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SUMMARY

Myocardial infarction (MI) is a major global health challenge. Surgical interventions address the acute phase but

often fail to support long-term recovery. Sequential post-operative drug delivery offers promise but is con-

strained by release methods. Here, we developed TIMED (temporal intervention with microparticle encapsula-

tion and delivery), a polymeric device enabling programmed sequential release through spatially patterned mi-

croparticles in a tough hydrogel matrix. TIMED demonstrated excellent mechanical performance and

biocompatibility for long-term implantation and retained strong stability after storage. A sequential dosing

regimen aligned with the innate post-MI response was first validated in hiPSC-derived cardiac tissues, where

it enhanced cell viability and vascularization while reducing collagen deposition. In vivo, delivery via the TIMED

THE BIGGER PICTURE Myocardial infarction (MI) remains one of the most pressing global health problems,

leaving millions of patients with long-term cardiac dysfunction despite advances in acute surgical care. A ma-

jor challenge is that the biological response to MI unfolds in distinct phases, yet most current therapies

deliver drugs in a single burst, poorly aligned with these dynamic needs. This work introduces TIMED (tem-

poral intervention with microparticle encapsulation and delivery), an implantable polymeric system. By

combining spatially patterned microparticles within a hydrogel patch, TIMED achieves a programmable

multi-phasic release profile. The system demonstrated strong mechanical performance and biocompatibility

for surgical handling and long-term implantation and maintained stability during storage, showing potential

for off-the-shelf clinical use.

First validated in human stem cell-derived cardiac tissues, our sequential treatment regimen delivered by

TIMED enhanced survival and vascularization, while limiting fibrosis and supporting the biological logic of

timed dosing. In a rodent MI model, TIMED treatment improved survival, reduced cardiac injury markers

and infarct size, and restored heart function beyond what was achieved with equivalent dosing delivered

by conventional intravenous therapy. These findings establish the first cardiac implantable polymeric plat-

form with a programmable release profile, enabling advanced multi-dosing localized therapy. Beyond the

demonstrated treatment regimen, the TIMED platform’s precise control over drug combinations and release

timing provides a framework for sequential treatment across broad therapeutic contexts.
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improved survival, reduced injury markers and infarct size, and enhanced cardiac output, outperforming equiv-

alent i.v. dosing. This work establishes a first-of-its-kind cardiac implantable polymeric platform with modular

sequential release and provides a framework for programmed multi-dosing across diverse applications.

INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of mortality on

a global scale, with ischemic heart disease (IHD) being a primary

subset.1 One critical manifestation of IHD is myocardial infarc-

tion (MI),2 which impacts around 3 million people globally each

year and contributes to over 1 million annual deaths in the United

States alone.3 This condition arises from the cessation or reduc-

tion of blood flow to myocardial tissue, leading to cell death,4 dis-

rupted microvascular structure,5 and fibrosis,6 eventually

compromising cardiac function.

Despite advancements in reperfusion strategies, such as

percutaneous coronary intervention (PCI)7,8 and coronary artery

bypass grafting (CABG),9,10 which aim to restore blood flow,

these procedures often cannot fully reverse myocardial damage,

resulting in suboptimal recovery.8,9 Additionally, reperfusion it-

self can cause ischemia-reperfusion (IR) injury, necessitating

further pharmacological intervention to mitigate its detrimental

effects.3 Post-procedural care frequently involves repeated

medication administration and prolonged hospital stays,

contributing significantly to healthcare costs and frequent hospi-

tal readmissions.11 Subsequently, post-discharge 1-year reho-

spitalization rates exceeded 40% following PCI, with half of

these occurring within the first 2 months, significantly contrib-

uting to overall healthcare expenditures.11

To optimize recovery post MI, there’s a growing focus on

direct cardiac delivery of therapeutic agents.12–15 Various

studies have demonstrated that localized delivery can signifi-

cantly improve cardiac function compared with traditional sys-

temic methods such as intravenous (i.v.) or oral administra-

tion.12,15 Experimental studies and clinical trials have favored

endovascular infusion, which involves catheter insertion via the

femoral artery and guided delivery under fluoroscopy, as well

as transendocardial injection, which employs a catheter with

an injection needle for direct delivery into the heart muscle. How-

ever, these methods generally provide a single treatment oppor-

tunity and carry potential risks from repeated interventions,

including catheter-related injuries. Alternatively, several preclin-

ical studies have demonstrated that drug-loaded implantable

devices, including cardiac patches, can continuously and locally

deliver compounds such as vascular endothelial growth factor

(VEGF) for angiogenesis,16 interleukin-10 (IL-10) for anti-inflam-

mation,17 and transforming growth factor-beta (TGF-β) inhibitors

for fibrosis inhibition.18 However, most patches are limited to

either single-drug delivery or a single-dose release, where all

drugs are released simultaneously. Precise release profiles are

often a challenge for hydrogels, making it difficult to control

drug kinetics and prevent burst release, which can lead to rapid

drug depletion, suboptimal therapeutic duration, increased sys-

temic toxicity, and unintended off-target effects.19–21 Achieving

multidose pulsatile release is particularly challenging due to the

need for sophisticated mechanisms to control different release

kinetics through a single device over an extended period.

To address this pivotal challenge, we developed a platform

called temporal intervention with microparticle encapsulation

and delivery (TIMED). This hybrid polymeric system combines

various drug-loaded microparticles within a tough hydrogel,

with excellent mechanical performance and controlled release

at dynamic surgical sites such as the heart. It introduces a

first-of-its-kind approach to post-operative pharmacotherapy

by delivering multiple therapeutics with precise temporal control,

and aligning drug actions with the defined phases of regenera-

tion and repair, thereby enhancing treatment efficacy.

Through extensive microparticle screening, we established a

library of microparticles with precisely tuned release kinetics,

spanning from 1 day to 1 month. This modular design allows

for the customization of both drug combinations and release

schedules, making it adaptable for a wide range of sequential

therapeutic strategies. To validate this concept, we engineered

the TIMED system to demonstrate a proof-of-concept sequential

treatment based on the known temporal requirements of cardiac

regeneration. Myocardial repair after infarction proceeds

through tightly regulated phases: an early phase focused on pre-

serving cardiomyocytes, a proliferative phase requiring angio-

genesis to restore perfusion, and a remodeling phase where

persistent TGF-β signaling promotes fibrosis.22,23 Because pro-

cesses that are beneficial in one phase can become detrimental

in another, therapeutic success depends on synchronizing drug

delivery with these temporal dynamics.24 The system was engi-

neered to release its encapsulated agents, neurogulin-1 (NRG1)

for cell survival, VEGF for angiogenesis, and small molecule

GW788388 for anti-fibrotic effects, at post-operative intervals

of 1, 7, and 14 days, highlighting its ability to orchestrate a

phased therapeutic intervention.

Following extensive in vitro and in vivo validation, our findings

show that the TIMED system significantly increased cell survival

and vascularization in human induced pluripotent stem cell

(hiPSC)-derived cardiac spheres compared with hypoxic con-

trols. In a rodent model of MI, it resulted in a significant increase

in cardiac output, and a reduction in infarct size. Additionally, this

system was stable for one month at 4◦C, potentially easing clin-

ical translation and enabling the development of an ‘‘off-the-

shelf’’ product. Designed with a streamlined microfabrication

process, this system aims to facilitate repeated administration

on a single polymeric patch, potentially improving long-term re-

covery and alleviating the high costs associated with follow-up

procedures.

RESULTS

Design and fabrication of the TIMED patch

The TIMED patch is designed as a polymeric device for safe

application at the surgical site. It features high modularity

through patterning and encapsulation of an array of microcar-

riers with different pulsatile kinetics at controlled intervals. This

supports repeated administration of single or multiple drugs,
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with customizable schedules for precise temporal control

(Figure 1A).

We selected polylactic-co-glycolic acid (PLGA), a polymer

recognized for its biocompatibility,25,26 as the substrate for

microparticle fabrication. PLGA films were molded into base

configurations with a central reservoir for drug loading, and

then thermally bonded with PLGA caps to form hermetically

sealed particles (Figures 1B and S1). Contrasting with our previ-

ous single microparticles (MPs) administration approach,27,28 we

adopted a spatial patterning technique to create a bulk system

comprising a diverse array of MPs. This allows precise deposi-

tion of different PLGA materials with distinct release profiles

within a single device.

To secure placement of PLGA microparticles at the tissue site,

a tough hydrogel network was engineered to provide a robust

matrix that effectively immobilized the MPs, preventing their

migration and enabling localized delivery over an extended time-

frame. Achieving sufficient toughness and elasticity is imperative

for embedding the particles securely within the hydrogel matrix,

thereby preventing dislocation and ensuring long-term immobili-

zation on the dynamic cardiovascular tissue. A double-network

hydrogel composed of alginate and a high molecular weight

Figure 1. Design and fabrication of the TIMED system

(A) Schematic illustrating the multi-phasic therapeutic delivery profile of the TIMED system implanted on the heart, with sequential release of different compounds

shown in different colors. The enlarged view illustrates the phase-specific release, where therapeutic agents are released through the particle cap into the heart

muscle.

(B) 3D configuration of the drug-loaded PLGA MP array, highlighting various compounds encapsulated in spatially patterned MPs composed of different PLGA

variants.

(C) Polymerization of the dual-network hydrogel patch for MP encapsulation and TIMED patch assembly.

(D) Optical image of a TIMED patch loaded with microparticles. Scale bar, 2 mm.

(E) Optical image of a dextran fluorescein isothiocyanate (FITC) dye-loaded microparticle, encapsulated within the TIMED patch. Scale bar, 200 μm.

(F) Scanning electron microscopy (SEM) image of the hydrogel matrix and a tightly encapsulated MP for detailed structural observation. The microparticle is

pseudo-colored in purple for differentiation from the hydrogel. Scale bar, 400 μm. The hydrogel network is shown in the inset at a higher magnification. Scale bar,

100 μm.
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Figure 2. Mechanical, biocompatibility, and release characterization of the TIMED patch

(A) Representative stress-strain curves from tensile testing of TIMED patches in a swollen state: freshly prepared, stored for 1 month at 4◦C, and after 2 million

stretch cycles at 37◦C.

(B) Analysis of Young’s modulus derived from tensile testing assessments (n = 3).

(C) Measurement of elongation at the break point from tensile testing assessments. n = 3.

(D) Images display the TIMED patch affixed with four 6-0 Prolene suture stitches at each corner, demonstrating its resistance to various strains without tearing.

Scale bar, 6 mm.

(E) Representative fluorescent images of HUVECs after 4-day culture with and without patch placement for toxicity assessment. Calcein acetoxymethyl ester

(AM) and ethidium homodimer-1 were used to label live and dead cells, respectively. Scale bar, 200 μm.

(F) Quantitative analysis of cell viability from (E). n = 3.

(legend continued on next page)
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(MW) poly(ethylene glycol) diacrylate (PEGDA) formulation was

optimized for its exceptional mechanical strength, stretchability,

biocompatibility, and rapid UV crosslinking (Figure 1C). To

envelop the PLGA MPs within the hydrogel matrix, we employed

a bilayer composite encapsulation technique. This strategy

effectively prevented particle detachment during implantation

and long-term placement, avoiding adverse foreign reactions

and payload loss (Figures S2A and S2B). Following this proced-

ure, an engineered elastomeric patch was formed (Figure 1D),

with microparticles securely embedded within the matrix

(Figures 1E and 1F).

Mechanical properties and biocompatibility of the

TIMED patch for long-term implantation

The mechanical properties of an implantable system are crucial

for its performance on dynamic cardiac tissue. Our tests re-

vealed an initial Young’s modulus of approximately 120 kPa

and excellent stretchability exhibiting 480% elongation

(Figures 2A–2C and S2C), falling within the suitable range for

placement on various biological surfaces, including a contract-

ing heart, a notably challenging site for implantation owing to

its dynamic nature.29 This modulus ensures that the patch re-

mains sufficiently flexible to adapt to the heart’s movements

while maintaining its structural integrity.30–32 The mechanical

toughness also enables the hydrogel to withstand the tension

applied by surgical sutures, including Prolene (polypropylene)

and silk, without tearing (Figure 2D). Alternatively, a hydrogel ad-

hesive leveraging a combination of physical and chemical bonds

can be utilized for tissue bonding where sutures are difficult to

apply33 (Figures S2H–S2J). Because the alginate/PEGDA hydro-

gel is soft and viscoelastic relative to the active myocardium, it

conforms to the epicardial surface without constraining motion,

and its mechanical effect is not expected to differ depending

on the stage of the cardiac cycle. After 1 month of storage at

4◦C, the Young’s modulus was maintained at around 85% of

its initial strength, remaining above 100 kPa and 230% elonga-

tion at break (Figures 2A–2C and S2D). Despite this decline in

modulus relative to fresh patches, these values remain well

within a range that supports surgical handling and cardiac per-

formance,29,34 showing potential for off-the-shelf feasibility for

clinical use.

