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Neomycin removal using the white rot fungus Trametes versicolor

Åke Stenholma,b, Mikael Hedelanda, and Curt E. Petterssona

aDepartment of Medicinal Chemistry, Analytical Pharmaceutical Chemistry, Uppsala University, Uppsala, Sweden; bCytiva AB,
Uppsala, Sweden

ABSTRACT
The presence of antibiotic resistance genes in wastewater treatment plants (WWTPs), and in river
and lake recipients show the need to develop new antibiotic removal strategies. The aminoglyco-
side antibiotic class is of special concern since the chemical structure of these compounds limits
the choices of removal technologies. The experimental design included fungal mediated in vivo
and in vitro experiments. The experiments were performed in Erlenmeyer flasks under non-sterile
conditions. In the study, the role of the laccase redox mediator 4-hydroxy benzoic acid (HBA) in
the removal of neomycin was investigated. The specific objective of the study was to conclude
whether it is possible to use the white rot fungus (WRF) Trametes versicolor to biodegrade neomy-
cin. It was shown that it is feasible to remove 34% neomycin in vitro (excluding living fungal cells)
by laccase-HBA mediated extracellular biodegradation. In the in vivo experiments, polyurethane
foam (PUF) was used as supporting material to immobilize fungal mycelia on. The presence of liv-
ing fungal cells facilitated a removal of approximately 80% neomycin in the absence of HBA.
Using liquid chromatography-high resolution-mass spectrometry, it was possible to tentatively
identify oxidation products of neomycin hydrolysates. The results in this study open up the possi-
bility to implement a pretreatment plant (PTP) aimed for neomycin removal.
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Introduction

Antibiotic resistance in bacteria is a global issue. It is originated
by the indiscriminate use of antibiotics and their waste manage-
ment. Antibiotic resistance genes (ARGs) find their way into
pathogenic organisms, rendering them resistant to the antibiot-
ics.[1] Antibiotics are often recalcitrant, and thus difficult to
eliminate in WWTPs. Different biological wastewater treatment
technologies like advanced oxidation procedures (AOP) and
adsorption to sludge have been used to remove antibiotic resi-
dues.[2] These techniques are focused on the removal of sub-
stances belonging to the antibiotic classes sulfonamides,
tetracyclines, fluoroquinolones, macrolides and ß-lactams.

Aminoglycosides which are a class of antibiotics to which
neomycin belong, are used in human applications and in
veterinary medicine.[3–5] They consist of aminated sugars
joined in glycosidic linkages to a dibasic cyclitol.

Neomycin which is produced by Streptomyces species and
discovered 1949,[6] is of environmental interest since it has
been detected in wastewaters.[7–9] The prevalence and diver-
sity of antibiotic resistance genes (ARGs) and among them
aminoglycoside resistant genes (AMGRs) were studied by
extracting DNA from bacteria in a WWTP, hospital waste-
waters and in downstream aquatic environments in Sweden
to determine the amounts of ARGs and AMGRs.[10,11] It
was concluded that the hospital wastewaters and the

WWTPs were reservoirs of AMGRs and that the WWTPs
contribute to the diversity of AMGRs in recipient rivers and
lakes. Furthermore, aminoglycoside resistant bacteria and
genes have been detected in sludge samples from 18 of 23
investigated Norwegian drinking water treatment plants.[12]

Neomycin is beside its use in human applications also
used in veterinary medicine, and in several countries in
combination with oxytetracycline as medicated feed for cat-
tle.[13,14] In a recent study, the antimicrobial resistance of
bacterial isolates from diseased food animals were analyzed
and it was concluded that an intense usage is linked to a
high resistance to aminoglycosides including neomycin.[15]

Neomycin is also used in molecular genetics with emphasis
on recombinant protein production using E. coli.[16] A fungal
mediated removal of neomycin from the latter particular
wastewaters can be an interesting alternative to heat treatment
procedures by which neomycin is denaturated.[17,18]

When it comes to abiotic processes to eliminate neomy-
cin besides heat, photolysis can be excluded since neomycin
is not light sensitive.[7] Concerning AOP, the neomycin
molecule, does not include double bonds and aromatic rings
which are beneficial for ozone reaction.[19]

The possibility to biodegrade aminoglycosides including
neomycin using fungi is scarcely investigated. It is doubtful
whether WRF, including Trametes versicolor (T.versicolor)
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can use their nonspecific extracellular ligninolytic enzymes,
including laccase to biodegrade aminoglycosides due to these
enzymes’ limited redox potentials. By using a laccase redox
mediator in combination with laccase (laccase-mediator-sys-
tem), the redox potential can be increased thereby allowing
the oxidation of not only phenolic but also non-phenolic
compounds.[20]

There are several redox mediators that have been used
in vitro in combination with laccase. Among these can be men-
tioned the environmentally friendly compound 4-hydroxyben-
zoic acid (HBA).[21,22] However, it is reported that HBA also
acts as an antifungal agent using whole fungal cells (in vivo) by
decreasing the growth of fungal mycelia.[23] It has also been
shown that HBA actually is biodegraded by T. versicolor
(in vivo) in the presence of glucose as co-substrate.[24] It thus
seems as if HBA (i) can act as a laccase redox mediator
(in vitro) and (ii) be biodegraded (in vivo). Furthermore (iii),
HBA has the ability to scavenge hydroxyl radicals which are
highly reactive and can oxidize most compounds.[25,26] It has
been reported that T.versicolor can secrete the hydroxyl radical
precursor hydrogen peroxide. One of several enzymatic sources
of H2O2 is pyranose oxidase (glucose-2 oxidase) which is abun-
dant during wood degradation by T. versicolor.[27]

The combination of in vivo, in vitro experiments and
redox mediators in biodegradation studies, can contribute to
a better understanding of the underlying mechanisms. This
has been demonstrated in the biodegradation of antibiotics
belonging to the quinolone class using T.versicolor.[28] In
that study, the authors showed that norfloxacin and cipro-
floxacin were most efficiently removed in vivo without any
addition of the redox mediator 2,20-Azino-bis-(3-ethylbenzo-
thiazoline-6-sulfonic acid), diammonium salt (ABTS).

