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a b s t r a c t

Myristyltrimethylammonium bromide (MTAB) is a cationic surfactant used to improve biomass har-
vesting and pigment extraction form microalgae, but the mechanisms underlying its effectiveness are
poorly defined. We document the mechanisms for enhanced harvesting and pigment extraction for the
cyanobacterium Synechocystis sp. PCC 6803 using measurements from flow cytometer, zeta potential,
release of soluble components, and microscopy. Harvesting efficiency increased as the MTAB/Biomass
dose increased from 0 to 40%. A low MTAB dose (� 8%) mainly brought about coagulation and floccu-
lation, which led to aggregation that improved harvesting, but 40% MTAB had the highest harvesting
efficiency, 62%. Adding MTAB above a MTAB/Biomass dose of 8% also increased cell-membrane perme-
ability, which allowed the solvent (ethyl acetate) to pass into the cells and resulted in a large increase in
extraction efficiency of pigments: An MTAB/Biomass ratio of 60% for 180 min achieved the highest
extraction efficiencies of chlorophyll and carotenoids, 95% and 91%, respectively. Combining harvesting
and extraction performances with results from flow cytometry, zeta potential, release of soluble com-
ponents, and microscopy lead to the following mechanistic understandings. MTAB dose from 8% to 40%
solubilized EPS, which lowered the biomass's negative charge, but caused breakup of the large aggre-
gates. An increase of cell permeability also in this stage allowed ethyl acetate to pass into the cells and
achieve better pigment extraction. MTAB >40% led to cell lysis and a large increase in soluble organics,
but complete cell lysis was not required to achieve the maximum extraction efficiency. The MTAB/
Biomass % ratio for optimizing harvest efficiency and pigment extraction lay in the range of 40%e60%.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Microalgae have enormous potential to be sustainable feedstock
for numerous bioproducts (Ruiz et al., 2016), such as lipids, pro-
teins, carbohydrates, and high-value compounds based on
bromide; EPS, Extracellular
OX Green; NA, Nucleic acid;
ate; FI, Fluorescent intensity;
demand; BSA, Bovine serum
le protein; SC, Soluble carbo-
tter.

. Xia), Rittmann@asu.edu
chlorophyll, carotenoids, antioxidants, and sterols (Gilbert-L�opez
et al., 2015; Oswald and Golueke, 1960; Pittman et al., 2011).
Today, the production of high-value products is considered to be
essential for making microalgae systems profitable (Ruiz et al.,
2016). Major challenges for utilizing microalgae lie in harvesting
the biomass and extracting intracellular products (Vandamme
et al., 2013). Integrating biomass harvesting and product extrac-
tion into one simple step offers an opportunity to lower financial
and energy costs in a major way (Lai et al., 2016b; Seo et al., 2016).

Coagulation and flocculation are important mechanisms in
biomass harvesting (Lai et al., 2016a; Wan et al., 2015). Flocculation
typically utilizes long-chain polyelectrolytes (usually cationic) to
improve the biomass harvesting by linking the particles together
(Hermansson, 1999; Magara et al., 1976). Coagulation promotes
flocculation by decreasing the zeta potential of the suspended
particles (Biggs et al., 2000; Ries and Meyers, 1968). Among the
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options are surfactants such as myristyltrimethylammonium bro-
mide (MTAB, C17H38NBr), which has an alkyl-chain length of C14
and a quaternary-ammonium cation (Lai et al., 2016a, 2016b; Seo
et al., 2016).

Extracellular polymeric substances (EPS) play important roles in
biomass aggregation (Liu et al., 2007; Zhang et al., 2016). On the one
hand, EPS contains carboxylic (≡X-COOH) and phosphoryl (≡X-
PO4H) groups (Schwarz and Rittmann, 2007; Zhou et al., 2016b,
2017a) that are negatively charged at slightly acidic to alkaline
conditions (Zhou et al., 2017a). Un-neutralized, the negative func-
tional groups prevent aggregation. Having a quaternary-
ammonium cation, MTAB can neutralize the negative charges,
and its long alkyl chain can serve as an inter-particle bridge; both
aspects enhance aggregation (Sengco et al., 2001). On the other
hand, if toomuchMTAB is added, its surfactant effect can dominate,
resulting in the release of EPS from the cells and deflocculation (Lu
et al., 2017; Schott et al., 1982).

