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UHPLC-qToF analysis is reported here as a modern and reliable spectrometric technique, for a more
accurate evaluation of the biodegradation of pharmaceutical formulations that should be considered as
complex mixtures of organic compounds interacting with naturally occurring microfauna. The
untargeted approach evidences that natural and non-natural compounds are not equally biodegraded
even when both passed the requirements of the respirometry test. In particular, we demonstrated that
for mixtures containing synthetic non-naturally occurring compounds, a new cluster of derivatives can
be detected and in part interpreted by a target analysis. We also demonstrated that the fate of the
biodegradation of an active ingredient pure or inserted in a pharmaceutical formulation is not the same,
confirming that complex chemical systems should be better analyzed using a holistic approach rather
than a reductionistic one. The biodegradation of a pharmaceutical formulation could present a different

fate compared to that predicted by considering the biodegradability of each component (the global
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Accepted 1st August 2022 result is not the sum of the parts). Considering these results, an update of the protocols currently used

for the evaluation of the environmental impact of chemicals and chemical mixtures used in our daily life
DOI: 10.1039/d1va00038a can be proposed, through the use of modern technologies nowadays widely diffused in analytical

rsc.li/esadvances laboratories.

Environmental significance

A correct assessment of pharmaceutical formulation biodegradability is a relevant issue in the right forecast of their potential environmental impact. In our
opinion, the currently used methods present some limitations in understanding the real fate of a mixture of chemicals. When organic molecules are partially
degraded, a pool of new unknown compounds can be produced leading to an unpredictable effect on the biosphere; furthermore, a mixture cannot be
considered as simply the sum of each single component. We demonstrated that UHPLC-qToF analysis could be a modern alternative leading to a more accurate
profiling of the biodegradation output for a pharmaceutical product by coupling targeted and untargeted methods in order to holistically consider the
formulations as a complex system.

Introduction

“Aboca SpA Societa Agricola, Innovation & Medical Science Division, Loc. Aboca 20, Biodegradation is the process by which organic substances are
Sansepolcro 52037, Italy. E-mail: LMattoli@aboca.it; ~ GProietti@aboca.it; decomposed by microorganisms into the simplest natural
CMQuintiero@aboca.it; GFodaroni@aboca.it; MBurico@aboca.it; EGiovagnoni@ building blocks (e_ g CO,, H,0, and NH3) that can be integrated
aboca.it; MGianni@aboca.it; VoMercati@aboca. it . . . . . .
into natural biogeochemical cycles. Anthropic and industrial

*Group of Catalysis, Synthesis and Organic Green Chemistry — Department of tivities h led to th £ . £ luti
Pharmaceutical Sciences University of Perugia, Via del Liceo 1, Perugia, 06123, acuivities have led to the emergence or a series ol new poliuting

Italy. E-mail: claudio.santi@unip.it compounds and their release into the environment is respon-
“Centro di Eccellenza Materiali Innovativi Nanostrutturati (CEMIN) University of ~ Sible for a number of adverse effects, stimulating the develop-
Perugia, Via Elce di Sotto 8, Perugia, 06123, Italy ment of a number of protocols to attempt their removal."* The

f Electronic  supplementary  information ~ (ESI)  available.  See  gcjentific interest in biodegradation is clearly demonstrated by
https://doi.org/10.1039/d1va00038a

1 These authors contributed equally.

© 2022 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv, 2022, 1, 725-735 | 725


http://crossmark.crossref.org/dialog/?doi=10.1039/d1va00038a&domain=pdf&date_stamp=2022-11-19
http://orcid.org/0000-0002-5566-8919
http://orcid.org/0000-0002-7698-8970
https://doi.org/10.1039/d1va00038a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1va00038a
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA001005

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 20 1401. Downloaded on 25/11/1404 05:07:35 ..

