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Abstract
Ozone�reacts�with�skin� lipids�such�as�squalene,�generating�an�array�of�organic�com-
pounds,�some�of�which�can�act�as�respiratory�or�skin�irritants.�Thus,�it�is�important�to�
quantify�and�predict�the�formation�of�these�products�under�different�conditions�in�in-
door�environments.�We�developed�the�kinetic�multilayer�model�that�explicitly�resolves�
mass�transport�and�chemical�reactions�at�the�skin�and�in�the�gas�phase�(KM-�SUB-�Skin).�
It� can� reproduce� the� concentrations� of� ozone� and� organic� compounds� in� previous�
measurements�and�new�experiments.�This�enabled�the�spatial�and�temporal�concentra-
tion�profiles�in�the�skin�oil�and�underlying�skin�layers�to�be�resolved.�Upon�exposure�to�
~30�ppb�ozone,�the�concentrations�of�squalene�ozonolysis�products�in�the�gas�phase�
and�in�the�skin�reach�up�to�several�ppb�and�on�the�order�of�~10�mmol�m−3.�Depending�
on�various�factors�including�the�number�of�people,�room�size,�and�air�exchange�rates,�
concentrations�of�ozone�can�decrease�substantially�due�to�reactions�with�skin�lipids.�
Ozone�and�dicarbonyls�quickly�react�away�in�the�upper�layers�of�the�skin,�preventing�
them�from�penetrating�deeply�into�the�skin�and�hence�reaching�the�blood.

K E Y W O R D S

dicarbonyls,�kinetic�modeling,�ozone,�respiratory�irritants,�skin�irritants,�squalene

1  | INTRODUCTION

People�spend�on�average�90%�of�their�time�indoors.�Indoor�air�can�be�
more� polluted� than� outdoor� air� and� the�World�Health�Organization�
estimated� that� in� 2002� indoor� air� pollution�was� responsible� for� 1.5�
million�deaths�and�2.7%�of�the�global�burden�of�disease.1�Therefore,�
better�understanding�of� the�air�quality�and� reactions� that�can�occur�
within� indoor� environments� is�very� important.�A�major� oxidant� that�
has�been�measured�in�indoor�environments�is�O3�with�concentrations�
inside� buildings� and� houses� ranging� between� ~5� and� 150� ppb.2 O3 
can�be�inhaled�by�people�as�well�as�reacting�with�indoor�furnishings,�
cleaning�products,�and�the�skin�oils�of�the�occupants�within�the�build-
ing.3–6�Human�skin�oils�contain�many�unsaturated�species�that�are�re-
active�toward�O3� including�squalene,�fatty�acids,�wax�esters,�sterols,�
glycerols,�phospholipids�as�well�as�antioxidants� (ascorbate,�uric�acid,�
glutathione,�and�α-�tocopherol),�and�coenzyme�Q.7–10

Interactions� of� O3� with� skin� lipids� are� important� for� indoor� air�
quality,� including�O3� concentration� and�deposition� in� an� indoor� en-
vironment.11–13�The�reaction�of�O3�with�skin�oils�has�previously�been�
investigated�in�enclosed�spaces�such�as�aircraft�cabins�and�simulated�
offices�by�exposing�people,�hair,�or�soiled�clothing.6,14–20�These�studies�
have�consistently�shown�that�the�presence�of�human�occupants�and�
soiled�clothes�will�decrease�O3�concentrations�substantially�within�the�
enclosed�space,�whilst�volatile�species�will�increase�in�the�gas�phase.�
These�volatile�products,�especially�the�dicarbonyls,�have�the�potential�
to�be�respiratory�irritants.21,22�The�composition�and�concentration�of�
secondary�organic�aerosol�(SOA),�an�important�fraction�of�indoor�par-
ticulate�matter,�would�also�be�impacted�by�changes�in�O3�concentra-
tions�and�volatile�organic�compounds�(VOCs).15,23–25

Squalene�ozonolysis�products�have�also�been�observed�to�accumu-
late�in�skin�oil�that�has�been�exposed�to�ozone.26�These�lower�volatility�
products�may� be� skin� irritants� and� could� also� be� absorbed� into� the�
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bloodstream�over�time.21,27,28�Several�models�of�the�skin�exist,�focus-
ing�on�dermal�absorption�from�the�gas�phase.29,30�For�example,�Gong�
et� al.� predicted� the� absorption� rate�of� six�different�phthalate�esters�
into� the� blood�when� skin�was� exposed� to� these� gas-�phase� species�
for�varying�amounts�of�time.29�However,�currently�to�our�knowledge,�
these�skin�models�have�not�combined�physical�processes�(adsorption,�
desorption,�and�diffusion)�with�chemistry.�Our�aim�was�to�develop�a�
model�to�estimate�the�concentrations�of�O3�and�respiratory�and�skin�
irritants� formed� upon� exposure� of� people� to�O3� in� different� indoor�
environments.

2  | DESCRIPTION OF THE KM- SUB- 
SKIN MODEL

The� kinetic� multilayer� model� of� surface� and� bulk� chemistry� of� the�
skin� (KM-�SUB-�Skin)�was� developed� based� on� the� kinetic�multilayer�
model� for� aerosol� surface� and� bulk� chemistry� (KM-�SUB).31� A� sche-
matic�of�processes�occurring� in�KM-�SUB-�Skin� is� shown� in�Figure�1.�
The�model� includes�different� layers:�a�gas�phase,�a�near-�surface�gas�
phase,�a�sorption�layer,�a�skin�oil�layer,�a�number�of�bulk�layers�in�the�
stratum�corneum�and�in�the�viable�epidermis,�and�a�layer�of�blood�ves-
sels.�The�skin�is�assumed�to�be�uniformly�covered�by�~0.45-�μm-�thick�
skin�oil.32�It�should�also�be�noted�that�there�is�some�variability�in�the�
skin�oil�thickness�of�a�person�and�skin�oil�concentrations�in�different�
regions�of�the�body.32–34�This�would�affect�the�concentrations�of�both�
ozone�and�the�squalene�ozonolysis�products,�as�there�would�be�more�
squalene�molecules�for�ozone�to�react�with.�Sensitivity�tests�showed�
that�a�variability�of�skin�oil�thickness�would�not�affect�the�predicted�
concentrations�in�the�skin�and�fluxes�into�the�blood�significantly�(see�
Supporting�Information).