Another feature of MTAB is that, because its linear hydrocarbon
group is hydrophobic, MTAB can formmicelles that are effective for
extracting hydrophobic components from the cells and also can
lead to cell lysis and release of intracellular compounds (Zhou et al.,
2016c, 2017b). These effects can play important roles in the
extraction of intracellular components, such as pigments.

The mechanisms affecting aggregation and product extraction
depend on the MTAB concentration. For example, a previous study
(Lai et al., 2016b) found that a 20% MTAB/Biomass ratio achieved
the highest harvesting efficiency (due to aggregation) of Chlorella,
but a 44% ratio achieved the highest extraction efficiency for fatty
acid methyl esters (FAME).

Flowcytometry (FC) is a powerful tool to determine physical and
chemical characteristics of single particles, including intact cells
and cellular debris after lysis (Hyka et al., 2013). FC can be used to
achieve two goals (Collier, 2000; Sheng et al., 2011; Vermes et al.,
2000; Zhou et al., 2016a; Zipper et al., 2004): (1) characterizing
cell features, such as cell size and granularity and cell membrane
integrity; and (2) cell sorting according to size or a metabolic
feature, such as autofluorescence emitted from chlorophyll, a
pigment present in all photoautotrophic microalgae.

FC combined with SYTOX Green (SG) dye is commonly used for
the characterization of cell features (Sheng et al., 2011; Zhou et al.,
2016a; Zipper et al., 2004). SG is an unsymmetrical cyanine dye that
binds strongly with nucleic acid (NA) (Lebaron et al., 1998). Because
of its large molecular size, SG cannot penetrate an intact cell
membrane (Roth et al., 1997; Zipper et al., 2004), and the emitted
fluorescence is due only to NA in the EPS of intact biomass. How-
ever, when cells are compromised, such as by lysis, intracellular
DNA can be complexed by SG. Since the concentration of intracel-
lular NA is much higher than NA in EPS, the fluorescence emitted by
SG complexed to released intracellular NA is much larger than SG
complexed solely to extracellular NA (Roth et al., 1997; Sheng et al.,
2011). Thus, FC with SG can sensitively differentiate whether or not
cells have been lysed. As an example, previous study (Zhou et al.,
2016a) used flow cytometry to evaluate thermal extraction of EPS
from Synechocystis sp. PCC 6803 and showed that lysis wasminimal
during a 20-min thermal extraction as long as the temperature was
less than 60 �C.

Although surfactants are used for biomass harvesting and
pigment extraction, the mechanisms are not well understood. In
this study, we use FC with SG, zeta-potential measurements,
release of soluble components, andmicroscopy to comprehensively
monitor how MTAB enhances biomass harvesting and pigments
extraction. We show that adding just enough MTAB for complete
EPS removal, but with minimal cell lysis, achieves the maximum
harvesting efficiency by coagulation and flocculation. Furthermore,
pigment extraction is enhanced by adding MTAB to a concentration
that achieves an increase in cell-membrane permeability that al-
lows solvent to diffuse into the cells, but does not lyse the cells
completely.

2. Materials and methods

2.1. Chemicals and Synechocystis sp. PCC 6803 samples

Myristyltrimethylammonium bromide (MTAB) was obtained
from Sigma-Aldrich (St. Louis, MO). A stock solution of MTABwith a
concentration of 20 g/L was prepared by dissolving analytical grade
of MTAB into deionized (DI) water.

Wild-type Synechocystis sp. PCC 6803 (hereafter Synechocystis)
was grown in 1-L Erlenmeyer flasks with a working volume of
500 mL, utilizing standard BG-11 medium (Rippka et al., 1979) and
bubbled with air filtered through a 1.0-mm air filter (Pall, Port
Washington, NY, USA) at a flow rate of about 0.1 L/min. The
culturing conditions were: temperature of 30 �C, maintained by
3 � 12-W automated-air fans (Nguyen and Rittmann, 2016); inci-
dent light intensity of 276 mE/m2.s, provided from T5 fluorescent
plant grow lamps (Envirogro Hydrofarm, USA); and pH of 8.0
maintained using a pH-Stat that automatically sparged pure CO2
when the pH was higher than 8.01 (Nguyen and Rittmann, 2015).
Prior to inoculation, the flasks and the BG-11 medium were steril-
ized by autoclaving, and the pH probe was sterilized using 75%
ethanol. After 5 days of cultivation, the optical density at 730 nm
(OD730) of the culture rose to ~ 2.3 and biomass dry weight
to ~ 650 mg/L. After 5 days of growth, the biomass was collected for
testing. In order to eliminate the effect of divalent metal ions (Ca2þ

