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Abstract

Advances in bioinspired and biomimetic electronics have enabled 

coupling engineering devices to biological systems with unprecedented 

integration levels. Major efforts, however, have been devoted to interface 

malleable electronic devices externally to the organs and tissues. A prom-

ising alternative is embedding electronics into living tissues/organs or, 

turning the concept inside out, lading electronic devices with soft living 

matters which may accomplish remote monitoring and control of tissue’s 

functions from within. This endeavor may unleash the ability to engineer 

“living electronics” for regenerative medicine and biomedical applications. 

In this context, it remains a challenge to insert electronic devices effi-

ciently with living cells in a way that there are minimal adverse reactions 

in the biological host while the electronics maintaining the engineered 

functionalities. In addition, investigating in real-time and with minimal 

invasion the long-term responses of biological systems that are brought 

in contact with such bioelectronic devices is desirable.

In this work we introduce the development (design, fabrication and 

characterization) and validation of sensors and actuators mechanically 

soft and compliant to cells able to properly operate embedded into a 

cell culture environment, specifically of a cell line of human epithelial 

keratinocytes. For the development of the sensors we propose moving 
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from conventional microtechnology approaches to techniques compatible 

with bioprinting in a way to support the eventual fabrication of tissues 

and electronic sensors in a single hybrid plataform simultaneously. For 

the actuators we explore the use of electroactive, organic, printing-com-

patible polymers to induce cellular responses as a drug-free alternative 

to the classic chemical route in a way to gain eventual control of bio-

logical behaviors electronically. In particular, the presented work intro-

duces inkjet-printed interdigitated electrodes to monitor label-freely and 

non-invasively cellular migration, proliferation and cell-sensor adhesions 

of epidermal cells (HaCaT cells) using impedance spectroscopy and the 

effects of (dynamic) mechanical stimulation on proliferation, migration 

and morphology of keratinocytes by varying the magnitude, frequency 

and duration of mechanical stimuli exploiting the developed biocompat-

ible actuator. 

The results of this thesis contribute to the envision of three-dimen-

sional laboratory-growth tissues with built-in electronics, paving exciting 

avenues towards the idea of living smart cyborg-skin substitutes. 
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Resumen

En los útimos años los avances en el desarrollo de dispositivos 

electrónicos diseñados imitando las propiedades de sistemas vivos han 

logrado acoplar sistemas electrónicos y órganos/tejidos biológicos con 

un nivel de integración sin precedentes. Convencionalmente, la forma 

en que estos sistemas bioelectrónicos son integrados con órganos o te-

jidos ha sido a través del contacto superficial entre ambos sistemas, es 

decir acoplando la electrónica externamente al tejido. Lamentablemente 

estas aproximaciones no contemplan escenarios donde ha habido una 

pérdida o daño del tejido con el cual interactuar, como es el caso de da-

ños en la piel debido a quemaduras, úlceras u otras lesiones genéticas 

o producidas. Una alternativa prometedora para ingeniería de tejidos y 

medicina regenerativa, y en particular para implantes de piel, es embe-

ber la electrónica dentro del tejido, o presentado de otra manera, cargar 

el sistema electrónico con células vivas y tejidos fabricados por inge-

niería de tejidos como parte innata del propio dispositivo. Este concepto 

permitiría no solo una monitorización remota y un control basado en 

señalizaciones eléctricas (sin químicos) de tejidos biológicos fabricados 

mediante técnicas de bioingeniería desde dentro del propio tejido, sino 

también la fabricación de una “electrónica viva”, biológica y eléctrica-

mente funcional. En este contexto, es un desafío insertar de manera 

eficiente dispositivos electrónicos con células vivas sin desencadenar 

reacciones adversas en el sistema biológico receptor ni en el sistema 

electrónico diseñado. Además, es deseable monitorizar en tiempo real 

y de manera mínimamente invasiva las respuestas de dichos sistemas 

biológicos que se han añadido a tales dispositivos bioelectrónicos.
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En este trabajo presentamos el desarrollo (diseño, fabricación y carac-

terización) y validación de sensores y actuadores mecánicamente suaves y 

compatibles con células capaces de funcionar correctamente dentro de un 

entorno de cultivo celular, específicamente de una línea celular de células epi-

teliales humanas. Para el desarrollo de los sensores hemos propuesto utilizar 

técnicas compatibles con la bioimpresión, alejándonos de la micro fabricación 

tradicionalmente usada para la manufactura de sensores electrónicos, con el 

objetivo a largo plazo de promover la fabricación de los tejidos y los sensores 

electrónicos simultáneamente en un mismo sistema de impresión híbrido. 

Para el desarrollo de los actuadores hemos explorado el uso de polímeros 

electroactivos y compatibles con impresión y hemos investigado el efecto 

de estímulos mecánicos dinámicos en respuestas celulares con el objetivo a 

largo plazo de autoinducir comportamientos biológicos controlados de forma 

electrónica. En concreto, este trabajo presenta sensores basados en electro-

dos interdigitados impresos por inyección de tinta para monitorear la migra-

ción celular, proliferación y adhesiones célula-sustrato de una línea celular de 

células epiteliales humanas (HaCaT) en tiempo real y de manera no invasiva 

mediante espectroscopía de impedancia. Por otro lado, este trabajo presenta 

actuadores biocompatibles basados en el polímero piezoeléctrico fluoruro de 

poli vinilideno y ha investigado los efectos de estimular mecánicamente célu-

las epiteliales en relación con la proliferación, migración y morfología celular 

mediante variaciones dinámicas de la magnitud, frecuencia y duración de 

estímulos mecánicos explotando el actuador biocompatible propuesto.

Ambos sistemas presentados como resultado de esta tesis docto-

ral contribuyen al desarrollo de tejidos 3D con electrónica incorporada, 

promoviendo una investigación hacia la fabricación de sustitutos equiva-

lentes de piel mitad orgánica mitad electrónica como tejidos funcionales 

biónicos inteligentes.
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CHAPTER I. Dissertation Summary

1.1. MOTIVATION OF THE WORK

Skin loss and damage caused by severe burns, chronic ulcers, 

surgeries, and other genetic/acquired skin disorders require 

rapid and proactive medical treatments. As the skin is our 

primary protective barrier to the surrounding, severe-skin injuries can 

be a major source of infection and may lead to multiple complications 

including osteomyelitis, edema, and sepsis, often associated with 

mortality. Annually, the incidence of acute-skin trauma that requires 

medical treatment is estimated to 6 million patients worldwide with at 

least 1 % leading to death.1

One of the essential steps in preventing mortality and morbidity in 

patients suffering from some of these skin injuries relies on an early ex-

cision of the wound’s site followed by proper coverage. To cover and thus 

repair such acute or chronic wounds several clinical approaches have 

been explored, being methods based upon synthetic-skin substitutes with 

biological but not living components one of the most extensively used. As 

many of these synthetic-skin substitutes are commercially available, they 
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are often a preferred choice for the clinical treatment of such injuries to 

restore the epidermal barrier function and control water losses.2 Unfor-

tunately, in scenarios where there is a deep-partial or full-thickness skin 

loss these methods lack efficacy, leaving skin grafting as the recommend, 

preferred, and often exclusive surgical intervention.3 Among all types 

of skin grafting, the autologous graft (a split-thickness of the patient’s 

skin transplanted from a non-damaged area into the damaged region) 

remains the current gold standard since it avoids patient’s immune re-

jection. Regrettably, for skin injuries involving an extended surface area, 

own-patient donor sites from which to harvest an autograft are limited. 

These limitations have led researchers to explore new approaches for 

skin replacement based on cellular therapies and tissue engineering.1

As a result, significant progress in the development of sophis-

ticated dermo-epidermal substitutes has been achieved by tissue en-

gineering techniques. Compared with passive dressing (synthetic-skin 

substitutes), tissue engineering-based therapies have demonstrated to 

improve clinical and functional outcomes in burn patients4 and are 

compatible with rapid three-dimensional (3D) biofabrication,5 including 

the possibility of in situ real-time bioprinting.6 However, one of the 

main issues remaining in the field is the ability to monitor such engi-

neered skin substitutes either during their fabrication or once they have 

been transplanted. Current clinical practice for assessing both the fab-

rication and eventual transplant of such laboratory-growth skin grafts 

relies on professional surveillance and immunohistochemical testing. 

Unfortunately, these assessed methods not only involve both subjective 

judgments and examinations for short periods which may jeopardize 

patients’ physiological states,7 but they also led to samples’ destruc-

tion. To overcome these major burdens a wound-healing technology 
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in form of smart bandages has appeared as a promising alternative. 

In this technology, different types of (bio)sensors are integrated into a 

synthetic bandange to monitor the injury while keeping the wound bed 

or implant sealed.7–9 Although those systems are optimized to operate in 

the unique environment of wounds (id est (i.e.) deformable, soft, wet, 

and warm) and provide data for wound assessment,9 they are incapable 

of serving as natural components to viably replace the skin loss, this 

is, they cannot fulfill simultaneously the twofold function of biologically 

regenerating and electrically monitoring of the damaged tissues.

To tackle this inability of treating such damaged skin tissues ac-

tively, some approaches have incorporated drug-delivery systems into the 

wound care dressing. Drug delivery technologies incorporated in most 

of those existing dressings, however, are passive, which means that the 

profile or permeation rate of these drugs released into the tissue is pre-

designed and cannot be controlled externally.10 As the physiological un-

derstanding of both the clinical heterogeneity of wounds and dynamical 

changes of the status of wounds advances, clinicians have been increas-

ingly demanding the possibility to vary the release quantities and kinetics 

of such drugs on the fly.11 The utilization of anti-inflammatory drugs, 

antibacterial compounds, or antibiotics at improper times and doses can 

hinder healing processes and can lead to the development of antibiotic 

resistance.12 Fortunately, some smart bandages have incorporated on-de-

mand drug delivery systems to precisely control the temporal and spa-

tial profile of the administrated drug in response to external stimuli.13,14 

However, these active drug delivery systems not only are limited to a few 

examples, but they also are expensive, with inherently drug side-effects, 

and often deliver therapeutics only to superficial layers of the skin where 

the dermal dressings are placed.
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Incorporating dermo-epidermal skin equivalents as part of elec-

tronic devices or, the other way around, integrating bionic devices 

(sensors and actuators) as non-biological components within laborato-

ry-growth skin substitutes would encompass the multiple functions of 

1) biologically regenerating the lost tissue and restoring the organotyp-

ic functions, 2) electrically monitoring the status of the implant from 

within and 3) drug-free stimulating the engineered tissue when needed. 

This groundbreaking innovation for the treatment of wounds and skin 

losses would unleash the accomplishment of what we introduce as living 

smart bionic skin substitutes (Figure 1).

Stimulation 

Isolate patient's cells 

electronics biology 

3D 
PRINTING 

Monitoring 

Dermo-epidermal equivalent 
with built-in electronics 

Figure 1. Concept of living-like bioelectronics as bionic skin substitutes.
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The integration of the electronic devices into an engineered skin sub-

stitute for the assessment of skin grafting would thus merge concepts from 

tissue engineering for regenerative medicine and bioelectronic technology. To 

fabricate such cyborg organotypic skin tissues, a deviation from electronic 

fabrication methods to pattern devices and integrate living components in 

a single, programmable, hybrid platform with a palette of functional inks is 

necessary. Additionally, the technology should be adaptable to moderate-vol-

ume production, compatible with personalized medicine (i.e., for using pa-

tient-specific cells, biomaterial and wound-covering needs) and economical.

This envisioned technology to bring engineered dermo-epidermal 

substitutes with built-in electronics to research is not yet available. In 

recent years, however, unprecedented progress has been achieved in the 

endeavor of interfacing electronics with soft and complex biological tis-

sues, which has opened the path towards embedding electronics into skin 

substitutes. We briefly introduce some of these works in the next section. 

1.2. INTERFACING ELECTRONIC DEVICES 

WITH BIOLOGICAL TISSUES

Bioelectronics involves the union of electronic devices with 

biological systems (from single cells to complex tissues) with 

the aim to monitor or modulate biological outcomes or both.15 

Two examples of bioelectronic devices that interface with biological systems 

are patch-clamp technology,16 which has been long used to understand the 

mechanisms of the electrical activity of neural cells, and metal multielectrode 

arrays (MEAs),17 which have been used to record electrophysiological signals from 
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isolated cells, tissues and organs without impairing them. Other bioelectronic 

systems that have been shown to record and deliver signals from within cells 

are, for example, those based on electrodes with three-dimensional complex 

morphologies18 such as mushroom19 and silicon nanowires (SiNW) field-effect 

transistors (FET).20 Although these works have been increasingly closing the 

gap between tissue-electronics interactions, helping in the understanding of 

many cellular behaviors, they have conventionally relied on standard silicon-

based electronics which have lacked in the contemplation of the physical and 

mechanical mismatch between rigid electronics and the fragile target tissues.

Cells and tissues are several orders of magnitude softer than the stand-

ard electronic materials and typical substrates and we must be aware that 

cells respond to the mechanical properties of the surfaces they interface.21 

By contrast, most of the bioelectronic devices have been traditionally stiff 

and static while the natural mechanical compliance of biology calls for softer 

interfaces. Novel strategies have thus been devised to overcome this mechan-

ical mismatch, allowing not only a proper electronic communication with and 

within tissues, but also a harmless and intimate interface (Figure 2).

One of these approaches has borrowed materials from the classical 

microelectronic technology and has endowed electronics malleable by using 

novel geometries either in the substrate used or in the electrodes them-

selves. Another alternative has involved the manufacturing of electronic 

devices with new engineered stretchable materials that render them soft 

and elastic. Exploiting either of those two general approaches, advanced 

electronic systems have been engineered to interface conformally to the 

human body. The skin, as an obstructed organ, has become a perfect plat-

form to test and laminate such systems for applications such as health 

care monitoring, medical rehabilitation programs, and biological studies. 
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Figure 2. Flexible and stretchable electronics interrogate, wrap, and conform around complex 
tissues on and into the human body. a) A photograph of an array of intrinsically stretchable 
transistors conformally adhered to a human palm. The array enables sensing the position of 
a synthetic ladybug by a multiplexing measurement and a matched map of the on-current 
magnitudes of the resistive tactile sensors. b) An epidermal microfluidic sensor mounted on 
a human forearm. The device collects and storages sweat during exercise to monitor different 
biomarkers based on colorimetric measurements. A wireless interface enables data transfer to 
a smartphone that captures and analyses data. c) Optical images of a wearable sweat-analysis 
patch with a transdermal drug-delivery module. The system adheres to the skin and resembles 
most of the skin’s properties, allowing a compliance interface even under deformation. d) 
Multifunctional electronic-skin (e-skin) fabricated with naturally derived ingredients that enable 
a soft and stable, but fully biodegradable hydrogel-based system. The on-skin-worn electronic 
patch measures temperature, humidity, and strain and integrates a reusable electronic 
module to record, analyze, and transmit the data wirelessly. e) Silicon-based flexible device of 
serpentine filaments wrapping around a Langendorff-perfused rabbit heart. Different functional 
elements are highlighted inside the picture. f) Novel material-based device of an intrinsically 
stretchable electrode array conforming to the surface of the superior right ventricle of a rabbit 
heart via surface tension. The system enables in vivo electrophysiological mapping of atrial 
fibrillation. g) Biodegradable strain and pressure sensors implanted subcutaneously on the 
back of a Srague-Dawley rat for long-term monitoring of tendon-healing. The devices were 
able to operate stably over 2-3 weeks in vivo after implantation. h) Freely moving mouse with 
an implanted bioresorbable spectrometer for the continuous monitoring of brain oxygenation, 
temperature, and neural activity. The device is injectable and is fabricated using materials that 
naturally undergo clearance from the body after its operational lifetime. i) A wireless closed-
loop system implanted between epidermal skin and muscle in the abdominal cavity of a mouse. 
The miniaturized bio-optoelectronics implant exploits inorganic light-emitting diodes to opto-
activate light-sensitive proteins (opsins) in the bladder together with a sensing system based 
on strain gauge to monitor the organ function (i.e., bladder filling/voiding). Note. Reproduced 
from (a) Wang, Bao, et al., 2018; (b) Koh, Rogers, et al., 2016; (c) Lee, Kim, et al., 2017; (d) 
Baumgartner, Kaltenbrunner, et al., 2020; (e) Xu, Rogers, et al., 2014; (f) Liu, Bao et al., 2020; (g) 
Boutry, Bao, et al., 2018; (h) Bai, Rogers, et al., 2019; (i) Mickle, Rogers, et al., 2019.



10

Design, Characterization and Validation of Integrated Bioelectronics for Cellular Studies:  
From Inkjet-Printed Sensors to Organic Actuators

For example, using novel intrinsically stretchable materials, Bao 

and co-workers have reported the development of a skin-like, stretcha-

ble, polymer-based transistor array with a high-density and performance, 

able to adhere and conform to the skin22 (Figure 2a). Alternatively, Rog-

ers’ research group has reported the integration of diverse electronic 

components based on silicon and conventional microelectronic materials 

in diverse applications such as sweat monitoring23 (Figure 2b). Combin-

ing both strategies, Kim and co-workers have fabricated a sweat-based 

monitoring device with a transdermal drug-delivery module24 (Figure 2c), 

whereas Kaltenbrunner and co-workers have recently introduced an edi-

ble electronic system with resilient yet entirely degradable gelatin-based 

hydrogels25 (Figure 2d). These new classes of electronic devices laminated 

externally to the skin are often referred to as electronic skin, epidermal 

electronics, or electronic tattoos. Although advances in these new form 

factor of electronics have overcome the main issues of the mechanical 

mismatch between tissues and electronics, two distinguished characteris-

tics remain in those systems: They have required the existence of the or-

gan meant to interface (i.e., skin) and they have been tested onto healthy 

skin tissues externally, as a second layer.

As an alternative to on-skin-worn electronics, various types of flex-

ible and stretchable electronic sensors and systems have been fabricated 

to withstand the topographical constraints of the organs into the body. 

Beneath the skin, these implantable electronics have allowed interfaces to 

soft and complex tissues’ surfaces such as blood vessel lumen,26 cardiac 

epicardia ,27–29 brain parenchyma,30,31 and sciatic nerve32 without interfering 

the organ’s functions (Figure 2e-i). For example, Boutry, Bao et alia (et al.) 

reported under-skin, implantable, pressure and strain sensors made en-

tirely of biodegradable materials to monitor the mechanical forces on ten-
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dons for orthopedic applications33 (Figure 2g). They fabricated the sensors 

with a biodegradable metal (magnesium Mg) and established biodegrad-

able polymers and tested them in vivo with immobilized mice (Figure 2g). 

Using freely moving mice, Rogers and co-workers showed a bioresorbable 

photonic device made of conventional electronic materials (exempli gratia 

(e.g.) monocrystalline silicon and silicon oxide SiO2) for the spectroscopic 

characterization of physiological processes34 (Figure 2h) and optogenetic 

modulation35 (Figure 2i). These examples demonstrate the significant ad-

vances that have been achieved in soft bioelectronics interfacing organs on 

and into the body, this is, on the skin and under the skin.

Yet when such bionic devices are implanted into the body two major 

issues remain. First, even the softest and most compliant electronic de-

vice is recognized as foreign to the tissues, which causes an inflammatory 

response that often walls off the device in a scar capsule of cells.36,37 In 

other words, such electronic systems are tolerated by the body rather than 

seamlessly integrated. Second, human tissues uninterruptedly undergo mi-

cro-motions due to respiratory pressure, blood flow, or tissue healing, which 

may create an unstable contact between electronics and the interfaced tis-

sue, affecting the electronic measurements. In other words, such electronic 

devices are microscopically decoupled from their anchoring tissue.

To overcome these limitations, a new paradigm for bioelectronics 

has evolved ―tissue–like bioelectronics― in which the electronics are 

laden with cells to improve the integration of the implant while allowing 

a proper electronics interrogation of the tissue’s functions from within. 

Lieber’s group pioneered this hybrid approach in the development of a 

cardiac-patch tissue.38 They integrated a sensory system based on silicon 

nanowires field-effect transistors (SiNW FET) within different biomaterials 
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such as electrospun fiber mat and hydrogels for seeding cardiomyocytes. 

They showed the ability to monitor the electrical activity of the cardiac 

cultured tissue from within as well as to monitor the pH. In a similar 

approach, an electronic network of either gold39 or platinum40 electrodes 

was integrated into a porous biomaterial not only to monitor but also to 

control the direction of the electrical signal through the engineered cardi-

ac tissues spatiotemporally (Figure 3a,b). By depositing biomolecules onto 

electroactive polymer-based electrodes,39 it was possible to release drugs 

to the tissue from within in a highly controlled fashion.

Figure 3. Tissue-like electronics. a) Macro-porous mesh electronic scaffolds with silicon-nanowire field-
effect transistors and platinum electrodes integrated into cardiac tissue of cardiomyocytes. b) Mesh 
device with gold electrodes for sensing of tissue electrical activity, and electrically stimulate the cells and 
tissue (right). The device incorporates electroactive polymer to release drugs and small molecules that 
may promote tissue growth. The electronics are integrated within a scaffold of electrospun nanofibers 
of SU-8 that support tissue cultures. In the left plot is observed an image of the hybrid cardiac patch. 
c) 3D free-standing electronics as a scaffold for tissue cultures (right) and the electronics embedded 
into extracellular matrix-based hydrogels for culturing cardiomyocytes. Note. Images reproduced from 
(a) Dai, Lieber, et al., 2016; (b) Feiner, Dvir, et al., 2016; (c) Wang, Rogers, et al., 2020.
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In this hybrid-tissue direction, two groups have recently gone a step 

forward using biodegradable dielectric materials for the substrate of the 

device (serving as scaffolds for culturing cells): Lee, Someya, et al. using 

electrospun fibers of the synthetic polymer polyvinyl alcohol,41 and Feiner, 

Dvir, et al. using fibers of the natural protein albumin.42 In both examples, 

the electrodes were evaporated onto the electrospun nanofibers through a 

shadow mask, creating the electronic-based scaffolds for culturing cardi-

omyocytes. The researchers showed the possibility to record extracellular 

potentials, stimulate the cells electrically, and release anti-inflammatory 

drugs. 

In this scenario, the precise control of the 3D distribution of the 

electronic devices into the tissue requires a different type of fabrication. 

Wang, Dvir, Rogers, et al. have introduced a device with a pre-designed 

3D complex architecture embedded into a thermoresponsive extracellu-

lar matrix-based hydrogel prepared from a decellularized omentum for 

culturing cardiomyocytes (Figure 3c).43 The strategy for the fabrication 

of the electronic device is based on bonding the electrodes in specific 

regions to a pre-stretched elastomer that leads to a 3D engineered 

structure in the electrodes once the elastomer is released. Cells were 

mixed inside the hydrogel and seeded onto the porous electronic struc-

ture that served as a substrate. Due to the nature of the hydrogel that 

solidified at physiological temperatures of 37 ºC, this strategy allowed 

the formation of a functional hybrid engineered cardiac tissue. Using 

this 3D electronic device, it was possible to electrically stimulate the 

tissue, record electrophysiological potentials, and release drugs from 

within the engineered cardiac tissue controlling both the distribution 

and functionality of the electronics.
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The manufacture of soft, living, completely implantable bioelectron-

ic systems has not been demonstrated yet. Nonetheless, the design rules 

and strategies enumerated above are allowing the research community 

to engineer hybrid tissues and electronic implants with unprecedented 

biological integration and electronic capabilities. Some of these systems 

can be even syringe-injected into the tissues, allowing a minimally inva-

sive approach for implantable electronics.44–46 However, some limitations 

remain for these bioelectronic technologies to be used in pioneering living 

bionic skin substitutes. First, biology ―from nanometer proteins to mac-

roscopic organs/tissues― is temperature sensitive and three-dimensional  

which renders the electronic manufacturing technology exploited for fab-

ricating most of those devices incompatible with current bio-fabrication 

techniques. Second, the concept of drug release is not always sufficient 

to induce cellular responses once they are liberated. It is known the abil-

ity of cells to respond to mechanical stimuli and self-induce reactions47 

yet it has been sidelined and therefore less studied as an alternative to 

the conventional chemical treatment. Finally, most of the solutions for 

interfacing electronics with biological systems presume the existence of 

the organ or tissue, which regrettably, do not contemplate the scenario 

of skin loss. These remained issues motivate the study in this thesis of 

alternative approaches in the fabrication, methodology and application of 

sensor/actuator devices to cellular tissues to pave the way towards the 

envisioned concept of living bionic skin substitutes.

To envisage a bioengineered organotypic skin with built-in elec-

tronics, a detailed understanding of skin architecture is first required. 

In the next section, we shall see an overview of the structure and main 

functions of the skin tissue.
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1.3. UNDERSTANDING THE SKIN TISSUE

A ll surfaces of our body (internal and external) are clad in 

cellular layers named epithelia. Epithelia are classified 

as simple epithelium when it contains a single cellular 

layer and as stratified epithelium when it comprises multiple layers of 

cells. Different superimposed layers of these epithelial tissues shape 

what is often said to be the largest organ in the human body: the skin.

Skin is physically the end of an organism and the beginning of the 

remaining, external world. Stripped from such a barrier, living beings can 

no longer survive. The most important role of the skin is therefore to cre-

ate an obstacle for the world outside the biological system. Internally, the 

skin shelters organs; externally, it protects the whole organism against 

the environment. Hermetically sealed, life would be impossible because 

an organism develops in continuous, two-directional communication with 

its surroundings. So, the barrier which protects, must also allow the ex-

change of stimuli of different nature such as chemical, thermal, and me-

chanical. Thus, skin plays a key role in several biological functions such 

as thermal regulation, prevention of fluid loss, and metabolism. These 

features also render skin an ideal surface for an unobstructed gate to 

important biological metrics, serving as a diagnostic platform for health 

care monitoring (Figure 4).

Macroscopically, skin encompasses a surface area of ~170-200 cm2 

and accounts for about 16 % of the total body weight.48 Although it appears 

smooth and continuous, the outermost layer of the skin exhibits wrinkles 

and shallow/deep grooves with feature sizes of 15-100 µm in amplitude 
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and 40-1000 µm in width.49 These apparently unimportant creases and pits 

that mark polygons in the tissue are essential for permitting the skin to 

stretch. They also may concentrate forces onto the skin’s mechanoreceptors 

and provide more contact area for sensory perception.50 Skin houses other 

constituents such as hairs and nails and contains invisible outlets of the 

sweat glands. Skin shows a linear elastic response to stress until 15 %, 

non-linear behavior until 30 %, and irreversible effects beyond.51 These in-

teresting biomechanical properties of the skin are due to its viscoelasticity. 

The first lineal response is primarily due to the alignment of the elastin 

fibers in the dermis and the reorientation that suffer collagen fibers upon 

applied mechanical stress. Once the collagen fibers reach their maximum 

length, the force required to deform the tissue must be increased, ex-

plaining such a non-linear behavior. The skin responds to a deformation 

time-dependently,52 which is observed in its hyperplastic response (i.e., the 

stress required to maintain the skin at a certain length decrease over time).

Figure 4. 
Sketch of the 
skin tissue 
describing 
its structural 
layers 
and the 
signals and 
parameters 
accessible 
from the 
skin. Note: 
image 
modified 
from Liu, 
Salvatore et 
al., 2017.
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Microscopically, the complex structure of the skin is divided into 

three anatomical and functional layers: a superficial epidermis, a middle 

dermis, and a deeper hypodermis (Figure 4). The interfollicular epidermis 

is the outermost stratified squamous epithelium (flattened cells of strati-

fied epithelium) in contact with the environment. The thickness of the ep-

idermis ranges from 0.05 mm (on eyelids) to 1.55 mm (on palmoplantar 

regions). The major cell that comprises the epidermis is the keratinocyte 

(90-95 %) and the other 5 % includes melanocytes, Langerhans cells, 

and Merkel cells. These different types of cells overlap in a well-defined 

manner, conformingly four sublayers named (from deep to superficial) 

stratum basale, stratum spinosum, stratum granulosum, and stratum 

corneum. The homeostasis of the epidermis relies upon the continuous 

shedding of dead cells and replacement by newly differentiated cells every 

28 days.48 The dermis is a tough and resilient layer, supporting the thin-

ner epidermis. It is bounded externally by the epidermis and internally by 

dermal adipose tissue. Depending on the body site, dermal thickness var-

ies between 0.3 and 3.0 mm. It comprises a dense matrix of specialized 

structures and the most abundant cells are fibroblasts, which synthesize 

collagen and elastin fibers. Finally, the hypodermis is mainly composed of 

adipocytes and connects the skin to subjacent organs.

In conclusion, the skin is soft yet tough, it retains yet exchanges. 

This intrinsic balance of biomechanical properties and functions endows 

skin with its unique features. In turn, it has challenged the use of tra-

ditional rigid and bulky electronics and imposed several limitations for 

skin-mountable or implantable electronic devices. 
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1.4. OBJECTIVES OF THE THESIS

To pave the way for engineering a far-reaching yet ambitious 

living bionic dermo-epidermal substitutes with advanced, 

non-biological (i.e. sensing and actuating) functionalities, 

this thesis deals with the integration of sensors and actuators into a 

simple model of skin tissue based on a single layer of a cell line of 

keratinocytes for real-time monitoring/configuration of the electronic 

measurement and actuation.

Combining different sensors and actuators with engineered tissues 

to create organ-on-a-chip (OOC) systems has shown to be a valuable 

platform to mimic organs for biological studies and rapid pharmacologi-

cal testing.53 However, OOC devices cannot be transplanted into the body: 

implantable applications require free-standing electronic devices able to 

in real-time monitor and actuate. Thus, to achieve the vision described 

above the sensors/actuators need to be engineered allowing their future 

integration with laboratory-growth skin equivalent.

To pursue these goals, first, we propose moving from conven-

tional microtechnology for the manufacturing of the sensors in a way 

to support the eventual fabrication of sensorized living tissues con-

comitantly, using techniques compatible with bioprinting. Second, we 

explore the use of electro-active actuators to induce cellular responses 

as an alternative to the classic chemical treatment, enabling future 

control over tissue’s function and behavior electronically. The pro-

posed actuators and sensors must be flexible, thin, and biocompatible; 

electronic performance must be fulfilled over a long period of time; 
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cell monolayer of keratinocytes must be retained viable and biologi-

cally functional, and the system needs to be easy-to-use and cost-ef-

fective. Considering such requirements for these two research lines, 

the objectives of this thesis are:

 � To develop a sensing system to monitor an epithelial cell cul-

ture in real-time by using additive manufacturing techni-

ques. The achievement of this objective includes the following 

sub-goals:

 � To develop flexible sensors by inkjet-printing technology 

using polymeric (biocompatible) substrates.

 � To characterize the morphological, electrical, and biocom-

patible properties of the developed inkjet-printed sensors to 

assess their feasibility to monitor cell cultures.

 � To integrate inkjet-printed sensors into a monolayer of epi-

thelial cells and develop an electronic platform to perform 

real-time long-term cellular experiments.

 � To validate the proposed sensing system in the measure-

ments of some cellular processes that are relevant to orga-

notypic skin cultures using a simpler biological model.

 � To develop an actuating system to stimulate dynamically an 

epithelial cell culture by using organic piezoelectric materials. 

The pursuit of this goal addresses the following sub-objectives:

 � To fabricate biocompatible ultrathin organic-based actuator 

devices using polymeric piezoelectric materials.
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 � To characterize the electromechanical and biocompatible 

properties of the developed actuator devices to assess their 

feasibility to dynamically stimulate cell cultures.

 � To integrate biocompatible ultrathin actuators into a mono-

layer of epithelial cells and develop an electronic platform 

that allows performing long-term cellular experiments and 

configuring the electroactive actuator embedded in the cell 

culture in real-time.

 � To study the effects of the dynamical stimulation on cellular 

responses in some processes relevant to organotypic skin 

cultures using a simpler biological model by testing the 

organic actuator.

1.5. STRUCTURE OF THE DISSERTATION

This thesis describes the integration of sensors and actuators 

into an epithelial cell culture for paving the way towards 

achieving bionic skin substitutes. The subsequent chapters 

present methodology, design criteria, fabrication, characterization, and 

validation of the proposed systems based on biocompatible flexible 

sensors/actuators. The remained sections are thus organized with the 

following structure.
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CHAPTER II Flexible and stretchable electronics reviews the ba-

sics concepts of flexible and stretchable electronics throughout its 

most relevant developments and applications. First, strategies and 

design rules to endow electronics flexible and stretchable are present-

ed. Then, manufacturing techniques for developing flexible electronic 

systems are reviewed to introduce the novel additive manufacturing 

technique of inkjet printing. This chapter concludes with the limita-

tions that underline the work carried out in this thesis.

CHAPTER III Materials and Methods describes materials and meth-

ods to develop and characterize both sensing and actuating systems, as 

well as protocols and assays used to evaluate the two proposed systems 

in biological scenarios using a monolayer of cells.

CHAPTER IV Development of printed flexible sensors for cellular 

studies demonstrates the fabrication and characterization of flexible 

sensors by inkjet printing and their integration into a two-dimensional 

epithelial cell culture. It investigates the use of impedance spectroscopy 

to monitor non-invasively and in real-time cellular proliferation, mi-

gration, and cell-sensor adhesions. Impedance spectroscopy has been 

explored for decades to characterize biological cells and tissues, but the 

use of flexible printed sensors for cell-substrate impedance sensing has 

been less studied. The system presented in this chapter: a) supports the 

low-cost inkjet printing technology as an emerging yet competitive fab-

rication technique for compelling and high-technological applications 

and b) demonstrates that impedance measured across flexible ink-jetted 

sensors detects in real-time cellular behaviors relevant to organotyp-

ic skin cultures. The integration of the sensors into the cell cultures 
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also represents an initial step towards engineered-skin substitutes with 

smart embedded sensors.

CHAPTER V Development of a novel actuating system for cellular 

studies demonstrates the fabrication and characterization of a novel 

electromechanical device based on an organic, printing compatible, pie-

zoelectric polymer of polyvinylidene difluoride (PVDF), and their integra-

tion into a two-dimensional epithelial cell culture. The effects of stim-

ulating dynamically the cell cultures are investigated entailing cellular 

proliferation, migration, and morphology. The system presented in this 

chapter: a) supports the research of the cellular mechanotransduction, 

b) stimulates cells via dynamic variations of the cellular substrate, and 

c) allows the study of whether such external-regulated stimulations 

are of significance for cellular behaviors relevant to organotypic skin 

cultures and eventually, regenerative medicine. The system also rep-

resents an initial step towards engineered-skin substitutes with smart 

embedded actuators.

Finally, CHAPTER VI General conclusions and future work summa-

rizes the key contributions of this research that steer the conclusions of 

the dissertation and suggests future directions to continue studies drawn 

from this work.

A graphical overview of the remained chapters of this thesis is 

provided in Figure 5.
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Figure 5. Graphical overview of this dissertation. Chapter 2 reviews the basics concepts that 
endow electronics flexible and malleable. Chapter 3 describes the materials and methods used 
for developing both the sensing and actuating systems, and for their characterization. Chapter 
4 demonstrates a sensing system embedded into a monolayer of epithelial cell layer to monitor 
cell-substrate impedance as an indicator of cellular states. Chapter 5 demonstrates an actuating 
system embedded into cultured epithelial cell to influence cellular outcomes by (dynamic) 
mechanical stimulations.
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electronics



Creo firmemente en la flexibilidad. 

Miki Naranja
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2.1. BACKGROUND

Softness, lightness and flexibility may dominate the future 

metrics of a new generation of electronic devices. Roughly 

twenty years ago an unconventional vision of electronics 

unleashed some tentative approaches of flexible circuits fabricated on 

bendable sheets of plastic.54,55 Unprecedented progress has since then 

been attained to turn electronics not only from stiff and bright to flexible 

and elastic, but also into imperceptible,56 epidermal49 and breathable.57 

Such ultralightweight58 and extreme mechanical properties have allowed 

for a wide range of applications spanning from environmental harvesting59 

to biomedical systems, from food quality monitoring60 to implants.61,62

Being able to seamlessly integrate and mechanically match elec-

tronics with the human body and living tissues is still under development, 

yet an active scientific activity worldwide has brought malleable forms of 

wearable electronic interfaces mainly in two ways: on-skin sensors and 

systems for healthcare monitoring, and electronic skins (e-skin) for soft 

robots and virtual reality.
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Strategies to yield circuits the ability to be stretched, twisted and 

deformed in complex shapes include two ―conceptually different― general 

routes:63,64 1) devising new structural designs using conventional materials 

and 2) developing new materials in conventional layouts. Two simple yet 

key engineering points underline within the first route.65,66 First, aggres-

sively scaling the thickness of an object enables flexibility by decreasing 

the flexural rigidity (i.e., the resistance of a material to bending) to the 

third power, which was predicted in the Euler-Bernoulli beam theory. Thus, 

in concept, nearly all kind of materials (even hard and brittle silicon) suffi-

ciently thin can achieve a flexible mechanical behavior. Second, placing the 

active layer of the circuit at the neutral mechanical plane ―in the out-of-

plane location upon strain― reduces the bending-induced strain, in other 

words, by positioning the active electronics away from the surface of the 

substrate (where the bending strains are largest) to deeper regions within 

the substrate (where mechanical strains are reduced).

Research has also sought compelling solutions for on-skin sensors and 

e-skins by developing new intrinsically stretchable materials67,68 that range 

from nanomaterials to elastic-conductive composites. Not missing a single 

feature of living organisms, efforts have further engineered self-healing ma-

terials69,70 that will soon allow, with additional properties like biodegradabili-

ty,71,72 the development of very sophisticated, technically challenging, bio-in-

spired electronic systems that can closely behave like their archetype.

