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Abstract. The	concept	of	a	green	biorefinery	offers	promising	pathways	for	the	
sustainable	production	of	alternative	protein	sources	for	food	and	feed,	utilizing	
green	biomass	derived	from	protein-rich	plants	and	grasses.	A	central	challenge	
in	this	approach	is	the	reliable	provision	of	high-quality	protein.	To	address	global	
protein	shortages,	various	plant	sources	such	as	alfalfa,	broccoli,	green	pea,	and	
triticale	have	been	investigated.	In	the	present	study,	we	evaluated	the	potential	
of	rye	(Secale	cereale	L.)	as	a	source	for	leaf	protein	concentrate	(LPC)	production,	
employing	 two	 isolation	methods,	 i.e.,	microwave	 coagulation	 (MW)	 and	 lactic	
acid	fermentation	(LA)	of	green	juice	(GJ)	after	wet-fractionation.	The	green	juice	
powder	(P-GJ)	was	used	as	a	control.	The	results	revealed	that	different	amounts	
and	compositions	of	LPC	are	generated	by	the	methods	applied.	The	P-GJ	resulted	
in	lower	protein	content	(14.06%)	and	higher	levels	of	most	antioxidant	capacity,	
i.e.,	total	phenolic	contents	(TPC)	182.51	mg	GAE/g	and	water-soluble	antioxidant	
capacity	(ACW)	8.038	μg/mg	ascorbic	acid.	The	LA	method	resulted	 in	a	 lower	
yield	and	protein	content	in	comparison	to	the	MW	method.	On	the	other	hand,	
the	MW	method	increased	the	protein	content	by	35.55%	compared	to	LA-LPC	
and	106.47%	compared	to	P-GJ.	LA	and	MW	LPC	showed	no	significant	differences	
(p<0.05)	in	antioxidant	capacity,	which	is	144.98-161.05	mg	GAE/g	for	TPC	and	
7.83-9.28	mg	GAE/g	for	TFC,	while	ACL	and	ACW	were	3.50-6.69	μg/mg	ascorbic	
acid	and	2.08-2.09	μg/mg	ascorbic	acid,	respectively.	The	yield	of	dried	LPCs	were	
between	3-4%	of	the	GJ,	with	a	protein	content	of	21-29%.	It	can	be	concluded	
that	LPC	of	rye	has	potential	as	a	raw	material	for	food	and	feed.	However,	the	
harvest	time	and	plant	development	stage	as	well	as	pressing	techniques	need	to	
be	optimized	in	order	exploit	the	methods.	
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1.	Introduction		
The	Food	and	Agriculture	Organization	(FAO)	has	provided	projections	indicating	a	consistent	
increase	 in	 global	 protein	 consumption.	 From	 2022	 to	 2031,	 the	 anticipated	 total	 protein	
consumption	worldwide	is	estimated	to	reach	409,437	tons,	reflecting	a	modest	annual	growth	
rate	of	1.15%.	Regional	variations	are	notable,	with	North	America	projected	to	grow	at	0.81%,	
Latin	America	at	1.36%,	Europe	at	0.07%,	Africa	at	1.98%,	Oceania	at	1.54%,	and	Asia	at	1.5%.	
Notably,	 Indonesia	 is	 expected	 to	 experience	 a	 significant	 increase	 in	 protein	 consumption,	
projected	at	2.19%	[1].	This	suggests	that	regions	or	countries	with	the	highest	projected	growth	
rates	in	protein	consumption	tend	to	have	lower	consumption	levels	currently	[2,3].	

Meeting	 the	 protein	 needs	 of	 a	 growing	 population	 is	 typically	 achieved	 through	 diverse	
sources,	including	livestock	(both	ruminants	and	poultry),	fish,	edible	insects,	vegetables,	single-
cell	 proteins	 [4],	 and	 various	 green	 [5–8].	 While	 meat	 remains	 the	 primary	 protein	 source,	
livestock	 production	 systems'	 sustainability	 is	 increasingly	 called	 into	 question	 due	 to	 their	
dependence	 on	 extensive	 land	 use,	 high	 energy	 demands,	 and	 significant	 feed	 requirements.	
Consequently,	exploring	alternative	and	high-quality	protein	sources	for	human	and	animal	food	
has	become	imperative.	Green	plant	biomass,	specifically	young	green	plants	harvested	before	
flowering,	presents	a	viable	potential	source	of	protein,	offering	benefits	 in	both	quantity	and	
quality	[6,9,10].	