The� stratum� corneum� is� the� outermost� part� of� the� skin� and�
consists� of� 15-�20� layers� of� dead� flattened� cells�with� a� thickness� of�
~25�μm.35�The�viable�epidermis�is�the�skin�below�the�stratum�corneum�
and�consists�of�living�cells�with�a�thickness�of�~100�μm.36�In�this�study,�
both�parts�were�described�with�20�bulk�layers.�The�model�treats�the�
following�mass�transport�and�chemical�reactions�explicitly:�adsorption�
and�desorption�from�the�surface�of�the�skin�oil,�bulk�diffusion�in�the�
skin�oil,�stratum�corneum,�viable�epidermis,�and�into�the�blood�vessels,�
chemical�reactions�between�O3�and�squalene,�O3�and�other�reactive�
species�and�reactions�of�products�within�the�skin�oil,�stratum�corneum,�
and�viable�epidermis�as�well�as�gas-�phase�reactions�between�O3 and 
volatile�products.�Production�of�squalene�by�oil�glands�and�intercellular�
lipids�was�also�treated.37�Details�of�the�differential�equations�included�
in�the�model�describing�the�evolution�of�species�within�the�gas�phase�
and�different�layers�of�the�skin�due�to�mass�transport,�production,�and�
loss�are�summarized�in�the�Supporting�Information.

Practical implications
•� Reactions� of� ozone� with� skin� lipids� in� indoor� environ-
ments�impact�indoor�air�quality�by�decreasing�ozone�con-
centrations� and� increasing� concentrations� of� squalene�
ozonolysis�products�in�the�gas�phase.�These�products�in-
clude�monocarbonyls�and�dicarbonyls,�which�are�likely�to�
be�respiratory�and�skin�irritants.�Monocarbonyls�can�dif-
fuse� through� the� skin� and� enter� the� blood,� potentially�
causing� adverse� health� effects.� We� have� developed� a�
model� to� quantify� skin� ozonolysis� products� in� different�
indoor�environments.

F IGURE  1  Interactions�of�O3�with�the�skin.�Reactions�of�O3�with�skin�lipids�including�squalene.�Reaction�products�include�gas-phase�
volatile�organic�compounds�such�as�4-�OPA�and�6-�MHO�as�well�as�semi-��or�low-�volatile�products,�which�may�diffuse�through�the�stratum�
corneum�and�the�viable�epidermis�to�the�blood.�The�right�panel�shows�the�schematic�of�the�KM-�SUB-�Skin�model�developed�in�this�study.�Mass�
transport�fluxes�and�chemical�reactions�are�shown�as�green�and�red�arrows,�respectively.�Sq�and�P�symbolize�squalene�and�ozonolysis�products,�
respectively.�Note�that�we�also�include�other�species�and�reactions�within�the�model�(see�text�for�more�details).�The�subscripts�g,�gs,�oil,�sc1,�scn,�
ve1,�and�ven�represent�the�gas�phase,�near-�surface�gas�phase,�oil�layer,�first�layer�of�the�stratum�corneum,�last�layer�of�the�stratum�corneum,�first�
layer�of�the�viable�epidermis,�and�last�layer�of�the�viable�epidermis,�respectively.
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Table�1�summarizes�the�chemical�structures�of�the�squalene�ozo-
nolysis�products�and�lists�the�skin-�air�partition�coefficients�as�well�as�
the�diffusion�coefficients�in�the�stratum�corneum�and�viable�epidermis�
used�in�KM-�SUB-�Skin.�Products�due�to�the�isomerization�of�stabilized�
carbonyl-�O-�oxides� (such� as� hydroxy� acetone� and� OH-�6MHO)�were�
not�included�in�KM-�SUB-�Skin�as�these�are�observed�only�in�small�mix-
ing�ratios�when�humans�are�exposed�to�O3,�compared�to�the�products�
shown�in�Table�1.6�Also�not�specifically�included�were�carbonyls�origi-
nating�from�the�ozonolysis�of�fatty�acids�(e.g.,�decanal),�although�these�
would�be�one�of�the�products�of�reactions�of�other�skin�chemicals�and�
ozone�(R13�in�Table�S1).�Partition�coefficients�of�volatile�products�were�
obtained�by�fitting�data�(as�discussed�below)�and�were�consistent�with�
the�vapor�pressures�as�obtained�from�the�EPIWIN�Suite�4.1�software�
such�that�acetone�<�1,4�butanedial�<�4-�OPA�<�6-�MHO�<�4-�MOD�<�
Geranyl�acetone�<�4-�MON.

Bulk�diffusion�coefficients�of�species�within�the�stratum�corneum�
were�calculated�using� the�equations� in�Table�4�of�Wang�et al.38 and 
ranged�from�7.3×10−18 cm2�s−1�for�squalene�to�1.3×10−10 cm2�s−1�for�
geranyl�acetone.�These�diffusion�coefficients�are�consistent�with�the�
phase�state�of�the�skin39:�The�stratum�corneum�is�a�dehydrated�layer�
of�the�skin�adopting�a�semisolid�state,�whereas�the�viable�epidermis�is�
hydrated�and�much�less�viscous.�Details�about�the�basic�model�frame-
work�for�the�representation�of�the�stratum�corneum�can�be�found�in�
the� previous� studies.38,40� Briefly,� the� model� comprises� a� ‘brick� and�
mortar’� arrangement� of� corneocytes� (dead� flattened� cells)� embed-
ded�in�a�lipid�matrix.�They�used�a�combination�of�fundamental�trans-
port�theory�with�calibrations�of�existing�data�to�develop�their�set�of�
equations�for�the�transport�of�species�through�the�stratum�corneum.�
These�equations�include�five�microscopic�transport�properties�that�are�
necessary�for�describing�the�transport�through�the�stratum�corneum:�
Dcor�(the�corneocyte�phase�diffusivity),�Kcor/w�(the�partition�coefficient�
for�a�species�in�the�corneocyte�phase�defined�relative�to�the�aqueous�
phase�at�a�given�pH),�Dlip�(the�lateral�diffusivity�for�solute�motion�in�the�
plane�of�a�lipid�bilayer),�Klip/w�(the�partition�coefficient�for�a�species�in�
the�intercellular�lipid�phase�defined�relative�to�the�aqueous�phase�at�a�
given�pH),�and�ktrans�(the�transbilayer�mass�transfer�coefficient�for�mo-
tion�from�one�bilayer�to�the�next).�These�parameters�were�dependent�
upon� the�molecular�weights,� the� octanol-�water� partition� coefficient�
(Kow),�and�solute�volumes�of�the�species.�Kow�was�obtained�from�the�
EPIWIN�Suite�4.1�software,�whilst�the�solute�volumes�of�the�species�
were�determined�using�the�Schroeder’s�method�as�detailed�in�the�sup-
plementary�material�of�Wang�et al.38�The�Kow�values�obtained�from�the�
EPIWIN� software�were� for� 25°C.�However,� a� sensitivity� test� deter-
mined�that�the�model�output�was�not�very�sensitive�to�small�changes�
in�the�value�of�Kow�(see�the�Supporting�Information).�The�bulk�diffusion�
coefficients� of� species� within� the� viable� epidermis� were� calculated�
using�the�equations�of�Dancik�et al.,41� resulting� in�3.4×10−13 cm2�s−1 
for� squalene� and� 3.9×10−6 cm2�s−1� for� acetone.� The� equations� of�
Dancik et al.41�were�also�obtained�using�a�combination�of�fundamental�
transport�theory�with�calibrations�of�existing�data.

