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Abstract
Background: Premature	skin	aging	results	from	exposure	to	a	range	of	environmental	
factors,	primarily	ultraviolet	radiation,	but	also	high‐energy	visible	 light	 in	the	blue	
spectrum,	 infrared	 radiation,	 and	 environmental	 pollution.	 These	 extrinsic	 factors	
result	in	the	generation	of	reactive	oxygen	species	which	promote	photoaging	and	
DNA	damage	resulting	in	skin	cancers.
Aims: To	formulate	skincare	products	utilizing	a	new	coating	applied	to	zinc	oxide	and	
titanium	dioxide	particles	and	complimentary	skincare	ingredients	to	provide	broad	
protection	against	a	range	of	environmental	insults.
Methods: A	cross‐polymer,	multifunctional	coating	of	silicate,	polyalkylsilsesquiox‐
ane,	and	polydimethylsiloxane	moieties	increases	the	photostability	and	decreases	
the	 reactivity	of	mineral	 sunscreen	agents	when	 interacting	with	energy	 sources.	
These	products	are	also	formulated	with	antioxidants	to	minimize	free	radical	propa‐
gation.	Additionally,	 this	coating	 improves	the	esthetic	feel	of	mineral	sunscreens,	
while	 the	 appearance	 is	 enhanced	 by	 formulating	 products	 with	 a	 blend	 of	 iron	
oxides.
Results: A	 series	 of	 in	 vitro	 and	 ex	 vivo	 studies	 demonstrated	 the	 ability	 of	min‐
eral‐based	products	formulated	with	the	new	multifunctional	coating	to	provide	pro‐
tection	against	ultraviolet	radiation,	high‐energy	visible	light,	infrared	radiation,	and	
environmental	pollution.
Conclusion: Newly	 formulated	 mineral‐based	 skincare	 products	 provide	 environ‐
mental	protection,	are	ecologically	safe,	and	can	replace	chemical‐based	sunscreen	
ingredients.
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1  | INTRODUC TION

The	function	of	our	skin	 is	to	protect	us	from	trauma	and	invad‐
ing	 bacteria,	 prevent	 dehydration,	 regulate	 body	 temperature,	
and	provide	the	ability	to	sense	heat	and	cold	and	different	touch	
sensations.	The	outer	epidermis	and	associated	stratum	corneum	
forms	 a	waterproof	barrier	 and	 contains	pigment‐producing	me‐
lanocytes.	 The	 dermis	 below	 contains	 fibrous	 and	 elastic	 tissue	
which	gives	skin	its	strength	and	flexibility,	hair	follicles,	nerve	fi‐
bers,	and	sweat	glands.	Below	this	is	a	 layer	of	subcutaneous	fat	
and	connective	tissue.	Unless	preventative	steps	are	taken,	envi‐
ronmental	 factors	 such	as	 sunlight	 and	air	pollution	can	damage	
the	skin,	resulting	in	signs	of	premature	skin	aging.

A	novel	 line	of	skincare	products	has	been	formulated	utilizing	
a	new	coating	on	zinc	oxide	and	titanium	dioxide	particles	and	com‐
plimentary	skincare	ingredients.	This	formulation	is	intended	to	pro‐
vide	broad	protection	from	a	variety	of	environmental	and	energy	
aggressors,	 including	ultraviolet	 (UV)	radiation,	high‐energy	visible	
(HEV)	light	in	the	blue	spectrum,	infrared	radiation,	and	environmen‐
tal	pollution.	 Importantly,	these	products	have	been	formulated	to	
be	reef‐friendly	and	replace	chemical‐based	active	sunscreen	ingre‐
dients	with	mineral‐based	protection.

2  | C AUSES OF SKIN DAMAGE

2.1 | Effects of sunlight on skin

The	skin	 is	 subject	 to	constant	exposure	 to	 the	damaging	effects	
of	our	environment.	The	most	prevalent	among	these	is	UV	radia‐
tion.	 UV	 radiation	 creates	 free	 radicals,	 such	 as	 reactive	 oxygen	
species	(ROS),	which	damage	the	skin's	extracellular	matrix,	includ‐
ing	collagen	and	elastic	fibers,	causing	the	skin	to	take	on	a	sallow	
appearance,	lose	its	elasticity	and	sag.1	Long‐term	exposure	to	UV	
radiation	can	also	cause	the	skin	to	bruise	and	tear	more	easily.	This	
occurs	because	UV	exposure	destroys	the	normal	dermal	architec‐
ture,	 replacing	 the	 superficial	 collagen‐rich	 dermis	with	 nonfunc‐
tional	elastic	tissue,	a	process	termed	solar	elastosis.	Because	UVB	
(290‐320	nm)	is	of	shorter	wavelengths	than	UVA	(320‐400	nm)	and	
absorbed	more	effectively,	it	does	not	penetrate	as	deeply	as	UVA.	
It	primarily	affects	the	epidermis	where	it	is	responsible	for	causing	
the	erythema	and	inflammation	associated	with	sunburns.	UVB	and	
UVA	are	primarily	responsible	for	the	photoaged	appearance	of	skin	
including	the	five	key	signs	of	skin	aging:	fine	lines	and	wrinkles,	en‐
larged	pores,	redness,	pigmentation,	and	sagging	skin.	Skin	cancer	
is	also	the	result	of	chronic	UV	exposure.	These	changes	result	from	
direct	DNA	damage,	primarily	from	UVB,	as	well	as	from	free	radical	
damage	caused	by	inflammation	and	UVA.2,3

2.2 | Effects of infrared light on skin

Sunlight	is	also	a	source	of	infrared	radiation.	Although	infrared	radi‐
ation	in	a	therapeutic	setting	can	have	beneficial	effects	on	the	skin,	
such	as	enhanced	wound	healing,4	prolonged	exposure	can	generate	

ROS	which	 promote	 photoaging.5	 In	 addition,	 infrared	 light	 is	 ab‐
sorbed	mostly	 in	both	the	epidermis	and	deeper	dermis	due	to	 its	
relatively	deep	penetration	into	skin,	where	it	is	converted	to	heat.6 
The	damaging	 effects	 of	 heat	 include	 degrading	 proteins,	 such	 as	
collagen	and	elastic	fibers,	which	contributes	to	solar	elastosis,	pre‐
mature	skin	aging	and	skin	sagging.6

