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Technological advances in insulin therapy and continuous glucose monitoring have substantially improved the
management of type 1 diabetes; however, life expectancy in affected individuals remains lower than that in the
non-diabetic population [1]. Stem cell-based therapy has emerged as a promising strategy to restore endogenous
glucose regulation while potentially overcoming donor scarcity and reducing the need for lifelong
immunosuppression. Yet, stem cell-derived pancreatic  cells (SC-p cells) still do not achieve the glucose
responsiveness and insulin secretory function of native islets. This functional immaturity largely reflects the
inability of conventional in vitro culture systems to reproduce the intercellular interactions and downstream
signaling environments required for -cell maturation.

To address this limitation, recent biofabrication and tissue-engineering approaches have sought to recreate key
spatiotemporal features of pancreatic development. For example, pancreatic tissue-derived extracellular matrix
and basement membrane components have been used to reconstruct biochemical cues, while bioprinted
spheroidal aggregates and vascular architectures have provided topological and niche-specific signals that
enhance SC-B-cell maturation [2]. In parallel, circadian entrainment using alternating glucose conditions and
forskolin has been shown to improve SC- cell function by inducing clock-controlled metabolic cycles that
augment glucose sensing and insulin secretion [3]. Although these approaches are promising, their integration
into a single versatile platform remains challenging as the maturation process requires coordinated control over
tissue architecture, biochemical context, and dynamic stimulation.

Here, we present a biohybrid 3D-printed tissue-stimulator platform, termed Conductive electrode Navigating
Electrical Cue to Tissue (CoNECT), designed for the long-term conditioning of engineered pancreatic tissues
through spatiotemporally controlled electrical stimulation (E-stim). CoONECT consists of a vertically integrated
4 x 4 electrode array and bioprinted tissue constructs, enabling uniform stimulation throughout the culture period
while preserving geometric control over both electrodes and tissue. To fabricate the electrode array, we first
developed a biocompatible and bioprintable conductive ink by blending carbon black with poly(ethylene-vinyl
acetate) (PEVA). Then, as the effects of E-stim on SC-f cells remain poorly understood, we evaluated whether
E-stim could induce electrophysiological activity in rat cadaveric islets and in SC-B cells. We then bioprinted
SC-B cells as spherical tissue constructs within the CONECT platform and applied biphasic E-stim for 1 h, three
times daily (8 am, 12 pm, and 6 pm), to mimic circadian timing cues. Electrically conditioned SC-3 constructs
exhibited an increased glucose-stimulated insulin secretion (GSIS) index, indicating that physiologically
relevant E-stim can enhance functional maturation. In parallel, endothelial cells bioprinted as tubular constructs
within CONECT responded to spatiotemporal E-stim with altered alignment and migration behavior, suggesting
the potential to promote vascular organization within engineered pancreatic tissues.

Together, these findings establish CoNECT as a versatile platform for integrating biofabrication,
prevascularization, and temporally programmed electrical conditioning within a single engineered platform. This
approach provides a new strategy for promoting the maturation and vascularization of pancreatic tissue
constructs and may support the development of functional stem cell-derived therapies for diabetes.

Keywords: Stem cell-derived pancreatic f cell, Prevascularized tissue, Electrical stimulation, Biohybrid 3D
printing
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> Introduction

Technological advances have improved the management of type 1 diabetes; however, patients still
experience reduced life expectancy compared with the non-diabetic population. Stem cell-based therapy
can restore endogenous glucose regulation, but stem cell-derived pancreatic 3 cells (SC-B cells) remain
functionally immature, showing limited glucose responsiveness and insulin secretory capacity. This
immaturity is largely attributed to the inability of conventional culture systems to reproduce the complex
biochemical, structural, and dynamic microenvironments required for 3-cell maturation.

Recent biofabrication strategies have attempted to address this limitation by reconstructing key features of
pancreatic development. Pancreatic tissue-derived ECM (pdECM), bioprinting spheroidal structues,
vascular architectures, and circadian entrainment have each been shown to improve SC-B-cell
maturation by providing biochemical and geometric cues, vascular niche signals, or metabolic
stimulation. However, integrating these approaches into a single platform remains challenging.

Here, we present CONECT, a biohybrid 3D-printed tissue-stimulator platform that delivers
spatiotemporally controlled electrical stimulation (E-stim) to engineered pancreatic tissues. By,
integrating biofabrication, prevascularization, and programmed electrical conditioning CONECT provides a
versatile strategy to promote pancreatic tissue maturation and vascularization for diabetes therapy.
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Figure 2. Biohybrid 3D Printing process of CONECT
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Figure 3. Fabrication and electrical stimulation timeline of CONECT and pancreatic tissue

> Results
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Figure 4. Fabrication of Carbon black-PEVA (cpPEVA) and the property of vertical electrode. A Optimization of cpPEVA
concentration. B Vertical 3D printing and conductivity demonstrated through LED. C Electrochemical property of electric double layer.
D Injected current after 10,000 cycle E Simulation result of planar and vertical electrode, showing uniform E-field in vertical electrode.

@ Long-term function of primary islet and SC-f§ cell with E-stim
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Figure 6. Morphology and function of primary islets and SC-[3 cell islets with E-stim. A Primary islets exhibited low insulin expression
and proliferation of F-actin-high cells, while E-stim preserved the morphology. Gene expression of transcription and ion channel
markers supported the effect of E-stim. B SC-3 cell islets exhibited comparable morphology with and without E-stim, while the
glucose-stimulated insulin secretion index increased fourfold, demonstrating high maturation level.
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Figure 5. Intracellular calcium response synchronized to external E-stim for A rat primary islets and B SC-3 cells demonstrating

electrophysiological activity triggered through E-stim. C Intracellular calcium response for pancreatic tissue inside CoNECT. D High
cell viability and increased cell-cell interaction after 7 days of E-stim in CONECT.

(v) Fabrication of prevascularized pancreatic tissue
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Figure 7. Bioprinting of prevascularized pancreatic tissue inside CONECT. A Islet-like cell aggregate with SC-f3 cell only did not
provide contraction and cell-cell interaction. Introducing endothelial cells (HUVEC) increased expression of insulin and Cx36,
exhibiting higher functionality. B Direction of E-stim can affect the interaction and morphology of vasculature C Bioprinted design
with centered vasculature and islet-like cell aggregate, preserving the structure after day 4.

» Conclusion

In this study, we introduced the CoNECT platform as an in vitro strategy to promote pancreatic [-cell function and maturation by recreating an electrophysiological
microenvironment through E-stim. Using biohybrid 3D printing, conductive polymer-based ink (cpPEVA) was used to fabricate vertical electrodes that were seamlessly
integrated with pancreatic tissue constructs. This architecture enabled uniform delivery of electrical stimulation throughout the tissue and allowed reproducible, controlled
stimulation during long-term culture. The results showed that E-stim improved [3-cell functionality, as reflected by enhanced intracellular calcium dynamics, preservation of
islet morphology and structural integrity, and increased expression of genes related to electrophysiological activity and (-cell maturation. Through SC-8 cells and
endothelial cells, fabrication of prevascularized pancreatic tissue and control through E-stim has been proposed. Together, CONECT provides an effective platform for
engineering a supportive microenvironment for in vitro islet culture and 3-cell maturation, offering a strong basis for future translational applications.
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