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Abstract DOI: 10.1039/D6BM0O0031B

Restoring antitumor immunity while enhancing chemotherapy efficacy represents
an optimistic strategy for cancer treatment. Enabling macrophage-mediated
phagocytosis of cancer cells is pivotal for rehabilitating effective immune responses.
However, its efficacy is often limited by elevated anti-phagocytic signals, such as CD47,
and insufficient pro-phagocytic signals on cancer cells. We employed a synergic
chemo-immunotherapeutic  approach involving the chemotherapeutic agent
doxorubicin (DOX) together with siRNA targeting CD47 (siCD47), co-delivered by a
bola-amphiphilic dendrimer (bola4A) as nanocarrier. The co-delivery system
(bola4 A/DOX/siCD47) was established by encapsulating DOX within the hydrophobic
interior of dendrimer nanomicelles, while complexing the negatively charged siCD47
to the positively charged dendrimer surface. The boladA/DOX/siCD47 effectively
downregulated CD47 expression and attenuated the CD47-signal regulatory protein o
(SIRPa) axis-mediated anti-phagocytic signal. Concurrently, DOX induced
immunogenic cell death (ICD), significantly increased the exposure of calreticulin
(CALR), a pro-phagocytic signal that elicits immune response. Consequently,
bola4A/DOX/siCD47 enhanced phagocytosis of tumor cells by macrophage and
reprogrammed the tumor immunosuppressive microenvironment (TME) towards
enhanced macrophage phagocytosis, dendritic cell maturation, T cell infiltration, and
elevated secretion of pro-inflammatory cytokines. Altogether, bola4dA/DOX/siCD47
exhibited a potent antitumor effect through the coordinated action of DOX with siCD47,

and offers a promising approach for synergistic cancer chemo-immunotherapy.

Key words: Synergic chemo-immunotherapy, bola-amphiphilic dendrimer, co-

delivery, CD47-SIRPa, macrophage-mediated phagocytosis
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Immune cells, such as natural killer cells, macrophages and T cells, playoaiwital/pesmooosis
role in combating tumor progression'- 2. Macrophages, the innate immune cells with
scavenger function, play a pivotal role in cancer immunotherapy by engulfing cancer
cells via phagocytosis and activating cytotoxic T cells by cross-presenting tumor
antigens®. However, tumors develop intricate self-protection mechanisms to evade
immune surveillance, thereby establishing an immunosuppressive tumor
microenvironment (TME) 4 3. Within the TME, tumor-associated macrophages (TAMs)
represent the predominant immune infiltrates, constituting approximately 50% of the
immune cell population®. Tumor cells frequently upregulate anti-phagocytic signals on
their surface to escape recognition and clearance by TAMs, thereby promoting immune
evasion’-®. Consequently, the phagocytic capacity of macrophages is impaired, limiting
their proficiency in mounting an effective immune response to eliminate the tumor
cells °. Restoring this phagocytic function is crucial for reprogramming
immunosuppressive TME, and offers a promising strategy for cancer immunotherapy!°.

The phagocytic potency of macrophages on tumor cells critically relies not only
on the blockade of the anti-phagocytic (“don’t eat me”) signals but also on the

recognition of the pro-phagocytic (“eat me”) signals on the surface of cancer cells’- 3.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Transmembrane protein CD47 is an anti-phagocytic signal that is overexpressed on the

surface of various tumor cells'!. CD47 provides a “don’t eat me” anti-phagocytic signal

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 3:54:39 AM.

upon binding to macrophages via its receptor signal regulatory protein alpha (SIRPa),

(cc)

thereby attenuating the phagocytosis and letting tumor cells slip past immune
surveillance and clearance!?. Blocking this CD47/SIRPa axis can inhibit the “don’t eat
me” signal and reactivate macrophage-based tumor cell engulfment!?. In parallel, the
restoration of an “eat me” pro-phagocytic signal can be achieved by displaying
exposure of calreticulin (CALR) on the surface of tumor cells!® %, CALR, a
multifunctional calcium-binding chaperone protein primarily found in the endoplasmic
reticulum (ER) lumen, can interact with low-density lipoprotein receptor-related
protein 1 (LRP1) on macrophages!4, which remarkably promotes phagocytosis-based
engulfment of tumor cells. Therefore, simultaneous inhibiting CD47 and upregulating
CALR on the tumor cells surface is expected to enhance macrophage phagocytosis and
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consequently improve macrophage-based cancer immunotherapy!>: 1, DOI: 10.1039/D6BM000318

Biopharmaceutics, including antibodies and small interfering RNAs (siRNAs), are
well-established tools for regulating protein expression or modulating protein function.
For instance, anti-CD47 monoclonal antibodies have been employed to effectively
block the anti-phagocytic signal mediated by the CD47/SIPRa axis® 7> 18, However,
their clinical application is often limited by adverse effects, such as induced anemia'®
20 thrombocytopenia!®, or neurotoxicity?!. Alternatively, siRNA-based therapeutics?*
23 constitute an effective strategy to specifically downregulate CD47 expression
selectively in tumor cells*» 2%, thereby suppressing the anti-phagocytic signal with
potentially reduced systemic toxicity. Considering reports of certain anticancer
therapeutics, such as doxorubicin (DOX), inducing the CALR exposure that is desirable
for immunogenic cell death (ICD)?% 27 and pro-phagocytosis, we wished to test a dual
therapeutic strategy promoting this pro-phagocytic signal while downregulating the
anti-phagocytic signal with siRNA. Specifically, we wanted to apply siRNA targeting
CD47 (siCD47) in concert with DOX to simultaneously inhibit CD47 expression and
increase CALR exposure on the tumor cell surface, and investigate the capacity of this
combination to synergistically enhance the phagocytic potency of macrophages to
achieve effective anti-tumor activity.