To simulate long-term cardiac application, we employed a

testing method using a balloon system actuated by a ventilator

(Figure S2E). This setup mimicked cardiac contractions by sub-

jecting the hydrogel patch to 2 million cycles of stretching at

200% strain, exceeding the typical strain experienced by the

heart’s movements over approximately 1 month. These tests

were conducted in humidified conditions at 37◦C to replicate

the environment of the chest cavity. Although a significant

decline in modulus and elongation was observed after cyclic

loading, as expected for PEG-based systems under prolonged

fatigue,36–38 the patch maintained structural integrity throughout

testing, with Young’s modulus remaining above 35 kPa and elon-

gation at break exceeding 200% post fatigue, values within the

physiologic range required to accommodate cardiac contraction

(Figures 2A–2C). Consistently, patches stored for 1 month at 4◦C

withstood >2 million fatigue cycles and retained mechanical

properties comparable to fresh patches tested under the same

conditions (Figures S2F and S2G).

To assess the thermal properties of this system, we conducted

differential scanning calorimetry (DSC) (Figure S3). The glass

transition temperatures (Tg) of the PLGA microparticles and hy-

drogel remained constant at approximately 51.5◦C ± 1◦C and

60.8◦C ± 1◦C, respectively, well above physiological body tem-

perature, ensuring no thermal-induced morphological deforma-

tions, thereby preventing unintended release of encapsulated

agents.39 The consistent Tg values through various processing

steps, and the presence of two distinct peaks in the DSC results,

demonstrate compatibility between the MP and hydrogel com-

ponents (Figure S3A). This indicates that the engineering pro-

cess preserves the individual physical characteristics of each

component, ensuring they can function independently within

the dual-carrier system without compromising their specific

drug delivery functions.40

To evaluate the system’s biocompatibility and toxicity profile,

we utilized human umbilical vein endothelial cells (HUVECs)

within a transwell system. This model served as an initial proxy

for assessing the interaction between the engineered patch

and the endothelial lining of blood vessels, which is essential

for various organ systems.41 The results indicated a markedly

low cytotoxicity for the TIMED patch, demonstrating its biocom-

patibility when compared with polyacrylamide (PAAM) patches,

a commonly referenced tough hydrogel material.42,43 These re-

sults validated the patch’s enhanced safety profile for potential

implantation (Figures 2E and 2F). To further evaluate its implant-

ability, we examined the TIMED patch’s swelling behavior under

various physiological conditions. The patch reached its equilib-

rium swelling ratio of 40% within hours, allowing for stable

handling during implantation and sufficient time to conform to

surrounding tissues (Figure S4A). Upon swelling, Young’s

modulus exhibited a statistically significant 10%–15% reduction

relative to the dry state; however, the magnitude of this change is

(G) Computational simulation of drug-release kinetics from three sets of PLGA microparticles capped with polymers of differing molecular weights. Distinct colors

represent the different PLGA cap formulations. The model couples a solid mechanics module with a poroelasticity module, with deformation governed by coupled

equations.35

(H) Temporal simulation of particle deformation correlating with variations in PLGA molecular weight, illustrating the role of polymer molecular weight in

modulating particle deformation.

(I) Optical image of a microparticle loaded with Alexa 694 dextran dye before and after cap deformation, capturing drug release initiated by cap deformation. Scale

bar, 300 μm.

(J) Release kinetics of dextran dyes from MPs fabricated with a panel of different cap materials, varying molecular weight and lactide-to-glycolide ratio. n = 3.

(K) Initial time of peak release detected from each MP composition. n = 3.

Data represent the mean ± SD. Ordinary one-way ANOVA (Sidak’s multiple comparisons test) were used. p values are represented by: *p≤ 0.05; **p≤ 0.01; ***p≤

0.001; ****p ≤ 0.0001; ns, not significant.
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modest compared with the several-fold declines often reported

in softer hydrogel systems, which can markedly reduce mechan-

ical integrity.37,38,44 Elasticity remained largely preserved with no

significant reduction (Figures S2F and S2G). Degradation tests

showed that the PLGA microparticles dissolved within

∼3 months, ensuring retention during the therapeutic window

(Figures S4B–S4D). In contrast, the PEGDA/alginate matrix dis-

played a slow degradation profile, remaining intact at 6 months

and markedly thinned by 12 months (Figures S4B and S4C).

Although gradual degradation is expected to continue beyond

1 year, the matrix is designed for biocompatibility and is not

anticipated to impair cardiac function.

Simulation and screening of temporally controlled drug-

release profiles

To elucidate the release kinetics for a tunable multimodal release

system, we integrated computational modeling and in vitro as-

says on the TIMED patch. Utilizing COMSOL Multiphysics

(Figure 2G), we identified the effect of microparticle cap defor-

mation on drug-release kinetics (Figure 2H), positioning MP

cap deformation as an adjustable parameter to modulate release

rates in a consistent hydrogel matrix. This finding aligned with

our observation that release initiation correlates with cap defor-

mation (Figure 2I). The analysis revealed that the mechanical

properties of the PLGA in the cap, influenced by its MW, signifi-

cantly dictate its deformation, which in turn triggers drug release,

making MW a key adjustable factor for customizing release pat-

terns from microparticles embedded in the hydrogel matrix

(Figures 2H and S5).

To validate the release modularity, in vitro screenings were

conducted using a transwell model, where the MPs released

the payloads into a release buffer beneath the insert, simulating

the physiological fluid environment (Figure S6A). The TIMED

patch contained PLGA MPs, loaded with fluorescent molecules

conjugated to 10 kDa dextran as a model compound. Fluores-

cent intensity in the release buffer was quantified to assess the

release kinetics from each PLGA variant. We assessed a panel

of MP cap formulations, varying parameters such as MW and

lactide-to-glycolide ratio (Figure 2J). We observed clearly

distinct release profiles with pulsatile kinetics (Figure 2J), with

peak release times ranging from 1 day to 1 month (Figure 2K),

achieved by patterning MPs with different cap materials in the

same patch. The segregated release profiles from different cap

materials, exhibited consistency across two selected MP base

materials, indicating the cap material as a customizable compo-

nent for attaining engineering consistency in drug-release

behavior (Figure S6). By leveraging a well-characterized MP li-

brary with defined release kinetics, the system enables a highly

adaptable framework for programmable sequential treatment

strategies.

For functional stability after implantation, we further evaluated

whether cyclic myocardial deformation affects drug-release ki-

netics. The TIMED patch was subjected to dynamic mechanical

stretching at 300 beats per minute (bpm), mimicking the rat heart

rate, at 37◦C, with a 53.5% strain, which is well above typical car-

diac deformation.34 Drug-release profiles measured under both

static and dynamic conditions showed no significant differences

(Figure S7). These results confirm that controlled drug release is

primarily dependent on the cap material’s MW rather than

external mechanical strain, ensuring consistent and predictable

drug delivery despite the contractile forces of the cardiac envi-

ronment. Additionally, the hydrogel matrix serves as a diffusion

medium, enabling uniform drug distribution across the patch.

Imaging of fluorescently labeled dextran confirmed that diffusion

from a single particle array extends throughout the patch,

ensuring even exposure to the underlying tissue (Figure S8).

A sequential drug delivery strategy for cardiac

regeneration using the TIMED system

To develop a protocol for post-MI combination therapy, we de-

signed a treatment regimen involving the precise delivery of mul-

tiple molecules at designated time points. Each molecule was

selected from preclinical studies highlighting their temporal ef-

fects in cardiac repair.45–47 NRG1, known for its cardioprotective

effects, is often administered acutely post MI to minimize imme-

diate cardiac apoptosis.48 VEGF is delivered 1 week post MI dur-

ing the peak of the angiogenic phase, to support vessel forma-

tion and tissue repair.23 Last, GW788388, a small molecule

inhibitor to TGF-β is usually introduced around week 2 to mitigate

fibrosis, aligning with the transition from beneficial to detrimental

TGF-β signaling in post-MI wound healing49 (Figure 3A). This

regimen was used as a proof of concept to validate the potential

of phased delivery systems to improve therapeutic outcomes

by aligning drug delivery schedules with biological repair

processes.

Each of the therapeutic compounds was encapsulated within

distinct segments of PLGA MP arrays, all housed within the same

patch. The TIMED patch facilitated the co-loading of excipients

within MPs to preserve the stability and bioactivity of the protein

compounds during storage and release (Figure 3B). After

screening multiple excipients and their combinations, including

bovine serum albumin (BSA), trehalose (Tre), and heparin (Hp)

for each therapeutic agent, we selected formulations that

demonstrated a recovery rate above 85%, indicating the preser-

vation of the initial therapeutic activity post fabrication, for inclu-

sion in the final system (Figure S9). These tailored excipient for-

mulations enhanced the biostability of the system during

fabrication and storage, maintaining over 85% bioactivity post

particle sealing and hydrogel encapsulation, over 80% after

1-month storage at 4◦C, and retaining more than 70% after

2 weeks of incubation in physiological conditions at 37◦C

(Figure 3C). Bioactivity was evaluated using functional assays,

including NRG1-induced cell proliferation, VEGF receptor acti-

vation, and TGF-β inhibition, to confirm the preservation of

each component’s biological activity. After dispensing in the

same patch and patterning with caps for targeted release time,

each component underwent in vitro assessment using

enzyme-linked immunosorbent assay (ELISA) (Figures 3D and

3E) or liquid chromatography-mass spectrometry (LC-MS)

(Figure 3F). The results indicated that each component exhibited

peak release at the designated time points, days 1–3, days 7–9,

and days 12–14, aligning with its targeted therapeutic windows.

To assess the efficacy of this combination therapy, we estab-

lished an in vitro model of micro-cardiac spheres. These spheres

were constructed by co-culturing human induced pluripotent

stem cell (hiPSC)-derived cardiomyocytes(CMs) with human
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Figure 3. Design and release study of a proof-of-concept cardiac combination therapy with the TIMED system

(A) Design of the sequential therapy employing three drugs, each administered at specific time points post MI to target different repair pathways within their

respective time windows.

(B) Configuration of discrete PLGA microparticles within the patch, where each particle consists of a base with a central reservoir for therapeutic loading and a

matching cap sealed by thermal bonding. Distinct sets of microparticles were used to encapsulate NRG1, VEGF, or GW788388, together with optimized ex-

cipients, and assembled within the same patch array.

(C) Recovery rate of each compound, determined as the ratio of retained to initial bioactivity, following thermal bonding, hydrogel encapsulation, either 1-month

storage at 4◦C or 2-week incubation at 37◦C of freshly prepared patches with the optimized excipient formulation. Bioactivity was assessed through compound-

specific assays to confirm activity retention. n ≥ 6.

Data represent the mean ± SD, ordinary two-way ANOVA (Sidak’s multiple comparisons test) were used. p values are represented by *p ≤ 0.05;

**p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.

(D–F), Release kinetics of each therapeutic agent from the TIMED patch, using ELISA (NRG1 and VEGF) and LC-MS (GW788388) for quantitative analysis. n≥ 5.
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ventricular cardiac fibroblasts (CFBs) and HUVECs, aiming to

emulate the cardiac tissue composition in vitro (Figure 4A).50

These cells were selected as they constitute the primary struc-

tural and functional cellular framework of the myocardium, mak-

ing them a relevant model for cardiac function.51,52 Furthermore,

they enable targeted assessment of therapeutic responsiveness,

cardiomyocytes allow evaluation of NRG1’s cardioprotective ef-

fects, endothelial cells support the analysis of VEGF-induced

angiogenesis, and fibroblasts provide a model for assessing

the anti-fibrotic effects of TGF-β inhibition.48,53

To simulate acute MI-like conditions, the cardiac spheres were

subjected to 24 h of hypoxia with 1% O2. The drug-loaded

TIMED patch was subsequently positioned on a transwell insert

above the cardiac tissue cultures and maintained for a period of

4 weeks along with control groups. Treatment with the drug-

loaded TIMED patch resulted in a 47% decrease in dead cells

post hypoxia compared with untreated controls (Figures 4B

and 4C). Additionally, this treatment group exhibited an approx-

imately 2-fold increase in CD31-positive cells (Figures 4D and

4E), and a 51% reduction in collagen deposition compared

with the hypoxic tissues (Figures 4F and 4G). These results serve

to validate our rationale regarding the effectiveness of timed

therapy in promoting cardiac repair.