Utilizing	proteins	from	green	biomass,	particularly	those	high	in	ribulose-1,5-bisphosphate	
carboxylase/oxygenase	 (RuBisCo),	 presents	 a	 promising	 avenue	 for	 sustainable	 nutrition.	
RuBisCo	 constitutes	 approximately	 50%	 of	 the	 proteins	 found	 in	 green	 biomass	 and	 plays	 a	
critical	 role	 in	 the	 carbon	 fixation	 process	 during	 photosynthesis	 [11,12].	 These	 proteins	 are	
nutritionally	beneficial	and	possess	 favorable	 functional	properties,	 thereby	establishing	 their	
viability	 as	 food	 ingredients	 [8,13].	 Importantly,	 no	 reported	 negative	 impacts	 on	 human	 or	
livestock	 health	 have	 been	 associated	 with	 consuming	 plant-derived	 proteins	 from	 green	
biomass.	Using	such	biomass	as	a	protein	source	offers	 significant	environmental	advantages,	
including	 a	 17%	 reduction	 in	 feed	 quantity	 when	 included	 in	 diets	 [14],	 along	 with	 a	 rapid	
harvesting	timeline	and	ease	of	handling	due	to	its	abundant	availability.	
Extensive	 research	 has	 been	 conducted	 on	 legumes	 and	 cereal	 crops	 in	 nations	 such	 as	 the	
Netherlands,	Hungary,	the	United	States,	and	Sweden,	leading	to	notable	findings	[6].	The	yield	
and	 quality	 of	 protein	 extracted	 from	 these	 biomass	 sources	 are	 influenced	 by	 the	 isolation	
technologies	employed	and	the	type	of	green	biomass	utilized	[15–18].		

The	present	 investigation	 focuses	on	autumn-sown	rye	 (Secale	cereale	L.)	green	biomass,	
which	has	been	recognized	for	its	utility	as	a	winter	cover	crop	in	Debrecen,	Hungary,	attributed	
to	 its	 adaptability	 to	 lower	 ambient	 temperatures.	 Rye	 exhibits	 excellent	 early	 growth	
characteristics,	 indicating	 its	 potential	 as	 a	 nutritious	 green	 biomass	 option	 that	 minimizes	
planting	time.	Rye	is	often	grown	as	a	substitute	for	wheat	in	areas	where	the	soil	is	not	ideal	for	
wheat,	or	where	rye's	higher	nutritional	value	and	higher	resistance	are	beneficial.	Rye	is	more	
tolerant	of	acidic,	less	fertile	soils	and	colder	climates	than	wheat.	Furthermore,	rye	contributes	
positively	to	digestive	health	due	to	its	elevated	fiber	content	and	is	a	rich	source	of	essential	
nutrients,	including	B	vitamins,	calcium,	niacin,	and	various	minerals	[19,20].	This	investigation	
aims	 to	evaluate	 the	biomass	yield	and	nutritional	profile	of	LPC	rye	utilizing	various	protein	
isolation	 techniques.	 The	 data	 derived	 from	 these	 results	 are	 anticipated	 to	 provide	 valuable	
insights	 into	 the	 nutritional	 viability	 of	 LPC	 rye	 for	 food	 and	 feed	 applications,	 thereby	
contributing	to	the	broader	understanding	of	its	utility	in	agricultural	practices.	
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2.	Materials	and	Methods	

2.1	Experimental	Design	
Rye	was	 cultivated	 in	 an	open	 field	 at	 the	Demonstration	Garden	of	 the	Debrecen	University,	
Hungary	(47⁰32'0"	N;	21⁰38'0"	E)	in	the	fall	of	2022.	Plants	were	planted	in	three	replicate	plots	
in	5	m²	(2	x	2.5	cm²)	per	plot.	Seed	of	rye	was	sown	at	a	rate	of	20	g/m2.	The	experimental	plots	
received	no	fertilizers	or	pesticides	before	or	during	the	growing	period.	Weeding	was	carried	
out	manually.	Plants	were	harvested	before	flowering	(BBCH,	GS39-41)	to	ensure	optimal	 leaf	
protein	content,	and	plant	biomass	was	cut	5	cm	from	the	ground.	

2.2	Green	Biomass	Conversion	Process	to	Leave	Protein	Concentrate	(LPC)	
The	transformation	of	green	plant	biomass	into	a	protein	concentrate	typically	occurs	in	several	
phases,	which	include	selecting	plant	species,	harvesting,	and	pressing	[21].	Figure	1	illustrates	
the	green	biomass	processing	steps.	The	collected	green	biomass	is	categorized	into	roots,	stems,	
and	yellow-brown	leaves.	Before	pressing	(fractionation),	the	green	biomass	is	rinsed.	

The	fractionation	procedure	begins	with	the	extraction	of	green	biomass	using	a	juicer	(Angle	
Twin	 Screw	 5500,	 Angle	 Ltd.,	 Anyang,	 South	 Korea)	 to	 produce	 liquid	 green	 juice	 (L-GJ)	 and	
separate	it	from	the	pulp	(fiber	solid	fraction).	The	L-GJ	is	immediately	placed	in	a	freezer	at	-20	
°C	to	prevent	nutritional	degradation	before	further	processing.	

