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Abstract:



Due to advances in telemedicine, mobile medical care, wearable health monitoring, and electronic skin, great efforts have been directed to non-invasive monitoring and treatment of disease. These processes generally involve disease detection from interstitial fluid (ISF) instead of blood, and transdermal drug delivery. However, the quantitative extraction of ISF and the level of drug absorption are greatly affected by the individual’s skin permeability, which is closely related to the properties of the stratum corneum (SC). Therefore, measurement of SC impedance has been proposed as an appropriate way for assessing individual skin differences. In order to figure out the current status and research direction of human SC impedance detection, investigations regarding skin impedance measurement have been reviewed in this paper. Future directions are concluded after a review of impedance models, electrodes, measurement methods and systems, and their applications in treatment. It is believed that a well-matched skin impedance model and measurement method will be established for clinical and point-of care applications in the near future.
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1. Introduction


Compared with many other complex technologies in the biomedical engineering field, bioimpedance detection is a fast, simple, non-invasive, and cost-effective method for assessing the condition of the human body [1]. So far, it has been applied to many fields, such as heart rate measurement [2], fake finger detection in security systems [3], dermatological research [4], and so on. However, only a few applications have been realized after six decades of development. This is due to the difficulty of collecting an accurate signal and finding a one-to-one match between impedance and physiological information, due to the lack of appropriate detection electrodes as well as the complexity of, and individual differences between, bodies.



Skin impedance is an important facet of bio-impedance and can be used to analyze the condition of the human body. Its measurement can feed back physiological information about the skin, such as skin hydration [5], the thickness of the stratum corneum [6,7], the condition of water channels through the skin [8,9], and so on. In addition, electrode–skin impedance is a significant factor in the application of other bioimpedance parameters, such as heart rate measurement, which greatly affects the target signal quality [10]. Detailed research of skin impedance has been conducted on a combination of skin characteristics and bioimpedance parameters [11] and dates back to the 1950s, mainly driven by transdermal drug delivery technology. Basically, skin impedance is the response of a specific skin region to an externally applied electrical current (or voltage) [11]. Therefore, the electrode is crucial for the detection of skin impedance. The measurement of skin impedance is increasingly required in the research of non-invasive disease monitoring, such as diabetes and gout [12]. The GlucoWatch G2TM Biographer (“GW2B” Cygnus, Inc., Redwood, CA, USA) was approved for monitoring blood glucose non-invasively by transdermal ISF extraction in 2002 [13]. However, two problems—skin irritation and uncertainty of blood glucose measurement—have arisen from its wearers, which caused its failure as a product. Partly, the reason for these problems was that the wearable device could not distinguish between different individuals’ skin conditions, which can be assessed by skin impedance analysis. Heretofore, skin impedance measurement has not been fully developed, especially for the stratum corneum (SC).



Skin permeability characterization, especially in the assessment of the penetration promotion effect, is one of the most important applications of skin impedance. The relationship between skin permeability and skin impedance has been studied by various methods [11,14,15,16,17], and much effort has been put towards proving the relationship between skin penetration and skin impedance, especially for the impedance of SC. References [18,19] demonstrated that humidity has a great influence on skin impedance because it changes the hydration state of SC. Some researchers have studied the barrier function of SC by serial tape stripping and found that the thicknesses of SC among different individuals are varied [6]. Meanwhile, detected skin impedance is closely related to the thickness of SC. Also, the impedance of SC occupies a huge proportion of the total skin impedance. Thus, the status of SC greatly affects the detected skin impedance. Reference [20] evaluated the effect of penetration enhancers on transdermal drug delivery by comparing skin impedance spectroscopies. Penetration enhancers are used to open penetration channels through skin, especially for breaking the barrier function of SC and promoting skin hydration; thus, they can reduce skin impedance. Therefore, skin impedance detection is a simple, fast and non-invasive method to feed back the effect of penetration enhancers. In addition, electroporation, another commonly used penetration method, was used as pretreatment for transdermal drug delivery in reference [21]. It was pointed out that skin impedance detection could be used to reflect the effect of electroporation. In reference [11], researchers used a measurement technique based on Electrical Impedance Spectroscopy (EIS) aimed at discriminating the electrical characteristics of the electrical treatment for human skin before drug delivery. An electrical model of skin was proposed to allow researchers to analyze physiological changes from the perspective of electrical technology. Hence, the changes in each parameter in the model, which represent different physiological meanings, have also been studied. However, researchers have not fully explored the mathematical equation between skin permeability and impedance. However, it is feasible to use the SC impedance measurement instead of skin permeability due to its convenience and cost-effectiveness. Therefore, the development of a skin impedance measurement will be reviewed in this paper to analyze the assessment of skin permeability.



Many researchers have tried to use skin impedance to assess skin penetration ability [18]. It has been pointed out that the electrode, analysis model and measurement method are the key factors in this process. Thus, the theoretical model, choice of electrodes and method of skin impedance measurement will be reviewed to forecast the future development of skin impedance measurement. This will allow improved accuracy of quantitative ISF extraction in non-invasive disease monitoring techniques as well as the amount of drug absorption in transdermal drug delivery. The content includes the following four parts:

	
Skin impedance model;



	
Electrodes for skin impedance measurement;



	
Methods and system for impedance measurement;



	
Application in penetration promotion treatment.









2. Skin Impedance Model


The ideal sites for impedance measurement in a in vivo experiment are the human forearm and side abdomen, because they can be conveniently accessed and have a relatively thin SC [6]. The mammalian abdomen is preferred for in vitro experiments due to its thin property and large area [22]. In order to clearly disclose the model of skin impedance, it is necessary to figure out the anatomy of skin. Here, firstly, the skin structure will be introduced from the outermost to the innermost skin layer. Then, the transport physical principles of skin are discussed. Finally, the skin impedance model is studied.



2.1. Morphology of Human Skin


Mammalian skin plays a great role in protecting the body [23]. The general human skin consists of three major layers, including SC, the viable epidermis and the dermis (Figure 1). Also, there are some skin appendages in the horizontal direction, like sweat glands and hair follicles [24].


Figure 1. Sketch of the human skin layers. Moving from the outside to the inside: the stratum corneum (the outmost layer), the viable epidermis and the dermis [23].
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The outermost layer is the stratum corneum, which is considered to be the biggest barrier in transdermal transport [25]. The thickness of SC varies greatly among different individuals and different body parts. It is recorded that the thickness of the forearm is about 10~40 μm [7,26]. SC is mainly composed of corneocytes which are dead cells without nuclei [25] that are embedded into the highly ordered and dense lipid matrix. The moisture content of SC is kept at about 20 percent. It is believed that such a structure and composition determines the hydrophobic properties of skin [22] as well as the narrow transport channel, which turns out to have high skin impedance [23]. Basically, high skin impedance caused by the SC layer can be measured when the frequency is below 1000 Hz [27]. Furthermore, saturated lipids can be another permeability barrier, such as ceramides, cholesterol and free fatty acids [28]. Defects of SC may affect the transdermal transport, but the extent to which this occurs is not very clear yet. In conclusion, the SC properties will greatly affect the measurement of skin impedance and the evaluation of skin permeability due to its special physiological structure, which deserves to be studied.



The layer below SC is called the viable epidermis, which is compared with that of the differentiated dead cells in SC [24]. The thickness of the viable epidermis also varies greatly, and the average thickness (except for special parts like palm and sole) is about 150 μm [23]. The viable epidermis is composed of epithelial cells, follicular epidermis and some related appendages, like hair follicles, sebaceous glands and sweat glands [29]. It can be divided into four layers vertically and they are the stratum lucidum, stratum granulosum, stratum spinosum, and stratum basale [23]. There are no blood vessels in the viable epidermis, where protein occupies 40 percent, water occupies around 40 to 60 percent and lipid occupies 15 to 20 percent. Hence, the viable epidermis is a hydrophilic layer [30].



Below the viable epidermis is the dermis layer, which may have a thickness about 500–2000 μm, depending on the body site [23]. The outmost part is the papillary dermis, consisting of thin collagen bundles, elastic fibers, fibrocytes and ground substance, comprising mainly water, electrolytes, polysaccharides–polypeptide complexes, and plasma proteins. Most of the microvascular system is located in this layer. The blood vessel area increases with depth from the epidermal–dermal junction. The dermis houses blood vessels, lymphatics and some skin appendages, as well as the nervous system within the skin. A large number of ISF are distributed in the dermis layer. In transdermal drug delivery applications, drugs are supposed to be preliminarily transported into the dermis and then into blood vessels. Subcutaneous fat tissue, which lies underneath the dermis, is about several millimeters thick. The water content of the dermis is about 60%, which is similar to that of the epidermis [30]. The dermis and the viable epidermis, which are together called the viable skin layer, are similar in electrical properties and water composition. The characteristics of viable skin are mainly observed at a high frequency, especially above 1 MHz [27]. To conclude, the properties of each skin layer are summarized in Table 1.


