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Abstract
Lipids are one of the main organic components in industrial and municipal wastewaters. Lipid hydrolysis is the
ﬁrst step in the biological conversion process and requires a close contact between lipid emulsion droplets
and microbial hydrolytic enzymes. Adequate lipid hydrolysis monitoring is crucial to obtain mechanistic knowledge on lipid hydrolysis in response to changes in the process conditions and to improve the overall lipid
conversion efﬁciency in aerobic and anaerobic wastewater treatment systems. We set out to develop a highthroughput lipid hydrolysis monitoring method based on vegetable oil model substrates and ﬂuorescent quantiﬁcation of product formation by exploiting the interaction with Rhodamine B. Olive oil and soybean oil emulsions
were prepared with a high interfacial area and acceptable emulsion stability. The method was easy to apply and
allowed to obtain detailed kinetic data over a time course of several hours for up to 16 samples in parallel. A
proof-of-concept was obtained with a commercial enzyme, Amano lipase, but remains to be provided for wastewater treatment sludge samples. The ﬁndings of this study pave the way for further method development in lipid
hydrolysis monitoring.
Key words: biological wastewater treatment, enzyme activity, hydrolysis, lipids, Rhodamine B
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Lipid hydrolysis monitoring is essential to optimize (an)aerobic wastewater treatment.
High-throughput monitoring methods are required.
The established p-nitrophenol palmitate method is not adequate.
A lipid assay model substrate should resemble the actual lipids present in wastewater.
Fluorescent lipid hydrolysis quantiﬁcation with Rhodamine B is a promising approach for high-throughput
monitoring.
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Graphical Abstract

INTRODUCTION
Lipids, or triacylglycerols, are one of the main organic components in industrial wastewaters such as
dairy wastewater and vegetable oil processing wastewater. Similarly, they comprise up to one third of
the total organic matter in municipal wastewater (MWW), with concentrations varying between 40
and 100 mg L1 (Quéméneur & Marty 1994).
Lipids are subjected to physico-chemical and microbiological transformation as soon as they are
discharged. Enzymatic hydrolysis of the lipids into glycerol and long-chain fatty acids mediated by
microbial lipase enzymes (triacylglycerol hydrolases, EC 3.1.1.3) can already occur in the sewer
system or buffer tanks in industrial installations (Franke et al. 2011). Miron et al. (2000) for instance,
noted that 40 percent of the lipid fraction in primary settled municipal wastewater solids were free
long-chain fatty acids. Additional hydrolysis and biological conversion proceeds in the biological
wastewater treatment system, either aerobically or anaerobically.
Lipids can be a beneﬁt and a nuisance in MWW treatment. On the one hand, they have a high
energy content for microbial growth and anaerobic conversion to methane (Alves et al. 2009;
Diamantis et al. 2021), and they can serve as feedstock for biodiesel production. On the other
hand, lipid metabolism and intracellular storage has been associated with sludge ﬂotation in aerobic
MWW treatment (Fan et al. 2020), and long-chain fatty acid inhibition in anaerobic systems (Sousa
et al. 2009).
Reliable lipid hydrolysis monitoring is crucial to determine and to develop strategies to improve the
lipid conversion efﬁciency (Palacios et al. 2014). A lipid hydrolysis assay aims to quantify the enzymatic lipid hydrolysis rate of a certain wastewater treatment sludge sample with a high sensitivity
and experimental reproducibility, while mimicking the real substrate with a model substrate. A
high sample throughput is typically required when screening multiple wastewater treatment systems
simultaneously or a given treatment system at a high sampling frequency, such as hourly sampling.
Spectrophotometric monitoring methods, such as the p-nitrophenol palmitate method, have been
reported most often in wastewater treatment research (Gessesse et al. 2003; Calderón et al. 2013;
Ferrer-polonio et al. 2018; Petropoulos et al. 2018). The p-nitrophenol palmitate method involves
incubation of a small portion of sludge with the p-nitrophenol palmitate model substrate under controlled temperature and pH conditions. A colored lipid hydrolysis product, p-nitrophenol, is produced
during the incubation period and is quantiﬁed by spectrophotometry at several, predetermined time
points. This method has some methodological limitations. First, p-nitrophenol palmitate is a poor
model substrate, since the hydrolysis product is a secondary alcohol (Figure 1). In contrast, most
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Figure 1 | Comparison of the p-nitrophenol palmitate reaction mechanism with hydrolysis of a triacylglycerol lipid. (a)
Hydrolysis of p-nitrophenol palmitate to p-nitrophenolate and palmitic acid, (b) hydrolysis of a model triacylglycerol lipid substrate, 1,2,3- propanetriyl trihexadecanoate, to produce a diacylglycerol, 1,2- bis(hexadecanoate)-3- propanol, and palmitic acid.
The ﬁrst hydrolytic reaction of a triacylglycerol typically occurs at one of the outer glycerol ester bonds, as shown here. Palmitic
acid moieties are indicated with shaded rectangles, glycerol moieties are indicated with dashed curved shapes.

