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Hydrogels are widely used in local drug delivery, however, achieving independent and programmable release of
multiple drugs from a single formulation remains a major challenge, particularly for combination therapies
requiring precise temporal coordination. Inspired by the customizable assembly of LEGO bricks, we developed an
injectable modular microgel platform for programmable multi-drug delivery by combining distinct microsphere
modules—each optimized for specific drug types. For example, Gelatin methacrylate microspheres for hydro-
philic drugs and Alginate microspheres for hydrophobic drugs. The resulting composite microgel exhibits
outstanding injectability, rapid self-healing properties, and prolonged in vivo retention, ensuring stable and
sustained drug delivery. By modulating matrix concentrations, we achieved precise tuning of release profiles
across a broad spectrum of therapeutic agents, from small molecules to large proteins. We demonstrated clinical
potential in two applications: (1) Sequential delivery of carboplatin followed by RSL3 overcame chemotherapy
resistance, extending mouse survival by 10 days compared to conventional hydrogels. (2) Controlled release of
doxorubicin and paclitaxel leveraged their distinct mechanisms to eliminate cancer cells, reducing tumor mass
3.53-fold versus traditional hydrogels. This modular microgel strategy transcends the limitations of conventional
monolithic systems by enabling the independent programming of drug release profiles, offering a versatile and
customizable platform for implementing sophisticated temporal combination therapies with enhanced precision
and therapeutic outcomes.

1. Introduction from a single formulation [7,8]. Typically, such systems exhibit

simplistic release kinetics—characterized by an initial burst followed by

Hydrogels have emerged as a premier platform for localized and
sustained drug delivery due to their biocompatibility, high hydration
capacity, and tunable physical properties [1,2]. These three-
dimensional polymer networks function as reservoirs, enabling
controlled release of encapsulated therapeutics via diffusion and matrix
degradation, thereby maintaining optimal drug concentrations at tar-
geted sites and improving therapeutic efficacy [3-6]. However, most
hydrogel-based delivery systems remain fundamentally monolithic,
relying on a single matrix to control all encapsulated agents simulta-
neously. This architectural simplicity imposes a critical limitation: the
inability to independently regulate the release kinetics of multiple drugs
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a gradual decline—rendering them unsuitable for complex, multi-drug
regimens [9]. This limitation is particularly critical in modern combi-
nation therapies that require precise timing, sequence, or duration of
drug exposure [10,11]. Moreover, co-encapsulation of drugs with
divergent properties, such as hydrophilic and hydrophobic compounds,
in a single matrix often results in incompatible loading efficiencies and
compromised release profiles [12,13]. Consequently, traditional
hydrogels lack the precision required for sequential drug delivery,
where the timing and order of drug release are crucial for achieving
synergistic therapeutic effects [14-19].

Drawing inspiration from the modular design principle of LEGO
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bricks, where standardized units can be flexibly assembled into complex
architectures, we developed an innovative modular microgel platform to
address current challenges in drug delivery. This system features inde-
pendently engineered microsphere modules with precisely controlled.
Firstly, Gelatin methacrylate (GelMA) microspheres were fabricated via
microfluidics for hydrophilic drugs delivery module and Alginate (ALG)
microspheres were produced through electrospray for hydrophobic drug
delivery module. Our results demonstrate that the release profile of each
drug can be precisely tuned by adjusting the matrix concentration of its
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corresponding module, as validated using model compounds ranging
from small molecules to proteins. Moreover, these modular components
can be seamlessly integrated into an injectable composite microgel
system that exhibits exceptional shear-thinning and self-healing prop-
erties, allowing for smooth syringe injection and perfect conformal
filling of target tissues.

