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Abstract Today, more than 3,000 pharmaceutical and

personal care products (PPCPs) are used and released into

the environment at low doses but they are barely degraded

in wastewater treatment plants. One of the potential alter-

natives to effectively degrade PPCPs is based on the use of

white-rot fungi (WRF) and involves the oxidative action of

extracellular fungal enzymes. The aim of this work is to

study the potential ability of three WRF strains, an ana-

morph species of Bjerkandera sp. R1, Bjerkandera adusta

and Phanerochaete chrysosporium, to degrade PPCPs

belonging to different therapeutic groups: anti-depressants

(citalopram and fluoxetine), antibiotics (sulfamethoxazole),

anti-inflammatory drugs (diclofenac, ibuprofen and

naproxen), anti-epileptics (carbamazepine), tranquilizers

(diazepam) and fragrances (celestolide, galaxolide and

tonalide). The results reported complete degradation of all

the PPCPs except for fluoxetine and diazepam, which were

partially removed in percentages from 23 to 57%. In the

case of fragrances, these compounds were neither detected

in the fungal cultures nor in the abiotic controls, indicating

the possibility of volatilization during the experiment.
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Introduction

Pharmaceutical and personal care products (PPCPs) repre-

sent a wide group of chemicals used for human and veteri-

nary medicine and as fragrances in perfumes and other

household products. These types of compounds are consid-

ered to be emerging pollutants due to their recalcitrant nature

(Kosjek et al. 2007; Ternes et al. 2006). Most PPCPs cannot

be easily removed at wastewater treatment plants (WWTPs)

(Carballa et al. 2004). Previous studies detected PPCP con-

centrations in the environment in the range of nanograms per

liter (ng/l) to micrograms per liter (lg/l) (Clara et al. 2005;

Ikehata et al. 2006; Kim et al. 2009; Larsson et al. 2007; Reif

et al. 2008; Suárez et al. 2008; Zucatto et al. 2006). Risk for

acute toxic effects is unlikely, but chronic environmental

toxic effects cannot be excluded (Péry et al. 2008).

Several treatments have been proposed for PPCP

removal. Conventional physicochemical processes, such

as coagulation-flocculation and flotation, significantly

degraded certain compounds, including fragrances (i.e.,

galaxolide and tonalide), tranquilizers (i.e., diazepam) and

anti-inflammatory drugs (i.e., diclofenac), whereas other

compounds, such as anti-epileptics (i.e., carbamazepine) or

certain anti-inflammatory drugs (i.e., ibuprofen and

naproxen), showed poor degradation (Ikehata et al. 2006). In

recent years, the development and implementation of

advanced oxidation processes (AOPs), nitrifying-denitrify-

ing plants, membrane filtration and sorption on activated

carbon have been used to solve the problem of micropollu-

tants (Carballa et al. 2005; Clara et al. 2005; Esplugas et al.

2007; Ikehata et al. 2006; Reif et al. 2008; Suárez et al. 2005;

Von-Gunten et al. 2006). Ternes et al. (2003) showed that a

low dose of ozone (5–15 mg/l) was sufficient to oxidize

pharmaceuticals, musk fragrances and estrogens. However,

ozonation is still rather expensive, leading to economical
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limitation for the feasibility of this method (Larsen et al.

2004; Ternes et al. 2003). Membrane filtration and activated

carbon demonstrated remarkable removal efficiencies for

compounds including ibuprofen, naproxen and bisphenol A;

however, degradation was limited for other compounds, such

as carbamazepine and diclofenac (\9%), and for lipophilic

compounds, such as fragrances (Clara et al. 2005; Reif et al.

2008; Von-Gunten et al. 2006).