Table 1. Comparison between different skin layers.








	
	Stratum Corneum
	Viable Epidermis
	Dermis





	Composition
	Corneocytes embedded in lipid matrix, tightly stacked and overlapping each other
	Stratum lucidum, stratum granulosum, stratum spinosum, and stratum basale.
	Papillary layer, reticular layer, blood vessel, lymph and nerve system



	Hydrophilicity
	no
	yes
	yes



	Impedance
	>[image: ] Ω
	>[image: ] Ω
	>[image: ] Ω



	Thickness
	Tens of microns
	150 μm
	500 μm~2 mm









The hair follicle has a conical entrance and extends approximately 500 μm deep from the skin surface to the sebaceous duct that connects the follicle with the sebaceous gland. The gland produces sebum, a lipophilic substance which is composed of triglycerides, wax, squalene, cholesterol and lipids, and fills the funnel shaped tube. The lipophilic substance protects skin against bacteria, excessive moisture and heat loss. The sweat glands secrete water and evaporate to give a lower body temperature and moisturize skin. Its root is located in the lower dermis or subcutaneous tissue and is connected with the skin surface by a duct 100 μm in diameter, rising straight through the dermis and spiraling up the epidermis [24]. Electrolytes and water can be absorbed through the duct wall to maintain homeostasis. There are also some other endocrine glands and eccrine glands that work similarly to sweat glands.




2.2. Physical Principles of Skin Transport


The study of the transport mechanisms of charged ions in the skin could help to combine physiological changes with electrical performance. There are two main paths for charged ions to be transported to the skin surface: dermis–viable epidermis–SC, and skin appendages (here, thisrefers to sweat glands) (Figure 2).


Figure 2. Schematic of the two transport paths for ions in dermis. Path 1 represents ions moving along the dermis–viable epidermis–SC through the intercellular lipid bilayer path; path 2 represents ion transport directly through the sweat glands to the skin surface.
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As for the dermis–viable epidermis–SC path, the transport of ions in the dermis is similar to that in aqueous media [24]. The main resistance comes from the aqueous medium, while the contraction and expansion of the blood vessels could provide a certain driving force as well as an ion source for the transport process. The ions’ transport pattern in the viable epidermis is similar to that in the dermis, where the resistance is determined mainly by the aqueous medium and partly due to the proteins and crossed cell membranes [31]. In the stratum corneum, there are two routes for ions to move, one of which is the intercellular lipid bilayer path and the other is the carrier protein in transcellular transport [32]. However, according to the microscopic results and SC transport model, the intercellular lipid bilayer path is the main route [33]. Ions move least easily in the SC due to the hydrophobic nature and dense structure of this layer. Thus, the impedance of SC is much larger than the other two layers [34]. Therefore, SC presents the greatest barrier for ion transdermal transport.



In the sweat glands, the ions in the dermis or subcutaneous tissue diffuse into the roots of the sweat glands and are transported through the duct to the skin surface. They can avoid the huge resistance caused by the stratum corneum, but the degree of ion transport through this way is not clear yet [16].




2.3. Skin Impedance Model


Basically, there are two types of electrical properties found in the analysis of skin impedance data, and they are resistance (R) and capacitance (C). Thus, the skin impedance is composed of a real part and an imaginary part, which represent the skin resistance and capacitance properties, respectively. The value of each part is mainly related to the structure and composition of skin [29]. Hair follicles and sweat glands exhibit the resistance property, while the lipid bilayer shows the capacitance property [24]. A skin impedance model was constructed to provide a standard electrical method for researchers to study regarding the physiological changes of the skin, allowing the microstructure and composition changes of skin to be characterized quantitatively by model parameters. According to the literature, current skin impedance models can be divided into two categories: constant phase angle model and RC layered model. The former focuses on the biological characteristics of the skin while the latter considers the nature of physiological stratification.



2.3.1. Constant Phase Angle Model


The initial skin impedance model is a simple R-C circuit in parallel or series, as shown in Figure 3a. However, a single RC model cannot express the complex structure of skin. References [11,20] proposed an improved model, the constant phase angle (CPA) model, which adopts the constant phase angle element, Zcpe.


Figure 3. Two simple impedance models: (a) represents the initial RC skin impedance model; (b) represents the improved model based on (a) and considers the biological characteristics of the skin; the capacitance element was replaced by the constant phase angle element.
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The CPA model is based on the well-known biological impedance model used by Cole in 1940 [35]. Zcpe was added into the conventional RC circuit in parallel or in series; the simplest version involves the replacement of capacitance with Zcpe, as shown in Figure 3b. Zcpe is an empirical function commonly used in fitting circuits for impedance spectroscopy measurement, and its mathematical expression is shown in Equation (1):


[image: ]



(1)




where, Zcpe represents a pseudo capacitor, A is a constant that represents the magnitude of the quasi capacitance impedance. Zcpe is a pure capacitance when α = 1, while it is a pure resistance when α = 0. α is a parameter which is closely related to skin properties like water content. For common human skin, α is considered to be 0.8 [36]. The Warburg element, Zw, is a special constant phase angle model when α = 0.5, whose mathematical expression is shown in Formula (2). It has been commonly used in impedance models of sweaty skin or skin with a large water content instead of Zcpe to simplify the model fitting calculation [37].


[image: ]



(2)







The skin, as a part of living organisms, consists of lots of living cells. The CPA model can reduce the error caused by the dispersion effect of cell membranes, as well as the nonuniformity of electrode surfaces and the inhomogeneity of skin [38,39]. The data fitted by the constant phase angle model was proven to be closer to the true curve of the measured impedance spectrum than the initial single RC model [20]. However, the superiority was found to be very limited, which did not work very effectively in cases where penetration enhancers were used.



The CPA model is based on the traditional RC model, taking into account the biological characteristics of the skin while ignoring its layered nature. The biological and chemical properties of each layer are not the same—the skin is anisotropic as well. Thus, the constant phase angle model is not accurate enough to express the electrical properties of skin.




2.3.2. RC Layered Model


In recent years, with researchers exploring the microscopic structure of skin deeply, they have considered the hierarchical structure of skin and have constructed a layered skin impedance model.



The authors of study [40] proposed a new skin impedance model (Figure 4), which uses a thin film non-symmetric micro-electrode array for skin impedance measurement. The model constructed in that paper not only considered the layered impedances vertically, but also took into account the interlayer impedances in the horizontal direction. The interlayer impedances are the responses of the part of current only flowing through each layer vertically. In addition, the contact impedance between electrode and skin was considered in this model.


Figure 4. Equivalent circuit of human skin impedance measurement, which considers the layered nature of the skin, so the layered impedance was built vertically as well as the interlayer skin impedance in the horizontal direction [40].
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This modeling concept was proposed again in reference [12] (Figure 5), based on the longitudinal layered structure of the skin. Apart from the impedance effects of each layer, these authors also considered the impedance caused by skin appendages, such as sweat glands and ducts.


Figure 5. Equivalent circuit of human skin impedance measurement, which stressed the layered structure and the skin appendages [12].
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The skin could be divided into three layers vertically—if we consider each layer as uniform, the skin can be modeled as three layers of homogeneous materials of different properties stacked closely. This layered modeling method would make the overall fitting results show better accuracy. The different measured impedance data can be reflected into the specific changes in each specific layer, and thus it is easier for us to deduce the refined physiological structure changes of skin. However, the number of elements and unknown parameters in the RC layered model is much larger than those of the traditional RC model and CPA model, bringing a large amount of calculation in later data analysis. This is why layered models have been only in concept form in the literature. In addition, the basic units of the layered model are RC units in parallel, which cannot characterize the biological characteristics of the skin, such as the dispersion effect of cell membranes. In fact, the skin layer is not uniform, nor is the electrode surface; thus, the non-uniformity will lead to non-uniform current density.