To demonstrate the clinical potential of this modular platform, we
provided two distinct therapeutic implementations that showcase its
versatility and superior performance. Firstly, we engineered a sequential
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Fig. 1. Preparation and characterization of LEGO microgel (a) Schematic illustration of the LEGO-inspired modular microsphere system, where microspheres with
tunable drug release profiles are fabricated through different methods and concentrations, independently loaded with distinct drugs, and flexibly assembled like
LEGO® bricks to create programmable microgel constructs for controlled multi-drug delivery. (b, ¢) The bright-field imaging (b) and the statistics of the diameter (c)
of GelMA microsphere prepared by microfluidics. (d, e) The bright-field imaging (d) and the statistics of the diameter (e) of ALG microspheres prepared by the
electrospray. (f) Strain-cycle experiment for combined GelMA/ALG microgel, whereby materials are cycled between 0.5% and 100% (shaded) strains. (g) Injection of
the combined GeMA/ALG microgel from a syringe through a 24 G needle. (h, i) In vivo fluorescence imaging (h) and the corresponding semiquantitative analysis (i)
of mice subcutaneous injection of cyanine5.5 (Cy5.5) labelled microgel or free Cy5.5 at different time points (n = 3). The data are presented as mean + sem.
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drug delivery system to address platinum-based chemotherapy resis-
tance [20]. The optimized microgel formulation achieves rapid carbo-
platin release to initiate tumor cell apoptosis, followed by sustained
RSL3 delivery that effectively targets drug-tolerant persister cells,
achieving significantly improved therapeutic efficiency, extend the
survival period of mice by up to 10 days over conventional bulk
hydrogel. Secondly, we reconfigured the modular components to repli-
cate the clinical DOX/PTX regimen [21,22], successfully implementing
a precisely timed-release profile featuring immediate DOX delivery,
which effectively killed S-phase cancer cells [23], coupled with
extended PTX release, further killed M-phase cells [24], and reduced
the systemic toxicity. The optimized formulation demonstrated signifi-
cantly enhanced antitumor efficacy compared to standard bolus in-
jections, evident by 3.53-fold less tumor weight, validating the
platform's ability to recapitulate and improve upon complex clinical
treatment protocols. Therefore, this LEGO-inspired modular strategy
presents a paradigm shift in drug delivery design—from single-matrix
formulations toward programmable, mix-and-match delivery systems
capable of orchestrating complex, temporally coordinated combination
therapies that are inaccessible to conventional hydrogels.

1.1. Fabrication and characterization of LEGO-inspired modular
microgels

Inspired by the modular assembly of LEGO bricks into diverse
structures, we developed LEGO-like microspheres with tunable drug
release profiles by precisely tailoring their preparation method, matrix
composition, and concentration (Fig. 1a). Mimicking LEGO brick inte-
gration, these modular microspheres were then assembled into com-
posite microgels capable of controlled multi-drug delivery. We firstly
fabricated the microspheres (modular) using two distinct techniques:
microfluidics and electrospray. GelMA microspheres prepared via
microfluidics displayed highly uniform morphology and a narrow size
distribution, with an average diameter of 255 pm (Fig. 1b, c). Similarly,
ALG microspheres generated by electrospraying exhibited excellent size
consistency, averaging 173 pm with minimal variation (Fig. 1d, e).

By integrating these modular microspheres, we engineered an
injectable microgel with tunable rheological properties. To evaluate its
injectability, we performed oscillatory rheometry under alternating high
(100%) and low (0.5%) strain conditions (Fig. 1f). At low strain, the
combined GelMA/ALG microgel exhibited solid-like behavior, with a
storage modulus (G’ =~ 300 Pa) exceeding the loss modulus (G” ~ 27 Pa)
by an order of magnitude. When subjected to high strain, it exhibited
rapid shear-thinning behavior, as G’ decreased to 50 Pa, falling below G
(~60 Pa), indicating reversible fluidization. Moreover, the combined
GelMA/ALG microgel flowed smoothly through 23-gauge needles and
retained sufficient post extrusion to maintain customized shapes
(Fig. 1g), confirming its dual functionality as both an injectable and
moldable drug delivery platform.

To evaluate the microgel's potential as a sustained-release drug
carrier, we performed in vivo retention studies by loading it with Nile
Red and administering it subcutaneously in mice, with free dye serving
as a control. Fluorescence imaging and semi-quantitative analysis
(Fig. 1h, i) demonstrated striking differences in retention kinetics: while
the free dye signal rapidly diminished within 48 h and became nearly
undetectable thereafter, the microgel-encapsulated dye exhibited pro-
gressive signal decay, maintaining detectable fluorescence up to 10 days
post-administration. These results clearly demonstrate the microgel's
superior retention capability and its potential for sustained release.

