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Programmable local
immunochemotherapy for triple-negative
breast cancer via spatiotemporally
controlled release of CpG
oligodeoxynucleotides, gemcitabine,
and paclitaxel
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Cheng-Hsien Hsieh1,2,15, Ming-Yi Hsu3,4,15, Chiou-Feng Lin1,5,6, Chien-Chun Liu7,8, Yi-Hua Kuo4,
Yu-Ting Huang9, Wei-Yu Chen10,11, Shih-Jung Liu4,12 & Wei-Jiunn Lee1,13,14

Triple-negative breast cancer (TNBC) remains a highly aggressive subtype with limited targeted
treatment options and substantial toxicity from systemic chemoimmunotherapy. We developed a
Programmable Local Immunochemotherapy (PLICT) platform integrating a CpG
oligodeoxynucleotide (CpG ODN)/gemcitabine-loaded hydrogel for rapid release and paclitaxel-
loaded PLGA microspheres for sustained delivery. In a TNBC mouse model, peritumoral
administration of PLICT enabled sequential release, facilitating the local delivery of immune agonist
and chemotherapy to suppress early tumor growth, followed by prolonged inhibition of tumor
progression and metastasis. Compared to systemic chemotherapy, PLICT significantly enhanced
intratumoral cytotoxic T lymphocyte infiltration and favorably modulated the local immune
microenvironment withminimal systemic toxicity. These findings highlight the therapeutic potential of
PLICT as a locally administered, immune-potentiating strategy for effective TNBC treatment.

Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype
that lacks expression of estrogen, progesterone, and HER2 receptors, which
consequently limits the therapeutic options for targeted treatment1,2. TNBC
exhibits significant intratumoral and intertumoral heterogeneity in terms of
molecular subtypes, genomic alterations, and immune microenvironment
characteristics. Currently, systemic chemotherapy, primarily utilizing
cytotoxic agents such as anthracyclines and taxanes, remains the mainstay

of treatment. However, TNBC exhibits high rates of recurrence and
metastasis, coupled with significant intratumoral heterogeneity, posing
significant clinical challenges and necessitating the development of novel
therapeutic strategies that can effectively target TNBC while minimizing
systemic toxicity and improving patient outcomes3–5.

The immune environment within TNBC tumors is complex and
generally characterized by a lower proportion of immune cells compared to
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other breast cancer subtypes6–8. However, TNBC can still attract tumor-
infiltrating lymphocytes, including CD8+ cytotoxic T cells (CTLs), which
are associated with better responses to treatment and improved
prognosis9–11. Cancer immunotherapy, employing approaches such as
immune checkpoint inhibitors and adoptive T cell transfer,marks a new era
in cancer treatment by overcoming immune tolerance to tumor cells12–15.
Recent clinical trials have demonstrated that incorporating pembrolizumab
into neoadjuvant therapy results in improved therapeutic outcomes and
extended survival in patients with TNBC16–18. However, this benefit appears
to be limited to those exhibiting high levels of PD-L1 expression, suggesting
that while immune checkpoint inhibitors may be an effective option for
TNBC, their efficacy could vary among patients 18–20.

As a Toll-like receptor 9 (TLR9) agonist, CpG oligodeoxynucleotide
(CpG ODN) is known to bolster anti-cancer immunity and establish long-
term immunological memory21,22. Upon binding to TLR9, CpG ODN
potently stimulates plasmacytoid dendritic cells to produce type I inter-
ferons, including IFN-α, thereby activating natural killer (NK) cells and
CTLs and enhancing tumor cell recognition and elimination.CpGODNare
used asmonotherapies or in combination with chemotherapy, radiation, or
immune checkpoint inhibitors22. An unmet need in CpGODN therapy lies
in overcoming their susceptibility tonuclease degradationbefore theycanbe
effectively recognized by antigen-presenting cells. Developing advanced
delivery platforms that enhance drug stability and retention during treat-
ment is crucial for achieving consistent immune activation and durable
antitumor immunity.

For TNBC therapy, chemotherapy remains the primary non-surgical
treatment.Common regimens involve anthracyclines, taxanes, orplatinum-
based drugs. Among taxanes, paclitaxel (PTX) is widely used. However, its
low solubility necessitates the use of solvents or surfactants for adminis-
tration, which can frequently cause hypersensitivity reactions. Our prior
research demonstrated that PTX-loaded poly (lactic acid-co-glycolic acid)
(PLGA) nanofibers could effectively deliver PTX without the need for sol-
vents, thereby reducing systemic toxicity23. Additionally, the slow release
mimicked the effects of metronomic chemotherapy, enhancing tumor
suppression while minimizing side effects.

Recent clinical studies suggest that combining taxanes with other
chemotherapeutic agents, such as gemcitabine (GEM), enhances ther-
apeutic efficacy23,24. This improvement likely arises from their com-
plementary mechanisms of action and differing toxicity profiles.
However, the co-delivery of these agents in a single PLGA-based drug
delivery system presents a significant challenge due to their differing
solubility properties—GEM being hydrophilic and PTX hydrophobic.
This incompatibility complicates the development of efficient delivery
platforms that can simultaneously encapsulate and release both drugs
effectively.

Electrospray technology is an advanced method that utilizes a high-
voltage electric field to produce microspheres with consistent size and
composition25. This process is ideal for encapsulating chemotherapeutic
agents, as it allows tunable and reproducible control over particle size,
morphology, and drug distribution. Microspheres generated through elec-
trospraying can encapsulate one or more agents, protecting them from
premature degradation and enabling the targeted, controlled release of the
encapsulated agents.

