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Abstract		

In	the	UK	cereals	products	(mostly	wheat)	are	considered	to	be	the	main	source	of	iron	as	they	contribute	
to	39-50%	of	iron	intake.	Iron	from	cereals	has	low	availability	due	to	presence	of	anti-nutrients	and	the	
resistance	to	digest	plants	cell	wall	in	the	human	GI	tract.	However,	they	are	still	considred	main	dietry	
source	 due	 to	 the	 high	 consumption	 rate.	 Aleurone	 which	 is	 the	 layer	 found	 between	 the	 starch	
endosperm	and	the	outer	bran	is	rich	in	iron.	However,	aleurone	is	removed	during	white	flour	production	
leading	to	iron	loss.	Therefore,	white	flour	in	the	UK	is	fortified	with	elemental	iron	which	has	low	solubility.	
Adding	 aleurone	back	 to	white	 flour	might	have	 a	 greater	bioavailability	 compared	 to	wholegrain	 and	
white	with	elemental	iron	flour.		

The	aim	of	this	project	is	to	investigate	the	effect	of	hydrothermal	processing	and	micro-milling	on	iron	
release,	bioavailability,	and	phytic	acid	content	which	is	the	main	iron	bioavailability	inhibitor.	After	in	vitro	
digestion	(gastric	and	intestinal),	total	iron	release	from	baked	and	boiled	bread	made	with	different	types	
of	flour	was	determined	using	ICP-OES.	 Iron	uptake	by	Caco-2	cells	was	measured	using	ICP-MS.	Phytic	
acid	 levels	 in	the	bread	samples	was	measured	using	K-PHYT	kit	 (Megazyme,	 Inc,	Bray,	 Ireland).	All	the	
obtained	data	was	then	analyzed	applying	two-way	and	three-way	ANOVA.	

Neither	micro-milling	nor	hydrothermal	processing	had	a	significant	difference	on	iron	release	and	uptake.	
However,	iron	release	from	stand	and	micro-milled	wholegrain	and	white	flour	enriched	with	aleurone	in	
gastric	phase	was	significantly	 increased	compared	 to	 intestinal	phase	 irrespective	of	cooking	method.	
Phytic	 acid	 content	which	 is	 found	 in	wheat	 grain	 and	 is	 abundant	 in	 aleurone	 layer	was	 significantly	
decreased	in	cooked	wholegrain	and	aleurone	flour	compared	to	raw	flour.	Together	with	all	the	findings	
of	this	study,	using	aleurone	as	a	fortificate	for	bioavailable	iron	can	be	possible.	However,	a	human	study	
which	will	take	place	soon	can	establish	whether	aleurone	has	the	potential	to	be	used	as	food	fortificant	
for	iron	as	well	as	other	micronutrients.			
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Popular	scientific	summary		

Anemia	remains	a	global	health	concern	and	one	of	the	most	common	disorders	in	the	world,	affecting	
over	2	billion	people	in	developing	as	well	as	developed	countries	with	iron	deficiency	as	the	major	cause.		
Iron	deficiency	is	mainly	caused	by	inadequate	dietary	intake	of	iron	and	by	its	low	bioavailability	which	is	
due	 to	presence	of	anti-nutrients	such	as	phytic	acid	which	 inhibits	 its	absorption.	According	 to	World	
Health	Organization	43%	of	children	and	29%	of	women	within	reproductive	age	suffer	from	anemia	due	
to	iron	deficiency.			

In	the	UK,	approximately	39-50%	of	the	iron	in	diet	is	provided	by	cereals	and	cereal	products.	In	wheat	–	
the	most	commonly	consumed	cereal	–	iron	and	many	other	minerals	as	well	as	vitamins	are	contained	
within	 the	 aleurone	 cell	 layer,	 which	 sits	 between	 the	 starchy	 endosperm	 and	 the	 outer	 bran	 layers.	
However,	 during	 white	 flour	 production,	 aleurone	 is	 removed	 along	 with	 the	 bran	 layers	 resulting	 in	
significant	loss	of	iron.	Therefore,	in	many	countries,	including	the	UK,	there	are	fortification	programs	in	
place	to	add	iron	lost	during	processing	back	into	white	flour.	However,	the	chemical	forms	of	iron	used	
for	fortification	may	be	less	bioavailable	than	the	endogenous	plant	forms	and	therefore	the	benefit	of	
flour	fortification	may	be	limited.	Thus,	the	aim	of	this	study	is	to	investigate	whether	adding	the	wheat	
aleurone	back	into	white	flour	might	provide	a	more	bioavailable	source	of	iron	for	human	nutrition.		

There	 is	 one	 limitation	 of	 this	 approach,	 in	 fact	 the	 cell	wall	 of	 the	 aleurone	 is	made	 of	 a	 non-starch	
polysaccharide	and	is	resistant	to	digestion	in	the	gastrointestinal	tract	of	human	therefore	iron	is	 lost.	
Moreover,	iron	in	the	aleurone	is	bounded	to	phytic	acid,	impeding	iron	absorption.	In	order	to	get	the	
benefit	from	the	iron	in	the	aleurone,	the	aleurone	cell	wall	needs	to	be	disrupted	to	liberate	the	iron.	
Studies	have	shown	that	micro-milling	which	is	a	mechanical	process	that	raptures	the	cell	wall	of	aleurone	
increased	 iron	 release	 and	uptake	 from	aleurone	 flour	 as	well	 as	wholegrain	 flour.	However,	 previous	
studies	used	raw	flour	to	assess	iron	release	and	uptake.	As	humans	do	not	consume	raw	form	of	flour,	in	
this	project,	cooked	(hydrothermally	treated)	baked	and	boiled	flour	was	used.	Therefore,	the	aim	of	the	
project	was	to	investigate	the	hydrothermal	processing	as	well	as	micro-milling	on	iron	release	and	uptake	
in	 addition	 on	 phytic	 acid	 content	which	 is	 the	main	 iron	 inhibitor.	 This	was	 done	by	mimicking	what	
happens	 human	 GI	 tract,	 where	 baked	 and	 boiled	 samples	 made	 from	 standard	 and	 micro-milled	
wholegrain	 and	 others	 made	 of	 white	 flour	 enriched	 with	 standard	 and	 micro-milled	 aleurone	 were	
digested	via	in	vitro	digestion	which	includes	two	digestion	conditions,	(gastric	–	pH2	+	pepsin;	and	gastro-
intestinal	 –	 pH2	 +	 pepsin,	 followed	by	 pH	7	 +	 pancreatin-bile).	 Following	 digestion,	 Caco-2	 cells	 (from	
intestinal	cancer)	were	used	as	a	model	for	intestinal	absorption	were	treated	with	the	digesta	in	order	to	
measure	the	iron	uptake	released	from	the	in	vitro	digestion	in	each	samples.	

As	a	result	from	this	project,	baking	and	boiling	reduced	phytic	acid	content	from	the	analyzed	samples	
but	it	did	not	effect	the	iron	release	and	uptake.	However,	micro-milling	increased	iron	release	and	uptake	
from	both	wholegrain	and	white	flour	enriched	with	aleurone	samples.	Furthermore,	aleurone	samples	
showed	a	better	iron	bioavailability.	The	findings	from	this	project	can	help	to	estimate	what	will	happen	
when	human	study	takes	place	which	is	required	in	order	to	establish	whether	aleurone	has	the	potential	
to	be	used	as	food	fortificant	for	iron	as	well	as	other	micronutrients.	
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Abbreviations	

ICP-MS	 Inductively	Coupled	Plasma	-	Mass	Spectroscopy	

ICP-OES	 Inductively-coupled	plasma	optical	emission	spectrometry	

ID	 iron	deficiency		

MM-WG	 micro-milled	wholegrain		

WG	 wholegrain	flour	

WF+AL	 white	flour	with	aleurone	
WF+MMAL	 white	flour	with	micro-milled	aleurone		

	

	
		
 

 	
 
  



	 4	

Table of Contents 

ABSTRACT	...........................................................................................................................................	1	

POPULAR	SCIENTIFIC	SUMMARY	......................................................................................................	2	

ABBREVIATIONS	.................................................................................................................................	3	

INTRODUCTION	..................................................................................................................................	5	

MATERIALS	AND	METHODS	............................................................................................................	10	
REAGENTS	AND	CHEMICALS:	.........................................................................................................................	10	
WHEAT	SAMPLES:	.......................................................................................................................................	10	
IN	VITRO	DIGESTIONS:	..................................................................................................................................	10	
IRON	RELEASE:	............................................................................................................................................	10	
CELL	CULTURE	AND	IRON	UPTAKE	...................................................................................................................	10	
QUANTIFICATION	OF	FE	UPTAKE	IN	CACO-2	CELLS:	...........................................................................................	11	
PROTEIN	ASSAY:	.........................................................................................................................................	11	
PHYTIC	ACID	ASSAY:	....................................................................................................................................	11	
STATISTICAL	ANALYSIS:	................................................................................................................................	11	

RESULTS:	...........................................................................................................................................	12	
1:	EFFECT	OF	MICRO-MILLING	AND	HYDROTHERMAL	PROCESSING	ON	PHYTIC	ACID	FOUND	IN	WHEAT	FLOUR.	............	12	
2:	EFFECT	OF	MICRO-MILLING	AND	HYDROTHERMAL	PROCESSING	ON	IRON	RELEASE	FROM	WHEAT	FLOUR.	...............	13	
3:	EFFECT	OF	MICRO-MILLING	AND	HYDROTHERMAL	PROCESSING	ON	IRON	UPTAKE	FROM	WHEAT	FLOUR.	................	14	

DISCUSSION:	......................................................................................................................................	15	
1:	EFFECT	OF	MICRO-MILLING	AND	HYDROTHERMAL	PROCESSING	ON	PHYTIC	ACID	IN	WHEAT	FLOUR.	.......................	15	
2:	EFFECT	OF	MICRO-MILLING	AND	HYDROTHERMAL	PROCESSING	ON	IRON	RELEASE	FROM	WHEAT	FLOUR.	...............	16	
3:	EFFECT	OF	MICRO-MILLING	AND	HYDROTHERMAL	PROCESSING	ON	IRON	UPTAKE	BY	CACO-2	CELLS	FROM	WHEAT	
FLOUR.	......................................................................................................................................................	17	

CONCLUSION	AND	FUTURE	PERSPECTIVES	...................................................................................	18	

ACKNOWLEDGEMENTS	....................................................................................................................	19	

REFERENCES	.....................................................................................................................................	20	

APPENDICES:	.....................................................................................................................................	23	
APPENDIX	1	................................................................................................................................................	23	
APPENDIX	2:	...............................................................................................................................................	24	

 
 	