This degradation was inhibited by the addition of the
cytochrome P450 (CYP450) inhibitor 1-aminobenzotriazole.
Thus, the authors suggested that the intracellular CYP450
enzymes play a role in the degradation of these antibiotics.

The use of liquid chromatography mass spectrometry
(LC-MS) in environmental sciences has increased during the
last two decades. One reason is the particular use of liquid
chromatography coupled to high-resolution mass spectrom-
etry (LC-HRMS) which is currently the instrumentation of
choice for identification and quantification of polar com-
pounds in wastewater.[29] However, the analysis of neomycin
in a biodegradation study using LC-HRMS is troublesome
since the target molecule has a positive net charge at pH
levels < 11. Furthermore, this can also be valid for its bio-
degradation products. Either hydrophilic interaction liquid
chromatography (HILIC) or ion pairing liquid chromatog-
raphy (IPLC) can be used.[30]

In the present study, it was investigated if it is possible to
biodegrade neomycin using T. versicolor. To our knowledge,
this has not been investigated before. The experimental
design facilitated the determination whether an eventual bio-
degradation could be characterized as solely extracellular
enzyme catalyzed in the absence of whole fungal cells
(in vitro) or as dependent of whole fungal cells (in vivo).
Furthermore, for both conditions, the influence of the lac-
case redox mediator HBA was investigated. Ultra high

performance liquid chromatography quadrupole time-of-
flight mass spectrometry (UHPLC-Q-TOF MS) was used
both for targeted and non-targeted analyses. The high initial
neomycin concentration (10mg L�1) was chosen since
Cytiva AB in Uppsala, Sweden works with molecular genetic
processes in which these concentration levels are relevant.
The final goal is to implement a fungal based pretreatment
plant by which highly reduced levels of neomycin are
directed to the municipal WWTP.

Material and methods

Chemicals, filters and glassware

Neomycin trisulfate hydrate with a purity of �98% was pur-
chased from Sigma Aldrich, Buchs, Switzerland. Ammonium
tartrate dibasic (�98%) and D-(þ)-glucose (�99.5%) from
Sigma Aldrich and sulfuric acid (95–97%; Merck Millipore,
Darmstadt, Germany) were used to prepare a nutrient solu-
tion at pH 4.0. 4-Hydroxybenzoic acid with a purity of
�99% from Merck, Darmstadt, Germany was used as redox
mediator. Laccase from Trametes versicolor (�0.5U/mg)
with EC Number: 420-150-4, 2,20-Azino-bis (3-ethylbenzo-
thiazoline-6-sulfonic acid) ammonium salt (10mg tablets)
from Sigma Aldrich were used with the buffer solution
EMSUREVR (citric acid/sodium hydroxide/hydrogen chloride,
pH 4.0; Merck Millipore, to develop enzymatic assays.
Acetonitrile, OptimaTM, LC-MS grade from Fisher Scientific,
Reinach, Switzerland, water for chromatography LichrosolvVR

LC-MS grade (Merck Millipore, Darmstadt, Germany) and
formic acid (98–100%) from Merck Millipore were used in
the UHPLC-Q-TOF MS analyses. Polyurethane foam (PUF)
filter cartridges for aquariums (Pickup 200 EHEIM,
Germany) were used for the immobilization of fungi. Water,
purified at Cytiva AB, Uppsala, Sweden, using a Milli-QVR

water system (Milli-Q Millipore 0.22mm serial no 1550),
Massachusetts, USA and tap water softened at Cytiva AB,
Uppsala, Sweden was used for non-chromatographic purposes.

Glass fiber prefilters, cat. no. AP 2504700 from Merck
Millipore, Burlington, USA were used to determine initial
biomass weights of T. versicolor mycelia. Furthermore, 300mL
fixed insert amber vials (Agilent Technologies) were used
both for calibration standards and samples. For the biodeg-
radation experiments, 500mL DuranVR Erlenmeyer flasks with
bottom-baffles from Sigma Aldrich were facilitated. The lids
were equipped with air-permeable membranes.

Fungus and cultivation

T.versicolor (strain AG 1383) was donated from Culture
Collection of Basidiomycetes (CCBAS, Institute of
Microbiology, Academy of Sciences of the Czech Republic,
Prague). The transport of mycelia grown on malt agar to
Sweden was conducted at refrigerated conditions (2–8 �C).
Thereafter, T. versicolor was grown on petri dishes with
extracted malt agar from the Swedish National Veterinary
Institute, Uppsala, Sweden. The petri dishes were kept under
dark conditions by wrapping with aluminum foil for one

JOURNAL OF ENVIRONMENTAL SCIENCE AND HEALTH, PART A 437



week and then storing in a refrigerator. This sub-culturing
procedure was performed every second month.[31]

Instrumentation

An Edmund B€uhler KS10 shaking table from T€ubingen,
Germany was used to stir the Erlenmeyer flasks (E-flasks). A
Termaks, TS 9053 drying oven from Bergen, Norway was
used to dry mycelia containing agar plugs.