and Mg2þ in the standard BG-11) on biomass harvesting (Ayed
et al., 2015; Li et al., 2017) or extraction, we centrifuged the cul-
ture at 4000 rpm at 4 �C for 10 min and then replaced the super-
natant using the same volume of DI water. Table 1 summarizes
characteristics of the Synechocystis samples used for the biomass
harvesting and products extraction.

2.2. Biomass harvesting

The biomass-harvesting efficiency was evaluated by measuring
culture OD730 over time. We mixed 10 mL of a Synechocystis sample
with MTAB in 15-mL polypropylene centrifuge tubes (BD Falcon,
VWR, USA), using the following mass ratios (MTAB mass/biomass
dry weight, %): 0, 4, 8, 12, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, and
70. We mixed the samples by hand until the contents were well-
mixed. During the harvesting period (up to 240 min), we with-
drew duplicate 0.15-ml samples from the middle of the tube (Salim
et al., 2011) and diluted them to 1.5 mL using DI water for a final
OD730 below 1.0. We calculated the harvest efficiency using the
following equation (Salim et al., 2011):

Harvesting efficiency ð%Þ ¼ OD730ðt0Þ � OD730ðtÞ
OD730ðt0Þ

� 100

where OD730(t0) is the OD of the sample at time zero, and OD730(t)
is the OD of the sample after t min.

2.3. Pigments extraction and SOC separation

The effects of MTAB on the efficiency of pigment extractionwere
evaluated using the wet-biomass-extraction method (Lai et al.,
2016a). We mixed 10 mL of the prepared Synechocystis with
MTAB each in 15-mL polypropylene centrifuge tubes (BD Falcon,
VWR, USA) with the following mass ratios (MTAB mass/biomass
dry weight, %): 0, 4, 8, 12, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, and
70. The slurries were mixed within an incubator (New Brunswick



Table 1
Characteristics of Synechocystis sp. PCC 6803 used in this study.

Parameter Unit Value

pH e 8.0 ± 0.05
OD730

a e 2.2 ± 0.2
DW b mg/L 626 ± 4.3
PCOD c mg COD/L 728 ± 13
Chlorophyll mg/L 37 ± 3.4
Carotenoid mg/L 19.8 ± 2.1
EPS d mg COD/L 68.4 ± 5.3
Protein in EPS mg COD/L 39.1 ± 3.5
Carbohydrate in EPS mg COD/L 22.8 ± 2.5

a OD730 is the optical density at 730 nm.
b DW is the dry weight of biomass.
c PCOD is particulate chemical oxygen demand.
d EPS is extracellular polymeric substances.
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Scientific, Enfield, CT) at 210 rpm and at room temperature
(23.8 �C). After 3 h, we withdrew a 1-mL sample and mixed it with
3mL of ethyl acetate (EA) solvent in 7.5-mL Pyrex disposable screw-
cap culture tubes (13 � 100 mm). The mixtures of EA and biomass
were vortexed at 3200 rpm for 1 min on Vortex-Genie 2 (Scientific
Industries, USA) and then centrifuged at 4000 rpm for 5 min. We
removed 2 mL of clear centrate for the assay of extractable chlo-
rophyll and carotenoid.

To define the maximum extraction of chlorophyll and caroten-
oids (Gilbert-L�opez et al., 2015), we mixed a 1-mL slurry sample
containing 626 ± 4.3 mg/L of freeze-dried biomass (FreeZone
Benchtop instrument (Labconco, MO, USA)) with 3 mL of Folch
solvent (Chloroform: methanol ¼ 2:1 v:v) in a 7.5-mL Pyrex
disposable screw-cap culture tube. The mixture was subsequently
shaken at 3200 rpm for 5 h on the Vortex-Genie 2 and then
centrifuged at 4000 rpm and 23 �C for 10min to separate the solids.
We took out 2 mL of centrate for the assay of total chlorophyll and
carotenoid.