	 5	

Introduction  

Iron	is	an	important	micronutrient,	it	is	essential	for	oxygen	transportation,	DNA,	and	enzyme	synthesis.	
It	is	also	important	for	erythropoiesis	and	oxidative	metabolism	as	well	as	immune	function.		Anemia	is	
considered	one	of	the	most	common	disorders	in	the	world	affecting	over	2	billion	people	in	developing	
as	well	as	developed	countries	(McLean	et	al.,	2008).	According	to	World	Health	Organization,	"anemia	is	
defined	as	a	condition	in	which	the	number	of	red	blood	cells	or	their	capacity	to	carry	oxygen	is	insufficient	
to	meet	the	physiologic	needs,	which	can	vary	by	age,	sex,	altitude,	smoking,	and	pregnancy”	(WHO,	2019).	
Anemia	can	be	caused	due	to	genetic	disorders	such	as	sickle	cell	anemia	and	haemoglobinopathies,	to	
infections	as	in	malaria,	and	can	be	caused	because	of	nutritional	problems	and	malnutrition	which	include	
iron	deficiency	(ID)	as	most	common	cause	of	anemia,	where	43%	of	children	and	29%	of	women	within	
reproductive	age	suffer	from	anemia	due	to	iron	deficiency	(WHO,	2019).	Iron	deficiency	is	a	serious	health	
issue	 and	 nutritional	 problem,	 it	 has	 been	 estimated	 that	 33%	 of	 the	 world	 population	 have	 ID	
(Zimmermann	and	Hurrell,	2007).	The	main	cause	of	ID	is	a	lack	of	iron	or	poor	bioavailability	of	iron	in	the	
diet.	Because	ID	is	markedly	contributing	to	anemia,	a	global	focus	to	increase	iron	intake	through	iron	
supplementation	and	food	fortification	has	been	directed	in	order	to	reduce	anemia	(McLean	et	al.,	2008).	
However,	the	low	bioavailability	of	iron	from	fortificants	has	hampered	the	attempts	to	reduce	ID,	indeed,	
recent	studies	have	shown	that	most	of	the	commonly	used	iron	fortificants	have	low	iron	bioavailability	
(Hurrell,	2002)	Furthermore,	diversity	in	the	diet	is	another	focus	which	aims	to	decrease	ID.	However,	as	
some	people	follow	vegetarian	or	vegan	diets	it	can	be	an	obstacle	to	achieve	a	diverse	diet	and	therefore,	
their	dietary	iron	bioavailability	is	low	and	iron	intake	is	restricted	(Zimmermann	and	Hurrell,	2007).		

Dietary	iron	is	found	in	two	forms,	haem	iron	and	non-haem	iron	and	is	absorbed	in	the	proximal	small	
intestine.	 Haem	 iron	 is	mainly	 found	 in	meat	 including	 fish	 and	 it	 provides	 10-12%	 of	 dietary	 iron	 in	
industrial	 countries.	 Non-haem	 iron	 is	 found	 in	 vegetables,	 cereals,	 and	 nuts	 and	 it	 accounts	 for	 80%	
dietary	iron	in	industrialized	countries	(Zimmermann	and	Hurrell,	2007).	Each	form	of	iron	has	different	
characteristics	 and	 different	 absorption	 mechanisms.	 For	 example,	 haem	 iron	 has	 greater	 absorption	
efficiency	than	non-haem,	 it	 is	more	efficient	due	to	distinct	haem	transporters	haem	carrier	protein	1	
(HCP1)	which	facilitate	transportation	of	iron	bound	to	haem	from	the	gut	to	duodenal	epithelial	cells,	iron	
is	then	liberated	from	haem	and	transported	into	bloodstream	through	ferroportin	(figure	1).	Therefore,	
it	has	better	bioavailability.	However,	as	seen	in	figure	1,	non-haem	iron	transportation	does	not	utilize	
the	same	transporters.	In	non-haem	iron	ferric	iron	is	converted	to	ferrous	iron	prior	to	being	transported	
through	divalent	metal	transporter	1	(DMT1)	present	on	the	apical	membrane	of	gut	epithelial	cell.	Once	
the	iron	enters	the	enterocyte,	it	can	be	stored	in	the	iron	storage	protein,	ferritin,	or	depending	on	the	
body’s	iron	requirement	it	can	be	transported	across	the	basolateral	membrane	through	ferroportin.		
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Figure	1:	Regulation	of	intestinal	iron	uptake	(Zimmermann	and	Hurrell,	2007).	Dietary	haem	iron	is	taken	up	through	
haem	iron	transporter	(HCP),	haem	iron	is	taken	up	from	the	gut	lumen	into	the	duodenal	enterocyte	and	undergoes	
endocytosis,	where	 Fe2+	 is	 liberated	 from	 the	haem.	Non-haem	 iron	 (Fe3+)	 is	 reduced	 to	 Fe2+	 in	 the	 lumen	by	
ascorbic	acid	or	in	the	membrane	by	duodenal	cytochrome	B	(DCYTB)	and	Fe2+	is	then	transported	into	the	duodenal	
enterocyte	via	divalent	metal-ion	transporter	(DMT1).	 Intracellular	 iron	can	be	transported	across	the	basolateral	
membrane	ferroportin.	Fe2+	is	oxidized	to	Fe3+	by	hephaestin,	following	which	Fe3+	is	transported	across	the	body	
bound	to	transferrin.		

Iron	 bioavailability	 greatly	 depends	 on	 other	 nutrients,	 where	 some	 of	 these	 nutrients	 can	 have	 an	
inhibiting	 effect	 on	 iron	 absorption	 and	 others	 have	 an	 enhancing	 effect	 especially	 on	 non-haem	 iron	
(Hurrell	and	Egli,	2010)	Phytate	(phytic	acid),	which	is	abundant	in	cereals	and	legumes	is	the	main	iron	
absorption	inhibitor,	studies	have	shown	that	phytate	inhibiting	effect	is	dose	dependent	which	starts	at	
a	 low	concentration	 (2-10	mg/meal)	 (Hallberg	et	 al,	 1989;	Hurrell	 et	 al.,	 1992).	 Polyphenols	which	are	
found	in	vegetables,	fruits,	certain	cereals	and	legumes	as	well	as	tea,	coffee,	and	wine	also	inhibits	iron	
absorption	 depending	 on	 the	 quantity	 and	 type	 of	 polyphenols	 present	 (Hurrell	 and	 Egli,	 2010).	
Furthermore,	there	is	evidence	that	calcium	might	have	negative	effects	as	well,	not	only	on	non-haem	
iron	but	also	on	haem	iron	(Cook,	Dassenko	and	Whittaker,	1991;	Hallberg	et	al.,	1991;	Hallberg	et	al.,	
1993).	On	the	other	hand,	many	other	studies	have	shown	that	ascorbic	acid,	unlike	phytate,	polyphenols,	
and	calcium,	has	an	enhancing	effect	on	 iron	absorption	 (Hurrell	and	Egli,	2010).	The	enhancing	effect	
caused	by	ascorbic	acid	is	due	to	its	capacity	to	reduce	ferric	to	ferrous	iron	(Conrad	and	Schade,	1968)	
which	can	more	easily	be	transported	into	the	enterocyte	through	DMT1.	Thus,	ascorbic	acid	by	reducing	
iron	to	the	ferrous	form	results	in	an	increase	in	iron	solubility	(Miller	and	Berner,	1989).	Therefore,	it	is	
essential	to	include	ascorbic	acid,	which	can	be	found	in	fruits	such	as	oranges,	in	the	diet	especially	if	an	
individual	has	iron	deficiency,	because	it	can	overcome	the	negative	effect	on	iron	absorption	caused	by	
the	inhibitors.	(Hurrell	and	Egli,	2010).	

In	the	UK	more	than	50%	of	adolescent	girls	have	iron	intakes	below	the	lower	reference	nutrient	intake	
(LRNI)	which	 is	 the	 inadequate	 intake	 for	most	 individuals	 (Balk	et	al.,	2019)	 In	many	countries,	 cereal	
products	especially	products	from	wheat	are	an	important	source	of	energy	in	the	diet.	In	addition,	cereals	
are	also	rich	in	several	minerals,	including	iron.	For	example,	the	daily	intake	of	cereals	provides	30-40%	
of	energy	and	supply	39%	of	the	iron	in	the	UK	diet	(Aslam	et	al.,	2018).	
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A	wheat	grain	(figure	2)	contains	an	embryo,	a	starchy	endosperm	(which	also	contains	protein),	and	a	
layer	 called	 aleurone	which	 is	 located	 between	 endosperm	 and	 outer	 pericarp	 and	 testa.	 Aleurone	 is	
concentrated	with	 iron	 (approximately	 70%	 of	 the	 total	 content	 of	wholegrain	wheat)	 as	well	 as	 zinc	
(Antoine	C.	et	al.,	2004).	However,	during	wheat	milling	(for	white	flour	production)	the	aleurone	layer	is	
removed	as	part	of	the	bran.	Hence,	most	of	the	iron	and	other	minerals	are	lost	and	therefore	cereals	
products	from	white	flour	have	very	little	iron.	Whole-wheat	flour	contains	aleurone;	however,	previous	
studies	have	shown	that	iron	in	aleurone	is	bound	to	phytic	acid	(De	Brier	et	al.,	2016),	which	inhibits	the	
iron	absorption	 in	the	duodenum	in	humans	resulting	 in	 low	 iron	bioavailability	 (Hallberg	et	al.,	1989).	
Thus,	 iron	 in	whole-wheat	 flour	has	 low	bioavailability	even	though	whole-wheat	 flour	contains	higher	
content	of	iron	than	white	flour	(6.7	mg/kg	iron	in	white	flour	and	28.2	mg/kg	iron	in	whole-wheat	flour)	
(Tang	et	al.,	2008).	Fortification	of	white	flour	with	elemental	iron	powder	(1.65	mg/100	g	flour)	in	the	UK	
is	a	mandatory	requirement.	Nevertheless,	studies	have	confirmed	that	elemental	iron	has	low	solubility	
in	the	gastrointestinal	tract	and	therefore,	it	has	low	bioavailability	(Hurrell,	2002).		

 
Figure	 2:	 Structure	 of	 the	wheat	 (Triticum	aestivum)	 caryopsis.	 (a)	 the	mature	 structure	 of	wheat	 grain.	 (b)	 The	
location	of	the	aleurone	layer	which	is	between	the	testa	and	pericarp,	and	the	position	starchy	endosperm.	The	
graphics	are	taken	from	Seed	Biology	Place	(http://seedbiology.de)	with	permission	from	Professor	Gerhard	Leubner,	
Royal	Holloway,	University	of	London.		

Food	fortification	is	considered	to	be	a	functional	strategy	to	reduce	iron	deficiency.	Iron	compounds	such	
as	 ferrous	 sulfate	 and	 ferrous	 gluconate	 are	 approved	 sources	 that	 can	be	used	 for	 food	 fortification.	
However,	iron	fortification	is	not	the	perfect	solution	as	it	has	some	disadvantages.	For	example,	FeSO4	
can	cause	adverse	organoleptic	changes	when	added	to	food	even	though	it	has	high	iron	bioavailability.	
Furthermore,	 ferrous	 gluconate	 is	 stable	 in	 foods	 but	 has	 low	 iron	 bioavailability	 as	 it	 is	 inadequately	
absorbed	(Perfecto	et	al.,	2017).	

