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Cosmetics have been used in society for centuries for beautification and personal hygiene maintenance.
Modern cosmetics include various makeup, hair, and skincare products that range from moisturizers and
shampoos to lipsticks and foundations and have become a quintessential part of our daily grooming
activities. However, dangerous adulterants are added during the production of these cosmetics, which
range from heavy metals to microbial contaminants. These adulterants not only reduce the quality and
efficacy of cosmetic products but also pose a significant risk to human health. Detecting the presence of
adulterants in cosmetics is crucial for regulating substandard cosmetic products in the industry. The
conventional methods to detect such adulterants and quality testing are expensive and take a lot of
effort, particularly when involving advanced analytical detection and clinical trials. Recently, efficient

methods such as microfluidic methods have emerged to detect adulterants rapidly. In this review, we
Received 12th October 2024 inly f . dult t t i d their detecti . -based
Accepted 19th March 2025 mainly focus on various adulterants present in cosmetics an eir detection using paper-base
microfluidic devices. In addition, this review also sheds light on the organ-on-a-chip model with the

DOI: 10.1039/d4ra07336c goal of developing a human tissue model for cosmetic testing. Combined, these approaches provide an
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Introduction

Cosmetic products are used to enhance one's appearance,
maintain our hair and skin, are utilizable for personal hygiene,
and also possess anti-aging properties.”” The use of cosmetics
has increased excessively over the years, and with the concom-
itant increase in their demands and price, the surge in fraud-
ulent practices associated with cosmetics has also been recently
reported.* Cosmetic products contain a wide range of additives
or adulterants that are used to enhance their properties, such as
colour, fragrance, texture, and shelf life. These products could
be harmful to the users due to the possible health hazards and
can have detrimental effects at higher concentrations.*
According to A. Panico et al., 2019, adulterants can be classified
as fragrances, preservatives, and other chemicals of concern.
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efficient, inexpensive, and sustainable approach for quality testing in the cosmetics industry.

Fragrance ingredients (like limonene), when used excessively,
cause skin irritation, sensitization, and allergies, which is the
very reason for establishing a certain concentration limit for its
utilization by the EU. Preservatives, including parabens and
formaldehyde, cause cancer and hypersensitivity responses,
whereas methylchloroisothiazolinone (MCI) and methyl-
isothiazolinone (MI) cause skin irritation and allergies. Chem-
icals such as benzophenone-3 and benzophenone-1 are used for
protection against ultraviolet rays, but excessive quantities
could lead to alterations in behavioural development and cause
congenital malformations. On the other hand, butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT), coca-
mide diethanolamine (cocamide DEA) and toluene cause skin
irritation. Additionally, toluene can also act as a teratogen and
affect the central nervous system.®

Common cosmetic products such as lightening creams,
sunscreens, and lipsticks have been speculated to be contami-
nated with heavy metal residues of chromium (Cr), cadmium
(Cd), nickel (Ni), iron (Fe), and lead (Pb) in various concentra-
tions.*” For instance, lipsticks are reported to possess higher
amounts of Fe, whereas sunscreens possess higher concentra-
tions of Ni, Pb, and Cr.? Another major harmful ingredient in
the cosmetic industry is parabens, which have physicochemical
properties compatible with cosmetic agents and can be used up
to a limit of 0.8%.° Despite its desirable characteristic use, it was
observed to cause breast cancer.'” There have been incidences
where adulterated skincare cosmetics had adverse effects on
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pregnant ladies, where adulterants like microplastics," para-
bens,>>** benzophenones,"** phthalates,”*'*"” and some
metals*®" were linked to neurotoxic inborn defects like
congenital enteric neuropathies in the children.?® There have
also been references linking the effect of such adulterated
cosmetics causing preterm birth and low birth weights.”*
Cosmetic adulterants also pose a risk to children who use them.
There have been incidences of cosmetic poisoning in children,>
including those linked with structural birth defects,*
adulterant-induced diseases like cancer,> and cosmetic cyto-
toxicity leading to impaired growth and development.* Since
the excessive usage of adulterants can cause various toxicity-
related issues, there is a pressing need for safety and compo-
sitional testing of cosmetic products at various stages,
including formulations, pre-clinical, clinical, and post-clinical
trial phases, and random regular testing of batches distrib-
uted in the market to ensure consumer health and safety.>
Various conventional methods are used to evaluate product
quality to serve this purpose. Authorities such as the Food and
Drug Administration (FDA) and the Central Drugs Standard
Control Organization (CDSCO) are involved in the quality
control and assurance of cosmetics.”’” Conventional methods
like high-performance liquid chromatography, gas chromatog-
raphy, mass spectrometry, Raman spectroscopy, near infrared
(NIR), infrared (IR) and ultraviolet (UV) spectroscopy are
considered to be gold standard methods for analytical testing of
cosmetics to detect adulterants.”® Although standard methods
are accurate, they come with limitations like cost ineffective-
ness, tedious preparations, and technical expertise. This
potentially extends the duration of the analysis and increases
the possibility of errors. As a consequence, the supply chain of
the product is affected. Additionally, some of the conventional
methods require destructive sample testing, which renders the
product unsuitable for sale or use, leading to product wastage
and financial losses. Hence, industries need to address the
aforementioned issues using many feasible, robust, frugal, and
easily deployable methods to ensure consumer safety and
regulatory adherence.*

During the last two decades, microfluidics have gained
traction in basic as well as applied research such as in medical
and environmental-based applications.”?**° Microfluidic tech-
nologies employ the manipulation of small volumes of fluids,
using channels that typically have dimensions within 10-100
microns, for testing and analysing fluidic interactions in small
scale. However, its innumerable customizable properties, ease
of use, and miniaturizations in microfluidics allow for the
sustainable performance of experiments and the generation of
efficient and reliable data, even with a small volume of reagents,
effectively and rapidly.**** Paper-based microfluidics is one
such subsidiary of microfluidics, where paper is used as
a medium to perform microfluidic assays. Paper-based micro-
fluidics operates based on the natural capillary action produced
by the intermolecular interactions between the liquid and the
cellulose fibres of the paper that allow the liquid to flow through
the pores without the assistance of any additional pumps.** The
hydrophilic properties of the cellulose fibres and the surface
tension of the liquids allow the liquids to spread and flow
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through the paper matrix. By using the material's porous
network, which consists of interwoven cellulose fibres, the flow
of the liquid can be directed and controlled through specific
channels and patterns imprinted on the paper that also impart
hydrophobic boundaries. This allows for minimal sample usage
and reduces fluid travel time. Due to its flexibility, lightness, low
cost, and widespread availability, paper is becoming a highly
desirable substrate material for microfluidic applications.**?¢
Moreover, paper can be easily modulated for microfluidics by
draining an aqueous suspension of diluted cellulose fibres
through a sieve, pressing, and drying the resulting sheet of
randomly woven fibres.?”