2.3 | Effects of high‐energy visible light, including 
blue light

It	has	been	demonstrated	that	up	to	one‐half	of	the	free	radicals	pro‐
duced	in	the	skin	may	be	due	to	sunlight	in	the	visible	regions	of	the	
spectrum.7	While	low	doses	of	blue	light	may	be	beneficial	for	treating	
proliferative	skin	diseases	and	acne,8	high	doses	and	long‐term	expo‐
sure	can	generate	damaging	free	radicals,	such	as	nitric	oxide.9	 It	has	
recently	been	suggested	that	HEV	light	from	electrical	devices,	such	as	
computer	screens	and	smartphones,	may	also	have	damaging	effects	
on	the	skin.10	This	damage	has	been	proposed	to	occur	from	the	gener‐
ation	of	free	radicals	in	the	skin	resulting	in	oxidative	stress	which	con‐
tributes	to	photoaging.11,12	This	is	significant	because	most	sunscreens	
do	not	provide	protection	against	visible	and	near‐infrared	radiation.

2.4 | Effects of pollution on skin

The	harmful	effects	of	sunlight	may	be	made	worse	by	the	damaging	
effects	of	air	pollution.13	Exposure	to	airborne	particulate	matter	in‐
creases	ROS	and	inflammation	in	skin,14,15	exacerbating	the	damag‐
ing	effects	of	sunlight16	and	producing	the	characteristic	appearance	
of	photoaged	skin.17

3  | E XISTING SKIN PROTEC TION

3.1 | Broad‐spectrum ultraviolet protection

The	extent	of	UVB	protection	provided	by	sunscreens	 is	 indicated	
by	their	sun	protection	factor	(SPF).	Products	with	a	high	SPF	pro‐
vide	more	protection	against	the	injurious	effects	of	UVB	than	those	
with	a	low	SPF.	The	SPF	is	calculated	by	measuring	the	ratio	of	the	
minimal	 erythemal	 dose	 (MED)	 of	UV	 radiation	 on	 skin	with	 sun‐
screen	applied	to	it,	compared	to	the	MED	on	unprotected	skin.	In	
other	words,	a	product	with	an	SPF	50	will	protect	the	skin	until	it	
is	 exposed	 to	50	 times	more	UVB	 radiation	 than	what	 is	 required	
to	burn	unprotected	skin.18	In	the	United	States,	UVA	protection	is	
measured	by	a	variety	of	methods,	 including	a	 critical	wavelength	
assessment.	 Other	 sun	 protection	 rating	 systems	 have	 also	 been	
developed.	The	Japanese	Cosmetic	Industry	Association	Guidelines	
use	a	UVA	protection	scale	from	PA+	(low)	to	PA++++	(high),	which	
has	recently	been	adopted	in	the	United	States.

3.2 | Chemical sunscreens

Strategies	for	avoiding	the	harmful	effects	of	the	sun	include	sun	avoid‐
ance,	 protective	 clothing,	 such	 as	 long‐sleeves	 and	 broad‐brimmed	
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hats,	 a	UV	protective	window	 film	on	vehicles,	 and	 the	use	of	 sun‐
screens.	Chemical	sunscreens	are	the	most	common	sunscreens	on	the	
market	and	protect	the	skin	by	absorbing	UV	light	which	 is	released	
as	heat.	These	chemicals	include	oxybenzone,	avobenzone,	octisalate,	
octocrylene,	homosalate,	 and	octinoxate,	usually	 formulated	 in	vari‐
ous	combinations.	Unfortunately,	growing	evidence	suggests	there	are	
numerous	negative	effects	associated	with	the	use	of	chemical	sun‐
screens,	including	allergic	reactions,19	neurotoxicity,20	and	detrimental	
hormonal	 effects.21‐23	 In	 some	 instances,	 chemical	 sunscreens	 have	
also	been	shown	to	enter	the	environment21,24	where	they	pose	a	haz‐
ard	to	small	marine	organisms21,25	and	can	even	enter	the	food	chain.21 
In	2018,	the	state	of	Hawaii	signed	a	bill	banning	two	of	the	more	pop‐
ular	 chemical	 sunscreen	agents	 (oxybenzone	and	octinoxate)	due	 to	
their	detrimental	impact	on	coral	reefs.26	Since	that	time,	cities	such	as	
Miami	Beach	and	the	Florida	Keys	have	proposed	similar	legislation.27

3.3 | Mineral sunscreens

In	contrast	 to	chemical	 sunscreens,	mineral	or	physical	 sunscreens	
are	 designed	 to	 reflect,	 scatter,	 and	 also	 absorb	 solar	 radiation.	
These	products	are	often	formulated	with	titanium	dioxide	and	zinc	
oxide.18	 Zinc	 oxide‐containing	 products	 attenuate	 both	 UVA	 and	
UVB	light,	while	titanium	dioxide	primarily	attenuates	UVB	radiation.	
Historically,	it	has	been	difficult	to	formulate	esthetically	elegant	for‐
mulations	of	sunscreens	using	only	mineral	sunscreen	agents	due	to	
their	 opacity;	 however,	with	 new	 innovative	 coating	materials	 and	
skillful	formulation	involving	the	use	of	iron	oxides,	it	is	now	possible	
to	create	products	that	have	an	appealing	esthetic	with	the	benefits	
of	mineral	protection.	Mineral	sunscreens	offer	an	additional	benefit	
of	being	less	likely	to	cause	irritation,28	making	them	more	suitable	
for	sensitive	skin	and	more	environmentally	friendly.	In	fact,	the	FDA	
has	recently	stated	in	the	2019	final	monograph	for	nonprescription,	
over‐the‐counter	sunscreen	products	that	the	mineral	sunscreen	ac‐
tives	zinc	oxide	and	titanium	dioxide	are	the	only	sun‐blocking	ingre‐
dients	generally	recognized	as	safe	and	effective	(GRASE).29

