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Abstract 34 

Three-dimensional (3D) organoids provide physiologically relevant models for studying 35 

human neural development and disease; however, stable bioelectronic interfacing with curved 36 

and dynamic organoid surfaces remains challenging. Here, we present a thermally actuated, 37 

shape-memory polymer (SMP)-based foldable bioelectronic interface for simultaneous 38 

electrophysiological recording and electrochemical cytokine sensing in human spinal cord 39 

organoids (hSCOs). Near physiological temperature (36–37 °C), the SMP substrate undergoes 40 

pronounced mechanical softening, enabling conformal 3D wrapping around organoids without 41 

external mechanical compression. The platform integrates gold microelectrodes for 42 

extracellular neural recording and antibody-functionalized sensing electrodes for label-free 43 

cytokine detection. Finite element simulations and experimental mechanical analyses 44 

confirmed temperature-dependent bending, enhanced conformal contact, low interfacial stress, 45 

and mechanically stable biointerfacing. Electrochemical characterization demonstrated linear 46 

cytokine sensing responses over 1–100 ng/ml, with calculated limits of detection (LOD) of 47 

0.44 ng/ml for TNF-α and 0.41 ng/ml for IL-8. Using this multimodal platform, stable 48 

electrophysiological recordings and cytokine monitoring were simultaneously obtained from 49 

hSCOs under inflammatory stimulation. TNF-α treatment induced dose-dependent increases in 50 

neural firing activity together with corresponding electrochemical cytokine responses. 51 

Collectively, this thermally adaptive bioelectronic interface provides a minimally invasive 52 

platform for integrated electrical and biochemical profiling of intact organoids and offers a 53 

promising tool for neuroinflammatory organoid studies. 54 

  55 
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1. Introduction 56 

Neuroinflammation plays a central role in the pathogenesis of neurodegenerative disorders, 57 

autoimmune neurological diseases, and spinal cord injury. (Brambilla 2019; Kwon and Koh 58 

2020; Zhang et al. 2023). Pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-59 

α) and interleukin-8 (IL-8) regulate intracellular signaling pathways, glial activation, and 60 

neural network remodeling, ultimately influencing electrophysiological excitability (Buffolo et 61 

al. 2021; Lee et al. 2023; Ramesh et al. 2013). Therefore, the ability to quantitatively assess 62 

inflammatory signaling in parallel with functional neural activity is essential for mechanistic 63 

studies and functional analysis of neuroinflammatory responses (Mac et al. 2026). In this 64 

context, human spinal cord organoids (hSCOs) have gained increasing attention as advanced 65 

three-dimensional (3D) in vitro models that recapitulate key features of human neural circuit 66 

development and inflammatory responses (Huang et al. 2022; Lee et al. 2022; Stöberl et al. 67 

2023). These systems provide organized cytoarchitecture and network-level functionality that 68 

are not achievable in conventional two-dimensional cultures. However, their spherical 69 

morphology and continuously evolving microenvironment make stable and reliable 70 

bioelectronic interfacing inherently challenging. 71 

Most existing neural bioelectronic platforms have been developed for planar tissues or 72 

monolayer cultures (Kim et al. 2025; Li et al. 2021). Although recent advances in flexible and 73 

stretchable electronics have improved mechanical compliance, the majority of organoid-74 

interfacing systems still rely on planar or partially wrapped configurations. As a result, they 75 

provide limited contact area and often exhibit unstable signal coupling when applied to curved 76 

3D tissues (Abu Shihada et al. 2024; Boufidis et al. 2025; Wang et al. 2025). To overcome these 77 

limitations, recent work has introduced 3D microelectrode array (MEA) architectures capable 78 

of conformally covering organoid surfaces, enabling large-area electrophysiological recordings 79 

Jo
urn

al 
Pre-

pro
of



 

4 

 

and more comprehensive analysis of network-level activity (Liu et al. 2026). However, these 80 

systems are typically fabricated with predefined geometries tailored to specific organoid shapes, 81 

which restrict their adaptability to organoids with heterogeneous morphologies. Moreover, 82 

rigid or geometrically constrained designs can introduce mechanical mismatch at the electrode–83 

tissue interface, potentially compromising signal quality and increasing interfacial impedance 84 