(cc)

Environmental Science: Advances

more than 48 000 papers that are referenced in PubMed starting
from the seminal one reported by Kagawa in 1960.%

The evaluation of the biodegradability of chemicals is one of
the main issues in environmental risk assessment. Biodegrad-
ability tests are designed to evaluate, under batch conditions,
a chemical substance as the sole carbon source for the survival
of microfauna.® The ready biodegradation tests (RBT) are the
basis of the integrated testing strategy on pure substance
biodegradation. They are a series of tests (from no. 301A to 301F
and no. 310) proposed by the Organization for Economic Co-
operation and Development (OECD). Microorganisms and the
tested substance are usually incubated in a buffered pH 7
medium containing N, P, and a trace element (named the
“mineral medium”). The kinetics of biodegradation is moni-
tored during at least 28 days by the evaluation of metabolic
parameters such as oxygen consumption, carbon dioxide
production, or dissolved organic carbon consumption. The RBT
measures ultimate biodegradability, or complete biodegrada-
tion and a chemical can be classified as readily biodegradable if
has passed one of the RBTs.® Specific chemical analysis can be
used to assess primary biodegradation of the tested substance
and to determine the concentration of any newly formed
intermediate. This additional evaluation is mandatory only in
the MITI method (301 C), but it is optional for all other RBTs.®

The term primary biodegradation indicates the structural
modification of a substance caused by a biological event, which
results in the loss of a specific property of that substance. It can
be calculated from supplemental chemical analysis for parent
compounds made at the beginning and end of the tests (OECD
301, 310).5°

A not-readily biodegradable substance is considered persis-
tent unless its environmental degradability is proven in more
expensive and complex simulation tests, (tests method no. 303,
306, 307, 308, and 309, OECD, 1992c, d, f, g, and h). The type of
simulation test to be performed depends on the potential
receptor environments that are causing concern (wastewater
treatment plant, surface water, sediment, and soil). Simulation
tests are designed to evaluate the long-term chemical behavior
in the environment. However, these tests are limited to a very
small number of pure substances because they are expensive,
technically sophisticated, and time-consuming (e.g. need the
use of several different tests and the use of '*C-labeled
chemicals).****

In silico models have been developed™ and are available
under REACH regulations.** However, the prediction using
these methods remains limited to existing data and may be not
adapted to assess environmental persistence as a function of
both chemical intrinsic properties and environmental
conditions.">*>"

Even though the currently adopted tests for biodegradability
are cheap and easy to be performed, they present some limita-
tions. As an example, they are conducted under standardized
conditions, which do not reflect highly variable environmental
situations like seasonality. Furthermore, even if they allow risk
assessment by conservative models, tests most chemicals at
concentrations that are unlikely occurring in the environ-
ment.">'*** Other criticisms are related to the preparation of the
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microbial inoculum used for the biodegradation tests. Before
being used, inoculum sources need to be either washed (to limit
carbon contamination other than that from the tested
substance) or acclimated (e.g. for the 301C test).?* In addition,
the final output may be influenced by the total cell density, the
diversity of species, the origin and history of the inoculum
sample, the ratio between food and biomass, and the duration
of the evaluation period that, in the standard experiment, has
been defined at 28 days.*"*

A further limitation of these tests is that usually they do not
take into consideration the outcome of biodegradation,
supposing that the investigated molecule is fully degraded into
elemental bricks. Nowadays, the development of modern and
reliable analytical techniques offers the possibility to investigate
the biodegradability of a substance (or a mix of substances like in
a pharmaceutical nutraceutical or cosmetic formulation) in
a more accurate manner both at qualitative and quantitative
levels, offering an interesting and unprecedented complementary
analysis in the currently used primary biodegradation studies.
The use of novel technologies enables, in our opinion, a more
accurate and realistic evaluation of the environmental risks and
impacts, looking toward a more sustainable development.

Furthermore, ready biodegradability tests and simulation
tests are usually referred to pure chemicals, and only a few cases
of mixtures composed of structurally similar chemicals are re-
ported. One example is that of petroleum and surfactants. It was
reported that the kinetics observed for the biodegradation of
the mixture and those of the isolated chemical entities are
considerably different, with these latter in general faster than
that of the mixture.”® Clearly, moving from a reductionistic
analytical investigation of single molecule biodegradation to
a holistic one that will take into consideration the biodegrad-
ability of a pool of chemical ingredients could represent
a strong innovation and, potentially, a real improvement in the
design of a new reliable sustainable development.