An emerging technology for the effective degradation of

PPCPs involves the application of white-rot fungi. These

microorganisms are capable of degrading lignin and several

persistent pollutants, such as synthetic dyes, PAHs and PCBs

(Ding et al. 2008; Eibes et al. 2005; López et al. 2004;

Quintero et al. 2007; Rubilar et al. 2007; Valentin et al. 2006;

Valentin et al. 2007). This ability is related to the secretion of

oxidative enzymes, such as lignin peroxidase (LiP), manga-

nese peroxidase (MnP), versatile peroxidase (VP) and laccase

(Eibes et al. 2005; Feijoo et al. 2008; López et al. 2004; Marco-

Urrea et al. 2009; Rubilar et al. 2007; Valentin et al. 2006).

Specifically for ligninolytic fungi, Marco-Urrea et al.

(2009) studied the ability of four white-rot fungi, Trametes

versicolor, Irpex lacteus, Ganoderma lucidum and Phan-

erochaete chrysosporium, to degrade carbamazepine, ibu-

profen and clofibric acid. This study demonstrated that after

7 days of incubation, ibuprofen was degraded by all four

strains, while carbamazepine and clofibric acid were much

more recalcitrant; only T. versicolor attained significant

degradation of both of these compounds. The use of oxida-

tive enzymes to oxidize PPCPs in vitro has been demon-

strated to remove the estrogenic activities from genistein,

bisphenol A, nonylphenol, estrone (E1), 17b-estradiol (E2),

estriol (E3) and ethinyl estradiol (EE2) (Cabana et al. 2007;

Hirano et al. 2000; Sei et al. 2008; Soo-Min et al. 2005;

Tamagawa et al. 2005, 2006; Tsutsumi et al. 2001).

The aim of this work was to study the potential ability of

three WRF strains, an anamorph of Bjerkandera sp. R1,

Bjerkandera adusta and Phanerochaete chrysosporium, to

degrade a wide range of PPCPs belonging to different ther-

apeutic groups: anti-depressants (citalopram and fluoxetine),

antibiotics (sulfamethoxazole), anti-inflammatory drugs

(diclofenac, ibuprofen and naproxen), anti-epileptics (car-

bamazepine), tranquilizers (diazepam) and fragrances (cel-

estolide, galaxolide and tonalide). In this work, we aim to

search for new highly active fungal species with a broader

and more efficient application for PPCP degradation.

Materials and methods

PPCPs and chemicals

The PPCPs used in this work were citalopram (CTL), flu-

oxetine (FLX), sulfamethoxazole (SMX), diclofenac

(DCF), ibuprofen (IBP), naproxen (NPX) and carbamaze-

pine (CBZ), all of the previous PPCPs were purchased

from Sigma–Aldrich as pure grade; the other PPCPs used

were diazepam (DZP; Roche Pharma, pure), celestolide

(ADBI; LGC-Promochem, 98%), galaxolide (HHCB;

LGC-Promochem, 79%) and tonalide (AHTN; LGC-Pro-

mochem, 98%). The main characteristics of these com-

pounds, including their Henry coefficients, dissociation

constants, octanol–water partition coefficients and pseudo

first-order degradation constants, are shown in Table 1.

The following solvents were used: acetone (J.T. Baker,

99.5%), ethyl acetate (J.T. Baker, 99.5%), acetonitrile (J.T.

Baker, 99.8%), methanol (J.T. Baker, HPLC grade, 99.8%

and Panreac, 99.5%) and n-hexane (J.T. Baker, 95%).

Microorganisms

The white-rot fungi used in this work were Bjerkandera

adusta (ATTC 90940), Phanerochaete chrysosporium

(ATTC 24725) and an anamorph of Bjerkandera sp. R1, a

fungus isolated in a Chilean forest. The strains were grown

in slants with malt extract agar at 30�C for 7 days and then

transferred to plates with agar (15 g/l), glucose (10 g/l) and

malt extract (3.5 g/l) and incubated at 30�C for 7 days

before the start of the degradation experiments.

Mycelium growth inhibition by different PPCP

concentrations

Fungal resistance to different concentrations of PPCPs was

studied. According to the protocol from Soo-Min et al.