natural lipase enzymes release primary alcohols upon hydrolysis of triacylglycerols. Similarly, the
nitrobenzene moiety is a poor approximation of a bulky diacylglycerol moiety (Figure 1). Second,
p-nitrophenol esters may be hydrolyzed by other components in a sludge sample such as esterases,
non-enzymatic proteins, protein hydrolyzing enzymes and non-catalytic regions of lipases (Gargouri
et al. 1984; de Caro et al. 1986). Esterases are enzymes that do not hydrolyze triacylglycerol lipids
with long-chain fatty acids but instead hydrolyze ester bonds in triacylglycerols with short-chain
fatty acids (less than 8 carbon atoms) and in other molecules (Romano et al. 2015). Third, the detergents that assist in emulsiﬁcation of the water-insoluble p-nitrophenol palmitate substrate may cause
non-speciﬁc inhibition of lipases or may compete with p-nitrophenol palmitate as substrate analogue
(Palacios et al. 2014). Finally, p-nitrophenol assays are restricted to pH neutral reaction conditions,
since only dissociated p-nitrophenol (pKa ¼ 7.15) can be quantiﬁed by absorbance measurement
(Gilham & Lehner 2005).
Several alternative lipid hydrolysis quantiﬁcation principles have been reported in other niches of
applied microbiology. A recent method reported by Zottig et al. (2016) based on the work of Jette
and Ziomek (1994) employed a representative model substrate (olive oil), had a high sample
throughput and allowed measurements to be obtained at a high frequency in a 96-well plate
format. The quantiﬁcation of lipid hydrolysis for this method was based on Rhodamine B, a ﬂuorescent dye. When Rhodamine B is excited with UV light at 350 nm, it emits orange light
(emission maximum at 580 nm) with an intensity proportional to the amount of free fatty acids
that is released from the olive oil substrate. Rhodamine B visualization of long-chain fatty acid production has been applied extensively in qualitative screening of bacterial cultures for lipid
hydrolytic activity on agar plates amended with vegetable oil and Rhodamine B. In contrast,
Zottig et al. (2016) were the ﬁrst to report on quantitative and high-throughput lipid hydrolysis
screening in liquid media; that is, olive oil emulsions. To date, the vegetable oil – Rhodamine B
emulsion approach has been applied only to puriﬁed lipase enzymes and in screening of mutagenetic libraries for lipase expression (Zottig et al. 2016, 2017; Quaglia et al. 2017), but not to
samples with mixed microbial communities. Wastewater treatment sludges are complex matrices
that might pose additional challenges to the quantiﬁcation of lipid hydrolysis.
Therefore, we set out to develop an alternative, high-throughput lipid hydrolysis monitoring
approach for wastewater treatment systems, based on the vegetable oil – Rhodamine B method.
Furthermore, we aimed to extend the applicability of the vegetable oil – Rhodamine B method
to other lipid substrates that are relevant for wastewater treatment processes, including soybean
oil emulsions. Soybean oil emulsions are a relevant model substrate to resemble wastewaters
high in linoleic acid lipids, as soybean oil contains 53 percent of linoleic acid (C18:2 [cis-9,12]).
In contrast, olive oil is a model substrate for wastewaters high in oleic acid lipids (Dubois et al.
2007).
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METHODS
Sludge samples and commercial lipase

A commercial lipase was applied for initial testing. An Amano lipase from Pseudomonas ﬂuorescens
was purchased from Sigma-Aldrich (art. no 534730-10G) and dissolved in a buffer appropriate for the
lipid hydrolysis assay at concentrations of 1 g L1 or lower. All lipase preparations were prepared on
the day of the experiment and shaken on an orbital shaker to improve dissolution of the enzyme
(Grant bio PTR60, 10 minutes at 100 rpm).
Lipases from Pseudomonas ﬂuorescens have been previously shown to hydrolyze different
substrates, including triolein, tributyrin, p-nitrophenol butyrate and p-nitrophenol palmitate
(Vorderwulbecke et al. 1992). It should be noted that this type of commercial lipase is a partially
characterized mixture of enzymes and other proteins, lipids, salts and cell debris remaining from
the microbial cultivation and downstream processing of the enzyme extract.
Four different sludge types were obtained from lab-scale and full-scale wastewater treatment installations. First, a sample from a lab-scale, anaerobic CSTR treating synthetic municipal wastewater, was
obtained on March 9, 2018.
Second, a sludge sample from a full-scale sequencing batch reactor was obtained on June 15, 2020.
The sequencing batch reactor treated wastewater from a tank-cleaning company and contained lipid
residues from transport of various food-related products, such as vegetable oil. The reactor operational
regime incorporated both aerobic and anaerobic phases.
Third, three samples were obtained from a full-scale, aerobic municipal wastewater treatment plant
operated by Aquaﬁn (Leuven, Belgium) on June 17, 2020. This conventional activated sludge system
treated municipal wastewater with a minor fraction of industrial discharge. The plant layout consists
of primary treatment (6 mm screens, oil and grease removal, sand trap), secondary treatment with
anaerobic, aerobic and anoxic zones, and secondary sedimentation. Samples were obtained from
the raw incoming wastewater, the sludge in the anaerobic secondary treatment zone, and the
sludge in the aerobic secondary treatment zone.
Fourth, two samples were obtained from a full-scale, anaerobic reactor on June 11 and June 23,
2020. This reactor treated waste streams from ice cream production; that is, wasted ice cream and
process wastewater.
Sludge samples were transported to the laboratory under cooled conditions (4 °C). Subsequently,
they were stored at 4 °C prior to analysis. The total storage time amounted to maximum 13, 5, 2,
20 and 8 days for the lab-scale anaerobic reactor, full-scale sequencing batch reactor, full-scale municipal wastewater treatment system and the samples from the anaerobic reactor, respectively. Both
samples from the full-scale anaerobic reactor were transported frozen and allowed to defrost at
room temperature upon arrival in the laboratory.
The total solids (TS) and volatile solids (VS) concentrations were determined for all sludge samples
as a proxy for biomass concentration. The determination proceeded according to standard methods
(APHA 2012). Various sludge pretreatment methods were implemented (Table 1).
p-nitrophenol palmitate lipid hydrolysis monitoring