To allow any synergistic action of the combination therapy, we needed a system
able to co-deliver siCD47 and DOX simultaneously to the same tumor cells. Among
various drug delivery systems, dendrimers are becoming popular drug carriers due to
their distinctive dendritic structure and cooperative multivalency characteristics?8-30,
Recently, amphiphilic dendrimers, which are hybrids of lipid and dendrimer with
thoughtfully engineered hydrophobic segments and hydrophilic dendrons, have
demonstrated exceptional performance in drug delivery by capitalizing on the delivery
benefits provided both polymer and lipid vectors, along with the distinctive structural
properties of dendrimers®!> 32, Our previous studies have established a series of
supramolecular drug delivery nanosystems based on the self-assembling of amphiphilic
dendrimers, able to deliver a variety of pharmaceutical reagents, such as anticancer
drugs®-3¢, nucleic acid therapeutics3”#?, and imaging agent etc**43, with excellent

4
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results, even outperforming the current first line treatment option. In particular,;wethasse/068M000318
developed the bola-amphiphilic dendrimer, bolad4A, consisting of a bi-polar
hydrophobic chain featuring a reactive oxygen species (ROS)-sensitive thioacetal

group at the center, along with two hydrophilic poly(amido amine) (PAMAM)
dendrons attached at the chain terminals (Scheme 1A). By combining its structural
dendritic properties with robust bola-lipid self-assembly characteristics, this dendrimer

can effectively carry siRNA% and the anticancer drug imatinib*’. Most importantly for

selective delivery, the ROS-sensitive thioacetal group within the bola-amphiphilic
dendrimer enables on-demand release of the loaded drugs precisely within cancer cells

that have elevated ROS levels.

Motivated by the success of this ROS-responsive bola4A for delivering both
anticancer drug and siRNA, we sought to extend its application to the co-delivery of
the ICD inducer DOX and the siRNA-targeting CD47 for synergic cancer chemo-
immunotherapy. This chemo-immunotherapeutic approach aims to promote
macrophage-based cancer immunotherapy while better harnessing the cytotoxic effect
of chemotherapy. Specifically, the co-delivery strategy enables spatiotemporal

modulation of anti-phagocytic and pro-phagocytic signals within the same cell, thereby

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

maximizing the transmission of phagocytic signals to macrophages. Indeed, the co-

delivery of DOX and siCD47 via bola4A effectively inhibited the anti-phagocytic

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 3:54:39 AM.

signal (CD47) and upregulated the pro-phagocytic signal (CALR), restoring

(cc)

macrophage phagocytosis, reprogramming tumor microenvironment and generating
strong antitumor efficacy. This co-delivery system based on bola-amphiphilic

dendrimer thus represents a promising platform for combined cancer therapy.
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Scheme 1. Schematic illustration of bola4A in the co-delivery of DOX prodrug and siCD47
into tumor cells. Bola4A/DOX/siCD47 nanosystem mediated selective delivery of the
anticancer drug DOX and siCD47 within cancer cells in response to high levels of ROS, which
reawakened the phagocytic activity of macrophages via downregulation of CD47 expression
and induction of ICD with chemotherapy for completely inhibited tumor growth.

Results and Discussion

Successful Establishment of bolad A/DOX/siCD47 Co-Delivery Nanosystem

Our previous study demonstrated that the bola-amphiphilic dendrimer bola4A
possessed excellent biocompatibility and high drug-loading capacity, resulting in
significantly enhanced anticancer effects.#’” Consistently, in this study, boladA
encapsulated DOX with near-quantitative efficiency, achieving a high drug-loading
content of up to 44% (Figure 1A). Notably, bola4A features a thioacetal group that is
readily degraded upon ROS exposure, enabling selective drug release within cancer
cells characterized by elevated ROS levels. We thus evaluated the anticancer activity
of boladA/DOX nanoparticles (NPs) in two ROS-rich cancer cell lines: murine
melanoma B16F10 cells and murine triple-negative breast cancer (TNBC) 4T1 cells, as
well as in their respective ROS-depleted counterparts (Figure S1A, S1B). The
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bola4A/DOX NPs exhibited effective and dose-dependent antiproliferativeo@ffectsy/posmooosis
which were significantly attenuated following pretreatment with the ROS scavenger N-
acetylcysteine (NAC) (Figure 1B, 1C). Quantitative analysis revealed a 18-fold or 7-

fold increase in ICs, values under ROS-suppressed conditions for BI6F10 (0.12 uM vs.

2.19 uM) and 4T1 cells (0.43 uM vs 2.80 uM), respectively. These findings confirm

that boladA/DOX NPs are capable of inducing ROS-dependent drug release and,
consequently, producing ROS-responsive anticancer activity.

Building on previous demonstrations of the bola4A-based nanosystem enabling
ROS-responsive delivery of siRNA therapeutics®” 46, we employed the DOX-loaded
bola4A nanosystem to encapsulate siRNA targeting CD47 (siCD47). As shown in
Figure 1D and 1E, bola4A/DOX effectively retarded siRNA migration at an N/P > 5,
forming stable bola4A/DOX/siRNA complexes with an average hydrodynamic
diameter of approximately 48.2 nm and a zeta potential of +17.2 mV as determined by
dynamic light scattering (DLS). In comparison, bola4A/siRNA complexes measured
60.3 nm with a zeta potential of +21.1 mV, while boladA/DOX particles were smaller
(40.8 nm) and exhibited a higher zeta potential (+25.3 mV). Upon siRNA incorporation,

the bola4A/DOX/siRNA complexes displayed intermediate particle size and surface

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

charge values, consistent with partial surface neutralization by the negatively charged

siRNA. Transmission electron microscopy (TEM) analysis (Figure S2) further

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 3:54:39 AM.

confirmed the formation of uniform spherical nanoparticles with an average diameter

(cc)

of approximately 40 nm. These results demonstrate that the DOX-loaded bola4A
formulation retains a comparable capability for siRNA encapsulation to the boladA
dendrimer alone. In this co-delivery nanosystem, negatively charged siRNA binds
electrostatically to the positively charged dendritic hydrophilic head groups of bola4A,
while DOX is sequestered within the hydrophobic core via hydrophobic interactions.
Moreover, this formulation effectively protects siRNA from enzymatic degradation
(Figure 1F).