(2005), each fungus was inoculated on malt extract plates

prepared as it was mentioned above and also containing

mixtures of several PPCPs. One group of plates contained 1

and 2 mg/l of CTL, FLX and SMX, while another group

contained DCF, IBP, NPX, CBZ, DZP, ADBI, HHCB and

AHTN at identical concentrations. Also, plates with no

PPCPs were used as controls. The plates were incubated at

30�C for 6 days in dark and the hyphal extension of each

fungus was measured daily from the center of the colony to

the edge of the plate, considering that the maximal growth

corresponded to a hyphal extension of 4 cm.

PPCP removal assays

The experiments used to study the PPCP removal were

performed in Erlenmeyer flasks (100 ml) containing 15 ml

of modified Kirk medium (Tien and Kirk 1988). Two

mixtures of PPCPs were prepared for the PPCPs removal

assays; these solutions were based on the available meth-

ods to determine each of the compounds and also to avoid

interferences between the different compounds. A first
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solution containing CTL, FLX and SMX was analyzed by

HPLC; meanwhile DCF, IBP, NPX, CBZ, DZP, ADBI,

HHCB and AHTN were analyzed by GC–MS. Each flask

was inoculated with three plugs (6 mm) of agar with active

fungus, and the PPCP solution was added from the two

mixtures mentioned previously to provide the desired

concentration (*1 mg/l). This experiment was performed

in triplicate. In addition, abiotic controls were used to

verify any possible adsorption or evaporation of the PPCPs.

The flasks were statically incubated at 30�C for 2 weeks

and samples were taken after 2 h and then after 4, 7 and 14

days. Enzymatic activity was measured by the oxidation of

dimethoxyphenol (DMP) as it was reported by Field et al.

(1992).

Adsorption assays were carried out in Erlenmeyer flasks

(100 ml) containing 15 ml of Kirk medium and three plugs

of agar with the individual strains. Besides, abiotic controls

were prepared containing 15 ml of sterile distilled water.

All the flasks were incubated in static at 30�C for 7 days

and thereafter the fungal mycelium was sterilized in

autoclave at 110�C for 10 min to inactivate the fungal

biomass. A pulse of the pharmaceutical compounds used in

this work were added (*1 mg/l) and then samples were

taken from the liquid phase and analyzed by HPLC and

GC–MS.

Extraction of PPCPs

Before sampling, 15 ml of acetonitrile were added to each

flask for the extraction of the PPCPs. The flasks were

sealed with Teflon and agitated for 2 h at 180 rpm in a

shaker (Ika Labortechnik, HS 501 Digital, Germany). From

the supernatant of each flask, samples were withdrawn

according to a protocol specific for each determination

analysis.

High performance liquid chromatography analysis

Residual concentrations of CTL, FLX and SMX were

measured by High Performance Liquid Chromatography—

Diode Array Detection (HPLC–DAD). After extraction

with acetonitrile, 2 ml were taken from each flask and

centrifuged in an Eppendorf centrifuge for 15 min at 7,000

rpm (Alresa, mod Digicen, Spain). Thereafter, 1 ml was

withdrawn from the supernatant to determine the concen-

tration of the selected PPCPs in a HPLC–DAD by using a

Lichrosphere column (100 RP-18 5 l Lichrocart 250-4,

Merck). The elution conditions were 40:60 acetoni-

trile:phosphate buffer (50 mM, pH 2.2), flow of 0.6 ml/

min, retention time of 30 min and wavelength of 226, 240

and 205 nm for each compound, respectively.

Gas chromatography–mass spectrometry analysis

Residual concentrations of DCF, IBP, NPX, CBZ, DZP,

ADBI, HHCB and AHTN were measured by Gas chro-

matography-mass spectrometry (GC–MS). After agitation,

10 ml from each flask were placed in glass tubes sealed

with Teflon and centrifuged at 7,000 rpm for 15 min. A

sample of 4 ml was taken from each tube, diluted in

100 ml water and then extracted using 60 mg OASIS HLB

cartridges (Waters closet, Milford, MA, USA) to allow for

the determination of the soluble fraction of these com-

pounds (Reif et al. 2008; Rodrı́guez et al. 2003).