Drug-loaded hydrogels are versatile, three-dimensional polymer net-
works that can hold and release therapeutic agents in a controlled and
sustained manner26. Their hydrophilic structure enables high drug-loading
efficiency and compatibility with a range of treatments, including che-
motherapeutics, immunomodulators, and growth factors. When applied to
cancer therapies, drug-loaded hydrogels can localize treatment directly to
tumor sites, minimizing systemic toxicity. To enhance the bioavailability of
CpGODN and enable the co-delivery of GEM and PTX for tumor therapy,
we developed a novel programmable local immunochemotherapy (PLICT)
platform. This platform incorporates PTX-loaded electrosprayed micro-
sphereswithin aGEMandCpGODNhydrogel. By leveraging local delivery,
PLICT is designed to release CpG ODN, GEM, and PTX sequentially,

mimicking metronomic chemotherapy while potentiating immune
activation.

Results
Fabrication and morphological characterization of PTX-loaded
electrosprayed microspheres
PTX-loaded microspheres were fabricated using the electrospray techni-
que, as schematically illustrated in Fig. 1a. The process was carried out
under controlled environmental conditions (22–24 °C, 44–49% relative
humidity), where a polymer-to-drug ratio of 5:3 (PLGA: PTX) was used
for fabrication. The surface morphology of the microspheres is shown in
Fig. 1b and c, revealing a predominantly spherical morphology with a
smooth surface. Based on SEM image analysis using ImageJ software, the
average particle size was determined to be 10.16 ± 2.98 μm, with the size
distribution histogram shown in Fig. 1d. The surface charge of the
microspheres was evaluated using the electrophoretic light scattering
(ELS) technique, yielding a zeta potential of 1.36 ± 0.2 mV. Although a
polydispersity index (PDI) of 1.806 was recorded via dynamic light
scattering (DLS), this highvaluewas primarily attributed to themicroscale
dimensions of the particles (~10 μm), which exceed the optimal range for
Brownian motion-based DLS analysis. Given that the microspheres are
dominated by gravitational sedimentation rather than Brownian diffu-
sion, the SEM-derived size and distribution were utilized as the primary
indicators of particle uniformity and quality.

The FTIR spectra of PTX-loaded PLGAmicroparticles and GEM-
embedded hydrogel
After being incorporated into the PLGAmatrix, all characteristic vibration
peaks of PTX could still be observed, demonstrating the structural integrity
of the drug (Fig. 2a). In addition, the new vibration peak at 1650 cm−1 is
attributed to the N–H bonds in PTX. The C–H vibration at 900 cm−1 was
enhanced owing to the addition of the drug, while the new peak at 720 cm−1

was due to the C–O bond of the incorporated PTX. Similarly, Fig. 2b
presents the FTIR spectra of gemcitabine, PF-127, and gemcitabine-loaded
PF-127. All major vibrations of gemcitabine appeared in the gemcitabine/
PF-127 mixture, confirming the integrity of the drug. Furthermore, the
vibrations at 3200, 1745, and 1400 cm−1 resulted from theO–H, C =O, and
C–F bonds, respectively, of the incorporated gemcitabine. These findings
confirm the successful incorporation of PTX and gemcitabine into the
microparticles and hydrogel.

In Vitro drug release profile of PTX-loaded electrosprayed
microspheres
The in vitro release profile of PTX from the PTX-loaded electrosprayed
microspheres was evaluated over a 30-day period (Fig. 3). Samples were
collected at regular intervals to monitor the cumulative release of PTX.
Throughout the study, PTX demonstrated a stable, sustained release with-
out any detectable initial burst. At the conclusion of the 30-day period, the
total cumulative release of PTX reached 62.1% of the encapsulated drug,
indicating an efficient and controlled release mechanism of the
microspheres.

PLICT enhances tumor suppression in orthotopic TNBC
mouse model
To evaluate the therapeutic efficacy of PLICT in controlling TNBC growth
and metastasis, 6-week-old female BALB/c mice were orthotopically
inoculated with 3 × 105 luciferase-expressing murine 4T1mammary tumor
cells in the fourth mammary fat pads (Fig. 4). Seven days post-inoculation,
mice were randomly assigned to one of four treatment groups: (1) Vehicle
control, (2) PTX (i.p.), (3) PTX+GEM (i.p.), and (4) PLICT, as detailed in
the materials and methods section. At the conclusion of the study, tumors
were surgically excised from themice. After carefully removing any residual
microspheres from the tumor tissue, a portion of the tumorwas subjected to
flow cytometry for immune cell profiling, while another portion was pro-
cessed for residual PTX concentration analysis.
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Mice were subjected to the specific treatment regimens as outlined in
the experimental design. Tumor growth showed a clear and distinct pattern
across the treatment groups, with the vehicle group displaying the most
rapid progression of tumor growth (Fig. 5). The PTX i.p. group exhibited a
noticeable reduction in tumor size compared to the vehicle group, followed

by the PTX+GEM i.p. group, which demonstrated further inhibition of
tumor progression. However, the most significant suppression of tumor
growth was observed in the PLICT group, where tumor expansion was
drastically reduced. These results highlight the superior efficacy of PLICT in
controlling tumor growth compared to other treatment modalities.

Fig. 1 | Fabrication andmorphological characterization of PTX-loaded electrosprayedmicrospheres. a Schematic diagram of the electrospray setup for the fabrication of
microspheres. b, c SEM image showing the surface morphology of PTX-loaded PLGA microspheres. d Diameter distribution of PTX-loaded PLGA microspheres.

Fig. 2 | Fourier-transform spectra. a PTX-loaded mircoparticles, b gemcitabine-embedded hydrogel.
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PLICT reduces metastasis in orthotopic TNBCmouse model
To further assess metastatic potential, ex vivo BLI was performed on dis-
sected organs 28 days post-tumor implantation. Significant differenceswere
observed among groups in bioluminescence signal intensity, tumor volume,
and tumor weight (Fig. 6a–c). Consistent with these findings, the vehicle
group exhibited the highestmetastatic burden, followed by the PTX i.p. and
PTX+GEM i.p. groups. Notably, the PLICT group demonstrated themost
substantial reduction in metastatic spread, as evidenced by significantly
lower bioluminescence signals in metastatic organs (Fig. 6d). These differ-
ences underscore the enhanced therapeutic effect of PLICT, which out-
performed the other treatments in reducing both tumor size and
bioluminescent signals, confirming its potent antitumor activity.

