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Abstract: Nowadays, water pollution by pharmaceuticals is a major issue that needs an urgent
solution, as these compounds, even when found at trace or ultra-trace levels, could have harmful
effects on organisms. Carbamazepine (CBZ) is a pharmaceutical product that is detected as a
micropollutant in many water resources. Different treatment methods were lately employed for the
removal of CBZ, which are often cheap but inefficient or efficient but expensive. Yet, there are
limited available studies on the elimination of this molecule by algae despite their well-known
highly adaptive abilities. In this study, the biological treatment of CBZ was carried out using the
green microalgae, Ankistrodesmus braunii (A. braunii), which has been reported to be particularly
resistant to CBZ toxicity in the literature. The respective effects of the culture medium, the initial
inoculum, and CBZ concentrations were studied on CBZ removal. Lastly, the mechanism of CBZ
elimination by A. braunii was investigated. The presented data clearly demonstrates that the
presence of this molecule did not completely repress A. braunii growth or the ability of these algae
to remove CBZ; after 60 days of incubation, the highest percentage of CBZ elimination achieved was
87.6%. Elimination was more successful in Bold's basal medium than in proteose peptone medium.
Finally, the removal mechanism was also investigated to provide a better understanding of the
transformation mechanism of this molecule. It was shown that the main removal mechanism was
the bioaccumulation of CBZ by A. braunii cells, but the biotransformation of the initial CBZ into
metabolites was also observed.
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1. Introduction

Water pollution due to anthropic contaminants or pollutants is an increasing global concern.
Ranging from macro- to micro-pollutants, these are caused by different human activities, such as
urban and industrial development, the use of chemical fertilizers and pesticides in agriculture,
mining activities, and the disposal of pharmaceuticals and personal care products [1-3].
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Water contamination by pharmaceuticals has been an environmental issue of concern since the
late 1980s [4]. During the 1990s, pharmaceutically active compounds, such as lipid-regulating drugs,
analgesics, antibiotics, antiseptics, hormones, and chemotherapy and beta-blocking heart drugs, were
detected in wastewaters, streams, and ground-water resources across Europe [5]. These molecules
can have diverse and adverse effects on organisms and aquatic life. For this reason, the
pharmaceutical product discharges from human and veterinary usage have been the object of
intensive research for several years [6]. Numerous studies in Europe and North America have shown
that carbamazepine (CBZ) is among the most frequently detected pharmaceutical products in the
effluents of the municipal wastewater treatment plants and in the river waters [7]. Indeed, this
molecule has a very low biodegradability and is considered environmentally persistent and
refractory (see detailed information in Table 1).

Table 1. Therapeutic use and physicochemical properties of carbamazepine.

Carbamazepine
Therapeutic class Antiepileptic
Formula CisH12N20

Structure Q N O

07 "NH,

Molar mass (g/mol) 236.27
pKaat 25 °C 14
Boiling point (°C) 411

Solubility in water at 25 °C (mg/L) 17.66 2
Log Kow — Octanol Water Partition Coefficient 2.25
Koc — Adsorption Coefficient (mL/g) 510

Henry’s constant (atm.m?3/mol) at 25 °C 1.08 x-10-10a

2 [8].

CBZ is a human pharmaceutical approved by the United States (US) Food and Drug
Administration for treating epileptic seizures and trigeminal neuralgia. It is also used "off-label" to
treat bipolar depression, excited psychosis, and mania [9]. CBZ is composed of two benzene rings
fused to an azepine group, which in turn is connected to an amide group [10]. Its doses commonly
range from 100 to 2000 mg per day [11,12], which is reflected by an annual consumed quantity of
CBZ in the world of about 1014 tons [13]. Post-administration, approximately 72% of oral CBZ can be
absorbed, metabolized, and excreted in urine, whereas 28% is unchanged and is discharged into
waters through feces [14]. Consequently, CBZ and its metabolites: trans-10,11-dihydro-10,11-
dihydroxycarbamazepine (CBZ-diol) and 10,11-dihydro-10,11-epoxycarbamazepine (CBZ-epoxide)
have been found in water. Several monitoring studies carried out in Europe, America, and Asia have
detected CBZ in the aquatic environment at the highest frequency compared to the other
pharmaceutical micropollutants. It is most frequently detected in sewage treatment plants effluents,
in river water, and in seawater [15]. It was found at the highest concentration of 1.075 pg/L in surface
waters in Germany [16], but also at 2.3 ug/L in Canada in wastewater effluent [17]. The toxicity of
CBZ at such low levels is not ascertained; the risk does not seem immediate, so the main concerns are
the accumulation of CBZ in the aquatic ecosystems and the potential cocktail effects in synergy with
other micropollutants [18].