To evaluate the ability of the bola4dA/DOX/siRNA nanosystem to co-deliver
siRNA and DOX into tumor cells, we assessed cellular uptake using Cy5-labelled
siRNA by flow cytometry and confocal laser scanning microscopy (CLSM). As shown

7
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in Figure S3A, both Cy5-siRNA and DOX fluorescence signals were deteoted.oi/DeBM000318

B16F10 and 4T1 cells following incubation with bola4 A/DOX/Cy5-siRNA, with signal
intensities increasing over time, indicating rapid and efficient internalization. Confocal
images further confirmed strong intracellular green (Cy5) and red (DOX) fluorescence
after 4 h (Figure S3B), verifying efficient co-delivery of both cargos.

We next investigated the in vivo biodistribution of the boladA/DOX/siCD47
nanosystem in orthotopic 4T1-luc tumor-bearing mice using the near-infrared
fluorescent dye DiR and Cy5-labelled siRNA. /n vivo fluorescence imaging revealed
distinct and predominantly tumor-localized signals from both Cy5 and DiR within the
bolad A/DOX/DiR/Cy5-siRNA nanosystem (Figure S4). Ex vivo fluorescence imaging
and quantitative analysis further confirmed significantly enhanced tumor accumulation
of the bola4 A/DOX/DiR/Cy5-siRNA nanosystem compared to PBS, free DiR, and free
Cy5-siRNA controls. Importantly, relative to bola4A/Cy5-siRNA or bola4A/DOX/DiR
formulations, the bola4 A/DOX/DiR/Cy5-siRNA nanosystem achieved more efficient
co-delivery of DOX and siRNA to the same tumor region (Figure S5).
Immunofluorescence staining corroborated these findings, demonstrating enhanced
tumor enrichment of both therapeutic agents. Together, these results highlight the
capability of the bola4dA/DOX/siRNA nanosystem for simultaneous and effective
delivery of chemotherapeutic agents and siRNA to tumors.

As described above, the ROS-responsive bola-amphiphilic dendrimer bola4A
enables the simultaneous co-encapsulation of two distinct therapeutic modalities: the
hydrophobic chemotherapeutic DOX and the hydrophilic nucleic acid therapeutic
siRNA. This co-delivery approach offers a distinct advantage by integrating the direct
cytotoxic effects of DOX with the gene-silencing activity of siRNA (e.g., siCD47)

within a single ROS-responsive nanocarrier.
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Figure 1. Establishment of bola4A/DOX/siRNA co-delivery nanosystems and evaluation of
their gene silencing efficacy and ICD induction. (A) Drug encapsulation efficiency of bola4A
(mean £+ SD, n = 3). (B, C) Antiproliferative effects of bola4A/DOX NPs on B16F10 (B) or
4T1 cells (C) in the absence and presence of N-acetylcysteine (NAC) (10 mM). (D) siRNA
binding capacity of bola4A or bola4A/DOX NPs at varying N/P ratios. (200 ng siRNA/well).
(E) Size distribution and Zeta potential of bola4A/DOX/siRNA nanosystem measured by DLS
analysis. (N/P ratio = 5, DOX: 3.6 uM, siRNA: 50 nM). (F) Protection of siRNA from
enzymatic degradation, offered by bola4d A/DOX. (N/P ratio = 5, 200 ng siRNA/well). (G, H)
CD47 mRNA expression (G) and CD47 protein (H) expression in B16F10 or 4T1 cells
following treatment with bola4A/DOX/siCD47 nanosystem (DOX: 3.6 uM, siRNA: 50 nM,
N/P ratio = 5). (I) Schematic illustration of antiproliferative effects measured by MTT assays
in B16F10 cells or 4T1 cells. (J, K) Cell viability assessed by MTT assay in B16F10 (J) and
4T1 (K) cells treated with boladA/DOX/siCD47 nanosystem (DOX: 3.6 uM, siRNA: 50 nM,
N/P ratio = 5). (L) Flow cytometric analysis of CALR surface exposure in treated B16F10 and
4T1 cells; mean fluorescence intensity (MFI) of Alexa Fluor 647 is shown. (M, N)
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4T1 cells after treatment with PBS, bola4A, DOX, bola4A/DOX, bola4A/DOX/scramble or
bola4A/DOX/siRNA (DOX: 3.6 uM, siRNA: 50 nM, N/P ratio = 5). (One-way ANOVA
followed by Tukey's multiple comparisons test was used to measure statistical significance. n
=3, ¥**p <0.001.)

CD47 Silencing and ICD Induction with Retained DOX Efficacy in
bola4A/DOX/siCD47 Co-Delivery Nanosystem

Having established the stable bola4A/DOX/siCD47 nanosystem, we next
investigated its capability to simultaneously suppress the anti-phagocytic signal CD47
and enhance the pro-phagocytic signal CALR. Both B16F10 and 4T1 cells treated with
bola4A/siCD47 or bola4A/DOX/siCD47 showed ~50% downregulation of CD47
mRNA and ~80% reduction at the protein level relative to PBS and other controls
(bola4A alone or bola4A/scramble) (Figure 1G, 1H). The comparable silencing
efficiency between bola4A/DOX/siCD47 and bola4A/siCD47 confirms effective
siCD47 delivery by the co-loaded nanosystem without interference from DOX. Flow
cytometry and confocal microscopy of B16F10 and 4T1 cells stained with anti-CD47-
AF647 antibody revealed a marked decrease in surface CD47 expression after treatment
with both nanosystems (Figure S6A), consistent with efficient downregulation of this
key anti-phagocytic marker. Importantly, while bola4A alone or bola4A/siCD47
showed negligible cytotoxicity, bola4A/DOX/siCD47 induced cytotoxicity comparable
to free DOX or bola4A/DOX in both cell lines (Figure 11-K), demonstrating that
siRNA incorporation does not compromise the chemotherapeutic efficacy of DOX.