It�should�be�noted�that�there�is�some�validation�of�the�equations�of�
Wang�et al.38 and Dancik et al.41.�Gong�et al.29�were�able�to�reproduce�
the�shapes�of�the�cumulative�absorption�of�m-�xylene�as�well�as�the�lag�St
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time�of�~40�minutes�as�measured�by�Kezic�et al.42�Further�comparisons�
between�the�experimental�measurements�and�modeling�outputs�sug-
gest�very�good�agreement�with�a�maximum�difference�of�~20%�for�the�
maximum�flux�of�m-�xylene�into�the�blood�and�a�maximum�difference�
of�~30%�for� the� total�amount�of�m-�xylene�absorbed� into� the�blood.�
KM-�SUB-�Skin�can�fully�reproduce�the�results�of�Gong�et al.29�for�m-�
xylene�absorbed�into�the�blood�when�exposed�to�29.4�μg�cm−3�of�m-�
xylene�as�a�function�of�exposure�time�(see�Figure�S2),�confirming�that�
mass�transport�is�represented�well�in�KM-�SUB-�Skin.

It� should�also�be�noted� that� the�concentration�of� skin�oils�pres-
ent�on�clothing�compared� to�on� the� skin� is�unknown�and�would�be�
dependent�upon�many�factors�including�the�length�of�time�for�which�
the�clothing�had�been�worn.�A�previous�study�has�shown�that�clothing�
can�account�for�about�70%�of�O3�removal�from�a�person.

18�It�has�been�
demonstrated�that�clothing�will�affect�the�uptake�of�gases�and�that�it�is�
necessary�to�include�the�transfer�of�skin�oil�between�skin�and�clothing�
within�models�for�better�predictions�of�dermal�uptake.30,43�The�effect�
of�clothing,� including� the�evolution�of�skin�oil�on�clothing�over�time�
and�the�impact�of�different�types�of�clothing�and�different�numbers�of�
layers�of�clothing,�remains�a� large�uncertainty� in�terms�of�the�chem-
istry�and�mass�transport�(diffusion,�reversible/irreversible�adsorption)�
occurring�on� and� in� the� clothing.�Thus,� for� simplicity,�we� assume� in�
this�study�that�all�skin�oil�is�on�the�skin�rather�than�on�clothing,�which�
is�equivalent�to�assuming�a�fast�contact�transfer�between�the�cloth-
ing�and�the�skin,�but�this�aspect�should�be�further�investigated�in�fol-
low-�up�studies.

Table�S1�summarizes�the�reactions�included�in�KM-�SUB-�Skin.�For�
squalene,�there�are�six�double�bonds�available,�which�react�equally�with�
O3�as�there�is�no�chemical�preference�or�steric�hindrance�for�any�of�the�
bonds.44�For�simplicity,�it�was�assumed�that�every�double�bond�would�
react�at�the�same�rate�within�the�skin�oil,�stratum�corneum,�and�viable�
epidermis.�The�reaction�rate�of�squalene�+�O3�in�chloroform�has�been�
measured� as� 1.25×10−15 cm3�s−1.45� This� value� was� then� optimized�
using�global�optimization�(see�detailed�below)�to�be�1.3×10−16 cm3�s−1,�
which� is�consistent�with�the�rate�of�squalene� loss�for�pure�squalene�
measured�by�Zhou�et al.26�as�shown�in�Figure�S1.�The�difference�in�the�
rate� coefficient�measured�by�Razumovskii� and�Zaikov45� and�used� in�
the�model�could�be�due�to�skin�being�much�more�viscous�than�chlo-
roform�leading�to�the�reaction�starting�to�become�diffusion-�limited�as�
per�the�Smoluchowski�diffusion�equation.46,47�The�reaction�of�O3�with�
double�bonds�is�known�to�form�Criegee�biradicals,�but�these�reaction�
intermediates�have�not�been�explicitly�resolved�and�only�end�products�
are�treated�within�the�model.�The�yield�of�carbonyls�was�assumed�to�
be�unity,�even�though�the�true�yield�might�be�between�0.5�and�1,48�as�
the�fate�or�reaction�rates�of�other�products�within�the�skin�are�largely�
unknown�(see�sensitivity�studies�in�the�Supporting�Information).

First-�order�decays�of�squalene�ozonolysis�products�within�the�skin�
were�also� included� (R14–18).�These�decays�are�caused�by� reactions�
of�monocarbonyls� and�dicarbonyls�with�a�variety�of� available�amino�
groups,�aldehyde�dehydrogenase,�and�microbes�within�the�skin.49,50�It�
is�also�known�that�in�acidic�environments�carboxylic�acids�form�which�
has�been�shown�to�occur�in�skin�oil.26�A�sensitivity�test�checking�the�

potential� impact� of� a� change� in� the�mechanism� is� described� in� the�
Supporting�Information.

Gas-�phase� reaction� rate� coefficients� between� O3� and� volatile�
species�were�obtained�from�the�EPIWIN�Suite�4.1�software.�An�out-
door�air�exchange�rate�was�included�(R21)�as�well�as�surface�reactions�
of�O3�with� the� room� (e.g.,�with� carpets,�walls)� (R20).�A� constant�O3 
production� rate� (R19)�was� included� such� that�with� no� people� pres-
ent�within�the�room,�a�constant�O3�concentration�of�33�ppb�would�be�
established.�It�should�also�be�noted�that�removal�of�gas-�phase�species�
due�to�inhalation�is�treated�as�negligible�as�typically�a�human�will�only�
breathe�in�~0.5-�0.8�m3�of�air�within�1�hour,�which�is�much�lower�than�
the�transport�of�air�out�of�the�room�of�~28.5�m3�h−1�in�a�28.5�m3 room 
for�an�air�exchange�rate�of�1�h−1.