Improvement	of	health	benefits	in	crops	by	increasing	their	mineral	and	vitamin	content	has	been	a	focus	
for	research	for	a	number	of	years	 (Vasconcelos	et	al.,	2017).	Transgenic	strategies	are	an	approach	 in	
order	to	enhance	the	bioavailability	of	iron	in	cereals.	Recent	studies	done	on	rice	grain	demonstrated	that	
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it	is	possible	to	increase	iron	and	zinc	in	the	starchy	endosperm	specifically	by	increasing	the	expression	of	
NAS3	 (a	 gene	encoding	nicotinamide	 synthases)	 to	 deliver	 iron	 into	 the	 endosperm.	 Since	 the	 starchy	
endosperm	does	not	 store	phytate	 this	 can	 increase	 iron	bioavailability	 (Lee	et	al.	2009).	According	 to	
other	studies,	the	same	transgenic	approach	carried	out	in	other	cereals	led	to	similar	results	(Masuda	et	
al	2009;	Zheng	et	al	2010;	Singh	et	al,	2016).	However,	increasing	NAS	in	cereals	leads	to	an	increase	in	
both	iron	and	zinc	in	the	starchy	endosperm.	Therefore,	further	studies	were	done	where	the	main	focus	
was	on	increasing	a	specific	type	of	transporters	in	which	a	single	mineral	is	transported	into	the	starchy	
endosperm.	For	example,	 increasing	of	wheat	Vacuolar	 Iron	Transporter	 (TaVIT2)	 resulted	 in	 increased	
iron	 content	 on	 the	 endosperm	 (Connorton	 et	 al.	 2017).	 It	 can	 be	 concluded	 from	 these	 studies	 that	
transgenic	strategies	can	be	used	in	order	to	increase	content	and	bioavailability	of	iron	and	other	minerals	
such	as	zinc.	However,	transgenic	methods	have	obstacles	as	transgenic	crops	have	limited	acceptability	
by	consumers	in	the	European	Union	and	other	countries	(Balk,	et	al.	2019).	

An	alternative	fortification	strategy	could	use	the	wheat	aleurone	layer,	which	as	mentioned	previously	is	
abundant	 in	 iron	 and	 added	 back	 to	 the	white	 flour	 instead	 of	 elemental	 iron.	 One	 limitation	 of	 this	
approach	is	that	the	cell	wall	of	the	aleurone	is	made	of	a	non-starch	polysaccharide	and	is	resistant	to	
digestion	in	the	gastrointestinal	tract	of	human	(Flint	et	al.	2008).	Therefore,	in	order	to	get	the	benefit	
from	the	iron	in	the	aleurone,	the	aleurone	cell	wall	needs	to	be	disrupted	to	liberate	the	iron.	This	process	
requires	mechanical	disruption	of	the	wheat	in	order	to	rupture	the	aleurone	cell	wall	and	the	process	is	
known	as	micro-milling	(Latunde-Dada	et	al.,	2014).	Micro-milled	whole-wheat	and	aleurone	flour	show	
significantly	increased	iron	release	as	well	as	bioaccessibility	compared	to	standard-milled	aleurone	flour.	
Iron	uptake	and	availability	was	also	increased	from	micro-milled	flour	I	term	of	Caco-2	cells	(Lataunde-
Dada	et	al.,	2014).		Caco-2	(Cancer	coli-2)	cell	was	established	by	Jorgen	Fogh	at	the	Sloan-Kettering	Cancer	
Research	Institute.	Caco-2	cells	are	epithelial	cancer	line	from	human	colorectal	adenocarcinoma	(Fogh,	
Wright	 and	 Loveless,	 1977)	 and	 they	 are	 used	 as	 a	 model	 to	 measure	 iron	 uptake	 following	 in	 vitro	
digestion	of	 food.	Although	Latunde-Dada	et	al	 investigated	 iron	solubility	and	availability	 from	whole-
wheat	and	aleurone	flour,	the	authors	used	raw	flour	to	assess	uptake	and	not	the	hydrothermally	treated	
(cooked)	flour;	for	example,	boiled	as	with	pasta	or	baking	as	for	bread.		

Based	on	the	micro-milled	flour	study,	this	project	holds	two	main	aims.		First	is	to	investigate	the	effect	
of	 hydrothermal	 processing	 and	micro-milling	 on	 iron	 release	 from	 the	 food	matrix	 following	 in	 vitro	
digestion	 and	 the	 bioavailability	 of	 the	 iron	 liberated	 from	 wheat	 foods.	 As	 a	 second	 aim	 is	 also	 to	
investigate	the	effect	micro-milling	and	hydrothermal	processes	on	phytic	acid	content	which	is	the	main	
iron	bioavailability	inhibitor.		

In	this	project,	 focus	was	on	testing	 iron	bioavailability	 in	different	cooked	wheat	 flour	samples	and	to	
measure	the	phytic	acid	concentration	in	the	samples.	During	the	experiment,	different	samples	(boiled	
and	baked)	made	of	whole-wheat	and	white	flour	with	aleurone	flour	added	to	 it	(since	aleurone	flour	
alone	cannot	be	used	for	cooking)	were	used.	In	order	to	determine	iron	bioaccessibility,	samples	were	
digested	via	in	vitro	digestion	which	includes	two	digestion	conditions,	(gastric	–	pH2	+	pepsin;	and	gastro-
intestinal	–	pH2	+	pepsin,	followed	by	pH	7	+	pancreatin-bile).	Iron	release	from	all	digests	were	measured	
using	 Inductively-coupled	plasma	optical	emission	spectrometry	 (ICP-OES).	Using	Caco-2	cells,	 the	cells	
were	treated	with	digests	to	measure	iron	uptake	by	Caco-2	cells	through	Inductively	Coupled	Plasma	-	
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Mass	Spectroscopy	(ICP-MS).	Hence,	it	was	possible	to	investigate	iron	bioavailability	in	wheat	flour	after	
hydrothermal	 processing.	 Phytic	 content	 of	 each	 sample	 was	 determined	 using	 Phytic	 acid	 (phytate)	
measuring	Kit	(Megazyme,	product	code	K-PHYT).	

The	 hypothesis	 was	 that	 the	 hydrothermal	 processing	 of	 wheat	 flour	 will	 show	 an	 increased	 iron	
bioavailability	 from	 micro-milled	 wheat	 flour	 compared	 to	 standard	 milled	 wheat	 flour.	 Moreover,	
hydrothermal	processing	of	standard	and	micro	milled	wheat	flour	may	reduce	the	phytic	acid	content	in	
these	samples	compared	to	the	raw	flour.			
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Materials	and	Methods	

Reagents	and	Chemicals:	All	the	chemicals,	as	well	as	reagents	used	in	the	project,	were	purchased	from	
Sigma	Aldrich	(UK)	unless	stated.	Enzymes	such	as	pepsin	and	pancreatin	were	freshly	prepared	before	
use	and	stored	at	-20	°C	

Wheat	samples:	All	wholegrain	flour	and	purified	aleurone	flour	were	gifted	from	Buhler	AG	(Switzerland)	
White	 flour	were	obtained	Adm	milling	 Ltd	 (Essex,	UK).	 Purified	 aleurone	 flour,	micro-milled	 aleurone	
flour,	 and	micro-milled	 wholegrain	 flour	 were	 gifted	 from	 Buhler	 AG	 (Switzerland).	Micro-milling	 was	
carried	out	using	a	roller	mill	(Micromill;	Buhler	AG,	Switzerland).	The	hydrothermal	processing	of	these	
samples	was	carried	out	by	Ms	Wanqing	Zhang	(MSc	student,	2018).	Briefly,	a	flour	and	water	dough	was	
prepared	from	each	mentioned	flour	type.	The	dough	was	then	boiled	or	baked	(in	the	presence	of	yeast)	
to	allow	assessment	of	the	effects	of	cooking	method	on	iron	bioavailability.	

In	 vitro	 digestions:	 In	 vitro	 digestion	 was	 performed	 in	 two	 different	 conditions	 to	 simulate	 gastric	
digestion	phase	and	full	gastro-intestinal	digestion,	respectively.		

1. Gastric	digestion:	from	each	sample,	0.5	g	was	added	to	10	ml	saline	isotonic	saline	solution	(140	
mM	NaCl	and	5	mM	KCl	at	pH2).	Mixtures	were	vortexed	and	incubated	at	room	temperature	for	
15	minutes	and	pH	was	adjusted	to	pH2	using	1	M	HCl	and	0.5	ml	of	pepsin	(16	mg/ml)	was	added.	
The	volume	was	 then	brought	 to	15	ml	using	 the	same	 isotonic	saline	solution	at	pH2	and	the	
mixtures	 were	 incubated	 at	 37	 °C	 for	 90	 minutes.	 Following	 this,	 the	 digestion	 tubes	 were	
centrifuged	at	1000	rpm	for	10	minutes	and	the	supernatant	of	the	digests	were	collected	and	
stored	frozen	until	used	for	experiments.			

2. Gastro-intestinal	digestion:	 from	each	 sample,	0.5	g	was	added	 to	10	ml	 saline	 isotonic	 saline	
solution	(140	mM	NaCl	and	5	mM	KCl	at	pH2).	Mixtures	were	vortexed	and	incubated	at	room	
temperature	for	15	minutes	and	pH	was	adjusted	to	pH2	using	1	M	HCl	and	0.5	ml	of	pepsin	(16	
mg/mL)	was	added,	mixtures	were	incubated	at	37	°C	for	90	minutes.	After	incubation,	the	digest	
was	adjusted	to	pH7	using	1	M	NaHCO3	in	order	to	stop	pepsin	digestion.	To	start	pancreatin-bile	
digestions,	2.5	mL	of	bile-pancreatin	(8.5	mg/mL	bile	extract	and	1.4	mg/mL	pancreatin)	was	added	
to	the	mixtures	and	the	volume	was	then	brought	to	15	mL	using	the	same	isotonic	saline	solution	
at	pH7	and	the	mixtures	were	incubated	at	37	°C	for	90	minutes.	following	the	digestion	tubes	
were	centrifuged	at	1000	rpm	for	10	minutes	and	the	supernatant	of	the	digests	were	collected	
and	stored	frozen	until	used	for	experiments.	

Iron	release:	Release	of	iron	and	its	solubility	from	the	food	matrix	into	the	digest	was	measured	using	
Inductively-coupled	plasma	optical	emission	spectrometry	(ICP-OES).		

From	each	digested	sample	0.5mL	was	taken	and	added	into	a	15	mL	tube	and	800	µL	of	70%	HNO3	as	well	
as	200	µL	of	35%	H2O2	were	added	and	incubated	at	room	temperature	overnight	for	further	digestion	
tube.	Following	digestion,	the	volume	was	brought	to	6	mL	by	adding	HPLC	water	and	1000	ppm	yttrium	
in	3%	HNO3.	Finally,	samples	were	ready	for	ICP-OES	analysis.		

Cell	culture	and	iron	uptake:	Caco-2	cell	line	from	human	intestine	was	acquired	from	the	American	Type	
Culture	Collection	(ATCC,	Rockville,	MD,	USA).	The	cells	were	grown	at	37	°C,	5%	CO2,	and	95%	humidity.	
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Cells	were	sustained	 in	T-75	flasks	using	Minimum	Essential	Medium	(MEM)	which	contains	10	%	(v/v)	
heat-inactivated	foetal	bovine	serum	(FBS),	1%	(v/v)	penicillin/streptomycin,	1%	(v/v)	non-essential	amino	
acids	and	1%	(v/v)	fungizone	(Invitrogen,	Paisley,	UK)	forming	a	complete	media.	In	order	to	maintain	the	
cells,	the	complete	media	was	replaced	every	2-3	days.	