An Agilent Technologies 6550 iFunnel Q-TOF LC/MS sys-
tem (Agilent Technologies, Santa Clara, CA, USA), including
an Agilent Technologies 1290 Infinity UHPLC system con-
sisting of a 1260 iso pump (G1310B), 1290 binary pump
(G4220A), thermostat (G1330B), 1290 sampler (G4226A),
1290 thermostated column compartment (G1316C), and elec-
trospray ionization (ESI) system, was used for qualitative and
quantitative analysis. Agilent MassHunter software (v. 06.00)
was facilitated for instrument control, data acquisition
and processing.

For separation purposes, a zwitterionic UHPLC column
(SeQuantVR ZICVR -cHILIC, 100� 2.1mm, 100Å, 30 mm,
Merck, Germany) was used. Solid Phase Extraction (SPE)
was performed with IsoluteVR C18 (EC) 100mg 1mL SPE
columns, Uppsala, Sweden. The enzymatic assay was per-
formed on a double beam Cary UV-VIS spectrophotometer
4000 (Varian Medicinal Systems, Palo Alto, CA, USA).

Preparation and composition of nutrient solution

Sulfuric acid (0.1M) was added under stirring to a 1,000mL
measuring flask containing 6.1 g D-glucose, 3.3 g ammonium
tartrate, and 900mL softened tap water to adjust pH to 4.0
(determined with a pH meter, Mettler Toledo Steven
Compact ID 12-137, Greifensee, Switzerland). Softened tap
water was then added to a final volume of 1,000mL. The
concentrations were 6.1 g L�1 D-glucose and 3.3 g L�1

ammonium tartrate respectively. The pH was selected with
the aim of suppressing bacterial growth. The carbon-to-
nitrogen ratio (C:N ratio) was 6.5.

Biodegradation study

The biodegradation study included four experimental condi-
tions and two controls. The experiments comprised EC1,
ECM1, EC2 and ECM2. The controls were composed of CC
(carrier control) and HKC (heat killed control). EC1 and
ECM1 included whole fungal cells immobilized on PUF
(in vivo), and EC2 and ECM2 excluded the fungal cells by a
decanting procedure (in vitro) by which the immobilized
mycelia were separated from the broth that was used. The
capital M shows the presence of the mediator HBA. By fun-
gal immobilization, the contamination of collected samples
by freely dispersed mycelia is avoided. Furthermore, it has
been proposed that the bacterial growth is suppressed and
that the enzyme production is enhanced.[32,33]

Six 500mL E-flasks were initially prepared for biodegrad-
ation experiments. 2.7 g PUF in centimeter-sized cubes were
added to all the flasks. To each flask, 300mL nutrient

solution was poured. The flasks were then autoclaved at
125 �C for 30minutes using a Certoclav CV-EL 12 L auto-
clave from Leonding, Austria to have comparable experi-
mental starting conditions and limit the bacterial growth. To
all the flasks except for carrier control (CC), 15 mycelia cov-
ered agar plugs were inoculated using a hollow punch and
pincette washed with 70% ethanol. All flasks were agitated
(50 rpm) at room temperature and protected from light by
aluminum foil. After 12days inoculation/immobilization, the
heat killed control (HKC) was autoclaved once more. HKC
was aimed for monitoring biosorption to dead T.versicolor.
Then neomycin was added under stirring to all flasks (includ-
ing CC) to reach a final concentration of 10mg L�1. Two of
the flasks were decanted (removal of immobilized fungal
mycelia) (EC2 and ECM2). To ECM1 and ECM2, HBA
(mediator) was added under stirring to reach a final concen-
tration of 1mM.[34] The flasks were then subjected to biodeg-
radation experiments that lasted for 168 h. The flasks were
covered with aluminum foil and agitated (50 rpm). One mL
samples were taken at 0, 1, 2, 4, 6, 8, 24, 30, 48, 72, 96, 120,
144 and 168 h. 250mL of each sample was used immediately
for laccase enzyme assay. The remaining volume was frozen
and thereafter used for UHPLC-Q-TOF MS analyses. A repli-
cation of EC1 (in vivo experiment excluding HBA) was done
in triplicate using three different fungal cultures and by pro-
longing the time course by fractionating also at 192, 214 and
240 h. It was motivated by the wish to examine the between-
day repeatability of the most promising EC1 experiment.

Kinetics

Free radical processes are present in the extracellular deg-
radation of chemicals using white rot fungi. These processes
often follow pseudo-first order kinetics.[35] They are second
order reactions which are approximated as first order kinet-
ics. See Eqs. (1) and (2)

ln Ct ¼ �k0t þ ln C0 (1)

k0t ¼ B0k (2)

where Ct is the concentration at time t. k’ is the degrad-
ation rate constant and C0 is the initial concentration. B0 is
the initial concentration of a second component in excess
(B0 � Bt) and k is the degradation rate constant in the
second order reaction. In a biodegradation study, the
nutrients are often present in excess (component B).

When the target substance is present at a high concentra-
tion level, the reaction can obey zero order kinetics.[36] See
Eq. (3). The reaction rate is thus independent of the target
compound concentration level. Zero-order reactions are
only applicable for a narrow region of time. After this time
period, other kinetic models are better applicable.

Ct ¼ �kt þ C0 (3)

Enzymatic assay

The enzymatic laccase assay was used to study the enzymatic
activity of the fungi during the 168 h time course. Km and
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Vmax have been determined to 12.8mM and of 8,125.4U
mg�1 respectively for the substrate ABTS using a purified lac-
case enzyme from T. versicolor (strain 951022).[37] In the
developed enzyme assay, a previously published protocol was
used.[31] According to this protocol, the temperature was
maintained at ambient conditions (approximately 23 �C). The
absorbance that was used to determine enzymatic activity was
measured at 420 nm (�420 ¼ 36,000M�1 cm�1). The pH was
4.0 and the ABTS concentration was 0.4mM. Quartz cuvettes
with 3mL volumes were used for measurements. The activity
was expressed as substrate conversion rate (U mL�1), where
1U corresponds to the amount of enzyme, which oxidizes
1 nmol ABTS per minute. The reaction velocity was obtained
from the linear part of the curve.