Wastewater treatment plants (WWTPs) have been identified as the most relevant sources of
pollution with this molecule. Indeed, the average removal rate of CBZ by the conventional activated
sludge process is below 10%, and that it is not significantly improved by the use of modern
configurations such as membrane bioreactors, though these are frequently effective at removing other
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pharmaceuticals [19,20]. The same is reported for sequencing batch reactors in which CBZ appears to
be resistant to microbial biodegradation [21]. However, other alternatives are more efficient:
biological treatments with Trametes versicolor, for example, with laccase, eliminated about 60% of CBZ
after 48 h of contact time [22]. The first drawback of the biological processes, in general, is the possible
biodegradation of CBZ into more toxic compounds. The second is that removal may be driven by a
biosorption or bioaccumulation mechanism, which only displaces the pollutant. Many studies have
tested the toxicity of CBZ in various microorganisms. For instance, CBZ toxicity was tested on the
green algae Ankistrodesmus braunii (A. braunii) and Selenastrum capricornutum [23]. They found that no
toxic effect on A. braunii could be observed by working at very low concentrations of CBZ and that
over 50% of CBZ had been removed in 60 days. Other recent studies focused on the investigation of
the microalgae abilities in the elimination of this molecule. Table 2 summarizes the obtained results
in terms of removal efficiency as well as the used algal species and cultivation conditions. None or a
negligible removal has been reported in some cases, while in other studies, elimination yields
between 30% and 50% were reported.

Table 2. Removal of carbamazepine (CBZ) from aqueous solutions by microalgae.

Cultivation Conditions
. (Culture Media, CBZ Removal
Algal Species . . Reference
Temperature and Concentration Efficiency

Cultivation Time)

1-5 mg/L

Spirulina platensis Zarrouk medium, 27 +1 °C, 30-16 (%)
1-5 mg/L +0.5 g/L [24]
FACHB-431 10 days 50-20 (%)
glucose
Chlorella sp. and Synthetic wastewater, 23 £ 5
5 pg/L 20% [25]
Scenedesmus sp. °C, 10 days
Ceratozamia Bold’s basal medium 27 °C,
i 1-25 mg/L 37-21% [26]
mexicana 10 days
Scenedesmus Bold’s basal medium 27 °C,
] 1-25 mg/L 30-13% [26]
obliquus 10 days
Microalgae Domestic wastewater, 21 no
<33 ng/L [27]
consortia °C, HRT = 4.5 days removal
o Anaerobic black water 35
Chlorella sorokiniana 100-35 pg/L 10% [28]

°C, 31 days

Other work has highlighted that CBZ represents a challenge in terms of efficient elimination
strategy [24].

In practice, physicochemical treatments of CBZ were often found to be more efficient than
biological treatments. For example, membrane processes with reverse osmosis showed more than
85% elimination of CBZ and of other pharmaceutical compounds [29]. Moreover, ozonation removed
up to 99% even when present in trace concentrations [30]. Additionally, Fenton and photo-Fenton
processes showed complete elimination of CBZ by Fenton oxidation [31], and heterogeneous
photocatalytic processes achieved more than 90% elimination [32]. Hybrid processes that consist of
the combination of several conventional processes were also investigated and found efficient for CBZ
elimination. For instance, in the treatment based on UV/H20z, the presence of 25 mg/L of H20:
eliminated 90% of CBZ at 2.25 J/cm?2 UV dose [33]. Ozonation, as Fenton and photocatalytic processes,
belong to the class of advanced oxidation processes (AOPs). Despite their ability to eliminate rapidly
highly biorefractory chemicals, such as CBZ, they present; however, there are two major drawbacks:
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- Their cost is too high.
- Mineralization is not complete, and they may also produce secondary pollutants [34].

This is the reason why research still focuses on the development of innovative biological
treatments, for example involving the bioaugmentation of activated sludge.

In this work, the objective was to investigate the potential of the green microalgae A. braunii for
CBZ removal. Andreozzi et al. [23] have investigated the toxicity of this molecule on A. braunii and
noted that about 50% of the initial CBZ had been removed after 60 days. At the moment, it is still
unknown whether these algae are able to degrade or transform this refractory pharmaceutical
molecule and even less about the degradation mechanism. The aim was to confirm this result at
various CBZ initial concentrations using two culture media, the inorganic Bold's Basal (BB) medium
and a proteose peptone (PP) medium, to enhance autotrophic and heterotrophic growth, respectively,
both for different inoculum concentrations as a function of cultivation time. First, the influence of
CBZ on the growth of the algae will be studied. Then, the elimination of CBZ was investigated
quantitatively over time. Finally, the mechanism of CBZ removal was analyzed.

2. Materials and Methods

2.1. Chemicals

Carbamazepine (99.8% pure) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Acetonitrile of HPLC (High Performance Liquid Chromatography) grade was supplied by Sigma-
Aldrich (St. Louis, MO, USA). All other chemicals used for analytical purposes or for culture media
formulation were of analytical grade and were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Ultrapure water was produced by an Elga Option-Q DV-25 system (eBay Inc, SAN Jose, CA, USA).

2.2. Ankistrodesmus Braunii and Culture Media

The algae tested for the elimination of CBZ was Ankistrodesmus braunii, strain CCAP 202/7a, from
the Culture Collection of Algae and Protozoa (CCAP, Ambleside, UK). A. braunii was cultivated in
two liquid culture media having different elemental compositions: namely, the Bold's basal medium
(BB) and the proteose peptone medium (PP) to compare the relative growth of the algae and its ability
to remove CBZ in these media. The components of these liquid culture media and the used protocols
are described below. For the BB media, different salt stock solutions at a given concentration were
prepared as follows: NaNOs (5.0 g/200 mL), MgSOa (1.5 g/200 mL), NaCl (0.5 g/200 mL), K2HPOs (1.5
g/200 mL), KH2POs (3.5 g/200 mL), and CaCl.2H20 (0.5 g/200 mL). Stock solutions were stored
unsterilized at 4 °C. Culture media was prepared by combining 10 mL of each of the six stock
solutions with 1 mL of each of the following solutions: alkaline EDTA (5.0 g/100 mL of EDTA-KOH),
acidified iron (4.98 g/L of FeSOsand 1 mL of H250s), boron (1.14 g/L of HsBOs) and trace metals
solution. The volume was finally filled up to 1 L with ultrapure water. The metals solution used was
composed of: 8.82 g of ZnSO4, 1.44 g MnCl2.4H20, 0.71 g of MoOs, 1.57 g of CuSO4, and 0.49 g of
Co(NO:s)2.6H:20 dissolved in 1 L ultra-pure water. The proteose peptone medium contained per liter:
20 mL of each of the following stock solutions (MgSOs (1.0 g/L); K2HPO4 (1.0 g/L); KNOs (10.0 g/L))
and 1 g of proteose peptone powder. The pH of both culture media was adjusted to 7 with NaOH (1
mM) and then sterilized in an autoclave for 15 min at 120 °C.

