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With the global penetration of skin care awareness and upgrading of personal care awareness, the use
rate of cosmetics and personal skin care products has been increasing worldwide. It is particularly impor-
tant to monitor the quality and safety of skin cosmetics. In accordance with the requirements of the 7th
Amendment of the European Cosmetics Directive 1223/2009, in vitro test methods have been developed
to replace animal experiments, such as the 2D test, 3D test, microfluidic skin chip test, etc. The microflui-
dic skin chip overcomes the shortcomings of the 2D test and the 3D test that lack the complexity of
human skin through fine control of the human skin microenvironment and induction of relevant mechan-
ical stimulation. High similarity to real human skin through simulation of the vascular system and immune
response. Therefore, the microfluidic skin chip is considered as a valuable and effective tool for the
in vitro screening of cosmetics. In this paper, we reviewed the detection methods and technologies of
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common chemical substances, toxic elements, active substances and adverse reactions in vitro in quality
monitoring of cosmetics. The most advantageous microfluidic skin chip technology is also introduced.
The material and technology progress of skin chips used in cosmetic screening is reviewed and discussed.
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1. Introduction

The purpose of cosmetics is to beautify the skin or protect or
change a person’s appearance. In the early primitive society,
animal oils and fatty skin care products were used to make the
skin smooth and shiny. Later, skin care products entered the era
of mineral oil and natural ingredients,? including cleaning, moist-
urizing and UV protection ingredients. With the progress of
science and technology and the diversification of consumer
demand, modern cosmetics have more complex ingredients and
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Then the application of microfluidic design in cosmetic screening in vitro is summarized.

diverse functions. Therefore, the detection of the safety and effec-
tiveness of cosmetic ingredients has become necessary.?

Cosmetic detection includes chemical analysis, toxic
element detection, biochemical detection of active substances
and in vitro adverse reaction detection. The chemical pro-
perties (stability, pH, antioxidant, etc.), the content of toxic
elements and active substances and the possible adverse reac-
tions of the substances contained in cosmetics are tested to
comprehensively evaluate the function and safety of cosmetics.
Among them, in vitro adverse reaction detection is based on
the EU Directive 2010/63/EU," REACH® (Registration,
Evaluation, Authorization and Restriction of Chemicals) and
other regulations for the protection of experimental animals.
These regulations suggest that biochemical methods should
be used instead of animal experiments. Researchers have
developed a series of standardized animal in vitro alternative
testing methods to achieve this goal, including the 2D test,
the 3D test, and the skin chip test (ie. microfluidic
technology). A two-dimensional (2D) cell culture was
established by co-culturing various cell types® and a three-
dimensional (3D) skin model was established by simulating
the three layers of epidermis, dermis and subcutaneous
adipose tissue, as well as the tight and gap connection
between different cell types.”

The microfluidic technology chip, which is established by
more realistically simulating the 3D microenvironment of real
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skin (such as skin appendages and blood vessels) and manipu-
lating the physical and biochemical parameters therein, is also
known as the skin on a chip.® Among them, the skin chip
testing technology provides an effective testing and screening
method through the application of microfluidic technology and
the establishment of a layered 3D environment and other
special structures, and has a good development and application
prospect. In the future, through the seamless integration of
microfluidic technology, cell biology and tissue engineering
technology, innovative micro-engineered cell culture systems
will become possible,” ! which also allows a small amount of
precise control of the cell microenvironment,">"? providing a
great impetus for more accurate simulation of the real skin
environment to replace animal experiments in vivo.

It should also be noted that biosensors have been associ-
ated with the strategic integration of the Internet of Things
(IoT), the fifth generation (5G) communication, artificial intel-
ligence (AI) and machine learning (ML), and gradually inte-
grated into social life, which is conducive to the development
of instant detection (POCT),"*'*> and has a good prospect in
the field of cosmetic detection. Biosensor technology can not
only be used to detect cosmetics independently, but also be
widely used in 2D testing, 3D testing, skin chip testing and
routine chemical, toxic element and active substance testing.
Biosensor technology plays an important role in the above
three in vitro substitution tests. It can convert tiny biological
binding reactions into observable electrical signals, which is
very helpful for visual analysis of experimental results.

In this paper, we summarized the basic structure of skin
related to cosmetics and the role of the corresponding cosmetics,
and reviewed the detection methods and technologies of
common chemical substances, toxic elements, active substances
and in vitro adverse reactions in quality monitoring of cosmetics.
The most advantageous microfluidic skin chip technology is
introduced. The material and technology progress of skin chips
used in cosmetic screening is reviewed and discussed. Then the
paper summarizes the practical application of skin chips in
in vitro screening of cosmetics in recent years, including the con-
struction of disease models, toxicological evaluation, per-
meability evaluation, screening of active ingredients in cosmetics,
and the construction of aging skin models. A multi-organ chip
system with a good application prospect in cosmetic screening is
also introduced. Finally, this review points out the challenges
that the current microfluidic skin chip model still faces, and
points out the future development direction.

2. Skin structures and the role of
cosmetics

The dermis and epidermis compose the body’s skin. The four
layers of the epidermis—the base layer (stratum germinatum),
the squamous layer (stratum spinosum), the granular layer
(stratum granulosum), and the cornified layer (stratum
corneum; SC)—are formed by keratinocyte differentiation and
cornification, which occurs from deep to shallow.
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2.1. Skin barrier and moisturizing

Skin plays an essential role in maintaining normal physiologi-
cal functions and water levels as a barrier. The basic concept
of a skin barrier was developed after introducing the “brick
and mortar” model."® The skin barrier is mainly located in the
stratum corneum (SC), composed of keratinocytes (“bricks”),
surrounded by intercellular lipids (“mortar”), and linked by
keratinocyte desmosomes (CD) (“rivets”). The maintenance of
skin moisturizing ability is attributed to the SC. A combination
of tiny water-soluble molecules makes up the natural moistur-
izing factor (NMF) in the SC. Skin becomes brittle and dry
when the NMF is removed because it decreases the molecular
fluidity of keratin filaments and SC lipids."” The moisturizing
lipids in the SC are composed of squalene, wax, fat, and trigly-
cerides. Moisturizing lipids lubricate the skin, reduce water
evaporation on the surface, and adjust the pH. Hyaluronic acid
in the dermal matrix has essential moisturizing functions; it
contains many hydrophilic groups that form hydrogen bonds
with water and bind large amounts of water. A small amount
of hyaluronic acid locks in a substantial amount of water
necessary to regulate skin metabolism and mediate anti-
wrinkle and beautifying effects.'®The principle of moisturizing
products on the market is based on the structural design of
the skin barrier. Moisturizing creams add water, NMF, hyaluro-
nic acid, and lipids to achieve moisturization.'® By measuring
water losses in the skin after removing the moisturizer residue
from the surface, the NMF temporarily increases hydration by
being absorbed into the epidermis.”®

2.2. Skin aging and anti-aging

Aging is characterized by thin, smooth, pale, dry skin with low
elasticity and fine wrinkles.>'Both intrinsic and extrinsic vari-
ables have an impact on skin aging. Intrinsic aging is slow and
inevitable and shows significant differences across individuals
and races and even parts of the body in the same person.*?
Extrinsic aging is caused by external environmental factors
such as air pollution, sunlight exposure, and smoking.>* Long-
term sunlight exposure is the most critical factor leading to
aging, also called photo-aging. As early as 1969, it was pro-
posed that sunlight leads to skin aging.>* Photo-aging causes
the skin to become rough, wrinkled, yellow, and mottled, and
lose elasticity. Under UV irradiation, the expression of collagen
in keratinocytes decreases, weakening the connection between
the dermis and epidermis and causing thinning and wrin-
kles.>® Photo-aging also causes elastin molecules to become
susceptible to decomposition by enzymes, accelerating its
degradation and causing loss of elasticity (Kligman, 1969).>*
Using sunscreen every day is an effective anti-aging method.

2.3. Skin and whitening skincare products

Skin color represents health and beauty, and its social and
psychological significance often exceeds its biological func-
tion.”® In Asian cultures, most women desire light skin associ-
ated with beauty and light skin can increase self-confidence.
In particular, in China, India, and Japan, there is a substantial
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demand for whitening cosmetics, and the investment in
whitening agents increases yearly.””

