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ABSTRACT:	

Microalgae	 are	widely	 used	 in	 different	 industries	 –	 pharmaceutical,	 cosmetic,	 in	 those	 dealing	with	
pollution	prevention,	aquaculture	and	especially	biofuels.	Because	of	the	wide	range	of	use,	there	is	an	
active	interest	in	microalgae	large-scale	cultivation.	Standard	techniques	for	algae	biomass	production	
requires	cultivation	in	nutritious	culture	media,	and	well-defined	external	parameters,	such	as	controlled	
conditions	 of	 light	 intensity,	 temperature	 and	 aeration	 gas.	 Commercial	 production	 of	microalgae	 is	
expensive,	and	the	addition	of	nutrients	in	culture	media	contributes	to	its	high	cost.	The	evaluation	of	
the	quality	of	culture	media	using	wastewater	effluents	or	agro-industrial	waste	can	be	a	way	to	reduce	
algal	cultures	costs.	This	research	aims	to	develop	a	noninvasive	method	for	the	testing	of	effectiveness	
of	agro-industrial	waste,	previously	 treated,	as	culture	media	 through	daily	monitoring	of	population	
increase	microalgae.	We	found	that	it	is	possible	to	detect	the	growth	of	the	microorganisms	by	using	
statistical	cumulants	as	numerical	approaches	for	analyzing	the	dynamic	speckle	patterns	produced	by	
samples	of	Chrorella	Vulgaris	algae	cultivated	in	bold	basal	culture	medium.	

Key	words:	Biospleckle,	microalgae	growing,	speckle	activity,	autocorrelation	function,	optical	density.	

RESUMEN:	

Las	 microalgas,	 son	 ampliamente	 utilizadas	 en	 las	 industrias	 farmacéutica,	 cosmética,	 en	 aquellas	
relacionadas	 con	 la	 prevención	de	 contaminación,	 acuacultura	 y	 especialmente	 en	 biocombustibles.	
Debido	a	su	amplio	rango	de	aplicaciones	existe	un	gran	interés	en	el	cultivo	de	microalgas	a	gran	escala.	
Las	técnicas	estándar	para	la	producción	de	biomasa	algal	requieren	de	su	cultivo	en	medios	nutritivos	
y	parámetros	externos	bien	definidos	tales	como	condiciones	controladas	de	iluminación,	temperatura	
y	aireación.	La	producción	comercial	de	microalgas	es	costosa	y	la	adición	de	nutrientes	a	los	medios	
de	cultivos	contribuye	a	aumentar	el	costo.	La	evaluación	de	la	calidad	de	medios	de	cultivos	usando	
aguas	residuales	o	residuos	agroindustriales	puede	resultar	en	una	vía	para	reducir	costos.	Este	trabajo	
tiene	por	objetivo	el	desarrollo	de	un	método	no	 invasivo	para	monitorear	 la	eficiencia	de	residuos	
agroindustriales,	previamente	tratados,	como	posibles	medios	de	cultivos	a	través	del	monitoreo	diario	
del	crecimiento	poblacional	de	las	microalgas.	Hemos	encontrado	que	es	posible	detectar	el	crecimiento	
de	 los	 microorganismos	 usando	 cumulantes	 estadísticos	 como	 una	 aproximación	 numérica	 para	
analizar	 la	 actividad	 de	 patrones	 de	 speckle	 dinámico	 producidos	 por	muestras	 de	 algas	Chrorella	
Vulgaris	cultivadas	en	medio	basal	Bold.	
Palabras	 clave:	 Biospleckle,	 crecimiento	 de	 microalgas,	 actividad	 de	 speckle,	 función	 de	
autocorrelación,	densidad	óptica.	
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1.	Introduction	
Dynamic	speckle	phenomenon	occurs	when	laser	light	is	scattered	by	bodies	exhibiting	some	activity,	as	
biological	 material	 or	 local	 fluctuations	 in	 the	 dielectric	 constant	 of	 a	 medium	 does.	 Scattered	 light	 is	
frequency	 (Doppler)	 shifted	 from	 the	 incident	 laser	 light	 frequency	due	 to	 rotational,	 translational,	 and	
internal	motion	of	the	scattering	species.	The	visual	appearance	of	such	a	phenomenon	is	similar	to	a	surface	
of	a	boiling	liquid,	originating	the	denomination	of	dynamical	speckle,	boiling	speckle	or	biospeckle.	Speckle	
activity	has	been	extensively	studied	and	as	results	of	several	research	projects	in	Optics	a	wide	variety	of	
parameters	 and	 methodologies	 for	 measuring	 the	 activity	 of	 such	 kind	 of	 speckle	 patterns	 have	 been	
proposed.	 In	 literature	a	wide	range	of	applications	are	reported,	 from	 industrial	applications	like	paint	
drying	monitoring	[1-3]	to	physiological	activity	of	living	objects	such	as	blood	flow,	heartbeat,	viability	of	
seeds,	maturity	and	bruising	in	fruits	among	others	[4-10].	The	metrological	uses	of	dynamic	speckle	well	
consolidated	by	systematic	testing	of	all	the	approaches	arising	by	the	many	applications	[11]	suggest	that	
it	can	be	used	as	a	tool	for	monitoring	cultivation	of	microalgae	in	laboratory	scale	photobioreactor.	