Recently, the development of 3D microfluidic paper-based
analytical device (WPAD) systems has been exploited in paper-
based microfluidics for efficient detecting accuracy and ease
of applications. It provides automated sample distributions
across the surface with mechanically activated valves to connect
or disconnect channels for better detection of the target. pPADs
can be combined with colorimetry, fluorimetry, chem-
iluminescence and other such analytical quantification tech-
niques. It enhances the detecting accuracy of the target
substance even in minute quantities. The primary purpose of
UPADs is to provide a mobile, affordable, and user-friendly
analytical platform for diagnostic assays.*® Inexpensive diag-
nostic tests can be produced in large quantities at a cost
affordable to end-users.*®** Recent diagnostic strategies
emphasize the need for simple, affordable, and reliable tests
that can be widely used, including in resource-limited coun-
tries. From this perspective, pPADs are considered the most
practical alternative to traditional devices in the developing
world.*

After analytical testing, the next step in cosmetic product
quality check is the clinical and dermatological study to deter-
mine product compatibility and toxicity profile for humans. It
ensures compliance with regulatory standards before market
release. The conventional approach to these safety trials
includes testing on cell cultures, patch tests, cutometric and
corneometric testing, and toxicity analysis in live animal
models.”® This process takes a lot of time and resources, making
this a dark and hectic phase before releasing the product into
the market. The use of certain conventional methods for safety
testing is bound to ethical issues, which further delays the
process.** As an alternative to this, the latest organ-on-a-chip
(OOAC) technology presents a facile approach to conducting
safety tests.*> As compared to the microfluidics, OOAC tech-
nology aims at creating a live 3D microenvironment of the cells,
with continuous exchange of growth factors and media using
microfluidic technology.**™** OOAC technology can be used to
create human organs-on-a-chip models, mimicking actual
organs, which offers real-time analysis of toxicity and compat-
ibility profiles.**** Also, OOAC provides a human-specific
microenvironment for testing,* rather than animal models in
traditional approaches, aiding in obtaining a more precise
safety analysis of the cosmetic product.®® These technologies
align with the United Nations Sustainable Development Goal
(SDG) 3 (Good Health and Well-being) by promoting safer
consumer products and SDG 12 (Responsible Consumption and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A general schematic of the cosmetic adulterants and utility of uPADs and OOAC in their detection and safety testing.

Production) through sustainable testing methods. They also
address SDG 8 by sustainable testing, SDG 9 (Industry, Inno-
vation, and Infrastructure), which supports and paves the way
for innovation, SDG 15 (Life on Earth) by reducing animal use in
safety trials, and SDG 16 (Peace, Justice, and Strong Institutions)
by ensuring ethical practices.’">*

In this review, we have compiled and analysed recent
advances in microfluidics and OOAC technology for cosmetic
adulterant detection and safety testing (Fig. 1). First, we
expound on the characteristics of paper-based microfluidics
and OOAC. As for the paper-based microfluidics, we explore the
targets that have been subjected to the detection based on
paper-based microfluidics, ranging from small molecules such
as nitrosamines to biological contaminants. Other facets of our
study also encompass the significance, reliance, benefits, ease
of use, and efficiency of the paper-based microfluidics and
OOAC as compared to the conventional approaches. The inte-
gration of artificial intelligence (AI) into microfluidics tech-
nology is also emphasized given the paramount significance of
the former in advancing the latter. We prophesied that this
microfluidics technology is a welcoming boon to the public,
healthcare sectors, industries, and regulatory bodies in con-
ducting robust cosmetic product testing and quality analysis.

Advances in paper-based microfluidics

Paper-based microfluidics are cheap, sensitive, easy to
assemble, operable using minimal sample volumes, and have
a biodegradable and disposable nature. Due to their inherent
capillary action, they do not require any external equipment to
control the flow of liquids. Papers as the substrates of

© 2025 The Author(s). Published by the Royal Society of Chemistry

microfluidics are widely available, of low cost, light, of various
thicknesses, and able to confer capillary action to transport
fluid effectively.*® Capillary action refers to the spontaneous
flow of the liquid without the assistance of external factors or
forces. The surface tension effects that stem from the geometry
and surface chemistry of a microchannel initiate this capillary
action without the need for any peripheral equipment.®*
Multiple target detection can be carried out on a single piece of
paper to create a simple, cost-effective, and self-contained
device. As such, they are widely applied to detect adulterants
in cosmetics.”

To expedite point-of-care (POC) applications, the chosen
signal transduction assays must be seamlessly integrated into
paper-based microfluidic devices. There are various signal
production strategies such as colorimetric detection, electro-
chemical sensing (EC), fluorescence and chemiluminescence
(CL) sensing, and electrochemiluminescence sensing (ECL).
Among all these methods, colorimetric assays are the most
common due to their ability to allow naked-eye observation,
which infers the presence or absence of the target molecules.
Small samples of cosmetics move through the paper channels
impregnated with special reagents (Fig. 2). As the sample moves
through the microfluidic channel by capillary action, the
subsequent reaction with these reagents results in colour
change. The naked eye observation is based on the colour
changes that take place against the backdrop of paper
substrates, which are clear and colourless. The high contrast of
the colour changes against the white-coloured background
permits a clear observation. In fact, the near-white background
of the paper-based microfluidics offers significant advantages
over spectrophotometry. Besides naked eye observation,

RSC Adv, 2025, 15, 10319-10335 | 10321
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Fig.2 Fabrications, mechanism and application of microfluidic devices in detecting cosmetic adulterants. Microfluidic devices are designed and
fabricated as according to the reaction principle of the reaction for detecting the adulterant. They may be fabricated using inkjet printing,
electrode embedding in a chip, or polymer-based lithographic fabrication methods. The device contains loading site(s), to load samples and/or
reagents. The samples will spread across the reaction site upon loading, through the capillary action. The target adulterant in the sample
selectively reacts with specific reagent to give signal in terms of product. Different methods could be used for detection of the adulterants,
including colorimetric, aptameric, fluorescence and luminescence-based approaches.

colorimetric detection also offers semi-quantitative analyses.
The colorimetric sensor can detect and quantify analytes down
to the nanomolar range due to the high sensitivity and selec-
tivity of the sensor. This is possible by comparing the colour
intensity produced by a known analyte concentration with the
colour intensity of an unknown analyte in the test region.>®

Portable devices like smartphones and digital cameras can
be used for detection in microfluidic assays.*>” They allow for
rapid on-site product safety assessment which is mainly useful
in areas with limited access to advanced and sophisticated
analytical equipment.®® Electrochemical sensing is also widely
utilized as the output signal is stable even in the presence of
sample contaminants and light conditions. In addition, the
high porosity and rough texture of the paper substrate increases
the surface area of the deposited material, thereby improving
the response of the electrochemical sensor.®* These outcomes
make paper-based microfluidics a recent and advanced
approach for rapidly detecting and quantifying any target
molecules in diverse settings.

Paper-based microfluidics for
adulterant detection

Paper-based microfluidic devices are developed to detect
various commonly found adulterants in cosmetics, including
chemical adulterants like nitrosamines,*> hydroquinone,*

formaldehyde,* antioxidants,*® heavy metals,*** and even
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biological contaminants.?”” These pPADs offer instantaneous
and low-cost detection of adulterants. These can also be used
during the early formulation stage, as they require micro
volumes of samples for detection. This helps in the early
detection of adulterants and prevents product loss or wastage at
a later stage. Also, these devices could be used to monitor and
identify sources of contamination without necessitating bulky
analytical methods. pPADs also offer an easy approach for
regulatory bodies and customers to detect adulterants in
substandard cosmetics. This helps in immediate detection of
non-compliant products in market and helps in informed
decision making. This helps strengthen public trust in cosmetic
safety regulations. There are various studies on utilizing
microfluidic devices for adulterant detections. A detailed
summary of common cosmetic adulterants, microfluidic device
to detect them and its fabrications, working principles and
limits of has been discussed in the Table 1. Various cosmetic
adulterants for which nPADs detection has been implemented
are as follows.