To validate the enhanced efficacy of timed release over single-

dose administration and optimize the sequential release

regimen, we initially screened multiple treatment strategies,

including single-phase release of NRG1, VEGF, and TGF-β inhib-

itors (pirfenidone and GW788388), combined single-dose

administration of all agents, and staged release via the TIMED

system. The optimized sequential regimen (NRG1, VEGF, and

GW788388) demonstrated a consistent increase in cell viability

across 3 weeks of cultivation (Figure S10A).

While previous studies have shown that hypoxia enhances the

angiogenic capacity of hiPSC-derived endothelial cells in short-

term in vitro assays,54 we employed a long-term tri-cellular 3D

cardiac sphere model comprising cardiomyocytes, endothelial

Figure 4. In vitro validation of a proof-of-concept cardiac combination therapy with TIMED system

(A) Schematics of the experimental setup of in vitro efficacy assessment using a cardiac sphere model, along with bright-field images of cardiac spheres after

seeding (day 0) and self-assembly (day 7).

(B) Representative images showing live-dead staining of cardiac spheres from different groups. Scale bar, 250 μm.

(C) Quantitative analysis of cell death per mm2 tissue area. n = 5.

(D) Representative images of cardiac spheres stained with α-actinin and CD31 to evaluate cellular composition and angiogenesis. Scale bar, 10 μm.

(E) Quantification of CD31 coverage, indicative of the extent of neovascularization within the cardiac spheres. n = 5.

(F) Representative images of cardiac spheres stained for collagen to assess fibrotic deposition. Scale bar = 10 μm.

(G) Quantitative analysis of collagen coverage as a metric for fibrosis within each tissue sample. n = 5.

Data represent the mean ± SD. Ordinary one-way ANOVA (Sidak’s multiple comparisons test) were used. p values are represented by: *p≤ 0.05; **p≤ 0.01; ***p≤

0.001; ****p ≤ 0.0001; ns, not significant.
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cells, and fibroblasts to better approximate the in vivo cardiac

microenvironment. Our findings agree with reports that fibro-

blast-mediated extracellular matrix remodeling and shifts in

paracrine signaling can diminish transient pro-angiogenic effects

over prolonged culture.55,56 Notably, TIMED therapy enhanced

vascularization beyond VEGF-only treatment (Figure S10B).

Furthermore, TIMED treatment led to collagen reduction, while

maintaining a more stabilized collagen matrix network compared

with GW788388-only treatment (Figure S10D).

To gain more insight, we performed quantitative reverse-tran-

scription PCR (RT-qPCR) analysis on key genes regulating cell

survival, stress response, fibrosis, and angiogenesis. Hypoxia-

inducible factor 1-alpha (HIF-1α) upregulation under hypoxia

confirmed the model’s validity in replicating myocardial

ischemia.57 Compared with combined single-dose administra-

tion, the TIMED patch significantly reduced caspase-3, B-type

natriuretic peptide (BNP), and interleukin-6 (IL-6), likely because

staggered release prevented uncontrolled peak concentrations

that exacerbate stress-induced responses.58–60 It also provided

superior fibrosis regulation, with a marked decrease in TGF-β,

collagen type I alpha 1 chain (COL1A1), and matrix metallopro-

teinase 2 (MMP2) expression. Notably, TIMED therapy enhanced

angiogenesis, with higher platelet and endothelial cell adhesion

molecule 1 (PECAM1) expression than single-dose VEGF admin-

istration.61 These results explain the observed phenotypes,

demonstrating that sequential, timed delivery optimally activates

repair pathways, while preventing stress-induced responses,

which are often exacerbated in single-dose treatments due to

uncontrolled peak drug concentrations (Figure S11).

Implantation of the TIMED patch in a rodent model of MI

To validate the therapeutic benefits of the TIMED system in a

more complex biological system in vivo, we established a rodent

model of MI via left anterior descending (LAD) artery ligation.62

The TIMED patch was surgically implanted onto the epicardium

following induction of MI to deliver targeted drug therapy directly

to the infarct site (Figures 5A and S14).

To evaluate treatment efficacy, in addition to the group

receiving TIMED patch implantation, we included a control

group with LAD ligation only to replicate untreated MI, a sham

group with LAD ligation and placement of an empty patch to

offset procedural and material effects. An additional group was

included, receiving the equivalent three medications (NRG1,

VEGF, and GW 788388) via tail vein injections at days 1, 7, and

14, for comparison with conventional i.v. treatment in the de-

signed regimen (Figure 5A). Each group was sex-matched for

comprehensive assessment and clinical inclusivity.63 A panel

of assessments, including physiological evaluation, weight mea-

surement, cytokine analysis from tail vein blood sampling, and

echocardiography, was conducted both before and after the sur-

gical procedure, at multiple time points until reaching the 4-week

endpoint (Figure 5A).

The group with TIMED patch implantation showed the highest

survival rates among all animals in the study (Figure 5B), leading

to 33% increase compared with untreated MI and a 17% in-

crease compared with i.v. injection at the 4-week endpoint.

The enhancement in survival observed in the empty patch group

compared with untreated MI may be, in part, attributed to a me-

chanical support conferred by the patch’s substrate, which

helps stabilize the weakened cardiac wall post MI.64,65 The

TIMED patch group maintained above 90% of their initial weight

at the 4-week endpoint, demonstrating better post-operative

weight retention compared with the MI group (Figure S12). This

suggests that localized delivery of therapeutics to the infarct

site may alleviate catabolic effects associated with stress re-

sponses post-myocardial injury. Consequently, it could poten-

tially preserve body mass and enhance overall clinical

outcomes.66

Cardiac injury markers including troponin I, troponin T, and

creatine kinase-myocardial band (CK-MB),67 were quantitatively

measured using Luminex assay to monitor myocardial damage

(Figure 5C). In our study, all groups experienced a rise in these

markers during the initial 24 h post MI. However, the group

treated with the TIMED patch showed an average reduction of

over 50% in all three cardiac biomarkers, validating the release

of NRG1, which is known for promoting cardiomyocyte

survival.46,68

To validate in vivo release kinetics, serum samples were

concentrated at multiple time points to enhance detectability,

given the expected low systemic concentrations of the encapsu-

lated compounds. All therapeutic agents were successfully de-

tected within the anticipated release window, confirming that

their pharmacokinetics align with the designed multi-phasic

release profile (Figure 5D). To evaluate therapeutic delivery to

the myocardium, the TIMED patch was loaded with dye-labeled

40 kDa dextran, selected to approximate the diffusion character-

istics of protein-sized therapeutics. Fluorescence was detected

from the epicardium to the endocardium, confirming penetration

into deeper myocardial layers. Co-localization with cardiomyo-

cytes confirmed targeted delivery, ensuring therapeutics

reached the intended cells for cardiac repair (Figure5E). Addi-

tionally, in vivo imaging system (IVIS) imaging of major organs

confirmed that drug distribution remained localized to the heart,

with no detectable signal in secondary organs, including the

lungs, liver, spleen, and kidneys, indicating minimal systemic

exposure and a low risk of off-target effects (Figure S13).

Functional cardiac assessments were conducted weekly us-

ing echocardiography to monitor the health and functionality of

the heart post intervention (Figure S15A). Notably, in the group

with MI, the movement of the left ventricular wall became flat-

tened, indicating reduced cardiac contractility. This can be visu-

alized in the motion-mode (M-mode) of echocardiography

(Figure S15B). However, the group with the TIMED patch ex-

hibited a pronounce reduction in this alteration, noticeably

observed in M-mode recording (Figure S15B). Key parameters

including ejection fraction (EF) and fractional shortening (FS),

were monitored to assess cardiac function over time. The group

with TIMED patch implantation exhibited statistically significant

long-term improvements, with more than a 15% increase in

both EF and FS compared with the MI group and i.v. injection

control group at endpoint (Figures 6A and 6B).

At 4 weeks, all hearts were procured for endpoint assess-

ments. The patches remained intact and securely affixed to the

myocardium upon reopening of the chest cavity (Figure S16).

Additionally, our observations revealed a significant decrease

in surgical adhesion for the TIMED patch compared with other
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groups (Figure S17). The medicated patch maintained a smooth

surface upon examination after the 4-week period, suggesting

reduced fibrotic encapsulation. In contrast, patches without

drugs developed fibrotic capsules covering the patch and adhe-

sion to the chest (Figures S16 and S17). This drastic difference

serves as evidence supporting the effectiveness of timed release

of the TGF-β inhibitor in reducing collagen deposition.

Histopathological analysis corroborated the therapeutic effi-

cacy of the patch. In the group treated with the TIMED patch,

a 51% reduction in infarct size and a 66% enhancement in ven-

tricular wall thickness as evidenced by Masson’s trichrome

staining (Figure 6C), and hematoxylin and eosin (H&E) staining

(Figure S18A).

The efficacy of this approach was further validated through

immunostaining for the cardiomyocyte marker alpha-actinin

and the endothelial marker CD31 (Figure 6D). The analysis re-

vealed a 53% increase and improved arrangement of cardio-

myocytes within the infarct region, with the myocardium of

the heart in the medicated patch group closely resembling

the architecture of healthy myocardium, as opposed to the

disorganized and sparse distribution observed in untreated

infarct zones (Figures 6D, 6G, and S18B). Furthermore, a

Figure 5. In vivo validation of TIMED system release and therapeutic distribution following implantation in rats post MI

(A) Experimental design including surgical procedures and pre- and post-surgical assessments.

(B) Kaplan-Meier curve depicting survival rates over the duration of the in vivo study across different groups. n = 6.

(C) Quantitative analysis of cardiac injury biomarkers 24-h post MI, including troponin I, troponin T, and creatine kinase-myocardial band (CK-MB), analyzed from

serum samples. n ≥ 5.

Data represent the mean ± SD. Ordinary one-way ANOVA (Sidak’s multiple comparisons test) were used. p values are represented by: *p ≤ 0.05; **p ≤ 0.01;

***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.

(D) In vivo release kinetics of NRG1 and VEGF, quantified by ELISA after serum concentration, and GW788388 measured via LC-MS. n ≥ 4.

(E) Cardiac tissue imaging showing myocardium from control and TIMED patch-implanted hearts. The patch was loaded with 40 kDa Texas Red-conjugated

dextran to visualize molecular diffusion through cardiac tissue. Co-staining with α-actinin highlights cardiomyocytes, confirming targeted delivery and tissue

penetration.
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notable 2.6-fold increase in CD31-positive cells observed in the

infarct zone of the TIMED patch group indicates the effective

delivery of VEGF, promoting enhanced neovascularization

(Figure 6H). These results indicate the patch’s capability to miti-

gate cardiac injury and beneficially modulate cardiac function,

emphasizing its effectiveness as a multi-modular delivery

system.

To assess degradation kinetics, we quantified patch dry mass

before implantation and after 1 month in vivo, observing a 20%–

30% reduction (Figure S16B). These data indicate that the matrix

undergoes gradual resorption, while maintaining structural integ-

rity during the early therapeutic window. Future work will focus

on tuning degradation by modifying crosslink density or incorpo-

rating cleavable linkers to better match therapeutic release

requirements.

DISCUSSION

The TIMED system implements a dual-carrier design strategy

engineered to deliver a temporally controlled solution for post-

surgical drug delivery, thereby augmenting efficacy and preci-

sion in localized drug administration. Within this framework,

the tough hydrogel matrix serves as a secondary protective bar-

rier for encapsulated microparticles, enhancing stability against

degradation, and ensuring secure immobilization at the surgical

site to facilitate sustained therapeutic release. Concurrently, the

Figure 6. In vivo functionality of TIMED patch in rats post MI.

(A) Quantification of ejection fraction and fractional shortening of the heart at corresponding time points for assessing cardiac function over time. n ≥ 5.

(B) Representative M-mode echocardiography images at endpoint as a visual indicator of cardiac motion.