Solid phase extraction (SPE)

Prior to UHPLC-Q-TOF MS analyses, collected fractions
from the biodegradation experiments were purified from lip-
ids originating from the immobilized mycelia.[38] The SPE
columns were first activated with 1.0mL of acetonitrile and
then equilibrated with 1.0mL nutrient solution. 300 lL col-
lected samples were then loaded onto the SPE-columns
twice and the non-retarded components were collected. This
procedure was facilitated by application of a pressure from a
Pasteur pipette rubber bulb. The cleaned samples were then
stored in 300 mL amber vials. The SPE recovery was investi-
gated by preparing two samples, containing neomycin at
concentrations of 2.5 and 9.0mg L�1 (dissolved in nutrient
solution) followed by SPE and analyzing them by triplicate
injections. The mean recovery was calculated to 92 and 95%
(n¼ 3) respectively.

Determination of initial dry weight of biomass and
initial C:BM ratio

It was decided to weigh the cultivated biomass of
T.versicolor after storage in refrigerator for two weeks (see
Fungus and cultivation). The weight of the biomass (BM)
was then used in the calculation of initial carbon:biomass
ratio (C:BM ratio).

Fifteen agar plugs covered with mycelia were removed
from two petri dishes using a 10mm (inner diameter) punch.
They were placed on a Millipore filter which was set in a dry-
ing oven for 20minutes at 105 �C. Agar melts at approxi-
mately 85 �C, and the glass filter aimed to absorb it, makes it
possible to collect solely the dried mycelium in each plug.

The concept “initial C:BM ratio” was used to simply
describe under what initial nutritional conditions the experi-
ments were conducted excluding the growth of the immobi-
lized fungal mycelia.

The mean initial weight of the biomass on each agar plug
before inoculation was 2.6mg þ/� 4.8% (n¼ 15). Since 15
agar plugs were used in the inoculation procedure, the total
biomass was 39mg. The nutrient solution derived carbon
content in each 300mL E-flask was 959mg. The carbon con-
tent which originated from neomycin at a concentration of

10mg L�1 was approximately one mg. The initial C:BM
ratio was thus approximately 25.

Investigation of in-source fragmentation

The in-source fragmentation investigation was aimed to
determine whether detected hydrolysis products were caused
by biodegradation or if they were formed by this electro-
spray ionization phenomenon. In-source fragmentation for
substances that were available as standards were investigated
with the SeQuant ZIC-cHILIC column using the same run-
ning conditions that were developed for neomycin quantifi-
cation purposes (see Quantitative analysis of neomycin).
SEC-analyses were performed to verify in-source fragmenta-
tion for substances that were not available as standards. An
Acquity UPLCVR Protein BEH SEC column with a porosity
of 130Å was used. Mobile phase A consisted of 2mM
ammonium acetate in Lichrosolv water including 1% formic
acid. Mobile phase B consisted of acetonitrile. The run was
performed isocratically with 90% A and a flow rate of
0.3mL min�1. The injection volume and column tempera-
ture were 15lL and 25 �C respectively.

Quantitative analysis of neomycin and its removal

The analyses were performed using external standards.
These consisted of neomycin dissolved in solely nutrient
solution to 1.0, 1.5, 2.0, 4.0, 6.0, 8.0 and 10.0mg L�1. The
zwitterionic SeQuant ZIC-cHILIC column was thermostated
at 60 �C. The mobile phases consisted of A; acetonitrile:
Lichrosolv water (5:95) with 0.1% formic acid and B; aceto-
nitrile: Lichrosolv water (95:5) with 0.1% formic acid.
Initially, 100% B was maintained isocratically for one
minute. Thereafter, mobile phase B decreased to 5% while
mobile phase A increased to 95% at a time period of
1.5minutes. This composition was held for 4.5minutes.
Thereafter, the column was equilibrated to 100% B during a
time period of 0.5minutes. This composition was held to
the end of the run (18minutes). The flow rate was 0.3mL
min�1 and the injection volume was 15mL. Using this gradi-
ent, it was possible to inject samples that excluded aceto-
nitrile (fractionated samples).

The MS settings were: capillary voltage 3.5 kV, gas tem-
perature 200 �C, sheath gas temperature 350 �C, sheath gas
flow 11 L min�1 and a nozzle voltage of 1.0 kV. MS data
were acquired in the m/z range 100–1700. The ESI ioniza-
tion was performed in positive mode and the instrument
was tuned and calibrated every day prior to use. The calibra-
tion standards were co-analyzed together with SPE-worked
up samples and pure nutrition solution (blanks) in each
sample sequence. The proton neomycin adduct at m/z
615.3201 (exact mass) was used in the quantification. The
reference mass ions which were used for internal mass cali-
bration (lock masses) were m/z 121.0509 and 922.0098. Two
QC samples with the concentrations 0.5 and 5mg L�1 were
prepared and analyzed within-day for accuracy calculation
purposes. The accuracies were determined to 90% and 97%
(n¼ 3), respectively. The linearity (r, i.e., the Pearson
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product-moment correlation coefficient) of 0.9997 was deter-
mined using triplicate injections of the calibration standards.

The neomycin removal R (%) was calculated according to
Eq. (4).

R %ð Þ ¼ 100� Ct x 100
C0

� �
(4)

where Ct is the measured neomycin concentration at time t
and C0 is the initial neomycin concentration (10mg L�1).