For	the	experiment,	cells	were	trypsinized	using	0.25%	(w/v)	in	1	mM	EDTA	and	seeded	into	6-well	plates	
at	a	density	of	1.0	X	105	cells/mL	in	complete	media	and	incubated	for	14	days,	the	complete	media	was	
changed	every	2-3	days.	A	day	prior	to	the	experiment	the	cells	were	starved	using	non-supplemented	
MEM	and	incubated	overnight.	On	the	day	of	the	experiment,	the	digests	samples	were	heated	at	95	°C	
for	10	minutes	using	a	water	bath,	samples	were	left	for	10	minutes	to	reach	room	temperature	and	then	
they	were	centrifuged	at	5000	rpm	for	5	minutes.	Working	solutions	were	prepared	by	adding	3.5	mL	of	
digest	from	each	sample	into	3.5	mL	MEM,	media	was	removed	from	Caco-2	culture,	2	mL	of	prepared	
working	solution	was	added	in	duplicates	into	each	well	and	incubated	at	37	°C	for	4	hours.		

Following	incubation,	Caco-2	cells	were	washed	using	PBS-EDTA,	cells	were	then	lysed	by	adding	1mL	of	
50mM	NaOH	into	each	well	and	incubated	at	room	temperature	for	2	hours.	After	incubation,	cells	were	
physically	disrupted	by	pushing	the	sample	through	a	needle	and	transferred	to	screw	tubes.	(25	µL	form	
the	cell	lysed	was	taken	for	protein	quantification).		

Quantification	of	Fe	uptake	in	Caco-2	cells:	iron	uptake	was	quantified	by	Inductively	Coupled	Plasma	-	
Mass	Spectroscopy	 (ICP-MS),	 the	method	was	adapted	 from	M.Minghetti	&	K.	 Schrimer	 (2016).	 Lysate	
samples	were	desiccated	using	a	concentrator	at	60	°C	for	3	hours.	Afterward,	400	µL	of	69%	HNO3	and	
200	µL	of	H2O2	was	added	to	the	sample	for	digestion.	Samples	were	left	overnight	in	the	oven	at	60	°C	in	
order	to	complete	the	digestion.	Finally,	samples	were	diluted	by	10-fold	by	adding	2	mL	of	HPLC-grade	
water.	

	

Protein	assay:		a	range	of	protein	standards	was	prepared	using	a	1	mg/ml	bovine	serum	albumin	stock.	
From	each	sample	cell	 lysate	25	µL	was	collected	and	diluted	with	10-fold	using	HPLC	water	and	mixed	
with	Coomassie	Reagent	solution.	Finally,	the	absorbance	of	the	samples	as	well	as	the	prepared	ranged	
of	protein	standards	was	measured	at	590	nm.		

	

Phytic	Acid	assay:	Phytic	acid	content	of	each	of	the	samples	were	measured	following	adapted	protocol	
from	K-PHYT	kit	(Megazyme,	Inc,	Bray,	Ireland).	Briefly,	1	g	of	food	sample	were	added	into	a	50	mL	tube,	
then	20	mL	of	0.66	M	hydrochloric	acid	was	added.	Samples	were	kept	on	a	shaker	overnight	at	room	
temperature	 in	 order	 to	 acidified.	 Afterward,	 the	 supernatant	 and	 prepared	 standard	 solution	 were	
treated	 as	 instructed	 in	 the	 protocol).	 Finally,	 free	 phosphorus	 and	 total	 phosphorus	 in	 samples	 and	
standard	solution	were	measured	using	a	spectrophotometer	720nm.	

	

Statistical	Analysis: All	statistical	analyses	were	carried	out	using	GraphPad.	Three-way	ANOVA	was	used	
to	 analyze	data	 for	 all	 samples	 in	 order	 to	 determine	 the	 effect	 of	 flour	 type	 (white	with	 aleurone	 vs	
wholegrain),	milling	effect	 (standard	vs	micro-milled),	and	effect	of	hydrothermal	processing	 (baked	vs	
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boiled)	on	 iron	release	and	uptake.	Two-way	ANOVA	was	used	to	analyze	data	for	samples	baked	with	
yeast	and	without	yeast	and	to	determine	the	effect	of	hydrothermal	processing	(baking	and	boiling)	on	
phytic	acid	content	compared	to	raw.	Followed	with	Tukey’s	post-hoc	test,	P<	0,05	was	used	as	level	of	
significance.				

Results:	

1:	Effect	of	micro-milling	and	hydrothermal	processing	on	phytic	acid	found	in	wheat	flour.		

First,	phytic	acid	levels	which	is	the	main	iron	absorption	inhibitor	were	measured	in	the	provided	samples.		
Applying	 two-way	ANOVA,	 statistical	 significance	 of	 phytic	 acid	 content	 in	 between	 raw	 standard	 and	
micro-milled	wholegrain	flour	and	baked	as	well	as	boiled	standard	and	micro-milled	wholegrain	flour	was	
determined	 (p=0.0135)	 and	 (p=0.0081),	 respectively	 (figure	 3A).	 Similarly,	 statistical	 differences	 were	
observed	between	raw	and	baked	and	boiled	samples	in	white	flour	+	aleurone	and	micro-milled	aleurone	
(p<0.0001)	(figure	3B).	No	statistical	differences	were	observed	between	wholegrain	samples	baked	with	
yeast	and	without	yeast	or	between	standard-milled	and	micro-milled	flour	(p>0.05)	(figure	3C)		
 

Figure	3:	Effect	of	micro-milling	and	hydrothermal	processing	on	phytic	acid	 in	wheat	 flour.	 (A)	Mean	phytic	acid	
content	 in	 raw	and	cooked	 (boiled	and	baked)	 standard	and	micro-milled	wholegrain	 flour.	 (B)	mean	phytic	acid	
content	 in	 raw	and	cooked	 (boiled	and	baked)	 in	white	with	standard	and	micro-milled	aleurone	 flour.	 (C)	mean	
phytic	acid	content	in	baked	standard	and	micro-milled	wholegrain	with	and	without	yeast	(p>0.05).	Bars	represent	
mean	value	±	SEM.	All	statistical	differences	were	determined	by	two-way	ANOVA,	followed	by	Tukey’s	post-	hoc	
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test	(n=3	in	each	group).	Asterisks	denote	significant	differences	between	samples	(*	p<0.05),	(**	p<0.001),	and	(***	
p<0.0001). 

2:	Effect	of	micro-milling	and	hydrothermal	processing	on	iron	release	from	wheat	flour.		

Following	 in	 vitro	 digestion,	 iron	 concentration	was	measured	 using	 ICP-OES,	 then	 percentage	 of	 iron	
release	was	calculated	from	the	starting	iron	concentration	present	in	the	samples	(Appendix	1).	Applying	
three-way	ANOVA,	statistical	significance	of	mean	iron	release	between	intestinal	phase	and	gastric	phase	
in	WG,	MMWG,	and	WF+MMAL	flour	irrespective	of	cooking	method	(baked	and	boiled),	was	observed	
(p=0.0212),	(p<0.0001),	and	(p=0.0005)	respectively,	except	 in	WF+AL	(p>0.05).	Furthermore,	statistical	
significance	 of	 mean	 iron	 release	 between	 boiled	 WG	 and	 MMWG	 and	 between	 boiled	 WF+AL	 and	
WF+MMAL	in	gastric	phase	was	determined	(p=0.0031)	and	(p=0.0006)	respectively,	(figure	4A	and	4B).		
Samples	baked	with	yeast	and	without	yeast	were	also	digested	and	their	iron	release	was	also	measured	
in	order	to	analyze	the	effect	of	yeast.	However,	no	significant	difference	was	observed	between	baked	
samples	with	yeast	and	without	yeast	in	gastric	phase	(p>0.05).	However,	applying	three-way	ANOVA	a	
significant	increase	in	iron	release	was	noted	in	WG	samples	baked	without	yeast	compared	to	samples	
baked	with	yeast	(p=	0.0381)	(figure	4C).	

 

Figure	4:	Effect	of	micro-milling	and	hydrothermal	processing	on	iron	release	from	wheat	flour.	(A)	Mean	iron	release	
percentage	 from	WG	 and	MM-WG	 flour	 baked	 and	 boiled	which	was	 digested	 via	 in	 vitro	 intestinal	 and	 gastric	
digestion.	(B)	Mean	iron	release	percentage	from	WF+AL	and	WF+MMAL	flour	baked	and	boiled	which	was	digested	
via	in	vitro	intestinal	and	gastric	digestion.	(C)	Mean	iron	release	percentage	from	baked	WG	and	MM-WG	with	yeast	
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and	without	 yeast.	 Bars	 represent	mean	 value	 ±	 SEM.	 All	 statistical	 differences	 were	 determined	 by	 three-way	
ANOVA,	followed	by	Tukey’s	post-hoc.	Asterisks	denote	significant	differences	between	wheat	samples	(*	p<0.05),	
(**	p<0.001),	and	(***	p<0.0001).	

3:	Effect	of	micro-milling	and	hydrothermal	processing	on	iron	uptake	from	wheat	flour.		

Finally,	in	order	to	determine	iron	bioavailability,	Caco-2	cells	were	treated	with	the	digest	collected	from	
in	vitro	digestion	experiments.	Concentration	of	iron	in	cells	was	measured	using	ICP-MS.	Applying	three-
way	ANOVA,	no	statistical	difference	was	observed	in	iron	uptake	by	Caco-2	cell	in	the	intestinal	phase	for	
all	baked	and	boiled	wheat	flour	samples	(p>0.05)	(figure	5A	and	5B).	However,	significant	 increases	 in	
uptake	 of	 iron	 following	 gastric	 digestion	 was	 observed	 between	 cooked	 WF+AL	 and	 WF+MMAL,	
irrespective	 of	 cooking	methods	 (p=0.0009)	 (figure	 5B),	 and	 between	 baked	WG	 and	 baked	MM-WG	
(p=0.0330)	(figure	3A)	Regarding	iron	uptake	from	WG	samples	baked	with	and	without	yeast,	applying	
three-way	ANOVA,	no	statistical	difference	was	noted	in	iron	uptake	concentration	between	intestinal	and	
gastric	 phase	 (p>0.05).	However,	 a	 statistical	 difference	 between	baked	MM-WG	 flour	with	 yeast	 and	
without	yeast	in	gastric	phase	was	determined	(p<0.0001)	(figure	5C).			

	

Figure	5:	Effect	of	micro-milling	and	hydrothermal	processing	on	iron	uptake	by	Caco-2	from	wheat	flour	(A)	Mean	
concentration	of	iron	uptake	by	Caco-2	cells	from	baked	and	boiled	WG	and	MM-WG.	(B)	Mean	concentration	of	iron	
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uptake	by	Caco-2	cells	from	baked	and	boiled	WF+AL	and	WF+MMAL.	(C)	Mean	concentration	of	iron	uptake	by	Caco-
2	cells	from	baked	WG	and	MMWG	with	yeast	and	without	yeast.	Bars	represent	mean	value	±	SEM.	All	statistical	
tests	were	determined	by	three-way	ANOVA,	followed	by	Tukey’s	post-hoc.	Asterisks	denote	significant	differences	
between	wheat	flour	samples	(*	p<0.05),	(**	p<0.001),	and	(***	p<0.0001).			

