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Abstract (English) 

This dissertation presents interdisciplinary research at the intersection of material science, 

biofabrication, flexible electronics, and tissue engineering, specifically emphasizing the 

role of polyurethane (PU) in revolutionizing healthcare applications. Spanning four 

distinct but interrelated projects, this research not only demonstrates the development of 

smart biomaterials but also introduces novel fabrication methods and diverse applications 

for strain sensors. The first project introduces a novel smart hydrogel, comprising 

biodegradable PU and gelatin-based biomaterials. This hydrogel exhibited an 

environmental-responsive behavior, which makes it suitable for high-resolution (80 μm) 

three-dimensional (3D) bioprinting. Additionally, the hydrogel showed an ionomeric self-

healing property, which is instrumental in ensuring the good structural integrity of 

bioprinted constructs. Further, the hydrogel demonstrated good stackability (> 80 layers), 

structural stability, elasticity, biocompatibility, and tunable modulus (1-60 kPa). These 

characteristics collectively underscore its vast potential in diverse tissue engineering 

applications. In addition, the shape memory and cryopreservation properties of the 

hydrogel make it a promising candidate for four-dimensional (4D) bioprinting in 

minimally invasive surgery and biobanking. The second project focuses on recombinant 

spider silk hydrogel, chosen due to its structural similarity with PU (i.e., alternating 

arrangement of soft and hard segments). This work showed the autonomous self-healing 

property and cytocompatibility of the recombinant spider silk hydrogel. In situ small-

angle x-ray scattering (SAXS) analyses revealed that the self-healing mechanism was 

associated with the stick-slip behavior of the β-sheet nanocrystals. These results, first 

identified in my research, mark an important advancement in the biomedical field of self-

healing hydrogels. The third project expands into advanced wearable eco-friendly 

electronics, integrating biodegradable PU films with crosslinked gold nanoparticle (GNP) 



doi:10.6342/NTU202400827

vii 

 

films. A facile, clean, rapid, and scalable contact printing method with high reliability 

was developed for transferring the patterned GNP films onto the PU film, without the 

need of a sacrificial polymer carrier or organic solvents. The fabricated GNP-PU strain 

sensor with low Young's modulus (~17.8 MPa) and high stretchability showed good 

stability and durability (10000 cycles) as well as degradability. The GNP-PU strain sensor 

arrays with spatiotemporal strain resolution are applied as wearable eco-friendly 

electronics for monitoring subtle physiological signals and large-strain actions. The 

fourth project introduces a heart-on-a-chip platform as the in vitro cardiac model, 

comprising the 3D human induced pluripotent stem cell (hiPSC)-derived cardiomyocyte 

spheroid-laden gel matrix and the GNP-PU cantilever-based strain sensor. The clean 

contact printing method developed in the third project was used for fabricating the GNP-

PU cantilever-based strain sensor to preserve the biocompatibility. The fabricated 

cantilever-based GNP-PU strain sensor demonstrated a high gauge factor (~50). The 

developed heart-on-a-chip platform was capable of detecting the contractile behavior of 

the cardiomyocyte spheroids.  

 

Keywords: Polyurethane, bioprinting, smart hydrogel, self-healing, strain sensor, heart-

on-a-chip 
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中文摘要 

本篇論文呈現了涉及材料科學、生物製造、柔性電子和組織工程等多個領域的跨學

科研究，其中特別焦點於聚胺酯材料於前瞻醫療應用革新扮演的重要角色。整個研

究分為四個各具重點特色、相互關聯的主題，成功展示了創新智能性生物材料發展

與新穎應變感測器製備方法及其應用。首先第一個主題介紹了一種由可生物降解

聚胺酯與明膠基生物材料製成的多智能性水凝膠，具備之環境響應特性使其可用

於高精度 (80 微米) 3D 生物列印，具備之自我修復特性使其可確保生物列印之結

構具良好的結構一體性。此外，水凝膠具有之良好的堆疊性 (80 層以上)、結構穩

定性、彈性、生物相容性及可調整的機械模量 (1-60 千帕) 使其可應用於各種組織

工程發展。另外，此水凝膠還具有良好的形狀記憶特性及冷凍保存能力，可應用於

4D 生物列印、臨床微創手術、及生物銀行長期保存與運輸發展。第二個主題選擇

探討與聚胺酯具結構相似性 (軟硬鏈段交替排列) 的重組蜘蛛絲水凝膠。研究結果

發現此水凝膠具有自我修復特性與好的細胞相容性。透過原位小角度 X 光散射分

析，揭示了其自我修復機制與結構內部之β摺疊奈米晶體的黏滑行為相關，此研究

成果對自我修復水凝膠於生物醫學領域發展具重要意義。第三個主題將可生物降

解聚胺酯薄膜與交聯之奈米金薄膜結合，朝向發展具環境保護特性之可穿戴應變

感測器。在此，我發展了一種乾淨、簡易、快速且可擴展的接觸列印新方法，不需

使用犧牲性高分子載體或有機溶劑即可完整地將圖案化之奈米金薄膜轉移至聚胺

酯薄膜上。製作之奈米金-聚胺酯應變感測器具低楊氏模量 (~17.8 兆帕)、高可拉

伸性、良好應變穩定性與耐久性 (10000 個週期)、及可降解特性。進一步發展之應

變感測器陣列具時空間應變解析度，作為可穿戴感測器可實時監測人體的微小生

理訊號或大範圍的肢體動作行為。第四個主題發展了一新的心臟晶片平台，其含人

類誘導多能幹細胞衍生的 3D心肌細胞球、具自我修復特性之水凝膠、及奈米金-聚

胺酯懸臂式應變傳感器，作為人體外的心臟模型。第三個主題中開發的乾淨接觸列

印方法在此被使用來製備奈米金-聚胺酯懸臂式應變傳感器以確保其生物相容性。
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製作之奈米金-聚胺酯懸臂式應變傳感器具高應變係數 (~50)，可於發展的心臟晶

片平台中有效監測心肌細胞球的收縮與舒張行為。 

 

關鍵字: 聚胺酯、生物列印、智能水凝膠、自我修復、應變感測器、心臟晶片平台
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Abstrakt (Deutsch) 

Diese Dissertation präsentiert interdisziplinäre Forschung an der Schnittstelle von 

Materialwissenschaft, Biofabrikation, flexibler Elektronik und Gewebezüchtung, wobei 

insbesondere die Rolle von Polyurethan (PU) bei der Revolutionierung von 

Gesundheitsanwendungen hervorgehoben wird. Über vier unterschiedliche, jedoch eng 

miteinander verbundene Projekte erstreckend, demonstriert diese Arbeit nicht nur die 

Entwicklung intelligenter Biomaterialien, sondern führt auch innovative 

Herstellungsmethoden und vielseitige Anwendungen für Dehnungssensoren ein. Das 

erste Projekt stellt ein neuartiges, intelligentes Hydrogel vor, bestehend aus biologisch 

abbaubarem PU und auf Gelatine basierenden Biomaterialien. Dieses Hydrogel zeigte ein 

stimulisresponsives Verhalten, was es für hochauflösendes (80 μm) dreidimensionales 

(3D) Bioprinting geeignet macht. Zudem wies das Hydrogel Selbstheilungseigenschaften 

auf, die entscheidend für die strukturelle Integrität der biogedruckten Konstrukte sind. 

Weiterhin demonstrierte das Hydrogel eine gute Stapelfähigkeit (> 80 Schichten), 

strukturelle Stabilität, Elastizität, Biokompatibilität und einen anpassbaren Modulus (1-

60 kPa). Diese Eigenschaften unterstreichen sein enormes Potenzial für vielfältige 

Anwendungen im Bereich der Gewebezüchtung. Zusätzlich machen das Formgedächtnis 

und die Kryokonservierungseigenschaften des Hydrogels es zu einem vielversprechenden 

Kandidaten für vierdimensionales (4D) Bioprinting in minimalinvasiver Chirurgie und 

Biobanking. Das zweite Projekt fokussiert auf rekombinantes Spinnenseide-Hydrogel, 

das aufgrund seiner strukturellen Ähnlichkeit mit PU (d.h., abwechselnde Anordnung von 

weichen und harten Segmenten) gewählt wurde. Diese Studie offenbarte die autonome 

Selbstheilungsfähigkeit und Zytokompatibilität des rekombinanten Spinnenseide-

Hydrogels. In-situ-Kleinwinkel-Röntgenstreuanalysen zeigten, dass der 

Selbstheilungsmechanismus mit dem Stick-Slip-Verhalten der β-Faltblatt-Nanokristalle 
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zusammenhängt. Diese Ergebnisse, erstmalig in meiner Forschung identifiziert, stellt 

einen wichtigen Fortschritt im biomedizinischen Bereich selbstheilender Hydrogele dar. 

Im dritten Projekt wurden die Forschungsaktivitäten auf fortschrittliche tragbare, 

umweltfreundliche Elektronik erweitert, indem biologisch abbaubare PU-Folien mit 

vernetzten Goldnanopartikelfilmen (GNP-Filmen)  kombiniert wurden. Es wurde ein 

einfaches, sauberes, schnelles und skalierbares Kontaktdruckverfahren mit hoher 

Zuverlässigkeit entwickelt, um die gemusterten GNP-Filme auf die PU-Folie zu 

übertragen, ohne einen Opferpolymerträger oder organische Lösungsmittel zu benötigen. 

Der hergestellte GNP-PU-Dehnungssensor, mit einem niedrigen Elastizitätsmodul (~17,8 

MPa) und hoher Dehnbarkeit, zeigte eine gute Stabilität und Haltbarkeit (10.000 Zyklen) 

sowie eine gute Abbaubarkeit. Die GNP-PU-Dehnungssensor-Arrays mit räumlich-

zeitlicher Dehnungsauflösung können als tragbare, umweltfreundliche Elektronik zur 

Überwachung und Detektion subtiler physiologischer Signale aber auch großer 

Dehnungsbewegungen eingesetzt werden. Das vierte Projekt stellt eine Heart-on-a-Chip-

Plattform als in vitro Herzmodell vor, bestehend aus einer 3D-Gelmatrix, beladen mit 

Sphäroiden aus Kardiomyozyten, die aus human indizierten pluripotenten Stammzellen 

abgeleitet sind, sowie einem GNP-PU-Cantilever-basierten Dehnungssensor. Das im 

dritten Projekt entwickelte saubere Kontaktdruckverfahren wurde zur Herstellung des 

Cantilever-basierten GNP-PU-Dehnungssensors verwendet, um die Biokompatibilität zu 

gewährleisten. Der gefertigte Cantilever-basierte GNP-PU-Dehnungssensor wies einen 

hohen Gauge-Faktor (~50) auf. Die entwickelte Heart-on-a-Chip-Plattform war in der 

Lage, das kontraktile Verhalten der Kardiomyozyten-Sphäroide zu erkennen. 

 

Schlüsselwörter: Polyurethan, Biodruck, intelligentes Hydrogel, Selbstheilung, 

Dehnungssensor, Heart-on-a-Chip-Plattform
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1. Introduction 

1.1. Hydrogel 

Hydrogels are three-dimensional (3D) network structures produced through the 

crosslinking of hydrophilic polymer chains [1]. Within the network structures, water 

molecules are readily entrapped, creating high water content and leading to the formation 

of gel states that exhibit viscoelastic characteristics, intermediate between those of solids 

and liquids [2]. Hydrogels can be categorized based on the crosslinking method and the 

source of the material [3]. In terms of the crosslinking method, hydrogels can be divided 

into chemically crosslinked and physically crosslinked types [4]. Chemically crosslinked 

hydrogels are created by the addition of chemical crosslinking agents that form covalent 

bonds between polymers under appropriate stimuli (e.g., light and enzyme catalysis) to 

form a permanent structure with good long-term mechanical stability. However, the 

chemical crosslinking agents are frequently composed of toxic compounds, and the 

unreacted agents must be removed from the gels prior to their application [4]. In addition, 

chemical crosslinking agents may engage in undesired reactions with the bioactive 

constituents within the hydrogel matrix. By contrast, physically crosslinked hydrogels are 

non-permanent network structures formed by secondary forces (e.g., electrostatic 

interaction, hydrogen bonding, and hydrophobic association) without the use of 

crosslinking agents. Although physically crosslinked hydrogels have the advantage of low 

toxicity, their inherent mechanical weakness and long crosslinking time are notable 

disadvantages [5].  

In terms of the source of the material, hydrogels can be classified into natural and 

synthetic types [3]. Natural hydrogels, made from natural polymers, typically possess 

good biocompatibility [6]. Meanwhile, owing to the abundance and easy accessibility of 

natural polymers, natural hydrogels are cost-effective. For instance, chitosan can be 
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extracted from crustaceans, while gelatin can be obtained from porcine skin [7, 8]. 

Furthermore, natural hydrogels feature inherent biodegradability, and in the field of tissue 

engineering, they can serve as potential development materials for simulating the natural 

extracellular matrix (ECM) of tissues. A notable example is gelatin, a hydrolysis product 

of collagen, which shares components with the animal body's ECM, thereby showcasing 

superb biocompatibility and biodegradability [8]. Meanwhile, gelatin contains the 

arginine–glycine–aspartic acid (RGD) sequence, a crucial constituent for fostering stable 

interactions between cells and the surrounding ECM. Furthermore, its low cost has led to 

wide biomedical applications. However, challenges persist in the application of natural 

hydrogels, as they may degrade too rapidly, and their thermal and mechanical properties 

can be insufficient [9]. This leads to poor stability of the degraded network structure. By 

contrast, synthetic hydrogels produced through chemical synthesis can offer higher 

mechanical strength and long-term stability, compensating for the weaknesses of natural 

hydrogels [1]. Furthermore, synthetic hydrogels offer reproducibility, mass production 

potential, and adjustable performance to meet specific requirements [10]. As compared to 

natural hydrogels, their applications are more diverse and extensive. Common synthetic 

hydrogel constituents include poly(ethylene glycol) (PEG), poly(methyl methacrylate) 

(PMMA), polycaprolactone (PCL), and poly(lactic acid) (PLA) [7]. However, synthetic 

hydrogels may present problems such as potential cytotoxicity and difficulty in 

biodegradation [11]. Meanwhile, most synthetic hydrogels lack bioactive moieties (i.e., 

RGD) that promote the adhesion of cells. Therefore, the development of hydrogels that 

can simultaneously encompass the advantages of natural hydrogels, such as 

biodegradability and biocompatibility, and synthetic hydrogels, such as tunable 

mechanical strength and long-term stability, is the goal for future biomedical applications 

[12]. 
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In recent decades, the development of smart hydrogels, capable of responding to 

external stimuli (such as temperature, light, electrical fields, pH, pressure, ionic strength, 

and solvents), and modulating their behavior in response to environmental cues, has 

emerged as a burgeoning area in the field of biomedical applications [13]. These 

characteristics of smart hydrogels enable the design of materials to be tailored to meet 

specific requirements. For instance, Wichterle and Lím designed the first smart hydrogel 

for clinical use in the early 1960s [14]. In 2021, over 2800 papers directly related to the 

synthesis and applications of smart hydrogels have been published [15]. To date, there are 

three representative types of smart hydrogels: environmental-responsive hydrogels, self-

healing hydrogels, and shape memory hydrogels (Figure 1).  

 

 

Figure 1. Schematic diagrams showing representative types of smart hydrogels. 

 

1.1.1. Environmental-responsive hydrogel 

Environmental-responsive hydrogels alter their physical or chemical properties (e.g., 

crosslinking density, the degree of swelling, or phase transitions) when exposed to 

environmental stimuli. Among the environmental-responsive hydrogels, those that 

respond specifically to temperature fluctuations are termed thermo-responsive hydrogels. 
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The underlying principle governing their responsiveness to temperature lies in the 

interactions (e.g., van der Waals forces, hydrophobic interactions, and hydrogen bonding) 

among polymer chains within the hydrogels [16]. As the environmental temperature 

changes, the interactions are affected, leading to a significant change in the hydrogel 

volume. This responsiveness can be further characterized by two distinct phenomena, 

namely the lower critical solution temperature (LCST) and upper critical solution 

temperature (UCST), which govern the different behavior of thermo-responsive 

hydrogels [17]. 

The LCST refers to a specific temperature threshold in certain polymer solutions 

[16]. Below this temperature, the solution remains in a single phase, while above it, phase 

separation occurs, resulting in two immiscible phases (i.e., gel state). This phenomenon 

is governed by the balance between solvent-polymer interactions and repulsive forces 

between polymer chains [18]. For instance, poly(N-isopropylacrylamide) (PNIPAM) is a 

synthetic thermo-responsive polymer governed by the LCST [16]. PNIPAM hydrogel 

undergoes a sol-gel transition as it crosses the LCST (~32 °C), causing a sharp decrease 

in its solubility. This is attributed to a balance of hydrophobic and hydrophilic interactions, 

leading to the formation of a more compact structure as the temperature rises. The LCST 

property of PNIPAM hydrogel makes it suitable for various biomedical applications in 

the human body. For example, its sharp phase transition allows targeted drug delivery or 

controlled release mechanisms [19]. Moreover, its responsiveness to slight temperature 

changes has proven useful in the fabrication of thermo-responsive biosensors [20]. 