In this paper, two commercially available cough syrups (one
containing synthetic ingredients [A] and one containing only
natural ingredients[B]) were chosen as real examples of largely
distributed formulations of pharmaceutical ingredients. Their
biodegradation has been evaluated and compared with that of
the pure non-naturally occurring API (Active Pharmaceutical
Ingredient) bromhexine, using an UHPLC-qToF “all-ion MS/
MS” acquisition technique. The chemical compositions of
mixtures A and B declared in the package insert of the analyzed
pharmaceutical mixtures are summarized in Table 1.

An ultra-high performance liquid chromatography-quadrupole
time-of-flight mass spectrometer (UHPLC-qTOF) is a recent type of
spectrometer characterized by an ultra-high performance chro-
matographic separation of the molecular species that has been
successfully employed for its fast, high-resolution separations,
high-resolution mass spectra and high sensitivity.

Even if high resolution mass spectrometry as well as other
spectroscopic methods were previously reported for the inves-
tigation of the environmental impact produced by pharmaceu-
ticals and cosmetic formulations,**?* to the best of our
knowledge, this is the first UHPLC-qToF “all-ion MS/MS”
approach to obtain metabolite fingerprints by untargeted data

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition of the analysed mixtures (A and B)*

Mixture A Mixture B

Bromhexine, Honey “Polyresin” composed of resins,

maltitol, polysaccharides and flavonoids from grindelia,
sucralose, plantago and helichrysum

preservative Sugar cane essential oil: lemon, sweet orange, and

and flavouring  myrtle; lemon natural flavouring; arabic gum;

xanthan gum

Water Water

¢ As reported on the package leaflet.

treatment of pharmaceutical formulation submitted to a ready
biodegradability test and targeted analyses for deeper investi-
gation of the readily biodegradation output.

Materials and methods
Biodegradation method

Glucose purum, magnesium sulphate heptahydrate for analysis
ACS Reag. Ph. Eur and Reag. USP, sodium acetate anhydrous
USP, phosphoric acid 99%, potassium phosphate dibasic 99+%
anhydrous for analysis, potassium phosphate monobasic 99%
anhydrous for analysis, iron(m) chloride hexahydrate pure,
sodium phosphate dibasic dihydrate 98+%, and calcium chlo-
ride anhydrous 99% pure, were purchased from Carlo Erba
Reagents srl (Cornaredo, Milano, Italy). Ammonium chloride
99% puriss and potassium hydroxide 85% puriss were purchased
from Italchimica SPA (Pontecchio Polesine, Rovigo, Italy). Buff-
ered peptone water (ISO) was purchased from ThermoFisher.
Purified water was prepared by using an Arium Mini water
purification system (from Sartorius Goettingen, Germany).

Sample preparation

The sample was treated according to the procedure reported in
the respirometric-manometric method no. 301F (OECD). To be
able to have the correct registration by using the BOD sensor
and enough material to perform the planned instrumental
analysis, few adjustments were made, as shown in Table S4.t

Sodium acetate was used as the reference substance. Tests
were done at a constant temperature of 22 °C.

Inoculum preparation

The inoculum was prepared by collecting 5 samples of activated
sludge and 5 samples of river water from different places and
mixing them in equivalent volume. The inoculum is oxygenated,
stirred and fed with glucose, peptone, dibasic potassium phos-
phate, and the values of redox potential, oxygen consumption
and total dry matter are monitored daily. The dry substance was
determined at 100 °C to measure the same quantity (30 mg
mL ") in the vessels containing the test substance.

Inoculum composition

The inoculum was obtained by mixing active sludge from 8
different sectors and river water taken from two different rivers

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in equal parts. The assembled inoculum was oxygenated, stirred
and fed with glucose, peptone and monopotassium ortho-
phosphate. Oxygen, redox, and total suspended solid values
were monitored daily.

Before the use of inoculum, the total dry matter is
determined.

The composition of the microfauna was determined by
optical microscope analysis and was composed of the following
species: Aspidisca cicada 20%, Zoothamnium 20%, Rotiferi 40%,
and Euglyphia 20%.