PLICTpromotes theexpansionofcytotoxic T lymphocyteswithin
the tumor microenvironment
Building on the prior findings of enhanced tumor growth inhibition, we
investigated whether PLICT’s potent antitumor effects in TNBCmight also
modify the immune cell composition within the tumor microenvironment.
Flow cytometry was performed on resected 4T1 tumors after PLICT
treatment to identify shifts in immune cell profiles and understand the
potential mechanisms underlying PLICT’s therapeutic effects. Initial ana-
lysis focused on the overall T-cell population within the tumor micro-
environment. While the PLICT group exhibited a trend towards increased
T-cell infiltration compared to the vehicle, PTX i.p., and PTX+GEM i.p.
groups, this difference did not reach statistical significance (Fig. 7a). How-
ever, a notable increase in theproportionofTc cellswasobserved exclusively
in PLICT-treated tumors, highlighting the treatment’s specific impact on

this critical subset of T cells (p < 0.01, Fig. 7b). This increase in Tc cells
(11.27%), coupled with the lack of a similar response in other treatment
groups (vehicle group: 1.92%, PTX i.p. group: 2.43%, PTX+GEM i.p.
group: 2.30%), suggests that PLICT may particularly enhance the tumor-
killing capacity by enriching the CTLs population. The PLICT group also
demonstrated a modest increase in regulatory Tc cells compared to the
Vehicle group (p < 0.05, Fig. 7c), which was far outweighed by the robust
expansion of cytotoxic T cells. Moreover, while the helper T-cell population
remained relatively consistent across all treatment conditions (Fig. 7d), a
decrease in regulatory helper T cells was observed in the PLICT group
compared to the vehicle group (Fig. 7e). Interestingly, regulatory helper
T cells, which are typically associated with immune suppression within
tumors, were significantly reduced in PLICT-treated tumors compared to
other groups. This reductionmay imply a beneficial shift towardmodulated
immune microenvironment that could further support antitumor immu-
nity and potentiate the efficacy of CTLs within the tumor site.

In terms of innate immune cells, we observed that NKs were most
prevalent in tumors of the PTX i.p. group (Fig. 7f). This finding emphasizes
that while the PTX i.p. group may bolster certain aspects of the innate
immune response, PLICT’s effect is more pronounced within the adaptive
immune system, particularly affecting CTLs.

Collectively, these results indicate that PLICT favorably modulates the
intratumoral immunemicroenvironment, characterized by increased CTLs
and a reduction in suppressive regulatory helper T cells. This unique
immune modulation by PLICT could be instrumental in its observed
tumor-suppressive effects, offering promising insights into its potential as a
targeted immunochemotherapy for TNBC.

Fig. 3 | In vitro release profile of PTX fromPTX-loaded electrosprayedmicrospheres. Samples were collected at regular intervals, and the daily release (a) and cumulative
release (b) of PTX was quantified. Data are expressed as the mean ± SD of triplicate measurements.

Fig. 4 | Schematic representation of the experi-
mental design and treatment protocol. The top
part of the figure shows a schematic representation
of the mammary gland transplantation procedure.
OnDay -7, 4T1-Luc tumor cellswere inoculated into
the 4th mammary fat pads of 6-week-old female
BALB/c mice. On day 0, a 5-mm incision was made
in the mammary gland epithelium of mice in PLICT
group to transplant PLICT into the fat pad. Mice in
the PTX i.p. and PTX+GEM i.p. groups received
correlated chemotherapy weekly for four con-
secutive weeks. Tumor size and growth were mon-
itored weekly by bioluminescent imaging. On Day
28, tumors were excised and any remaining micro-
spheres were carefully removed. The tumor tissues
were then analyzed for immune cell profiles via flow
cytometry and for residual PTX concentration.
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PLICT enhances intratumoral accumulation of PTX and reduces
off-target effects
To understand how PLICT treatment influences intratumoral PTX con-
centration and its distribution in surrounding tissue,we analyzedPTX levels
in the tumors and contralateral fat pads. Following PLICT treatment,
tumors showed a significantly higher PTX concentration compared to PTX
i.p. and PTX+GEM i.p. groups (p < 0.05, Fig. 8a), indicating that PLICT
enables enhanced PTX retention within the tumor microenvironment.
Meanwhile, therewere no significant differences in bloodPTX levels among
the groups (Fig. 8b). In contrast, PTX levels in the contralateral fat pad were
notably lower in the PLICT group, exhibiting a significant reduction
(p < 0.001, Fig. 8c). This differential distribution pattern highlights PLICT’s
targeted delivery capabilities, concentrating therapeutic effects within the
tumor while minimizing off-target effects.

Functional validation of antitumor immunity via CD69 activation
While the increased ratio of CTLs in the PLICT-treated tumors was
observed in our flow cytometric analysis (Fig. 7), it remained unknown
whether the complex interplay between the sustained release of the
immunoadjuvant (CpG ODN) and the cytotoxic agents successfully led to
the functional activation of these infiltrating cells. To assess the immune
activation status in situ, we performed immunohistochemical (IHC)
staining forCD69, awell-establishedearlyT-cell activationmarker.Analysis
of the tumor sections revealed a marked upregulation of the CD69 marker,
demonstrating a significantly higher enumeration of activated CD69+

T cells in the PLICT treatment group compared to all control and mono-
therapy groups (Fig. 9). This observation, coupled with the original finding
of enhancedCTL infiltration, confirms that theCpGODNreleased fromthe
PLICT platformmaintained its biological potency and successfully engaged
the TLR9 signaling pathway. Collectively, the robust increase in both the
number of CTLs and their activation status (CD69+) provides compelling

functional evidence that the released immunoadjuvant successfully orche-
strated a productive adaptive immune response, synergizing with the che-
motherapeutics to achieve the observed superior tumor control and
therapeutic efficacy.