On the other hand, UCST is the opposite concept of LCST. The polymer solution 

exists in a single phase when the temperature is above the UCST, while it transitions into 

two immiscible phases (i.e., gel state) when the temperature is below the UCST [21]. One 

of the typical biomaterials governed by the UCST is gelatin [22]. Gelatin as a naturally-
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derived thermo-responsive polymer is in the gel state through triple-helix formation at 

temperatures lower than the UCST (i.e., ∼27 °C), while the gel reverts to the sol state at 

temperatures higher than the UCST [23]. The principle behind this behavior lies in the 

weakening of the hydrogen bonds and other intermolecular forces at temperatures higher 

than the UCST, leading to the dissolution of the helical structure. While gelatin hydrogel 

possesses excellent biocompatibility, its melting behavior at physiological temperatures 

(i.e., ~37 °C) poses a challenge for biomedical applications. In order to address the 

inherent limitations of pure gelatin, the combination of gelatin with other polymers 

showcases a stable gel state under physiological temperatures, aligning effectively with 

the prerequisites of biomedical applications [24]. By harnessing the inherent 

biocompatibility of gelatin and elevating its thermal stability, this strategic blending 

introduces avenues for various applications such as wound healing and tissue engineering 

[25-27]. 

Another common type of environmental-responsive hydrogel is the photo-

responsive hydrogel. Photo-responsive hydrogels are polymeric networks imbued with 

the distinct capability to alter their physical or chemical properties in response to light 

stimuli [28]. This remarkable characteristic is achieved through the integration of 

photoreactive functional moieties within the hydrogel matrix, facilitating controlled 

changes in aspects such as mechanical strength, swelling, or degradation [29]. The photo-

responsive property of the hydrogel is attractive owing to the inherent advantages of light 

as a stimulus. The noninvasive nature of light provides the possibilities for the remote 

manipulation of photo-responsive hydrogels without the need of additional reagents, 

thereby reducing the generation of undesirable byproducts. Furthermore, by fine-tuning 

irradiation parameters such as intensity and exposure duration, it is feasible to exert 

precise control over the irradiation dosage and consequently the extent of the 
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photoreactions. This allows for spatial control in both two-dimensional (2D) and 3D 

domains, as well as temporal control by the simple actuation of the corresponding light 

source. Additionally, the utilization of wavelength-selective photochemical reactions 

facilitates orthogonal photomediation, allowing for the targeted manipulation of specific 

hydrogel properties. Collectively, these features emphasize the importance of photo-

responsive hydrogels as externally tunable materials, substantially enhancing their 

contribution to the development of bioinks, smart actuators, or chemical sensors [28, 30, 

31]. 

A typical illustrative example of photo-responsive hydrogels is gelatin methacryloyl 

(GelMA). GelMA was developed in 2000 by Van den Bulcke et al [32]. GelMA is a photo-

responsive biomaterial derived from the modification of gelatin with methacryloyl groups. 

Under ultraviolet (UV) radiation, the methacryloyl groups can crosslink to form a 3D 

network. This allows precise control over mechanical properties and makes GelMA 

suitable for diverse applications, particularly in the creation of complex 3D structures, 

such as vascular networks or organ models [33, 34]. Its biocompatibility with various 

cells and biological environments further underscores its potential as a transformative 

technology in biomedical applications. 

In the synthesis of photo-responsive hydrogels, photoinitiators are utilized to initiate 

crosslinking reactions [28]. Photoinitiators are chemical compounds that can absorb 

photons from a specific wavelength of light and subsequently produce reactive species, 

such as free radicals [35]. These reactive species can initiate polymerization by reacting 

with monomers or oligomers present within the hydrogel. The diverse nature of 

photoinitiators provides various options for the field of biomedical applications [36]. The 

commonly used photoinitiators have Irgacure 1870, Irgacure 2959, V-50, VA-044, and 

VA-086. Rouillard et al. compared the cell viability of these photoinitiators [37]. 
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According to their findings, VA-086 displayed the best cell viability (> 85%). This result 

underscores the importance of selecting the appropriate photoinitiator for specific 

biomedical applications. Another example, Occhetta et al. demonstrated that utilizing VA-

086 as the photoinitiator for GelMA leads to the formation of hydrogels with excellent 

biocompatibility [38]. 

 

1.1.2. Self-healing hydrogel 

The concept of self-healing is derived from the natural wound healing process in 

living organisms. It refers to materials that can restore their structure and functionality 

after undergoing mechanical damage. There have been developments in microcapsule-

laden hydrogels that release healing agents at damaged locations [39, 40]. However, 

challenges like irreversible healing methods and the potential negative effects of added 

fillers have restricted their broader application [40, 41]. Besides, many dynamic 

hydrogels often need external triggers like light, high heat, or acidic conditions to activate 

dynamic crosslinking [42, 43]. Such triggers might negatively impact cells and living 

tissue. In this dissertation, I focus on intrinsic self-healing hydrogels that can 

automatically and reversibly repair themselves and recover their original functions 

without external stimulation. Such natural tissue-like features offer promising potential 

in biomedical applications [44]. 

Intrinsic self-healing hydrogels can be divided into two categories based on the type 

of reversible interaction: dynamic covalent bonding and dynamic non-covalent bonding. 

The self-healing hydrogels obtained from dynamic covalent bonding exhibit stable and 

slow equilibriums [45]. Dynamic covalent bonding includes imine bonds, disulfide bonds, 

oxime bonds, boronate bonds, acylhydrazone bonds, and Diels-Alder reaction [46]. The 

imine bond, also known as a Schiff base, is formed by the nucleophilic attack of primary 
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amine on imide carbonyl [47]. Schiff base linkages exhibit characteristics such as 

reversibility, sensitivity to pH changes, and compatibility with biological systems [48]. 

Various self-healing hydrogels based on imine bonds have been proposed for tissue repair, 

biosensing, and drug delivery [49-51]. Among them, chitosan stands out due to its 

possession of primary amine groups, biocompatibility, biodegradability, antibacterial 

properties, and hemostatic activity, rendering it an exceptionally suitable option for the 

fabrication of imine bond-based self-healing hydrogels in biomedical applications [52]. 

Meanwhile, chitosan provides the benefit of functionalization, allowing the hydrogel to 

have tunable material properties. For instance, a strategy to enhance the solubility and 

adhesion property of chitosan is to graft phenolic acid onto chitosan chains [53]. To 

further crosslink chitosan to form a self-healing hydrogel, telechelic difunctional 

poly(ethylene glycol) (DF-PEG) is commonly used as the crosslinker [53, 54]. The 

dynamic imine bonds formed between the amine on the chitosan chains and the 

benzaldehyde on DF-PEG crosslinkers endow the resulting chitosan-based hydrogel with 

an intrinsic self-healing property. 

The self-healing hydrogels obtained from dynamic non-covalent bonding exhibit a 

better self-healing performance compared to those from dynamic covalent bonding due 

to their lower bond energy [55]. Dynamic non-covalent bonding includes hydrogen 

bonding, electrostatic ionomeric interaction, host-guest interaction, and hydrophobic 

interaction. Among them, hydrogen bonding is a special type of intermolecular force that 

occurs between molecules when a hydrogen atom bonded to a highly electronegative 

atom (such as nitrogen, oxygen, or fluorine) is attracted to another electronegative atom 

in a different molecule (or in a different part of a polymer chain). Meanwhile, hydrogen 

bonding is known for its distinctive characteristics, including inherent reversibility, rapid 

healing speed, and high healing efficiency [56, 57]. For instance, the self-healing behavior 
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of the recombinant squid ring teeth protein hydrogel was based on the repeatable breakage 

and reformation of the hydrogen bonding within β-sheet nanocrystals [58]. Further, self-

healing hydrogels that utilize hydrogen bonding have often been reported with the 

integration of diverse chemical moieties, such as 2-ureido-4-pyrimidone moieties and 

gallol moieties [59, 60]. In addition, electrostatic interactions also play a significant role 

in the field of self-healing hydrogels. Electrostatic interactions occur between two 

oppositely charged polymer chains or between a charged polymer chain and an oppositely 

charged ion/polyelectrolyte/polyampholyte [61-63]. These electrostatic interactions 

within the hydrogel serve as crosslinkers and can break and reform reversibly, resulting 

in the self-healing property. 

 

1.1.3. Shape memory hydrogel 

Shape memory hydrogels, which are classified as smart materials, have garnered 

significant attention in recent years due to their unique ability to change shape in response 

to external stimuli [64]. These hydrogels can be programmed to "remember" a temporary 

shape and revert to their original shape upon exposure to specific triggers, such as 

temperature, pH, or light. This property has opened up a lot of applications in various 

fields, including biomedical engineering, soft robotics, and wearable devices [65]. For 

biomedical applications, the natural temperature differential between the human body and 

its surroundings can act as a trigger for these materials [66]. When applied or implanted 

into the body, this temperature difference enables the hydrogel to undergo transformations, 

allowing it to adapt or change into the desired shape to serve its intended function. Such 

adaptability not only underscores its potential in biomedical applications but also 

highlights its role in the future of personalized medical tools and treatments. In the realm 

of soft robotics, shape memory hydrogels offer a promising avenue for creating robots 
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that can navigate through complex environments [67]. Their ability to change shape in 

response to external stimuli allows these robots to adapt to various terrains and obstacles, 

making them ideal for tasks such as search and rescue operations or exploration in 

challenging terrains. Moreover, soft and flexible nature of the hydrogel ensures minimal 

damage to the environment and the objects they interact with, setting them apart from 

traditional rigid robots. In the context of wearable devices, shape memory hydrogels can 

be integrated into smart textiles and wearables that adapt to the wearer's needs [68]. For 

instance, a garment made from shape memory hydrogels could adjust its fit based on the 

wearer's body temperature or activity level [69]. Such innovations could revolutionize the 

fashion industry by introducing clothing that is not only functional but also highly 

adaptive and personalized. In conclusion, shape memory hydrogels, with their unique 

properties and adaptability, are poised to play a pivotal role in the advancement of various 

fields.  

 

1.2. 3D printing 

3D printing, a technology that emerged in the late 20th century, has revolutionized 

the way we design, produce, and implement various tools and structures [70]. The earliest 

3D printing method, stereolithography (SLA), was introduced by Chuck Hull in 1986 

[71]. SLA operates by employing a UV laser to solidify layers of liquid resin in a vat, 

gradually building the object [72]. Due to its ability to achieve high precision, SLA is 

popular in the dental and jewelry sectors [73]. Fused deposition modeling (FDM) is 

another foundational technology. In FDM, a thermoplastic filament is melted and 

extruded through a nozzle, layer by layer. It is favored for prototyping and research 

purposes due to its affordability and accessibility [74]. Selective laser sintering and direct 

metal laser sintering are technologies that use lasers to sinter powdered materials, such as 
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nylon or metal [75]. These technologies are preferred for producing robust parts, making 

them indispensable in aerospace and automotive industries. Binder jetting, a more recent 

technology that disperses a liquid binding agent onto a powder bed to form each layer 

[76]. It is a versatile method suitable for full-color prototypes and can be employed for 

metal casting molds. The 3D printing methods mentioned above are mainly focused on 

the manufacturing of non-biological items. The last couple of decades have witnessed an 

increased interest in its applications in the biomedical realm [77]. One of the primary 

reasons that 3D printing technology has gained prominence in biomedical applications is 

its ability to produce patient-specific tissues and organs. Traditional methods such as 

molding and casting often provide standardized solutions, which might not always be the 

perfect fit for every patient [70]. In contrast, 3D printing technology can create 

personalized items tailored to individual anatomies, ensuring higher compatibility for 

broader applications such as tissue engineering and regenerative medicine [78]. 

 

1.2.1. 3D bioprinting 

Traditionally, the repair or replacement of damaged organs in humans has been 

accomplished through organ transplants [79]. One approach has been to use organs from 

other mammals, such as pigs, known as xenotransplantation [80]. While this method 

offers a potential solution to the shortage of human organs, it comes with its set of 

challenges. Firstly, the availability of suitable organs from animals that are both safe and 

effective for transplantation into humans is a concern. Consistently sourcing these organs 

in the needed quantities can be difficult, and the ethical considerations surrounding the 

use of animals for this purpose also pose challenges. Moreover, a primary medical 

concern with using organs from different species is the potential for immune rejection 

[81]. The patient's immune system can recognize the transplanted organ as foreign, 
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leading to immune responses that can attack and damage the organ. The advent of 3D 

bioprinting presents a revolutionary approach to address this limitation [82]. Unlike 

traditional 3D printing, bioprinting involves the layer-by-layer deposition of biological 

materials, notably cells, to create 3D structures resembling native tissues or organs [83]. 

The promise of 3D bioprinting lies in its potential to overcome limitations associated with 

traditional tissue engineering strategies, such as scaffold-based approaches or the manual 

assembly of cells [84]. With the precision of bioprinting, there is potential for fabricating 

tissues with intricate microarchitectures and heterogeneous cell compositions similar to 

those found in native tissues [83]. By utilizing the patient's specific cells, it is feasible to 

bioprint customized tissues or organs that are genetically matched to the patient, 

minimizing the risk of immune rejection and enhancing therapeutic outcomes [85]. 

Therefore, 3D bioprinting offers a promising alternative to traditional organ transplants, 

especially in cases where a compatible human donor is not available. With advances in 

this technology, the possibility of creating fully functional, patient-specific organs is on 

the horizon. 

Central to the advancement of 3D bioprinting in tissue engineering is the discovery 

and utilization of suitable printing materials. In recent years, one material, in particular, 

has caught the attention of researchers in this field: hydrogels. Hydrogels are water-

swollen polymer networks with high-water-content, closely mimicking the soft and 

hydrated environment of many biological tissues such as cartilage, skin, and even the 

brain [86]. Their resemblance to the physiological environment is not just in their 

hydration level but also in their mechanical properties, which are crucial for tissue 

integration. “Bioinks” are specially formulated hydrogels that contain living cells and 

other biological factors. For an ideal bioink, several characteristics are vital (Figure 2). 

First and foremost, biocompatibility is paramount. The material must not elicit adverse 
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immune responses and should support cellular attachment, proliferation, and 

differentiation. This ensures that the printed structures can function as intended when 

implanted or used for various applications. Next, the viscosity of the bioink plays an 

essential role. It should have a shear-thinning property, meaning that it becomes less 

viscous under stress, ensuring smooth extrusion during the printing process but regains 

its shape immediately post-extrusion. Additionally, the bioink should provide mechanical 

stability to maintain the structural integrity of the printed construct. Furthermore, it's 

important for the bioink to possess suitable degradation kinetics, aligning with tissue 

remodeling and ensuring that the printed structure does not degrade prematurely or 

remain longer than necessary. 

 

 

Figure 2. Schematic diagrams showing the key properties of advanced bioinks. 
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1.2.2. Thermo-responsive bioink 

The versatility of bioinks can be attributed to their diverse types based on 

responsiveness to external stimuli. Thermo-responsive bioinks solidify into a gel through 

temperature changes. The advantage is that the gelation process causes minimal damage 

to cells compared to other responsiveness (e.g., pH), and the appropriate gelation 

temperature is conducive to cell survival and maintaining their normal functions [87]. For 

instance, PNIPAM as the representative thermo-responsive bioink can undergo a phase 

transition from liquid to solid in response to temperature changes, ensuring that the bioink 

remains fluid during the printing process but solidifies post-printing when subjected to 

human body temperature [88]. Although PNIPAM can exhibit thermo-responsive 

behavior, making it an attractive candidate for various applications, there are reports 

suggesting potential cytotoxicity and adverse cellular responses when interfaced with 

biological systems [89]. Meanwhile, the non-biodegradability of PNIPAM is a 

disadvantage for tissue engineering applications, as the persistent presence of the material 

can interfere with tissue regeneration or cause long-term issues [90]. Another 

representative thermo-responsive bioink is gelatin. Gelatin exists in a liquid state at 

temperatures higher than the UCST (i.e., ~28 °C), while it solidifies to form a gel at 

temperatures lower than the UCST [91]. This property is advantageous because it can be 

easily extruded for printing at room temperature, and when printed onto a low-

temperature platform, it exhibits good shape fidelity and stackability. However, this 

property makes gelatin unsuitable for use in physiological conditions (i.e., 37°C) because 

it will dissolve. To overcome this inherent limitation of pure gelatin, it is often blended 

with other polymers to form stable gels that can stably exist at physiological temperatures 

for use in 3D printing [24]. 
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1.2.3. Photo-responsive bioink 

Photo-responsive bioinks introduce another type to the field of bioprinting by taking 

advantage of light-induced crosslinking mechanisms to transform the bioink from a liquid 

state to a gel state [28]. This methodology provides precise spatiotemporal control over 

gelation, offering the capability to create highly defined structures that are essential for 

fabricating complex tissue architectures. A prominent example of a photo-responsive 

bioink is GelMA [33]. GelMA is synthesized from gelatin by introducing methacryloyl 

groups, which allows for photo-crosslinking when exposed to UV light in the presence of 

a photoinitiator. The unique property of GelMA enables it to retain the biocompatibility 

and cell-friendly characteristics of gelatin while also providing the capability to form 

stable hydrogels upon exposure to UV light. Hence, during the bioprinting process, 

GelMA can remain fluid, and post-printing, targeted UV light exposure solidifies the 

structure, ensuring spatial accuracy and structural stability. Importantly, GelMA 

hydrogels can exist stably at physiological temperatures without dissolving, unlike pure 

gelatin, which makes them suitable for various tissue engineering applications [92]. 

Moreover, the degradation rate of GelMA can be tuned by controlling the degree of 

methacryloyl substitution, providing added flexibility in designing for different tissue 

types. However, while the use of UV light offers precision in crosslinking, it is imperative 

to consider the potential detrimental effects of UV exposure on encapsulated cells and 

ensure that exposure durations are optimized to prevent cytotoxicity [93]. 