Instrumental parameters

The biological oxygen demand was constantly monitored by
means of a BOD EVO Sensor System 6, being made up of six BOD
EVO sensors, a six-position stirring base, dark glass bottles, and
sub-caps for the absorption of carbon dioxide and magnetic stir
bars. The BOD EVO sensor transmits wireless data to the dedi-
cated BODSoft™ software (VELP Scientifica, Usmate, Monza-
Brianza, Italy). All the experiments were conducted at a controlled
temperature in a refrigerated thermostat provided with an auto-
tuning thermoregulation system and forced air circulation in
order to have stability and homogeneity of the internal temper-
ature (VELP Scientifica, Usmate, Monza-Brianza, Italy). The
temperature of the thermostat was monitored by means of
a datalogger with an external probe with a range of temperature
from —40 to +80 °C (XS Instruments, Carpi, Modena, Italy).

UHPLC ESI-qToF methods

All solvents were of high purity analytical grade and were used
without further purification. ULC/MS grade absolute methanol
was purchased from Biosolve (Dieuze, France). Ultrahigh purified
water was prepared in a PURELAB® Ultra water purification
system (ELGA, UK). formic acid 98-100% for LC-MS LiChropur®
and dimethyl sulfoxide =99% were purchased from Sigma-Aldrich
(St. Louis, MO). Mixture A was purchased (at a local pharmacy,
batch no. 181092) and mixture B was produced by Aboca (batch
no. 19C2076); bromhexine hydrochloride, sucralose, maltitol and
ambroxol were purchased from Sigma-Aldrich (St. Louis, MO).

The high-purity reference standards, used both for the
construction of the in-house database and for the construction
of the calibration curves, were purchased from Extrasynthese
(Genay, France), Sigma-Aldrich (St. Louis, MO), PhytoLab
GmbH & Co. KG (Vestenbergsgreuth, Germany) and ChromaDex
(Irvine, CA). High-purity reference standard stock solutions
were prepared in methanol, water/methanol (80 : 20, v/v) or
methanol/dimethyl sulfoxide (80 :20, v/v) at 500 ppm. The
working solutions were prepared by diluting appropriate
volumes of the stock solutions with water/methanol (50 : 50,
v/v). Internal standard sulfadimethoxine-ds was purchased from
Sigma-Aldrich (St. Louis, MO). Internal standard stock solution
was prepared in methanol at 5 ppm. All the stock solutions were
stored in glass vials at —80 °C.

Targeted method

Sample preparation. The sample was filtered through a 0.20
um Millipore cellulose acetate syringe filter and was used for the
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acquisition of the chromatographic profile without any dilution
according to the following conditions.

Instrumental parameters. The instrumental platform used
consisted of an UHPLC series 1290 coupled to a quadrupole
time-of-flight (qToF) mass spectrometer series 6545 (Agilent
Technologies, Santa Clara, CA) in high resolution (2 GHz). The
UHPLC was endowed with a binary pump, an autosampler,
a multicolumn thermostat, an isocratic pump and a solvent
cabinet. The autosampler was maintained at 15 °C. The
analytical column was a Cortecs® C18 (100 x 2.1 mm, 1.6 pm)
protected by a Cortecs® UPLC® C18 VanGuard™ pre-column (5
x 2.1 mm, 1.6 um) both supplied by Waters (Milford, MA) and
thermostated at 40 °C. The analyses were performed in elution
gradient mode using aqueous HCO,H (0.1%, v/v) as mobile
phase A and HCO,H (0.1%, v/v in MeOH) as mobile phase B
according to the following gradient table (Table S5t), with a flow
rate of 0.3 mL min '. The volume injected was 3 pL for the
samples at 1000 mg L™, while it was 10 uL for the samples at
100 mg L™

The UHPLC system was coupled to a qToF mass spectrom-
eter endowed with a Dual AJS ESI source operating in negative
and positive ionization modes with a scan range from 50 m/z to
1700 m/z. The optimized instrument parameters are reported in
Table S6.F

The construction of the in-house database was performed by
acquiring each analytical standard reference compound in data
dependent mode (Auto MS/MS, Agilent Technologies) using
three different collision energy values (20, 30 and 40 eV) by N,,
while the acquisition of the sample metabolite fingerprint
under investigation was performed in All-ITons mode*** using
a collision energy of 30 eV. In both the acquisition methods,
a reference mass solution containing purine and hexakis(1H,
1H, 3H-tetrafluoropropoxy)phosphazine was directly injected
into the ESI source by using an isocratic pump and ionized
together with the sample solution for mass correction allowing
accurate mass time-of-flight data to be obtained. MassHunter
software version B.07 (Agilent Technologies, Santa Clara, CA)
was used for data acquisition and processing.