(C) Representative images of Masson’s trichrome staining showing collagen deposition. Scale bar, 2 mm. Infarct zones in the left ventricle are magnified for

enhanced visualization. Scale bar, 500 μm.

(D) Representative confocal images of the infarct zone staining with alpha-actinin and CD31. Scale bar, 50 μm.

(E–H) Quantifications of infarct size percentage (E), wall thickness (F), and cardiomyocytes (G) and endothelial cell (H) distribution in the infarct zone. n ≥ 5.

Data represent the mean ± SD. Ordinary one-way ANOVA or ordinary two-way ANOVA (Sidak’s multiple comparisons test) were used. p values are represented

by *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.000; ns, not significant.
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microparticle array offers high encapsulation efficiency and facil-

itates precise adjustment of initial release times to align with spe-

cific therapeutic requirements. By modulating drug-release ki-

netics to match the dynamic nature of post-operative healing

processes, this approach holds the potential to re-imagine treat-

ment outcomes, possibly reducing complications and enhancing

long-term recovery.

In cardiac application, the TIMED system modulates drug

release to align with the distinct phases of cardiac recovery:

neuregulin-1 for immediate protection post MI, VEGF to enhance

angiogenesis during recovery, and a TGF-β inhibitor to prevent

late-stage fibrosis without disrupting early tissue repair. Delayed

administration of neuregulin-1 can miss the critical window for

preventing cell death, while early administration of TGF-β inhib-

itors might interfere with essential collagen buildup for initial re-

covery. This sequenced pulsatile drug release maximizes the

therapeutic benefits of each drug and minimizes adverse effects,

such as impaired healing, surpassing the capabilities of mono-

phase delivery systems, such as sustained-release drug patches

and injection-based systems.69–71 These conventional systems

lack the ability to provide pulsed timing for different drugs and

typically release all drugs simultaneously, which do not match

the dynamically changing needs of cardiac recovery, ultimately

limiting their effectiveness in complex therapeutic scenarios.

Furthermore, the TIMED patch demonstrated capacity for

long-term storage with minimal protein degradation or deteriora-

tion in mechanical properties, maintaining stability of the encap-

sulated drugs above 80% and mechanical strength above 85%

of their initial value after 1 month of refrigeration. This stability

significantly surpasses emulsion-based systems and other

drug-eluting hydrogel systems, some of which exhibit low stabil-

ity in storage and require to be freshly prepared on site.69–71 The

broad accessibility and simple fabrication of our platform make it

an ideal solution across diverse healthcare settings, which could

potentially enhance both efficiency and practicality.72,73 In terms

of safety, DSC and fatigue testing confirmed the structural stabil-

ity of the PLGA caps, and both in vitro and in vivo profiles showed

on-schedule release without leakage. While scaling up produc-

tion could pose risks of premature release due to fabrication de-

fects, these risks can be mitigated by quality control and sealing

strategies, which will be essential for safe clinical translation.

With demonstrated application in both hiPSC-derived cardiac

tissues and a rodent model of acute MI, an area where timely

intervention is crucial to curtail irreversible cardiac tissue dam-

age, the system holds great potential for combination therapy

and adaptability in addressing cardiac repair. In cardiac tissue,

the implemented TIMED patch increased cell viability by 1.5-

folds relative to hypoxic controls. In the rodent MI model encom-

passing both male and female cohorts, TIMED patch implanta-

tion yielded a 33% augmentation compared with untreated MI

and 17% increase compared with i.v. injection in survival rates.

This is accompanied by above 15% enhancement in both EF

and FS, compared with the MI group and i.v. injection control

groups at endpoint. Additionally, an approximate 50% reduction

in infarction size was observed, indicating the patch’s effective-

ness in promoting tissue regeneration and mitigating damage.

Functional recovery with the TIMED patch is consistent with out-

comes reported for cell-based, EV-loaded, and engineered hy-

drogel patches in rodent MI models.74–77 The TIMED patch rep-

licates these benefits through a streamlined acellular approach,

in which temporally programmed release of survival, angiogenic,

and anti-fibrotic cues produce comparable improvements in

systolic function and remodeling. This supports the concept

that phase-timed delivery can serve as an effective alternative

to more complex strategies involving live cells, with potential ad-

vantages for manufacturability, stability, and translational safety.

The patch remains securely in place throughout the implanta-

tion process and post-operative period in a highly dynamic

environment involving heart contractions, thus ensuring tar-

geted and consistent therapeutic effects with minimal risk of

material migration. Additionally, implantation with the TIMED

patch demonstrated an unexpected yet significant reduction

in surgical adhesion, representing a remarkable 69% reduction

compared with the control group, likely, in part, associated with

the modulation of TGF-β, which is a potent pathway that regu-

lates collagen synthesis. Collagen has an essential role in early

tissue regeneration, but it can lead to fibrous bands or adhe-

sions, particularly during the later repair stages when tissues

begin to scar. Releasing a TGF-β inhibitor in week 2 via the

TIMED patch curbs this overexpression, ensuring initial

collagen deposition, while preventing the excessive buildup

that causes adhesions. Furthermore, histological analysis at

the patch-epicardium interface revealed denser cellular infil-

trates and greater CD68+ macrophage presence in empty

patches, whereas TIMED patches showed reduced infiltration

and more organized myocardium (Figures S17C and S17D).

These findings suggest that local inflammation, together with

fibrosis, may shape adhesion outcomes, although time-

resolved studies will be needed to more precisely define their

interplay. This observation potentially broadens its application

to improve post-operative adhesions induced by surgical

intervention, and merits more detailed future investigation to

explore the anti-adhesion potential of the TIMED patch. This

could offer a dual-functional solution, controlling fibrosis

and enhancing tissue recovery, making it more versatile than

conventional anti-adhesive barrier films or gels that only

address physical interactions to avoid adhesions.78,79 Reduced

pericardial adhesions are clinically important, as they

complicate re-entry in repeat cardiac surgery. Because adhe-

sion formation is largely confined to the acute post-surgical

period and is generally stabilized within the first month, the like-

lihood of new adhesion formation thereafter is considered

low.79–81 Together with the biocompatibility of the patch, these

findings support the long-term translational relevance of this

approach.

In conclusion, the collective findings demonstrate the signifi-

cant potential of the TIMED system in delivering multiple drugs

to cardiac tissue at designated time points, aligning intricately

with dynamic tissue remodeling including cell survival, angiogen-

esis, and collagen deposition for cardiac regeneration. This

approach enables precision combination therapy, facilitating

temporal intervention tailored to specific disease phases related

to cardiac tissue post MI.

The modular and adaptable design of the TIMED system ex-

tends well beyond the demonstrated treatment regimen. By

leveraging a characterized microparticle library, therapeutic
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combinations can be precisely tuned through spatial patterning

of MPs, enabling customizable sequential drug release tailored

to clinically relevant regimens. The TIMED platform’s ability to

program multi-phase drug release could optimize treatment pro-

tocols and extend to numerous other therapeutic areas, where

precisely scheduled interventions improve efficacy and safety.

For instance, recent studies highlight the benefits of sequential

therapy, such as administering poly(ADP-ribose) polymerase

(PARP) inhibitors followed by DNA damage checkpoint inhi-

bitors to enhance tumor cell elimination, while minimizing

cytotoxicity.82

While this study establishes a framework for controlled,

sequential drug release, we acknowledge that surgical implanta-

tion may pose challenges for immediate clinical adoption. The

system was initially designed for integration into open-chest pro-

cedures, such as bypass surgery, where direct implantation is

feasible without adding procedural risk, and it can also be adapt-

ed for other implantable interventions. This design choice en-

sures feasibility in current surgical contexts, while providing a

foundation for future adaptation. Looking ahead, the clinical util-

ity of the platform can be further expanded through the develop-

ment of minimally invasive approaches, including catheter-

based delivery. The TIMED microparticle array is inherently

modular and readily adaptable to such alternative platforms.

To further support clinical translation, ongoing studies will focus

on optimizing therapeutic pairings, refining release kinetics, and

evaluating long-term efficacy. The programmable design of the

TIMED system allows incorporation of alternative therapeutic

agents and tailored release schedules to better reflect human

repair biology and emerging clinical strategies. In addition, we

are planning studies in more clinically relevant settings, including

IR injury and large-animal models, recognizing that translation to

patient application will require a careful, stepwise approach.

Collectively, these engineering advancements position TIMED

as a scalable and versatile platform, with the potential to trans-

form sequential treatment across a broad spectrum of complex

diseases.

METHODS

Microfabrication of drug-loaded PLGA microparticle

arrays

SU-8 photoresist and polydimethylsiloxane (PDMS) models

were microfabricated using soft lithography techniques as pre-

viously described.28 PLGA powders were purchased from Evo-

nik and PolySciTech. PLGA films were formed using a solvent

casting technique.28 Different PLGA films were then patterned

and thermally pressed against PDMS molds at 150◦C under

vacuum to create microscale PLGA cap and base arrays. The

resulting PLGA base arrays were loaded with aqueous solu-

tions, either using an automated picoliter dispensing system

(cellenONE, Cellenion) or manually with a 1 μL microliter syringe

(Model 7001 KH, Knurled Hub, 25 gauge). The filled base arrays

were then thermally bonded to the PLGA cap arrays using a

photomask aligner equipped with a Peltier heating element,

ensuring precise alignment at the glass transition temperature

of PLGA and a secure, accurate bond between the cap and

base arrays.

Fabrication of TIMED patch

PLGA microparticle arrays were placed between Fisherbrand

glass microslides, separated by 7-mm spacers to maintain uni-

form thickness, and immersed in a hydrogel precursor solution.

This solution consisted of a 10% high MW poly(ethylene glycol)

diacrylate (Advanced Biomatrix, MW = 20,000, 50-225-5939),

2.5% alginate (Sigma, A2033), mixed with specified concentra-

tions of calcium sulfate and a photoinitiator (Irgacure 2959,

Sigma). The assembly was then exposed to UV light for 30 s in

a UV chamber (Fisherbrand, 254 nm, 80 W) to initiate hydrogel

crosslinking. After curing, the crosslinked hydrogel-embedded

patch was carefully detached from the bottom glass slide using

a razor blade and inverted. An additional hydrogel layer was then

applied using 3-mm spacers to ensure the MP arrays were

securely embedded within the hydrogel matrix through covalent

bonds with the first layer. Following fabrication, patches were

hydrated by applying sterile saline to the surface and placed

in sealed, humidified tubes for ∼1 h to reach a swollen state

prior to implantation and mechanical tests. This procedure

maintained hydration and mechanical stability, while avoiding

prolonged buffer incubation that could accelerate PLGA

degradation.

Measurement of tensile strength and elasticity of

hydrogel patch

The Young’s modulus of a hydrogel patch is measured through

tensile testing by clamping the hydrogel sample between the

grips of a tensile testing machine (Instron, Model 5543, the

loading cell is 250 N), and elongating it at a constant rate

(200% min− 1) until failure. During the test, the force applied to

the sample and the corresponding elongation are recorded.

The tensile strain (ε) was defined as the length change (Δl)

divided by the original length (l0) of the sample. Young’s modulus

was calculated from the linear region of the strain-stress curve.

To simulate long-term cardiac application, a testing method

was developed using a balloon system actuated by a positive

pressure ventilator. The balloon’s volume was set to approxi-

mately 0.5 mL, with the TIMED patch affixed to the balloon sur-

face. This setup was placed within a flask filled with media at

37◦C. Utilizing a ventilator (Kent Scientifics, RoVent Jr. Small An-

imal Ventilator), the system induced the balloon’s expansion and

contraction at a heart rate of 300 bpm and a tidal volume of 3 mL.

This regimen subjected the hydrogel patch to 2 million cycles of

stretching, akin to the heart’s movements over the course of

approximately 1 month. Following the stretching, the Young’s

modulus of the hydrogel patch was evaluated to determine its

mechanical integrity post simulation.

Differential scanning calorimetry (DSC) measurements

DSC analysis was performed on various samples, including poly-

mer powder, microparticles both before and after sealing, empty

patches, and TIMED patches, as previously reported.83 The

samples (between 1–20 mg) were placed into aluminum Tzero

Pan (TA Instruments, 901683.901). Pans were sealed using

Tzero Lid (TA Instruments, 901671.901). The thermal behavior

of the materials was analyzed using a TA Instruments Discovery

DSC 25, with thermograms recorded over a temperature range

of 10◦C to 100◦C at a heating rate of 10◦C/min. The glass
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transition temperature of the samples was determined using the

TA Instruments DSC TRIOS v.5.7.2.101 software, peak temper-

ature values were reported as the glass transition temperatures.