We then assessed the activation of the pro-phagocytic signal induced by DOX-
mediated ICD by the boladA/DOX/siCD47 nanosystem. ICD is characterized by
translocation of CALR to the plasma membrane, alongside extracellular release of
danger-associated molecular patterns (DAMPs) such as ATP and high-mobility group
box 1 (HMGBI), which promote dendritic cell (DC) maturation, macrophage
polarization towards the pro-inflammatory M1 phenotype, and CD8+ T cell
activation.*8-3!. Treatment with free DOX, boladA/DOX, or boladA/DOX/siCD47
significantly increased CALR exposure on the plasma membrane of both B16F10 and

4T1 cells (Figure 1L). Similarly, these treatments markedly enhanced ATP and

10
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HMGBI release compared to PBS or bola4A alone (Figure 1M, 1N). No sighificant/D6sM000318
differences in ICD markers were observed among the DOX-containing groups,
confirming DOX as the primary ICD inducer and indicating that bola4A does not
interfere with this process.

Finally, we evaluated the immunomodulatory effects of bola4 A/DOX/siCD47 on
bone marrow—derived dendritic cells (BMDCs) and macrophages (BMDMs) in vitro.
Flow cytometry revealed upregulated expression of co-stimulatory molecules CD80,
CD86, and antigen-presenting molecule MHC-II on both BMDCs and BMDMs
following treatment, indicating enhanced DC maturation and macrophage activation
(Figure S7). These findings demonstrate that bola4A/DOX/siCD47 effectively
promotes immunogenic activation of antigen-presenting cells, consistent with ICD

induction in tumor cells.

Synergistic Enhancement of Macrophage-Mediated Phagocytosis and Antitumor
Effect via Co-delivery of DOX and siCD47

Given that simultaneous downregulation of CD47 and increased CALR exposure
on the tumor cell surface is expected to synergistically promote macrophage-mediated

phagocytosis, we evaluated the pro-phagocytic potential of the bola4A/DOX/siCD47

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

nanosystem. B16F10 and 4T1 tumor cells were pretreated with different formulations,

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 3:54:39 AM.

including PBS, bola4A, bolad4A/siCD47, bola4A/DOX, and bola4A/DOX/siCD47,

labeled with carboxyfluorescein succinimidyl ester (CFSE), and co-incubated with

(cc)

eFluor670-labeled BMDMs at a 4:1 tumor cell-to-macrophage ratio (Figure 2A).
Compared to the PBS and bola4A-alone controls, the single-agent treatments
(bola4A/siCD47 and bola4A/DOX) moderately enhanced phagocytosis. Notably, the
combination treatment (bola4A/DOX/siCD47) significantly augmented macrophage-
mediated phagocytosis, with 3.0-fold and 4.6-fold enhancements in B16F10 and 4T1
cells, respectively, as quantified by flow cytometry (Figure 2B). Confocal microscopy
further confirmed enhanced co-localization of CFSE-labeled tumor cells (green) with
eFluor670-labeled BMDMs (red), providing visual evidence of the occurrence of

phagocytosis of tumor cells by BMDMs (Figure 2C, white arrows).
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We then assessed the synergistic antiproliferative effect resulting from combined/besM000318

chemotherapy and immunotherapy following enhanced phagocytosis. Luciferase-

expressing tumor cells (B16F10-luc and 4T1-luc) were treated as above and co-cultured

with BMDMs at the same ratio (Figure 2D). Cell viability, quantified by D-Luciferin

assay, revealed that bola4dA/DOX/siCD47 treatment significantly inhibited tumor cell

viability compared to single-agent groups.

Together, these findings demonstrate that the bola-amphiphilic dendrimer bola4A

efficiently and selectively co-delivers siCD47 and DOX to tumor cells, effectuating

CD47 downregulation (Figure 1G, 1H) and increased CALR surface exposure (Figure

1L). This dual modulation diminishes the anti-phagocytic signal while enhancing the

pro-phagocytic cue, thereby promoting macrophage phagocytosis and potentiating

antitumor immunity.
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Figure 2 Co-delivery nanosytem bola4A/DOX/siCD47 synergistically enhanced phagecytesis nesmooosis
of tumor cells by BMDMs. (A) Schematic illustration of the phagocytosis of tumor cells
(B16F10 or 4T1) by BMDMs after various treatments, including PBS, bola4A, bola4A/siCD47
(siRNA: 50 nM, N/P ratio = 5), bola4A/DOX (DOX: 3.6 uM), and bola4A/DOX/siCD47 (DOX:
3.6 uM, siRNA: 50 nM, N/P ratio = 5). B16F10 or 4T1 cells labeled with CFSE and BMDM
cells stained with eFlour®670. (B, C) Phagocytosis of B16F10 or 4T1 cells by BMDMs as
determined by flow cytometry (B) and confocal microscopy (C) (Scale bar = 50 um). (D)
Schematic illustration of the phagocytosis of firefly luciferase-expressing tumor cells (B16F10
or 4T1) by BMDMs after the various treatments. (E) Cell viability quantified by D-Luciferin
assay. (One-way ANOVA followed by Tukey's multiple comparisons test was used to measure
statistical significance. n = 3, *p < 0.05, **p < 0.01; ***p <0.001.)