Table�S2�summarizes�the�other�input�parameters�including�the�sur-
face�area�and�volume�of�a�person,�the�squalene�concentration�in�the�
skin�oil,�the�concentration�of�‘other�species’�in�the�skin�oil,�the�produc-
tion�rate�of�squalene�from�the�oil�glands,�and�kinetic�parameters�such�
as�the�surface�mass�accommodation,�desorption�lifetime,�the�Henry’s�
law�constant�of�O3,�and�the�bulk�diffusion�coefficients�of�O3�in�differ-
ent�parts�of� the�skin.�Skin�concentrations�were�calculated�using� the�
following�equation:

where�Toil, TSC, and TVE�are�the�thicknesses�of�the�skin�oil,�stratum�cor-
neum,�and�viable�epidermis,�respectively.�Fluxes�into�the�blood�were�
determined�as�moles�of�a�compound�that�had�entered�the�blood�per�
square�meter�of�skin.

3  | EXPERIMENTAL DATA

The�KM-�SUB-�Skin�model�was�applied� to� three�sets�of�experimental�
data.�The�first�two�sets�of�data�(Scenario�1�and�Scenario�2)�were�pub-
lished�by�Wisthaler�and�Weschler6� and�consist�of�measurements�of�
O3�and�volatile�species� in�a�28.5�m

3� chamber�with� two�people.�The�
third�set�of�data�(Scenario�3)�consists�of�new�measurements�of�volatile�
species�that�were�conducted�for�this�study.�A�3.87�cm3�enclosure�was�
placed�on�a�0.79�cm2�section�of�a�person’s�forehead�and�exposed�to�
72�ppb�of�O3�at�a�flow�rate�of�62�cm

3 min−1.�The�evolving�gas-�phase�
species�were�measured�using�a�proton�transfer�reaction�time-�of-�flight�
mass�spectrometry�(PTR-�TOF-�MS�8000�instrument,�Ionicon�Analytik,�
Innsbruck,� Austria),� which� has� been� described� in� detail� by� Jordan�
et al.51�The�instrument�was�calibrated�for�acetone�using�a�dynamically�
diluted�VOC�standard�(Apel-�Riemer�Environmental�Inc.,�Boulder,�CO,�
USA)�with�an�accuracy�of�±5%.�Instrumental�response�factors�for�6-�
MHO,�geranyl�acetone,�and�4-�OPA�were�derived�from�ion-�molecule�
collision�theory52�using�calculated�molecular�properties.�The�accuracy�
of�these�data�is�±30%.

(1)

Skin concentration= (Conc.in the skin oil×Toil

+Conc.in the stratum corneum×TSC

+Conc.in the viable epidermis×TVE)∕(Toil

+TSC+TVE)
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4  | DETERMINATION OF 
MODEL PARAMETERS

We�constrain�model�parameters�by�fitting�the�model�to�the�three�different�
sets�of�experimental�data�described�above.�To�find�a�common�parameter�
set�that�could�explain�all�scenarios,�the�optimization�of�some�parameters�
was�performed�by�global�optimization.�The�applied�global�optimization�
method� is� a� genetic� algorithm� (Matlab� Global� Optimization� Toolbox,�
Mathworks®� software),� seeded�with� results� from�a�uniformly�sampled�
Monte�Carlo�search�for�faster�convergence�(MCGA�method).53,54�During�
the�Monte�Carlo�search,�kinetic�parameters�were�varied�within�bounda-
ries,�and�for�each�set�of�parameters,�a�correlation�to�the�experimental�
data�was�determined.�The�kinetic�parameter�sets�with�highest�correla-
tion�are�parsed� into� the�genetic�algorithm,� in�which� these� sets�of�pa-
rameters�were�iteratively�optimized�in�analogy�to�processes�known�from�
natural�evolution,�such�as�survival,�recombination,�and�mutation.

Unknown�parameters�in�these�three�scenarios�included:�the�concentra-
tion�of�squalene�in�skin�oil�([Sq]oil,1,�[Sq]oil,2,�[Sq]oil,3)�and�skin�([Sq]SC+VE,1,2,3),�
the�concentration�of�other�reactive�species�(e.g.,�unsaturated�fatty�acids,�
antioxidants)�([OS]oil,SC,VE),�the�production�rate�of�squalene�from�oil�glands�
(PSQ,1,2,� PSQ,3),� the� average� reaction� rate� coefficients� of� squalene� and�
other�reactive�species�with�O3�(k1,s�-��k12,s),�reactions�rate�coefficients�of�
the�monocarbonyl�and�dicarbonyl�products�within�the�skin�(k14,s�-��k18,s),�
partition�coefficients�of�the�volatile�products�between�the�skin�and�the�
gas�phase�(K),�reaction�rate�coefficients�between�O3�and�the�furnishings�
within�the�room�(k20),�and�the�amount�of�skin�oils�on�the�skin�compared�
to�on�clothing.�In�Scenario�2,�there�could�also�be�uncertainty�in�the�homo-
geneity�of�the�O3�throughout�the�room�and�a�changing�reaction�rate�con-
stant�of�O3�with�the�room�walls�and�furnishings,�as�the�reactivity�would�
be�expected�to�be�higher�when�the�room�was�first�exposed�to�O3�due�to�
adsorption�onto�and�reaction�with�fresh�surfaces.

We� optimized� only� the� most� uncertain� and� important� parame-
ters� (as�determined� from�sensitivity� tests)�using� the�MCGA�method.�
Whenever� possible,� we� optimized� these� parameters� around� litera-
ture�values.�When�no�a priori�information�was�available,�we�optimized�
the� parameters� around� values� obtained� during� a� preliminary� fitting.�
Partition�coefficients�were�obtained�by�a�preliminary�fitting�of�Scenario�
3,�which�indicated�that�the�shape�of�the�data�(i.e.,�the�constant�increase�
in�geranyl�acetone�concentrations�and�the�increase�in�6-�MHO�concen-
trations�over� the�first�200�seconds� followed�by�a� steady�concentra-
tion)�could�only�be�explained�with�the�partition�coefficients�shown�in�
Table�1.�Concentrations�of�squalene�and�other�reactive�species�deter-
mined�by�global�optimization�are�actually�effective�concentrations�as�
these�species�are�not�necessarily�only�within�the�skin�oil�and�skin�but�
may�also�be�on�clothing,�hair,�etc.�The�sensitivity�tests�for�the�optimized�
parameters�are�described�in�detail�in�the�supplementary�information.