In this chapter, we shall see these two mentioned strategies of flexible 

and stretchable electronics throughout the description of its most relevant de-

velopment and applications. First, we review the strategies based on structural 

designs (section 2.2), next, we give an overview of those material-based routes 

(section 2.3). Later, we describe the manufacturing techniques for developing 
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flexible and stretchable devices and systems (section 2.4) to eventually intro-

duce the state-of-the-art of the novel additive manufacturing technique of 

inkjet printing (section 2.5). Research is just beginning to explore ways to utilize 

such developed techniques and electronic devices in biomedical applications 

and thus, before closing (section 2.6), this chapter concludes with an outlook 

and future challenges of these bioelectronic systems within this context.

2.2. FROM EARLY FLEXIBLE 

ELECTRONICS TO BREATHABLE SENSORS 

BY STRUCTURE-BASED APPROACHES

Conventional materials devised in novel geometries have 

yielded electronics the ability to be flexible and elastic. The 

malleability does not rely on whether the material is soft or 

elastic, brittle or tough, inorganic or organic, but mostly on the geometry 

and structure of the device, on its weight and dimensions. This section 2.2 

reviews the main mechanical principles that have become key points for the 

design of flexible circuits and how researchers have harnessed this knowledge 

to fabricate many of the current skin-imperceptible electronic systems.

Flexible electronics were born out of scientific curiosity, but their 

widespread use was not immediately anticipated. The concept of thin-

film field-effect transistors, firstly introduced as early as 1962,73 forms 

the basis ―and, perhaps, the primary building blocks― of the modern 

flexible electronics. As the apex of space exploration grew out in the po-

litical climate in the mid-1960s, technical requirements of solar cells with 
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improved power-to-weight ratios were launched into the scientific com-

munity. Light and flexible solar panels74 were surprisingly well fabricated 

by then, meeting such practical specifications, but setbacks and oblivion 

throve,75 and it was just before turning the millennium when milestone 

contributions76,77 would show transistors on steel foil, with thickness rag-

ing down to 3 µm, able to bend around a pencil (Figure 6a). Since then, 

bending radii of electronic circuits have been further reduced reaching, 

for example, an impressive radius of curvature of 35 µm (the size of a 

human hair) for the photovoltaic organic solar cell58 with the highest ratio 

of power to mass (23 W/g) to date, without device failure (Figure 6b).

Figure 6. Progress in flexible electronics. a) Thin-film transistor (TFT) of hydrogenated amorphous 
silicon was fabricated on top of stainless-steel foils with thickness from 3 µm to 20 µm. A 25-µm-
thick TFT wrapped around a pencil.77 b) Extreme bending flexibility of a polymer-based photovoltaic 
device on 1.4-µm-thick poly(ethylene terephthalate) foils, wrapped around a human hair with a 
radius of 35 µm without impairing its functionality, this is, a specific power of 23 W/g.58 c) Birth 
of imperceptible electronics by fabricating 12×12 active-matrix array (8×8 cm) with resistive tactile 
sensors on ultrathin (1 µm) plastic foils (poly(ethylene naphthalene), PEN), with extremely lightness 
of 3 g/m2 allowing them to float to the grown more slowly than a feather56, crumple like a paper, 
and d) conform to human skin.
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Mechanical strain (i.e., a unitless parameter to describe physical 

deformation) occurs when a device is deformed or bent, causing not only 

modification in the dimension and shape of the device, but also altering 

its electrical performance. As a straightforward example, capacitance ex-

pressed as C=kA/d changes when either area A or thickness d vary, 

assuming the dielectric permittivity k as a constant. Many other electrical 

properties of electronic materials are sensitive to stress (e.g., mobility of 

electrons within a semiconductor, etcetera (etc.). Then, how can such elec-

tronic devices withstand extreme mechanical flexibility while their func-

tional properties are unaffected by the straining process? Two factors main-

ly account for the feasibility of such devices. To appreciate the first factor, 

let us start with equation (1) which reveals the mechanical compliance 

relation of two materials one deposited on top of the other. (see Figure 7)

εs

εf

Ef hf

Es hs

=
(1)

where ε, h, and E are the strain, thickness, and Young’s modulus of the active film (f) and the 
substrate (s) respectively.

Figure 7. Bending of a 
film-on-foil structure into 
a radius R. The externally 
applied bending causes 
mechanical strain in 
the film ε in each axis 
resulting in a matrix of 
values. The film on top 
of the substrate has a 
thickness hf   while the 
underneath material hs .
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From the relation in equation (1) the mechanical stress in the 

active electronic layer εf directly loads from the Young’s modulus-thick-

ness product  Es·hs of the substrate.76,77 Should the Es·hs product be low, 

the strain in the active electronic layer εf will be effectively offloaded 

from the bottom substrate. Clearly, the only way to lower the Es·hs prod-

uct without altering the bulk properties of the substrate material itself, 

this is, without changing to a more compliant material with a lower 

Young’s modulus E, is reducing its thickness. With this, the strain in the 

active electronics layer is reduced and therefore not only mechanical but 

also electrical degradation due to stress is minimized. The thickness of 

the substrate in the development of flexible electronics plays a key role 

in withstanding the minimum allowable bendability. 

The second factor comes from the radius of curvature. According 

to the Euler-Bernoulli beam theory for a bending process of a sheet film, 

a strain is maximum on the film surface and no strain is present at the 

mechanical neutral plane, that is, at the exact center of the structure (in 

the bending direction). The peak value of the strain (imposed on the apex 

of the surface) can be approximated by the equation εmax =h/2r (*) under 

certain assumptions,78,79 where h and r are the thickness of the film and 

the radius of curvature, respectively. Moreover, whether the sheet film is 

analyzed as a thin plate (i.e., when deflection experienced is larger than 

the thickness),80 flexural rigidity D can be described as D = Eh3 (**)  where 

E is the plane-strain modulus of the film given by E = E/(1-v2) (here v is 

the Poisson’s ratio and E the elastic modulus) and h the thickness. From 

either of those analytical approaches, we can extract a cubic depend-

ence of flexural rigidity on the thickness (**) and a linear relation of 

the thickness with bending radius (*). Reducing both the total thickness 

of the device and positioning it at the neutral strain plane the effect of 
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mechanical stress is diminished and the overall mechanical tolerance 

before failing is enhanced.

Manufacturing such functional devices challenges many fabrication 

issues65 and may require complex mechanical models,81 simulations,82 and 

detailed mathematical analysis83,84 other than the basic ones given above, 

yet the general concepts are indeed stacked simple. This is how imper-

ceptible electronics were born out: employing ultrathin plastic films as a 

substrate when scientists were squeezing the question of “how thin can 

electronics go?”. In 2012, Kaltenbrunner, Someya, et al. fabricated tactile 

sensors56 with a total thickness of 2-3 µm, a weigh of 3 g/m2, and a 

bending radius down to 5 µm marking the birth of a whole new world for 

soft electronics (see Figure 6c,d).

Flexible displays, flexible large-area electronics and electronic 

textiles are just a few examples of applications that remain out of 

reach of wafer-based electronics and directly benefit from impercep-

tible electronics. Yet to mimic our moist, dynamical and stretchable 

biology, electronics not only must be able to bend but also to stretch to 

accomplish a complete conformability and compliance with our natural 

features. For instance, mammalian skin can elastically undergo strains 

up to ~15-30 %49 and ~100 % at joins,85,86 exchange gases, nourish and 

maintain a moisture level, self-heal, and even self-clean (the outermost 

cell layer of epidermis shed from stratum corneum when they reach the 

surface over about 28 days).87 To bring electronics a step closer to our 

soft, movable biology, an extended, a complementary form of electron-

ics was required and research turned towards what has become known 

as stretchable electronics.
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When circuits are made on plastic films (flexible electronics), the 

deformation they can experience is permanent (i.e., within the linear 

plastic curve of the plastic foil that serves as substrate). When they 

are made on elastomeric substrates, the deformation can go beyond 

within a reversible elastic behavior offering superior mechanical compli-

ance. Once, Lacour, Wagner et al. fabricated elastic electrical conductors 

evaporating thin films of gold (100-nm thickness) onto pre-stretched 

elastomeric membranes of poly(dimethyl) siloxane (PDMS) (1-mm thick-

ness).88 A spontaneous wrinkling structure whose amplitudes were par-

allel to the substrate was induced in the gold films when the pre-strain 

in the membrane was released. Such stretchable wrinkling gold wir-

ings exhibited good electrical performance (negligible variation in the 

resistance conductivity under an applied strain) and low mechanical 

fatigue simultaneously. Since this work, the buckling and wave for-

mation of thin films driven by a pre-strained substrate not only has 

been considered as the born of stretchable electronics, but it also has 

been adopted as one of the main approaches to endow electronics with 

high levels of stretchability. Technical examples ranging from individual 

devices (e.g., transistors) to integrated systems (e.g., bio-inspired eye 

cameras)89 have been developed by using such a wavy pattern-based 

strategy. When this buckling approach makes use of imperceptible elec-

tronics (i.e., ultra-flexible electronics laminated onto a pre-stretched 

elastomer) (Figure 8a,b), advanced devices and electronic systems with 

attractive mechanical attributes and high operating functionalities have 

been achieved.90–92



35

CHAPTER II. Flexible  and stretchable electronics

Figure 8. Stretch-compatible ultra-flexible electronics. a) Illustration of the process to 
laminate an imperceptible electronic foil (3-µm thick) on a pre-stretched elastomer (3M 
VHB) by picking and placing. When the prestrain in the elastomer is relaxed, the electronic 
foil forms out-of-plane wrinkles enabling subsequent tensile strains without impairing the 
functionalities in the device. b) Picture sequence of a one-step pick-and-place transfer, and 
the formation of folds in an organic field-effect transistor when the elastomer is relaxed. 
Source and drain were fabricated with gold while aluminum serves as the gate electrode; a 
hybrid aluminum oxide and phosphonic acid self-assembled monolayer as gate dielectric, and 
DNTT (dinaphto[2,3-b:2’,3’-f] thieno[3,2-b] thiophene) as an organic semiconductor. Note a) 
and b) modified from reference 56.

Such wrinkling patterns are abundantly found in nature by the 

same principle: an out-of-plane motion of thin layers to accommodate 

strain experienced in the plane. For instance, “waves” of our skin can 

be revealed due to a delicate ultrathin film (epidermis) on top of a soft 

thicker substrate (dermis). In electronics, the buckling formations can 

be mathematically analyzed by a sinusoidal profile of an out-of-plane 

displacement. When the energy of the total strain is minimized (i.e., the 

simplest possible scenario), buckled structures can be described by the 

wavelength (λ0) and amplitude (Α0) of such a deformation (equations in 

(2)). 
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λ0=
phf

 
= 2phf

 

Ef

3Es  

1/3

, A0= hf

 

εpre

εc

-1
 

(2)

where the subscripts f and s refer to the film and the substrate, respectively; E is the plane-strain 
modulus E = E/(1-v2) , with v denoting the Poisson’s ratio and E the elastic modulus; h denotes 
the thickness; εc = (3Es/Ef)2/3/4 is the critical strain to trigger the buckling; and εpre is the pre-
strain. 

Although the detailed physics for analyzing wrinkling patterns in 

electronic devices may be non-trivial,82 resulting response in the buckled 

structure resembles those of an accordion bellows under an applied strain.93

From the relations expressed in (2), the following conclusions can 

be extracted. In stretchable electronics thickness remains as a critical 

parameter―the wavelength and amplitude of the wavy formation can 

be controlled by the thickness (lineal relation)― and amplitude depend-

ents lineally on the prestrain. Unfortunately, experimental observations 

of silicon ribbons on elastomeric substrates showed that large prestrain 

(i.e.,  εpre >5 %) in rubbers conduced to a nonlinear behavior in the wave-

length and amplitude of the wrinkling, leading to a low fracture level.82 

Besides this, and unlike bonding isolated ribbons or conductive connec-

tors, achieving interconnections or other elements to obtain a complete 

electronic system directly bonded on an elastic substrate is prohibitively 

difficult when inorganic materials are used.94 Alternative configurations95 

using non-bonded regions between the nanoribbons and the substrate 

and more accurate analytical models96 of the wavy structures have yielded 

devices experience considerable strain (e.g., 100 %)95 with materials that 

are intrinsically brittle and exhibit much lower fracture limits.
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One major challenge when dealing with electronics-human tissue 

interfaces arises from the mechanical mismatch between the Young 

modulus of conventional electronic materials and those found in our 

body (see Figure 9a). Main representative structure-based strategies that 

have tackled the issue to integrate hard (e.g., 1000 GPa for graphene) 

and soft (e.g., 200 Pa for brain tissue) materials in the development of 

flexible and stretchable electronic devices are provided in Figure 9b-d. 

They are named wavy/wrinkled design (introduced above) (Figure 9b), 

island-bridge design (Figure 9c), and Origami/Kirigami-inspired design 

(Figure 9d). A key strategy here has involved the optimization of new 

and complex geometries by using conventional materials. This path may 

branch out further into two main categories depending on the mate-

rials used, this is, i) organics97 or ii) inorganics,94 each of which holds 

their own merits and disadvantages regarding the manufacturing pro-

cesses (e.g., organic carbon is compatible with large-area electronic 

fabrication, but shows poor electronic properties) and electrical perfor-

mances (e.g., inorganic crystalline silicon exhibits well-established high 

electronic performance, yet allows modest modification to conventional 

fabrication techniques).



38

Design, Characterization and Validation of Integrated Bioelectronics for Cellular Studies:  
From Inkjet-Printed Sensors to Organic Actuators

Figure 9. Strategies in flexible and stretchable electronics. a) Difference between elastic moduli of 
conventional electronic materials and soft matters found in our body. Most typical materials used 
are highlighted ranging from elastomers, polymers for substrates to liquid metals, conductors, and 
semiconductors for active layers. Note: sketch modified from reference64. b) Wavy/wrinkly design 
of an array of gallium arsenide nanoribbons (left) in wavy shapes bonded to a PDMS membrane 
pre-strained to 50 %, where the bond occurs only at the positions of the troughs by chemically 
patterning the PDMS substrate with UV light,95 and (right) AFM image of silicon membrane (100-
nm thickness) bonded to a piece of rubber (PDMS pre-strained to 3.8 %) allowing a biaxial strain.98 
c) Island-bridge concept for stretchable electronics, where functional components usually reside 
on the islands and interconnect form the bridge. The island consists of CMOS inverter transistors 
interconnected by non-coplanar serpentine structures.99 d) Two examples of Origami/Kirigami-
inspired design that renders stretchability by adding cuts at selected locations. The strategy 
has mostly been exploited for stretchable batteries, but a Kirigami-based multifunctional patch 
has recently been demonstrated.100 In the image, the microscale patterns were fabricated with 
graphene oxide/PVA nanocomposites, allowing strains up to 370 % at a device level.101

Not all stretchable, structure-based strategies exploit the out-

of-plane motion (examples shown in Figure 9b-d are all out-of-planes). 

Building in-plane stretchable circuits significantly increases the range of 

stretchability in electronic devices.102 Coiled- and leaf-arm springs,103 frac-

tal-inspired designs,104 and S-shaped structures are some examples of ge-

ometries that involve in-plain motions (with a rotation similar to that of 

scissors) to accommodate strains in electronic devices and systems. Among 

in-plain geometries, a serpentine structure is one of the most effective 

used at both an individual device and an integrated system level.26,105 A 
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reference strategy among structure-based implementations has been to 

place the circuit devices on platforms (islands), pattern high-performance 

nanomembranes into in-plain stretchable geometries with fractal-inspired 

layouts (e.g., filamentary serpentines) as bridges to interconnect the islands 

(to absorb strain by local bending and twisting), and then transfer the in-

tegrated system to ultrathin elastomeric substrates.105–108

Rather than being drawn from the trend of Moore’s Law109 and 

shrinking critical dimensions of functional elements to ever increase the 

number of transistors, the emerging field of flexible, stretchable electron-

ics has leveraged a much different direction. It has sparked new electronic 

systems and ways to integrate them into our lives. Indeed, only ten years 

ago Kim, Rogers, et al. introduced an electronic system49 with a thickness 

of ~30 µm, a reversible elastic response >30 %, and an effective modu-

lus of ~150 kPa in a gas-permeable elastomeric sheet as a new class of 

biotic/abiotic interface. The system exploited ultrathin layouts, neutral 

mechanical plane configurations, and filamentary serpentine nanoribbons 

of silicon and gallium arsenide (i.e., established inorganic electronic ma-

terials with higher Young’s modulus than the interfacing tissue). Such an 

electronic system not only was intentionally engineered to resemble the 

main, and unique, properties of our skin, but also was named after such 

an organ. It was sharply defined as epidermal electronics (Figure 10a-d).

Epidermal electronics has since made unstoppable, great strides. Not 

only has it enabled a paradigm shift in electronics, but also has fostered in-

novation in biomonitoring and health care applications. Only in the medical 

arena, skin-interfaced electronic systems monitor wound healing,9 temper-

ature,86,106 blood oxygenation,91,110 and all types of electrophysiological sig-

nals in standard clinical care (e.g., heartbeat rate, respiration rate, ECG,105 
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EMG,111 etc.). Besides accurate measurements quite equivalent to those of 

the existing tethered rigid sensors, such systems offer extra features such 

as non-invasiveness, wireless operation, and comfort; all features that be-

yond being desirable in certain applications such as point-of-care or fitness 

tracking, may turn out invaluable in others such as neonatal and pediatric 

critical care,112 or in a pandemic outbreak (e.g., the recent Covid-19) with 

wireless mechano-acoustic sensing epidermal systems.113

Figure 10. Epidermal electronics. a) Multifunctional electronics with physical properties resembled 
human epidermis. The system was mounted on a water-soluble polymer sheet of polyvinyl 
alcohol and conformally attached to the skin via van der Waals interactions alone, analogous to 
a temporary transfer tattoo. Thin narrow interconnected lines in forms of filamentary serpentine 
(FS), and ultrathin active devices that adopt similar FS layouts were found as effective parameter 
designs to achieve the extreme mechanical properties of the system b) FS pattern for a silicon 
solar cell. c) Optical micrograph of silicon RF diode for the wireless capabilities in an island-bridge 
structure. d) Epidermal electronics are mechanically invisible for the user in undeformed (right), 
compressed (center), and stretched (left) forms without any variation in their functionalities and 
imposing negligible mechanical loading. Note: a-d from reference 49.
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Engaged in extreme functionalities, research has steadily pursued 

new forms of electronics for on-skin sensors. Another example is sub-

strate-free electronics,57 enabling not only adhesion to the skin but also 

sweat secretion (Figure 11a,b). Nanomesh conductors were fabricated 

with a sparsely overlapping spaghetti-like structure on a sacrificial sub-

strate of polyvinyl alcohol for EMG recording. They were also coupled to 

temperature and pressure sensors systems demonstrating their electri-

cal and mechanical performances while facilitating skin breathing. To 

be called up to its capabilities this new form of electronics was named 

breathable electronics.

Figure 11. Breathable electronics. a) Sketch of the gold nanomesh electronics laminated directly 
onto the skin. The gold is evaporated onto electrospun nanofibers of polyvinyl alcohol (PVA). 
When PVA meshes laminated onto the skin are sprayed with water, the substrate dissolves, and 
nanomesh conductors adhere directly to the skin. b) A picture of a nanomesh conductor laminated 
to a fingertip (left) and a magnification of the image (right, scale bar 1 mm), showing a high level 
of adherence and conformability to the irregular surface of the skin. A micrograph by scanning 
electron microscopy (SEM) of a nanomesh conductor attached to a silicone skin replica (down, scale 
bar 5 µm). Note: a,b modified from 57.
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During the last decade, high technological applications in flexible, 

stretchable, imperceptible, epidermal, and breathable electronics have 

arisen at a breath-taking speed. The subject has been reviewed else-

where67,114–119 and the interested reader is referenced to these sources 

for further information in which examples of applications ranging from 

soft robots to implant electronics are comprehensively described. Besides 

those reviews, it is very relevant the handbook120 edited by the leading 

experts, Rogers, Ghaffari, and Kim in 2016 that provides a big-picture 

perspective of the field, and the special issue recently published by Ad-

vanced Materials121 on “Flexible hybrid electronics” in March 2020. The 

special issue, with a total of 27 reviews, brings excellent contributions 

from experts in the topic and showcases fresh advances in this rapidly 

growing, explorative field.

2.3. MATERIAL-BASED ROUTES.  

FROM EARLY PLASTIC ELECTRONICS TO 

SELF-HEALING MATERIALS

Devising novel materials to be patterned in conventional 

layouts have endowed scientists with the ability to 

fabricate electronic devices intrinsically soft. Contrary to 

what we saw in section 2.2, in this strategy the malleability does rely on 

the properties of the material, on its softness and elasticity. This section 

2.3 is about another strategy that has not been concealed from the 

eyes of researchers to fabricate many of the current skin-imperceptible 

electronic systems.
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Advances in two major scientific fields in the 20th century ―plas-

tics and electronics― touched virtually every aspect of modern life. 

Whilst synthetic polymers (saturated polymers) could ―and still― be 

found in larger quantities than any other class of materials at the 

industrial scale, it was only with the advent of hybrid technology in 

the form of conjugated polymers (i.e., conducting polymers)122 when 

polymer science drew the attention of electronics. Conducting polymers 

uniquely combined antagonist properties not observed in other materi-

als, this is, electronic performance and mechanical compliance, the best 

of “both worlds”.123 

Conducting polymers ―for which Heeger, Shirakawa, and MacDi-

armid were awarded with the Nobel Prize in Chemistry in 2000― have 

the add-on ability to be doped over the full range from insulator to 

metal.122 In conjugated molecules, the chemical bonding results in one 

unpaired electron per carbon atom (the p electron). Such p bonding leads 

to electron delocalization which is fundamentally important for efficient 

charge mobility within a semiconductor. The number and the kind of 

atoms within the chemical unit (i.e., chain symmetry) can be altered 

(doped) to reduce, for example, intermolecular hydrogen bonds that may 

interrupt electron delocalization. Improving electrons delocalization allows 

free movements of the carrier along the backbone of the polymer which 

may mean enhanced conductivity. As a result, properties in conjugated 

polymers are related to features of the chemistry and/or physics at a 

molecular level. Because of this versatile capacity scientists are given the 

opportunity, and the challenge, to design a variety of novel semiconduct-

ing materials. This versatility inevitably unfurled the burgeoning field of 

plastic electronics.
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Early work in the field focused on improving electronic figures of 

merit (e.g., charge-carrier mobility) which was seized for instance in 

light-emitting diodes.124 Consequently, important mechanical aspects 

were left behind. As interest in plastic electronics ―or perhaps in plastic 

in the literal sense of “deformable”― began in earnest, researchers start-

ed to improve and understand the mechanical properties of such organic 

materials paving the way for new leading-edge areas of research. For 

bio-applications, for instance, it may be permissible to sacrifice perfor-

mance metrics for the sake of mechanical compliance.

The terms organic and polymer electronics are synonymous with 

plastic and flexible electronics though descriptors in the former mask the 

mechanical properties emphasized by the latter. However, neither all organ-

ic-electronic materials exhibit flexible and elastic behavior, nor the carbon 

framework common to both organic electronics and biological macromole-

cules implies an easy and seamless integration between those two compo-

nents. Organic materials can be hard (e.g., Young’s modulus of ~1 TPa) and 

brittle (e.g., fail at 1-3 % strain), they exhibit charge mobility, stability, and 

purification far lower, and poorer, than conventional inorganic counterparts 

(electron mobilities in the range of dozens of cm2 V−1 s−1 in the former 

versus hundred cm2 V−1 s−1 in the latter),125 and, on top of that, substantial 

work is also required to overcome the mismatch between organic-based 

devices and biological tissues.97 However an attractive, and unique, aspect 

remains ―the opportunity to reimagine not the electronics but the mate-

rials of the individual device components by synthesizing, assembling, and 

patterning new materials, or tuning existing ones: the compelling opportu-

nity to fabricate flexible electronic devices in which materials are flexible 

themselves.126
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Three main categories summarize the material-based approaches 

for making electronics deformable from an initial length (Figure 12a-c): 

fabricating deterministic geometries of otherwise stiff materials to render 

malleable behavior (Figure 12a), synthesizing random composites with both 

an electronic filler and an elastomer backbone matrix (Figure 12b), and, 

perhaps overlapped with the aforementioned category, designing new in-

trinsically stretchable materials by modifying the chemical structure (Figure 

12c), which has been nicknamed as “molecularly” stretchable materials. 127

Figure 12. Material-based strategies for flexible and stretchable electronics. a) In the deterministic 
composites, thin films or complex geometries of otherwise stiff materials render stretchability 
from an initial length L to an L+∆L, by out-of-plane motions or by channeling strain into the 
interconnects. b) In the random composites, electronic fillers (nanoscale materials, and/or 
conjugated polymers) form a mesh-like network structure atop or into an elastomer backbone, and 
the percolation pathways for the electric charge is the key that underpins flexibility. c) Intrinsically 
stretchable materials do not in principle require of strain relief by substrates or topographies, but 
their molecular structures accommodate strain.

In deterministic compositing active materials are patterned into ge-

ometries (e.g., wavy structures, serpentine meshes, Kirigami designs, etc.) 

to impart flexibility/stretchability by out-of-plane motions or by channe-

ling strain into the interconnects. We have introduced this approach in 
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section 2.2 from a structure-based point of view, thus here only a mere 

mention of the materials (substrate and electronic materials) mostly used 

in their fabrication is given.

In deterministic compositing the following substrate materials are 

the most commonly exploited: poly(dimethyl) siloxane (PDMS), polyure-

thane (PU), polyimide (PI), polyethylene naphthalate (PEN), polyethyl-

ene terephthalate (PET), polyvinyl alcohol (PVA), polyaniline (PANI) and 

parylene (PL). All these materials are classified as polymers though they 

can be divided into three sub-categories depending on their physical 

properties: i) thermosets, ii) thermoplastics, and iii) elastomers. Their 

properties have been summarized elsewhere120 and they can also be used 

to encapsulate circuits128 to protect them from mechanical and chemi-

cal agents. With this encapsulation the active layers of the circuits are 

placed in the mechanical neutral plane, serving therefore not only as an 

encapsulation, but also as a strategy to minimize the stress as we saw in 

section 2.2. The main forms in which these substrate materials have been 

exploited include continuous forms as membranes or foils (depending on 

whether it is an elastomer or a thermoset/thermoplastic, respectively) and 

open fishnet forms.129 Recent applications of skin-mountable electronics 

have used hydrogels25,130,131 as substrates to more closely mimic the target 

living tissue. Using hydrogels facilities advanced applications like drug 

delivery by diffusing drugs throughout the same gel matrix. 

For the electrically active materials, inorganic components such 

as silicon (Si), gallium arsenide (GaAs), germanium (Ge), indium tin ox-

ide (ITO), zinc oxide (ZnO), and platinum (Pt), among others, or organic 

components can be used. Inorganic materials represent the foundation 

for all conventional electronic devices. They exhibit, so far, unmatched 
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performance and superior capabilities (e.g., highest field-effect mobil-

ities, and better resolution in the fabrication processes) in all types of 

applications including wearable and implantable electronic devices. Main 

concerns in the use of inorganic materials, however, follow from delam-

ination issues, limitations in the combination between material choices, 

and fabrication strategies (i.e., the glass-transition temperature (Tg) of 

most flexible substrate materials are unsuited with high temperatures 

needed in certain fabrication steps), and the incompatibility, in many 

instances, with large-area electronics fabrication (e.g., roll-to-roll print-

ing).132 On the other hand, examples of organic components for flexible 

electronics are carbon, pentacene, polyacetylene, poly(3-hexylthiophene) 

(P3HT), among others. Among the attractive characteristics of using 

organics include ease of processing (e.g., organics are compatible with 

solution-based printing), facile tunability of optical (e.g., transparency), 

electronic, and mechanical features, programable degradation (biodeg-

radability), and capacity of self-repair.133

In the second method, random compositing (Figure 12b), nano-

scale materials, and/or conjugated polymers (electronic fillers) form a 

mesh-like network on top or into an elastic support (elastomer backbone 

matrix).134 The key factor that underpins flexibility and stretchability is 

the percolation pathways for the electric charge in the electronic fillers 

provided by alternative (random) deformable pathways in the elastomer 

matrix.135–137 In other words, as the bulk structure is deformed, the strain 

is accommodated by the elastic matrix and electrons can move through 

the network of the electronic filler as long as the composite structures 

retain an uninterrupted pathway. Whereas the electrical properties of ma-

terial composites depend on the type of electronic fillers, the mechanical 

properties (e.g., Young’s moduli) are mainly determined by the elastomer. 
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Nanomaterials of diverse forms (e.g., nanoparticle, nanowire, and nano-

flake) are good candidates to be used as electronic fillers because they 

naturally create networks with many contact junctions. Elastomers often 

comprise the bulk support because they are soft (i.e., Young’s moduli <10 

MPa) and easy to process. A variety of both electronic fillers and elasto-

meric matrix can be used. An overview of all of them is summarized in 

Figure 13.

In this random composite-based strategy remarkable progress has 

been achieved concerning stretchability with examples of conductors sup-

porting strains as high as 10000 %,138 yet there is plenty of room for 

improvements in other directions such as enhancing both the electrical 

performance and the adhesion at soft-hard interfaces139 which remain 

the major weakness of the method. Despite this, a range of electron-

ic devices spanning from sensors135,136,140/actuators141,142 (resistive-type 

thermal actuators) to multifunctional integrated systems143,144 has been 

demonstrated using random composites. Recently Park, Kim, et al. re-

ported an epicardial implantable system able to conformally wrap around 

the endocardial surface of the ventricles of the human heart.145 The com-

ponents of the system are based on a homogenous dispersion of silver 

nanowires and styrene-butadiene-styrene (SBS) elastomer (styrenic elas-

tomer). In other words, they are based on a random elasto-conductive 

composite. The implantable device was able to record high-quality ECG 

and electrically stimulate in vivo rodent heart to restore ventricular tach-

ycardia and heart fibrillation.
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Figure 13. Random compositing for flexible and stretchable electronics. An electronic filler and an 
elastomer matrix form the elastic composite, in which the percolation networks of the electronic 
fillers enable electrons to move through networked pathways when the composite is stretched. 
A variety of nanomaterials including zero dimension (0D),146,147 one dimension (1D),141,148, and 
two dimension (2D)149,150 forms, and conjugated polymers have been used as electronic fillers 
for random compositing. Elastomers often comprise the bulk support because they are soft (i.e., 
Young’s moduli < 10 MPa) and easy to process. The electrical properties of material composites 
strongly depend on the type of electronic filler, while mechanical properties (e.g., Young’s moduli) 
are mainly determined by the elastomer backbone. Note: figure modified from reference 134.
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The complementary third approach of intrinsically151,152 (or “molec-

ularly”)127 stretchable materials is perhaps the one which remains in the 

most infant stage. The approach is based on designing, synthesizing, and 

using materials that ―by virtue of their molecular structure― accommo-

date strain without disrupting effective charge-transport pathways. Us-

ing intrinsically stretchable materials simplifies patterning (compared to 

deterministic approach) and does not in principle require of strain relief 

through substrates or complex topographies. These devices mostly exploit 

p-conjugated molecules (i.e., conducting polymers) due to their excellent 

tunability (doping) and ease processability. When combined with a variety 

of chemical moieties, polymers develop novel molecular structures with 

properties that may be superior to the precursor (e.g., lower tensile mod-

uli, higher carrier mobility, etc.). Great effort has therefore been devoted 

to understand which are the molecular parameters that allow mechanical 

compliance and electrical behavior to coexist.123,153

Beside conjugated polymers, conducting hydrogels (and their com-

posites) and liquid metals (gallium (Ga) and/or its alloys, the rest of the 

liquid metals are toxic or radioactive) have shown potential as intrinsically 

stretchable materials in flexible/stretchable electronics. Liquid metals are 

usually held in microfluidic channels to fabricated stretchable electrodes 

and have been successfully used both at device and system level, for exam-

ple, in a wireless on-skin system that monitors human motion using liquid 

gallium indium tin (GaInSn) for all the active components (strain sensor, 

antenna, interconnections).154 Using hydrogels, individual components such 

as tactile sensors or triboelectric devices as well as on-skin system155 have 

been reported. This e-skin system, for instance, is self-cleanable, transpar-

ent, and biocompatible and it was attached to the fingers to code different 

alphabet letters by simple finger touches (Figure 14a).155
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Such a third material-based strategy advocates for designing 

bio-inspired materials embellished with the tissue-like properties of 

elasticity, degradability, and self-healing.133 The latter feature ―skin-in-

spired by definition― has recently seen some significant achievements. 

The self-healing mechanism can be attained by different mechanisms 

largely categorized regarding their healing principle in non-covalent 

interaction and covalent bonds.133 Oh, Bao, et al.70 used a non-cova-

lent-bonding mechanism in a conjugated polymer (conductive) pre-

pared with repeated units of DPP (3,6-di(thiophen-2-yl)-2,5-dihydro-

pyrrolo[3,4-c]pyrrole-1,4-dione) by inserting a non-conjugated polymer 

(non-conductive) PDCA (2,6-pyridine dicarboxamide) as a dopant to 

make a wearable stretchable transistor. Reducing intermolecular hydro-

gen bonds was the primary focus in the early work using conjugated 

polymers,122,124,153 but surprisingly Oh and colleagues’ strategy benefits 

from the opposite. By adding non-conjugated segments, conjugation 

inside the conductive polymers was disrupted, forming new hydro-

gen bonds between the adjacent polymer chains. Weak and dynamic 

hydrogen bonds can easily be broken and reformed in the material. 

When stretched, hydrogen bonds allow an energy dissipation (breaking 

themselves) without greatly compromising the conducting behavior in 

the original DPP polymer. Because dynamic hydrogen bonding easily 

reforms, damage in the bulk structure can be healed with the aid of 

healing agents (in this case using a solvent vapor).
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Figure 14. Example of e-skin electronic systems based on intrinsically stretchable materials. a) 
Self-cleanable, transparent ionic sensors attached to the fingers. They were wired connected to a 
controlled board, and by a binary code, real-time communication was demonstrated. “DREAM” was 
typed using a combination of finger touches.155 b) Molecular design of the seal-healable elastomer 
(top), and schematic representation of a stretched polymer with broken weak bonds (down left), 
notched film (down the middle), and self-healed film (down right).156 c) Electronic skin consisting of 
stretchable modules of ECG, strain sensors, and LEC-type displays. The electrodes/interconnections 
of the system are composed of hybrid conducting fillers of AgNW/CNT embedded in the self-
healing polymer matrix.157. Note: Images modified from a) ref. 155; b) ref. 156; c) ref. 157

Recently, the same research group has used an autonomous self-heal-

ing elastomer156 (Figure 14b) with conducting nanofillers of carbon nano-

tubes (CNTs) and silver nanowires (AgNWs) to fabricate a multifunctional 

optoelectronic self-healable e-skin157 (Figure 14c). The underlying principle 

in the self-healable material is achieved through the spontaneous forma-

tion of both strong and weak hydrogen bonds in the elastomer (Figure 

14b). When electrodes fabricated with such composite were cut, their re-

sistance increased sharply but decreased over time as the healing reaction 

advanced. The conducting fillers (i.e., AgNWs and CNTs) embedded in the 

elastomer can reconnect their lost networks while the elastomer backbone 
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rejoined physically even soaked in water or artificial sweat. Besides those 

attractive properties of self-healability at room temperature and stretcha-

bility (even after damage), the material exhibits other appealing features 

like a high fracture toughness (12 000 J m-2). This property can open many 

interesting applications, for example, to suture electronics on soft skin sur-

faces. Indeed, the elastomer in form of thin films was used to be sutured a 

temperature sensor on a pig’s inner skin.156

Progress in the domain of material-based strategies for flexible 

and stretchable electronics has also evinced the tremendous effort and 

interest drawn from the field. Thus, hybrid forms of electronics have ben-

efited from a cross-fertilization of diverse disciplines in a variety of two-

way alternative routes. A body of literature exists on the topic and several 

reviews exist127,134,158  where the interested reader can find comprehensive 

insight into this material-based perspective.

2.4. OVERVIEW OF MANUFACTURING 

TECHNOLOGIES FOR FLEXIBLE AND 

STRETCHABLE ELECTRONICS

Fabricating flexible and stretchable electronic devices and 

systems involve ―broadly speaking― two, not exclusive, 

processes: 1) integration and 2) lamination.64 Given the two 

established strategies to obtain flexible electronics (this is, stretchable 

structures and stretchable materials as we have seen in sections 2.2 

and 2.3, respectively), it may be expected that there would be “standard 



55

CHAPTER II. Flexible  and stretchable electronics

processes” or “standard manufacturing technologies” to develop such 

electronic devices and/or systems. Rather the opposite, developing any 

new unconventional forms of electronics carries with it an associated 

challenge of establishing equally new (likewise high-yield, low-cost, and 

efficient) means for their fabrication.

In the lamination processes, the components are prefabricated in 

a substrate that is different from the target substrate (final applica-

tion).125 The advantage of decoupling high-temperature growth and cer-

tain aspects of some processing steps (e.g., chemical harsh conditions) 

from the desired final substrate is a key enabler. The method facilitates 

the use of both conventional, well-developed, semiconductor technology 

and high-performance inorganic electronic materials of diverse forms 

(e.g., wafer-derived silicon nanomembranes, nanoribbons, and nanow-

ires).125,159,160 To prefabricate the components the well-known bottom-up 

(i.e., a wide range of chemical synthetic approaches) and top-down (e.g., 

photolithography patterning and etching) techniques have been adopt-

ed.125,132 The fabrication process finishes with the assembling (lamination) 

of the components or the complete circuits at room temperature (ambient 

environment) via physical transfer (e.g., transfer printing technique)161 or 

other processes (e.g., fluidic self-assembly)162 from the starting or “moth-

er” wafer onto the desired substrate such as plastics. (Figure 15a,b)
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Figure 15. Manufacturing techniques and processes in the lamination approach for flexible/
stretchable electronics. a) Components are prefabricated using conventional microfabrication 
techniques in a wafer substrate. b) The structures or the devices are laminated into the target 
substrate using different methods such as transfer printing.

