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MICROALGAE IMMOBILIZATION AND APPLICATIONS

SUMMARY

Microalgae are unicellular microscopic creatures living in the seas and fresh waters.
Algae are very important for the environment and they exist both in their natural
environment and can be produced in the culture medium under laboratory conditions.
Algae production is the most efficient and economic way for controlling
eutrophication, wastewater treatment and transforming the sun’s energy into
biomass. The micro algae eliminate excess CO, and in this way adjust the pH degree
of the environment and they also help to control the water quality by removing
excess nutrients from any environment. The reason why micro algae are preferred in
bio-technologic studies is that they can increase their weight by approximately two
times a day; they are easily processed in bio-technologic processes; they are low cost
and they can resist to environmental factors. However since the free algae cells are
relatively small, problems arise when they are used in the field of bio-technology.
For that reason, cell immobilization techniques have been developed. The
immobilized algae are used in the generation of those products having a high value
(agar, carrageenan, and alginic acid), in the removal of nitrogen, phosphorus, metals
and toxic organic substances, in the storage of micro algae and in the development of
bio-sensors.

In this study, the cells of Phaeodactylum tricornutum (Bohlin, 1897) as microalgae
species of the seas were confined in the sodium alginate solution prepared in
different concentrations (2.5, 3.5 and 5%) and they were left to harden in the cation
solution of 2% and 4%. Then the development of algae that had been immobilized in
gels prepared by using different combinations of alginate and cation solutions and
the diameters of the beads was monitored and compared with each other in short and
long term. At the same time, the development of free algae was monitored and a
comparison was made between the immobilized algae and free cultures. Then the
beads that were determined in optimum conditions of both algae growth and gel
stability.

In short term experiments, the gels prepared by using sodium alginate concentration
of 2.5, 3.5 and 5% and cation solutions of 2 and 4% were compared in terms of the
development of algae cells and stability of the beads for a period of 15 days. As a
result it was found out that the ratio of alginate concentration of 3.5% was better for
the development of algae cells confined in gel and that the gel of sodium alginate of
2 and 4% were used. Consequentially, the immobilized algae prepared by using the
proper alginate solution concentration (3.5%) and cation solution concentration (2%
and 4%) were used in experiments with long term experiments.

In long term experiments, the beads prepared by using a sodium alginate
concentration of 3.5% and cation solution of 2% and 4% were used. Inoculation was
made during 7 days for a period of 255 days and with intervals of 15 days and after
that, the development of algae cells confined in gel and stability of the beads were
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examined. In addition to these examinations, cell development and beads stability
was measured following an incubation process of 365 days. While the number of the
cells from the beads of 3.5% prepared in a cation solution of 4% reached a stabile
value and remained nearly same at the end of 60 days, the number of the cells from
the beads of 3.5% prepared in a cation solution of 2% continued to increase at a
slower rate and cell number reached a higher value at the end of 157 days. After a
year, the microalgae in the beads were almost lost their viability. The diameter of
algae cells prepared by using two different cation solutions (2% and 4%) was
measured as approximately 4mm and no apparent difference was found in the
diameter of the cells. The results of this study were used in toxicity tests and nutrient
removal studies by using an alginate solution of 3.5% and a cation solution 2%.

The sensitivity of PAH species selected as toxic substance (Phenantrene and
Acenaphtene) and of the algae confined in the bead were measured and their reaction
to the toxic substance was compared by carrying out synchronous studies on the
bacteria (Vibrio fischeri, Biotox ™ Kit) and free algae cultures. As a result, no
apparent difference was observed on the free algae when the initial concentration of
Phen (100 pg/L) and the control group was compared. The effect of other Phen
concentrations (400 and 1000 pg/L) was also observed during the latent and
logarithmic periods. It was found out that higher concentrations of Ace (500, 1000
and 1500 pg/L) better inhibited the cell development. Then dose-response curve was
drawn for Ace and Phen by using these results.

Nutrient (NO3-N, PO4-P) uptake studies were carried out in non-continuous systems
and the beads were used in four successive applications. In the first application, the
net nitrate uptake ratio was determined to be higher when compared to phosphate.
The nitrate uptake ratio was determined to be 31% in the first application and it
continued to increase in the second, third and fourth applications (51%, 69% and
75% respectively). However, while the net phosphate uptake quantity continued to
increase in the first three applications, it showed a reduction in the fourth application
(3%, 41%, 74% and 48% respectively). All applications were terminated after four
days because sodium alginate gel started to break up after the fourth day and the cells
were released to the medium that was isolated from the gel. As a result of these
studies, it was found out that alginate beads used in non-continuous systems were
better for nitrate uptake when compared to phosphate uptake. Besides that algae cells
were not released the beads during treatment. For that reason, they are used again in
other treatments since they can easily separate from the treated medium.

In summary, beads prepared using 3.5% Na-alginate concentration and 2% cation
solution (CaCl,) were found to be the most stable and suitable to P. tricornutum
cells. The study shows that algal beads are efficient for toxicity experiments and
nutrient (N and P) uptake.
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MIKROALG iMMOBILIZASYONU VE UYGULAMALARI

OZET

Mikroalgler deniz ve tathh su ortamlarinda yasayan tek hiicreli, mikroskobik
canlilardir. Gerek dogal ortaminda bulunan gerekse laboratuvar kosullarinda kiiltiirti
yapilabilen alglerin 6nemi biiyiiktiir. Alg tiretimi glinlimiizde 6trofikasyon kontrolii,
atiksu arittimi ve giines enerjisinin biyokiitleye doniistliriilmesinde en etkili ve
ekonomik yoldur. Mikroalgler fazla CO;’i uzaklastirarak ortamin pH’sini1 ayarlar ve
ortamdaki fazla nutrientin uzaklagtirilmasiyla su kalitesinin kontroliine yardimci
olmaktadirlar. Biyoteknolojik calismalarda mikroalglerin tercih edilme nedenleri;
biyoteknolojik islemlerden gecirilme kolayliklari, maliyetlerinin diigiik olmasi ve
cevresel faktorlere direng gostermeleri olarak ozetlenebilir. Ancak serbest alg
hiicrelerinin kiiciik boyutlar1 biyoteknoloji alanindaki kullanimlarda problemler
ortaya ¢ikartmaktadir. Bu nedenle hiicre immobilizasyon teknikleri gelistirilmistir.
Immobilize edilmis algler yiiksek degere sahip iiriinlerin iiretiminde (agar,karragen,
alginik asit vb.), azot ve fosfor ile metal ve toksik organik maddelerin gideriminde,
mikroalglerin depolanmasinda ve biyosensor gelistirmede kullanilmaktadir .

Bu c¢alismada bir deniz mikroalg tiirii olan Phaeodactylum tricornutum (Bohlin,
1897) hiicreleri farkli konsantrasyonlarda hazirlanan sodyum alginat (%2.5, 3.5 ve 5)
jel i¢ine hapsedilmis ve %2 ve 4’liikk katyon solusyonunda (CaCly) jelin sertlesmesi
saglanmistir. Farkli kombinasyonlarda alginat ve katyon ¢ozeltileri kullanilarak
hazirlanan ve jel i¢ine hapsedilen alglerin gelisimi ile kiirelerin ¢aplar1 kisa ve uzun
vadeli olarak takip edilmis ve birbirleri ile karsilagtirilmistir. Es zamanli olarak
serbest alglerin gelisimi de incelenerek immobilize ve serbest kiiltiirlerin kiyaslamasi
yapilmigtir. Optimum kosullar tespit edilen kiireler daha sonra toksisite deneyleri ve
nutrientin hiicre i¢ine alim1 ¢aligmalarinda kullanilmistir.

Kisa vadeli deneylerde; %2.5, 3.5 ve 5 sodyum alginat konsantrasyonu ile %2 ve 4
katyon solusyonu kullanilarak hazirlanan jeller, 15 giin siire ile kiire stabilitesi ve jel
icine hapsedilen alg hiicrelerinin gelisimi bakimindan kiyaslanmistir. Buna gore
%2.5 alginat konsantrasyonuna sahip kiireler, alg hiicrelerinin gelisimi bakimindan
daha uygun bulunurken, %5’lik hazirlanan sodyum alginat jelin daha stabil olmasi
sebebiyle alg gelisimine izin vermedigi goriilmiistiir. Bir sonraki asamada, %3.5
sodyum alginat konsantrasyonu kullanilarak hazirlanan kiireler, %2 ve 4 katyon
solusyonlar1 igerisinde  sertlestirilerek alglerin gelisimi ve jelin stabilitesi
bakimindan incelenmistir. %2 ve 4 katyon solusyonu kullanilarak hazirlanan jellerde
hiicre gelisimi bakimindan belirgin bir farklilik olmazken, buna karsilik %4 katyon
solusyonunda hazirlanan kiirelerin daha stabil oldugu gozlenmistir. 15 giinliik deney
sonucunda %4’lik katyon solusyonunda hazirlanan kiireler %24 kiigiilme
gosterirken, %2’lik katyon solusyonunda hazirlanan kiirelerde bu oran %35 olarak
bulunmustur. Elde edilen sonuglar dogrultusunda, en uygun alginat konsantrasyonu
(%3.5) ve katyon solusyonu orani (%2 ve 4) segilerek hazirlanan immobilize alg
kiireleri uzun stireli deneylerde kullanilmistir.

XVii



Uzun vadeli deneylerde; %2 ve 4 katyon solusyonunda sertlestirilen %3.5 sodyum
alginat konsantrasyonuna sahip kiireler kullanilmistir. 255 giin siire ve 15 giin ara
ile 7 glinliik asilama yapilarak, jel i¢ine hapsedilen alg hiicrelerinin gelisimi ve
kiirelerin stabilitesi incelenmistir. Ayrica 365 giinliik inkiibasyon siireci sonunda
hiicrelerin gelisimi ve kiire stabilitesi olgiilmiistiir. Deneyin ilk 30 giinliik kisminda,
%?2 katyon solusyonu kullanilarak hazirlanan alg kiireleri yaklasik olarak 100000-
125000 arasinda hiicre sayisina ulasirken, %4’liik katyon solusyonunda hazirlanan
kiirelerde bu rakam 18000-35000 arasinda kalmigtir. Alglerin biiyiime hizi,
depolanma siiresi arttik¢a (her 7 gilinlilk inokulasyon sonunda) gitgide azalan bir
egilim gostermistir. %4 katyon solusyonunda hazirlanan %3.5 alginat
konsantrasyonuna sahip kiirelerin hiicre sayis1 60 giiniin sonunda sabit bir degere
ulagip hemen hemen ayni kalirken, %2 katyon solusyonunda hazirlanan kiirelerde
hiicre sayis1 azalarak devam etmis ve 157 giin sonra daha yiiksek degere ulagsmistir.
365 giin sonunda kiirelerin canliligini kaybettigi goriilmiistiir. Iki farkli katyon
solusyonu (%2 ve 4) kullanilarak hazirlanan alg kiirelerinin ¢ap1 yaklasik 4mm
Olciilmiis ve kiirelerin ¢ap1 arasinda belirgin bir farklilik bulunmamistir. Bu ¢aligma
sonunda %3.5 alginat konsantrasyonu ve %2 katyon solusyonu se¢ilerek hazirlanan
kiireler toksisite deneyinde ve nutrientin hiicre igine alimi ¢aligmalarinda
kullanilmustir.