A modiﬁed p-nitrophenol palmitate assay was implemented based on the protocol by Gessesse et al.
(2003). p-nitrophenol palmitate in isopropanol (8 mM) was emulsiﬁed in a Tris-HCl buffer solution
(50 mM, pH 8) with Arabic gum (1 g L1) and Triton X-100 (4 g L1) in a 1:9 volumetric ratio
to obtain a substrate emulsion. Next, sludge was added to an aliquot of the substrate emulsion
with a 1:9 sludge:substrate volumetric ratio and incubated in an orbital shaker at 30 rpm for
60 minutes. The starting time of the assay was deﬁned as the moment that the sludge was added to
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Table 1 | Sludge pretreatment methods
Fraction name

Disintegration

Fractionation

Fraction separation

Filtration

–

–

–

Thickened

–

Sedimentation

Supernatant removal

–

SN

–

Sedimentation

Supernatant collection –

SN F0.6

–

Sedimentation

Supernatant collection Glass ﬁbrea
(0.6 μm)

Negative control Heating (1 h, 120 °C)

Cfg

–

Centrifugation (15,000  g, 5 min) Supernatant collection –

Cfg F0.6

–

Centrifugation (15,000  g, 5 min) Supernatant collection Glass ﬁbrea
(0.6 μm)

BB

Bead beatingb (5 min, 2,850 rpm) –

–

–

–

–

UT

Ultraturrax (10 min, 10,000 rpm) –

BB þ cfg

Bead beatingb (5 min, 2,850 rpm) Centrifugation (15,000  g, 5 min) Supernatant collection –

UT þ cfg

Ultraturraxc (10 min, 10,000 rpm) Centrifugation (15,000  g, 5 min) Supernatant collection –

c

a

Filter by Macherey Nagel, MN GF3.

b
c

Bead beating on a Vortex genie digital 2 with 12 mL sample and 1 mL 1 mm Biospec zirconia/silica beads.
IKA T25 digital, dispersion tool S25N-18G.

the substrate emulsion. Subsamples (1.5 mL) were obtained every 15 minutes and centrifuged at
15,000  g for 5 minutes prior to absorbance quantiﬁcation of p-nitrophenol at 410 nm in analytical
triplicate. The raw absorbance values were corrected with a substrate-only and sludge-only blank,
recalculated to p-nitrophenol concentrations with a linear calibration curve (extinction coefﬁcient
12.663 cm1 mM1) and normalized to sludge volatile solids (VS).
Vegetable oil – Rhodamine B lipid hydrolysis monitoring

The protocol for the vegetable oil – Rhodamine B lipid hydrolysis assay was based on the work of
Jette & Ziomek (1994) and Zottig et al. (2016), with modiﬁcations to incorporate the analysis of
sludge samples in a high-throughput format. Different combinations of the lipase sources with olive
oil – Rhodamine B or soybean oil – Rhodamine B emulsions were evaluated for their lipid hydrolysis
behavior in kinetic experiments. First, exploratory experiments were conducted with the Amano
lipase from Pseudomonas ﬂuorescens, in order to establish the optimal detection settings and to
reproduce the results by Zottig et al. (2016). Next, the four different sludge samples were screened
for their lipid hydrolysis activity.
The starting solution for emulsion preparation was a 50 mM potassium phosphate buffer (KH2PO4/
K2HPO4) to which Arabic gum powder was added to a ﬁnal concentration of 50 g L1. Arabic gum
was heated for at least three hours at approximately 50 °C while stirring to improve dissolution and
afterwards stirred overnight at ambient temperature. If applicable, β-cyclodextrin was added at a
ﬁnal concentration of 3 g L1. When needed, undissolved Arabic gum was ﬁltered out of the solution
with a glass ﬁbre ﬁlter (Macherey Nagel, MN GF3) with pore size 0.6 μm.
Olive oil or soybean oil was added to the Arabic gum solution to a ﬁnal concentration of 25 mL L1
while stirring. The olive oil was either commercial grade (extra virgin olive oil, Terra Creta, Greece)
obtained at a local supermarket or analytical grade (Acros organics, art. no. 416530250). The soybean
oil was of analytical grade (Fisher Scientiﬁc, art. no. J61399). The oil in the Arabic gum solution was
then emulsiﬁed by Ultraturrax treatment for 10 minutes at 10,000 rpm (IKA T25 digital, dispersion
tool S25N-18G), the pH was corrected to pH 7 with 1 M sodium hydroxide and 1 mL of a 1 g L1
concentrated Rhodamine B stock was added (ﬁnal emulsion concentration 10 mg L1). The emulsion
was stored at 4 °C while stirring on a magnetic stirring plate. All prepared emulsions were used within
two days and protected from light during storage.