1.2. Independent drug release kinetics from modular microspheres

To characterize the drug release behavior of individual microsphere
components within the microgel system, we employed distinct encap-
sulation strategies based on drug solubility. For hydrophilic drugs, we
utilized microfluidic fabrication of GelMA microspheres, where drugs
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were dissolved in the internal aqueous phase, which achieved high
loading efficiency by leveraging the drug's insolubility with the external
oil phase (Fig. 2a). Conversely, for hydrophobic drugs, we used elec-
trospraying technique to produce ALG microspheres, incorporating the
drugs directly into the ALG precursor prior to crosslinking in calcium
chloride solution, thereby minimizing aqueous-phase drug leakage
(Fig. 2b).

To systematically evaluate hydrophilic drug release kinetics, we
employed three model compounds with increasing molecular weights.
Using Rhodamine (MW: 0.48 kDa) as a small molecule model, we
observed rapid initial release from 2.5% GelMA (complete release
within 12 h), while 5% and 7.5% GelMA progressively slowed the
release profile (Fig. 2c). After 12 h, both 2.5% and 5% groups
approached complete release, whereas the 7.5% group exhibited sus-
tained retention (~80% cumulative release, Fig. 2d), demonstrating
concentration-dependent but molecular weight-limited diffusion con-
trol. To assess larger hydrophilic compounds, we employed 4 kDa
dextran, which exhibited significantly improved retention across all
GelMA (Fig. 2e). The 12-h cumulative release decreased systematically
with increasing GelMA concentration (77.2% at 2.5%, 67.5% at 5%, and
57.1% at 7.5%, Fig. 2f), highlighting enhanced matrix entrapment for
higher MW molecules. For protein delivery, BSA (MW: 66.4 kDa)
encapsulation revealed even more pronounced sustained release be-
haviors (Fig. 2g). Due to substantial size exclusion effects, the 12-h cu-
mulative release was further reduced to 52.6%, 45.4%, and 41.6% from
2.5%, 5%, and 7.5% GelMA microspheres, respectively (Fig. 2h).

To characterize hydrophobic drug release kinetics, we encapsulated
Nile Red within electrosprayed ALG microspheres. The release profiles
demonstrated sustained, concentration-dependent release under physi-
ological conditions (Fig. 2i). Over 20 days, cumulative release system-
atically decreased with increasing ALG concentration, reaching only
51.6% (0.5% ALG), 18.4% (1%), and 9.4% (1.5%) (Fig. 2j). This
concentration-dependent release pattern was further validated using the
moderately hydrophobic dye Cy5.5 (Fig. 2k). By day 10, cumulative
release values exhibited a similar inverse correlation with matrix density
(85.4% at 0.5%, 64.3% at 1%, and 43.9% at 1.5% ALG) (Fig. 21). These
results collectively demonstrate precise tunability of hydrophobic drug
release through simple modulation of ALG matrix concentration.