Software. MassHunter software version B.07 (Agilent Tech-
nologies, Santa Clara, CA) was used for data acquisition and
processing.

The exact masses of the various molecular species were
calculated by means of an isotope distribution calculator, a tool
of MassHunter Data Analysis core, version 8.0.8208.0 (Agilent
Technologies, Santa Clara, CA).

Data analysis. Elaborations were performed by means of the
“Qualitative analysis” program and by the “Find-by-Formula”
algorithm. The data file is loaded into “Qualitative analysis” and
then “Find-by-Formula” is run on the low channel against an
MS/MS library. Find-by-Formula returns possible precursor
formulae found as well as their product ions in the library.
Using the list of product ions, “Qualitative analysis” extracts
EICs from the high channel and aligns them with an EIC of the
precursor. A coelution score is calculated and compounds
which pass the threshold (user-set at 70) are retained. “Quali-
tative analysis” returns the overall score to which the mass
score, the isotope abundance score, the isotope spacing score
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and the retention time score contribute. The threshold was
user-set at 70. EICs were taken by setting the m/z extension to
symmetric 2.5 ppm.

Untargeted method

Sample preparation. The samples were prepared as
described for the targeted UHPLC-qToF method.

Multivariate statistical analysis

Data collection. The samples of the two syrups at T0O and T28
and the blank sample, consisting of a mineral medium and
inoculum, were organized into a randomized sample queue
prior to UHPLC-qToF acquisition. The analytical blank and
pooled samples were acquired at the beginning, in the middle
of and at the end of the sample sequence. Each sample was
acquired in triplicate.

Instrumental parameters were the same as those used for the
targeted UHPLC-qToF method, positive ions for mixture A and
negative ions for mixture B.

Data processing. Peak peaking and peak alignment were
obtained using the software R [R version 3.5.2 (2018-12-20),
Copyright (C) 2018 The R Foundation for statistical computing].
The mass tolerance was set at 10 ppm and retention time
tolerance was set at 10 seconds. The signal filtering threshold
was set at 1000 counts.

Variables with a frequency of missing value and coefficient of
variation of more than 20% have been eliminated and data
imputation was performed. Additionally, a filter was applied to
eliminate those variables present in the analytical blank
samples.

The median of the replicates was applied to remove the effect
of the random noise, while data normalization was performed
with PQN (Probabilistic Quotient Normalization) on the refer-
ence pooled samples.

The processed data were saved in CSV format and the data
matrix in CSV format has been reworked by the program SIMCA
(Version 16.0.2.10561, Jan 22 2020). Later on, the data matrix
was mean centered and Pareto scaling was applied prior to
performing data analysis.

Statistical model performance evaluation was carried out
and a confidence level of 95% was used.

The goodness of fit and the goodness of prediction were
evaluated by means of R’X and Q?, respectively (Table S77).

The diagnostic tools Hotelling T2 and DModX were calcu-
lated to be sure that the model is not deformed. The models
were robust, as the observations were below the calculated
critical values and there were no outliers (Table S87).

PCA analysis. After data processing, in order to evaluate the
complex fingerprints obtained, multivariate analysis of the
principal component (PCA) was used. The PCA model was built
using the first two principal components providing a 2D model
(confidence level 95%).

Cluster analysis. Cluster analysis was performed according
to an unsupervised approach using a hierarchical algorithm
(confidence level 95%). Distance indices were determined using
Ward's linkage method and Euclidean distance.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Semiquantitative determination

Relative ratio (RR) calculation. The relative ratio (RR) is
calculated by using the ratio between the area counts of the
compound and the area count of the internal standard (sulfa-
dimethoxine-dg).