3.4 | Other skin protectors

As	the	appearance	of	photoaged	skin	is	largely	due	to	oxidative	dam‐
age	caused	by	ROS,	the	topical	application	of	antioxidants	has	been	
proposed	as	a	means	for	preventing	this	skin	damage.30,31 Topically 
applied	antioxidants	 can	also	protect	against	environmental	pollu‐
tion.32	Among	topical	agents	with	proven	skin‐protecting	properties	
are	vitamin	C,	quercetin,	Aloe vera,	silymarin,	chromane	(benzodihy‐
dropyran),	 green	 tea	 extract,	 ginseng,	 and	 Polypodium leucotomos 
extract,	among	others.33‐40

4  | DE VELOPMENT OF A NOVEL SKIN 
PROTEC TOR

A	line	of	products	(Sunforgettable®	Total	Protection;	Colorescience®,	
Inc)	has	been	developed	using	novel,	patented,	sun‐protecting	agents	

(EnviroScreen™	 Technology)	 which	 provides	 chemical‐free,	 min‐
eral‐based	protection	 from	 the	damaging	effects	of	UVA/UVB,	en‐
vironmental	 pollution,	 HEV/blue	 light,	 and	 infrared	 radiation	 in	 an	
esthetically	 elegant	 format.	 These	 sunscreen	 formulations	 contain	
zinc	oxide	and	titanium	dioxide	actives	encapsulated	by	a	novel	coat‐
ing	technology,41‐43	and	iron	oxides	which	are	blended	with	a	propri‐
etary	combination	of	ingredients	including	vitamins,	antioxidants,	and	
hydrating	molecules.	Together	with	 the	novel	 coated	actives,	 these	
formulations	are	designed	to	nourish	skin,	protect	against	free	radi‐
cals,	 and	protect	against	UVA/UVB‐induced	skin	damage,	air	pollu‐
tion,	blue	light,	and	infrared	radiation	that	contribute	to	skin	damage.	
This	proprietary	technology	provides	broad‐spectrum	SPF50/PA+++	
and	 PA++++	 protection,	 thereby	 helping	 to	 prevent	 photoaging	 by	
protecting	against	UV	damage	and	allows	damaged	skin	to	repair	itself.

4.1 | Novel coating background

A	novel	cross‐polymer,	multifunctional	coating	consisting	of	silicate,	
polyalkylsilsesquioxane,	and	polydimethylsiloxane	moieties	has	been	
developed	in	response	to	the	need	to	increase	the	photostability	and	
decrease	the	reactivity	of	mineral	sunscreen	agents	when	exposed	
to	various	energy	sources	(Solésence	LLC).	The	ability	of	this	multi‐
functional	coating	to	quench	free	radicals	within	the	epidermis	and	
dermis	following	exposure	to	UVA	and	UVB	has	been	demonstrated	
using	 various	 techniques,	 including	 electron	 spin	 resonance	 spec‐
troscopy	(ESR).	ESR,	which	detects	unpaired	electrons,	and	other	ex	
vivo	methods	have	been	developed	to	quantify	free	radicals	in	the	
skin	 following	UV	exposure.44	When	applied	as	 a	 topical	 formula‐
tion,	this	multifunctional	coating	on	zinc	oxide	particles	resulted	in	
a	245%	 reduction	 in	 the	number	of	 free	 radicals	 generated	 in	 the	
skin	following	UV	exposure	compared	to	the	same	formula	using	zinc	
oxide	with	a	standard	coating	of	octyltriethoxysilane	(Figure	1).45

The	addition	of	this	multifunctional	coating	allows	the	esthetic	
properties	 of	 mineral	 actives	 to	 be	 adjusted	 to	 achieve	 a	 desired	
characteristic,	 such	as	 improved	skin	 feel.	 In	addition,	 this	coating	
can	allow	for	improved	dispersion	characteristics	and	enable	greater	
product	 hydrophobicity,	 resulting	 in	 better	 water‐resistance.	 The	
coating	can	be	further	used	to	adjust	the	bulk	characteristics	of	sun‐
screen	powders	to	deliver	safe	and	functionally	superior	dispensing	
characteristics.

This	coating	has	distinct	advantages	over	more	traditional	 tech‐
nologies,	 such	 as	 those	 using	 octyltriethoxysilane.	 The	 bonding	 of	
traditional	coating	chemicals	to	mineral	actives	is	limited	by	available	
surface	reactive	sites,	leading	to	incomplete	particle	surface	coverage.	
In	contrast,	the	multifunctional	coating	creates	a	complete,	dense,	and	
homogeneous	encapsulation.	This	can	be	verified	using	transmission	
electron	microscopy	(Figure	2).	These	coating	characteristics	are	criti‐
cal	for	enabling	the	key	product	attributes,	discussed	above.

4.2 | Final product formulation

A	series	of	 carefully	 selected	 ingredients	were	 chosen	 to	 comple‐
ment	 the	 patented	 triple‐moiety	 coating	 into	 a	 proprietary	 blend.	
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These	final	formulations	were	constructed	to	protect	against	broad‐
spectrum	 light	 including	 high‐energy	 visible	 light	 (HEV/blue	 light),	
infrared	radiation,	and	UVA/UVB	radiation.

The	 formula	was	 also	 constructed	with	 the	 intent	 to	 provide	
protection	 from	environmental	 pollution	 and	other	 forms	of	 free	
radical	 damage.	 This	 was	 achieved	 through	 the	 multifunctional	
coating	 technology	 and	 the	 addition	 of	 a	 select	 blend	 of	 antiox‐
idants,	 including	 the	 innovative	new	 ingredient	dimethylmethoxy	
chromanol,	which	 captures	 both	 nitrogen	 and	 oxygen	 radicals	 to	
limit	oxidative	stress.37	 In	some	formulations,	 the	proprietary	an‐
tioxidant	combination	also	includes	natural	extracts	such	as	green	
tea,	 grapeseed,	 and	 oakwood	 extracts,	 that	 provide	 further	 skin	
protection	 from	 free	 radicals	 produced	 by	 pollution	 and	 other	
sources	such	as	UVA.