 

1.2.4. Self-healing bioink 

The quest for perfecting 3D bioprinted structures does not end merely at their 

fabrication. Post-fabrication, one of the primary concerns is ensuring good interlayer 

adhesion [94]. As 3D bioprinting involves the layer-by-layer deposition of bioinks to 
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build a structured tissue construct, the mechanical and functional integrity of the printed 

tissue largely relies on the interactions between these printed layers. Weak interlayer 

interactions have the potential to undermine structural integrity, leading to the 

delamination of layers, which in turn can significantly impact the functionality of the 

bioprinted tissue. To address this challenge, the development of self-healing bioinks has 

emerged as a promising strategy [95]. Self-healing materials have the intrinsic capability 

to recover their structural and functional integrity post-damage. By utilizing this property 

in bioinks, it becomes possible to fabricate 3D bioprinted tissues capable of self-healing 

damages or inconsistencies at the interlayer interfaces [96, 97]. This not only enhances 

the mechanical strength of the printed tissues but also extends their functional durability. 

However, while the potential benefits are vast, the development and optimization of self-

healing bioinks present a complex interplay of material science, cell biology, and 

bioprinting technology. The challenge lies not only in achieving self-healing properties 

but also in ensuring that these properties do not come at the expense of other vital 

parameters such as biocompatibility, printability, and mechanical stability. Moreover, the 

incorporation of cells within these bioinks demands careful consideration of how the self-

healing mechanisms might impact cell viability, proliferation, and differentiation. To date, 

only a limited number of research studies have been published on the utilization of self-

healing materials within the realm of 3D bioprinting [98]. Therefore, there is a pressing 

need for the development of new self-healing bioinks to propel advancements in this field. 

 

1.2.5. Cryopreservable bioink 

The realm of 3D bioprinting is continuously expanding, with researchers constantly 

innovating to meet specific requirements and challenges presented by various 

applications. One such imperative requirement is the long-term storage and transportation 
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of bioprinted constructs, facilitating an extended shelf-life and a global reach, which is 

critical in medical settings for ensuring timely treatments and surgeries [99]. 

Cryopreservable bioinks offer a solution to this dilemma [100]. The concept behind 

cryopreservation is to store biological constructs at deep cryogenic temperatures (e.g., 

with liquid nitrogen), thereby reducing the metabolic rates of the cells within the bioink, 

which in turn can potentially prolong the viability and functionality of the bioprinted 

tissues or organs over extended durations [101, 102]. By allowing bioinks to be 

cryopreserved, researchers and clinicians can print the necessary structures well in 

advance and store them for subsequent use without the concern of the material degrading 

or the cells losing their functionality. This is particularly beneficial in settings where 

bioprinted tissues or organs are needed on-demand, or where there is a requirement to 

transport the constructs across long distances, ensuring that they reach the end-users in 

optimal condition. Moreover, the cryopreservation of bioinks presents an opportunity to 

establish a standardized biobank of bioprinted constructs [103]. Such a bank would be a 

repository of various tissue types, all preserved and ready for transplantation when needed. 

This standardized approach not only ensures quality and consistency but also significantly 

reduces the lead time from when a tissue is needed to when it can be implanted. 

It's crucial to ensure that the cryopreservation process does not compromise the 

structural integrity of the bioprinted construct or the cell viability within the construct. 

This means that the cooling rates, the choice of cryoprotective agents, and the thawing 

process all need to be meticulously optimized. A poorly executed cryopreservation can 

lead to the formation of ice crystals within the bioprinted construct, which can disrupt 

cellular membranes and compromise cell viability [104]. Therefore, while the ability to 

cryopreserve bioinks is significant, it is accompanied by its own set of challenges that 

need to be addressed. Overall, bioinks capable of cryopreservation offer a solution for 
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preserving bioprinted constructs over extended periods while maintaining their quality. 

This bridge between bioprinting laboratories and clinical applications enhances 

accessibility and timeliness in the field of tissue engineering and regenerative medicine. 

 

1.2.6. 4D bioprinting 

As the field of bioprinting continues to evolve, it has given rise to a novel concept 

known as four-dimensional (4D) bioprinting. Going beyond the static 3D structures 

fabricated using conventional 3D bioprinting, the fourth dimension in 4D bioprinting is 

time. This implies that the bioprinted structures undergo transformations, typically in 

response to external stimuli, after their initial fabrication [105]. Essentially, 4D bioprinted 

materials can change shape, mechanical properties, or functionality over time, adding 

dynamicity to the otherwise static constructs. A pivotal element in the realm of 4D 

bioprinting is the use of shape memory hydrogels as bioinks. These hydrogels can 

remember their original shape and revert to it in response to specific triggers, such as 

temperature, pH, or moisture [106]. The appeal of shape memory hydrogels lies in their 

potential to mimic the dynamic behaviors observed in native tissues. For instance, a 

bioprinted blood vessel might be designed to expand or contract in response to changes 

in blood flow [107]. Using shape memory hydrogels in 4D bioprinting offers numerous 

advantages. One of the significant advantages lies in its potential applications in 

minimally invasive surgery. In minimally invasive surgery, smaller incisions are made, 

resulting in reduced trauma to the patient, quicker recovery times, and less visible post-

surgical scars. The 4D bioprinted shape memory hydrogels can be implanted in a 

compressed, shape-fixed state through small incisions. Once inside the body, these 

hydrogels can expand and recover to their original shapes to perform the desired function, 

such as supporting damaged tissue, serving as tissue-engineered implants for regenerative 
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medicine, or delivering drugs [105]. This eliminates the necessity for a larger incision that 

would conventionally be required to accommodate a fully expanded scaffold. 

Additionally, due to the bioprinting capability, these hydrogels can be tailored to match 

an individual patient's personalized anatomy, guaranteeing an ideal fit. Moreover, shape 

memory hydrogels can bring an added level of functionality to bioprinted tissues, 

allowing them to interact and adapt more realistically within the body. This adaptive 

behavior can improve tissue integration, healing, and overall therapeutic efficacy [108].  

While 4D bioprinting offers promising benefits, it is crucial to highlight the 

accompanying challenges. The design of bioinks, in particular shape memory hydrogels, 

requires a good balance between retaining their shape memory property while also 

ensuring biocompatibility [109]. Furthermore, ensuring consistent and predictable 

transformations in vivo also requires further research and optimization. Overall, 4D 

bioprinting with shape memory hydrogels as bioinks offers broader application 

opportunities in tissue engineering and regenerative medicine. While there are numerous 

challenges to overcome, the prospect of fabricating dynamic, adaptable tissue structures 

marks a thrilling evolution in bioprinting advancements. 

 

1.3. Polyurethane (PU) 

PU stands as a critical class of polymers distinguished by its versatile range of 

mechanical and chemical properties. Central to its molecular architecture is the urethane 

functional group, typically synthesized through the nucleophilic addition reaction 

between an isocyanate moiety (R-N=C=O) and a hydroxyl group (R-OH) [110]. This 

basic building block can be modulated through the employment of a diverse composition 

of monomers, granting PU the ability to exhibit properties ranging from highly elastic to 

rigid. The distinctive behavior of PU can be linked to the balance in composition between 
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its rigid and flexible segments. The hard segment usually comprises the isocyanate and a 

short chain extender, whereas the soft segment is derived from long-chain polyols. These 

segments are intrinsically incompatible, leading to a phenomenon known as microphase 

separation, where hard and soft domains segregate at the nanometer scale [110]. This 

segregation manifests as distinct physical regions within the polymer matrix, resembling 

the behavior observed in block copolymers. Elasticity in PU arises primarily due to the 

soft segments, which act as entropic springs. These chains prefer a coiled, random 

conformation but can be elongated under stress. Once the stress is removed, they return 

to their original state, contributing to the elastic behavior [111]. On the other hand, hard 

segments contribute to tensile strength and thermal stability, assembling into hard 

domains that act as physical crosslinks [112]. The characteristics of microphase 

separation can be tuned to create PU materials with targeted properties. For instance, a 

higher proportion of hard segments usually results in increased tensile strength but 

decreased elasticity [113]. Conversely, a high percentage of soft segments results in more 

flexible but weaker materials [114]. Through microphase separation, PU materials 

achieve a wide range of mechanical properties, making them suitable for diverse 

applications such as medical elastomers, automotive components, and even adhesives 

[115]. 

The adaptability of PU is demonstrated not only in its adjustable structure but also 

in its varied forms and solubilities, particularly its presence in both oil-based and water-

based systems. Traditional oil-based PUs have dominated the market for years, especially 

in the development of automotive finishes, furniture coatings, and industrial applications 

[116]. These are often solvent-borne systems in which the polymer chains are dissolved 

in organic solvents. Solvent-borne PUs are renowned for their outstanding weather 

resistance, capable of withstanding harsh environmental conditions such as humidity, 



doi:10.6342/NTU202400827

21 

 

sunlight, and high and low temperatures. While widely used, the environmental impact 

and volatile organic compound emissions associated with these systems have led to 

increasing scrutiny [117]. To address these challenges, waterborne PUs have been 

developed. In contrast to solvent-borne PUs, waterborne PUs are dispersed in water and 

can be formulated as either dispersions or emulsions [118, 119]. The hydrophilic segments 

in waterborne PU can be designed to interact with water molecules, ensuring stable 

dispersion and reducing the need for harmful solvents. 

The preparation of waterborne PU in the beginning involves the reaction of 

isocyanate groups with hydroxyl groups to form a pre-polymer structure. However, the 

isocyanate groups are highly reactive and susceptible to undesirable side reactions, 

particularly with water. To avoid the undesirable side reactions, the pre-polymerization 

process is typically conducted in an environment devoid of moisture and shielded with 

nitrogen gas [119]. Furthermore, maintaining an appropriate reaction temperature during 

whole waterborne PU synthesis is crucial. If the temperature is too low, the reaction will 

not happen, while excessive heat can lead to the decomposition of raw materials. 

Meanwhile, additional side reactions at elevated temperatures could occur between 

isocyanate groups and the carboxylic acid groups (which come from the functional groups 

of compounds used in making waterborne PU) within the system. This divergence 

impacts the properties of the end product, making temperature control a key factor in PU 

synthesis [119]. Viscosity also needs to be controlled as the molecular weight of the 

polymer increases, making it harder for the polymer to disperse in subsequent water 

phases. Various solvents have been used to control this, such as tetrahydrofuran (THF) by 

Santamaria-Echart et al. and methyl ethyl ketone (MEK) by Hsu et al. [119, 120]. 

However, the use of toxic organic solvents contradicts the original intention of a water-

based system, posing environmental and biological risks. Therefore, the amount of 
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organic solvent added needs to be strictly controlled, and after the synthesis is complete, 

the organic solvent must be removed using methods such as rotary evaporation. For the 

stabilization of PU particles in water, two approaches are generally used: the addition of 

external emulsifiers or the incorporation of charged functional groups directly into the PU 

structure [119, 121]. 

Furthermore, the versatility of PU extends to its physical form, notable examples 

being hydrogels and films [119]. Waterborne PU-based hydrogels are of significant 

interest in the biomedical field due to their elasticity, biocompatibility, and adjustable 

mechanical properties. These hydrogels can be synthesized via a variety of techniques, 

including physical or chemical crosslinking with other polymers, to form a 3D network 

that can hold a significant amount of water for various applications [25]. On the other 

hand, PU films are utilized in a wide range of industries, such as packaging, where their 

barrier properties are crucial, and in biomedical applications, where their flexibility and 

tunable mechanical properties are advantageous [122]. These films can be processed via 

various methods such as extrusion, casting, and electrospinning, each of which can be 

optimized to achieve desired properties. Overall, the adaptability of PU manifests in both 

its solubility—ranging from traditional oil-based to eco-friendly waterborne forms—and 

its physical forms, which include hydrogels and films. These features underscore the 

suitability of PU for a multitude of applications, from industries to biomedicine. 

 

1.3.1. Biodegradable PU 

Biodegradable PU represents a significant advancement in the realm of materials 

science, offering a groundbreaking solution to some of the most pressing challenges we 

face in environmental protection and medical applications [123]. Unlike traditional PU, 

which can persist in the environment for decades or even centuries, biodegradable PU 
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undergoes biodegradation processes. The major difference between biodegradable PU 

and its non-biodegradable counterpart is the types of chemical bonds and the building 

blocks from which the polymer is synthesized. Hydrolysis-prone polyester polyols such 

as PCL diol and PLA diol are commonly used as the soft segment for preparing 

biodegradable PU [124]. The hydrolysis rate for PCL diol-based PU was approximately 

ten times higher than that of polyether diol-based PU [125]. The ester bonds within the 

biodegradable PU undergo hydrolysis when exposed to natural conditions such as water 

and microbial activity, breaking the polymer chain and leading to its degradation into 

smaller molecules that can be metabolized or further broken down by microorganisms 

[126]. The decomposition into water, carbon dioxide, and innocuous by-products 

essentially leaves no trace, thereby reducing landfill waste and eliminating the detrimental 

long-term effects on aquatic and terrestrial ecosystems [127]. 

Biodegradable PU has found significant utility in the field of medical applications, 

notably in the specialized area of implantable devices [128]. Conventionally, implants 

made from non-biodegradable materials often need a second surgical procedure for 

removal. This not only subjects the patient to additional physical and psychological stress 

but also increases the risk of complications such as foreign body reaction and infection. 

Biodegradable PU materials offer a unique advantage in this regard; once they serve their 

purpose, the material naturally degrades within the body, eliminating the need for a 

second, invasive surgery to remove the implant [129]. Moreover, the importance of 

biodegradable PU extends further into the realm of tissue engineering. In tissue 

engineering, scaffolds made from biodegradable materials play a critical role [130]. 

Unlike the non-biodegradable counterparts, the biodegradable scaffolds offer a key 

advantage: they gradually degrade over time, freeing up space for proliferating cells to 

populate and form functional tissues. This “room-making” capability is important for 
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effective tissue regeneration and repair, allowing cells to grow in a controlled 3D 

environment [131]. The controlled degradation rates and mechanical properties of 

biodegradable PU can be tuned to match the tissue being regenerated, creating a 

harmonious relationship between the scaffold and the surrounding biological 

environment. The degradation products of the biodegradable PU can be biocompatible, 

meaning they are safely metabolized or excreted by the body, minimizing inflammation 

or other adverse reactions [126, 131]. 

 

1.3.2. Biocompatible PU 

Biocompatibility is an essential consideration in the development of materials for 

biomedical applications, and PU has been significantly researched for its biocompatible 

properties [132]. Biocompatible PUs are designed to interact with biological systems, 

minimizing adverse reactions such as inflammation, immune response, or tissue damage. 

Biocompatible PUs can be tailored to display a broad range of mechanical and chemical 

properties. This adaptability makes them suitable for a wide variety of biomedical 

applications. For example, softer forms of biocompatible PUs are often used in medical 

devices and products that require flexibility and comfort, such as catheters, wound 

dressings, and flexible implants [133]. These softer forms are generally engineered to be 

highly elastic, flexible, and porous, thereby facilitating essential biological functions like 

tissue contraction/relaxation or fluid transfer. On the other hand, more rigid forms of 

biocompatible PUs can serve as structural components in medical applications where 

greater mechanical strength is necessary [133]. These might include prosthetic devices or 

components in medical implants like hip or knee replacements.  

In the realm of biocompatible PU, particular attention has been given to waterborne 

PU. Unlike traditional solvent-borne PUs, the preparation process of waterborne PUs is 
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more eco-friendly and generally less cytotoxic [119]. Waterborne PUs can be processed 

into hydrogels or films for applications such as tissue engineering or flexible electronics 

[132, 134]. In the applications of tissue engineering, the waterborne PU hydrogels can act 

as the necessary constructs for cell attachment, growth, and differentiation [119]. The 

mechanical properties of these constructs can be fine-tuned to closely mimic the native 

tissues they are targeted to replace. For instance, the elastic modulus of biocompatible, 

waterborne PU hydrogel can be adjusted to mimic the soft nature of the nerve, making it 

a promising material for nerve tissue engineering [135, 136]. In the applications of 

flexible electronics, the inherent flexibility of PU films makes them ideal candidates for 

wearables, as they can easily conform to the contours and movements of the human body 

[134]. Further, the issue of skin compatibility is crucial in the realm of wearable 

electronics, as these devices require direct skin contact. While conventional materials may 

sometimes cause skin irritation or allergies, biocompatible PUs are engineered to mitigate 

these risks. The biocompatibility of PU films makes them safe for direct skin contact, thus 

opening up new avenues for their application in various health-monitoring wearable 

electronics. 

Another typical biocompatible PU is Pellethane, a family of medical-grade 

thermoplastic PU (TPU) elastomers. Pellethane distinguishes itself through its superior 

biocompatibility, biostability, and processing versatility [137]. In particular, the 

Pellethane 2363 Series TPU, which is an aromatic polyether-based variant within this 

family, stands out for its outstanding hydrolytic stability as well as its mechanical and 

chemical resistance properties [138]. Further, Pellethane 2363 Series TPU can be 

processed using a conventional molding method, offering flexibility in manufacturing and 

design [139]. Importantly, the Lubrizol Corporation, an American provider of specialty 

chemicals, has a master file on record with the United States Food and Drug 
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Administration (FDA) for this range of products. This highlights their suitability for use 

in biomedical applications. Overall, biocompatible PUs are versatile materials critical for 

biomedical applications, from wearables to implants. Waterborne PUs are notable for 

their eco-friendliness and suitability for tissue engineering, while Pellethane is 

distinguished by its mechanical strength and biostability. Both types are approved for 

various medical uses, showing the promise and adaptability of biocompatible PUs in 

healthcare applications. 