2.3. Growth Experiments

The precultures were conducted in Erlenmeyer flasks containing 100 mL of the considered
medium aseptically inoculated with 10 mL of CCAP algae suspension. These cultures were kept to
grow reasonably dense under controlled light and temperature conditions (23 + 1) °C, irradiance 100
pHEs1.m=2, the day and night pattern was a 16 h day and an 8 h night, using Philips Master (TL-D
18W/827 lamps, Pila, Poland) in a stove (INFROS, Basel, Switzerland). The obtained precultures were
then used to inoculate the cultures for the degradation experiments. These tests were carried out in
batch mode, in conical flasks containing 1 L of culture medium at two different pollutant



Appl. Sci. 2020, 10, 8034 5 of 18

concentrations 2.5 and 10 mg/L, which corresponds to the highest CBZ concentrations studied in the
case of hospital wastewater [35]. CBZ was directly dissolved in the culture media (BB or PP) to give
the desired initial concentration. Erlenmeyer flasks were autoclaved at 121 °C for 15 min prior to
inoculation to avoid contamination and provide rapid dissolution of CBZ. No degradation of CBZ
was observed during autoclaving. For these cultures, two different initial biomass concentrations (10*
and 10° cells/mL) were used in order to investigate the influence of this parameter on algae growth
and CBZ biodegradation. Flasks were then incubated as a reference at 30 °C for up to 60 days under
agitation at 135 rpm, which can be compared with the conditions of mesophilic anaerobic digestion
and also to the data of Andreozzi et al. [23] on A. braunii. The agitation rate was chosen from the
range of 100-150 rpm, which is usually used to inoculate algae [36,37]. Appropriate controls without
the target compound were conducted for each of the tested cultures conditions to investigate the algal
growth, but also for analytical purposes. Indeed, the controls allow distinguishing metabolites
resulting from the breakdown of CBZ from those arising from the base metabolism of algae. Thus,
twelve different experimental conditions were investigated in duplicate to evaluate the growth of A.
braunii as well as CBZ degradation. Samples (2 mL) were taken at different time intervals and
evaluated for cell concentration and CBZ concentration, as described below. Culture transfer and
sampling were done aseptically to minimize contamination.

2.4. Microscopy

The growth of algae during all the experiments was followed by cell counting using a Malassez
hemocytometer (Tiefe Depth, 0.200 mm) and a microscope (Olympus BX41TF, Tokyo, Japan) at a
magnification x100 (oil immersion lens) in the absence and in the presence of CBZ at regular time
intervals (2 days) over a period of 60 days, on each of the twelve culture conditions described above.
Microscopy was also employed for the morphological observation of algal culture during different
tests and to ensure the complete bursting under high-pressure conditions of the algal cells.

2.5. Analytical Procedure

2.5.1. HPLC-DAD Analysis

Samples taken from each of the cultures were filtered using adequate polyester filters (Chromafil
Xtra PET, 045 um, 25 mm diameter) and transferred to HPLC vials for subsequent HPLC
determination. The quantification of CBZ in the different samples was carried out on HPLC (Waters
2410, Saint-Quentin-en-Yvelines, France) equipped with a diode array detector (DAD) using a
reverse-phase C18 column (Waters, Symmetry: 5 um, 4.6 mm x 250 mm). The mobile phase was
acetonitrile in ultra-pure water (30:70 v/v), and detection was carried out at the wavelength A = 230
nm. The flow rate was 0.5 mL/min. The analysis was conducted in isocratic mode and the retention
time of CBZ was about 20 min.

2.5.2. Identification of CBZ Metabolites

Organic reaction intermediates obtained under optimum process conditions were identified
using an ultraperformance liquid chromatography-tandem mass spectrometry (UHPLC/MS/MS).
The analyses were performed with an Acquity™ UHPLC H-Class system (Waters, Saint-Quentin-en-
Yvelines, France) coupled with a Waters Acquity™ triple quadrupole mass spectrometer (MS/MS)
equipped with an electrospray ionization source. The separation was achieved with a reversed-phase
column BEH C18 (50 mm x 2.1 mm, 1.7 um) placed in an oven at 45 °C. Elution was carried out with
a mixture of acetonitrile/ultrapure water (30/70 ratio) containing 0.1% (v/v) of formic acid and in
isocratic mode with a flow rate of 0.5 mL.min". For the analysis, a sample volume of 5 uL was used.
The MS analyses were carried out in positive mode electrospray ionization.
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2.5.3. Analysis of CBZ Bioaccumulation in A. braunii