Nitrosamines

Nitrosamines are a class of organic compounds that contain
a nitroso group (-NO) bonded to an amine group (-NH,). These
compounds are formed naturally due to certain environmental
processes like the aging of food items or microbial activity in
soil or water.”””® They are even formed during industrial
processes like rubber manufacturing and pesticides

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07336c

View Article Online
RSC Advances

Review

3o Iy

AL bT 5
poyrow
simawojoydomoads sordwres Suryoyr jonpoid dif pue
174 — —  _18wogo juadear oina  uwwoprerd gvdn — /O11}OWILIO[0D yonsdrr  pue saysey suonepunog [OIN
adewrep
Aoupny pue
poyrowx ‘I9AT] ‘PIOIAYY
smmawojoydoxoads sopdures “yreay ‘A3io[[e 24p
€L — —  I8w1ro juadear oina  wwoprerd gvan — /OT1}OWILIO[0D yonsdrt  I-ewyisy  arey ‘dn-oyeN [eqOD
INOIABYD(Q
[DBN JIm ‘adenduey
sojonredoueu “Quauaredur
pro3 durures]
JO uondeIANUI sasned
Jo ordound s1aded w)sAs
WU 20 Y3 UO SIOM  Id)[Y UOJAU pue SNOAIdU )
7L — —  pUBNWUZCTT — owelde oY1, T "ON UBUIRYM Iosuas 1oweydy I91eM 3uruosiod  SOUIUIBSONIN peo1
adeurep
[0120413 w)sAs aanearasaid
‘oraoe ‘1oded JI[A10B POYIaW D1I}OWLIO[0D snoAlau pue syuade
69 — qdd ¢-1°0 — INY ‘SANSY 21qy snozod pue 1aded 193714 Ppaseq TedrwayD pood  pue Asupry SuruayydI[ un[s AIoraN
ssans
9AIIEPIXO
ouBYUD
I0 uorssardxa
ouad 193e
‘Kqersut
auad sjonpoid
18woser 18w gor SOTpIN[JOIOTW asned Aewr  syuerrdsiodnue
1 — 01 0°0T pue 20°¢ — paseq-1adeq —  Aesse JLowWILIO[0D JUBIOPOdC  WN[UIWN[Y UO-[[0I ‘[0SOIdY wnuwny
aInyrey
uedIio 03 pesy
ued aInsodxa
paduojoig
*S910S 10[0D [reu
SIdN 3v paddeo pue ‘s1asi[q  pue ‘Iaurfeda
-ouruoIyIdW ‘3urqqeos ‘asedy1003
wdd pue ‘sidN Sy SOIpINJOIdIW asned ued Suruayiym
192 — 1031600070 wdd cp00'0 poddes-aurnsin poseq-1adedq —  Aesse o1pwILIo[0D 191ep s1odea o1xog, “onsdrg JTuasIy
poylowt
1Sd Aq 3u 0°g UONBZIUOl
pue poylow poyowx Aeids auod
1SD4 4q wuidd w00 19y pue UuoTIeZIuOl I9)[J ‘UOTIeZIUOT soodwreys
79 — — 0T sSemo[sy ajensqns 1odeq paseq-1aded — Keads 1adeq sonpwiso)  druadourdie) ‘SaAp ITeH SOUTUIBSOIIN
‘Jod  A1AnISuag aduey UONDJOp  S[BHIAIBW 1A 2INJONIIS DTAA uonedLqed apowr uondAIAA ojdwes  s3109j0 9pIS  SB/UI JUISAIJ SjuBIANNPY

S2IPINIOIDIW BUISN UONDISP JO SPOYISW SY) PUR SIULISNNPE UOWWOD JO IS T d9el

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
" 65:8G°€ §202//0/0Z U0 papeojumod "SZ0Z €0 UO paus!and 801y sseooy usdO

RSC Adv, 2025, 15, 10319-10335 | 10323

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07336c

View Article Online

Review

RSC Advances

m+v> »+m®m

syutodpua Burpuiq 1oded LSV LIV LUz
uondaap [BIoW pue  I9)[J 23UBYIXD L L20d L IN
JIed[d pue  UONEBIJUIDUO0D uoneziqowwt -uorue uo SOIPINJOIdTW U BT wwmm
uonualal Idpng Ww 00s o3uer qur 1ad sdvd juodear  uoneziiqowwr  paseq-1aded Jursn oadeuwrep SopRWIS0d ¢, 9q ¢, ND ¢, 1D
juadear -0t ‘(Sdvd-1d 3w mo -1g-G ‘roded 103[  10J UOTIOBINUI Juogdear (aqa) uonoaep sordwres uedio  ‘syuswrddns ‘0D ‘, PO ¢, 38V)
9/ poouequyd -G) INW I-GS2°0 ur usAg  93ueydXe-uoIuy a3ueyoxa-uo[ a3ueyoxa-uof paseq-20ueIsIqQ pmbr ‘fomxoy, [eqIoH s[elowr AaeoH
BIJWED
SOWD & ‘areld
j0Y B ‘I9p[oy
dryo e ‘001nos
Y31 AN AT Uk S9k9 oy
‘901nos 1amod e 03 UOIBILUII
Zursudwoo ‘unys
w)sAs Uondap a3 jo 3urreas sjonpoid
J1qeyiod e paseq pue ‘3uryolr J13oWS0d
7 — — — pue qvan — -1oded 193119 eIowed SOWD djduwres pooq ‘SSOUPIY Ul SIAIJBAISSAId  OPAUIP[BULIO]
SOXem opLIpAyUE JoAe[ 19111Rq
oreewr  drqoydoipAy e
pue opruresiq pue 1oded
%00T JO opew YUl Xem auoz uonoear Ayder3ojeworyd SweaId Swea1d
€9 03 3sO[D — — s1qoydoipAH orydoIpAy v T "ON UewjBUM SABSSE JI1}9WILIO[0D) 3uruayypy  oruadourore) duruayymy  suoumnboipAH
£o1xo
WIDISAS
%8°0-7000°0 -uedio pue
-LHE ‘%700 J1oded 1oded Aydexdoyeworydo uondnistp SI9ZIINISTOW
14 — —  -100°0-VH4 Aydeidojeworyn uuope[d aqvar Ayderdoreworyn 1odeq ordures poog sumoopuyg  pue syonsdrt  LHY pue VHA
S9[q€) [BOTIUIPT uonepunoy
om3 Im dunmwoa pue ur juade
ouoz Jurjdwes ‘easneu ‘ured ZuTUNIYM UD[S
S/ — 131 6se — IB[NdIID — ommowiojo) o[dwes aulln  [RUTWOPQY ‘usarosung ouiz
‘199 A1ADISUdS a3uey UONDIOP  S[BLIJBW 1A 2INIONIIS 1A uonedIIqeq apowr uondAIAA sjdwies  s$309jo 9pIS  SB/UI JUISAI] SJUBIANNPY
Jo Jrury
(‘pau0D) T A8l

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
" 65:8G°€ §202//0/0Z U0 papeojumod "SZ0Z €0 UO paus!and 801y sseooy usdO

© 2025 The Author(s). Published by the Royal Society of Chemistry

10324 | RSC Adv, 2025, 15, 10319-10335


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07336c

Open Access Article. Published on 03 2025. Downloaded on 20/07/2025 3:58:59 .