Defense	 against	HEV	 light	 is	 provided	 by	 the	multifunctional‐
coated	 UV	mineral	 actives	 and	 iron	 oxides.	 This	 combination	 has	
been	demonstrated	to	significantly	attenuate	HEV	light	associated	
with	 radical	 formation	 in	 the	 skin,46	 thereby	 protecting	 skin	 from	
photoaging	 associated	with	 blue	 light	 and	HEV	 light.47	 To	 further	

protect	 against	 infrared	 radiation,	 antioxidants	 including	 tara	 tan‐
nins	and	sunflower	extract	are	added.

The	formulations	also	include	the	key	hydrating	ingredients	hy‐
aluronic	acid	powder	and	a	combination	of	Tremella fuciformis sporo‐
carp	extract,	betaine,	and	glycerin	which	has	been	shown	to	be	over	
four	times	more	hydrating	than	hyaluronic	acid	itself.48	The	formu‐
lation	 also	 contains	 the	 skin‐calming	 ingredients	 niacinamide,	 bio‐
available	vitamin	E,	and	soothing	agents	derived	from	chamomile	oil.	
Ingredients	 largely	 comprised	of	 natural	 extracts	were	 chosen	 for	
each	specific	formulation	(powder,	face	and	body)	to	help	enhance	
the	protection	against	each	of	the	intended	elements.	Importantly,	
all	complimentary	skincare	 ingredients	were	added	at	manufactur‐
ers’	suggested	levels	based	on	efficacy	data	demonstrated	by	each	
manufacturer.

4.3 | Final product testing

4.3.1 | UVA/UVB testing

All	 of	 the	 tested	 formulations	 achieved	 maximal	 UVB	 protection	
based	 on	 FDA	 standards	 set	 forth	 in	 the	 current	 draft	 sunscreen	
monograph49	as	measured	by	SPF	rating	(SPF	50)	by	a	validated	third	
party	 laboratory.46	 In	 addition,	 due	 to	 properties	 associated	 with	
the	hydrophobic	nature	of	 the	patented	coating,	each	 formulation	
achieved	40‐	to	80‐minute	water‐resistance,	based	on	20‐minute	in‐
crement	exposures	in	a	validated	water	tank	with	standard	20‐min‐
ute		rest	intervals	(Table	1).

Further,	each	formula	underwent	UVA	testing	using	the	FDA‐ap‐
proved	critical	wavelength	test	procedures	and	the	newer	Japanese	
PA	 test	 with	 each	 product	 achieving	 ratings	 between	 PA+++	 and	
PA++++,	the	highest	rating	of	UVA	protection.

F I G U R E  1   When applied as a 
topical	formulation,	multifunctional	
coating	consisting	of	silicate,	
polyalkylsilsesquioxane,	and	
polydimethylsiloxane	moieties	on	zinc	
oxide	particles	resulted	in	a	245%	
reduction	in	the	number	of	free	radicals	
generated	in	the	skin	following	UV	
exposure

F I G U R E  2  Electron	microscopy	shows	the	multifunctional	
coating	creates	a	complete,	dense,	and	homogeneous	encapsulation	
of	titanium	dioxide	(left)	and	zinc	oxide	(right	particles)
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4.3.2 | Protection from free radicals and support for 
antioxidants

Antioxidants	have	been	a	staple	of	skincare	formulations.	They	are	
intended	to	reduce	the	impact	of	free	radicals	which	are	formed	as	

a	 result	of	photoreactivity	and	energy	exchange.	A	historical	chal‐
lenge	in	formulas	containing	antioxidants	has	been	maintaining	their	
stability	when	exposed	to	environmental	aggressors,	particularly	UV	
radiation.	Traditional	antioxidants	frequently	break	down	in	less	than	
90	minutes	when	exposed	to	UV	radiation.	This	was	demonstrated	

 SPF Water‐resistance PA rating Ingredients

Powder	product 50 80	minutes PA++++ TiO2	22.5%,	
ZnO 22.5%

Face	product 50 40	minutes PA+++ ZnO 12%

Body	product 50 80	minutes PA+++ ZnO 12%

Abbreviations:	SPF,	sun	protection	factor;	TiO2,	titanium	dioxide;	ZnO,	zinc	oxide.

TA B L E  1  Characteristics	of	novel	
coating	formulation	powder,	face,	and	
body	products

F I G U R E  3  The	antioxidant	boosting	
effect	of	multifunctional‐coated	zinc	oxide	
is	substantially	greater	than	octylsilane‐
coated	zinc	oxide

F I G U R E  4  Free	radical	formation	
caused	by	UV	radiation	exposure	and	
air	pollution	(cigarette	smoke)	is	greatly	
attenuated	by	multifunctional‐coated	zinc	
oxide	relative	to	octylsilane‐coated	zinc	
oxide
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by	 adding	 individual	 antioxidants	 to	 a	 prototype	 formula	 contain‐
ing	no	UV	filter	and	initially	measuring	their	antioxidant	power	(AP)	
using	ESR.	The	formulas	were	then	exposed	to	UV	radiation	and	the	
AP	values	were	again	determined	using	ESR	and	expressed	as	a	per‐
centage	of	their	original	values.	Moderate	UV	exposure	resulted	in	
the	 near	 complete	 depletion	 of	AP.	 This	 experiment	was	 then	 re‐
peated	by	adding	standard	zinc	oxide	and	the	multifunctional	zinc	
oxide	UV	filters	to	the	antioxidant	containing	preparations	(Figure	3).	
Both	standard	zinc	oxide	and	the	multifunctional	zinc	oxide	improve	
the	retained	AP;	however,	due	to	the	ability	of	the	multifunctional	
coating	 to	 quench	 free	 radicals,	 significant	 200%‐500%	 boosts	 in	
AP	 occurred	 in	 the	 formula	 containing	multifunctional	 zinc	 oxide,	
demonstrating	 the	 ability	 to	 substantially	 improve	 the	 efficacy	 of	

frequently	 used	 topical	 antioxidants,	which	 are	 known	 to	 provide	
skin	health	benefits.