(Lee and Liu 2025; Xu et al. 2025). Importantly, most of these platforms are optimized for 85 

electrophysiological measurements alone, limiting their ability to simultaneously capture 86 

electrochemical signaling and to probe the interactions between electrical activity and 87 

neurochemical dynamics within organoid networks. 88 

At the same time, neuroinflammatory assessment in organoid models largely relies on 89 

endpoint assays, including conventional histological and molecular analyses, as well as bulk 90 

cytokine measurements via ELISA (Jung et al. 2018; Recaldin et al. 2024). Although these 91 

approaches offer molecular specificity, they require destructive processing or indirect sampling 92 

and therefore cannot provide real-time, organoid-level correlations between cytokine release 93 

and electrophysiological activity. 94 

To address these limitations, an effective bioelectronic interface for organoids must meet 95 

two key requirements: (i) it must achieve conformal integration with curved 3D tissues without 96 

imposing excessive mechanical stress, and (ii) it must support the simultaneous acquisition of 97 

electrical and biochemical signals within a single, stable platform. 98 

Here, we present a thermally actuated, shape-memory polymer (SMP)-based 3D foldable 99 

bioelectronic interface designed to dynamically adapt its mechanical properties under 100 

physiological conditions. Conventional shape-memory polymers (SMPs) possess the ability to 101 

reversibly transform into predefined shapes in response to external stimuli such as temperature 102 

or environmental conditions. In this study, we exploited the thermally induced transition of the 103 
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SMP from a rigid glassy state at lower temperatures to a softened state near physiological 104 

temperature, enabling stable conformal contact according to the geometry of the organoid 105 

surface. Near 36–37 °C, the SMP exhibits a pronounced reduction in storage modulus, enabling 106 

passive, conformal wrapping around organoids without the need for external mechanical 107 

compression (Liu et al. 2023). This temperature-responsive behavior promotes uniform surface 108 

contact and controlled stress distribution, thereby minimizing mechanical perturbation at the 109 

tissue–electrode interface. 110 

The proposed interface integrates patterned gold microelectrodes for electrophysiological 111 

recording with antibody-functionalized sensing sites for label-free electrochemical detection 112 

of cytokines. Antibody-modified gold electrodes have been widely demonstrated to provide 113 

high sensitivity and specificity for cytokine detection (Cancelliere et al. 2022; Hou et al. 2013). 114 

Finite element simulations, together with experimental validation, confirm the temperature-115 

dependent deformation behavior of the device and its ability to maintain mechanically stable 116 

and safe conformal contact with organoid surfaces. 117 

To evaluate the functionality of this multimodal platform, hSCOs were subjected to graded 118 

TNF-α stimulation. The system enabled simultaneous monitoring of network-level 119 

electrophysiological activity and cytokine-dependent electrochemical signals within the same 120 

intact organoid. By capturing these synchronized responses, the platform allows direct 121 

correlation between neural activity and inflammatory signaling, providing a robust and 122 

minimally invasive approach for high-fidelity neuroinflammatory studies in organoid systems. 123 

 124 

2. Experimental section 125 

2.1 Materials 126 

A complete list of materials is provided in the Supporting Information. 127 
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 128 

2.2 Fabrication of the SMP-based foldable bioelectronic interfaces 129 

The foldable bioelectronic interface was fabricated on an SMP substrate using standard 130 

photolithography and metal deposition processes (Fig. S1). Briefly, an SMP precursor solution 131 

was spin-coated onto a sacrificial copper layer and UV-cured to form the substrate. Ti/Au 132 

electrodes were subsequently patterned via photolithography and ICP-RIE etching, followed 133 

by encapsulation with an additional SMP insulation layer. Finally, the sacrificial layer was 134 

removed to release the foldable bioelectronic interface. Detailed fabrication procedures are 135 

provided in the Supporting Information. 136 

 137 

2.3 Bioelectronic interface activation chamber development 138 

A custom activation chamber was developed to support thermal actuation and stable 139 

electrophysiological measurements of the foldable bioelectronic interface. The chamber 140 

enabled controlled conformal interfacing between the device and organoids during recording 141 

experiments. 142 

 143 

2.4 Electrochemical impedance characterization of the foldable bioelectronic interface 144 

Electrochemical impedance spectroscopy (EIS) was performed to evaluate temperature-145 

dependent electrode–electrolyte coupling before and after thermal actuation of the foldable 146 

interface. Impedance spectra were acquired over a frequency range of 0.1 Hz to 1 MHz in PBS 147 

electrolyte. 148 

 149 

2.5 Thermomechanical characterization of the SMP foldable bioelectronic interface 150 

Finite element simulations were performed using the Solid Mechanics module in MATLAB 151 
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R2024a (MathWorks Inc., Natick, MA, USA) to investigate thermally induced deformation of 152 

the SMP-based foldable interface. For the finite element method (FEM) simulations, we 153 

employed DMA-derived storage modulus values as the approximate effective Young’s 154 

modulus to comparatively represent the rigid and softened mechanical states of the SMP 155 

substrate. At room temperature (the rigid state), the SMP exhibited a low tan δ value (< 0.1), 156 

making the storage modulus a reasonable approximation of elastic stiffness under small 157 