Assessment of systemic toxicity of PLITC
Toevaluate the potential systemic toxicity of PLICT treatment, liver, kidney,
brain, and lung tissues were collected from mice for histological sectioning
and hematoxylin–eosin (H&E) staining to assess tissuemorphology and the
in vivo safety profile of PLICT (Fig. 10). H&E staining revealed normal
hepatic architecture and hepatocyte morphology in the vehicle group. In
contrast, mice treated with systemic chemotherapy (PTX i.p. or PTX+
GEM i.p.) exhibited hepatocellular swelling, marked sinusoidal compres-
sion, and prominent inflammatory cell infiltration. Notably, the PLICT
group demonstrated substantially attenuated histopathological damage,
closely resembling the vehicle group. Furthermore, no notable histological
damage or inflammatory infiltration was observed in the glomeruli, renal
tubules, neurons, or pulmonary epithelial cells across any treatment group.
Collectively, these findings indicate that PLICT not only confers superior
therapeutic efficacy but is also associated with markedly reduced systemic
toxicity and a favorable in vivo safety profile.

Discussion
The highly heterogeneous nature of TNBC and the paucity of effective
therapeutic options beyond chemotherapy have contributed to its notor-
iously poor prognosis. Emerging research has highlighted the concept of
tumor-immune co-evolution, whereby metastatic tumors evolve mechan-
isms to evade immune surveillance, resulting in significant phenotypic and
genotypic differences compared to their primary counterparts. This evo-
lutionary process highlights the importance of considering metastatic
TNBC as a complex ecosystem, characterized by both intrinsic and extrinsic

Fig. 5 | PLICT enhanced antitumor efficacy in the orthotopic TNBCMouseModel.
aTumor growth curve. The volumes of 4T1-Luc tumorsweremeasured and calculated
using the following formula: volume =width2 × length × 0.5236. Data are presented as
tumorvolumes in each group (n = 5 tumors/group).bRepresentative images of tumors

excised from mice after 28 days of treatment. c The mean tumor weight of
each group at the study endpoint. Data are expressed as mean ± SD. *p < 0.05,
**/##p < 0.01, ***/###/†††p < 0.001.

https://doi.org/10.1038/s41523-026-00910-7 Article

npj Breast Cancer |           (2026) 12:45 5

www.nature.com/npjbcancer


factors that contribute to its aggressive nature27. Notably, post-treatment
metastases exhibit a higher frequency of private “driver” mutations, sug-
gesting that therapeutic interventions promote clonal selection and
evolution28. Moreover, metastatic sites exhibit a pronounced immunode-
pleted state, characterized by reduced numbers of tumor-infiltrating lym-
phocytes, CTLs, and dendritic cells, alongside diminished expression of
immunomodulatory genes, such as interferon-related signatures27,29,30.
Therefore, developing strategies to suppressTNBCgrowthwhile promoting
intratumoral immunity and preventing metastatic dissemination is
imperative.

Our study demonstrates that PLICT offers a significant advantage over
conventional injectable chemotherapy for treating TNBC. The sequential
release of GEM and CpG ODN, followed by sustained delivery of PTX,
represents a novel therapeutic strategy for TNBC. Initially, the release of
GEM from the hydrogel reduces tumor burden, providing an immediate
cytotoxic effect. Concurrently, CpG ODN is released, modulating immune
responses within the tumormicroenvironment and enhancing the presence
of CTLs. Finally, PTX is released from the microspheres, providing sus-
tained tumor growth inhibition over time. PLICT achieves superior tumor
growth inhibition and reducesmetastatic spreadwhileminimizing systemic

exposure to chemotherapeutic agents in non-target tissues. Additionally,
PLICT enhances the proportion of CTLs within the tumor microenviron-
ment, suggesting modulation of the immune microenvironment. These
findings underscore the potential of PLICT as amore effective and localized
therapeutic approach, offering a dual benefit of direct tumor suppression
and immune modulation.

Metronomic chemotherapy (MCT) is a therapeutic strategy involving
the sustained administration of low-dose chemotherapeutics. Its mechan-
isms of action include direct tumor suppression, disruption of angiogenesis
within the tumor microenvironment, and stimulation of intratumoral
immune activation31,32. Previous investigations from our laboratory have
indicated that local delivery of PTX, analogous to metronomic che-
motherapy, exerts inhibitory effects on tumor growth and angiogenesis23.
While single-drug MCT has shown moderate efficacy, combining two
chemotherapeutics can yield enhanced outcomes33. Emerging evidence also
supports combining MCT with immune checkpoint inhibitors for
enhanced anti-tumor effects32. However, in clinical practice, MCT is often
restricted to palliative care in late-stage cancer due to practical constraints,
such as reliance onoral chemotherapeutic agents for patient convenience. In
this study,wepresent PLICTas a next-generation approach thatmirrors the

