved ICD
activation via the combined chemotherapy/enhanced CDT. Apparently,
the highest maturity rate of 70.3% is observed in the FDRF group (Fig. 4F
and Fig. S12), due to additional FN-mediated cancer cell targeting effect.
Overall, the created FDRF NCs are able to successfully cause the ICD of
4T1 cells by the combination of chemotherapy and enhanced CDT,
leading to the effective maturation of DCs in vitro.

3.9. Ti-weighted tumor MR imaging in vitro

Next, the developed FDRF NCs were used for Ty MR imaging of a
subcutaneous 4T1 tumor model in vivo after intravenous administration.
The in vivo T;-weighted MR images of tumors were captured at various
time points post intravenous injection of FDRF or FDRB (Fig. 5A). The Ty
MR signal of tumors in the FDRF group is clearly stronger than that in the
FDRB group (Fig. 5B) at 15, 30, and 45 min post-injection, proving that
the FDRF NCs can enhance more positive MR contrast than the non-
targeted control material of FDRB NCs. This could be ascribed to the
FN-mediated active targeting. Moreover, the tumors treated with FDRF
or FDRB show the peak T; MR signal intensity at 45 min post-injection
(Fig. 5A-B and Fig. S13), owing to the most significant FDRF or FDRB
ingestion at the tumor site. However, owing to the FN-mediated tumor
targeting, the T; MR signal-to-noise ratio (SNR) of tumor site for the
FDRF group is far higher than that for the FDRB group at 45 min post-
injection (p < 0.001, Fig. S13). As time passes after injection, the FDRF
and FDRB are gradually dissociated and metabolized, leading to an Fe-
dependent decrease of T; MR signal at the tumor site. Apparently, the
T; MR signals in the FDRB group can also be evidently found in other
organs of mice due to the lack of targeting specificity (Fig. 5B). Collec-
tively, the developed pH-responsive FDRF NCs can realize enhanced and
targeted tumor T; MR imaging in vivo.

3.10. Cooperative chemo-chemodynamic-immune therapy

The ICB therapy targets regulatory pathways of T cells and breaks the
immune escape of tumor cells with promoted antitumor immunity
against the host immune system by employing the immune checkpoint
inhibitor to interfere with the immunosuppressive signaling [62-64].
The A-PD-L1 has been selected as one most potent immune checkpoint
inhibitor to be combined with a variety of therapeutic nanosystems for
enhancing the immune response and efficient combination therapy of
tumors [36,65,66]. Inspired by the excellent ICD efficacy in vitro derived
from the FDRF-mediated combination anticancer treatment and the su-
periority of immunotherapy based on A-PD-L1, we constructed a
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subcutaneous xenografted 4T1 tumor model to evaluate the therapeutic
efficacy of FDRF in vivo via the combination
chemo-chemodynamic-immune therapy. According to the treatment
timeline, the tumor-bearing mice were treated with PBS, FD, free ART,

FDR, and FDRF, respectively. Furthermore, for the group of FDRF +
A-PD-L1, the mice were intratumorally injected with A-PD-L1 (200
pg/mL, 100 pL for each mouse) every other day after treatment of FDRF
(Fig. 5C). Compared to the FD and ART groups, the treatment of FDRF
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p < 0.01, respectively.

results in the significant suppression of tumors, owing to both
FN-mediated targeting and the combination of chemotherapy and
enhanced CDT (Fig. 5D and Fig. S14). Obviously, the tri-mode combi-
nation therapy uniting the ICB (FDRF + A-PD-L1) leads to the maximal
tumor inhibitory effect, which can be further proved by the highest
survival rate (83.3%) until 30 days. To be contrasted, the survival rates of
PBS, FD, and free ART groups are less than or equal to 33.3% at the same
time period (Fig. 5E). In addition, the good biosafety profiles of NCs and

10

ART are proved by steady body weight changes of mice after different
treatments throughout the experimental period (Fig. 5F).