Normal human skin color depends on the expression of
several biological pigments, including melanin, red oxyhemo-
globin, blue oxyhemoglobin, and carotene. Skin color is deter-
mined by the proportions of these pigments, their distribution
levels, skin thickness, and other factors. Of these, the amount
of melanin and its distribution are most critical.>® This is
because melanin-producing cells are in the epidermis, the out-
ermost layer. When skin is irradiated with UV light, tyrosinase
(the key enzyme of melanin production) is activated to initiate
melanin synthesis. Normal melanin can protect the skin and
resist UV radiation. However, excessive melanin secretion can
lead to skin anomalies such as freckles, solar freckles (age
spots), and chloasma.>®

Melanin metabolism is divided into synthesis, transfer to
keratinocytes, and final transport to the SC. Most commer-
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Fig. 1 Skin structure.

Table 1 Function introduction and related structures of cosmetics
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cially-available whiteners act by inhibiting, blocking, or dis-
rupting melanin production and transportation.>’

2.4. Acne and anti-acne cosmetics

Acne is a chronic inflammatory disease of skin and hair fol-
licles characterized by papules, pustules, cysts, nodules, disfig-
ured scars, and poor quality of life.*" According to the Global
Burden of Condition Study 2010, acne vulgaris is the eighth
most prevalent disease worldwide.**With an overall frequency
of 9.38% across all ages, it is also the second most prevalent
skin disease.*®> The pathogenesis of acne is complex and
includes seborrhea, keratosis of sebaceous ducts, colonization
of bacilli, and inflammation.** The common pathogenic prin-
ciple of acne is that sebum secretion increases, the prolifer-
ation of keratinocytes increases, and shedding decreases,
resulting in the combination of sebum and keratinocytes,
causing skin keratosis, sebaceous duct blockage in hair fol-
licles, and finally, the formation of microcomedones.>**> The
proportions of Propionibacterium acnes and Staphylococcus
epidermidis are maladjusted, causing infection of sebaceous
units and resulting in acne.*® It is worth noting that bacterial
resistance and potential side effects must be considered. Most
anti-acne cosmetics on the market are added with anti-inflam-
matory, oil control, skin barrier repairing, and exfoliating
substances.

2.5. Summary

We can understand each structure of the skin and its corres-
ponding function by examining a simplified image (Fig. 1).
The functions and skin structure related to each skincare
product are summarized in Table 1.

3. Cosmetic assessment (cell culture
and in vitro culture)

According to the EC Cosmetics Regulation introduced in
2009," animal testing of cosmetic products will be banned
entirely in Europe. The REACH regulation requires the adop-
tion of substitutes for animal tests for safety assessments of

Related skin structure/related

Purpose Cosmetics

mechanism

The function of cosmetics

Moisture Moisturizing cream

NMF and lipids in the stratum

Moisturizing

corneum; hyaluronic acid in the
dermal matrix

Anti-aging  Sunscreen, anti-aging products

Whitening Whitening products which are added with
vitamin C, arbutin, nicotinamide, tranexamic
acid, kojic acid, glutathione, etc.

Anti-acne agents (salicylic acid etc.) and anti-
inflammatory agents

Anti-acne
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Collagen decreased and free
radicals increased

Melanin accumulation
Blockage of hair follicle sebaceous

ducts and sebaceous unit
infection

Maintain skin moisture, slow down the
degradation rate of elastin and remove
free radicals

Inhibiting, blocking or affecting melanin
production and transportation

Clean oil on the skin surface, relieve

follicle blockage, control oil and treat
bacterial inflammation
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cosmetics.” The industry was compelled to adopt in vitro
testing programs for these reasons. Animal skin corrosion and
irritation models, severe eye damage and irritation, skin
allergy, mutagenicity, and genotoxicity have led to the relative
development of substitutes. However, animal testing is still
used to determine acute systemic toxicity, repeated dosage tox-
icity, reproductive toxicity, and developmental toxicity.?
Currently, no replacement tests can identify mild eye irri-
tation.?” In vitro experiments include 2D, 3D, and skin-on-a-
chip tests (Table 2).

3.1. 2D tests

The traditional model is the 2D model, in which keratinocytes
are co-cultured with immune cells and dermal fibroblasts.*®
Because of its easier preparation and mature technology, most
test methods used for skin corrosion and skin sensitivity in
Regulation (EC) No. 440/2008 are of this type. The in vitro 3T3
NRU phototoxicity test (OECD TG 432)*° is listed as a required
in vitro method to evaluate phototoxicity in Regulation 440/
2008. This technique measures the concentration-dependent
decrease in neutral red absorption by cells following exposure
to the test substance using regular BALB/c 3T3 small murine
fibroblasts (with or without UVA light). Four crucial biological
events must occur in order to detect a skin allergy: (i) mole-
cular trigger events, (ii) altered keratinocyte gene expression

Table 2 In vitro models used for cosmetic screening
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related to particular cell signaling pathways and inflammatory
responses, (iii) activation of dendritic cells through the
expression of particular cell surface markers (cytokines and
chemokines), and (iv) T cell proliferation.*>*' The direct
peptide reactivity assay® and the KeratinoSens™ assay are two
techniques for measuring photosensitivity. The method
known as KeratinoSens™ uses selective plasmid transfection
to measure the luciferase gene’s induction in an immortalized
adherent human keratinocyte cell line (HaCaT cell line). This
is a measurement of the antioxidant/electrophoresis response
element using Keap1-Nrf2-A.*

3.2. 3D tests

Although 2D models are simple to create, they are unable to repli-
cate in vivo interactions between cells and the matrix.
Extracellular matrix materials are utilized to create 3D models in
order to more closely mimic the actual human microenvi-
ronment.” The three levels of epidermis, dermis, and sub-
cutaneous adipose tissue, as well as the creation of tight and gap
junctions between various cell types, are necessary for the 3D
model.” Drug diffusion is the main distinction between 2D and
3D cosmetic detection. Similar to the barrier function of human
skin, the SC structure produced in the 3D model can slow the
drug diffusion rate since the drug frequently needs to diffuse
across numerous layers of cells before reaching the final target.**

Human health OECD
endpoint In vitro model Characteristics No.
2D Skin irritation SkinEthic™ RHE - The containment properties of the RhE model prevent the passage ofa OECD
material around the stratum corneum to the viable tissue 439
TER tset - Skin clipper from young, approximately 22 day-old, male or female rats OECD
- The skin impedance is measured as TER using a low-voltage, 430
alternating current Wheatstone bridge

Skin sensitization KeratinoSens™ - Makes use of an immortalised adherent cell line derived from human OECD
keratinocytes 442D
- Quantitative measurement of luciferase gene induction as an indicator
of the activity of Nrf2 transcription

Phototoxicity 3T3 NRU - Uses normal BALB/c 3T3 mouse fibroblasts to measure the OECD
concentration-dependent reduction in neutral red uptake by the cells 432
after exposure to a test material either in the presence or absence of UVA
light

Skin absorption — - Split thickness skin (200-400 pum thick) prepared with a dermatome OECD
- The test system includes the donor chamber, the skin surface rinsing, 428
the skin preparation and the receptor fluid/chamber

3D Skin irritation epiCS® - Comprised of non-transformed, human-derived epidermal OECD
keratinocytes, which have been a highly differentiated model of the 431
human epidermis
- Consists of organized basal, spinous and granular layers, and a multi-
layered stratum corneum containing intercellular lamellar lipid layers.

Eye irritation EpiOcular™ - Three-dimensional RhCE tissue constructs that are produced using OECD
either primary human epidermal keratinocytes human-derived cells 492
should be used to reconstruct the cornea-like epithelium
- The EpiOcular™ EIT validation database contained 113 chemicals in
total

HCE - Human immortalized corneal epithelial cells which should be

Skin sensitization and
hepatotoxicity

Skin-on-
a-chip
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Skin-nerve hybrid
model
Pumpless SOC

composed of progressively stratified but not cornified cells.

- The medium flows along the channel by gravity when a microfluidic
channel is used to tilt the chip

- The keratinocytes were cultured on the top layer of a vertical
microfluidic chip at the air-liquid interface to prepare a skin-nerve
hybrid model
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Three-dimensional models have been taken seriously by
regulations in the European Community and are used in cos-
metic safety testing, especially in eye irritation testing. The
recombinant HCE™ model (SkinEthic Laboratorie, Nice,
France) (OECD TG 492)** consists of an inert permeable poly-
carbonate insert in immortalized corneal epithelial cells for
toxicity assessment of corneal irritants, while the EpiOcular™
model (MatTek Corporation, USA)*® replicates the corneal epi-
thelium using stratified but unkeratinized cells that are gener-
ated in synthetic cell tissue and placed in porous membrane
inserts that allow nutrients to enter the cells.