5  | RESULTS AND DISCUSSION

Figure�2A� shows� Scenario� 1� where� two� people� entered� the� cham-
ber�with�an�equilibrated�O3�concentration�of�~33�ppb.�Over�the�four�
hours� that� the� two� people� remained� within� the� chamber,� the� O3 

concentration� decreased� to� a� new� steady-�state� value� of� ~16�ppb,�
whilst� the�concentrations�of�6-�MHO�and�4-�OPA�were�measured� to�
increase.�Geranyl�acetone�evolved�in�a�similar�way�to�6-�MHO�but�by�a�
factor�of�8�less�and�1,4-�butanedial�evolved�in�a�similar�way�to�4-�OPA,�
but� by� a� factor� of� 5� less.6� In� Scenario� 2,� two� people�were� present�
within� the� chamber,� and� subsequently,� the� chamber�was� ventilated�
with�air�containing�O3.�The�concentrations�of�O3,�6-�MHO�and�4-�OPA�
then�increased.�After�ninety�minutes,�the�two�people�exited�the�cham-
ber�and�the�O3�and�4-�OPA�concentrations�continued�to�increase�over�
the�next�30�minutes�of�measurements,�whereas�the�6-�MHO�concen-
trations�decreased�(Figure�2B).�In�Scenario�3,�over�the�exposure�time�
acetone�and�6-�MHO�concentrations�rapidly�stabilized�to�concentra-
tions�of�~15�ppb�and�~11�ppb,� respectively,�whilst�geranyl�acetone�
and�4-�OPA�concentrations�slowly�increased�to�~3�ppb�and�~0.2�ppb,�
respectively,�as�shown�in�Figure�3.

As�shown�by�the�solid�lines�in�Figures�2�and�3,�KM-�SUB-�Skin�can�
reproduce�the�experimental�data�very�well.�These�model�results�facili-
tate�a�better�understanding�of�the�concentrations�of�different�species�
within� the� three�model� scenarios.� For� example,� 4-�OPA� is� present� at�
much�higher�concentrations�compared�to�geranyl�acetone�in�Scenario�
1,�whilst�in�Scenario�3,�the�opposite�trend�is�observed.�This�is�due�to�gas�
phase�reactions�being�very�important�in�Scenario�1,�with�the�majority�
of�volatile�dicarbonyls�being�produced�in�the�gas�phase�rather�than�in�
the�skin.�In�comparison,�the�significantly�shorter�residence�time�of�gas-�
phase�species�in�Scenario�3�means�that�monocarbonyls�do�not�have�the�
time�to�react�with�O3� forming�dicarbonyls�within�the�gas�phase.�The�
rapid�formation�of�dicarbonyls�in�the�gas�phase�can�also�be�observed�in�
Scenario�2,�where�4-�OPA�concentrations�continue�to�increase�rapidly�
over�the�30�minutes�after�people�exited�the�room�at�1.5�hours.

Figure�4� shows� the� temporal� evolution� of� O3,� squalene,� mono-
carbonyls,�and�dicarbonyls�within�the�skin�oil,�stratum�corneum,�and�
viable�epidermis�for�Scenario�1.�The�concentration�of�squalene�slowly�
decreases�within�the�skin�oil�over�the�four�hours�reaching�~10%�of�its�
initial�value,�whilst�O3�monocarbonyls�and�dicarbonyls�rapidly�estab-
lish�steady-�state�concentrations�of�~5×1012 cm−3,�~1×1018 cm−3,�and�
1×1017 cm−3,� respectively.�Although� the� thickness�of� the�viable�epi-
dermis�is�considerably�greater�than�the�thickness�of�the�stratum�cor-
neum,�the�diffusion�through�the�stratum�corneum�is�markedly�slower�
than�that�in�the�hydrated�viable�epidermis,�making�it�the�main�diffusion�
barrier�of�the�human�body�to�incoming�gases.55�Concentrations�of�O3 
penetrating�into�the�skin�and�diffusing�into�the�blood�were�found�to�
be�negligible�due�to�fast�reactions�in�the�skin�oil�and�the�top�microm-
eter�of�the�stratum�corneum.�This�is�consistent�with�an�estimated�O3 
reacto-�diffusive� length� in� the�skin�oil�of�~2.5�μm�and� in� the�stratum�
corneum�of�~0.3�μm.�Reacto-�diffusive� lengths�represent�the�average�
distance�that�a�species�will�travel�from�a�surface�before�reacting�and�
are�calculated�as� (D/kI)0.5,�where�kI� is� the�first-�order�or�pseudo�first-�
order�reaction�constant�and�D�is�the�diffusion�coefficient.56,57�Similarly,�
dicarbonyls�were�reacted�away� in�the�stratum�corneum.�Larger�con-
centration�gradients�were�observed�in�the�stratum�corneum�for�mono-
carbonyls�due�to�the�smaller�diffusion�coefficients�leading�to�products�
in�the�stratum�corneum�being�not�as�well�mixed�as�in�the�viable�epi-
dermis.�However,� note� that� the� temporal� evolution�of� the� products�
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through�the�skin�is�highly�dependent�upon�the�rate�constants�of�reac-
tions�R14–R18,�which�were�some�of�the�largest�uncertainties�within�
the�model�and�further�measurements�are�required�to�better�constrain�
these�parameters.

Table�S4�summarizes�the�predicted�gas-phase�and�skin�concentra-
tions�and�fluxes� into� the�blood�of� the�14�squalene�ozonolysis�prod-
ucts�for�Scenario�1�as�well�as�an�estimate�of�the�loss�rates�of�products�
within�the�skin�due�to�reactions�R14–18�which�could�potentially�cause�
harm.�To� our� knowledge,� these� are� the� first� estimations� of� concen-
trations� in�the�skin�and�fluxes� into�the�blood�of�squalene�ozonolysis�
products�due�to�people�being�exposed�to�O3�within�a�room;�although�
as�stated�above,�it�is�likely�that�there�are�some�errors�associated�with�
these�numbers.�After�one�hour�of�O3�exposure,�non-�volatile�monocar-
bonyls�(TOT,�TOP,�and�TTT)�are�expected�to�be�the�dominant�products�
in�the�skin�followed�by�geranyl�acetone�and�6-�MHO.�Geranyl�acetone�
and�6-�MHO�are�the�only�products�expected�to�have�a�significant�flux�
into�the�blood.�This�is�due�to�a�combination�of�relatively�fast�diffusion�
coefficients�through�the�stratum�corneum�compared�to�other�products�
as�well�as�relatively�high�partition�coefficients�and�slow�first-�order�rate�
losses�within�the�skin.