Downloaded from http://iwaponline.com/wpt/article-pdf/16/2/605/874197/wpt0160605.pdf
by guest

610

Water Practice & Technology Vol 16 No 2
doi: 10.2166/wpt.2021.022

The emulsions were characterized with an inverted, LED-illuminated microscope (Olympus, IX83).
Images were acquired with bright ﬁeld observation and the diameter of individual droplets was determined with the ‘3 point circumference’ measurement function of the microscope software (Olympus
CellSens dimension).
The lipid hydrolysis assay consisted of four steps. First, the enzyme sources, either a commercial
lipase or a sludge sample, were diluted to the desired concentration with the Arabic gum solution.
Note that the previously mentioned diluted sludge concentrations are reported in this study and
not the ﬁnal sludge concentration in the well after addition of the substrate emulsion. Second,
100 μL aliquots of all enzyme sources were added to a 96-well plate suitable for ﬂuorescence measurements (Greiner bio one, art. no. 655090) in triplicate. Third, the microplate reader (Tecan, inﬁnite
M200 pro) was set up to perform a kinetic cycle of at least 4 hours with continuous orbital shaking
at 6 mm amplitude, interrupted every 10 minutes for ﬂuorescence measurements of the wells with
excitation/emission at 350/580 nm and ﬂuorescence gain 100. Finally, 50 μL aliquots of the substrate
emulsion were added to the well just before analysis. The plates were incubated at ambient temperature (23–30 °C) and the ﬁrst measurement performed after an initial mixing period of 10 minutes. All
assays included substrate-only, sample-only, sample with Rhodamine B and Rhodamine B-only blanks
in triplicate with identical sample and substrate volumes.
The raw sample ﬂuorescence intensities (arbitrary unit U) were corrected with the sample and Rhodamine B-only blank measurements for individual wells and for every measurement separately. This
correction aimed to account for changes in the Rhodamine B signal due to interactions with the
sludge that were not related to lipid hydrolysis and for changes in the signal due to photobleaching.
The measurement time was recalculated with t ¼ 0 minutes as the moment of substrate addition to
the ﬁrst well in the plate. Manual ﬁlling of a full plate took approximately 4 minutes. Next, a linear
ﬁt was calculated through the ﬁrst 10 measurements; that is, t ¼ 14 to t ¼ 120 min approximately,
with least squares regression in MS ExcelTM assuming zero order kinetics. Linear ﬁt values were calculated for every replicate separately and normalized on a volatile solids (VS) basis, if applicable. Data for
analytical replicates were shown as [minimum-maximum] to indicate the variability of the analytical
results due to sample heterogeneity, sample preparation and data ﬁtting. The coefﬁcient of determination was used in this study to assess the goodness of ﬁt of the linear approximation. Values below
0.8 were denoted ‘low conﬁdence’ linear approximations and annotated as such in the results section.

RESULTS AND DISCUSSION
Lipid hydrolysis monitoring with p-nitrophenol palmitate quantiﬁcation

An experiment was conducted with the current state-of-the-art method in wastewater treatment applications; that is, the p-nitrophenol palmitate assay, to determine the advantages and potential
limitations of the method in practice. The results for a sample from an anaerobic, lab-scale reactor
treating synthetic municipal wastewater at 30 °C are shown in Figure 2.
Three conclusions can be deduced from this ﬁgure. First, lipid hydrolysis in the sample was primarily associated with the sludge solid fraction and not in the sludge supernatant after centrifugation.
Second, the initial absorbance signal for the heat-inactivated sludge (120 °C, 1 hour) was not zero,
likely related to interactions between the sludge matrix and the p-nitrophenol palmitate emulsion
that could not be accounted for through the sludge-only and emulsion-only blanks. Third, and most
importantly, the absorbance of the subsamples derived from the sludge incubation with p-nitrophenol
palmitate appeared to increase even after all sludge solids were separated from the p-nitrophenol products by centrifugation (see the crosses and dashed lines in Figure 2). It is unclear if this is related to a
true biological activity in the aqueous phase or an absorbance measurement artifact. Additional
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Figure 2 | Lipid hydrolysis quantiﬁcation with the p-nitrophenol palmitate lipid hydrolysis assay on a sample of an anaerobic
lab-scale reactor treating synthetic municipal wastewater. Full circle: undiluted sludge sample, open circle: sludge supernatant
after centrifugation (15,000xg), diamond: heat-inactivated sludge (120 °C, 1 h). Crosses and dashed lines: follow-up measurements of p-nitrophenol cuvettes that were not incubated further. Subsamples were collected after 0, 15, 30, 45 and 60 minutes
of incubation in an orbital shaker. Time zero was deﬁned as the moment of sludge addition to the substrate emulsion.

experiments with an adapted protocol including freezing, ﬁltration on a 0.2 μm membrane ﬁlter or
addition of ethanol to terminate the enzymatic reaction did not provide satisfactory results (data
not shown). Similar issues with reaction termination have been reported previously in studies with
puriﬁed lipase solutions (Palacios et al. 2014).
In conclusion, the p-nitrophenol palmitate assay, as applied here, did not accurately detect lipid
hydrolysis activity in an anaerobic sludge sample. Some practical shortcomings, such as a lack of
activity termination, absorbance interferences and the requirement for individual subsampling over
time were observed. In addition, the p-nitrophenol palmitate method also has some conceptual limitations, as outlined in the introduction.
Characterization of a vegetable oil – Rhodamine B system