The devices/circuits built in this fashion allow for classes of deter-

ministic structures that exhibit high performance inherited of the mother 

wafer (e.g., carrier mobilities up to several hundred cm2 V−1 s−1) while 

endurance arbitrary curvilinear shapes.125,163 Mechanical fragility, and 

nano/micro-scale dimensions in the transferring structures, as well as 

the need for tight control and high throughput in the transferring process 

have directed considerable effort from research to make reliable assembly 

methods possible.164

The preferable transferring method is a physical transfer-based 

one named dry transfer printing in which no jet-able but solid inks 
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(fragile, nano/microstructures, or fully devices) are printed in the target 

substrate. A generic process within the dry transfer printing relies on 

two stages: the inking and the printing step (Figure 15b). In the inking 

step a stamp (usually made of PDMS) is placed in contact with a donor 

substrate (usually silicon wafers) to peel off the inks. During the inking, 

physical o chemical bond-based methods allow selectively removing the 

desired structures from the wafer.159 In the printing step the ink is re-

leased on top of the receiving substrates where by contact forces, coat-

ing adhesives, or modifications of the receiving surface, components 

are ultimately transferred. Other viable methods are based on fluidic 

self-assemblies in which wafer-based structures are dispersed in sol-

vents. External forces (electrical, magnetic or mechanical) induce order 

in the disorganized suspensions resulting in a well-defined structure in 

the ultimate substrate.125,147,162

Transfer printing is an effective but complex, time-consuming, and 

not a low-cost method. Nevertheless, since the first reported work using 

transfer printing165 to harvest silicon nanoribbons from a silicon-on-in-

sulator wafer, transfer printing has been adopted in countless, high-tech-

nical solutions as part of the fabrication process.49,105,106,108,112,113,166 For 

example, recently Lee, Kim, et al. reported a wearable/disposable sweat-

based glucose epidermal system24 in which some of the devices of such 

an integrated system were firstly fabricated on a handle, wafer-based 

substrate and then transfer-printed onto a skin-compliance patch made 

of silicone. As a rule, structure-based solutions for flexible/stretchable 

electronics presented in section 2.2 have mainly exploited the lamina-

tion-based approach.
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On the other hand, in the integration process among the fabrication 

approaches, materials are directly deposited and patterned on the final 

substrate. The integration can be achieved by subtractive printing (i.e., 

deposition of materials followed by selective removal) or additive print-

ing. In this sense, organic materials can be processed at temperatures 

compatible with those that can support most of the polymeric substrates, 

and nanomaterials can be dispersed into solvents and be processed using 

solution-based approaches. Consequently, and contrary to inorganic mate-

rials that benefit mostly from the lamination process, organic/nano-based 

materials well-match, and seize, the integration fabrication methods. Mold-

ing, screen printing, spray coating and dip coating are examples of additive 

manufacturing methods (integration processes) able to integrate electronic 

materials directly onto soft substrates (Figure 16). 

Molding processes can fabricate complex patterns with decent res-

olutions (microscale) by a simple deposition of the material followed by 

the evaporation of the solvent. For example, homogenous dispersions 

containing AgNWs and SBS elastomer were patterned in a mesh structure 

by casting the solution in a photolithographed master mold.141,145 SBS 

elastomers were molded using identical molds, while the mesh conduc-

tors were then hot-pressed and sandwiched between such SBS elasto-

mers. The created mesh-structured was able to stretch and wrap around 

complex three-dimensional forms such as the surface of the wrist141 or 

human organs.145
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Figure 16. Different manufacturing techniques used in the integration approach for flexible and 
stretchable electronics.

Screen printing transfers the ink to a variety of substrates by 

squeezing the ink through a pattern or shadow mesh as it is shown in 

Figure 16a. Screen printing becomes a suitable choice when the function-

al materials instead of being embedded in the elastomer form a bilayer 

with the supporting substrate, the nature of the inks is highly viscous 

(500-5000 cP), and the resolution and thickness of the device can be 

between 50-150 µm and 5-100 µm respectively.167 For example, Sekitani, 

Someya, et al. prepared a viscous paste with single-walled carbon nano-

tubes (SWNTs) and fluorinated copolymer rubber.168 They patterned lines 

of 100 µm with such conductive composite on PDMS using screen printing 

and ultimately fabricated a stretchable organic display.

Spray coating sprays functional inks on the target substrates by 

using compressed air (Figure 16b). Nano-based materials such as met-
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al-based nanowires and carbon nanotubes have been easily sprayed in a 

variety of substrates without grand restrictions but with an appropriate 

high-aspect-ratio in the solution. By using stencils higher resolutions 

(<100 µm width, thickness ~1 µm) in the patterns can be obtained. For 

example, Chou et al. proposed the use of a parylene stencil mask on a 

wafer-scale PDMS as a new, spray coating-based, technique to pattern 

nanomaterials for wearable and flexible applications.169

In the method called dip coating, substrates either flat or with 

complex geometries like three-dimensional scaffolds are dipped into a 

nanomaterial solution. The method is straightforward and cheap but 

lacks resolution and yields relatively uneven and thick coating layers. 

It becomes appropriate when electrodes in a variety and/or uncommon 

forms like sponges170 are needed. 

Other printing methods as gravure and blade coating and slot die 

coating have been also used to manufacture sensors and devices directly 

on the final flexible substrate. In gravure printing, for example, the ink gets 

transferred from the inlet on the gravure cylinder (Figure 16c) while a doctor 

blade wipes the excess ink from the cylinder. The features are engraved in 

the cylinder and multiple gravure cylinders can be connected in series to print 

multilayer films. For large-area and high-volume manufacturing gravure 

with a resolution of a few µm and speeds of ~10ms-1 is the ultimate choice.

In subtractive fabrication methods, the entire substrate is coated with 

the active material by different methods such as vacuum deposition or 

sputtering. The unwanted material is later removed resulting in a con-

siderable amount of wasted material. To pattern structures on the final 
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substrate, laser and/or mechanical techniques can be used to remove the 

unwanted material. When using a laser, an appropriate cooling strategy 

such as a thermal buffer layer should be applied to avoid burning of the 

substrate. Despite all, using lasers to heat the materials has been an ef-

fective approach to pattern either organic or inorganic materials in situ 

on plastic substrates. However, the increase in the total thickness of the 

device due to the required cooling layer has resulted in an undesired, but 

unavoidable, consequence.125,164

Finally, it is important to note that manufacturing flexible and 

stretchable integrated systems typically include multiple steps and the 

use of more than one fabrication method. Those techniques described 

above as part of the integration approach are becoming technically ap-

pealing and worthwhile for both industry and academia. Even though the 

fabrication processes choice is ultimately done considering resolution, 

material-based requirements (e.g., solvent compatibility, range of work-

ing temperatures), and throughput in the manufacturing process, the 

ready scalability and the economic processing have pushed the electronic 

industry towards these new production methods, promoting the develop-

ment of cost-effective disposable electronics.

Such low-cost printing methods capable of rapid-prototyping flexible 

electronics present the common feature of the additive principle of operation 

which has emerged into a broader concept known as Printed Electronics, or 

even more generally, additive manufacturing electronics. Application areas 

for printed electronics stretch beyond mountable-skin sensors and systems 

for healthcare (or e-skins). Flexible displays, large-area sensor arrays for 

environmental, industrial, and agricultural sensing, and Internet-of-things 

infrastructures are among examples that break away from the rigid, con-
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ventional, electronics to speed into printed electronics. IDTechEx, a market 

research agency, forecasts printed electronics market will grow up to $74 

billion by 2030 from the current $41.2 billion in 2020.171

One technique among those associated with printed electronics not 

mentioned previously is inkjet printing. Because this is the fabrication 

method selected in the framework of this thesis a special section to fur-

ther describe this emerging technology follows.

2.5. INKJET PRINTING TECHNOLOGY

Inkjet printing technology is a fabrication technique based on 

a mask-less and non-contact process. Functional materials in 

liquid form are deposited onto the substrate controlled in a 

very accurate fashion to follow a given, pre-determined pattern. Due to 

its low-material consumption and wastage, convenience, and speediness, 

not only has inkjet printing attracted attention as an alternative, 

environmentally friendly, manufacturing technique, but also it has 

fostered the burgeoning field of flexible electronics.

This fabrication process has no physical, pre-manufactured 

masks, or stencils.172 Printing parameters and patterns can be changed 

simply by altering the code in the control files. This versatility gives a 

significant advantage in rapid prototyping and/or manufacturing that 

usually require a high level of in-line corrections with little cost impact. 

Non-contact process means that with inkjet printing, electrical patterns 



63

CHAPTER II. Flexible  and stretchable electronics

can be fabricated on surfaces without physical contact. This non-con-

tact enables fabrication on both substrate materials which are highly 

sensitive to physical contact and surfaces with uncommon topographies 

(e.g., three-dimensional surfaces). The impact force onto the substrate 

or sublayer has been demonstrated to be insignificant (see 173,174).

Although inkjet printing has aroused wide attention from both in-

dustry and academia, making significant progress in devices such as 

light-emitting diodes,175 solar cells, RFID antennas,176,177 and sensors,178–181, 

inkjet printing technology lies within the foot of its S-curve of develop-

ment (see Figure 17), which means new applications can be expected to 

appear (with an exponential impact) in the coming years. As progress 

in the development of ink formulations, printheads, and strategies for 

high-quality patterns emerges, the technology may consolidate and even 

prevail within the electronic manufacturing industry.

Figure 17. Inkjet printing technology state-of-the-art in research. Inkjet printing technology is at 
its very early stage of development compared with the rest of additive manufacturing techniques. 
Source: Scopus database. A search carried out on June 2, 2020.
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2.5.1. Inkjet printers and printheads

The inkjet printing technology can be classified into two cate-

gories based on the mechanism of droplets generation: continuous 

printing and drop-on-demand (DOD) printing (Figure 18). In continuous 

printing  ―the first available inkjet technology― the ink droplets are 

continuously ejected at a constant frequency. The ink stream is then 

adapted into volume-controlled droplets by acoustic pressure waves and 

droplets are directed either to the substrate to form the desired pattern 

or back to the printhead’s circulation system (Figure 18a).

Figure 18. Categories of inkjet printers. a) Schematic of a continuous inkjet printer (CIJ). CIJ 
produces a continuous stream of liquid drops, ejected through a small nozzle. To direct and 
position the drops, further potential is applied in deflector plates. Unwanted drops are deflected 
by the electric field to a gutter and for most applications in material science and electronics 
this recycling is wasted. b) Schematic diagram of a drop-on-demand (DOD) inkjet printer. In 
DOD, drops are ejected by a pressure pulse in a fluid-filled cavity. This pressure pulse can be 
generated (b.1) by a bubble generated by a heater or (b.2) by a mechanical actuator. Note: figure 
modified from 182.
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In DOD printing, the ink droplets are only ejected by the cartridge 

nozzles as needed on the desired location within the substrate. By contrast 

to continuous jet printing, in DOD printing all formed droplets end up on the 

substrate. Thus, the amount of ink used is minimum. DOD is the more com-

monly used of the two technologies and the resolution is strongly dependent 

on the drop volume ejected by the printheads. Currently, commercial inkjet 

printheads can deliver liquid droplets with a volume starting at 1 pL, which 

can create spots >15 µm in diameter on the substrates. To achieve patterns 

with higher resolutions Park, Rogers, et al. have reduced the nozzle diameter 

to 300 nm achieving resolutions of 240 nm in the printed lines.183 However, 

reducing the nozzle diameter to a sub-micrometer range creates a large 

resisting capillarity pressure which may make droplets difficult to be ejected.

Printheads, on the other hand, can be divided into two large cat-

egories182 depending on which droplet formation technique is used (Fig-

ure 18b). The first technique (Figure 18b.1) generates bubbles to form 

and eject the ink drops out of their reservoir by using a heater (thermal 

inkjet). The second way (Figure 18b.2) uses a piezoelectric actuator to 

generate the pressure pulse necessary to squish the ink out (piezoelectric 

inkjet). Piezo element-based drop formation is the most commonly used 

as it is the easiest to control and the most repeatable, reliable, and com-

patible with most of the commercial jet-able inks.184 The printhead used 

in the framework of this thesis is a piezoelectric-based system.

Figure 19 illustrates the basic functionality of the piezoelectric ink-

jet printing process. The computer controls the ink drop formation based 

on voltage pulses described within an input file named waveform. The 

waveform is responsible for the jetting through the nozzles by expanding 

the piezoelectric transducer according to the input signal. In Figure 19 
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the waveform is divided into different phases, each one containing three 

parameters: duration, level, and slew rate. The volume of the pumping 

chamber strongly relates to the applied voltage (level) while the speed of 

the droplets ejection mainly to the slew rate.

Figure 19. Piezoelectric inkjet printing. Detailed schematic of the structure and function of a 
piezoelectric single nozzle printhead. The pressure generation, propagation, and reflection upon a 
voltage application are described in a waveform file from a computer.

2.5.2. Substrates and inks for inkjet printing

Aside from the development of printers and printheads, two key 

points have enabled the use of inkjet printing as an electronic manufactur-

ing technique: the development of functional inks and flexible substrates, 

and the strategies to make them compatible between each other. The sur-

face free energy of the substrate and the surface tension of the inks define 

the wettability and adhesion between the ink and the substrates, dominat-

ing the final shape of the printing structure. Other factors such as the dry-

ing dynamics of the droplets, the coalescence of consecutive droplets (i.e., 

the uniformity of two droplets encountering each other), and the solute 

depositing behavior are also pivotal to print reliable patterns.
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2.5.2.1. Substrates and substrate-based strategies for inkjet 
printing

As described before (section 2.2), polymers are the best candidates 

used in deterministic approaches for flexible electronics. For inkjet-print-

ed electronics, among thermoset polymers, the polyethylene derivatives 

are the most used such as PET and PEN. They offer flexibility, low-cost 

solutions, and come in various thicknesses, sizes, and surface chemical 

properties that make them compatible with both commercial inks’ for-

mulations and commercial printers. Their surface roughness is as low as 

a few nm. As the biggest drawback, the relatively low glass-transition 

temperature (Tg) limits both many hybrid applications (i.e., electronic 

systems that combine printed parts with integrated circuits) if solder is 

used in their connections,185 and the use of inks that require post-sin-

tering at high temperatures. Kapton polymide (PI) shows much higher 

Tg but, at the same time, higher surface roughness and it is opaque. 

Paper176,178,186 is also an attractive substrate when inkjet printing is used 

and it is the cheapest solution. Since paper is fibrous, special treatment 

and many layers of planarization may be required. Although with limited 

reports, textiles177,187 can be also adopted for inkjet printing and it is the 

primary choice for clothes-based electronics. Finally, elastomers188,189 and 

hydrogels have been recently used in inkjet printing, being PDMS by far 

the most overwhelmed substrates exploited for flexible on-skin electron-

ics. Besides those flexible substrates inkjet printing also applies to rigid 

substrates such as glass190 or 3D structures.191

The performance of the substrates for printed electronics using 

inkjet printing techniques is listed in Table 1.
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Table 1. Typical substrates for inkjet-printed electronics and their physical 
properties. Reference from K. Suganuma, 2014.192

Substrate Thickness 
(µm)

Transparency 
(%)

Density  
(g cm-3)

T
g
 

(ºC)
Young’s  

Modulus (GPa)

PET 16-100 90 1.3 120 2.8

PI 12-125 – 1.4 410 2.5

PEN 12-250 87 1.4 120 3.0

Paper 20-250 – 0.6-1.0 – 0.5-3.5

PDMS 5-1500 92 0.965 125 0.57-3.7

However, some problems may appear when using inkjet techniques 

to print electronics on flexible substrates. For example, droplets may 

overspread due to a high porosity or hygroscopicity of the substrate, the 

range of temperatures needed in the sintering of many ink formulations 

(especially when using paper or textiles) may be incompatible with the 

substrate, or other issues may appear due to the low surface energy in 

the top of the substrates.193

To overcome many of those issues, several strategies have been 

adopted to prepare the substrates prior to printing. Plasma ionization or 

chemical treatments189 are among the most effective surface modifications. 

Pre-patterning the surface to create hydrophobic/hydrophilic structures194 

and thus force the ink to remain in the designed area using capillary forc-

es have also been exploited. When printing on viscoelastic or even liquid 

substrates the wetting behavior of inkjet droplets is greatly different than 

on solid surfaces.195 Song et al. have studied such conditions proposing 

two approaches to endow printability. First, they have controlled the mor-

phology of inkjet-printed droplets on a liquid-solid composite by external 
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magnet field.196 Second, they have used the viscoelastic properties of the 

substrate to wrap the droplets with the fluid, controlling either a subse-

quent retraction of the droplets197 or a completely wrapping.198 These strat-

egies can be highly useful for printing electronics onto bioinspired/entirely 

biological substrates. Finally, some strategies presented in section 2.2 as a 

structure-based approach for flexible/stretchable electronics have been also 

adopted for inkjet-printing of stretchable conductors. For example, Hong et 

al. have inkjet-printed silver conductors on wavy structures of PDMS199 and 

pre-stretched PDMS.200

2.5.2.2. Inks and inks requirements for inkjet printing 

Ink formulations represent the key platform for printing. Inks con-

tain the functional materials and various additives dissolved or dispersed 

in a liquid carrier (aqueous or organic solvent). At least three types of 

functional materials can be used in an ink composition: conducting, sem-

iconducting or insulating. Additives such as surface tension modifiers, 

humectants, defoamers and binders enable a stable printability, a pre-

requisite to achieving well-generate droplets and, consequently, a reliable 

printed pattern.

Silver and gold nanoparticle suspensions are the most common 

conductor-based inks for inkjet printing. Carbon-based nanomaterials in-

cluding graphene, conducting polymers-based inks such as poly(3,4-eth-

ylene dioxythiophene)-poly(styrene sulfonate) (PEDOT: PSS) 201 and PANI, 

or metal oxides, have been also employed in inkjet-printed electronics. 

As dielectric materials, polymers such as poly(amic acid) or SU-8 are the 

most exploited. To fabricate fully inkjet-printed electrochemical sensors, 
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other ink formulations are gaining strong demand. For example, sensitive 

materials such as enzymes, selective coatings based on conducting pol-

ymers, antibody spots, and colorimetric reagents have been prepared for 

fully inkjet-printed (bio)sensors.

Inkjet printing inks must meet very specific rheological require-

ments. Their design and preparation are often complex with a variety of 

physicochemical properties. As a rule, viscosity and surface tension need 

to be within a margin of 1–30 cP and 25–40 mN m−1, respectively. Piezo-

electric inkjets usually work at ink viscosity in the range of 8-15 cP, while 

thermal inkjets function at viscosities below 2 cP.

Three dimensionless numbers define the behavior of the inks: the Reyn-

olds number, the Weber number, and the Ohnesorge number (equations in (3)).

Re = 
nrα

h
 

; We = 
n2rα

γ
 

; Oh =
 

Re
 

=

 

h

γrα (3)

where n, r, α, h and γ represents the velocity, the drop diameter, the density, the viscosity, and 
the surface tension of the ink, respectively.

The first number refers to the ratio of the inertial forces to viscous 

forces in the fluid. The second number represents the balance between 

the inertial forces and the surface tension. Finally, the Ohnesorge number 

(Oh)―introduced by Wolfgang von Ohnesorge well-before the advent of 

inkjet printing technology― groups the other two numbers to relate the 

viscous forces to the inertial forces and surface tension. The Oh does not 

include the speed of the drop and therefore it is generally used to indicate 
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the printability of any ink formulation because it depends only on the 

intrinsic physical properties of the fluid and drops diameter. Whereas at 

high value of Oh viscous forces prevent drop ejection, lower value drops are 

accompanied by many satellites. Thus, the specific rheological requirements 

to inkjet-print stable droplets can be achieved by proper modulation of the 

viscosity and surface tension in the ink composition.

Besides the rheological requirements, avoiding solute clogging and 

blockage during the printing process is crucial. Clogging is generally in-

duced by one of the three following reasons. First, an overlarge size of the 

solute which should be less than 1/10th of the diameter of the printer’s 

printhead orifice. Second, the solvent evaporation in an orifice. This is 

avoided using inks with a high boiling point to keep the solvent volatility 

sufficiently low. Finally, poor dispersion of the ink (i.e. agglomeration and 

sedimentation). This issue could be further solved by treating the func-

tional material of the ink with a polymer coating, by adding a surfactant, 

or by introducing solvents.

Such strict requirements and issues in inkjet-printing inks, and the 

fact that commercial inks are scarce, expensive, and have a very limited 

life, have attracted considered research interest in the design of new 

inks composition. Substantial work reported to date using inkjet printing 

technology has involved the in-house development of one or several of 

the used inks. This has already borne fruits in exploring annealing-free or 

low-temperature annealing process for the ink formulations which opens 

potential applications not only for flexible electronics. Magdassi et al., for 

instance, presented an annealing-free silver nanoparticle-based ink.202 

By adding NaCl, the conductive ink self-sinters during the drying stage 

spontaneously, which eliminated the need for a post-sintering process.



72

Design, Characterization and Validation of Integrated Bioelectronics for Cellular Studies:  
From Inkjet-Printed Sensors to Organic Actuators

2.5.3. Processes for inkjet printing

A general schematic of the inkjet-printed complete process is shown 

in Figure 20. The process can be simplified in three steps: the pre-process-

ing step, the inking deposition step, and the material post-processing step.

Ink formulation Substrate 

Digital Design 1 2 Printer 3 Printed Pattern 

  

+ 

Deposition Post-processing 

Drying Sintering/curing 

Figure 20. Schematic of the basis of an inkjet printing process. Pre-processing prepares the 
printing process and includes the digital design, and treatment of substrate and/or inks (1). The 
printing process (2) implies the ink deposition and the post-processing steps. (3) Final printed 
pattern or device.
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Pre-processing prepares the printing process. It includes the var-

ious substrate and surface modifications described before in 2.5.2. It 

may also include cleaning the substrates from any contaminants and 

to remove dust and grease. The actual cleaning process depends on the 

substrate, yet the most common cleaning techniques are alcohol-based 

cleaning (e.g., isopropanol), UV-ozone, and corona treatment. In the 

pre-processing step inks can be also treated. To better suit the printing, 

inks can be degreased to remove air from the ink and filtered to avoid 

clogging the nozzles with any unwanted particles.

During ink deposition the functional material is deposited drop-

by-drop on the substrate reproducing a digital pixel pattern. To form reli-

able patterns, the processes taking place before and after the ink-jetting 

should be carefully controlled.

To jet the inks using a waveform, the working frequency, and the 

distance between two consecutive drops (drop spacing) must be defined. 

Other important jetting parameters when using piezoelectric inkjets in-

clude ink temperature and pressure conditions on the printhead. All these 

configurable parameters ultimately dictate the shape, speed, and size of 

the ink droplet upon jetting and, therefore, the quality and reliability of 

the printing. Each commercial ink and printhead contain their map of 

configurations. The quality and accuracy of the printing are also affected 

by the printing height (i.e. distance between the printhead and substrate) 

and the printing speed. The printing speed is the relative speed by which 

the printhead and print plate move to each other. As inkjet is a fully 

digital process, placement errors introduced by the printhead height and 

speed can be minimized with a proper calibration and thus eliminated.
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After leaving the nozzle the ink flies and hits the substrate. The 

droplet-surface interaction is dictated by the material parameters of both 

the ink (e.g., viscosity) and the substrate surface (e.g., surface tension, 

surface roughness, etc.). The spreading and impact forces of the drop 

when it reaches the substrate can be understood by a non-dimensional 

analysis using Reynolds, Weber, and Ohnesorge numbers. This interaction 

between ink and substrate strongly depends on the size of the ejected 

drop and the contact angle of the ink on the substrate and this, ultimate-

ly, determines the printing resolution. (Figure 21)

Figure 21. Schematic of a) printer, b) ink, and c) substrate and particularities of each one. 

The temperatures of both the substrate and ink are also crucial. 

The viscosity of the inkjet inks, in many instances, is temperature de-

pendent so it can be, therefore, regulated by heating the ink in the 
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printhead before jetting. To control the temperature of the substrate the 

print plate can be heated. This plate heating has been adopted as an 

effective strategy to control the spreading of the printed ink over the 

substrate. Heating may, however, contribute to an undesired yet often 

presented effect named “coffee ring effect”.

The coffee ring effect was firstly explained by Deegan et al. which 

is due to an excess of solute at the edges of the ink-jetted drop during 

solvent evaporation.203 Higher solvent evaporation at the outer edges of 

the deposited drop causes an outward material flow inside the ink to 

replenish the lost solvent (Figure 22). The coffee ring effect can be mini-

mized or even eliminated using several methods such as using a co-sol-

vent mixture204 with different boiling points and lower surface tension, or 

carefully controlling the temperature of the substrate.205 The coffee ring, 

surprisingly, has been also used as a strategy to improve resolution (5 

µm-10 µm) in conductive lines of silver nanoparticles.206

Figure 22. Coffee ring effect. a) The process of drop drying after deposition leading to a coffee ring 
effect due to an excess of solute at the edges of the ink-jetted drop during solvent evaporation. 
b) The coffee ring can be minimized by different methods, such as using a co-solvent mixture in 
the ink formulations or by controlling the temperature of the substrate. When using a co-solvent 
system, the solvent with a high boiling point evaporates at the outer edge, resulting in a surface 
tension gradient that leads a Marangoni flow to carry the solute inward to the center of the 
droplet.
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To render functionality in the deposited ink layer, the post-process-

ing step removes the solvents or other additives that form part of the 

original ink (beyond the functional materials). The main purpose of this 

step is to fuse the printed functional material into a more uniform layer 

and/or accelerate processes such as polymers cross-linking. Post-process-

ing is usually achieved in two steps:  the drying and the sintering/curing 

phases. In the drying phase, the solvent is evaporated using low tem-

peratures (~100 ºC or room temperature) for short times. The sintering/

curing can be done by different techniques applying external energy that 

enhances the functionalities of the ink such as UV, microwave, or plasma 

treatment. Heat is the most typical technique for sintering. A sequence of 

the post-process of conductive nanoparticle-based ink is shown in Figure 

23.

Figure 23. The sequence of post-processing in a metal nanoparticle-based ink. In the drying, the 
solvent is evaporated using low temperatures or room temperature. The sintering can be done 
by different techniques such as UV, microwave, plasma treatment, to apply external energy that 
enhances the functionalities of the ink.
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2.5.4. Inkjet printing in the development of flexible 

electronics and systems

Presenting as a precise, rapid, and low-cost manufacturing ap-

proach, inkjet-printing technology has been employed for large-area and 

high-volume manufacturing of electronic devices and systems. The major 

strengths of inkjet for flexible electronic systems have been primarily 

exploited in the manufacturing of sensors and displays as is shown in 

Figure 24. Other applications include power electronics (both energy stor-

age devices and energy conversion devices), wireless communications, 

and memory devices.

Figure 24. Utilization of technology in the fabrication of devices for flexible electronics. The color 
bars show where silicon-based technology (blue) and printed electronics (orange) are exploited.

Inkjet printing has been used to fabricate the main components 

of displays, both the front-plane (for light-emitting) and backplane (for 

electronic driving). Organic light-emitting diodes (LED),207 polymer LEDs, 

and quantum dot-based208 LEDs have also been reported. Several of such 
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devices were fabricated using flexible and biocompatible both substrates 

and inks to be used in wearable applications. As an example of a back-

plane, Lee, Im, et al. inkjet-printed the active-matrix based on high mo-

bility polymer transistors to drive a flexible color display.209

To power imperceptible biomedical systems that are worn or im-

planted, energy storage devices and/or energy conversion devices are a 

prerequisite. Using inkjet printing, supercapacitors (serving as energy 

storage units) either all-fully inkjet printed210 or partially inkjet-printed211 

have been reported. Photovoltaic devices, which convert the light from 

the sun to electrical power, have been also fabricated by inkjet printing. 

The deposition of different layers of such solar cells, this is, electrodes 

(either front212 or back213 electrodes) or the photoactive layer214 have been 

demonstrated. When interfacing electronics with the human body, other 

sources for energy harvesting can be exploited. Thermoelectric power 

generators can provide a continuous stable power associated to tem-

perature gradients in wearable or subdermal regions (albeit the human 

tolerance between 2 and 5 K).120 For example, using inkjet printing, Bes-

ganz et al. have fabricated a thermoelectric nanogenerator that showed 

thermoelectricity in the 10 mV range and currents in the µA range. They 

used an ink composite of PEDOT: PSS/ZnO as the thermoelectric materials 

and Ag-ink for the interconnections.215

With the required functionality of wireless communication in flex-

ible electronics systems, the demand for skin-mounted antennas is in-

creasing. Screen printing and inkjet printing have been the most common 

means for their fabrication.185 To inkjet print antennas, different inks and 

substrates have been investigated such as metal-based inks, a composi-

tion of metallo-organic inks, and carbon-based inks.176,177 The effort for 
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inkjet printing flexible memory devices have also been important. Kang, 

Kim, et al. have presented an array of 256-bit organic-based memory 

devices on a transparent, flexible, PEN substrate by inkjet printing.216 

They investigated the effect of using a blocking dielectric layer and met-

al nanoparticles as a charge-storage medium which conduced them to 

use PMMA (for the dielectric) and nanoparticles of Au/AgNP (for the na-

no-floating gate). The memory device exhibited an IOn/IOff ratio ~104 and 

a wide memory window of 43.5 V. The working voltages could need to 

be reduced for wearable applications, but the approach showed a high 

degree of reliability (they measured over 100 of such memories), and a 

promising alternative to the current inorganic-based memories that are 

incompatible with flexible substrates.216

Finally, inkjet printing has found enormous opportunities in the 

fabrication of flexible sensors. Numerous applications ranging from bio/

chemical sensors, photodetectors, and electromechanical sensors have 

been enabled by the low-cost and easy to scale approach of inkjet print-

ing. The area of applications has, of course, not been limited to on-skin 

sensors and e-skins. Reviews regarding inkjet-printed tactile sensors,217 

electrochemical sensors,218 protein deposition,219 biochemical sensors,220 

thermoelectric materials,221 and wearable devices193 exist.

Swisher, Arias, et al. have presented an impedance-based sensor179 

to early detect pressure ulcers with gold nanoparticles and thin PEN sub-

strates (45 µm thick). The inkjet-printed sensor180 comprised 31 electrodes 

with a minimum feature size of 62 µm. A CO2 laser was used to cut out 

freestanding electrodes to allow a better conformability and contact with 

the skin tissue, minimizing losses in the tissue-sensor impedance inter-

face. Ferrari et al. have inkjet-printed disposable, tattoo-based, electrodes 
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with conducting polymer (PEDOT: PSS) to monitor electrophysiology222 and 

alpha waves from the occipital lobe.223 During the electrophysiology mon-

itoring, the conducting tattoo enabled hair to grow, maintaining their 

functionalities in EMG recording for up to 27 h.222 Inal, Baran, et al. have 

presented a glucose sensor on commercially available paper as a dispos-

able, low-cost, approach to monitor glucose in saliva. All the components 

(conductive PEDOT: PSS, the biorecognition elements, dielectric, etc.) were 

inkjet-printed in a layer-by-layer fashion.178

Inkjet printing has also been attracting interested in fabricated 

multielectrode arrays (MEAs) for in vitro monitoring of electrophysio-

logical signals. Garma, Santoro, et al. have presented a plastic/printed 

MEA to monitor the extracellular potential of cardiac cell cultures.201 Adly, 

Wolfrum, et al. have also shown the potential of inkjet printing in fabri-

cating MEAs189,224 to record extracellular electrical potentials. Interestingly, 

for in vitro applications the use of inkjet printing is limited and thus the 

prevalence of silicon-based or glass-based devices for in vitro applica-

tions still prevails.

Inkjet printing of living cells. The vast potential of inkjet printing 

technology is not limited to electronics. Indeed, since scientists discovered 

that living cells can survive the trip through a printer, they have begun 

to print layers of cells with the perspective of creating artificial organs.225 

With that, some feats towards the goal of printed, transplantable or-

gans have carried their real potential to revolutionize medicine. Although 

the use of inkjet printing technology (both thermal and piezoelectric) for 

proteins and hybrid cell-containing materials has been reported, more 

investigation is required in the field.226 On one hand, the relatively high 

temperatures used in thermal inkjet-printing may influence negatively the 
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printing of living cells or enzymes. On the other hand, the influence of pi-

ezoelectric printing jetting parameters (e.g., applied nozzle voltage) on cell 

viability has not been extensively investigated. Thus, strategies for ad-hoc 

or in-house 3D bioprinters are an active area of research. For example, 

Cubo, Jorcano, et al. presented a 3D bioprinting platform able to print 

functional engineered-human skin tested as a dermis substitute in vivo.5

2.6. CONCLUSIONS AND OUTLOOK

N ew materials, new devices, new functionalities, and 

new production techniques could spark a revolution in 

bio-electronics. To bridge two main sides of science 

―biology and electronics― is critical to integrate them. Efforts have 

been geared towards designing electronics to mimic our biological 

features, but this is only the tip of the iceberg. Not only mimicking 

but also merging electronics into our biology could be possible in the 

next future, yet before the total integration between electronic and 

biological systems can become a reality, more multidisciplinary studies 

are required.

In this chapter, we have reviewed the key technological factors to 

render electronic devices soft and biologically compliant: materials, de-

sign strategies, and fabrication techniques. Figure 25 summarizes what 

the chapter outlines based on a recent report on skin-electronics.108 In 

such an electronic system, gold and silicon were selected as the materi-

als for the electrodes and devices [(I-Materials) in Figure 25]. Thin films 

(i.e., nanoribbons) of such otherwise stiff materials were patterning into 
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a serpentine geometry using well-developed microfabrication techniques 

[(II-Structural design) in Figure 25]. They were integrated by transfer 

printing on a more compliant substrate [(III-Fabrication) in Figure 25]. 

The serpentine-based electrodes stretched >20 %, very similar to the lev-

els of stretchability reached by human skin [(IV-Soft electrodes) in Figure 

25]. Sensors and actuators could be fabricated with the soft electrodes 

[(V-Individual devices) in Figure 25]. An integrated, electronic skin could 

be ultimately developed to interconnect a prosthetic, e-skin-based hand 

to peripheral nerve fibers of a rat model [(VI) and (VII) in Figure 25].

Figure 25. Graphical summary of chapter II based on the description of the electronic skin reported 
in 108.

In the domain of flexible/stretchable electronics several strategies 

have succeeded and facilitated a broad range of applications. For bio-ap-

plications, the skin has inspired those designs and strategies as well as 
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it has attracted a substantial part of such works. Surprisingly, a wide 

range of applications remains in the concept of on-skin electronics where 

sensors and/or actuators are externally laminated into the skin. As intro-

duced before in Chapter I, a paradigm-shift gradually emerging in soft 

electronics goes from skin-mountable electronics to skin with built-in 

electronics. Monitoring could be carried out during tissue maturation or, 

if implanted, from the patient’s skin.

The efficient integration of electronics (sensors, actuators) into 

living engineered tissues requires new concepts and compatible solu-

tions in their fabrication. Printing electronics is an attractive platform 

to engineer such smart skin with built-in electronics. This engineering 

method has strengthened prevalence as a manufacturing technique in 

the field of electronics and tissue engineering, independently. As dis-

cussed in this chapter, self-sintering conductive inks, sinter-free inks, 

and low-temperature printable inks for electronics are underway. More 

collaboration between materials scientists, biologics, and engineers, as 

well as the expected appearance of new jet-table organic materials (bio-

inks- and conducting polymers), can unleash profound progress in this 

envisioned area.
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3.1. INTRODUCTION

Integrating electronics with living cells or tissues remains 

challenging. On one hand, the proliferation and/or maturation 

of cells and/or tissues cannot be interferred with by the 

electronics and, on the other hand, electronics must show the proper 

performance within the biological environment. In this Chapter III we 

review the materials, protocols, and assays that have been used to 

evaluate both devices proposed in the framework of this thesis (sensor 

and actuator devices that we shall see in Chapter IV and Chapter V, 

respectively) in such situations. Thus, this chapter covers the materials 

and methods used in this work that spans from cell biology (cell culture, 

evaluation, samples’ preparation, etc.) to the required manufacturing 

techniques for both devices.
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3.2. CELL BIOLOGY

As mentioned in Chapter I section 1.3 keratinocytes are the most 

abundant cell type in the skin comprising about 95 % of the epidermis. 

However, culturing primary human keratinocytes in vitro is challenging due 

to the limited availability of donor’s samples from where to isolate the 

cells, the variability from donor to donor, the relatively short lifetime of 

the cells, and the difficulty to subculture them in multiple passages while 

maintaining the differentiative properties. Long-lived, immortalized cell 

lines may overcome these issues being the spontaneously transformed hu-

man epithelial cell line, HaCaT, one of the models most popular used since 

they maintain full epidermal differentiation capacity after several passages 

(> 140).227 HaCaT is a cell line from human adult skin keratinocytes prop-

agated under low Ca2+ conditions and elevated temperature which were 

released from full-thickness dermo-epidermal skin227 (Figure 26).

Figure 26. a) Histological slide of skin tissue and b) HaCaT cell line cultured in vitro. HaCaT is a 
cell line from human adult skin keratinocytes propagated under low Ca2+ conditions and elevated 
temperature which were released from full-thickness dermo-epidermal skin. Note: a) adapted 
from Lai-Cheong and McGrath, 2017.228
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For this thesis, HaCaT cell line was used as the biological model 

to test the viability and use of the proposed devices (actuator/sensor). 

The preparation of the cells and culturing media is described in section 

3.2.1. In addition, the different cell-based methods performed (a) to 

determine both the cytotoxic effects of devices on the cell culture and 

the proliferative activity, (b) to fluorescently label different structures 

in the cell and (c) to treat the surfaces of the devices are described in 

section 3.2.2 and 3.2.3, in section 3.2.4 and 3.2.5, and in section 3.2.6 

respectively. Finally, the preparation of the cultures for investigating the 

cell morphology and the actual effect of cell membranes on the engi-

neered sensing device of Chapter IV is described in section 3.2.7 and 

3.2.8 respectively.