Qualitative analysis of biodegradation products

Molecular formulas of possible oxidation products of neos-
amine, 2-DOS, D-Ribose, neobiosamine and neamine (see
Figure 1) including ketones, aldehydes and acids were added
to a PCDL-database which was integrated in the
MassHunter software. Also, a number of compounds, previ-
ously identified as fungal secondary metabolites were added
to the database. After a finalized run, the database was
searched and compounds were preliminarily identified,
based on mass errors, isotopic abundances, and spacings.
Ions with mass errors and scores of <2.5 ppm and >80%
respectively, were considered. An alternative approach was
to search in the TIC-chromatograms for ions that were
missing from the blanks. The “Generate Formula from Peak
Spectra” algorithm was used and the ions with mass errors
and scores of <2.5 ppm and >80%, respectively, were fur-
ther evaluated using the software ChemSpider.[39]

Statistical analysis

In Table 2, the calculations of the accurate and exact masses
in MS were facilitated by the use of Agilent MassHunter soft-
ware (v. 06.00). Furthermore, using this software, elemental
compositions were suggested for detected ions. Descriptive
statistics including determinations of mean values, standard
deviations, coefficient of variations (CV) and un-paired t-test

were performed using Excel, Microsoft Office Version 2110.
Excel was also used for regression analysis purposes to con-
struct least square fitted (i) calibration curves and (ii) kinetic
models. The Pearson product-moment correlation coefficient
(r) was used to determine linearity.

Results and discussion

Neomycin is a mixture of neomycin B and C. In Figure 1,
the chemical structures of them are shown, including the di-
substituted cyclitol 2-deoxy streptamine (2-DOS). Neomycin
B (framycetin) is often present in greater abundance.
Hydrolysis of neomycin B and C yield neomycin A
(neamine) and neobiosamine B and C respectively.[40] The
pKa of neomycin is 12.9 at 25 �C.[41]

Characterization

The protonated neomycin molecule ([MþH]þ) had a mass to
charge ratio (m/z) of 615.3206 (mass error �0.8ppm (�0.5
mDa)), and the doubly charged molecule ([Mþ 2H]2þ) had an
m/z value of 308.1652. It was decided to use the singly charged
protonated neomycin molecule in the quantifications, mainly
since the asymmetry factor of the peak was lower.

It was investigated whether the ions at m/z 161.0925 and
455.2357 (see Figure 2) were originated by in-source frag-
mentation of the neomycin molecule (see Figure 1). The
identities of these ions were tentatively determined to be
neosamine B/C, [MþH-H2O]

þ (m/z 161.0925) and ribosta-
mycin, [MþH]þ (m/z 455.2357), (see Figure 3). The exact
neosamine B or C m/z for this ion is 161.0926. The calcu-
lated mass error is thus 0.6 ppm. For ribostamycin, the exact
mass of the protonated molecule is 455.2353 and the mass
error was calculated to �0.9 ppm.

A standard of ribostamycin was dissolved in nutrient
solution to 10mg L�1, mixed 1:1 with a neomycin 10mg
L�1 standard and injected. Two chromatographic peaks
could be seen at the retention times (tR) of 3.7 and 3.9min.
respectively. Their spectra revealed identical ions (m/z
455.2352). Thus, the ion which is seen in the neomycin cali-
bration standard spectrum in Figure 2 at tR 3.9min, origi-
nates from ion source fragmentation. A standard neomycin
10mg L�1 solution was injected on a size exclusion column
(Acquity UPLCVR Protein BEH SEC) with a pore size of
125Å. The spectrum of the neomycin peak in the SEC chro-
matogram at tR 3.6min. was more or less identical with the
spectrum in Figure 2, including the m/z 161.0925 ion. Thus,
it was proven that also this ion at least partly is originated
by the in-source fragmentation of neomycin. Another ion
that was present in the SEC neomycin peak spectrum at tR
3.6min, was m/z 163.1080. This ion matches the proton
adduct ion of 2-DOS well. The exact mass of this ion is
163.1083 and the mass error is 1.8 ppm. The origin of this
ion in investigated samples, can thus also at least partly be
explained by in-source fragmentation. The ion at m/z
163.1080 can be seen in Figure 2.

It was investigated whether a milder ionization could
affect the in-source fragmentation. The sheath gas

Figure 1. Chemical structures of neomycin B and C, neamine (neomycin A),
neobiosamine (divided by dotted line) and di-substituated 2-deoxy streptamine
(2-DOS). NA means not applicable.
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temperature was lowered to 100 �C and the nozzle voltage
was turned off. However, the abundance of the neosamine
and ribostamycin ions were not affected.

Biodegradation study

In Figure 4, the time course decline of neomycin is shown.
Although it cannot be excluded that minor amounts of non-
immobilized mycelia were present in EC2 and ECM2, the
broths were clear without any visual trace of mycelia.

The final percentage neomycin removal R (%) after
168 hours was 0.1% (HKC), 4.1% (CC), 86.0% (EC1), 48.2%
(ECM1), 1.3% (EC2) and 33.9% (ECM2).

Some conclusions can be drawn from these results. First
of all, neomycin is not adsorbed to PUF (measured by CC).
No biosorption to dead biomass is shown (HKC).

The in vitro experiments (EC2 and ECM2) show that the
presence of the HBA mediator (ECM2) leads to a neomycin
removal of approximately 34%. The in vivo experiment
(EC1) shows a removal degree of approximately 85% with-
out HBA, which is considerably higher than for the ECM1
experiment to which HBA was added (48% approxi-
mate removal).