4.3.3 | Protection from environmental pollution

Environmental	pollution	is	increasing	dramatically	around	the	world	
and	poses	a	major	health	challenge,	affecting	the	ability	to	maintain	
healthy	 skin	 by	 causing	 irritation,	 blocked	 pores,	 and	 accelerating	
photoaging.13,50	As	discussed	previously,	prior	work	has	examined	
the	performance	of	zinc	oxide	mineral	actives	coated	with	the	mul‐
tifunctional	coating	compared	to	that	of	zinc	oxide	with	a	standard	
octyltriethoxysilane	coating	in	protecting	against	the	combined	ef‐
fects	of	pollution	and	UV	exposure	(Solésence	LLC).45	In	that	work,	
electron	paramagnetic	resonance	spectroscopy	was	used	to	detect	
free	radicals	at	the	surface	of	the	skin	using	an	ex	vivo	porcine	skin	
model,	and	cigarette	smoke	was	used	as	a	proxy	for	environmental	
pollution	as	the	particle	profile	(PM	2.5)	is	similar	to	that	observed	
for	 diesel	 soot.51	 Formulas	 containing	 the	 multifunctional‐coated	
zinc	oxide	and	standard	zinc	oxide,	and	a	placebo	formula	contain‐
ing	no	UV	filter	were	applied	to	the	surface	of	porcine	skin	and	then	
exposed	to	1.2	MED	of	UV	light.	For	the	case	of	pollution	exposure,	
samples	were	 exposed	 to	 the	 smoke	of	 one	 cigarette	 prior	 to	UV	
exposure.	Free	radicals	were	then	detected	using	ESR	following	UV	
exposure.

Using	 the	placebo	 formula	 as	 a	 reference,	 the	 added	pollution	
had	a	substantial	 impact,	more	than	doubling	the	concentration	of	
free	radicals	generated	at	the	skin	surface	when	the	environmental	

TA B L E  2  Characteristics	novel	coating	formulation	powder	
product	vs	three	competitive	sunscreens

Product SPF Water‐resistance Ingredients

Powder	Product 50 80	Minutes TiO2	22.5%,	
ZnO 22.5%

Competitive	
Product	A

45 None TiO2	15.7%,	
ZnO 20.0%

Competitive	
Product	B

30 None TiO2 15.0%. 
ZnO 12.0%

Competitive	
Product	C

45 None TiO2	20.75%,	
ZnO 19.6%

Abbreviations:	SPF,	sun	protection	factor;	TiO2,	titanium	dioxide;	ZnO,	
zinc	oxide.

F I G U R E  5  DPPH	free	radical	assays	of	commercial	powder	sunscreen	formulas	following	UV	radiation	exposure.	The	formula	described	
in	this	work,	incorporating	multifunctional‐coated	mineral	UV	filters	and	selected	antioxidants,	greatly	outperforms	the	competitor	formulas	
as	further	illustrated	by	the	greater	persistence	of	the	purple	color	of	the	DPPH	dye
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aggressors	are	combined.	When	the	samples	were	not	exposed	to	
pollution,	the	UV	protective	effect	of	zinc	oxide	was	evidenced	by	
a	 reduction	of	 free	 radicals.	When	a	pollutant	was	added	prior	 to	
UV	exposure,	the	placebo	and	standard	zinc	oxide	formulas	showed	
large	increases	in	free	radical	generation,	while	the	multifunctional‐
coated	zinc	oxide	formula	showed	only	a	slight	increase.

The	UV‐only	and	pollution	plus	UV	signals	can	be	subtracted	to	
isolate	the	effect	of	the	UV‐activated	pollution.	While	the	standard	
zinc	oxide	 formula	provided	UV	protection,	 it	provided	no	benefit	
in	stopping	free	radical	propagation	compared	to	a	placebo	formula	
containing	 no	UV	 filter	 (Figure	 4).	 In	 contrast,	 the	multifunctional	
zinc	oxide	formula	provided	a	7‐fold	reduction	 in	the	effect	of	the	
pollutant.	 This	 study	 demonstrated	 that	 products	 developed	with	
the	multifunctional	coating	technology	represent	the	only	UV	pro‐
tective	actives	with	demonstrated	anti‐pollution	properties.

It	has	also	been	demonstrated	that	quenching	free	radicals	by	UV	
blockers	with	multifunctional	coatings	leads	to	significant	boosting	
of	antioxidant	activity	and	substantial	protection	from	environmen‐
tal	pollution.	As	discussed	above,	 these	actives	are	 combined	 in	a	
proprietary	blend	of	supportive	ingredients.	These	final	formulations	
have	been	tested	for	their	ability	to	suppress	free	radical	formation	
and	 show	 superior	 performance	 when	 tested	 against	 comparable	
commercial	products.

In	these	experiments,	the	formulas	themselves	were	exposed	to	
UV	 radiation	and	assayed	 for	 free	 radicals	using	a	modification	of	
the	 well‐established	 2,2‐diphenyl‐1‐picrylhydrazyl	 (DPPH)	 antioxi‐
dant	assay.52	DPPH	is	a	purple	dye	composed	of	stable	free	radical	
molecules	which	react	and	combine	with	other	free	radical	species,	
thereby	 acting	 as	 scavengers.	 This	 reaction	 is	 accompanied	 by	 a	
color	change	from	purple	to	yellow	and	may	be	quantitatively	mon‐
itored	 spectrophotometrically	 through	 the	 decrease	 of	 the	DPPH	
absorbance	signal	at	517	nm.

In	one	experiment,	one	powder	formula	was	tested	against	three	
commercial	 powder	 sunscreens	 (Table	 2).	 All	 four	 products	 were	
combined	with	 a	DPPH	 solution	 and	 irradiated	with	0.44	MED	of	
UV	 radiation.	 The	 results	 are	 shown	 in	 Figure	 5	 together	with	 an	
image	illustrating	color	changes	in	the	DPPH	following	UV	exposure.	
The	new	formulation	showed	a	small	free	radical	signal	near	the	limit	
of	detection	as	indicated	by	maintaining	the	dark	color	of	the	assay	
solution.	In	contrast,	the	other	powder	sunscreens	showed	substan‐
tial	 free	 radical	 generation	with	 corresponding	 change	 in	 solution	
color.	This	notable	difference	in	their	performance	demonstrates	the	
superiority	of	this	formulation	in	quenching	the	free	radicals	that	can	
lead	to	oxidative	stress	in	the	skin.