Fig. 6 | Inhibition of tumor growth and metastasis by PLICT in an orthotopic
TNBC mouse model. aMice were euthanized and dissected on day 28, with
representative non-invasive bioluminescent imaging (BLI) of tumor-bearing mice
performed at specified intervals using the IVIS system. bQuantitative assessment of
Xenogen imaging signal intensity (photons/s) was conducted at designated time

points. c Representative ex vivo BLI of metastatic sites in the 4T1-Luc orthotopic
breast cancer spontaneousmetastasismodel; lungs were excised and imaged at study
termination, with mean signal intensity reported for each group. d Signal intensity
analysis at the experiment’s conclusion. Data are presented as mean ± SD. *p < 0.05,
**/##p < 0.01, ***/###/†††p < 0.001.
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benefits ofMCTwhile overcoming its limitations. By providing continuous,
long-lasting, and stable drug release, PLICTachieveshigh intratumoral drug
concentrations, minimal systemic toxicity, reduced distant metastasis, and
robust immune activation without requiring drug-free intervals. Moreover,
PLICT offers the versatility to incorporate non-oral chemotherapeutic
agents, deliver combinations of drugs with differing solubility profiles, and
precisely tailor release sequences to maximize therapeutic outcomes. It
utilizes a thermosensitive hydrogel to carry hydrophilic drugs and hydro-
phobic drug-coated PLGA microspheres, enabling administration via fine
needles. The 5–15 μmsize range (averaging 10.16 ± 2.98 μm)was selected to
balance biological retention with deliverability. Diameters >5 μmminimize
macrophage-mediated clearance34,35, while ensuring smooth administration
through 26–30 G needles without clogging. Furthermore, the observed
polydispersity facilitates a multi-phased release where smaller particles
provide early-stage release contribution and larger ones ensure sustained
delivery, directly supporting the goals of ourPLICTstrategy. Thisminimally
invasive option allows for imaging-guided techniques to safely and

effectively deliver therapeutic agents to various parts of the body for cancer
treatment. From a clinical perspective, PLICT requires only a single injec-
tion to provide long-term drug release, eliminating the need for surgical
interventions or prolonged intravenous injections. This not only enhances
patient comfort but also improves treatment compliance, offering a highly
practical and efficient alternative for cancer therapy.

The literature has increasingly acknowledged the efficacy of TLR9
agonizts as an adjuvant in mitigating the immunosuppressive effects of
myeloid-derived suppressor cells and promoting immune infiltration,
particularly in tumors with low immunogenicity21,22. However, the short in
vivo half-life of CpGODNdue to degradation by nucleases has limited their
clinical application. We hypothesized that the sustained-release properties
of PLICT offer a promising strategy to prolong the in vivo retention time of
CpG ODN, thereby enhancing immune stimulation. Flow cytometric
analysis was conducted to quantify immune cell subsets within the tumor
microenvironment. In accordance with our prediction, PLICT treatment
increased the proportion of intratumoral CTLs. Our findings further

Fig. 7 | Intratumoral immune cell profiles in TNBC tumors after PLICT treat-
ment. a Flow cytometric analysis of total T cells within the tumor microenviron-
ment. Quantification of CD8+ T cells (b) and regulatory CD8+ T cells (c) within
the tumor microenvironment. Analysis of CD4+ (d) and CD25+FoxP3+

regulatory T cells (e) within the tumor microenvironment. f Analysis of NK cells
within the tumor microenvironment. Data are presented as mean ± SD. *p < 0.05,
**p < 0.01, compared to the vehicle group.
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corroborate the notion from previous studies that the extent of tumor
infiltration by CTLs is positively correlated with prognosis36–41. Intriguingly,
while previous studies have demonstrated that CpG ODN treatment can
increase monocytes and tumor-infiltrating lymphocytes, the PLICT treat-
ment in our study did not yield the same results37–39. Those studies typically
involved multiple administrations of CpG ODN throughout the experi-
ment, whereas PLICT consisted of CpGODN release at the beginning. This
discrepancy may be attributed to differences in experimental design.
However, the exact reasons underlying this difference require further
investigation.

Distant metastasis, the spread of cancer cells from the primary site to
distant organs, is the primary cause of cancer-related deaths and limits the
efficacy of surgery. A prerequisite for successful metastasis is the formation
of pre-metastatic niches in distant organs, which are specialized micro-
environments that facilitate the colonization and growth of tumor cells42,43.
Pre-metastatic niches are induced by factors secreted by primary tumors
and are characterized by alterations in the microenvironment of distant

organs, including increased vascular permeability, immune suppression,
and remodelingof the extracellularmatrix.Chemotherapy,while effective in
eliminating primary tumors, can inadvertently promote metastasis44–46. By
damaging both the primary tumor and distant organs, chemotherapy can
induce the release of circulating tumor cells and tumor-associated factors
that further enhance pre-metastatic niche formation and impair antitumor
immune responses. PLICT offers a promising therapeutic approach by
delivering high concentrations of chemotherapeutic agents locally to the
primary tumor, therebyminimizing off-target effects on distant organs. The
MCT-mimicking effect of local PTX delivery may also reduce angiogenesis
in the tumor microenvironment23. Furthermore, PLICT demonstrated an
increase in the infiltration of tumor-infiltrating T cells within the tumor,
leading to a more robust antitumor immune response. Consequently, by
targeting the primary tumor and reducing systemic drug exposure, PLICT
may mitigate the formation of pre-metastatic niches in distant organs,
thereby reducing the potential for metastasis compared to systemic
chemotherapy.