Samples taken from the reference solutions of CBZ in BB and PP in the absence of algae were
analyzed first using HPLC to identify the effect, if any, of the high temperature used to sterilize and
dissolve the CBZ on the CBZ elimination. These preliminary results confirmed that in the absence of
algae and at high temperature, no possible chemical degradation of CBZ could occur.
Bioaccumulation was supposed to be the main removal mechanism of CBZ [34]. To check the fate of
and mechanisms for CBZ elimination by A. braunii, cells were burst at 239 MPa using high-pressure
cell disruption equipment (Constant systems, Daventry, UK), and the CBZ concentration was then
measured by HPLC using the procedure described above. Cells lysis was confirmed by microscopic
examination employing an electronic microscope (Olympus CX41, Tokyo, Japan) coupled to a camera
(QImaging, Vancouver, Canada). This method gave access to bioaccumulated CBZ.

3. Results and Discussion

3.1. Effect of CBZ on the A. braunii Growth

The growth of the A. braunii was followed in both culture media in the absence and in the
presence of CBZ to detect whether there would be any effect after the addition of CBZ at both initial
inoculum concentrations of 10* and 10° cells/mL. The growth curves (data from the measurements
using a Malassez cell) are reported in Figure 1 at the two initial inoculum concentrations. First, all the
curves in the figure showed a short latent phase for both media without CBZ of about five days.
However, the latent phase was longer when the pollutant was added to both media, at about eight
days for both tested inoculum concentrations. This is probably due to the time necessary for the algae
to adapt to the presence of the pollutant in the culture media.

—— 200 ————T— _
0+ -0 [CBZ|=0.0 mg/L- PP [A. Braunil=10"cells/mL &+ ¢ [CBZ|=0.0 mg/L - PP [A. Brauni=10"cells/mL
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Figure 1. Growth curves of Ankistrodesmus braunii cultured in Bold's Basal (BB) and proteose peptone
(PP) media at different initial CBZ concentrations (0.0, 2.5, and 10 mg/L, respectively) for an initial
inoculum concentration (a) 10° cells/mL, (b) 10* cells/mL, during 60 days of incubation.

When comparing growth rates, it was found that the algae in the absence of CBZ had, first,
approximately the same growth rates in both media. Discrepancies emerged after 25 days, as growth
rates suddenly rose steeply in BB, whereas it followed the same trend with a constant slope in PP.
This might be due to the difference in nutritive content, particularly the nitrogen source: proteose
peptone of bovine source in PP and EDTA in BB, respectively. As a result, growth was faster in BB
than in PP in the absence of CBZ, but the exponential growth phase was shorter, and the death phase
started earlier in BB. The consequence is that the maximum amount of algae biomass was higher in
PP but was reached far later than in BB. However, it must be pointed out that the amount of algae
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present was still considerable after 60 days of incubation; due to the delayed maximum, the algae
concentration was higher in PP, but the death rate was also higher, while it followed a smooth
decreasing shape in BB. The comparison between Figure 1a,b also show that the algae concentrations
exhibited exactly the same shape when the inoculum concentration was changed and that, at any
time (f), the algae concentration was roughly proportional to the inoculum concentration in the
absence of CBZ, which means that maximum algae concentrations were observed at the same time,
independently from the inoculum concentration without CBZ.

Conversely, this pattern changed greatly when CBZ was present in both media in Figure 1. The
addition of CBZ shortened the growth phase in both cases. Consequently, the onset of the death phase
started earlier, a lower maximum biomass concentration was achieved than without CBZ, and an
almost complete death was observed at the end of the 60 days of cultivation. However, differences
emerging from the presence of CBZ were media-dependent. For example, the maximum algae
concentration was observed in BB, while it was reported in PP without CBZ. The comparison of the
results obtained for the cultures with and without CBZ highlighted that the maximum algae
concentrations fell due to CBZ in PP, while they were only slightly decreased in BB. A striking result
was also that the rapid increase of the algae concentration was forwarded in BB in Figure 1, but with
growth rates nearly as high as without CBZ. This differed strongly in PP: although the maximum
algae concentration was also forwarded, the values and the growth rate were always smaller than
without CBZ. The comparison between Figure 1la,b also highlighted that if the maximum algae
concentration was nearly divided by a factor of ten when the inoculum concentration was reduced
from 105 to 10* cells/mL (as without CBZ), the time at which this maximum was achieved depended
strongly on the inoculum concentration when CBZ was present in both media, which was not
observed without CBZ. This showed clearly that the ratio between inoculum and CBZ concentrations
played a key role in the A. braunii growth.

The differences between BB and PP could be related to a possible interaction of CBZ with the
proteose peptone in PP, as CBZ is known to interact with proteins [38]. This would lead to a decrease
in the amount of the proteins available for the algae to grow, and consequently to a weaker growth
rate. However, no interaction between the proteose peptone medium and CBZ was found using
HPLC, although this could vanish in the acetonitrile/water eluent. Another explanation is that CBZ
is toxic for A. braunii, but that CBZ assimilation is less rapid in the presence of EDTA (nutritive source
of C and N in BB), which also accelerated algae growth under these conditions. Conversely, the rapid
algae death that followed could be attributed to a toxic effect of CBZ under EDTA limitation. This
contradicts the results of Andreozzi et al. [23], who reported no toxicity of CBZ on A. braunii, but used
a far lower initial concentration of CBZ, about 2.1 x 10-¢ g/L. Finally, for the efficient and rapid growth
of A. braunii microalgae, experimental data shows that PP should be preferred, but in the presence of
CBZ, BB should be used because of the evidenced strong interaction between CBZ and algae growth.