To conclude, the characteristics of the constant phase angle model and the RC layered model are listed and compared in Table 2. Combining the characteristics of the two models analyzed above, a new type of model should be constructed to characterize both the biological properties and layered structure of skin. The RC layered structure should adopt the Zcpe element in each layer module to compensate for the differences in diffusion. Two methods could be provided to reduce the complexity and calculation of the model. Firstly, the two layers of viable epidermis and dermis could be merged into viable skin layer because the electrical properties of the two layer are similar compared with the high resistive SC. Secondly, Zw could be used instead of Zcpe because the skin parts studied for ISF extraction or transdermal drug delivery, like the forearm, upper arm and abdomen [22,41], contain relatively large water contents. In addition, with the advances in computing technology, the more complex problems of model parameter fitting should be solved in the near future.


Table 2. The characteristics of two impedance models.







	
	Constant Phase Angle Model
	R-C Layered Model





	Characteristics
	Based on the Cole model and RC parallel model, Zcpe is used to characterize its biological property
	Based on the layered structure of skin, model is constructed in each layer



	Parameters
	3
	>20



	Accuracy
	Not accurate due to the rough model
	Ignoring the biological nature of the skin



	Computation
	Small amount
	Very large amount












3. Electrodes for Skin Impedance Measurement


As a kind of the electrophysiological signal, skin impedance has the characteristics of a weak, large interference and a low signal to noise ratio. Normally, the impedance signals collected by electrodes include the skin–electrode contact impedance as well as the impedance of the skin itself. Thus, it is most important to choose suitable electrodes as the impedance detection sensors. This section introduces three aspects of electrode selection criterion, including types, materials and geometry.



3.1. Types of Electrodes


Electrodes that are used for biological signal detection can be broadly classified into two categories—wet electrode, dry electrode and others [42,43]—as well as the skin impedance measurement. Both of the two types of electrodes serve as transducers to convert the ionic current in the detected body to the electrical current in the electrode.



A wet electrode is more like a nonpolarizable electrode and can be divided into two types as well: pre-gelled electrode and electrolyte electrode [17,44]. The pre-gelled electrode, which is generally referred to as the disposable pre-gelled Ag/AgCl wet electrode, is more convenient to use and is preferred in electrophysiological signal detection due to its low cost, good fitting with skin and nice conductivity. However, the wet electrode has two significant disadvantages: it changes the electrical properties of skin by ions from gel or electrolyte transporting into skin as well as SC overhydration. In addition, the contact between electrodes and skin would become worse due to the accumulation of sweat and grease over long time use; the gel conductivity would also worsen. Therefore, the wet electrode is only suitable for single use, short time signal measurement.



A dry electrode is more like a polarizable electrode due to its large contact capacitance. It is generally referred to as electrodes that are attached to the skin surface directly without a gel layer or electrolyte, and the material is mainly based on metal [42]. Due to the lack of gel layer, the electrode usually cannot be adhered to the skin surface completely, especially for rigid electrodes. Thus, air exists between the electrode and the skin surface in the form of a dielectric layer, which greatly increases the total impedance. The electrode–skin interface impedance largely depends on the pressure and humidity. The pressure applied to the electrode could improve the contact and thus the impedance would be reduced. The improved humidity could improve the hydration and conductivity of the skin [45]. In addition, the humidity would change because of the accumulation of sweat, which would cause changes in the conductivity of the dielectric layer [18]. In order to reduce the impact on the skin impedance measurement, we should allow sufficient steady time before detection. Dry electrodes are generally made from hard material and are difficult to attach well to the skin surface. This leads to high contact resistance and motion artifacts, in addition to an unfixed skin–surface contact area. One generally adopted solution for this problem is to take some measures to soften the electrode, such as use soft substrates like flexible polyimide, Polydimethylsiloxane (PDMS) and textile [46,47,48].



In addition, several new forms of electrodes have been developed in recent years, such as tattoo-based electrodes [49] and skin-like electrodes [50], which are supposed to be appropriate for biological signal detection. These soft electrodes could provide better attachment with human skin and reduce the discomfort for wearers. Therefore, in the application of non-invasive disease monitoring by ISF and transdermal drug delivery, it is predicted that the sensors would be preferred in the soft form for SC impedance detection.




3.2. Materials of Electrodes


The electrode material is essential for the sensitivity and selectivity of an impedance measurement system. The selection of the material mainly depends on the purpose of use, the inertia of the material to the environment, the complexity of the manufacturing process and the cost. In order to simplify the manufacturing process, in general, only one material is adopted for an electrode. In the application of electrophysiological signal measurement, the electrode materials commonly used are Ag/AgCl, Au, metallic nanomaterials, and carbon-based nanomaterials [44].



3.2.1. Ag/AgCl


Ag/AgCl electrodes are widely used in the detection of bioelectrical signals, due to their low cost, simple and mature fabrication process, stable chemical properties and low compensation voltage. If there is no special requirement in size, the Ag/AgCl electrode will be given priority in electrophysiological signal measurement. The form of the Ag/AgCl electrode is different according to the application purpose and can be a dry electrode, disposable pre-gelled wet electrode or an electrolyte electrode [51].




3.2.2. Au


The gold electrode has the advantage of stable chemical properties, excellent biocompatibility and good conductivity. However, as one of the precious metals, considering the cost factors, gold is commonly used in micro electrodes [52]. The use of a gold electrode for skin impedance is suggested to be as an electroplate on a flexible substrate like polyimide and thin silicon to allow good attachment to the skin.




3.2.3. Nanomaterials


Nanomaterials are frequently adopted in sensors for physiological measurement due to advantages like a large surface area and good connectivity and electrical conductivity [53,54,55]. The commonly used nanomaterials include metallic nanomaterials and carbon-based nanomaterials [42,56].



Metal nanoparticles and metal nanowires are very popular in the application of dry electrodes. AgNW embedded in polydimethylsiloxane (PDMS) was used as an example to introduce the properties of metal nanomaterials [42]. These electrodes are highly stretchable and have a conductivity of ~5000 S/cm at 50% tensile strain. When the subject is in a resting state, the performance of the AgNW/PDMS electrode is similar to that of the Ag/AgCl electrode, while the performance of the former is better in moving states. In addition, the material was tested in a biocompatible experiment.



Carbon nanotubes (CNTs) have good mechanical strength, good conductivity, are low cost, and are convenient for mass-manufacture. Carbon nanotubes can be added to the polymer matrix to make the material softer and more conductive. A high concentration of carbon nanotubes has a large contact area, which can improve the quality of signal acquisition. Previous experiments have shown that its conductivity is still good at 45% tensile strain. It was found that the existence of sweat and long-term wearing has little influence on the performance of the electrode through the comparison between its use in the steady state and moving state. In addition, the skin did not present any allergic reactions to the electrode after a 7-day toxicity test [56].



However, there exit some potential security risks for the use of nanomaterials. Toxic effects of nanoparticles (NPs) perniciously affect the normal structures of tissues or organs due to the size and shape of NPs [56,57]. According to the results of existing studies, there is no direct evidence to prove NPs are either harmful or harmless [57]. However, the nanomaterial-based electrodes for SC impedance detection are non-invasively attached to the surface of the skin, which is supposed to have little influence on normal physiology.





3.3. Size and Geometry of Electrodes


The size and geometry of an electrode can determine the effective contact area, signal to noise ratio, and sensitivity, especially for skin impedance information from the microscopic aspect. Reference [58] pointed out that the geometry and size of an electrode will affect the depth and intensity of the electric field. In order to get more information about the shape and size of electrodes, some relevant papers from recent years are reviewed in this section.



According to the literature, the shape of the electrodes used for skin impedance measurement can be rectangular, circular, spiral, interdigital or a concentric ring [51]. Among them, the rectangular and circular electrodes are usually macro block electrodes of relatively large size, while the other three kinds are commonly micro size electrodes. The spiral and interdigital shapes are designed to increase the effective contact area. The concentric ring electrode could exit in the form of an electrode matrix, which is convenient for shifting the electrode spacing.



Without considering the influence of electrode size, researchers generally use the rectangular or circular electrode, such as in the measurement of skin EMG [51] and in studies of the influence of chemical treatment on skin impedance [20]. However, its macro-level size means that it cannot detect specific skin layers because of its deeply distributed electric field. Thus, when used for obtaining micro-level information of organisms, the electrode should be changed to micro-size which is similar to the size of skin thickness [27,40]. Gold spiral electrodes and interdigitated electrodes are the commonly used micro-electrodes. Reference [41,52] designed a gold spiral electrode and found its size affected the impedance results, and it can also be affected by a subject’s characteristics. Reference [59] conveyed research about an interdigitated electrode. It was shown that the interdigitated electrode can be used for the detection of physiological signals and the study of different materials, due to its high sensitivity, simple fabrication process and mature theoretical analysis model.