3.2.1. Cell line, media and transfection

A spontaneous aneuploid immortalized human epidermal keratino-

cytes cell line (HaCaT) has been used for all the biological experiments in 

this thesis (see ref. 227 for details of the cell line). The HaCaT cell line was 

provided by CIEMAT (Centro de Investigaciones Energéticas Medioambien-

tales y Tecnólogicas, Madrid, Spain). The cells were genetically modified 

(transfected) with Green Fluorescent Protein (GFP) in the laboratories of 

the Mixed Unit of Biomedical Engineering UC3M-CIEMAT, but this trans-

fection is out of the scope of this thesis. When transfected, the HaCaT 

cells acquire a retroviral vector and express a green fluorescent pheno-

type which enhances visualization. This transfected cell line was named 

HaCaT-GFP.
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Cells were cryopreserved at –83 ºC (Unicryo DW-86L286) in freezing 

media containing 10 % v/v dimethyl sulfoxide (DMSO, Sigma Aldrich) in 

90 % FBS (fetal bovine serum, Sigma Aldrich) in cryotubes containing 

2×106 cells∙ml-1. For passaging, HaCaT/HaCaT-GFP cells were de-frozen 

and cultured in polystyrene dishes P100 (100 mm diameter, 78 cm2, Ther-

moFisher Scientific) in basal medium. Culture basal medium was prepared 

with Dulbecco’s Modified Eagle Medium with high glucose content and so-

dium pyruvate (DMEM, Invitrogen Gibco) supplemented with 10 % v/v FBS 

(Fetal Bovine Serum, Thermo Scientific HyClone) and 2 % v/v antibiotic/

antimycotic solution (105 U∙ml-1, 104 µg∙ml-1, respectively, Thermo Sci-

entific HyClone). When required, culture media without phenol red were 

prepared identically, except that in this case, DMEM (no phenol red, Invit-

rogen Gibco) was transparent. Cells were cultured at 37 ºC, 38 % humidi-

ty, 5 % CO2, 95 % air in a cell incubator (Shel Lab CO2 Serie; Sheldon Mfg. 

Inc). The culture medium was changed every 2-3 days. 

When 80 % confluence (condition assessed by microscopy and ex-

perimentally) was reached, cells were sub-cultured. The medium was 

removed through aspiration, samples were rinsed with PBS (Phosphate 

buffer serum), and trypsinized with 1 mL of trypsin (0.25 % EDTA) for 10 

min at 37 ºC/5 % CO2. The detachment of cells from the bottom of the plate 

was confirmed by microscopy observation. Once checked, 5 mL of culture 

medium was immediately added to the Petri dish to inhibit trypsin action. 

To remove clumps and resuspend the cells, the solution was pipetted up 

and down several times and transferred to a 15 mL conical centrifuge 

tube (CorningTM Falcon Tubes, ThermoFisher) to be centrifugated at 1000 

revolution per minute (rpm) for 7 minutes with a balance of the same 

volume (Centrifugator, OrtoAlresa, Spain). The resultant supernatant (i.e., 

5 mL of culture medium plus 1 mL of trypsin) was poured off and a fresh 
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medium was added at the deposited cell remaining at the bottom of the 

tubes. The new solution was resuspended to perform cell counting.

To perform cell counting, a sample of 10 µL was used by the hemo-

cytometer-based method. To improve the statistics of cell count, the sam-

ple was transferred at least to two independent slots in the Neubauer’s 

chamber.

Cellular cultures were always manipulated inside biosecurity cabins 

(Telstar, Bio IIA/G) at the Biomedical Engineering Laboratories at Carlos III 

University (Molecular Biology and Cell Biology laboratories). The labora-

tory is rigged with Class II Biological Safety equipment and all personal 

must follow the biosafety regulations according to the specifications in 

the current guideline.229 There are no ethical issues to be discussed in this 

thesis since the cellular components used do not directly come from any 

patient as well as confidentiality procedures are not specifically needed.

3.2.2. Alamar Blue assay

AlarmarBlue® is a commercial assay (BUF012A, Bio-Rad AbD 

Serotec Ltd.: Hercules, CA, USA) used as an indicator of cell metabol-

ic activity and viability based on the dye indicator resazurin. Viable 

cells reduce resazurin to resorufin (fluorescence emission of different 

wavelength), which serve as a fluorometric/colorimetric indicator of the 

number of viable cells. This reduction is caused by increased activity of 

the enzyme lactate dehydrogenase during proliferation.230 An increase 

of fluorescence/absorbance in the Alamar blue (AB) reaction over time 
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has been used as an indicator of proliferation.230 AB has been demon-

strated to be minimally toxic to cells and provides a stable, distinct 

signal.231 This non-toxicity allows the same cell sample to be followed 

for the duration of an experiment.

The AB assay is explained in detail in references number 231 and 232. 

In our case, the AB reactive medium was prepared with a dilution of 1: 10 

of AB’s rezasurin and phenol-red-free medium, respectively. The resulting 

solution was mixed and sterilized by filtration (Acrodisc® syringe, VWR 

and filters with average pore size 0.20 µm, ThermoFisher). The culture 

medium in cell cultures was substituted with AB reactive medium. The 

protocol used in this thesis for the different experiments described in 

Chapter V and Chapter IV was as follows. 

To diminish the influence of phenol-red in the measurement, the 

basal culture medium was eliminated and samples were washed with 

PBS twice. Subsequently, 2 mL of the AB reactive media was added to 

each sample and incubated for 4 h. After reacting, the AB supernatant 

medium in the samples for every group (i.e., experimental group and 

control) was removed and placed into 96-well plates (in samples of 

200 µL to improve statistic and reduce instrumental errors) for absorb-

ance analysis (using a microplate reader ELISA, Clariostar, BMG Labtech, 

Ortenberg, Germany). For the negative control, 2.5 mL of AB reactive 

medium was added to sterile flasks without cells. All these procedures 

were carried out in dark conditions. A flow chart of the protocol is sum-

marized in Figure 27.
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Figure 27. Flowchart of the Alamar Blue protocol used in this thesis. 

The absorbance was measured at 570 nm and 600 nm, correspond-

ing to the reduced and oxidized excitation wavelengths respectively. The 

absorbance reduction percentage (PR%) was calculated by applying the 

formula (4):
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where εox and εred are the molar extinction coefficients of the oxidation and reduction forms of AB, 
respectively, A is the measured absorbance of the samples, A’ is the absorbance of the negative 
control, λ1 is the wavelength of 570 nm, and λ2 the wavelength of 600 nm.

The values needed to solve equation (4) in the AB used in this the-

sis are listed below in Table 2.

Table 2. Values of the molar coefficients in the oxidation and reduction of the 
Alamar Blue.

Wavelength εox εred

570 nm 155.677 80.586

600 nm 14.652 117.216

The procedure described above was carried out at different times 

during the experiments. Day 0 always coincided with 24 h after cell seed-

ing. The percentage reduction (PR%) was normalized using the average 

value obtained for the control devices on the last day of the experiment 

prior to statistical analysis.

Data of the redox reaction in the AB assay can be also collected 

using fluorescent-based instrumentation. When attempting to detect 

very small changes in reduced resazurin, fluorescent measurements 

have shown to produce greater sensitivity.232 Therefore, a fluorescent 

detection method was chosen as complementary to the absorbance’s 
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one. Fluorescent measurements were made on a Synergy HTC microplate 

reader (ELISA, Synergy HTC, BioTek, Ortenberg, Germany), settings the ex-

citation wavelength at 530 nm and emission wavelength at 590 nm. To 

determine the results in the AB assay based on fluorescent measurements, 

the read fluorescence values of the treated samples (i.e., cells seeded on 

the device of Chapter IV) were normalized to the fluorescence values of the 

untreated samples (i.e., controls) at each day. The resulted ratio was then 

analyzed using statistical methods as described in section 3.3.4.

3.2.2.1. Alamar Blue as an indicator of cytotoxicity and 
proliferation

For evaluating the cytotoxicity and proliferation of cells seeded on 

the actuator devices of Chapter V, 2 × 105 cells (2.8 × 104 cells∙cm-2) in 

2.5 mL of the supplemented basal medium were seeded. Samples named 

control culture were p60 Petri dishes (Ø 60 mm., Corning™ 430107, 

Fisher Scientific, Barcelona, Spain) with a mold of rings made of PDMS to 

confer a circular area of 30 mm in diameter. Samples named static con-

trol were piezoelectric devices without stimulation (described in Chapter 

IV). The experimental samples were piezoelectric-based devices (FR, de-

scribed also in Chapter V), excited at different frequencies depending on 

the experiment. The FR devices were stimulated with a frequency equal 

to 1 Hz or 80 Hz during an experimental period of 6 days. 

AB assay was carried out on days 0, 1, 3, 6, and 8 in all samples. 

After collecting the data from the AB assay on day 0, the stimulation of 

FR plates started, being thus the same condition for all samples at day 0 

(no stimulation).
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Image acquisition was also performed to visually confirm the re-

lationship of the percentage reduction of AB reagent with proliferation 

instead of because of other cellular metabolic reactions.

3.2.3. Live/Dead Kit Assay

The Live/Dead kit (Invitrogen™ Molecular Probes™ LIVE/DEAD™ Vi-

ability/Cytotoxicity Kit, Fisher Scientific, Spain) is a fluorescence-based 

assay to assess via two-color discrimination live cells from the dead 

cell population simultaneously. Two fluorescence reactive (calcein-AM at 

emission/excitation wavelengths of 494/517 nm and Ethidium homodim-

er-1 at emission/excitation wavelengths of 517/617 nm) stain the cell’s 

structure and indicate the health of the cultured cells. 

After 3 days in vitro (3DIV), the cultures were stained using a solu-

tion containing 2 mL of PBS with 0.6 µL of calcein-AM (final concentra-

tion of 2 µM) and 2.4 µL ethidium homodimer-1 (final concentration of 4 

µM). The culture medium was aspired and the solution of the Live/Dead 

kit was added to each sample for 30 min in darkness condition. 

The stained cultures were imaged using a 10x objective microscope with 

an appropriate filter for each fluorophore. A minimum of 30 images around dif-

ferent sites over the samples was taken and analyzed by using both a self-pro-

gramming script in MatLab and ImageJ software. An average of the number of 

Live/Dead cells was reported as the cell viability of the assay.
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3.2.4. Cell fixation for immunofluorescence

Direct immunofluorescent were carried out to study the morphology 

of cells. In direct immunofluorescence-based experiments a primary an-

tibody has fluorescence properties being unnecessary a second antibody. 

Cells were rinsed with PBS twice and fixed using paraformaldehyde di-

luted to 4 % v/v in distilled H2O. 2.5 mL of the fixed solution was left on 

samples for 20 min at room temperature. The reactive was removed and 

samples were washed thrice with PBS. Then, samples were permeabilized 

with a 0.1 % v/v Triton X-100 (Sigma Aldrich) in PBS for 15 min and non-

specific epitopes were blocked with 1 % v/v BSA (Bovine serum albumin, 

Sigma Aldrich) in PBS for 30 min. 

The antibodies were diluted in blocking solution (i.e., 1 % v/v BSA 

dissolved in PBS), and applied to cells for 90 min, with three washes with 

PBS between each antibody application.

3.2.5. Antibodies and Reagents

Actin was visualized using Toxin Phalloidin Alexa Fluor™ 488, Ther-

moFisher. 1.5 mL of fluorescent-phalloidin solution was added to the sam-

ples (1:1000 v/v in blocking solution) for 90 min at room temperature. 

Vinculin was marked using Monoclonal Anti-Vinculin-FITC antibody F7053, 

Sigma. 1.5 mL of a solution in a proportion 1:200 v/v antibody in blocking 

solution (final concentration of 1µg∙ml-1) was added to the cultures for 90 

min in darkness condition at room temperature. To visualize cell nuclei, 

DAPI (4ʹ,6-Diamidino-2-phenylindole dihydrochloride) (1 mg∙ml-1, Sigma 
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Aldrich) was diluted 1: 1000 v/v in PBS (concentration of 1 µg∙ml-1) and 1.5 

mL of the solution was added to samples for 10 min at room temperature. 

Samples were carefully mounted onto glass slides using a mounting medi-

um with DABCO (1,4-diazabicyclo[2.2.2]octane) (M1289, Sigma Aldrich) for 

microscopy visualization

3.2.6. Coating of actuators, sensors, and bottom dishes

To promote cell adhesion the surfaces of all samples (controls, sensors, 

and actuators) were coated with collagen Type II. The coated solution was 

prepared at 1:20 v/v collagen solution (Sigma Aldrich, 0.20%, Type II from 

Calfskin, Sigma Aldrich) in PBS. 2.5 mL of collagen solution was added to 

samples covering the complete surface. They were left exposed to UV radia-

tion for 2 h inside a biosecurity cabin to promote crosslinking. The remaining 

solution was removed, and samples were washed with PBS twice.

3.2.7. Cell fixation for morphology observation

For topographical observation, samples were fixed with 2.5 % v/v 

glutaraldehyde (Sigma Aldrich) in H2O distilled at room temperature for 

1 h and later washed three times with PBS. Thereafter, samples were 

dehydrated for 5 min by subsequent passes of samples through 30 % 

ethanol (EOH), 50 % EOH, 70 % EOH, and 100 % EOH. Samples were left 

to air-dried inside the biosecurity cabins.
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3.2.8. Cell treatment for impedance-based detection of 

chemicals

To investigate the effect of cell membranes in the electrical signal 

measured using the sensors of Chapter IV a non-ionic detergent (Triton 

X-100) was added to the cell cultures. Triton X-100 (Sigma Aldrich, Spain) 

was dissolved at 0.1 % v/v in PBS. The culture medium was removed and 

2 mL of the solution containing Triton X-100 at 0.1 % was added. The im-

pedance was continuously acquired for 23 min every 60 seconds. A range 

of frequency from 100Hz-1MHz was configured. At 23 minutes, images of 

the cells on the sensors were taken by a microscope.

3.2.9. Migration assay using a PDMS stencil

To monitor cellular migration using the sensors developed in Chap-

ter IV, the protocol described in 233 was performed. In this protocol the ar-

tificial wound is created by using a stencil of PDMS avoiding cell damage 

at the edge of the wound. A stencil with an area of 3.57 cm2 was used to 

generate a wound and cells were seeded on the non-exposed PDMS area 

at a density of 1.2×106 cells which ensured confluence the following day. 

Cells were left attached to the sensors overnight. The following day the 

stencil was removed which left an opening space for the cells to migrate 

until new cell-cell interactions are created. Images of the front edge of 

the boundaries created by the stencil were captured at a time interval of 

6 h. A summary of the protocol is shown in Figure 28.
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Figure 28. Schematic representation of the cell migration protocol using a PDMS stencil.

3.2.10. Migration assay using Scratch assay

To study the effect of mechanical stimulation on cellular migration 

using the actuators of Chapter V the biological method called scratch 

assay was performed. This economical protocol extensively exploited in 

cell biology to assess cell migration in vitro under a variety of exper-

imental conditions relies on the following observation. Upon the gen-

eration of an artificial wound (a scratch) on a confluent cell monolayer 

by scraping the cell sheet, the edge-front of cells at the boundaries of 

the created gap will migrate toward the opening to close the so-called 

scratch until new cell-cell junctions are attained again. Having produced 

a scratch on monolayer cells, capturing of images at regular intervals 

to track the front edge of the cells can be used to determine the rate 

of cell migration. 

The experiments were performed by seeding in the experimental 

samples presented in Chapter V 1.44×106 cells (2.03 × 107 cell/cm2) in 

2.5 mL of culture medium overnight. The next day, the scratch wound 
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was manually generated using a p100 micropipette (LabBox, Ø 1.2 mm.). 

The culture media was eliminated, and samples were gently washed with 

PBS to remove cellular debris. Finally, samples were replaced with 2.5 mL 

fresh media to ensure the correct evolution of the cellular samples. Time 

0 of the experiments are referenced to this moment. Images to monitor 

the state of the wound were taken at 0, 9, 24 and 30 hours after the 

scratch was firstly done by capturing more than four areas along the 

scratch. A summary of the protocol described is shown in Figure 29.

Figure 29. Schematic depicting the scratch protocol to study cell migration.

3.3. MICROSCOPY,  

IMAGE PROCESSING AND ANALYSIS

3.3.1. Microscopy equipment and Profilometry

To obtain the images of the cell cultures involved in the experiments 

of Chapter IV, a Leica DMi8 Inverted Microscope (Leica Microsystems CMS 

GmbH, Wetzlar, Germany) equipped with a CCD camera (Olympus DP26) and 
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its proprietary software LASX Navigator (Leica Microsystems) were used. The 

microscope is integrated with a bioreactor which maintains stable conditions 

of 5 % CO2 and 37 ºC suitable for cell survival during the prolonged time-

lapse/impedance experiments. Both microscopies equipped the filters used for 

immunofluorescence experiments: specifically, they were 390/450 nm (GFP 

excitation/emission), 543/569 nm (TRITC excitation/emission), 350/470 nm 

(DAPI excitation/emission), and 494 nm/520 nm (FITC excitation/ emission).

The images of the cell cultures involved in the experiments of 

Chapter V were obtained (software: analySIS-getIT, Olympus®) using a 

fluorescence microscope (Model BX53, Olympus Inc., Japan) equipped with 

a CCD camera (Olympus DP26) and an Olympus U-RFL-T mercury burner.

Finally, to evaluate the morphology of the sensors presented in 

Chapter IV, a profilometer (Bruker DektakXT Stylus Profilometer, Germany) 

was used. The scanning was configurated with a force in the tip of 10 m∙g 

and a scanning time of 65 µs.

3.3.2. Scanning electron microscopy

For Scanning Electron Microscopy (SEM), samples of approximately 

5 mm in diameter were mounted on standard aluminum stubs of 18 

mm through a carbon double-size adhesive tape. They were treated by 

gold sputtering technique (Leica EM ACE200, Spain) for 90 seconds be-

fore imaging. Samples were visualized under vacuum conditions using a 

photodetector Philips XL-30. The scanning electron beam voltage was set 

at 15 kV. For cross-sectional imaging, samples were previously treated in 

liquid nitrogen for 30 seconds and sharply cut them.
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3.3.3. Biological Image processing

All image analysis was performed using either a self-programming 

script in MatLab (vR2019b, MathWorks) with an Imaging Processing Tool-

box or ImageJ (1.52t, NIH, USA).

3.3.3.1. Live/Dead assay

To quantify the number of live and dead cells, images obtained 

at the emission wavelength of each fluorophore (see 3.2.3), the images 

from each wavelength were stored and processed as separate images. 

To detect cell’s borders and quantify the number of cells, images were 

transformed into binary ones and a programmed script detected the cells 

(by a segmentation algorithm) and quantified the resulted average of live 

and dead cells by applying the formula (5), which it was rdeported as the 

cell viability of the assay.

Viability = 
Live cells
Total cells

 
*100 (5)

3.3.3.2. Cell migration and analysis

To determine cell velocity in the front-edge of cells equation (6) was 

applied. 
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v = 
Distancetf(µm)-Distancet0(µm)

Total time (h)
 

(6)

where Distancetf is the displacement of the edge of a cell at a time point and Distancet0 is 
the displacement at a time 0 (beginning of the experiment). Total time is the duration of the 
experiment.

To adjust the displacement of cells to a recovery degree of the 

wound the following equation (7) was applied.

RD = 
Mean edge displacementTF(µm)

Total displacement (µm)
 
*100 (7)

where RD is the recovery degree of the wound in percentage, Mean edge displacement TF is the 
displacement of the front cells at an observed time, and Total displacement the total area to be 
recovered by the cells over the sensors.

3.3.3.3. Cell migration in the scratch assay

To measure the width of the scratch over time, the front-edge of 

cells along the scratch was detected using at least four different areas 

photographed along such artificial wound. Widths were normalized to 

time 0 for each scratch.

The area reduction due to migration was determined according to 

equation (8):
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Migration area reduction = 
At

A0  
(8)

where  A0 is the mean initial area and At is the mean area within the wounds’ boundaries at 
time t.

3.3.3.4. Size of the Nucleus

To analyze the size of the nucleus DAPI images were segmented. 

The segmented images were fitted to an ellipse in which the length and 

width of the nucleus correspond to the long and short axes of the ellipse, 

respectively. Then, the histogram of the values of long axes was fitted to 

a log-normal distribution. Based on the log-normal fitting the average 

size of the nucleus was determined according to equation (9):

Dmean  = D0·e-( s2

2
) (9)

where D0 is the center of the distribution of the fitting and s is the standard deviation in the 
fitting.

3.3.4. Statistical analysis

For the statistical analysis a grouped analysis two-way ANOVA was 

implemented by either GraphPad Prism or Origin Pro 9.0. When assays 

and samples and the statistical test were performed several times, adjust-

ments of standard errors due to such repetitions were obtained through 
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post-Bonferroni corrections.234 Each group of samples was compared to all 

the others and p-values were examined. P-values higher than 0.05 were 

not considered as significant differences between samples and a confidence 

interval of 95 % was always used. Results from the statistical analysis 

were depicted in the figures in the form of asterisks: the higher number of 

symbols the higher the significance between the samples and the control 

values.

In the cytocompatibility and proliferation assays the reduction per-

centages (y-axis) from the absorbance-based measurements were nor-

malized to the maximum value reached by the negative control at end 

days. Initial zero values do not correspond with a 0 % AB reduction at the 

start in all samples, but every culture had subtracted its initial reduc-

tion percentage for setting a common reference point at the origin. For 

the fluorescence-based data this normalization to the maximum value 

was not made. Instead of this, a grouped analysis two-way ANOVA was 

implemented directly to the fluorescence ratio (i.e., ratio of experimental 

samples to controls) followed by a Bonferroni post-test and a confidence 

interval of 95 % was applied to examine the p-values.

In the scratch assay the wounds’ area values were normalized to the 

area at time 0 ―the initial area of the wound― so that the area reduction at 

different times is expressed as a ratio of the initial area. The normalized values 

were analyzed with a linear regression fit with a confidence interval of 95 %.

In the nucleus size analysis, the average sizes in the experimental 

groups were normalized using the average value obtained for the control 

cultures at that specific time (i.e. at 48 h).
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3.4. PDMS CURING

A base and a curing agent of the PDMS fabrication kit 

(Sylgard® 184, Dow Corning) was used in a proportion   

of 10:1 base-curing agents. The rigidity of the final 

elastomer depends on the base and curing agent ratio.235

Base and agent curing were weighted (analytic balance Ohaus Voy-

ager, Ohaus, Switzerland), mixed, and stirred until a homogeneous mix-

ture was obtained. Air bubbles at the mixture were eliminated using a 

vacuum chamber and the mixture was next poured onto the master mold. 

To enhance the curing process, molds were introduced in a preheated 

oven (Model 100-800, Memmert GmbH, Germany) at 70 °C for 1 h. 

3.5. DESIGN AND FABRICATION  

OF THE SENSORS (CHAPTER IV)

I n this section 3.5 the materials and methods used for the 

development and characterization of the sensors presented 

in Chapter IV as well as the methodology for their testing 

are described.

3.5.1. Inkjet printing of interdigitated sensors

Figure 30a shows the geometry and structure of the designed inter-

digitated sensor that we shall see in Chapter IV. As shown in Figure 30a both 
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the gap between two consecutive lines and the width of the printed lines 

were 300 µm. The active area of the sensors (without considering the contact 

pads) was 195 mm2 with 22 interdigitated electrodes (IDEs) fingers of 12.7 

mm length each. A rectangle of 13x14 mm was used to passivate the active 

area of the sensors which resulted in a nominal area of 182 mm2.

The fabrication process (based on inkjet printing) is comprised of two 

steps (Figure 30b,d). First a conductive ink (one single layer) was patterned 

and stacked on the substrate followed by the printing of a dielectric ink (three 

layers) on top of the previously printed conductive lines. Working (WE) and 

counter (CE) electrodes were formed by the conductive lines. The dielectric 

ink forms the passivation which became the substrate for the cell cultures.

To print the conductive lines and the passivation a drop space of 15 µm 

and 20 µm, respectively, were selected. These drop spacings correspond to a 

printer resolution of 1693 dots per inch (dpi) and 1270 dpi, respectively. 

Figure 30. a) Sketch of the printed sensors (Chapter IV) with dimensions and b)-e) manufacturing 
process for the inkjet printing coplanar capacitors. Materials and details of the process are 
summarized within the figure.
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The method for the printing process was as follows (Figure 30b-e). 

The interdigitated electrodes (Figure 30b) were firstly patterned. Then, the 

conductive ink was thermally dried and sintered at 110 °C for 1 h (Figure 

30c). Three layers of SU-8 ink were inkjet-printed onto the IDEs lines (Fig-

ure 30d). After printing the first layer and the second layer of SU-8 the 

pattern was dried at 110 °C for 15 min (Figure 30e). The latest layer was 

dried at room temperature for 16 h and post-baked at 110 °C for 15min.

A piezoelectric inkjet Dimatix Material Printer (DMP-2800TM, Fu-

jifilm-Dimatix, Inc., USA) was employed for manufacturing the sensors. 

The printer was equipped with 10 pL nominal drop volume printheads 

that are user fillable. The printhead had 16 nozzles, each of them with a 

diameter of 21.5 µm (DMC-11610).

To create the patterns to be printed, the GIMP editor program (a 

free downloaded image manipulator program) was used. Once designed 

the structure, the files were imported using the Dimatix Bitmap layout 

software with a subsequent scaling.

Sensors were printed using the activation of substrate vacuum. The 

temperature of the printhead was controlled at 28 ºC for the silver ink 

and 40 ºC for the SU-8 ink. The temperature of the bedplate was heated 

up to 45 ºC and 31 ºC for Ag ink and SU-8, respectively. The fabrication 

process was carried out in a standard laboratory environment in ambi-

ent conditions. Cartridges for each ink were filled with about 1 mL after 

filtration (Minisart® syringe filters, average pore size 0.20 µm, Sartorius 

GmbH, Germany).
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To post-process the deposited inks, a convection oven (100-800, 

Memmert) in an air atmosphere was used. The annealing time should be 

selected considering the ink. A low annealing time could produce unsta-

ble results in the sintering process and increasing the temperature could 

damage the PET substrate,236,237 as the transition temperature (Tg) for 

PET is 120 ºC according to the manufacturer.

3.5.2. Materials for inkjet printing the sensors

A silver-nanoparticles ink (AgNP, 796042 Ag, Sigma Aldrich (NBSIJ-MU01, 

with 15 % Ag, Ethylene glycol 15-25 %, ethanol 1-2 % and water 50-

70) was used to fabricate the working and counter electrodes in the 

interdigitated sensors, the contact pads, and the feed lines. A SU-8 ink 

(MicroChem PriElex® SU-8, MicroChem Corp., Massachusetts, USA) was 

employed for the passivation of the sensors. Both inks are commercially 

available and show drop-on-demand inkjet specifications compatible 

with the printer platform. They were used as received after filtration. A 

polyethylene terephthalate film (PET foils, Mitsubishi Paper Mills) with 

a thickness of 100 µm was chosen as substrate.

3.5.3. Assembly of IDE-based devices

A silver epoxy EPO-TEK®H20E (Epoxy Technology, Inc.) was used 

to solder cables to the pads of the sensors. Two parts (part A and B) of 

the epoxy were weighted (analytic balance, Ohaus, Voyager) and mixed. 

Cables were soldered in the IDEs pad by curing the epoxy for 30 min at 

110 °C (100-800, Memmert).
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One-side adhesive Kapton® films were used to isolate the exposed 

welding. The IDEs were glued to the bottom of Petro dishes (∅35 mm, 

ThermoFisher Scientific, Spain) by using either a biocompatible silicone 

grease (Dow Corning™ High-Vacuum Grease, Fisher Scientific, Spain) or a 

thin layer of polydimethylsiloxane (PDMS, Sylgard® 184, USA). To take out 

the cables from the cell culture dishes, lateral holes were pierced with a 

drill of 2 mm (Dremel®, 8100 Model) and externally sealed using hot sil-

icon (glue sticks of 11 mm), avoiding any leakage of the culture medium.

3.5.4. Protocol for impedance spectroscopy and data 

processing

To acquire the impedance (magnitude and phase) a 25-mVp sinu-

soidal signal with no DC component was applied to the sensor. The im-

pedance response was acquired at 15 points per decade from 100 Hz to 1 

MHz (bandwidth) using an ISX-3 mini impedance analyzer (Sciospec Scien-

tific Instruments GmbH, Germany) and accompanying software (Sciospec 

ISX3v2). The impedance analyzer can be configured using the user interface 

software to record the impedance spectra at configurable periods of time, 

allowing also real-time measurements. The setup was configured to oper-

ate in four-wire impedance measurements minimizing the main parasitic 

contributions that may come from both the lead and the contact resist-

ances. An average of three repetitions for each impedance frequency point 

was acquired. To characterize the electrical performance of the sensors, the 

impedance was acquired at room temperature in 2 mL of culture medium 

pre-warmed at 37 ºC. To perform the cellular experiments impedance was 

monitored under physiological conditions of 37 ºC, 5 % CO2.
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Impedance data were analyzed using ZView® software from Scrib-

ner Associates to fit the data to a theoretical model (Chapter IV) and 

Origin Pro9 to process and plot the curves. The measured impedance 

was fitted to an equivalent electrical circuit to model the physical phe-

nomena take place on the surface of the sensors. The electrical model 

and the physical interpretations of the processes were obtained using a 

non-faradic analysis of the cell-sensor interactions. To evaluate the qual-

ity of the fitting, the experimental data were compared with the mathe-

matical fitting from the equivalent circuit. The quality of the fitting circuit 

was determined using chi-squared (x2 ) values representing the square of 

the standard deviation between the experimental data and the calculated 

spectrum from the fitting. For x2 <10-2 the fitting was considered as ac-

curate, dictating the feasibility of the equivalent circuit for representing 

the physical (cellular) process. 

In addition to the equivalent circuit, alternative processing of the 

impedance data was used. To study the temporal variation of the nor-

malized impedance, a dimensionless parameter called cell index238 was 

estimated (equation (10)). As the impedance data were acquired over 

multiple hours during the experiment, the estimation of this cell index 

allows to observe and quantify the tendency of the impedance at a single 

frequency as defined in equation (10):

cell index (t)= maxi=1,...,N 
 |Z(t,fi)|-|Z(0,fi)|

|Z(t,fi)|  
(10)

where |Z(0,fi)| is the magnitude of the impedance at the beginning of the experiment at given 
frequency i, and |Z(t,fi)| is the magnitude of the impedance at the same frequency but at a given 
time point (t) along the experiment. 
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3.6. DESIGN AND FABRICATION OF THE 

ACTUATING SYSTEM (CHAPTER V)

In this section 3.6 the materials and methods for the 

development of the actuator-based devices (Chapter V) are 

presented.

 3.6.1. Materials for fabricating the experimental stage

A PVDF film (polyvinylidene fluoride, see ref 239 for details on 

this polymer) with a thickness of 28 µm and polarized in its trans-

verse axis (CAT-PFS0003, TE Connectivity: Schaffhausen, Switzerland, 

80 mm × 110 mm) was used as the piezo-actuator element. A copper 

adhesive tape (3M ™; 1181-12, 3M: St. Paul, MI, USA) was used to 

connect the external cables to bias the piezo material. The original 

PVDF film was cut into 25 × 35 mm pieces to fit the Petri dishes. 

To passivate the conductive layer of the piezoelectric film, a sin-

gle-sided adhesive polyester film (3M ™, 58 µm in thickness) was used. 

This passivation avoided direct electrical stimulation of the cell culture 

when the piezoelectric material was biased. The height of the Petri dish-

es was reduced to 15 mm using mechanical tools (Dremel® 8100 Model, 

Dremel®, Racine, WI, USA) to meet the available microscopy’s space for 

sample observation. The cables exit through holes (2 mm in diameter) on 

the z-axis of the Petri dish. 
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The dimensions and a schematic of the actuating device to culture 

the cells and perform the studies of mechanotransduction presented in 

Chapter V are shown in Figure 31. Figure 31a shows a top view of the 

experimental stage including the main parameters of the design. Figure 

31b depicts a schematic of the lateral view of the device (i) without no 

cell culture nor electrical stimulation, (ii) with a cell culture seeded on the 

collagen-coated device under static conditions, and (iii) the cell culture 

under dynamic conditions.

Figure 31. Dimensions and schematic of the experimental stage based on polymeric piezoelectric 
actuator (Chapter V). a) Top view with the description of the different materials used in the 
manufacturing of the biocompatible actuator-based device. b) Schematic representation with a 
lateral view of the actuator-based device, (i) the piezoelectric film remains in the bottom of the 
Petri dish with a chamber made of PDMS, (ii) and (iii) show a representation of a cell culture with 
basal medium seeded on the collagen-coated piezoelectric film under (ii) static condition (0 voltage 
in the electronics stage) and (iii) dynamic condition. AC: alternating current.
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3.6.2. Materials of the driver

To amplify the voltage required at the input of the piezoelectric 

actuator introduced in Chapter V an electronic driver was implemented. 

Commercial power amplifiers (PA79, Ape Microtechnology, Tucson, AZ, 

USA) were configurated in a bridge configuration with an overall gain of 

20. A commercially available power supply (IHB200-0.12, International 

Power, London, UK) biases the amplifier module. Altium Designer soft-

ware (Altium Limited, Chatswood, NSW, Australia) was used to implement 

the schematic and printed circuit board (PCB). The schematic of this driv-

er is provided in Appendix III.
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Cuando ya no creas, crea. 

Miki Naranja
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CHAPTER IV. Development of printed 

flexible sensors for cellular studies

4.1. INTRODUCTION AND MOTIVATION

The pursuit of electronic systems that recreate the most 

sophisticated properties of our largest organ―the skin―

has motivated many innovations in material sciences and 

electronic manufacturing. As discussed in Chapter II, a range of skin-like 

electronic systems has emerged as new classes of biotic/abiotic interfaces 

with some remarkable applications.22,25,33,240–242

Most of those skin compliance devices are at present fabricated 

using standard microfabrication techniques such as wet etching, pho-

tolithography, and physical metal evaporation.86,107,243,244.Although these 

manufacturing approaches have proven valuable for fabricating electronic 

systems with high-level functionalities while withstanding complex and 

soft conformabilities with human tissues,49,245 they rely on expensive, 

technically demanding, multiple steps-based processes. These complex 

fabricating processes hinder rapid prototyping and customization, not to 

mention that they may sentence a substantive fraction of such electronic 

systems to remain inside the research laboratories due to their costs.
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By contrast, additive manufacturing such as 3D printing enables 

a wide range of functional materials to be patterned and fabricated in 

a single manufacturing step. As we saw in Chapter II, these advantag-

es together with low-material consumption/wastages, the possibility of 

printing on a variety of surfaces (including movable surfaces),246 and the 

printing accuracy achieved from reduced area to large area has drawn 

attention from not only electronic engineers178,247,248 but also tissue en-

gineers.6,225 Not surprisingly, and as we have seen along through this 

dissertation, bioelectronic researchers are foreseeing a single platform 

that brings together such conventionally independent fabrications for 

electronic devices and living tissues. Although this sort of technology 

may unleash all-printed, ready-to-implant, smart organs and tissues 

with built-in electronics to be used as cyborg implants249 with augment-

ed functionalities compared to their biological archetypes, the endeavor 

remains challenging.

One initial step to pave the way through the research line men-

tioned above require accomplishing solutions: 1) able to fabricate flex-

ible and thin sensors using an electronic manufacturing technology 

that must be non-contact, mask-less, gas-free, and compatible with 

bioprinting; 2) able to reliable, long-lasting integrate sensors with living 

cells with any detrimental effect of neither the biological nor the elec-

trical system; and 3) able to operate in real-time and non-invasively in 

order to monitor slow process relevant to engineered tissues.

Motivated by these crucial unmet needs and considering organo-

typic skin cultures as the engineered-tissue model, in this chapter we 

demonstrate the feasibility of integrating inkjet-printed flexible sensors 

into a monolayer of epithelial cultured cells to operate as impedimetric 
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biosensors. The proposed sensing system monitors non-invasively and in 

real-time relevant cellular processes that take place in tissue-engineered 

skin equivalents using electrochemical impedance spectroscopy. This in-

tegration represents an initial step towards engineered-skin substitutes 

with smart embedded sensors.

4.2. FROM BIOLOGICAL IMPEDANCE 

MEASUREMENTS TO CELL-SUBSTRATE 

IMPEDANCE SPECTROSCOPY

Electrical impedance is defined as the ratio of the voltage 

to the current in a direct/alternating current circuit. Any 

material (or medium) can impede (oppose) electric current 

in a combination of loss terms (resistance) and energy-storing terms 

(reactance). A material capable of storing electrical energy is a dielectric 

(from the Greek dia: through and electric: electrostatic field). A material 

incapable of storing energy is a conductor. Bioimpedance, as the name 

suggests, deals with the electrical properties of tissues. A body of literature 

exists on understanding, modeling, and measuring such electrical properties 

in human tissues; this work has been summarized previously.250–254

From an electrical perspective tissues may be regarded as dielectric 

or conductive depending on the frequency of the electrical signal passing 

through them. Thus, bioimpedance is measured across many frequencies 

to form a spectrum plot in which the different components of the biolog-

ical system contribute to the total impedance measured. Schwan―one of 
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the founders of biomedical engineering as a discipline―described for the 

first time the frequency dependence of the biological impedance introduc-

ing the concept of α, β, and γ dispersions or relaxations (Figure 32a).253,254 

These relaxations determined by the interaction of the electric field with 

the biological system indicate the dielectric dispersions that arise from 

the polarization mechanism occurring in complex biological environments 

under electromagnetic radiations. Likewise, this frequency dependence in 

bioimpedance suggests that certain disturbances of biological structures 

may result in detectable changes in the impedance spectrum.