We withdrew 4 mL of the MTAB-treated samples and centri-
fuged them at 4000 rpm and 4 �C for 15 min. We further centri-
fuged the centrate at 12000 rpm (Microfuge® 22 R Centrifuge,
Beckman Coulter, CA, USA) and 4 �C for 10 min to ensure that all
particles had been removed. The centrate was assayed for released
protein and carbohydrate. Total EPS was extracted from Synecho-
cystis biomass using a thermal method (Zhou et al., 2016a), briefly
thermal treatment at 60 �C for 20 min and rapidly cooled the cul-
ture to room temperature (23.8 �C), and then filtered the culture
through a 0.2-mm cellulose acetate membrane filter (Whatman,
Germany). All of the samples were stored at 4 �C in a freezer
(UGL3020A, Thermo Scientific, USA) prior to all analyses.

2.4. SYTOX Green staining and flow cytometry

We adapted an SG-staining and flow-cytometry approach
(Sheng et al., 2011; Zhou et al., 2016a) to identify cell size, release of
SOC, and cell lysis after MTAB treatment. We applied the fluores-
cent dye SG according to the manufacturer's guidelines (Invitrogen,
Carlsbad, CA). After treatment for 3 h, we withdrew a 2-mL sample,
mixed it with 1 mL SG, and then allowed the reaction to proceed for
15 min in the dark on a rocker mixer (Lab-Line, TX, U.S.). We used
Synechocystis biomass without treatment or SG stain to zero the
fluorescent intensity (FI).

2.5. Analytical methods

Sample OD730 was measured with a UVevis BioSpec-mini
spectrometer at 730 nm (Shimadzu Corp., Japan). Dry weight
(DW) was quantified using the total suspended solids assay,
Method 2540D in Standard Methods (Association, 1998) and DW
was converted to particulate chemical oxygen demand (PCOD)
assuming a conversion factor of 1.4 mg COD/mg DW (Rittmann and
McCarty, 2001). We measured the protein in SOC with a QuantiPro
BCA Assay Kit (Sigma-Aldrich, St. Louis, MO, U.S.) using bovine
serum albumin (BSA) as the standard; BSA equivalents were con-
verted to COD using a conversion factor of 1.4 mg COD/mg BSA
(Bruce and Perry, 2001). The carbohydrate content in the SOC was
assayed with the phenol-sulfuric acid method using glucose as the
standard (Frølund et al., 1996), and it was converted from glucose
equivalents to COD using a conversion factor of 1.07 mg COD/mg
glucose (Rittmann and McCarty, 2001).

The concentrations of chlorophyll and carotenoid were
measured with a spectrophotometer (Bio Cary 50 e Varian, USA)
based on the characteristic absorbances of the pigments (Gilbert-
L�opez et al., 2015): 470 and 665 nm for chlorophyll and carot-
enoid, respectively. Standard curves are in Fig. S1.

The zeta potential was measured using a Zetasizer (Nano-ZS,
Malvern) after the biomass was diluted to a manufacture-
recommended concentration between 0.1 g/L and 1 g/L (Lai et al.,
2016b).

Cell morphology of Synechocystis after treatment by the various
MTAB doses were observed using an optical microscope (BX61,
Olympus Corporation, Germany), and images were captured by a
digital camera (DP70, Olympus Corporation, Germany).
2.6. Statistical analysis

For MTAB-treatment experiments, we used three tubes for each
MTAB dose, and the sample in each tube was assayed one time for
OD730, chlorophyll, carotenoid, protein, and carbohydrate. Results
are expressed as the mean and standard deviation of the three
measured samples (mean ± SD). When presenting the results of
Synechocystis cell morphology, light scattering, and the spectra
from FC, we show one representative result for each sample. Sta-
tistical analysis with SPSS software for Windows (SPSS, Chicago,
Illinois, USA) was used to identify the strength of the relationship
between two parameters. The Pearson's correlation coefficient, R2,
was used to estimate the linear correlation between two parame-
ters. Correlations were considered statistically significance at a 95%
confidence interval (P < 0.05).
3. Results and discussion