Three	distinct	methods	are	employed	to	isolate	proteins	in	L-GJ.	First,	L-GJ	undergoes	direct	
freeze-drying	using	a	lyophilizer	(Alpha	1-4	LSC	plus	–	Martin	Christ,	Germany),	after	which	it	is	
ground	 into	 a	 powder	 (P-GJ)	 with	 a	 stainless-steel	 grinder.	 The	 second	 method	 utilizes	
microwave-assisted	(MW)	techniques,	as	outlined	by	Domokos-Szabolcsy	et	al.	[5],	to	precipitate	
proteins	in	L-GJ	through	thermal	methods.	In	this	approach,	L-GJ	is	heated	to	a	temperature	of	
80-85	°C	using	800	watts	of	power	(Samsung	M1711N,	South	Korea).	The	non-thermal	method	
utilized	is	lactic	acid	fermentation	(LA).	In	this	process,	green	juice	liquid	is	mixed	with	1	M	lactic	
acid	 at	 a	 5%	 (v/v)	 concentration	 and	 incubated	 anaerobically	 in	 a	 controlled	 environment	
(Memmert,	GmbH,	Germany)	for	48	hours	at	36	°C.	Successful	fermentation	is	indicated	by	a	pH	
dropping	 below	 4.	 After	 cooling	 the	 coagulation	 to	 room	 temperature	 or	 after	 fermentation,	

Figure	1.	Chart	flow	of	protein	isolation	technique	of	rye	green	biomass.	
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vacuum	filtration	is	conducted	using	a	membrane	filter	with	a	5	μm	pore	size	to	isolate	the	solid	
fraction	(MW	or	LA	wet	LPC),	which	is	then	freeze-dried,	while	the	liquid	fraction	(MW-BJ	or	LA-
BJ)	is	stored	at	-20	°C	for	further	analysis.	

2.3	Analysis	of	Nutritional	Value	and	Physical	Characteristics	
2.3.1	Protein	content		
Protein	 content	 analysis	 used	 the	 Dumas	 method	 (Rapid	 MAX	 N	 exceed,	 Elementer	
Analysensystem	GmbH,	Hesse,	Germany)	with	a	conversion	factor	of	6.25	[5,22].		

2.3.2	Antioxidant	capacity	
The	total	phenolic	content	(TPC)	and	total	flavonoid	content	(TFC)	were	described	by	Barna	et	al.	
[23]	and	Kaszás	et	al.	[24].	For	the	TPC	assessment,	a	calibration	curve	was	constructed	utilizing	
gallic	acid	at	a	concentration	of	0.03	M,	whereas	rutin	was	employed	as	the	standard	for	the	TFC	
measurements.	The	TPC	and	TFC	measurement	solutions	were	prepared	using	Folin-Ciocalteu	
reagent,	which	was	diluted	with	distilled	water	in	a	1:10	(v/v)	ratio	and	methanol	in	a	70:30	(v/v)	
ratio.	Sample	preparation	involved	the	combination	of	10	mg	of	finely	dried	plant	material	with	
1	mL	of	70%	methanol.	This	mixture	was	vortexed	for	2	minutes	and	subsequently	subjected	to	
ultrasonic	treatment	for	30	minutes	at	ambient	temperature.	Following	incubation,	the	mixture	
was	centrifuged	at	10,000	rpm	for	5	minutes	to	separate	the	supernatant.	Subsequently,	50	μL	of	
the	supernatant	was	added	 to	a	 tube	containing	1.25	mL	of	Folin	reagent	and	200	μL	of	70%	
methanol.	 After	 allowing	 the	 reaction	 to	 proceed	 for	 one	minute,	 1	mL	 of	 sodium	 carbonate	
(Na2CO3)	was	incorporated,	and	the	resultant	solution	was	incubated	in	a	water	bath	at	50°C	for	
5	minutes.	The	blank	control	solution	consisted	of	a	mixture	of	1.25	mL	of	Folin	reagent,	250	μL	
of	70%	methanol,	and	1	mL	of	sodium	carbonate.	The	absorbance	of	the	prepared	solutions	was	
measured	using	a	UV/VIS	spectrophotometer	(Ultrospec	2100	pro,	Amersham	BioSciences)	at	
wavelengths	of	760	nm	for	TPC	and	415	nm	for	TFC.	