Toksisite deneylerinde Onemli g¢evresel kirleticilerden olan iki farkli PAH
(Phenantrene ve Acenaphtene) kullanilarak immobilize algler ve serbest alg
kiiltiirleri ile bakteri (Vibrio fischeri, Biotox "™ Kit) iizerindeki etkisi arastirilmustir. 3
farkli konsantrasyonda Phenantrene (100, 400 ve 1000 pg/L) ve Acenaphtene (500,
1000 ve 1500 pg/L) kullanilmistir. Buna gore, Vibrio fischeri ile yapilan deneyde
ECy degeri hesaplanirken, ECsp degeri belirlenememistir. Alg toksisite deneylerinde
farkl sistemler kullanilmistir. Serbest alg kiiltiirleri 10 giin siire ile Phenantrene (100,
400 ve 1000 pg/L) ve Acenaphtene (500, 1000 ve 1500 pg/L) kirleticilerine maruz
birakilarak davraniglart gozlenmistir. Serbest algler {izerinde Phen’in ilk
konsantrasyonu (100 pg/L) ile kontrol grubu arasinda belirgin bir fark goriilmemistir.
Diger Phen konsantrasyonlarinin (400 ve 1000 pg/L) etkisi latent ve logaritmik
donemde gdzlenmistir. Ace konsantrasyonu arttik¢a hiicrelerin gelisimini engelledigi
ortaya ¢ikmistir. Bir sonraki asamada, serbest ve immobilize alg hiicreleri 4 giin siire
ile Phen ve Ace konsantrasyonlarma maruz birakilarak gelisimleri incelenmistir.
Yapilan deneyler sonucunda, immobilize edilmis alglerin duyarli olmadig
goriilmiistiir. Immobilizasyon teknigi, jel icine hapsedilen algler {izerinde koruyucu
etki saglamistir. Fakat bakteri ile kiyaslandiginda daha yiiksek duyarliliga sahip
oldugu gozlenmistir. Elde edilen sonuglar kullanilarak Phen ve Ace i¢in doz-cevap
egrisi ¢izilmistir.

Nutrient (NOs-N, PO4-P)’in kiire igine hapsedilen algler tarafindan hiicre igine alimi
caligmalar kesikli sistemlerde denenmis ve kiireler birbirini izleyen dort uygulamada
kullanilmigtir. Nitrat alim miktart ilk uygulamada %31, daha sonra sirasi ile ikinci,
liclincli ve dordiincii uygulamalarda artarak devam etmistir (%51, 69 ve 75). Buna
karsilik, net fosfat alim miktar ilk ii¢ uygulamada artarak devam ederken dordiincti
uygulamada azalma gostermistir (%3, 41, 74 ve 48). Sodyum alginat jel icine
hapsedilen alg hiicrelerinin, jel i¢inden medyuma tagmasi sebebiyle her uygulama 4
giinde sonlandirilmistir. Alg kiireleri medyumdan kolayca ayrilabilmesi sebebiyle
baska aritimlarda da yeniden kullanilmistir.

Ozetle, P. tricornutum hiicreleri kullanilarak hazirlanan kiireler icin hiicre gelisimi ve
jel stabilitesi bakimindan en uygun kosullar bulunmustur (%3.5 Na-alginat
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konsantrasyonu ve %2 CaCl; solusyonu). Kiirelerin toksisite deneyleri ve nutrientin
(N ve P) hiicre i¢ine alimi1 ¢aligmalart i¢in uygun oldugu goriilmiistiir.
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1. INTRODUCTION

1.1 Aim of the Study

One of the objectives of this study was to investigate the stability of alginate beads
and growth of immobilized algal cells entrapped in alginate. For that aim, several
different concentrations of alginate and hardening agent were used for preparation of

the beads to determine the optimum conditions for stability and growth.

The second objective was to determine the stability of algal beads and viability of

cells during the long-term storage.

Finally, immobilized algal cells were used to asses the suitability of the algal beads
in toxicity testing and nutrient removal studies. During the toxicity tests polycyclic
aromatic hydrocarbons (PAHs) of Ace and Phen were used. They are listed as

priority pollutants by EPA and found widespread in the environmental matrices.

In this study, pennate diatom P. tricornutum is used; The advantages of using
pennate diatom P. tricornutum in laboratory and in situ studies have been indicated
by several authors (Moreno-Garrido et al., 2005; Morelli and Scarano, 2001;
Wiegman et al., 2002; Moreira dos Santos et al., 2002). Those species are easy to
maintain under laboratory conditions, tolerant to salinity differences and widely used
in ecotoxicological studies (Moreira et al., 2006; Moreira et al., 2002; Moreno-
Garrido et al., 2000). Although various results have been presented about the stability
of alginate gel beads in the literature (Smidsrod et al., 1990; Dainty et al., 1986;
Martinsen et al., 1989), there was a few study reporting the bead stability in seawater
(Moreira et al., 2006) and limited reports were published related to the long-term
viability of the microalgae immobilized in alginate beads.

1.2 The Concept: Immobilization

Immobilization is now a well-established technique with many industrial
applications. At the end of the sixties, novel techniques for immobilizing enzymes,
proteins and cells began to expand in the literature (Papageorgiou, 1987). The main



goal of enzyme immobilization is the industrial re-use of enzymes for many reaction
cycles. Immobilization of enzymes and other proteins may also be useful at the

laboratory scale for the evaluation of critical properties of enzymes and proteins.

1.3 Immobilized Cells and the History

An immobilized cell is defined as a cell that by natural or artificial means is
prevented from moving independently of its neighbours to all parts of the aqueous
phase of the system under study (Tampion& Tampion, 1987). Immobilization of
microalgae, as part of a global trend of immobilizing microorganisms, is used for a
wide variety of biotechnological applications that started over 40 years ago (Bashan
and Bashan, 2010). The general principle of immobilization of microalgae is based
on keeping the living cells within a gel matrix metabolically active as long as
possible, during which time they have very limited mobility (Bashan and Bashan,
2010). Immobilized microalgae in matrices may assist the required biotechnological
benefits from the mass culture of the microalgae. Furthermore, immobilization
allows storage of cells for a longer period without any loss of viability than in free
cells and the preparation of immobilized cells is easier, cheaper and more readily

available than other methods (Romo & P’erez-Mart'inez, 1997).

Microalgae form the basis of the aquatic food chain and play a key role in aquatic
ecosystems. They are the primary producers of organic matter on the earth. It is
estimated that around 40% of global photosynthesis is performed by microalgae
(Falkowsky, 1980). They take in carbon dioxide and promote the immobilization of
carbon dioxide in the atmosphere. Microalgae contain a good balance of sugar,
protein, fat and minerals and are suitable as feed for livestock for meat. Various
substances having bioactive and other useful functions are produced by microalgae.
There are many microalgae-related biotechnologies that can be commonly used in
various industries covering a wide range of fields, including medicine, health,
environment, energy, agriculture, food, cosmetic, aquaculture and fisheries (Sumi,
2009 and Borowitzka and Borowitzka, 1988). Since microalgae are widely
distributed in marine and fresh water environments and there are about 100,000
different kinds, it is believed there are many compounds with yet-to-be-discovered
biological activities (Sumi, 2009).



1.4 Application of Immobilized Algae

1.4.1 Production of high value products

Microalgae are very efficient solar energy converters producing massive blooms in
environments. Those organisms can be used to produce various high-value bioactives
(Borowitzka, 1986; Bubrick, 1991; Pulz et al., 2001; Li et al., 2001; Banerjee et al.,
2002). Several microalgae synthesize a great variety of useful metabolites of great
commercial interest. (Lebeau and Robert, 2006; Moreno-Garrido, 2008). Moreover,
the production of agar, carrageenan, and alginic acid from macroalgae are well-
established industries (Guisan, J.M., 2006). Production of microalgae-derived
products/metabolites requires the processes of culturing the alga (Ben-Amotz and
Avron, 1987; Molina Grima, 1999; Molina Grima et al., 1999; Sa'nchez Miro'n et
al., 1999;Tredici, 1999; Borowitzka, 1999; Pulz, 2001; Pulz et al., 2001), recovery of
the biomass, and purify the products/metabolites from the biomass. Previous studies
showed that the immobilization of biomass provide advantages such as reuseability
and separation of biomass from the bulk liquid. Reusability of the immobilized
biomass after regeneration makes the process also cost effective (Bayramoglu et al.,
2003; Arica et al., 2005; Prakasham et al., 1999).

Some specific examples related to the production of high-value products are given in

the following;

e Diatom Haslea ostrearia most commonly found in the Atlantic shore
(France) synthesize a blue-green hydrosoluble pigment “marennine” which is
known to be responsible for the greening of oysters (Gaudin et al., 2006;
Robert, 1983). The pigment has also commercial applications in food and
cosmetic industries (Gaudin et al., 2006; Yaron & Arad, 1993). It is also
expected that the pigment will be used in medicines against carcinoma lines
(Gaudin et al., 2006; Carbonnelle et al., 1999). Morphological and
physiological characteristics of the algal cultures must be preserved for these
various applications to be realized. For that aim, this marine diatom were
successfully immobilized and stored up to one month. (Lebeau et al., 1998).

e Because of limited oil reserves and rising prices as well as concern about fuel
emissions, many countries are interested in developing their internal biofuel

markets and established plans for use of these biofuels. Ethanol, as a clean



and renewable combustible, is considered as a good alternative to replace oil
(Mussatto et al.,2010; Bai et al., 2008; Almeida and Silva, 2006). Although
the energy equivalent of ethanol is 68% lower than that of petroleum fuel, the
combustion of ethanol is cleaner (because it contains oxygen). Burning
ethanol instead of gasoline reduces carbon emissions by more than 80% while
eliminating entirely the release of acid-rain-causing sulfur dioxide (Mussatto
et al.,2010; Lashinky and Schwartz, 2006). Consequently, the emission of
toxic substances is lower (Mussatto et al.,2010; Krylova et al., 2008). Ethanol
production by using the immobilized microalgae seems a promissing strategy.

e Hydrogen production from microalgae (C. vulgaris ) is possible and can be
improved by immobilization of the algae (Rashid et al.,2011; Hahn et al.,
2007). Hydrogen (H2) can be considered as a possible replacement for fossil
fuels (Rashid et al., 2009). One way that hydrogen can be produced
biologically is by microalgae exposed to anaerobic conditions (Rashid et
al.,2011; Vijayaraghavan et al., 2004).

1.4.2 Removal of N and P

Large-scale production of wastewater is a consequence of all societies. Most
wastewaters are usually hazardous to humans and the environment and therefore,
they must be treated prior to disposal into water bodies. Removing most nutrients is
usually obligatory, even though it is not performed in many cases, especially in
developing countries. Secondary effluents from domestic and agro-industrial
wastewaters contain large amounts of nutrients (NH,, NOz and PO,4) which have been
identified as the main causes leading to eutrophication in rivers, lakes, and seas (Lau
et al., 1997; Trepanier et al., 2002). Disposal of partially treated wastewaters also an
important threat for freshwater resources on a global scale (Montaigne and Essick,
2002). Especially, the presence of inorganic nitrogen compounds diminishes the
quality of drinking water (Fraser and Chilvers, 1981). Presently, there are several
methods to remove the nutrients from the effluents (Duenas et al., 2003; Stratful et
al., 1999; Van Loosdrecht et al., 1997), but these are costly and produce high sludge
content. Microalgae have been proposed as an alternative biological treatment to

remove nutrients (Mallick, 2002).



Microalgae are commonly used for tertiary wastewater biological treatment (Noue
and De Pauw, 1988; Valderrama et al., 2002). Although nitrogen is commonly
removed, only a small fraction of phosphorus can be removed (Hernandez et al.,
2006; Bashan and Bashan, 2004; Galarneau and Gehr, 1997). It was also found that
the efficiency of removing phosphorus by the co-immobilized microorganisms is
increased (Hernandez et al., 2006; Bashan et al., 2004).