Consequently, the influence of the initial CBZ concentration was investigated for both media
and initial inoculum concentrations. Two initial CBZ contents (2.5 mg/L and, 10 mg/L, respectively)
were investigated in this work. Experimental results showed that, for all the experiments, a higher
concentration of the pollutant further shortened the exponential growth phase and lowered the
obtained maximum algae concentration. Indeed, a high initial CBZ content forwarded the onset of
the death phase and led to an earlier A. braunii death when compared to working at 2.5 mg/L of CBZ.
Roughly, when the initial CBZ concentration was multiplied by a factor of four, the maximum
concentration of algae was divided by the same factor. In addition, the growth profiles of the
microalgae presented the same shape for both of the tested inoculum concentrations, but kinetics
showed an interaction between CBZ and algae contents. Thus, when the initial inoculum
concentration was multiplied by a factor of ten, the culture time necessary to reach the maximum
algae concentration was divided approximately by a factor of two at constant initial CBZ
concentration, whatever the considered initial pollutant concentration.

In conclusion, the obtained data clearly showed that the presence of the target compound did
not repress A. braunii growth, despite its continuous exposure. For all tested conditions, the algae
successfully grew in the presence of CBZ. This result is in agreement with previous studies that
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reported that the toxicity of organic compounds on cells could be attenuated by the uptake of non-
toxic nutriments, such as the alternative carbon sources [39-41]. However, the initial CBZ
concentration impaired the duration of the exponential phase of the growth phase, and the maximum
cell number was reduced for all of the investigated conditions when the initial CBZ content was
increased. Thus, the presence of the pollutant negatively affected the metabolic reactions associated
with the algae's main metabolism (growth media BB or PP without CBZ). These trends corroborate
the probable toxicity of CBZ on A. braunii, which increased with the initial xenobiotic concentration.
Similar results were reported by [42] for the growth of Staphylococcus xylosus in the presence of 2,4
dichlorophenol. In addition, the above results also indicate that an additional carbon source is needed
to support cell growth in the presence of toxic compounds such as CBZ.

3.2. Effect of the Culture Conditions on the Pollutant Elimination

3.2.1. Effect of Culture Medium

The effect of the composition of culture media used for the A. braunii growth on the removal of
CBZ was investigated. Figure 2 plots the time profiles for the residual CBZ concentration for both of
the investigated culture media and an initial inoculum and pollutant concentration of 104 cells/mL
and 10 mg/L, respectively. As shown in this figure, the evolution of CBZ concentration over time
exhibited the same profile in both media. Three phases are really discriminated for both investigated
media: first, it was constant or decreased slightly, and then, a steep decrease was reported, followed
by a slow decrease of CBZ content. The key difference between BB and PP media was the period at
which the steep decrease was reported: it occurred 12 days before in BB than in PP. BB was shown to
be more favorable than PP for the CBZ elimination after 60 days of incubation, as a higher removal
yield was achieved. For example, with an inoculum concentration of 10* cells/mL and an initial CBZ
content of 10 mg/L, this yield was 70% * 4 in BB medium, but only 66% + 3 in PP. However, the BB
medium also led to faster removal. This is in accordance with the results presented previously.

W——r——T——T—7——7—T7 12
A -A [A. Braunii] - BB
¢ ¢ [A. Braunii] - PP

A—a [CBZ|-10 mglL - BB
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P ey 1,
* AR
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Time (days)

[CBZ] (mg/L)

[A. Braunii (10*cells/mL)

Figure 2. Effect of the culture media on CBZ removal for an initial pollutant concentration of 10 mg/L
and an initial inoculum concentration of 104 cells/mL.

A. braunii cell concentration and CBZ elimination increased simultaneously, suggesting that CBZ
could be used as a nutritive source by the microalgae, but other explanations can be found. For
example, these trends could also be related to a bioaccumulative, biosorptive, or metabolic role of A.
braunii, as the kinetics of these mechanisms are also proportional to the amount of algae. The results
presented here are not unexpected, as algae are known to be able to degrade recalcitrant organic
compounds. Indeed, Todd et al. [43] demonstrated the biotransformation of naphthalene and diaryl
ethers, complex aromatic pollutants, by Chlorella, Ankistrodesmus, and Scenedesmus strains. Other
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studies reported that numerous algal strains induce biotransformation of exogenous steroids or low-
molecular-weight phenols [44—46]. However, to the best of our knowledge, no previous study has
demonstrated the removal of CBZ with algae pure cultures.