The	 ACL	 and	 ACW	 photochemiluminescence	 (PCL)	 methods	 were	 employed	 to	 assess	
antioxidant	 capacity	 as	 described	 by	 Barna	 et	 al.	 [23]	 and	 are	 marketed	 under	 the	 name	
Photochem®	by	Analytik	Jena	AG	(Jena,	Germany).	To	align	with	the	calibration	range,	samples	
were	 diluted	 with	 either	 distilled	 water	 (ACW)	 or	 methanol	 (ACL).	 This	 assay	 involves	 the	
photochemical	 generation	 of	 the	 radical	 superoxide	 anion	 (O2•−),	 coupled	 with	 sensitive	
detection	 through	 chemiluminescence.	 The	 process	 begins	 with	 the	 optical	 excitation	 of	 the	
photosensitizer	(S),	which	produces	O2•−.	Two	distinct	protocols,	ACW	and	ACL,	are	utilized	to	
measure	 hydrophilic	 and	 lipophilic	 antioxidants	 separately.	 Results	 are	 reported	 in	 μg/mL	
ascorbic	acid	equivalents	(AAE)	for	ACW	and	Trolox	equivalents	(TE)	for	ACL.	The	outcomes	are	
expressed	as	μg/mL	of	the	LPC	sample.	

2.3.3	Color,	pH,	Brix,	and	electrical	conductivity	(EC)	
The	color	value	was	expressed	in	the	CIELAB	color	space	(L*,	a*,	and	b*)	and	measured	with	a	
Croma	meter	(CR-410,	Konica	Minolta	Sensing,	Inc.,	Japan).	A	refractometer	was	used	to	test	the	
soluble	 solids	 in	 liquids	 and	 determine	 the	 soluble	 sugar	 content	 (Brix,	 °Bx).	 The	 pH	 was	
measured	 using	 a	 pH	 meter	 (Mettler	 Toledo	 S20	 Seven	 Easy,	 Switzerland),	 and	 the	 EC	 was	
determined	using	an	EC	meter	(Thermo	Scientific	Orion	Model	209A+,	Germany).	

2.4	Statistical	Analysis	
Independent	 replications	 of	 each	 experiment	 were	 performed	 a	 minimum	 of	 three	 times.	
Statistical	analyses	were	conducted	using	IBM	SPSS	Statistics	version	25.0	(SPSS	Inc.,	Chicago,	IL,	
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USA),	with	data	generated	in	Microsoft	Excel.	Graphing	analysis	was	executed	using	OriginPro®	
2024	software.	Results	were	expressed	as	the	mean	±	standard	deviation	(SD),	and	ANOVA	was	
performed	with	a	significance	level	set	at	α	=	0.05.	

3.	Results	and	Discussions		

3.1	Fresh	biomass	and	fractionation	process	products 
The	investigation	into	green	biomass	harvesting	resulted	in	an	average	yield	of	19.85	kg	per	plot,	
equating	 to	 3.83	 kg/m²	 of	 fresh	 biomass.	 Comparative	 analysis	 indicates	 that	 rye	 exhibits	
superior	biomass	production	capabilities	relative	to	wheat	(Triticum	spp.).	Specifically,	rye	can	
generate	forage	biomass	within	the	range	of	2.0	to	4.6	Mg/ha,	while	wheat	typically	produces	
between	1.6	to	3.7	Mg/ha	[25–27].		This	differential	in	biomass	yield	underscores	the	potential	
of	 selecting	 rye	 for	 biomass	 harvesting	 in	 agricultural	 practices	 aimed	 at	 optimizing	 the	
production	of	green	biomass	resources.	

After	pressing,	the	biomass	composition	was	obtained	to	be	64.12%	green	juice	(L-GJ)	and	
35.88%	fiber	(Figure	2).	The	findings	indicate	that	the	L-GJ	yield	of	rye	is	comparatively	lower	
than	those	of	triticale	biomass,	which	obtained	L-GJ	in	the	range	of	71-73%,	alongside	fiber	of	18-
19%.	Comparative	analysis	revealed	that	the	wet	LPC	derived	using	the	MW	technique	(9.05%)	
exhibited	a	lower	value	when	contrasted	with	the	LA	technique	(17.13%).		These	results	highlight	
the	 varying	 potential	 of	 different	 biomass	 sources	 in	 terms	 of	 biofuel	 production	 efficiency.	
Conversely,	BJ	from	the	MW	technique	(90.59%)	was	significantly	higher	than	the	LA	technique	
(82.87%).	These	findings	underscore	the	influence	of	fractionation	methods	on	the	yield	of	fresh	
LPC	and	the	production	of	BJ	as	a	by-product.	We	also	observed	that	the	vacuum	filtration	process	
associated	with	LA-LPC	retained	more	BJ	than	the	drier	MW-LPC.	While	the	wet	weight	of	LA-LPC	
was	higher,	the	drying	process	resulted	in	a	 lower	overall	weight	when	compared	to	MW-LPC	
(Figure	3).	