Moreover, to evaluate the efficacy of FDRF + A-PD-L1 for combined
chemo-chemodynamic-immune therapy, the tumor slices in different
groups were H&E, TUNEL and Ki-67 stained (Fig. 5G). The FDRF + A-PD-
L1 group shows the most effective tumor necrosis, apoptosis, and pro-
liferation inhibition effects among all groups, proving the great advan-
tages of the FDRF + A-PD-L1l-mediated tri-mode combination therapy.
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Additional H&E staining and photograph of lung of tumor-bearing mice
(Fig. 5H and Fig. S15) show that the lung metastases are mainly observed
in the groups of PBS, FD, and free ART. Much more lung metastasis
nodules can be seen in the PBS, FD, and free ART groups than in the other
groups (p < 0.05), whereas the lung metastasis nodules are hardly
detected in the FDRF + A-PD-L1 group (Fig. S15). Overall, the combi-
nation therapy is most effective in treatment of both primary tumor and
tumor metastasis among all treatment groups.

To validate the improved TME remodeling in vivo by the combination
therapy, the tumor slices were stained by DCFH-DA to explore the ROS
level, and immunofluorescencely stained to examine the expression of
CRT for confirmation of the ICD effect in vivo, respectively. As seen in
Fig. S16A, the treatment of FDR results in a remarkable increase of red
fluorescence, suggesting the increased expression of ROS in tumor cells
after the combined chemotherapy and enhanced CDT. The red fluores-
cence intensity of the FDRF group further increases due to the FN-
mediated tumor targeting. The highest ROS level can be observed in
the FDRF + A-PD-L1 group, demonstrating that the FDRF + A-PD-L1-

A
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mediated tri-mode combination therapy can promote ROS generation in
tumor cells in vivo. Likewise, the FDR NCs can enhance CRT level of
tumor cells to a certain degree, while the FDRF and FDRF + A-PD-L1 can
evoke a more pronounced CRT expression than other materials
(Fig. S16B), proving the enhanced tumor cell ICD effect via the targeted
combination therapy.

We next explored the DCs maturation and T cells intratumoral infil-
tration to confirm the immune activation of FDRF + A-PD-L1 in tumor
immune microenvironment through immunofluorescence staining.
Clearly, the FDRF + A-PD-L1-mediated tri-mode combo therapy induces
evident maturation of DCs with high expression of CD80" and CD86"
(Fig. S17). Since the mature DCs can present tumor antigen to further
activate tumor-specific T cell immunity [59], we then checked the T cells
infiltrated in tumors. As shown in Fig. 6A, the CD4" helper T cells and
CD8™ cytotoxic T cells infiltrating and accumulating in the tumors are
more significantly upregulated in the FDRF-+A-PD-L1 group than the
other groups. Similarly, as can be seen in Fig. S18, the CD4™ helper T cells
and CD8" cytotoxic T cells in spleen are also more profoundly
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Fig. 6. Antitumor immune response of the FDRF NCs combined with A-PD-L1. (A) Immunofluorescence staining of CD4" T cells and CD8™ T cells in tumor slices after
different treatments for 14 days (scale bar = 50 pm). Flow cytometry plots indicating the proportions of (B) CD4" and CD8™ T cells, and (C) Tregs (CD4"CD25 " Foxp3*
T cells) in tumors after various treatments for 14 days (n = 3). Cytokine levels of IL-6 (D), TNF-« (E), and IFN-y (F) in the serum of tumor-bearing mice after various
treatments for 14 days. In parts D-F, * is for p < 0.05, and ** is for p < 0.01, respectively (n = 3).
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upregulated in the FDRF+A-PD-L1 group than the other groups (p <
0.05). Quantitatively, the infiltration rates of CD4" and CD8" T cells in
the FDRF+A-PD-L1 group are 26.9% and 14.8%, respectively, which are
higher than those in the other groups (Fig. 6B), likely attributed to the
FDRF-induced maturation of DCs and A-PD-L1-mediated ICB. Mean-
while, the most remarkable downregulation of intratumoral immuno-
suppressive regulatory T cells (Tregs) expressing CD4"CD25"Foxp3* can
be observed (0.43%) in the group of FDRF + A-PD-L1 among all groups
(Fig. 6C). The above results imply that the treatment of FDRF NCs
significantly induces the antitumor immune response after combination
with the A-PD-L1-mediated ICB in terms of DCs maturation and T cells
infiltration in tumors.