One of the limitations for the development of wastewater treatment systems based on
microalgae is the harvest of the biomass at the end of the treatment process. This
involves the high cost and time-consuming filtration and centrifugation, which are
not applicable techniques for a wastewater industry dealing with effluents. However,
the idea of entrapping microalgae in spherical gels for easy removal by
sedimentation after wastewater treatment gained significant momentum in the last
decade. The immobilization of cells also provide some major advantages such as (1)
high biomass production that can be used as a byproduct; (2) prevents filtration of
the treated wastewater, which can be used as is; (3) high resistance to toxic
compounds within the treated wastewater; (4) immobilizing more than one
microorganism ; (5) an increase in the cell retention time within bioreactors and
higher metabolic activity (6) is simple to apply by nonprofessionals (Tam et al.,
1994).

During the treatment, firstly the contaminants are absorbed by the immobilized
microalgae in a matrix, and then the cleaner waters diffuse out of the polymer matrix
and are collected and reused. The process can be repeated for several cycles. The
polymer used for this purpose must be efficient for removing the pollutants and
cheap. Regardless of the polymers used, the material must be hydrophilic, allowing
wastewater to diffuse into the bead. The most commonly used polymers are the
natural polymers alginate and carrageenan (Bashan, 1998; Moreno-Garrido, 2008;
Murano, 1998), Chlorella immobilized in alginate (Lau et al., 1997); Scenedesmus
obliquus immobilized in k-carrageenan (Chevalier and De la Noiie, 1985a) and
Scenedesmus intermedius immobilized in calcium alginate (Jimenez-Perez et al.,
2004) were some species used for the secondary effluent treatment systems in the

literature.

The cultivation of algae in wastewater offers the combined advantages of treating the

wastewaters and simultaneously producing algal biomass, which can further be used



for other puroposes such as energy production such as biogas and fuels, or in
agriculture (fertilizers and soil conditioners). Compared to the entirely heterotrophic
systems like activated sludge plants, the primary attraction of algal ponds lies in the
low-grade technology and in saving of energy, since photosynthetic oxygen

production can replace mechanical aeration (Romo and Martinez, 1997).

1.4.3 Metal removal

One of the main interests for microalgae in biotechnology is focused on their use for
metal removal from effluents and wastewaters. The sources of heavy metals in the
environment may be natural and anthropogenic. Those are battery manufacturing,
painting, printing, mining activities, alloy industries, fossil fuels etc. Although most
of metals are needed in small amounts by the organisms, the higher amounts of
especially arsenic, cadmium, copper, lead, mercury and chromium are hazardous to
the environment. Their presence in the aquatic ecosystem poses human health risks.
The chemical forms of these metals in water are accessible to the biota through
significant accumulation in the food chain and causes harmful effects to living
organism in water and also to the consumers of them (Vilar et al., 2005). Although
the removal of metals from wastewaters is possible by various methods such as
precipitation, membrane filtration, chemical oxidation or reduction, ion exchange
and adsorption, these techniques are often ineffective or expensive, especially when
concentrations are high. The removal of heavy metal ions by immobilized organisms
such as fungi (Bayramoglu et al., 2003; Arica et al., 2004; Al- Qunaibit et al., 2005;
Baik et al., 2002), bacteria (Trevors et al., 1986; Saygideger et al., 2005; Tunali et
al., 2006b) and yeast (Lamelas et al., 2005), have been studied extensively.

1.4.4 Removal of toxic organic substances

Conventional and advanced wastewater treatment methods are inefficient in
removing some toxic, organic contaminants (Nakada et al., 2007; Bertanza et al.,
2010). New, cost-effective methods are needed to effectively remove such
contaminants from the contaminated environment. Microalgae has been known to
remove toxic, organic contaminants by cell uptake and transform (Semple et al.,
1999). For example (Luan et al. 2006) reported that tributyltin (TBT) used as
antifouling agent can be removed and biodegraded by alginate-immobilized

Chlorella vulgaris. Similarly, an alginate-immobilized cyanobacteria, Phormidium



was found to be effective in removing dye from dye-rich wastewater (Ertugrul et al.,
2008). Ueno et al. (2008) revealed that n-alkanes were almost completely degraded
by Prototheca zopfii immobilized in polyurethane foam. Furthermore, a recent study
by Gao et al (2011) demonstrates that alginate-immobilized C. vulgaris beads were
more effective than freely suspended cells in removing and biodegrading
nonylphenol (NP) from wastewater under photo-autotrophic conditions. Nonylphenol
(NP) poses a serious threat to humans and other organisms because it has estrogenic

properties, is persistent in the environment and is highly toxic (Soares et al., 2008).

1.4.5 Microalgal storage (Enhancing storage capacity)

Microalgal storage has been studied for various possible applications such as larvae
feeding in hatcheries, synthesis of active biomolecules, water quality control (Cheng,
2003) and for ecotoxicological applications (Frense et al., 1998). Microalgae provide
a well balanced mixture of nutrients to higher organisms in the food web because
they contain the most important macronutrients (Becker, 2004; Volkman&Brown,
2006). But management of a microalgal collection is labor intensive, expensive, and
time consuming (Moreno-Garrido, 2008). Immobilization was found to be a practical
way to overcome those problems. During the storage of immobilized algal cells, they
stay alive and preserve their nutrient, protein, carbohydrate, and lipid contents. The
characteristics particularly size and shape of the strains were also preserved
especially during the long-term storage. To preserve the size and shape of the marine
diatom during long-term storage, the cells were immobilized in alginate beads and
stored at 4 ° C under reduced light for up to 4 months (Bashan and Bashan, 2010).

Hertzberg & Jensen (1989) immobilized the marine diatom Phaeodactylum
tricornutum in alginate beads and those algal alginate-beads kept in the dark at 4 °C
for more than one year and they were capable of growth when transferred to fresh
medium. Another study by Chen (2001), showed that immobilized cells of the
freshwater alga Scenedesmus quadricauda could be stored for more than three years
and retained their normal physiological activities. One of the problems during the
production of mollusks and crustaceans in the larval stages in laboratory is the high
cost of producing live food (microalgae) (Valenzuela-Espinoza et al., 1999). The cost
can be reduced by using immobilized algae. The preparation of alginate-beads is
easy, cheaper and more convenient than the microalgae produced by traditional

methods (Romo and Pérez-Martinez, 1997). For example Tetraselmis suecica was



stored and used as food for Crassostrea gigas larvae (Montaini et al., 1995; Robert et
al., 2001) and the marine microalga Isochrysis galbana immobilized in alginate can
be used for longterm storage of algal stock and easily applied to clam cultures
(Bashan and Bashan, 2010). Tamponnet et al. (1985) and Hertzberg and Jensen
(1989) showed that immobilized microalgae maintained ultrastructural integrity and
physiological activities for several months, suggesting its application in algal storage.

1.4.6 Biosensor development-Toxicity assessment

The aquatic ecosystem health is a key element in environmental issues. Indeed water
is an essential resource needed in most human activities. Protecting water quality
requires early warning systems for on line and in situ pollution monitoring (Chouteau
et al., 2004). It is well known that microalgae is very sensitive to toxicants in toxicity
tests (Radix et al., 2000; Stauber and Florence, 1990), and the key role of these
organisms in aquatic ecosystems has been studied extensively. Toxicity tests with
microalgae have many advantages with respect to other toxicity tests: they are
repeatable, sensitive, cost effective, easy and fast. However , using microalgae for in
situ toxicity assessments is relatively rare compared with fish and invertebrates
(Moreira-Santos et al., 2010; Burton et al., 2005; Crane et al., 2007) due to the
difficulties such as confinement of algal cells at the field sites and their retrieval at
the end of the assay. The immobilization of algal cells in a matrix of calcium alginate
(beads and films) (Faafeng et al., 1994; Moreira et al., 2006) is an alternative to
classic in situ methodologies instead of carrying samples to the laboratory, the
immobilized algae is installed in actual locations for a determinate period of time,
then, recovered and carried to the laboratory to determine polluted locations
(Munawar and Munawar, 1987; Pereira et al., 1999; Moreira dos Santos et al., 2002).
For example sediments act as a sink and potential source of xenobiotics, because
water solubility of those substances is usually low. But the application of toxicity
tests to sediments is a restriction in the integrated toxicity study of coastal
management from an environmentalist point of view. On the other hand, toxicity
tests applied to extracts of the sediments modify the natural conditions. Direct
exposition of immobilized microalgae to sediment would improve in a great way the
ecological relevance of the tests (Moreno-Garrido et al., 2003a,b; Adams and
Stauber, 2004): Selective enzymatic sensor systems using immobilised single
enzymes (Dzadevych et al., 1994; Shul’Ga et al., 1994;Wan et al., 1999; Dennisson



and Turner, 1995; Turner et al., 1987) were developed for detection of toxic
compounds such as heavy metals and pesticides in the environment.in environment
as well as food and medicine analysis. Detection of different groups of pollutants are
possible by developing a multi-enzymatic biosensor (Arkhypova et al., 2001).
However, immobilizing different enzymes on a multisensor is not so easy, because
all enzymes must work under the same operational conditions simultaneously.
Enzyme unstability and their high price are other problems for develepment of
multienzyme sensor systems. Since algal cells contain a large number of enzymes,
using them for this purpose is a good solution. Moreover using a living organism
gives information concerning the ecotoxicological effects of pollutants on these
organisms. An algal (Chlorella ) biosensor has been constructed also to operate in
the gas phase for determination of aerosols. Some other toxic compounds such as
atrazine, paraquat or methanol which affect the algal photosynthetic activity can also
be detected by this biosensor ( Naessens and Minh, 1999).

1.5 Immobilization Techniques For Microalgal Cells

Generally, the immobilization techniques could be divided into active and passive.
Many microorganisms have a natural tendency to attach to surfaces and grow on
them (Robinson et al., 1986). The common supports for adsorption include various
membranes, a filter paper, carbon materials and other carriers possess the high
absorbance; sometimes the cells have been adsorbed directly onto the electrode
surface One of the major advantages of the adsorption is its simplicity; (Reshetilov et
al, 2010). Adsorbents for passive immobilization can be natural or synthetic. For
example, a natural carrier of loofa sponges are the fibrous support of the fruit of
different species obtained from Luffa (L. cylindrica). Those sponges are non-toxic,
cheap, mechanically strong and stable in long-term cultures (Liu et al., 1998). Akhtar
et al. (2004) used loofa sponge to immobilize algal cells of Chlorella sorokiniana, to
remove nickel(ll) from aqueous solutions. On the other hand, polyvinyl and

polyurethane are commonly used synthetic materials to immobilize cells.

Active immobilization of cells require the use of some chemical and physical
methods for cell fixing and the choose of the most efficient technique is determined
by the type of supposed assay and cells' features. Most of the general immobilization

techniques for microorganisms can be easily modified and applied to microalgae,



adding a design factor that these are photosynthetic microorganisms that require
light.

General features of an immobilized-algal system were shown in Table 1.1.

Table 1.1 : Basic requirements of an useful immobilized algal system and
properties of an ideal matrix for immobilization (Mallick, 2002).

Requirements of an useful

. - Properties of an ideal matrix for
immobilized algal

immobilization

system
Retention of viability Non-toxicity
Ability to photosynthesize Phototransparency
High density of cells Stability in growth medium
Continued productivity Retention of biomass
Low leakage of cells from matrix Resistance to disruption by cell growth

Several synthetic (acrylamide, polyurethane, polyvinyl, resins) and natural polymer
derivatives of algal polysaccharides (alginate, carrageenan, agar, agarose), and
chitosan, an amino polysaccharide derived from chitin, has been experimentally
used. Generally synthetic polymers are more stable than natural polymers. On the
other hand, natural polymers are easily degraded by microbes, less hazardous to
produce (Leenen et al., 1996) and diffusivity is higher. Once the application is clear,
guidelines for selecting a polymer exist by several authors (for example Leenen et
al., 1996).