Table 1 Therapeutic class, formula and physico-chemical properties of PPCPs

Therapeutic class PPCP Formula S H pKa Log Kow Kbiol

Antibiotic SMX C10H11N3O3S 610 2.6 9 10-10 5.6–6.0 0.5–0.9 \0.1

Anti-depressants CTL C20H21FN2O 31 1.1 9 10-9 9.6 2.9–3.7 –

FLX C17H18F3NO 60 3.6 9 10-6 10.1 4.05 –

Anti-inflammatory DCF C14H11Cl2NO2 2.4 1.9 9 10-10 4.0–4.5 4.5–4.8 \0.1

IBP C13H18O2 21 6.1 9 10-6 4.9–5.7 3.5–4.5 9–35

NPX C14H14O3 16 1.4 9 10-8 4.2 3.2 0.4–1.9

Anti-epileptic CBZ C15H12N2O 17.7 4.4 9 10-9 7.0 2.3–2.5 \0.01

Tranquilizer DZP C16H13ClN2O 50 1.5 9 10-7 3.3–3.4 2.5–3.0 \0.03

Fragrances ADBI C17H24O 0.22 7.3 9 10-1 – 5.4–6.6 –

HHCB C18H26O 1.8 4.5 9 10-3 – 5.9–6.3 \0.03

AHTN C18H26O 1.2 5.1 9 10-3 – 4.6–6.4 \0.02

Sulfamethozaxole (SMX), Citalopram (CTL), Fluoxetine (FLX), Diclofenac (DCF), Ibuprofen (IBP), Naproxen (NPX), Carbamazepine (CBZ),

Diazepam (DZP), Celestolide (ADBI), Galaxolide (HHCB), Tonalide (AHTN), Solubility (S; mg l-1), Henry Coefficient (H; lg m-3 air/lg m-3

wastewater), Dissociation constant (pKa), Octanol–water partition coefficient (KOW), Pseudo first-order degradation constant (Kbiol; l g-1 SS

day-1) (Suarez et al. 2008)
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Results and discussion

Resistance to different PPCP concentrations. Effects

on fungal growth

Initial experiments were performed to determine the PPCPs

concentration that did not effect on the optimal growth of the

fungi. In the assays with CTL, FLX and SMX, no significant

differences were observed between the control and experi-

mental plates at PPCP concentrations below 2 mg/l (Fig. 1a,

c, e). The mixture of eight PPCPs (DCF, IBP, NPX, CBZ,

DZP, ADBI, HHCB and AHTN) had a significant effect on

the growth of the anamorph of Bjerkandera sp. R1 and

B. adusta (Fig. 1b, d), which showed slower extension,

whereas P. chrysosporium reached the maximum hyphal

extension after 4 and 5 days at concentrations of 1 and 2 mg/

l, respectively (Fig. 1f). Once checked that the concentration

of 1 mg/l of the PPCPs did not affect fungal growth, the

degradation assays were performed in flasks.

Degradation of selected PPCPs

During the degradation assays, MnP activity was measured

and 20 U/l was detected after 2 weeks for B. adusta and

P. chrysosporium; however, after 11 days of static incu-

bation, activities up to 900 U/l were detected for the ana-

morph of Bjerkandera sp. R1 (data not shown). Also,

adsorption assays were carried out and after the analysis of

the samples by HPLC and GC–MS. The results show

similar range of concentrations in the flasks with inacti-

vated biomass and in the abiotic controls. Thus, adsorption

of the pharmaceutical compounds on the fungal mycelium

was excluded (data not shown).

Anti-depressants (citalopram and fluoxetine)

Due to their physicochemical properties (Table 1), CTL

and FLX are very persistent and significant concentrations

have been detected in the effluents of wastewater treatment

plants in the order of ng/l for CTL and lg/l for FLX (Kwon

and Armbrust 2005, 2006). Despite the fact that these

compounds are used in large amounts, there are few studies

about their degradation in WWTPs (Kwon and Armbrust

2005, 2006). In this study, the anamorph of Bjerkandera sp.