It was verified in [44] that changes in electrode spacing have little effect on skin impedance when the electrode spacing is greater than one centimeter. In reference [40], researchers pointed out that the electric field distribution of electrode is related to the size of the electrode itself and the electrode spacing. A few researchers took the interdigital electrode as an example and analyzed the influence of electrode size on the distribution of electric field and the penetration depth [60]. It was shown that the electrode spacing and the two fingers width ratio have the most significant impacts on the signal sensitivity, while the height affects the signal-to-noise ratio greatly. The function of interdigital electrodes, as pointed out in reference [59], is mainly based on the fringing electric field between the two fingers. The finite element analysis method was used in their study to determine how the electrode spacing affects the electric field distribution. The results showed that with an increase in electrode spacing, the electric field was more deeply distributed and the electric energy density became smaller.



The electric field of an interdigital electrode was simulated by the program QuickField [40]. It was found that the electric field is mainly concentrated in the distance between the fingers. Therefore, the electrode spacing size must be designed and fitted to the size of the thickness of the target skin layer when the skin impedance of a specific layer is measured. Reference [59] drew the conclusion that the interdigital electrode is suitable for detecting the properties of multi-layers of different materials without damage. Furthermore, the skin structure is similar to the stacking of three layers of different materials. Thus, the interdigital electrode can be very useful in the impedance measurement of different skin layers. Besides the electrode spacing factor, there have also been studies regarding the effect of the finger width ratio on the electric field distribution. Electrodes whose two fingers’ width is not equal are called non-symmetric electrodes. It was shown that if the two fingers’ width ratio is more than or equal to 3, the field strength is 30% higher than that of a symmetric electrode, and 80% of the electric field falls on the finger-spacing size of the thickness of the electrode spacing. It could be deduced from these results that the size and geometry of the electrode have a crucial impact on the experimental results when the size of the electrode is at the micro-level.



Above all, different electrodes have different properties which were listed in Table 3. The size of an electrode has greater impact on the impedance measurement than other factors, according to previous literature. Thus, there exists potential opportunity for multi-sensing between the SC impedance measurement and other wearable electrochemical sensors. Furthermore, an electrode could be reused for the two measurement processes by adjusting the measurement system. However, further research is required to determine whether different processes will adversely affect the overall performance.



Table 3. Comparison of Characteristics for Different Electrodes.



	
Electrodes

	
Type

	
Attachment

	
Size

	
Advantages

	
Disadvantages




	
Materials

	
Geometry






	
Ag/AgCl

	
Bare block electrode

	
Dry

	
poor

	
2.25 cm2~10 cm2

	
Non-disposable, simple and mature fabrication process

	
Poor attachment




	
Pre-gelled electrode

	
Wet

	
good

	
0.79 cm2/6 cm2

	
Attaches well to skin

	
Disposable, easily changed by sweat, not suitable for long time use




	
Electrolyte electrode

	
Wet

	
good

	
UM 1

	
Constant humidity and attaches well to skin

	
Disposable, skin overhydration would greatly change skin impedance




	
Au

	
Spiral electrode

	
Dry

	
poor

	
UM

	
Non-disposable, improves the effective measurement area and is micro-size

	
Poor attachment




	
Concentric ring electrode

	
Dry

	
poor

	
UM

	
Non-disposable, simple fabrication process, uniform electric field and distance could be shifted easily

	
Poor attachment




	
Interdigital electrode

	
Dry

	
poor

	
a = b = d = 100 µm

	
Non-disposable, mature theoretical analysis model, widely used

	
Non-uniform electric field distribution




	
Nanomaterials (AgNW, Au, CNTs)

	
Based on the substrate material Polydimethylsiloxane (PDMS), polymide, and textile)

	
Dry

	
poor

	
UM

	
Non-disposable, biocompatible, stretchable, performs well in the moving state, good mechanical strength, and large contact area

	
Complicated fabrication process and high cost, only used in laboratory.








1 UM: unmentioned.










4. Methods and System for Impedance Measurement


A skin impedance measurement system is determined by three parts: detection site, electrode and measurement system. The detection site commonly chosen is the side abdomen of the human forearm or rat abdomen because these sites are thin and easy to access [61]. The number and layout of electrodes are different according to the requirements and principles. The measurement system needs to provide a stable excitation signal, be sensitive to response signals and achieve a certain amplification and filtering function so as to get an ideal final signal.



4.1. Methods for Impedance Measurement


Skin impedance, like other biological impedances, varies with frequency. Therefore, the measurement method of skin impedance is mainly based on electrochemical impedance spectroscopy (EIS). At present, the EIS method has been widely used in some clinical studies, such as in transdermal drug delivery by measuring skin impedance changes to determine the absorption of drug delivery, in monitoring of the late recovery of osseointegration in hearing therapy, and in studying muscle state [11]. Besides the EIS method, another method which means skin impedance measured at a single low frequency, such as f = 100 Hz or f = 1000 Hz, has also been adopted in research of the relationship between skin impedance and skin permeability [17,22].



Normally, there are four main measurement layouts of electrodes to obtain skin impedance including the four-electrode array, the two-electrode method, the three-electrode method and the tip-electrode method [11].



The four-electrode array is commonly used in biological impedance measurement systems and has two excitation electrodes outside and two detection electrodes inside (Figure 6a). This method is appropriate for impedance detection over a wide frequency range and could reduce the influence of the contact resistance of the electrode. Besides, this method is only used to measure the skin impedance between two points. If the detection area is small enough, such as in a small penetration treatment site, the excitation electrodes and the detection electrodes could be reused to realize the two-electrode method (Figure 6b). Therefore, the two-electrode method is actually a simplified four-electrode array method. In two-electrode systems, non-symmetric interdigital electrodes are supposed to perform better than symmetric ones because the electric field of non-symmetric interdigital electrodes concentrates more in the skin surface layer.


Figure 6. Four different measurement layouts of electrodes: (a) shows the layout of the four-electrode method, the inner two electrodes are response signal detection electrodes and the outmost two electrodes are stimulus signal electrodes; (b) represents the layout of the two-electrode method, the detection electrodes and the stimulus electrodes are multiplexing; (c) represents the layout of the three-electrode method, the skin is regarded as pure resistance [62]; (d) represents the layout of the tip-electrode method, the most direct and accurate way to detect skin impedance, but it is invasive.
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The skin impedance model for the three-electrode method is shown as Figure 6c; it is a simplified model and only considers the resistance property of skin. EA, EB and EC represent the three electrodes—A, B and C—respectively. Electrode B is located on the right, above the target skin area. RA, RB and RC are the resistances of the epidermis in three corresponding positions. R1 is the resistance of tissues below the epidermis between B and C, while R2 is that between A and B, where the tissues below the epidermis refer to the whole of the dermis and the subcutaneous tissue. RAB, RBC and RAC represent the detectable resistances by two electrodes out of the three. The resistance of target position B could be deduced by Formula (3), when RAB, RBC and RAC are measured.
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(3)







The layout of the tip-electrode method is shown as Figure 6d, which has a tip-electrode placed below the target position of the skin and the other electrode placed above the same position on the skin [18]. This is the most direct method for skin impedance measurement but is inconsistent with the original intention of non-invasive disease monitoring through transdermal ISF extraction or transdermal drug delivery.



The above-mentioned four kinds of impedance measurement layouts all can be used to measure skin impedance. However, only the two-electrode method can achieve the requirement of SC impedance measurement to non-invasively access the skin permeability intention in this paper, to gain enough information to distinguish skin differences between individuals. In addition, the two-electrode method is more suitable for integrated portable wearable devices. Traditional skin impedance measurement methods were based on macro-electrode, which is not ideal for measuring the impedance of SC. The electric field could only be generated into the SC layer when the distance between macro-electrodes was down to the size of the skin layer [40]. Considering the frequency characteristics of different skin layers and the properties of micro-electrodes, an improved two-electrode method could perform better for SC impedance measurement. Firstly, a micro-electrode should be designed with the appropriate size and structure to concentrate the working electric field into the target layer. Secondly, the measuring frequency should be controlled below 1000 Hz, which is suitable for SC frequency characteristics.