Even though different techniques for immobilization of cells in alginate matrixes
have been proposed, the entrapment of cells in beads of sodium alginate gel hardened

with calcium is one of the most widely used (Smidsrod et al., 1990).

Alginate is a polysaccharide composed of guluronic and mannuronic acid monomers
in varying proportions depending on the brown seaweed and the tissue from which

they are extracted.

In contrast to other matrices, such as polyurethane foams (Thepenier et al., 1985),
calcium alginate is nontoxic and let different type of microorganisms to grow inside.
The transparency of small calcium-alginate beads is enough to permit the growth of
immobilized microalgae (Codd, 1987; Hertzberg and Jensen, 1989). Additionally it is

10



an easy, cheap and feasible technique to be used in research laboratories
(Papagregoriou, 1987).

The physical properties of alginate gel beads, namely their mechanical strength,
susceptibility to shrinkage, porosity and stability towards antigelling cations and
chelating agents depend upon both the chemical characteristics of the alginate and
the type and concentration of the hardening agent (Dainty et al., 1986; Martinsen et
al., 1989).

1.6 General Immobilization Protocol

Most of the immobilization techniques are more or less similar regardless of the
polymer matrix that is used. The microalgal suspension is mixed with
macromolecule monomers of the polymer. Then, the mixture is solidified to produce
a polymeric gel of various shapes. This is done by linking the monomers to each
other to form a polymer with as little interaction with the living microorganisms as
possible. Polymerization can be achieved by several physical and chemical
treatments, depending on the characteristics of polymer. Solidification can be done
by linking the monomers with di- and multi-valent cations. The rate of solidification
can be increased or decreased by changing the temperature and different chemical
and photochemical reactions (Cohen, 2001). This can be a very fast process, as in the

case of alginate (Bashan, 1986) or slower for other polymers (Cohen, 2001).

Generally, the mechanical strength of the final polymer increases with the increase in
concentration of the monomers and the cross-linking agents used with increase in
strength, the pore size of the polymer decreases. Spherical beads, the most common
form for application. They are made by slowly dropping the mixture of monomer and
microalgae. After production, the beads can be used directly or with secondary
multiplication in a growth medium to increase the number of microorganisms within
the bead (Bashan, 1986; de-Bashan et al., 2004).

Immobilization of microalgae in polymer matrixes causes a significant stress on the
organisms because of chemical forces and interactions between the immobilization
matrix The space limitation also affects the metabolism of the microorganisms. On
the other hand, immobilization has direct positive effects such as avoiding grazing by
aggressive zooplankton (Faafeng et al., 1994) and reduction in competition for
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nutrients with other species. Furthermore metabolism, function, and behaviour of the

microalgae improved by immobilization.

1.7 Effects of Immobilization on Microalgae

1.7.1 Growth and morphology

In most of the studies, the growth rates of immobilized microalgae are found to be
lower than those of the corresponding free cell cultures (Bailliez et al. 1985;
Robinson et al. 1985). However, the studies performed by Chevalier and de la Noiie
(1985a) and by Lau et al. (1998) with Scenedesmus obliquus and Chlorella vulgaris

respectively showed an popposite trend.

On the other hand, microscopic investigations show that immobilization has a little
effect on the morphology of the algal cells (Musgrave et al. 1983). For example
immobilized Botryococcus has more regular shapes and diameters 2.5 times greater
than those of free cell cultures (Bailliez et al. 1985). Trevan and Mak (1988) also
reported that the calcium-alginate-entrapped unicellular Cholorella tend to form

small colonies (8-30 cells) when released from the immobilized gel.

1.7.2 Metabolism and productivity

Photosynthetic oxygen evolution of free and immobilized cells were observed in
several studies (Jeanfils & Collard 1983; Robinson et al. 1986; Bailliez et al. 1986).
A difference in this activity point out a fundamental change of metabolism. In a
study with Chlorella, no difference in oxygen evolution between free and
immobilized cells was observed (Robinson et al. 1985). However Bailliez et al.
(1988) found that oxygen evolution was higher in immobilized state. It was also
found that, immobilization is also effective on the chlorophyll metabolism of the
cells (Tamponnet et al. 1985; Bailliez et al. 1986) and respiration rates. The
respiration rate of immobilized Chlorella was found to be lower than that of free
cells Robinson et al. (1985) since only a proportion of the immobilized cells in the
beads are metabolically active. Studies performed by Kayano et al. (1981); Brouers
& Hall (1986) showed that hydrogen evolution from the alga Anabaena was
threefold higher following immobilization. Similarly, ammonia, glycolate and
glycerol production by were greatly increased when the cells were immobilized
(Brouers & Hall 1986; Santos-Rosa et al.,1989; Vilchez et al. 1991; Leon &
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Galvan,1995). However there are also studies demonstrating a decrease in
productivity following immobilization (For example Wilkstrom et al. 1982).
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2. MATERIALS AND METHODS

2.1 Microalgal Species and Culture

Phaeodactylum tricornutum was used during the experiments. The microalgae was
obtained from the culture collection of Ecotoxicology Laboratory at Faculty of Naval
Architecture and Ocean Engineering (istanbul, Turkiye). The cultures were
maintained batchwise, in 250 mL erlenmayer flasks containing 100 mL of growth
medium in a temperature-controlled room (20 £+ 1 °C) under continuous cool-white
flourescent illumination (~3500 lux). The filtered seawater was then autoclaved (10
min 110 °C ), and enriched with Guillard’s /2 nutrient medium (Table 2.1) (Guillard
and Ryther, 1962 ).

Table 2.1 : f/2 Medium

Chemicals g/L
1. NaNO3 75
2. NaH,PO4-2H,0 5.66
3. Na,SiO3-5H,0 12.9
4. CuSO4-5H,0 0.005
ZnS0O47H,0 0.011
CoCl,-6H,0 0.005
MnCl,-4H,0 0.009
5. FeCl3-6H,0 0.909

2.2 The Seawater Used During the Experiments

The seawater (20-22 ppt) was collected from a relatively uncontaminated site of the
Istanbul Strait. It was first filtered from activated carbon to remove possible organic
contaminanats and then from GFC (Glass-fiber) and membrane filter papers (0.20

um) and autoclaved (Hirayama HV) for 10 min at 110 °C.

15


http://www.gidb.itu.edu.tr/en/
http://www.gidb.itu.edu.tr/en/

2.3 Preparation of Immobilized Algal Beads

The principle of the method was described in the Dos Santos Moreira et al.(2005)
Four days cells at their log phase were centrifugated at 10000 rpm for 10 min and
then mixed with 2.5%, 3.5% and 5% (w/v) sodium alginate solutions to obtain an

alginate—cell suspension with a cell density of 500 000 cell mL ™" of alginate.

To prepare 100 mL of alginate solution, the alginate was first compeletely dissolved
in 70 mL of distilled water and mixed with 30 mL of distilled water containing 3.5 gr

sodium chloride (to adjust the salinity to 35 ppt) on a magnetic stirrer.

The algal suspension in alginate solutions was dropped into calcium chloride
(CaCl,.2H,0) solutions prepared at two different concentrations (2% and 4% w/v)
placed in an ice bed by using a burette from a height of about 15 cm and at a rate of
approximately one drop per second. Cation solutions were prepared in distilled
water. Beads were kept stirring in the cation solution for 2 hours to allow complete
hardening of the alginate and washed several times with natural sea water to remove
the remaining CaCl; on the beads and stored in fridge at 4 ° C until they were used
for the experiments. The pH of alginate and CaCl; solutions were adjusted to 7.5-8.0

by using a 0.1 M NaOH solution.

Blank alginate beads were prepared similarly by using alginate solutions without
algal cells. After preparation, the beads were washed several times with filtered

seawater.

Figure 2.1 : Preperation of alginate beads.
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2.4 Determination of Bead Stability and Growth of Algae in the Beads

2.4.1 Short term experiments

Algal beads (400 beads) prepared in several combinations of alginate and CaCl,
(Table 2.2) were grown in 1000 mL erlenmayer flasks containing 400 mL of /2
medium, at 2042 °C, under continuous illumination (3500-4000 lux) for 16 days.

To determine the cell concentrations in the beads, five beads were dissolved in a 50
mL of trisodium citrate solution (pH = 6.5) and counted by using a Coulter Counter.
The chlorophyll flourescence (FI) (Ex=430 nm, Em= 663 nm) of the algae in beads
was also monitored (after dissolving in trisodium citrate) by measuring the
fluorescence intensity with a flourescence spectrophotometer (Perkin Elmer LS 55)

at excitation and emission wavelenghts of 430 nm and 663 nm respectively.

The concentration of released cells into the growth medium from the alginate beads

were determined by counting as well as by measuring the flourescence intensities.

Table 2.2 : Combinations of alginate and CaCl, used for immobilization of algal

cells.
. . ] CaCl,
Sodium alginate concentration (w/v%o)
(w/v9%b)

25 2
35 2
35 4

5 2

2.4.2 Long term experiments

The algal beads prepared by using 3.5% alginate and hardened with 2% and 4%
CaCl, were stored in the filtered clean seawater in the fridge (4 ° C) and tested for
their growth by inoculating in a fresh f/2 medium every 15 days for a period of 255
days and then once after a year. The experiments were carried out at the same
temperature and light conditions in 500 mL erlenmayer flasks containing 200 mL of
natural seawater medium and 60 beads. The algal densities in the inoculated beads
and in the medium (released) were monitored daily and bead diameters were
determined to monitor bead swelling or shrinkage. Five beads were sampled

everyday from each flask and the diameters were measured by using an image
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analyzing system consisting of a microscope (XSZ single Zoom microscope), a CDD
digital camera (TK 1381 EG) and a PC with the data analyzing system Image-Pro

Plus.

2.4.3 The growth of free microalgae cells in growth medium

The growth of free algal cultures of Phaeodactylum tricornutum was used to
compare with the growth of P. triconutum in algal beads. The experiment was carried
out in 1000 mL erlenmayer flasks containing 400 mL of natural seawater medium.
The initial concentration of 15000 cells mL™ algae was inoculated into the medium
and incubated at 20+1 ° C and under continuous cool-white flourescent light. Algal
growth was measured by using coulter counter and fluorescence spectrophotometer

every day during 16 days in duplicate.

2.5 Application of Toxicity Tests by Using Algae and Luminescence Bacteria

2.5.1 Toxicity tests

The free and immobilized cells by using 3.5% alginate and hardened with 2% CaCl,
were exposed to 500, 1000 and 1500 pg/L Ace and 100, 400 and 1000 pg/L Phen

concentrations for four days and algal densities were determined as described above.

The results were compared with a luminescence bacterial toxicity test performed
with Vibrio fisheri in an ABOATOX toxicity test system.

Acenapthene (Ace) and Phenthrene (Phen) are polycyclic aromatic hydrocarbons
which are listed as priority pollutants by EPA and found widespread in the
environmental matrices. The toxicity tests were performed with the concentrations
below the solubilities of PAHSs. The structures, solubilities and concentrations used
for the toxicity tests were indicated in Table 2.3. The preparation of the working

PAH concentrations were shown in Table 2.4.

The working PAH concentrations were prepared from the stock solutions in acetone.
The same amount of acetone (0.1%) was also added to the control. The final volume
of the working solutions were adjusted to 40 mL.