	
	

	

Figure	 2.	 (A):	 green	 biomass	 and	 resulting	 from	 wet	 pressing;	 (B):	 Percentage	 of	 leaf	 protein	
concentrate	 and	 brown	 juice	 fractions	 resulting	 from	microwave	 coagulation	 (MW)	 and	 lactic	 acid	
fermentation	(LA)	of	rye.	Data	are	presented	as	mean	±	SD	(n	=	3).	
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3.2	Yield	and	Protein	Content	of	LPC	
Protein	 isolation	 techniques	 from	rye	green	biomass	are	 carried	out	by	 two	methods,	 i.e.,	 the	
thermal	method	by	microwave	(MW)	and	the	cold	method	by	lactic	acid	fermentation	(LA).	Dry-
mass	of	MW-LPC	and	LA-LPC	were	lower	than	that	of	green	juice	(P-GJ)	as	a	control,	results	that	
contrasted	with	crude	protein	content	(Figure	3).		

MW	coagulation	is	a	relatively	novel	technique	that	uses	microwave	radiation	to	promote	
protein	 coagulation.	 Results	 show	 that	MW	 technique	 applied	 to	 green	 biomass	 can	 result	 in	
crude	 protein	 content	 29.03%	within	 LPC,	where	 LA	 21.42%	 and	 P-GJ	 14.06%.	 In	 particular,	
Domokos-Szabolcsy	 et	 al.	 [5]	 found	 that	 LPC	 of	 broccoli	 leaves	 derived	 from	 microwave	
coagulation	yielded	 is	of	34.30%	crude	protein,	which	 is	 significantly	higher	 than	 the	27.43%	
found	within	 the	 unprocessed	 green	 juice	 fraction.	 Furthermore,	 Kaszás	 et	 al.	 [28]	 found	 the	
crude	protein	content	of	 the	 Jerusalem	artichoke	LPC	with	MW	technique	varied	 from	24.2	to	
31.4%	depending	 on	 clones	 and	 harvesting	 time,	 and	 alfalfa	 LPC	was	 32.3%.	 The	microwave	
process	facilitates	rapid	heating	and	minimizes	nutrient	degradation	during	coagulation,	thereby	
preserving	amino	acid	composition.	

On	the	other	hand,	LA,	as	an	organic	acid,	can	significantly	influence	the	protein	content	LPC	
from	green	biomass,	particularly	through	its	ability	to	modify	protein	structures	and	solubility.	
Lactic	 acid	 assists	 in	 the	 denaturation	 and	precipitation	 of	 proteins.	 This	method	 can	 lead	 to	
alterations	in	the	protein	content	and	digestibility	of	the	biomass.	Research	by	Kondo	et	al.	[29]	
indicated	that	lactic	acid	fermentation	could	enhance	protein	degradation,	leading	to	improved	
protein	 digestibility	 as	 evidenced	 by	 an	 increase	 in	 soluble	 protein	 content	 during	 the	
fermentation	 of	 silage	 stored	 over	 time.	 The	 LA	 technique	 on	 broccoli	 leaves	 also	 increased	
26.23%	the	protein	content	compared	to	MW	[5],	but	in	contrast	to	the	results	of	this	study,	where	
the	protein	of	LA-LPC	rye	was	lower	than	MW.	

Applying	the	lactic	acid	(LA)	method	reduces	pH	levels,	enabling	the	precipitation	of	soluble	
proteins	 in	 liquid	green	 juices	 (L-GJ).	Comparative	analysis	of	broccoli	 leaves	and	 rye	protein	
content	indicates	contrasting	outcomes,	attributed	to	various	factors.	These	include	the	intrinsic	
properties	of	 the	 leaves,	particularly	 the	pH	values	observed	pre-	 and	post-fermentation.	Rye	
demonstrates	 a	 more	 significant	 decrease	 in	 pH,	 dropping	 from	 approximately	 5.80	 to	 3.80,	

	

Figure	3.	(A)	Dry	matter	content	and	(B)	protein	content	of	LPCs	from	different	isolation techniques	
of	rye	biomass.	Data	are	presented	as	mean	±	SD	(n	=	3).	
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whereas	 broccoli	 leaves	 show	 a	 reduction	 from	 around	 6.27	 to	 4.57.	 Additionally,	 the	
fermentation	 duration,	 temperature,	 and	 the	 inherent	 texture	 differences,	 where	 fermented	
broccoli	leaves	have	a	softer	consistency	than	rye,	play	crucial	roles.	These	factors	contribute	to	
a	more	favorable	protein	yield	and	coagulation	in	broccoli	leaves	compared	to	rye.	