1.3. Superior efficacy of modular drug delivery

To highlight the programmatic delivery advantages of our modular
carrier system, we employed a “chemotherapy-induced drug resistance
reversal” sequential treatment paradigm as our proof-of-concept model.
This therapeutic strategy capitalizes on the mechanistic interplay where
platinum-based chemotherapeutics (such as carboplatin, CBP) exert
cytotoxic effects while simultaneously upregulating GPX4 expression,
thereby fostering the emergence of drug-tolerant “persistent tumor
cells” [25-27]. These resilient populations can then be effectively
eradicated by the GPX4 inhibitor RSL3 [28] (Fig. 3a). Our systemic
validation began with in vitro confirmation of drug synergy. Western
blot analysis (Fig. 3b) demonstrated that while CBP treatment moder-
ately elevated GPX4 protein levels, RSL3 administration potently sup-
pressed its enzymatic activity. Flow cytometry evaluation of the
persister cell markers CD133 [29,30] and ALDH [31] activity revealed a
striking increase in CD133™ populations and ALDH activity post-CBP
exposure, which was dramatically revealed upon RSL3 co-treatment
(Fig. 3c, Supporting information 1), confirming RSL3's efficacy in
eliminating chemotherapy-induced resistant clones. Dose-response
profiling through MTT assays yielded critical insights: whereas only
supraphysiological CBP concentrations (160 pM) exhibited significant
cytotoxicity and RSL3 monotherapy showed negligible toxicity, pre-
treatment with physiologically relevant CBP doses (10 pM) rendered
cells exquisitely sensitive to RSL3 (Fig. 3d, e). Besides, the sensitization
effect exhibited a distinct dose-dependent relationship with CBP. At a
lower CBP concentration (5 pM), higher RSL3 levels were required to
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Fig. 2. Controlled drug release from LEGO moduler (a) A schematic illustration showing the microfluidic approach for preparing microspheres loaded with hy-
drophilic drugs. (b) A schematic illustration showing the electrostatic spraying approach for preparing microspheres loaded with hydrophobic drugs. (c, d) Release
curves (c) and 12-h release percentages (d) of rhodamine from GelMA microspheres with varying concentrations (n = 3). (e, f) Release curves (e) and 12-h release
percentages (f) of dextran from GelMA microspheres with varying concentrations (n = 3). (g, h) Release curves (g) and 12-h release percentages (h) of bovine serum
albumin (BSA) from GelMA microspheres with varying concentrations (n = 3). (i, j) Release curves (i) and 20-day release percentages (j) of nile red from ALG
microspheres with varying concentrations (n = 3). (k,I) Release curves (k) and 20-day release percentages (1) of Cyanine5.5 from ALG microspheres with varying
concentrations (n = 3). The data are presented as mean + sem. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

induce significant cytotoxicity. In contrast, a higher CBP concentration
(20 pM) dramatically enhanced RSL3 potency, with even 5 nM RSL3
eliciting substantial cell killing (Supporting information 2). These re-
sults delineate a precisely timed therapeutic sequence: initial CBP-
mediated tumor debulking and resistant cell generation, followed by
RSL3-mediated persister cell ablation, culminating in comprehensive
tumor eradication. This temporal synergy underscores the imperative
for a delivery platform capable of orchestrating precise drug release
kinetics.

To operationalize this sophisticated therapeutic choreography, we
used the modular microgel system employing LEGO-like assembly
principles. The system's ingenuity resides in its capacity for independent

optimization of two distinct microsphere formulations tailored respec-
tively for hydrophilic CBP and hydrophobic RSL3 drugs, subsequently
unified into a single injectable therapeutic platform. For the CBP mod-
ule, we employed microfluidic-generated GelMA microspheres, which
demonstrated superior drug loading efficiency compared to ALG
hydrogels (Fig. 3f). By systematically adjusting the matrix concentra-
tion, we found that increasing GelMA concentration from 2.5% to 7.5%
progressively slowed CBP release through hydrogel network densifica-
tion, thereby extending drug delivery (Fig. 3g). The 7.5% GelMA
formulation was ultimately selected as it provided an optimal balance
between initial drug concentration and sustained release, preventing
early depletion. For the RSL3 module, we utilized electrosprayed ALG
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Fig. 3. Mechanism and in vitro validation of CBP/RSL3 combination therapy (a) A schematic of carboplatin-induced GXP4 upregulation (mediating drug resistance)
and RSL3-mediated sensitization. (b) Western blot analysis of GPX4 expression in 4 T1 cells under different treatments. (c) Relative viabilities of 4 T1 cells after
incubation with carboplatin at different concentrations for 24 h (n = 3). (d) Relative cell viabilities of 4 T1 cells after incubation with RSL3 at different concentrations
with or without 10 pM carboplatin for 24 h (n = 5). (e) Acetaldehyde dehydrogenase activity in supernatants of 4 T1 cells with different treatments (n = 5). (f) The
loading efficiency of carboplatin in different prepared methods of hydrogel (n = 3). (g) The release curves of carboplatin from GelMA microgel with different
concentrations (n = 3). (h) The release curves of RSL3 from ALG microgel with different concentrations (n = 3). (i) Schematic illustration showing the assembly
process of customizable LEGO-like microgels: individual LEGO-like modules composed of microspheres encapsulated with different drugs are mixed and assembled to
simulate the custom construction of LEGO bricks. (j) The release curves of carboplatin and RSL3 from LEGO microgel (n = 3). (k) Daily drug release from LEGO
microgel. The data are presented as mean + sem, and P values were calculated by one-way ANOVA with Tukey's post hoc test, **p < 0.01.