Discussion:		

Anemia	remains	a	global	health	issue	with	ID	as	the	major	cause.	ID	is	principally	caused	due	to	low	iron	
in	the	diet	and	low	iron	bioavailability	(Zimmermann	and	Hurrell,	2007).	In	the	UK	cereals	products	(mostly	
wheat-based)	 are	 considered	 to	 be	 the	main	 source	 of	 iron	 and	 contribute	 to	 39-50%	 of	 iron	 intake.	
However,	iron	in	cereals	has	a	very	low	bioavailability	due	the	presence	of	anti-nutrient	such	as	phytic	acid	
in	the	cereals	and	other	components	of	the	diet	which	inhibits	iron	absorption	(Aslam	et	al.,	2018).	Product	
from	wholegrain	flour	are	healthy	for	human	GI	tract	as	they	contain	many	fibers	which	helps	preventing	
colon	cancer	 (Stein	et	al.,	2010).	 It	 is	also	concentrated	with	 iron	which	 is	 found	 in	 the	aleurone	 layer	
(Antoine	C.	 et	 al.,	 2004).	However,	 iron	 in	wholegrain	has	 low	bioavailability	 because	 iron	 in	wheat	 is	
mainly	present	in	the	aleurone	layer	and	is	localized	with	phosphorus	(phytic	acid)	(Aslam	et	al.,	2018).	
Aleurone	is	removed	as	part	of	the	bran	during	white	flour	production.	Thus,	iron	as	well	as	other	minerals	
are	lost.	Therefore,	in	the	UK	white	flour	is	fortified	with	elemental	iron.	However,	elemental	iron	has	low	
solubility	 and	hence	 low	bioavailability	 (Hurrell,	 2002).	Other	 compounds	 such	 as	 ferrous	 sulfate	 have	
greater	bioavailability,	but	at	the	same	time	is	very	reactive	when	cooked	and	causes	adverse	organoleptic	
changes.	Thus,	fortification	programs	with	bioavailable	forms	of	iron	are	restricted	to	food	products	with	
a	strong	flavor	or	dark	color.		

Due	to	that	fact	that	aleurone	is	rich	in	iron,	the	study	by	Latunde-Dada	et	al,	showed	that	aleurone	can	
provide	a	bioavailable	source	of	iron	which	potentially	could	be	used	in	food	fortification.	However,	the	
cell	wall	of	aleurone	 is	 resistant	 to	digestion	 in	human	GI	 tract	hence	 iron	 is	not	absorbed	(Flint	et	al.,	
2008).	In	the	same	study	they	have	shown	that	micro-milling	increased	iron	bioavailability	and	accessibility	
from	raw	wholegrain	and	aleurone	flour	compared	with	standard	form.	As	flour	is	not	served	in	raw	form,	
in	 this	 study,	 whether	 micro-milling	 and	 hydrothermal	 processing	 (baking	 or	 boiling)	 enhances	 iron	
bioavailability	from	wholegrain	flour	and	white	flour	fortified	with	aleurone	was	investigated	by	analyzing	
iron	released	following	in	vitro	digestion	and	iron	uptake	by	Caco-2	cells	(Figure	4	and	5).	These	cells	are	a	
validated	model	 of	 small	 intestinal	 absorption	 and	 have	 been	 used	 routinely	 to	measure	 iron	 uptake	
following	 in	 vitro	 digestion	 of	 food	 (Fogh,	 Wright	 and	 Loveless,	 1977).	 Furthermore,	 phytic	 acid	 as	
mentioned	previously	 is	present	at	high	 levels	 in	the	aleurone	layer.	Some	studies	have	suggested	that	
micro-milling	might	alter	phytic	acid	content	(Latunde-Dada	et	al.,	2014).	Thus,	whether	micro-milling	and	
hydrothermal	processing	have	an	effect	on	phytic	acid	which	contributes	in	increasing	iron	bioavailability	
was	investigated	(Figure	3).			

1:	Effect	of	micro-milling	and	hydrothermal	processing	on	phytic	acid	in	wheat	flour.		

As	seen	in	figure	3A	and	3B,	there	is	no	significant	difference	in	phytic	acid	content	between	micro-milled	
wholegrain	flour	and	standard	wholegrain	flour	in	raw,	baked	and	boiled.	Similarly,	there	is	no	significant	
difference	in	phytic	acid	content	between	standard	and	micro-milled	white	aleurone	flour	in	raw,	baked	
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and	boiled.	However,	a	study	by	Majzoobi,	M	et	al	have	shown	that	hydrothermal	processing	decreases	
phytic	acid	content	 in	wheat	bran	 (Mahsa	Majzoobi	et	al.,	2014).	Figure	3A	and	3B	shows	a	significant	
decrease	 in	phytic	acid	content	 in	cooked	(baked	and	boiled)	wheat	samples	compared	to	raw.	Hence,	
hydrothermal	processing	decreases	phytic	acid	which	may	contribute	in	increasing	iron	bioavailability	from	
wheat	flour.	Furthermore,	yeast	which	is	usually	added	to	the	dough	for	baking	contains	phytase	which	an	
enzyme	 that	 catalyzes	 the	 hydrolysis	 of	 phytic	 acid	 (Dersjant-Li	 et	 al.,	 2015).	 Therefore,	 it	 was	worth	
investigating	whether	yeast	can	have	any	effect	on	phytic	acid.	As	seen	in	figure	3C,	there	is	no	significant	
difference	in	phytic	acid	content	between	baked	with	and	without	yeast	wholegrain	flour	in	both	standard	
as	well	as	micro-milled.	However,	the	wheat	itself	contains	endogenous	phytase	(Bohn,L	et	al.,	2008)	which	
might	have	been	sufficient	enough	to	reduce	phytic	acid	content	and	therefore	no	significant	difference	is	
generated.	For	further	investigation	maybe	it	is	better	to	increase	the	yeast	content	in	the	baked	dough	
to	see	a	better	effect.		

2:	Effect	of	micro-milling	and	hydrothermal	processing	on	iron	release	from	wheat	flour.	

In	all	different	types	of	wheat	flour	there	were	no	significant	differences	in	iron	release	between	baking	
and	boiling	in	intestinal	or	gastric	digestion	phases	(figure	4A	and	4B).	Likewise,	in	all	different	types	of	
wheat	 flour	 there	 were	 no	 significant	 differences	 in	 iron	 release	 between	 standard	 and	micro-milled	
samples	 in	 intestinal	phase	 (figure	4A	and	4B).	However,	 in	 gastric	phase	a	 significant	 increase	 in	 iron	
release	can	be	seen	between	boiled	standard	wholegrain	and	boiled	micro-milled	wholegrain	(figure	4A)	
as	well	as	between	boiled	white	with	aleurone	and	white	 flour	with	micro-milled	aleurone	 (figure	4B).	
Furthermore,	comparing	iron	release	between	intestinal	and	gastric	phase,	it	can	be	seen	that	in	gastric	
phase	 the	 iron	 release	 was	 significantly	 increased	 in	 all	 wheat	 flour	 types	 except	 in	 white	 flour	 with	
aleurone,	irrespective	of	the	cooking	method	(baking	and	boiling),	compared	to	the	intestinal	phase	(figure	
4A	and	4B).	Interestingly,	this	indicates	that	in	gastric	phase,	where	the	pH	is	lower	than	in	intestinal	phase,	
the	iron	release	is	increased	in	acidic	environment.	These	results	are	supported	by	Perfecto,	A.	et	al,	who	
showed	that	gastric	digestion	(pepsin	+	pH2)	resulted	in	rapid	degradation	of	pea	ferritin	after	15	min	and	
was	followed	by	an	increase	in	iron	release	(Perfecto,	A.	et	al,	2018).	Ergo,	the	higher	pH	in	the	intestine	
as	well	as	the	presence	of	bile	salts	and	pancreatin	enzyme	inhibited	iron	release	which	is	noticed	in	all	
wheat	 flour	samples	of	 the	 intestinal	phase	which	might	have	also	obstructed	the	micro-milling	effect.	
Furthermore,	in	human	GI	tract	most	of	the	iron	is	released	in	the	gastric	phase	(stomach)	where	pH	is	
low,	released	iron	from	the	gastric	phase	is	absorbed	in	the	proximal	duodenum	(Waldvogel-Abramowski	
et	al.,	2014).	According	to	Bohn,	L	et	al,	phytic	acid	is	more	soluble	at	pH	lower	than	4	to	5.	Thereby,	in	
gastric	 phase	where	 pH	 is	 2	 phytic	 acid	 is	more	 soluble,	 decreasing	 its	 effect	 as	 an	 anti-nutrient	 and	
preventing	formation	of	complexes	with	iron	resulting	in	increased	free	iron.	This	supports	the	results	of	
increased	iron	release	in	gastric	phase.	However,	in	this	study	during	intestinal	digestion,	the	90	minutes’	
incubation	time	after	gastric	phase	(which	does	not	occur	in	human	GI	tract)	where	pH	was	increased	to	7	
and	bile	and	pancreatin	enzyme	were	added	had	an	effect	on	phytic	acid	and	 iron	solubility	 leading	to	
formation	of	iron	and	phytate	complexes	and	hence	decreased	iron	release.		

Figure	4C	shows	a	significant	difference	between	baked	wholegrain	 flour	with	yeast	and	without	yeast	
(regardless	of	the	milling	method).	As	yeast	contains	phytase	which	hydrolysis	phytic	acid	it	is	expected	
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that	samples	baked	with	yeast	would	have	an	increased	iron	release	due	to	phytase	activity	which	reduces	
phytic	 acid.	 However,	 this	 goes	 in	 contrast	 with	 this	 study.	 As	mentioned	 previously	 the	 endogenous	
phytase	present	in	the	wheat	grain	might	have	been	adequate	enough	to	reduce	phytic	acid	even	with	the	
absence	of	yeast	leading	to	an	increase	in	iron	release.	Moreover,	baking	can	reduce	anti-nutrients	which	
can	 results	 in	 increasing	 iron	 release	 (Bohn,	 L	 et	 al,	 2008).	 Furthermore,	 the	 samples	 from	 baked	
wholegrain	flour	without	yeast	were	grinded	using	a	coffee	grinder	forming	a	finer	powder	than	samples	
from	baked	wholegrain	flour	with	yeast	which	might	have	affected	the	results.	As	having	a	finer	powder	
might	have	an	effect	on	iron	release.	Moreover,	as	seen	in	figure	3C,	there	was	no	significant	difference	
between	baking	with	yeast	and	without	yeast	which	also	might	be	the	reason	why	there	is	no	significant	
difference	in	iron	release	between	intestinal	and	gastric	phase.  

3:	Effect	of	micro-milling	and	hydrothermal	processing	on	iron	uptake	by	Caco-2	cells	from	
wheat	flour.		