3.3	Antioxidant	Potential	of	LPC	
Two	phytochemical	composition	analyses	(TPC	and	TFC)	and	two	different	antioxidant	assays	
(ACW	and	ACL)	were	used	to	get	a	comprehensive	view	of	the	antioxidant	potential	of	LPC.	Fig.	4	
shows	the	results	of	different	phytochemical	composition	analysis	and	antioxidant	assays	in	the	
LPC	of	the	rye,	using	three	different	protein	isolation	techniques.	The	ACL	value	of	P-GJ	exhibited	
an	increase	of	23.31%	compared	to	MW-LPC,	yet	it	presented	a	significant	decrease	of	31.85%	
compared	to	LA-LPC.	This	finding	contrasts	with	the	ACW	data,	indicating	that	P-GJ	possesses	a	
75.01%	 higher	 ACW	 value	 than	 the	 MW	 and	 LA	 techniques.	 Furthermore,	 the	 observations	
regarding	TPC	values	align	with	those	of	ACL.	Specifically,	LA-LPC	demonstrates	an	increased	TPC	
value	relative	to	MW-LPC	while	remaining	 lower	than	P-GJ.	 In	terms	of	TFC,	applying	the	MW	
technique	results	in	LPC	with	a	TFC	content	that	surpasses	that	of	both	P-GJ	and	LA-LPC.	

Studies	have	demonstrated	that	the	heating	effect	facilitated	by	microwaves	can	improve	the	
solubility	 and	 availability	 of	 phenolic	 compounds,	 leading	 to	 higher	 antioxidant	 capacity.	 The	
microwave	 extraction	 process	 not	 only	 preserves	 vitamins	 and	 phenolic	 compounds	 but	 also	
allows	the	rapid	breakdown	of	cell	walls,	making	those	antioxidants	more	accessible[30–33].	For	
instance,	LPC	extracted	from	broccoli	has	shown	marked	increases	in	TFC	after	heat	processing,	
correlating	with	improved	antioxidant	activity	as	assessed	by	various	assays	[34].	On	the	other	
hand,	the	fermentation	process	tends	to	increase	TPC	effectively,	driving	a	corresponding	rise	in	
both	ACL	and	ACW	as	reported	in	several	studies.	With	lactic	acid	fermentation,	the	antioxidant	
capacity	 is	 often	 enhanced	due	 to	 the	breakdown	of	 complex	polyphenols	 into	 simpler,	more	
active	forms	that	exert	greater	antioxidative	effects	[35–37].	This	process	has	been	particularly	
noted	in	LPC	derived	from	various	leafy	greens,	such	as	alfalfa	and	spinach,	where	fermentation	
leads	to	a	substantial	increase	in	TPC	and	TFC	levels,	contributing	to	enhanced	radical	scavenging	
activities.	

This	result	 is	also	 in	 line	with	the	results	of	 the	correlation	test	(Figure	6).	This	study	has	
established	a	positive	correlation	between	the	phytochemical	content	of	rye,	particularly	total	
phenolics,	and	antioxidant	capacity	in	water	(ACW).	The	total	phenolic	content	(TPC)	within	rye	

	

Figure	 4.	 Antioxidant	 potential	 with	 (A)	 two	 antioxidant	 essay	 and	 (B)	 two	 phytochemical	
composition	analyses	in	LPC.	Data	are	presented	as	mean	±	SD	(n	=	3)	
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is	pivotal	in	its	antioxidant	activity.	Khairani	et	al.	[38]	highlighted	that	elevated	concentrations	
of	 total	phenols	correspond	to	 increased	antioxidant	activity,	a	phenomenon	attributed	 to	 the	
reactivity	 of	 polyphenolic	 compounds	 with	 reactive	 oxygen	 species.	 A	 similar	 pattern	 was	
observed	 in	a	study	by	Uranishi	et	al.	 [39],	which	reported	a	robust	correlation	between	total	
phenolic	content	and	DPPH	radical	scavenging	activity	in	chrysanthemum	leaves	despite	these	
leaves	containing	a	minimal	amount	of	flavonoid	compounds.		

The	observed	negative	correlation	between	TPC	and	total	flavonoid	content	(TFC)	suggests	a	
complex	 interplay	 between	 these	 two	 categories	 of	 compounds.	 Although	 flavonoids	 are	
recognized	for	their	antioxidant	properties,	their	chemical	structures	may	engender	competition	
with	phenolic	compounds	for	identical	mechanisms	of	action.	The	investigation	by	Mahmud	et	al.	
[40]	illustrated	that	while	flavonoids	and	phenolic	compounds	can	exhibit	positive	correlations,	
their	distinct	antioxidant	pathways	may	inhibit	the	effectiveness	of	one	another.	

3.4	Colour	of	LPC  
The	 colour	 change,	 especially	 chlorophyll	 pigments	 in	 green	 biomass	 from	 protein	 isolation	
technique	was	mentioned	by	the	hue	angle	value	of	LPC	(Table	1).	The	colour	of	LPCs	among	the	
techniques	were	 significantly	 different.	 The	 results	 indicate	 that	 the	 colours	 of	 LPC	 are	dark-
greenness	for	P-GJ,	green-yellowness	for	MW-LPC,	and	brown-darkness	for	LA-LPC	(Figure	5).	 