microspheres. Similar to GelMA higher matrix concentrations resulted in
extended RSL3 release durations. We selected 1.5% ALG concentration
to achieve a sustained, near-linear release profile — a critical feature for
long-term suppression of persister cells (Fig. 3h).

The key innovation is illustrated in Fig. 3i: the precise physical
integration of these pre-programmed modules into a “LEGO Microgel”

activates the desired sequential drug release kinetics from a single in-
jection. The composite microgel demonstrated a loading capacity of
132.33 £ 7.3 pg carboplatin per mg microgel and 44.9 + 3.8 pg RSL3
per mg microgel (Supporting information 3). The composite microgel
first delivers rapid CBP release to initiate tumor killing and persister cell
induction, followed by sustained RSL3 release to eradicate the resistant
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population (Fig. 3j, k). This modular design demonstrated clear func-
tional superiority over conventional delivery systems. To validate effi-
cacy, we employed a Transwell co-culture model with 4 T1 cells
(Fig. 4a). Comparative analysis of the dual-drug LEGO microgel (CBP +
RSL3) against single-drug controls (CBP-only or RSL3-only) and a con-
ventional bulk hydrogel co-loaded with both drugs revealed striking
differences. Cytotoxicity assays (Fig. 4b) showed that while single-drug
microgels showed minimal cytotoxicity, the LEGO microgel (CBP +
RSL3) induced significant cell death, highlighting the critical role of
sequential drug release enabled by our modular system. In contrast, the
conventional bulk hydrogel exhibited limited efficacy, likely due to its
inability to efficiently release hydrophobic drugs RSL3, thereby
compromising drug synergy.

Flow cytometric analysis of CD133" persister cells provided further
mechanistic insights (Fig. 4c, d). As anticipated, CBP-only treatment
significantly expanded this resistant population. While the Bulk(CBP +
RSL3) showed partial reduction, it failed to normalize persister cell
levels. Remarkably, the LEGO Microgel(CBP + RSL3) completely pre-
vented persister cell induction, maintaining baseline level comparable
to untreated controls. This demonstrates that our modular system
effectively delivers functional RSL3 to eliminate therapy- resistant cells.
To investigate the underlying ferroptosis mechanism, we monitored
lipid peroxidation using the specific fluorescent probe (LiperFluo) [32]
(Fig. 4e-g). Both RSL3-only and LEGO Microgel groups exhibited strong
fluorescence signals, confirming successful GPX4 inhibition and conse-
quent lipid peroxide accumulation. In contrast, the bulk hydrogel
showed markedly weaker signal intensity, visually demonstrating its
impaired RSL3 release capability. These findings correlate perfectly with
our cytotoxicity and persister cell data, establishing that our modular
design enables mechanistically precise combination therapy rather than
simply representing a formulation improvement.