R1 started to degrade CTL faster than the other fungal

species, since after 4 days of incubation, the degradation of

CTL by this fungus was 58%, whereas for B. adusta and

P. chrysosporium, the percentage of degradation was much
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Fig. 1 Inhibition of the fungal growth of the anamorph of Bjerkan-
dera sp. R1 (a, b), B. adusta (c, d) and P. chrysosporium (e, f) with

different concentrations of two mixtures of PPCPs: (1) CTL, FLX and

SMX; (2) DCF, IBP, NPX, CBZ, DZP, ADBI, HHCB and AHTN.

Symbols Control 0 mg/l (filled circle), 1 mg/l (open square), 2 mg/l

(open triangle). Vertical bars represent the standard deviation
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lower, up to 10%. However, at the end of the experiment,

this compound was not detected in any of the fungal cul-

tures. These degradation levels are higher compared with

the results obtained by Kwon and Armbrust (2005) who

reported the photodegradation of CTL in alkaline condi-

tions (pH 9) after more than 60 days of treatment, while at

pH 5–7, the degradation was negligible. On the other hand,

the degradation of FLX was not significant since none of

the fungi were able to totally degrade this pharmaceutical

compound (Fig. 2b); partial degradations were obtained,

from 23 to 46%. Other authors have reported only limited

removal percentages, lower than 10% for FLX after

60 days of treatment in aqueous phase and soil matrices

(Redshaw et al. 2008). FLX is highly recalcitrant to

hydrolysis, photolysis and microbial degradation, and its

total degradation is still a challenge to attain (Kwon and

Armbrust 2006).

Antibiotics (sulfamethoxazole)

Figure 2c shows the kinetics of degradation of SMX and it

can be observed that after 4 days of incubation, up to 32%

of the initial concentration was degraded in the experi-

ments with P. chrysosporium; however, at the end of the

experiment, this compound was not detected in any of the

fungal cultures. Previous studies reported degradations of

60% after treatment in WWTPs and 52% in a membrane

bioreactor (Carballa et al. 2004; Reif et al. 2008). In the

case of advanced oxidation processes (AOPs), Dantas et al.

(2008) reported that the nearly complete abatement of
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Fig. 2 Time-course degradation of CTL (a), FLX (b), SMX (c), DCF

(d), IBP (e), NPX (f), CBZ (g) and DZP (h). Symbols: Control (filled
circle), anamorph of Bjerkandera sp. R1 (open square), B. adusta

(open diamond) and P. chrysosporium (open triangle). Vertical bars
represent the standard deviation
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SMX by means of an ozonation process at a dose of 0.4 g

of ozone/l.

Anti-inflammatory drugs (diclofenac, ibuprofen

and naproxen)

This group of compounds is one of the major classes of

PPCPs used worldwide, and residues of these drugs have

been found in treated wastewater at concentrations ranging

from 42 to 2,556 ng/l (Gagnon et al. 2008). In this study, anti-

inflammatory drugs were degraded after 14 days of incuba-

tion in all the fungal cultures (Fig. 2d–f). DCF was degraded

up to 99% by the anamorph of Bjerkandera sp. R1 at day 4;

whereas after 7 days of incubation, DCF was still present in

the flasks with B. adusta and P. chrysosporium, although at

very low levels (9 and 12%, respectively). IBP was degraded

rapidly after 4 days in the presence of the three fungus

showing residual concentrations of IBP below of 26%. In the

case of NPX, this compound was totally degraded by

P. chrysosporium at day 4th with degradation rates higher

than those of the other two species. Figure 2d and 2f shows

the kinetics of degradation of DCF and NPX; it can be

observed the same behavior for both compounds since the

fungus P. chrysosporium reached a complete elimination

after 4 days, while for the rest of the fungi, total removal was

reached after 7 days. Contrarily to this, IBP was easily

removed by the three fungi after 4 days (Fig. 2e). In previous

research studies, Carballa et al. (2004) reported degradations

of 55 and 70% for NPX and IBP, respectively, after a sec-

ondary treatment in biological reactors using the conven-

tional activated sludge process in a sewage treatment plant

(STP); while Kosjek et al. (2007) reported degradations

between 59 and 87% in a pilot wastewater treatment plant.