Although�the�skin�irritation�potential�of�most�of�products�remains�
unknown,�it�has�been�established�that�geranyl�acetone�can�cause�skin�
irritation,�whilst� dicarbonyls� have� previously� been� identified� as� skin�
irritants�and�sensitizers.21,27�Figure�5�shows� the�predicted�monocar-
bonyl�and�dicarbonyl�fluxes�into�the�blood�as�well�as�the�total�amounts�
absorbed�into�the�blood�of�a�single�person�for�Scenario�1.�Figure�4A�
shows� that� after� 4� hours� the� flux� of�monocarbonyls� into� the� blood�
would�reach�~0.085�ng�m−2 min−1,�whilst�the�dicarbonyl�flux�would�be�
significantly�lower�due�to�the�rapid�reactions�of�dicarbonyls�with�skin�
components.�We�were�also�able�to�predict�that�after�4�hours,�~24�ng�
of�monocarbonyls�and�5×10−9�ng�of�dicarbonyls�would�have�entered�
the�bloodstream�of�each�of�the�people�present�in�the�room.

We� also� investigated� the� effect� on� Scenario� 1� of� changing� the�
number� of� people� in� the� room,� the� O3� concentration,� the� size� of�
the� room,�and� the�air�exchange� rate.�For�all� scenarios� listed�below,�
only�a�single�parameter�was�varied�and�all�others�kept�constant�(and�

the�same�as�for�Scenario�1)�and�can�be�found�in�Tables�1�and�S1–2.�
It� should�be�noted� that� these�are�extrapolations�of�Scenario�1� and�
that� uncertainties� exist� due� to� uncertainties� in� the� model� (as� dis-
cussed�above)�and�the�results�should�be�treated�as�semi-�quantitative.�
However,� the�general� trends�of� the� results�shown�below�should�be�
estimated�correctly.

5.1 | Number of people in the room

Figure�6A� shows� the� effect� of� varying� the� number� of� people� in� a�
28.5�m3�room�upon�the�O3�concentrations�as�well�as�gas�phase,�skin,�
and�blood�monocarbonyls�and�dicarbonyls.�As�expected,�by�increas-
ing� the� number� of� people� within� the� room� the� O3� concentration�
decreased,�as�the�total�amount�of�squalene�and�other�reactive�spe-
cies�within� the� room� increased.� Somewhat� surprisingly,� dicarbonyl�
concentrations� in� the� gas� phase� decreased,� whilst� monocarbonyl�
concentrations� increased� reaching� a� maximum� of� ~8.7�ppb� after�
4�hours�with�20�people� in� the� room.�Both� skin�monocarbonyl� and�
dicarbonyl� concentrations� decreased,� whilst� monocarbonyls� and�

F IGURE  3 Scenario�3:�Observed�volatile�species�(acetone,�geranyl�
acetone,�6-�MHO,�4-�OPA),�when�a�3.87�cm3�enclosure�was�placed�on�
a�0.79�cm2�section�of�a�person’s�forehead�and�exposed�to�72�ppb�of�
O3�at�a�flow�rate�of�62�cm

3 min−1.�Lines�are�modeled�by�KM-�SUB-�
Skin.�The�data�points�are�new�measurements�obtained�in�this�study.
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ambient�temperature�of�23°C.�(A)�Scenario�1:�Two�people�enter�a�room�with�an�equilibrated�O3�concentration�of�33�ppb.�Geranyl�acetone�was�
measured�to�evolve�in�a�similar�way�to�6-�MHO,�but�a�factor�of�8�less�and�1,4-�butanedial�was�measured�to�evolve�in�a�similar�way�to�4-�OPA,�but�a�
factor�of�5�less.�(B)�Scenario�2:�O3�generation�occurs�at�time�0�into�the�room�containing�two�people,�and�after�1.5�hours,�the�two�people�exit�the�
room.�Data�points�are�from,6�whereas�lines�are�modeled�by�KM-�SUB-�Skin.
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dicarbonyl�fluxes�into�the�blood�also�decreased�with�increasing�num-
bers�of�people.�With�the�addition�of�each�person,�each�individual�is�
exposed�to�less�O3�and�fewer�monocarbonyls�and�dicarbonyls�would�
form� in� the� skin�oil.�However,� the� total� amount�of�monocarbonyls�
and� dicarbonyls� formed�would� increase,� but� would� be� shared� be-
tween�the�people.�The� initial� large� increase� in�gas-�phase�monocar-
bonyl�concentrations�is�due�to�an�increasing�rate�of�O3�reacting�with�
squalene�(R1),�whilst�dicarbonyls�will�decrease�due�to�the�decrease�in�
O3�concentrations�(which�is�much�more�influential�for�dicarbonyls).�
The�partitioning�between� the�skin�and� the� room� is�also� important.�
The�ratio�of�skin�to�volume�of�the�room�will�increase�with�more�peo-
ple�in�the�room,�leading�to�more�partitioning�to�the�skin�and�hence�
lower�concentrations�in�the�gas�phase.�Fluxes�of�monocarbonyls�and�
dicarbonyls� into� the� blood� show�only� a� very� slight� decrease� upon�
increasing�the�number�of�people.