4.2. System for Impedance Measurement


In the 1990s, the early impedance measurement system was introduced as the following parts: it contains a Macintosh, in which the signal generator output a sinusoidal excitation signal with a frequency ranging from 1 Hz to several kHz, controlled by LabVIEW3.0.1. The electrical circuit used for the system included a 2-MΩ resistor in series with the skin. Thus, the sinusoidal current remained approximately constant at 0.2 µA. Eight or ten frequency points were sampled per period. The response voltage of detected skin was measured by a lock-in amplifier. An isolation transformer was used to ensure complete electrical separation of the subject from the main power supply, so as to protect the human body [44].



Over the past 10 years, microcontroller unit (MCU) and digital signal processing (DSP) technology has made great progress and the demand for better accuracy of the bio impedance technology has driven the impedance measurement system in a more integrated and systematic direction. The upgraded measurement system contains three main parts: (1) a notebook computer, providing software for the user interface and data processing; (2) a multifunctional I/O conversion board (such as: PCMCI, DAOCard6062E), generating an excitation signal and collecting response signals under the condition of electrical insulation; (3) an analog interface module, including a differential amplifier to ensure high noise immunity and common mode rejection ratio (CMRR), which is necessary for biological electrical detection at low frequencies [63].



There are some commercially available devices for performing EIS methods, like Gamry (Warminster, PA, USA) and Autolab (Herisau, Switzerland) [17,64], which perform well in accuracy and efficiency. However, these instruments are too large to be used for portable application. With the development of integrated chip technology, the authors of study [65] used a single chip AD5933 to measure complex impedance. This single chip could generate the excitation voltage signal and detect the response current signal under the condition of complete electrical separation, in addition to processing signal filtering and amplification. The measuring range of AD5933 is 1 kΩ~10 MΩ; the range could be extended to 100 Ω~10 MΩ with an appended circuit. In additino, a high measurement accuracy could be realized with an output frequency between 1 kHz and 100 kHz. Its sampling rate is 250 kSPS [65]. Above all, this chip achieves a higher resolution and a wider range of measurement frequency, so that we can get more accurate impedance information to capture small impedance changes. Therefore, AD5933 allows the miniaturization of the measurement system.



Lots of work has been done in regard to wearable sensors in the domains of environment monitoring, fitness, and healthcare [48]. Wearable devices for fitness and healthcare could be combined with SC impedance measurement to optimize their performance and improve their practical application value among different individuals. Wearable devices are becoming more lightweight, thin, multi-functional, and with a more reliable performance. Researchers have devoted much effort to the development of a flexible sensing platform for healthcare monitoring, electronic skin and soft robotics [66,67,68]. Rapid advances in flexible sensors and sensing platforms in recent years have shown the growing importance and feasibility of this technique. The impedance detection system, as a feedback module for certain types of wearable equipment, should preferably be in the form of flexible type, which is more comfortable for subjects to wear for a long time. However, in order to make the envisioned flexible sensing system closer to real application, much more attention should be drawn to factors like seamless integration to data processing and wireless communication modules, in addition to functional sensing modules.



In the future, skin impedance measuring instruments are predicted to develop in the direction of miniaturization, multifunction, speediness and intelligence. They is expected to be based on the flexible sensing platform and wireless transmission technology so that the skin impedance measurement is flexible enough to be integrated into other instruments as an auxiliary function. Besides, the smartphone is a useful and portable terminal device to display measurement results for wearable sensors in the healthcare domain [69]. Therefore, based on Bluetooth transmission technology, the smartphone could be used to display SC impedance detection results instead of any other external electronic dongle. This would make a great contribution to the fields of mobile healthcare and wearable devices.





5. Application in Penetration Promotion Treatment


Skin impedance can characterize the status of ion channels inside the skin to some extent. If the number of the ion channels is enough, or the path is big enough, ions can be more easily transported to the skin surface; the skin impedance will, in turn, be smaller, which means the percutaneous ISF extraction will be easier. Thus, the skin impedance, especially the impedance of SC, could not only be used in the distinction of individual differences, but also as a reference for assessing the effect of penetration promoting. In this module, two penetration treatment methods will be introduced to show the potential for assessing the effect of penetration treatment with SC impedance measurement.



5.1. Iontophoresis


Iontophoresis is a kind of impendence measurement application. It needs two conductive electrodes, placed on the target position of the skin, and a small voltage applied to produce a low current. The final excitation current signal should generally be controlled in the 300~500 µA/cm2 range. The schematic diagram of iontophoresis is shown as Figure 7. The skin is a permselective membrane that, at physiological pH (~5.0–6.0), supports a net negative charge [12]. This momentum causes a net convective flow from anode to cathode. Therefore, the charged ions and uncharged molecules mainly move in that direction. In the application of transdermal ISF extraction, some researchers changed the polarity of the two electrodes periodically so that the target molecules could be transported to the skin surface continuously.


Figure 7. Schematic illustration of the principle of reverse iontophoresis showing an iontophoresis extraction device supplying a constant current to an anode and cathode.
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Ions are driven by the electric field of iontophoresis and move to the skin surface. The net convective flow brings ISF to the skin surface continuously, which promotes the hydration of SC. Some tissue fluid fills the intercellular path among the hydrophobic SC, which makes it easier for the ions to move through SC; the impedance will, in turn, decrease. In reference [14], the changes in the internal micro-structure of the skin before and after the treatment of iontophoresis were compared under a microscope. It was found that there were two main obvious changes. On one hand, the granular, links between different cells became loose which caused the corneocyte detachment. On the other hand, many water pools occurred in the skin beneath the electrode, especially under the anode electrode. The former helps to weaken the compact structure of SC while the latter helps to promote the hydration of SC. Therefore, the measurement of SC impedance could be used to judge the effects of iontophoresis treatment.




5.2. Electroporation


Electroporation technology, which originated in the United States in 1991 [70], is another application of penetration treatment. It was reported for the first time in 1993 that the percutaneous penetration amount of calcein increased by four orders of magnitude following electroporation treatment [71]. Since then, the study of electroporation in transdermal drug delivery has been deeply researched. Different drugs have been tested to check the effect of electroporation in the transcutaneous permeation field.



Electroporation refers to the treatment of the target skin surface with electrical stimulation through a high-intensity, pulsed voltage wave (Figure 8). The pulse width and intensity both impact the stimulation effect. In reference [72], researchers proposed that new water channels would appear through the lipid bilayer in SC after electroporation treatment, and these channels would have three characteristics: (1) instantaneous, generated in the pulse period; (2) reversible, the channels would disappear after a period of time and the natural barrier function of the skin could be restored by itself; (3) hydrophilic, hydrophilic substances could pass through these channels easily.


Figure 8. Schematic illustration of electroporation showing that new channels were made after the electroporation treatment.
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The optical microscope and the electron microscope cannot be used to observe dynamic changes in the skin structure, so that the concept of the water channel is unable to be directly proven, and its existence can only be proved by indirect evidence. Indirect evidence is provided by the change in skin impedance—a greater stimulation intensity or longer handling time will lead to greater destruction of SC and smaller impedance, due to the increase of the density of the water channels. Therefore, SC impedance can also be an effective way to characterize the effect of electroporation.



According to the relationship between the skin impedance and the two penetration treatment methods mentioned above, we can deduce that the penetration effect and permeation ability could be reflected by SC impedance. A few researchers have indicated that skin properties (such as the thickness and hydration) of different individuals are not the same [25], which means it is difficult to extract the same amount of ISF from different individuals. This is one of the main reasons why non-invasive blood glucose detection is not accurate enough. Therefore, if SC impedance is determined as a reference criterion, we would take different penetration methods and vary their intensity for individuals with different SC impedances, until the impedance detected from all individuals reached an ideal standard. Following the extraction of ISF after such pretreatment, the accuracy of quantitative ISF extraction would be greatly improved.





6. Conclusions and Prospects


The development of skin impedance measurement technology was reviewed in terms of four aspects in this paper. Firstly, various skin impedance models were analyzed. Secondly, the characteristics of exiting skin impedance detection electrodes, including types, materials, size and geometry, were summarized as well as the limitations and advantages of each electrode. Thirdly, the development of measurement methods, based on different principles was also reviewed. Finally, the relationship of skin impedance with two commonly used penetration promoting methods was analyzed from the aspect of skin physiological changes. Based on the literature review, several significant conclusions and future directions are summarized, as follows:

	
According to the biological structure and frequency response characteristics of the stratum corneum, SC is considered to be the key factor which affects skin transdermal transport ability. Thus, the impedance detection of SC is predicted to be an effective method for assessing skin permeability.



	
The future skin impedance model is proposed to be able to express both the layer structure and biological characteristics.



	
Micro-electrodes of appropriate size and structure can help to concentrate the working electric field into the target skin layer, which will improve the accuracy of impedance detection.