Protein	isolation	techniques	had	different	effects	on	the	hue	angle	values	of	LPC.	MW	and	LA	
techniques	showed	a	significant	decrease	(α	=0.05)	in	the	hue	value	compared	with	P-GJ,	which	
means	a	decrease	in	the	intensity	of	greenness.	Since	consumers	did	not	well	accept	the	dark-
green	 colour	 of	 P-GJ	 [41],	 isolation	 techniques	 are	 expected	 to	 change	 the	 colour,	 thereby	
enhancing	consumer	acceptance	of	LPC.	

MW-LPC	has	the	highest	hue	angle	value	compared	to	LA-LPC,	which	is	brighter	and	has	more	
yellowness.	 Turkmen	 et	 al.	 [42]	 reported	 that	 the	 microwave	 technique	 retained	 the	 most	
chlorophyll	 a	 and	 b,	 which	 agrees	 with	 our	 result.	 On	 the	 other	 hand,	 chlorophylls	 can	

Table	1.	LPC	color	characteristics	of	thermal	and	cold	protein	isolation	techniques	

Technique	 L*	 a	 b	 Hue	Angle	(°)	

P-GJ	 49.52±0.65b	 5.31±0.07c	 12.34±0.10a	 66.96±0.20a	
MW-BJ	 54.25±1.23a	 4.36±0.31b	 13.86±1.69a	 58.79±0.84b	
LA-BJ	 52.63±0.21ab	 1.10±0.28a	 12.35±0.22a	 45.26±0.15c	

	Means	in	the	same	column	followed	by	different	letters	are	statistically	at	α	=	0.05.	Data	are	presented	as	mean	±	SD	(n	=	3).	

	
Figure	5.	Characteristics	of	LPC	color	in	different	protein	isolation	techniques	
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significantly	degrade	into	pheophytins	after	the	fermentation	process	by	lactic	acid	[43],	which	
changes	the	colour	of	green	biomass	to	brown-darkness.	In	other	studies,	converting	chlorophyll	
to	pheophytin	changes	from	bright	green	to	dull	olive-green	or	olive-yellow	[44].		

3.5	Principal	Component	Analysis	(PCA)	and	correlation	of	physicochemical	of	LPC	
Figure	 6A	 revealed	 that	 the	 principal	 component	 analysis	 (PCA)	 effectively	 captured	 the	 full	
spectrum	of	the	LPC	data,	accounting	for	100%	representation,	with	63.9%	attributed	to	principal	
component	1	(PC1)	and	36.1%	to	principal	component	2	(PC2).	The	variables	P-GJ,	MW,	and	LA	
were	observed	in	distinct	quadrants	yet	remained	relatively	close	to	the	centre,	indicating	that	
these	techniques	of	protein	analyses	share	similar	LPC	characteristics	while	displaying	unique	
advantages.	L-GJ	exhibited	elevated	hue,	ACW,	and	TPC	values,	whereas	its	high	protein	content	
and	 TFC	 distinguished	MW-LPC.	 Conversely,	 LA-LPC	 demonstrated	 superior	 6.69	 µg/mg	 ACL	
content.	

A	Pearson	correlation	analysis	of	the	LPC	characteristics	derived	from	rye	was	also	conducted	
(Figure	 6B).	 The	 findings	 indicated	 a	 strong	 positive	 correlation	 (r²	 >	 0.90)	 between	 protein	
content	and	TFC,	while	a	significant	negative	correlation	(r²	<	-0.90)	was	found	between	protein	
and	TPC.	Furthermore,	TPC	was	positively	correlated	with	ACW,	and	the	protein	analysis	results	
showed	a	negative	correlation	(r²	<	-0.86).	TPC	also	negatively	correlated	(r²	<	-0.87)	with	TFC.	
Lastly,	the	hue	value	was	found	to	be	positively	correlated	(r²	>	0.79)	with	ACW	but	demonstrated	
a	negative	correlation	(r²	<	-0.76)	with	ACL.		
Research	 results	 demonstrate	 that	 protein	 content	 variations	 indicate	 differences	 in	

phytochemical	concentrations.	Czubinski	and	Feder	[45]	elucidated	that	while	the	functionality	
of	proteins	can	be	modified,	flavonoid	bioactivity	may	also	be	affected	by	complex	formation.	One	
of	 the	 primary	mechanisms	 of	 interaction	 between	 proteins	 and	 phenolic	 compounds	 occurs	
through	hydrogen	bonding.	Studies	indicate	that	phenolic	compounds	possessing	o-dihydroxyl	
groups	exhibit	a	greater	propensity	 to	 interact	with	proteins.	This	 interaction	arises	 from	the	
hydroxyl	groups	in	phenolic	compounds'	ability	to	form	hydrogen	bonds	with	peptide	carbonyl	
groups	in	proteins	[46,47].	