 

1.3.3. PU for bioprinting 

3D bioprinting technology offers the potential to fabricate customized, tissue-

engineered constructs with intricate architectures and tailored cellular arrangements. 

Central to the success of this technology is the choice of bioink, which must not only 

support the viability and function of encapsulated cells but also possess the appropriate 

rheological properties for high-fidelity printing. Waterborne PU with good 

biocompatibility and tunable biodegradability stands as a promising candidate for 

bioprinting applications. For instance, Ho et al. investigated the potential of 3D 

bioprinting in cell reprogramming, demonstrating that fibroblasts could be reprogrammed 

into neural-like constructs when embedded within the waterborne PU hydrogel [124]. 

Similarly, Huang et al. developed a waterborne PU-graphene composite hydrogel as the 

bioink for 3D bioprinting [136]. The introduction of graphene imparted conductive 

properties to the bioink, supporting the proliferation and differentiation of neural stem 

cells. This PU-based composite, therefore, has significant potential for applications in 

neural tissue engineering. These two examples underscored the potential of waterborne 

PU not just as a tissue-engineered construct but also as a conducive environment for 

cellular differentiation and function.  
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To endow PU bioinks with smart property, responsive features to environmental 

stimuli have been developed. For example, Hsiao et al. introduced a waterborne PU 

bioink with photo-responsive properties, which has been specifically engineered to 

respond to UV light [135]. This innovation in PU bioink technology allows for the 

fabrication of constructs whose structural strength can be enhanced post-bioprinting, 

playing a crucial role in creating high-fidelity constructs. Despite these advancements, 

there are aspects of this bioink that do not meet expectations, including its printing 

window, printing resolution, and biocompatibility. To address these limitations, further 

modifications and integrations have been explored. In particular, by blending PU with 

other biomaterials, its bioprinting properties and biocompatibility could be further 

improved. For instance, Hsieh et al. blended PU with gelatin to develop a double-network 

PU-gelatin hydrogel as the thermo-responsive bioink [25]. This bioink not only exhibits 

the advantageous rheological properties of PU but also incorporates the biocompatibility 

and cell-adhesiveness of gelatin. Owing to the thermo-responsive property of gelatin, the 

bioink can achieve suitable rheological characteristics by adjusting the surrounding 

temperature, enabling high-resolution 3D bioprinting. Because of its tunable modulus, 

this bioink can be used for a wide range of tissue engineering applications. However, this 

Ca2+-crosslinked approach reduces the elasticity of the bioprinted constructs, thereby 

limiting their applicability. Moreover, the use of Ca2+ notably impacts the application for 

cell types that are highly sensitive to ions, such as cardiomyocytes. Therefore, it is crucial 

to develop a new smart PU bioink that possesses good biocompatibility, bioprinting 

properties, excellent elasticity, and wide applicability in various tissue engineering 

applications. 
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1.4. Gold nanoparticles (GNPs) 

Since ancient times, the captivating glow and lustrous yellow of bulk gold have 

drawn human fascination. The initial endeavors to extract gold can be traced back to the 

5th millennium B.C. near the vicinity of Varna, Bulgaria [140]. From then on, gold has 

ascended to prominence, becoming the most esteemed noble metal, widely utilized for 

crafting exquisite artworks, decor, and coveted jewelry, and evolving as a precious 

commodity in trade. Moreover, the remarkable electrical conductivity of gold, combined 

with its unwavering resistance to corrosion, designates it as an essential component in the 

field of electronics. Its applications are wide-ranging, encompassing corrosion-resistant 

contact platings, semiconductor package bond wires, hybrid circuits, solderable coatings 

designed for printed circuit boards, gold-based solders, conductor tracks, and contact pads 

[141, 142]. Furthermore, its biocompatibility has led to its adoption in the dental industry, 

particularly in the fabrication of bridges, crowns, porcelain enamel inlays, and onlays 

[141].  

The emergence of nanotechnology has garnered increasing attention for materials 

sized between 1 and 100 nm, which exhibit properties unique from their bulk counterparts 

[143]. This difference opens doors to unique effects and phenomena, unveiling new 

possibilities for various applications. For instance, the quantum size effect becomes 

evident when reducing semiconductor particles to the nanoscale. This allows for the 

manipulation of the electronic band gap simply by altering the particle size, without the 

need to modify the material composition [144, 145]. In another example, GNPs are 

notable for their variety of remarkable electronic and optical effects. Efforts have been 

made to comprehend and harness the fascinating characteristics and potential uses of the 

GNPs, involving extensive research into various fabrication methods. The research 

encompasses both top-down strategies, like photo-/electron-beam lithography, and 
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bottom-up approaches grounded in chemical syntheses initiated from molecular 

precursors [146]. Further, GNPs not only fascinate on their own but also occupy a 

distinctive position within the realm of nanomaterials due to their exceptional stability 

when compared to other metal nanoparticles [147]. The surface chemistry of GNPs allows 

for controlled ligand exchange, making it possible to decorate the nanoparticles with a 

wide range of molecules ranging from simple to complex, including biomolecules like 

DNA functionalized with thiol groups, which facilitates strong gold-sulfur bonds [147, 

148]. Through the use of GNPs adorned with various complementary DNA strands, 

researchers can engineer specifically designed arrangements of GNPs [149]. With their 

unique surface chemistry and optical properties, GNPs provide a promising area for 

investigation in biological detection, medical diagnostics, and therapeutic applications 

[150, 151]. 

 

1.4.1. Synthesis 

GNPs have a rich history dating back to the Roman Empire when they were used, 

albeit unknowingly, to stain glasses for decorative purposes, resulting in red glasses or 

ruby glass [152]. This early technique involved incorporating colloidal gold and stannic 

hydroxide into the molten glass [153]. The synthesis of GNPs as we understand it today 

began in the 1850s with Michael Faraday, who synthesized colloidal GNPs by reducing 

gold chloride with phosphorus [154]. In 1951, Turkevich et al. introduced a pioneering 

method for synthesizing ligand-stabilized GNPs using citric acid as a stabilizer and 

reducing agent, establishing a foundation for the development of various GNP synthesis 

methods that utilize different stabilizers and solvents [155-157]. The Brust-Shiffrin 

method, developed in 1994, was groundbreaking as it first facilitated the facile synthesis 

of thermally and air stable GNPs of reduced dispersity and controlled size [140]. Shiffrin's 
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group implemented a two-phase system, incorporating both a toluene phase and a water 

phase. Within this system, tetraoctylammonium bromide, serving as a phase transfer agent, 

was employed to transfer dissolved [AuCl4]
- anions from the water phase over to the 

organic toluene phase. It was in this organic phase that the gold compound underwent 

reduction, facilitated by NaBH4, and in the presence of dodecanethiol ligands. GNPs were 

observed to possess diameters that ranged from 1 to 3 nm, with the majority of the 

distribution peaking at a size range of 2.0 to 2.5 nm.  

Leff et al. reported a modification to the original Brust-Schiffrin method that results 

in GNPs possessing a controlled diameter of ~4 nm [158]. Leff’s method employed 1-

dodecylamine as the stabilizing ligand due to its inherently weaker bond with gold 

compared to the gold-thiol bond [159, 160]. This feature is beneficial for the subsequent 

fabrication of crosslinked GNP films, as it allows for feasible ligand-linker exchange 

reactions with dithiols. In contrast to the synthesis method outlined by Leff et al., the 

method by Peng et al. was conducted entirely within a single organic phase. The reduction 

of [AuCl4]
- was achieved through the injection of the tert-butylamine-borane complex in 

tetralin in the presence of oleylamine at the specified temperature (2–40 °C), allowing for 

the adjustment of particle sizes. At higher temperatures, the rapid reduction of Au3+ ions 

occurs when the reduction solution was injected, depleting most of the precursor material 

at once and resulting in the formation of small particles. Conversely, at lower 

temperatures, the precursor was not rapidly consumed due to a slower reduction rate, 

enabling the growth of larger particles [161]. By manipulating the reaction temperature, 

it became possible to control the GNP diameter, which can range from 2 to 10 nm. 

Importantly, this method resulted in the production of GNPs characterized by a 

remarkably narrow size distribution, with less than 10% variation. 

 



doi:10.6342/NTU202400827

31 

 

1.4.2. Optical properties 

GNPs distinctively exhibit unique optical properties in contrast to their bulk 

counterpart, finding applications in various realms such as art. While bulk gold is 

renowned for its lustrous yellow hue, GNPs display an intense red-pink color due to their 

pronounced absorption band within the visible spectral range [162]. This particular 

characteristic has been utilized in artistic creations such as the “Purple of Cassius” 

pigment and the Lycurgus Cup [162, 163]. The latter, a remarkable piece of 4th-century 

art, is embedded with gold and silver nanoparticles as confirmed through transmission 

electron microscopy (TEM). Interestingly, the Lycurgus Cup exhibits a dynamic color 

change, appearing red under transmitted light and green under reflected light, a 

phenomenon attributed to the unique optical properties of GNPs. This absorption 

phenomenon observed in GNPs is attributed to surface plasmon resonance (SPR). SPR 

involves the coherent oscillation of free conduction band electrons within the GNPs when 

interacting with incident electromagnetic waves. This interaction results in polarizations 

and oscillations of electrons. When the frequency of these oscillations aligns with that of 

the incident light, it leads to the strong absorption of electromagnetic radiation, 

observable through the characteristic absorption bands in the spectra of GNPs [162]. 

In 1908, Gustav Mie provided a theoretical framework to understand these 

observations. He solved Maxwell's equations for spherical particles, describing the 

extinction coefficient as a summation of electric and magnetic multipole oscillations 

contributing to light absorption and scattering [140, 162, 164]. In cases where the particle 

diameter is significantly smaller than the wavelength of the incident light, the absorption 

is predominantly attributed to the dipolar term. For GNPs within the quasi-static 

approximation regime, the Mie theory can be simplified into the following equation (1) 

to describe the extinction cross section 𝜎𝑒𝑥𝑡 [162, 165]: 
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𝜎𝑒𝑥𝑡 =
9𝑉𝑝𝜀𝑚

3/2

𝑐0

𝜔𝜀2(𝜔)

[𝜀1(𝜔)+2𝜀𝑚]2+𝜀2(𝜔)2                                            (1) 

 

Here, 𝑉𝑝 represents the volume of a spherical particle. The speed of light is denoted by 

𝑐0, while the angular frequency of the exciting light is represented by 𝜔. Additionally, 

𝜀𝑚  refers to the dielectric constant of the medium surrounding the particle. 𝜀𝑚  is 

assumed to be frequency-independent. The complex dielectric function of GNP, 𝜀(𝜔), is 

assumed to be frequency-dependent and can be expressed as 𝜀1 + 𝒾𝜀2 , where 𝜀1 and 

𝜀2  are the real and imaginary parts, respectively. According to equation (1), the quasi-

static approximation suggests that the spectral position and the bandwidth of the plasmon 

absorption do not depend on the particle size. However, this stands in opposition to what 

has been observed through experimentation. In the case of particles with a diameter less 

than 20 nm, the plasmon bandwidth is inversely proportional to the particle radius [165]. 

Therefore, adjustments to the Mie theory have been proposed due to observed size 

dependence. These modifications consider a size-dependent dielectric function 𝜀(𝜔, 𝐷) 

for the GNPs, where 𝐷  is the diameter of GNP. The SPR in GNPs is susceptible to 

changes in the interparticle distance. This sensitivity makes GNPs valuable in detecting 

molecular recognition and sensing applications [166]. For instance, a red-shift in the 

absorption bands is observable when GNPs undergo aggregation. Jain et al. demonstrated 

an exponential decay in fractional plasmon wavelength shift for polarization along the 

interparticle axis with increasing interparticle distances [167]. Sonnichsen et al. 

introduced a "plasmonic ruler", employing it to examine the kinetics involved in DNA 

hybridization events [168]. 
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1.5. GNP films 

1.5.1. Fabrication 

Nanoparticles, often obtained in colloidal solutions, have become promising 

candidates for flexible wearable electronics due to the low-cost and various deposition 

techniques available for applying them on different substrates. Techniques such as spray 

coating, drop-casting, Langmuir-Blodget deposition, inkjet-printing, layer-by-layer self-

assembly, and layer-by-layer spin coating allow precise tuning of the thickness, 

crystallinity, and spatial dimensions of nanoparticle films, by adjusting the size, shape, 

concentration, solvent, and ligand [169-174]. GNP films, often crosslinked with organic 

ligands like amines, thiols, phosphines, or carboxylates, present unique functionalities 

due to the inherent hybrid nature of the composite network and the ability to tailor 

material properties by choosing specific organic molecules [175]. Such composites have 

demonstrated potential for various applications including sensors and have been 

extensively studied with respect to their film properties, applications, and deposition 

methods [172, 174-176]. Thiols and dithiols, in particular, play a crucial role due to the 

strong bond they form with gold and their ability to crosslink GNPs effectively [177]. 

Furthermore, the literature reveals a diverse range of GNP composites differing in 

physical parameters, including assemblies ranging from disordered structures to highly 

ordered supercrystals and superlattices [160, 176, 178-180]. The charge transport in these 

composites is highly dependent on the interparticle matrix, which is vital for various 

sensing applications. However, some composites, such as those with GNPs capped with 

long-chain 1-alkanethiols, tend to exhibit extremely low conductivities. To overcome this 

issue, our group's previous research employed GNPs crosslinked with short dithiol 

ligands, such as 1,6-hexanedithiol or 1,9-nonanedithiol (9DT), to offer an appropriate 

range of resistance variation for sensing purposes [174, 181]. 
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The layer-by-layer self-assembly and layer-by-layer spin-coating techniques are two 

prominent methods for fabricating GNP films [160, 174, 176]. Layer-by-layer self-

assembly, while enabling the creation of highly ordered structures, encounters limitations 

such as the necessity for surface functionalization and the intrinsic challenge associated 

with film transfer to different substrates, particularly since the first layer of the film is 

covalently bound to the surface of its original substrate, thereby hampering lift-off and 

transfer procedures [173]. By contrast, layer-by-layer spin-coating presents a faster way 

for depositing solutions on substrates as there is no need for a complete immersion of the 

substrates, i.e., only µL volumes of the GNP/ligand solutions are necessary. In 2011, our 

group introduced a versatile protocol for the rapid fabrication of crosslinked GNP films 

using layer-by-layer spin-coating [176]. Spin-coated GNP films, which are not covalently 

bound to the substrate (i.e., glass or silicon), can be feasibly transferred to different target 

substrates with the assistance of various methods. Common transfer methods include the 

wedging transfer process, peel-and-stick process, lift-off by etching, and PMMA-

mediated transfer printing [174, 176, 182-193]. However, these methods encounter 

respective challenges. For example, the GNP films transferred via the wedging process 

often form wrinkles and the undesired wrinkles or cracks induced can degrade the 

performance of the fabricated devices [194, 195]. Moreover, the wedging process does 

not permit the transfer of an array of GNP films. The peel-and-stick process, which 

involves the annealing of protection layers and baking of thermal release tapes, can 

degrade organic components within the GNP film and alter the properties of the flexible 

substrate due to harsh thermal conditions [119, 184, 185, 196]. Furthermore, the use of a 

chemical etchant limits the types of crosslinked GNP films and flexible substrates that 

can be selected [184, 187]. For example, GNP films can be transferred onto different 

substrates using a sacrificial PMMA layer [174, 193]. However, utilizing organic solvents, 
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such as dichloromethane and acetone, to remove the PMMA layer post-transfer can 

degrade chemically non-resistant substrates, and remaining PMMA residues on the GNP 

film can impair sensor performance after fabrication is complete [197-200]. Therefore, 

the development of a new method that is convenient, clean, and high-precision for GNP 

film transfer is of paramount importance. 

 

1.5.2. Charge transport properties 

In composite materials like the crosslinked GNP film, GNPs serve as active 

conductive centers, while ligands as the crosslinkers separating GNPs establish tunneling 

barriers for charge carriers to tunnel through. In other words, the electrical characteristics 

of the crosslinked GNP film are primarily determined by tunneling of charge carriers 

through the organic matrix, which can be explained as a thermally activated tunneling 

process. Based on this model, the composite materials commonly show non-metallic 

conduction behavior, meaning their conductivity rises when subjected to heat [201]. In 

1986, Van Staveren et al. investigated the electrical transport characteristics of tiny pellets 

made from ligand-stabilized 55-atom gold clusters [202]. Their findings highlighted a 

conductivity that was temperature-dependent, showcasing a linear relationship of 

logarithmic conductivity (ln σ) on 𝑇−
1

2. This agrees with previous studies on granular 

metals [203]. In subsequent studies, the electrical properties of drop-cast films from 

ligand-stabilized gold clusters and pellets made from alkanedithiol crosslinked GNPs 

composites were explored by Terrill et al. and Brust et al., respectively [170, 201]. Both 

research groups also observed a non-metallic conduction behavior. The temperature effect 

on conductivity was aptly described using a formula initially introduced by Neugebauer 

and Webb for metal films formed from a multitude of discrete metal islands [201, 204]. 