Microalgae	 are	 widely	 used	 in	 different	 industries	 –	 pharmaceutical,	 cosmetic,	 in	 those	 dealing	 with	
pollution	 prevention,	 aquaculture	 and	 especially	 biofuels	 [12-16].	 Microalgae	 use	 sunlight,	 various	
nutrients	and	CO2	to	synthesize	biomass,	biomolecules	and	metabolites	of	economic	importance	as	a	source	
of	food,	medicine,	fodder,	fertilizers	and	biofuels.	Because	of	the	wide	range	of	use,	there	is	an	active	interest	
in	microalgae	large-scale	cultivation.	Commercial	production	of	microalgae	is	expensive,	and	the	addition	
of	nutrients	in	culture	media	contributes	to	its	high	cost.	The	evaluation	of	the	quality	of	culture	media	using	
wastewater	effluents	or	agro-industrial	waste	can	be	a	way	 to	reduce	algal	cultures	costs.	 In	 this	sense,	
bioassays	at	laboratory	scale	and	field	are	important	in	order	to	test	microalgal	biomass	production	using	
agro-industrial	effluents	as	nutrients	[17].		

In	the	present	study,	the	technique	used	in	a	biological	lab	to	investigate	the	efficiency	of	agro-industrial	
effluents	as	culture	media,	can	be	summarized	in	the	cultivation	of	microalgae	in	photobioreactors	and	a	
daily	monitoring	to	investigate	the	growth	performance	of	the	specimens.	The	growth	of	microalgae	culture	
is	expressed	as	the	increase	in	biomass	calculated	for	a	period	of	time	or	a	specific	growth	phase	[18].	This	
increase	can	be	estimated	by	different	methods,	such	as	cell	count	under	the	microscope,	the	determination	
of	changes	in	culture	by	optical	density	measured	in	spectrophotometer	or	the	quantification	of	biomass	
dry	weight,	total	or	organic.	From	all	these	methods,	the	cell	count	is	the	most	widely	used	for	being	the	
simplest	and	inexpensive	[19].	The	disadvantage	of	using	the	 latter	method,	which	is	time	consuming	at	
microscope	and	must	be	performed	by	trained	technicians.	It	is	important;	therefore,	investigate	alternative	
methodologies	to	monitoring	microalgae	in	large	scale,	quickly	and	easily.	