Potent Anticancer Efficacy and Immune Activation by bola4A/DOX/siCD47 in an
Orthotopic 4T1 TNBC Model

Encouraged by the promising in vitro results, we evaluated the in vivo therapeutic
efficacy of the bola4A/DOX/siCD47 nanosystem in an orthotopic 4T1 TNBC model,
representative of an immunologically “cold” tumor type®* 33. BALB/c mice bearing
4T1 tumors were randomized into six groups and treated via intravenous injection with
PBS, free DOX, boladA/DOX, bola4A/siCD47, boladA/DOX/scramble, or
bola4A/DOX/siCD47, administered six times every three days (Figure 3A). Single-
agent treatments—DOX, bola4 A/DOX, bola4A/siCD47, and bola4 A/DOX/scramble—

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

moderately inhibited tumor growth, achieving tumor growth inhibition (TGI) indices

of 20-30% relative to PBS. In contrast, the combination boladA/DOX/siCD47

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 3:54:39 AM.

treatment significantly enhanced antitumor efficacy, achieving a 60% TGI (Figure 3B,

(cc)

3C). Endpoint tumor photographs (Figure S8) and tumor weights (Figure 3D) further
confirmed the superior efficacy of the combination treatment. Immunohistochemical
analysis of Ki67 and TUNEL staining revealed pronounced antiproliferative and pro-
apoptotic effects following bola4A/DOX/siCD47 administration (Figure 3E, 3F, S9A,
S9B). Remarkably, histological examination of lungs showed fewer and smaller
metastatic nodules after combination treatment, indicating potent metastasis inhibition
(Figure 3G, 3H). No significant changes were observed in body weight (Figure S10A),
major organ histology (Figure S10B), kidney/liver function, or hematological
parameters (Figure S10C), underscoring the favorable safety profile of the co-delivery

system.
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Figure 3. In vivo anticancer activity of the bola4A/DOX/siCD47 nanosystem in the 4TI
orthotopic triple-negative breast cancer tumor mouse model. Mice were treated with PBS, free
DOX (DOX: 2.5 mg/kg), bola4A/DOX (DOX: 2.5 mg/kg), bola4A/siCD47 (siRNA: 1 mg/kg),
bola4A/DOX/scramble (DOX: 2.5 mg/kg, siRNA: 1 mgkg, N/P ratio = 5), or
bola4A/DOX/siCD47 (DOX: 2.5 mg/kg, siRNA: 1 mg/kg, N/P ratio = 5). (A) Treatment
schedule for the 4T1 orthotopic tumor model. (B) Average tumor growth curves of 4T1-luc
tumor-bearing mice following different treatments (z = 6). (C) Tumor growth inhibition rates.
(D) Tumor weights measured after the final treatment. (E) immunohistochemistry staining for
Ki67 demonstrating tumor cell proliferation (scale bar, 50 um). (F) TUNEL assay images
showing apoptotic cells post-treatment (scale bar, 50 um). (G) Ex vivo bioluminescence
imaging of lung metastases at the experimental endpoint. (H) Histological analysis of lung
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tissues with metastatic lesions outlined in red (Scale bar = 2 pm). Metastatic lesigns; WeES nssmooosis
identified as cell clusters with densely stained nuclei. Data are presented as mean + standard

deviation (n = 6). (One-way ANOVA followed by Tukey's multiple comparisons test was used

to measure statistical significance. n = 6, *p < 0.05, **p < 0.01, ***p < 0.001.).

To elucidate the underlying mechanisms, we assessed the expression of CD47 in
tumor tissues post-treatment. While CD47 mRNA and protein levels remained largely
unchanged following DOX, bola4A/DOX, or bola4A/DOX/scramble treatments as
compared to PBS, they were significantly downregulated in tumors treated with
bola4A/siCD47 and bola4A/DOX/siCD47 (Figure 4A-C, S11A), confirming effective
siCD47 delivery. Concurrently, CALR exposure was markedly increased in tumors
treated with DOX-containing formulations (bola4A/DOX and bola4 A/DOX/siCD47),
consistent with DOX-induced ICD (Figure 4D, S11B)

Multiparameter immunofluorescence histochemistry revealed the highest
infiltration of M1 phenotype macrophages (CD86%), mature dendritic cells (CD80%),
and CD8" T cells within tumor following bola4 A/DOX/siCD47 treatment compared to
PBS and other groups (Figure 4E). The percentage of M1 macrophages increased
modestly  with  boladA/DOX  (40.8%), bola4A/siCD47  (21.1%), and
bola4 A/DOX/scramble (39.0%) relative to PBS (7.9%), but was most pronounced in
the bola4A/DOX/siCD47 group (49.4%) (Figure 4F). Similarly, DC maturation (CD80%)
and CDS8* T cell infiltration were significantly elevated following combination therapy
(Figure 4G, 4H). Correspondingly, ELISA quantification of tumor cytokines revealed
markedly increased secretion of interleukin-6 (IL-6), interferon-gamma (IFN-y), and
tumor necrosis factor-alpha (TNF-a) in bola4A/DOX/siCD47-treated tumors (Figure
41-K).