For the algal toxicity tests, a starting concentration of 10000 cells mL™ and 10 beads
in 20 mL of PAH solutions (duplicate) in 40 mL of glass vials were used for free and

immobilized cell applications respectively. The vials containing free and
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immobilized algae were incubated at 20+1 © C and under continuous cool-white
flourescent light (3500-4000 lux). Algal growth for free cells were measured by
using coulter counter and by determining the flourescence intensity at the beginning
and at the end of the experiment. On the other hand, to determine the starting algal
density, 10 of the alginate beads before starting the experiment were counted. After
four days of exposure, the algal beads were dissolved and counted again. The

experiments were carried with two replicates for each set of tests.

Table 2.3 :  Structure, water solubility and exposure concentrations of PAHSs.

Solubility =~ Exposure Exposure Exposure
PAHSs Structure (ng/L) at conc. (1) conc. (2) conc. (3)

25°C) (ug/L) (ng/l) (ng/L)

Acenaphth ‘ 1930 500 1000 1500
ene (Ace)

Phenanthre B

ne (Phen) (:/% 1200 10 0 100

Table 2.4 : Preparation of working PAH concentrations from a stock solution of
1000 mg /L.

PAH Concentration (pg/L) Stock soln(uL)  Acetone (uL) Seawater (mL)

0 (Control) 0 20 20
Ace 500 5 15 20
Ace 1000 10 10 20
Ace 1500 15 5 20
Phen 100 2 18 20
Phen 400 8 12 20
Phen 1000 20 0 20
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2.5.2 Luminescence bacterial toxicity tests

Vibrio fischeri (Biotox ™ Kit ) was used as test organisms. The principle of the test
depends on the exposure of the luminescent bacteria to several concentrations of test
sample and the monitoring of the reductions in the light output of the bacteria

reflecting the toxicity of the sample in a temperature-controlled photometer.

Measure Add sample Incubate 15 min Measure

Figure 2.2 :  Application of Vibrio fisheri toxicity test.

The test endpoint is measured as the effective concentration or inhibitory
concentration of a test sample that reduces light emission by a specific amount under

defined conditions of time and temperature and expressed as an EC_(30) or I1C_,(30)

which reduces light emission by 50% after 30 minutes at 15° C. During the bacterial
luminesce test performed in this study, the PAH solutions in dublicate (Table 2.4)
were incubated with the bacteria and the results were compared with the results of

algal toxicity tests.

2.6 Nutrient Removal Studies with Algal Beads

Removal of NO3; and 0-PO, were tested in batch systems. The algal beads were
inoculated for four days in a modified f/2 medium containing N and P concentrations
of 1500 and 500 pg L™ respectively. After four days the algal beads were removed
from the solution and inoculated in a freshly prepared medium and the concentration
of the nutrients were measured. This was repeated four times. The results were

calculated from dublicate samples.

2.6.1 Nutrient analysis

The samples collected for nutrient analysis were stored at -20 ° C until analysis. The
samples were analyzed according to the Standard Methods (Standard Methods for the
Examination of Water and Wastewater, 1985). For that aim, a series of calibration
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standards were prepared from the stock solutions and the samples were measured
against standards in a UV-Vis spectrophotometer (Chebios Optimum-One UV-Vis
spectrophotometer) at corresponsding wavelenghts. Blank and seawater corrections

were made during the analysis. The samples were measured in dublicate.

2.6.2 Nitrate analysis- Cadmium column reduction method

Nitrate is reduced to nitrite by cadmium and the resulting nitrite determined by
formation of an azo dye. In the method, both calibration standards and the samples
were passed through a copper-coated cadmium reduction column by means of a
peristaltic pump. To prepare the column, Cd granules were treated with copper
sulfate (CuSQO,) and then packed in a plastic column (2 mm ID). The endings of the
tubing were pluged with glass wool. Nitrate in the sample is reduced to nitrite in a
buffer solution. The nitrite is then determined by diazotizing with sulfanilamide and
coupling with N-1-naphthylethylenediamine dihydrochloride to form a color azo dye.
The absorbance measured at 550 nm is linearly proportional to the concentration of
nitrate in the sample. Potassium nitrate nitrat was used to prepare the stock and

calibration standards.

2.6.3 Phosphate analysis

The principle of the method for the determination of ortho-phosphate depends on the
formation of a phosphomolybdenum blue complex. A single reagent solution is used
consisting of an acidified solution of ammonium molybdate containing ascorbic acid
and a small amount of antimony. The standards and samples were measured at 720
nm wavelength. KH,PO, was used to prepare the stock and calibration standards.
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3. RESULTS AND DISCUSSION

3.1 Short-Term Experiments

3.1.1 Bead stability and growth of free algal cultures and algae in the beads

To determine the bead stability and to observe the growth of Phaeodactylum
tricornutum algal culture, the beads were firstly prepared by using two different
alginate concentrations (2.5% and 5%) and hardened with 2% CaCl, . Those algal
beads were then inoculated in the growth medium and the effect of alginate
concentration both on the shrinkage of the beads and on the growth of the algae in
the beads. The results of the diameter measurements of the beads during 15 days
inoculation were shown in Figure 3.1 a and b for 2.5% alginate+ 2% cation (a) and
5% alginate+ 2% cation (b) combinations respectively.

(a) (b)
50 50
S 40 - . *| S
3 ° 3
S 30 - o’ S 30 -
3] o 3]
() ()
] a) e ° o
5 20 5 20 o
@ ° @ °
5 5 .
A 10 1 A 10 1 °
2 * 2
$ 0{eoee é’ 0{eee

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Days Days

Figure 3.1 : Percentage decrease of bead diameter prepared using (a) 2.5%
alginate+ 2% cation and (b) 5% alginate+ 2% cation

The diameters of the beads did not show any change during the first three days
following the inoculation, and then started to decrease. The decrease in bead
diameter reached 16% for both beads in different alginate solutions after six days. At
the end of the experiment, after 16 days of inoculation, those values for the bead

diameters were decreased 40 and 24% of their initial values for 2.5 and 5% alginate
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solutions, respectively. At the end of the exposure periods, the visual inspection of
the beads prepared from 2.5% of alginate solution suggested that alginate matrix was
explicitly disrupted and began to lose structure under the experimental conditions.
Higher mechanical strength of the beads prepared by using higher (5%) alginate
concentration was most probably due to the increase of guluronic monomers in the
polymer chain which results in the enhancement of the gellation property (Smidsrod
et al., 1990; Martinsen et al., 1989; Draget et al., 1997). The standard deviation (SD)

of the beads diameters obtained from the dublicate samples were given in Figure 3.2.
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Figure 3.2 : Change in diameter (mm) of beads prepared using (a) 2.5% Alginate+
2% cation and (b) 5% Alginate+ 2% cation

The growth of algae in the beads were quite different in 2.5 and 5% alginate
solutions (Figure 3.3 a and b); after a four days of lag period, the algae showed a
rapid growth and maximum production was reached by around 3000000 cells in the
2.5 alginate solution, while the maximum number of cells were around 800000 in 5%
alginate solution. During the experiments the florescence intensity of the cells in
suspension were also measured. Those results were given in Figure 3.4 a and b. The
flourescence intensities of the cultures increase first, reach to the maximum after 8
days of inoculation and then decrease in both cases. The difference between the cell
numbers and flourescence intensities of the cells is due to the cell counts correspond

to the the total number of alive and dead cells together.

As a result, when two inoculations were compared, the growth of Phaeodactylum
was found more favorable in 2.5% alginate solution, but the stability of those beads

were rather low. On the other hand, the beads from 5% alginate were more stable
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compared to the beads from 2.5%, but the growth was inhibited mainly probaby due
to the restriction of light penetration and the diffusion of nutrients through the higher

concentration of alginate.
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Figure 3.3: The growth curve of beads prepared using (a) 2.5% alginate+ 2%
cation and (b) 5% alginate+ 2% cation
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Figure 3.4 : Change in flourescence intensity of beads prepared using (a) 2.5%
alginate+ 2% cation and (b) 5% alginate+ 2% cation.

To increase the strength of the alginate beads, the usage of several divalent cations in
different concentrations were also proposed in the literature. Of those cations
showing high affinity for alginate, calcium and strontium were the most frequently
used as hardening agent in the alginate immobilization studies (Smidsrod et al, 1990;
Videroe and Danielsen, 2001; Gaserod et al., 1999). Thus, as a next step in the

experiment, an alginate concentration in between (3.5%) was selected and hardened
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with 2% and 4% CacCl, to find out the appropriate combination to be used in further
studies (long term experiments, toxicity testing and nutrient removal studies). The

change in diameters for 15 days inoculation of the beads were shown in Figure 3.5.
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Figure 3.5: Percentage decrease of bead diameter prepared using (a) 3.5%
alginate+ 2% cation and (b) 3.5% alginate+ 4% cation.

The SD values in dublicate samples from the beads diameters were also given in
Figure 3.6. Generally, the SD values for the beads from 3.5% alginate (for both
cation combinations) were smaller compared to the SD obtained for 2.5% and 5%

alginate beads showing the homogenity in the dimensions of the beads.
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Figure 3.6 : Change in diameter (mm) of beads prepared using (a) 3.5% alginate+
2% cation and (b) 3.5% alginate+ 4% cation.
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The growth of the cells determined by counting the cells and by measuring the

fluorescence intensity were given in Figures 3.7 and 3.8, respectively.

No clear differences in the growth of algae were observed for beads in 3.5% alginate
hardened both with 2 and 4% CacCl,, although, as expected, beads hardened using 4%
rather than 2% of calcium solution were found to be more stable. At the end of the
experiment, the decrease in bead diameters in 16 days of inoculation was quantified
as 24 and 35% for alginate solutions hardened with 4% and 2% CacCl, respectively.

(a) (b)
3000000 3000000
2500000 - 2500000 -
— 2000000 _, 2000000 -
- '_|
£ 1500000 - £ 1500000 -
3 =
1000000 - © 1000000 -
500000 - /*'//\\N 500000 - M
0 0

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Days Days

Figure 3.7 : The growth curve of beads prepared using (a) 3.5% Alginate+ 2%
cation and (b) 3.5% Alginate+ 4% cation.
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Figure 3.8 : Change in fluorescence intensity of beads prepared using (a) 3.5%
Alginate+2% cation and (b) 3.5% Alginate+4% cation.

In a seperate experiment, the free Phaeodactylum cultures were also inoculated in the

medium and their growth were monitored to compare the results obtained from the
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immobilized cells. The cell numbers and fluorescence intensities of the free cells
were given in Figures 3.9 a and b. The maximum cell number in those cultures were
found as 3000000 cells/mL. This result is the same with the cell concentration in
beads obtained for 2.5% alginate and 2% cation. All other cell concentrations in the
rest of alginate+cation beads were smaller than that value. Another important
difference between the free cells and the immobilized cells is the synthesis of
chlorophyll-a. The fluorescence intensities obtained for the free cells are much

higher compared to the intensities measured for the immobilized cells.
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Figure 3.9 : The growth of free algal cells in the medium.

When inoculated to a freshly prepared medium, algal cells starts to grow. The growth

curve of an algal culture can be divided into five phases (Figure 3.10).
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Figure 3.10 : General pattern of microalgal growth in batch cultures.