3.1. Effects of MTAB dose on harvest efficiency

Fig. 1 shows the harvest efficiency of Synechocystis after treat-
ment with MTAB at different MTAB/Biomass % ratios for the noted
times, along with the harvest efficiency and zeta potentials of
Synechocystis with the range of doses after MTAB treatment for
180 min. Fig. S2 presents the corresponding OD730 values. Syn-
echocystis did not self-flocculate (harvest efficiency was ~0% with
no added MTAB), but MTAB brought about coagulation and floc-
culation that enhanced biomass harvesting (Fig. 1(a)). Based on
harvest efficiency, the MTAB/Biomass % ratio can be divided into
three ranges: 0e40% (Range I), 40e55% (Range II), and 55e70%
(Range III). Within Range I, the harvest efficiency dramatically
increased with higher MTAB dose and continued to increase
throughout the 240 min test (Fig. 1(a1)). Comparing results at
180 min, the harvest efficiency and zeta potential gradually
increasedwithMTAB dose (Fig.1(b) and (c)). In Range II, the harvest
efficiency was higher than in Range I for up to about 180 min, but
gradually decreased out to 240 min (Fig. 1(a2)). The best harvest
efficiency achieved was 61.7 ± 2.4% using 40% MTAB/biomass and



Fig. 2. Extraction efficiency of chlorophyll and carotenoid from Synechocystis after
treatment with MTAB at various MTAB/Biomass % ratios for 180 min.
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180 min of contact time (Fig. 1(b)). In Range III, the harvest effi-
ciencywas lower than that achieved by the concentrations in Range
II, even though the zeta potential increased to nearly 0mV (Fig. 1(b)
and (c)).

3.2. Effects of MTAB doses on pigment extraction

Fig. 2 presents the extraction efficiencies of chlorophyll and
carotenoids from Synechocystis after treatment with MTAB at
various MTAB/Biomass % ratios for 180 min; Fig. S3 presents the
corresponding concentrations of chlorophyll and carotenoid. The
extraction efficiencies for chlorophyll and carotenoid changed
systematically with the MTAB/Biomass % ratio and can be grouped
into the same three ranges as for harvest efficiency. In Range I (mass
ratios of 0%e40%), the extraction efficiencies for chlorophyll and
carotenoid dramatically increased with increasing MTAB dose,
although the large increase was for a mass ratio � 20%. In Range II
(mass ratio from 40% to 55%), the extraction efficiencies for chlo-
rophyll and carotenoid slowly increased approaching the
maximum, and in Range III (mass ratios of 55%e70%) they
remained stable. The maximum extraction efficiencies were
94.5 ± 3.6% and 91.4 ± 2.2% for chlorophyll and carotenoid,
respectively, and they occurred with an MTAB/biomass ratio of 60%
for the 180-min treatment, although the efficiencies were nearly
the same for MTAB/Biomass ratios of 55%e70%.

3.3. Releasing soluble organic compounds

Fig. 3 shows the release of soluble protein (SP) and carbohydrate
(SC) from Synechocystis after treatment with MTAB at the various
MTAB/Biomass % ratios for 3 h. SP and SC changed systematically
withMTAB/Biomass % ratio and can be grouped into two stages that
differ from the ranges that describe harvesting and pigment
extraction. In Stage I (from 0% to 35%), SP and SC increased steadily
with increasing MTAB dose, and the concentration of SP þ SC has a
strong and nearly linear relationship (R2 ¼ 0.996, P < 0.01) with the
Fig. 1. (a) Time course of harvest efficiency of Synechocystis after treatment with MTAB at v
MTAB/Biomass % ratios (x-axis) and (c) zeta potential of Synechocystis after 180 min at va
delineate Ranges I, II, and III.
MTAB/Biomass % ratio. This increase means that the surfactant ef-
fect of MTAB was releasing EPS from the cells and converting it to
components detected as soluble after centrifugation (Zhou et al.,
2016a). In Stage II (from 40% to 70%), SP and SC increased
dramatically, with the concentration of SP þ SC having a steeper
and nearly linear relationship (R2 ¼ 0.995, P < 0.01) with the MTAB/
Biomass % ratio. The large increase in slope is a sign of cell lysis and
release of intracellular soluble organics (Zhou et al., 2016a).
3.4. Flow cytometry analysis of Synechocystis

Fig. 4(a) shows FC selected results for light scattering alone for
Synechocystis after treatment for 3 hwithMTAB at the notedMTAB/
arious MTAB/Biomass % ratios (legend), (b) harvest efficiency after 180 min at various
rious MTAB/Biomass % ratios (x-axis). The vertical dashed lines in panels (b) and (c)



Fig. 3. Releasing of soluble protein and carbohydrate from Synechocystis after treat-
ment with MTAB at various MTAB/Biomass % ratios for 180 min.