This formula, represented as equation (2), details an Arrhenius-type correlation between 
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conductivity (𝜎) and temperature (T): 

 

                𝜎 =  𝜎0
∗𝑒𝑥𝑝 (

−𝐸𝐴
∗

𝑘𝑏𝑇
)                           (2) 

 

Here, 𝜎0
∗ stands as the preexponential factor. 𝐸𝐴

∗ is the activation energy, and 𝑘𝑏 is the 

Boltzmann constant. Considering the expected decrease in electron transfer rates as the 

distance increases, Terrill et al. formulated an equation that incorporates an exponential 

tunneling term to account for the interparticle spacing, represented as δ [170]. This 

equation, denoted as (3), was applied in detailing the temperature-influenced 

conductivities of thin films that were either alkanethiol stabilized or alkanedithiol 

crosslinked GNPs [160, 170, 205-207]: 

 

𝜎(𝛿, 𝑇) =  𝜎0𝑒𝑥𝑝(−𝛽𝛿)𝑒𝑥𝑝(
−𝐸𝐴

𝑘𝑏𝑇
)                   (3) 

 

Here, β is the tunneling decay constant. The first exponential term outlines the tunneling 

of the electrons through the organic matrix between the GNPs [206]. The movement (i.e., 

tunneling probability) of the charge carriers between two GNPs largely depends on the 

molecular structure of the ligands/crosslinkers. For the alkanedithiol crosslinked GNP 

composite, the term can be presented in relation to the number of methylene units and the 

tunneling decay constant in reciprocal units of the methylene group count [160, 207]. The 

alkanedithiol crosslinkers have a number of methylene units, which are often considered 

to act as insulators [206]. The Fermi level of the GNP falls in the gap between the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) of the alkanedithiol crosslinker. The side orbitals provide a superexchange 
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pathway for electron transfer [206]. The conductivity of the charge carriers is significantly 

influenced by the length of the crosslinker, showing a notable exponential relationship. 

In contrast, a weaker distance dependence can be observed when the Fermi energy of the 

GNP becomes resonant with the molecular orbital energy of the crosslinker [206]. The 

tunneling decay constant of the alkanedithiol crosslinked GNP film was found to be ~0.61 

per methylene unit [160]. The result agrees well with other findings from different 

alkanedithiols embedded in a monothiol layer on flat gold surfaces, as studied by Lindsay 

et al., who reported a tunneling decay constant of ~0.57 [208]. Interestingly, when 

examining alkanethiol-capped GNPs and alkanethiol molecule monolayers on gold 

surfaces, the tunneling decay constant noted was considerably higher, with ~1.2 and ~0.8 

per methylene unit, respectively [207, 209]. These data suggest that when GNPs are 

crosslinked with alkanedithiols, the conductivity of the resultant composites is enhanced. 

Moreover, Joseph et al. demonstrated that the conductivity strongly relies on the alkylene 

chain length of the crosslinker, a significant increase in conductivity, approximately an 

order of magnitude, is observed when the chain length of the alkanedithiol is shortened 

by three methylene units [160]. 

The second exponential term of the equation describes the above-mentioned 

temperature dependence [204]. 𝐸𝐴  represents the activation energy associated with 

charge transport, signifying the energy required to generate charge carriers by extracting 

an electron from a neutral metal particle and transferring it to another neutral particle. 

Various theories can be utilized to characterize the corresponding 𝐸𝐴. Abeles et al. put 

forth an electrostatic perspective for granular metals [203]. The granular metal theory 

indicates a temperature-dependent conductivity given by 𝜎 ∝ exp(−2√
𝐶

𝑘𝑇
), where C is 

equal to 𝛽𝛿𝐸𝐴, and 𝐸𝐴 is associated with the following equation [203, 206]: 
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𝐸𝐴 =  
𝑒2

8𝜋𝜀𝑟𝜀0
(

1

𝑅𝐺𝑁𝑃
−

1

𝑅𝐺𝑁𝑃+𝛿
)                     (4) 

 

𝑅𝐺𝑁𝑃 indicates the radius of the particle. 𝛿 is the spacing between particles. 𝜀𝑟 and 𝜀0 

are the relative permittivity of the organic matrix material and the vacuum permittivity, 

respectively. According to this equation, larger-sized GNPs are anticipated to have greater 

conductivity. When GNPs reach a threshold of small size, the activation barrier becomes 

too significant for the thermal energy to surpass, leading to an observable Coulomb 

blockade effect [210]. Brust et al. and Vossmeyer et al. employed equation (4) to compute 

the 𝐸𝐴  of alkanedithiol crosslinked GNP films. They made an assumption of an 

Arrhenius-type activation, as referred to in equations (2) and (3). Their findings were 

consistent with the experimental data [201, 211]. 

 

1.5.3. Resistive strain sensing 

As captured in equation (3), under isothermal conditions, the conductivity of 

crosslinked GNP films is exponentially dependent on the distance 𝛿 between GNPs and 

the activation energy 𝐸𝐴  for charge transport. For a GNP composite sensor with a 

defined geometry and an initial resistance R0, the relative change of R0 due to changes of 

𝛿 and 𝐸𝐴 can be computed by the rearrangement of equation (3) to equation (5) [212, 

213]: 

 

𝛥𝑅

𝑅0
= 𝑒𝑥𝑝 (

𝛥𝐸𝐴

𝑘𝑇
) 𝑒𝑥𝑝(𝛽𝛥𝛿) − 1                     (5) 

 

Here, ΔR represents the change in resistance. The strong dependence of the resistance of 

the crosslinked GNP film on the interparticle spacing makes it a valuable material for the 
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design of strain sensors. Herrmann et al. were among the first to develop highly sensitive 

strain sensors based on a GNP film [214]. They reported that the dependence of the 

activation energy 𝐸𝐴 on 𝛿 can be neglected for systems with particles of a diameter ~10 

nm and an interparticle spacing of 𝛿 ~1 nm. Considering these parameters, the equation 

(5) can be simplified to equation (6): 

 

𝛥𝑅

𝑅0
= 𝑒𝑥𝑝(𝛽𝛥𝛿) − 1                         (6) 

 

ΔR is governed by the tunneling current between GNPs depending exponentially on the 

interparticle distance 𝛿 . Equation (6) accounts for the variation of the interparticle 

spacing 𝛥𝛿, which correlates with the elongation 𝛥𝑙 of the GNP film. When stretching 

the GNP film in the direction of tunneling current the resulting strain is defined as ε = 

𝛥𝑙/𝑙0, where 𝑙0 is the initial length of the film. Considering the GNPs in a primitive cubic 

packing arrangement, 𝑙0 can be expressed as 𝑁(𝐷 + 𝛿0), where 𝑁 is the number of 

GNPs in the certain direction, 𝐷  is the diameter of the GNPs, and 𝛿0  is the initial 

interparticle spacing of GNP. Thus, the elongation of the GNP film, 𝛥𝑙, is proportional 

to 𝑁𝛥𝛿, as the ligands/crosslinkers can deform more readily than the GNPs [214]. The 

relevant schematic illustration is shown in Figure 3. 
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Figure 3. Tensile strain applied to the crosslinked GNP film results in expanded 

interparticle spacing between GNPs along the strain direction, attenuating the tunneling 

currents. 

 

Based on these concepts, equation (7) correlates the change of interparticle distance with 

the strain applied to the material.: 

 

𝛥𝛿 = (𝐷 + 𝛿0)
𝛥𝑙

𝑙0
= (𝐷 + 𝛿0)𝜀                     (7) 

 

Based on equation (7), equation (6) can then be represented as equation (8) [214]: 

 

   
𝛥𝑅

𝑅0
= exp [𝛽(𝐷 + 𝛿0)𝜀] − 1                      (8) 

 

According to equation (8), the resistive behavior of the crosslinked GNP film under strain 

𝜀 is predominantly non-linear, influenced by variations in both the diameter 𝐷 of the 

GNPs and the initial interparticle spacing 𝛿0 . Nonetheless, for small strains, one can 

deduce an approximately linear response according to a first-order Maclaurin expansion 

of equation (8), resulting in equation (9) [214]: 



doi:10.6342/NTU202400827

41 

 

𝛥𝑅

𝑅0
=  𝛽(𝐷 + 𝛿0)𝜀 = 𝑔𝜀                       (9) 

 

Here, 𝑔 =  𝛽(𝐷 + 𝛿0) , where 𝑔  is the gauge factor used to characterize the linear 

sensitivity of resistive strain gauges. Traditional metal foil strain gauges commonly 

exhibit a gauge factor of ~2 [215]. To enhance the gauge factor of the strain gauge, 

Herrmann et al. proposed the use of GNP films as highly sensitive strain gauges (𝑔 ~50-

200). The experimental results closely matched the simulation using the above-presented 

model with a 𝛽 of 10 nm-1 and 𝐷 + 𝛿0 of 10 nm, resulting in 𝑔 ~100 [214]. However, 

subsequent studies of our group revealed that GNP films crosslinked with 9DT have 

gauge factors in the range of 10 to 25 when subjected to bending tests [211]. It is proposed 

that the comparatively smaller gauge factors in these cases are due to the disordered 3D 

arrangement of the GNP networks fabricated through a layer-by-layer spin-coating 

process, as confirmed by TEM images. 

Flexible nanomaterials-based strain sensors, which transduce mechanical 

deformation to electrical signals, have garnered significant interest within the realm of 

wearable healthcare electronics, attributable to their adaptability and diverse design 

options [216]. These sensors represent a paradigm shift from conventional, rigid strain 

sensors by eliminating the interface mismatch between the transducer and human tissues, 

thereby enabling the detection of nuanced physiological cues and facilitating accurate 

assessment of deep tissues [217, 218]. A typical flexible strain sensor consists of two 

components: the active conductive layer and the flexible substrate [219]. Crosslinked 

GNP films serving as the active conductive layer have found extensive application in the 

fabrication of high-performance strain sensors. This is based on the advantage to precisely 

adjust their charge transport properties in response to parameters such as GNP size, 

interparticle distances, and the composition of the organic matrix [174, 212, 220, 221]. 
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The strategic patterning of the GNP films is paramount in sensor optimization, offering a 

path toward the fine-tuning of sensor attributes and is indispensable for the repeatable and 

scalable production of intricately patterned transducers that are integral to sophisticated 

electronic systems [222]. For example, fractal geometry design (e.g., curves with 

tortuosity morphology) of the active conductive layer can enhance their mechanical 

performance for the burgeoning field of stretchable electronics [223]. Furthermore, 

patterned strain sensor arrays enable spatial resolution, thereby addressing issues 

stemming from the positional inaccuracies typically encountered with traditional single-

point sensors, particularly in applications such as arterial sensing [224]. 

The flexible substrate of the strain sensor acts as a base to hold the active conductive 

layer in place [219]. Polydimethylsiloxane (PDMS), polyimide (PI), poly(ethylene 

terephthalate) (PET), and TPU are among the typically utilized flexible base materials 

[174, 225-228]. Yet, it is critical to select a flexible substrate with a minimal 

environmental impact to minmize environmental stress after the operational period of the 

sensor [229]. Biodegradable polymers are becoming favored alternatives for flexible 

substrate materials due to their natural degradability, which diminishes harmful waste and 

the carbon footprint [230]. For instance, the biodegradable PLA is exemplified in the 

fabrication of disposable sensors for wearable applications and devices for implantable 

biomedical use, suitable for both in vitro and in vivo environments [231, 232]. However, 

the fragility and high elastic modulus (~4 GPa) of PLA restrict its stretchability and 

flexibility, consequently impacting its ability to detect subtle physiological signals or 

large strain movements [233, 234]. By contrast, biodegradable PU films that present a 

significantly lower Young’s modulus and higher stretchability are employed as flexible 

substrates for wearable strain sensors that efficiently track physiological signals and 

human movement across an extensive strain range [235]. Additionally, the mechanical 
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characteristics and degradability of biodegradable PU can be tailored to align with the 

features of various human tissues and the precise necessities of particular applications 

[119, 236]. Furthermore, the biocompatibility of biodegradable PU ensures that it is safe 

for long-term contact with human skin in skin-mounted applications [237]. 
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2. Aim of the work 

 

Figure 4. The research concept map of this dissertation. 

 

The aim of my work is an interdisciplinary endeavor to address the challenges at the 

convergence of material science, biofabrication, flexible electronics, and tissue 

engineering for the advancement of healthcare applications (Figure 4). 

In the first project (publication 1), I developed an innovative smart hydrogel 

composed of biodegradable PU, gelatin, and GelMA, abbreviated as PUGG, which can 

serve as a bioink. This material exhibited self-healing properties that ensured the integrity 

of bioprinted structures, making it an ideal bioink for fabricating reliable tissue constructs. 

The PUGG hydrogel also showed the thermo-responsive property, allowing for high-

resolution 3D bioprinting applications where precise control of the rheological behavior 
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of the bioink is essential. Furthermore, the photo-responsive property of the hydrogel 

enhanced the long-term stability of printed constructs post-fabrication. The 

biocompatibility and adjustable degradation rates of the PUGG hydrogel are critical 

features that allow for its use in various biomedical applications. Additionally, the shape 

memory property of the PUGG hydrogel opens the possibility for 4D bioprinting, which 

is beneficial for compact transportation and minimally invasive clinical procedures. The 

cryopreservation property of the PUGG hydrogel demonstrated that cells embedded 

within the matrix can proliferate effectively post-thawing, a crucial consideration for 

biobanking and tissue engineering applications. 

The second project (publication 2) strategically focused on the recombinant spider 

silk hydrogel due to its unique chemical structure, which intriguingly resembles the 

arrangement of PU. Biodegradable PU typically comprises alternating soft and hard 

segments. Similarly, spider silk consists of a repeating arrangement of alanine-rich and 

proline-rich motifs. This parallel segmented arrangement suggests both materials may 

share desirable mechanical properties like elasticity and toughness. Exploring the 

potential similarities between spider silk and PU could reveal new ways to leverage these 

traits in biomedical applications. Results showed that I achieved a discovery by 

identifying for the first time that the recombinant spider silk hydrogel exhibits self-

healing property. To unravel the self-healing mechanism, I utilized in situ Small Angle X-

ray Scattering (SAXS) technology combined with the rheometer to monitor and analyze 

the structural evolution during the healing process of the recombinant spider silk hydrogel. 

This project is not only pivotal for the advancement of recombinant spider silk 

applications in biomedicine but also contributes significantly to the field of material 

science, setting the stage for the development of self-healing biomimetic biomaterials. 

In the third project (publication 3), I expanded the scope of my work into wearable 
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technology by developing an advanced strain sensor array that integrates biodegradable 

PU with crosslinked GNP films via a facile, clean, rapid, and high-precision contact 

printing method. This combination takes advantage of the electrical properties of GNPs 

and the environmental benefits of biodegradable PU to create a high-performance, eco-

friendly sensor that is both sensitive to physiological signals and aligned with ecological 

principles. Meanwhile, the sensor is designed to be biocompatible and can be safely 

applied to the skin for continuous health monitoring. The significance of this work lies in 

the successful creation of a strain sensor array capable of detecting human pulse 

waveforms. This development addresses and overcomes the limitations associated with 

traditional single-point sensors by providing a more comprehensive and detailed 

monitoring system. The flexible strain sensor array allows for the acquisition of data from 

multiple points, offering a richer and more nuanced picture of cardiovascular health. This 

enhanced functionality is crucial for the precise monitoring of various physiological 

parameters, including pulse rate, which can be pivotal in the diagnosis and management 

of cardiovascular diseases. The application of the GNP-PU strain sensor array in detecting 

subtle changes in pulse waveforms signifies a substantial leap forward in wearable health 

monitoring technology, providing both patients and healthcare professionals with a 

powerful tool for non-invasive and continuous health assessment. 

The progression of my research endeavors, beyond the development of wearable 

sensors in the third project, aspires to advance towards implantable sensors for diverse 

medical applications. However, a critical issue arose with the use of polyester-based 

biodegradable PU, which failed to provide adequate waterproofing at the physiological 

temperature of 37 °C in the cell culture medium. This deficiency led to the breakage of 

the GNP film. Confronted with this challenge, the fourth project pivoted to utilizing a 

polyether-based biocompatible PU, specifically Pellethane 2363 Series TPU. This 
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material was strategically chosen for its enhanced hydrolytic stability and established 

biocompatibility, which is indispensable for applications in the human physiological 

system. The adoption of this waterproof PU ensured the maintenance of the structural and 

functional integrity of the GNP films at the physiological temperature, which is critical 

for the performance of the GNP-PU strain sensor. The fabricated cantilever-based GNP-

PU strain sensor exhibited the capability for in vitro cardiac monitoring, i.e., sensing the 

beating of cardiomyocyte spheroids. This application demonstrates the potential utility of 

the sensor as a tool for the development of in vitro cardiac tissue models. The aim of this 

project is to provide a platform that can study the dynamic behavior of cardiac tissues, 

offering a more accurate and ethical alternative for cardiac research, drug testing, and the 

future design of implantable cardiac sensors. 

Overall, my work aims to integrate smart material design with biofabrication and 

biomedical engineering techniques to produce advanced biomaterials that are tailored for 

next-generation healthcare applications. The smart PUGG hydrogel marks a significant 

step in biofabrication with its self-healing and environmental-responsive properties, 

tailored for tissue engineering and biobanking. Exploring the properties of recombinant 

spider silk hydrogels has unveiled the self-healing ability that echoes the beneficial traits 

of PU, underscoring its potential for biomedical innovation. Transitioning into wearable 

technology, the GNP-PU strain sensor array I developed demonstrated the feasibility of 

PU in developing electronic devices that can monitor health in a non-invasive manner. 

The move towards the biocompatible cantilever-based GNP-PU strain sensor 

demonstrated the application for in vitro cardiac sensing, setting a foundation for the next 

generation of implantable sensors. 
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3. Cumulative part of the dissertation 

Each publication is interconnected to present a central theme, which has already been 

described in the “2. Aim of the work” section. 