This	 assay	 has	 also	 been	 performed	 on	 other	 dosage	 forms,	
such	as	a	 facial	emulsion,	 that	utilizes	 this	 same	proprietary	 tech‐
nology.	Similar	results	have	been	verified	 independently	using	the	
ESR	method.	As	shown	in	Figure	6,	the	new	emulsion	formulation	
showed	little	detectable	free	radical	signal,	whereas	the	tested	com‐
mercial	 comparator	products	 in	 the	 same	dosage	 form	 show	sub‐
stantial	generation	of	free	radicals	following	UV	exposure.

4.3.4 | High‐energy visible light

Environmental	 exposure	 to	 HEV	 light	 is	 primarily	 from	 the	 sun,	
but	also	from	smartphones,	tablets,	and	computer	screens,	and	re‐
cently	reports	have	demonstrated	HEV	light	can	be	destructive	to	
the	 skin.53	 The	 ability	 of	 products	 containing	 the	 multifunctional	

F I G U R E  6  DPPH	free	radical	assays	
of	commercial	face	lotion	emulsion	
sunscreen	formulas	following	UV	radiation	
exposure.	The	formula	described	in	this	
work,	incorporating	multifunctional‐
coated	mineral	UV	filters	and	selected	
antioxidants,	greatly	outperforms	the	
competitor	formulas

TA B L E  3  High‐energy	visible	light	shielding	novel	coating	
formulation	face	product	vs	four	competitive	sunscreens

Product

Percent block

415 nm 440 nm 465 nm

Face	product 71 64 60

Competitive	product	D 65 58 52

Competitive	product	E 30 26 24

Competitive	product	F 60 52 47

Competitive	product	G 33 30 27

GCarpenter
Highlight
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technology	to	block	HEV	light	was	measured	directly	using	the	dif‐
fuse	transmittance	method.	The	emulsion	formulation	intended	for	
the	face	blocked	more	HEV	light	at	all	measured	wavelengths	com‐
pared	to	an	array	of	other	commercial	products	(Table	3).

It	is	well	known	that	iron	oxides	play	a	critical	role	in	the	protec‐
tion	against	HEV	exposure	and	enhance	the	already	substantial	HEV	
protection	provided	by	the	UV	actives	with	the	multifunctional	coat‐
ing.	The	powder	formulations	have	been	developed	in	four	different	
shades,	with	 the	 darker	 shades	 containing	 a	 higher	 percentage	 of	
iron	oxides.	All	shades	of	powder	demonstrated	the	ability	to	shield	
at	 least	93%	of	HEV,	with	 the	darker	 shades	 increasing	 the	 shield	
potential	against	HEV	to	over	98%	(Figure	7).

5  | CONCLUSION

With	a	greater	need	 to	protect	human	skin	 from	ever‐increasing	
environmental	 insults	 including	the	damaging	effects	of	solar	ra‐
diation,	pollution,	 and	other	 sources	of	 free	 radical	damage	 that	
lead	to	photoaging	and	skin	cancer,	it	is	increasingly	more	impor‐
tant	to	better	protect	people	with	improved	all‐mineral	sunscreen	
formulations.	We	have	presented	data	 supporting	a	 series	novel	
formulation	of	chemical‐free,	all‐mineral	sun	protection	 incorpo‐
rating	 novel	 coatings	 combined	 with	 carefully	 chosen	 skincare	
ingredients	to	address	the	key	environmental	and	climate	 insults	
that	 can	damage	 skin.	These	 formulations	provide	 the	maximum	
SPF/PA	 scale	 protection	 and	 40‐	 to	 80‐minute	 protection	 with	
water	exposure.	Further,	such	products	have	been	demonstrated	
in	vitro	and	ex	vivo	to	show	a	significant	reduction	in	free	radical	
formation	 in	models	simulating	the	 impact	of	environmental	pol‐
lution	and	HEV	exposure	as	compared	to	standard	mineral	coated	
sunscreen	formulations.

ORCID

Patricia Boland  https://orcid.org/0000‐0003‐0835‐1422 

R E FE R E N C E S

	 1.	 Watson	RE,	Gibbs	NK,	Griffiths	CE,	Sherratt	MJ.	Damage	to	skin	
extracellular	matrix	induced	by	UV	exposure.	Antioxid Redox Signal. 
2014;21:1063‐1077.

	 2.	 Mancebo	SE,	Wang	SQ.	Skin	cancer:	role	of	ultraviolet	radiation	in	
carcinogenesis.	Rev Environ Health.	2014;29:265‐273.

	 3.	 Cadet	J,	Wagner	JR.	DNA	base	damage	by	reactive	oxygen	species,	
oxidizing	agents,	and	UV	radiation.	Cold Spring Harb Perspect Biol. 
2013;5:a012559.

	 4.	 Sriramoju	 V,	 Alfano	 RR.	 In	 vivo	 studies	 of	 ultrafast	 near‐in‐
frared	 laser	 tissue	 bonding	 and	 wound	 healing.	 J Biomed Opt. 
2015;20:108001.

	 5.	 Tsai	SR,	Hamblin	MR.	Biological	effects	and	medical	applications	of	
infrared	radiation.	J Photochem Photobiol B.	2017;170:197‐207.

	 6.	 Cho	 S,	 Shin	MH,	Kim	YK,	 et	 al.	 Effects	 of	 infrared	 radiation	 and	
heat	 on	 human	 skin	 aging	 in	 vivo.	 J Investig Dermatol Symp Proc. 
2009;14:15‐19.

	 7.	 Zastrow	L,	Meinke	MC,	Albrecht	S,	Patzelt	A,	Lademann	J.	From	UV	
protection	to	protection	in	the	whole	spectral	range	of	the	solar	ra‐
diation:	new	aspects	of	sunscreen	development.	Adv Exp Med Biol. 
2017;996:311‐318.

	 8.	 Weinstabl	 A,	Hoff‐Lesch	 S,	Merk	HF,	 von	 Felbert	 V.	 Prospective	
randomized	study	on	the	efficacy	of	blue	light	in	the	treatment	of	
psoriasis	vulgaris.	Dermatology.	2011;223:251‐259.