The complex impedance Z of a medium can be expressed in polar 

form (equation (11)) or Cartesian form (equation (12)). 

Z= |Z|ejθ (11)

where magnitude is |Z| and phase angle is θ.

Z= R+jX (12)

with resistance R and reactance X.

From either of those mathematical representations, a material with 

a higher capacity for energy storage will exhibit a larger reactance X, and 

a larger phase angle, θ.
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Figure 32. a) Simulation of the dispersion of tissues first measured by Schwan. The dispersions 
occur due to the loss of certain polarization modes in biological tissues: α-dispersion arises from 
the tangential flow of ions across the cell surfaces, β-dispersion comes up due to the accumulation 
of charges at the cell membranes and γ-dispersion is related to the dipolar movements of 
molecules, mainly water. b) The simplified electrical model of cells under an electric field. The 
model is named single-shell model. c) Schematic of the differences in low- and high-frequency 
signal traveling through healthy and damaged tissue. Note: a) adapted from Nasir and Al Ahmad, 
2020;255 b) adapted from Grimmes et al.250

The study of bioimpedance and bioelectricity (i.e., the ability of tis-

sues to generate electrical current) in the human body is not new.250 From 

an electrical perspective, the simplest model of a single cell in an aqueous 

medium is the single-shell model. This model represents the cells as a 

sphere with an ion-rich conductive center (cytoplasm) encapsulated in a 

relatively non-conductive barrier (cell membrane) surrounded by an ion-

rich conductive medium (extracellular fluid) as shown in Figure 32b. The 
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ion-rich media can conduct charges (resistance) while the lipid bilayer 

membrane impedes charges to flow (reactance). Alterations in membrane 

structures (e.g., cell-membrane damage, cell death, cell shrinking, etc.) 

affect this “charge storage capacity” yielding current passes through the 

membrane and cells exhibit higher electrical conductance. Therefore, the 

impedance spectrum of damaged cells manifests a smaller reactance in 

comparison to their counterparts. In other words, damaged cells exhibit 

a less capacitor-like behavior and a more resistor-like response (Figure 

32c).252 At a tissue level similar correlations have been established be-

tween the electrical properties and the underneath biological processes.256 

For example, impedance-based measurements of skin have shown that 

lower reactance and phase angle correlate to a higher risk of the pres-

ence of infection, cell loss, and pressure sores.257 Thus, impedance-related 

measurement is widely accepted as a label-free, minimally invasive, re-

al-time, electrochemical method to assess both cell and tissue status.251

The first impedance in vitro device was introduced as early as 1984 

by Keese and Giaver.258–260 Much work has since been published using im-

pedance-based systems to monitor cell proliferation, adhesion, and mor-

phology, quantify biomass in suspensions, and detect bacteria259,261–263 In 

vivo, impedance sensing has also been used to monitor the health of the 

skin tissue and to develop an imaging technique known as electrical imped-

ance tomography.264,265 Other studies have shown impedance as an indicator 

of epidermal proliferation and granulation, hydration and infection,266,267 

which have boosted the technique towards impedance-based devices for 

skin hydration monitoring and early detection of pressure ulcers.179,268 Now-

adays, commercial systems to perform cell screening based on impedance 

measurements are currently available269 and impedance-based devices to 

monitor wound healing have been patented270 with clinical trials underway.
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This evidence found in the literature led to one of the fundamental 

hypothesis of this thesis that motivates the work described in this chapter, 

this is, that impedance-based measurement may be able to monitor the 

physiological status of epithelial tissues using sensors embedded into the 

tissue. Thus, in this chapter, a flexible ink-jetted impedance device is able 

to detect in real-time cellular behaviors relevant to laboratory-growth 

skin cultures.

From the instrumentation point of view, the impedance is meas-

ured conventionally using a sensor to acquire the signal and either a lock-

in amplifier (whether the measuring is acquired at a specific frequency) or 

an impedance analyzer (whether the impedance is measured across many 

frequencies) connected to a computer to collect and process the data. 

The acquired signal is further processed through an equivalent circuit 

model to simulate the physical processes behind. Three typical imped-

ance-based techniques are derived using such technical instrumentation 

named Cell-substrate impedance sensing (ECIS), Impedance flow cytome-

try (IFC), and Electric impedance spectroscopy (EIS).

In ECIS, cells are adhered to the electrode-based substrate blocking 

the current flow and therefore increasing the impedance measured across 

the electrodes.271 Electrodes in ECIS are often monopolar electrodes in 

which a small electrode is used as the working electrode (with few cells 

contributing to the measured impedance) and a larger electrode as the 

counter electrode.272 In the IFC, cells pass through a flow system changing 

the impedance measured from the electrodes placed alongside the (micro)

fluidic channel.273 Finally, EIS is perhaps the most widely used technique 

for cell/tissue characterization. In EIS, cells can be in suspension or ad-

hered to the electrodes, and two electrodes or interdigitated structures 
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are typically used to perform the impedance measurement.274,275 These 

impedance-based techniques can be used independently or combined due 

to their similar principle of operation. A summary of the characteristics of 

the impedance-based techniques in vitro is summarized in Table 3. Elec-

trical Impedance Spectroscopy using flexible inkjet-printed sensors was 

the measurement technique employed in the framework of this thesis.

Table 3. Three methods used for cell impedance-based measurements.

Technique Frequency Range Long-term monitoring

ECIS ~ 100Hz-100kHz

(single frequency or sweeping)

Available

IFC ~100 Hz-10 MHz

(single or several frequency points)

Not available

EIS ~10-1Hz-1MHz

(single frequency or sweeping)

Available

4.2.1. Theoretical models and impedance representation

The measured impedance can be evaluated considering theoretical 

models that describe the studied system. For impedance-based methods 

these theoretical models can be mathematical equations and/or equivalent 

circuits that electrically behave like the physical or chemical systems to be 

modeled. Because tissues and cells are indeed complex systems it is not 

straightforward to obtain an electrical model that mimics them accurately. 

This difficulty is twofold. On one hand, the realism of the systems is of-

ten impossible to reproduce with ordinary, physically attainable, electrical 
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components such as resistors and capacitors. On the other hand, there is 

no univocal solution that can fit and/or describe the experimental phenom-

enon, with several possible circuits that can describe the electrical behavior 

equally well.250 Therefore, it is acceptable that there is not a “correct” model 

but it should represent selected properties of the reality that is mimicking. 

This entailment suggests in turn that the selected model often requires 

some knowledge a priori about the system under study.

Cells adhered to the electrodes have been modeled as capacitors,276 

a combination of resistors and capacitors,277 or as constant phase ele-

ments (CPE).278 As it has been said, the model chose depends on the ac-

tual interpretation of the data and it is often dictated by the measuring 

method or setup used. In this thesis, adhered cells to the electrodes have 

been modeled as CPE components.

Graphical representation of the impedance spectrum can be plotted 

using either a Bode plot or a Complex plane plot (Figure 33). In the Bode 

plot magnitude of the impedance and phase angle are plotted versus 

frequency. In the Complex plot, commonly known as the Nyquist plot, the 

real part of the impedance is plotted versus the imaginary part resulting 

in a diagram in which each point represents the impedance magnitude 

at one frequency. Thus, in the Nyquist diagram, the data is represented 

as a vector whose module coincides with that of the modulus of the 

impedance and the angle between the vector and the X-axis (i.e., Z real) 

coincides with the phase angle (see Figure 33a). Both of those graphical 

representations can be employed to monitor the changes of the imped-

ances over frequencies obtained in an electrochemical cell or electronic 

device. In this thesis impedance has been mostly represented using the 

Nyquist diagram.
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Figure 33. Two graphical representation of the impedance spectrum of an RC electrical circuit. 
a) In the Complex plane plot, also called Argand diagram or much more common Nyquist plot, 
the imaginary part of the impedance is represented versus the real part. b) In the Bode plot the 
magnitude (log |Z|) and phase (u) are represented versus de frequency. Note: a) and b) adapted 
from M. Sluyters-Rehbach, 1994.

4.3. FUNDAMENTAL  

CONCEPTS OF IMPEDIMETRIC 

BIOSENSORS BASED ON COPLANAR 

INTERDIGITATED ELECTRODES

Generally speaking a biosensor is an analytical device 

integrating a biological sensing element.279 Based on 

the transducing principle employed biosensors may be 

classified as optical, mechanical, electromagnetic, or electrical. Electrical 

biosensors rely on the measurements of voltages and/or currents and can 

be further subdivided depending on how this electrical measurement is 

made. (In other words, electrical biosensors can be classified according 
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to the origin of the detected signal, this is, a current, a potential or an 

impedance.) Amperometry-based sensors monitor the variations in the 

current resulting from the redox reactions of the electroactive species; 

potentiometric devices involve the measurement of the electrical potential 

difference to a reference electrode. In the first case the resulting current 

correlates with the concentration of the electroactive species; in the 

second case the potential difference (voltage) depends on the chemical 

activity (e.g., concentration) of the ions in the sample. These approaches 

are considered as DC or pseudo-DC analysis. In contrast, the working 

principle of impedimetric biosensors is based on comparing the electrical 

impedance (response) of an interface (system) in the quasi-linear steady-

state applying a small sinusoidal voltage (excitation) at a given frequency 

and measuring the resulting current.280,281 In this thesis the exploited 

sensing mechanism has been impedimetric.

Based on the biorecognition elements (i.e. targeted receptor) bi-

osensors can be also classified as enzymatic, antibody-based, or whole 

cell-based biosensors.282 Artificial recognition elements such as molecularly 

printed polymers, aptamers, or antibodies have been also employed as a 

recognition element. In whole cell-based biosensors different activities such 

as inhibition growth, metabolic activity, or cell viability may be analyzed. 

The main disadvantages of using cell-based impedimetric biosensors are 

related to the immobilization of cells on the surfaces of the sensors and the 

difficulty to ensure selectivity.282 However, they are extensively used due to 

their low-cost production and broad fields of applications. In this thesis the 

exploited biorecognition element has been whole cells.

Traditionally, macro-size electrodes (rods or wires) have been 

used for whole cell-based biosensors as the impedimetric transducer. 
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To miniaturize the size of the electrodes and enhance the sensitivity, 

microelectrodes have been adopted in combination with the tradition-

al acquisition instrumentation. Among the different microelectrodes 

reported in the literature, a well-established method consists of the 

formation of the counter and working electrodes with the appearance 

of interlaced fingers, forming the so-called interdigitated electrodes 

(IDE). Among the advantages of using IDEs for impedance spectroscopy 

are the absence of an additional reference electrode to perform the 

measurements, the easy-miniaturization of the sensors, and the pos-

sibility of label-free (direct) detection being the sensing area directly 

on the surface of the sensor. For these mentioned reasons, in this 

thesis the structure chosen for the electrodes has been interdigitated 

electrodes.

Compared to parallel plate capacitors (Figure 34a) where the electric 

field is confined exclusively in the dielectric material located between the 

conductive plates, in IDE capacitors the lines of the electric field spread 

above the plane of the electrodes and within the underneath layer. The 

bottom layer of the electrodes is referred to as the substrate of the device 

since it also provides mechanical support. In applications such as gas 

sensors, the electric field interacting with the substrate could be critical 

for the sensing behavior. However, in applications where the substrate 

has a lower permittivity and lower electrical conductivity compared with 

the material under test (e.g., culture medium, cells), the interaction be-

tween the electric field and the substrate can be neglected.283 The most 

often geometry of the interdigitated electrodes is depicted in Figure 34b. 

The parameters used to describe these structures are the number of 

fingers (n), the length of the digits (L), the width (W), and the spacing 

between electrodes (S).
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Figure 34. Interdigitated electrodes. a) Penetration of the electric field in a parallel plate capacitor 
and interdigitated capacitors. b) Structure of interdigitated electrodes most often used, and the 
parameters used to describe the geometry: the number of fingers (n), the length of the digits (L), 
the width (W), and the spacing between electrodes (S).

Having introduced the sensing mechanism (impedimetric), the bi-

orecognition element (whole cells), and the structure of the electrodes 

(interdigitated electrodes) chosen in this thesis, the conceptual sensing 

mechanism of the sensors integrated into the cell cultures is shown in 

Figure 35. Upon the presence of anchor-dependent cells, the field lines 

in the plane above the interdigitated electrodes are disrupted, leading to 

changes that can be detected in the impedance measured between the 

negative and positive terminal of the device.
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Figure 35. Sensing mechanism of interdigitated sensors based on the impedimetric transducer. 
Upon the presence of cells, the electric field in the plane above the interdigitated electrodes is 
disrupted leading to electrical changes that can be detected in the impedance measured between 
the negative and positive terminal of the device.

Using conformal mapping and partial capacitance methods, some stud-

ies have modeled the capacitance of the IDE sensors and have provided a 

mathematical framework for the effect of multiple layers deposited on the 

surfaces of the electrodes.284 However, extensive simplification of the real ef-

fects needs to be applied and, in many cases, the thickness of the electrodes 

is not considered. Based on this conformal mapping the penetration depth 

(d) of the electric field into the material under test has been approximated to 

d=(W+S)/p,285 which is almost the distance between the centers of two elec-

trodes. However, modeling has also revealed that 80 % of the current is mostly 

distributed close to the surface of the electrodes, far less than the value of d.286 

Thus, miniaturization of the electrodes allows increasing the sensitivity which 

has been attainable in many applications by photolithography-based fabrica-

tion. In printing processes like inkjet printing increasing the nominal value per 

surface area of the IDEs (i.e., reducing the finger pitch distance) is challenging 

due to the resolution achievable by the additive fabrication methods (e.g., a 

critical linewidth between 30-100 µm for inkjet printing).192 

Some strategies have increased the sensitivity of inkjet-printed IDE 

sensors. For example, Rivadeneyra et al. have proposed a novel structure 
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combining interdigitated and meandering electrodes to obtain an improved 

geometrical capacitance factor compared to the conventional interdigitated 

capacitor (Figure 36a).287 However, in this structure one damaged finger 

makes the sensor useless while in the traditional IDEs structures it only 

leads to lower sensor performance. Other interesting approaches to im-

prove the resolution of inkjet-printed IDE structures have been proposed 

by Molina-López et al. (see Figure 36b). The authors used a sandwiched 

non-conductive layer of parylene C deposited by metal vapor deposition 

between two conductive combs printed by inkjet printing allowing a reduc-

tion in the gap of the printed electrodes with no short-circuit the printed 

lines.288 This strategy, unfortunately, suffers from an additional clean-room 

step. Nevertheless, optimization should always be tailored to the targeted 

application. In this sense, it will prevail a trade-off between the materials 

used, the scale of the sensors, and the fabrication method. The detailed 

considerations for the fabrication of the sensors proposed in this thesis are 

discussed in the following section.

Figure 36. Novel approaches to improve printing resolutions for inkjet-printed interdigitated 
electrodes. a) Exploring new geometrical structures in inkjet-printed capacitors to achieve higher 
capacitances per area. b) Using a sandwiched non-conductive layer of parylene C deposited by 
metal vapor deposition between two conductive combs printed by inkjet printing allowed to reduce 
the gap of the printed electrodes with no short-circuit the printed lines. Note: images modified 
from a) Rivadeneyra et. al., 2014 and b) Molina-López et al., 2013.
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4.4. DESIGN AND FABRICATION OF 

THE INKJET-PRINTED SENSORS FOR 

CELLULAR STUDIES

In the work presented in this chapter inkjet printing technology 

was adopted as the manufacturing method due to its contactless 

and mask-less nature and its compatibility with current 3D 

bioprinting techniques (a major motivation for this work). Dimensions of 

the IDEs were carefully designed to be compatible with the dimensions 

of the commercial dishes used for cell cultures (see Chapter III, section 

3.5). As discussed previously in section 4.3, the structure chosen for the 

IDEs is the most popular structure for interdigitated sensors described 

in the literature, albeit most of the reported IDEs in the literature have 

been fabricated by standard microfabrication methods resulting in devices 

that are stiff and non-compliant. However, one drawback of using this IDE 

structure fabricated with printed methods relies on its high capacitance 

factor which directly affects the sensitivity of the sensor. This is due to 

the maximum resolution achievable by additive methods compared to 

standard lithography methods. To improve the geometrical capacitance 

factor novels structures for ink-jetted sensors have been presented,287,288 

as we already discussed in 4.3, yet they were considered not optimum for 

our case of sensing epithelial cell cultures. The reason behind this decision 

is that the complexity of those optimized structures and the multiple steps 

required in their fabrication make reliable patterns possible only for sensors 

with very reduced dimensions. Miniaturization in the size of the sensors 

implies a smaller area to interrogate the cultured cells, and the smaller 

the cultured area, the lower the number of cells available to be analyzed. 

Much concern during any engineering optimization should be devoted to 
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these application-oriented issues. For example, current dimensions of 3D 

organotypic skin cultures are in the order of centimeters and scaling the 

bio-protocol to a reduced area can be challenging as well as unsuitable. 

As a first approach for the target application of this thesis the problems 

associated with the use of flexible sensors with very reduced size would 

outweigh the potential advantages. Thus, materials, dimensions, and the 

structure for the sensors presented in this thesis were selected to render 

the printing process less demanding and more reliable. Nevertheless, and 

as it shall be discussed in section 4.8, efforts in exploring new materials 

and compact devices would eventually present several advantages in terms 

of cost, electrical performance, and local sensing, among others.

Another critical aspect of bioelectronics is that the materials used 

to fabricate the devices must be completely biocompatible. In the case of 

implantable bioelectronic devices the interaction of the materials with 

the living, biological, tissues must also be thoroughly characterized to 

avoid releasing harmful chemicals over time into the body. In this re-

gard, printed-electronic devices deserve special consideration. First, solu-

tion-processed materials presuppose different toxic risks compared to 

their bulk counterparts because nanosized materials might permeate bio-

logical structures. Second, temperature-based processing could lead to an 

incomplete conversion from the precursors to the target final materials, 

resulting in intermediate chemicals and/or residuals that may change the 

material’s properties to which the tissue is exposed. For example, while it 

has been shown that bulk silver reacts chemically to the body fluids and 

therefore its use has been questioned,289 the toxicity of silver nanoparti-

cles (AgNP) has been shown to be highly time and concentration-depend-

ent.290–292 Furthermore, a recent study has shown the feasibility of de-

posit bio- and electronic materials in one single, additive plataform293,294 
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benefiting from the unique property of AgNP to undergo a spontaneous 

coalescence process (sintering) at room temperature in presence of chlo-

ride ions.202,295 In any case, given the complex nature of the human body’s 

response to foreign materials, testing individual materials is insufficient 

to demonstrate the biocompatibility of an implanted electronic device296 

and therefore medical devices are evaluated using a series of standards 

(ISO 109993).

In this framework the first (conservative) approach we followed for 

the fabrication of the sensors involved the use of of inks with silver na-

noparticles for the conductive electrodes and included a passivation layer 

using a SU-8 dielectric ink stacked the printed structure on a substrate 

of flexible polyethylene polymer (PET). Thus the (SU-8) passivation layer 

was the material in direct contact with the cell culture. SU-8 has been 

demonstrated to be biocompatible297 and recently it has been used in 

inkjet-printed microelectrode arrays for electrophysiology-based meas-

urement of neural cultures.201

For the fabrication of the sensors different waveforms were devel-

oped to drop-eject each ink formulation in the inkjet printheads. When 

multiple nozzles were activated, much care was needed to obtain similar 

speed and, therefore, the height of droplets in the direction perpendicu-

lar to the plate (Figure 37). This uniformity was achieved by varying the 

jetting voltage when it was needed.
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Figure 37. Drop watcher image of ejected droplets from the inkjet printhead.

An important aspect of solution-based electronics relies on the adhe-

sion of the ink to the substrate once it dries. When the substrate is flexible, 

or the ink composition is deposited on top of a different ink formulation this 

aspect is especially critical since extra interfacial stresses and different surface 

energies can be generated. To evaluate the adhesion between the AgNP-based 

ink and the SU8 ink for the passivation of the conductive lines multiple num-

bers of layers using SU8 ink were tested: one (1L), two (2L) and three (3L) lay-

ers. An electrode of 1 mm ×11 mm was deposited using AgNP-based ink on a 

PET substrate and a SU-8 pattern was printed on top as depicted in Figure 38. 

This structure allowed us to study the use of different layers of SU-8 over an 

electrode. The printed structure was observed by a microscope and character-

ized with a profilometer. In the lower part of Figure 38 is shown an example of 

the printed test structures. After the printing of the first layer (1L) of the SU-8 

on top of the conductive electrode we can observe how the non-conductive 

ink spreads non-uniformly on the AgNP layer and no passivation is achieved. 

The surface energy of the SU-8 has been determined to have a low polar part 

which could explain this difficult wetting of the ink on the AgNP-based layer. 
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The 2L was observed to almost completely covered the AgNP layer by micro-

scope but discontinuities were detected by the profilometer in which SU-8 was 

observed to split up in isolated droplets. To solve this problem, and to improve 

the wettability control between the two layers of SU-8, the surface was treat-

ed with oxygen plasma to smooth the first printed layer of SU-8 by slightly 

etching it. However, it was observed that this oxygen plasma treatment tended 

to oxidize the exposed areas of the silver electrodes. After several tests, we 

observed that well-defined passivation could be obtained with a third layer 

(3L), resulting in the final number of layers selected for the passivation (Figure 

38C) without the necessity of any surface treatment.

Figure 38. Study of the adhesion between consecutive layers of the SU-8 to passivate the silver-
nanoparticle electrode. An electrode of 1mm×11 mm was printed on a PET substrate and a SU-8 
pattern was patterned on top in a sequence of 1L, 2L and 3L displacing the origin of the printhead 
1 mm in the X-axis. Different interfaces (AgNP-substrate; AgNP-1LxSU8; 1LxSU8-2LxSU8; 2xSU8-
3xSU8) were observed under microscope and using a profilometer. Oxygen plasma treatment was 
used after printing 1LxSU-8 to improve the wettability between two consecutive layers of SU-8 
but it was observed that the exposed AgNP-based electrodes were oxidized after several days. 
Well-defined passivation could be obtained with 3L of SU8, resulting in the final number of layers 
selected for the passivation.
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Using the optimized printing parameters and the fabrication strat-

egies described above, several IDEs sensors were successfully manufac-

tured on flexible PET foil using silver-nanoparticles and passivation on 

top. Figure 39 depicts the printed, flexible, sensors obtained.

Figure 39. Optical pictures of the flexible interdigitated electrodes of silver-nanoparticles with a 
passivation of the SU8 on flexible PET foil manufactured by inkjet printing.



140

Design, Characterization and Validation of Integrated Bioelectronics for Cellular Studies:  
From Inkjet-Printed Sensors to Organic Actuators

4.5. DESCRIPTION OF THE  

MEASUREMENT SYSTEM 

The experimental system used for the sensor 

characterization and the different cellular studies 

consists of the designed inkjet-printed sensors described 

above, a commercial impedance analyzer to perform the impedance 

spectroscopy measurement of the inkjet-printed based device with 

the cell cultures, and a microscope with an integrated camera. The 

microscope is integrated with a bioreactor which allows physiological 

and stable conditions of 5% CO2 and 37 ºC to perform prolonged time-

lapse/impedance experiments using cell cultures. A detailed description 

of the fabrication of both the flexible inkjet-printed sensors and the 

custom cell culture unit is given in Chapter III (Materials and Methods), 

section 3.5. The assembly process of the IDEs-based devices to perform 

impedance spectroscopy measurements of cultured cells is illustrated in 

Figure 40a while the experimental system to accomplish the real-time 

monitoring of 2D epithelial cell cultures in Figure 40b.
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Figure 40. a) Assembly and packaging of the IDEs-based devices to perform impedance 
spectroscopy measurements of cultured cells. Inkjet-printed sensors were custom packaged and 
bonded as a substrate for cell cultures on Petri dishes. b) Representation of the experimental 
system. The system consists of the IDEs-based chamber, an impedance analyzer, a microscope 
with an integrated bioreactor, and a PC to acquire images and the impedance signals in real-time.
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4.6. CHARACTERIZATION OF THE INKJET-

PRINTED SENSORS

In this section we present the characterization of the inkjet-

printed sensors described in the previous section, first, to 

evaluate the quality of the manufacturing in terms of their 

morphological and electrical performance (section 4.6.1) and, second, to 

study any potential toxic effects associated with both the sensors and the 

custom IDEs-based unit to culture cells (section 4.6.2).

4.6.1. Sensors morphological and electrical 

characterization

As described before, the sensors were manufacturing by inkjet 

printing with a silver nanoparticles-based ink as a conductive element 

and a SU-8 ink as the passivation layer over a flexible polyethylene 

polymer (PET) substrate. The sensors consisted of several planar inter-

digitated electrodes (IDEs) and a passivation on top. For the morpho-

logical characterization of the printed sensors images of them using an 

optical microscope and SEM as well as the morphological profile using 

a profilometer were obtained. Results from this characterization show 

that the width of the fingers of the interdigitated sensors resulted in 

an average electrode size of 300 µm±0.1µm (n =66) and the satellite 

drops observed had an average diameter of 20 µm±15µm (Figure 41a 

and Figure 42a).
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As introduced in Chapter II, the selected parameters in the ink-

jet-printing process strongly determine the features of the manufactured 

structures. To print the conductive lines, a drop spacing (DS) of 15 µm was 

adjusted which resulted in a thickness of approximately 600 nm (Figure 

41b). To print the SU-8 ink, a DS of 20 µm generated a thickness of about 

1 µm for one single layer. As the passivation was comprised of a total of 

three-layer of such SU-8 ink the total thickness resulted in about 3 µm 

(Figure 41c). The difference of ~400 nm between the thickness of a single 

conductive layer (600 nm) and a single non-conductive layer (~1 µm) may 

be explained with the variations in the amount of solvent and composition 

for each ink formulation.

Regarding the adherence of the cells to the designed devices, it 

has been shown that 3D topographies compared to 2D planar topogra-

phies improve cell adherence in bioelectronics which can be explained by 

a phenomenon named contact guidance.298,299 Tight adherences between 

the tissue and/or cells and electronics is highly desirable to record signals 

with a high signal to noise ratio. Thus, the obtained topographic feature 

that shows the appearance of microgrooves and ridges with dimensions 

of 300 µm and a total depth of approximately 4 µm can be considered 

advantageous a priori to promote adhesions of the epithelial cell cultures 

(see section 4.6.2, Figure 45). 
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Figure 41. Morphological characterization of the manufactured inkjet-printed interdigitated 
electrodes with a passivation on top using optical microscopy and an optical profilometer. a) 
Optical micrography of the inkjet-printed sensors (scale bar 100 µm). b) Surface profilometry of 
two continuous inkjet-printed electrodes revealing a thickness of a 0.6 µm for bare Ag electrodes. 
c) Morphological profile of two continuous fingers in the interdigitated electrodes passivated with 
three layers of SU8 revealing a thickness of 4 µm. 

On the other hand, as discussed in Chapter II, one of the main 

concerns when using flexible substrates for electronic devices comes 

from possible delamination. Therefore, printed sensors were charac-

terized using SEM (Figure 42) to evaluate potential delamination of the 

conductive printed lines from the PET substrate as well as the upper 

passivation and the silver electrodes. A top view of an SEM image of two 

consecutive fingers of IDEs onto the PET substrate is depicted in Figure 
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42a. The silver electrodes are continuous, crack-free, and homogenous 

which ensure conductivity. Inkjet-printed silver lines are smoothly and 

perfectly attached to the PET substrate without any visual delamination. 

Rather the opposite, the conductive electrodes appeared as a second 

layer on top of the substrate and the non-conductive layers cannot be 

distinguished.

Figure 42. Morphological characterization of the interdigitated electrodes manufactured by inkjet 
printing using Scanning Electron Microscopy. a) SEM micrography of the inkjet-printed sensor surface 
in a top view (scale bar 200 µm). b) Transversal view of the inkjet-printed sensors (scale bar 50 µm) 
revealing a thickness of 38 µm in the printed layers on top of the substrate. c) and d) Effect of UV 
curing on the outermost layer of the SU-8 showed an increase in the smoothness of the outmost 
layer. UV treated samples showed a smoother surface (d) compared with non-treated samples (c). 
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To better study the interface between such three materials (sub-

strate-conductor-insulator) a cross-section of the sensors was observed 

by SEM (Figure 42b). As observed in Figure 42a,b, only the PET substrate 

and the multiple layers on top can be observed as the silver lines together 

with the isolation created a compact and uniform stock. The interface 

between the three materials appeared continuous with a tight adhesion 

thus indicating that the printed materials adhere well both to the sub-

strate and to each other.

Furthermore, since the outmost layer of the passivation layer will 

be directly in contact with the cells, the effect of UV curing the SU-8 ink 

before cell seeding was studied by SEM. Surfaces of the SU-8 ink cured 

with UV are smother compared with non-cured surfaces (Figure 42c,d). 

This effect could be explained by the fact that UV light polymerizes SU-8 

ink formulation by cross-linking. However, smooth surfaces may hinder 

cell adhesions (as mentioned above) and, in any case, before seeding 

cells the sensors would be functionalized with an extracellular component 

(i.e., collagen). Therefore, IDEs-based sensors used for all the cell culture 

experiments were not treated with this ultimate UV curing, which also 

reduces the pre-treatment steps.

To characterize the electrical properties of the inkjet-printed sen-

sors, electrical impedance spectroscopy was used (Figure 43). The imped-

ance of the electrodes was acquired in a range of 100 Hz-100 kHz, which 

comprises the relevant bandwidth in impedance-based cellular measure-

ment300 and under identical conditions for culturing the cells (i.e., culture 

medium, 37 ºC, 5 % CO2). (see Chapter III, section 3.5.4)
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Figure 43. Electrical characterization of the inkjet-printed sensors by impedance spectroscopy. 
Sensors were characterized before (pristine) and after being functionalized with collagen, and after 
performing in vitro cultures of HaCaT cells. The measurements were performed at 37 ºC, 5 % CO2, 
and 2 mL of culture medium. The left plot shows the magnitude of the impedance (a) and the plot 
on the right shows the phase angle (b).

From the impedance curves, two electrical behaviors are distinguished 

depending on frequency. First, a capacitive-like behavior around lower fre-

quencies until 5 kHz (phase angle = –70º at 100 Hz) and second, a resis-

tive-like response (phase angle near to 0º) at higher frequencies. The ca-

pacitive behavior that covers most of the frequency spectrum comes from 

the double-layer capacitance at the electrode interface. This double layer is 

caused by the concentration of ions/molecules from the culture medium into 

the surface of the electrode when an electric field is presented. The resistive 

tendency at high frequencies (>20 kHz) represents the solution resistance 

(i.e., culture medium). As shown in Figure 43, the impedance at 100 Hz ex-

hibited an average value of 120 Ω (n = 3, s = 10 Ω) for pristine devices (i.e., 

before collagen functionalization and cell seeding). After functionalizing the 

sensors with collagen, the average impedance did not significantly change, 

but the phase angle varied an average of 5º at 100 Hz. This behavior could 

be explained by the fact that this collagen coating varied the permittivity in 
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the surface of the sensors, which slightly alter the capacitive response. The 

electrical stability of the sensors after being in contact with cell cultures was 

also tested by EIS. The impedance of the sensors after 3 days in vitro (3 DIV) 

with cell cultures and after following a cleaning process exhibited a small 

variation in the values of magnitude and phase for frequencies above 500 

Hz-1 kHz. In particular, the impedance magnitude varied 10 Ω (s =0.65 Ω, 

n =3) at 1 kHz while the phase angle varied ~15º (s=7º, n =3). This electrical 

characterization demonstrated the feasible performance of the sensor for in 

vitro monitoring of cell cultures as will be evidenced later in section 4.7.

4.6.2. Cytocompatibility charaterization of the printed 

sensors

To study the toxicity effects on the cell cultures after 3 days in vitro 

a Live/Dead viability assay was performed. The protocol of the experiment 

was explained in Chapter III, section 3.2.3.

Results from the fluorescence images in the Live/Dead protocol 

are depicted in Figure 44a. The graph represents the percentage of 

living cells and dead cells in two independent experiments. Figure 44b 

shows the simultaneous detection of the live and dead cells: green-

stained cells represent live cells while red fluorescence represents the 

nucleus of the population of dead cells. After processing the images, we 

assessed that the number of living cells was much higher than that of 

dead cells: an average of 96 % of the total cell population was identified 

as living cells and only 3 % as dead cells. The total number of images 

processed was n = 60 and the statistical analysis resulted in a p <0.005.
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Figure 44. Cytocompatibility characterization of the inkjet-printed sensors and the sensor-based 
unit to perform the impedance spectroscopy. a) Live/Dead assay on the HaCaT cell line after 
3 days of culture. Distribution of live and dead cells of a total of 60 images of areas around 
different electrode sites on the IDEs. The error bars represent the observed standard deviations. b) 
Fluorescence image of the surface of two consecutive fingers of the electrodes (scale bar 100µm). 
Living cells can be seen in green while red spots identify dead cells. Due to the non-transparency 
of the conductive lines (AgNP), stained cells can be observed only on the gaps between the 
interdigitated electrodes as the sample was illuminated from below.

The non-transparency of the silver lines and the fact that samples 

were illuminated from below made observation of the stained cells only 

possible on the gaps between the IDEs structures (see Figure 44b). To verify 

that cells were also spread over the area of the electrodes (dark zone in the 

Live/Dead staining images, Figure 44b) the experiments were replicated to 

perform an observation by SEM. A top view of the electrode area covered 

with a confluent cell monolayer by SEM is depicted in Figure 45. Two areas 

of the image at the left are shown enlarged at the right, showing a tight 

adherence between cell-cell and cell-substrate over the surface of sensors 

in general and on the opaque electrodes. Thereby, we confirmed our pre-

vious hypothesis that when cells were observed by fluorescent staining in 
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the gaps of the IDE-fingers, the ones on the electrodes were not seen due 

to electrode opacity. Besides this, the tight adhesions observed between 

the electronics and the cells reduce the parasitic contributions from the 

lack of stability in such interfaces which is essential for good and stable 

impedance measurement.

Figure 45. Cytocompatibility characterization using SEM. (Top left) An SEM top view of the inkjet-
printed sensors covered by a confluent monolayer of HaCaT cells (scale bar 1mm). (Top right) A 
zoom-in on the electrodes confirmed that when stained cells are observed using the Live/Dead 
assay on the gaps they were also present over the opaque electrodes (scale bar 100 µm). (Bottom) 
The image (scale bar 20 µm) demonstrates the adherence of the cells to the surface of the sensors.
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The results presented in this section from both the Live/Dead assay 

and SEM images demonstrated the cytocompatibility of the inkjet-print-

ed sensors and the IDEs-based devices for cell cultures. In addition, this 

characterization confirmed that the culture of HaCaT cells is feasible for 

extensive periods of time and thus the system can be used for long-term 

monitoring of impedance spectroscopy since the sensors allow for both 

attachment and survival of the cells.

4.7. DEMONSTRATION OF THE USE  

OF THE DEVELOPED INKJET-PRINTED 

SENSORS FOR NON-INVASIVELY 

MONITORING OF CELL CULTURES

In this section we describe the integration of the inkjet-printed 

sensors in 2D cell cultures of a human epidermal cell line and 

the use of the proposed sensors in the study of biological 

processes of interest for laboratory-grown skin substitutes, which also 

provides evidence of the proper operation of the sensors under long-term 

exposition to cell cultures.

As described in Chapter I, the skin is composed of three structural 

layers: the deeper hypodermis, a thicker dermis, and the superficial ep-

idermis. The epidermis is mainly composed of keratinocytes assembled 

in many layers which ultimately end up in the stratum corneum. The 

outermost cell layer of the stratum corneum shed from the surface in a 

natural cycle over 28 days.87 When the skin is injured complex processes 
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are immediately activated until the skin is healed. In this wound healing 

process migration and proliferation of keratinocytes play a key role.301 

With this in mind we describe in this section the use of the developed 

sensors in highly relevant skin-related processes as are cell prolifera-

tion (section 4.7.1), cell-sensor adhesions (section 4.7.2), and migration 

(section 4.7.3). To that aim, a monolayer of a cell line of keratinocytes 

(HaCaT cells) was cultured on top of the fabricated IDE sensors, and 

cell-sensor interactions were monitored using electrochemical imped-

ance spectroscopy (EIS) in a frequency range of 100Hz-1MHz which 

comprises the region of β biological dispersion.300,302 In this β dispersion 

region the extracellular resistance and membrane capacitance can be 

considered as the primary contributor to the impedance.253

4.7.1. Validation of the developed sensors for cellular 

studies: Impedimetric sensing of cell proliferation

The complex, frequency-dependent, impedance was measured and 

expressed using the dimensionless parameter cell index238 (as described 

in Chapter III, section 3.5.4) which represents the temporal variation of 

the normalized impedance measured by the sensors due to the presence 

of cells. To begin this study the interdependence of the initial cell density 

and the cell index values obtained with the impedance measurement was 

investigated by seeding different initial HaCaT-GFP densities. The initial 

cell densities seeded were 12 000 cells/cm2; 35 000 cells/cm2, 75 000 

cells/cm2 and 130 000 cells/cm2. The measured impedance with different 

initial cell densities was continuously monitored over 96 h. 
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Figure 46a depicts a micrography of the samples with different 

initial cell densities seeded at time 5 h. At this temporal point the im-

pedance was measured and significant differences were detected between 

the cell index calculated at 100 Hz as shown in Figure 46b. The temporal 

variations of the cell index values caused by the adhesion and cell prolif-

eration during 96 h were also monitored as depicted in Figure 46b. The 

representative cell index curve shown in Figure 466b was obtained at 100 

Hz, however, a similar tendency was identified for the whole frequency 

range in which the impedance was measured. In other words, there was 

not a particular frequency in which changes in the impedance magnitude 

caused by the cells were identified as more sensitive.