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Advances

Paper spray ionization technique for the
detection of nitrosamine

Solvent

‘ MS Inlet
® .
.'.o. Jed e
o
Analyte
ions

High Voltage
Source

Filter cone spray ionization technique for
the detection of nitrosamine

- = Analyte ions

Clipped wax
paper cone
Filter paper
insert
Solvent MS Inlet
reservoir -
Solid R
Analytes - —

High Voltage
Source

Fig. 3 Paper spray ionization and filter cone spray ionization working: the first part depicts paper spray ionization, which is used to identify
nitrosamines in cosmetics; an electric current is applied to the sample directly on the paper substrate, causing the analytes within to ionize. After
that, a mass spectrometer is used to analyse these charged ions. Paper spray ionization design modified and adapted from ref. 84, licensed under
CC BY 4.0. In filter cone spray ionization, an additional ionization technique, charged droplets are formed on the application of electric fields,
leading to the ionization of analytes, and these ions are subsequently analysed using a mass spectrometer. The sample is placed on the tip of the
filter cone and an appropriate solvent is used to extract the analytes. Filter cone spray ionization modified and adapted from ref. 85, with
permissions under Copyright ©2020, the American Chemical Society Publications. These methods were tested and adopted for nitrosamine

detection using the same principle.®?

ction.””®" Nitrosamines are potentially harmful to human
health and are associated with posing a high risk of cancer
specially in organs such as the liver, lung, stomach, and
oesophagus.®* Nitrosamines may be formed when cosmetics
containing amines are subjected to certain environmental
factors such as heat, humidity and light or when they come into
contact with nitrosating agents.”® Amines such as diethanol-
amine (DEA) and triethanolamine (TEA) are the additives
commonly used in cosmetics as these amines help in adjusting
the pH levels and act as wetting agents. Nitrosamines are also
found in cosmetic products such as hair dye, shampoos, and
other personal care products.” Due to their carcinogenic
properties, regulatory authorities have set the limit of 50 ppb for
nitrosamine in cosmetics.®>*

According to Trevor J. McDaniel et al., 2023, the two paper-
based methods used for the detection of nitrosamine in
cosmetics are paper spray ionization (PSI) and filter cone spray
ionization (FCSI), as described in Fig. 3.°> Paper spray ionization
is a relatively simple and rapid ionization technique where
paper is used as a substrate. First, sample is placed directly on
the paper substrate and an electric current is then supplied to
induce the ionisation of analytes present in the sample. These
charged ions are then analysed using a mass spectrometer. PSI
is a suitable choice for quick screening of nitrosamine in
cosmetics because it requires minimal sample preparation.®*
Filter cone spray ionisation is another ionisation technique
where a filter cone is used as an ionisation source. The sample is
placed on the tip of the filter cone and a suitable solvent is used
to extract the analytes. Additionally, charged droplets are
formed upon the application of electric fields leading to

© 2025 The Author(s). Published by the Royal Society of Chemistry

ionisation of analytes and these ions are later analysed using
a mass spectrometer. FCSI is suitable in identifying minute
amounts of nitrosamine in cosmetics due to its good selectivity
and sensitivity.*® Due to their advantages, both PSI and FCSI can
be incorporated into microfluidic devices to create integrated
analytic systems. Some of the microfluidic devices that can be
integrated with PSI and FCSI are microfluidic sample prepara-
tion chips for mixing, extracting and purifying samples,
microfluidic analyte separation devices for chromatographic
separations, microfluidic spray devices for controlled ionisa-
tion, microfluidic droplet generators for precise electrospray
ionisation and microfluidic mixing chambers for increased
extraction and ionisation efficiency. The integration of PSI AND
FCSI with microfluidic devices allows better control of sample
introduction process, improves sensitivity. Moreover, they can
function using less sample with improved overall efficiency of
mass spectrometric analysis and thereby the detection of
nitrosamine in cosmetics.®>*®

Metals

Various metals (light and heavy metals) have been detected in
cosmetics. Though their presence in small quantities is
considered safe, exceeding certain limits may cause toxicity.
Metals can be absorbed into the blood through the skin, accu-
mulate over continuous use, and harm various organs. Detec-
tion of various metals using microfluidic devices has been
described in Fig. 3 and summarized in Table 1.

Arsenic. Arsenic (As) is an adulterant commonly found in
cosmetic products such as eyeliner, lipsticks, and whitening
toothpaste. Paper-based microfluidics were demonstrated to be
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useful for the detection of arsenic. In a prominent study by
Arezoo Saadati et al., 2022, colorimetric assay based on silver
nano prisms (Ag NPrs), cysteine-capped Ag NPrs, and
methionine-capped Ag NPrs was employed. The redox reaction
of silver nitrate with As produced silver atoms, which were
deposited on the surface of AgNPrs. As a result, the deposited
atoms aggregate and causes a colour shift from blue to purple.
The lower LOQ from the above method is 0.0005 pp.*®
Aluminium. Aluminium is an adulterant commonly found in
aerosol and antiperspirant products.?” There have been reports
of aluminium induced toxicity and impairments to humans,
including links to Alzheimer's, bone disorders, kidney damage,
hormonal imbalances and cancers.””*®** Thus, there is a need to
devise methods aiding in the detection and quantification of
aluminium compounds in cosmetics. Amanda Leticia Polli Sil-
vestre et al., 2018, used a paper-based microfluidics integrated
with a colorimetric method for the detection of aluminium
hydrochloride in anti-perspirant samples (Fig. 4a). The colori-
metric agent used was Alizarin S, which is purple in colour. The
sample containing aluminium hydrochloride was poured on
the delimited area followed by the addition of the colorimetric
reagent, Alizarin S, which was then quantified using spec-
trophotoscopy. The LOD was 3.07 mg 17! and the LOQ was
10.2 mg 17", The rate of recovery was between 92.2 and 103.4%.”*
Mercury. Mercury is an adulterant commonly used in skin-
lightening agents and preservatives, eye make-up, mascara
and eye makeup cleansing products.®® Lung Min Fu et al., 2021,
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have developed a method that uses both paper-based micro-
fluidics integrated with a colorimetric assay. Silver nanoparticle
colloids or AgNPs were used as the colorimetric reagent.
Mercury standards were allowed to react with the Ag standards
on the paper-based chip. The resulting RGB values were recor-
ded under a fixed temperature and light. These RGB values were
then used as the standard to calculate the concentration of
mercury in the samples. The range of detection is 0.1-3 ppb.*°