Swelling ratio and degradation rate of the hydrogel

patch

The swelling ratio and degradation rate of the hydrogel compo-

nent were analyzed subsequent to hydrogel fabrication in

different conditions. Hydrogel patches were immersed in

distilled water, phosphate-buffered saline (PBS, pH = 7.4, Gibco,

10010049), and saline solution (Alkali Scientific, DS0329). These

patches were placed in an incubator maintained at 37◦C. The dy-

namic water uptake of the hydrogels was evaluated at predeter-

mined intervals by measuring the hydrogel’s weight post immer-

sion. Excess surface moisture was removed with filter paper

prior to weighing. The degree of swelling was expressed as a

percentage, representing the increase in weight due to water ab-

sorption compared with the original weight of the hydrogel. The

degradation rate of the hydrogel in a timed-release application

was assessed by immersing the patches in PBS and cell culture

media at 37◦C. After specific time intervals, each patch was

lyophilized and then weighed. The initial dry weight and the

post-incubation dry weight at each interval were recorded to

evaluate the percentage of material degraded over time.

Biocompatibility and toxicity

Cytotoxicity assays using HUVECs (PromoCell, C-12203) as-

sessed the patch’s biocompatibility, comparing it against

PAAM hydrogel controls (acrylamide, Sigma, A8887). Initially,

50,000 cells were seeded in each well of a 24-well plate. Upon

reaching confluence, the TIMED patch and PAAM patch were

placed in Corning transwell polycarbonate membrane cell cul-

ture inserts (CLS3402), along with empty controls, above the

cell layer for a period of 4 days. Cell viability was assessed

with a live/dead viability/cytotoxicity (Invitrogen, L3224) assay

and imaged under a DeltaVision Ultra microscope.

Simulation and screening of drug-release kinetics

For computational simulations, COMSOL Multiphysics 5.3

(Stockholm, Sweden) was used. For the hydrogel, a linear elastic

model was applied with Young’s modulus (E) of 1,000 Pa, Pois-

son’s ratio (ϒ) of 0.4, and a density (ρ) of 1 g/cm3. For the micro-

particles, the linear elastic model was applied with an E of 20, 7,

and 5 MPa for low, medium, and high MW PLGAs, respectively,

as higher MW PLGA exhibits lower E. As standard PLGAs, ϒ of

0.3, ρ of 1.34 g/cm3, permeability of 1e− 7 m2, and porosity of

0.1 were used. Darcy’s law was applied for fluid interaction.

For fluid, standard water was used with ρ of 1 g/cm3 and viscos-

ity (μ) of 8.9e− 4 Pa*s. Inlet and outlet velocities were fixed to

1e− 5 m/s. Inlet and outlet pressures were fixed to 101,325 Pa

and 0 Pa, respectively. The simulations were run at 1 atm envi-

ronment with a Biot-Willis coefficient of 1.

In vitro validation of drug-release kinetics

In vitro validation of drug-release kinetics was performed using

TIMED patches loaded with fluorescent dye-conjugated dextran

(10 kDa; Biotium, cat. 80110–80118) encapsulated within the mi-

croparticles. Release profiles were quantified to assess in vitro

drug release from the patches. Each patch was then positioned

on a 12-well transwell insert (Corning, CLS3402), with a release

buffer containing 0.5% BSA (Sigma-Aldrich, A7030) in PBS situ-

ated beneath the insert, to simulate physiological conditions.

This assembly was incubated at a constant temperature of

37◦C to mimic the human body’s internal environment. At prede-

termined time points, samples of the release buffer were

collected and analyzed using a plate reader (Tecan Plate Reader

Infinite F200) to quantitatively measure the concentration of the

fluorescently labeled dextran.

Release kinetics under in vitro stretch simulation

To evaluate the effect of mechanical strain on drug release, a

stretchable PDMS membrane was bonded to a bottomless

6-well plate (CSCSM0061, CS CRIE), creating a sealed

chamber. The TIMED patch was anchored to the membrane

in an open well, while the remaining wells were sealed with

airtight covers using 3D-printed frames and gaskets

(OrganoBiotech). The open well was connected to a RoVent

Jr. Small Animal Ventilator, delivering 3 mL per actuation at

300 bpm to simulate rat heart contractions. The system was

maintained at 37◦C, and 1 mL of release buffer was collected

at defined intervals for analysis. This setup enabled the

assessment of release kinetics under physiologically relevant

cyclic strain.

Liquid chromatography–mass spectrometry (LC–MS)

LC-MS was performed to identify and quantify GW 788388

loaded in the patch. An Agilent 6125B mass spectrometer

attached to an Agilent 1260 Infinity LC was used with a C-18 col-

umn. An electrospray (ESI) source was equipped, and the diode

array has a wavelength range of 190–640 nm, and a measurable

m/z range of 100–1,500 Da. The mobile phase consisted of water

and acetonitrile. A gradient elution program was employed with

the following profile: 0–1 min 10% B, 1–5 min 10%–100% B. An

extracted ion chromatogram (EIC) feature was applied for char-

acterizations of the molecule.

Generation and assessment of cardiac spheres

Cardiac spheroids were generated by combining 60% iCell car-

diomyocytes (Cellular Dynamics, 01434 -R1057) with 20% hu-

man cardiac fibroblasts (Lonza, CC-2904) and 20% HUVECs

(PromoCell,C-12203) in a customized media. This media was a

blend of iCell cardiomyocytes maintenance medium (Celluar Dy-

namics, M1003), endothelial cell growth medium 2 (Sigma-

Aldrich, C-22011), and fibroblast growth medium 3 (Sigma-

Aldrich, C-23130) in a 1:1:1 ratio. Spheroid formation occurred

through self-assembly on Corning Ultra-Low Attachment Surface

plates (Corning, 4515). Tissue compaction was observed by day

3, at which point a hypoxic environment was induced using an

incubator set to 1% oxygen for 24 h to simulate hypoxic condi-

tions. The spheroids were transferred to the bottom of the well

plate, and the drug-loaded timed-release patch was positioned

on the insert above them for incubation over the course of

3 weeks. Upon endpoint, after removing media, the spheres are

washed with PBS and viability was assessed with a live/dead

viability/cytotoxicity (Invitrogen, L3224) assay. For immunostain-

ing, the spheres were fixed with 4% paraformaldehyde,
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permeabilized by 0.25% Triton X-100, and blocked by 5% BSA.

Immunostaining was performed as previously described,84 using

the antibodies including rabbit anti-α-actinin (Abcam, ab137346;

1:200), mouse anti-CD31 (Novus Biologicals NB10064796T,

1:200), mouse anti-type I collagen (GeneTex GTX26308, 1:200),

and the secondary antibodies donkey anti-mouse Alexa Fluor

488 (Abcam ab150105; 1:500) and donkey anti-rabbit Alexa Fluor

594 (Life Technologies A-21207; 1:1000). Confocal microscopy

images were obtained using an Olympus FluoView 1200 laser

scanning confocal microscope (Olympus Corporation).

Surgical ligation of the LAD artery in rats

All animal procedures received approval from the Massachu-

setts Institute of Technology Committee on Animal Care

(2304000509) and were overseen by the Division of Comparative

Medicine (DCM) in an Association for Assessment and Accredi-

tation of Laboratory Animal Care International (AAALAC) ac-

credited facility.

Wistar rats aged 5 to 9 months from Charles River Labora-

tories were sex-matched in each experimental group. Prior to

surgery, rats were pre-medicated with buprenorphine-exten-

ded-release (0.9 mg/kg subcutaneous) and sedated with keta-

mine and xylazine (70 mg/kg intraperitoneal). They were then in-

tubated, placed supine on a heated pad, and ventilated with a

RoVent Jr. Small Animal Ventilator. Appropriate tidal volume

and respiratory rate were set based on weight, eyes were lubri-

cated, and limbs secured. The inspiratory-to-expiratory ratio

was set to 1:1 to prevent pulmonary atelectasis. The surgical

site was prepped aseptically, and a left anterolateral intercoastal

incision was made above the xiphoid, penetrating down to the

pleura, following infiltration of bupivacaine into the muscle

layers. After blunt entry into the chest cavity, the left lateral

aspect of the heart was exposed using retractors, and the LAD

artery was ligated with a 6-0 (Ethicon Prolene) stitch. The chest

was closed in layers, and negative pressure was applied to

ensure no air remained in the chest cavity before sealing. Xyla-

zine was reversed with atipamezole (70 mg/kg, half intraperito-

neally and half subcutaneously) after thoracic closure and before

recovery.

Implantation of TIMED patch following MI induction

For rats in which a patch was placed, the procedure proceeded

as described above, following LAD ligation. Directly after liga-

tion, three stitches were placed in the superficial myocardium

to anchor the patch—two at the level of the ligation stitch, one

medial and one lateral to the ligation stitch, and one at the

apex of the heart. The stitches at the level of the ligation stitch

were spaced to match approximately the width of the patch, us-

ing 7-0 (DemeSILK) or 8-0 (Ethicon Prolene) sutures. The needles

were then passed through the patch and tied down. Each stitch

was tied with 5–7 throws. The chest was then closed as

described above. For all medicated patches, microparticles

were nanodispensed with 1 μg of the corresponding compound,

including human NRG1 (RHNRG1/HRG1 CF, 5898NR050, Fisher

Scientific), human VEGF165 (RVEGFI, Invitrogen), or GW788388

(502173102, Fisher Scientific), along with excipients, in three

distinct sections of the microparticle arrays. Three distinct

microparticle sets were sealed with PLGA caps of different for-

mulations to program staggered release. The assembled micro-

particle array was then encapsulated within a PEGDA/alginate

hydrogel to form the complete patch. For implantation, the

NRG1-loaded microparticle side was oriented toward the lateral

epicardial surface to ensure consistent placement across exper-

iments. The chest was closed in layers, ensuring no air remained

in the chest cavity before sealing.

I.v. tail vein injections of soluble controls

To provide a systemic comparator for the TIMED patch, i.v. tail

vein injections were performed on days 1, 7, and 14 post MI, cor-

responding to the three programmed release events of the

patch. Each injection contained 1 μg of each therapeutic agent

(NRG1, VEGF, and GW788388), matching the mass of each

pulse released from the TIMED patch. The therapeutics were

dissolved as solutions in sterile 0.9% saline without excipients,

to contrast systemic bolus delivery with localized encapsulated

release. Injections were administered in a total volume of

200 μL via the tail vein using a 24 G needle under light isoflurane

anesthesia.

Blood sample collection from lateral tail vein

The animals were placed under isoflurane anesthesia, and blood

samples were obtained from the lateral tail vein using a 24 G Sur-

flo IV catheter. Blood was collected via capillary action into a

serum-separating tube. The serum was subsequently obtained

by centrifuging at 10,000 rpm for 3 min at 4◦C. The serum was

then stored in a − 20◦C freezer upon analysis.

Blood sample concentration for in vivo release kinetics

study

Rat serum samples were first concentrated using Amicon Ultra

0.5 mL centrifugal filters with a 30 kDa MW cutoff

(MilliporeSigma, Burlington, MA, USA) for human VEGF165 and

human NRG1/HRG1. This selection ensures optimal retention

of the target proteins while removing lower-MW contaminants.

For GW788388, flow-through fractions were collected using

Amicon Ultra 10 kDa molecular weight cut-off (MWCO) filters

to separate the free drug from protein-bound components. The

concentration process was performed according to the manu-

facturer’s instructions by centrifuging the samples at

18,000 × g for 20 min at 4◦C, ensuring optimal recovery while

minimizing sample loss. After concentration, the retained frac-

tions for VEGF165 and NRG1 were carefully transferred to fresh

tubes and stored on ice until further processing. ELISA was per-

formed using a Human NRG1 ELISA Kit (Abnova KA4504) and

Human VEGF-165 ELISA Kit (ab273164, Abcam), following the

manufacturer’s protocol. Absorbance was measured at 450

nm using an Infinite M Plex TECAN plate reader, and final con-

centrations were determined using a standard curve. Addition-

ally, flow-through fractions from the 10 kDa MWCO filters were

used for LC-MS analysis to quantify GW788388.