Fig. 8 | Quantitative analysis of PTX concentration in TNBC tumors and peripheral fat pad following PLICT treatment. a PTX concentration in tumors. b PTX
concentration in blood. c PTX concentration in the peripheral fat pad. Data are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 9 | Immunohistochemical analysis of T-cell
activation status (CD69) in the tumor micro-
environment. a Representative Images of tumor
sections for H&E and CD69. Tumor sections from
mice following various treatments (Control, PTX i.p.,
PTX+GEM i.p., and PLICT) were stained for CD69
to assess the activation status of tumor-infiltrating
T cells. Cell nuclei are counterstained with Hema-
toxylin (blue). (Scale bar: 30 μm; Original magnifica-
tion: ×400).bQuantificationofActivatedTCells. IHC
staining scores for CD69 expression were compared
among the different tumor treatment groups. CD69
expression was significantly higher in the PLITC-
treated group. Data are presented as mean ± SD.
*p < 0.05, **p < 0.01, ***p < 0.001.
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This study has several limitations. First, while intravenous injection is a
standard route of administration, PTX and GEM were delivered via intra-
peritoneal injection in this study. Second, the efficacy of PLICT in patients
with metastatic disease, post-surgical recurrence, or as a neoadjuvant
therapy remains unclear and requires further investigation. Third, the
current immune profiling is limited to cell population frequencies and
activation, which only partially addresses the complex balance of immune
activation in the tumor microenvironment. Furthermore, the tumor spe-
cificity of the enhancedCTL response has not been confirmed. Futurework,
including ex vivo assays using tumor lysates to stimulate memory T cells, is
essential to definitively characterize the quality and durability of the PLICT-
induced immune response. However, it is anticipated that PLICT could
effectively control the local recurrence of the tumor.

There remains ample room for further investigation into the PLICT
platform. For instance, the platformhas thepotential to integrate a variety of
drugs with disparate properties, such as incompatible chemotherapeutic
agents, immune checkpoint inhibitors, targeted therapy, tumor vaccines,
mRNA-based cancer therapeutics, and antibody-based immunotherapy, to
achieve maximal synergistic effects. Moreover, by leveraging the varying
half-lives of different drug carriers, it is feasible to sequentially release three
or more distinct regimens within a single platform at various time points.
Additionally, as this study only released CpGODN at the initial stage of the
experiment, intermittent release could be explored to identify the optimal
dosing interval and dosage, thereby maximizing the body’s immune sys-
tem’s ability to eliminate tumor cells. Crucially, it is intuitively inferred that
the therapeutic efficacy of PLICT, being a local delivery platform, would be
significantly limited or unsuitable forwidespread hematologicmalignancies
(e.g., leukemia) that lack a defined solid tumor mass. Lastly, developing
specific PLICT platforms for different tumor types and integrating PLICT
with surgery and radiation therapy could potentially lead to optimal control
or even a cure.

In conclusion, this study demonstrates the significant potential of
PLICT as a novel therapeutic approach for triple-negative breast cancer. By
combining the cytotoxic effects ofGEM, the immunostimulatory properties
of CpG ODN, and the sustained release of paclitaxel, PLICT effectively
inhibits tumor growth, reduces metastatic burden, and enhances intratu-
moral immunity. The sequential release of these therapeutic agents within a
single platform offers a more precise and personalized approach to cancer
treatment, addressing the limitations of traditional systemic chemotherapy.
Moreover, PLICT’s ability to mimic metronomic chemotherapy while
avoiding systemic side effects provides a compelling rationale for its clinical
translation. Future studies should investigate the efficacy of PLICT in

combinationwith other therapeuticmodalities, such as immune checkpoint
inhibitors, and explore its application in various tumor types. Overall, our
findings suggest that PLICT represents a promising strategy for improving
the treatment of triple-negative breast cancer.

Methods
Reagents
PLGA (Resomer RG 503, Boehringer, Rhein Ingelheim, Germany; lactide:
glycolide ratio 50:50,MW33,000 Da)was used formicrosphere fabrication.
PTX, GEM, PF-127 hydrogel, Dimethyl sulfoxide (DMSO), and Dichlor-
omethane (DCM) were purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). Electrospraying was performed using an apparatus consisting of a
needle and syringe, an aluminum collection plate, a grounding electrode,
and a high-voltage direct current (DC) power supply. CpG ODNs were
synthesized by Sangon Biotech (Shanghai, China) according to sequences
reported in the literature47. Fetal bovine serum, penicillin-streptomycin,
trypsin-EDTA, and trypan blue were purchased from Life Technologies
(Gaithersburg, MD, USA). An enhanced chemiluminescence kit was
obtained from Amersham (Arlington Heights, IL, USA). All other cell
culture reagents were of standard laboratory grade.

Cell lines and cell culture
The murine 4T1 TNBC cells, obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA), were cultured in RPMI 1640
GlutaMAX™ medium (Gibco™, Thermo Fisher Scientific, Waltham, MA,
USA) and supplemented with 10% fetal bovine serum (FBS) (HyClone, GE
Healthcare, Chicago, IL, USA), 1mM sodium pyruvate, and 3.5 g/L glucose
(Sigma-Aldrich, Saint Louis, MO, USA).

Preparation and manufacturing of PTX-loaded electrosprayed
microspheres
PTX-loadedmicrospheres were fabricated using the electrospray technique
based on previous studies48. A total of 150mg PLGA and 90mg PTX were
added to 3mL of amixture ofDCMwith the drug loading of 37.5 wt%. This
solution was loaded into a 2.5mL glass syringe equipped with a 26-gauge
stainless steel needle (Terumo, Tokyo, Japan, and Becton Dickinson,
Franklin Lakes, NJ, USA). Electrospraying was performed under controlled
environmental conditions (22–24 °C, 44–49% relative humidity). The
polymer solution was extruded through the needle at a constant flow rate of
0.3mL/h using a syringe pump (World Precision Instruments, Sarasota, FL,
USA) towards a grounded aluminum foil collector (20 × 20 cm²) positioned
12 cm from the needle tip. A high voltage of 12 kVwas applied between the

Fig. 10 | Histopathological analysis (Hematoxylin
and Eosin staining) of major organs (×400). His-
tological sections of the major organs (liver, kidney,
brain, and lung) collected from mice in the vehicle,
PTX i.p., PTX+GEM i.p., or PLICT groups were
stained with hematoxylin and eosin (H&E) for
pathological analysis. Representative images were
acquired at ×400 magnification. All scale bars
represent 30 μm.
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needle and the collector. Following electrospraying, the collected micro-
spheres were placed in a vacuum chamber for 72 h to remove any residual
solvent. Subsequently, the microspheres were transferred to glass vials and
further evacuated for storage.