Collectively, these results demonstrate that boladA/DOX/siCD47 treatment
effectively downregulates CD47 expression and upregulates CALR on tumor cells,
thereby enhancing macrophage-mediated phagocytosis and eliciting robust
macrophage- and T cell-mediated antitumor immune responses. This dual modulation
promotes infiltration of antitumo immune cells and cytokine production, culminating

in potent macrophage-based immunotherapy in the 4T1 TNBC model.
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Figure 4. In vivo immune activation by the bola4A/DOX/siCD47 nanosystem in the 4T1
orthotopic triple-negative breast cancer tumor mouse model. Mice were treated with PBS, free
DOX (DOX: 2.5 mg/kg), bola4A/DOX (DOX: 2.5 mg/kg), boladA/siCD47 (siRNA: 1 mg/kg),
bola4A/DOX/scramble (DOX: 2.5 mg/kg, siRNA: 1 mgkg, N/P ratio = 5), or
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bola4A/DOX/siCD47 (DOX: 2.5 mg/kg, siRNA: 1 mg/kg, N/P ratio = 5). (A) CD47;mBNA D covco0s s
levels in tumor tissues measured by qRT-PCR. (B) CD47 protein expression in tumor tissues
analyzed by western blot. (C, D) Immunohistochemical staining of tumor tissues showing
CD47 (C) and CALR (D) protein expression (Scale bar = 50 um). (E) Representative
fluorescence immunohistochemistry and (F-H) flow cytometry cytometric quantification of
immune cell populations within tumors, including M1 phenotype macrophages (CD86%) (F),
mature dendritic cells (CD80%) (G), and CD8" T cells (H). (J-K) ELISA quantification of pro-
inflammatory cytokines 1L-6 (I), TNF-a (J) and IFN-y (K) levels in tumor tissue following
treatment. Data are presented as mean + standard deviation (rn = 6). (One-way ANOVA
followed by Tukey's multiple comparisons test was used for statistical analysis, n = 6, *p <
0.05, **p <0.01, ***p < 0.001).

Bola4A/DOX/siCD47 Activates Anticancer Immune Responses in a B16F10
Melanoma Model

Promoted by the enhanced phagocytosis of B16F10 cells by BMDMs observed
following bola4A/DOX/siCD47 treatment, we assessed the antitumor efficacy of this
nanosystem in a B16F10 melanoma model, characterized by high invasiveness,
therapeutic resistance, and poor prognosis®*. Treatment commenced when tumors
reached approximately 50 mm?, with intravenous injections of PBS, free DOX,
bola4A/DOX, bolad4A/siCD47, boladA/DOX/scramble, or boladA/DOX/siCD47

administered four times every three days (Figure 5A). By day 12 post-treatment,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

bola4 A/DOX/siCD47 elicited the most pronounced tumor growth inhibition (~ 70%)

alongside significant suppression of tumor cell proliferation and increased apoptosis

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 3:54:39 AM.

compared to all other groups (Figure 5B, S12). Tumor volume and weight

(cc)

measurements corroborated this enhanced efficacy (Figure 5C, 5D). No significant
changes were observed in body weight (Figure S13A), major organ histopathology
(Figure S13B), or blood biochemistry (Figure S13C), indicating minimal systemic

toxicity.
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Figure 5. In vivo anticancer activity and immune activation by the bola4A/DOX/siCD47
nanosystem in the B16F10 subcutaneous melanoma tumor mouse model. Mice were treated
with PBS, free DOX (DOX: 2.5 mg/kg), boladA/DOX (DOX: 2.5 mg/kg), boladA/siCD47
(siRNA: 1 mg/kg), boladA/DOX/scramble (DOX: 2.5 mg/kg, siRNA: 1 mg/kg, N/P ratio = 5),

18


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6bm00031b

Page 19 of 30 Biomaterials Science

or boladA/DOX/siCD47 (DOX: 2.5 mg/kg, siRNA: 1 mg/kg, N/P ratio = 5). (A) Treatmens;oeomcoosis
schedule. (B) Average tumor growth curves of treated mice (mean = SD, n = 6). (C)
Representative photographs and (D) weight of excised tumors at study endpoint. (E) qRT-PCR

analysis of CD47 mRNA expression. (F) Western blot analysis of CD47 protein levels in tissues.

G) Quantification of CALR expression from IHC images using Image J. (H) Representative
fluorescence IHC and (I) heat map of flow cytometry showing immune cells (n = 6). (J-L)

ELISA analysis of pro-inflammatory cytokines IL-6 (J), TNF-a (K), and IFN-y (L) levels in

tumor tissue following treatments. One-way ANOVA followed by Tukey's multiple
comparisons test was used to measure statistical significance (mean + SD, n =6, *p <0.05, **p

<0.01, ***p < 0.001.). Scale bar = 50 pm.

Mechanistically, bola4dA/DOX/siCD47 efficiently silenced CD47 expression at
both mRNA and protein levels (Figure 5E, 5F, S14A, S14B) and induced CALR
exposure (Figure 5G and S14C). Immunophenotyping of the TME revealed a
significant increase in M1 macrophages (CD86"), mature dendritic cells (CD80%), and
CD8"* T cells following bola4A/DOX/siCD47 treatment compared to PBS and other
controls (Figure 5H, 51, S15), indicative of a robust and durable antitumor immune
response. Correspondingly, plasma levels of proinflammatory cytokines IL-6, IFN-y
and TNF-a were markedly elevated (Figure 5J-L), reflecting systemic immune
activation.

Together, these results demonstrate that bola4A/DOX/siCD47, by concurrently

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

suppressing the anti-phagocytic signal CD47 and enhancing the pro-phagocytic signal

CALR, effectively reprograms the TME. This is evidenced by increased infiltration of

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 3:54:39 AM.

macrophages and CD8" T cells, promotion of DC maturation, and elevated secretion of

(cc)

immunostimulatory cytokines, culminating in superior therapeutic efficacy in the

B16F10 melanoma model.