3.3. Skin-on-a-chip tests

There are some drawbacks of 3D representations, such as the
absence of skin appendages and vascular system. There are a
number of criteria that must be completed before testing can
begin. These involve collecting cellular components at precise
sites for in-depth biological investigation and sampling
luminal contents to examine medication adsorption, distri-
bution, metabolism, elimination, and toxicity. The skin-on-a-
chip design was developed,*” which involves cultivating skin
tissue in a microfluidic system®® and 3D bioprinting techno-
logy*® as shown in Fig. 2. To mimic the operation of the 3D
microenvironment of real skin, physical and biochemical para-
meters can be manipulated, such as medium flow, mechanical
stresses, and biochemical gradients.*®

3.4. Biosensors

When it comes to the detection of cosmetics, in addition to
the above methods, biosensors must be mentioned.
Biosensors play an important role in cosmetic-related detec-

3D bioprinting technology

Piston

Microfluidic Technology
‘ =\

Apical chamber

Skin-on-a-chip Skin equivalent
Porous membrane

Basal chamber

To mimic the operation of
the 3D microenvironment
of real skin

tests

Human skin tissue

Epidermis

Dermis physical and biochemical

parameters can be
manipulated

Fig. 2 Skin-on-a-chip tests. Skin-on-a-chip models mimicking native
human skin structures using microfluidic and 3D bioprinting technology.
Images (a and b) are reproduced with permission from ref. 50 and 51,
respectively.
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tion. They can not only carry out antioxidant testing, toxic
element testing, and active substance testing of cosmetics, but
also play an important role in cosmetics’ health and safety
testing.

Described as “an independent analytical device that blends
biological components with physical and chemical devices to
detect analytes of biological interest”,® a biosensor is a device
that is sensitive to biological substances and converts their
concentration into electrical signals for detection. A wide
range of chemical, physical, or biological interactions can be
converted into electrical signals using sensors used in bio-
sensors.>® Generally, biosensors can be divided into enzyme
biosensors, cell sensors, immune sensors, microbial sensors,
etc. according to the biological components used.”® A variety of
practices have shown that these biosensors are also effective
means of safety detection of cosmetics.>*

3.5. Oxidation resistance test

Electrochemical biosensors are the most representative of all
biosensors. Because of their high sensitivity, high throughput
and low cost, they have received extensive attention. The detec-
tion principle is based on antigens, antibodies, enzymes,
nucleic acids, aptamers and other biological recognition
elements. Capturing the antioxidant substances to be
measured will cause changes in the current, impedance,
potential or conductivity of the sensor surface.>® For example,
cell lines (such as Caco-2, HepG2 and IPEC-J2), biosensors™®
and antioxidant enzyme activity detection (catalase, superoxide
dismutase)®” can be used to detect antioxidant activity based
on cells and enzymes.

3.6. Toxic element detection

Biosensors are highly sensitive to the detection of heavy
metals in the routine detection of cosmetics. Taking the detec-
tion of mercury as an example, enzyme biosensors, optical
fiber biosensors, cell sensors, immunosensors and some new
sensors can be used for detection. An enzyme biosensor for
heavy metal detection uses the inhibition of heavy metal ions
on enzymes and convert them into electrical signals, thereby
determining the components. For example, a biosensor using
fixed glucose oxidase detects the decomposition of hydrogen
peroxide by an amperometric method, and determines the
inhibition effect of Hg®", Ag*, and Cu®*" plasma on enzymes,
respectively, so as to detect heavy metal ions.>®

An optical fiber biosensor monitors the heavy metal
ions based on the inhibition of urease activity. Heavy metal
ions can reduce the biocatalytic activity, reduce the amount of
urea hydrolysis and cause pH changes. They are detected by
the optical fiber biosensor at a wavelength of 615 nm.>’

Cell sensors are also used in the detection of heavy metal
ions in cosmetics. A kind of biosensor uses heart bottom cells
as biosensors to detect the harm of heavy metal ions. Hg”",
Pb*>", Cu®** and Zn®*" can cause cardiomyocytes to show
changes in the frequency, amplitude and duration within
15 minutes.®
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The test strip based on microbial biosensors for qualitative
detection of soluble and insoluble mercury pollution in cos-
metics is one of the new sensors that have emerged at the
same time. Considering that the biosensor’s cells are capable
of automatically converting insoluble Hg,Cl, and Hg(NH,)Cl
into soluble Hg(u) ions, when the test paper turns red, it indi-
cates whether the overall mercury pollution in cosmetics
exceeds 1 mg kg™, No specific tools are required for the entire
detection process.®’ As a result, this paper offers a straight-
forward, affordable detection approach.

3.7. Active substance detection

Biosensors can also detect the content of active substances
such as ferulic acid added in cosmetics. Ferulic acid in skin
care has a good effect of boosting whitening and relieving
inflammation. Enzyme biosensors are mostly used to deter-
mine its composition, and the enzyme is installed on the bio-
sensitive membrane using immobilized technology. It can
react to provide usable information material if the sample
includes the correct enzyme substrate, showing that the elec-
trode has modifications that can be translated into electrical
signals. The existence and amount of chemicals can be esti-
mated from this alteration.®* For instance, the electrochemical
detection of ferulic acid is carried out using a novel biosensor
called CNF GNP ty/SPE that is based on nanomaterials and tyr-
osinase. This approach is popular because it is precise, easy,
and affordable. It can be used to conduct routine analyses for
the quality control of samples for cosmetics, medications, and
other products.>

3.8. Microbiological indicators of cosmetic testing

Microbial contamination of cosmetics is a key issue of social
concern. Contaminated microorganisms may produce some
metabolites and stimulate skin inflammation or allergic reac-
tions. Therefore, it is very important to regulate the effective
supervision and management of cosmetics’ quality. The possi-
bility of using biosensors to find microbes in cosmetics is also
promising. Taking Staphylococcus aureus as an example, the
traditional method is the conventional culture method. This
method has high reliability and low cost, but it has low sensi-
tivity and a long detection cycle. Electrochemical biosensors
and spectrum analysis sensors have recently been used in new
detection techniques as a result of the ongoing advancements
in science and technology.*’

Electrochemical biosensors are the most representative of
all biosensors. Due to their high sensitivity, high throughput,
and low cost, they have received a great deal of attention. Their
detection principle is based on biological identification
elements such as antigens/antibodies, enzymes, nucleic acids,
aptamers, etc. Capturing Staphylococcus aureus for testing will
cause changes in parameters such as current, impedance,
potential or conductivity on the surface of the sensor.
Quantitative analysis of the concentration of Staphylococcus
aureus can be performed by monitoring the changes of these
chemical signals.®® For example, a multiple electrochemical
biosensor based on ultra-sensitive peptides is used to detect
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Staphylococcus aureus. This biosensor is made up of a number
of carbon electrodes that have been modified with gold nano-
particles and fixed with magnetic nanoparticles attached to
particular peptides using the streptavidin-biotin interaction.
Within a minute, the proteolytic activity of two bacteria’s pro-
tease on particular peptides can be observed. This platform for
biosensor arrays has attained exceptional sensitivity.®* This
approach offers hope for the simultaneous, quick, low-cost
detection of several microorganisms.