A representative assay involving lipids requires a stable contact between the lipase enzyme and the lipid
substrate at the emulsion interface. Therefore, this section aims to characterize the emulsion in terms of
droplet size, general appearance and stability. The images showed green droplets of olive oil surrounded
by a halo of Rhodamine B, as expected (Supplementary material, Figure S1). Rhodamine B is water soluble but has an apolar xanthene core, which would promote interaction with the apolar lipid surface
(Beija et al. 2009). The droplet size varied over a wide range from close to 1 μm diameter to up to
30 μm and more if droplets coalesced (Figure S1, image (c)). The size of 228 droplets was determined
in the CellSens imaging software. This analysis resulted in a median droplet diameter of 6 μm, with
an interquartile range of 2.5 to 6.2 μm. These results were in line with the speciﬁcations of the Ultraturrax device (IKA T25 digital) and the corresponding dispersion tool S25N-18G that were employed to
disperse the olive oil in the Arabic gum matrix. The manufacturer of the dispersion tool speciﬁes that
droplet diameters in the range of 1 to 10 μm can be obtained.
The Arabic gum at a ﬁnal concentration of 50 g L1, as suggested by Zottig et al. (2016), was not
completely soluble in the phosphate buffer, as was observed visually during the emulsion preparation
protocol. Some solid crystals were observed in the microscopic images (Figure S1, image (c)). Therefore, undissolved Arabic gum was ﬁltered out of the Arabic gum solution prior to preparation of the
ﬁnal emulsion in later experiments.
The stability of the vegetable oil emulsion over the time course of a lipid hydrolysis assay was determined by incorporating substrate only samples; that is, 150 μL Arabic gum solution with 50 μL
substrate emulsion in all experiments. In general, a decrease in ﬂuorescence was observed throughout
the assay (Supplementary material, Figure S2). This trend was also observed for blanks containing
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only Arabic gum and Rhodamine B, indicating that the vegetable oil was not responsible for the
decrease in ﬂuorescence intensity (data not shown). Slightly lower ﬂuorescence intensity values
were observed in one of three identical experiments, which was likely linked to the temperaturedependent ﬂuorescence behavior of Rhodamine B (Beija et al. 2009). This experiment was conducted
at a higher operational temperature between 28.3 and 29.4 °C in the measurement device, while the
temperature in the other two experiments rose steadily from 22.4 and 21.9 °C to 28.8 and 29 °C. In
conclusion, the overall decrease in signal for the substrate-only samples is most probably related to
a combined effect of photo bleaching and temperature-dependent behavior of the Rhodamine dye.
These effects were incorporated in experiments with enzyme solutions by correcting the raw
enzyme emission values with a blank containing all components but the vegetable oil substrate.
The emulsion stability during storage was not assessed in this work. However, the emulsions were
used within two days after preparation in all experiments. Emulsions were stored at 4 °C with continuous stirring to avoid coalescence. A slight pH drop from 7 to 6.8 was observed in the emulsions during
storage but not corrected.
In conclusion, the droplet size distribution of the vegetable oil emulsion was a reasonable approximation of lipids in wastewater, and the emulsions appeared stable over the timespan of a lipid
hydrolysis assay.
Lipid hydrolysis monitoring with a vegetable oil – Rhodamine B system

First, excitation and emission spectra were measured for an olive oil emulsion incubated with Amano
lipase (1 g L1) in Arabic gum (50 g L1) or with an Arabic gum blank (50 g L1). The excitation/emission couple of 350/580 nm suggested by Zottig et al. (2016) was appropriate to detect lipid hydrolysis,
as shown in Figure 3.

Figure 3 | Emission and excitation spectra for an Amano lipase solution. (a) Emission spectrum with excitation at 350 nm, (b)
excitation spectrum with emission at 580 nm. Solid line: Olive oil emulsion (commercial grade) incubated with Amano lipase
(1 g L1), dashed line: Olive oil emulsion (commercial grade) incubated with an Arabic gum blank.

Second, kinetic experiments were conducted with serially diluted Amano lipase solutions incubated
with olive oil and soybean oil emulsions (Figure 4). The enzyme concentration varied from 0.03125 to
1 g L1, which corresponds to an enzyme mass per well of 4.7 and 150 μg, respectively. The total
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Figure 4 | Lipid hydrolysis rates for Amano lipase solutions at different concentrations. (a) Time proﬁle of ﬂuorescence intensity
for an individual replicate of a 1 g L1 Amano lipase solution (black dots) and a 0.125 g L1 Amano lipase solution (grey dots)
incubated with an olive oil emulsion (commercial grade). Dashed lines are linear trend lines for the ﬁrst ten observations, i.e.,
approximately 2 hours incubation time. The ﬂuorescence intensity was corrected for the Rhodamine B only ﬂuorescence. (b)
Slopes of the linear trend lines, i.e. lipid hydrolysis activity in arbitrary units U per minute, for different Amano lipase concentrations and individual replicates. An olive oil emulsion (commercial grade, black circles) and soybean oil emulsion
(analytical grade, grey dots) were applied. (c) Zoom of shaded area in plot (b).