Bioactivity assays for NRG1, VEGF, and GW788388

The functional activity of NRG1 was assessed using MCF-7 cell

proliferation. MCF-7 human caucasian breast adenocarcinoma

cells (Sigma-Aldrich, 86012803-1VL) were thawed, plated in

96-well plates, and treated with serial dilutions of recombinant
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human NRG1 or NRG1 samples from various experimental con-

ditions (filtered through a sterile syringe filter). After 72 h, cell pro-

liferation was quantified using the CellTiter-Glo Luminescent Cell

Viability Assay (TECAN Infinite M Plex). Bioactivity was deter-

mined by plotting a dose-response curve.

The ability of VEGF to activate VEGFR2 signaling was evalu-

ated using the VEGF Reporter Bioassay (Promega, GA2001).

VEGFR2 reporter cells (2 × 10⁵ cells/well) were plated in

96-well plates and treated with 100 μL of stored VEGF release

buffer from various conditions, alongside standard curve dilu-

tions. ONE-Glo Luciferase Reagent was added, and lumines-

cence was measured using the TECAN Infinite M Plex. VEGF

bioactivity was quantified by plotting relative luminescence units

(RLU) against a standard curve.

GW788388 activity was assessed by its ability to inhibit TGF-β
signaling using HEK-BLUE TGF-β Reporter Cells (InvivoGen,

HKB-TGFBv2). Cells were plated in 96-well plates and stimu-

lated with TGF-β1 (2 ng/mL, Sigma-Aldrich, H8541) as a positive

control for pathway activation. Supernatants containing

GW788388 from various experimental conditions were added

alongside standard curve dilutions, and the assay was incubated

for 24 h. Secreted embryonic alkaline phosphatase (SEAP) activ-

ity was measured at 620–655 nm using the TECAN Infinite M

Plex. A reduction in SEAP activity indicated effective TGF-β inhi-

bition, with bioactivity quantified against a standard curve.

RT-qPCR

Total RNA was collected using RNeasy Plus Micro Kit (QIAGEN

74134) following the manufacturer’s instructions. cDNAs were

synthesized by reverse transcription (RT) using qScript cDNA

Supermix (QuantaBio 95048–500). RT-qPCR was carried out us-

ing Fast SYBR Green Master Mix (Thermo Fisher 4385618) and

recorded on a Thermo Fisher Scientific QuantStudio 6 machine.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was

used as the reference gene for the normalization of target gene

expression with the 2-ΔCT method. Primer pairs against

TNNT2 (PMID: 32627044), GAPDH (PMID: 37741987), BNP

(PMID: 37165917), VEGF (PMID: 23935865), PECAM-1 (PMID:

22042082), COL1A1 (PMID: 17576241), TGF-β (PMID: 2204

2082), MMP2 (PMID: 25013467), caspase-3 (PMID: 11221855),

and HIF-1α (PMID: 25013467) were validated in previous studies.

Primers for RT-qPCR are listed below:

TNNT2 for, ATGTCTGACATAGAAGAGGTGGTGG

TNNT2 rev, CTATTTCCAGCGCCCGGTGACTTTA

BNP_for, TCTGGCTGCTTTGGGAGGAAGA

BNP_rev, CCTTGTGGAATCAGAAGCAGGTG

VEGF_for, GAGCAAGACAAGAAAATCCC

VEGF_rev, CCTCGGCTTGTCACATCTG

PECAM-1_for, CCAGTGTCCCCAGAAGCAAA

PECAM-1_rev, TGATAACCACTGCAATAAGTCCTTTC

COL1A1_for, GCTTCACCTACAGCGTCACTGTCG

COL1A1_rev, AGAGGAGTTTACAGGAAGCAGACAG

TGF-β_for, GGGAACACCACCACTCTCATTAG

TGF-β_rev, CAAATTACCACTCGGAAGTTCGT

MMP2_for, GGAATGCCATCCCCGATAAC

MMP2_rev, CAGCCTAGCCAGCCAGTCGGATTT

Caspase-3_for, TTCAGAGGGGATCGTTGTAGAAGTC

Caspase-3_rev, CAAGCTTGTCGGCATACTGTTTCAG

HIF-1α_for, TGAAGTGTACCCTACCCTAACTAGCCG

HIF-1α_rev, AATCAGCACCAAGCAGGTCATAG

GAPDH_for, AGAAGGCTGGGGCTCATTTG

GAPDH_rev, AGGGGCCATCCACAGTCTTC

IVIS for biodistribution

Biodistribution studies of compounds encapsulated in the

TIMED system were performed using an IVIS (PerkinElmer, Hop-

kinton, MA, USA). Flamma 774-conjugated dextran (10 kDa;

DiagnoCine Lab, RSC0314) was encapsulated within the micro-

particles of the TIMED patch and implanted onto the rat heart,

with an empty patch serving as a negative control. Following

the expected release period, rats were euthanized, and major or-

gans, including the heart, lungs, kidneys, liver, and spleen, were

collected. Fluorescence imaging was performed using the IVIS

system to detect the distribution of Flamma 774, assessing

localized retention and systemic biodistribution of the released

compounds.

In vivo degradation study

To assess the degradation kinetics of the TIMED patch, total dry

mass was measured before implantation and after 1 month

in vivo. Following euthanasia at the 1-month endpoint, the chest

cavity was reopened, and the implanted patch was carefully

excised. Adherent tissues were gently removed from the epicar-

dial surface, and residual collagen was enzymatically digested

using collagenase type II in PBS, 37◦C for 10 min to ensure ac-

curate mass measurements. The patch was then lyophilized to

eliminate residual moisture before determining its final dry

mass. The percentage of mass loss was calculated relative to

the initial dry weight to quantify degradation.

Cardiac injury marker measurement

Serum samples collected at baseline before surgery and at mul-

tiple time points post surgery, including day 1, day 3, and weekly

until the 4-week endpoint, were diluted and analyzed with the

MILLIPLEX MAP Rat Cardiac Injury Panel 1—Cardiotoxicity

Multiplex Assay (Millipore, RCI1MAG-87K), configured to mea-

sure three markers: troponin I, troponin T, and CK-MB. The

assay plate was read using the Bio-Plex 3D suspension array

system (Bio-Rad), with data acquisition performed by Luminex

xPONENT software.

Echocardiography recording and assessment

Echocardiography was performed at baseline before surgery,

and then at the end of weeks 1, 2, 3, and 4 post surgery for all

groups. Fine 30 G stainless-steel solid needle electrodes were

plugged into a signal transducing box and positioned in the sub-

cutaneous space of the animals’ limbs and used to transmit the

electrocardiogram (ECG) to the photoacoustic equipment. The

data were captured using a Vevo 2100 ultrasound machine

and an MX201 transducer probe. During imaging, the animals

were under 2% isoflurane anesthesia. The transducer was

placed directly on the shaved chest wall. By aligning the trans-

ducer along the long axis of the left ventricle (LV) and directing

it toward the right side of the neck, a two-dimensional long-

axis view of the LV was obtained. The transducer was then
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rotated clockwise by 90◦ to visualize the short-axis view of the

LV. The data were analyzed using Visualsonics software

(VevoLAB). Measurements of EF were derived from B-mode im-

ages obtained via a parasternal long-axis view. FS measure-

ments were conducted using M-mode through a parasternal

short-axis view of the heart at the mid-ventricular level.

Histology and immunostaining

At the 4-week time point, hearts were extracted from the chest

cavity. Potassium chloride solution was perfused through the

aorta using a 5 mL syringe and a feeding needle secured with

4-0 suture to induce relaxation of the heart muscle. Following

this, the atrium was carefully incised to allow the formalin solu-

tion to be perfused into the hearts under fixed pressure, ensuring

uniform distribution throughout the tissue. The hearts were then

immersed in formalin for 48 h to achieve complete fixation before

undergoing paraffin embedding. Histological analysis involved

obtaining sections from the area just below the LAD ligation

point, with additional sections taken at 250-micron intervals.

Samples were then wax embedded and sectioned into 5-μm sli-

ces using a microtome and mounted onto glass slides for stain-

ing with H&E and Masson’s trichrome to assess tissue

morphology and collagen deposition, respectively. For antigen

retrieval, sections were deparaffinized, rehydrated, and placed

in a pressure cooker set to high pressure and heated for

20 min with antigen retrieval buffer (Abcam, ab93684). Immuno-

staining was performed using the primary antibodies including

rabbit anti-α-actinin, mouse anti-CD31, and the secondary anti-

bodies donkey anti-mouse Alexa Fluor 488 and donkey anti-rab-

bit Alexa Fluor 594. To assess myocardial delivery, TIMED

patches were loaded with Texas Red-conjugated dextran

(40 kDa; Invitrogen, D1829), and tissue was co-stained with

α-actinin to visualize molecular diffusion within cardiac tissue.

Confocal microscopy images were obtained using an Olympus

FluoView 1200 laser scanning confocal microscope (Olympus

Corporation).

Statistical analysis

All in vitro experiments were performed in experimental triplicate

or quintuplicate unless noted otherwise. All in vivo experiments

were designed to include at least six experimental replicates in

each group. Assessments at different time points were conduct-

ed with all available animals due to variability in survival rates.

Statistical analyses were performed using GraphPad Prism soft-

ware. Differences between experimental groups were analyzed

by Student’s t test (two groups), one-way ANOVA (more than

two groups), or two-way ANOVA (two different variables). The

normality test (Shapiro-Wilk) and pairwise multiple comparison

procedures (Tukey’s post hoc method or Holm-Sidak method)

were used for one-way and two-way ANOVA tests. p values

are represented by *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001;

****p ≤ 0.0001.
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8. Fröhlich, G.M., Meier, P., White, S.K., Yellon, D.M., and Hausenloy, D.J.

(2013). Myocardial reperfusion injury: looking beyond primary PCI. Eur.

Heart J. 34, 1714–1722. https://doi.org/10.1093/eurheartj/eht090.

9. Kulik, A. (2016). Secondary prevention after coronary artery bypass graft

surgery: a primer. Curr. Opin. Cardiol. 31, 635–643. https://doi.org/10.

1097/HCO.0000000000000331.

10. Hannan, E.L., Racz, M.J., Walford, G., Jones, R.H., Ryan, T.J., Bennett, E.,

Culliford, A.T., Isom, O.W., Gold, J.P., and Rose, E.A. (2005). Long-term

outcomes of coronary-artery bypass grafting versus stent implantation.

N. Engl. J. Med. 352, 2174–2183. https://doi.org/10.1056/NEJMoa

040316.

11. Cowper, P.A., Knight, J.D., Davidson-Ray, L., Peterson, E.D., Wang, T.Y.,

and Mark, D.B.; TRANSLATE-ACS Investigators (2019). Acute and 1-Year

Hospitalization Costs for Acute Myocardial Infarction Treated With Percu-

taneous Coronary Intervention: Results From the TRANSLATE-ACS Reg-

istry. J. Am. Heart Assoc. 8, e011322. https://doi.org/10.1161/JAHA.118.

011322.

12. Shazly, T., Smith, A., Uline, M.J., and Spinale, F.G. (2022). Therapeutic

payload delivery to the myocardium: Evolving strategies and obstacles.

JTCVS Open 10, 185–194. https://doi.org/10.1016/j.xjon.2022.04.043.

13. Wang, E.Y., Zhao, Y., Okhovatian, S., Smith, J.B., and Radisic, M. (2022).

Intersection of stem cell biology and engineering towards next generation

in vitro models of human fibrosis. Front. Bioeng. Biotechnol. 10, 1005051.

https://doi.org/10.3389/fbioe.2022.1005051.

14. Hu, Y., Zhang, W., Ali, S.R., Takeda, K., Vahl, T.P., Zhu, D., Hong, Y., and

Cheng, K. (2025). Extracellular vesicle therapeutics for cardiac repair.

J. Mol. Cell. Cardiol. 199, 12–32. https://doi.org/10.1016/j.yjmcc.2024.

11.005.

15. Sahoo, S., Kariya, T., and Ishikawa, K. (2021). Targeted delivery of thera-

peutic agents to the heart. Nat. Rev. Cardiol. 18, 389–399. https://doi.org/

10.1038/s41569-020-00499-9.

16. Rodness, J., Mihic, A., Miyagi, Y., Wu, J., Weisel, R.D., and Li, R.-K. (2016).

VEGF-loaded microsphere patch for local protein delivery to the ischemic

heart. Acta Biomater. 45, 169–181. https://doi.org/10.1016/j.actbio.2016.

09.009.