Because of their high sensitivity, excellent specificity, and
quick detection speed, optical biosensors have gradually
replaced the relay chemical detection approach for the detec-
tion of Staphylococcus aureus.®> For example, a surface
plasmon resonance (SPR) sensor with a micro-contact imprint-
ing sensor chip is used to detect Staphylococcus aureus. The
principle is to recognize Staphylococcus aureus through micro-
contact imprinting and optical sensor technology.®

3.9. Cosmetic safety test

Antibiotics have bactericidal and bacteriostatic effects.
Antibiotics in cosmetics mainly include metronidazole, chlor-
amphenicol, ofloxacin, etc., which can inhibit skin microor-
ganisms, enhance the ability of skin to resist bacterial infec-
tion, and achieve the effect of skin protection on the surface.®®
The long-term use of cosmetics with antibiotics can cause
adverse reactions such as contact dermatitis, such as
erythema, edema, scaling, exudation and burning. The long-
term use of antibiotics will also lead to the increase of bac-
terial antibiotic resistance, which will reduce the efficacy and
delay the treatment.®” In the past decade, biosensors have
been widely used to detect antibiotic residues because of their
high sensitivity, rapid response, easy miniaturization and low
price. Antibiotics have been suggested to be detected using
nanostructured electrochemical platforms made of several
materials, including carbon nanoparticles, metal nano-
particles, magnetic nanoparticles, metal-organic frameworks,
and quantum dots.®® The electrochemical biosensor that uses
receptors and enzymes can use a variety of enzymes and recep-
tors that have been nano-materially tagged to detect different
kinds of antibiotics. For example, Kling et al. designed an
experiment using a highly sensitive biomolecular sensor
system to simultaneously detect tetracycline and streptococcin,
two commonly used antibiotics.®®

Although different types of biosensors have their own
advantages, their application has greatly improved the detec-
tion specificity, sensitivity and anti-interference ability, and
further shortened the detection time. However, there are still
some problems to be improved: the accuracy of sensor reco-
gnition is not accurate enough and the biometric elements of
some sensors are mainly antibodies, which have poor stability,
easy deactivation and a long preparation cycle.’>*® Moreover,
biosensors are not suitable for the detection of all substances
in cosmetics, such as preservatives, hence, high performance
liquid chromatography is mainly used for their detection
instead of biosensors.”® The principles and detection sub-
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Biosensor Mechanism Tested substances
Enzyme 1. An enzyme biosensor for heavy metal detection uses the inhibition of heavy metal ions 1. Heavy metal ions
biosensor on enzymes to affect the activity of enzymes and change the concentration of substrates 2. Additives in cosmetics, such as
or products ferulic acid
2. The main principle of an enzyme biosensor for the detection of substances other than 3. Staphylococcus aureus and other
heavy metal ions is to use immobilized technology to install the enzyme on the bio- microorganisms
sensitive membrane. If the sample contains the corresponding enzyme substrate, it can 4. Antibiotics
react to produce acceptable information material, indicating that the electrode has
changes that can be converted into electrical signals. According to this change, the
existence and quantity of substances can be determined
Optical 1. The inhibition of heavy metal ions on urease is monitored. Heavy metal ions can 1. Heavy metal ions
biosensor reduce the biocatalytic activity, reduce the amount of urea hydrolysis and cause pH

changes. It is detected by an optical fiber biosensor at 615 nm wavelength

2. The principle of detecting Staphylococcus aureus and other microorganisms is to
recognize Staphylococcus aureus through micro-contact imprinting and optical sensor

technology

stances of several biosensors mainly used to detect cosmetic
substances are summarized as follows (Table 3).

4. Microfluidic design for in vitro
screening of cosmetics

Microfluidic chips typically include reagent inlets, sample
inlets, valves, microchannels, sensor assemblies, and drainage
systems, as shown in Fig. 3. With the development of micro-
fluidics allowing dynamic culture and precise control of the
internal cellular microenvironment, a more comprehensive
mimic of human skin has been achieved. With the test of
time, microfluidic platforms have also proven to be an
effective tool for in vitro screening of cosmetics.”* The follow-
ing sections summarize the materials required for the micro-
fluidic design of in vitro cosmetic screening and related tech-
nological advances.

4.1 Fabrication materials

Skin-on-a-chip models are created by combining skin culture
models with microfluidics. Complex tissue-like structures can
be created using microfluidic chips. There are multiple

Microchannel

Reagent area

Reagent Inlet

Drainage
Valves Sensor

Sample Inlet

Fig. 3 The general structure of a microfluidic chip.
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2. Staphylococcus aureus and other
microorganisms

methods to construct microfluidic devices and different
materials are utilized to fabricate them. Various materials
include silicon-based elastomers such as polydimethylsiloxane
(PDMS), glass, and thermoplastic polymers such as polystyrene
(PS), polycarbonate (PC), and polymethyl methacrylate
(PMMA).”> Among these materials, PDMS is very popular
because it is relatively inexpensive and possesses the ability to
map microscale features, in addition, it is flexible, gas per-
meable, and able to bond to glass substrates.”*’* These advan-
tages are summarized in Fig. 4. Therefore, PDMS is often used
to construct microfluidic channel assemblies.”>”®

However, the hydrophobic and porous nature of PDMS can
cause adsorption of numerous medicinal drugs and other tiny
molecules.”* Furthermore, the mass production and commer-
cialization of PDMS-based devices have been a challenge due
to the high cost of the current manufacturing strategies. In
contrast, thermoplastic polymers are not permeable and there-
fore do not adsorb small molecules and can be sculpted using a
variety of microfabrication techniques.”” Thermoplastics are
also receiving increasing attention because they offer several
advantages over PDMS: they are cheaper, have less absorption
and evaporation, and have higher chemical resistivity.”® The use
of thermoplastics can be more easily transitioned from acade-

C}-II3
o— SII Inexpensive Microscale
features
CH; |
Therefore, the
microfluidic channel
assembly is made from
PDMS
Can bond to .
glass Flexibility
substrates
Gas-
permeable

Fig. 4 The advantages of PDMS.

Analyst, 2023, 148, 1653-1671 | 1659


https://doi.org/10.1039/d2an01716d

Published on 24 2566. Downloaded on 14/2/2569 12:19:50.

Tutorial Review

mia to industry, as they can be fabricated through rapid proto-
typing and industrial-scale manufacturing techniques. The inte-
gration of membranes on thermoplastics can be performed
using various techniques such as thermal bonding, ultrasonic
welding, laser welding, solvent bonding and surface functionali-
zation.”® Alternatively, these materials can be reversibly sealed
using clamps or magnets, thus imposing minimal requirements
on membrane materials.”® Sun et al *® reported the creation of a
gravity-driven, microfluidic-based full-thickness human skin-on-
a-chip platform that incorporates an endothelialized, perfusable
microvascular network for simulating HSV infection, host
immune response, and antiviral drug efficacy. The vascularized
microchip skin then becomes free of polydimethylsiloxane
(PDMS), a widely used material in microfluidic systems, but
since it has a well-known tendency to absorb small molecules
and interfere with drug delivery, glass was used instead.

4.2. Advances in microfluidics

An organ-on-a-chip (OoC) is a cell culture system that inte-
grates tissue engineering and microfluidics and aims to build
bionic human functional units in vitro. The skin-on-a-chip
model for cosmetic testing needs to be a more comprehensive
simulation of human skin, which would include the major
layers of human skin (dermis and epidermis) and blood
vessels, nerves and appendages. Simulation of mechanical
signals such as cyclic tensile and shear stresses should also be
considered to build a more realistic dynamic model. The most
important technology is the integration of sensors in the skin-
on-a-chip to monitor skin functions in real time, which is the
key to the effective use of microfluidics. The following table
summarizes the relevant developments of skin chips in recent
years.

4.2.1 Sources of modeled skin. There are two broad types
of microfluidic chip designs used for skin modeling:*" the first
is to introduce skin fragments from biopsies or human skin
equivalents (HSE) directly into the chip. Introducing skin biop-
sies from donors or human skin equivalents generated outside
the body directly into the tissue inside the device is the most
common method for constructing chip models. In general, it
is common for single tissue models and multi-organ microar-
ray construction. There are also some studies in which frag-
ments from in vitro reconstructed human skin HSE rather than
from human biopsies are used to fabricate these chips with
transferred skin. The second approach focuses on generating
tissue directly on the chip in situ.

4.2.2. Vascularization. Appropriate vascularization will
allow efficient nutrient and oxygen exchange, removal of meta-
bolic wastes, facilitation of leukocyte transport and transder-
mal penetration of drugs into the vascular system of blood,
thereby prolonging tissue survival.** Methods of vasculariza-
tion can be classified as angiogenic methods in which micro-
vascular channels are created prior to endothelial cell inocu-
lation or angiogenic methods in which endothelial cells are
stimulated with growth factors to vascularize the tissue. The
growth rate of new blood vessels in the angiogenesis method is
relatively slow, which will not only hinder the delivery of nutri-
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ents, oxygen and waste, but also may lead to cell apoptosis and
tissue necrosis at the wound, which is not suitable for large
tissue  structure or efficient and  high-throughput
applications."'* In contrast to angiogenesis, prevascular
approaches can generate in vitro vascular networks in skin
models. When a prevascular graft is implanted into a damaged
site, the vascular network within the host can rapidly anasto-
mose with the skin graft, thereby greatly increasing the rate of
wound healing. In addition, the success rate of prevascular skin
models used for in vitro testing will also increase.®® Therefore,
the pre-angiogenic approach is usually the preferred method.