1.4. Validated therapeutic efficacy in vivo

We further evaluated the antitumor efficacy of the LEGO Microgel
(CBP + RSL3) in the 4 T1 tumor-bearing mouse model. All microgel
formulations including Microgel(CBP) (containing 30 mg/kg carbopla-
tin), Microgel(RSL3) (containing 10 mg/kg RSL3)and LEGO Microgel
(CBP + RSL3) (containing 30 mg/kg carboplatin and 10 mg/kg RSL3)
were administered via intratumoral injection, while the bulk hydrogel
loaded with CBP and RSL3 (Bulk(CBP + RSL3)) group (containing 30
mg/kg carboplatin and 10 mg/kg RSL3) received peritumoral subcu-
taneous implantation due to its non-injectable nature (Fig. 4h). How-
ever, the elevated interstitial pressure in solid tumors drives the outward
diffusion of intratumorally injected material, resulting in significant
overlap between the two formulations' effective drug delivery volumes
in the critical peritumoral region. Tumor growth curves and survival
analyses revealed distinct therapeutic outcomes across different groups
(Fig. 4i, j, Supporting information 4). The Microgel(CBP) group
exhibited initial tumor suppression, but its efficacy was transient, likely
due to late-stage recurrence driven by carboplatin-induced drug-resis-
tant cell populations. In contrast, the Microgel(RSL3) group exhibited
tumor progression similar to the blank control, consistent with RSL3's
limited intrinsic cytotoxicity against tumor cells. The Bulk(CBP + RSL3)
group displayed only modest improvement over carboplatin mono-
therapy, attributable to its sluggish RSL3 release kinetics. Remarkably,
the LEGO Microgel(CBP + RSL3) group achieved the most pronounced
tumor growth inhibition and significantly prolonged survival. This su-
perior performance stems from the modular design, which enables
precise tuning of RSL3 release rates to synergize with carboplatin's
therapeutic activity.

To investigate the mechanistic basis for observed therapeutic dif-
ferences, we analyzed tumor tissues harvested 15 days post-treatment
via Western blot and immunofluorescence staining. GPX4 protein
expression was significantly suppressed exclusively in the Microgel
(RSL3) and LEGO Microgel(CBP + RSL3) groups, while levels in the Bulk
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(CBP + RSL3) group remained comparable to the control group
(Fig. 4k). These findings confirm that only the modular microgel system
enables effective RSL3 delivery to the target site for full pharmacological
activity. Immunofluorescence staining for the persistent tumor marker
CD133 revealed widespread CD133" cell populations in the Microgel
(CBP) group, whereas both the LEGO Microgel(CBP + RSL3) and
Microgel(RSL3) groups exhibited minimal positivity (Fig. 41, Supporting
information 5). Together, these results demonstrate that our modular
LEGO microgel system achieves precise temporal coordination of two
critical therapeutic phases: carboplatin-induced tumor sensitization and
RSL3-mediated clearance, which overcomes the efficacy limitations of
conventional formulations, enabling synergistic antitumor effects in
complex in vivo environments.

1.5. Precise delivery of clinical sequential chemotherapy regimens

To further demonstrate the broad therapeutic potential of our
modular delivery platform, we extended our investigation to a clinically
pivotal chemotherapy sequence: the sequential administration of
anthracyclines followed by taxanes in breast cancer treatment [33,34].
This well-established regimen, supported by robust clinical evidence
and meta-analyses (EBCTCG), has demonstrated superior survival out-
comes and reduced toxicity compared to concurrent administration
[35]. The development of a single-administration system capable of
precisely replicating this temporal drug release profile—sustained DOX
release followed by PTX—would represent a transformative advance-
ment in clinical oncology. Building upon our successful LEGO microgels
platform, we engineered independent drug release modules for DOX and
PTX through systematic optimization of matrix compositions.

To achieve the desired sequential drug release profile, we developed
two distinct functional modules through precision engineering ap-
proaches. For DOX module, microfluidic technology was employed to
prepare GelMA microspheres at varying polymer concentrations (2.5%-—
7.5%). Systemic release studies demonstrated that 7.5% GelMA micro-
spheres exhibited optimal sustained release kinetics, extending the DOX
release window while maintaining therapeutic concentrations, thereby
ensuring adequate initial tumor exposure (Fig. 5a). For the PTX module,
we adopted an alternative strategy using electrospray techniques to
prepare ALG microspheres (0.5%-1.5%). In contrast to our previous
RSL3 encapsulation approach, we selected 0.5% ALG microspheres to
facilitate rapid drug liberation (Fig. 5b). The integration of these inde-
pendently optimized modules through simple physical mixing yielded
LEGO Microgels(DOX + PTX), in which the loading capacity was
determined to be 47.9 + 3.1 pg doxorubicin per mg microgel and 22.9
+ 2.6 pg peclitaxel per mg microgel (Supporting information 6), have
precisely recapitulated the clinically validated pharmacokinetic profile
(Fig. 5c, d). This successful replication of complex clinical pharmaco-
kinetics through rational modular design conclusively demonstrates our
platform's capability for programmable spatiotemporal drug delivery.