17. Johnson, N.R., Kruger, M., Goetsch, K.P., Zilla, P., Bezuidenhout, D.,

Wang, Y., and Davies, N.H. (2015). Coacervate Delivery of Growth Factors

Combined with a Degradable Hydrogel Preserves Heart Function after

Myocardial Infarction. ACS Biomater. Sci. Eng. 1, 753–759. https://doi.

org/10.1021/acsbiomaterials.5b00077.

18. Chen, H., Fan, L., Peng, N., Yin, Y., Mu, D., Wang, J., Meng, R., and Xie, J.

(2022). Galunisertib-Loaded Gelatin Methacryloyl Hydrogel Microneedle

Patch for Cardiac Repair after Myocardial Infarction. ACS Appl. Mater. In-

terfaces 14, 40491–40500. https://doi.org/10.1021/acsami.2c05352.

19. Oliva, N., Conde, J., Wang, K., and Artzi, N. (2017). Designing Hydrogels

for On-Demand Therapy. Acc. Chem. Res. 50, 669–679. https://doi.org/

10.1021/acs.accounts.6b00536.

20. Li, J., and Mooney, D.J. (2016). Designing hydrogels for controlled drug

delivery. Nat. Rev. Mater. 1, 16071. https://doi.org/10.1038/natrevmats.

2016.71.

21. Ahmed, E.M. (2015). Hydrogel: Preparation, characterization, and applica-

tions: A review. J. Adv. Res. 6, 105–121. https://doi.org/10.1016/j.jare.

2013.07.006.

22. Yong, J., Tao, J., Wang, K., Li, X., and Yang, Y. (2025). Post-myocardial

Infarction Cardiac Remodeling: Multidimensional Mechanisms and Clin-

ical Prospects of Stem Cell Therapy. Stem Cell Rev. Rep. 21, 1369–

1427. https://doi.org/10.1007/s12015-025-10888-7.

23. Ferrini, A., Stevens, M.M., Sattler, S., and Rosenthal, N. (2019). Toward

Regeneration of the Heart: Bioengineering Strategies for Immunomodula-

tion. Front. Cardiovasc. Med. 6, 26. https://doi.org/10.3389/fcvm.2019.

00026.

24. Prabhu, S.D., and Frangogiannis, N.G. (2016). The Biological Basis for

Cardiac Repair After Myocardial Infarction: From Inflammation to Fibrosis.

Circ. Res. 119, 91–112. https://doi.org/10.1161/CIRCRESAHA.116.

303577.

25. Makadia, H.K., and Siegel, S.J. (2011). Poly Lactic-co-Glycolic Acid

(PLGA) as Biodegradable Controlled Drug Delivery Carrier. Polymers

(Basel) 3, 1377–1397. https://doi.org/10.3390/polym3031377.

26. Eldeeb, A.E., Salah, S., and Elkasabgy, N.A. (2022). Biomaterials for Tissue

Engineering Applications and Current Updates in the Field: A Comprehen-

sive Review. AAPS PharmSciTech 23, 267. https://doi.org/10.1208/

s12249-022-02419-1.

27. Lu, X., Miao, L., Gao, W., Chen, Z., McHugh, K.J., Sun, Y., Tochka, Z.,

Tomasic, S., Sadtler, K., Hyacinthe, A., et al. (2020). Engineered PLGA mi-

croparticles for long-term, pulsatile release of STING agonist for cancer

immunotherapy. Sci. Transl. Med. 12, eaaz6606. https://doi.org/10.

1126/scitranslmed.aaz6606.

28. McHugh, K.J., Nguyen, T.D., Linehan, A.R., Yang, D., Behrens, A.M.,

Rose, S., Tochka, Z.L., Tzeng, S.Y., Norman, J.J., Anselmo, A.C., et al.

(2017). Fabrication of fillable microparticles and other complex 3D micro-

structures. Science 357, 1138–1142. https://doi.org/10.1126/science.

aaf7447.

29. Emig, R., Zgierski-Johnston, C.M., Timmermann, V., Taberner, A.J., Nash,

M.P., Kohl, P., and Peyronnet, R. (2021). Passive myocardial mechanical

properties: meaning, measurement, models. Biophys. Rev. 13, 587–610.

https://doi.org/10.1007/s12551-021-00838-1.

30. Allijn, I., Ribeiro, M., Poot, A., Passier, R., and Stamatialis, D. (2020). Mem-

branes for Modelling Cardiac Tissue Stiffness In Vitro Based on Poly(tri-

methylene carbonate) and Poly(ethylene glycol) Polymers. Membranes

(Basel) 10, 274. https://doi.org/10.3390/membranes10100274.

31. Fleischer, S., Shapira, A., Feiner, R., and Dvir, T. (2017). Modular assembly

of thick multifunctional cardiac patches. Proc. Natl. Acad. Sci. USA 114,

1898–1903. https://doi.org/10.1073/pnas.1615728114.

32. Boroumand, S., Haeri, A., Nazeri, N., and Rabbani, S. (2021). Review In-

sights In Cardiac Tissue Engineering: Cells, Scaffolds, and

Please cite this article in press as: Wang et al., TIMED: Temporal intervention with microparticle encapsulation and delivery—A programmed release

system for post-myocardial infarction therapy, Cell Biomaterials (2025), https://doi.org/10.1016/j.celbio.2025.100249

18 Cell Biomaterials 2, 100249, January 20, 2026

Article
ll

https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1590/s0066-782x2002000400006
https://doi.org/10.3389/fcvm.2023.1260800
https://doi.org/10.1161/CIRCRESAHA.121.319584
https://doi.org/10.1161/CIRCRESAHA.121.319584
https://doi.org/10.1016/j.rec.2021.04.006
https://doi.org/10.1021/acscentsci.9b00052
https://doi.org/10.1016/j.mcna.2007.03.008
https://doi.org/10.1093/eurheartj/eht090
https://doi.org/10.1097/HCO.0000000000000331
https://doi.org/10.1097/HCO.0000000000000331
https://doi.org/10.1056/NEJMoa040316
https://doi.org/10.1056/NEJMoa040316
https://doi.org/10.1161/JAHA.118.011322
https://doi.org/10.1161/JAHA.118.011322
https://doi.org/10.1016/j.xjon.2022.04.043
https://doi.org/10.3389/fbioe.2022.1005051
https://doi.org/10.1016/j.yjmcc.2024.11.005
https://doi.org/10.1016/j.yjmcc.2024.11.005
https://doi.org/10.1038/s41569-020-00499-9
https://doi.org/10.1038/s41569-020-00499-9
https://doi.org/10.1016/j.actbio.2016.09.009
https://doi.org/10.1016/j.actbio.2016.09.009
https://doi.org/10.1021/acsbiomaterials.5b00077
https://doi.org/10.1021/acsbiomaterials.5b00077
https://doi.org/10.1021/acsami.2c05352
https://doi.org/10.1021/acs.accounts.6b00536
https://doi.org/10.1021/acs.accounts.6b00536
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1016/j.jare.2013.07.006
https://doi.org/10.1016/j.jare.2013.07.006
https://doi.org/10.1007/s12015-025-10888-7
https://doi.org/10.3389/fcvm.2019.00026
https://doi.org/10.3389/fcvm.2019.00026
https://doi.org/10.1161/CIRCRESAHA.116.303577
https://doi.org/10.1161/CIRCRESAHA.116.303577
https://doi.org/10.3390/polym3031377
https://doi.org/10.1208/s12249-022-02419-1
https://doi.org/10.1208/s12249-022-02419-1
https://doi.org/10.1126/scitranslmed.aaz6606
https://doi.org/10.1126/scitranslmed.aaz6606
https://doi.org/10.1126/science.aaf7447
https://doi.org/10.1126/science.aaf7447
https://doi.org/10.1007/s12551-021-00838-1
https://doi.org/10.3390/membranes10100274
https://doi.org/10.1073/pnas.1615728114


Pharmacological Agents. Iran. J. Pharm. Res. 20, 467–496. https://doi.

org/10.22037/IJPR.2021.114730.15012.

33. Nam, S., Seo, B.R., Najibi, A.J., McNamara, S.L., and Mooney, D.J. (2023).

Active tissue adhesive activates mechanosensors and prevents muscle

atrophy. Nat. Mater. 22, 249–259. https://doi.org/10.1038/s41563-022-

01396-x.

34. Brady, B., King, G., Murphy, R.T., and Walsh, D. (2023). Myocardial strain:

a clinical review. Ir. J. Med. Sci. 192, 1649–1656. https://doi.org/10.1007/

s11845-022-03210-8.

35. Sarmadi, M., Ta, C., VanLonkhuyzen, A.M., De Fiesta, D.C., Kanelli, M.,

Sadeghi, I., Behrens, A.M., Ingalls, B., Menon, N., Daristotle, J.L., et al.

(2022). Experimental and computational understanding of pulsatile release

mechanism from biodegradable core-shell microparticles. Sci. Adv. 8,

eabn5315. https://doi.org/10.1126/sciadv.abn5315.

36. Ifkovits, J.L., and Burdick, J.A. (2007). Review: photopolymerizable and

degradable biomaterials for tissue engineering applications. Tissue Eng.

13, 2369–2385. https://doi.org/10.1089/ten.2007.0093.

37. Bai, R., Yang, J., and Suo, Z. (2019). Fatigue of hydrogels. Eur. J. Mech. A

Solids 74, 337–370. https://doi.org/10.1016/j.euromechsol.2018.12.001.

38. Browning, M.B., Cereceres, S.N., Luong, P.T., and Cosgriff-Hernandez, E.

M. (2014). Determination of the in vivo degradation mechanism of PEGDA

hydrogels. J. Biomed. Mater. Res. A 102, 4244–4251. https://doi.org/10.

1002/jbm.a.35096.

39. Lappe, S., Mulac, D., and Langer, K. (2017). Polymeric nanoparticles - In-

fluence of the glass transition temperature on drug release. Int. J. Pharm.

517, 338–347. https://doi.org/10.1016/j.ijpharm.2016.12.025.

40. Marwah, H., Khare, S., Rawat, P., Singh, S., Kesharwani, P., Alam, M.S.,

Hamid, H., and Arora, S. (2022). Chapter 14. Strengths, limitations, and

regulatory aspects of hybrid drug delivery systems. In Hybrid Nanomate-

rials for Drug Delivery, P. Kesharwani and N.K. Jain, eds. (Woodhead Pub-

lishing), pp. 339–355. https://doi.org/10.1016/B978-0-323-85754-3.

00011-3.

41. Cao, Y., Gong, Y., Liu, L., Zhou, Y., Fang, X., Zhang, C., Li, Y., and Li, J.

(2017). The use of human umbilical vein endothelial cells (HUVECs) as

an in vitro model to assess the toxicity of nanoparticles to endothelium:

a review. J. Appl. Toxicol. 37, 1359–1369. https://doi.org/10.1002/

jat.3470.

42. Andersen, F.A. (2005). Amended final report on the safety assessment of

polyacrylamide and acrylamide residues in cosmetics. Int. J. Toxicol. 24,

21–50. https://doi.org/10.1080/10915810590953842.

43. Wu, D.T., Freedman, B.R., Vining, K.H., Cuylear, D.L., Guastaldi, F.P.S.,

Levin, Y., and Mooney, D.J. (2023). Tough Adhesive Hydrogel for Intraoral

Adhesion and Drug Delivery. J. Dent. Res. 102, 497–504. https://doi.org/

10.1177/00220345221148684.

44. Parlato, M., Reichert, S., Barney, N., and Murphy, W.L. (2014). Poly

(ethylene glycol) hydrogels with adaptable mechanical and degradation

properties for use in biomedical applications. Macromol. Biosci. 14,

687–698. https://doi.org/10.1002/mabi.201300418.

45. Simón-Yarza, T., Formiga, F.R., Tamayo, E., Pelacho, B., Prosper, F., and

Blanco-Prieto, M.J. (2012). Vascular endothelial growth factor-delivery

systems for cardiac repair: an overview. Theranostics 2, 541–552.

https://doi.org/10.7150/thno.3682.

46. Santoro, F., and Sahara, M. (2015). A specified therapeutic window for

neuregulin-1 to regenerate neonatal heart muscle. Ann. Transl. Med. 3,

249. https://doi.org/10.3978/j.issn.2305-5839.2015.09.38.

47. Parichatikanond, W., Luangmonkong, T., Mangmool, S., and Kurose, H.

(2020). Therapeutic Targets for the Treatment of Cardiac Fibrosis and Can-

cer: Focusing on TGF-β Signaling. Front. Cardiovasc. Med. 7, 34. https://

doi.org/10.3389/fcvm.2020.00034.