The first phase is called as lag phase. During the lag phase, algae adapt to growth

conditions. It is the period where the individual they are maturing and not yet able to
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divide. The growth rate of a microalgal population is the amount of increase that a
specific variable has gained within a specific period. This period is determined from
the second phase (exponential phase). Declining growth (third phase) becomes in
cultures when a specific requirement for cell division is limiting or inhibiting
reproduction. In this phase of growth biomass is frequently very high and exhaustion
of a nutrient salt, limiting carbon dioxide or light limitation become the primary
causes of declining growth. Cultures enter stationary phase (fouth phase) when net
growth is zero, and within a matter of hours cells may undergo dramatic biochemical
changes. The nature of the changes depends upon the growth limiting factor.
Nitrogen limitation may result in the reduction in protein content and relative. While
the measured light intensity within the culture will decrease with increasing biomass
if the incident illumination is maintained relatively high then a large proportion of
cells may become stressed, photoinhibit and the culture can be pushed into the death
phase. This is especially the case if the culture is also nutrient stressed. The shut
down of many biochemical pathways as stationary phase proceeds means that the
longer the cells are held in this condition the longer the lag phase will be when cells
are returned to good growth conditions. The final growth phase (fifth phase), during
which nutrients have been depleted and cell number decreases. Cultures of some
species will lose their pigmentation and appear cloudy. However, cells of other

species may disappear but the culture colour will be maintained.

Growth rate is one important way of expressing the relative ecological success of a
species or strain in adapting to its natural environment. The duration of exponential
phase in cultures depends upon the size of the innoculum, the growth rate and the
capacity of the medium and culturing conditions to support algal growth. When the
growth phase has been plotted, two points, N; and N, at the extremes of this linear

phase are taken and growth rates can be calculated by using the following formula.
n(g. g'l. h'l) : Specific growth rate:  p=1In (N2 / Ny) / (t; - ty)

Where N; and N, = biomass at time, (t;) and time; (t,) respectively; Levasseur et al (1993).
Div. per day™: Divisions per day:  Div.day*=p/In2

Divisions per day and the generation time can also be calculated once the specific

growth rate is known.

Gen't (hours) : Generation time: Gen't =1/ Div.day*
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The growth rates, divisions/day and generation times of the free and immobilized
cultures were calculated and given in Table 3.1.

Table 3.1:  The growth rates, divisions/day and generation times of the free and
immobilized cultures.

2.5% 5% 3.5% 3.5%
Alginate+2%  Alginate+2%  Alginate+4%  Alginate+2% Free Algae
Cation Cation Cation Cation
n(g. gt h? 1.32 0.32 0.45 0.63 1.58
Div. per day™ 1.92 0.46 0.65 0.91 2.28
Gen't (hours) 125 51.4 36.4 26.2 10.5

Among the calculated growth rates, the highest was found for the free cells. The
ranking of the growth rates were as follow:

Wfree cells = W2.5A+2C = U3 5A+2C =~ U3.5A+4C U5A+2C

In terms of growth rates, the maximum value was obtained for the algal beads
prepared by using 2.5% alginate + 2% cation solution. When two beads prepared by
using 3.5% alginate, but different concentrations of cation solutions, it is seen that

the increase in the cation concentration resulted in also an increase in growth rate.

The fluorescence intensity per cell is also a useful way to compare the cells
metabolism and efficiency. The results are given in Table 3.2. The general trend in
all cultures including free cells, the fluorescence intensity per cell values first
increase, reach a maximum and then decrease. The maximum values were obtained
for the immobilized cells after 2 and 8 days of inoculation. The synthesis of the
chlorophyll-a per cell in free cultures were much higher in free cultures compared to
the immobilized ones. The alginate as well as the cation surronding the alginate
beads restrict the penetration of light. When the average values for the immobilized
cells were compared, the maximum values were found for the algae in 5% alginate
and 2% cation. As was indicated before the minimum and maximum algal
productions were found for 2.5% alginate+ 2% cation and 5% alginate + 2% cation
respectively. But there were no clear difference in fluorescence intensities of those
cultures. This means that the smaller number of algal cells can produce the same
chlorophyll-a, and results in a higher fluorescence intensity per cell. Another words,
the increase in the amount of alginate prevents the algal production, but not synthesis
of chlorophll-a in the individual cells. On the other hand, when two 3.5% alginate

prepared by using different concentrations of cation solutions were compared, there
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was no difference was found in the average fluorescence intencity/cell values (Table
3.2).

Table 3.2:  The flourescence intensity/cell of beads prepared from 2.5, 3.5 and
5% P.tricornutum alginate and hardened using 2 and 4% solutions of

CaCl..
2.5% Alginate 5% Alginate 2% 3.5% Alginate  3.5% Alginate Free cells
Days ¢ ii(;/gr?s?ttion . Cat!on 4% Cgtion 2% Cgtion F.intensit%//CeII
. y/Cell  F.intensity/Cell  F.intensity/Cell  F.intensity/Cell X10
X10° X107 X10° X10°
1 0 0 0.52 0.48 36.5
2 0 0.20 0.58 1.15 58.8
3 0.07 0.26 0.81 111 48.5
4 0.09 0.32 1.08 1.03 45.2
5 0.18 2.62 1.09 1.10 -
6 0.18 242 0.86 0.73 275
8 0.22 2.22 0.47 0.27 30.2
10 0.17 2.10 0.36 0.15 324
12 0.12 1.69 0.24 0.15 -
13 0.11 1.44 0 0 28.1
14 0.11 1.34 0 0 26.9
15 0.11 1.14 0 0 29.0
AV 0.11 131 0.50 0.51 36.3

3.2 Long-Term Studies

3.5% alginate solutions were used to prepare the alginate beads and inoculated with
P. tricornutum to find out the long-term viability and growth. Although, the stability
of the beads hardened with 4% CaCl, were preferable and the growth of algae were
nearly the same in the beads hardened with 2% and 4% CaCl,, both hardening
concentrations were used to see if this makes a difference in the bead stability and
algal growth during this long term storage of the beads. Figure 3.11 and Figure 3.12
show the cell numbers in the beads for 7 days inoculations for the beads prepared by
using 3.5% alginate + 2% CaCl, and 3.5% alginate + 4% CacCl, respectively. They
scales (cell number) were adjusted as to be the same range to observe the difference

between the inoculations clearly.
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Figure 3.11 : The growth curve of beads prepared using 3.5% alginate + 2% CaCl2.
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Each graph from (a) to (f) contains curves for three inoculations initiated at 15 days
of intervals. For example the first graph indicates the growth curves of algae in the
beads inoculated to the freshly prepared medium firstly following the preparation and
15 and 30 days after the preparation of the algal beads. The last graph (g) contains
only the incubation of the algal beads after 365 days. The algal beads after
preparation were stored in the fridge at 4 ° C. Similarly, the second graph represents
the growth curves of the algae in the beads after 45, 60 and 75 days of storage at 4 °
C after preparation. At the first stage of the experiment (First 30 days), the maximum
number of algae in the alginate beads hardened with 2% cation solution was found
approximately between 400000 and 500000 cells, while the cell numbers reached
only 100000-200000 in the beads hardened with 4% cation solution.

Both the growth rate and maximum number of the algae at the end of inoculation
days (after 7 days) exhibit a diminishing trend when the storage times of the algal

beads increase.

The cell numbers in 3.5% alginate beads hardened with 4% CaCl, reached nearly a
constant value after 55-60 days and stayed roughly the same throughout the
experiment. On the other hand, the diminishing trend of the cell numbers continued
for the beads hardened with 2% CacCl,, although even 157 days, the cell numbers in
those beads were still higher compared to the cell number in the beads hardened with
4% CaCl,. Both alginate beads hardened with different cation concentrations attained
the same cell concentration after 200 days of storage and following seven days of
inoculation. After a year, the microalgae in the beads were almost lost their viability.
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Figure 3.12 : The growth curve of beads prepared using 3.5% alginate + 4% CaCl,,
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Figure 3.13 shows some photo examples taken from the beads. The first row shows
the photos of the beads after one month storage following the preparation. As clearly
seen from the photos, the colors are light due to a little number of algae in the beads
(before inoculation) and the shapes of the beads are spherical. After 7 days of
inoculation (second row), due to the algal production, the colors change into
brownish, and the shapes lost their spherical forms for both beads hardened with 2%
and 4% CacCl,. On the other hand, six months storage of the beads resulted in the
beads hardened by using 4% cation solution to be in elliptical shape. After 7 days of
inoculation, although, it is more significant in the beads hardened with 4% cation
solution, the diameters of those beads -for both cases- stored for 6 months were

smaller and the shapes were deteriorated.

Month 1-Day 1 Month 1-Day 1
2% Cation 4% Cation

Month 1-Day 7 Month 1-Day 7
2% Cation 4% Cation

Month 6-Day 1 Month 6-Day 1
2% Cation 4% Cation

Month 6-Day 7 Month 6-Day 7
2% Cation 4% Cation

Figure 3.13 : The images of beads prepared using 3.5% alginate+ 2% cation and
3.5% alginate+ 4% cation.

Average growth rates, divisions/day and generation times for the immobilized

cultures were shown in Table 3.3 and 3.4 for the algae in beads prepared by using
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3.5% alginate+2% cation and 3.5% alginate+4% cation respectively. The average
values rates were calculated for each set using the values obtained for three seperate
inoculations. Although, the values were higher for the algae in 3.5% alginate+2%
cation beads, all those average values calculated for the sets decrease steadily when
the storage time increases for both cases. Finally, during a year storage, the average
growth rate for the algae in 3.5% alginate+2% cation and in 3.5% alginate+4%

cation were found as 0.71 and 0.57 respectively.

Table 3.3:  The growth rates, divisions/day and generation times of beads
prepared from 3.5% alginate P. tricornutum and hardened using 2%
solutions of CaCl,.

Months Div. per Gen't Div. per Gen't ave.
® day  (hours) Have dayave. (hours)
First inocula 1.01 1.45 0.69
0-30 days Second inocula 1.53 2.20 0.45 1.09 1.57 0.69
Third inocula 0.73 1.05 0.95
First inocula 1.13 1.64 0.61
45-75 days Second inocula 0.52 0.76 1.33 0.83 1.20 0.92
Third inocula 0.84 1.21 0.83
First inocula 0.47 0.68 1.48
98;/250 Secondinocula 026 037  2.69 0.74 1.07 1.07
Third inocula 1.49 2.15 0.47
First inocula 2.18 3.14 0.32
13(]'5{;?5 Secondinocula 064 093 108 1.04 15 1.25
Third inocula 0.29 0.43 2.34
First inocula 0.28 0.39 2.51
1%0{;550 Secondinocula 029 042 237 0.19 0.27 1.63
Third inocula 0 0 0
First inocula 0.54 0.78 1.28
2%5;?5 Secondinocula 074 107 094 0.62 0.89 1.14
Third inocula 0.58 0.83 1.20
365 days 1inocula 0.49 0.70 1.43 0.49 0.70 1.43
AVERAGE 0.71 1.03 1.16
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Table 3.4:  The growth rates, divisions/day and generation times of beads
prepared from 3.5% alginate P. tricornutum and hardened using 4%
solutions of CaCl,.