In	this	interdisciplinary	work	we	propose	the	use	of	bio-speckle	technique,	as	a	starting	point	to	develop	a	
non-invasive	sensor,	since	 it	would	allow	in	 the	 future	the	determination	of	algal	population	growth	"in	
situ";	 this	 is	without	 extracting	 the	 samples	 from	 the	 photobioreactor,	 facilitating	 the	 daily	monitoring.	
Results	obtained	from	the	Time	History	of	the	Speckle	Patterns	(THSP)	[5],	of	samples	of	Chrorella	Vulgaris	
cultivated	in	bold	basal	culture	medium	(BBM)	[20],	by	means	statistical	cumulants	[23]	are	presented	and	
are	compared	with	those	obtained	by	standard	measurements	used	commonly	in	biology	labs.	
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2.	Materials	and	methods	
2.a.	Bio-speckle	techniques	
As	in	our	experiments	light	passes	through	the	samples,	the	optical	arrangement	is	the	typical	one	used	in	
forward-scattering	 speckle.	 Figure	 1	 shows	 a	 layout	 of	 the	 experimental	 set-up	 for	 acquiring	 intensity	
fluctuations	of	dynamical	speckle	patterns.	The	samples,	placed	in	prismatic	acrilic	containers	of	1	cm	thick	
with	the	side	facing	the	CCD	unpolished,	are	illuminated	whith	a	Ar-Kr	tunable	laser.	

Fig.	1.	Experimental	set-up	for	THSP	images	acquisition.		
	

The	 CCD	 camera	 captured	 speckle	 images	 at	 a	 rate	 of	 25	 frames	 per	 second.	 For	 each	 state	 of	 the	
phenomenon	under	study,	512	successive	images	of	the	dynamic	speckle	pattern	were	taken	and	a	fixed	
column	of	each	image	(i.e.	the	central	column)	was	grabbed.	With	these	512	columns,	an	image	of	512x512	
pixels	was	built	and	digitized in	256	gray	levels.	This	resulting	image	is	the	so	called	Time	History	of	the	
Speckle	Pattern	(THSP),	where	each	row	represents	the	time	evolution	of	the	light	intensity	at	a	given	point	
of	the	speckle	field.	The	activity	of	the	sample	appears	as	intensity	fluctuations	in	the	horizontal	direction.	
Images	of	instantaneous	speckle	pattern	and	THSP	typicals	are	shown	in	the	insets	of	Figure	1. 

The	samples	where	illuminated	by	four	wave	length,	483,	514,	647	and	676	nm,	in	order	to	investigate	the	
dependence	of	the	speckle	activity	with	l	and	to	compare	with	the	OD	commonly	used	in	biology	labs	as	
parameter	for	monitoring	the	growth	of	the	algal	strains.	The	choice	of	these	particular	wave	lengths,	plus	
the	 availability,	 was	 based	 on	 the	 properties	 of	 the	 interaction	 of	 light	 with	 biological	 tissues.	 In	 our	
particular	 case,	due	 to	 the	high	 chlorophyll	 content	of	 algae,	 red	wavelengths	 (647	and	676)	are	highly	
absorbed,	in	opposition	to	the	green	(514	nm)	which	is	reflected.	Whilst	that,	l =	483	nm	is	very	close	to	
the	absorption	peak	of	b-chlorophyll	and	other	important	components	such	as	carotenoids.	

The	intention	of	this	research	is	to	encounter	an	optimal	measurement	of	bio-speckle	activity	that	could	be	
associated	with	the	increase	of	algal	strains.	A	well-defined	and	widely	used	parameter	in	literature,	such	
as	 the	mean	 life	 time	of	 speckle	 grains	 [10]	was	 tested.	This	numerical	 approach,	 the	most	popular	 for	
measuring	motility	of	scatters	in	biological	and	non	biological	objects,	briefly	consists	in	the	approximation	
of	the	autocorrelation	function	applied	in	a	time	history	of	the	speckle	pattern	(THSP)	by	means	of	statistical	
cummulants.	The	autocorrelation	function	of	each	THSP	row	is	given	by,	