 

3.1. Publication 1 (first project): 4D bioprintable self-healing hydrogel with shape 

memory and cryopreserving properties 

Reprinted from “Shin-Da Wu and Shan-hui Hsu. 4D Bioprintable Self-Healing Hydrogel 

with Shape Memory and Cryopreserving Properties. Biofabrication 2021; 13: 045029.” 

with permission from IOP Publishing Ltd. The corresponding supporting information is 

available at the following digital object identifier (DOI): https://doi.org/10.1088/1758-

5090/ac2789 

 

 

 



doi:10.6342/NTU202400827

49 

 



doi:10.6342/NTU202400827

50 

 



doi:10.6342/NTU202400827

51 

 



doi:10.6342/NTU202400827

52 

 



doi:10.6342/NTU202400827

53 

 



doi:10.6342/NTU202400827

54 

 



doi:10.6342/NTU202400827

55 

 



doi:10.6342/NTU202400827

56 

 



doi:10.6342/NTU202400827

57 

 



doi:10.6342/NTU202400827

58 

 



doi:10.6342/NTU202400827

59 

 



doi:10.6342/NTU202400827

60 

 



doi:10.6342/NTU202400827

61 

 



doi:10.6342/NTU202400827

62 

 



doi:10.6342/NTU202400827

63 

 



doi:10.6342/NTU202400827

64 

 



doi:10.6342/NTU202400827

65 

 



doi:10.6342/NTU202400827

66 

 



doi:10.6342/NTU202400827

67 

 



doi:10.6342/NTU202400827

68 

 



doi:10.6342/NTU202400827

69 

 



doi:10.6342/NTU202400827

70 

 



doi:10.6342/NTU202400827

71 

 



doi:10.6342/NTU202400827

72 

 



doi:10.6342/NTU202400827

73 

 



doi:10.6342/NTU202400827

74 

 



doi:10.6342/NTU202400827

75 

 



doi:10.6342/NTU202400827

76 

 



doi:10.6342/NTU202400827

77 

 



doi:10.6342/NTU202400827

78 

 



doi:10.6342/NTU202400827

79 

 



doi:10.6342/NTU202400827

80 

 



doi:10.6342/NTU202400827

81 

 



doi:10.6342/NTU202400827

82 

 



doi:10.6342/NTU202400827

83 

 



doi:10.6342/NTU202400827

84 

 



doi:10.6342/NTU202400827

85 

 



doi:10.6342/NTU202400827

86 

 



doi:10.6342/NTU202400827

87 

 



doi:10.6342/NTU202400827

88 

 



doi:10.6342/NTU202400827

89 

 



doi:10.6342/NTU202400827

90 

 



doi:10.6342/NTU202400827

91 

 



doi:10.6342/NTU202400827

92 

 



doi:10.6342/NTU202400827

93 

 



doi:10.6342/NTU202400827

94 

 



doi:10.6342/NTU202400827

95 

 



doi:10.6342/NTU202400827

96 

 



doi:10.6342/NTU202400827

97 

 



doi:10.6342/NTU202400827

98 

 



doi:10.6342/NTU202400827

99 

 



doi:10.6342/NTU202400827

100 

 



doi:10.6342/NTU202400827

101 

 



doi:10.6342/NTU202400827

102 

 



doi:10.6342/NTU202400827

103 

 



doi:10.6342/NTU202400827

104 

 



doi:10.6342/NTU202400827

105 

 



doi:10.6342/NTU202400827

106 

 



doi:10.6342/NTU202400827

107 

 



doi:10.6342/NTU202400827

108 

 



doi:10.6342/NTU202400827

109 

 



doi:10.6342/NTU202400827

110 

 

 

 

 



doi:10.6342/NTU202400827

111 

 

3.2. Publication 2 (second project): Self-healing of recombinant spider silk gel and 

coating 

Reprinted from “Shin-Da Wu, Wei-Tsung Chuang, Jo-Chen Ho, Hsuan-Chen Wu, and 

Shan-hui Hsu. Self-Healing of Recombinant Spider Silk Gel and Coating. Polymers 2023; 

15(8): 1855.” with permission from Multidisciplinary Digital Publishing Institute (MDPI). 
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3.3. Publication 3 (third project): Fabrication of eco-friendly wearable strain sensor 

arrays via facile contact printing for healthcare applications 

Reprinted from “Shin-Da Wu, Shan-hui Hsu, Bendix Ketelsen, Sophia C. Bittinger, 

Hendrik Schlicke, Horst Weller, and Tobias Vossmeyer. Fabrication of Eco-friendly 

Wearable Strain Sensor Arrays via Facile Contact Printing for Healthcare Applications. 

Small Methods 2023; 7(9): 2300170.” with permission from WILEY-VCH. The 

corresponding supporting information is reprinted in section 7.1.2. 
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4. Unpublished work (fourth project): Biocompatible and highly 

sensitive strain sensor integration in a heart-on-a-chip with 3D 

cardiomyocyte spheroids 

 

Figure 5. Graphical abstract of the fourth project. 

 

4.1. Introduction 

Cardiac diseases, a major threat to human health, require advancements in drug 

discovery and development for effective treatments [238]. Conventionally, in vivo animal 

models were the standard for evaluating potential cardiac disease therapeutics [239, 240]. 

However, due to inter-species differences in non-human proteomes, animal models often 

fail to predict human cardiotoxicity [241]. To address the problem, heart-on-a-chip 

platforms have emerged as a promising solution, offering more precise in vitro models 

that better replicate cardiac physiology in patients [242-244]. The heart-on-a-chip 

platforms are typically comprised of three key elements: 3D cardiac tissues, ECM, and 

sensors (Figure 6) [245]. 3D cardiac tissues (e.g., cardiomyocyte spheroids), compared 

to conventional 2D monolayers, offer a more comprehensive replication of the structural 

and cellular complexity (e.g., cell-cell and cell-ECM interactions), better mimicking the 
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natural conditions of the human heart [246, 247]. The integration of 3D cardiomyocyte 

spheroids derived from human induced pluripotent stem cells (hiPSCs) offers a scalable 

and human-relevant cell source that overcomes limitations of conventional animal models 

[248, 249]. Further, hiPSC-derived cardiomyocyte spheroids obtained from patients with 

specific genotypes can mimic human disease phenotypes in vitro, allowing for more 

precise insights into personalized cardiac physiology [250].  

 

 

Figure 6. Elements and ideal conditions of heart-on-a-chip platforms for use as in vitro 

3D cardiac models. 

 

The ECM in heart-on-a-chip platforms provides a supportive network that mimics 

the in vivo environment of the human heart for enhancing cell viability and functionality 

[246]. The ideal ECM must be resilient to cyclic loading forces, which is crucial for 

proper functionality under continuous mechanical deformations of cardiac tissues [251]. 
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Hydrogels, hydrophilic polymer networks known for the high water content, hold great 

potential as the ECM for culturing cardiac tissues [251, 252]. Among them, self-healing 

hydrogels are able to intrinsically and automatically repair damages and restore the 

original structures and functions, which could be used for enhancing the resilience and 

structural integrity of the cell-laden matrices [253-256]. Therefore, the employment of 

suitable self-healing hydrogels with biocompatibility as the ECM to facilitate the 

sustained development and maturation of cardiomyocyte spheroids is highly desired [257]. 

In addition, to measure cardiomyocyte contractility for health status assessment, 

traditional methods often involve optical sensing techniques such as video analysis, laser 

sensing, atomic force microscopy (AFM), and traction force microscopy (TFM) [258-

261]. However, these methods have their own challenges. For instance, optical methods 

require complex and time-consuming setup procedures, including repeated alignments of 

microscopes or laser sources [246]. AFM involves direct contact with cardiomyocytes, 

potentially altering the beating patterns unintentionally [262]. Furthermore, the 

instruments used in AFM and TFM are costly and complicated to operate [263]. To 

address these limitations, the development of electrical signal-based contractility sensors 

has emerged as a promising alternative [264].  

Electrical signal-based sensors such as strain and impedance sensors enable facile, 

real-time, and long-term recording of cardiac contractility [265]. In particular, thin film 

strain sensors have gained much attention for cardiac sensing due to the flexibility [264, 

266]. Thin-film strain sensors are typically composed of two components: an active 

conductive layer and a flexible substrate [219]. The active conductive layer, consisting of 

organic and/or inorganic nanomaterials, is responsible for providing functional sensing 

properties to the strain sensors [176]. Among various metal nanoparticles, GNPs are 

considered the most appropriate for in vitro and in vivo biomedical applications due to 
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their biocompatibility [267, 268]. GNP thin films, known for the stimuli-responsive 

charge transport properties, are commonly used as the active conductive layer in high-

performance strain sensors [220, 221, 269]. The role of the flexible substrate in the heart-

on-a-chip platform is twofold: it supports the ECM (e.g., self-healing hydrogels) that 

nurtures 3D cardiac tissues and acts as a structural base for the configuration of the active 

conductive layer [246, 263, 264]. Therefore, it is important that the flexible substrate 

possesses compatible surface properties to those of the ECM, ensuring effective 

integration essential for reliable sensing of cardiac contractility. Meanwhile, the flexible 

substrate must have good biocompatibility and waterproof properties to maintain cell 

viability and sensing functionality, respectively, in the cell culture medium at the 

physiological temperature [263]. Moreover, thin-film strain sensors with high sensitivity 

are highly desirable for precise monitoring and analysis of cardiac contractility, 

facilitating noninvasive disease modeling and cardiotoxicity assessment in vitro [264]. 

In this study, we introduce a new heart-on-a-chip platform, comprising a cell-laden 

gel matrix and a highly sensitive thin-film strain sensor. The cell-laden gel matrix was 

constructed from 3D hiPSC-derived cardiomyocyte spheroids embedded within a self-

healing chitosan-based hydrogel. The thin-film strain sensor included the GNP thin film 

as the active conductive layer which was integrated with a biocompatible, flexible PU 

substrate. A facile, clean, and high-precision contact printing method was used for 

transferring the GNP film from the glass onto the PU substrate, without the usage of 

cytotoxic organic solvents or chemical etchants. The fabricated GNP-PU thin-film strain 

sensors demonstrated high sensitivity (a gauge factor of ~50). The developed heart-on-a-

chip platform was capable of detecting the contractile behavior of the 3D cardiomyocyte 

spheroids. Compared with the conventional animal and 2D models, the new heart-on-a-

chip platform enables a more accurate and efficient assessment of cardiac contractility, 



doi:10.6342/NTU202400827

154 

 

enhancing the replication of cardiac tissue complexities. 

 

4.2. Materials and methods 

4.2.1. Synthesis and characterization of the GNPs 

The synthesis of GNPs was adapted from the method described by Peng et al. [161], 

with certain alterations. Initially, a precursor solution was prepared by mixing chloroauric 

acid trihydrate (99.99%, Alfa Aesar), 1-dodecylamine (98%, Sigma-Aldrich), and hexane 

(≥99%, VWR Chemicals) and stirring it magnetically under a nitrogen atmosphere at a 

temperature of 30 °C. Subsequently, a reduction solution containing tert-butylamine-

borane complex (98%, Merck), 1-dodecylamine, and hexane was quickly injected into 

this precursor mixture. One hour later, ethanol (≥99.9%, VWR Chemicals) was added to 

induce the precipitation of the GNPs. These nanoparticles were then isolated by 

centrifugation, washed with 2-propanol (≥99.5%, VWR Chemicals), and dispersed again 

in n-heptane (>99%, Honeywell). For characterization, the GNPs were analyzed by TEM, 

using a Jeol JEM-1011 microscope with an acceleration voltage of 100 kV and ultraviolet-

visible (UV-vis) absorption spectroscopy, using a Varian Cary 50 instrument. Before the 

TEM analysis, 1-dodecylamine was exchanged for 1-dodecanethiol to enhance the 

stability of the GNPs. The average diameter of the nanoparticles was determined using 

ImageJ software. 

 

4.2.2. Fabrication and characterization of the GNP-PU film 

The fabrication of the GNP film was conducted using the layer-by-layer spin-coating 

technique as described previously [269]. Initially, a glass cover slip was thoroughly 

cleaned by sonicating (Bandelin Sonorex RK 255 H) it in acetone for 15 min, followed 

by rinsing with deionized water and air drying. The glass was then subjected to air plasma 
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treatment for 12 min using a plasma cleaner (PDC-32G, Harrick Plasma). After waiting 

for one day, the glass slide was positioned at the center of a spin-coater and spun at a 

speed of 3000 rpm. 9DT (97%, Alfa Aesar) was dissolved in methanol (≥99.9%, VWR 

Chemicals). Then, 100 µL of the 9DT linker solution, with a concentration of 7.4 mM, 

was dropped twice onto the spinning glass slide. Subsequently, 10 µL of GNP solution 

(with a particle concentration of ~9 µM [270]) and 2 × 10 µL of 9DT linker solution were 

alternatingly dropped onto the rotating glass slide. Each deposition step was spaced by 

~30 s. This cycle was repeated three times to achieve the desired film thickness. Finally, 

the glass slide covered with the GNP film was immersed overnight in the 9DT linker 

solution, then cleaned with acetone, and left to dry in ambient air for a day. 

The biocompatible PU film was prepared as reported by Brinkman et al. with some 

modifications [271]. Pellethane 2363 80A (Lubrizol) was first dissolved in THF (≥99.7%, 

VWR Chemicals) to create a 4.5% (w/w) solution. This solution was shaken at room 

temperature for 6 h to ensure complete dissolution. Subsequently, the solution was passed 

through a 0.45 µm Teflon filter. The filtered solution was then cast onto the glass petri 

dish. After the solvent evaporated for one day at 40 °C, the resulting film underwent 

further drying in a vacuum oven for 12 h at 60 °C. The dried film was then immersed in 

methanol for 48 h, with the methanol being replaced every 6 h. Finally, the thoroughly 

washed film underwent additional drying in a vacuum oven for another 12 h at 60 °C. 

The GNP-PU film was fabricated using a facile, manually performed contact 

printing method, as described in our previously published literature [269]. Briefly, a 

PDMS elastomer was first fabricated by mixing a base polymer with a curing agent in a 

10:1 weight ratio, using the Dow Sylgard 184 Kit Silicone Elastomer (Sigma-Aldrich). 

After curing the mixture for 4 h at 80 °C, a PDMS elastomer with a thickness of ~5 mm 

was obtained. The elastomer was then cut with a sharp blade to form a PDMS stamp of 
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the desired size. The role of the PDMS stamp was to serve as an intermediary step, 

allowing the GNP film to be transferred from glass to the PU film. To facilitate the transfer 

of the GNP film onto the final PU substrate, a heating and cooling cycle similar to the 

method described by Choi et al. was employed [272]. Initially, the sample was placed on 

a hot plate (Präzitherm 2860SR), covered with a glass petri dish (80 mm diameter), and 

maintained at 60 °C for 3 min. After that, the sample underwent a cooling process where 

it was brought down to 0 °C for another 3 min.  

The surface morphology of the GNP films was analyzed before (i.e., on the glass) 

and after contact printing (i.e., on the PU film). This analysis was conducted using optical 

microscopy (Olympus BX51), scanning electron microscopy (SEM; Zeiss LEO Gemini 

1550, at a 5 kV operating voltage), and AFM (Digital Instruments Multimode machine, 

which included an AppNano ACTA cantilever, a Veeco 100 µm scanner, and a Nanoscope 

IV controller). For AFM measurements, all scans were conducted in tapping mode and 

analyzed using the Gwyddion software. 

 

4.2.3. Fabrication and characterization of the GNP-PU strain sensor 

The fabrication of the cantilever-based GNP-PU strain sensor involved a sequential 

process, as shown in Figure 10A. To obtain the GNP-PU strain sensor, gold electrodes 

were deposited onto the GNP-PU film using the physical vapor deposition (PVD) 

technique (Pfeiffer Classic 250). The PU (i.e., Pellethane 2363 80A) solution was used as 

the glue to adhere another PU film onto the GNP-PU strain sensor. To build the cantilever-

based GNP-PU strain sensor, the Lab-Tek tissue culture chamber slide (Nunc) was 

employed and cut to create a slit (width and height of 10.5 mm and 0.6 mm, respectively). 

The epoxy glue (Wiko Epoxy 05) was used to fix the GNP-PU strain sensor onto the 

chamber slide. The length and width of the sensor inside the chamber were 12 mm and 
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10 mm, respectively. 

The I-V curve of the GNP-PU strain sensor was measured by employing a Keithley 

2601A sourcemeter, using a voltage range from -5 V to 5 V. Resistive strain responses 

were characterized by the bending tests and cyclic strain-relaxation test. The bending tests 

were performed with a custom-built four-point bending setup, as previously described 

[174]. To test the impact of cell culture environments on the GNP-PU strain sensor, the 

sensor was fully bonded with the PU glue to another PU film and then placed in the cell 

culture medium (STEMdiff cardiomyocyte maintenance medium) for two days at 37 °C. 

The GNP-PU strain sensors, before and after medium treatment, were fixed onto the 

circuit board stripe (FR4, thickness of ~0.8 mm) using 3M Scotch adhesive (4004L 12). 

For comparison, a commercial strain gauge (SGT-1/350-TY11) with a gauge factor of 

2.14 served as the reference sensor. The cyclic strain-relaxation test of the cantilever-

based GNP-PU strain sensor was conducted in the cell culture medium using the custom-

built bending setup, as shown in Figure 10Di. To establish electrical connections to 

sensors in both the bending and cyclic strain-relaxation tests, copper wires equipped with 

small crocodile clips were used. These wires were then connected to a sourcemeter 

(Keithley 2601A). The resistances of the sensors were measured by applying a constant 

voltage of 1.0 V and recording the resultant current. Both tests were conducted under 

ambient environmental conditions. 