deformation conditions. Conversely, near the physiological body temperature of 37 °C (the 158 

softened state), the tan δ value increased to ~0.7, indicating enhanced viscoelastic behavior. In 159 

this highly viscoelastic regime, the storage modulus measured at a physiologically relevant 160 

frequency (e.g., 1 Hz) was utilized. This dynamic modulus under low-frequency oscillation 161 

provides a more accurate representation of the scaffold's in vivo mechanical stiffness against 162 

continuous biological micro-motions than a static Young's modulus. Ultimately, these 163 

simulations were designed to provide a simplified comparative thermomechanical analysis of 164 

the substrate rather than an absolute prediction of complex viscoelastic deformation. Additional 165 

image-based curvature and deformation analyses were performed to evaluate bending behavior 166 

and conformal mechanical compatibility under thermally actuated conditions. Detailed 167 

simulation parameters and analysis procedures are provided in the Supporting Information. 168 

 169 

2.6 hSCO generation and TNF-α responsive neuroinflammation 170 

hSCOs were generated from H9 human embryonic stem cells following a previously 171 

reported protocol. Organoids were sequentially differentiated using neural induction and 172 

caudalization factors, followed by maturation under suspension culture conditions. Detailed 173 
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differentiation procedures and reagent compositions are provided in the Supporting 174 

Information. 175 

 176 

2.7 Immunocytochemical staining and confocal imaging 177 

Immunocytochemical staining was performed using antibodies against NF-κB, GFAP, and C3, 178 

followed by confocal fluorescence imaging. Detailed staining procedures and antibody 179 

information are provided in the Supporting Information. 180 

 181 

2.8 Quantitative analysis of inflammatory gene expression 182 

Total RNA was extracted from hSCOs using TRIzol reagent according to the manufacturer’s 183 

protocol. Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using a 184 

reverse transcription master mix. Quantitative PCR was performed using a real-time PCR 185 

system with a SYBR Green-based master mix and gene-specific primers (Supplementary Table 186 

2). Gene expression levels were normalized to GAPDH and calculated using the 2−ΔΔCt method. 187 

Results are presented as fold changes relative to the untreated control group (TNF-α 0 ng/ml). 188 

 189 

2.9 Electrophysiological recording and signal analysis 190 

Electrophysiological recordings were obtained using a multichannel Intan RHD2000 system 191 

following thermally induced conformal interfacing between the device and organoids. Signals 192 

were digitized and analyzed offline using MATLAB-based custom scripts. 193 

 194 

2.10 Cytokine detection 195 

Antibodies specific to TNF-α and IL-8 were directly immobilized onto exposed gold 196 

electrode pads via physical adsorption without additional coupling chemistry. Briefly, antibody 197 
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solutions were applied to the exposed gold electrodes and incubated at 4 °C overnight, followed 198 

by PBS washing and BSA blocking to minimize nonspecific adsorption. Following TNF-α 199 

treatment, hSCOs were washed with PBS prior to electrochemical measurements. Cytokine 200 

detection was subsequently performed using cyclic voltammetry (CV) in a three-electrode 201 

configuration with antibody-functionalized gold electrodes. Electrochemical signals were 202 

analyzed based on normalized current changes relative to untreated controls. Detailed 203 

electrochemical measurement conditions are provided in the Supporting Information. 204 

 205 

3. Results and discussion 206 

3.1 Design and working principle of a 3D foldable bioelectronic interface 207 

The thermally adaptive, 3D foldable bioelectronic interface is an integrated diagnostic 208 

platform designed for multimodal organoid sensing (Fig. 1). This interface undergoes 209 

autonomous structural transformation to establish seamless contact with complex biological 210 

architectures. By exploiting the temperature-dependent mechanical transition of a SMP, the 211 

device achieves precise and conformal coupling, thereby overcoming the mechanical mismatch 212 

between conventional planar electrodes and 3D tissues. This functionality arises from its 213 

thermally driven mechanical adaptability. Upon exposure to physiological temperatures (35–214 

37 °C), the storage modulus of the SMP substrate decreases by more than 10 times, enabling 215 

the interface to transition into a compliant, elastic state. This softening allows passive 216 

conformal wrapping around the curved organoid surface without the need for external force or 217 

anchoring structures. As a result, mechanical perturbation to the developing organoid is 218 

minimized while intimate electrode–tissue contact is established, leading to improved signal-219 

to-noise ratio (SNR). 220 
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To enable dual sensing modalities within a single platform, the interface was fabricated using 221 

microelectromechanical systems (MEMS) processes that integrate recording electrodes, 222 

antibody-functionalized electrochemical sensors, foldable regions, and microscale drainage 223 