For a better understanding of experimental results, the growth curves and the residual CBZ
concentration were plotted together in Figure 2 for each tested culture medium. The obtained data
highlights an interaction between these two parameters: the delayed exponential growth phase in PP
led to a delayed death phase and to a delayed onset of CBZ elimination. The role of A. braunii in CBZ
elimination is, therefore, assured by comparing growth kinetics and the consequent CBZ amount in
both culture media. Figure 2 showed a synchronized behavior between the A. braunii cell growth and
the residual amount of CBZ. For example, when working at an initial inoculum concentration of 104
cells/mL and an initial CBZ concentration of 10 mg/L, the amount of CBZ at the very beginning of the
culture was almost stable during the first five to eight days corresponding to the latent phase of the
algae, but this was followed by a rapid decrease of CBZ concentration that took place at the time
where the highest cell concentration is attained in both BB and PP. Thus, during the first phase, cells
seem to prepare themselves to better assimilate the pollutant, and no appreciable changes in the
biomass and CBZ concentration were observed. The improved performance of A. braunii in the
removal of the xenobiotic compound becomes effective during the second phase when a rapid
increase in the growth rate and pollutant consumption was observed. Finally, the removal of the
target pollutant continues during the negative cell-growth period. A similar trend was observed by
Saéz and Rittmann [39] for the elimination of 4-chlorophenol by Pseudomonas putida.

In conclusion, it can be noticed that the presented data assess the role of A. braunii on CBZ
removal in both media and that CBZ removal was enhanced in BB in comparison to PP, noting that
the growth of the algae was also favored in BB in the presence of CBZ. Moreover, it should be pointed
out that the addition of conventional carbon sources in the culture medium can substantially modify
the cell density, especially the extracellular enzymes under the considered conditions (as expected,
when autotrophic growth is replaced by mixotrophic or heterotrophic conditions [47]) and as a
consequence, the removal of the target compound. Other studies also reported for bacteria the
positive role of additional carbon sources via a co-metabolism in the removal of toxic organic
compounds [48-51]. Similarly, the literature reports that a primary electron-donor substrate is
required to grow and sustain the biomass capable of degrading any co-metabolite, which is an
obligate secondary substrate [39], which may also explain our experimental results.

3.2.2. Effect of Inoculum Concentration on the Removal of CBZ

To further clarify the effect of inoculum concentration, a new set of experiments was carried out
in order to follow the effect of the initial inoculum concentrations (10¢ and 105 cells/mL) on the
elimination of CBZ. The tests were carried out at both initial concentrations of CBZ (2.5 and 10 mg/L)
and in both media (BB and PP). By comparing the HPLC data, it was shown that the removal yield
of CBZ was enhanced and that the onset of CBZ elimination was forwarded by the highest initial A.
braunii inoculum concentration (10> cells/mL) in both culture media and for both CBZ initial
concentrations (Figure 3a,b).

For example, it was shown in these figures that in BB medium for the same initial CBZ
concentration of 2.5 mg/L, an increase in the removal of CBZ from 80% to the highest elimination
percentage attained of 87% in this work was observed after 60 days of incubation when the
concentration of A. braunii increased from 10* to 10° cells/mL. However, it must be pointed out that
the increase in removal yield due to higher inoculum content from 10* to 10° cells/mL never exceeded
8%, whatever the removal yield, and that it never approached complete removal. This may be
explained as follows: While the additional amount of the eliminating agent, the algae, led to an
improved elimination of CBZ, the medium was exhausted more rapidly due to a stronger competition
on nutritive sources. As a result, the algae started more rapidly to consume CBZ as the only possible
nutritional source, and a higher quantity of algae was removed from the water, but toxic effects of
CBZ also grew simultaneously and prevented a complete elimination of this molecule.
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Figure 3. Effect of inoculum concentration on the removal of CBZ in both media at: (a) 10 mg/L, and

(b) 2.5 mg/L of CBZ.

In conclusion, CBZ removal could be enhanced by increasing the initial inoculum concentration
and, more generally, by increasing the concentration of algae in both media, even though a complete
elimination could not be achieved. It is important to notice that the concentrations tested in this work
were higher than those presented in the influents of the wastewater treatment plants (in the ug/L
range). However, it is also important to take into account that pharmaceuticals are not always
detected at trace levels. Thus, in their work, Larsson et al. [52] reported high concentrations of
pharmaceutical compounds for effluents from the healthcare industry: some of the mentioned
molecules exhibited concentrations of the same order of magnitude as in this study (concentrations
levels of 28, 2.4, and 1.3 mg/L were detected for ciprofloxacin, losartan, and cetirizine, respectively).
The main objective of our work at this point was to evaluate if the considered algae are able to
degrade this refractory pharmaceutical compound. The next step will be focused on the design of
degradation tests in culture conditions closer to the real ones (micropollutant concentration, pH,
temperature, and real wastewater).

3.2.3. Effect of CBZ Initial Concentration on Its Elimination

The effect of the initial concentration of CBZ was analyzed using experimental data at two initial
CBZ concentrations of 2.5 and 10 mg/L, in both media, starting with both initial inoculum
concentrations. Experimental results in Figure 4 showed that the increase of the initial CBZ
concentration led to a decrease in the percentage of its elimination in both media. For instance, for
the same A. braunii inoculum concentration 10° cells/mL, increasing the initial CBZ concentration
from 2.5 to 10 mg/L in PP medium induced a decrease in the percentage of elimination from 79.2% to
66.0% after 60 days.

This increase also forwarded the onset of the elimination of CBZ, and it is worth noting that this
corresponded to the relative growth of A. braunii at the time. This resulted in a more rapid elimination
but with a lower final yield when starting with 10 mg/L of CBZ than when starting with 2.5 mg/L.
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Figure 4. Effect of CBZ initial concentration on the elimination of CBZ at initial A. braunii content: (a)
10° cells/mL, and (b) 10* cells/mL.