experimental time was approximately four hours, with continuous orbital shaking in the measurement
device and a ﬂuorescence measurement every 10 minutes. Lipid hydrolysis activity could be conﬁrmed visually as an orange color in the wells after several hours of incubation (Supplementary
material, Figure S3).
Figure 4(a) shows that the ﬂuorescence measurements were noisy, especially towards the end of the
experiment. In addition, the variation between replicate wells was large for experiments with the olive
oil emulsion (Figure 4(b)). The coefﬁcient of determination for the linear approximation based on the
ten ﬁrst measurement values was 0.93 + 0.08 (42 values) due to the measurement noise. A total incubation time of approximately 120 minutes corresponded to the linear part of the curve for all lipase
solutions. Note that the slope of the linear approximation; that is, the lipid hydrolysis activity (arbitrary unit U min1) was sometimes over- or underestimated due to the measurement noise.
Measurement noise and experimental variability were expected beforehand, because (i) the substrate emulsion was heterogeneous, (ii) the lipase enzyme solution was heterogeneous, since the
powder was only partly puriﬁed, and (iii) lipid hydrolysis required interfacial binding of the lipase
enzyme (Jette & Ziomek 1994). Interfacial binding could have been disturbed during the assay due
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to turbulence. In addition, emulsion droplets might have coalesced during the assay, an inevitable process for thermodynamically unstable emulsions. The mixing mode during the assay, orbital mixing of
the 96-well plate with 6 mm amplitude, could have been insufﬁcient to prevent coalescence completely. A sufﬁcient number of analytical replicates and experiment repetitions should be considered for
further research to evaluate and address the experimental variability.
Figure 4(b) and 4(c) show an initial increase of the hydrolysis activity with increasing lipase concentration, while concentrations above 0.2 g L1 (30 μg lipase per well) did not result in a proportional
increase in the lipid hydrolysis activity. This behavior indicates that the substrate excess was insufﬁcient at these high enzyme concentrations. Furthermore, Amano lipase had a higher activity towards
the olive oil substrate than towards soybean oil (Figure 4(b) and 4(c)). Olive oil is mainly composed of
lipids with oleic acid chains (C18:1 [cis-9]), while more than 50 percent of the long-chain fatty acids in
soybean oil is linoleic acid (C18:2 [cis-9,12]) (Dubois et al. 2007). Although the cause of the preference
towards olive oil cannot be determined from these data, it is generally accepted that lipases have several types of substrate selectivity, such as regioselectivity, based on the position of the fatty acid on the
glycerol backbone, fatty acid type selectivity, and stereoselectivity.
In conclusion, these exploratory experiments indicate that quantiﬁcation of lipid hydrolysis by ﬂuorescence (excitation/emission 350/580) is feasible for a partially puriﬁed commercial lipase. The
enzyme-to-substrate ratio should be tailored to ensure a linear correlation between the amount of
enzyme and the measured activity; that is, well below 0.2 g L1 for the Amano Lipase in this study.
Furthermore, an experimental time of 120 min is sufﬁcient to observe lipid hydrolytic behavior and
to obtain sufﬁcient ﬂuorimetric data for quantiﬁcation. Finally, analytical replicates and experiment
repetitions are crucial to obtain reliable data in the presence of considerable measurement noise.
Next, three different sludge types from aerobic and anaerobic wastewater treatment systems were
analyzed, taking into account the ﬁndings of the exploratory experiments with commercial lipase
enzyme preparations. Considerable lipid hydrolysis activity (.10 U min1) was expected for all
sludge types, since the incoming wastewater contained lipids from food transport tank cleaning
(sequencing batch reactor), household activities (municipal wastewater treatment plant) and ice
cream production (anaerobic reactor).
First, the sludge samples were tested in different sample dilutions to determine if there was lipid
hydrolytic activity present. Two different lipid substrates; that is, olive oil and soybean oil, were
tested. The volatile solids normalized results (U min1 mg VS1) are summarized in Table 2 and
were low for all samples. It should be noted that both samples from the anaerobic reactor treating ice
cream wastes were frozen during transport, which could have negatively affected the lipid hydrolysis
activity. The absolute lipid hydrolysis activity values (U min1) were below three for all samples, and
often close to zero, see Figure 4 to compare with the values obtained for the commercial lipase enzyme.
The hydrolytic activity with a soybean oil emulsion was slightly higher than the activity for an olive
emulsion for two samples, pointing towards a substrate preference. Additional experiments are
required to provide further evidence for this hypothesis.
Second, several sludge fractions were separated from the original sludge to determine if the low
absolute lipid hydrolysis activity values could be due to interference of the sludge aggregates with
the lipid emulsion (Tables 3 and 4). Unfortunately, none of the sludge fractions showed signiﬁcant
lipid hydrolysis activity, similar to the case for the original samples.
Third, the sequencing batch reactor sample treating tank-cleaning wastewater was spiked with
Amano lipase in three different concentrations to evaluate if the sludge sample contained inhibitory
components. The concentration of lipase in the sludge sample varied between 0.17 and 0.5 g L1. The
values obtained for the spiked sludge sample were very similar to the lipase solution alone, indicating
that the sludge matrix was not inhibitory for lipase enzymes (Table 5).
Finally, it was attempted to mobilize the long-chain fatty acid hydrolysis products into the aqueous
phase during the assay with a mobilizer, β-cyclodextrin. Cyclodextrins are circular oligosaccharides
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Table 2 | Volatile solids normalized lipid hydrolysis rates (U min1 mg VS1) for the municipal wastewater treatment plant
(inﬂuent only), the sequencing batch reactor sample treating tank cleaning wastewater and the anaerobic reactor
treating ice cream wastes

Reactor:

MWWTP – inﬂuent

Tank cleaning

Ice cream

Ice cream

June 17, 2020

June 15, 2020

June 11, 2020

June 23, 2020

Sampling date:
OOa
SO
U min1 mg

Substrate:
g VS L1

0.37

OOa
SO
U min1 mg

VS1

3–26b

g VS L1

OO
SO
U min1 mg

VS1

3.9

2–4

4–5

1.1

1–3

7–12

0.6

7–10

6–15

g VS L1

VS1

7.5

0–1

6.3

0–1

5.0
3.8

OO
SO
U min1 mg
g VS L1

VS1

0–1

7.2

,0

,0

1–2

6.0

,0

,0

0–2

1–3

4.8

,0

,0

1–3

0–3

3.6

,0

,0

2.5

1–3

0–5

2.4

,0

0–0.7

1.3

4–7

0–10

1.2

,0

0–2.7

28–38b

Several sample dilutions were tested. The lipid hydrolysis values are represented as [minimum – maximum] for the analytical triplicates. The blue shaded values were
obtained with low conﬁdence, i.e., a coefﬁcient of determination of the linear approximation lower than 0.8. The results of the anaerobic zone and the aerobic zone
in the secondary treatment phase of the municipal wastewater treatment plant were not shown here but were ,0 for olive oil and soybean oil emulsions. The
amount of biomass was calculated based on the 150 μL sample volume. MWWTP: municipal wastewater treatment plant, OO: Olive oil emulsion, SO: Soybean oil
emulsion.
a