openings (Fig. 1; Figs. S1–S4). The MEA is configured to monitor electrophysiological activity, 224 

while the functionalized electrochemical sites detect inflammatory cytokines such as TNF-α 225 

and IL-8. The sensing region consists of eight recording electrodes, with four positioned on the 226 

bottom surface and four on the upper surface. This arrangement enables 3D 227 

electrophysiological recording once the interface conformally envelops the irregular organoid 228 

surface. To ensure stable organoid positioning and to prevent the accumulation of culture 229 

medium, drainage openings are incorporated around the sensing region. These apertures allow 230 

excess medium to escape during organoid placement, thereby enhancing mechanical stability 231 

and improving electrode–tissue contact. The integration of antibody-functionalized sensing 232 

sites alongside electrophysiological electrodes enables simultaneous monitoring of neural 233 

firing patterns and biochemical markers, including TNF-α and IL-8. By enabling real-time 234 

correlation between functional network dynamics and cytokine release, this multimodal 235 

interface provides a robust platform for investigating the mechanisms of neuroinflammation in 236 

3D, human-relevant models. 237 
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Figure 1. Schematic illustration of a thermally adaptive, 3D foldable bioelectronic 238 

interface.  239 

 240 

3.2 Thermally induced conformal interfacing with 3D organoids 241 

The thermomechanical properties of the proposed SMP were tuned to enable seamless 242 

conformal interfacing with organoids (Fig. 2A). The storage modulus exhibited a sharp 243 
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decrease with increasing temperature, dropping from 1.06 GPa at 25 °C to 96.3 MPa at 37 °C. 244 

The loss factor (tan δ) showed a pronounced peak near 37–38 °C, corresponding to the glass 245 

transition temperature (Tg) of the SMP. This transition at physiological temperature (37 °C) 246 

allows the SMP-based substrate to soften and undergo structural deformation, thereby 247 

facilitating passive wrapping around the organoid (Fig. 2B; Fig. S5). At 25 °C, the scaffold 248 

remains relatively planar and establishes only partial contact with the organoid surface. In 249 

contrast, at 37 °C, the thermally softened SMP bends toward the organoid, enabling the sensing 250 

interface to conformally envelop the irregular 3D structure. 251 

To verify conformal contact between the bioelectronic interface and the organoid, 252 

electrochemical impedance spectroscopy (EIS) was performed at both 25 °C and 37 °C (Fig. 253 

2C–F). Channel-wise impedance mapping revealed clear temperature-dependent differences in 254 

contact behavior (Fig. 2C, D). At 25 °C, the bottom electrodes exhibited lower impedance than 255 

the top electrodes, primarily due to gravity-assisted contact with the organoid. In contrast, the 256 

top electrodes remained partially detached, resulting in higher impedance. At 37 °C, thermal 257 

softening of the SMP enabled the interface to wrap conformally around the organoid, leading 258 

to uniformly improved electrode–organoid contact across both top and bottom channels. 259 

Consequently, all channels showed substantially reduced impedance, indicating more 260 

homogeneous and efficient electrical coupling through conformal interfacing. Representative 261 

frequency-dependent impedance and phase spectra further supported this temperature-262 

dependent stabilization of the interface (Fig. 2E, F). At 25 °C, the device exhibited relatively 263 

high impedance across the measured frequency range, with a 1 kHz impedance of 9.42 ± 0.68 264 

kΩ (Fig. 2E). Following thermal activation at 37 °C, the impedance decreased markedly to 1.96 265 

± 0.18 kΩ at 1 kHz (Fig. 2F), reflecting improved electrical contact and reduced interfacial 266 
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resistance. Collectively, these results demonstrate that thermally induced conformal interfacing 267 

enhances electrode–organoid coupling and significantly improves electrical stability. 268 

Figure 2. Thermomechanical activation and impedance characteristics of the SMP-based 269 

foldable bioelectronic interface. 270 

(A) Dynamic mechanical analysis of the SMP substrate showing temperature-dependent 271 

changes in storage modulus and tan δ. (B) Schematic illustration of thermally induced 272 

conformal wrapping of the bioelectronic interface around an organoid at 25 °C and 37 °C. (C, 273 

D) Channel-wise impedance heatmaps measured at 25 °C (C) and 37 °C (D). (E, F) 274 

Representative EIS profiles of the interface at 25 °C (E) and 37 °C (F). Data are presented as 275 

mean ± SD (n = 4 independent channels). 276 

 277 
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3.3 Simulation-based analysis of thermally induced deformation and contact behavior 278 