 

4.2.4. Preparation and characterization of the self-healing hydrogel 

The self-healing hydrogel composed of phenol-functionalized chitosan (CS-Ph) and 

DF-PEG was prepared by following previous literature with modification [53, 273]. To 

synthesize CS-Ph, chitosan (molecular weight ∼145 kDa, degree of deacetylation ∼80%, 

Sigma) was initially dissolved in hydrochloric acid (Showa) and then diluted with a 2(N‐
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Morpholino)ethanesulfonic acid (MES) buffer solution (Sigma). At the same time, a 

combination of 3-(4-hydroxyphenyl)propionic acid (Alfa Aesar), 1-ethyl-3-(3-

(dimethylamino)propyl)carbodiimide (Alfa Aesar), and N-hydroxysuccinimide (Sigma) 

was sequentially added to MES buffer under continuous stirring. The two separately 

prepared solutions were then uniformly mixed and the pH was adjusted to 4. The reaction 

was carried out in a dark environment at a temperature of 25 °C for 24 h with constant 

stirring. Post-reaction, the mixture was dialyzed using a dialysis membrane with a 12-14 

kDa cutoff in deionized water at least five times to remove the unreacted chemicals. 

Finally, the purified CS-Ph product was obtained after freeze-drying. The degree of 

phenolic functionalization of CS-Ph determined by UV-vis spectra was ∼12.1%. 

For the DF-PEG synthesis, PEG (molecular weight ∼ 8 kDa, Sigma) was initially 

dissolved in anhydrous tetrahydrofuran (Echo). Sequentially, 4-formylbenzoic acid, 4-

(dimethylamino)pyridine, and N,N’-dicyclohexylcarbodiimide, all sourced from Sigma, 

were added to the PEG solution. The mixture was reacted at 25 °C for 48 h. Subsequently, 

the white precipitate formed during the reaction was removed via filtration. The product, 

DF-PEG, was obtained as a white solid after it underwent repeated cycles of precipitation 

in diethyl ether (Echo) and redissolution in THF. The degree of benzaldehyde 

functionalization of DF-PEG determined by the nuclear magnetic resonance (NMR) 

spectrum was ~85%. The synthesized CS-Ph and DF-PEG were both dissolved in the cell 

culture medium (STEMdiff cardiomyocyte maintenance medium). The self-healing 

hydrogel was produced by mixing the CS-Ph solution (2 wt%) with DF-PEG solution (4 

wt%) at the volume ratio of 1:1. 

 

4.2.5. Preparation of 3D cardiomyocyte spheroids 

The guideline protocol of the STEMdiff cardiomyocyte differentiation kit was 
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followed to produce a 2D hiPSC-derived cardiomyocyte sheet. Briefly, hiPSCs were 

initially cultured on a Matrigel-coated dish with mTeSR1 medium to reach ∼95% 

confluency. The cardiac differentiation began (day 0) by treating the cells with 

cardiomyocyte differentiation medium A for two days, followed by medium B for two 

days, and finally medium C for another 4 days. After differentiation, the cells were 

maintained in STEMdiff cardiomyocyte maintenance medium. The culture environment 

was a humidified incubator at 37 °C with 5% CO2, and the medium was refreshed daily. 

On day 19, the beating 2D hiPSC-derived cardiomyocyte sheet was obtained. 

The chitosan-hyaluronan (CS-HA) composite membrane was prepared as previously 

reported [274], prior to the production of 3D cardiomyocyte spheroids. Briefly, the 

chitosan (510 kDa, degree of deacetylation ~77%, Sigma) solution was first coated onto 

the 24-well tissue culture plates. After evaporating the solvent in a laminar flow cabinet 

overnight, the chitosan membranes were soaked in 0.5 N sodium hydroxide for 30 min 

and washed thrice with phosphate buffered saline (PBS). Hyaluronan (1800 kDa, 

SciVision Biotech) solution was then added to the chitosan-coated plates and evaporated 

in a laminar flow cabinet overnight. Subsequently, the membranes were crosslinked with 

a 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide solution for 

48 h. After crosslinking, the fabricated CS-HA membranes were washed thoroughly with 

PBS thrice to remove any unbound hyaluronan and stored at 4 °C before use. 

The 3D cardiomyocyte spheroids were fabricated using the 2D hiPSC-derived 

cardiomyocyte sheet and the fabricated CS-HA membrane. Initially, the cardiomyocyte 

sheet was rinsed with Dulbecco’s PBS (DPBS) and then dissociated using the STEMdiff 

dissociation kit. Subsequently, the dissociated single-cell cardiomyocytes were seeded 

onto the CS-HA membrane with a density of 3.8 × 105 cells per well. After culturing for 

3 days, the 3D cardiomyocyte spheroids were obtained. 
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4.2.6. Construction of the heart-on-a-chip platform 

The heart-on-a-chip platform consisted of the cell-laden gel matrix and the 

cantilever-based GNP-PU strain sensor. To build the cell-laden gel matrix, the 3D 

cardiomyocyte spheroids were embedded into the self-healing hydrogel with a density of 

1 × 107 cells per mL. Subsequently, the cell-laden gel matrix was cultured on the 

cantilever-based GNP-PU strain sensor for 28 days. The copper wires equipped with 

small crocodile clips were sterilized and used to connect the sensor and the sourcemeter 

(Keithley 2601A) for detecting the contractile behavior of cardiomyocyte spheroids. 

Besides, the cantilever-based control sensor replacing the GNP film with a non-strain-

responsive SMD resistor (~5.1 MΩ) was fabricated. The carbon conductive adhesive 

(EM-Tec) and epoxy glue (Wiko Epoxy 05) were used to fix the resistor on the control 

sensor. 

 

4.3. Results 

Figure 7 details the characterization of the two key elements of the strain sensor: 

GNPs and biocompatible PU. A TEM image of the synthesized GNPs is shown in Figure 

7A. The TEM images indicated that the GNPs were spherical, with an average diameter 

of 7.5 ± 0.6 nm (Figure 7B). Additionally, the UV-vis absorption spectrum of the GNPs 

showed the localized surface plasmon resonance peak at the wavelength of ~520 nm 

(Figure 7C). Figure 7D illustrates the molecular structure of the biocompatible PU. The 

PU film, produced by casting, had a thickness of ~230 µm and was featured high 

flexibility, as displayed in Figure 7E. 
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Figure 7. Characteristics of the two components (i.e., GNPs and biocompatible PU) of 

the strain sensor. (A) TEM image, (B) size distribution histogram, and (C) UV-vis 

absorption spectrum of GNPs. (D) Chemical structure of the biocompatible PU. (E) 

Photograph showing flexibility of the biocompatible PU film. 

 

The fabrication of the GNP film on a glass slide was carried out using a layer-by-

layer spin-coating process, as shown in Figure 8A. During the process, 9DT crosslinker 

solution and GNP solution were alternately applied onto the spinning glass slide. This 

spin-coating procedure was repeated for three cycles to complete the fabrication of the 

crosslinked GNP film. A photograph of the resulting crosslinked GNP film on the glass 

substrate is shown in Figure 8B. The GNP film exhibited a bluish color. For transferring 

the crosslinked GNP film from the glass substrate to the biocompatible PU film, a facile 

and clean contact printing method was employed, illustrated in Figure 8C. First, the GNP 

film on the glass substrate was scratched using a sharp blade to create a square shape with 

a size of 4 mm². Then, a PDMS stamp was applied to the surface of the GNP film to aid 

the transfer. A small volume of water (~3 µL) was dripped to the interface between the 
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glass and the GNP film. The GNP film was then transferred onto the PDMS stamp by 

gently peeling off the glass substrate. Subsequently, the PDMS stamp, now bearing the 

GNP film, was placed onto the biocompatible PU film. Following a heating and cooling 

cycle, the PDMS stamp was easily removed, allowing for the successful transfer of the 

GNP film onto the PU film. 

 

 

Figure 8. Preparation of the crosslinked GNP film, and printing procedures for 

transferring the GNP film onto the biocompatible PU film. (A) Layer-by-layer spin-

coating deposition of the 9DT crosslinked GNP film. (B) Optical appearance of the 

fabricated GNP film deposited onto the glass substrate. (C) Schematic illustration 

showing the facile contact printing method employed for transferring the GNP film onto 

the PU film. 

 

Figure 9 demonstrates the surface morphology of the GNP film before (i.e., on the 

glass substrate) and after contact printing (i.e., on the PU film). The optical images in 

Figure 9A show that the geometry of the film remained intact after contact printing, with 

no visible cracks when transferred onto the PU film. The SEM images in Figure 9B 

display the granular structure of crosslinked GNPs, confirming consistent surface 
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morphology across both substrates. The 2D/3D AFM images in Figure 9(C, D) 

demonstrate the thickness and surface roughness of the GNP film. The thickness of the 

GNP film was ~22 nm. The PU film exhibited greater roughness than the glass, resulting 

in higher average roughness for the GNP film on the PU film (~ 11 nm) compared to that 

on glass (~ 5 nm). Despite this finding, the overall morphology of the GNP film remained 

unchanged post-printing.  

 

 

Figure 9. Surface morphology of the GNP film before (i.e., on the glass substrate) and 

after (i.e., on the PU film) the contact printing process. (A) Optical microscopy images 

of the GNP film on the (i) glass substrate and (ii) PU film. (B) SEM images of the GNP 
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film on the (i) glass substrate and (ii) PU film. (C) 2D AFM images of the GNP film on 

the (i) glass substrate and (ii) PU film. (D) 3D AFM topographic images of the GNP film 

on the (i) glass substrate and (ii) PU film. 

 

Figure 10A outlines the process used to fabricate the cantilever-based GNP-PU 

strain sensor. Initially, gold electrodes were applied onto the GNP-PU film through PVD, 

utilizing a shadow mask. The deposited gold electrodes had a thickness of ~100 nm, with 

a gap of ~230 µm between them. Subsequently, a PU glue with a concentration of ~35 

wt% was employed to bond an additional PU film to the GNP-PU strain sensor. The final 

step involved fixing the GNP-PU strain sensor in a tissue culture chamber, resulting in 

the formation of the cantilever-based GNP-PU strain sensor. An image of the completed 

cantilever-based GNP-PU strain sensor is shown in the figure inset. 

Figure 10(B-D) presents the characterization of the GNP-PU strain sensor. The I-V 

test of the sensor demonstrated ohmic conductivity (Figure 10B), with a conductance of 

~0.39 µS. The resistive responses of the sensor to strain were evaluated through bending 

and cyclic strain-relaxation tests. In the bending tests (Figure 10C), the ΔR/R0 of the 

sensor exhibited a nearly linear change with strain. The gauge factor of the sensor, 

regarded as its sensitivity, is calculated as the slope of the ΔR/R0 versus strain graph. 

Results showed that the gauge factor before and after the cell culture medium treatment 

was ~50 and ~52, respectively. During the cyclic strain-relaxation test (Figure 10D), the 

sensor was subjected to 15 strain–relaxation cycles and displayed good repeatability of 

the sensor's response characteristics. 
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Figure 10. Fabrication and characterization of the cantilever-based GNP-PU strain sensor. 

(A) Schematic illustration showing the fabrication procedure of the cantilever-based 

GNP-PU strain sensor. A linear fit to the data is shown as the green solid line. (B) I-V 

curve of the sensor. (C) Results of bending tests: relationship between ΔR/R0 and strain 

of the sensor (i) before and (ii) after the cell culture medium treatment for two days at 37 

°C. Linear fits to the data are shown as red solid lines. (D) (i) Setup to conduct 15 strain–

relaxation cycles and (ii) results of the cyclic strain-relaxation test on the cantilever-based 

GNP-PU strain sensor.  

 

To construct the in vitro cardiac model, the cantilever-based GNP-PU strain sensor 
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was integrated with a cell-laden gel matrix to create a heart-on-a-chip platform, as shown 

in Figure 11A. The cell-laden gel matrix consisted of a self-healing hydrogel combined 

with cardiomyocyte spheroids. The chemical structures of the two components (i.e., CS-

Ph and DF-PEG) within the self-healing hydrogel are presented in Figure 11B. CS-Ph is 

synthesized by the conjugation of phloretic acid to chitosan through carbodiimide 

chemistry, while DF-PEG is synthesized via Steglich esterification. The self-healing 

hydrogel is then fabricated using CS-Ph as the main chain and DF-PEG as the crosslinker, 

forming dynamic Schiff base linkages. 

The rheological properties of the fabricated chitosan-based self-healing hydrogel are 

shown in Figure 11C. In the time sweep, the gel point [crossover point of the storage (G') 

modulus and the loss (G'') modulus] occurred before the rheological analysis, indicating 

the fast gelling property of the self-healing hydrogel (Figure 11Ci). The G' value of the 

hydrogel underwent a significant increase in the initial gelling stage. After ~500 s, this 

value became stabilized, eventually reaching a steady state of ∼ 400 Pa. Meanwhile, the 

G'' value of the hydrogel oscillated with time. In the frequency sweep, the hydrogel 

exhibited low frequency dependence of G' and G'', indicating the inherent solid-like 

relaxation behavior (Figure 11Cii). In the strain sweep, the critical strain point for 

transitioning from the gel state to sol state (i.e., structural damage) was ∼320% (Figure 

11Ciii). The self-healing property of the hydrogel was assessed by applying strains 

alternately, switching between a high strain that exceeded the critical strain point and a 

lower strain of 1% (Figure 11Civ). Below 1% strain, G' was higher than G'' and both 

moduli remained constant over time. At the higher strains of 500%, a G'-G'' crossover had 

occurred, indicating a sol state with G'' greater than G'. Upon strain reversal, the values 

of G' and G'' quickly returned to their initial levels. This repeatable rheological behavior 

after several damaging-healing cycles confirmed the self-healing nature of the chitosan-
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based hydrogel. 

 

 

Figure 11. Characterization of the gel matrix within the in vitro 3D cardiac model. (A) 
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The in vitro 3D cardiac model is composed of the cardiomyocyte spheroid-laden gel 

matrix and the cantilever-based GNP-PU strain sensor. The gel matrix forms through the 

reaction of CS-Ph and DF-PEG via dynamic Schiff base linkage. (B) Synthesis routes and 

chemical structures of CS-Ph and DF-PEG. (C) Rheological properties of the gel matrix. 

(i) Time-dependent moduli after sample loading, measured at 1% strain and 1 Hz. (ii) 

Frequency-dependent moduli after gel stabilization, measured at 1% strain. (iii) Strain-

dependent moduli after gel stabilization, measured at 1 Hz. (iv) Damaging-healing cycles 

measured at 1 Hz through the continuous step strain changes. 

 

The fabrication process of the 3D cardiomyocyte spheroids is illustrated in Figure 

12A. Initially, hiPSCs were grown according to the procedure outlined in the 

commercially available cardiomyocyte differentiation kit, and the hiPSCs underwent 

differentiation to form a 2D cardiomyocyte sheet. Subsequently, the cardiomyocyte sheet 

was dissociated into single-cell cardiomyocytes and seeded onto the CS-HA membrane 

(0 h), as shown in Figure 12B. After further culture for 72 h, the individual 

cardiomyocytes spontaneously assembled into the 3D and beating cardiomyocyte 

spheroids. The 3D spheroids formed had diameters ranging approximately between 90 to 

150 µm. 
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Figure 12. Preparation of 3D cardiomyocyte spheroids. (A) Schematic illustration of the 

timeline of differentiation from hiPSCs to a 2D cardiomyocyte sheet. Subsequently, the 

2D cardiomyocyte sheet was dissociated and self-assembled into 3D cardiomyocyte 

spheroids on the CS-HA plate. (B) Optical microscopy images of the formation of 3D 

cardiomyocyte spheroids on the CS-HA plate at 0 and 72 h. 

 

The heart-on-a-chip platform comprising the cell-laden gel matrix and the 

cantilever-based GNP-PU strain sensor is shown in Figure 13A. This platform, serving 

as the in vitro cardiac model, captured the contraction/relaxation of 3D hiPSC-derived 

cardiomyocyte spheroids embedded in the self-healing hydrogel. The detection of the 

cardiac contractile behavior was accomplished using the cantilever-based GNP-PU strain 

sensor, which was operated using a sourcemeter for precise measurement. Figure 13B 

shows the real-time ΔR/R0 signal traces of contraction and relaxation characteristics of 
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cardiomyocyte spheroids measured at days 7, 14, and 28 using the cantilever-based GNP-

PU strain sensor. Initially, the cultured cardiomyocyte spheroids showed a measurable 

beating rate at an early stage of the culture period (day 7). As the culture period progressed, 

the beating rate of the cardiomyocyte spheroids gradually decreased, yet in parallel, their 

contraction force increased. By day 28, the contraction force stabilized at its highest level. 