4.2.3. Skin appendages and the skin microenvironment.
The current advances related to skin-associated appendages
and the skin microenvironment include the use of dermal
cells to induce hair follicles, the doping of adipocytes,
immune or Langerhans cells to recapitulate the immune
response, chemokines to promote cell differentiation or dorsal
root ganglion neurons to reconstruct the peripheral cutaneous
nervous system, all of which are improvements in the current
in vitro skin models to better simulate their response to
stimuli or toxicity studies.®’ We highlight the advances in
immune system simulation and point out the importance of
the skin-on-a-chip device for adulteration of the microbial
community, which has been overlooked by most researchers.

The skin protects against pathogens, bacteria, fungi, and
viruses through the physical barrier of the epidermis and the
innate and adaptive immune system, which includes immune
cells and biomolecules in the skin.*> The implementation of
skin-on-a-chip models that can correctly mimic the immune
system will not only allow the evaluation of possible adverse
reactions triggered by cosmetic products and assess their
molecular toxicity, but will also help understand their cellular
mechanisms, simulate skin diseases and investigate the poss-
ible therapeutic approaches.

The methods of simulating immune responses in the skin
in microfluidic devices are divided into two types: adding cyto-
kines to induce immune responses or directly doping immune
cells in the microarray.®® These 3D skin models that integrate
immune components consist of different cell types, so it is
important to select the appropriate immunocompetent 3D
skin model according to the targeting mechanism of the drug
under test.?”

Notably, the microbiome is often forgotten in skin-on-a-
chip models and there is still a lack of reports on integrated
microbiota.®® It is well known that human skin is chronically
exposed to air and thus colonized by numerous microorgan-
isms, and the host and symbiotic microbiota rely on immune
cell and molecular network interactions to establish and main-
tain healthy skin homeostasis.*® Integrating microbiota in
skin-on-a-chip devices helps to fully replicate human skin
models and construct more realistic human skin equivalents.
The addition of other microorganisms from the skin and
sebaceous glands, blood flow or other mechanical require-
ments will more closely represent human skin, facilitating per-
meability studies or simulation of different pathologies caused
by microbiota alterations.
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At the same time, human skin microbial communities are
richly diverse, and their composition is influenced by age,
body site, and gender. The abundance and composition of the
skin flora vary greatly from site to site and are closely related
to the distribution of skin sebaceous glands and skin humid-
ity.’® The integration of microbiota in skin-on-a-chip devices
allows the study of personalized treatment of pathologies
caused by microbiome dysfunction by adding specific micro-
biota groups of affected patients to the skin-on-a-chip model.*®

4.2.4. Mechanical stimulation. The behavior of known cells
is regulated by physiologically related mechanical forces
(including cyclic tension, shear stress and matrix stiffness)
and non-physiological related forces (such as pulsed ultra-
sound or low-level laser therapy). Mechanical tension and
matrix stiffness have been controlled without microfluidic
solutions, but microfluidics provides customizable devices
that can be designed to simulate multiple organs and connect
them together to form human-machine chips.*® Therefore,
this part focuses on the simulation of shear stress in microflui-
dic devices.

One of the decisive features of the microfluidic device is the
perfusion of the culture medium. It can not only remove the
waste produced by the cells and help the culture medium to
update the nutrient content, but also, more importantly, can
endow the cells with shear stress. Shear stress refers to the
force parallel to the object caused by particles flowing or
sliding through the object. Shear stress is common in the
human body. All our organs are exposed to a certain degree of
shear stress, and our skin is no exception. Applying shear
stress to skin tissue can improve barrier function, improve epi-
dermal differentiation, and increase the density of fibroblasts
in skin tissue.”’ Now there are many methods for the per-
fusion of culture media, and these media can be divided into
pump-driven or gravity-driven solutions. Microfluidic devices
usually use peristaltic pumps or injection pumps to generate
fluid flow. Both methods have their advantages and disadvan-
tages. The pumping equipment can be used for a long time
and can provide programmable fine-tuning flow control.> The
gravity-driven method is simpler to install, owing to which the
culture medium is recycled through the swing platform to
avoid the pipeline and complex setting requirements.”
However, the use of pipelines for pumping equipment will
increase the risk of cross contamination, and it is very time-
consuming to set up; the gravity-driven method lacks precise
control of the flow rate, and the advantages of fresh medium
infusion and waste removal are not significant, and it is also
easy to lead to the change of hydrostatic pressure with
time.®>* Therefore, it is of great significance to continuously
improve the relevant performance of the perfusion equipment
of the microfluidic equipment, to ensure that the shear stress
is continuously applied to the base layer and top layer, and
improve the fine control of the fluid environment to improve
the authenticity of the skin model.

4.2.5 Sensors. The most important aspect of the skin
microarray device is the detection component. Most studies
performed in the microarray use fluorescently labeled cells for
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visual inspection under a microscope. For 3D cell cultures
with complex structures, which are limited by weak light pene-
tration and scattering effects, visual inspection using conven-
tional microscopy techniques is not possible.”® Also, the tracer
compounds used in fluorescent labeling lack the sensitivity to
detect subtle changes and can compromise the integrity of the
tissue.”® The rapid development of biosensor technology has
brought light to this dilemma. In the context of the skin-on-a-
chip platform, this limitation will be addressed by integrating
microsensors for the in situ measurement of relevant para-
meters. Studies have shown that complementary analysis by
trans-epithelial electrical resistance (TEER) measurements
shows better performance compared to static incubation.””
This fact has led to the development of biosensors to monitor
skin status in real time and to track drug administration and
its possible effects. Recently, Takeuchi et al. proposed a mini-
mally invasive biosensor using microneedles (MNs). In this
microfluidic device, a porous MN is directly connected to the
microfluidic chip composed of a capillary pump for continu-
ous sampling of interstitial fluid (ISF). The porous and flexible
MN made of PDMS is connected to the microfluidic chip man-
ufactured by the standard MEMS process to display the con-
tinuous flow of phosphate buffered saline (PBS). This indicates
that the device will realize minimally invasive and continuous
biological sampling for long-term medical monitoring.”® The
ideal future skin-on-a-chip platform should integrate physical
sensors for monitoring relevant cell culture parameters (e.g.
pH, temperature), electrochemical sensors for measuring
soluble protein biomarkers, and trans-epithelial resistance
(TEER) sensors® for measuring the skin barrier function to
help monitor in real time the processes occurring during skin
equivalence formation or drug administration.

5. Microfluidic skin model and its
application in cosmetics
5.1 Microfluidic skin disease models

The study of disease and the identification of drug and cos-
metic targets require the availability of comprehensive model
systems that can reproducibly generalize developmental and
physiological processes. As the skin-on-a-chip technology con-
tinues to mature, an increasing number of skin microfluidic
models have emerged to assist researchers in the in vitro
screening of drugs and cosmetics. Currently, the most relevant
models are focused on the field of skin inflammation, which
has stimulated more research due to the complex etiology and
large patient population. Secondly, some relatively novel
models of skin diseases in recent years, such as new advances
in skin wound healing models, are presented in this section
for your reference.