Unlike	iron	release,	there	was	no	significant	increase	in	iron	uptake	by	Caco-2	cells	between	intestinal	and	
gastric	phase	(figure	5A	and	5B).	This	might	be	due	to	the	fact	that	not	all	the	iron	released	from	the	in	
vitro	digestion	was	soluble,	as	in	order	for	the	iron	to	be	absorbed	by	the	intestine	iron	has	to	be	soluble.	
Moreover,	there	is	no	significant	increase	in	iron	uptake	between	standard	milling	and	micro-milling	and	
no	significant	 increase	 in	 iron	uptake	between	both	hydrothermal	processing	(baking	and	boiling)	 in	all	
different	types	of	wheat	four	(figure	5A	and	5B).	However,	in	gastric	phase	a	significant	increase	in	iron	
uptake	was	seen	between	cooked	(baked	and	boiled)	white	flour	with	aleurone	and	white	flour	with	micro-
milled	aleurone	(figure	5B).	Also,	there	was	a	significant	increase	between	baked	wholegrain	and	baked	
micro-milled	wholegrain	in	gastric	phase	(figure	5A).	As	mentioned	previously,	the	iron	which	is	absorbed	
in	the	proximal duodenum	of	human	GI	tract	is	released	in	gastric	phase.	The	released	iron	from	gastric	
phase	 is	soluble	due	to	 low	pH,	therefore	when	 it	 reaches	the	proximal	duodenum	iron	uptake	will	be	
easier	(Bohn,	L	et	al,	2008).	In	this	study,	Caco-2	cells	were	treated	with	iron	released	from	the	gastric	in	
vitro	digestion,	mimicking	exactly	what	happens	in	human	GI	tract.	In	general,	 iron	uptake	from	gastric	
digests	 was	 higher	 compared	 to	 intestinal	 digests	 though	 the	 increase	 is	 not	 statically	 difference.	
Furthermore,	Keeping	pH	low	is	essential	for	 iron	absorption	as	 low	pH	can	give	an	optimal	activity	for	
pepsin	 and	 denatures	 protein	 reducing	 the	 capacity	 for	 iron	 to	 from	 complexes	 and	 provides	 weak	
chelators	which	helps	keeping	the	iron	soluble	(Bohn,L	et	al,	2008).	Additionally,	the	solubility	of	the	phytic	
acid	metal-complexes	are	low	at	the	pH	of	the	major	part	of	the	intestines	and	the	intestinal	environment	
where	the	pH	is	higher	decreases	the	activity	of	endogenous	phytase	found	in	wheat	(Bohn,L	et	al,	2008).	
Hence,	another	reason	behind	the	lower	uptake	of	iron	in	the	intestinal	phase.			

In	 figure	 5C,	 it	 is	 seen	 that	 iron	 uptake	 is	 only	 significantly	 different	 between	 baked	 micro-milled	
wholegrain	with	yeast	and	baked	micro-milled	wholegrain	without	yeast	in	the	gastric	phase.	However,	
this	significant	increase	has	nothing	to	do	with	the	yeast	effect	as	seen	in	figure	4B	yeast	did	not	have	a	
significant	effect	on	iron	release	in	the	gastric	phase.	Therefore,	the	significant	increase	can	be	due	to	the	
low	pH	in	the	gastric	phase	together	with	the	micro-milling	as	well	as	the	effect	of	the	endogenous	phytase	
found	with	whole	wheat	grain.		
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Conclusion	and	future	perspectives		

To	sum	up	all	the	results	from	this	study,	it	has	been	shown	by	many	studies	that	micro-milling	leads	to	
decrease	in	particle	size	of	wheat	grain	which	can	also	reduce	phytic	acid	content	(Hotz	and	Gibson,	2007,	
Latunde-Dada	et	al,	2014),	hence	increasing	iron	release	and	bioavailability.	However,	micro-milling	may	
also	reposition	the	minerals	and	nutrients	including	anti-nutrients	such	as	phytic	acid	and	therefore	lead	
to	the	formation	of	anti-nutrient	and	mineral	complexes	(Tovey,	and	Hobsley,	2004).	For	example,	phytic	
acid	and	iron	complex	which	leads	to	inhibition	of	iron	absorption.	In	this	study,	micro-milling	in	all	wheat	
samples	irrespective	of	the	cooking	method	did	not	have	a	significant	increase	on	iron	release	and	uptake	
in	 intestinal	phase,	but	micro-milling	 in	the	gastric	phase	shows	significant	 increase	 in	 iron	release	and	
uptake	from	wholegrain	flour	and	white	flour	with	aleurone	regardless	of	the	cooking	method.	Within	this	
acidic	environment,	phytic	acid	is	soluble	preventing	formation	of	iron	complexes	which	plays	a	big	role	in	
increasing	iron	bioavailability.		

Hydrothermal	 treatment	may	have	minor	effects	 (Pontoppidan	et	al.,	 2007)	usually	due	 to	 leaching	of	
minerals	 into	the	boiling	water	(Bohn,	L	et	al,	2008)	 leading	to	reduction	of	 iron	released.	 In	this	study	
hydrothermal	processing	(baking	vs.	boiling)	did	not	have	a	significant	effect	on	iron	release	from	wheat	
samples	in	either	digestion	phase.	Moreover,	despite	the	fact	that	minerals	are	thermally	stable,	studies	
have	showed	that	heating	causes	iron	loss	slightly	and	the	effect	of	baking	is	greater	than	boiling	(Turhan	
et	al.,	2004).	Regarding	effect	of	hydrothermal	processing	(baking	vs	cooking)	on	iron	uptake,	there	was	
no	significant	difference	in	either	intestinal	or	gastric	phases.	Different	processing	and	cooking	methods	
can	lead	to	reduction	of	phytic	acid	(Bohn,	L	et	al.,	2008)	which	supports	the	results	of	this	study	as	seen	
in	figure	(3A	and	3B)	where	phytic	acid	is	reduced	between	raw	samples	and	cooked	(baked	and	boiled).	
However,	there	is	no	significant	difference	in	phytic	acid	level	between	baked	and	boiled	(figure	3A	and	
3B),	hence,	no	significant	difference	in	iron	and	uptake	between	baked	and	boiled	samples.	Although	there	
was	no	significant	increase	in	iron	uptake	between	baking	and	boiling,	but	as	seen	in	figure	4A	and	3B	most	
of	the	boiled	samples	had	an	increase	in	iron	uptake	meaning	that	the	effect	of	boiling	on	iron	uptake	is	
greater	than	baking	(Turhan	et	al.,	2004).	

Food	fortification	is	considered	to	be	a	functional	strategy	to	reduce	ID.	However,	this	strategy	is	more	
advantageous	as	a	long-term	method	in	order	to	reduce	ID	at	a	national	level	(Baltussen	et	al.,	2004).	In	
the	 UK	 elemental	 iron	 is	 used	 to	 fortify	 white	 flour	 but	 these	 elemental	 powders	 tend	 to	 have	 low	
bioavailability	 as	 they	 have	 low	 solubility.	 As	mentioned	 previously,	 ferrous	 sulfate	 can	 be	 used	 as	 a	
bioavailable	source	of	 iron,	as	seen	 in	 (Appendix	2)	 there	 is	a	significant	 increase	 in	 iron	uptake	 in	 the	
gastric	phase	between	white	flour	fortified	with	ferrous	sulfate	and	white	flour	fortified	with	aleurone	and	
micro-milled	aleurone	in	both	baked	and	boiled	samples.	Fortification	with	ferrous	sulfate	has	relatively	
greater	efficiency	in	 iron-deficient	 individuals	(Zimmermann	and	Hurrell,	2007).	Ferrous	sulfate,	though	
greatly	soluble	and	bioavailable	can	increase	rancidity	and	changes	in	flavor	and	color	and	can	react	with	
other	 food	 ingredients	 affecting	 stability	 of	 foods	 during	 storage	 (Robb	 et	 al.,	 2004).	 Aleurone,	which	
contains	70%	of	the	total	iron	present	in	wheat,	may	be	useful	as	an	alternative	wheat	flour	fortificant.	
This	study	showed	that	iron	was	bioavailable	from	white	flour	containing	aleurone.		
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In	this	study	the	gastric	uptake	has	one	limitation.	Following	treatment	with	the	acidic	digesta	some	of	the	
Caco-2	cells	detached	and	therefore	some	cells	were	lost	which	might	limit	the	reliability	of	the	data.	In	
order	to	improve	the	method	of	iron	uptake,	it	would	be	better	to	mix	Caco-2	cells	with	HT29-MTX	cells	
which	can	form	a	mucus	barrier	similar	to	the	barrier	in	the	small	intestine	protecting	the	cells	from	acid	
damage	(Pontier	et	al.,	2001).	Moreover,	according	to	a	previous	project	based	in	this	laboratory,	bread	
baked	from	micro-milled	flour	had	a	reduced	sponge	volume	compared	to	breads	baked	using	standard	
milled	flour.	In	terms	of	baked	products	production,	this	may	therefore	be	less	appealing	to	consumers	
(MSc	 student,	 2018).	 Thus,	 future	 studies	 should	 also	 aim	 to	optimize	 cooking	methods	 and	 carry	out	
sensory	analysis	of	wheat-based	foods	containing	micro-milled	flour	with	consumer	panels.	Further,	all	
these	results	were	obtained	from	in	vitro	experiments	and	a	human	study	which	will	take	place	soon	is	
required	in	order	to	establish	whether	aleurone	is	has	the	potential	to	be	used	as	food	fortificant	for	iron	
as	well	as	other	micronutrients.	

Ethical	aspects	and	impact	on	the	society:		

During	this	project,	human	and	animal	trials	were	not	applied.	The	used	wheat	flour	samples	were	made	
from	non-genetically	modified	wheat.	After	 in	 vitro	digestion,	 Caco-2	 cells	which	 are	human	 intestinal	
cancer	cells	were	purchased	from	ATCC	(cell	line	number	HTB-37)	and	were	treated	with	the	digesta.		

As	mentioned	previously	iron	deficiency	and	anemia	are	a	serious	health	issue	that	many	courtiers	face	
due	to	low	iron	bioavailability.	This	project	contributes	to	the	understanding	of	the	processes	that	happen	
in	the	human	body	and	serves	an	essential	fundament	for	a	human	study	starting	in	June	2019.	The	human	
study	is	required	in	order	to	determine	whether	aleurone	might	be	a	useful	functional	food	fortificate	for	
iron	to	produce	cereal	products	with	enhanced	iron	bioavailability.	Iron	supplementations	as	well	as	food	
fortification	are	considered	to	be	a	functional	strategy	to	reduce	ID.	Iron	supplements	can	treat	an	anemic	
individual	due	to	ID,	whilst	food	fortification	strategy	is	more	advantageous	as	a	long-term	method	in	order	
to	reduce	ID	at	a	national	level	as	the	consumption	of	cereal	products	fortificated	with	a	bioavailable	form	
of	iron	can	lead	to	better	iron	uptake.	Hence,	reduction	of	ID.		

Acknowledgements		

I	would	like	to	acknowledge	Professor	Paul	Sharp	for	giving	me	the	opportunity	to	be	part	of	this	study	and	
for	his	great	support	and	Dr.	Mohamad	Aslam	for	his	continuous	help,	support,	and	guidance	in	lab	work	
and	data	analysis.	And	I	would	like	to	thank	Sarah	Arfasha	the	PhD	student	for	her	help	during	lab	work.			