One reason behind the inhibition in ECM1 can be the
hydroxyl radical scavenging ability of HBA which prevents a
radical mediated neomycin degradation. It has previously
been shown that intracellular CYP 450 enzymes are secreted

Figure 2. Full scan spectrum of neomycin calibration standard at a concentration of 10 mgL�1.

Figure 3. Chemical structures of abundant neosamine B (a) and ribostamycin (b) ions.

Figure 4. Time course decline of neomycin. Neomycin added at 10mg L�1. Symbols: EC1 (�), HKC (^), ECM1 (^), EC2 (�), ECM2 (�), CC (þ).
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by T.versicolor mycelia. In a study performed by Prieto
et al., it was shown that antibiotics belonging to the quin-
olone class were effectively removed in vivo. By adding the
CYP 450 inhibitor 1-aminobenzotriazole, the degradation
was inhibited.[28] The decline of the neomycin removal in
ECM1 cannot be easily explained by inhibition of the intra-
cellular CYP 450 since HBA is not reported as an inhibitor
of these isoenzymes. In Table 1, the kinetic parameters of
degradation in EC1, ECM1 and ECM2 are presented. The
table also includes a replication of EC1. The biodegradation
patterns in the experiments motivated the use of both zero-
order and pseudo-first order kinetics.

During the first eight hours of the time course, the EC1
neomycin decline was linear with a correlation coefficient
(r) of 0.9798, and thus obeys zero order kinetics. From 24 to
168 h, the EC1 neomycin decline was best explained by
pseudo-first order kinetics according to Eq. (1), with a cor-
relation coefficient of 0.9939.

The findings can be explained by Michaelis Menten kin-
etics. At start, [S] >Km where [S] is the neomycin concen-
tration. At approximately 24 hours, [S] < Km which means
that the rate and the neomycin concentration are directly
proportional to each other. It must be pointed out that Km

in this particular case is not known since enzymes which
may catalyze the biodegradation are not identified. However,
it is not understood why such an enzymatic mediated deg-
radation should be inhibited by HBA in ECM1.
Interestingly, zero and first order kinetics have been
reported in the biodegradation of dyes in Fenton processes
(excluding fungi).[42] In these processes, reactive oxygen spe-
cies (ROS) and Fe2þ and Fe3þ are present. The water that
was used in the present investigation contained 10�5 M Fe,
(determined by ICP-SFMS).

For ECM1 and ECM2 (including mediator), the moderate
neomycin decline in ECM1 (see Figure 4) can be explained
by zero order (r¼ 0.9635), but is better fitted by first order
kinetics with a correlation coefficient of 0.9766. The neomy-
cin decline in ECM2 is characterized by an initial steep
decrease (similar to EC1) in the first eight hours. The
decline in this initial time period is less well defined by zero
order (r¼ 0.9130) and pseudo-first order kinetics
(r¼ 0.9129). The degradation of neomycin in ECM2 is at
least partly caused by the extracellular laccase-HBA mediator
system.

The laccase assay showed initial differences in the enzym-
atic activities for the four experiments (see Figure 5). The ini-
tial laccase activity for the in vitro experiment EC2, in which
HBA was excluded was higher than in the two in vivo experi-
ments EC1 and ECM1. It is explained by differences in sam-
ple matrices. The in vitro experiments excluded mycelia and
PUF. It is previously known that laccases adsorb to cellulose
surfaces at acidic conditions.[43] The mycelia cell walls contain
the aminosaccharide chitine which is like cellulose, based on
glucose monomers. The lower enzymatic activity of ECM2
(in vitro experiment including HBA) is explained by the pres-
ence of HBA. Laccase oxidizes HBA in a cyclic process,[44]

and is thus only partly present in its oxidized form. This
leads to decreased activity levels in the laccase assay, since the
substrate ABTS, is to a lesser extent oxidized.

The laccase enzymatic activities in the in vivo experi-
ments increased from 1.6–2.1U mL�1 (ECM1) and from
1.6–2.6U mL�1 (EC1). It is explained by an enhanced secre-
tion of laccase from the immobilized fungi. The increased
enzymatic activity in ECM1 emphasizes that HBA is not
toxic to the fungus itself. The more or less stable in vitro
enzymatic activities (EC2 and ECM2) during the time course
are explained by the absence of continuous enzyme secre-
tion. It is important to remember that the laccase assay
results only add information about this particular enzym�es
activities in the four experiments and that the neomycin
degradation in the in vivo experiments cannot be correlated
to the assay results.

Table 1. Summary of kinetic parameters of degradation of neomycin using different experimental conditions.

Experiment Time (h) Kinetics Equation Half-life (h) k (mg L�1 h�1)� k’ (h�1)�� Corr. coeff. (r)

EC1 0–8 Zero order Ct ¼ �0.3546tþ 9.8170 13.8 0.3546 n/a 0.9798
EC1 24–168 Ps.-first order ln Ct ¼ �0.0102tþ 1.9772 34.0 n/a 0.0102 0.9939
ECM1 0–168 Zero order Ct ¼ �0.0260tþ 9.2503 177.9 0.0256 n/a 0.9635
ECM1 0–168 Ps.-first order ln Ct ¼ �0.0035tþ 2.2305 99.0 n/a 0.0035 0.9766
ECM2 0–8 Zero order Ct ¼ �0.1840tþ 9.3414 25.4 0.184 n/a 0.9130
ECM2 0–8 Ps.-first order ln Ct ¼ �0.0218tþ 2.2370 229.4 n/a 0.0218 0.9129
EC1(1) 0–8 Zero order Ct ¼ �0.1073tþ 9.8028 45.6 0.1073 n/a 0.9915
EC1(1) 24–240 Ps.-first order ln Ct ¼ �0.0062tþ 1.9834 56.0 0.0062 0.9886
EC1(2) 0–8 Zero order Ct ¼ �0.1261tþ 10.0490 39.8 0.1261 n/a 0.9870
EC1(2) 24–240 Ps.-first order ln Ct ¼ �0.0053tþ 2.0338 65.4 n/a 0.0053 0.9910
EC1(3) 0–8 Zero order Ct ¼ �0.1147tþ 10.0350 45.1 0.1147 n/a 0.9805
EC1(3) 24–240 Ps.-first order ln Ct ¼ �0.0069tþ 2.0707 59.2 n/a 0.0069 0.9891
�k: rate constant for zero order kinetics.��k’ : rate constant for pseudo-first order kinetics.
EC1(1–3) are replicate determinations.