Conclusion

In summary, we have developed a synergic chemo-immunotherapeutic approach
that enhances macrophage-mediated phagocytosis to potentiate the antitumor effects of
chemotherapy and innate immunity. This was accomplished by co-delivering the
chemotherapeutic agent DOX and siRNA targeting the anti-phagocytic signal CD47
(siCD47) using the bola-amphiphilic dendrimer boladA as a carrier. The
bola4A/DOX/siCD47 nanosystem induced CALR exposure on tumor cell surfaces,
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thereby amplifying the pro-phagocytic “eat me” signal, while simultaneously sibeneitrg/068M000318

CDA47 to attenuate the SIRPa-mediated anti-phagocytic “don’t eat me” signal. This dual
modulation significantly enhanced macrophage phagocytosis of tumor cells. By
integrating immunotherapy-induced phagocytic activity with the cytotoxicity of DOX,
bola4A/DOX/siCD47 displayed significantly improved antitumor efficacy in both
orthotopic 4T1 breast cancer and B16F10 melanoma models. The potent anticancer
immune response was accompanied by TME remodeling, characterized by increased
macrophage phagocytosis, DC maturation, CD8" T cell infiltration, and elevated pro-
inflammatory cytokine secretion. This synergistic approach, combining chemotherapy
with immune modulation, offers a promising avenue for the development of more

effective cancer therapies.

Methods

Preparation of Drug-Loaded bola4A Nanosystem.

The bolad4A was used to encapsulate doxorubicin (DOX) via the film dispersion
method according to the literature3® 47, Briefly, DOX hydrochloride (ranging from 1.6
to 3.0 mg) was dissolved in 1.0 ml mixed solvent (chloroform/methanol = 3/2, vol/vol).
Then, triethylamine (molar ratio of DOX /triethylamine = 1/3) was added to obtain
hydrophobic DOX. The drug was mixed with 3.0 mg of bola4A in 3.0 ml of mixed
solvent at 15:12 (bola4A: DOX) mass ratio with constant stirring. The solvent was
removed by vacuum rotary evaporation to form a dry film. The dried film was then
hydrated with distilled water at 50°C for 30 minutes under sonication. The unloaded
DOX was removed by filtration through a 0.22-um polycarbonate membrane (Pall, Port
Washington, NY, USA). The amount of DOX encapsulated in the micelles was
measured using a multimode microplate reader (Cytation5, BioTek, Vermont, US) with
excitation wavelength at 477 nm and emission wavelength at 591 nm.

Empty bola4A nanoformulation was prepared using the same procedures without
DOX addition.

The drug-loading content and drug encapsulation efficiency were calculated as

below:
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Drug loading content (%) = Wt/Wsx100% DOI: 10.1039/D6BM000318

Encapsulation efficiency (%) = Wt/Wox100%

Wt represents the amount of DOX that loaded into nanoparticles

Wo represents the initial amount of DOX fed

Ws represents the amount of nanoparticles after lyophilization
Preparation of Drug and siRNA-Loaded bola4A Nanosystem

The bola4A dendrimer or bola4A/DOX was diluted to the desired concentration,
and siRNA was dissolved in nuclease-free water at a predetermined concentration. The
two solutions were mixed at various N/P ratios—where N/P represents the molar ratio
of positively charged amine groups (N) on the dendrimer to negatively charged
phosphate groups (P) on the siRNA backbone—and incubated at room temperature for
30 minutes to enable electrostatic complexation and formation of the complexes.
Gel Retardation Analysis of bola4A/DOX/siRNA Complexes

The bola4A or boladA/DOX was diluted to a suitable concentration, and siRNA
was dissolved in nuclease-free water. The two solutions were then mixed at varying
N/P ratios ranging from 0.2 to 10 and incubated for 30 minutes. Each sample contained

a final nucleic acid concentration of 200 ng per well. The resulting complexes

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(bola4A/siRNA or boladA/DOX/siRNA) were analyzed by electrophoretic mobility

shift assay using 1% agarose gel in 1x TAE buffer at a constant voltage for 15 minutes.

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 3:54:39 AM.

Nucleic acid bands were stained with GoodView nucleic acid dye and visualized using

(cc)

a Tanon 5200Multi automatic chemiluminescence imaging system (Tanon, Shanghai,
China).
Dynamic Light Scattering (DLS)

The hydrodynamic diameter, polydispersity index (PDI), and zeta potential of the
bola4A/DOX, bola4A/siRNA, and boladA/DOX/siRNA complexes were measured
using dynamic light scattering (DLS) on a NanoBrook Omni instrument (Brookhaven
Instruments, USA).

RNase Stability Assessment of bola4 A/DOX/siRNA Complexes

The bola4A/DOX/siRNA complexes were prepared at an N/P ratio = 5, with a

final nucleic acid concentration of 200 ng per sample. These samples were incubated
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with RNase A (1.0 pg/ml) at 37 °C for different time periods (0, 10, 30, 60, 90 pand>126/066M000318

minutes). After incubation, each sample was mixed with 0.50 pL of 1% SDS solution
on ice to terminate the reaction. The integrity of the complexes was then analyzed by
electrophoretic mobility shift assay (EMSA) on a 1% agarose gel in 1 x TAE buffer, run
at a constant voltage for 15 minutes. Nucleic acid bands were visualized by staining
with GoodView nucleic acid dye and imaging with a Tanon 5200Multi automatic
chemiluminescence system (Tanon, Shanghai, China).

In Vitro siRNA Transfection

4T1 or B16F10 cells were seeded in 6-well plates at a density of 8 x 10* cells/ well
in complete medium supplemented with 10% FBS. Prior to transfection,
bola4A/siCD47 or bola4A/DOX/siCD47 complexes were prepared at an N/P ratio =5
in serum-free medium. The cells were then incubated with the complexes for 8 hours.
After replacing the transfection mixture with fresh complete medium, the cells were
cultured for an additional 48 hours under standard conditions. The silencing efficiency
of the target gene was evaluated by RT-qPCR and western blot analysis.

In Vitro Assessment of Immunologic Cell Death (ICD).