5.1.1 Models related to skin inflammation. Most severe
inflammatory skin diseases are caused by various microbial
infections, among which Propionibacterium acnes is also a
major cause of inflammatory skin diseases such as cutaneous
acne, especially when the skin is damaged.'®® Synthetic anti-
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biotics have been used to treat various diseases caused by bac-
teria; however, they may lead to side effects such as pathogen
resistance and irritation-related damage to the skin,>*®%1°!
hence there is a need for drugs or cosmetics that are safer
than antibiotics and have fewer side effects. However, for eval-
uating dermatological drugs or cosmetics, in vitro human skin
tissue traditionally constructed on Transwell has inefficient
screening capabilities due to its fragile barrier function.
Therefore Quan et al.'°® constructed disease models associated
with bacterial infection of skin and injury and evaluated and
analyzed two different anti-inflammatory drug components. A
bionic “interface-controlled skin-on-a-chip” system (IC-SoC) is
constructed by integrating the extracellular matrix of skin and
skin cells into a microfluidic chip. This system provides a
stable air-liquid interface (ALI) and the mechanical signals
required to develop human skin equivalents to help skin
tissue formed in vitro to differentiate into more mature histo-
morphological structures and enhance the skin barrier func-
tion. After the administration of Propionibacterium acnes (P.
acnes) and SLS (sodium dodecyl sulfate) stimuli to the skin
surface of the IC-SoC system, reduced skin barrier function
and increased inflammatory factors such as IL-1a, IL-8 and
PEG2 in the IC-SoC media channels were observed. This auto-
mated microfluidic system provides an efficient tissue model
for toxicological applications and drug evaluation for bacterial
infections of damaged skin. Kwak et al.’®® developed a skin
chip with fully stratified skin and a mature endothelial layer in
a microfluidic chip device to simulate inflammation related
reactions in humans. The device has a central channel that
allows the skin to be fully compartmentalized in an air-liquid
interface, which consists of skin containing a bilayer (epider-
mis and dermis) and an endothelial layer separated by a
porous membrane. The skin grown in this device shows histo-
logically a stratified epidermis. After the maturation of skin
and endothelial cells, HL-60 cells (neutrophil-like cells) were
added to simulate the migration of leukocytes into the skin;
sodium dodecyl sulfate stimulation was applied to promote
the production of pro-inflammatory cytokines, and experi-
ments showed elevated IL-6 production, which was reduced by
the addition of dexamethasone to the vascular endothelium of
the skin chip; under UV irradiation, leukocytes migrated from
fluid channels to the skin in the vascular layer. This model suc-
cessfully simulated the immune response of human skin in
terms of cytokine production and immune cell recruitment to
the site of inflammation. Ren et al.'** described a microfluidic-
based skin-on-a-chip model to illustrate transendothelial and
transepithelial migration of T cells from the blood stream to the
sites of skin inflammation. The device is a 3-inch silicon chip
consisting of a HaCaT cell layer, a type 1 collagen gel with a
porous fibrous structure, and an HUVEC layer as the representa-
tive components of the epithelium, ECM, and endothelium,
respectively. When TNF-a was injected into the pores of the
HaCaT cell layer, activated T cells migrated through the HUVEC
layer across the collagen gel toward the HaCaT layer, demon-
strating the potential use of this model in studying T cell
migration in response to inflammatory mediators or drugs.
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5.1.2 Skin wound healing model. Skin wound healing is a
multi-stage process involving direct and indirect cellular com-
munication events, aimed at effectively restoring the skin
barrier function. With the global trend of cell-based detection
automation, miniaturization and integration into microphysio-
logical systems, traditional wound healing detection methods,
such as scratch detection and cell exclusion detection, have
recently been translated and improved using microfluidic and
chip laboratory technologies."®® These miniaturized cell ana-
lysis systems allow precise spatial and temporal control of a
series of dynamic microenvironment factors (including shear
stress, biochemistry and oxygen gradient) to create a more
reliable in vitro model, which is closer to the wound’s internal
microenvironment at the molecular, cellular and tissue levels.

Recently, Gupta et al.'®® provided a microcapillary shear
stress-influenced microchip skin wound healing model of
fibroblast-derived wound healing. This work describes the use
of microfluidic devices to simulate wounds on fibroblast
monolayers via trypsin flow and PDMS barriers. In this study,
a microfluidic chip that provides 3D cell culture conditions simu-
lating a 3D extracellular matrix (ECM)-like environment and
allows real-time monitoring of cells is reported. A dual-chip
design was prepared: one with a central inlet for trypsin-contain-
ing medium flow and the second with a removable column for
wound creation to monitor cell migration. Wounds created using
the removable PDMS barrier were reproducible and simple.
Design 1 resulted in the creation of wounds with high variability
and poor reproducibility, while Design 2 created wounds with
high precision and reproducibility. This experiment overcomes
the lack of reproducibility of traditional wound healing assay
techniques by preparing a simple and effective wound healing
assay using a microfluidic chip. This dynamic wound healing
assay will provide greater convenience for conducting research
related to drug discovery, cellular pathway studies, and wound
healing mechanisms. As the number of channels increases, a
larger number of cells can be integrated into the chip to study
the dynamic and complex skin microenvironment.

5.2 Microfluidic design for in vitro cosmetic screening
applications

Interspecific differences lead to the deviation of animal skin
from human skin in physiology and immunity, as well as the
lack of a physiologically related tissue microenvironment.
Traditional animal models and two-dimensional models
in vitro cannot accurately describe the toxic effects and predict
the actual in vivo reactions.’” In order to address these gaps,
the past few years have witnessed the rapid development of
several complex three-dimensional (3D) models and skin-on-a-
chip platforms. The SoC platform is expected to replicate the
physiological structure and functions of native human skin on
a relatively low-cost and high-throughput platform, which can
better represent skin in vitro and replace the ethically complex
animal experiments. The following describes the application
of skin chips in cosmetic toxicology, the transdermal absorp-
tion effect and the screening of active ingredients in cosmetics,
and research and development of anti-aging cosmetics.
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5.2.1 Toxicological evaluation. In the field of toxicology, a
skin-on-a-chip represents a unit with the least function, which
can replicate specific aspects of human physiology in a direct
and controlled manner and is increasingly used. At present,
skin chips are mainly used for the toxicological evaluation of
skin sensitization and skin irritation tests.

Before putting new cosmetic ingredients on the market, it
is necessary to evaluate their safety, including the skin sensit-
ization hazard and efficacy. Exposure to skin sensitizers can
induce specific immune reactions, and repeated local exposure
may even cause allergic contact dermatitis. Skin sensitization
is a complex immune process. In view of the need for infor-
mation on skin sensitization in the safety assessment of EU
cosmetics regulations, it has become the subject of many tests.
3D organ chip models with normal immune functions have
been explored to produce accurate models for evaluating the
reaction or toxicity of a cell monolayer."”” Wuefer et al.'*®
developed a miniature model of human skin in a microfluidic
platform composed of the epidermis, dermis and endo-
thelium. Each layer is separated by a transparent porous mem-
brane to allow inter-layer communication and simulate skin
biology (Fig. 5a). They showed that their SOC model could be
used to build an in vitro skin disease model or test the toxicity
of cosmetics. In addition, Mori et al.’" proposed a 3D chip
skin micro-device, whose vascular channels are coated with
endothelial cells (Fig. 5b). This micro-device includes a skin
equivalent fixed on a culture device connected to an external
pump and tube. This model can be used for the development
of skin therapy and cosmetics. Légues et al.'® also developed
an innovative 3D full-size bioprinted human skin model,
which contains immune cells, for screening cosmetic ingredi-
ents aimed at reducing or preventing inflammation. Lee
et al."'° reported a mixed human skin model capable of per-
forming a detailed toxicological evaluation of drug and cos-
metic compounds (Fig. 5¢). This model successfully simulates
the skin-nerve mixed model and the skin-liver model. This
model can detect the changes of neuron activity in combi-
nation with calcium imaging technology to conduct real-time
quantitative skin sensitization analysis, and can also evaluate
the potential hepatotoxicity of chemicals applied to the skin in
the model. This 3D hybrid skin chip will provide a useful
human skin model for the cosmetics industry for toxicological
screening.

Skin irritation refers to the reversible damage to the skin
caused by the expansion and increase in the permeability of
endothelial cells after contact with a substance or mixture.'*!
Alternatives to animal testing methods used for skin irritation
assessment, such as the reconstructed human skin model, do
not fully represent the physiological response caused by skin
irritants. In recent years, skin chips have shown the potential
to test the irritation of cosmetics. Zhang et al.''* developed a
microfluidic chip based on polymethylmethacrylate (PMMA)
(Fig. 5d). The functional chip skin was used to test the stimu-
lation of 10 known toxins and non-toxins. Because the com-
plexity of skin irritation cascade reactions cannot be predicted
with certainty only by cytotoxicity measurement, several other
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irritation reactions, such as inflammatory cytokine release,
have also been preliminarily performed to assess the impact of
exposure to some of these chemicals. These results show that
this organotypic chip is a potential alternative to stimulation
detection and can support scalable testing as a physiologically
and clinically relevant in vitro epidermal model. The upper
surface of this high-fidelity chip provides a potential substitute
for the evaluation of skin irritation of cosmetic ingredients
in vitro. Jeon et al.'"® invented a skin model on a chip consist-
ing of three layers representing the composition of the epider-
mis, dermis and endothelium (Fig. 5e). After further develop-
ment, this chip could simulate the physiological response of
skin irritation, so it is specially used for skin irritation tests. It
solves the problem of the current RhE model’s inability to
simulate physiological skin irritation. This model evaluated
chemical-induced edema by observing the tight connection of
endothelial cells, and was further improved and specifically
used to evaluate physiological skin irritation, and its predic-
tion ability was enhanced by the two-parameter model. Based
on the in vivo data, the sensitivity and accuracy of the classifi-
cation ability of 20 test substances using the dual-parameter
chip model is higher than that of the reconstructed human
skin model. This experiment provides a dual-parameter chip
model with great potential, opens up a new method for the
skin irritation test in vitro, and is expected to become a new
paradigm for animal testing to replace the irritation test of cos-
metic ingredients.