Lead. Lead is commonly found in traditional eyeliners due to
the smoothness it provides to the product.® Neda Fakhri et al.,
2018, have used an aptamer-based colorimetric assay combined
with paper-based microfluidics for the detection of lead in water
samples. Due to their simple setup and straightforward opera-
tion, AuNPs are increasingly employed in aptasensors
(Fig. 4b).*® In the absence of a target, aptamers are absorbed
onto the surface of AuNPs to stabilise them against salt-induced
aggregation. However, in the presence of a target, the aptamers
are desorbed from the surface of AuNPs, resulting in the
aggregation of AuNPs. As a result, a colour change from red
(disaggregation) to blue or purple (aggregation) was observed
due to the variations in localised surface plasmon resonance
(LSPR).” The device is fabricated using nylon filter papers and
Whatman No. 1 paper. The limit of detection is between 1.2 nM
and 0.7 nM. The range of detection was 10 nM to 1 mM for both
the filter papers. Whatman No. 1 paper proved to be better for
real water samples and environmental samples.®® A similar
approach has been designed to detect lead in tobacco, where an
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Fig. 4 Detection of various metals using paper-based microfluidics. (a) Aluminum hydrochloride in anti-perspirant samples using a colorimetric
technique based on paper. The purple tint of Alizarin S was the colorimetric agent utilized. The figure design is modified and adapted from ref. 71,
with permissions under Copyright ©2018, Elsevier. (b) Scheme showing using uPAD integrated colorimetric method based on aptamer, to detect
lead in water samples. Due to differences in localized surface plasmon resonance (LSPR), the aptamers split apart when they bind to the target,
accumulating AuNPs and changing color from red to blue or purple. Due to AuNP aggregation, the interaction of gold particles with NaCl causes
a color shift from red to purple when lead is present. The figure design is modified and adapted from ref. 68, with permissions under Copyright ©
2018, the Royal Society of Chemistry. (c) Scheme showing the design of a microfluidic device to detect zinc. The circular sample zone of the
microfluidic paper-based device is surrounded by two similar arms, each of which has a circular pre-treatment zone and a circular detecting
zone. Zinc and 1,2 naphthol reagent (PAN) react at room temperature and pH 6.0. Pink chelates are formed by zinc. Modified and adapted from

ref. 92, licensed under CC BY 4.0.
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electrochemical aptasensor with a G-quadruplex forming DNA
aptamer (5-GGGTGGGTGGGTGGGT-3’) was immobilized on
gold nanoparticles (AuNPs). Lead was detected by dichroism
due to lead-aptamer interaction and confirmed by isothermal
titration calorimetry. The lead-aptamer complex was found to
be stable for longer period, proving the effectiveness of
aptamer-based detection of lead and providing scope for
microfluidic approach utilizing this phenomenon.*

Zinc. Zinc is an adulterant used in cosmetics as a UV filter in
sunscreens and a whitening agent in creams such as founda-
tions. It is mostly safe for humans, however, there are reports of
zinc toxicity linked with anaemia related haematological
impairments, and mild pancreatitis in Sprague-Dawley rats.”**”
Paper-based microfluidics have been utilised by Michael Pérez-
Rodriguez et al., 2023 to identify zinc and copper in urine
samples (Fig. 4c). The circular sample zone of the microfluidic
paper-based device is surrounded by two similar arms, each of
which has a circular pre-treatment zone and a circular detecting
zone. At room temperature and pH 6.0, zinc and copper react
with 1,2 naphthol reagent (PAN) to produce generate red and
pink chelates, respectively. A LOD of 35.9 ug 1" was achieved.”

Cobalt and nickel. Cobalt is an adulterant commonly used in
face creams, lipsticks, eye shadow, shampoos and nickel is
commonly found in foundations and lip products. It is mainly
used as a colouring agent in cosmetics.” Ekhlas A. Abdulkar-
eem, and Jwan O. Abdulsattar, 2022 have used paper-based
microfluidics and a spectrophotometric method for the detec-
tion of lead in cosmetic products in Iraq. They examined various
lipstick samples that they had discovered in Baghdadi shops.
The reaction of cobalt with 1-nitroso-2-naphthol (NN) reagent
and nickel(n) ions with dimethylglyoxime (DMG) reagent,
respectively form coloured-product. Spectrophotometry was
used to study the colour change, whereby the wavelength for
cobalt and nickel were set at 430 nm and 565 nm, respectively.
The LOQ and LOD for nickel were 0.36 mg1~' and 0.11 mg 17",
respectively while the LOD and LOQ of cobalt were 0.15 mg 1"
and 0.49 mg 17" respectively.*

Xiaolu Xiong et al. 2020 have developed paper-based micro-
fluidics combined with a colorimetric assay for the detection of
nickel. The platform was designed to contain a core zone, 10
reaction zones and ten detection zones. Each zone is designed to
harbour a particular chromogenic reaction. By maximising the
photoresist layer thickness and spin coating speed, the flow
passage volume is controlled during the fabrication process. The
reaction solution injection interval time is designed for simul-
taneous detection of Nickel. The intensity of the colour is used to
determine Ni(m)concentration based on a standard curve. For
Ni(u) the detection threshold was found to be 0.5 Mm.”

Synthetic antioxidants

Butylated hydroxytoluene (BHT) and butylated hydroxy anisole
(BHA) are the two synthetic antioxidants used in various
industries such as cosmetics, food, and pharmaceuticals. BHA
is made of a mixture of organic compounds, which are isomeric
in nature such as 3-tert-butyl-4-hydroxyanisole and 2-tert-butyl-
4-hydroxyanisole. BHT 1is derived from the reaction of
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isobutylene and 4-methoxyphenol, catalysed by sulphuric acid.
BHA and BHT are usually found in cosmetic products such as
lipsticks, lip balms, moisturisers, and personal care products.
These compounds act as preservatives and thereby increase the
durability and stability of the products by preventing the
spoilage and oxidation of products by inhibiting the formation
of free radicals. These compounds are carcinogenic in nature
and can cause other harmful effects such as endocrine disrup-
tion and organ-system toxicity when used in excess quantity.®
The safety limit of BHA and BHT to be used in dermally or
sprayable cosmetic product type is 0.001-0.02% and 0.0002-
0.8%, respectively.”®

Paper-based microfluidics is a cost-effective and straight-
forward analytical method for the detection of BHA and BHT.
Using an appropriate solvent, a cosmetic sample can be
extracted and applied as a small spot on the chromatography
paper before placing this in a container with solvent. The
components in the sample are separated upon interaction with
the paper and solvent. As the solvent goes up carrying the
various dissolved components with it, BHA and BHT will travel
at different rates and form separate spots on the paper. Based
on the location and appearance of spots on the paper, the
presence of BHA and BHT can be determined. Paper chroma-
tography can only be useful for qualitative analysis to determine
the presence or absence of compounds. For quantitative anal-
ysis, HPLC or GC-MS should be used. According to Maryam
Nejadmansouri et al., 2021 samples loaded onto paper-based
microfluidics can be transported without the need for an
external pump. Based on the affinity of BHA and BHT to the
paper matrix, they are separated as they move up the paper
channel through capillary action. The microfluidic property of
the paper-based microfluidics helps in the controlled move-
ment of the sample, thereby increases the separation efficiency
and reduces the analysis time. Once the separation is complete,
visual detection or chemical detection can be used to determine
the presence or absence of the target. In a visual detection, dyes
are used to indicate the presence of BHA and BHT in a sample
while chemical detection involves the use of various reagents
that react with BHA and BHT to produce products that infer the
presence of absence of the sample to detect their presence in
a sample. Paper-based microfluidics help in both quantitative
and qualitative analysis and have numerous other advantages
such as minimal sample requirement, cost-effectiveness,
reduced analysis time which makes it a suitable tool for the
detection of BHA and BHT in cosmetics.”