Preparation and manufacturing of GEM and CpG ODN DNA
hydrogel
Pleuronic F-127 powder was hydrated in distilled water at 4 °C to form
a hydrogel (20% w/v). A drug-loaded hydrogel was prepared by adding
1.2 mg/mL GEM and 0.2 mg/mL CpG ODN to the hydrated PF-127
solution. This yields a CpG ODN loading capacity of approximately
0.1 wt%. The hydrogel was stored at 4 °C until further use.

Characterization of PTX-loadedmicrospheres and gemcitabine-
embedded hydrogel
To characterize the surface morphology of the PTX-loaded electrosprayed
microspheres, they were gold-coated and subsequently imaged using a
scanning electron microscope (SEM; S3000N; Hitachi, Tokyo, Japan). The
zeta potential and polydispersity index (PDI) were analyzed by an ELSZ-
2000 particle size analyzer (Otsuka Electronics, Osaka, Japan).

Spectral characterization of the drug-loaded microparticles and
hydrogels was performed using a Thermo-Fisher Nicolet iS5 FTIR spec-
trometer (Waltham,MA, USA). The instrument operated at a resolution of
4 cm−1 with 32 scans. Samples were pressed intoKBr discs, and spectrawere
obtained across the 500–4000 cm−1 range.

In vitro drug release study
In vitro drug release studies were conducted using a modified sink condi-
tion. Briefly, PTX from electrosprayedmicrosphere samples was incubated
in 1mL of dissolution medium (phosphate-buffered saline (PBS), pH 7.4,
containing 25% methanol) at 37 °C. At 24-h intervals, the release medium
was collected and replaced with fresh medium. PTX concentrations in the
collected samples were determined using high-performance liquid chro-
matography (HPLC). The HPLC analysis was performed with Hitachi
HPLC liquid chromatograph system comprised Hitachi CM 5160 pump,
Hitachi CM 5310 column oven, Hitachi CM5260 Auto Sampler: and
Hitachi CM 5420 UV-VIS detector. The column used for separation of the
PTX was a Waters SunFire ® C18 5 μm 4.6 x 250mm. The mobile phase
contained deionized water and acetonitrile (50:50 v/v). The absorbencywas
monitored at 227 nm, and the flow rate was 1.0mL/min with a retention
time of 20min and pressure of 230mmHg. PTXwas detected at 227 nm. A
standard curve was generated using known concentrations of PTX
(R² = 0.9997), demonstrating excellent linearity for accurate quantification.
Each release study was performed in triplicate for 30 days to ensure
reproducibility.

Orthotopic 4T1 TNBCmouse model
Female BALB/c mice (6 weeks old) were procured from the National
Laboratory Animal Center (Taipei, Taiwan). All animal procedures were
conducted in compliance with institutional guidelines and approved by the
Institutional Animal Care and Use Committee (IACUC). To establish an
orthotopic model of triple-negative breast cancer (TNBC), mice were
anesthetized with 3% isoflurane delivered via a precision vaporizer system,
ensuring consistent depth of anesthesia throughout the procedure. Using a
27-gauge needle, 5 × 105 4T1 cells stably expressing green fluorescent pro-
tein (GFP) and firefly luciferase were suspended in a 1:1 ratio of phosphate-
buffered saline (PBS) and growth factor-reducedMatrigel and injected into
the right inguinalmammary fat pad. Following tumor cell inoculation,mice
were monitored daily for general health and tumor engraftment. After a
7-day tumor establishment period, tumor burden was evaluated by biolu-
minescent imaging (BLI) using the Xenogen IVIS Spectrum system. Mice
exhibiting comparable BLI signals were randomly assigned into four
experimental groups, ensuring balanced tumor volumes at baseline to
minimize inter-group variability in subsequent analyses. The experimental
groups were: Group 1 (Vehicle control): topical application of a blank

hydrogel combined with unloaded PLGA microspheres directly onto the
tumor surface. Group 2 (PTX):Weekly intraperitoneal (i.p.) administration
of paclitaxel (PTX) at a dose of 10mg/kg (equivalent to 0.2 mg/mouse)
formulated in 10% DMSO, for a total duration of 4 weeks. Group 3
(PTX+GEM): Intraperitoneal administration of a combination of PTX
(10mg/kg) and gemcitabine (GEM, 60mg/kg; equivalent to 1.2 mg/mouse)
during thefirst week, followed byPTXalone (10mg/kg) onceweekly for the
subsequent 3 weeks. Group 4 (PLICT): Local application of 500 μL of the
PLICT formulation directly onto the tumor surface, containing 0.8mg/
mouse PTX, 1.2mg/mouse GEM, and 100 μg/mouse CpG oligodeox-
ynucleotide (CpG ODN).

Evaluation of antitumor activity
To evaluate antitumor efficacy, twenty female BALB/cmice were randomly
allocated into four experimental groups (n = 5 per group). Tumor pro-
gression was monitored weekly using in vivo bioluminescence imaging
(BLI) with the IVIS Imaging System (Caliper Life Sciences, Alameda, CA,
USA). Tumor dimensions were measured weekly with calipers, and tumor
volumes were calculated accordingly. On day 28, all mice were euthanized,
and ex vivo BLI of the excised tumor-bearing tissues was performed using
the IVIS Spectrum system. Tumor weights were measured at the time of
tissue collection.

Bioluminescence image
Mice were anesthetized with 1–3% isoflurane and subsequently placed into
the IVIS imaging system (Xenogen). Each animal received an intraper-
itoneal injection of 100 μL of d-luciferin (30mg/mL; Caliper Life Sciences).
Bioluminescent acquisition was initiated approximately 2min after sub-
strate delivery. During the treatment period, metastatic burden was eval-
uated longitudinally by serial imaging. The initial acquisition timewas set at
2min,with subsequent exposures adjustedbasedon signal intensity to avoid
saturation. Image analysis was conducted using Living Image software
(Xenogen). Regions of interest (ROIs) were drawn over the entire animal or
specific organs to quantify the bioluminescent signal, expressed as photon
flux (photons/s/cm²).