I	would	also	like	to	appreciate	and	thank	Professor	Homa	and	Afrouz	for	their	support	during	my	two	years	
in	Skövde	and	of	course	Malin	and	Frida	for	their	help	to	start	my	exchange	at	King’s	College	London.		



	 20	

References	

Antoine,	C.,	 Lullien-Pellerin,	V.,	Abecassis,	 J.	 and	Rouau,	X.	 (2004).	Effect	of	wheat	bran	ball-milling	on	
fragmentation	and	marker	extractability	of	the	aleurone	layer.	Journal	of	Cereal	Science,	40(3),	pp.275-
282.	DOI:	10.1016/j.jcs.2004.08.002.	

Aslam,	M.,	Ellis,	P.,	Berry,	S.,	Latunde-Dada,	G.	and	Sharp,	P.	(2018).	Enhancing	mineral	bioavailability	from	
cereals:	 Current	 strategies	 and	 future	 perspectives.	 Nutrition	 Bulletin,	 43(2),	 pp.184-188.	 DOI:	
10.1111/nbu.12324.		

Balk,	 J.,	 Connorton,	 J.,	 Wan,	 Y.,	 Lovegrove,	 A.,	 Moore,	 K.,	 Uauy,	 C.,	 Sharp,	 P.	 and	 Shewry,	 P.	 (2019).	
Improving	wheat	as	a	source	of	iron	and	zinc	for	global	nutrition.	Nutrition	Bulletin,	44(1),	pp.53-59.	DOI:	
10.1111/nbu.12361.		

Baltussen,	R.,	Knai,	C.	and	Sharan,	M.	(2004).	Iron	Fortification	and	Iron	Supplementation	are	Cost-Effective	
Interventions	to	Reduce	Iron	Deficiency	in	Four	Subregions	of	the	World.	The	Journal	of	Nutrition,	134(10),	
pp.2678-2684.	DOI:	10.1093/jn/134.10.2678.	

Bohn,	L.,	Meyer,	A.	and	Rasmussen,	S.	(2008).	Phytate:	 impact	on	environment	and	human	nutrition.	A	
challenge	 for	 molecular	 breeding.	 Journal	 of	 Zhejiang	 University	 SCIENCE	 B,	 9(3),	 pp.165-191.	 DOI:	
10.1631/jzus.b0710640.		

Connorton,	 J.,	 Jones,	 E.,	Rodríguez-Ramiro,	 I.,	 Fairweather-Tait,	 S.,	Uauy,	C.	 and	Balk,	 J.	 (2017).	Wheat	
Vacuolar	 Iron	 Transporter	 TaVIT2	 Transports	 Fe	 and	 Mn	 and	 Is	 Effective	 for	 Biofortification.	 Plant	
Physiology,	174(4),	pp.2434-2444.	DOI:	10.1104/pp.17.00672.	

Conrad,	M.	and	Schade,	S.	(1968).	Ascorbic	Acid	Chelates	in	Iron	Absorption:	A	Role	for	Hydrochloric	Acid	
and	Bile.	Gastroenterology,	55(1),	pp.35-45.	DOI:	10.1016/s0016-5085(19)34096-x.	

Cook,	J.,	Dassenko,	S.	and	Whittaker,	P.	(1991).	Calcium	supplementation:	effect	on	iron	absorption.	The	
American	Journal	of	Clinical	Nutrition,	53(1),	pp.106-111.	DOI:	10.1093/ajcn/53.1.106.	

De	Brier,	N.,	Gomand,	S.,	Donner,	E.,	Paterson,	D.,	Smolders,	E.,	Delcour,	J.	and	Lombi,	E.	(2016).	Element	
distribution	 and	 iron	 speciation	 in	mature	wheat	 grains	 (Triticum	 aestivumL.)	 using	 synchrotron	 X-ray	
fluorescence	microscopy	mapping	and	X-ray	absorption	near-edge	structure	(XANES)	imaging.	Plant,	Cell	
&	Environment,	39(8),	pp.1835-1847.	DOI:	10.1111/pce.12749.	

Dersjant-Li,	Y.,	Awati,	A.,	Schulze,	H.	and	Partridge,	G.	(2014).	Phytase	in	non-ruminant	animal	nutrition:	a	
critical	 review	on	 phytase	 activities	 in	 the	 gastrointestinal	 tract	 and	 influencing	 factors.	 Journal	 of	 the	
Science	of	Food	and	Agriculture,	95(5),	pp.878-896.	DOI:	10.1002/jsfa.6998.	

Flint,	H.,	Bayer,	E.,	Rincon,	M.,	Lamed,	R.	and	White,	B.	(2008).	Polysaccharide	utilization	by	gut	bacteria:	
potential	 for	new	 insights	 from	genomic	analysis.	Nature	Reviews	Microbiology,	6(2),	pp.121-131.	DOI:	
10.1038/nrmicro1817.	

Fogh,	J.,	Wright,	W.	and	Loveless,	J.	(1977).	Absence	of	HeLa	Cell	Contamination	in	169	Cell	Lines	Derived	
From	 Human	 Tumors2.	 JNCI:	 Journal	 of	 the	 National	 Cancer	 Institute,	 58(2),	 pp.209-214.	 DOI:	
10.1093/jnci/58.2.209.	



	 21	

Hallberg,	L.,	Brune,	M.	and	Rossander,	L.	(1989).	Iron	absorption	in	man:	ascorbic	acid	and	dose-dependent	
inhibition	 by	 phytate.	 The	 American	 Journal	 of	 Clinical	 Nutrition,	 49(1),	 pp.140-144.	 DOI:	
10.1093/ajcn/49.1.140.	

Hallberg,	L.,	Brune,	M.,	Erlandsson,	M.,	Sandberg,	A.	and	Rossander-Hultén,	L.	(1991).	Calcium:	effect	of	
different	amounts	on	nonheme-	and	heme-iron	absorption	in	humans.	The	American	Journal	of	Clinical	
Nutrition,	53(1),	pp.112-119.	DOI:	10.1093/ajcn/53.1.112.	

Hallberg,	L.,	Rossander-Hulthèn,	L.,	Brune,	M.	and	Gleerup,	A.	(1993).	Inhibition	of	haem-iron	absorption	
in	man	by	calcium.	British	Journal	of	Nutrition,	69(2),	pp.533-540.	DOI:	10.1079/bjn19930053	

Hotz,	 C.	 and	 Gibson,	 R.	 (2007).	 Traditional	 Food-Processing	 and	 Preparation	 Practices	 to	 Enhance	 the	
Bioavailability	of	Micronutrients	in	Plant-Based	Diets.	The	Journal	of	Nutrition,	137(4),	pp.1097-1100.	DOI:	
10.1093/jn/137.4.1097.	

Hurrell,	R.	and	Egli,	 I.	 (2010).	 Iron	bioavailability	and	dietary	reference	values.	The	American	Journal	of	
Clinical	Nutrition,	91(5),	pp.1461S-1467S.	DOI:	10.1093/jn/132.4.806s.		

Hurrell,	R.,	Juillerat,	M.,	Reddy,	M.,	Lynch,	S.,	Dassenko,	S.	and	Cook,	J.	(1992).	Soy	protein,	phytate,	and	
iron	 absorption	 in	 humans.	 The	 American	 Journal	 of	 Clinical	 Nutrition,	 56(3),	 pp.573-578.	 DOI:	
10.1093/ajcn/56.3.573.	

Hurrell,	 R.	 (2002).	 Fortification:	 Overcoming	 Technical	 and	 Practical	 Barriers.	 The	 Journal	 of	 Nutrition,	
132(4),	pp.806S-812S.	DOI:	10.1093/jn/132.4.806s.	

Latunde-Dada,	G.,	Li,	X.,	Parodi,	A.,	Edwards,	C.,	Ellis,	P.	and	Sharp,	P.	(2014).	Micromilling	Enhances	Iron	
Bioaccessibility	 from	Wholegrain	Wheat.	 Journal	of	Agricultural	and	Food	Chemistry,	62(46),	pp.11222-
11227.	DOI:	10.1021/jf503474f.	

Lee,	S.,	Jeon,	U.,	Lee,	S.,	Kim,	Y.,	Persson,	D.,	Husted,	S.,	Schjorring,	J.,	Kakei,	Y.,	Masuda,	H.,	Nishizawa,	N.	
and	An,	G.	(2009).	Iron	fortification	of	rice	seeds	through	activation	of	the	nicotianamine	synthase	gene.	
Proceedings	 of	 the	 National	 Academy	 of	 Sciences,	 106(51),	 pp.22014-22019.	 DOI:	
10.1073/pnas.0910950106.		

Masuda,	H.,	Usuda,	K.,	Kobayashi,	T.,	Ishimaru,	Y.,	Kakei,	Y.,	Takahashi,	M.,	Higuchi,	K.,	Nakanishi,	H.,	Mori,	
S.	and	Nishizawa,	N.	(2009).	Overexpression	of	the	Barley	Nicotianamine	Synthase	Gene	HvNAS1	Increases	
Iron	and	Zinc	Concentrations	in	Rice	Grains.	Rice,	2(4),	pp.155-166.	DOI:	10.1007/s12284-009-9031-1.	

Majzoobi,	M.,	Pashangeh,	S.,	Farahnaky,	A.,	Eskandari,	M.	and	Jamalian,	J.	(2012).	Effect	of	particle	size	
reduction,	hydrothermal	and	fermentation	treatments	on	phytic	acid	content	and	some	physicochemical	
properties	 of	 wheat	 bran.	 Journal	 of	 Food	 Science	 and	 Technology,	 51(10),	 pp.2755-2761.	 DOI:	
10.1007/s13197-012-0802-0.	

McLean,	E.,	Cogswell,	M.,	Egli,	I.,	Wojdyla,	D.	and	de	Benoist,	B.	(2008).	Worldwide	prevalence	of	anaemia,	
WHO	 Vitamin	 and	Mineral	 Nutrition	 Information	 System,	 1993–2005.	 Public	 Health	 Nutrition,	 12(04),	
p.444.	DOI:	10.1017/s1368980008002401.	

Miller,	D.	and	Berner,	L.	(1989).	Is	solubility	in	vitro	a	reliable	predictor	of	iron	bioavailability?.	Biological	
Trace	Element	Research,	19(1-2),	pp.11-24.	DOI:	10.1007/bf02925446.	



	 22	

Perfecto,	A.,	Elgy,	C.,	Valsami-Jones,	E.,	Sharp,	P.,	Hilty,	F.	and	Fairweather-Tait,	S.	(2017).	Mechanisms	of	
Iron	Uptake	from	Ferric	Phosphate	Nanoparticles	in	Human	Intestinal	Caco-2	Cells.	Nutrients,	9(4),	p.359.	
DOI:	10.3390/nu9040359.	

Perfecto,	A.,	Rodriguez-Ramiro,	I.,	Rodriguez-Celma,	J.,	Sharp,	P.,	Balk,	J.	and	Fairweather-Tait,	S.	(2018).	
Pea	Ferritin	Stability	under	Gastric	pH	Conditions	Determines	 the	Mechanism	of	 Iron	Uptake	 in	Caco-2	
Cells.	The	Journal	of	Nutrition,	148(8),	pp.1229-1235.	DOI:	10.1093/jn/nxy096.	