Hydroquinone

Hydroquinone is a widely used chemical in creams for depig-
mentation of the skin for more than 50 years. It is generally used
to treat discolouration and pigmentation disorders of the skin
such as freckles, melasma, chloasma, solar lentigines, and post
inflammatory hyperpigmentation. The hydroquinone cream is
applied as a thin layer over the depigmented skin. It is sug-
gested by medical professionals to discontinue hydroquinone
treatment after a few months to avoid any side-effects. Although
it is not significantly toxic, some studies have suggested long-
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term usage can create malignancies.” In a study conducted by
Fahmi, et al., 2019, spectrophotometric method hydroquinone.
The orange-coloured final product is produced upon the inter-
action between hydroquinone and phloroglucinol under alka-
line conditions, which can be observed by naked eye. This
reaction principle can be crucially planned and modified to
devise a microfluidic approach for the detection of hydroqui-
nones in cosmetics.'®

In general, risk to consumer health was determined using
systemic exposure dosage (SED) which is the amount of
a substance that enters the bloodstream following absorption
and this dosage is compared with the safety limit and
concluded whether the exposure is safe or harmful, margin of
safety (MoS) which is the difference between the exposure level
of the substance and its harmfulness threshold and a higher
margin will indicate lower risk to human health, hazard
quotient (HQ) is the ratio of actual exposure level of a substance
to the level deemed safe and if the ratio is greater than 1, there is
a potential impact on human health, hazard index is the
summation of hazard quotients for various substances and if
the value is greater than 1, it may cause harmful effects on
human health and lifetime cancer risk (LCR) which helps in
determining the possibility of developing cancer due to the
exposure to carcinogenic substances.'*

Organ-on-a-chip (OOAC) technology
for cosmetic safety

Organ-on-a-chip (OOAC) is a device that mimics different
organs or organ systems. OOAC is prepared by containing and
sustaining the cells to create a microenvironment that mimics
the real state of the body. OOAC can also be interwoven with
microfluidics platform to accurately emulate in vivo environ-
ment. Microfluidics can help to drive the flow of the liquid at
certain flow rates and introduce mechanical stress, which
mimics the physiological conditions of the complex matrices
present in the in vivo environment. Microfluidics technology
also allows the transportation of nutrients and waste product
from the cells on OOAC. Moreover, these organs are used as the
disease model or for toxicity testing including the analysis of the
response to certain stimuli. Mimicking the actual organ or
organ systems in the human body, OOAC is a much safer and
feasible alternative as compared to the usage of animal to carry
out similar functions. Such microenvironments created using
OOAC help scientists to bridge in vitro and in vivo studies.* Two
different types of OOAC single- and multi-organ systems, are
depending on the focus of study. While multi-organ systems aid
in understanding the interaction of at least two organs through
metabolites, reactions, or signalling, single-organ systems are
used to study the response of a single organ to compounds or
reactions.'” Integrating microfluidics into OOAC enables the
usage of low sample volumes ranging from microliters to fem-
toliters reducing its Reynolds number, which is indicative of the
laminar flow whereby high value of Reynold signifies turbulent
flow. Other additional benefits of microfluidics on OOAC are
rapid mixing rates for faster responses and tighter control of the
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liquid volumes. The chief feature of OOAC is the better regu-
lation of the cell microenvironment, which refers to the cellular
environment that is characterized by a complex interplay of
cellular factors, extracellular matrix and other cells. OACC
facilitates the precise control of the culture chamber geometry,
physical and chemical phenomena of fluids as compared to
two-dimensional (2D) cell culture systems that could not
simulate the microenvironment milieu.'*

Deciding the approach for forming the functional tissues is
important while designing an OOAC. There are two types of
approaches that can be used: top-down and bottom-up
approaches. A primary tissue is integrated into the system
using a top-down technique while a bottom-up approach
involves culturing of primary tissue cells in a microfluidic
environment to aid in the remodelling of the tissues into a new
environment. There are two types of OOAC device architectures,
barrier tissue chips and solid organ chips. In solid organ chips,
cells are cultured as three-dimensional tissue masses where
they can interact with the culture medium and each other, but
in barrier tissue chips, the cells are supported to form a natural
barrier between fluid compartments. The choice of materials for
the device depends on the functionality, stage of product
development, etc. The most often utilised materials are glass,
thermoplastics like PS, poly (methyl methacrylate) (PMMA),
polycarbonate (PC), and cyclic olefin copolymer (COC), and
silicone rubbers like poly(dimethyl siloxane) (PDMS).*

To ensure cell growth and constant medium flow, the tissue
framework needs a dense pore network and high porosity. The
network offers nutrition, gas exchange, and a pathway for
removing cellular waste and by-products of scaffold breakdown.
In order to ensure that protein exchange between cells is facil-
itated through the network of interconnected pores, the archi-
tecture and porosity of the matrix must be carefully balanced to
maintain the mechanical integrity and stability. The scaffold's
mechanical and architectural characteristics are influenced by
the manufacturing process used to make it.'** For an industrial
scale, the manufacturing process must be affordable and allows
scaling up. In order to fabricate complicated structures,
industrial technologies including electrospinning, 3D printing,
and injection moulding are applicable. To ensure that the
various scaffolds may be utilised for pre-clinical OOAC system
testing, good fabrication criteria must be established. Tech-
niques such as stereolithography and fused deposition model-
ling are well-suited printing techniques to prepare a scaffold of
optimum porosity, which can be extended for OOAC develop-
ment.'” Collagen is a widely used material to develop scaffolds
due to its excellent biocompatible properties such as low
immunogenicity, high porosity and permeability.'*

Eye-on-a-chip in cosmetics

Eye-on-a-chip model is an advanced microfluidic device that
mimics the physiological and functional characteristics of the
various components of the eye including the retina, optic nerve,
lens, cornea, aqueous and vitreous humour, and blood vessels.
Researchers use this model to study ocular biology and to test
the effects of various components such as cosmetics and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Eye-on-a-chip and skin-on-a-chip device structure: the first part depicts EOAC. The epithelium and endothelium cells derived from
a human cornea are cultured on two scaffolds. There exists an extra-cellular membrane. There are inlet channels connected to both levels. The
two cell layers interact with each other. The TEER (trans-epithelial electrical resistance) zone is connected to a computer to evaluate the corneal
barrier function. Skin-on-a-chip (in the second part) consists of three layers: epidermis, dermis, and endothelium cells derived from the skin,
which are grown one over the other, and are separated by an ECM. There are inlet channels which can be used for different treatments. Vertically
stacked cell layers with ECM in between are used to study the interaction and inflammatory markers in between the layers. Eye on a chip modified
and adapted from ref. 108, licensed under CC BY 4.0., and skin on a chip modified and adapted from ref. 109, licensed under CC BY 4.0.

medications on ocular tissues thereby reducing the dependency
on animal testing by creating a controlled environment.*”’

In a prominent study by Z., Yu et al., 2022, “Human cornea-
on-a-chip model” was constructed by creating a bond between
the glass substrates (Fig. 5). Polydimethylsiloxane (PDMS) layers
and a polycarbonate (PC) membrane coated with extracellular
matrix were sandwiched between the glass substrates. SU-8,
which is an epoxy-based negative photoresist is created using
soft lithography and was used as the base to form the top and
bottom PDMS layers. Microfluidic channels were created when
the PDMS duplicates were peeled off from the mould. Access
holes of the microfluidics’ inlets and outlets were punched, and
a circular hole was punched in the middle of the microfluidic
channels in each PDMS slab. The exposed surface on the top
was used to mimic the ocular surface by creating an air-liquid
interface and the hole was used to mimic the human corneal
structure. The PC membrane was embedded between the two
microfluidic channels after cleaning the glass membrane and