Figure 5. Laccase enzymatic activities during the 168 h time course. Symbols:
EC1 (�), ECM1 (^), EC2 (�) and ECM2 (�).
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A replication of the experiment which included the most
efficient removal design (EC1 experiment) from the biodegrad-
ation study was performed in triplicate (including three differ-
ent immobilized fungal cultures) in which the conditions were
the same, that is in vivo, with an initial neomycin concentration
of 10mg L�1 but with a prolonged time course.

The mean removal (R %) at 240h was calculated to 81% (SD
3.3) using Eq. (4), which can be compared with 86% at 168h in
the initial EC1 experiment. As can be seen in Figure 6(b),
approximately the same initial decline pattern as in Figure 4 was
present (zero order kinetics). The declines for the remaining
time course also corresponded well with the results in Figure 4,
that is pseudo-first order kinetics. The three decline curves did
not show any significant differences between each other at a 95%
confidence level using two-tailed un-paired t-tests. The critical t-
value was 2.0485 and P (T<¼ t) for the three combinations
(EC1(1) & EC1(2), EC1(1) & EC1(3) and EC1(2) & EC2 (3)
were 0.7355, 0.9201 and 0.8206 respectively. When the kinetic
parameters from these replicate runs are compared with the pre-
vious EC1 run (see Table 1), the half-life times are longer in the
replicate runs (the half-life time is the time required for neomy-
cin to decrease to one-half its initial value). It is explained by the
use of mycelia that were cultivated at different occasions (see
Fungus and cultivation). The mycelia that were used in the repli-
cate investigation originated from an unique cultivation.

Mechanisms

The biodegradation investigation proved that the neomycin
decline in the in vitro experiment which included the medi-
ator HBA (ECM2) was catalyzed by a laccase-HBA system
(whole fungal cells not present). In the absence of HBA, no
neomycin decline occurred. The highest removal degree
(>80%) was present in the in vivo EC1 experiment exclud-
ing HBA. The most plausible explanations to the neomycin
removal in the in vivo experiment EC1 are (i) extracellularly,

(ii) intracellularly enzymatic catalyzed or (iii) ROS mediated
degradation mechanisms. ROS are shortlived, highly reactive
and origin from H2O2 which is produced by WRF spe-
cies.[45] They include the hydroxyl radical (�OH). One route
of production of �OH in biological systems is the Fenton
reaction.

H2O2 þ Fe2þ þ Hþ ! H2O þ Fe3þ þ �OH
The degradation and oxidation of cellulose by �OH to

the gluconic acid lactone is described by Hammel et al.[46]

The most plausible explanation to a neomycin removal in
the in vitro ECM2 experiment is the laccase-HBA system
with a higher redox potential than laccase itself. No influ-
ence from ROS or intracellularly enzymatic catalysis can be
considered since living fungal cells were absent.

In the EC1 experiment, the neomycin removal could be
characterized by zero and pseudo-first order kinetics. The
declined removal degree (48%) in the in vivo experiment
ECM1 which included HBA can be explained by the
hydroxyl radical scavenging ability of HBA.

Some oxidation product ions, could be tentatively identified
by their mass to charge ratios. See Figure 7 and Table 2. As
previously mentioned, in the chapter “Characterization,” it
cannot be excluded that at least partly, neosamine can be
formed by other mechanisms than in-source fragmentation,
provided that the retention time of this compound coincide
with the retention time of neomycin. All other substances in
Figure 8 (including structures B-E), eluted at tR < 3.9min
(neomycin). The acids (E) are most certainly not the end
product, but intermediates in the catalysis of neomycin. The
tentative identities of the oxidation products were determined
in MS-mode, excluding isomer elucidations. Due to the low
abundances of the ions, fragmentation using MS/MS was not
applicable. In Table 2, the retention times, accurate and exact
masses, ion species and mass errors are shown. The arrows in
Figures 7 and 8 indicate extracellular/intracellular enzymatic or

Figure 6. Time course decline of neomycin using EC1 experimental conditions 0–240 h (a) and initial part, 0–8 h (b). The experiment was performed in triplicate.
Symbols: � shows mean results at each sampling occasion including standard deviation (SD) error bars. The symbols w , ^ and D show initial individual results.
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reactive oxygen species (ROS) reactions including hydroxyl
radicals which are responsible for (i) the hydrolysis of neomy-
cin, and (ii) the following oxidation reactions. For the in vitro
experiment ECM2, it was proven that these reactions are

influenced by HBA-modified laccase since the structures were
not present in the EC2 in vitro experiment in which HBA was
excluded. Some of the structures may exist as open-chain
structures (marked with �) in Figure 7. It must be emphasized

Figure 7. Proposed biodegradation pattern of neomycin, where B-E show possible structural isomers of oxidation products of neosamine C (A). The tentative identi-
ties of the oxidation products (excluding isomer elucidation) could be verified by UHPLC-Q-TOF MS analyses. The �-sign indicates possible additional open-chain
structures. Extracted ion chromatograms (EC1, 144 h) at m/z 157.0613 (C and D) and at m/z 175.0716 (E).