4T1, B16F10 cells were seeded in 24-well plates at 5 x 10* cells per well for
attachment and treated with or without bola4 A/DOX for 24 hours. Cells were collected
and incubated with anti-CD16/32 antibody for 30 minutes at 4°C. Then, cells were
further stained with anti-Calreticulin antibody for 1 h at 37°C, and Alexa Fluor 488
secondary antibody for 30 minutes at 37°C. After that, cells were washed three times
with PBS and were analyzed by flow cytometry. In addition, to detect the HMGB1 and
ATP secretion from cancer cells, the supernatant was collected and measured by
HMGBI1 ELISA kit and ATP determination kit (Beyotime, China).

In Vitro Assessment of Phagocytosis.

For flow cytometry, BMDMs isolated from C57BL/6 mice were stained with
eFluor™ 670 (eBioscience, USA) and seeded into 24-well plates at a density of 1.25 x
10* cells per well to allow adhesion. Prior to co-culture, the medium was replaced with
serum-free DMEM for 2 hours. Tumor cells were pretreated with various drugs for 24
hours to ICD and then labeled with the live-cell proliferation dye CFSE (Beyotime,
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China). These labeled tumor cells were co-cultured with the eFluor 670<babeled/ pesmooosis
BMDMs at a 4:1 ratio (5 x 10* total cells per well) for 12 hours. After co-culture, all
cells were collected, washed three times with PBS, and resuspended in PBS for flow
cytometric analysis. The phagocytosis rate was calculated as the percentage of double-
positive BMDMs (CFSE" eFluor 670%) among the total eFluor 670* BMDM population.

For confocal microscopy analysis, the same method described above was used,
except that cells were seeded into confocal imaging dishes. After co-culture, cells were
fixed and processed for imaging by confocal microscopy.

In Vitro Anticancer Activity Assay.

Firefly Luciferase Assay: 4T1-luc or B16F10-luc cells were seeded in 24-well
plates at 5 x 10* cells per well. Tumor cells were first treated with different formulations
for 24 hours. Then, they were co-cultured with or without BMDMs for 12 hours at a
4:1 ratio. After co-culture, all cells were collected and incubated with 0.15 mg/ml
fluorescein sodium salt solution. Bioluminescent signals were measured using a
multimode microplate reader.

In Vivo Anticancer Effect.

All animal experiments were approved by the Animal Ethics Committee of China

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Pharmaceutical University (Approval numbers are 2023-12-026 and 2023-12-027) and

conducted in accordance with the national guidelines for animal protection.

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 3:54:39 AM.

When the average tumor volume reached approximately 50 mm?® in the

(cc)

subcutaneous B16F10 melanoma or orthotopic 4T1 breast cancer model, mice were
randomly assigned to six groups (n = 6 per group) and administered intraperitoneal
injections every three days, totaling four doses for the melanoma model and six doses
for the breast cancer model, respectively. The treatment groups were as follows: PBS,
DOX (DOX: 2.5 mg/kg), bola4dA/DOX (DOX: 2.5 mg/kg), bola4A/siCD47 (siRNA: 1
mg/kg), bolad A/DOX/scramble (DOX: 2.5 mg/kg, siRNA: 1 mg/kg, N/P ratio = 5), and
bola4A/DOX/siCD47 (DOX: 2.5 mg/kg, siRNA: 1 mg/kg, N/P ratio = 5). Tumor
volumes were measured using a caliper and calculated according to the formula:
volume = length x width? x 0.5.

In Vivo Antitumor Mechanism.
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Following the final treatment, the mice were euthanized, and tumor tissaes We@Fe/D6BM000318

collected. The tumors were mechanically homogenized, and the resulting suspensions
were subjected to western blot analysis for CD47 protein expression and RT-qPCR for
CD47 mRNA quantification.

Additionally, tumor samples were washed with PBS, fixed in 4%
paraformaldehyde (PFA), dehydrated overnight, and embedded in paraffin. Tissue
sections were then incubated with antibodies against Ki67%3, CD47, and CALR, and
subjected to TUNEL staining according to standard protocols. All stained sections were
imaged and analyzed using laser scanning confocal microscopy.

In Vivo Antitumor Immune Response.

To investigate the infiltration of different immune cells in the tumor
microenvironment, all mice were euthanized three days after the final treatment. The
harvested tumors were gently minced into small fragments and digested in cell culture
media supplemented with 1.0 mg/ml type IV collagenase and 0.1 mg/ml DNase I at
37°C for 30 minutes. The resulting suspension was filtered through a 70 um strainer to
obtain single cells. Red blood cells (RBCs) were removed, and the remaining cells were

blocked with anti-CD16/32 (BD Biosciences, USA) for 20 minutes at 4°C.

Subsequently, the cells were stained with the following fluorescence-labeled antibodies.

After three washes with PBS, the stained cells were analyzed by flow cytometry.

The remaining tumor tissues were washed with PBS, fixed in 4%
paraformaldehyde (PFA), dehydrated overnight, and embedded in paraffin. Tissue
sections were incubated with Alexa Fluor 488-conjugated anti-CD8 (AiFang, China),
anti-CD86 (AiFang, China), and anti-CD80 (Thermo Scientific, USA) antibodies.
Following DAPI counterstaining, all sections were examined using laser confocal
microscopy.

For cytokine analysis, mice were euthanized post-treatment, and tumor tissues
were collected and homogenized in cold PBS to generate single-cell suspensions. The
homogenates were centrifuged, and supernatants were used for cytokine detection.
Intratumoral levels of IFN-y, IL-1B, and TNF-a were quantified using ELISA kits.
Statistical tests
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All data are presented as mean + SD unless otherwise indicated. Statisticalranabysis/pesmooosis
was performed by one-way analysis of variance (ANOVA), two-way ANOVA,
unpaired Student’s t-test or Mann-Whitney test (GraphPad Prism 8.01). A p value <0.05
was considered statistically significant, whereby all significant values in various figures
are indicated as follows: *p<0.05; **p<0.01; ***p<0.001
Materials and detailed experimental procedures are provided in the supporting

information.
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