To further elucidate the deformation mechanism underlying conformal organoid interfacing, 279 

finite element simulations were conducted using MATLAB to model the thermally induced 280 

bending behavior of the SMP-based structure. As illustrated in Fig. 3A, the interface was 281 

designed to bend along a predefined arc toward the curved organoid surface. The simulated 282 

deformation profile (Fig. 3B) revealed progressive out-of-plane bending with increasing 283 

temperature, closely reproducing the experimentally observed wrapping behavior. Cross-284 

sectional simulations further illustrated the evolving conformal interaction between the 285 

organoid and the sensing substrate during deformation (Fig. S6). 286 

To quantify the impact of deformation on physical interfacing, cross-sectional analyses were 287 

performed to examine the contact state between the scaffold and the organoid at 25 °C and 288 

37 °C. The adhesion map (Fig. 3C) indicates that, at 25 °C, the predicted contact region is 289 

limited to a small, localized area near the edge of the structure. In contrast, at 37 °C, the contact 290 

region expands substantially along the curved interface. This result suggests that thermal 291 

activation significantly increases the effective contact area between the device and the organoid. 292 

The corresponding temperature distribution map (Fig. 3D) shows a relatively uniform 293 

thermal profile across the interfacing structure, with no evident localized hotspots. The 294 

simulated temperature rises from 25 °C to 37 °C throughout the activated region, indicating 295 

that deformation is driven by a broadly distributed thermal field rather than localized heating. 296 

The displacement map (Fig. 3E) further demonstrates a pronounced increase in structural 297 

deformation at 37 °C compared with 25 °C. At the lower temperature, displacement was 298 

restricted to a narrow peripheral region, whereas at 37 °C it extended across a much larger 299 

portion of the scaffold. This behavior is consistent with the experimentally observed transition 300 
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from partial to fully conformal wrapping. Additional mechanical simulations corroborate the 301 

temperature-dependent increase in compliance of the sensing substrate. 302 

Collectively, these simulations support experimental observations by demonstrating that 303 

thermal activation induces reproducible bending, expands the effective contact area, and 304 

enhances structural displacement of the interface. These modeling results provide a 305 

mechanistic basis for the improved conformal wrapping and reduced interfacial impedance 306 

observed experimentally, confirming that the SMP-based scaffold enables mechanically stable 307 

and electrically reliable biointerfacing with 3D organoids. Additional quantitative mechanical 308 

analyses were performed to validate the conformal mechanical compatibility of the foldable 309 

SMP interface with soft 3D organoid systems. A spherical bead model with diameters of 310 

approximately 1218 and 1071 μm was used to mimic the curvature of spinal cord organoids. 311 

Image-based curvature analysis demonstrated that the bending radius of the thermally actuated 312 

SMP interface decreased from 660 ± 45 μm at 25 °C to 550 ± 38 μm at 37 °C, approaching the 313 

average radius of the organoid-mimicking bead under physiological conditions. To indirectly 314 

evaluate interfacial stress and strain during conformal contact, a spherical bead positioned on 315 

the SMP device spanning a 3 mm opening was vertically displaced. Under the 37 °C condition, 316 

the softened SMP interface formed intimate conformal contact with the bead surface, resulting 317 

in ~0.2 mm upward deformation of the device, whereas negligible deformation was observed 318 

at 25 °C. Based on the 3 mm unsupported span geometry, the resulting strain was estimated to 319 

be ~0.88%. In addition, the measured force at 0.2 mm displacement (~2.8 mN) was converted 320 

into nominal interfacial stress using the projected bead contact area (0.785 mm² for a 1 mm 321 

bead), yielding an estimated stress of ~3.57 kPa. Considering that neural organoid tissues 322 

typically exhibit elastic moduli in the kPa range (~5 kPa), the estimated stress suggests 323 

mechanically compliant interfacing without substantial mechanical loading. Furthermore, 324 
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lateral displacement experiments demonstrated that the force required to move the bead by 1 325 

mm was substantially greater under the 37 °C condition than under the 25 °C condition, 326 

indicating enhanced conformal adhesion and increased effective contact pressure between the 327 

softened SMP interface and the organoid-mimicking bead (Fig. S7). 328 

Figure 3. Temperature-dependent mechanical adaptation of the SMP-based bioelectronic 329 

interface enabling conformal contact with a 3D organoid.  330 

(A) Schematic illustration of thermally induced bending of the SMP scaffold toward the 331 

organoid surface. (B) Finite element simulation of temperature-dependent deformation of the 332 

foldable interface. (C) Simulated contact distribution between the interface and organoid under 333 

rigid and softened conditions. (D) Simulated temperature distribution across the interface 334 
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during thermal activation. (E) Simulated displacement map of the foldable structure under 335 

thermal activation. 336 

 337 

3.4 Early detection of TNF-α induced neuroinflammation via NF-κB nuclear 338 

translocation 339 

Prior to multimodal sensing experiments, a TNF-α-induced neuroinflammation model was 340 