© 2025 The Author(s). Published by the Royal Society of Chemistry

PDMS. The “Trans-epithelial electrical resistance (TEER) zone is
a designated area in a biological or microfluidic device used to
measure the electrical resistance between layers of epithelial
cells. This measurement, which indicates how well the cells
create a protective barrier, is essential for assessing the integrity
and barrier function of these cell layers. The TEER zone is
typically integrated into in vitro models, such as organ-on-a-chip
devices, which enables real-time, non-invasive evaluation of
tissue health and function and thereby is integrated into the
device and connected to the cell culture region helps in in situ
measurement of “TEER”, which is a recognized technique for
assessing the corneal barrier function in vitro.'*® “Eye-on-a chip
model” has the potential to dramatically alter cosmetic testing
by providing a more accurate, moral, and ethical way to study
the effects of cosmetic products on ocular tissue by reducing the
dependency on animal testing. It also helps in studying the
safety, absorption, compatibility, and the long-term effects of
cosmetic products on ocular tissues.'””
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Skin-on-a-chip in cosmetics

Skin-on-a-chip are another type of OOAC models can be used for
toxicity testing, disease modelling and to study skin responses
to various stimuli. They can be used for drug development and
are able to replace animals for testing.** Skin-on-a-chip models
have increasingly gained widespread interest in the cosmetic
industry by providing a morally sound, precise, and effective
ways to evaluate the efficacy, interactions, and safety of
cosmetic products. These models mimic the human skin more
accurately compared to the traditional 2D cultures, which in
turn helps in understanding the adverse response predictions,
mechanisms, and customization of various skin types. The
increased use of OOAC in cosmetic industry has moral and
ethical benefits over animal testing, improved predictive capa-
bilities, reduced product development time and cost, potential
for various formulations based on consumer needs and ensures
compliance with more stringent regulatory requirements.
Moreover, OOAC reduces the negative impact of using animal
for testing and allow precise study on the interactions of skin
with various cosmetic products and substances."**'"*

Two approaches have been used to create microfluidic skin
models, which are. Direct introduction to skin fragments and in
situ skin model generation. Direct interaction approach
involves the direct introduction of skin fragment onto the
microfluidic chip. While this model helps in studying specific
interactions, it can also incorporate other organs, such as the
liver, hair, etc., to create multi-organ systems. In the in situ skin
model generation, the skin model is made within the device
with multiple channels, which deliver nutrients to the skin
model. This model helps investigate the toxicity and immuno-
logical responses as this model creates skin models that exhibit
immune responses. Wufuer et al., 2016 developed a micro-
fluidic platform based on an in vitro skin model consisting of
dermal, endothelial, and epidermal layers (Fig. 5).'* These
layers are separated using a transparent membrane to allow
interactions between these layers. This model can be used to
test the toxicity of cosmetics.

“You-on-a-chip” and clinical-trial-on-chip

Drug efficacy and adverse effects might vary depending on the
genetic makeup of the population, highlighting the need for
and importance of patient-centred strategies. In the case of
uncommon diseases, the current “one-size-fits-all” philosophy
in healthcare is frequently less effective for treating these
disorders, as familial genetic variants frequently cause large
variations in the efficacy and safety of experimental medica-
tions. Before administering the experimental drug to the
patient, cells from the patient could be utilised to conduct
a clinical trial on a chip to determine the efficacy and toxicity
profile of the substance. Moreover, different tissues taken from
a patient with rare disorders could also be fabricated on a chip
to provide more insights into these diseases. Organ-on-chips
and other microfluidic devices are essential to fulfill this
need. Using “you-on-a-chip” models built using the patient's
own cells, vital information about the diseases, medication
toxicity, and metabolic profiles can be acquired. This knowledge
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informs dose choices and treatment plans, removing uncer-
tainty and improving patient safety. Using the patient's cells,
clinical-trial-on-chip models can also predict treatment
responses for uncommon diseases without the need for volun-
teers. This model can also garner insight on pharmacogenomic
polymorphisms and probable susceptibility to adverse events.*

OOAC as an alternative to animal testing to assess the safety
of cosmetics

Any drugs, chemical food additives, or cosmetic products must
undergo pre-clinical and clinical testing before they reach the
market to ensure the safety of the product on humans. Before
human trials, the cosmetics are tested on animals, primarily on
rodents, then progressing to higher animals to test their adverse
reaction and evaluate the safety of the product's formulation. In
this process, according to the People for the Ethical Treatment
of Animals (PETA), over 110 million animals, including mice,
rats, frogs, dogs, cats, rabbits, hamsters, guinea pigs, monkeys,
fish, and birds, are sacrificed per year, in the US alone."** The
global statistics are tremendously high. But the tragedy is that
about 90% of the animal tests fail in human testing, leading to
unnecessary loss of these animals’ life.*** This provokes ethical
consideration for the lives of animals, making the safety testing
of new products challenging. To avoid this reckless sacrifice and
torture on animal's lives, in vitro methods are preferred for the
preliminary safety testing of the products. However, in vitro
methods are unsuitable to comprehend safety assessment as
they don't mimic the complex human physiology.** As a result,
toxicity impact of the product on other organs, the metabolic
fates and side effects cannot be comprehended by in vitro
testing alone. Also, the predictivity of drug safety based on
animal testing is poor, as there is high chance for drug dispo-
sition in animals compared to humans.'** Due to these chal-
lenges, there is a tremendous need to find alternative options
for testing product safety before letting it to the market.

The OOAC model emerges as the one stop solution for all
these issues. Recently, OOAC models are being used to design
drugs and pharmaceuticals. OOAC models are emerging to be
successful at this, because the organs that are used would be
human derived itself. This overcomes the limitations of animal
testing that animals do not mimic human physiology."** Thus,
OOAC could be used to effectively predict the effects of the
drugs and comprehend the safety of the products on humans
efficiently and with broader clinical clarifications. There are
some studies on adopting OOAC and multi-OOAC for pharma-
ceutical testing. Ewart et al., 2022 have evaluated the use of liver-
on-a-chip for studying toxicology in drug development
processes. They have tested 870 liver-chips to check how these
models predict drug induced liver damage. Their study high-
lighted the potential of this technique, as the outcome was
found to be excellent, with the predictivity of this OOAC-based
technique exceptionally better than the traditional animal
model testing."*® However, to the best of our knowledge, no
studies in the literature comprehend the safety of any cosmetics
on humans predicted by OOAC models. A recent study con-
ducted by Rhee et al., 2024 proposes a 3D perfused skin-on-a-
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chip model fabricated using micro-precision 3D printing for in
vivo-like drug response studies for cosmetics."” Similar to this
approach, Mohamadali et al., 2023 have developed a skin chip,
as an in vitro model, consisting of normal skin tissue with
epidermis and dermis layer, which was later scaled up with
PDMS microchannel-based perfusion feeding system to develop
an in vivo-like skin-on-a-chip model."*® Both studies suggest the
reliability of the OOAC technology as an excellent alternative for
in vivo testing, even better than animal-based testing. We
anticipate that pilot studies on this approach might be in
progress to determine the efficacy of this approach in industrial
settings.