After seeding, subsequent cell adhesion and proliferation induced 

a change in the cell index value measured. As we can see in this Figure 

46, such index evolved differently for the four densities initially seeded. 

Changes in the cell index values for the sample with the lowest initial 

cell density (12 000 cells/cm2) remained almost inappreciable over the 

experimental period. On the other hand, samples with higher initially 

cell density (35 000 cell/cm2, 75 000 cells/cm2, and 130 000 cell/cm2) 

showed a clear increment in the cell index not only within the first hours 

but also continued constantly increasing during the experimental period. 

This increment was established as an indicator of the proliferation of the 

cultured cells with the assistance of microscopy observation. 
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Figure 46. Monitoring of cell proliferation through the temporal variation of the impedance. a) 
Micrography of the samples with different initial cell densities of 12 000 cells/cm2; 35 000 cells/cm2, 
75 000 cells/cm2 and 130 000 cells/cm2 on collagen-coated IDE-based devices. The green-fluorescent 
HaCaT-GFP cells were observed only over the gaps of the interdigitated electrodes since the opacity 
of the conductive electrodes makes it unable to observe the samples over the complete surface of the 
sensors. b) Monitoring of the cell index values versus time in hours associated with HaCaT-GFP cell 
adhesion and proliferation over 96 h. Differences in the cell index value were obtained for different 
initial cell densities. For an initial density of 75 000 cells/cm2 the maximum in the cell index value 
is attained at 72 h which suggests that the cell culture reached confluence. At low initial cell density 
(12 000 cells/cm2) changes in the impedance are almost inappreciable over the experimental period. 
The maximum value in the cell index for each sample is obtained at different time points, which was 
associated with differences in the time for cultures initially seeded with different densities to reach 
their confluence. In other words, the time to reach the maxim value in the cell index is inversely 
proportional to the cell density initially seeded.

The time at which the sample with the highest number of cells 

initially seeded (130 000 cells/cm2) reached the maximum cell index 

value (1.54 cell index units) was 60 h from seeding, while for those 

with 75 000 cells/cm2 was 72 h (1.5 cell index units) and for those 

with 35 000 cells/cm2 was 90 h (1.35 cell index units). This difference 

in the time when the maximum cell index is reached can be associat-

ed with the fact that different initial cell densities lead to a different 
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time for the culture to reach the plateau. In other words, the time re-

quired for a culture to reach its maximum value in the cell index (and 

therefore in its confluence) is inversely proportional to the cell density 

initially seeded. Likewise, the cell index is different in value for the dif-

ferent initial cell densities not only at the beginning of the experiment, 

but also as the experiment evolves. For example, the actual difference 

in the cell index value for the initial seeding of 130 000 cells/cm2 from 

time 5 h to 24 h was 0.274 units, while for the sample with an initial 

cell density of 75 000 cells/cm2 was 0.471 in an identical period of 

time. These variations in the actual differences of the cell index at dif-

ferent cell densities could be explained by the fact that the parameters 

influencing the measured signal (e.g., cell-substrate adhesion, cell-cell 

junctions, cellular activities) vary from one density to another.

As can be inferred from the results above, the presence of cells 

on the surface of the electrodes yields an increment of the impedance 

at the electrode-cell interface mostly due to the insulating properties of 

the cell membranes. However, if the number of cells is not enough to 

perturb the electric field on the sensor’s surface, small or no changes 

in the impedance can be observed as is the case of the initial seeding 

of 12 000 cell/cm2. In such situations the effect of the resistance of 

the culture medium prevails over the insulating effect of the cells, and 

the impedance measurement is not able to observe the small changes 

associated with cell proliferation (detection limit). Thus, for monitoring 

the proliferation of a population of cells using impedance the number 

of cells initially seeded should be first determined and characterized 

depending on the time of the experiment, the type of cells, and the area 

available for the cells to proliferate.
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To advance with this study, the interrelation between the density 

of cells initially seeded and the measured cell index was studied. Figure 

47 shows a linear correlation (R2=0.98) between the cell index and the 

density of the cells initially seeded on the electrodes using the cell index 

values at 5 h. The sensitivity of the sensors was then defined by the ratio 

of cell index and cell density, as S= Δ Cell index/Δ cell density from 

the slope of the lineal fit (Figure 47).

Figure 47. Cell index versus initial cell density at 5 h obtained using the samples initial seeded with 
35 000, 75 000 and 130 000 cells/cm2(error bar represents the standard deviation, n=3). Samples 
with initial cell densities of 12 000 cells/cm2 were not included since the value remained almost 
constant even after 69 h which was interpreted to be under the sensitivity limit of the device.

The sensitivity obtained for our sensors was S = 4.07×10-6  

cell index/cells∙cm-2. This linear relation allows considering that the val-

ue of the cell index depends linearly on the total number of adhered 
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cells initially seeded on the sensors. Recently, some works have reported 

that impedance of conductive electrodes mirrors the numbers of cells 

adhered on the electrodes’ surfaces with a linear correlation not only 

at the initial point but also as their experiment evolves.262,303 Based on 

this evidence in the literature, we infer that the linear trend estimation 

between the cell index and the cell density initially seeded obtained 

from our data at time 5 h can be associated with other periods of time, 

and therefore we consider that impedance-based techniques using our 

inkjet-printed sensors can be a feasible approach to determine cell con-

centrations.

To further analyze the correlation between the impedance measure-

ments and the electrical properties of the cell membrane, Triton X-100 (a 

non-ionic detergent) was added at the endpoint of the proliferation assay 

as described in Chapter III, section 3.2.8. As impedimetric biosensors can 

detect changes in the cellular cultures, the electrical signal may be in-

fluenced not only by the electrical properties of the cellular membranes 

(their insulating properties under an electrical field) but also by variations 

in the medium conductivity due to wastes from the metabolic cellular 

activity. The addition of this non-ionic detergent allowed us to test the 

hypothesis that the disruption of the membranes of the cells in contact 

with the surface of the sensors would result in changes in the electrical 

monitored signal.

Results of the values in the cell index (impedance) after adding 

0.1 % Triton X100 at the samples are depicted in Figure 48a. Cell index 

sharply decreased within the first ten minutes a total of 0.12 units. The 

effect of the detergent on cell membranes can be expected to insert 

themselves directly into the bi-lipid layer in the cellular membrane and 



158

Design, Characterization and Validation of Integrated Bioelectronics for Cellular Studies:  
From Inkjet-Printed Sensors to Organic Actuators

physically permeabilize it by a disrupting action of the polar head group 

on the hydrogen bonding present within the cell’s lipid bilayer. Thus, the 

addition of detergent leads to a destruction of the compactness and in-

tegrity of the lipid membrane and, eventually, an over-permeabilization 

of the structure (i.e., cellular membrane). It should be noted, however, 

that insertion of detergent monomer into the lipid membrane at low 

concentrations (e.g., 0.1 % as used in our work) and in short times (i.e., 

lower than 30 min) does not affect cell viability (i.e., cell as a complex 

system).304

Figure 48. Study of the influence of the electrical isolating properties of the cellular membranes 
on the impedance changes. a) Cell index values versus time in minutes during 25 minutes after 
adding Triton X100 at the endpoint of the proliferation assay (the moment when the cell index 
value measured was around 1.4 units in culture medium). Triton X100 is a non-ionic detergent 
that physically disrupts the cellular membranes of the culture. b) Micrography of one cell culture of 
HaCaT-GFP at 23 min after adding Triton X100 to 0.1 %. The changes in the impedance correlated 
with the disruption of the cellular membrane since the detergent did not detach the cells from the 
surface of the sensors. 
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To assess that the change in the impedance was indeed associated 

with the disruption of the cell membrane and not due to the detachment 

of the cells or cell destruction, the treated cultures were optically observed 

under the microscope after 20 min of detergent addition (Figure 48b). 

This image demonstrated the presence of cells attached to the electrodes 

and therefore the variation in the cell index (i.e., in the impedance) can be 

attributed to the destruction of cell membranes and thus its electrical insu-

lating function.252 An increase in the cell permeability (after adding Triton 

X-100 to 0.1 %) altered the dielectric properties of the cell membrane due 

to membrane solubilization producing, in turn, a lower impediment for the 

electric field compared with intact cells (before adding the detergent), which 

we associated to that decrease in the impedance. Likewise, non-intact cell 

membranes lead to an increase in the exchange of ions between the medi-

um and the cytoplasm which can cause a slight increment in the cell index 

value shown in the figure after the first 10 minutes. With this experiment it 

can be confirmed that the main contribution in the total measured imped-

ance using the inkjet-printed sensors comes from the electrical insulating 

properties of the cellular membrane.

4.7.2. Validation of the developed sensors for cellular 

studies: Detection of cell-sensor adhesions in epithelial 

cell culture using inkjet-printed sensors

In this section a second type of experiments relevant for engi-

neered-skin sensing applications, cell-sensor adhesions, are described. 

These experiments may be of relevance for applications where the interac-

tions taking place at the cell-sensor interface would be of vital importance 

such as in implantable bioelectronics and electroceutical applications.
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The cell-sensor adhesion experiments involved the seeding of a mon-

olayer of cells with high densities on collagen-coated sensors (80 % of 

confluence). Then the impedance was monitored continuously over 80 h 

and analyzed over the whole bandwidth, this is, from 100 Hz to 1 MHz. In 

this case, and instead of using the cell index value used before, the data 

were analyzed using Nyquist plots and the obtained (frequency dependent) 

impedance was fitted to an equivalent electrical circuit that mimics the 

electrical behavior of the experimental data. 

To obtain an equivalent circuit for the impedance we can focus 

either on faradic or non-faradic processes.305 In our case, the interactions 

between the sensors and the cells and, thus, the equivalent model, was 

analyzed using a non-faradic analysis in which the electrical current be-

tween the electrodes is modeled using the capacitive nature of the elec-

trodes. In this case changes in the electrical field (measured impedance) 

are associated to changes in the capacitance between the interdigitated 

electrodes of the sensors, this is, an interface impedance. The equivalent 

electrical circuit selected to model the cells-sensor interfaces (and the 

associated impedance) is presented in Figure 49a.
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Figure 49. Equivalent circuit model for the sensors and sensing process to study cell detachment. 
a) Equivalent electrical circuit to fit the experimental data resulting from a non-faradic analysis 
of the system cells/sensor. The effects of the different electrolytes were modeled using resistances, 
this is, Rc for the culture medium and Rs for the metabolic results. Cells’ electrical response was 
modeled using a CPE and the geometrical capacitance of the interdigitated sensors as a capacitor 
Cg. b) Schematic modeling of the physical interaction between the cell and the surface of the 
sensors. The current flows are associated with the capacitive behavior of the IDEs and must pass 
through the culture medium. When the cells cover the sensor the impedance increases.

Modeling cell-sensors interaction is challenging due to the nature 

of the biological components interacting. First, cell interiors contain a 

plethora of organelles with different electrical properties and the cell 

exterior is surrounded by the extracellular matrix (ECM). Second, when 

cells are cultured, they need to be inside a culture medium containing 

animal serum. Third, cell membrane comprises not only a lipidic bilay-

er but also ion channels that may be open or closed deepening on the 

cell behavior and therefore may increase conductivity. Finally, the cell’s 

adherence to the substrate is dependent on focal adhesions which are 

complex structures that can be viewed as conductive segments.259 All 
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these different contributions make that the best elements to model 

cells in a non-faradic approach are not capacitors but a constant phase 

element (CPE). A CPE is a reactive component in which the phase angle 

between the real and imaginary parts of the impedance is constant over 

frequency.

The physical interpretation of the equivalent circuit of Figure 49a 

is better understood using the schematic represented in Figure 49b. To 

model the capacitance between the two electrodes in a solution, a capac-

itor CG was used while the culture medium was modeled as a resistor RC. 

The total current must pass through the culture medium thereby RC is 

inserted as a series element. This total current, in turn, can be also seen 

as the sum of the contributions from the geometrical capacitance of the 

IDEs and the non-faradic process that take place in the interface of the 

electrodes due to the presence of cells. Therefore, CG is inserted in parallel 

with the interface impedance modeled by a CPE and a RS that accounts 

for the culture medium (resistance) around the electrodes as both a prod-

uct of the metabolic wastes of cells (alterations in the ionic environment) 

and the cell-substrate junctions (conductive segments).

Figure 50a shows the Nyquist plot of the acquired impedance in the 

cell-sensor adhesion experiments. As mentioned before, each point of the 

Nyquist plot represents the impedance measured at one frequency. The 

higher frequencies in the plot are located closer to the origin where the 

real part is smaller. The circuit model discussed above was fitted to the 

impedance spectra as is shown in Figure 50b.
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Figure 50. Nyquist plot to monitor cell-sensor adhesions over 80h. a) Real part and imaginary 
part of the impedance are plotted at each time point of the experiment. At time 15h the adherent 
cells (negatively charged) yield a surface impedance greater than the impedance at time 80h. b) 
Example of the fitting of the experimental data using the electrical circuit model proposed.

The plot could be divided into two main domains depending on fre-

quency: a semicircle at high frequencies and a straight line with a certain 

slope at low frequencies. Using our equivalent circuit model, the RS and CG 

in parallel are responsible for the semicircular behavior at higher frequen-

cies. This semicircle intercepts the real axis in two points: the intercept 

on the left-side gives the value of RC and the intercept on the right-side 

accounts for RS. As the resistivity RC models the culture medium the value 

is expected to be constant (small variations at most) since the preparations 

and amount added to the different samples were identical. A small devia-

tion, however, is observed along time of value ∆RC = -3.13 Ω which is ex-

plained by the fact that the media was not changed during the experiment 

and its ionic content varied slightly due to their consumption by cells.

The most important observation we can extract from this experiment 

is that the diameter of this semicircle reduces over time, being the most di-

rect explanation for changes in the cell-sensor adhesions taking place on the 
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surface of the sensors. When cells reach a confluence density the phenom-

enon known as contact inhibition may lead cells to contract.306 This reaction 

manifested in high population density may produce cells to round up causing 

a loss in their grip on the substratum. In our model this phenomenon may 

be interpreted that cell-substrate interactions become weaker, leading to a 

lower value in the interface impedance of RS-CPE. Another plausible expla-

nation may be supported by the observation made by Curtis and Varde when 

outgrowing sheets of fibroblast on substrates with different topologies. They 

observed cell suspensions free from the substrate (i.e., detachment) in high 

population density, discussing their results with reference to the mechanism 

of contact inhibition.307 However, it has also been discussed that faced with 

a choice, cells outgrow on a confined space may be incapable to detach from 

the substrate to move across a less adhesive surface of other cells since the 

dorsal surfaces of cells may be less adhesive than the tissue culture sub-

stratum.306 In this framework our more conservative interpretation of the 

phenomenon being monitored is cell-sensor adhesions.

According to our model, the variation of the value of RS is responsi-

ble for the variation of the diameter of the semicircle lying in the Z’ real 

axis. At the begging of the experiment (time 15 h) the higher cell-sensor 

adherences yield a surface impedance greater than the impedance at 

time 80 h. For example, in the microscopic observation performed at time 

23 h (Figure 51a) the green fluorescence over the surface of the sensors 

(strongly related to the number of cells attached) is bigger than at 80 h 

(Figure 51b). The impedance measurements were fitted to the equivalent 

electric circuit model and a summary of the variation of the values for 

the circuit elements are shown in Appendix III. ∆CPE(F) in the interface 

varied from 150 µF at 15 h to 0.76 µF at 80 h, while ∆RS(Ω) from 57 Ω 

at 15 h to 24 Ω at 80 h.
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Figure 51. Analysis of the cell-sensor adhesions using microscopy observation and impedance-
based monitoring. a) Nyquist plot and cellular images at time 23 h b) and time 80 h. It is observed 
that in some areas of the sensors at time 23 h the number of cells attached to the surface is more 
than at time 80 h. Consequently, the diameter of the semicircle lying in the Z’ axis, associated with 
the value of Rs, reduces. (scale bar in the images 100 µm)

4.7.3. Validation of the developed sensors for cellular 

studies: Preliminary use of inkjet-printed sensors 

integrated into cell cultures to monitor cell migration

As mentioned before, wound healing is one of the most impor-

tant processes associated with skin. For that reason, a third set of 

experiments were performed to study the use of the sensors developed 

in this important scenario. In this set of experiments a monolayer of 

HaCaT-GFP was seeded on collagen-coated sensors with a PDMS stencil 

as a barrier as was described in Chapter III, section 3.2.9. Briefly, and 

following the protocols from ref. 233, cells were seeded on the non-ex-

posed PDMS area at a density that ensures confluence the following 

day. 24 h after cell seeding, PDMS was peeled off leaving free space for 
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cells to migrate. Compared to the standard scratch assay308 this method 

avoids cell damage at the edge of the scratch caused by the pipette and 

allows a simplification of the problem by analyzing only one half of the 

wound.309

The cell migration was tracked for at least 80 h by impedance spec-

troscopy. The acquired impedance was then processed using the cell index 

as described in Chapter III, section 3.5.4. Simultaneously, a time-lapse 

microscopy was performed to monitor the mean edge displacement in 

the monolayer of cells using image processing as described in Chapter III, 

section 3.3.3.2. Cells seeded on a petri dish were used as control groups.

Figure 52a shows an example of the migration of a monolayer 

of cells over the sensors and the control samples. The mean edge dis-

placement in both the control and experimental groups was obtained by 

leading-edge detection using image processing. Figure 52b shows that 

the mean displacement of the front edge of cells for the control groups 

was around 1400 µm at 60 h and 1200 µm for the experimental groups 

(cell seeded on the IDEs sensors). Note that the actual displacement cal-

culated is not referenced to the edge of the image but to the edge from 

where cells are detected at the beginning of the experiments. Likewise, 

a polynomial fit made on the experimental data extracted from the im-

age-processing algorithm provided a mathematical interpolation between 

measured displacement to infer those Y-axis points when cells were mi-

grating over the dark zones of the sensors.
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Figure 52. Monitoring of cell migration by time-lapse microscopy. a) Examples of the time-
lapse of the cell monolayer migrating over the IDE-based devices and control (Petri dish). b) 
Mean-edge displacement of a monolayer of cell cultures in the experimental groups versus 
time in minutes during the time-lapse observation. The velocity in the cell migration resulted 
in 0.35 µm/min in controls and 0.3 µm/min in the IDEs-based groups calculated from 
v

 
= Δ Displacement

Δ Time  
as explained in 3.3.3.2.

The velocity in the cell migration resulted in 0.35 µm/min in con-

trol cultures and 0.3 µm/min in the IDEs-based cultures calculated from 

v
 
= Δ Displacement

Δ Time as explained in 3.3.3.2. This slight difference may be ex-

plained by two reasons. First, the flat topography in the control cultures 

compared with the micro-groves in the experimental groups could fa-

cilitate the migration. Second, the discontinuities presented in the flu-

orescence images in the experimental group due to the opacity of the 

conductive lines of the sensors generate blind zones, and thereby fewer 

points in the curve (Figure 52a). In this latter case it would be just an 

instrumental problem.
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Taking advantage of our design that allows to combine both optical 

and electrical monitoring simultaneously under physiological conditions 

(cell cultures, 37 ºC, 5 % CO2), the impedance was also acquired every 

three hours during 66 h. Results from processing the impedance using 

the cell index adjustment and the interrelation between the optical and 

electrical method are shown in Figure 53a. It was observed an absolute 

variation in the cell index of 0.15 units after the duration of the experi-

ment, which represents a sensitivity of 1.25×10-4 (Ω/Ω) /µm using as a 

reference the microscopy images.

Figure 53. Monitoring of cell migration by impedance spectroscopy. a) Relation between the 
mean edge displacement determined by image processing and the cell index by impedance-based 
analysis versus time in minutes. b) Cell index units versus the recovery degree of the wound 
showing a linear correlation (R2 =0.89). 

To gain insight into this impedance variation in response to cell 

migration the mean edge displacement of the monolayer of cells was 

used to obtain the recovery degree of the wound. This recovery degree 

in the simulated wound is calculated as the ratio between the total area 

that is free for cells to migrate and the front edge displacement (distance 

refereed to the border of the image) at a given time point as described in 
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Chapter III, section 3.3.3.2. The curve is represented from 45 % of such a 

degree of recovery as it is the most representative data to be analyzed for 

the closing healing process. A linear relation (R2 = 0.889) between the cell 

index and the recovery degree of wound was established as is depicted 

in the curve of Figure 53b. This continuous increment in the impedance 

signal from the sensors as cell migrated can be used to assess the healing 

degree without the need for visual observation.

It is important to note that this experiment represents a huge 

simplification of the extremely complex processes of wound healing. For 

example, cells are not only migrating but also proliferating. This prolif-

eration increases the number of cells while changing the conductivity of 

the medium due to the metabolic activity of the cells themselves. More-

over, during cell migration, electrical signals are generated throughout 

cell-cell unions, which could lead to switching in the ion channels that 

are embedded in the cell membranes generating changes in the electrical 

signal detected. Full discrimination of the cellular process will never be 

completely possible with a single sensor, thereby a better understanding 

of the general physiology of an organotypic tissue or cell cultures is only 

thinkable if several sensors are simultaneously integrated. We shall see 

some of the potential modifications following this research line in the 

future-work section in Chapter IV.
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4.8. DISCUSSION OF THE RESULTS

In this chapter the feasibility of integrating inkjet-printed 

interdigitated sensors for cell-substrate impedance monitoring 

of 2D epithelial cultures has been demonstrated.

The use of printed electronics and low-cost flexible substrate in the 

manufacturing of sensing devices for tissue engineering and bioelectronic 

applications have increasingly gained attraction, as we saw in Chapter II. 

For in vitro applications, the main advantage that these flexible devices 

have offered is they overcome the mechanical mismatch between the tra-

ditionally adopted rigid substrates (i.e., glass and silicon) and the living 

cells while monitoring non-invasively a variety of biomarkers and cellular 

processes.310–314 However, only a meager fraction of these printed devices 

does not need the use of additional clean-room steps or enjoy a manufac-

turing process compatible with current bioprinting methods. By contrast, 

we have fabricated our sensors by inkjet-printing technology in ambi-

ent conditions without requiring expensive clean-room facilities. Thus, 

both the materials selected, and the manufacturing technique allowed for 

low-cost fabrication and rapid prototyping of flexible interdigitated-elec-

trodes sensors in a short time. Likewise, what is most important for our 

future application is that the manufacturing technique used may open 

the possibility of engineering a hybrid platform to print electronics and 

functional skin substitutes simultaneously. It still needs to be elucidated 

the coexistence in such a platform of bio-based inks and electronics. 

However, this bottleneck could be overcome if scientists in the fields of 

material science, biology, and engineering alike join forces. 
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The fabricated impedance sensors were proved as highly reproduc-

ible with low batch-to-batch variation demonstrated through the mor-

phological, electrical, and cytocompatibility-based characterization. Such 

characterization allowed to determine their potential use in relevant ap-

plications as integrated sensors in cell cultures. From the morphological 

characterization, differences between the designed layout and the final 

printed results were observed. Satellite drops and certain discontinuities 

along the conductive lines were attributed to tunable factors during the 

printing process such as the non-perfect ink spreading on the surface, 

deficiencies in the cleaning cycles, and occasional clogging of the printing 

nozzles in the print-head. Thus, a previous selection of the better sensors 

for the cellular experiments was ensured based on the optical and elec-

trical characterization.

The nano-topographical profile of the IDEs sensors resulted in a 

non-planar surface showing micro-groves with width and height of 300 

µm and ~4 µm respectively. Non-planar features in bioelectronics have 

been proved to encourage electronics-tissue adhesions by a phenomenon 

known as cell contact guidance.298,299 Such tight interfaces are a prerequi-

site to either electrical stimulate or record signals from the adhered cells 

with a high signal-to-noise ratio (SNR). For the SU-8 passivation several, 

yet not consecutive, layers were printed which caused the misalignment 

of the origin of the printing head after each printing/curing process. This 

misalignment is ascribable to the resolution achieved by the printer when 

a re-position of the origin is required which in the printer setup used 

in this work was 10 µm. Those deviations, however, did not hinder the 

feasibility of integrating and exploited the printed IDEs in vitro as im-

pedimetric sensors. As described in Chapter II, many parameters can be 

tuned when using inkjet printing technology to achieve reliable patterns 
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and improve printing resolutions.182 Technical modifications in the print-

ing system such as the use of 1 pL cartridges instead of 10 pL can be 

considered in the future. By varying the hydrophobicity of the substrate, 

and thus, the contact angle between the ink and substrate, a sub-micron 

resolution has been achieved on organic printed transistors,182 which can 

also be considered to engineer a “bio-inspired” substrate with tunable 

hydrophobicity while improving electronic resolutions.

From the electrical characterization of the sensors, the magnitude 

of the impedance of the sensors at 100 Hz resulted in 113 Ω for the 

pristine device. The sheet resistance of printed lines using silver nano-

particles-based ink has been reported in the literature to be 0.4 Ω/,247 

giving a theoretical value for the impedance of the fabricated sensors of 88 

Ω. Thus, the experimental data resulted in the same order of magnitude 

compared with the theoretical value. The impedance analysis of the sensors 

after 3 days in vitro with cellular cultures resulted in a very small variation 

of 10 Ω at 1 kHz, which demonstrated the electrical stability of the sensors 

and the possibility to re-use the inkjet-printed-based devices after a proper 

cleaning. The cellular experiments using the IDEs devices, however, were 

performed always on pristine devices due to the cost-effective manufactur-

ing technique employed. Furthermore, the effect of coating the devices with 

an extracellular component of cells (i.e., collagen coating) was analyzed by 

impedance spectroscopy. The electrical signal in the impedance magnitude 

with and without collagen-based coating showed no significant differences 

which suggested that the collagen did not influence the performance of the 

sensors for cell-cultures applications.

Finally, a cytocompatibility characterization to demonstrate the via-

bility of the inkjet-printed sensors for impedance monitoring of epithelial 
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cell cultures was performed. This cytocompatibility characterization was 

carried out through both a Live/Dead Assay and SEM microscopy. The 

experiments demonstrated that the custom-designed, sensing device to 

culture the cells for the real-time cellular experiments as well as the ink-

jet-printed sensors themselves were cytocompatible.

Having characterized the sensors in terms of morphology, electrical 

performance, and cytocompatibility, three groups of experiments were 

performed to use the sensors in potential engineered skin-based applica-

tions which also provided evidence of the possibility of reliable, long-term 

use of the sensors under cellular conditions. Those experiments were the 

monitoring of proliferation, cell-sensor adhesions, and migration of a cell 

line of keratinocytes. 

The sensitivity of the impedance signal to the culture’s cellular density 

was analyzed by seeding different initial cell densities. The relationship be-

tween the cell index value and initial cell density was supported by fluores-

cence microscopy. Low cell density did not generate enough changes in the 

signal of the sensors whereas higher densities could be monitored over 96 h. 

At an initial density of 12 000 cells/cm2 the number of cells was still insuf-

ficient to perturb the electric field on the sensors’ surfaces which resulted in 

non-detectable alterations in the measured impedance. Measurements under 

such conditions, therefore, were established as below the detection limit of 

the sensors in which the resistance of the culture medium prevails over the 

cellular impedance. The interrelation between the cell index calculation and 

the initial cell density was established considering the other densities (i.e., 

35 000 cells/cm2, 75 000 cells/cm2, 130 000 cells/cm2) which resulted in a 

linear correlation with regression of R2 = 0.98. This linearity suggested 

that the cell-substrate impedance mirrored the number of cells initially 
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seeded and demonstrated the capacity of the sensors to discriminate 

cell concentrations. This linear relationship between the electrical im-

pedance and the number of cells attached to the measuring electrode 

is not something completely new. Indeed, it is the principle of operation 

behind the development of the impedance technology as an analytical 

tool for in vitro analysis of cells,258,271 with some examples of those 

devices commercially available. However, those systems are optimized 

to increase the sensitivity to cells’ activities surrounding the working 

electrode, which have resulted in designs that use a very small work-

ing microelectrode and a large counter electrode. Consequently, those 

systems are not suitable for the monitoring of large cell aggregates. 

Likewise, although those impedance-based systems have been proved 

valuable as electrochemical systems with a special focus on character-

izing single-cell dielectric properties and cell-cell junctions communica-

tion, they have not been designed considering their use for implantable 

applications (i.e., they are not free-standing) and their designs are still 

based on rigid, bulky substrates.

To increase the sensitivity of our sensors the design of the elec-

trodes as well as the materials used can be optimized.315 Other parame-

ters such as the thickness of the electrodes and the passivation layer can 

be improved and tailored to the application.316–318 For example, fabricating 

IDEs with gaps in the order of the cell size319 has been proved to enhance 

the sensitivity to the presence of cells (i.e., lower detection limit). Nev-

ertheless, by using the inkjet-printed IDEs devices with gaps of 300 µm, 

we were able to monitor in real-time a monolayer of adherent biological 

cells using impedance spectroscopy within frequencies relevant to give 

information of the cell membrane253 (i.e., β dispersion region).
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The possibility of using both the sensors and the impedance-based 

method for monitoring cellular behavior related to skin wound healing 

was also studied. The cellular processes studied were proliferation and 

migration of a monolayer of cells seeded on the sensors. In addition, a 

study of the influence of the cell membrane in the measured impedance 

was carried out by adding a non-ionic detergent320 at the endpoint of the 

proliferation assay. This study allowed to determine that the insulating 

properties of the membranes were the main element contributing to the 

IDEs measured impedance and the rapid detection in the monitored sig-

nals also confirmed the rapid response of the impedance-based method 

to changes in the cell structures. The experiments set-up to study cell mi-

gration showed a linear relationship between the cell index value and the 

progression of the wound healing (regression coefficient of R2 = 0.899), tak-

ing into account that rather than a faithful representation of the complex 

process during wound healing, the cell migration experiment represents a 

simplification of such a biological scenario. Monitoring other biomarkers 

at the same time can give a deeper insight into the physiology of the 

cells or tissues, e.g., pH, dissolved O2, or lactate.321 In addition, instead 

of using interdigitated-electrodes in which the measurements rely on the 

signal coming from the whole surface of the sensor and therefore the 

lumped impedance value is incapable of providing a conductivity distribu-

tion of the entire sample, monopolar microelectrodes distributed around 

the sensing area can be designed. Measuring the impedance between all 

neighboring electrodes, the magnitude and phase of the impedance can 

be plotted as function of the electrodes’ position to provide a variation 

of the conductivity within the sensing area. Thus, during cell migration, 

the impedance of the covered-cells electrodes compared to free-cell elec-

trodes could give a map informing not only whether cells are migrating 

but also their relative positions on the zone.
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5.1. INTRODUCTION AND MOTIVATION

Cell functions are controlled through the interplay and 

feedback between soluble and non-soluble signals at 

all size scales and nature. Whereas soluble cues rely on 

biochemistry there are also non-soluble ones that are based on biophysics 

and mechanics. Biological processes, however, have been profoundly 

interpreted and rooted in terms of biochemical signaling. The idea that 

events (either physiological or pathological) are only controlled by either 

the biochemical environment of the cells or a signaling cascade of pure 

chemical nature (e.g., enzyme activity) would leave no role for mechanics 

in the understanding of cellular function, sidelining the myriad of 

mechanical forces that also influence cell-specific behaviors. Heart bump, 

fluid shear stress, and mechanical load in the skeletal system operate in 

a living organism and affect all cells of every organ. For instance, the 

size of blood vessels is controlled by shear stress,322 and pressure and 

tensional forces cause the bone to remodel323 (Wolff’s law).
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Thanks to their complex cellular structure cells can translate me-

chanical stimuli into biochemical signals. This process is known as mech-

anotransduction.324–326 Mechanical parameters such as stiffness, topogra-

phy, and force are informational cues by which cells sustain, detect, and 

interact with their environment. As such, cellular mechanically-induced 

responses ―healing tissues, for example― are generated until a me-

chanical equilibrium is attained.327 Constrains in this equilibrium (caused 

by internal forces dictated by cell organization and/or exogenous signals 

transmitted via the cell’s microenvironment) can alter multiple aspects of 

the tissue homeostasis which have been associated with some acquired 

or inborn diseases.328–330

The lack of instrumental techniques, devices, and protocols not only 

to measure but to apply changes in the cell’s mechanical microenviron-

ment to study cellular outcomes had long sidelined this physics-based 

approach for the understanding of living systems.331 However, seminal 

discoveries on the mechanism of mechanoreception at a cellular lev-

el332–334 (which in turn coined the term mechanobiology)335 started turning 

the scientific attention towards unraveling the far-reaching implications 

that mechanics plays in biology. Early studies pioneered the use of classic 

instrumental tools such as atomic force microscopy336 and optical twee-

zers337 with the aim of measuring the mechanical parameters (e.g., stiff-

ness, roughness, etc.) of cells. New methods have gradually emerged338,339 

and the unexpected influence and crucial role that physical forces have 

proven to play in cellular behavior have placed mechanobiology at the 

forefront of biological research.
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Understanding the influence of mechanics in biology opens a lot 

of clinical possibilities. Chemical-independent control of cellular mecha-

nisms and/or components could have potential applications in a variety 

of fields ranging from drug discovery to tissue engineering. For instance, 

low-intensity vibration340 (LIV) and shock waves341 have been used to treat 

pressure ulcers and chronic wounds. The use of LIV in diabetic mice 

enhanced both skin granulation and angiogenesis reducing the closure 

time of wounds in the experimental group compared with non-vibrated 

controls.340 Local mechanical therapy has also shown potential as an al-

ternative to medicament-based treatments for pressure ulcers in a rat 

model342 and stage-I-pressure ulcers in adult patients.343

Considering the central role that mechanobiology plays in the hu-

man body and the potential use of dynamical mechanic-based stimula-

tion in regenerative medicine engineering, in this chapter we present a 

novel electromechanical device as an experimental tool to perform dy-

namic mechanical stimulation to cell cultures. The system a) supports the 

research on cellular mechanotransduction, b) stimulates cells via dynamic 

variations of the cellular substrate and c) allows the study of whether 

such external-regulated stimulations are of significance for regenera-

tive medicine. The system also represents an initial step towards engi-

neered-skin substitutes with smart embedded actuators.
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5.2. HOW FORCE REGULATES CELL 

FUNCTION: TISSUE, CELLULAR AND 

MOLECULAR OUTLOOKS

Skin mediates and shapes our interaction with the physical 

world. Our ability to effortlessly distinguish a myriad of 

proprioceptive, pain, temperature and mechanical feedbacks 

is primary thanks to the distributed sensory receptors in human skin. 

Such receptors can be mainly classified into pain receptors, temperature 

receptors, and mechanoreceptors. This intricate network of receptors 

encodes information throughout signals of voltage spikes called action 

potentials.

Mechanical stimuli are measured by four types of mechanore-

ceptors (Figure 54).344 Each of the four types of mechanoreceptors senses 

forces of different scales (temporal and field sizes) which are then evoked 

in the receptive field of the skin. Two types of receptors respond to static 

pressures; they are named slow adapting receptors (SA-I and SA-II) and 

generate a steady signal in response to a static stimulus.344 Fast adapt-

ing receptors (FA-I and FA-II), on the other hand, respond to dynamic 

stimuli and vibrations. The location, density, and distribution of these 

mechanoreceptors within skin play an important effect on its sensory 

functions. For example, SA-I receptors are located in the basal layer of 

the epidermis and conform high-density clusters in areas of the skin 

such as the fingertips.344 As a consequence, they provide high-resolution 

responses to force indentation which is useful for discriminating shapes 

and texture. Hundreds of FA-II afferents distributed over large areas can 

detect high-frequency vibrations (up to 400 Hz)345 which is thought to 
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be mainly responsible for textile discrimination. To elicit a response, the 

neural system receives an input from the ensemble output generated by 

these mechanoreceptors, interpret and process the complex information, 

and generate a translation that underline touch perception (Figure 54). 

This recognition and interpretation of the mechanical stimuli conform the 

somatosensory system that serves for our reaction to signals originating 

outside/inside the body.

Figure 54. Skin receptors and transducing process. Schematic of the types and location of the 
mechanoreceptors in the skin tissue: slow adapting receptors, SA-I and SA-II; fast adapting 
receptors, FA-II and FA-II. SA-I complex is in the basal layer (SB, stratum basalis) of the epidermis, 
appears in clusters of cells and responds with high-resolution to static forces which may help in 
the spatial images of tactile stimuli. FA-I afferents are localized in the dermal papillae (SS, stratum 
spinosum) and their responses detect movement across the skin. SA-II endings are localized deep 
in the dermis and have been associated with slow thresholds responses when skin stretches. FA-
II corpuscles are located in the dermis and they detect high-frequency vibrations. The ensemble 
output generated by the mechanoreceptors inputs the neural system which ultimately interprets 
and processes the information and generates a translation. SC, stratum corneum; SG, stratum 
granulosum; SS, stratum spinosum; SB, stratum basalis. Figure adapted from Abraria and Ginty, 
2013. 344
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This mechanical sensing mechanism can be scaled at a cellular level 

as any biological function starts, after all, at the cellular scale. To detect 

and process forces and physical stimuli cells are equipped with structures 

and components that transmit such physical messages (Figure 55). The 

major component in the mechanotransduction signaling pathways is most 

likely to be molecules from the extracellular matrix (ECM). These molecules 

in the ECM are integrins and other proteins that join the external to the 

internal side of cells via transmembrane integrin junctions in the plasma 

membranes. Thus, such ECM proteins (fibronectin and cytoplasmic pro-

teins) link integrins to the cytoskeleton of the cell. The cytoskeleton network 

is the main machinery for cell shape and mechanics, and it is comprised of 

a distinct type of functional “wires” named actin filaments, microtubules, 

and intermediate filaments. The three networks interplay and bundle with 

each other by motors, crosslinkers, and steric interactions (see Figure 55). 