	
Non-symmetric interdigital micro-electrodes are proposed to perform better than symmetric ones because the electric field strengths of non-symmetric electrodes are higher than that of symmetric ones.



	
Impedance detection sensors and systems will develop to be more integrated, portable and flexible (skin-like), so as to be more appropriate for long-term and continuous healthcare use.



	
Skin impedance could be used as feedback reference for adjusting the stimulation intensity and time for the penetration promoting method to reduce the differences between individual skin permeability.



	
The technology of the skin impedance measurement and analysis method could be applied in the fields of cosmetology, dermatological research and so on.








It is expected that an improved skin impedance measurement method could be obtained for accessing the skin permeability of different individuals, which would greatly promote the progress of non-invasive chronic disease monitoring technology (like diabetes, gouts and so on) and transdermal drug delivery. The challenge is that the skin conditions greatly vary in different individuals—that is, the appropriateness of the model and micro-electrode cannot be suitable for everyone. Therefore, much work should be done to promote the theory and method of skin impedance measurement.







Acknowledgments


This work was supported by Beijing Natural Science Foundation (Z160002); National Natural Science Foundation of China (61431019). We would like to express our sincere appreciation to the anonymous reviewers for their insightful comments, which have greatly improved the quality of this paper. Also, we would like to express our gratitude to anyone who helps us revise the paper.




Author Contributions


F.L., C.W., R.Z., L.D., Z.F., X.G. and Z.Z. collaborated on the research for various aspects of the paper. F.L., C.W., R.Z. and Z.Z. prepared the preliminary draft of the manuscript. F.L. contributed to the impedance model and electrode aspects. R.Z., L.D. and Z.F. contributed to the detection system and application aspects. Z.Z. directed the research and did the final revisions. All authors carefully reviewed the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Gupta, A.; Annu, S.; Batra, P.; Kapoor, R. Bioelectrical Impedance: A Future Health Care Technology. In Proceedings of the IJCA Proceedings on 4th International IT Summit Confluence 2013—The Next Generation Information Technology Summit 2013 (Confluence 2013), Noida, India, 26–27 September 2013; pp. 21–25. [Google Scholar]

	2. 
Landaeta, R.G.; Casas, O.; Pallasareny, R. Heart Rate Detection from Plantar Bioimpedance Measurements. IEEE Trans. Biomed. Eng. 2008, 55, 1163–1167. [Google Scholar] [CrossRef] [PubMed]

	3. 
Martinsen, O.G.; Clausen, S.; Nysaether, J.B.; Grimnes, S. Utilizing characteristic electrical properties of the epidermal skin layers to detect fake fingers in biometric fingerprint systems—A pilot study. IEEE Trans. Biomed. Eng. 2007, 54, 891–894. [Google Scholar] [CrossRef] [PubMed]

	4. 
Weitzen, R.; Epstein, N.; Shoenfeld, Y.; Zimlichman, E. Diagnosing Diseases by Measurement of Electrical Skin Impedance. Ann. N. Y. Acad. Sci. 2007, 1109, 185–192. [Google Scholar] [CrossRef] [PubMed]

	5. 
Davies, L.; Chappell, P.; Melvin, T. Modelling the effect of hydration on skin conductivity. Skin Res. Technol. 2016, 23, 363–368. [Google Scholar] [CrossRef] [PubMed]

	6. 
Kalia, Y.N.; Pirot, F.; Guy, R.H. Homogeneous transport in a heterogeneous membrane: Water diffusion across human stratum corneum in vivo. Biophys. J. 1996, 71, 2692–2700. [Google Scholar] [CrossRef]

	7. 
Birgersson, U.; Birgersson, E.; Aberg, P.; Nicander, I.; Ollmar, S. Non-invasive bioimpedance of intact skin: Mathematical modeling and experiments. Physiol. Meas. 2011, 32, 1–18. [Google Scholar] [CrossRef] [PubMed]

	8. 
Dujardin, N.; Staes, E.; Kalia, Y.; Clarys, P.; Guy, R.; Préat, V. In vivo assessment of skin electroporation using square wave pulses. J. Control. Release 2002, 79, 219–227. [Google Scholar] [CrossRef]

	9. 
Vanbever, R.; Lecouturier, N.; Préat, V. Transdermal delivery of metoprolol by electroporation. Pharm. Res. 1994, 11, 1657–1662. [Google Scholar] [CrossRef] [PubMed]

	10. 
Ghosh, S.; Mahadevappa, M.; Mukhopadhyay, J. A 2D electrode-skin model for electrical & contact impedance characterization of Bio Impedance. In Proceedings of the Region 10 Conference (TENCON), Singapore, 22–25 November 2017; pp. 2292–2295. [Google Scholar]

	11. 
Clemente, F.; Arpaia, P.; Manna, C. Characterization of human skin impedance after electrical treatment for transdermal drug delivery. Measurement 2013, 46, 3494–3501. [Google Scholar] [CrossRef]

	12. 
Mccormick, C.; Heath, D.; Connolly, P. Minimally Invasive Sensing; InTech: Rijeka, Croatia, 2011. [Google Scholar]

	13. 
Eastman, R.C.; Chase, H.P.; Buckingham, B.; Hathout, E.H.; Fuller-Byk, L.; Leptien, A.; Van Wyhe, M.M.; Davis, T.L.; Fermi, S.J.; Pechler, H. Use of the GlucoWatch biographer in children and adolescents with diabetes. Pediatr. Diabetes 2002, 3, 127–134. [Google Scholar] [CrossRef] [PubMed]

	14. 
Fatouros, D.G.; Am, G.H.G.; van Aelst, A.C.; Koerten, H.K.; Bouwstra, J.A. Visualization studies of human skin in vitro/in vivo under the influence of an electrical field. Eur. J. Pharm. Sci. 2006, 29, 160–170. [Google Scholar] [CrossRef] [PubMed]

	15. 
Elias, P.M.; Friend, D.S. The permeability barrier in mammalian epidermis. J. Cell Biol. 1975, 65, 180–191. [Google Scholar] [CrossRef] [PubMed]

	16. 
Wilke, K.; Wepf, R.; Keil, F.J.; Wittern, K.P.; Wenck, H.; Biel, S.S. Are sweat glands an alternate penetration pathway? Understanding the morphological complexity of the axillary sweat gland apparatus. Skin Pharmacol. Physiol. 2006, 19, 38–49. [Google Scholar] [CrossRef] [PubMed]

	17. 
Schwingenschuh, S.; Scharfetter, H.; Martinsen, O.G.; Boulgaropoulos, B.; Augustin, T.; Tiffner, K.; Dragatin, C.; Raml, R.; Hoefferer, C.; Prandl, E.C. Assessment of skin permeability to topically applied drugs by skin impedance and admittance. Physiol. Meas. 2017, 38, N138–N150. [Google Scholar] [CrossRef] [PubMed]

	18. 
Li, D.; Pu, Z.; Liang, W.; Liu, T.; Wang, R.; Yu, H.; Xu, K. Non-invasive measurement of normal skin impedance for determining the volume of the transdermally extracted interstitial fluid. Measurement 2015, 62, 215–221. [Google Scholar] [CrossRef]

	19. 
Jayaraman, A.; Kaczmarek, K.A.; Tyler, M.E.; Okpara, U.O. Effect of localized ambient humidity on electrotactile skin resistance. In Proceedings of the IEEE Northeast Bioengineering Conference, Stony Brook, NY, USA, 10–11 March 2007; pp. 110–111. [Google Scholar]

	20. 
Kontturi, K.; Murtomäki, L.; Hirvonen, J.; Paronen, P.; Urtti, A. Electrochemical characterization of human skin by impedance spectroscopy: The effect of penetration enhancers. Pharm. Res. 1993, 10, 381–385. [Google Scholar] [CrossRef] [PubMed]

	21. 
Ilic, L.; Gowrishankar, T.R.; Vaughan, T.E.; Herndon, T.O.; Weaver, J.C. Spatially constrained skin electroporation with sodium thiosulfate and urea creates transdermal microconduits. J. Control. Release 1999, 61, 185–202. [Google Scholar] [CrossRef]

	22. 
White, E.A.; Horne, A.; Runciman, J.; Orazem, M.E.; Navidi, W.C.; Roper, C.S.; Bunge, A.L. On the correlation between single-frequency impedance measurements and human skin permeability to water. Toxicol. In Vitro 2011, 25, 2095–2104. [Google Scholar] [CrossRef] [PubMed]