In fact, this is due, on the one side, to the more rapid consumption of the higher concentration
of CBZ (10 mg/L), that turns out to be more toxic on A. braunii, leading to forwarded death, and on
the other side, to the smaller amount of CBZ needed to be harvested by the same inoculum
concentration when the initial CBZ content was 2.5 mg/L, leading to a higher elimination yield and
reduced toxicity. Indeed, it must be pointed out that even though the yield decreased, the amount of
CBZ removed strongly increased when its initial content was increased by a factor of four. This
highlights the dual role of CBZ as a substrate and a toxic compound for microalgae.

In conclusion, the elimination yield of CBZ is enhanced when the initial CBZ concentration
decreases, as this causes a less toxic effect on the algae and hence, and enhanced capability for
approaching a "complete" CBZ elimination. This is an advantage, as CBZ is usually present as a
micropollutant in water, but the drawback is that a lower CBZ content induces slower elimination
kinetics. Moreover, the obtained data indicate that A. braunii is able to utilize the target compound
either as carbon or nitrogen source, whatever these are made available by simpler substrates in the
culture media.

3.2.4. Summary of the Removal Yield of CBZ after 60 Days

The removal yield of CBZ as a function of culture media, initial inoculum concentrations, and
initial concentration of CBZ after 60 days has been summarized in Table 3. This table shows that the
values ranged between 60% and 90%, which is quite high for a biological treatment, accounting for
the biorefractory character of CBZ. This assesses the ability of A. braunii to remove CBZ. The results
achieved in this work were quite similar to those reported for the degradation of carbamazepine or
clofibric acid by white-rot fungi, including Trametes versicolor [53]. It is also important to note that the
removal efficiencies obtained with A. braunii were much higher than the ones reported previously
based on the activated sludge systems [54,55].

As discussed before, Table 3 emphasizes that the lowest yields in both media corresponded to a
high initial concentration of 10 mg/L of CBZ. It also shows that for any value of the initial
concentration of A. braunii in both media, the removal yield decreased by about 10% for a factor of
four increase in the initial concentration of CBZ. In addition to this, for any value of the initial
concentrations of CBZ, a factor of ten increase in the initial inoculum concentration leads to around
a 7% increase in CBZ elimination. In other words, this shows that a factor of four increase of the initial
concentration of CBZ had more influence than a factor of ten inoculum concentration on the
elimination of CBZ. This demonstrates again the toxic effect of CBZ on A. braunii in the range of
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concentrations studied, but also that this toxicity did not significantly impair the ability of the algae
to remove CBZ.

Table 3. Removal yield of CBZ determined by HPLC for an initial CBZ content between 2.5 and 10
mg/L, and an inoculum concentration between 10* and 10° cells/mL after 60 days.

Initial . ) CBZ % of CBZ % of
. Initial Concentration e e e e e
Concentration of of A. Braunii (C) Elimination in PP Elimination in BB
CBZ ’ ' Medium Medium
2.5 mg/L 104 cells/mL 74.8% 80.0%
2.5mg/L 105 cells/mL 79.2% 87.6%
10 mg/L 104 cells/mL 61.0% 70.0%
10 mg/L 105 cells/mL 66.0% 77.0%

3.2.5. Fate of CBZ

Besides studying the removal of the considered pharmaceutical compound, it is very important
to investigate and determine the mechanism involved in the elimination of this molecule. Generally,
different mechanisms such as biosorption, accumulation, and biotransformation are involved in the
removal of organic pollutants [56,57]. However, they cannot be clearly distinguished since, for
example, live cells can also degrade adsorbed pollutants by intracellular mechanisms [58]. In an effort
to understand the mechanisms involved in the removal of CBZ by A. braunii, it is important to assess
the transformation products. The first insights emerged in the HPLC chromatograms (obtained by
successive analysis), which showed the presence of a new peak corresponding to an extracellular
compound produced by the algae, the concentration of which increased in parallel to the decrease of
CBZ. Being identified at the same wavelength, this exhibited a shorter retention time (3 min, while
the retention time of CBZ is 18 min). As a consequence, this seemed to indicate the possible
biotransformation of CBZ into metabolites and can be considered as an indicator of the
biodegradation process.

To confirm this result and better analyze the fate and the mechanisms of elimination of CBZ by
A. braunii, cells were burst under high pressure and then imaged to ensure the complete bursting of
the cells so that the CBZ accumulated in the cells, if any, was released in the medium and easy to
quantify by HPLC analysis. Figure 5 shows the magnified images of the cells with the elongated
shaped A. braunii before pressure treatment and the randomly shaped destroyed cells after the cell
burst. This also makes clear, as shown in Figure 5a, the asexual mode and binary fission of A. braunii
reproduction in the presence of the target compound.

Figure 5. Magnified images of A. braunii, (a) non-burst, where the asexual reproduction of binary
fission is shown in the circle, and (b) burst cells.

HLPC analysis of the liquid phase after A. braunii bursting showed that a high quantity of
eliminated CBZ was recovered into the medium. Figure 6 gives a comparison of the CBZ
concentrations determined in burst and non-burst cells cultured in BB and PP media. It can clearly
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be concluded from this figure that the bioaccumulation of CBZ in the cells played a key role in the
removal of this molecule by A. braunii. However, it could also be observed that the total amount of
CBZ found in the solution even after the algal bursting only corresponded to 80% of the initial CBZ
concentration, which was 2.5 mg/L. Surprisingly, the lowest amount of CBZ recovered in the medium
corresponded to the case of the highest CBZ elimination, i.e., in the BB medium starting with 10°
cells/mL of A. braunii and 2.5 mg/L of CBZ.