Pontier,	 C.,	 Pachot,	 J.,	 Botham,	 R.,	 Lenfant,	 B.	 and	 Arnaud,	 P.	 (2001).	 HT29-MTX	 and	 Caco-2/TC7	
Monolayers	as	Predictive	Models	for	Human	Intestinal	Absorption:	Role	of	the	Mucus	Layer.	 Journal	of	
Pharmaceutical	Sciences,	90(10),	pp.1608-1619.	DOI:	10.1002/jps.1111.	

Pontoppidan,	K.,	Pettersson,	D.	and	Sandberg,	A.	(2007).	The	type	of	thermal	feed	treatment	influences	
the	 inositol	 phosphate	 composition.	 Animal	 Feed	 Science	 and	 Technology,	 132(1-2),	 pp.137-147.	 DOI:	
10.1016/j.anifeedsci.2006.03.008.	

Robb,	A.	(2004).	Regulation	of	transferrin	receptor	2	protein	levels	by	transferrin.	Blood,	104(13),	pp.4294-
4299.	DOI:	10.1182/blood-2004-06-2481.	

Stein,	 K.,	 Borowicki,	A.,	 Scharlau,	D.	 and	Glei,	M.	 (2010).	 Fermented	wheat	 aleurone	 induces	 enzymes	
involved	in	detoxification	of	carcinogens	and	in	antioxidative	defence	in	human	colon	cells.	British	Journal	
of	Nutrition,	104(8),	pp.1101-1111.	DOI:	10.1017/s0007114510001881.	

Singh,	S.,	Keller,	B.,	Gruissem,	W.	and	Bhullar,	N.	 (2016).	Rice	NICOTIANAMINE	SYNTHASE	2	expression	
improves	dietary	iron	and	zinc	levels	in	wheat.	Theoretical	and	Applied	Genetics,	130(2),	pp.283-292.	DOI:	
10.1007/s00122-016-2808-x.	

Tang,	 J.,	 Zou,	 C.,	 He,	 Z.,	 Shi,	 R.,	 Ortiz-Monasterio,	 I.,	 Qu,	 Y.	 and	 Zhang,	 Y.	 (2008).	 Mineral	 element	
distributions	 in	milling	 fractions	 of	 Chinese	wheats.	 Journal	 of	 Cereal	 Science,	 48(3),	 pp.821-828.	 DOI:	
10.1016/j.jcs.2008.06.008.		

Tovey,	F.	 (2004).	Milling	of	wheat,	maize	and	rice:	Effects	on	fibre	and	 lipid	content	and	health.	World	
Journal	of	Gastroenterology,	10(12),	p.1695.	DOI:	10.3748/wjg.v10.i12.1695.	

Turhan,	 S.,	 Ustun,	 N.	 and	 Altunkaynak,	 T.	 (2004).	 Effect	 of	 cooking	 methods	 on	 total	 and	 heme	 iron	
contents	 of	 anchovy	 (Engraulis	 encrasicholus).	 Food	 Chemistry,	 88(2),	 pp.169-172.	 DOI:	
10.1016/j.foodchem.2004.01.026.	

Vasconcelos,	M.,	Gruissem,	W.	and	Bhullar,	N.	 (2017).	 Iron	biofortification	 in	 the	21st	 century:	 setting	
realistic	 targets,	 overcoming	 obstacles,	 and	 new	 strategies	 for	 healthy	 nutrition.	 Current	 Opinion	 in	
Biotechnology,	44,	pp.8-15.	DOI:	10.1016/j.copbio.2016.10.001.	

Waldvogel-Abramowski,	S.,	Waeber,	G.,	Gassner,	C.,	Buser,	A.,	Frey,	B.,	Favrat,	B.	and	Tissot,	 J.	 (2014).	
Physiology	 of	 Iron	 Metabolism.	 Transfusion	 Medicine	 and	 Hemotherapy,	 41(3),	 pp.213-221.	 DOI:	
10.1159/000362888.	

Wanqing	Zhang.	(2018).	Iron	availability	between	flour	type,	milling	and	flour	type	(white	vs	whole	wheat),	
milling	method	(standard	vs	micro-milled)	and	hydrothermal	treatments	(baking	vs	boiling).	King’s	College	
London	



	 23	

Who.int.	 (2019).	 WHO	 |	 The	 global	 prevalence	 of	 anaemia	 in	 2011.	 [online]	 Available	 at:	
https://www.who.int/nutrition/publications/micronutrients/global_prevalence_anaemia_2011/en/	
[Accessed	20	March	2019].	

World	 Health	 Organization.	 (2019).	 Anaemia.	 [online]	 Available	 at:	
https://www.who.int/topics/anaemia/en/	[Accessed	21	April	2019].	

Zheng,	L.,	Cheng,	Z.,	Ai,	C.,	Jiang,	X.,	Bei,	X.,	Zheng,	Y.,	Glahn,	R.,	Welch,	R.,	Miller,	D.,	Lei,	X.	and	Shou,	H.	
(2010).	Nicotianamine,	a	Novel	Enhancer	of	Rice	Iron	Bioavailability	to	Humans.	PLoS	ONE,	5(4),	p.e10190.	
DOI:	10.1371/journal.pone.0010190.	

Zimmermann,	M.	and	Hurrell,	R.	(2007).	Nutritional	iron	deficiency.	The	Lancet,	370(9586),	pp.511-520.	
DOI:	10.1016/s0140-6736(07)61235-5.	

	

	

	

	

	

	

Appendices:		

Appendix	1:		
Table	1:	Iron	release	calculation	from	ICP-OES:	

Flour	type	
	

Starti
ng	Fe	
uM	

sample	
volume	mL	

Total	
volume	in	
mL	

Dilution	 ICP	
(ppb)	

DF	corrected	
Fe	(ppb)	

uM	Fe	 Iron	Release	
(%)	

WG	Baked	-	yeast	 22,02	 0,50 6,00	 12,00 50,60 607,20	 10,84	 49,23	
WG	Baked	-	yeast	 22,02	 0,50 6,00	 12,00 48,50 582,00	 10,39	 47,19	
WG	Baked	-	yeast	 22,02	 0,50 6,00	 12,00 42,90 514,80	 9,19	 41,74	
MMWG	Baked	-	yeast	 20,83	 0,50 6,00	 12,00 38,90 466,80	 8,34	 40,01	
MMWG	Baked	-	yeast	 20,83	 0,50 6,00	 12,00 38,60 463,20	 8,27	 39,70	
MMWG	Baked	-	yeast	 20,83	 0,50 6,00	 12,00 38,40 460,80	 8,23	 39,50	
WG	Baked	+	yeast	 22,02	 0,50 6,00	 12,00 20,50 246,00	 4,39	 19,95	
WG	Baked	+	yeast	 22,02	 0,50 6,00	 12,00 21,60 259,20	 4,63	 21,02	
WG	Baked	+	yeast	 22,02	 0,50 6,00	 12,00 12,80 153,60	 2,74	 12,45	
MMWG	Baked	+	yeast	 20,83	 0,50 6,00	 12,00 20,40 244,80	 4,37	 20,98	
MMWG	Baked	+	yeast	 20,83	 0,50 6,00	 12,00 6,80 81,60	 1,46	 19,85	
MMWG	Baked	+	yeast	 20,83	 0,50 6,00	 12,00 18,20 218,40	 3,90	 18,72	
WF	Baked	+	AL	 33,33	 0,50 6,00	 12,00 28,40 340,80	 6,09	 18,26	
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Appendix	2:	

Table1:	Represents	the	mean	iron	uptake	by	Caco-2	cells	from	white	flour	with	aleurone,	white	with	micro-milled	
aleurone,	and	white	flour	with	FeSO4	from	gastric	phase.			
Cooking	method		

	
Iron	uptake	
(mmol	Fe/mg	cel	
protein)		

White	flour	+	
aleurone		

White	flour	+	
micro-milled	
aleurone		

White	flour	+	
FeSO4		

Baked		 Mean	iron	uptake	
(mmol	Fe/mg	cell	
protein			

0,87	
	

1,79	
	

9,45	
	

Boiled		 Mean	iron	uptake	
(mmol	Fe/mg	cell	
protein			

1,08	
	

2,97	
	

4,12	
	

 
A	significant	difference	in	iron	uptake	between	baked	white	flour	+	FeSO	and	white	flour	with	Aleurone	
was	determined	using	One-way	Anova	(p=	0.001,	0.002)	respectively,	followed	by	Tukey’s	post-hoc	test.	A	
significant	difference	between	boiled	white	flour	+	FeSO	and	white	flour	with	Aleurone	was	determined	
using	One-way	Anova	(p=	0.001,	0.009)	respectively,	followed	by	Tukey’s	post-hoc	test.		
	
	

WF	Baked	+	AL	 33,33	 0,50 6,00	 12,00 23,60 283,20	 5,06	 15,17	
WF	Baked	+	AL	 33,33	 0,50 6,00	 12,00 17,70 212,40	 3,79	 11,38	
WF	Baked	+	MMAL	 29,17	 0,50 6,00	 12,00 23,00 276,00	 4,93	 16,90	
WF	Baked	+	MMAL	 29,17	 0,50 6,00	 12,00 24,80 297,60	 5,31	 18,22	
WF	Baked	+	MMAL	 29,17	 0,50 6,00	 12,00 21,20 254,40	 4,54	 15,58	
WG	Boiled		 22,02	 0,50 6,00	 12,00 21,30 255,60	 4,56	 20,72	
WG	Boiled		 22,02	 0,50 6,00	 12,00 18,90 226,80	 4,05	 18,39	
WG	Boiled		 22,02	 0,50 6,00	 12,00 19,50 234,00	 4,18	 18,97	
MMWG	Boiled	 20,83	 0,50 6,00	 12,00 16,60 199,20	 3,56	 17,07	
MMWG	Boiled		 20,83	 0,50 6,00	 12,00 17,60 211,20	 3,77	 18,10	
MMWG	Boiled		 20,83	 0,50 6,00	 12,00 17,10 205,20	 3,66	 17,58	
WF	Boiled	 7,10	 0,50 6,00	 12,00 45,50 546,00	 9,75	 137,32	
WF	Boiled	 7,10	 0,50 6,00	 12,00 48,60 583,20	 10,41	 146,68	
WF	Boiled	 7,10	 0,50 6,00	 12,00 44,40 532,80	 9,51	 134,00	
WF	Boiled	+	AL	 33,33	 0,50 6,00	 12,00 21,30 255,60	 4,56	 13,69	
WF	Boiled	+	AL	 33,33	 0,50 6,00	 12,00 25,00 300,00	 5,36	 16,07	
WF	Boiled	+	AL	 33,33	 0,50 6,00	 12,00 27,70 332,40	 5,94	 17,81	
WF	Boiled	+	MMAL	 29,17	 0,50 6,00	 12,00 21,90 262,80	 4,69	 16,09	
WF	Boiled	+	MMAL	 29,17	 0,50 6,00	 12,00 20,70 248,40	 4,44	 15,21	
WF	Boiled	+	MMAL	 29,17	 0,50 6,00	 12,00 20,40 244,80	 4,37	 14,99	
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