5.2 | Size of the room

The� effects� of� room� size� upon� monocarbonyl� and� dicarbonyl� gas�
phase,�skin�concentrations,�and�fluxes� into�the�blood�were�studied�
with�results�shown�in�Figures�6B.�O3�production�rates�and�removal�
rates�into�the�room�were�kept�constant,�leading�to�a�steady-�state�O3 
concentration�of�~33�ppb�in�the�absence�of�people�within�all�room�
sizes.� However,� with� two� people� present�within� the� room,� as� the�
room� size� increased� the�O3� concentration� also� increased,� because�
people�had�less�impact�upon�the�O3�concentrations�within�the�room.�
Gas� phase� monocarbonyl� concentrations� decreased� as� the� room�
size� increased� due� to� dilution� of� the� monocarbonyls� within� the�
room.�Gas�phase�dicarbonyls�initially�increased�as�the�room�size�in-
creased�(room�size�<15�m3)�due�to�each�individual�person�being�ex-
posed�to�higher�O3�concentrations�but�then�decreased�as�the�room�

F IGURE  5  (A)�Predicted�absorption�flux�
of�monocarbonyls�and�dicarbonyls�and�(B)�
predicted�amount�of�monocarbonyls�and�
dicarbonyls�absorbed�into�the�blood�of�1�
person�for�Scenario�1.
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F IGURE  4 Temporal�evolution�of�
(A)�O3,�monocarbonyls,�and�dicarbonyls�
in�the�skin�oil�and�bulk�concentration�
profiles�of�(B)�O3�(C)�monocarbonyls�and�
(D)�dicarbonyls�in�the�skin�for�Scenario�1.�
In�panels�(B–D),�the�top�25�μm�represents�
the�stratum�corneum�and�the�bottom�100�
μm�represents�the�viable�epidermis�(unit�of�
contour�lines:�cm−3).
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size� increased� (room�size�>15�m3)�due�to�dilution�within�the�room.�
The�flux� into� the�blood� followed�a� similar� trend� to� concentrations�
within� the�gas�phase,� as� volatile�products�partitioned�more� to� the�
gas� phase� and� therefore� did� not� diffuse� through� the� skin� into� the�
blood.�Concentrations�of�skin�monocarbonyls�and�dicarbonyls�were�
influenced�by�O3�concentrations�with�concentrations�of�non-�volatile�
products� increasing� with� increasing� room� size,� and� also� by� semi-�
volatile�products�partitioning�more�into�the�gas�phase�with�increas-
ing�room�size.

5.3 | O3 concentration

We�investigated�the�effect�of�changing�the�O3�concentration�within�
a� room�upon�respiratory�and�skin� irritants� in� two�ways.�Firstly,�we�
studied�the�effect�of� increasing�the�O3�production�rate� (equivalent�
to� the�outdoor-�to-�indoor� transport�of�O3)� in� the� room� (Figure�6C),�
and�secondly,�we�investigated�the�effect�of�the�removal�of�O3�due�to�
surfaces�within�the�room�(e.g.,�walls,�carpets,�furniture)�(Figure�S3).�It�
should�be�noted�that�higher�removal�of�O3�to�surfaces�would�also�be�
expected�if�plants�or�O3�scrubbers�were�placed�within�the�room.

58,59 
As�expected,�by�increasing�the�O3�production�rate�or�decreasing�the�
surface� removal� rate� of� O3,� the� concentrations� of�monocarbonyls�
and�dicarbonyls�increased�in�the�gas�phase,�skin,�and�blood.�A�dou-
bling�of�O3�production�rates�increased�O3�concentrations�as�well�as�
carbonyls�in�the�gas-�phase,�skin�and�blood�by�almost�a�factor�of�two.�
However,� the� largest� impact� was� upon� the� concentrations� of� gas�
phase,� skin,�and�blood�dicarbonyls,�which� increased�by�over�a� fac-
tor�of�four.�This�increase�in�dicarbonyls�is�due�to�dicarbonyls�being�
secondary� products,� whose� formation� requires� two�O3� molecules.�
Similarly,�an� increase� in�O3�surface�removal�had�a� larger� impact�on�
dicarbonyl� concentrations� than� on� monocarbonyl� concentrations.�
However,�at�very�high�O3�concentrations�monocarbonyl�concentra-
tions�in�the�skin�started�to�decrease�due�to�squalene�concentrations�
being�depleted.

5.4 | The air exchange rate

The�effects�of�varying�the�air�exchange�rate�are�shown�in�Figure�6D.�
We�maintained�a�constant�steady-�state�O3�concentration� in�the�ab-
sence� of� people� of� 33� ppb�O3� by� increasing� the� outdoor-�to-�indoor�
transport�of�O3�(R19)�to�counterbalance�the�indoor�to�outdoor�removal�
of�O3�(R21).�The�results�show�that�as�the�air�exchange�rate�increased,�
the�O3�concentration�also�increased�as�removal�of�O3�by�people�within�
the�room�was�counteracted�by�greater�outdoor-�to-�indoor�transport�of�
O3�(R19).�However,�as�expected,�gas�phase�concentrations�of�mono-
carbonyls�and�dicarbonyls�decreased,�as�they�were�transported�out-
side�much�more�rapidly.�Fluxes�into�the�blood�also�slightly�decreased,�
as�more� volatile� products� partitioned� to� the� gas-�phase� rather� than�
diffusing�through�the�skin�to�the�blood.�The�concentration�of�mono-
carbonyls�and�dicarbonyls�in�the�skin�was�stable,�as�although�volatile�
products�partitioned�more�to�the�gas�phase,�a�greater�O3�concentra-
tion�increased�the�concentrations�of�non-�volatile�monocarbonyls�and�
dicarbonyls.

5.5 | Composition of monocarbonyls and dicarbonyls 
under different scenarios

Table�S5�summarizes�how�the�composition�of�the�total�monocarbon-
yls�and�dicarbonyls�in�both�the�gas-�phase�skin�and�blood�change�under�
different�scenarios.�When�more�partitioning�to�the�gas�phase�occurs,�
such�as�when�there�are�less�people,�an�increase�in�the�room�size�or�an�
increase�in�the�air�exchange�rate,�the�proportion�of�volatile�monocar-
bonyls� and�dicarbonyls� in� the� skin�decreases.�The�contribution�of�a�
certain�species�to�gas�phase�monocarbonyl�and�dicarbonyl�concentra-
tions� is�determined�by�a�variety�of� factors�with� the�most� important�
factor�being�the�partition�coefficient.�For�example,�geranyl�acetone,�
which�has�the�highest�partition�coefficient�of�the�monocarbonyls,�will�
contribute� more� to� gas� phase� monocarbonyl� concentrations� com-
pared�to�acetone�and�6-�MHO,�as�the�air�exchange�rate�and�the�room�
size�increase.

An� increase� in�O3�due�to�greater�outdoor-�to-�indoor�transport�or�
decreased�O3�surface�removal�leads�to�a�greater�destruction�of�species�
containing�more�double�bonds�(such�as�TOT�and�Product�D),�leading�to�
a�decrease�in�their�contribution�to�the�total�monocarbonyl�and�dicar-
bonyl�concentrations,�respectively.�An�increase�in�O3�concentrations�
also�leads�to�an�increase�in�the�contribution�of�acetone�to�monocar-
bonyl�concentrations�in�the�gas�phase,�as� it� is�a�final�product�that� is�
not�destroyed�by�O3.