Other complex structures bind the cytoskeletal filaments to the nuclear 

envelope. The nuclear envelope connects to the lamina and nuclear scaffold 

which binds to chromatin and DNA (deoxyribonucleic acid). This molecular 

connectivity yet function-specialized machinery of the cells together with 

the cytoplasmic viscoelasticity allows the propagation of forces from the 

extracellular matrix to the nucleus rapidly.346
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Figure 55. Cell mechanoreceptors and transduction process. A representation of how a local force 
applied externally to the cells (from the extracellular matrix, ECM) travels to the nucleus. A force 
is applied to integrins through the ECM which is concentrated at the focal adhesions. The channel 
that connects the integrins to the cytoskeleton of the cell is through proteins embedded in the 
plasma membrane that end up in Talin. The filamentous F-actin is bundled by α-actinin and 
tensed by myosin ii generating a prestress. In the cytoskeleton F-actins and microtubules (MTs) are 
connected through actin-crosslinking factor 7 (ACF7) while F-actins and intermediate filaments 
(IFs) are connected through plectin. Plectin also connects IFs to MTs and IFs connect to the outer 
nuclear membrane through Nesprin 3, and in turn, to SUN1 and SUN2 on the nuclear envelope. 
Nesprin 1 and nesprin 2 connect F-actin to the inner nuclear membrane protein SUN1. The SUN 
proteins on the nuclear envelope connect to Lamina A in the nuclear scaffold, which could connect 
through matrix attachment regions (MARs) to chromatin and DNA. Nuclear actin, myosin, and 
titin might help to regulate nuclear prestress. Thus, the force channeled into the nuclear scaffold 
might affect gene activation within milliseconds due to the stress wave propagation. By contrast, 
a growth factor in the plasma membrane takes seconds to alter nuclear functions by chemical 
cascades of signaling mediated by chemical diffusion or motor-based translocation. LINC, linker of 
nucleus and cytoskeleton; rRNA, ribosomal RNA. Figure adapted from Wang et al., 2009.346

Physical stimuli are thus channeled through cells to reach the 

nucleus which ultimately mediates the cell response. Recently Piccolo et 

al. have identified a mechanochemistry mechanism by which the pres-

ence of two molecules in the nucleus read a broad range of mechanical 

cues and traduce them into a cell-specific program.347–349 The molecules 
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named YAP (which stands from Yes-associated protein) and TAZ (tran-

scriptional coactivator with a PDZ-binding motif; PDZ is a structural do-

main of amino-acids in signaling proteins) regulate cell differentiation 

and proliferation mechano-dependently. Although the identification of 

those nuclear relays has started to fill in the gaps in the understanding 

on how mechanical cues are sensed and transduced at the molecular 

level, the general mechanotransduction signaling pathways within cells 

remain enigmatic.

This gradual insight into the interaction between biology and 

mechanics explain the interest in developing technical instrumenta-

tion for either mechanically manipulating of cells’ microenvironments 

or measuring mechanical properties of cells in the quest for a better 

understanding of 1) how mechanical forces can alter the cellular func-

tions and 2) whether such force-regulated cellular alterations are of 

pathological/physiological significance. The evidence found in the lit-

erature led to the hypothesis that also the frequency of such stimula-

tions may be relevant to vary the biological outcomes of epithelial cell 

cultures. However, as it is discussed in the next section 5.3, most of 

the techniques developed to mechanically stimulate cells rely on static 

modifications. As an alternative to these static-based modifications, in 

this chapter we present a piezoelectric-based system to study the effect 

of dynamic mechanical stimulation of cell cultures and demonstrate 

that a device based on an organic biocompatible piezoelectric influences 

(frequency-dependent) cellular behaviors relevant to scenarios related 

to organotypic skin cultures.
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5.3. TECHNIQUES TO STUDY AND 

INFLUENCE ON THE CELLULAR 

MECHANICAL RESPONSES

Cell-substrate interaction-based techniques are one of the 

main approaches to study how the mechanical properties 

external to the cell influences biological outcomes.350 Such 

methods (only useful for anchorage-dependent cells) rely on mechanical 

modifications of the substrate, or the surface of the substrate, where cells 

are seeded. Nano-topography,351 local nano-forces guided either from 

surfaces of cells352 or from inside the cells,353 and nano-vibrations354–357 

are among examples of such surface’s modifications that have been 

proved to influence differentiation and growth rate in different cell type.

Cell adhesion, cell migration,358 and the binary decision of cells to 

either proliferate or die have shown to be strongly affected by the stiff-

ness, morphology, and roughness of the cellular surfaces.359 Cellular re-

actions depend not only on those mechanical properties of the substrates 

but also on the type of cell under study. For instance, Huag et al. showed 

that osteoblast and fibroblast exhibited different responses under equal 

mechanical conditions when cells were seeded on membranes of poly(hy-

droxybutyric acid).360 On the other hand, Engler et al. showed that stem 

cells can differentiate either to osteoblast-like cells, when subjected to a 

stiff condition, or neural-like cells, when exposed to a soft environment.361 

These studies have demonstrated the cell-type dependent response to 

mechanical stimuli.
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Most of such substrate-based approaches have relied on static modi-

fications of the properties at the cell/substrate interfaces (Figure 56). Static 

modifications mean that mechanical conditions sensed by cells remain con-

stant during the experiments. It is important to note here that, in many in-

stances, the engineered surfaces used such as nano-wires351 and nano-posts 

topography362 patterns do not mimic any physiological situation. Besides this, 

some studies have focused on the study of individual cells which unfortu-

nately, lacks similarities with the prevailing behavior of human tissue.

Figure 56. A nano topography technique for mechanical stimulation of cells in a static fashion. 
a) Microfabricated pots to be used as cellular substrate. b) An individual cell lying on a micro 
dimensional array of nanopillars. c) Cell monolayer spread on the nanopillars. (C inset) Magnification 
of the area delimited by the black square. Adapted from du Roure et al., PNAS, 2005.362

In contrast to these static-based modifications of cell’s substrates, 

recent studies have shown that dynamic mechanical stimulations yield 

changes in the cellular behavior.363–367 In those studies, magnitude and 

frequency of such mechanical stimuli influenced the cellular responses 

albeit the underlying biological mechanisms remain unclear.368

Considering the evidence of the central role of mechanobiology and 

the potential use of dynamical mechanics-based stimulation for regen-

erative medicine, an electroactive mechanical actuator to dynamically 
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stimulate epithelial cultures may be relevant. In this sense, the aim of 

the present work is to introduce a new device to perform dynamic-me-

chanical stimulation on cells by an organic actuator in contact with the 

cell culture. The actuator will act as the substrate for the cell culture 

and therefore the mechanical properties of the cellular substrate can be 

varied dynamically by cyclic, controlled, movements. Although the device 

is introduced as a tool to study the response of the 2D cell cultures to 

mechanical stimulations (i.e., mechanotransduction) by dynamic vibra-

tions, the principle of the device is also scalable to be applied in 3D cell 

cultures or tissues. The materials used are biocompatible, cheap, and the 

design is easily replicable. Preliminary experiments on the effect of such 

stimuli in proliferation, migration, and morphology of epithelial cells are 

also presented.

5.4. DESCRIPTION OF THE 

PIEZOELECTRIC ACTUATING  

DEVICE FOR CELLULAR STUDIES 

5.4.1. Description of the piezoelectric device and 

associated setup

The experimental set-up put together for cellular studies under 

time-varying mechanical stimulation consists of a lightweight, organic, 

biocompatible piezoelectric actuator where the cells are cultured (that we 

named experimental stage), a custom-made electronic driver to amplify 

the voltage required at the piezo-actuator input, a signal generator to 



190

Design, Characterization and Validation of Integrated Bioelectronics for Cellular Studies:  
From Inkjet-Printed Sensors to Organic Actuators

generate the voltage signal and a reading and processing stage (see Fig-

ure 57). This final stage depends on the actual experiments. For example, 

to study the cellular migration a reading and processing system using 

an optical setup together with an image processing algorithm may be 

needed. A detailed description of the materials and methods for the fab-

rication of the actuating system introduced in this chapter was already 

given in Chapter III, section 3.6.

Figure 57. Schematic representation of the actuating system to perform dynamic stimulation on 
cell cultures. 
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The actuator of the experimental stage is based on an electroac-

tive organic piezoelectric material named polyvinylidene fluoride, PVDF. 

PVDF has been widely used in the forms of films, membranes, or scaf-

folds for tissue engineering applications due to their excellent piezoelec-

tric properties, ease of processing, and biocompatibility.369 However, and 

despite these antecedents, some challenges should be overcome when 

designing the experimental stage where the cells can closely interact 

with the piezoelectric structure, avoiding any electrical stimuli to the 

cells. To endow long-term viability in the cell cultures without compro-

mising the electronic performance of the actuator, a careful design of 

the experimental setup was performed. First, the conductive layer of 

the PVDF film was electrically insulated from the cells with a non-con-

ductive polymer. Second, a custom-made well to both culture the cells 

and avoid medium leakages through the external cables was fabricated 

with PDMS. The PVDF actuator cannot handle high temperatures and 

therefore the necessary biasing wires were soldered using an adhesive 

conductive copper film. An optical image of a piezoelectric device after 

fabrication is shown in Figure 58a. An image of the same experimental 

stage with a cell culture of an epithelial cell line inside a biosecurity 

cabin is shown in Figure 58b.

To study the effect of the frequency of the mechanical stimu-

lation on cell cultures samples named control culture, static control, 

and dynamic experimental sample were fabricated (see Figure 58c). 

Control-culture samples were fabricated lacking the piezoelectric mate-

rial using a Petri dish with a ring of PDMS. Static (Static Control) and 

dynamic setups were similar except static samples were not electrically 

stimulated (Figure 58c).
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Figure 58. a) Custom-made piezoelectric actuating device to dynamically stimulate cell cultures. b) 
Manipulation of a biocompatible actuator device integrated into a cell culture of an epithelial cell 
line inside a biosecurity cabin. The stage is compatible to perform experiments in the standard 
conditions of a tissue engineering laboratory. c) Samples to perform the cellular studies. Controls 
were fabricated lacking the piezoelectric material using a Petri dish a cellular substrate with a ring 
of PDMS. Controls material were static devices fabricated identically than the dynamic samples, 
but not electrical energy was applied. Dynamic samples were electrically stimulated to transmit 
mechanical stimulation to the cell cultures.

Dynamic stimulation is controlled by the electronic stage, which is 

properly configurated for each experiment depending on the mechanical 

conditions to be studied (see description in section 5.7). The electronic 

stage was attached to an incubator to ensure the physiological condi-

tions for the long-lasting viability of the cell culture (Figure 59). The 

cables from the electronic stage to the experimental stage were intro-

duced into the incubator through a lateral hole. The electronic stage 



193

CHAPTER V. Development of a novel actuating system for cellular studies

is easily configurated for each experiment by setting the voltage and 

frequency from the signal generator to the driver.

37 °C 

5 % CO 2 

actuating device 

Incubator 

Driver 

Signal Generator 

Electronic 
stage 

Controls 

Dynamic 
Samples 

Figure 59. Schematic representation of the actuating system to mechanically stimulate cell 
cultures. The system consists of an experimental stage (actuating device), a custom electronic 
stage to configure the electrical parameters to input the piezoelectric actuator, and an incubator 
to keep physiological conditions in the cell culture. The system allows real-time modification of the 
dynamic mechanical stimulation of cells.
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5.4.2. Physics behind the piezoelectric actuation for 

dynamic cellular studies

In the following lines we present a brief analysis of the physics 

behind the actuator described above for the actuating system based on 

PVDF. The piezoelectric properties in the synthetic PVDF stem from its 

atomic structure: a symmetric position of Fluor atoms and hydrogen at-

oms at each side of the main Carbon chain, which is only present in its 

crystalline β-phase. In addition, as for most polymeric piezoelectric mate-

rials, after the PDVF is synthesized, a large electric field is applied to the 

material to polarize the charge in a given direction. The direction of posi-

tive polarization coincides with the z-axis when a material is represented 

using a rectangular system. We will denote by 1, 2, and 3 the length, the 

width, and the thickness directions respectively. In our case, the polarized 

axis always coincides with axis 3. When an external electric field is ap-

plied in the poling direction (axis 3), the charges around the main Carbon 

chain (i.e., in the Fluor and in the hydrogen atoms) will exert a force in 

their respective directions leading to an elastic strain that changes the di-

mensions of the material. This mechanical deformation under an applied 

electric field is known as inverse piezoelectric effect. The equations that 

relates the induced strain to the applied electric field are shown in (13).

(13)

where si represents the strain vector, dij is each of the matrix elements of the piezoelectric tensor, 
Ei  represents the electrical field, Sij  is the matrix of compliance (tensor), and Ti  is the mechanical 
stress vector. The terms T1 to T3 are the normal mechanical stresses along axis 1, 2, and 3, and 
T4  through T6  are shear mechanical stresses.
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The equation represented in (13) consists of two terms. The first 

term dij · Ei describes the strain generated by the inverse piezoelectric 

effect. In absence of mechanical stress, the second term is zero and the 

strain is related directly to the electric field by the piezoelectric coeffi-

cients’ matrix in the first term. When an electrical field is applied ho-

mogeneously along axis 3, the deflection of the materials in the axis 3 

can be obtained by multiplying the thickness of the piezoelectric material 

times the mechanical strain.

Our actuating device can be represented as a rectangular flat mem-

brane with short edges a, long edges b and thickness h, whose edges 

are clamped by the PDMS ring (see Chapter III, section 3.6). Given these 

boundary conditions, the differential equation that governs the mem-

brane displacement under uniform stress is described in equation (14).370

δ4w(x,y)
δx4

 

+2 
δ2w(x,y)
δx2 δy2

 

+ δ4w(x,y)
δy4

 

+ rhω2

D
 

w(x,y)=0 (14)

where w(x,y) represents the normal displacement at a location (x, y), r is the mass density of the 
material, and ω is the angular frequency of the movement.

The term represented with D in this equation (14) is the rigidity 

of the membrane and is related to the Young’s modulus E, the Poisson’s 

ratio v and the thickness h according to equation (15):
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D=
Eh3

12(1-v2)
 
w(x,y)=0 (15)

From structural mechanics theory, the differential equation repre-

sented in (16) for rectangular membranes with fixed boundaries provides 

a second order response of the system with a first natural (resonance) 

frequency given by :

f00= k
1

2p
  

Dg
wa4

(16)

where k1 is a tabulated value for various ratios of the dimensions  a/b. The rest of the terms have 
been defined above.

Assuming that no external forces are acting on the membrane, 

the deflection of the piezoelectric membrane is produced by an electric 

field uniformly distributed over the two electrodes in the axis 3, and the 

uniform load w (i.e., displacement) per unit area in (16) is generated by 

the inverse piezoelectric effect within the elastic regime of the material. 

In this situation, and using the parameters enumerated in Table 4 that 

describe the device fabricated, we obtain for the first natural frequency 

of the mechanical structure a value of 148 kHz.
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Table 4. Parameters and values of the PVDF for the calculation of the fundamental 
frequency.

Parameter Value Reference

Thickness 28 µm Manufactured

Piezoelectric coefficient d
31

23∙10−12 (C/m2)/(N/m2) Manufactured

Piezoelectric coefficient d
33

−33∙10−12 (C/m2)/(N/m2) Manufactured

Young’s modulus 2 to 4 (GPa) or (N/m2) 371

Poisson’s ratio 0.326 Manufactured

Mass density 2.10∙103 (kg/m3) 372

Short edge of the membrane 25 mm see Chapter III  

Materials and Methods

Long edge of the membrane 35 mm see Chapter III  

Materials and Methods

a/b 1 0.9 0.8 0.6 0.4 0.2 373

k
1

36 32.7 29.9 25.9 23.6 22.6 373

This analysis implies that all the vibrational modes of the mem-

brane, which are integer multiples of the calculated natural frequen-

cy, will be above 148 kHz. Below this frequency, the movement of the 

membrane can be considered homogenous along the surface because the 

natural vibrational modes of the mechanical structure are not excited.373 

Above this frequency, the displacement would be affected by bending 

processes of the membrane depending on the vibrational mode excited. 

In this sense, care will be taken not to excite the actuating device near or 

above the obtained natural frequency of the structure.
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5.5. CHARACTERIZATION OF THE 

PIEZOELECTRIC ACTUATING DEVICE

To characterize the (dynamic) mechanical characteristics 

of the actuating device described above and analyzed by 

the theoretical model of section 5.4, an interferometric 

system was used. This section comprises such a characterization after 

the fabrication of the actuator devices and before their use as mechanical 

stimulators of cell cultures.

To characterize the mechanical properties of the cellular substrate (i.e., 

the PVDF piezoelectric actuating device) a vibrometer was used. The vibrome-

ter was based on an interferometric system using a common optical path fib-

er arrangement (CPT from common path topology) previously reported in374 

and shown in Figure 60a. The laser interferometer detected the amplitude in 

the perpendicular direction of the vibration of the PVDF material versus both 

the stimulation frequency and the amplitude of the applied voltage.

As seen in Figure 60a an optical cavity between the surface of the pie-

zo-based device and the transceiver fiber is created in the CPT configuration. 

This cavity length was set at 4 cm (Figure 60b). The interferometer uses a laser 

diode (990 nm, Thorlabs: Newton, NJ, USA), chirped in wavelength via modu-

lation of the bias current with a 500 kHz sinusoidal signal. The optical phase 

at the output of the interferometer can be written as ∆f= 2p·∆n·∆L
c ; where 

∆f
 
 is the phase change induced in the cavity by a displacement ∆L, ∆n is the 

absolute frequency shift in the laser, and c is the speed of light in air. In the 

CPT architecture the optical fiber acts as both the reference path (the reflection 

for the distal end of the fiber) and the measurement path (that also includes 
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the cavity) in the interferometric system. The laser light is coupled to the target 

using a circulator and the reflected signal is sent to a photodetector through 

the same circulator as seen in the schematic of Figure 60a. The phase of the 

signal of the photodiode is then recovered using an algorithm to obtain the 

two quadrature components of the signal implemented in LabVIEW (National 

Instruments: Austin, TX, USA) using a controlled PXI DAQ system.

Laser 

Laser 
driver 

Circulator 
Adjustable 
collimator 

Target 

Acquisition and 
processing 

Oscillator 
500 kHz 

a b 

Figure 60. Interferometric system for the characterization of the polymeric piezoelectric-based 
device to cyclically oscillate the cellular substrate. a) Vibrometer using a common path fiber optical 
topology (CPT). b) Actual layout for the experimental characterization of the piezoelectric actuating 
device using the CPT vibrometer.

To evaluate the effect of coating the devices with an extracellular ma-

trix component (i.e., collagen functionalization) in their mechanical response, 

the experimental stages (i.e., the designed piezoelectric devices) were charac-

terized with and without such functionalization. The devices were character-

ized at voltages from 2 to 20 VRMS and frequencies from 10 Hz to 90 Hz (well 

below the calculated fundamental frequency of the system).
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In Figure 61 we show the mechanical characterization of the devic-

es using the described interferometer. The two main conclusions that can 

be extracted are, first, that a linear response in the induced displacement 

was observed when the amplitude of the applied voltage was consistently 

increased (Figure 61a) and, second, there are very small changes in the 

mechanical behavior of the devices functionalized with collagen compared 

with those without functionalization. (Figure 61b).

Figure 61. a) Linear relation of the piezoelectric mechanical displacement to an increasing input 
voltage at frequencies of 100 Hz, 300 Hz and 1 kHz. b) Dynamic mechanical deformation of the 
PDVF-based device vs. the applied frequency. Very small differences between the response of 
collagen-coated devices and uncoated devices are observed.
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5.6. ESTIMATION OF THE APPLIED 

FORCES INTO THE CELLS GENERATED BY 

THE ACTUATING DEVICE

When a mechanical stimulation is applied to cells 

the cellular responses can be mediated by different 

characteristics of the applied stimulus such as the 

amplitude, the frequency, and the resultant acceleration, but the most 

relevant magnitude may be the applied force to the cells. To estimate the 

force exerted on the cells from the cellular substrate when a dynamical 

(sinusoidal) stimulus is introduced we performed the following analysis. 

This mathematical analysis uses the measured displacement obtained 

with the interferometer in section 5.5.

Considering only the forces exerted due to the peak acceleration of 

the sinusoidal wave, the apparent accelerative forces in the piezo-based 

device can be estimated by the amplitude and the angular frequency (the 

product of the amplitude A and the square of the angular frequency). By 

considering the second Newton’s law (equation (17)) and knowing that 

the acceleration in (17) is produced by the sinusoidal displacement of the 

actuating system, the expression for x..  (the actual acceleration) can be 

obtained using the displacement (18) of the piezoelectric film.

FNewton=m·a = mcell·x
.. (17)

where F is the vector sum of the force, m is the mass and a the acceleration.
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a = x
..

=
d3x
dt2

= -A·ω2·sin(ωt)
(18)

where A corresponds to the amplitude of the waveform (measured in meters) and ω refers to the 
frequency of the sinusoidal signal.

Returning to the characterization shown in Figure 61b, at 1 Hz a 

0.4 µm displacement peak-to-peak is measured while at 80 Hz a dis-

placement of around 0.7 µm peak-to-peak is observed. These displace-

ments result in accelerations of around 1.2 × 10−5 m∙s-2 and 0.18 m∙s-2, 

respectively. The apparent accelerations induced in the cells are then 

estimated to be 1.22 × 10−6 g and 0.02 g, respectively.

Considering the apparent acceleration calculated above and the cellular 

mass (using a value of density in the endothelial cells of 1.03–1.05 g∙cm−3 

and a mean cross-sectional area of 30 µm × 30 µm) the apparent forces ex-

erted by the substrate on the cells can be obtained. At 1 Hz and 80 Hz forces 

were of approximately 0.04 pN and 0.8 pN, respectively.

As can be extracted from the literature, the magnitude of the forces 

that are known to induce different cellular processes are of the order of 

nano to piconewtons.375 In this sense, the resulting accelerative forces 

transmitted to the cells from the cellular substrate in its current configu-

ration are of a similar order of magnitude. The conclusion of this analysis 

is that under the proposed configuration the cells will suffer from forces 

compatible with their viability. Had higher forces been applied by the 

piezoelectric device, apoptosis and/or cell detachment from the substrate 

could have been induced.
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To ensure the non-existence of shear flow in the culture medium 

induced by the vibrating substrate that will invalidate the model used, 

we analyzed the potential presence of fluidic flows.376 Fluorescein Sodium 

(C.I. 45350, Panreac: Darmstadt, Germany) was added dropwise to devices 

previously filled with 2 mL of a distilled water. A blue light excitation was 

applied to enhance a fluorescence visualization and the tracks in the fluxes 

were monitored while the piezo device was operating dynamically (see Ap-

pendix V). No fluxes were observed in the process but a gradual diffusion 

of the dye.

5.7. PRELIMINARY STUDIES OF THE 

EFFECTS OF DYNAMIC MECHANICAL 

STIMULATION ON CELL PROLIFERATION, 

MIGRATION AND MORPHOLOGY

In this section, we describe the integration of the proposed 

actuators into 2D cell cultures of an epithelial cell line named 

HaCaT keratinocytes expressing a green-fluorescent protein as 

introduced in Chapter III, section 3.2. This integration allows 1) studying 

the biological responses of epithelial cells to (dynamic) mechanical 

stimulation and 2) demonstrating the feasibility of the long-term use of 

the actuator embedded into cellular conditions.

Motivated by potential organotypic skin cultures-related applica-

tions and similarly as in the case of the sensing device presented in 

Chapter IV, the role of the mechanical stimulation was studied associated 
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to three relevant cellular processes: proliferation (section 5.7.1), migration 

(section 5.7.2) and morphological variations (section 5.7.3) of a cell line 

of keratinocytes. Duration, frequency, and magnitude of the mechanical 

stimulation were adjusted for each set of experiments as it is described 

independently in each experimental section and summarized below.

The following dynamical conditions were selected for the experi-

mental studies. One experimental group was studied at 1 Hz excitation 

frequency due to the fact that this is a frequency in the range of many 

natural physiological processes in the human body377 (e.g., heart rate, 

human sleep, blood pumping, breath). A second experimental group was 

analyzed at 80 Hz excitation frequency because as per the calibration 

curve (section 5.5) the displacement of the active substrate peaks at this 

frequency. The vibration was continuously applied to the different groups 

during the experiment. A summary of the experimental conditions is 

shown in Table 5 as well as the samples used in each group.

Table 5. Summary of the experimental conditions for the piezoelectric actuating 
device to stimulate cell cultures of HaCaT epithelial cell line.

Frequency Cytocompatibility Proliferation Migration Morphology

0 Hz 6 days - - -

1 Hz - 8 days 30 h 48 h

80 Hz - 6 days 30 h 48 h
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5.7.1. First observation: Low-frequency mechanical 

stimulation enhances HaCaT cell proliferation

The first biological experiment with the fabricated actuator involved 

their cytocompatibility validation using the AlamarBlue assay following 

the procedure described in Chapter III, section 3.2.2. Results of these cy-

tocompatibility assays are depicted in Figure 62. The curve represents the 

normalization of the percentages in the observed reduced AlamarBlue® 

for a total of n = 28 control cultures (CC) and n = 25 static control sam-

ples (SC). In this figure the proliferation r ate is related to the slope of 

each curve. In both cases the slope exhibited the typical growth-related 

metabolic activity of proliferating cell cultures. Statistical analysis showed 

no significance between the static controls (static piezoelectric devices) 

and the control cultures (p <0.005). Considering that the cellular culture 

on the piezoelectric device follows a constant proliferation rate (from the 

slope of the line showing the reduction in the AlmarBlue) and no statis-

tical significance was detected in the experimental group compared with 

the control cultures, it can be stated that the designed and fabricated 

actuating devices are biocompatible.
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Figure 62. Cytocompatibility results for a total of n = 28 control cultures (CC) and n = 25 static 
control samples (SC). No statistical significance was detected in the experimental group compared 
with the control cultures and thus it can be stated that the designed and fabricated actuating 
devices are biocompatible.

The results of the experimental groups subjected to a 1 Hz vibration 

are detailed in Figure 63. A total of n = 12 control culture (CC), n = 12 stat-

ic control (SC) and n = 16 dynamic samples at 1 Hz frequency (FR (1 Hz)) 

were tested for a total of four independent repetitions. The curve shown in 

this figure represents the normalization of the percentage in the absorb-

ance measured in the AlamarBlue assay over eight days. Statistical analysis 

showed a significant difference (p <0.001) in the experimental samples 

(FR (1Hz)) compared with both controls (i.e. static devices (SC) and control 

cultures (CC)) at days 6 and 8. The maximum value attained at day 6 in the 

dynamic samples was 1.58, while the mean in the absorbance value was 

0.97 and 0.84 in the control and control material, respectively.
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Figure 63. Proliferation assay (AlamarBlue (AB)) performed using a monolayer of HaCaT keratinocyte 
cells stimulated continuously with a frequency of 1 Hz for 8 days. The curve represents the values 
of the calculated absorbance (percent reduced) of the AB dye in the control cultures (CC), static 
controls (SC) and dynamic samples (FR). Statistical analysis showed highly significant differences 
(p <0.001) in the experimental samples stimulated at 1 Hz compared with both controls (i.e., static 
devices and control cultures) at day 6 and 8. Note that day 0 represent 24 h after seeding the cells. 

Interestingly, further analysis of the fluorescence signal (Figure 

64) (processed as explained in section 3.2.2) in the reduced AlamarBlue 

emission wavelength showed a statistically significant difference between 

the experimental group and the controls since day 1. No significant dif-

ferences (p >0.05) were observed between the control cultures (CC) and 

static control (SC) samples at any day. In this sense this result seems to 

indicate that the FR (1Hz) stimulated samples were metabolically more 

active ―i.e. more proliferative― a factor of 40 % at day 1, 63 % at day 

3, 53 % at day 6 and 39 % at day 8. Note that when processing flu-

orescence-based measurements, the y-axis represents the ratio of the 

fluorescent signal measured in the experimental sample (static control 

and dynamic samples) referred to the control cultures at each day over 

the experiments. This normalization leads to the control’s values equals 
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roughly one over the eight days, whereas the treated samples (i.e., static 

and dynamic samples) may be showing a doubling value compared with 

the ones obtained in the controls.

Figure 64. Proliferation assay performed on a monolayer of HaCaT keratinocyte cells stimulated 
continuously with a frequency of 1 Hz for 8 days using AlamarBlue (AB). The curve represents the 
values of the fluorescence of the AB dye in the control culture (CC), static control (SC), and dynamic 
(FR) samples. Statistical analysis showed that the samples stimulated at 1 Hz were metabolically 
more active compared with both controls (i.e., static controls and control cultures) since day 1. 
Note that day 0 represent 24 h after seeding cells.

Cell cultures were observed using a fluorescence microscope at day 

1 (i.e., 24 h after seeding cells which correspond to the measurement of 

day 0 in Figure 63 and Figure 64) and day 5. Micrographs of the samples 

are depicted in Figure 65. Qualitatively, all samples have a similar num-

ber of cells at day 1 (Figure 65A,C,E) and a higher population of cells at 

day 5 demonstrating that the cell proliferation assay is evolving properly. 

Samples stimulated at 1 Hz present more cells compared with the control 

cultures and the static control samples (Figure 65B,D,F), while both the 
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control cultures and the static controls (CC and SC, respectively) reached 

similar cell numbers at day 5 (Figure 65B,D). Qualitatively, these data 

agree with those calculated from the fluorescence signal of the AB dye 

(Figure 63 and Figure 64).

Figure 65. Visual inspection of the cell cultures of HaCaT keratinocytes cells expressing green 
fluorescent protein (GFP) in their nucleus using a fluorescence microscope at day 1 and day 5 during the 
proliferation assay. A) Photomicrograph of one control culture (CC) sample at day 1. B) Photomicrograph 
of one CC sample at day 5. C) Optical image of one static control (SC) at day 1. D) Fluorescence image 
of one SC without mechanical stimulation at day 5. E) Stimulated sample at 1-Hz frequency at day 1. 
F) Photomicrograph of one sample continuously stimulated with 1 Hz at day 5. (Scale bar: 100 µm).
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Figure 66 shows the proliferation and metabolic-related growth in 

the 80 Hz excitation frequency experimental group. For a total of three 

experiments, n = 9 control culture and static control samples, and n = 8 

dynamic samples at 80 Hz excitation frequency (FR (80Hz)) were analyzed. 

The statistical analysis showed significant difference between the dynam-

ically excited samples and controls at day 3 and at day 6 (p <0.01). No 

significance (p >0.05) was detected between the control cultures (CC) and 

static controls (SC). Contrary to the previous case, the FR (80Hz) samples 

were metabolically less active ―i.e., less proliferative― with a difference of 

34 % at day 3, and 27 % at day 6.

Figure 66. Proliferation assay of a monolayer of HaCaT cells stimulated continuously with a frequency 
of 80 Hz for 6 days using AlamarBlue (AB). The curves represent the values of the absorbances of the 
AB dye in the control (black line), static (green line), and dynamic (pink line) samples.

The analysis of the measured fluorescence intensities is depicted in 

Figure 67, which was calculated as described in Chapter III, section 3.2.2. 

The grouped analysis two-way ANOVA followed by a Bonferroni post-test 

showed no significances (p >0.05) between the control culture (CC) and 

static control (SC) samples at any day. On the other hand, a significant 
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difference was detected between the control group (control culture and 

static control) and the stimulated group (FR (80Hz)) at days 1 (p <0.01), 

3 (p <0.001) and 6 (p <0.05), indicating that the stimulated samples had 

a lower proliferation, which is consistent with the results of Figure 66. 

Figure 67. Proliferation assay of a monolayer of HaCaT keratinocytes cells stimulated continuously 
with a frequency of 80 Hz for 6 days using AlamarBlue (AB). The bars represent the values of the 
fluorescence of the AB dye in the control (black bars), static (green bars), and dynamic (pink bars) 
samples. Note that day 0 represent 24 h after seeding cells.

As with the set of experiments applying low-frequency excitation, 

photomicrographs of the cell cultures were taken using a fluorescence mi-

croscope at day 1 (images A, C,E at the left in Figure 68) and day 5 (images 

B,D,F at the right in Figure 68) for a visual inspection of cell proliferation. 

Qualitatively all samples show a similar number of cells at day 1 and a 

higher population of cells at day 5, demonstrating that the cell proliferation 

assay is evolving properly. Some differences are observed at day 5 in which 

samples stimulated at 80 Hz present a noticeably lower population of cells 

compared with the control cultures and the static controls. On the other 

hand, controls and static devices (CC and SC, respectively) reached the same 
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cell number at day 5. Qualitatively, these data support the conclusions from 

Figure 66 and Figure 67 calculated from the fluorescence and absorbance 

of the Alamar Blue dye.

Figure 68. Visual inspection of the cell cultures of HaCaT keratinocytes cells expressing green 
fluorescent protein (GFP) in their nucleus was observed using a fluorescence microscope at day 
1 and day 5 in the proliferation assay for the 80 Hz excitation frequency. A) Photomicrograph of 
one control culture (CC) sample at day 1. B) Photomicrograph of one CC sample taken at day 5. 
C) Image of one static control (SC) at day 1. D) Image of one SC device at day 5. E) Stimulated 
sample at 80-Hz frequency at day 1. F) Photomicrograph of one sample continuously stimulated 
with 80 Hz at day 5. (Scale bar: 100 µm).
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This set of experiments allowed us, in the first place, to assess the 

cytocompatibility of the actuating devices proposed in the framework of this 

thesis. Secondly, the proliferation studies performed using the devices by 

mechanically actuating on the cell culture have shown a frequency-depend-

ent behavior in which mechanical stimulations at low frequencies (1 Hz) en-

hanced the metabolic activity and proliferation of the cells (compared to the 

Controls) and the 80 Hz excitation frequency produced the contrary effect.

5.7.2. Second observation: Dynamic mechanical 

stimulation of low frequency enhances the cell migration 

rate in HaCaT cells

After this first study we proceed to study the effect of the dynamic-me-

chanical stimulation of cells in scenarios relevant to processes like wound 

healing. In this second set of experiments, HaCaT-GFP cells were seeded on 

collagen-coated actuating devices in an amount enough to ensure confluence 

the following day as it was described in Chapter III, section 3.3.3.2. 24 h after 

cell seeding the scratch assay was performed following the protocol described 

in ref. 309. A group of samples was stimulated continuously with a frequency 

of 1 Hz while another group was stimulated at 80 Hz. The cell migration 

process was tracked at 0, 9, 24 and 30 hours until the wound (scratch) was 

closed using fluorescence microscopy and the acquired images were pro-

cessed using the algorithm described in Chapter III, section 3.3.3.3. 

Figure 69 shows the scratch closing progression for the control groups 

(control cultures (upper part) and static control (lower part)). Confidence 

bands for each sample are shown with discontinuous lines, whereas the 

sampled data points of the distance calculated from processing the wound 
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progression are shown with inverted triangles and squares for the control 

cultures (CC) and static controls (SC) respectively. Note that from the curve 

of CC and SC it seems that the wounds closed completely at 30 h. This is 

because the images taken at 30 h shown a closed wound for those sam-

ples. To estimate the closing time (which is expected to be at any moment 

between 24 h and 30 h), it was used a linear regression fit (x-intercept of 

the curve). Using the linear regression, the wound (scratch) in the controls 

was completely closed after 27.9 hours while for the static samples that 

happened after 28.85 hours.

Figure 69. Wound healing progression in control cultures and static controls. The upper figure 
shows cell migration of cells in control-culture (CC) samples while the one in the bottom the cell 
migration of cells in static-control (SC) samples (i.e., cell seeded on static devices but without 
stimulation). The scratch is completely closed at 27.9 h in CC samples while it takes 28.8 h in SC 
samples. Total of samples: n =9 CC, n = 9 SC in three experiments.
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The results of the same experiment when the cellular substrate 

is excited with a frequency of 1 Hz are shown in Figure 70 (upper part) 

with the sampled data points represented as pink triangles. The healing 

process (scratch closure) is completed at 24.41 hours with a slope of 

-0,04004 ± 0,002576. The curve represents the mean cell front progres-

sion in a total of n = 9 samples and the confidence intervals are depicted 

in blue. As mentioned, the acquired images were processed using the 

algorithm described in Chapter III, section 3.3.3.3. 

Figure 70. Wound closure progression in dynamic samples stimulated with 1 Hz (upper figure) and 
80 Hz (lower figure). The scratch is completely closed after 24 h in 1-Hz samples and after 30 h in 
80-Hz samples. Total of samples: n =9 for 1Hz, n = 9 for 80Hz in three repetitions. The blue dashed 
lines in the curves show the confidence interval and the brackets the error bars which cannot be 
shown when the size is shorter than the size of the symbol (i.e., triangle for 1 Hz and circle for 80 Hz). 
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The bottom plot of Figure 70 shows the normalized values of the 

scratch closing for the piezoelectric devices stimulated at a frequency of 

80 Hz (FR (80Hz)). As calculated by the curve regression the wound is 

closed after 33.97 hours with a slope of -0,03183 ± 0,002552. 

A summary of the results described above for the experimental 

samples can be found in Table 6. Statistical analysis of the results among 

all groups showed a clearly significant difference for the samples seeded 

on the actuating device stimulated at 1 Hz and at 80 Hz when compared 

with the control specimens (p <0.0001).

Table 6. Summary of the results using plot regression with the values obtained 
from the processed images in the cell migration experiments.