To evaluate the therapeutic potential of our sequential delivery
system, we conducted comprehensive studies in the 4 T1 subcutaneous
tumor model, with intratumoral injection of Microgel(DOX) (containing
10 mg/kg DOX), Microgel(PTX) (containing 5 mg/kg PTX) and LEGO
Microgel(DOX + PTX) (containing 10 mg/kg DOX and 5 mg/kg PTX),
and peritumoral subcutaneous implantation of Bulk(DOX + PTX) (con-
taining 10 mg/kg DOX and 5 mg/kg PTX). The results demonstrated
striking therapeutic advantages of the modular approach. Quantitative
tumor volume analysis revealed that only the LEGO Microgel (DOX +
PTX) group exhibited significant tumor growth inhibition through the
22-day observation period (Fig. Se, h-1). In contrast, all control groups
including single-drug microgels and conventional bulk hydrogels,
exhibited comparable tumor growth kinetics, underscoring the critical
importance of our sequential release strategy. Notably, the optimized
drug release profile of the LEGO Microgel system translated to excep-
tional safety characteristics. Body weight monitoring showed no sig-
nificant fluctuations in the treatment group (Fig. 5g), confirming the
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Fig. 5. The antitumor efficacy of LEGO microgel. (a) The release curves of doxorubicin from GelMA microgel with different concentrations (n = 3). (b) The release
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Individual tumor growth curves in different groups. The data are presented as mean + sem, and P values were calculated by one-way ANOVA with Tukey's post hoc

test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

system's excellent biocompatibility and minimal systemic toxicity. Ter-
minal analysis of excised tumors provided compelling morphological
evidence, with the LEGO Microgel(DOX + PTX) group exhibiting both
the smallest tumor volume and lightest tumor weight (Fig. 5m, n),
providing robust in vivo validation of our platform's ability to synergize
drug sequence and release kinetics for enhanced antitumor efficacy.

2. Conclusion

In summary, we have pioneered an innovative LEGO-inspired
modular microgel platform that addresses a central challenge in drug
delivery: the lack of independent and programmable control over mul-
tiple drug release kinetics within a single formulation. Our approach

revolutionizes conventional hydrogel systems by decoupling drug
loading and release into distinct, independently optimized microsphere
modules, thereby overcoming a critical limitation of conventional
monolithic hydrogels: the inability to precisely coordinate release ki-
netics for multiple drugs with disparate properties. The breakthrough of
our system stems from its modular architecture and programmable as-
sembly. We have demonstrated that the release profile of each
drug—regardless of hydrophilicity—can be precisely engineered by
modulating the matrix concentration of its dedicated module. Subse-
quent physical integration of these pre-programmed modules into an
injectable microgel seamlessly translates independent release curves
into sophisticated, temporally controlled delivery from a single admin-
istration. We rigorously validated this platform in two clinically relevant
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scenarios. First, it enabled sequential delivery of carboplatin and RSL3
to effectively overcome chemotherapy resistance through a novel
“induce-and-eradicate” strategy against persister cells, an achievement
unattainable with conventional bulk hydrogel. Second, its reconfigura-
tion successfully replicated the clinical DOX — PTX sequential regimen
with enhanced antitumor efficacy. These results demonstrate that the
modular microgel functions not merely as a carrier, but as a temporal
regulator of drug action, enabling therapeutic outcomes unattainable
with conventional formulations. Looking forward, this modular plat-
form demonstrates significant potential for scalable manufacture and
clinical translation. The fundamental building blocks—such as
microfluidic-generated GelMA microspheres and electrosprayed ALG
microspheres—are fabricated using inherently scalable techniques. A
particularly advantageous feature of this modular architecture is the
ability to independently produce and store drug-loaded modules in bulk,
which can then be rapidly assembled into customized therapeutic for-
mulations via simple physical mixing. This design enables precise cus-
tomization of combination therapies and coordinated control over drug
release kinetics (e.g., sequential delivery of chemo-immunotherapy
regimens). Such operational flexibility makes this platform particu-
larly well-suited for clinical implementation of complex, multi-agent
therapeutic strategies.
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