	 𝐺 𝜏 = 𝐼 𝑡 𝐼 𝑡 + 𝜏 ;	 (1)	

where	t	is	the	lag	time	and	the	bracket	represents	the	ensemble	average,	is	calculated.	From	these	results,	
the	 average	 autocorrelation	 is	 obtained.	The	activity	of	 the	 speckle	diagrams	 is	measured	adjusting	 the	
average	autocorrelation	function	by	using	a	function	such	as:	

	 𝐺 𝜏 = 𝑎 + 1 − 𝑎 𝑒𝑥𝑝 − 𝑏.𝜏 + 𝑏/𝜏/ …+ 𝑏1𝜏1 ;	 (2)	

where	bi	being	associated	with	statistical	cummulants	[10]	and	are	used	as	a	measure	of	the	speckle	activity.		

2.b.	Samples	preparation		
In	 Fig.	 2,	 an	 image	 of	 the	 experimental	 set	 up	 of	 microalgae	 cultivation	 system	 is	 shown.	 Basically,	 it	
consisting	 of	 photobioreactors	 (shake	 flasks)	 of	 600	ml	 capacity.	 In	 each	 of	 them,	 Chlorella	 Vulgaris	 is	
cultured	in	500	ml	BBM	medium,	until	an	initial	concentration	of	5000	ind/ml	is	reach.	Three	replicas	were	
performed	and	placed	randomly	on	the	shelves	of	the	culture	chamber	under	constant	light	(fluorescent	
lamps	of	72	W),	temperature	of	24	±	1	°C	and	constant	aeration.	

CCD  
camera 

PC 
(frame grabber) 

sample 

LASER 
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Fig.	2.	Laboratory	photobioreactors.	

	
Data cell concentration of microalgae is accomplished by measuring the optical density (OD) at four wavelengths 
(676 nm, 647 nm, 514 nm and 483 nm) in a spectrophotometer HACH DR 5000. 

 

3.	Experimental	Results	
3.a.	Calibration	Experiment		
In	 this	 study,	 and	 for	 the	 purpose	 of	 calibrating	 the	 measurement	 methodology	 using	 bio-speckle	
techniques,	 the	 population	 growth	 of	 Chlorella	 Vulgaris,	 seeded	 in	 BBM	 culture,	 is	 daily	monitored.	 As	
illustration	in	Figure	3	a),	OD	curves	for	each	sample	versus	time	and	for	l = 483 nm	are	shown.	As	seen	
from	this	figure,	the	OD	temporal	variation	of	each	sample	is	different,	except	for	the	first	day	where	the	
number	of algae	is	approximately	the	same	for	all	photobioreactores.	This	dispersion	is	consistent	with	the	
fact	that	inevitably	experimental	culture	conditions,	namely	temperature,	light	intensity	or	aeration,	vary	
slightly	from	one	photobioreactor	to	another.  

Fig.	3.	Daily	variation	of	Optical	Density	(measured	in	spectrometer):	a)	for	the	three	samples	at	l	=	483	nm.	b)	Mean	Optical	Density	
for	each	wave	length.	

	
The	temporal	evolutions	of	the	OD,	average	of	the	three	samples	and	for	the	four	wavelengths	of	interest	
are	shown	in	Fig.	3	b).	The	behavior	of	this	measurement	versus	time	shows	a	similar	trend	for	the	four	
wavelengths.	However,	their	values	are	higher	and	very	similar for l = 483 nm	and l = 676 nm	as	expected	
since	these	wave	lengths	are	closely	to	the	absorption	peaks	of	chlorophyll.	
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In	other	hand,	daily	also	for	each	sample,	the	THSP	of	dynamic	speckle	patterns	at	the	selected	wavelengths	
were	 registered	 and	 the	normalized	mean	 autocorrelation	 functions	were	 calculate.	 In	 Fig.	 4,	 the	mean	
autocorrelation	functions	for	the	three	samples	corresponding	to	the	third	day	analyzed	are	shown,	with	
the	abscissa	unit	corresponding	to	the	time	that	the	image	processor	requires	to	construct	a	THSP	image,	
20,5	s	approximately.  

Fig.	4.	Normalized	autocorrelation	functions	corresponding	to	the	third	day.	