Calculation of the percentage of reduction. The percentage of
reduction of a certain compound is the ratio between the RR at
T28 and the RR at TO expressed as a percentage.

Results and discussion

The UHPLC chromatographic conditions were optimized to
obtain the best ionization along with the elution of all the
species of interest within 21 minutes. Pure water and methanol,
both acidified with formic acid, were used as the mobile phase,
composed according to a linear gradient suitable for eluting
hydrophilic and lipophilic compounds in a time frame
compatible with a UHPLC analysis.

Through the UHPLC-qToF “all-ion MS/MS”* acquisition
technique high resolution mass spectrometry (HRMS) data can
be acquired using different conditions: (1) with a low value of
collision energy and (2) with a high energy value. The low energy
spectra predominantly show just the molecular (or precursor)
ions for the compounds and the high-energy spectra provide the
precursors plus their fragment ions.

With All ions MS/MS data, a targeted qualitative screening
analysis with structure elucidation and identification of frag-
mentation patterns of the compounds presents in complex
products can also be confidently carried out during the biode-
gradability studies.

Without resorting to structural identification, the large
number of signals obtained from UHPLC-qToF analyses can be
used to perform untargeted studies. Untargeted analysis gives
information about the physical-chemical changes in samples
during the RBT, by observing the route of their grouping in
statistical models by principal component analysis (PCA) and
cluster analysis (CA).

The respirometric-manometric test no. 301F (according to
OECD guidelines)® was chosen as the method for the biode-
gradability evaluation.

It was performed at two concentrations required by the
OECD 301F method (50 mg L™" and 100 mg L") and, in addi-
tion, we tested an out-of-range concentration (1000 mg L")
aiming for better identification of all the metabolites formed
during the test. The samples were analysed at the beginning of
the ready biodegradation test and after 28 days by means of the
untargeted and targeted approaches.

Performing the RBT at a concentration of 50 mg L', mixture
A passed the ten-day window criteria and after 28 days of
incubation reached 81% of biodegradation, while mixture B
passed the ten-day window criteria and reached 74% of
biodegradation on the 28th day. The curves of biodegradation
are shown in Fig. 1.

The test was repeated at the concentrations of 100 mg L~
and 1000 mg L~'. The results evidenced that mixture A
(100 mg L™ BD28 days 86%) was again readily biodegradable at
100 mg L™ " but not at 1000 mg L™ " (1000 mg L~ BD28 days 6%),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Biodegradation of the mixtures A and B at different concen-
trations. All the data are reported as an average of two or three
replicates.

while mixture B was readily biodegradable under both condi-
tions (100 mg L™ ': BD28 days 77%, 1000 mg L' BD28: days
75%). These results are summarized in Table 2 as well as in
Fig. 1.

Even if 1000 mg L™ is not a concentration considered in the
validated method, it is interesting to observe the different
behaviours of the analysed samples. In the case of mixture A,
the microfauna of the inoculum seem to be unable to
adequately activate biodegradation, probably because it is
negatively affected by the experimental conditions. In our
opinion, this can be ascribed to the high concentration of both
the substrate and/or some initially formed metabolites. A
similar effect was not observed in the case of mixture B,

Table 2 Results of the ready biodegradability test (OECD 301F) of
mixture A and mixture B

BD at the

Mixture Concentration 10 day criteria® 28th day
A 50 mg L™! Passed 81%
100 mg L ™" Passed 86%
1000 mg L " Not passed 6%
B 50 mg L" Passed 74%
100 mg L' Passed 77%
1000 mg L~ * Passed 75%

“ The pass levels for ready biodegradability are 60% of ThOD removal
for respirometric methods. These pass values have to be reached in
a 10 d window within the 28 d period of the test. The 10 d window
begins when the degree of biodegradation has reached 10% ThOD
and must end before day 28 of the test. Chemicals which reach the
pass levels after the 28 d period are not deemed to be readily
biodegradable.

Environ. Sci.: Adv,, 2022, 1, 725-735 | 729
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indicating that different mixtures can exhibit a different dose-
dependent impact on the microenvironment of the experiment.