	

Figure	6.	(A)	Principal	Component	Analysis	and	(B)	correlation	of	physicochemical	characterization	
of	LPC	
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3.6	Characterization	of	BJ	
The	 investigation	of	how	different	 isolation	protein	 techniques,	 i.e.,	MW	and	LA,	 impacted	the	
characterization	 of	 BJ	 or	 deproteinized	 plant	 juice	 (DPJ),	 also	 called	 phytoserum as	 LPC	 by-
products	in	terms	of	pH,	brix,	and	EC.		The	pH	BJ	of	the	LA	was	significantly	37.08%	lower	than	
that	of	the	MW	and	L-GJ,	and	the	EC	increased	significantly	after	protein	isolation	using	both	the	
MW	and	LA	techniques.	On	the	other	hand,	the	brix	value	did	not	show	different	results	between	
L-GJ,	MW-BJ,	and	LA-BJ	(Figure	7).	

The	 pH	 of	 BJ	 is	 a	 crucial	 factor	 that	 impacts	 flavor,	 stability,	 and	 preservation	 qualities.	
Fermentation	results	in	a	decrease	in	pH.	This	is	due	to	the	production	of	organic	acids,	which	are	
produced	during	the	fermentation	of	green	biomass	juices.	Lower	pH	values	were	beneficial	for	
the	 stability	 of	 polyphenols	 in	 fermented	 juices,	 which	 can	 prevent	 oxidation	 processes	 and	
extend	 shelf	 life	 [48,49].	 Similarly,	 the	 fermentation	 of	 various	 juices	 can	 lead	 to	 a	 pH	 range	
typically	 between	 3.5	 to	 4.0	 [5,50,51].	 In	 contrast,	microwave	 treatment	 does	 not	 result	 in	 a	
pronounced	decrease	in	pH,	as	the	process	tends	to	maintain	existing	pH	levels	unless	significant	
degradation	of	cellular	structures	occurs	that	promotes	the	release	of	acidic	compounds	[52].	
Both	microwave	processing	 and	 fermentation	 are	 expected	 to	 elevate	EC	 levels	due	 to	 the	

increased	 presence	 of	 electrolytes	 like	 nitrates,	 potassium,	 and	 other	minerals.	 Fermentation	
processes	 that	 involve	 the	conversion	of	sugars	 to	organic	acids	naturally	 lead	to	higher	 ionic	
concentrations.	Fermented	brown	juice	still	held	significant	concentrations	of	essential	elements	
like	nitrogen	and	potassium,	which	would	contribute	to	higher	EC	values	[50].	The	increase	in	EC	
indicates	 better	 nutrient	 availability,	 making	 the	 fermented	 brown	 juice	 a	 viable	 growth	
stimulant	 in	 agricultural	 practices.	 Microwave	 processing	 might	 likewise	 elevate	 EC	 levels	
through	the	disruption	of	plant	cellular	structures,	releasing	ionic	contents. 
	

	

Figure	 7.	 Characteristics	 of	 pH,	 sugar	 content	 (%Brix),	 and	 electrical	 conductivity	 (EC)	 of	 BJ	 in	
different	techniques;	liquid	green	biomass	(L-GJ),	brown	juice	from	microwave	coagulation	(MW-BJ),	
and	brown	juice	from	lactic	acid	fermentation	process	(LA-BJ)	
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4.	Conclusions	
To	achieve	optimal	production	of	LPC	from	rye	green	biomass,	harvesting	rye	at	the	appropriate	
phenological	stage,	specifically	at	BBCH	growth	stage	39,	is	crucial.	This	timing	is	essential	as	it	
ensures	that	the	rye	retains	the	necessary	moisture	content.	Prompt	pressing	immediately	after	
harvest	 is	 equally	 important	 due	 to	 the	 rye's	 propensity	 to	 harden,	 which	 can	 impact	 the	
extraction	efficiency	and	quality	of	the	resulting	LPC.	This	highlights	MW	as	an	effective	method	
for	protein	isolation	from	rye	biomass	with	the	highest	in	TFC.		While	P-GJ	exhibited	the	highest	
ACW	 and	 yield.	 The	 LA	 enhanced	 ACL	 and	 TPC.	 Regarding	 characterization	 of	 colour,	 MW’s	
brighter	 colour	 may	 improve	 consumer	 acceptance	 compared	 to	 the	 dark-green	 P-GJ.	 The	
findings	 from	 this	 study	 suggest	 that	 the	 MW	 method	 is	 the	 most	 effective	 approach	 for	
preserving	overall	 quality.	Based	on	 this	 evidence,	we	 strongly	 advocate	 for	utilizing	 the	MW	
method	 in	 the	 production	 of	 LPC	 for	 food	 and	 feed.	 However,	 the	 harvest	 time	 and	 plant	
development	stage,	as	well	as	pressing	techniques,	need	to	be	optimized	in	order	to	exploit	the	
methods.	
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