Flow cytometry analysis
To analyze the immune cell composition within the tumor micro-
environment (TME) of 4T1 tumor-bearing mice, the mice were
euthanized, and tumors were carefully excised. Tumor tissues were
mechanically disrupted using a Tenbroeck (Corning) homogenizer in
DMEM supplemented with 10% FBS. Tumor-infiltrating immune cells
were enriched by density gradient centrifugation using 30/70% Percoll
(GE Lifesciences). Isolated cells were resuspended in PBS containing
2% FBS and incubated with anti-CD16/CD32 to block non-specific
antibody binding. For flow cytometry analysis, cells were stained with
the following antibody panels: All T cells: CD3+; Cytotoxic T cells
(Tc): CD3+ CD8+; Helper T cells (Th): CD3+ CD4+; Regulatory
T cells: CD3+ CD4+ CD25+ FoxP3+; NK cells: CD3− CD56+;
NKT cells: CD3+ CD56+; CD4+NKT cells: CD3+ CD4+ CD56+;
CD8+NKT cells: CD3+ CD8+ CD56+; Macrophages: CD45+ F4/
80+; M1 macrophages: CD45+ F4/80+ CD86+; M2 macrophages:
CD45+ F4/80+ CD209+. All staining procedures were performed at
4 °C for 30 min, followed by three washes with flow buffer between each
step (live/dead staining, blocking, surface staining, intracellular
staining). Flow cytometry data were acquired using a FACSAria flow
cytometer (BD Biosciences) and analyzed with FlowJo software (ver-
sion 10, Tree Star Software).

Sample preparation and HPLC analysis
At the conclusion of the in vivo study, tissue samples from the experimental
mice were collected for further analysis of PTX concentration. Methanol
with 0.1% (v/v) acetic acid was used as the solvent for tissue extraction
to prevent rapid degradation of PTX. The tissue samples were homogenized
in 3mL of methanol at a speed of 6m/s for 30 s using a homogenizer
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(Prep-CB24, MedClub, Taoyuan, Taiwan). This process was repeated three
times to ensure thorough extraction. Following homogenization, the sam-
pleswerefiltered through a polyvinylidene difluoride syringefilter (0.22-μm
pore size). After centrifugation at 10,000 rpm for 10min, the supernatant
was collected and injected into the HPLC system for quantification and
further analysis.

Haematoxylin and Eosin (H&E) staining
Formalin-fixed, paraffin-embedded tissue sections were deparaffinized in
xylene and rehydrated through a graded ethanol series to distilled water.
Sections were then stained with hematoxylin for 5min, followed by rinsing
in running tap water for 5min to achieve bluing. Counterstaining was
performed with eosin for 30 s. Subsequently, sections were dehydrated
throughagraded ethanol series, cleared inxylene, andmountedwithneutral
resin mounting medium. Representative microscopic fields were captured
for imaging.

Immunohistochemical (IHC) staining
Mouse tumor tissues were fixed in 10% (v/v) neutral buffered formalin,
paraffin-embedded, and sectioned at a thickness of 3 μm. Sections were
deparaffinized in xylene and rehydrated through a graded ethanol series to
distilledwater. Antigen retrieval was performed by heating sections in 0.1M
citrate buffer (pH 6.0) using a microwave oven. Endogenous peroxidase
activity was quenched with hydrogen peroxide, followed by blocking with
normal serum to reduce non-specific binding. Sections were then incubated
overnight at 4 °C with a primary antibody against CD69 (1:500; ab322534,
Abcam). Immunoreactivity was visualized using the Dako REAL EnVision
Detection System (Agilent Technologies, Santa Clara, CA, USA), with
hematoxylin used as a nuclear counterstain. Stained sections were digitally
scanned using the Motic EasyScan system (Motic, Hong Kong, China).
Representative images were acquired for analysis.

Semiquantitative IHC scoring
The semiquantitative IHC score for CD69 was determined based on a
combination of staining intensity and the percentage of positively stained
cells. Staining intensity was graded according to DAB color intensity as
follows: 0, negative; 1, weak; 2, moderate; and 3, strong. The percentage of
positively stained cells was scored as: 0 (<5%), 1 (5–24%), 2 (25–49%), 3
(50–74%), and 4 (75–100%). The final IHC score was calculated by multi-
plying the intensity score by the percentage score.

Ethics statement
All animal experimentswere approvedby the InstitutionalAnimalCare and
Use Committee (IACUC) of Taipei Medical University (IACUC Approval
No.: WAN-LAC-110-021). The protocol of the animal study on mice was
based on the guidelines provided by the Council for International Organi-
zations ofMedical Sciences (CIOMS). Female BALB/cmice (6–8weeks old,
the National Laboratory Animal Center of Taiwan) were used, with efforts
to minimize animal suffering, including anesthesia during peritumoral
injections and humane endpoints for tumor burden.

Clinical trial number: not applicable. This study was conducted using
anorthotopicTNBCmousemodel anddidnot involvehumanclinical trials.

Statistical analysis
Statistical analyses were performed using SPSS Statistics software (version
12.0; IBMCorp., Armonk, NY, USA). Paired sample t-tests were employed
to compare data between groups. Data are presented as mean ± standard
deviation. Statistical significance was defined as p < 0.05.

Data availability
The datasets generated and analyzed during the current study are
available from the corresponding author upon reasonable request. Data
access is subject to the formalization of a Data Transfer Agreement and
must ensure full compliance with the Personal Data Protection Act of
Taiwan.
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