	 9.	 Liebmann	J,	Born	M,	Kolb‐Bachofen	V.	Blue‐light	irradiation	regu‐
lates	proliferation	and	differentiation	 in	human	skin	cells.	J Invest 
Dermatol.	2010;130:259‐269.

	10.	 Wills	K.	 Lights	off:	 is	 the	glare	 from	your	 computer	 really	 ageing	
your	skin?	The Guardian. 2017; June 1.

	11.	 Vandersee	 S,	Beyer	M,	 Lademann	 J,	Darvin	ME.	Blue‐violet	 light	
irradiation	 dose	 dependently	 decreases	 carotenoids	 in	 human	
skin,	which	indicates	the	generation	of	free	radicals.	Oxid Med Cell 
Longev. 2015;2015:579675.

F I G U R E  7  High‐energy	visible	light	
blocking	performance	of	tinted	powder	
sunscreen	formulas	of	differing	shades	
described	in	this	work.	The	addition	of	
iron	oxides	increases	the	effectiveness	
of	multifunctional‐coated	UV	mineral	
actives,	blocking	93%‐98%	of	these	
wavelengths

https://orcid.org/0000-0003-0835-1422
https://orcid.org/0000-0003-0835-1422


     |  9BERNSTEIN ET al.

	12.	 Nakashima	Y,	Ohta	S,	Wolf	A.	Blue	light‐induced	oxidative	stress	in	
live	skin.	Free Radic Biol Med.	2017;108:300‐310.

	13.	 Krutmann	J,	Liu	W,	Li	L,	et	al.	Pollution	and	skin:	from	epidemiolog‐
ical	and	mechanistic	studies	to	clinical	implications.	J Dermatol Sci. 
2014;76:163‐168.

	14.	 Jin	SP,	Li	Z,	Choi	EK	et	al.	Urban	particulate	matter	in	air	pollution	
penetrates	 into	 the	 barrier‐disrupted	 skin	 and	 produces	ROS‐de‐
pendent	cutaneous	inflammatory	response	in	vivo.	J Dermatol Sci. 
2018;91:175‐183.

	15.	 Mancebo	 SE,	 Wang	 SQ.	 Recognizing	 the	 impact	 of	 ambi‐
ent	 air	 pollution	 on	 skin	 health.	 J Eur Acad Dermatol Venereol. 
2015;29:2326‐2332.

	16.	 Soeur	J,	Belaïdi	JP,	Chollet	C,	et	al.	Photo‐pollution	stress	 in	skin:	
traces	 of	 pollutants	 (PAH	 and	 particulate	 matter)	 impair	 redox	
homeostasis	 in	 keratinocytes	 exposed	 to	 UVA1.	 J Dermatol Sci. 
2017;86:162‐169.

	17.	 McDaniel	D,	Farris	P,	Valacchi	G.	Atmospheric	skin	aging	–	contrib‐
utors	and	inhibitors.	J Cosmet Dermatol.	2018;17:124‐137.

	18.	 Latha	MS,	Martis	J,	Shobha	V,	et	al.	Sunscreening	agents:	a	review.	
J Clin Aesthet Dermatol.	2013;6:16‐26.

	19.	 Heurung	AR,	Raju	SI,	Warshaw	EM.	Adverse	reactions	to	sunscreen	
agents:	 epidemiology,	 responsible	 irritants	 and	 allergens,	 clinical	
characteristics,	and	management.	Dermatitis.	2014;25:289‐326.

	20.	 Ruszkiewicz	JA,	Pinkas	A,	Ferrer	B,	Peres	TV,	Tsatsakis	A,	Aschner	
M.	Neurotoxic	effect	of	active	ingredients	in	sunscreen	products,	a	
contemporary	review.	Toxicol Rep.	2017;4:245‐259.

	21.	 Kim	S,	Choi	K.	Occurrences,	toxicities,	and	ecological	risks	of	ben‐
zophenone‐3,	 a	 common	 component	 of	 organic	 sunscreen	 prod‐
ucts:	a	mini‐review.	Environ Int.	2014;70:143‐157.

	22.	 Krause	M,	Klit	A,	Blomberg	Jensen	M,	et	al.	Sunscreens:	are	they	
beneficial	for	health?	An	overview	of	endocrine	disrupting	proper‐
ties	of	UV‐filters.	Int J Androl.	2012;35:424‐436.

	23.	 Maipas	S,	Nicolopoulou‐Stamati	P.	 Sun	 lotion	 chemicals	 as	 endo‐
crine	disruptors.	Hormones (Athens).	2015;14:32‐46.

	24.	 Ramos	S,	Homem	V,	Alves	A,	Santos	L.	A	review	of	organic	UV‐fil‐
ters	in	wastewater	treatment	plants.	Environ Int.	2016;86:24‐44.

	25.	 Tovar‐Sánchez	 A,	 Sánchez‐Quiles	 D,	 Basterretxea	 G,	 et	 al.	
Sunscreen	products	as	emerging	pollutants	to	coastal	waters.	PLoS 
ONE. 2013;8:e65451.

	26.	 Glusac	E.	Hawaii	passes	bill	banning	sunscreen	that	can	harm	coral	
reefs.	New York Times,	May	3,	2018.

	27.	 Gurney	K.	Miami	Beach	considers	banning	the	sale	of	sunscreens	
believed	to	harm	coral	reefs.	Miami Herald.	March	13,	2019.

	28.	 Funk	 JO,	 Dromgoole	 SH,	 Maibach	 HI.	 Sunscreen	 intolerance.	
Contact	sensitization,	photocontact	sensitization,	and	 irritancy	of	
sunscreen	agents.	Dermatol Clin.	1995;13:473‐481.

	29.	 United	 States	 Food	 and	 Drug	 Administration.	 Proposed	 Rule	 21	
CFR	Parts	201,	310,	347,	and	352;	Docket	No.	FDA‐1978‐N‐0018,	
2019.