	23. 
Ventrelli, L.; Marsilio Strambini, L.; Barillaro, G. Microneedles for Transdermal Biosensing: Current Picture and Future Direction. Adv. Healthc. Mater. 2015, 4, 2606–2640. [Google Scholar] [CrossRef] [PubMed]

	24. 
Jepps, O.G.; Dancik, Y.; Anissimov, Y.G.; Roberts, M.S. Modeling the human skin barrier—Towards a better understanding of dermal absorption. Adv. Drug Deliv. Rev. 2013, 65, 149–151. [Google Scholar] [CrossRef] [PubMed]

	25. 
Blair, C. Morphology and thickness of the human stratum corneum. Br. J. Dermatol. 1968, 80, 430–436. [Google Scholar] [CrossRef] [PubMed]

	26. 
Yamamoto, T.; Yamamoto, Y. Electrical properties of the epidermal stratum corneum. Med. Biol. Eng. 1976, 14, 151–158. [Google Scholar] [CrossRef] [PubMed]

	27. 
Martinsen, Ø.G.; Grimnes, S.; Haug, E. Measuring depth depends on frequency in electrical skin impedance measurements. Skin Res. Technol. 2010, 5, 179–181. [Google Scholar] [CrossRef]

	28. 
Wertz, P.W. Lipids and barrier function of the skin. Acta Derm.-Venereol. Suppl. 2000, 208, 7–11. [Google Scholar] [CrossRef]

	29. 
Baroni, A.; Buommino, E.; De, G.V.; Ruocco, E.; Ruocco, V.; Wolf, R. Structure and function of the epidermis related to barrier properties. Clin. Dermatol. 2012, 30, 257–262. [Google Scholar] [CrossRef] [PubMed]

	30. 
Huclova, S.; Baumann, D.; Talary, M.S.; Fröhlich, J. Sensitivity and specificity analysis of fringing-field dielectric spectroscopy applied to a multi-layer system modelling the human skin. Phys. Med. Biol. 2011, 56, 7777–7793. [Google Scholar] [CrossRef] [PubMed]

	31. 
Heard, C.M.; Monk, B.V.; Modley, A.J. Binding of primaquine to epidermal membranes and keratin. Int. J. Pharm. 2003, 257, 237–244. [Google Scholar] [CrossRef]

	32. 
Yotsuyanagi, T.; Higuchi, W.I. A two phase series model for the transport of steroids across the fully hydrated stratum corneum. J. Pharm. Pharmacol. 1972, 24, 934–941. [Google Scholar] [CrossRef] [PubMed]

	33. 
Siddiqui, O.; Roberts, M.S.; Polack, A.E. Percutaneous absorption of steroids: Relative contributions of epidermal penetration and dermal clearance. J. Pharmacokinet. Pharmacodyn. 1989, 17, 405–424. [Google Scholar] [CrossRef]

	34. 
Scheuplein, R.J.; Blank, I.H. Permeability of the skin. Physiol. Rev. 1971, 51, 702–747. [Google Scholar] [CrossRef] [PubMed]

	35. 
Mcadams, E.T.; Jossinet, J. Tissue impedance: A historical overview. Physiol. Meas. 1995, 16, A1–A13. [Google Scholar] [CrossRef] [PubMed]

	36. 
Hirschorn, B.; Orazem, M.E.; Tribollet, B.; Vivier, V.; Frateur, I.; Musiani, M. Determination of effective capacitance and film thickness from constant-phase-element parameters. Electrochim. Acta 2010, 55, 6218–6227. [Google Scholar] [CrossRef]

	37. 
GómezAguilar, F.; BernalAlvarado, J.; RosalesGarcía, J.; GuíaCalderón, M.; CórdovaFraga, T.; SosaAquino, M. Frequency response of an electric equivalent circuit for a skin type system. Rev. Mex. Ing. Biomed. 2011, 32, 93–99. [Google Scholar]

	38. 
Rigaud, B.; Morucci, J.P.; Chauveau, N. Bioelectrical impedance techniques in medicine. Part I: Bioimpedance measurement. Second section: Impedance spectrometry. Crit. Rev. Biomed. Eng. 1996, 24, 257–351. [Google Scholar] [PubMed]

	39. 
Valentinuzzi, M.E. Bioelectrical impedance techniques in medicine. Part I: Bioimpedance measurement. First section: General concepts. Crit. Rev. Biomed. Eng. 1996, 24, 223–255. [Google Scholar] [PubMed]

	40. 
Ivanic, R.; Novotny, I.; Rehacek, V.; Tvarozek, V.; Weis, M. Thin film non-symmetric microelectrode array for impedance monitoring of human skin. Thin Solid Films 2003, 433, 332–336. [Google Scholar] [CrossRef]

	41. 
Dudzinski, K.; Dawgul, M.; Pluta, K.; Wawro, B.; Torbicz, W.; Pijanowska, D.G. Spiral concentric two electrode sensor fabricated by direct writing for skin impedance measurements. IEEE Sens. J. 2017, 17, 5306–5314. [Google Scholar] [CrossRef]

	42. 
Yao, S.; Zhu, Y. Nanomaterial-Enabled Dry Electrodes for Electrophysiological Sensing: A Review. JOM 2016, 68, 1–11. [Google Scholar] [CrossRef]

	43. 
Lopez-Gordo, M.A.; Sanchez-Morillo, D.; Valle, F.P. Dry EEG Electrodes. Sensors 2014, 14, 12847–12870. [Google Scholar] [CrossRef] [PubMed]

	44. 
Kalia, Y.N.; Guy, R.H. The electrical characteristics of human skin in vivo. Pharm. Res. 1995, 12, 1605–1613. [Google Scholar] [CrossRef] [PubMed]

	45. 
Yokus, M.A.; Jur, J.S. Fabric-Based Wearable Dry Electrodes for Body Surface Biopotential Recording. IEEE Trans. Biomed. Eng. 2015, 63, 423–430. [Google Scholar] [CrossRef] [PubMed]

	46. 
Ying, M.; Li, Z.; Chen, J. A flexible dry electrode based on APTES-anchored PDMS substrate for portable ECG acquisition system. Microsyst. Technol. 2016, 22, 1–8. [Google Scholar]

	47. 
Cui, J.; Zhang, B.; Duan, J.; Guo, H.; Tang, J. Flexible Pressure Sensor with Ag Wrinkled Electrodes Based on PDMS Substrate. Sensors 2016, 16, 2131. [Google Scholar] [CrossRef] [PubMed]

	48. 
Windmiller, J.R.; Wang, J. Wearable Electrochemical Sensors and Biosensors: A Review. Electroanalysis 2013, 25, 29–46. [Google Scholar] [CrossRef]

	49. 
Bandodkar, A.J.; Jia, W.; Wang, X.; Ramirez, J.; Wang, J. Tattoo-Based Noninvasive Glucose Monitoring: A Proof-of-Concept Study. Anal. Chem. 2015, 87, 394–398. [Google Scholar] [CrossRef] [PubMed]

	50. 
Chen, Y.; Lu, S.; Zhang, S.; Li, Y.; Qu, Z.; Chen, Y.; Lu, B.; Wang, X.; Feng, X. Skin-like biosensor system via electrochemical channels for noninvasive blood glucose monitoring. Sci. Adv. 2017, 3, e1701629. [Google Scholar] [CrossRef] [PubMed]

	51. 
Clemente, F.; Romano, M.; Bifulco, P.; Cesarelli, M. EIS measurements for characterization of muscular tissue by means of equivalent electrical parameters. Measurement 2014, 58, 476–482. [Google Scholar] [CrossRef]

	52. 
Dudzinski, K.; Dawgul, M.; Wawro, B.; Pijanowska, D.; Torbicz, W. Skin Impedance Measurements by Means of Novel Gold Sensors Fabricated by Direct Writing. Procedia Eng. 2015, 120, 882–886. [Google Scholar] [CrossRef]

	53. 
Suni, I.I. Impedance methods for electrochemical sensors using nanomaterials. TrAC Trends Anal. Chem. 2008, 27, 604–611. [Google Scholar] [CrossRef]

	54. 
Bhalla, N.; Sathish, S.; Sinha, A.; Shen, A.Q. Large-Scale Nanophotonic Structures for Long-Term Monitoring of Cell Proliferation. Adv. Biosyst. 2018. [Google Scholar] [CrossRef]