established in well-characterized hSCOs exhibiting spinal cord identity and progressive 341 

maturation (Figs. S8 and S9). To determine whether TNF-α stimulation rapidly activates 342 

neuroinflammatory signaling in hSCOs, we monitored the nuclear translocation of NF-κB, a 343 

hallmark of the inflammatory cascade, 1 h after treatment (Fig. 4A). In untreated organoids (0 344 

ng/ml TNF-α), NF-κB was predominantly localized in the cytoplasm, with minimal nuclear 345 

signal. In response to increasing TNF-α concentrations, NF-κB exhibited pronounced nuclear 346 

translocation, consistent with progressive activation of the NF-κB pathway (Fig. 4B; Fig. S10). 347 

NF-κB nuclear translocation was quantified from immunofluorescence images by calculating 348 

the ratio of nuclear to cytoplasmic NF-κB intensity (Fig. 4C). This analysis revealed a 349 

significant, dose-dependent increase in nuclear localization, with nuclear fractions of 14.18 ± 350 

6.17% at 0 ng/ml TNF-α, 43.79 ± 10.5% at 10 ng/ml TNF-α, and 66.46 ± 9.89% at 100 ng/ml 351 

TNF-α. Consistent with these findings, line profile analysis of NF-κB fluorescence intensity 352 

further demonstrated progressive enrichment of the signal within the nucleus as TNF-α 353 

concentration increased (Fig. 4D). The corresponding intensity profiles exhibited a bell-shaped 354 

distribution, with peak intensity located within the nucleus. Moreover, absolute fluorescence 355 

intensity increased in a dose-dependent manner, indicating that higher TNF-α concentrations 356 

elicited stronger activation of NF-κB signaling. 357 
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Collectively, these results demonstrate that TNF-α stimulation induces rapid, dose-358 

dependent nuclear translocation of NF-κB in hSCOs, reflecting early neuroinflammatory 359 

activation, consistent with previous reports. (Bagaev et al. 2019; Hyvärinen et al. 2019). 360 

 361 

3.5 Glial and inflammatory marker expression induced by TNF-α  362 

To determine whether early NF-κB activation is followed by structural and transcriptional 363 

changes associated with neuroinflammation, hSCOs were exposed to TNF-α for 48 h and 364 

subsequently analyzed by immunostaining and gene expression profiling. Immunofluorescence 365 

analysis revealed a dose-dependent increase in the astrocytic marker GFAP and the reactive 366 

astrocyte–associated marker complement component C3 following TNF-α treatment, despite 367 

the absence of immune cells (Fig. 4E; Fig. S11). In addition to increased signal intensity, 368 

GFAP-positive cells displayed more pronounced filamentous structures and evident astrocytic 369 

hypertrophy, characterized by thickened cellular processes. In contrast, untreated organoids 370 

showed low, diffuse GFAP and C3 signals without noticeable morphological changes. 371 

Transcriptional analysis further corroborated these observations. The expression levels of pro-372 

inflammatory cytokines (TNF-α and IL-6) and chemokines (IL-8 and CCL5) were significantly 373 

upregulated in a dose-dependent manner compared with untreated controls (Fig. 4F). These 374 

responses were consistently observed across independent organoid batches, indicating robust 375 

and reproducible induction of inflammatory gene expression following TNF-α stimulation. 376 

Taken together, these findings indicate that early NF-κB nuclear translocation induced by TNF-377 

α is followed by downstream astrocytic activation, reflected in both molecular and 378 

morphological changes, as well as coordinated upregulation of inflammatory genes. This 379 

progression supports the establishment of a sustained neuroinflammatory state in hSCOs. 380 
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Figure 4. TNF-α-induced neuroinflammatory responses in hSCOs. 381 
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(A) Experimental schematic of TNF-α treatment in hSCOs. Scale bar, 200 μm. (B) 382 

Representative immunofluorescence images of NF-κB (magenta) and nuclei (cyan) following 383 

TNF-α treatment. Scale bar, 5 μm. (C) Quantification of NF-κB nuclear translocation. (D) Line 384 

profile analysis of NF-κB fluorescence intensity across the nucleus. (E) Representative 385 

immunofluorescence images of GFAP and C3 expression following TNF-α treatment. Scale 386 

bar, 50 μm. (F) Quantitative analysis of inflammatory gene expression following TNF-α 387 

stimulation. Data are presented as mean ± SD. Statistical significance was assessed using one-388 

way ANOVA followed by Tukey’s multiple-comparison test (*p < 0.05, **p < 0.01, ***p < 389 