Commercial grade oil.
Values are inﬂated by normalization to a low biomass concentration.

b

Table 3 | Absolute and volatile solids normalized lipid hydrolysis rates for different sludge fractions of the sequencing batch
reactor sample treating tank cleaning wastewater
Sludge fraction

Original

Thickened

SN

SN F0.6

Cfg

Biomass (g TS L1)

6.8

11.7

3.2

3.1

NA

Biomass (g VS L1)

3.9

8.5

0.4

0.4

NA

Lipid hydrolysis (U min1)

0.9–1.3

0–0.5

0.2–0.3

0.3–0.4

,0

Lipid hydrolysis (U min1 mgVS1)

2

0–0.4

2–4

5–6

NA

BB þ cfg

UT þ cfg

The original sample and the sludge fractions were tested without sample dilution and incubated with an olive oil emulsion prepared with commercial grade olive oil.
The lipid hydrolysis values are represented as [minimum – maximum] for the analytical triplicates. The blue-shaded values were obtained with low conﬁdence, i.e., a
coefﬁcient of determination of the linear approximation lower than 0.8 for at least one of the replicates. The amount of biomass was below 1 mg VS for all samples,
except for the thickened sludge (150 μL sample volume). NA: not applicable.

and have a toroid molecular shape with a relatively hydrophobic molecular interior and a hydrophilic
molecular exterior. Therefore, they can have a detergent-like action and help to solubilize long-chain
fatty acids in aqueous solvents (Junior et al. 2014). No positive effects were observed of the addition of
β-cyclodextrin in an experiment with sludge from the anaerobic reactor treating ice cream waste and
an olive oil emulsion with analytical grade olive oil (Table 4). However, this sludge sample had been
frozen and defrosted, which might have affected the lipid hydrolysis activity to some extent. Moreover, cyclodextrin oligosaccharides might be subject to microbial degradation during the lipid
hydrolysis assay.
Several hypotheses can be formulated to explain the low to non-existent lipid hydrolysis in absolute
terms (U min1) for the raw and pre-treated aerobic and anaerobic wastewater treatment samples with
the vegetable oil – Rhodamine B system. The hypotheses are presented visually in Figure 5.
First, lipid hydrolysis requires a close contact between the lipase enzyme and the substrate at the oil
– water interface (Figure 5(a)). Detergents or other unknown components with amphiphilic behavior
in the sludge sample could have blocked the interface, resulting in a low activity (Figure 5(b)). The

Downloaded from http://iwaponline.com/wpt/article-pdf/16/2/605/874197/wpt0160605.pdf
by guest

Water Practice & Technology Vol 16 No 2
doi: 10.2166/wpt.2021.022

616

Table 4 | Absolute and volatile solids normalized lipid hydrolysis rates for different sludge fractions of the anaerobic reactor
treating ice cream wastes
No

β-cyclodextrin
Sludge fraction

Original
1

Sludge biomass (g TS L )

Yes
BB

UT

8.5

1

BB þ cfg

UT þ cfg

Original

cfg

NA

8.5

NA

NA

cfg F0.6

BB

UT

BB þ cfg

UT þ cfg

8.5 8.5 NA

Sludge biomass (g VS L )

7.2

7.2

NA

Lipid hydrolysis (U min1)

0–3

,0

,0

1.9–2.3 2.1–2.6 0–1

1–3

2

0

0

3

3

0–2

,0

,0

NA

NA

NA

0

0

NA

NA

1

Lipid hydrolysis (U min

1

mgVS )

NA

0–1

7.2 7.2 NA

The sample and the sludge fractions were tested without sample dilution and incubated with an olive oil emulsion prepared with analytical grade olive oil, without or
with β-cyclodextrin at a ﬁnal concentration of 3 g L1 in the emulsion. Undissolved Arabic gum was ﬁltered out prior to preparation of the lipid emulsion. The lipid
hydrolysis values are represented as [minimum – maximum] for the analytical triplicates. The blue-shaded values were obtained with low conﬁdence, i.e., a
coefﬁcient of determination of the linear approximation lower than 0.8 for at least one of the replicates. The amount of biomass was 1.1 mg VS for all samples
without centrifuge pretreatment (150 μL sample volume). NA: not applicable.

Table 5 | Absolute and volatile solids normalized lipid hydrolysis rates for the sequencing batch reactor sample treating tank
cleaning wastewater with different concentrations of spiked Amano lipase
Sludge fraction

Original

L0.17

L0.33

L0.5

6.8

5.7

4.5

3.4

Biomass (g VS L )

3.9

3.2

2.6

1.9

Lipid hydrolysis (U min1)

0–3

57–62

49–71

57–72

0–5

NA

NA

NA

1

Biomass (g TS L )
1

1

Lipid hydrolysis (U min

1

mgVS )
1

Original/L0.17/L0.33/L0.5: 0/0.17/0.33/0.5 g L Amano lipase in the sludge sample. All samples were incubated with an olive oil emulsion (commercial grade oil). The
lipid hydrolysis values are represented as [minimum – maximum] for the analytical triplicates. The blue-shaded value was obtained with low conﬁdence, i.e., a
coefﬁcient of determination of the linear approximation lower than 0.8 for at least one of the replicates.