Months Di:j/. per Gen't Have Div. per Gen't
ay (hours) dayAve. ave.(hours)
First inocula 0.29 0.43 2.34
0-30 days Second inocula 1.14 1.65 0,61 0.89 1.29 1.17
Third inocula 1.24 1.78 0.56
First inocula 1.93 2.78 0.36
45-75 days Second inocula 0.41 0.59 1.68 0.78 1.12 0.68
Third inocula 0 0 0
First inocula 0.91 1.31 0.76
93550 Secondinocula 059  0.86 117 075 1.09 0.95
Third inocula 0.76 1.09 0.91
First inocula 0.85 1.23 0.82
135995 secondinocula 044 064 157 0.88 1.27 0.97
Y Third inocula 1.35 1.95 0.51
First inocula 0.83 1.19 0.84
1?;1_5510 Second inocula  0.06 0.09 11.5 0.42 0.60 4.74
Third inocula 0.37 0.53 1.89
First inocula 0.12 0.18 5.58
22(151;5?5 Second inocula  0.25 0.37 2.73 0.16 0.24 4.76
Third inocula 0.12 0.17 5.97
365 days 1 inocula 0.14 0.21 4.82 0.14 0.21 4.82
AVERAGE 0.57 0.83 2.58

The results were also presented in terms of fluorescence intensity in Figures 3.14 and
3.15 for 3.5% alginate + 2% CaCl, and 3.5% alginate + 4% CaCl, respectively. The y
scales were again adjusted as to be the same range to observe the difference between
the inoculations clearly. The trend of the fluorescence intensity curves for each set of
inoculations are -as expected- very similar to the cell number graphs. The
fluorescence intensities of the cells decreases during the storage depending on the
cell production. One of the important point in those graphs is that an increase in the
fluorescence intensity after 365 days of inoculation. According to the cell graphs
(Figure 3.11 and 3.12), the cells were not viable, but in those graphs, it is clearly seen
that the cells in alginate hardened with 2% CacCl, still contain colorful chlorophyll-a
pigments and they continue the synthesis during the last stage of their 7 days of
inoculation. This situation is not very clear for the beads hardened with 4% cation

solution.
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Figure 3.14 : Change in fluorescence intensity of beads prepared using 3.5%

alginate + 2% CaCl,,
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Figure 3.15: Change in fluorescence intensity of beads prepared using 3.5%
alginate + 4% CacCl,,
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The shrinkage in the diameter of the beads hardened with 2% and 4% cation
solutions was shown in Figure 3.16 and Figure 3.17 respectively. The percent
reductions in bead diameters for the first three set of inoculations (a,b,c) were rapid
compared to the rest of the sets. This is may be related to the release of hardening
agents into the storage solution (seawater) covering the beads during the storage and
also during the first inoculations. Then, the alginate started to be released into the

solutions.
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Figure 3.16 : Percentage decrease of bead diameter using 3.5% alginate+2% CaCl,.
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Figure 3.17 : Percentage decrease of bead diameter prepared using 3.5% alginate +
4% CacCl,.
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To evaluate the shrinkages in the diameter of the beads more clearly, two different
Figures related to the diameters were drawn for both 3.5% alginate+2% CaCl, and
3.5% alginate+4% CaCl,. Figure 3.18a and 3.19a of those Figures demonstrate the
diameter of the beads versus storage time in the fridge, while Figure 3.18b and 3.19b
represent the diameters of the beads after when those were inoculated for 7 days.
According to those Figures, the shrinkage of the beads were rapid until 25-50 days of
storage and then stayed nearly the same. The lines on the graphs demonstrates the
mean value of the measurements, thus the mean diameter of the stored alginate beads
hardened both with 4 and 2% CaCl, was about 4 mm. The inoculation of the beads
for 7 days resulted in 25% reduction in their diameters. The standart deviation in the

beads diameter were higher for the inoculated beads.
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Figure 3.18 : The change in bead diameter of algal beads during storage (a) and
after 7 days of inoculations (b) prepared from 3.5% alginate + 2%
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Figure 3.19 : The change in bead diameter of algal beads during storage (a) and
after 7 days of inoculations (b) prepared from 3.5% alginate + 4%

C&Clz.
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When those results regarding to cell production in different alginate and cation
combinations and shrinkage of the beads prepared from those combinations were
evaluated all together, no clear difference was observed in the diameters of the
alginate beads prepared using different concentration of CaCl, solutions during the
long-term storage. On the other hand, the productivity and growth rate of
Phaeodactylum tricornutum cells immobilized in the beads prepared from 3.5%
alginate solution and hardened using a 2% cation solution were found higher
Therefore, those beads were selected to be used in toxicity testing and in nutrient

removal studies due to the their suitability for the growth of P. tricornutum cells.

3.3 Toxicity Testing

Toxicity tests applied to PAHs (Phen and Ace) were accomplished by using two
different species; Luminescence bacteria, Vibrio fisheri and microalgae,
Phaeodactylum tricornutum. The dose-response curves for the toxicity tests
performed with Ace and Phen were shown in Figure 3.20 and the ECy values found
from those curves were given in Table 3.5. The ECs values could not be determined

due to the low the effect levels of PAHs used during the experiments.

40 40
(a) Ace-Vibrio fisheri (b) Phen-Vibrio fisheri
30 1 30 |
=3 X
§ 20 520
5 5
E 10 .E 10 1
0 0

0 400 800 1200 1600 0 400 800 1200 1600

Concentration pg/L Concentration pg/L

Figure 3.20 : Percentage inhibition graph of Vibrio fisheri using Ace (500, 1000 and
1500 pg L™) and Phen (100, 400 and 1000 pg L™).

For application of algal toxicity tests, several systems were used. First of all, the free
cells of Phaeodactylum tricornutum were exposed to three different concentrations
of PAH solutions for ten days in 250 mL test containers to see the general behaviour
of the cultures in batch cultures. The growth of the cultures determined both by
counting the cells and by measuring the fluorescence intensity of the cell

suspensions. The growth curves of the cells grown in batch cultures were given in

44



Figure 3.21a and 3.22a for cell numbers and Figure 3.21b and 3.22b for

fluoresecence intensity.
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Figure 3.21 : The growth curve of the free cells of P. tricornutum were exposed to
three different concentrations of Ace.
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Figure 3.22 : The growth curve of the free cells of P. tricornutum were exposed to
three different concentrations of Phen.

According to the literature (Rand, G.M., 1995) the effect of the toxic substances may
affect the growth four different ways; the lag phase may be extended, the growth
rates may be diminished, the total production (maximum number of algae at the
stationary phase) may decrease or the cells may not have any chance to increase their

numbers (Total toxicity).

Although, the first concentration of Phen (100 pg L™) did not show a clear affect
compared to the control cultures, the other two concentrations showed their effect
both in the lag phase and in the exponential phase; the lag phases extended and the
growth rates were decreased. The control culture reached the steady state, but

because the lag phases extended the two higher concentrations could not reach the
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stationary phase until the end of the exposure experiment. Similarly, increasing
concentrations of Ace affected the growth, and the cultures exposed to the highest

concentrations of Ace were not able to grown during the test duration.

The ECs values for the free cells exposed to PAHs were determined from the dose-
response curves (Figure 3.23 and 3.24) by using the 4 days (96 hours) values of cell
numbers and fluorescence intensity and given in Table 3.5.

(a) Ace- Day 4 (b) Phen-Day 4
100 100
90 - 90 -
80 80 -
70 - 70 4
60 - S 60 |
S 50- S 50 -
% 40 A g 40 A
£ 30~ £ 30 A
20 - 20 -
10 ~ 10 A
0 - 0 -
0 400 800 1200 1600 0 400 800 1200 1600
Concentration (ug L'l) Concentration (ng L'l)

Figure 3.23 : Percentage inhibition values by using the cell numbers of the free cells
exposed to Ace (500, 1000 and 1500 pg L) and Phen (100,400 and

1000 pg L.
(a) Ace- Day 4 (b) Phen-Day 4
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Figure 3.24 : Percentage inhibition values by using the fluorescence intensities of
the free cells exposed to Ace (500, 1000 and 1500 pg L) and Phen
(100,400 and 1000 pg L™).
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Free and immobilized cells were also incubated only for four days in smaller (40
mL) test containers batchwise, then the test was ended. The cell numbers and
fluorescence intensity of PAH exposed cells were determined both at the beginning
and at the end of the test duration. The results were used to draw the dose-response
curves for Phen (Figure 3.26) and Ace (Figure 3.25). The EC 50 values determined

from those curves were given in Table 3.5.

(a) Ace-Free Algae-Cell number (b) Ace-Free Algae-Fluorescence Intensity
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Figure 3.25 : Percentage inhibition values by using the cell numbers and
fluorescence intensities of the immobilized and free cells exposed to
Ace (500, 1000 and 1500 pg L™).

47



(a) Phen-Free Algae-Cell number

(b) Phen-Free Algae-Fluorescence Intensity
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Figure 3.26 : Percentage inhibition values by using the cell numbers and
fluorescence intensities of the immobilized and free cells exposed to
Phen (100, 400 and 1000 pug L™Y).
Table 3.5:  The ECy ve ECs, values for the bacteria, free and immobilized algaes
exposed to PAHs (Ace and Phen).
Organism PHEN ACE
EC20 EC50 EC20 EC50
Vibrio fisheri 457 - 1474 -
PHEN PHEN ACE ACE
(using CN %) (usingF1?) (using CN %) (usingF1?)
EC20 EC50 EC20 EC50 EC20 EC50 EC20 EC50
Free-Algae 56 63 181 264 644 167 402
(Day 4-Batch)
Free-Algae 54 65 181 253 643 167 401
(4 days test)
Immobilized algae 87 172 405 274 971 496 1309

(4 days test)

1. Cell number

2. Fluorescence intensity
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In bacterial testing conducted using Vibrio fischeri, no ECsy value has been
calculated for Ace and Phen. In toxicity testing, it has been observed that
immobilized algal beads are not sensitive. Encapculation of algae inside the gel has
provided a protective effect, with, however, a higher sensitivity compared with
bacteria. It has been observed that both Ace and Phen have a higher toxic effect on
free cells compared with the beads.

3.4 Nutrient Uptake Studies

The results of the nutrient uptake studies performed in batch systems were
demonstrated in Figure 3.27. The uptake efficiencies were calculated for both blank
beads (containing no algae) and for the algal beads.

The efficiency of the blank beads decreased steadily at each cycle, probably due to
the surface area were almost occupied by adsorbed nutrients. Although the net uptake
of nitrate was higher than the phosphate during the first run, when uptake by the
blank beads were considered, the next three runs removal efficiencies of nutrients

were comparable.

The net uptake of nitrate for the first run was 31%, whereas the efficiencies were
increased for the next runs and found as 51%, 69% and 75% for the second, third and
fourth treatment cycles respectively. On the other hand, net phosphate uptake
efficiencies were calculated as 3% , 41% and 74% for the first three runs, but then

decreased to 48%.
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Figure 3.27 : Percentage nutrient (N and P) uptake of algal beads.

During the treatments, the release of the cells from the alginate beads to the medium
is unwanted due to the seperation problem of the cells from the treated medium. For
that reason, the release of the cells from the alginate beads during the 4-days
incubation period was also determined by counting the free cells in the medium. The

results showed that no algae was released for these total 16 days.

Although, the results indicate that the uptake of nitrate is more favorable compared
to phosphate uptake by calcium alginate beads in a batch system, an efficient three
sequenced treatment cycles can be applied to uptake the simultaneous uptake of both
nutrients. Furthermore, no algae cells were released from the beads into the solution
during the treatments. Thus, the algal beads from each treatment cycle can easily be
seperated from the treated liquid (medium/effluent) and can be used for further

treatments.
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4. CONCLUSION

In short term experiment, firstly, the beads prepared by using two different alginate
concentrations (2.5% and 5%) and hardened with 2% CaCl, were inoculated to
determine the bead stability and to observe the growth of Phaeodactylum
tricornutum algal culture. At the end of the experiment, those values for the bead
diameters were decreased 40 and 24% of their initial values for 2.5 and 5% alginate
solutions, respectively. The growth of Phaeodactylum was favorable in 2.5% alginate
solution, but the stability of those beads were rather low. On the other hand, the
beads from 5% alginate were more stable compared to the beads from 2.5%, but the
growth was inhibited mainly probaby due to the restriction of light penetration and
the diffusion of nutrients through the higher concentration of alginate. Thus, as a next
step in the experiment, an alginate concentration in between (3.5%) was selected and
hardened with 2% and 4% CaCl; to find out the appropriate combination to be used
in further studies (long term experiments, toxicity testing and nutrient removal
studies). No clear differences in the growth of algae were observed for beads in 3.5%
alginate hardened both with 2 and 4% CaCl,, although, as expected, beads hardened
using 4% rather than 2% of calcium solution were found to be more stable. At the
end of the experiment, the decrease in bead diameters in 16 days of inoculation was
quantified as 24 and 35% for alginate solutions hardened with 4% and 2% CacCl,
respectively. In a seperate experiment, the growth of the free cells were also
determined to compare the results obtained from the immobilized cells. The cell
numbers and fluorescence intencities of the free cells were found as 3000000
cells/mL. This result is the same with the cell concentration in beads obtained for
2.5% alginate and 2% cation. The fluorescence intensities obtained for the free cells

are much higher compared to the intensities measured for the immobilized cells.