To ensure that the ΔR/R0 signals in Figure 13B originated from strain-induced responses 

rather than electrophysiological signals from cardiac contractions, a cantilever-based 

control sensor has been specifically designed and fabricated (Figure 13Ci). This control 

sensor was modified from the standard design by replacing the GNP film with a non-

strain-responsive resistor. The experiment demonstrated that for cardiomyocyte spheroids 

cultured on the cantilever-based control sensor over 28 days, no ΔR/R0 signal was 

detected by the sourcemeter (Figure 13Cii). This result confirms that the ΔR/R0 signals 

in Figure 13B indeed resulted from strain changes caused by the contractile behavior of 

cardiomyocytes. 
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Figure 13. The in vitro 3D cardiac model. (A) Schematic illustration showing the 

application of the cantilever-based GNP-PU strain sensor to measure the 

contraction/relaxation of cardiomyocyte spheroids within the gel matrix. (B) ΔR/R0 

signals of the cantilever-based GNP-PU strain sensor at 7, 14, and 28 days. (C) (i) 

Fabrication procedure of the cantilever-based control sensor. The design concept of the 

control sensor is to substitute the GNP film with a non-strain-responsive resistor, with the 

aim to confirm that the results in (B) are attributed to the strain behavior of cardiomyocyte 

spheroids. (ii) ΔR/R0 signal of the cantilever-based control sensor at day 28. 

 

4.4. Discussion 

PDMS is one of the most popular flexible substrates used in heart-on-a-chip 
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platforms due to its advantages of being non-toxic, chemically inert, and optically 

transparent [263]. However, PDMS presents some limitations, particularly its 

hydrophobic surface [275], which hampers effective bonding with hydrophilic hydrogels, 

thereby impeding the adherence of cardiomyocyte spheroid-laden hydrogels to the PDMS 

substrate. Further, the inert nature of PDMS leads to poor affinity towards metal 

nanoparticle surfaces, which is detrimental for the robust attachment of the active 

conductive GNP layer [276, 277]. An additional drawback of PDMS is its high absorption 

rate of small molecule chemicals, a factor that is particularly significant in drug screening 

applications [263]. In contrast, Pellethane 2363 80A, a thermoplastic type of PU, offers 

distinct advantages over PDMS. Notably, it exhibits superior resistance to water and 

chemicals as well as biocompatibility and processability, making it a promising 

biomaterial for medical applications [278-280]. The flexible substrate fabricated from 

Pellethane 2363 80A was hydrophilic (contact angle ~60°) [281]. Therefore, in this study, 

the PU substrate demonstrated good adherence with cell-laden chitosan-based hydrogels, 

facilitating reliable sensing of cardiac contractility. Furthermore, the nitrogen atoms 

present in the PU substrate promote enhanced interactions with metallic nanomaterials 

[282, 283]. For instance, Kim et al. demonstrated that the interaction between GNPs and 

PU results in the formation of highly stretchable nanoparticle conductors [284]. In our 

previously published study, eco-friendly GNP-PU strain sensors showed high 

stretchability and good durability [269]. 

The process of fabricating thin-film strain sensors involves the integration of the 

active conductive layer with the flexible substrate, a critical step that ensures the 

functionality and reliability of the sensors [264, 269]. To integrate these two components, 

printing methods have been developed [285]. The methods are broadly categorized into 

contact and non-contact types [286]. Non-contact printing methods, such as inkjet 
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printing and electrohydrodynamic printing, often encounter challenges like nozzle 

clogging due to ink usage [287]. These methods also face the limitations like low printing 

speeds and a limited range of ink viscosity. Furthermore, the use of cytotoxic organic 

solvents in inks could be disadvantageous for biomedical applications [288]. Contact 

printing methods, including the peel-and-stick process and PMMA-mediated transfer 

printing, also involve the use of organic solvents [174, 184, 190, 193, 221]. Other 

common contact printing methods, such as the wedging transfer process, can induce 

undesirable cracks or wrinkles during the transfer, potentially degrading the performance 

of the sensors [176, 182]. The lift-off by etching method, which involves the use of 

chemical etchants, can negatively impact the organic components of the active layer or 

lead to undesired changes in the properties of the flexible substrate [188, 189]. In this 

study, we employed a solvent-free and facile contact printing method, previously reported 

by our group, to fabricate the GNP-PU strain sensors for use in the heart-on-a-chip 

platform (Figure 8C) [269]. 

The gauge factor of a strain sensor, which is important for evaluating its sensitivity, 

is calculated based on the changes in resistance induced by mechanical strain. Strain 

sensors that possess a high gauge factor and a low Young's modulus are highly 

advantageous for precise sensing [234]. Herein, the Young’s modulus of the PU film was 

~4.1 MPa based on the commercial data sheet, which is considered low enough for 

sensing applications [269]. The fabricated GNP-PU strain sensor exhibited higher 

sensitivity (gauge factor ~50; Figure 10C) than our previously published eco-friendly 

GNP-PU strain sensors (gauge factor ~13) made from biodegradable, waterborne PU film 

[269]. We attribute the higher sensitivity of the GNP-PU strain sensor in this study to the 

rippled surface topology of the PU film [Figure 9(Cii, Dii)]. This unique rippled structure 

resulted from the phase separation between the soft and hard segments of Pellethane [289]. 
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During stretching, localized stress concentration occurred in the GNP film on the PU 

substrate, potentially forming nanoscale cracks at junctions, which contribute the high 

sensitivity of the GNP-PU strain sensor [225, 290, 291]. The sensor demonstrated positive 

resistive changes due to the increased interparticle spacing of the GNP film when 

subjected to bending in a four-point bending setup (Figure 10C). To use the sensor in 

heart-on-a-chip platforms, the highly sensitive GNP-PU strain sensor was designed in a 

cantilever format, serving as an efficient monitoring platform for detecting cardiac 

contractility (Figure 11A) [264]. The contraction of cardiomyocytes generates surface 

stress that causes mechanical deformation of the flexible cantilevers [246], which can be 

monitored by the embedded strain sensors. In the cantilever-based GNP-PU strain sensor, 

the GNP film was positioned on one side of the upper PU film, while the opposite side of 

the PU film made contact with cardiomyocytes. Therefore, during the cyclic strain-

relaxation test (Figure 10D), the sensor exhibited negative resistive responses when strain 

was applied by the bending setup, due to the reduced interparticle spacing of the GNP 

film. 

Hydrogels with tunable elastic moduli have been applied in combination with 

flexible cantilevers, serving as the ECM and enhancing contraction-induced cantilever 

deflections [246, 252, 292-294]. Chitosan, a natural biomaterial, is often utilized in 

cardiac regeneration due to good biocompatibility, biodegradability, and antimicrobial 

properties [295, 296]. Through chemical modification, chitosan can be tailored to enable 

customized properties. For instance, chitosan functionalization with phenol enhances its 

water solubility at neutral pH and accelerates the crosslinking rates, aiding in avoiding 

the use of acidic solution and ensuring more uniform cell distribution within the CS-Ph 

hydrogel [53, 273, 297]. Further, integration of chitosan with other biomaterials can 

improve the functionality, such as the self-healing property, which enhances the resilience 
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and structural integrity of the hydrogel [257]. PEG hydrogels are renowned in biomedical 

field for the biocompatibility and capability of chemical modification [48]. Specifically 

for cardiac applications, PEG hydrogels embedded with cardiomyocytes have shown 

preserved sarcomeric integrity and t-tubular structure [298]. In the present study, we 

prepared a chitosan-based hydrogel composed of CS-Ph and DF-PEG (Figure 11B), 

following our group’s previously published literature, to serve as the ECM for supporting 

cardiomyocyte spheroids [53]. The chitosan-based hydrogel demonstrated fast-gelling 

and self-healing properties (Figure 11C) as well as tunable moduli [53, 297]. The self-

healing property was associated with the breaking and reforming of reversible dynamic 

Schiff base linkages in the hydrogels [53, 273].  

Among the various methods for generating 3D spheroids, the use of CS-HA 

membranes coated on culture plates is particularly notable due to its simplicity and cost-

effectiveness [299]. HA, a major component of the ECM in the human body, is a natural 

anionic polymer extensively used in biomedical applications based on its biocompatibility 

[300]. Previous studies have shown that the carboxyl groups of HA can graft with the 

amine groups of chitosan, which can promote the formation of 3D spheroids from 2D 

stem cells [274, 301]. The developed 3D biomimetic spheroids can be applied in various 

biomedical fields in vitro such as regenerative medicine, disease modeling, and drug 

screening [302, 303]. In our present study, we have successfully utilized CS-HA 

membranes to facilitate the self-assembly of 2D cardiomyocytes into 3D beating 

cardiomyocyte spheroids (Figure 12). We have further developed the heart-on-a-chip 

platform as the in vitro cardiac model for evaluating the contractile behavior of 

cardiomyocyte spheroids by integrating the cell-laden chitosan-based self-healing 

hydrogel with the cantilever-based GNP-PU strain sensor. The results showed that the 

sensor exhibited positive resistive responses due to the contractile behavior of 
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cardiomyocyte spheroids, which caused an increase in the interparticle spacing of the 

GNP film. Moreover, the results indicated the increased maturation of cardiomyocyte 

spheroids with an increasing culture period, as reflected by the changes in the decreased 

beating rate and the increased contractility (Figure 13B) [263, 280, 304]. 

In addition to cardiomyocytes, the human heart also comprises various essential 

supporting cells, including cardiac fibroblasts, endothelial cells, smooth muscle cells, and 

immune cells [305]. These supporting cells are vital for key heart functions such as 

maintaining heart homeostasis, facilitating heart repair, producing ECM, and ensuring 

nutrient delivery [305-307]. Therefore, co-culturing cardiomyocytes with supporting cells 

in 3D in vitro cardiac models is important for a more comprehensive understanding of the 

complex cellular interactions [246, 263, 308]. Our group's previously published literature 

has demonstrated the effectiveness of the CS-HA membrane as a 3D co-culture platform, 

which holds promise for the co-culture of cardiomyocytes and supporting cells in the 

future [299, 309, 310]. In addition, multimaterial 3D printing technology enables the 

facile fabrication of customized heart-on-a-chip platforms [280]. In our present study, the 

PU substrate, GNP film, and the chitosan-based self-healing hydrogel have shown 

potential for 3D printability, as previously reported [53, 172, 280]. The 3D bioprintability 

and photo-responsiveness of the chitosan-based hydrogel provides the possibility for the 

creation of unidirectional microfilament networks using filament light biofabrication, 

which can guide cells to form aligned tissues [53, 252]. Moreover, the self-healing 

property of the chitosan-based hydrogel could facilitate accurate spatial positioning and 

merging of bioprinted cardiomyocyte spheroids for the development of in vitro drug and 

disease model [256]. 
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Figure 14. Graphic art of the fourth project. 
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5. Conclusion and outlook 

In concluding this dissertation, which spans the interconnected realms of materials 

science, biofabrication, flexible electronics, and tissue engineering, I reflect on the 

significant strides I have made and look forward to the promising avenues yet to be 

explored. My research journey, marked by the development of groundbreaking 

biomaterials such as the smart PUGG hydrogel, alongside the novel contact printing 

method and sensing applications such as wearable electronics and the heart-on-a-chip 

platform, highlights the immense potential that interdisciplinary collaboration holds in 

revolutionizing healthcare. 

The innovative smart PUGG hydrogel, a central element of my doctoral work, has 

shown remarkable properties in self-healing, environmental responsiveness, and 

biocompatibility. These features make it highly suitable for a broad range of biomedical 

applications. The success of this hydrogel in high-resolution 3D bioprinting and its 

potential in the realm of 4D bioprinting for minimally invasive surgery and biobanking 

underscore its vast capabilities. The versatility of the PUGG hydrogel extends beyond its 

technical strengths to its adaptability in various medical applications. Having proven 

effective in laboratory settings, the next critical step involves applying this hydrogel in 

animal models for minimally invasive surgical procedures. This phase is vital as it will 

provide key insights into the performance of the hydrogel in live, dynamic environments, 

closely simulating human physiological conditions. These animal experiments are 

designed to thoroughly evaluate the effectiveness of the hydrogel in supporting tissue 

repair and its safety in surgical settings. They will allow for a detailed assessment of the 

interaction of hydrogel with living tissues, its biodegradation process, and its overall 

impact on the healing process. Results from these studies are expected to be crucial in 

demonstrating the appropriateness of hydrogel for human medical use. Additionally, these 
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animal studies will offer an opportunity to refine the composition and application methods 

of the hydrogel. Based on the outcomes, adjustments and improvements will be made to 

ensure that the hydrogel meets the rigorous standards required for human medical 

applications, focusing on safety and efficacy. 

The study of recombinant spider silk hydrogel stands as a significant breakthrough 

in biomimetic biomaterials, particularly noted for its self-healing properties. This research 

has laid the groundwork for future advancements in the design and optimization of self-

healing biomaterials, like PU block copolymers, for fundamental research and functional 

applications. However, the limitation of the recombinant spider silk hydrogel was the 

relatively low G'. Addressing this, future research directions include developing a series 

of recombinant spider silk hydrogels with tunable mechanical properties. This 

development aims to expand the scope of their biomedical applications, adapting them to 

a wider range of needs and scenarios. Moreover, there are plans to innovate further by 

incorporating different biomaterials into the recombinant spider silk hydrogels. The goal 

here is to create multi-intelligent hydrogels that possess a variety of functionalities. Such 

advancements will not only enhance the utility of these hydrogels in biomedical 

applications but also open new avenues for research into smart biomaterials. 

In the realm of eco-friendly wearable electronics, the flexible GNP-PU strain sensor 

has been successfully developed using a facile and clean contact printing method. This 

sensor has made significant strides in health monitoring, capable of securely attaching to 

the skin and monitoring subtle physiological signals (e.g., mapping of arterial lines and 

sensing pulse waveforms) and large-strain movements (e.g., finger bending). Future 

efforts will focus on extending its use beyond wearable devices to implantable sensors 

for comprehensive health management. The adaptability of these sensors, demonstrated 

by their successful application on various biodegradable PU films, positions them as 
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promising candidates for implantable electronics. These electronics, due to their 

biodegradability and biocompatibility, can be used without the need for removal surgery 

and are less likely to cause chronic inflammation. This innovation paves the way for more 

advanced applications in tissue engineering and regenerative medicine, expanding the 

potential of implantable sensors in medical technology. 

The fabricated heart-on-a-chip platform represents a significant step forward in 

cardiac research, combining a 3D gel matrix laden with hiPSC-derived cardiomyocyte 

spheroids and the GNP-PU cantilever-based strain sensor. The fabrication of this strain 

sensor, using the developed clean contact printing method, ensures its biocompatibility, a 

crucial aspect for in vitro models. This heart-on-a-chip platform, equipped with a high 

gauge factor GNP-PU strain sensor, has proven its ability to detect the contractile 

behavior of cardiomyocyte spheroids. This capability opens up several promising avenues 

for future research and applications. One key area is in drug testing and cardiac disease 

modeling, where this platform can provide a more accurate and ethical alternative to 

traditional methods. It offers a highly controlled environment for studying the effects of 

pharmaceutical compounds on cardiomyocytes, potentially accelerating drug discovery 

and reducing reliance on animal testing. Another potential direction is the further 

development and refinement of the heart-on-a-chip platform for personalized medicine. 

By using patient-specific hiPSCs, the platform could be customized to model individual 

cardiac conditions, aiding in the development of tailored treatments and therapies. 

Additionally, the success of the GNP-PU strain sensor in this model paves the way for its 

application in other types of organ-on-a-chip platforms. This could lead to the creation of 

more comprehensive multi-organ systems, offering deeper insights into complex inter-

organ interactions and systemic responses to treatments. Overall, the heart-on-a-chip 

project not only underscores the importance of interdisciplinary research in advancing 
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healthcare technology but also sets a foundation for groundbreaking developments in 

cardiac research, drug testing, and personalized medicine. 

The journey from laboratory research to real-world applications is complex and 

challenging. A critical part of my future work will involve scaling these technologies for 

commercial use. This process will ensure that the benefits of my research reach a wider 

audience, particularly those in need of advanced healthcare solutions. Navigating this 

path will require attention to ethical and regulatory standards, ensuring patient safety and 

compliance with medical guidelines. In summary, this dissertation represents a significant 

step in the convergence of multiple scientific fields towards enhancing healthcare 

technologies. The future, as I envision it, is filled with opportunities to further these 

advancements, making a tangible impact on patient care and medical research.  
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7. Appendix 

7.1. Supporting information 

This section contains the Supporting information relating to the publications in the section 

3. 

 

7.1.1. Publication 1 (first project): 4D bioprintable self-healing hydrogel with shape 

memory and cryopreserving properties 

The supporting information for "Shin-Da Wu and Shin-hsu Hsu. 4D bioprintable self-

healing hydrogel with shape memory and cryopreserving properties. Biofabrication 2021; 

13: 045029" is available at the following DOI: https://doi.org/10.1088/1758-5090/ac2789

https://doi.org/10.1088/1758-5090/ac2789
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7.1.2. Publication 3 (third project): Fabrication of eco-friendly wearable strain 

sensor arrays via facile contact printing for healthcare applications 

Reprinted from “Shin-Da Wu, Shan-hui Hsu, Bendix Ketelsen, Sophia C. Bittinger, 

Hendrik Schlicke, Horst Weller, and Tobias Vossmeyer. Fabrication of Eco-friendly 

Wearable Strain Sensor Arrays via Facile Contact Printing for Healthcare Applications. 

Small Methods 2023; 7(9): 2300170." with permission from WILEY-VCH. 
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7.2. Safety 

7.2.1. List of hazardous substances according to GHS 

The chemicals utilized in this study are listed in Table 1., which provides their respective 

classifications under the globally harmonized system (GHS), as well as the applicable 

hazard and precautionary statements. 

Table 1. List of chemicals and GHS classifications. 
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7.2.2. CMR substance 

Substances that are carcinogenic, mutagenic, or toxic to reproduction are called CMR. 

The CMR substance used in this study is listed in Table 2.. 

Table 2. List of the CMR substance. 
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