Fig. 4. (a) Selected FC results for light scattering alone of Synechocystis after treatment for 18
between the SL and the MTAB/biomass % ratio. SL, the slope of the linear relationship betw
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Biomass % ratios. Fig. S5 presents all the FC results for light scat-
tering alone after treatment for 3 h with MTAB at the noted MTAB/
Biomass ratios, and Fig. S4 presents the FC results for light scat-
tering alone, fluorescence characteristics, and fluorescence in-
tensity of NA-complexed SG of Synechocystis without MTAB
treatment. Fig. 4(b) shows the relationship between the MTAB/
biomass % ratio and the slope (SL) between the forward scatter
(FSC, horizontal axis) and side scatter (SSC, vertical axis) in the
region with the highest density of points.

It has been demonstrated that a decrease in SL corresponds on
an increase in particle size (Hyka et al., 2013), such as by cell ag-
gregation and the loss of EPS caused the increase of SL (Zhou et al.,
2016a). Fig. 4(b) shows that MTAB significantly affected the bio-
mass's particle size, as SL changed systematically with MTAB/
Biomass % ratios. The systematic changes can be separated into
three phases. In Phase I (from 0% to 8%), SL values gradually
decreased with a strong linear relationship (R2 ¼ 0.985, P < 0.01)
with MTAB/Biomass % ratio. This decrease in SL indicates cell ag-
gregation, because MTAB neutralized surface charge and formed
inter-particle bridges (Sengco et al., 2001). In Phase II (from 12% to
40%), SL increased with a strong linear relationship (R2 ¼ 0.996,
0 minwith MTAB at the noted MTAB/Biomass ratios (legend values) and (b) relationship
een FSC and SSC, is inversely related to particle size.



Fig. 5. Fluorescence spectra of Synechocystis after treatment for 180 min with MTAB at
various MTAB/Biomass % ratios.
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P< 0.01) withMTAB/Biomass % ratios. This increase in SL indicates a
decrease of particle size due to the release (and solubilization) of
EPS(Zhou et al., 2016a). Finally, SL dramatically increased in Phase
III (from 40% to 70%), indicating a sharp decrease in particle size,
which corroborates the SP and SC data (from Fig. 3) that cell lysis
was occurring.

Fig. 5 presents typical fluorescence spectra of Synechocystis after
treatment with various doses of MTAB for 3 h. Fig. S6 shows the
fluorescence characteristics of Synechocystis; Fig. S7 gives the full
fluorescence spectra and the distribution of SG emission intensity.
The spectra in Fig. 5 correspond to the FC trends in Fig. S6, and they
identify changes in cell-membrane permeability. As the MTAB dose
increased from 0% to 8%, the peak in the low fluorescence intensity
(FI) region (left of the dashed line) shifted only slightly to right. As
fluorescence in the low-FI region was from the binding of SG with
extracellular NA naturally in Synechocystis EPS (Roth et al., 1997;
Zhou et al., 2016a), the slight increase of particle FI represents an
increase in localized EPS concentration due to cell aggregation.
When the MTAB dose increased from 12% to 40%, the peak in low FI
region dramatically decreased, disappearing as the MTAB dose
increased above 20%. This loss of signal in the low-FI region cor-
responds to the release and solubilization of EPS. In parallel, a
second peak formed in the high-FI region (right of the dashed line),
and that peak shifted to right with higher MTAB dose. The second
peak and its steady increase signify that MTAB led to higher cell-
membrane permeability (Collier, 2000; Foladori et al., 2010),
which allowed SG to pass through the membrane and bind with
intracellular NA. When the MTAB dose was higher than 40%, the
peak in high FI region gradually shifted to left, a signal of increasing
cell lysis and the resulting loss of NA inside the cells (Karp, 1979;
Zipper et al., 2004).
Fig. 6. Synthesis of mechanisms acting to enhance biomass harvesting and pigment
extraction from Synechocystis after treatment with MTAB. A deeper color in a bar
signifies an increase of the mechanism with MTAB dose. White color means that the
mechanism is not in effect. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
3.5. Synthesizing the results

Fig. 6 synthesizes the results in terms of the mechanisms acting
to enhance harvesting and extraction. Microscopic images of Syn-
echocystis after treatment with various doses of MTAB for 3 h,
presented in Fig. 7, reinforce the mechanistic interpretations.
� At low doses (� 8%), MTAB mainly brought about coagulation
and flocculation via charge neutralization and inter-particle
bridging, which caused aggregation that improved biomass
harvest efficiency (Fig. 2). Microscopy in Fig. 7 illustrates this
well in the 4% and 8% panels.