In long term experiment, 3.5% alginate solutions were used to prepare the alginate
beads and inoculated with P. tricornutum to find out the long-term viability and
growth. The cell numbers in 3.5 alginate beads hardened with 4% CaCl, reached

nearly a constant value after 55-60 days and stayed roughly the same throughout the
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experiment. On the other hand, the diminishing trend of the cell numbers continued
for the beads hardened with 2% CacCl,, although even 157 days, the cell numbers in
those beads were still higher compared to the cell number in the beads hardened with
4% CaCl,. Both alginate beads hardened with different cation concentrations attained
the same cell concentration after 200 days of storage and following seven days of
inoculation. After a year, the microalgae in the beads were almost lost their viability.
In summary, because no clear difference was observed in the diameters of the
alginate beads prepared using different concentration of CaCl, solutions during the
long-term storage, the beads from 3.5% alginate solution and hardened using a 2%
cation solution were selected to be used in toxicity testing and in nutrient removal

studies due to the their suitability for the growth of P. tricornutum cells.

Toxicity tests applied to PAHs (Phen and Ace) were accomplished by using two
different species; Luminescence bacteria, Vibrio fisheri and microalgae,
Phaeodactylum tricornutum. The ECsy values could not determined for the bacteria,
Vibrio fisheri by using both Ace and Phen. The free cells of Phaeodactylum
tricornutum were exposed to three different concentrations of PAH solutions for ten
days in 250 mL test containers to see the general behaviour of the cultures in batch
cultures. The first concentration of Phen (100 pug L™) did not show a clear affect
compared to the control cultures, the other two concentrations showed their effect
both in the lag phase and in the exponential phase; the lag phases extended and the
growth rates were decreased. Increasing concentrations of Ace affected the growth,
and the cultures exposed to the highest concentrations of Ace were not able to grown
during the test duration. Free and immobilized cells were also incubated only for four
days in smaller (40 mL) test containers batchwise, then the test was ended. In
toxicity testing, it has been observed that immobilized algal beads were not sensitive.
Immobilization of algae inside the gel has provided a protective effect, with,
however, a higher sensitivity compared with bacteria. It has been observed that both

Ace and Phen have a higher toxic effect on free cells compared with the beads.

Nutrient(NOs-N, PO,4-P) uptake studies were carried out in non-continuous systems
and the beads were used in four successive applications. The net uptake of nitrate for
the first run was 31%, whereas the efficiencies were increased for the next runs and
found as 51%, 69% and 75% for the second, third and fourth treatment cycles

respectively. On the other hand, net phosphate uptake efficiencies were calculated as
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3% , 41% and 74% for the first three runs, but then decreased to 48%. the results
indicate that the uptake of nitrate is more favorable compared to phosphate uptake by
calcium alginate beads in a batch system, an efficient three sequenced treatment
cycles can be applied to uptake the simultaneous uptake of both nutrients.
Furthermore, no algae cells were released from the beads into the solution during the
treatments. Thus, the algal beads from each treatment cycle can easily be seperated

from the treated liquid (medium/effluent) and can be used for further treatments.

In summary, beads prepared using 3.5% Na-alginate concentration and 2% cation
solution (CaCl,) were found to be the most stable and suitable to P. tricornutum
cells. The study shows that algal beads are efficient for toxicity experiments and
nutrient (N and P) uptake. The biotechnology of algal immobilization is still an open

area for various researches in different fields.
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APPENDICES
Short Term Experiments

(a) 2.5% Alginate+2% CaCl,

0 2 4 6 8 10 12 14 16

(c) 3.5% Alginate+2% CacCl,

Bead Diameter ( mm)

0 2 4 6 8 10 12 14 16

0

Days

(b) 5% Alginate+2% CacCl,

0 2 4 6 8 10 12 14 16

(d) 3.5% Alginate+4% CaCl,

0 2 4 6 8 10 12 14 16

Table A.1: Change in diameter (mm) of beads prepared using (a), (b), (c) and (d)
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(a) 2.5% Alginate+2% CacCl, (b) 5% Alginate+2% CaCl,

3000000 3000000

2500000 - 2500000 -

2000000 - 2000000 -

1500000 - 1500000 -

1000000 - 1000000 -

500000 - 500000 - VV&//A*"N
0 0 —

0 2 4 6 8 10 12 14 16

"._I 0 2 4 6 8 10 12 14 16
S
2
3
(c) 3.5% Alginate+2% CaCl, (d) 3.5% Alginate+4% CaCl,
3000000 3000000
2500000 + 2500000 -
2000000 + 2000000 -
1500000 - 1500000 -
1000000 - 1000000 -
500000 + /‘//\\N 500000 - .//*—’—*\./k‘\‘\‘
0 0

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Days

Table A.2: The growth curve of beads prepared using (a), (b), (c) and (d).
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(a) 2.5% Alginate+2% CacCl, (b) 5% Alginate+2% CacCl,

14 14
1,2 A 1,2 1
1,0 A 1,0
0,8 0,8 -
0,6 1 0,6 1
0,4 1 0,4 -
= 024 0,2
3
2 00 +ee —— 0,0 +o— —
% 0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
]
c
2
‘G
S
I
3 (c) 3.5% Alginate+2% CaCl, (d) 3.5% Alginate+4% CaCl,
S 14 14
o
=)
L 12 1,2
1,0 A 1,0 -
0,8 - 0,8 A
0,6 0,6 -
0,4 4 0,4 -
0,2 1 0,2 A
0,0 ‘ ‘ ‘ ‘ —e—e—o 0,0 ‘ ‘ ‘ ‘ ‘ ——0—8
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Table A.3: The change in fluorescence intensity of beads prepared using (a), (b),
(c) and (d).
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Long Term Experiments

150000 150000

(a) First month

120000 + 120000 - (b) Second month
90000 90000
60000 50000
30000 30000 -
0 0
012345678 8
150000 150000
120000 4 (© Third month L2000 | @ Fourt mont
15 90000 1 90000
f% o000 60000 - o
30000 7 30000 1 = 4
/

- el
O T T T T T T T T
0123 4586 7 8
150000 150000
(e) Fifth month £ Sixth th

120000 -+ 120000 4 (f) Sixth mon

90000 + 90000 -

60000 - 50000

30000 M 30000 T

0 ~ -

01 2 3 456 7 8
Days

—@— First inocula
O+ Second inocula
—¥— Third inocula

Table A.4: The growth curve of beads prepared using 3.5 % alginate+4 % CacCl,
on the same scale.
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140000 80000
120000 4 (@ Firsth month 70000 - (b) Second month
100000
80000 —
60000 -
40000 —
20000 ~

30000
25000 ~
20000 ~
15000 ~

Cells mL™*

10000 ¢

5000

0

o
01 2 3 456 7 8

50000 35000
(e) Fifth month

40000 - 30000 -
30000 -

20000 ~

10000 B
5000 S

0

O T T T T T T T T T T T T T T T
012 3 456 78 01 2 3 456 7 8

Days

—@— First inocula
O Second inocula
—w— Third inocula

Table A.5: The growth curve of beads prepared using 3.5 % alginate+4 % CaCl,
on different scales.
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3,0

2,5
2,0
1,5
1,0
0,5

0,0

3,0

0,0

Fluorescence Intensity (Relative scale)

3,0
2,5
2,0
15
1,0
0,5
0,0

Table A6 :

(a) Firsth month

01 2 3 456 7 8

25 | (c) Third month

2,0
1,5 A
1,0 A
0,5

(e) Fifth month

3,0

(b) Seond month

2,5 A
2,0
1,5 A
1,0
0,5 A

0,0
01 2 3 456 7 8

3,0
25 | (d) Fourth month
2,0
1,5 4
1,0 e

0,5 1

0,0
3,0

(F) Sixth month
2,5

Days

—&— First inocula
- Second inocula
Third inocula

Change in fluorescence intensity of beads prepared using 3.5 %

alginate+4 % CaCl, on the same scale.
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(a) Firsth month

1,50

(b) Second month

1,25 -
1,00 -
0,75 -
0,50 -
0,25

0,00
01 2 3 456 7 8

Fluorescence Intensity (Relative scale)

0

(c) Third month

1 2 3 45 6 7

(d) Fourth month

8

(e)Fifth month

-V

Table A.7 :

Days

—@— First inocula
O~ Second inocula
—w— Third inocula

Change in fluorescence intensity of beads prepared using 3.5 %
alginate+4 % CacCl; on different scales.
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800000 800000

(a) First month (b) Second month
600000 - 600000 -

400000 - /9 400000 -

200000 - 200000 - 8
0 /T T T T T 0 T T
012345678 012345%6 78
800000 800000
Third th
. 600000 - (c) Third mon 600000 - (d) Fourth month
E
5 400000 - 400000 -
©
@)
200000 - 200000
O 4 T T 0
0123456 78
800000 800000
e) Fifth month i
600000 - @) 600000 - (f) Sixth month
200000 - 200000 -
0 —9—9——=—=—xF9
8 0123 45686 7 8

Days

—&— First inocula
- O Second inocula
—-w— Third inocula

Table A.8: The growth curve of beads prepared using 3.5 % alginate+2 % CaCl,
on the same scale.
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500000

400000

300000

200000

100000

300000
250000
200000
150000

Cells mL™*

100000
50000

120000
100000
80000
60000
40000
20000

Table A9 :

(a) First month
B /.

T T T T T

2 3 456

01

~

(e) Fifth month

- - .
_

The growth curve of beads prepared using 3.5 % alginate+2 % CaCl,

on different scales.

500000

400000 -

300000 -

200000 -

100000 -

350000

(b) Second month

280000 -

210000

140000 -

70000

24000 -

16000 -

8000 -

Days

—@— First inocula
O Second inocu
—w— Third inocula

la
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(a) First month

(b) Second month

i N

O P N W A O O N
|
o
fe)

O P N W A~ OO N

@
(o]
7
(]
% 6 (c)Third month
g 5-
>
'E 4 b, 4
g 3- -~
=
g 27
C
8 1+ //
8 7
§0 T T T T T T
= 012345678
7
6 (e) Fifth month 6 - (f) Sixth month
5 1 5
4 4
3 3
2 2
! 1M
0 0 == =

Days

—e&— First inocula
O Second inocula
—-w—- Third inocula

Table A.10 : Change in fluorescence intensity of beads beads prepared using 3.5 %
alginate+2 % CaCl, on the same scale.
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| (@) First month | (b) Second month

N w ~ ol »
|
~

Fluorescence Intensity (Relative scale)

01 2 3 456 7 8

(e) Fifth month () Sixth month

0,0

01 2 3 45 6 7 8
Days

—&— First inocula
O~ Second inocula
—w— Third inocula

Table A.11 : Change in fluorescence intensity of beads beads prepared using 3.5 %
alginate+2 % CaCl, on different scales.
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