Parameter Control  
Culture

Static 
Control

1-Hz  
stimulation

80-Hz  
stimulation

Slope -0,03703 ± 

0,001502

-0,03614 ± 

0,001644

-0,04004 ± 

0,002576

-0,03183 ± 

0,002552

Closing time 

(hours)

27,9 28,25 24,41 33,97

A representative example of the progression of the scratch in all the 

different experimental samples (i.e., control (C) and dynamic groups of 1 Hz 

and 80 Hz) at 0, 9 and 24 hours are depicted in Figure 71. Qualitatively, cell 

migration in the samples with dynamic vibration of the cellular sub-

strate is different than that in the control groups. For example, at 24 h, 

the experimental group stimulated at 1 Hz showed a scratch completely 

closed, while the scratch progression in the experimental group stimu-

lated at 80 Hz was still bigger than the control culture. The preliminary 
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conclusion we can extract from these results is thus that cell migration in 

the samples stimulated with 1 Hz dynamic frequency shows qualitatively a 

faster rate while the ones stimulated at 80 Hz significantly decreased this 

rate when compared to the controls.

Figure 71. Fluorescence micrographs of the scratch progression in a control (C) and experimental 
groups seeded on the actuator-based device stimulated at 1 Hz and 80 Hz at different time points. 
Qualitatively, cell migration in the samples dynamically stimulated at 1 Hz shows a faster rate of 
the scratch closure. 
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This set of experiments demonstrated, in the first place, the potential 

use of the actuating device proposed in this thesis to study cellular migra-

tion relevant to wound healing processes. Second, cell migration rate seems 

to be frequency-dependent in which dynamic-mechanical stimulation at 

low frequency reduced the scratch closing time while excitation at 80 Hz 

significantly increased this rate. Cells grown onto the piezoelectric-based 

devices without stimulation (i.e., static condition) did not show any signifi-

cant deviation compared with the control cultures (Petri dish control).

5.7.3. Third observation: Effect of dynamic mechanical 

stimulation on the morphology of cells

In this section a third set of experiments using the actuating device 

is described. The objective was to test the hypothesis that the frequen-

cy dependent changes observed in the cell proliferation and migration 

behaviors described above (section 5.7.1 and 5.7.2) could be related to 

morphological and structural changes in the cells. To that aim scanning 

electron microscopy (SEM) and immunostaining experiments were per-

formed as described in Chapter III, section 3.2.

The morphology of the cells under different experimental condi-

tions is shown in Figure 72. The SEM micrograph of a HaCaT cellular 

culture grown in a control Petri dish is shown in Figure 72A, where cells 

present a polygonal shape and a collective growth forming colonies. The 

diameter of these cells is about 35 µm. Cells seeded on the actuating 

device without being mechanically stimulated exhibit a similar topogra-

phy (Figure 72B). In both cases epithelial cells formed colonies and were 
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well attached to the surface. The morphology is different in the samples 

under dynamic mechanical stimulation, i.e., cells seeded on devices driv-

en at 1 Hz (Figure 72C) and 80 Hz (Figure 72D). Some observed areas of 

the group of 1 Hz showed cytoplasmic projections and a more prominent 

nucleus at 48 h of the experiment while the group subjected to 80 Hz ex-

citation shows rounded cells with smaller size. This observation of a more 

extruded nucleus in the group stimulated at 1 Hz might indicate that the 

cells were observed just prior to cell division. More images from this set 

of experiments can be observed in Appendix VI. 

Figure 72. SEM images of control and experimental group samples. Differences in the area and 
projections in the dynamically excited samples compared to the static controls are observed. 
Non-significant differences are observed between samples of the control group, i.e., images A 
and B, at t= 48 h. However, cellular morphology is different between control group and the 1 Hz 
excited samples (image C) and 80Hz excited samples (image D). In the image C (1Hz) the cells 
show cytoplasmic projections and a more condensed nucleus at 48 h. On the other hand, the 
morphology of cells stimulated with 80Hz was rounded at 48 h. Length scale: 20 µm. 
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After these results obtained with the SEM, we moved on to immu-

nostaining assays to better understand the identified changes in the cells’ 

morphology. For this immunofluorescence study the cytoskeleton and the 

nucleus of the cells were stained using a red fluorescent phallotoxin (spe-

cifically labeling f-actin) and blue fluorescent DAPI (labeling the nucleus). 

Focal adhesions were stained using vinculin but unfortunately, the quality 

of those images was poor to determine changes among samples. Figure 

73 shows the merged images of the control group (Figure 73A,B) and dy-

namic group (Figure 73C,D) showing the stained f-actin cytoskeleton and 

the stained nucleus. According to Figure 73C the experimental group stim-

ulated at 1 Hz for 48 h showed larger and well-spread cells which show 

well delimited pericellular and intracellular f-actin fibers compared with the 

control samples (both control culture and static control). These cells un-

der low-frequency (1 Hz) dynamic stimulation showed similar cytoplasmic 

projections (filopodia) observed using SEM. In the control groups (Figure 

73A,B), f-actin showed fewer projections and was distributed perinuclearly 

in a homogenous manner in the cells, showing less organization. Finally, 

in the 80-Hz experimental samples no significant changes were observed 

both in cell shape and size and in f-actin structure and distribution com-

pared with controls. In this case, using immunohistochemical staining with 

a magnification of 20x we were not able to observe the morphology noted 

at SEM in the 80-Hz group.
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Figure 73. Immunostaining assay for the study of the effect of the dynamic mechanical stimulation 
on the cellular morphology. Merged images of f-actin stained with phalloidin Alexa Fluor® (red) 
and nuclei stained with DAPI (blue) at 48 h of treatment of dynamic mechanical stimulation. A) 
Control-culture samples seeded on Petri dishes. B) Static control of cells grown on the actuating 
device under static conditions (no excitation). C) 1-Hz excitation group. D) 80-Hz excitation group.

Qualitatively, it seems like in the samples stimulated with 1 Hz 

(Figure 73C) the nucleus showed a slight increment in size compared to 

the other samples and presented an oval and elongated shape consistent 

with the directions of the actin fibers. To gain more insight on whether 

the stimulation changed the nuclei size, DAPI images were analyzed as 

described in Chapter III, section 3.3.3.4. The result obtained from pro-

cessing the DAPI staining images (nucleus) is depicted in Figure 74. This 

graph represents the average size of the nucleus in the experimental 

samples normalized to control cultures at 48 h with a total of n > 300, 

where n is the amount of nucleus analyzed. As we can see, the size of the 

nucleus in the 1-Hz excitation samples only varied 0.069 units compared 
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to the controls while in the 80-Hz excitation experimental group the size 

of the nucleus was 0.059 units greater than the controls, neither of them 

showing a significant statistically difference. 

Figure 74. Nucleus’ sizes normalized to control-culture samples at 48 h obtained through the 
processing of the DAPI images. (Number of nuclei, n > 300).

The study presented in this section shows that there is a difference 

in the morphology of the cells under dynamic-mechanical stimulation. 

These results support the initial hypothesis that the frequency-dependent 

responses observed in the cells in cell proliferation and migration experi-

ments might be associated with changes in the cellular shape. Indeed, the 

changes observed at 48 h by SEM and immunostaining may support the 

following preliminary hypothesis to explain the results. 
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Dynamic-mechanical stimulation at low frequencies alters the 

cells at already early times of the experiment which may potentially 

promote the proliferation and migration rates during the whole pe-

riods of stimulation. Based on the observations presented above, we 

can think that f-actin fibers could promote and increase mechanical 

tension across the cell when low frequency is applied. Such tensions 

may cause downstream responses (mechanical stimulations lead to 

mechanotransduction events) increasing the metabolic activity and 

the increase in the cellular migration rate observed in sections 5.7.1 

and 5.7.2. Due to this f-actin extension, cells might trigger an in-

crease in their motility (1-Hz stimuli enhanced scratch closing and 

the cells showed more extended actin fibers). Interestingly this state-

ment concurs with some correlations between actin re-arrangement 

and increased rates in motility observed by Artherton et al., who have 

demonstrated that low-intensity ultrasound pulses generate a rapid 

reorganization of the actin cytoskeleton that led to an increase in cell 

velocity via activation of the Rac GTPase.378,379

In addition, studies performed by Stefano Piccolo’s group have 

proposed Yorkie-homologues YAP (Yes-associated protein) and TAZ 

(transcriptional coactivator with a PDZ-binding motif) as nuclear relays 

of mechanical signals exerted by cell shape.347–349 According to their 

studies, when YAP and TAZ are mechanically activated they translocate 

from the cytoplasm to the nucleus where they interact with TEAD fac-

tors to regulate gene expression. This mechanical activation is linked 

to the f-actin fibers in the cytoskeleton and they have observed that in 

distended cells (e.g., our 1-Hz samples) YAP and TAZ are localized at 

high levels in the nucleus. On the contrary, in compressed and rounded 

cells (e.g., our 80-Hz samples) YAP and TAZ are inhibited and have been 
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localized at higher levels in the cytoplasm. They have also shown a rela-

tionship between the level of YAP/TAZ in the nucleus of endothelial cells 

and cellular proliferation.

In conclusion, the proposed actuating device and these preliminary 

observations open an interesting route for future research. The mecha-

nism by which the dynamic-mechanical stimulation promotes the rates 

in cell proliferation and migration of epithelial cells is an exciting, albeit 

enigmatic, research field.

5.8. DISCUSSION

In this chapter we have described the design, fabrication, 

and characterization of an actuating device that can act 

as a mechanically active substrate as well as its validation 

in 2D epithelial cell cultures. After cytocompatibility testing, we have 

demonstrated its use to study the effects of dynamic-mechanical 

stimulation on cells.

The proposed system permits the application of dynamic-mechani-

cal stimulations to biological cultures in vitro in a wide range of frequen-

cies. In this work we have selected a specific frequency (1 Hz) to study 

its effect on HaCaT cultures because such frequency has been previously 

identified as relevant for biological processes.377,380–382 However, there is 

no limitation in the use of this device with other excitation frequencies 

or mechanical conditions. For example, previous works have shown that 
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high frequencies (500 Hz and 1 kHz) applied to mesenchymal stem cells 

promote osteogenesis, which could be of a significant impact for bone 

grafts.383–385 Those frequencies can also be attained with this actuating 

bioelectronic device without compromising the setup nor the mechanical 

performance since the first vibrational mode of the system was calculat-

ed to be around 148 kHz. Therefore, this device could be used to explore 

intriguing biological responses of engineered-skin tissues or other biolog-

ical tissues at different frequencies.

The estimated forces applied from the active substrate to cells was 

calculated to be in the order of pN. This magnitude is thought to be per-

ceived by the cells as reported in the literature,375,386,387 without inducing 

cell detachment from the substrate. In addition, the cyclic movement of 

the piezoelectric device did not induce any fluidic stream in the culture 

medium which could have induced an additional stimulation to cells. This 

conclusion was established by assessing the absence of fluid streaming 

using sodium salt as a fluorescent tracer. Therefore, all cellular responses 

described above were attributed to the dynamic-mechanical stimuli.

To validate the device and explore its use in cellular mechanotrans-

duction research some preliminary studies on the influence of the dy-

namic-mechanical stimulations entailing cell proliferation, migration and 

morphology were performed. These results have shown that dynamic me-

chanical vibrations of low amplitude (nanometer range), long duration 

(up to 8 days), and low frequency (1 Hz) enable in vitro increased rates 

of proliferation and motility of HaCaT cells, but compromised cell mor-

phology. This is not totally new as some studies have shown that the 

application in vitro of frequencies that mimic physiological conditions (in 

the order of Hz) improves cellular proliferation and cell division.382,388 On 
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the other hand, mechanical stimulus at a frequency of 80 Hz produced 

the contrary effect: rates of cellular proliferation and migration decreased 

with a considerable impact on cell morphology. These results may indi-

cate that the response of HaCaT cells, and eventually organotypic skin 

cultures, are frequency dependent. This hypothesis opens an interesting 

research line in cell biology.

Finally, immunostaining studies showed significant changes in 

actin organization depending on the stimulation frequency. In samples 

stimulated with 1 Hz, f-actin appeared stretched and more organized 

than that of the static controls in the observation performed at 48 h. In 

80 Hz stimulated samples actin fibers were distributed perinuclear similar 

to the cells seeded on the controls and devices under static conditions.

The preliminary observations reported in this chapter have shown 

the potential importance of dynamic-mechanical stimulation in modulat-

ing keratinocyte ―HaCaT― phenotype. Significant differences in HaCaT 

proliferation, migration, and morphology have been found depending on 

the excitation frequency and, consequently, the magnitude of the stim-

uli imposed on the cells from this movement of their substrate in the 

z-axis. Further research is necessary to determine whether this type of 

mechanical stimulation (direction, magnitude, frequency and duration of 

the stimuli) results in clinical benefits in the treatment of wounds, for 

example.

Finally, we must emphasize that the most relevant contribution 

of this work is the development of this entirely cytocompatible bioelec-

tronic device (in form of a bioelectronic Petri dish) that depicts an easy 
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manipulation (highly desirable for testing cells in vitro), a scalable and 

cheap fabrication process, and a user-friendly and real-time configura-

tion, opening new possibilities for the study of (dynamic) cellular mech-

anotransduction. This latter characteristic is new when compared to most 

of the current mechanical stimulation techniques (e.g., scaffolds, sub-

strate patterning) where first, the cellular substrate’s properties are fixed 

and constant (non-dynamic) during the duration of the experiment and, 

second, in order to vary those cellular substrate’s properties the scaffold 

or substrate patterning must be fabricated from scratch (and eventually 

characterized). In other words, they are incapable of reconfiguring their 

mechanical properties in real-time.





VI. General 
conclusions 
and future 
work



El fin justifica los miedos. 

Ramón Eder
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and future work

6.1. CONCLUSIONS

Integrating electronics into engineered-skin substitutes not 

only to continuously monitor the tissue (sensing) but also to 

actively intervene in the responses (actuating) of the engineered 

tissue without the need for direct medical supervision would be a great 

advance in reconstructive surgery and other clinical scenarios requiring 

skin grafts. In the framework of this vision, the aim of this thesis has 

been the development ―using fabrication technologies compatible with 

bioprinting―, integration into cell cultures and validation of sensors and 

actuators mechanically soft that allow an intimate interface with epithelial 

cells and can properly operate embedded in a cell culture environment.

In this work, two different electronic devices have been proposed, 

fabricated and validated. The first one have allowed performing imped-

ance spectroscopy across flexible printed sensors in real-time to assess 

cellular proliferation, migration, and cell-sensor adhesions of a cell line 

of keratinocytes. The second device have allowed actuating onto cells via 

dynamic variations of the cellular substrate. This actuating device was 
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exploited to study the effects of dynamic stimulations on cellular prolifer-

ation, migration and morphology of a cell line of keratinocytes.

Sensing system embedded into epithelial cell cultures

From micro- to macroscale, biology is three-dimensional, flexible 

and temperature sensitive. This renders manufacturing techniques classi-

cally optimized for electronics incompatible with biological fabrication. To 

overcome these dichotomies and promote the eventual fabrication of free-

form blending of bio/electronics materials, we have proposed fabricating 

flexible biocompatible electronic sensors by inkjet printing technology. We 

have found this manufacturing process suitable for the fabrication of flexi-

ble sensors at temperatures much lower compared to those required in mi-

crofabrication methods. We have fabricated flexible inkjet-printed sensors 

at room temperature, in a cost-effective manner, and without the necessity 

of cleanroom facilities. We have used silver-nanoparticle-based inks as a 

conductive element for the sensors and found that printing three-layers 

of a non-conductive SU-8 based ink formulation efficiently passivated the 

conductive lines. The morphology of our passivated sensors simulated mi-

cro-grooves with features size of 300 µm and ~4 µm in width and depth, 

respectively, which we have found suitable to promote tight adherences 

between cells and the surface of the sensors. The cytocompatibility of silver 

nanoparticles is still not thoroughly comprehend but we have demonstrated 

that the passivation used provided with a completely biocompatible sensor 

device while retaining good electrical performance (i.e., sensitivity to im-

pedance changes under the presence of cells), which allowed to complete 

several sets of experiments with cell cultures. These sensors can also be 

used in microfluidic and/or lab-on-chip devices.
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From the first results of the developed platform we have been able 

to monitor cell proliferation, but for the method to be used as an indi-

cator of such cellular process (by determining cell densities) the number 

of cells initially seeded should be known and the type of cells (size) and 

the area available for cells to proliferate should be taken into account 

(i.e., the system should be calibrated). These additional considerations 

are required to gain confidence in any study because on one hand the 

behavior of cells is concentration/time-dependent, and on the other hand 

impedance-based measurements only represent the spatial average of in-

dividual events. Likewise, we must highlight that our developed platform 

is able to detect confluence non-invasively and remotely to the culture. 

Also, when using impedimetric sensors for monitoring cell cultures the 

obtained impedance can be influenced by both the electrical properties 

of the cellular membranes and the medium conductivity due to cellular 

metabolic wastes. To gain insight into this issue we have found that 

increasing the porosity in the cell membrane by adding Triton (i.e., hy-

per-permeabilization) correlates with impedance changes, which steered 

us to attribute that the main contribution to the measured impedance 

was the insulating electrical properties of the cellular membrane. By dis-

rupting the integrity in the membrane’s structures, the cell-medium/cell-

cell ionic interchange was altered as well as the physical path for the 

electrical current. We have also found that the impedance measurement 

can detect the keratinocytes cell-sensor adhesions. We believe this type of 

measurement may be relevant for ascertaining/monitoring the adherence 

of tissues and cells on implanted electronics.

Finally, we have found that the impedance measured using the 

developed sensors was able to track cellular migration for at least 80 h 

in a cellular migration experiment. We have established this correlation 
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between cellular migration and measured impedance using image pro-

cessing. Although the data have shown a very good linear correlation, we 

must be aware that the developed sensing system may lack specificity in 

measuring cellular migration over other factors such as cellular density, 

proliferation, and propagation of the electrical signal through the cell 

monolayer, which has been shown to play an important role during cellu-

lar migration. Albeit these preliminary results are promising, we conclude 

that to gain a fully electrical monitorization of biological-related events 

of engineered tissues/organotypic cell cultures multimodal sensing sys-

tems are desirable.

In any case, we consider that the results obtained with this first 

generation of inkjet printing sensors and the associated fabrication, de-

sign and strategies represent an initial step towards joining bioprinting 

of engineered-skin tissues with smart embedded sensors.

Actuating system embedded into epithelial cell cultures

The second device developed in the framework of this thesis was 

an actuating system based on an organic electroactive piezoelectric ma-

terial. We have chosen the PVDF polymer as the most suitable for the 

fabrication of biocompatible, thin, and mechanically compliant actuating 

devices. We have thus designed and fabricated a novel electromechanical 

system as an experimental tool to perform dynamic-mechanical stimula-

tion to cell cultures. The actuating devices allowed performing long-term 

cellular experiments, reconfiguring the mechanical parameters of the ac-

tuator in real-time, and applying forces in the range of the ones that 

appear at biological scales.
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Bearing in mind that physical forces-based approaches would be a 

promising new way of controlling cellular behavior, and therefore, of new 

therapies, we have studied the effects of varying the magnitude, frequency, 

and duration of dynamic-mechanical stimuli on cellular behavior. We have 

found that a stimulus of low frequency (1 Hz), low magnitude (< 0.4 nm), 

and up to 6 days enhances proliferation and migration of a cell line of ke-

ratinocytes (HaCaT) with an apparent relation to the actin elongation and 

organization. A mechanical stimulus at higher frequencies (80 Hz) resulted 

in totally different outcomes: rates of cellular proliferation and migration 

decreased with a considerable impact on the cell morphology. Based on these 

results we can conclude that the cellular responses of a cell line of kerati-

nocytes (HaCaT) upon dynamic-mechanical stimuli are frequency dependent. 

However, this preliminary result has to be supported by further research to 

determine whether this type of mechanical stimulation (direction, magnitude, 

frequency, and duration of the stimuli) results in a similar impact in 3D 

engineered-skin tissues and thus pushes the field of bio-integrated flexible 

actuators devices forward.

Finally, and although the validation of this ultrathin actuator em-

bedded into cell cultures was demonstrated in a cell line of keratinocytes, 

the actuating system proposed seems to be cytocompatible, with a scalable 

and cheap fabrication, and it is easy to configure and manipulate, so we 

understand it can support the study of (dynamic) cellular mechanotrans-

duction of other types of cells. This is a unique and advantageous feature 

compared with most of the current mechanical stimulation techniques 

used for the study of cellular mechanotransduction. Unlike the real-time 

reconfiguration of the mechanical properties offered by our device, most 

of those mechanical stimulation systems require fabricating/characteriz-

ing new devices from scratch in order to vary their mechanical properties 
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(e.g., new microfabrication pattern, new scaffold synthesis, etc. with their 

associated characterizations). Understating cellular mechanotransduction 

is not only crucial to gain far deeper insight into the function of cells, but 

it could also lead to new technologies and clinical applications. In this 

sense, we understand that the fabrication, design, strategies, and meth-

ods used in the developed actuating system represents an initial step 

towards engineered-skin substitutes with smart embedded actuators.

In summary, the objective of this Ph.D. work and its main con-

tribution has been to pave exciting avenues towards this idea of living 

smart bifunctional skin substitutes. We believe in the potential of the 

3D printing technique to guide yet another revolution in bioelectronics as 

it is the only electronic manufacturing technique compatible with current 

bioprinting. No other platform as 3D printing enables the deposition of a 

wide range of functional materials ―from semiconductors to cell-laden 

hydrogels― on a large area of movable, curved and three-dimension-

al surfaces in a contactless fashion. This ability to directly interweave 

three-dimensional multi-materials from these two distant worlds (biol-

ogy and electronics) is fueling the vision of engineering cyborg tissues 

with internally integrated electronic arrays that can ultimately be used 

on-demand as engineered transplants with augmented functionalities 

(biological, physical, electrical). This potential would add an elegant new 

dimension to 3D bioprinting ―a fourth dimension― for the ability to cre-

ate transformable and smart organotypic tissues. Such technology may 

facilitate the development of next-generation bioelectronic devices with a 

seamless level of integration, eventually blurring the lines between living 

and man-made smart systems.
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6.2. FUTURE DIRECTIONS

In this thesis, we have developed (design, fabrication, and 

characterization) and validated biocompatible sensors and 

actuators, mechanically soft and compliant embedded into a 

cell culture environment. Future work may arise from the contributions 

presented in this thesis, providing a better fundamental understanding 

of the tissue-electronics interfaces and new applications for printable 

sensing devices: 

 � Exploring organic printed materials for the fabrication of en-

tirely biodegradable devices. Entirely biodegradable materials 

and transient systems that disappear at the end of their using 

cycle together with innovative fabrication methods represent a 

promising approach for subcutaneous sensors. In this line, the 

use of hydrogels as substrates389 for the fabrication of sensors 

could provide an excellent platform with a twofold purpose: me-

chanical support for the electrodes and three-dimensional struc-

ture for the cells. This proposed future work may push forward 

three-dimensional electrical measurements.

 � Determine the concentration of the silver-nanoparticles elec-

trodes to maintain viable cells and still ensure electrical 

performance. The cytocompatibility of the silver nanoparticles 

(AgNP) is still not completely clear. However, relevant progress 

has been achieved in sintering-free silver-nanoparticle-based 

ink for printed electronics,202,295 which places AgNP-based for-

mulation as a potential candidate to print concomitantly with 
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bio-inks materials and cells.293 Performing this study may help 

to assess the use of AgNP and the related concentrations to be 

printed with bio-based inks.

 � Evaluating organic-based conducting materials for the fabri-

cation of the sensing devices instead of using metal-based 

electrodes (AgNP). Metal-free electrodes represent an impro-

vement in the compatibility between the tissue and the elec-

tronics interface. Conducting polymers such as PEDOT: PSS or 

carbon-based inks such as carbon flakes offer several advan-

tages like commercial availability, more compliant interfaces to 

the tissues, and the support of not only electronic but also ionic 

charge transports. This future work opens the road toward or-

ganic printed flexible bioelectronics.

 � Compare the use of sensors based on interdigitated elec-

trodes to monopolar electrodes for measuring the impedan-

ce in 3D organotypic skin cultures. Scaling the size of the 

electrodes to the size of the cells may improve the specificity 

of the recording into the culture. Impedance-based recording 

can be performed using monopolar electrodes distributed in 3D 

scaffolds to create a map of impedance inside the tissue ex-

ploiting the technique named tomography impedance spectros-

copy. This approach may help to increase both the sensitivity 

and the specificity in the impedance sensing.

 � Study the dual function of using electrodes to record and elec-

trically stimulate the cultures. Some groups are actively studying 

the role of the endogenous and applied (i.e., internal and external) 

electric fields to promote wound healing. With minor changes in 
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the instrumental system, external electric fields could be applied 

while the same system would monitor the state of the healing. 

This proposal would provide a platform for the understanding of 

the role of the electric fields in wound healing.

In parallel with the future work outlined above, the following areas 

will provide a step forward in the fundamentals of mechanical stimula-

tion in biology and new applications for actuating bioelectronic devices: 

 � Exploring organic printed electrodes in PVDF membranes for 

the fabrication of entirely metal-free bio-actuators. All-or-

ganic based actuators with organic electrodes such as PEDOT: 

PSS or carbon-based conductive electrodes would produce a 

fully polymeric bioelectronic device with no metal components. 

The PDVF can be easily synthesized or even inkjet-printed390 as 

well as the organic electrodes. Performing this work may help 

to produce implantable, metal-free devices less susceptible to 

mechanical failure to be used as actuators in engineered hybrid 

tissues.

 � Study the cellular pathway of the frequency-dependent res-

ponses of the epithelial cells. Some groups are actively stud-

ying the role of the YAP/TAZ molecules in mechanotransduction. 

With no changes in the instrumental system, deeper studies can 

be performed to understand the cellular pathways underneath 

the improved rates in the proliferation and migration observed 

in this thesis. This proposal would give insight into the unders-

tanding of the role of the frequency of stimulation for skin-re-

lated scenarios.
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 � Integrate the proposed actuating device in 3D cell cultures. 

Stimulation of 3D bioengineered skin tissues by the inverse pie-

zoelectric effect has not been studied. The integrations of this 

actuating device, initially as substrate, and eventually into the 

3D culture, is feasible since the mechanical stimulation could be 

propagated into the tissue. Performing this work may help to 

mimic a more realistic scenario and to study the potential use 

of the 3D dynamic-mechanical stimulation.

 � Expand the frequency range of stimulation to characterize 

the cellular responses of the epithelial cells to dynamic-me-

chanical stimulation. Expanding the excitation frequency be-

yond the ones already studies (i.e., 1 Hz and 80 Hz) may help 

to better understand the cellular responses under different sti-

mulation frequencies that might be relevant for skin-related 

issues. 

 � Exploring novel devices to enable transversal stimuli in cell 

cultures. A (dynamic) mechanical stimuli in uni- and/or biaxial 

fashion referenced to the axis of cells (i.e., X- and Y-axis) might 

be of more relevance for skin-related scenarios since the natu-

rally elastic response of skin tissues is achieved in these direc-

tions. This proposal would bring out novel mechanical-based 

smart systems with yet another effective manner to stimulate 

the engineered-skin tissues.

Finally, the following studies will build on newly developed sensing 

and actuating system and continue to advance towards dermo-epidermal 

skin substitutes with actuators and sensors as non-biological components:
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 � Combining the sensing and actuating systems in a multi-

modal platform. Bioelectronic interfaces combining arrays of 

sensors and actuators are promising tools for the study, mo-

nitoring and self-induced regenerations on engineered tissues. 

A technological challenge is the design and integration of soft 

and compliant bioelectronic devices into cell cultures, which 

has been one of the main contributions of this thesis. Thus, 

based on the work presented in this dissertation, it could be 

feasible to monitor the changes in the cellular responses ob-

served in the cell cultures under dynamic stimulation using 

the sensing platform. The impedimetric sensor could then be 

used to monitor the proliferation, migration, and morphologi-

cal changes induced by the actuator. This work would provide 

an autonomous electronic system to assess and induce cellular 

responses.

 � Integrating the sensing/actuating, and multimodal system 

into three-dimensional skin tissues. Two-dimensional mo-

dels of cell cultures do not mimic the conditions prevailing 

in human tissues in every respect. A key step for the deve-

lopment of truly living bionic skin tissues is to be able to 

integrate both sensors/actuators into organotypic cultures. To 

achieve this goal, testing the capacities of the sensing/ac-

tuating system proposed in this thesis could be a viable first 

step. This study would provide critical know-how about the 

requirements for scaling towards 3D sensing and actuating 

bioelectronics.
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 � Bioprinting living cells on the inkjet-printed sensors. We have 

studied the cell-sensors interface by seeding manually the cells. 

However, by bioprinting cells on our inkjet-printed devices new 

challenges can emerge. The contact angle between the deposited 

cells and the surface of the sensors, the wettability, and the tis-

sue-electronics adhesions needs to be thoroughly comprehended 

to develop a hybrid platform that prints electronics and living 

matters concomitantly. This research would pave the way for the 

understanding of the printing challenges that may arise from 

this technology.
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Appendix I. Materials List for the fabrication of the sensors

Appendix I. Materials List for the 

fabrication of the sensors

Material Specification Supplier

Silver Nanoparticle 15% Ag, Ethylene glycol 15-

25%, ethanol 1-2% and water 

50-70

Sigma Aldric

SU-8 formulation MicroChem PriElex®

PET foils 100 µm Mitsubishi Paper Mills

EPO-TEK®H20E Epoxy Technology, Inc.

PDMS Sylgard® 184 Sigma Aldrich

Adhesive Kapton® films Sigma Aldrich

Dow Corning™ High-Vacuum 

Grease

Fisher Scientific
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Appendix II. Materials List for the 

fabrication of the actuators

Material Specification Supplier

PVDF 18 µm thickness PiezoTech

Adhesive Copper 

tape

RF EMI Shielding Tape 1181 Copper Foil 

Conductive, Single Sided 0.250” (6.35mm) X 

54.000’(16.50m) X 0.003” (0.07mm)

3M Authorized 

Distributor

Adhesive Polymer 

Film

Apex PA79DK Apex Microtechnology Digi-Key

Power Supply 

IHB200-0.12

RS Component
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Appendix II. Materials List for the fabrication of the actuators

Comment Description Designator Footprint Footprint 
Description

Lib 
Ref

Quantity

Cap Pol1 Polarized 
 Capacitor 
(Radial)

C1, C11 ECA2EM221 Cap Cap 
Pol1

2

100nF Capacitor (Se-
miconductor 
SIM Model), 
Polarized Ca-
pacitor (Ra-

dial)

C2, C3 C1808V104K-
BRACTU

Cap_Bypass Cap 
Pol1, 
Cap 
Semi

2

Cap Semi Capacitor (Se-
miconductor 
SIM Model)

C4,’C5 C1206 Chip Capaci-
tor; Body 3.2 x 
1.6 mm (LxW 

typ)

Cap 
Semi

2

Cc 3.3pF C6, C8,C7, 
C9

MC0805N-
3R3C501CT

Cap 4

Diodo D1, D2, 
D3, D4, 
D5, D6

AU1PJM384A Diode 6

Power 
+175V

Header, 2-Pin P1, P4, P5, 
P6

B2B-XH-2 Header 
2

4

AmpOp P2 PA79SOP20 PA79 1

BNC Elbow 
Connector

P3 BNC_RA CON Connector; 
BNC Elbow

BNC 1

RinB Resistor R1,R2,R9, 
R10

5025[2010] Chip Resistor; 
Body 5.0 x 2.5 
mm (LxW typ)

Res3 4

Rf Resistor R3, R13 5025[2010] Chip Resistor; 
Body 5.0 x 2.5 
mm (LxW typ)

Res3 2

Rc Resistor R4, R5, 
R11, R12

6332[2512] Chip Resistor; 
Body 6.3 x 3.2 
mm (LxW typ)

Res3 4

Rlim Resistor R6, R7 6332[2512] Chip Resistor; 
Body 6.3 x 3.2 
mm (LxW typ)

Res3 2

Rin Resistor R8, R14 3225[1210] Chip Resistor; 
Body 3.2 x 2.5 
mm (LxW typ)

Res3 2
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Appendix III. Board Circuit Schematic for 

the driver of the actuator device
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Appendix IV. Flow chart in  the assembly of the experimental stage  of the actuator devices

Appendix IV. Flow chart in  

the assembly of the experimental stage  

of the actuator devices

The PVDF film as received (a) is split into small pieces of 2.5 cm × 3.5 cm (b) as well as two cupper 
adhesive tapes and the external cables. (c) The external cables are soldered to the cupper adhesive 
tapes and attached to each side of the PDVF piezoelectric and pieces of the non-conductive polymer 
are adhered to each side of the film (d) to avoid electrical stimulation to the cell cultures. A paper 
label is included just before sticking the non-conductive polymer on top of the flexible copper 
electrodes. (e) Petri dishes with lateral wholes are conditioned to hold the organic piezoelectric in 
their bottom (f). A ring made with PDMS is cured on top of the assembled actuator leaving a well 
to culture cells (g). Finally, the schematic in (h) shows the actuator device holding a long-lasting 
cell culture.
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Appendix V. Experimental setup  

for the analysis of fluid streaming  

within the actuating device

Fluorescein Sodium is added dropwise under blue light into the devices filled with water. Devices 
were dynamically stimulated with a frequency of 80 Hz while the tracks in the fluxes were 
monitored. No fluxes were observed in the dye.
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Appendix VI. Additional scanning  

electron microscopy images of cell  

cultures seeded on the actuators

Changes in the cell morphology in samples stimulated at 1 Hz and 80 Hz for 48 h using the designed 
actuating device. In samples stimulated at 1-Hz frequency the cell-cell union and the structure of cells 
appear elongated and stressed while in cell cultures stimulated at 80 Hz, some cells presented a rounded 
and compacted shape. While the rounded morphology observed at 80 Hz could be representative of 
cells that are going to divide (the upper and lower micrographs in the 80 Hz column shows two cells 
tightly gripped to each other), it might be also an effect of the dynamic mechanical stimulation since 
this characteristic was observed more significant in this group.
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Appendix VII. Fitting values  

of the electrical circuit model for 

detachment experiments

Impedance 
spectrum

Time

Chi-Sqr Sum-Sqr Rs(±) Rs 
(Error)

Rs 
(Error%)

Cide(±) Cide 
(Error)

Cide 
(Error%)

Rinter-
faz(±)

Rinterfaz 
(Error)

Rinterfaz 
(Error%)

CPE_inter-
faz-T(±)

CPE_in-
terfaz-T 
(Error)

CPE_in-
terfaz-T 

(Error%)

CPE_in-
ter-

faz-P(±)

CPE_inter-
faz-P 

(Error)

CPE_in-
terfaz-P 

(Error%)

Time 15h 0,0065041 23,369 29,18 0,34127 1,1695 9,81E-12 1,29E-10 1,3162 57,53 0,31508 0,54768 0,00015605 2,17E-06 1,3913 0,47377 0,0018875 0,3984

Time 23h 0,0066099 23,749 30,41 0,31985 1,0518 1,11E-11 1,52E-10 1,3616 52,66 0,28887 0,54856 0,00011929 1,62E-06 1,3596 0,51319 1,82E-03 0,35439

Time 36h 0,006949 24,968 30,26 0,3366 1,1124 1,18E-11 1,88E-10 1,5983 46,67 0,28938 0,62006 8,58E-05 1,12E-06 1,3076 0,5486 0,0017197 0,31347

Time 48h 0,0073915 22,123 30,01 0,36434 1,2141 1,32E-11 2,59E-10 1,9604 41,12 0,30924 0,75204 7,87E-05 1,13E-06 1,4346 0,55469 1,87E-03 0,33756

Time 56h 0,0074047 17,719 28,87 0,40276 1,3951 1,48E-11 3,82E-10 2,5775 34,17 0,32916 0,9633 7,70E-05 1,20E-06 1,5528 0,55196 2,01E-03 0,36387

Time 80h 0,0085544 17,049 26,05 0,45779 1,7574 1,83E-11 7,42E-10 4,0561 24,15 0,34761 1,4394 7,46E-05 1,30E-06 1,7454 0,5534 2,22E-03 0,40183
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Appendix VIII. Materials List for the cell 

biology experiments and Solutions

A. Material Lists for Cell Biology Experiments

Material Specification Supplier

Trypsin EDTA 0.05 % and 0.025 % Life Technologies

Glutaraldehyde 25% in water
50ml

Sigma Aldrich

Paraformaldehyde Powder, 95% Sigma Aldrich

Virkon 5g

Dimethyl Sulfoxide

Antibiotic/Antimicotic 105 U∙ml-1 /104 µg∙ml-1 Thermo Scientific 
HyClone

FBS Qualite Recherche Us 500ml

DMEM High w/Glutamax 500ml Invitrogen Gibco

DMEM w/o phenol red Invitrogen Gibco

Alamar Blue Cell Viability 25ml Bio-Rad AbD Se-
rotec

Collagen from Calf Skin 0.1% Solution In 0.1 M 
Acetic Acid

Sigma Aldrich

Serological pipet 5 mL, 10 mL

P60 culture dish 60x15mm

P100 culture dish 100x20mm

Corning 96-Well Multiwells

Parafilm 38mx100mm

Syringe 3p ste 60ml luer-lock x25



xxxv

Appendix VIII. Materials List for the cell biology experiments and Solutions

Material Specification Supplier

Filters puradisc 25 AS PS 0,2µ 25MM X50

Count. Chamber Neubauer

Filtration units 250ML 0,1µM  X12

Micropipette tips 100 - 1000 µl/ 2 - 200 µl 
/0,5 - 10 µ

Graduated centrifuge tube with screw 
cap (falcon)

15 mL, 50 mL

Cryotubes cryovial 2 mL sterile nalgene

B. A.5.2 Phosphate Buffer Saline Solution (PBS)

In 1 liter of distilled water, NaCl, KCl and Na2HPO4, KH2PO4 are 

dissolved to a final concentration of 137 mM, 2.7 mM, 8 mM and 1.8 mM, 

respectively. The solution is then diluted in a final concentration of 1:10 

in distilled water.

C. A.5.3 Blocking Solution (BS)

In 50 mL of PBS solution, it is dissolved 0.5 g of Bovine Serum and 

1 mL of Goat Serum.
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