5.2.2 Transdermal absorption and screening of active
ingredients in cosmetics. An important task of pharmacoki-
netic analysis in the development and marketing of new drugs
in dermatology is to test the penetration of drugs or cosmetics
through the dermal barrier. In addition to scientific research
on cosmetics, it is also necessary to test the activity and trans-
dermal absorption of cosmetic ingredients. Reconstructions of
human skin or full-thickness skin models have been developed
in order to have more reproducible models. As cell-based
technologies, these skin models are useful tools for testing
phototoxicity, corrosivity, irritation, and drug permeability.
These skin models are combined with microfluidic technology
to produce a skin chip. This skin chip is used to test the per-
meability of cosmetics across the skin barrier and to screen
active ingredients.

Historically, the Franz cell has been a widely used in vitro
method for assessing molecular permeability, which has the
advantages of (i) less tissue treatment, (ii) no need for continuous
sample collection and (iii) low drug volume required for analysis.
However, this in vitro model not only requires moral consent, but
the skin will metabolise some chemicals during the percuta-
neous absorption process.'** The innovative platform provided
by skin chips is crucial to overcome the limitations of diffusion
cell technology."”> The main advantage of these devices is that
they simulate the microcirculation of the skin through a dynamic
arrangement, which is easy to use and small in size (less tissue,
cell, test substance and carrier requirements).

Varga-Medveczky et al.''® developed a new concept of a
microfluidic device to test the penetration of drugs through
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Fig. 5 Schematic diagram of a microfluidic device for skin sensitization (a—c) or skin irritation (d and e) detection of cosmetics. (a) The 3D skin chip
device of the chip epidermis system composed of three PDMS layers and two PET porous membranes can be used to build an in vitro skin disease
model or test the toxicity of cosmetics; (b) the schematic diagram of the skin chip integrated with the perfusion vascular channel which can be used
to test the toxicity of cosmetics; (c) a microfluidic chip design of a mixed skin model can not only quantitatively analyze skin sensitization, but can
also evaluate the potential hepatotoxicity of chemicals applied to skin in this model; (d) it is composed of four main PMMA layers and a microfluidic
connector, which can be used for skin irritation evaluation of cosmetic ingredients in vitro; (e) a skin model (keratinocyte — green, fibroblast — blue
and endothelial cell — red) on a chip composed of three layers representing the composition of the epidermis, dermis and endothelium; images (a—
e) are reproduced from ref. 91, 108, 110, 112 and 113.
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the skin by improving the first generation microfluidic
diffusion chamber (MDC) designed and fabricated by Lukacs
et al. (Fig. 6a). The hydrophilic model drug caffeine cream was
placed in the microchip donor space, and the peripheral per-
fusion fluid (PPF) passed through the system at a rate of 4 pL
min~". The results showed similar transport kinetics and good
reproducibility when comparing the transport of caffeine in
the artificial skin equivalent with the human skin sample. The
transdermal permeation curves of two P-glycoprotein sub-
strates, erythromycin and quinidine, were studied in the pres-
ence and absence of a P-gp inhibitor (PSC-833). It has been
demonstrated that the MDC system can be used for the study
of the interaction between the skin chip microfluidic system
and the transdermal drug delivery and transport protein at the
dermal barrier. In conclusion, MDC can be used for in vitro/
in vivo transdermal drug or cosmetic delivery. Chen et al.'"’
reported a dermal fibroblast sphere (DFS) microfluidic (MF)
chip model, which is used to grow a large number of dermal
fibroblast sphere (DFS) arrays in bionic hydrogels under near-
physiological flow conditions, and is capable of screening skin
care active ingredients (CI) (Fig. 6b). Although spheroid-based
skin models are considered promising models for screening Al
candidates for skin care products, they are currently not widely
used in skin care research.>**> However, the microfluidic (MF)
model designed by Chen et al. based on dermal spheroids
retains its inherent function in the production and organiz-
ation of the dermal ECM and shows the capability of easy fab-
rication, amplification and time-saving AI screening. In the
proof-of-concept design, DFS on-a-chip devices can screen 12
different AI or AI combinations on a single chip. This model
may be extended to high-throughput screening of AI used in
skin care products. This work shows a method of screening Al
for time, cost and labor efficiency in research laboratories and
the cosmetic industry.

Decomposition diagram of the second generation
microfluidic diffusion chamber (MDC)
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5.2.3 The research, development and testing of anti-aging
cosmetics. The skin that protects the body from the external
environment is affected by internal and external aging pro-
cesses. Internal ageing is caused by the metabolic process of
the human body. Exterior ageing includes changes associated
with long-term exposure to UV and other environmental
factors.>® People use cosmetics and medications to prevent or
reverse skin ageing in order to maintain a young and healthy
skin appearance. As a result, many studies on skin ageing and
its treatment are underway.''®''® The “chip skin” in the micro-
fluidic system can simulate the aging skin model by simulat-
ing the 3D microenvironment of human skin. Many physical
and chemical mediating conditions can be controlled.

Jeong et al'*® used a flexible chip skin (FSOC) and a
mechanical stimulation actuation system (MSAS). Mechanical
compression stimulation reflecting circadian rhythms is
applied to 3D skin to generate an ageing skin model (Fig. 7a).
The ageing markers were examined in a 28-day comparative
culture experiment to demonstrate the progression of the
ageing process in the dermis and epidermis. The experimental
results showed that the equivalent shrinkage of the full-thick-
ness skin and the thickness of the epidermis decreased after
mechanical stimulation, and f-galactosidase gene expression
increased, indicating that the ageing effect of the model is suc-
cessful. It is expected that the new aging mechanism, which
can be used for screening and efficacy testing of new anti-
aging substances, will be revealed using this new skin chip
aging model. This is of great importance for the development
of new drugs for the treatment of skin diseases and for the
development of anti-aging cosmetics.

Pauty et al.">" have created a skin model on a chip that
makes it possible to study the changes caused by ageing skin
fibroblasts on microvessels (Fig. 7b). This model consists of an
in vitro 3D model of blood vessels embedded in a collagen type

Microfluid (MF) chip model of dermal fibroblast
sphere (DFS)

Outlet

(Collecting analytes)

Fig. 6 The schematic diagram of the microfluidic device used for the transdermal absorption effect and screening of active ingredients in cos-
metics. (a) Left (blue): cross section and layer-by-layer view of the first generation temperature control equipment with a skin sample rack. Right
(red): the decomposition diagram of the second generation microfluidic diffusion chamber (MDC) with a diffusion well support improved by Varga-
Medveczky, which is used to test the penetration of drugs through the skin; (b) a microfluidic (MF) chip model of dermal fibroblast spheroids (DFS),
which is used to grow a large number of dermal fibroblast spheroid (DFS) arrays in bionic hydrogels under conditions close to physiological flow,
and has the ability to screen active ingredients (Al) of skin care products. Images (a and b) are reproduced with from ref. 116, 117.
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A chip dermal model with young and/or aging
skin fibroblasts

Microvessel in a young
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(b)

Young skin fibroblasts
W

Fig. 7 Schematic diagram of a microfluidic device used for anti-aging cosmetic research. (a) A flexible chip skin (FSOC) with a mechanical stimu-
lation drive system can be used for screening and efficacy testing of new anti-aging substances; (b) a chip dermal model, which has young and/or
aging skin fibroblasts, thus allowing the study of changes caused by aging dermal fibroblasts on microvessels, provides a platform for the develop-
ment of anti-aging drugs. Images (a and b) are reproduced from ref. 120 and 121.

I ECM. Young and/or ageing skin fibroblasts are attached to
the ECM. This simple setup allows monitoring only the effects
of ageing fibroblasts, which are the main participants in skin
ageing, and is unaffected by other skin cells (such as neurons
or immune cells). The experiments showed that SASPs are
involved in angiogenic activation and they tend to show excess
traction stress associated with morphological changes in the
ECM that ultimately lead to angiogenesis. Therefore, this
experiment provides a platform for the development of anti-
aging drugs.