0.001, ****p < 0.0001). 390 

 391 

3.6 Electrophysiological and electrochemical characterization of inflammatory organoids 392 

Electrophysiological recordings were conducted to evaluate how inflammatory stimulation 393 

modulates spontaneous neural activity in hSCOs. The foldable bioelectronic interface enabled 394 

stable extracellular recordings from the organoid surface under conformal contact conditions, 395 

while simultaneously supporting electrochemical cytokine sensing through antibody-396 

functionalized electrodes (Fig. 5A). Representative extracellular traces showed spontaneous 397 

spike activity under all conditions, with clear alterations in temporal firing patterns following 398 

TNF-α treatment (Fig. 5B; Fig. S12). Quantitative analysis revealed a dose-dependent increase 399 

in neuronal excitability, with firing rates rising from 8.3 ± 3.46 spikes/s in untreated controls 400 

to 29.7 ± 3.08 spikes/s and 35.8 ± 3.19 spikes/s in organoids treated with 10 and 100 ng/ml 401 

TNF-α, respectively (Fig. 5C). SNRs remained consistently high across all groups (8.59, 8.55, 402 

and 9.52), confirming stable recording quality during inflammatory stimulation. These 403 

observations are consistent with previous reports indicating that TNF-α enhances excitatory 404 
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synaptic transmission and neuronal responsiveness (Chen et al. 2015; Olmos and Lladó 2014; 405 

Stellwagen and Malenka 2006). 406 

Analysis of spike timing further supported these findings. Time-resolved spike rate maps 407 

also revealed denser and more sustained firing activity following TNF-α exposure, particularly 408 

at 100 ng/ml. Together, these results indicate that inflammatory stimulation promotes network-409 

level hyperexcitability while altering the temporal organization of neural activity, consistent 410 

with TNF-α-mediated disruption of excitation–inhibition balance reported in previous studies. 411 

In parallel, cytokine release from organoids was evaluated electrochemically using integrated 412 

antibody-functionalized gold electrodes. Prior to organoid measurements, antibody 413 

immobilization and sensing performance were systematically validated. Calibration 414 

experiments demonstrated dose-dependent signal attenuation over a range of 5–100 ng/ml for 415 

both TNF-α and IL-8 sensors (Fig. S13A). Linear fitting confirmed robust analytical 416 

performance, with distinct and reproducible responses across the tested range. Baseline 417 

electrochemical characterization further showed no significant difference between bare gold 418 

electrodes and antibody-functionalized electrodes prior to cytokine binding (Fig. S13B), 419 

indicating that antibody immobilization did not substantially alter the intrinsic electrochemical 420 

properties of the sensing surface. Consequently, subsequent signal changes were attributed 421 

primarily to target-induced interfacial blocking rather than nonspecific baseline drift. 422 

Using the multimodal platform, cytokine levels were quantified in organoids subjected to 423 

graded TNF-α stimulation. Cyclic voltammetry (CV) measurements showed a progressive 424 

decrease in peak current amplitude with increasing inflammatory stimulation for both TNF-α 425 

and IL-8 sensing channels (Fig. S14). Quantitative analysis revealed that the TNF-α channel 426 

decreased from 1.50 ± 0.12 μA under control conditions to 1.29 ± 0.01 μA and 1.07 ± 0.02 μA 427 

following treatment with 10 and 100 ng/ml TNF-α, respectively (Fig. 5D). Similarly, the IL-8 428 
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channel decreased from 1.49 ± 0.12 μA to 1.22 ± 0.02 μA and 0.99 ± 0.002 μA under the same 429 

conditions (Fig. 5E). Using the calibration curves obtained from Fig. 5I, these current responses 430 

were further converted into calibration-derived apparent cytokine-equivalent concentrations. 431 

The 10 ng/ml TNF-α-treated group corresponded to approximately 30.7 ng/ml TNF-α and 31.2 432 

ng/ml IL-8, whereas the 100 ng/ml TNF-α-treated group corresponded to approximately 100 433 

ng/ml for both cytokine sensing channels. These reductions are consistent with increased steric 434 

hindrance and charge-transfer resistance resulting from cytokine binding to immobilized 435 

antibodies at the electrode interface. 436 

For normalized comparison across conditions, current responses were converted to relative 437 

signal changes (ΔI/I0, %). The TNF-α sensing channel exhibited increases from 13.2 ± 2.54% 438 

at 10 ng/ml to 18.4 ± 3.46% at 100 ng/ml, whereas the IL-8 channel increased from 28.1 ± 439 

3.08% to 34.0 ± 3.19% over the same range (Fig. 5F). Notably, the IL-8 channel showed a 440 

larger relative response than the TNF-α channel, suggesting robust secondary cytokine 441 

induction following TNF-α stimulation. Representative cyclic voltammetry (CV) responses 442 

further confirmed concentration-dependent electrochemical signal attenuation for both TNF-α 443 

and IL-8 sensing (Fig. 5G, H). Calibration analysis demonstrated linear sensor responses over 444 