In addition, the enzyme-linked immunosorbent assays were
employed to analyze the T cell-derived cytokines including interleukin-6
(IL-6) and interferon-y (IFN-y), and the monocytes- and macrophages-
derived cytokine of tumor necrosis factor-o (TNF-a). As shown in
Fig. 6D-F, the treatment of FDRF can more significantly upregulate the
levels of IL-6, TNF-a, and IFN-y than those of FD (p < 0.01), ART (p <
0.01), and FDR (p < 0.05). Compared to the FDRF groups (p < 0.05), the
FDRF + A-PD-L1 group displays a higher secretion of IFN-y, TNF-a, and
IL-6, indicating a robust immune response through the combination of
FDRF-triggered ICD and adjunctive A-PD-L1-mediated ICB. Overall, our
results suggest that the FDRF combined with A-PD-L1 can successfully
induce both DCs maturation, T cells activation, and Tregs down-
regulation to reverse the TME for enhanced antitumor immunotherapy.

3.11. Biosafety evaluation in vivo

To validate the biosafety of FDRF NCs, the percentage of Fe per gram
of tissue was measured to investigate the time-dependent Fe distribution
in tumor-bearing mice. As shown in Fig. S19A, the FDRF group shows a
large amount of Fe taken up by the heart, liver, spleen, lung, and kidney
at 90 min post-injection, and the highest amount of Fe in the lung at 60
min post-injection among the investigated time points. The Fe contents in
the corresponding organs in the FDRF group are much lower than those
in the FDRB group (Fig. S19B). The peak tumor Fe content in the FDRF
group can be seen at 45 min post-injection (Fig. S19A), which is much
higher than that in the FDRB group (Fig. S19B), likely attributed to the
FN-mediated active tumor targeting. Subsequently, in all organs and
tumors, the uptake of Fe gradually decreases to be more or less similar to
the control with the time post injection for both FDRF and FDRB groups.
These results indicate that the accumulation of FDRF in tumors can be
largely improved by FN-mediated targeting, and the FDRF NCs can be
progressively eliminated via a normal metabolization process. Moreover,
after different treatments, there are no significant pathological damage
and inflammation infiltration in the H&E stained major organs (heart,
liver, spleen, and kidney) of tumor-bearing mice (Fig. S20), implying the
desired biosafety of FDRF NCs and all other materials. Lastly, we per-
formed the blood routines and serum biochemistry assays to further
comprehensively evaluate the biosafety of FDRF NCs after the tumor
treatments. As shown in Fig. S21, all measured parameters are within the
normal ranges in all groups with no significant differences observed
between the FDRF + A-PD-L1 group and other groups, proving the
excellent biosafety of FDRF NCs.

4. Conclusions

We developed a versatile nanoplatform based on ART/FN-loaded FD
NCs by a microfluidic synthesis method for T; MR imaging-guided tumor
chemotherapy/CDT/immune therapy. The FD NCs formed by assembly
of DA and Fe?* can be further physically loaded with ART and chemically
coated with FN through controlling reaction conditions based on tunable
microfluidics. The developed FDRF NCs with a size of 161.0 nm show
good colloidal stability, homogeneity, r; relaxivity (4.96 mM~1s~1), pH-
dependent Fe and ART release profiles, and self-supplementing TME
regulation through ROS production and GSH depletion. In particular,
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through the Fe?"-mediated ART reduction/Fenton reaction and Fe>*-
mediated GSH oxidation in TME, self-supplementing and sustained TME
regulation can be realized by a classic cycling reaction between Fe?* and
Fe3*. Meanwhile, the FDRF NCs can induce the ICD effect of cancer cells
by Fe?*/ART-induced enhanced CDT and ART-mediated chemotherapy,
triggering the maturation of DCs to activate T lymphocytes for immune
therapy. The combined A-PD-L1-mediated ICB enables further enhanced
T cell-based antitumor immune response, improving the efficacy of
tumor therapy in vivo. Owing to the FN-mediated tumor targeting and
pH-responsive enhancement of r; relaxivity (5.93 mM~'s™!) in TME, the
created FDRF NCs could be developed as a promising theranostic nano-
platform for precision T; MR imaging-guided tumor combination ther-
apy, potentially translating for clinical applications.
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