presence of detergents is a reasonable assumption for all sludge samples tested in this work. Both the
sequencing batch reactor and the anaerobic reactor treated wastewaters derived from industrial
cleaning activities in food truck transport or ice cream manufacturing, respectively. Furthermore,
detergents are common components in municipal and industrial wastewater.
In addition, lipases are entrapped in the sludge aggregates, which might hinder a stable substrateenzyme contact (Gessesse et al. (2003), Figure 5(c)). The experiment in this study with commercial
lipase spiking in a sludge sample provides potential evidence for the lipase entrapment as bottleneck.
The free commercial enzyme was not hindered by the sludge matrix and was able to hydrolyze lipids
at the oil interface, even in the presence of the sludge aqueous matrix.
Second, a ﬂuorescent signal can only be produced when long-chain fatty acids interact with Rhodamine B. Long-chain fatty acids might have remained in the lipid organic phase or remained
entrapped on, or in, the sludge aggregates (Figure 5(d)). In this regard, it is surprising that β-cyclodextrin did not have any positive effect on mobilization of the long-chain fatty acids. Optimization of the
optimal β-cyclodextrin concentration during the assay (3 g L1 in the emulsion for this work) might
improve the method. In addition, long-chain fatty acids may have been consumed by the microbial
community over the time course of the assay, allowing no time for interaction with Rhodamine B
(Figure 5(e)). However, degradation of long-chain fatty acids is generally recognized as a slow process
for anaerobic wastewater treatment systems, since it requires syntrophic β-oxidation.
Third, the lipase enzymes may have been inactivated or inhibited prior to or during the assay. Inactivation prior to the assay may have occurred due to general storage effects, or freezing and defrosting
for the samples from an anaerobic reactor treating ice cream wastes (Figure 5(f)). In addition, product
inhibition by long-chain fatty acids formed during sample storage or during the assay may have caused
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Figure 5 | Visual representation of the hypotheses explaining low to non-existent lipid hydrolysis activity in the aerobic and
anaerobic sludge samples. Green shaded area: vegetable oil emulsion droplet with depiction of triacylglycerol lipid substrate,
yellow circle: active lipase enzyme, red circle: inactivated lipase enzyme, grey cluster: microbial aggregate, RhB: Rhodamine B,
either in the ground state (black) or in the excited state (orange). Panels: (a) normal activity, (b) blocking of the oil – water
interface, (c) lipase enzymes enclosed in the sludge matrix, (d) long-chain fatty acid entrapped in the sludge matrix or the lipid
phase, (e) degradation of long-chain fatty acids, (f) lipase inactivation, (g) product inhibition by long-chain fatty acids, (h) absence
of lipase enzymes.
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low lipase activities (Figure 5(g)). Similar to the previous hypothesis, it is reasonable to assume that
β-cyclodextrin would alleviate effects of product inhibition, if applicable.
Finally, it is possible that the samples in this study did not contain any lipase enzymes (Figure 5(h)).
The underlying assumption that lipid hydrolysis is mediated mostly by microbial enzymes, and not by
physico-chemical processes in the wastewater treatment system, might be incorrect. However, an
extensive body of research on aerobic municipal wastewater treatment (Molina-Muñoz et al. 2010;
Cortés-lorenzo et al. 2012; Calderón et al. 2013; Ferrer-polonio et al. 2018), anaerobic municipal
wastewater treatment (Petropoulos et al. 2018) and industrial wastewater treatment (Silva-bedoya
et al. 2016; Luján-Facundo et al. 2018) has been published to corroborate the assumption of enzymatic lipid hydrolysis. It should be noted that this prior research was most often conducted with
p-nitrophenol synthetic substrates, which target both true lipases, hydrolyzing triacylglycerol lipids,
and esterases, hydrolyzing several types of ester bonds. The vegetable oil – Rhodamine B alternative
system has been mostly applied in lipase screening experiments and isolation of pure cultures from
mixed culture samples to date and has not been applied yet to wastewater treatment systems.

CONCLUSIONS
Further improvements in the treatment efﬁciency of lipid-containing wastewaters require mechanistic
knowledge on lipid hydrolysis in response to changes in the operational temperature or other process
conditions. We aimed to develop a high throughput lipid hydrolysis assay with lipid substrates representative for aerobic and anaerobic wastewater treatment systems. In addition, the envisaged assay
should be versatile in terms of lipid substrate or sludge type and should guarantee a high sensitivity
and experimental reproducibility.
These requirements were partially fulﬁlled for the vegetable oil – Rhodamine B assay. Olive oil and
soybean oil emulsions were prepared with a high interfacial area; that is, small droplet size, and
acceptable emulsion stability. The assay was easy to apply and obtained detailed kinetic data over
a time course of several hours for up to 16 samples in parallel. A proof-of-concept, in the form of measurable and reproducible hydrolysis rates, is obtained with a commercial lipase preparation but
remains to be provided for wastewater treatment sludge samples. Although all tested sludge samples
were taken from treatment systems for which the lipid hydrolysis was deemed signiﬁcantly high, the
assay did not indicate any hydrolysis activity. Several hypotheses for this lack of validation are formulated but most probably narrow down to a physico-chemical reason, implying a lack of intensive
contact between the enzymes and the (non-soluble) lipid molecules. In addition, the measurement
noise should be reduced further.
These optimization challenges should be tackled in future experiments by (i) stabilizing the emulsion
with additional or alternative stabilizing agents such as proteins or non-adsorbing polysaccharides,
while avoiding potential interference of microbial degradation of the stabilizing agent during the
assay, (ii) promoting the mobility of the long-chain fatty acid hydrolysis products with optimized
addition of β-cyclodextrin, and (iii) ensuring a stable contact between the vegetable oil substrate and
the lipase enzyme at the oil – water interface through selection of proper mixing conditions.
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