	55. 
Qi, Y.S.; Tham, S.Y.; Loh, H.S.; Khiew, P.S.; Chiu, W.S.; Tan, M.T.T. One-step green hydrothermal synthesis of biocompatible graphene/TiO2 nanocomposites for enzymeless H2O2 detection and its cytotoxicity effects on human keratinocytes and lung fibroblasts cells. J. Mater. Chem. B 2018. [Google Scholar] [CrossRef]

	56. 
Lee, S.M.; Hang, J.B.; Lee, J.H.; Dong, H.B.; Lee, K.H.; Hong, J.S.; Lee, S.H. Self-adhesive epidermal carbon nanotube electronics for tether-free long-term continuous recording of biosignals. Sci. Rep. 2014, 4, 6074. [Google Scholar] [CrossRef] [PubMed]

	57. 
Miljković, S.; Tomić, M.; Hut, I.; Pelemis, S. Nanomaterials for Skin Care; Springer: Berlin, Germany, 2018. [Google Scholar]

	58. 
Kim, C.; Li, G.; Li, J.; Jong, H.; Ro, C.; Song, Y.; Pak, G.; Im, S. Numerical analysis on effective electric field penetration depth for interdigital impedance sensor. J. Phys. Conf. Ser. 2013, 418, 2020. [Google Scholar] [CrossRef]

	59. 
Mamishev, A.V.; Sundara-Rajan, K.; Yang, F.; Du, Y. Interdigital sensors and transducers. Proc. IEEE 2004, 92, 808–845. [Google Scholar] [CrossRef]

	60. 
Varshney, M.; Li, Y. Interdigitated array microelectrodes based impedance biosensors for detection of bacterial cells. Biosens. Bioelectron. 2009, 24, 2951–2960. [Google Scholar] [CrossRef] [PubMed]

	61. 
Appelboom, G.; Camacho, E.; Abraham, M.E.; Bruce, S.S.; Dumont, E.L.; Zacharia, B.E.; D’Amico, R.; Slomian, J.; Reginster, J.Y.; Bruyère, O. Smart wearable body sensors for patient self-assessment and monitoring. Arch. Public Health 2014, 72, 28. [Google Scholar] [CrossRef] [PubMed]

	62. 
Yue, S. The Study on Transdermal Extraction and Prediction of Blood Glucose of Tissue Fluid. Master’s Degree, Tianjin University, Tianjin, China, 2009. [Google Scholar]

	63. 
Arpaia, P.; Clemente, F.; Romanucci, C. An instrument for prosthesis osseointegration assessment by electrochemical impedance spectrum measurement. Measurement 2008, 41, 1040–1044. [Google Scholar] [CrossRef]

	64. 
Walke, W.; Przondziono, J. Impedance Spectroscopy Study of the Electrochemical Corrosion of Steel Wire Used in Cardiologic Leaders. In Proceedings of the International Conference on Information Technologies in Biomedicine, Goglin, Poland, 11–13 June 2012; pp. 389–397. [Google Scholar]

	65. 
Buyin, L.; Zhaoxiang, H.; Hui, X.; Zhijun, L. Designing and implementation of measurement system of impedance spectroscopy analyzer based on AD5933. Microcomput. Inf. 2008, 24, 288–290. [Google Scholar]

	66. 
Kaltenbrunner, M.; Sekitani, T.; Reeder, J.; Yokota, T.; Kuribara, K.; Tokuhara, T.; Drack, M.; Schwödiauer, R.; Graz, I.; Bauergogonea, S. An ultra-lightweight design for imperceptible plastic electronics. Nature 2013, 499, 458–463. [Google Scholar] [CrossRef] [PubMed]

	67. 
Vosgueritchian, M.; Tok, J.B.H.; Bao, Z. Stretchable LEDs: Light-emitting electronic skin. Nat. Photonics 2013, 7, 769–771. [Google Scholar] [CrossRef]

	68. 
Ilievski, F.; Mazzeo, A.D.; Shepherd, R.F.; Chen, X.; Whitesides, G.M. Soft robotics for chemists. Angew. Chem. 2011, 50, 1890–1895. [Google Scholar] [CrossRef] [PubMed]

	69. 
Bandodkar, A.J.; Imani, S.; Nunez-Flores, R.; Kumar, R.; Wang, C.; Amv, M.; Wang, J.; Mercier, P.P. Re-usable electrochemical glucose sensors integrated into a smartphone platform. Biosens. Bioelectron. 2017, 101, 181–187. [Google Scholar] [CrossRef] [PubMed]

	70. 
Weaver, J.C.; Powell, K.T.; Langer, R.S. Control of Transport of Molecules across Tissue Using Electroporation. U.S. Patent US5019034A, 28 May 1991. [Google Scholar]

	71. 
Prausnitz, M.R.; Bose, V.G.; Langer, R.; Weaver, J.C. Electroporation of mammalian skin: A mechanism to enhance transdermal drug delivery. Proc. Natl. Acad. Sci. USA 1993, 90, 10504–10508. [Google Scholar] [CrossRef] [PubMed]

	72. 
Alvarez-Román, R.; Naik, A.; Kalia, Y.N.; Fessi, H.; Guy, R.H. Visualization of skin penetration using confocal laser scanning microscopy. Eur. J. Pharm. Biopharm. 2004, 58, 301–316. [Google Scholar] [CrossRef] [PubMed]































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  biosensors-08-00031


  
    		
      biosensors-08-00031
    


  




  





media/file8.jpg
L ene






media/file11.png
stratum corneum

W ]

stratum corneum

viable epidermis

hypodermis

viable epidermis

hypodermis

RiR:

(b)

stratum corneum

hypodermis

viable epidermis

-

> ﬁ<)

hypodermis

()

(d)





media/file6.jpg
cet

ca

@

Ceq

Rl ce Re2 .
— stehum
Ret corneum
b lucidt
R €l ca Re2 o
—=






media/file1.png
appendages

artery ——»

sensory nerve
fiber ‘

| stratum corneum

[ viable epidermis

- dermis

}~ hypodermis





media/file16.png





media/file13.png
|° °
0 000|°o 00 O o.ooo 09 0g° ooo.‘o'Ooooo

Solvent flow " egeg0 o.# o9 o 0mn BP &omh" °°‘° (X
containing glucose g of @/ O (]

0.00009000 oopooo )
‘ O°Q..°°¢°o o°. ® 0o O o‘. [} ooQoo..o 0

e O 6 Oo 00‘

,9000'000
O (c]

irou fatfo°n. s o0





media/file10.jpg
Straturn corneum
viable epidermis.

hypodermis

(b)

Stratum cormeum

viable epidermis

(c) (d)





media/file7.png
&

RI1

Cel —I__ } Rel cezf ]] Re2 [+ 1 M |
—|__ 1 stebum
Rel corneum
Cc2 {}I Re¢2 Cclchz —_E } Re2 lucidum
1

CI2 RI2

-






media/file12.jpg
containing glucose





media/file9.png
Ce J— Re

- - |[e=-===- —I_
o e Sweat glands

So - and ducts
Epidermis S~o . : -






media/file14.jpg
Original state Tontophoresis

4 4

2909 200, 0000 o :o.: I-.. .0‘:..0-:.:0 000
90 00690000 -'rnu:,o o .‘ oo o
00 00%00 000 ® ‘e clo.-.-. OO e






media/file5.png
Zcpe

(b)






media/file15.png
Original state Iontophoresis
4

4
|

X
— )
N ‘o '~ - -_
Qs \ O/ \ 0/ \ o/
] . ) . : z s
o\ q
000000 00 o 000|000.0.00000000. 00 O
4
| ( ° (- ° o :
l
¥y N »,r.\ y Jo \. 3 \ |
0000 0000000 0 00, "‘0010__0_90_0;.,'000‘
\ ~ p . ,
1 9 : & J..
o _° 0 O

- ! o
( |
: y % /.\
..........‘.......Q...'
' . &\

’oooo:'oooooo .l o
'.o..":-‘;o.o.o :_ .. olo:. L .o.o:;:.’ ....o.o
©°%°c00 o o 0.:.:..0[0.. . .. k . ° :.....o.o

I





media/file3.png
\
“

g 900

o b R
oooooo/coooooooog,oo
q

A
° °°°°°\aoooogo° © 000
(o

S I

Path 1

Path 1

8000 000k 0 00 %

Path 2 bt 2






media/file4.jpg
Zepe






media/file0.jpg
appendages _

} stratum corneum
| viable epidermis

artery ——3

S
(
sensory nerve
fiber ) dermis
A
vein e/ TSN ;) } hypodermis





media/file2.jpg
Path 1

Path 1