Reif et al. (2008) attained high levels of degradation for IBP

and NPX after 2 months in a membrane bioreactor (MBR),

while only 10% DCF degradation was achieved. Suarez et al.

(2009) applied coagulation–flocculation and flotation pro-

cesses for the pre-treatment of wastewater from a hospital,

and limited degradation (23–46%) was attained. Recently,

Gagnon et al. (2008) studied the degradation of various

PPCPs, including DCF, IBP and NPX, using different dis-

infection processes, such as UV irradiation, ozonation and

injection of a performic acid mixture. Removal efficiencies

of 70% for these three compounds were achieved when an

optimal ozone concentration was used. Our results compare

favorably with these previous findings and higher degrada-

tion rates were achieved in this work.

Anti-epileptics (carbamazepine) and tranquilizers

(diazepam)

Two of the most persistent pharmaceuticals in the envi-

ronment are carbamazepine (CBZ) and diazepam (DZP).

CBZ is a carboxamide-type anti-convulsant and has been

found ubiquitously in the aquatic environment at 1–2 lg/l.

DZP is a benzodiazepine-type anti-anxiety agent used for

the treatment of many other neurological and psychiatric

disorders and motion sickness (Ikehata et al. 2006). In this

study, CBZ was not detected after 14 days in presence of

the three fungi strains (Fig. 2g). However, a slow removal

was observed during the first week of assay demonstrating

eliminations percentages below of 33% for the three fungi.

In the case of DZP, none of the fungi were able to com-

pletely degrade this compound, finding residual concen-

trations in the range of 43–61% (Fig. 2h). In previous

investigations, degradation rates from 9 to 35% have been

reported for CBZ and DZP using biological methods, such

as anaerobic digestion, nitrifying-denitrifying plants, con-

ventional activated sludge (CAS) and membrane bioreactor

(MBR), as well as physicochemical processes, including

coagulation-flocculation and flotation (Carballa et al. 2005;

Clara et al. 2005; Joss et al. 2006; Reif et al. 2008; Suárez

et al. 2008). High degradation percentages (47–58%) for

CBZ have been reported by Marco-Urrea et al. (2009).

Gagnon et al. (2008) attained CBZ degradation as high as

70% using an optimal dose of ozone. In contrast, other

authors have reported negligible degradation of CBZ and

DZP using different methods (Clara et al. 2005; Redshaw

et al. 2008). Comparing our results with the ones reported,

higher degradation percentages were obtained in this work

for CBZ, whereas in the case of DZP, further research on

the fungal action is still necessary to attain more positive

results.

Fragrances (celestolide, galaxolide and tonalide)

Celestolide (ADBI), galaxolide (HHCB) and tonalide

(AHTN) belong to a group of synthetic musk fragrances

and are found in household detergents, soaps, perfumes,

shampoos, air fresheners and cosmetics (Peck et al. 2006).

In both, the abiotic controls and experimental flasks, it was

not possible to detect ADBI, HHCB or AHTN after

14 days (data not shown), which could have resulted from

volatilization due to the high Henry coefficients of these

fragrances. These compounds are characterized by their

low solubility in water and strong lipophilic character

(Table 1).

Conclusions

In this work the degradation of 11 pharmaceutical and

personal care products (PPCPs) was investigated using

three ligninolytic fungi. The results reported total degra-

dation of CTL, SMX, DCF, IBP, NPX and CBZ after

14 days of incubation with the three fungal strains. Lower
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degradation percentages were obtained for highly recalci-

trant compounds, such as FLX and DZP, which were par-

tially removed in percentages from 23 to 57%. In the case

of ADBI, HHCB and AHTN, these compounds were nei-

ther detected in the fungal cultures nor in the abiotic

controls, indicating the possibility of volatilization during

the experiment. The degradation process of pharmaceutical

compounds using ligninolytic fungi can be considered an

alternative of advanced oxidation processes.
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