2.5
W BB, [A. braunii] = 10* cells/mL
, 197 1.97 194 1.97
M PP, [A. braunii] = 10* cells/mL
215 -
ED BB, [A. braunii] = 10° cells/mL
N
8 1- il = 10°
o OPP, [A. braunii] = 10° cells/mL
0.5
0.3
0.19 0.21
‘ 0.05 I—I
O i T
[CBZ] with burst A. Braunii [CBZ] with non-burst A. Braunii

Figure 6. CBZ concentration in BB and PP media with burst and non-burst cells for an initial CBZ
concentration of 2.5 mg/L and an inoculum concentration of A. braunii between 10* and 105 cells/mL.

Moreover, the HPLC data analysis also highlighted that the surface area of both the CBZ and
the other peak increased simultaneously in both media after bursting A. braunii cells and that the area
of the second peak was maximized in the BB medium starting with 105 cells/mL of A. braunii and 2.5
mg/L of CBZ (data not shown). These results confirm that these algae may take up this substrate into
the cell, and another mechanism, namely biodegradation, occurs intracellularly in parallel to the
bioaccumulation of CBZ, even though biosorption of this molecule by the microalgae is possible, it is
usually negligible [34].

In addition, to confirm the presence of the transformation products generated by the CBZ
transformation by A. braunii, MS analyses were carried out in positive mode electrospray ionization.
UHPLC/MS/MS data showed the qualitative presence of three different metabolites in the cell-free
supernatants (Table 4), confirming the biotransformation role of A. braunii cells on CBZ. The most
abundant compound detected was 10-hydroxycarbamazepine (10-OH CBZ). From these results, 10-
OH CBZ was the one mostly resembling CBZ; we could be sure that this metabolite is the one that
appeared on the HPLC at earlier times at the same wavelength. The other detected metabolites did
not appear in the HPLC chromatograms, despite the sensitivity of this analytical method. This
suggests that these are unstable and/or are present in concentrations that are below the instrumental
limit of detection (LOD) of the used HPLC method.

Based on the chemical structure of the organic intermediates (degradation products), a possible
mechanism of the formation of 10-OH CBZ consisting of a two-step reaction could be explained by
the epoxidation of carbamazepine, followed by a direct ring-opening of the resulting epoxide and the
formation of the resulting alcohol is proposed in Figure 7.

From these data, it can be concluded that in the case of A. braunii cells, the major mechanism
involved in the elimination of CBZ was bioaccumulation (at about 80%). It can be supposed that the
other main mechanism of CBZ removal was the biometabolic oxidative transformation of CBZ mainly
into 10-OH CBZ.
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Table 4. CBZ metabolites detected by ultraperformance liquid chromatography-tandem mass
spectrometry (UHPLC/MS/MS).

Metabolite Experimental m/z

HO

M 255

OA\NHz

1: 10-hydroxycarbamazepine

(10-OH CBZ)
0
M 283
c-s'»'J-‘NI_?J oH
2: 4-carboxy-10-carboxamido-
9(10H)-acridone
o) OH
226
N
H

3: 10-hydroxy-11-oxa-
carbamazepine

0 — E

CBZ 10,11-CBZ Epoxide 10-OH CBZ

HO,

Figure 7. Proposed oxidation reaction of CBZ by A. braunii and the formation of 10-OH CBZ.

To the authors' knowledge, this is the first study reporting on the detection CBZ intermediates
formed during the CBZ biodegradation by A. braunii. However, more detailed analysis is needed in
the future in order to clarify the mechanism of the biotransformation step and to extend the
knowledge on the role of A. braunii in the elimination of this refractory pharmaceutic compound.

4. Conclusions

An original biological treatment for the removal of carbamazepine (CBZ), a highly persistent
molecule in wastewater treatment plants, was investigated in this work using the algae
Ankistrodesmus braunii (A. braunii). Experimental data demonstrated first that CBZ is efficiently
removed; up to 87.6% CBZ was found to be eliminated at high A. braunii concentrations of 10°
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cells/mL, starting with an initial CBZ concentration of 2.5 mg/L. The removal of CBZ was enhanced
by increasing the concentration of algae and impaired by initial higher concentrations of CBZ after
60 days. On the contrary, from a kinetic point of view, high CBZ contents and lower inoculum
concentrations promoted a more rapid elimination of CBZ, despite the lower final values of the
removal yield. This highlights the dual role of CBZ that is a nutritive source for the algae but seems
to be toxic at a high dose. An analysis of the fate of CBZ confirmed that about 80% of the CBZ removed
was accumulated in A. braunii cells, but the presence of several metabolites found in the cell-free
supernatant and in the cells indicated that biotransformation of CBZ also occurred in parallel: three
main metabolites of CBZ have been identified, and the surface area of secondary peaks in HPLC
chromatograms was clearly negatively correlated with the peak of CBZ.

Finally, all these results prove that a biological treatment using A. braunii could be more efficient
for the removal CBZ from water than many other conventional techniques, either biological or
physicochemical. However, treatment time remained long, and its effectiveness depends on other
carbon sources. So, further work is still needed to circumvent these drawbacks, first to optimize the
parameters of the A. braunii growth, and then to investigate the ability of A. braunii to remove CBZ
in real water in relation to the influence of the culture media used in this work.
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