	
Also,	 the	mean	autocorrelation	 function	of	 dynamic	 speckle	obtained	 from	 the	 sample	of	 culture	media	
without	algae	used	as	reference	in	the	spectrometer	determinations	is	shown.	As	the	first	few	points	of	the	
autocorrelation	show	greater	differences	in	the	graphic,	only	The	15	first	values	are	represented.	As	it	is	
expected,	for	the	reference	sample	the	autocorrelation	function	tends	to	the	autocorrelation	function	of	a	
rectangle	function,	since	the	speckle	pattern	does	not	change	in	time.		

Later	on,	each	autocorrelation	function	was	adjusted	with	according	to	eq.	1.	From	the	adjustment	it	arises	
that	the	coefficient	b1	is	superior	in	several	magnitude	order	(>108)	to	the	others	in	the	sum.	In	Fig.	5	a)	it	
is	 show	 the	data	obtained	 for	 the	 three	 samples	 for l = 483	nm.	 Identical	 results	were	obtained	 for	all	
selected	wave	lengths	as	it	can	be	seen	in	Fig.	5	b)	where	the	mean	b1	coefficient	as	a	function	of	cultivation	
time	for	each	wave	length	is	plotted.	 

Fig.	5.	Daily	variation	of	b1	coefficient:	a)	for	the	three	samples	at	l	=	483	nm.	b)	Mean	b1	coefficient	for	each	wave	length.	

 
By	comparing	the	figures	4a)	and	5a),	it	can	be	seen	that	the	daily	variations	of	the	coefficient	b1	and	the	OD	
have	 similar	 behavior.	 Another	 fact	 to	 consider	 in	 Figure	 5	 a)	 is	 that	 the	 activity	 of	 bio-speckle	 of	 the	
reference	sample,	although	it	has	very	small	daily	values	varies	with	the	culture	time.	This	is	explained	by	
the	 fact	 that	 bio-speckle	 techniques	 yield	 global	measurements	 of	 the	behavior	 of	 scatterers	within	 the	
sample.	In	this	case,	since	BBM	medium	is	a	substance	containing	various	salts,	this	means	that	the	proposed	
non	invasive	measurement	method	it	is	able	distinguish	the	presence	of	the	small	crystals	in	suspension.		
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Values	of	b1	coefficient	and	the	corresponding	measured	by	conventional	method	are	compared	in	Fig.	6.	A	
linear	relation	between	both	data	with	a	high	degree	of	correlation	can	be	seen.		

Fig	6.	Correlation	between	b1	coefficient	and	OD	data	for	each	selected	wave	length.		

	
Once	again,	it	can	be	seen	that	results	correlate	better	for	the	wavelengths	l	=	483	and	l	=	756	nm.	Being	
for	l	 =	 514	 the	minor	 correlation	 degree	 in	 accordance	 to	 the	 fact	 that	 green	wave	 lengths	 are	 highly	
reflected	by	the	algae.	

	

4.	Conclusions	
It	has	been	experimentally	verified	that	bio-speckle	technique	is	suitable	for	the	analysis	of	algal	population	
growth	in	four	wave	lengths.	Values	of	the	proposed	parameter	increase	as	a	function	of	the	time	as	the	
Optical	Density	measured	with	a	commercial	spectrophotometer	does.	The	obtained	results	supported	by	
the	correlations	between	the	data	obtained	by	the	standard	technique	and	the	proposed	method	and	the	
simplicity	 of	 the	 experimental	 setup	 are	 encouraging	 and	 constitute	 a	 starting	 point	 to	 develop	 a	 non-
invasive	 sensor,	 allowing	 the	 determination	 "in	 situ".	 The	 ultimate	 goal	 is	 to	 have	 a	methodology	 that	
facilitates	the	daily	monitoring	without	extracting	the	samples	from	the	photobioreactor	contributing	to	the	
development	of	bioreactors	optimized	for	the	production	of	microalgae	on	a	large	scale.	
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