� Adding more MTAB, up to 40%, released and solubilized EPS via
its surfactant action (Figs. 3 and 4). EPS release lowered gave the
biomass an increasingly less negative charge (Fig. 2 (c)), but also
led to break up of the large aggregates back into small particles;
Fig. 7's 12% and 20% panels show the disaggregation. The in-
crease of cell permeability in this stage allowed EA to pass into
the cells and extract pigments more effectively (Fig. 5). Com-
plete EPS removal, but with minimal cell lysis, minimized the
surface negative charge of biomass and achieved the maximum
harvest efficiency.

� Even more MTAB (> 40%) led to cell lysis and a large increase in
soluble organics (Fig. 3), which left cell shells and debris in the
culture, which is seen clearly in Fig. 7's 60% and 70% panels.
While, the extraction efficiency remained stable with an MTAB
dose higher than 60% (Fig. 2), cell lysis increased (Figs. 3e5),
which means that complete cell lysis was not required to ach-
ieve the maximum extraction efficiency. The treatment giving
the maximum extraction efficiency released only about 20% of
the intracellular protein þ carbohydrate (Fig. 3).

For environmentally sustainable development, the indiscrimi-
nate discharge of surfactant-containing wastewater after biomass
harvesting and pigments extraction is not acceptable due to its
toxicity to humans and the environment. Additionally, recycling the
culture water containing surfactant for the biomass cultivation
could adversely affect microalga growth. In this study, we selected a
biodegradable cationic surfactant (Bergero and Lucchesi, 2013;
Hajaya and Pavlostathis, 2012); in addition, a previous study (Lai
et al., 2017) has demonstrated continuous biodegradation of a set
of quaternary ammonium compound (QAC) using an oxygen-based
membrane biofilm reactor (O2-MBfR) with an influent QAC con-
centration up to 400 mg/L. Bubbleless O2 transfer completely
eliminated foaming, and biofilm accumulation helped the QAC
biodegraders resist toxicity. Thus, biodegradation of MTAB and



Fig. 7. Microscopic images of Synechocystis after MATB treatment for 180 min at the noted MTAB/Biomass % ratios. Noted are examples of cell aggregation, divided cell aggregates
(disaggregation), individual cells, shells of lysed cells, and cell debris.
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similar QACs should prevent their discharge to aquatic
environments.
4. Conclusions

Development of efficient biomass-harvesting and pigments-
extraction technologies for microalgae may yield major cost and
energy savings in large-scale utilization of microalgae biomass and
the key step should be explored the mechanisms systematically.
Our study emphasizes the mechanisms by which MTAB enhances
biomass harvesting and pigments extraction from Synechocystis. At
a low dose (� 8%), MTAB mainly brought about coagulation and
flocculation, which led to aggregation that improved harvesting.
MTAB dose from 8% to 40% released and solubilized EPS, which
lowered the biomass's negative charge, but also led to the breakup
of the large aggregates. The increase of cell permeability in this
stage allowed EA to pass into the cells and achieve better pigment
extraction. Even more MTAB (> 40%) led to cell lysis and a large
increase in soluble organics. With a MTAB/Biomass % ratio of 40%,
complete EPS removal was achieved with minimal cell lysis,
yielding a maximum harvest efficiency of 62%. Pigment extraction
plateaued at > 90% recovery for MTAB/Biomass % ratios of greater
than 50%, indicating that complete cell lysis was not required to
achieve the maximum extraction efficiency. The MTAB/Biomass %
ratio for optimizing harvest efficiency and pigment extraction lay in
the range of 40%e60%. Doses closer to 40% favor harvest efficiency,
while doses closer to 60% favor pigment extraction. This work lays
the foundation for optimizing surfactant dose for biomass har-
vesting and pigment extraction.
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