6  | CONCLUSIONS AND OUTLOOK

The� kinetic�multilayer�model� of� surface� and�bulk� chemistry� of� the�
skin� (KM-�SUB-�Skin)�was�developed� incorporating�both�mass�trans-
port� processes� and� squalene� ozonolysis� chemistry.� Model� param-
eters�were�constrained�using�both� the�measurements�of�Wisthaler�
and�Weschler6�and�a�new�set�of�data.�The�model�enabled�the�first�
semi-�quantitative�estimations�of�monocarbonyl�and�dicarbonyl�con-
centrations�within�the�skin�and�fluxes�into�the�blood�as�well�as�esti-
mations�of�the�concentrations�of�the�gas-�phase�products�generated�
by�exposure�of�people�to�O3�in�different�indoor�environments.�The�ef-
fects�of�changing�the�number�of�people�in�the�room,�the�outdoor-�to-�
indoor�transport�of�O3,�O3�removal�by�surfaces�in�the�room,�the�size�
of�the�room,�and�the�outdoor�air�exchange�rate�were� investigated.�
As�expected,�decreasing�the�rate�for�outdoor-�to-�indoor�transport�of�
O3�and�increasing�the�O3�removal�rate�to�surfaces�within�the�room�
lead�to�a�decrease�in�all�products�in�the�gas�phase,�skin,�and�blood.�
Increasing� the� number� of� people�within� the� room�would� decrease�
the�concentrations�of�products�in�the�skin�and�blood.�Increasing�the�
room�size�and�air�exchange�rate�leads�to�a�decrease�in�total�concen-
trations�of�products�in�the�gas�phase�and�blood.�In�any�case,�O3 can 
be�scavenged�by�squalene�very�efficiently,�preventing�O3�penetrat-
ing� into� the� skin� and� the� blood.� It� should� be� noted� that� although�
these�are�the�first�estimations�of�squalene�ozonolysis�products,�un-
certainties�still�remain�and�that�the�results�could�vary�depending�on�
factors�such�as�the�squalene�concentration,�which�would�vary�with�
the�amount�of�skin�oil�on�different�individuals.



10  |     LAKEY Ket Ll

We� note� that� several� aspects� should� be� implemented� in� future�
studies,�which� are� not� fully� considered�within� the� current�model.�A�
change�in�the�ambient�temperature�of�the�room�would�lead�to�changes�

in�the�skin�temperature60�and�thus�to�changes�in�parameters�such�as�
Kow,�reaction�rate�coefficients,�and�skin/air�partition�coefficients.�The�
relative� humidity� could� also� affect� the� chemistry� that� is� occurring.�

F IGURE  6 Estimated�concentrations�of�O3�in�the�gas�phase�(purple�lines)�and�squalene�ozonolysis�products�(monocarbonyls�(red)�and�
dicarbonyls�(brown))�in�the�(i)�gas�phase,�(ii)�skin,�and�(iii)�flux�into�the�blood�under�different�scenarios:�(A)�Different�numbers�of�people.�(B)�
Different�room�sizes.�(C)�Different�outdoor-�to-�indoor�O3�transport�rates.�(D)�Different�air�exchange�rates.
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Whether�a�person�uses�skin�creams�has�the�potential�to�affect�both�
the�diffusion�coefficients�at�the�surface�of�the�skin�and�the�chemistry�
that�is�occurring�(e.g.,�due�to�ozone�reacting�with�antioxidants�in�the�
cream).

Another�interesting�factor�is�the�skin�pH;�athletes�and�children�tend�
to�have�more�acidic�skin,�which�may�lead�to�a�change�in�the�chemistry�
occurring�within�the�skin.61�About�1%�of�the�European�population�has�
the� set�of� symptoms�of� a� condition�called� ichthyosis�vulgaris,�whilst�
about�10%�of�the�European�population�present�mild�symptoms�of�this�
condition.62�This�condition�means�that�transport�through�the�stratum�
corneum�is�faster�than�would�be�expected.�The�ability�of�skin�to�act�as�
a�barrier�may�also�change�with�age,63�affecting�transdermal�uptake.64 
Deposition�velocities�of�O3�to�human�occupants�have�been�measured�
to�vary�between�0.20�and�0.62�cm�s−1,30�which�leads�to�variations�in�O3 
concentrations�and�concentrations�of�squalene�ozonolysis�products.

Further�studies�with�near�simultaneous�measurements�of�squalene�
ozonolysis� products� (or� biomarker� measurements)� in� both� the� gas�
phase,�skin�oil,�skin,�and�blood�would�be�required�to�better�constrain�
the�parameters�in�the�model�and�to�potentially�add�more�complexity�
into�our�model.�Additionally,�the�largest�uncertainties�within�the�model�
were�due�to�the�loss�rates�of�squalene�ozonolysis�products�within�the�
skin�(reactions�R14-�R18).�Measurements�of�these�rates�and�whether�
they�vary�within�different�regions�of�the�skin�would�be�extremely�use-
ful�for�the�development�of�a�more�rigorous�model.

More� studies� are� required� to� determine�which� of� the� squalene�
ozonolysis�products�have� the�greatest� respiratory�and�skin� irritation�
potentials.�Another�interesting�point�is�that�O3�could�affect�the�nutri-
ent�source�(e.g.,�fatty�acids)�of�skin�microbiomes�(microorganisms�such�
as�viruses,� bacteria,� fungi,� and�mites)� leading� to� a� disruption� in� the�
host–microbiome�relationship�(dysbiosis).65–67�Some�of�these�microbi-
omes�may�play�a�role�in�fighting�disease�and�infection�of�the�skin,�and�
therefore,� dysbiosis� could� lead� to� a� reduction� in�beneficial� bacteria,�
an� increase� in�harmful�bacteria,�and�may�even�cause�dermatological�
diseases.65,68� Evidence� already� exists� that� shows� that� squalene� by-�
products�can�lead�to�comedogenic�skin,�inflammatory�acne,�and�possi-
bly�also�wrinkling�of�the�skin�although�more�studies�are�required�for�a�
better�understanding�of�the�link�between�pollution,�microbiomes,�and�
skin�conditions.69�More�studies�on�the�interactions�of�atmospheric�ox-
idants,�skin�components,�and�microbiomes�are�necessary�before�they�
can�be�incorporated�into�the�model.
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