At the same time, we note that Hausmann et al.'** have pro-
posed a new idea with emphasis on the individualised con-
struction of a skin ageing model. The expression of ageing is
heterogeneous due to internal and external factors. At present,
the development of a skin ageing model ignores the highly
individualised ageing process, which is beneficial for the
general conclusion of elderly patients. Therefore, Hausmann
et al. proposed a strategy to optimise drug treatment for
elderly patients. It is necessary to take into account the hetero-
geneity of patients to unlock their full potential in order to
narrow the gap between the model and its internal counter-
part. This means that the multi-organ combined chip (which
was introduced in section 2.3) is the development direction of
the future skin ageing model, which will be conducive to the
development of anti-aging cosmetics that are better suited to
personal characteristics.

5.3 Multi-organ joint chip

Adverse skin drug reactions are mediated by at least two
different mechanisms, both of which involve systemic inter-
actions between the liver and immune and dermal tissues. The
existing in vitro skin models cannot comprehensively summar-
ize these complex multi-cellular interactions to predict the
skin sensitization potential of drugs. At the same time, consid-
ering the heterogeneity of the human body and the integrity of
the internal system of the body, a human-computer chip

1666 | Analyst, 2023, 148, 1653-1671

formed by connecting the SoC platform to multiple OoC
devices has emerged to evaluate the system-wide impact.'”?
This combination of multiple OoC devices will provide more
authoritative and comprehensive evidence for toxicological
tests of cosmetic screening.

It is noteworthy that Chong et al.'** have recently reported
a novel in vitro drug screening platform, which includes a
microfluidic multicellular co-culture array (MCA). It simulates
different mechanisms of action using a series of simple cell
assays, and integrates the obtained readings with machine
learning algorithms to predict the skin sensitization potential
of systemic drugs. MCA is composed of two PDMS layers and
four cell culture chambers connected by diffusion microchan-
nels. Cell culture is carried out using hepatocyte spheroids
(HHS) derived from human cell lines HepaRG,
U937 myelocytes, HaCaT (keratinocytes) and human dermal
fibroblasts. This platform can realize the crosstalk between hep-
atocytes that produce drug metabolites, antigen presenting cells
(APC) that detect the immunogenicity of drug metabolites, and
keratinocytes and dermal fibroblasts. Single drug screening
using MCA can generate five readings at the same time. These
readings are integrated using a support vector machine (SVM)
and principal component analysis (PCA) to classify and visualize
drugs as skin sensitizers or non-skin sensitizers. The hierarchi-
cal 4-fold cross validation (CV) on SVM proves that MCA has
100% sensitivity, 87.5% accuracy and 75% specificity to predict
the skin sensitization potential of drugs. This platform simpli-
fies complex potential mechanisms into several simple cell
models, including liver-mediated drug biological activation
models and downstream immune and skin models, and com-
bines the multi-indicator phenotypic readings obtained from
these cell models with machine learning algorithms. At the
same time, it also shows that the MCA system has the potential
of development and can be used as a high-throughput drug and
cosmetic screening platform, especially for skin sensitization
and toxicity after further validation research.

This journal is © The Royal Society of Chemistry 2023
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Hausmann et al."®* proposed a strategy to optimize drug
treatment for elderly patients. In order to narrow the gap
between the model and its internal counterpart, it is necessary
to consider the heterogeneity of patients to release their full
potential. The perfusion and combination of individual
tissues on the chip create an interconnected organ system to
access system data in vitro. If the most relevant organs and dis-
eases are provided on the chip, these models will provide un-
precedented insights into the systematic fate of drugs in vitro.
The patients on the chip, especially the elderly chip patients,
will more accurately predict the pharmacokinetics and phar-
macodynamics of the elderly. In particular, the combined
effects of changes in the skin barrier function and vascular
diseases and the effects of decreased liver and kidney func-
tions are predictable in the future.

6. Challenges, conclusions and
prospects

So far, great progress has been made in the use of SoC equip-
ment to develop bionic artificial skin and for cosmetic screen-
ing. The development of artificial skin tissue continues to
improve comprehensively. These achievements, combined
with the latest progress in tissue engineering, provide high-
throughput, automated and realistic skin models for cosmetic
and pharmaceutical applications. It is foreseeable that with
the continuous improvement of more and more skin-on-chip
devices combined with microfluidic technology, it is expected
to provide more diversified skin disease models for drug
research and cosmetics screening. The skin-on-a-chip model
will also become a promising platform for in vitro evaluation
of cosmetic toxicology, the transdermal absorption effect and
the screening of active ingredients in cosmetics, and research
and development of anti-aging cosmetics. However, the skin-
on-a-chip model still faces many challenges. No device can
completely provide a truly complete method that can replace
animal testing. In the field of cosmetic research and develop-
ment and screening, researchers believe that the following
challenges still exist.

6.1 The technology of complete replication of skin
appendages and the microenvironment

Microfluidic technology has made continuous progress, which
has solved many limitations of traditional skin tissue engin-
eering, such as vascularization, adding immune components,
etc. However, skin is a complex structure composed of the epi-
dermis, dermis, subcutaneous tissue and skin appendages
(hair, hair follicles, sweat glands, sebaceous glands and finger-
nails). The current SoC model still cannot be fully replicated
and integrated. More importantly, the skin surface has an
important micro-ecosystem, and there is still a lack of reports
and research related to skin chips. Skin microbiome is an eco-
system composed of various microorganisms and the micro-
environment of the host skin and skin surface. Skin micro-
biota consists of bacteria, viruses, fungi, mites and other

This journal is © The Royal Society of Chemistry 2023
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microorganisms that are planted on the skin, with bacteria
being the most prevalent microorganism. When endogenous
and exogenous factors lead to the imbalance of micro-ecology,
the resident bacteria multiply in large numbers, leading to the
occurrence of skin diseases, such as acne caused by
Propionibacterium acnes or Seborrheic dermatitis caused by
Malassezia. Therefore, how to completely replicate skin appen-
dages and integrate the skin microenvironment is an impor-
tant issue that calls for a more complete platform for the con-
struction of an in vitro screening model of cosmetics. By more
closely imitating human tissue, the SoC model can limit the
number of drugs or cosmetics that have successfully passed
pre-clinical tests but failed in clinical trials, and reduce the
risk of cosmetics that have failed in animals but may be
effective for humans.

6.2 Perfection of disfiguring disease models (such as
pigmented diseases)

At present, the number of skin disease models of SoC devices
has increased, but the model of disfiguring disease is still
blank. Disruptive diseases, such as pigmented diseases, are
caused by genetic and environmental factors and a large
number of patients suffer from such diseases worldwide.
Although most pigmented skin diseases do not pose a major
threat to health, they hinder beauty, thus causing mental
pressure on patients and affecting their work, study and life.
Therefore, searching for more effective cosmetic active ingredi-
ents for the treatment of the corresponding diseases will help
find useful drug therapeutic-assisted alternative therapies for
this group of patients. The construction of a disfiguring
disease model requires the mechanism of related diseases to
be simulated on the basis of the original skin chip. However,
the mechanism of disfiguring diseases is complex, so how to
build relevant models on skin chips in the future is still a field
that needs to be explored continuously.

6.3 The future direction of improving SoC devices should
focus on the following areas: providing a personalized skin
chip platform

More and more researchers are putting forward the concept of
personalization, which is due to the era background of pre-
cision medicine. This means that pluripotent stem cells
(iPSCs) that can differentiate into almost all types of skin cells
will be used more and more in the construction of skin chips
in the future. IPSCs from specific patients will be used in the
chip design that simulates the health and disease character-
istics of patients, which is of great significance for the pre-
clinical evaluation (including therapeutic drugs and immu-
notherapy) that characterizes the immune mechanism behind
the results of a wide range of diseases.

6.4. Improving repeatability and efficiency through
technology and test standardization

Building a 3D skin model is time-consuming and laborious.
With the complete replication of skin appendages and the
microenvironment, the skin chip structure will become more
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complex. The increase of technological and biological differ-
ences is inevitable. Therefore, the future standardization of
chip design, materials and manufacturing technology is an
inevitable trend. For example, with the help of bioprinting
technology, the scale and quality of skin models are kept con-
stant, technical differences are reduced, and the repeatability
and efficiency of 3D skin models are improved. This will
greatly simplify the cross-laboratory validation of these
devices. At the same time, the future skin-on-a-chip platform
is crucial for real-time, sensitive and accurate monitoring of
biological parameters. According to the specific background
and research objectives, the selection and integration of bio-
sensors should also have standardization restrictions.
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