1–100 ng/ml, with calculated LOD values of 0.44 ng/ml for TNF-α and 0.41 ng/ml for IL-8, 445 

and corresponding R² values of 0.992 and 0.989, respectively. Low-concentration validation 446 

showed that reliable current changes became clearly distinguishable from the 447 

blank/background response from 0.6 ng/ml, indicating a practical detection level of 0.6 ng/ml 448 

under the present experimental conditions (Fig, 5I, Fig. S15). 449 

Overall, inflammatory stimulation induced concurrent increases in neuronal excitability and 450 

cytokine release in hSCOs. TNF-α treated organoids exhibited elevated firing rates, shorter 451 

inter-spike intervals, and more sustained firing activity, while electrochemical measurements 452 
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revealed dose-dependent increases in TNF-α, and IL-8-associated signals. These findings 453 

demonstrate that the foldable bioelectronic interface enables simultaneous and correlated 454 

monitoring of electrical and biochemical responses, providing an integrated platform for 455 

investigating neuroinflammatory dynamics in human organoid models. Negligible signal 456 

crosstalk during simultaneous electrophysiological recording and electrochemical CV 457 

detection was further confirmed (Fig. S16). 458 

 459 
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Figure 5. Simultaneous electrophysiological and electrochemical characterization of 460 

TNF-α induced inflammatory responses in human spinal cord organoids. 461 

(A) Schematic illustration of the multimodal bioelectronic interface enabling concurrent 462 

electrophysiological and electrochemical recordings from a 3D organoid. (B) Representative 463 

extracellular recordings from organoids treated with 0, 10, and 100 ng/ml TNF-α. Expanded 464 

spike waveforms and raster plots are shown on the right and bottom, respectively. (C) 465 

Quantified firing rates following TNF-α treatment. (D, E) Electrochemical current responses 466 
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for TNF-α (D) and IL-8 (E) detection. (F) Relative signal changes (ΔI/I0, %) for TNF-α and 467 

IL-8 sensing. (G, H) Representative cyclic voltammetry (CV) responses of TNF-α (G) and IL-468 

8 (H) sensing channels under different TNF-α stimulation conditions. (I) Calibration curves of 469 

TNF-α and IL-8 sensors showing linear concentration-dependent current changes over a range 470 

of 1–100 ng/ml, including calculated limits of detection (LOD) and corresponding R² values. 471 

Data are presented as mean ± SD (n = 9 independent measurements). Statistical significance 472 

was assessed using one-way ANOVA followed by Tukey’s multiple-comparison test (*p < 0.05, 473 

**p < 0.01). 474 

 475 

4. Conclusion 476 

This study presents a thermally adaptive bioelectronic interface for the multimodal 477 

acquisition of electrophysiological and electrochemical signals from hSCOs. By incorporating 478 

a SMP that softens at physiological temperature (36–37 °C), the platform achieves conformal 479 

integration with complex 3D organoid geometries, thereby addressing key interfacial 480 

limitations associated with conventional planar and curved bioelectronic systems. 481 

The integration of electrophysiological recording electrodes with antibody-functionalized 482 

electrochemical sensors within a single device enables the simultaneous monitoring of neural 483 

network activity and cytokine release. Finite element simulations, together with experimental 484 

validation, confirm that temperature-dependent mechanical adaptation occurs within 485 

mechanically and thermally safe regimes, supporting stable and reliable biointerfacing. 486 

Experimentally, the platform enables consistent electrophysiological recordings under both 487 

basal and TNF-α induced inflammatory conditions. Organoids exposed to graded TNF-α 488 

stimulation exhibit distinct modulation of electrical activity, accompanied by dose-dependent 489 

electrochemical responses associated with TNF-α and IL-8 release. 490 
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Importantly, in contrast to conventional destructive endpoint assays that rely on sample 491 

fixation or lysis, the proposed interface enables non-destructive, real-time monitoring of both 492 

functional and biochemical signals. This capability enables repeated measurements from the 493 

same organoid while preserving tissue integrity, thereby reducing sample consumption and 494 

improving experimental efficiency. Rather than replacing established molecular assays, this 495 

platform serves as a complementary and minimally invasive approach for rapid functional 496 

screening. 497 

Although the present study focuses on inflammatory modulation in hSCOs, additional work 498 

is needed to assess long-term operational stability and scalability under extended culture 499 

conditions. Future efforts will focus on integrating therapeutic intervention studies, including 500 

drug treatment and functional recovery assays, while expanding the range of detectable 501 

biomarkers and disease-specific organoid applications. 502 

  503 
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