Integration of Al and machine learning
(Al-ML) in microfluidics

Microfluidic technology, with its capability to manipulate small
fluid volumes in precisely controlled environments, has trans-
formed biomedical research and diagnostics in recent decades.
But, in the recent years, the integration of Artificial Intelligence
(A1) and Machine Learning (ML) concepts have further
restructured this technology with smart and innovative
approaches, providing enhanced functionalities. Recent studies
on integrating Al for efficient biomarker detection using
chips,"® ML for data processing and analysis have paved the
way for the development of “digital microfluidics” and “intel-
ligent microfluidics” which will certainly change the dimen-
sions of microfluid based diagnostics and microfluidic
aSSElyS.uo‘lZl

Recently, Al-assisted digital microfluidic platform, the
uDropAl system, was developed by Guo et al, in their 2024
study. This platform incorporates the state-of-the-art semantic
segmentation models for multistate droplet operations, such as
generation, splitting and merging."° These features are critical
when considering the complex workflows required in organ-on-
a-chip (OOAC) platforms, which will permit multi-organ, high-
throughput assays of biomarkers of inflammation and toxicity
associated with cosmetic hazards and adulterants. In addition,
the self-adaptive feedback systems of the integrated system
decrease user intervention and produce high reproducibility,
which is critical during hazard detection of cosmetic formula-
tions, to be ethical and scalable. Another major advancement is
wearable AI-powered microfluidic sensors, and these can be
used in detecting non-invasive biomarkers. Wang et al. (2024)
developed a multiplexed colorimetric microfluidic sensor for
tears with an Al-enabled colour interpretation feature, which
can monitor the concentrations of various biomarkers such as
pH and proteins in real time.*** Error correction is enabled by
the use of deep-learning algorithms, resulting in an accurate
performance across varying environmental conditions. These
potentially find their applications in the skin-like OOAC plat-
forms enabling real-time data acquisition for cosmetic safety
assessments.

The concept of AI, ML and microfluidics is not limited only
to droplet control and smart sensors. In a study, Sekhwama
et al., 2024 have discussed how AI and ML based deep learning
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techniques could be used and adapted in microfluidic tech-
nologies for precise sample control, miniaturization of the
study, efficient resource utilization with automation.'*® This
provides valuable cues to adopt and devise novel microfluidic
based assays and experiments for the detection of cosmetic
hazards, to study how cosmetics interact with the body cells, the
biomarkers released in response and their toxicological anal-
ysis, without the need of animals, and even with less use of
chemicals and reagents. This forms the core of sustainability,
wherein we can integrate Al systems to reduce the sample and
reagent volumes and conduct physiochemical interaction
studies without the need of animal models. These approaches
pave the way for improved data outcomes and precisions, along
with which, hold a significance in ethical and sustainable
considerations.

In another strategy, the transformer and pretrained models
have also been adopted for much precise Al-based image anal-
ysis. Li et al. have developed a system for parasite counting in
fecal samples without the need for any user intervention. By
means of an inexpensive, portable, robotic microscope, the
entire McMaster chamber can be scanned to capture high
resolution bright field images without the involvement of any
personnel. Convolutional neural network (CNN) algorithm used
is able to distinguish the image of parasite eggs and those that
are derived from background signals. It is this feat that AI is
able to achieve that can never be paralleled by human inter-
vention, whereby automated discerning of the bona fide specific
image from the background image can facilitated rapidly within
a short period of time. Similarly, this can be extrapolated for the
detection of adulterants in cosmetics on microfluidics platform
for a much accurate and hassle-free analysis.”®

Challenges and limitations

Paper-based microfluidics are not without their challenges and
limitations. The pressing challenges include sample prepara-
tion, batch-to-batch variations, limited shelf life, the need for
a specific readout system and the requirement of a suitable
conjugation method to link the molecular recognition elements
to the surface of the platform. Moreover, the choice of a suitable
etching method is needed to ensure a smooth and directed flow
of the liquid samples. On the other hand, the challenges of
OOAC are the availability of a standard, universally accepted
protocol and materials needed for fabrication. These often
result in reproducibility crises, which hamper large-scale and
cost-effective production. As such, the protocol and materials
used for the fabrication of OACC must be standardized across
laboratories worldwide. Another pressing challenge is the
difficulty in uniformizing the inter-organ transportation rates as
well as ensuring uniform organ sizes. This, together with the
disparities in the liquid-to-cell ratio, further aggravates the
reproducibility issue. The exact mimicry of the physical attri-
butes of the organ is also a tall order, which calls for the
meticulous design of the experiment and the need for appro-
priate control.

RSC Adv, 2025, 15, 10319-10335 | 10331
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Future perspectives

Establishing and consolidating international guidelines for the
acceptance of microfluidic and organ-on-a-chip (OOAC) systems
as part of preclinical safety assessments are crucial for estab-
lishing practicability of these technologies. Efforts on the part
of researchers, regulatory agencies, and industry to create such
a framework should be taken to ensure compliance and
encourage innovation in the use of microfluidics and OOAC
platforms in routine adulterant detection and safety assess-
ment, paving the way for marketability of these technologies.
The key elements such as point-of-care and artificial
intelligence-driven features of paper-based microfluidics and
organ-on-a-chip must be accentuated to entice more
researchers to increasingly adopt these technologies for much
more feasible monitoring of cosmetics hazards.

Conclusion

Cosmetics have been an integral part of self-expression,
enhancement of physical features, and art for hundreds of
centuries. Although cosmetics in the early days contained
natural substances, present-day cosmetics consist of a lot of
adulterants. Low manufacturing qualities lead to impurities in
the product, which creates a need for easier detection methods.
Although the adulterants are present to enhance certain
cosmetic properties, they can potentially harm at higher and
more frequent doses, making their detection significant.
Microfluidics and point-of-care devices have overcome the
shortcomings of conventional detection methods as they are
much more time-saving and efficient and require microlitres of
samples without compromising sensitivity and specificity. As
such, paper-based microfluidics are used widely to detect
adulterants in cosmetics. Organ-on-a-chip technology is
another robust microfluidic milestone that can be efficiently
used for the safety testing of cosmetic products. Together these
can be used to empower both consumers and regulatory bodies
to screen products efficiently. These methods also allow for
ethical and scientific validity in safety testing. The integration of
these technologies can proceed in the future with artificial
intelligence and automation tools for point-of-care detection of
adulterants using computerized scanners. This promises even
more efficient high-throughput testing. As such, this will
further ensure safe consumer products, regulatory compliance,
and safer cosmetic products in the future.

Paper-based microfluidics and OOAC technology are gaining
traction for cosmetic adulterant detection and safety testing due
to their salient features, including portability, low cost, and
minimal sample volume. The ultimate goal of any diagnostic
assay is a point-of-care-based approach, which is ASSURED
(Affordable, Sensitive, Specific, User-friendly, Rapid/Robust,
Equipment-free, and Deliverable - ASSURED). Paper-based
microfluidic and OOAC technology has all the features that
are able to fulfill these criteria. For a seamless transition from
bench-site to point-of-care diagnostics of cosmetic adulterant
detection and safety testing, dodged determination and active
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engagement of multiple stakeholders in transdisciplinary
research initiatives is necessitated.
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