48. Wang, Y., Wei, J., Zhang, P., Zhang, X., Wang, Y., Chen, W., Zhao, Y., and

Cui, X. (2022). Neuregulin-1, a potential therapeutic target for cardiac

repair. Front. Pharmacol. 13, 945206. https://doi.org/10.3389/fphar.

2022.945206.

49. Ikeuchi, M., Tsutsui, H., Shiomi, T., Matsusaka, H., Matsushima, S., Wen,

J., Kubota, T., and Takeshita, A. (2004). Inhibition of TGF-beta signaling

exacerbates early cardiac dysfunction but prevents late remodeling after

infarction. Cardiovasc. Res. 64, 526–535. https://doi.org/10.1016/j.cardi-

ores.2004.07.017.

50. Zhao, Y., Wang, E.Y., Lai, F.B.L., Cheung, K., and Radisic, M. (2023). Or-

gans-on-a-chip: a union of tissue engineering and microfabrication.

Trends Biotechnol. 41, 410–424. https://doi.org/10.1016/j.tibtech.2022.

12.018.
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Fig. S1. Microfabrication process of the drug-load PLGA microparticle array with representative optical 

images of each step. (A) Microfabrication of the microparticle base array. (B)  Microfabrication of the 

microparticle cap array. (C)  Nano-dispensing of drug molecules and excipients onto the base array. (D) 

Assembly of the microparticles using 3D stamping and thermo-bonding of the base and cap arrays. (E–H) 
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Representative optical images of fabrication steps. (E) Base particle arrays formed by PLGA casting (scale 

bar = 1 mm). (F) Cargo loading process using a piezoelectric nano-dispenser; dark spots in the reservoirs 

indicate deposited drug/excipient cargos (scale bar=1 mm). (G) Sealed particle array after thermo-bonding 

of base and cap arrays (scale bar=1 mm). (H) Magnified top and side views of individual sealed particles 

(scale bar=100 μm). 
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Fig. S2. Assessing TIMED patch suitability for implantation on surgical surfaces. (A to B) Schematics 

illustrating micro-carrier detachment from a non-encapsulated system versus the fully encapsulated 

TIMED patch, along with corresponding images showing dislodged particles on tissue surface versus 

particles fully embedded in the TIMED patch matrix. (C) Representative images of a TIMED patch pre- 

and post-application of tensile stress, demonstrating patch integrity and secure encapsulation of 

microparticles. (D to E) Schematic illustrating tested conditions, including the storage conditions of the 

TIMED patch at 4°C and cyclic stretching tests at 37°C. (F to G) Mechanical performance of the patch 

under different conditions. Fresh (Fresh patch-dry = tested after fabrication without hydration; Fresh 
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patch-swollen = hydrated in saline for 1h to reach a swollen state before testing) and after fatigue testing 

(Fresh vs. Stored). (F) Young’s modulus determined by tensile testing. (G) Elongation at break point 

measured by tensile testing. Data are shown as mean ± SD. n = 3. Statistical analysis was performed using 

one-way ANOVA followed by Tukey’s multiple comparisons test. (H) Schematic illustrating the application 

of a chitosan adhesive layer to adhere the TIMED patch to tissue surface. (I to J) Images showing TIMED 

patch adhered to ex vivo pig intestinal (I) and cardiac (J) tissue surfaces, utilizing the chitosan adhesive 

for secure attachment.  
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Fig. S3. Differential scanning calorimetry (DSC) assessment of the TIMED system. (A)  Representative 

DSC thermograms of bulk polymer, microparticles (MPs) both before and after sealing, empty patches, and 

TIMED patches. The peak values are reported on the plots as glass transition temperature (Tg). Curves 

are vertically shifted for visual clarity. The curve of the TIMED patch is shown in the zoomed-in box for 

clear visualization of the double peaks. (B) Peak values of DSC thermograms of PLGA bulk polymer, 

microparticles (MPs) both before and after sealing, empty patches, and TIMED patches. All DSC 

experiments were performed in triplicates.  
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Fig. S4. Swelling and degradation properties of the TIMED patch. (A) Evaluation of the swelling 

dynamics of the TIMED patch in immersion media including distilled water, Phosphate Buffered Saline 

(PBS), and saline solution, to simulate physiological conditions. Data analyzed by one-way repeated 

measures ANOVA vs baseline (0 hr) within each group. n=5. (B) Profiling the degradation kinetics of the 

TIMED patch in PBS and culture media at 37°C, reflecting the in vivo thermal environment. Data analyzed 

by one-way repeated measures ANOVA vs baseline (day 0) within each group. n=3. (C) Comparative 

imaging of the TIMED patch at initial incubation and after up to one year, showing degraded 

microparticles within the patch matrix. Scale bar= 1 mm. (D) Scanning Electron Microscopy (SEM) images 

showing microparticles before encapsulation, after freshly encapsulated in the hydrogel matrix, and after 

1- 3 months of incubation, illustrating the MP degradation process in the matrix. The microparticle base 

is pseudo-colored in purple, microparticle cap is pseudo-colored in blue, for differentiation from the 

hydrogel. Scale bar=300µm. 
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Fig. S5. Predictive simulation of release kinetics within a singular device. Computational simulation of a 

TIMED patch containing patterned PLGA particles with differing molecular weights, illustrating the 

potential for tailored release profiles. The three cubic particles represent distinct PLGA formulations that 

vary in molecular weight. The deformation of the cap started from the center, and then progressed toward 

the edge and exterior parts of the cap for all the formulations. Scale bars =400 μm. 
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Fig. S6. in vitro screening of drug release kinetics from the TIMED system using 502HCC PLGA bases. 

(A) Schematic representation of the in vitro screening setup utilizing a trans-well model to empirically 

validate release kinetics. (B) Initial time of peak release from each MP composition with 502HCC bases. 

(C) Release kinetics of dextran dye as model molecules from MPs fabricated with a panel of different cap 

materials on 502HCC bases. n=3.  
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Fig. S7. Effect of cyclic stretch on drug release kinetics. Cumulative release kinetics of AP81 (one-day 

release) microparticles embedded in fresh, swollen patches subjected to 300 beats per minute cyclic stretch 

(53.5% strain) at 37°C, compared to a static control. n ³ 3.  
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Fig. S8. Diffusion of dye molecules across the patch. 10 kDa Alexa Fluor™ 488-labeled dextran model 

dye was loaded into a single array of AP81 (one-day release) microparticles, and patch diffusion was 

monitored over the course of release. Images captured before incubation, at peak release, and post-release 

demonstrate uniform distribution of the dye within the hydrogel matrix. Scale bar=500 μm.   
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Fig. S9. Screening of stabilizing excipients for protein bioactivity preservation. VEGF (A) and NRG1 (B) 

were co-loaded with excipients, and their bioactivity was assessed using functional assays. NRG1 

bioactivity was evaluated via MCF-7 proliferation assay, where MCF-7, a human breast cancer cell line, 

proliferates in response to NRG1 stimulation, quantified by MTT assay. VEGF bioactivity was tested using 

the Promega VEGF Bioassay, a reporter-based system that measures VEGF receptor activation via 

luciferase expression. Bioactivity was assessed post-particle sealing and post-hydrogel fabrication to 

determine the formulation that best preserves protein function. n³ 4. 
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Fig. S10. Validation of TIMED release efficacy over single-dose administration. (A) Cell viability 

screening using across different treatment combinations over the course of three weeks (n ≥ 3). (B) 

Representative images of cardiac spheres stained for α-actinin (cardiomyocytes) and CD31 (endothelial 

cells) to assess cellular composition and angiogenesis at different time points. Scale bar = 10μm.(C) 

Quantification of CD31 coverage, indicating neovascularization within cardiac spheres at multiple time 

points (n ≥ 3). (D) Representative images of cardiac spheres stained for collagen, evaluating fibrotic 

deposition over three weeks. Scale bar = 10 μm. (E) Quantitative analysis of collagen coverage, serving as 

a fibrosis metric within each tissue sample across the cultivation period. n ≥ 3.  
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Fig. S11.  RT-PCR analysis validating the gene expression of key regulatory pathways at the three-week 

endpoint across different treatment groups. Gene expression was quantified using the ΔΔCT method and 

normalized to the control group. Combined single dose = all agents at t0 (post-hypoxia); TIMED = TIMED 

patch placed on the insert above the wells, releasing agents sequentially to mirror programmed delivery.  

n ≥ 3. 
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Fig. S12. Weight change over the course of in vivo study across different groups. All post-surgery weights 

were normalized to each animal's baseline pre-surgery weight. Statistical analysis was performed using 

two-way repeated measures ANOVA with Tukey’s post hoc test.  n³5.  
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Fig. S13.  IVES imaging of systemic drug distribution following TIMED patch implantation. The TIMED 

patch was loaded with Dextran (10K) Flamma® 774, a far-red fluorescent dye selected to minimize tissue 

autofluorescence. Ex vivo IVES imaging was performed post-release to assess drug distribution. 

Fluorescence signals were detected in the heart, confirming localized release, while no detectable signal 

was observed in secondary organs, including the lungs, liver, spleen, and kidneys, indicating minimal 

systemic exposure and off-target effects. 
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Fig. S14. Surgical procedure of TIMED patch implantation. (A) Image illustrating intratracheal 

intubation prior to incision. (B) Surgical procedure for left anterior descending (LAD) ligation, depicted 

with 6-0 Prolene suture, with blanching of the affected myocardium below the ligation point. (C) Image 

displaying the TIMED patch implanted on the heart. The patch is sutured onto the heart following LAD 

ligation, adhering to the surface of a beating heart, with visible microparticles. (D)  Image depicting 

completed chest and skin closure post LAD ligation and TIMED patch implantation. (E) Image illustrating 

the animal's recovery from anesthesia after surgery. (F) Image demonstrating the incision's recovery after 

surgery, reflecting optimal surgical practice and animal’s overall wellbeing.  
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Fig. S15. Ultrasound setup and assessment for in vivo study. (A) Demonstration of ultrasound imaging 

process post-surgery. The rat was imaged under anesthesia, with echocardiography conducted using a 

MX201 transducer probe. (B) Representative M-mode echocardiography images through the course of 

experiment, as a visual indicator of cardiac motion.  
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Fig. S16. Representative images of rat hearts obtained at endpoint and degradation assessment.  (A) 

Hearts post-extraction from the chest cavity and subsequent perfusion with potassium. Ligation points and 

patch positions are labeled. (B) Quantification dry mass of the TIMED patch before implantation and at 

the 1-month endpoint. Patch mass was determined after lyophilization to ensure accurate quantification of 

retained polymer content. Statistical analysis was performed using an unpaired two-tailed Student’s t-test. 

n=4. 
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Fig. S17. Evaluation of postoperative surgical adhesion across experimental cohorts at 4-week endpoint. 

(A) Representative images showing the thoracic cavity upon re-entry, delineating the presence of adhesions 

between the myocardium or implanted patch and chest wall. Each photograph is annotated to identify the 

heart, chest wall, and position of the implanted patch, with the specific sites of adhesion indicated by arrows. 

(B) Quantitative analysis of the incidence of surgical adhesion, expressed as a percentage, among the study 

cohorts at the 4-week endpoint, with sample sizes (n≥5) for each group.  (C) Representative images of empty 

patch and TIMED therapeutic patch at 4 weeks post-implantation. H&E staining (left) shows denser 

cellular infiltrates in empty patches compared with reduced infiltration and more preserved myocardial 

structure in TIMED patches (scale bar = 50 μm). Immunofluorescence for α-actinin (green) and CD68 (red) 

(right) demonstrates increased CD68⁺ macrophage presence in empty patches versus reduced 

accumulation in TIMED patches (scale bar = 50 μm). (D) Quantification of infiltrating cell density and 

CD68⁺ cell counts in each group. Statistical analysis was performed using an unpaired two-tailed Student’s 

t-test. n=4. 
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Fig. S18. Histology of cardiac tissues compare to healthy control.  (A) Representative images of H&E 

staining of the infarct cross-section below the ligation point, showing infarct size in different experimental 

groups. Scale bar= 5 mm. (B) Representative images of H&E, Masson’s trichrome, and immunostaining 

of the heart sections from a 6-month-old Wistar rat without surgical intervention, serving as a healthy 

control.   
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