	30.	 Ascenso	A,	Ribeiro	HM,	Marques	HC,	Simoes	S.	Topical	delivery	of	
antioxidants.	Curr Drug Deliv.	2011;8:640‐660.

	31.	 Kaur	IP,	Kapila	M,	Agrawal	R.	Role	of	novel	delivery	systems	in	de‐
veloping	topical	antioxidants	as	therapeutics	to	combat	photoage‐
ing.	Ageing Res Rev.	2007;6:271‐288.

	32.	 Burke	KE.	Mechanisms	of	 aging	 and	development.	A	 new	under‐
standing	of	environmental	damage	to	the	skin	and	prevention	with	
topical	antioxidants.	Mech Ageing Dev.	2018;172:123‐130.

	33.	 Duarah	S,	Durai	RD,	Narayanan	VB.	Nanoparticle‐in‐gel	system	for	
delivery	of	vitamin	C	for	topical	application.	Drug Deliv Transl Res. 
2017;7:750‐760.

	34.	 Rabinovich	L,	Kazlouskaya	V.	Herbal	sun	protection	agents:	human	
studies.	Clin Dermatol.	2018;36:369‐375.

	35.	 Dunaway	S,	Odin	R,	Zhou	L,	 Ji	 L,	Zhang	Y,	Kadekaro	AL.	Natural	
antioxidants:	multiple	mechanisms	to	protect	skin	from	solar	radia‐
tion.	Front Pharmacol. 2018;9:392.

	36.	 Nejatzadeh‐Barandozi	F.	Antibacterial	activities	and	antioxidant	ca‐
pacity	of	Aloe vera. Org Med Chem Lett. 2013;3:5.

	37.	 Rull	M,	Davi	C,	Caiziadas	E,	Van	Den	Nest	W,	Delgado	R.	Chromane	
with	potent	free	radicals	scavenging	effect	to	protect	the	skin	from	
pollutants.	HPC Today.	2015;10:38‐41.

	38.	 Farris	P,	Yatskayer	M,	Chen	N,	Krol	Y,	Oresajo	C.	Evaluation	of	ef‐
ficacy	and	tolerance	of	a	nighttime	topical	antioxidant	containing	
resveratrol,	baicalin,	and	vitamin	e	for	treatment	of	mild	to	moder‐
ately	photodamaged	skin.	J Drugs Dermatol.	2014;13:1467‐1472.

	39.	 Che	DN,	Xie	GH,	Cho	BO,	Shin	JY,	Kang	HJ,	Jang	SI.	Protective	ef‐
fects	of	grape	stem	extract	against	UVB‐induced	damage	in	C57BL	
mice	skin.	J Photochem Photobiol B.	2017;173:551‐559.

	40.	 Kumar	S,	Yadav	A,	Yadav	M,	Yadav	JP.	Effect	of	climate	change	on	
phytochemical	diversity,	total	phenolic	content	and	in	vitro	antioxi‐
dant	activity	of	Aloe vera	(L.)	Burm.f.	BMC Res Notes. 2017;10:60.

	41.	 Shah	K,	Murray	PG	inventor.	Multifunctional	coated	powders	and	
high	solids	dispersions.	US	Patent	9,657,183.	May	23,	2017.

	42.	 Shah	K,	Murray	PG	inventor.	Multifunctional	coated	powders	and	
high	solids	dispersions.	US	Patent	9,139,737.	September	22,	2015.

	43.	 Shah	K,	Murray	PG	inventor.	Process	for	producing	a	coated	pow‐
der.	European	Patent	3237548.	July	27,	2015.

	44.	 Herrling	T,	 Jung	K,	Fuchs	 J.	Measurements	of	UV‐generated	 free	
radicals/reactive	oxygen	species	(ROS)	in	skin.	Spectrochim Acta A 
Mol Biomol Spectrosc.	2006;63:840‐845.

	45.	 Sarkas	HW,	Cureton	K,	Jung	K.	The	photophysics	of	environmen‐
tal	 protection	 for	 preventing	 premature	 aging.	 Euro Cosmetics. 
2018;26:20‐25.

 46. Data on file.	Romeoville,	IL:	Solésence	LLC.
	47.	 Halliday	GM,	Damian	DL,	Rana	S,	Byrne	SN.	The	suppressive	effects	

of	ultraviolet	radiation	on	immunity	in	the	skin	and	internal	organs:	
implications	for	autoimmunity.	J Dermatol Sci.	2012;66:176‐182.

	48.	 NS	Phytomoist.	Next	Step	Laboratories,	Richmond	Hill,	NY.	https	://
www.nexts	teplab.com/ns‐phyto	moist	.	Accessed	May	16,	2019.

	49.	 United	 States	 Food	 and	 Drug	 Administration.	 Proposed	 Rule	 21	
CFR	Part	352;	Docket	No.	FDA‐1978‐N‐0018,	2019.

	50.	 Puri	P,	Nandar	SK,	Kathuria	S,	Ramesh	I.	Effects	of	air	pollution	on	the	
skin:	a	review.	Indian J Dermatol Venereol Leprol.	2017;83:415‐423.

	51.	 Invernizzi	G,	Ruprecht	A,	Mazza	R,	 et	 al.	 Particulate	matter	 from	
tobacco	versus	diesel	car	exhaust:	an	educational	perspective.	Tob 
Control.	2004;13:219‐221.

	52.	 Blois	MS.	Antioxidant	 determinations	 by	 the	 use	 of	 a	 stable	 free	
radical. Nature.	1958;181:1199‐1200.

	53.	 Regazzetti	C,	Sormani	L,	Debayle	D,	et	al.	Melanocytes	sense	blue	
light	and	regulate	pigmentation	through	opsin‐3.	J Invest Dermatol. 
2018;138:171‐178.

How to cite this article:	Bernstein	EF,	Sarkas	HW,	Boland	P,	
Bouche	D.	Beyond	sun	protection	factor:	An	approach	to	
environmental	protection	with	novel	mineral	coatings	in	a	
vehicle	containing	a	blend	of	skincare	ingredients.	J Cosmet 
Dermatol. 2019;00:1–9. https	://doi.org/10.1111/jocd.13007	

https://www.nextsteplab.com/ns-phytomoist
https://www.nextsteplab.com/ns-phytomoist
https://doi.org/10.1111/jocd.13007