Table 2. Summary of the accurate mass measurements of hydrolysis and oxidation products of neomycin, as determined for their abundant adduct ions using
UHPLC-Q-TOF MS.

Compound Elemental composition Ion species Accurate mass (m/z) Exact mass (m/z)

Mass error
tR (min)

mDa ppm

Neomycin C23H46N6O13 [MþH]þ 615.3206 615.3201 �0.5 �0.8 3.9
A C6H14N2O4 [MþH-H2O]

þ 161.0925 161.0926 0.1 0.6 3.9��
B C6H12N2O4 [MþH-H2O]

þ 159.0767 159.0770 0.3 �1.9 3.6
CþD C6H10N2O4 [MþH-H2O]

þ 157.0613 157.0610 �0.3 �1.9 3.4
E C6H12N2O5 [MþH-H2O]

þ 175.0716 175.0719 0.3 1.7 3.3
F C6H14N2O3 [MþH]þ 163.1080 163.1083 0.3 1.8 3.9��
G C6H12N2O3 [MþH]þ 161.0923 161.0926 0.3 1.9 3.8
H C6H10N2O3 [MþH-H2O]

þ 141.0664 141.0664 0.0 0.0 3.5

The elemental compositions are shown in their uncharged state. Data for detected ions correspond to acquisitions obtained in full scan mode. Ions that partly
can be explained by in-source fragmentation are marked with (��). Most abundant peak tR.��hypothesized retention time since in-source fragmentation occurs.
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that the tentatively identified structures in Figures 7 and 8
probably only represents some of the biodegradation products
that are formed during the time course of the experiment. The
oxidation products in Figure 7 were abundant in EC1
and ECM2.

In contrast to the oxidation products in Figure 7, the
products in Figure 8, were abundant not only in EC1 and
ECM2, but also in EC2 and ECM1. In the in vitro experi-
ment EC2, no neomycin removal was observed. In the
in vivo experiment ECM1, 48% neomycin was removed. The
oxidation products in Figure 8, are thus not correlated with
the neomycin removal since they were present also in EC2.

A summary of the accurate mass measurements on the
ions that were detected in full scan mode is shown in Table
2. The retention times for the oxidation products, are
shorter compared with neomycin at tR 3.9min. It is
explained by the fact that these molecules include keto and
carboxylic groups which are less polar than molecules that
contain -OH moieties, and therefore should be less retained
on the SeQuantVR ZICVR -cHILIC column.

The time course of the oxidation products D and E are
shown in Figure 9. The time from the addition of neomy-
cin to the first sampling was approximately 15minutes.
Interestingly, oxidation products D at m/z 157.0163 and
oxidation product E, at m/z 175.0716 which are derived
from neosamine, were only present in EC1 and ECM2
(see Figure 9a and 9b). They could neither be detected in
CC, nor in HKC. During the end of the time course, the
concentrations increased in the fungal culture (EC1),
while in the in vivo experiment ECM2, the levels were
more or less constant. The increase of compounds D and E
at the end of the EC1 experiment is explained by the

presence of living fungal cells that secrete enzymes or by
ROS. The stable concentration of the oxidation products,
belonging to ECM2 can be explained by steady-state
Michaeli-Menten kinetics.[47] The presence of compounds D

Figure 8. Proposed biodegradation pattern of neomycin, where G and H show possible structural isomers of oxidation products of 2-DOS (F). The tentative identi-
ties of the oxidation products (excluding isomer elucidation) could be verified by UHPLC-Q-TOF MS analyses.

Figure 9. Time course of oxidation product D at m/z 157.0613 (a) and oxidation
product E at m/z 175.0716 (b). Symbols: EC1 (�) and ECM2 (�).

JOURNAL OF ENVIRONMENTAL SCIENCE AND HEALTH, PART A 445



and E in the in vivo EC1 and in the in vitro ECM2 experi-
ments indicate a similar degradation pattern although the
experimental conditions were different.

Concerning the oxidation products F-H (derived from 2-
DOS) at m/z 163.1080, 161.0923 and 141.0664, they were
present in all experiments (in vivo and in vitro). As previ-
ously mentioned in the chapter “Characterization,” com-
pound F (2-DOS), was also abundant in the neomycin
calibration standards at the same retention time as neomy-
cin (3.9min.) which shows that 2-DOS is either an impurity,
a hydrolysis product or an in-source fragment.

Conclusions

Under the used experimental conditions, including an
approximate initial C:BM ratio of 25, it was possible to
remove approximately 80% of neomycin using PUF-immo-
bilized T. versicolor (in vivo). The biodegradation can be
explained by extracellular/intracellular enzymatic or ROS
activities in which the oxidation of the hydrolysis product
neosamine play a role. The removal was inhibited (in vivo)
by the redox mediator HBA, leading to a 48% removal
degree. The inhibition can be explained by the ability of
HBA to scavenge hydroxyl radicals that can participate in
the in vivo biodegradation. In vitro experiments revealed
that it was possible to remove 34% of neomycin in a lac-
case-HBA mediated process while in the absence of HBA,
no removal could be detected. Oxidation products of neos-
amine were present in the in vitro experiment which con-
tained HBA while they were lacking in the experiment that
was performed without HBA. No correlation between identi-
fied 2-DOS oxidation products and neomycin decline could
be seen. Although the study showed that it may be possible
to biodegrade neomycin in vitro in a larger scale, and that a
laccase-HBA system could be used, the best choice would be
to use immobilized whole fungal cells. The reason is (i) that
the removal degree is higher and (ii) the process would be
more economically sustainable since no addition of laccase
and HBA would be necessary.
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