In order to better investigate this phenomenon, after 28 days
under the RBT conditions mixtures A at 50 mg L™, 100 mg L™
and 1000 mg L', respectively, were subjected to a spectro-
metric semiquantitative evaluation of the residual main
components: sucralose 1, maltitol 2 and bromhexine 3 (see
below and Table S17). The sucralose was found to be fully non-
degradable® and in all the samples it was detected at the orig-
inal concentration (see Table S1t). Differently, degradation of
bromhexine 3 was scarcely affected by the sample concentration
and only 6%, 12% and 12% of the parent compound was still
present at the end of the experiment in the 50 mg sample and
both 100 mg L™" and 1000 mg L~" samples, respectively. Mal-
titol 2, that was fully biodegraded in the samples at 50 mg L™*
and 100 mg L™, was detected at 62% of the original concen-
tration in the 1000 mg L™' sample, largely contributing to the
failure of the RBT at this concentration.

Furthermore, the composition of both the mixtures (A and B)
at 100 mg L™ " and 1000 mg L~ before and after 28 days under
RBT conditions were studied by UHPLC-qToF analysis following
the untargeted and targeted approaches.

The UHPLC-qToF method used to acquire data was charac-
terized by a chromatographic separation in a reverse phase
UHPLC column followed by qToF mass spectrometric detection.
All the species eluted were selectively characterized by their
retention time and high-resolution mass. Therefore, after the
acquisition of the chemical fingerprint, the data were aligned.
Variables with a frequency of missing value and coefficient of
variation of more than 20% have been eliminated, noise was
subtracted, and the corresponding raw data matrix was sub-
jected to normalization and scaling.

The resulting set of data was used to build the statistical
model, after passing the classical test as R*X, Q> (model diag-
nostic tests), Hotelling T°>, DModX (observation diagnostic
tests). The covariance matrix and standardized principal
components were selected for unsupervised principal compo-
nent analysis (PCA) computation.

The first two components of the 2D-PCA were found to
include more than 90% for mixture A (PC1 74.9%, PC2 15.8%
100 mg L; PC1 57.5%, and PC2 33.2% 1000 mg L") and for
mixture B (PC1 91.4%, PC2 2.2% 100 mg L; PC1 96.1%, and PC2
2.1% 1000 mg L) of the total variance of the model, in both
the experiments at 100 mg L™ (Fig. 2) and 1000 mg L™ " (Fig. 3).
The graphics evidenced that for mixture A the observations
(score) are far from that of the mineral medium at 28 days while
in the case of mixture B the biodegradation appear to be more
advanced, but still not fully coincident with that of the mineral
medium (compare Fig. 2a/2b and 3a/3b).

Another way for a qualitative evaluation of metabolite
fingerprinting obtained by UHPLC-qTOF is statistical elabora-
tion using unsupervised “cluster analysis” (CA) in order to
obtain the natural hierarchical groupings. By means of CA, after
applying the linkage method of Ward** as a standard method
for the formation of a hierarchical cluster, the distance between
the groups was determined using the Euclidean distance and
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Fig. 2 PCA models for samples A and B at 100 mg L%,

the results of the analysis of the clusters are presented as
dendrograms (Fig. 4 and 5).

The clusters generated by mixture A (at 100 mg L™ ') were
essentially two: one formed by the samples collected after 28
days under the condition of the biodegradation test and the
other by the samples collected at the beginning of the study and
the mineral medium (Fig. 4a). For mixture B (at 100 mg L),
similarly two clusters were identified: one is for the samples
collected at the beginning of the test and the other for the
samples collected after 28 days and the mineral medium

Mineral medium
Coored sccoraing o LABEL MMixture ATO
oom Wvixture A T28

a Scores - Mixture A, T0-T28 (M1, PCA-X)

Mixture A_TO

' 1000 mg/L
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Fig. 3 PCA models for samples A and B at 1000 mg L.
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(Fig. 4b), confirming the observation of PCA. Similarly, the
untargeted analysis of the samples at a concentration of
1000 mg L' indicates that the degradation of mixture B
produces a mixture of derivatives that are closer to those arising
from the mineral medium, with respect to the molecular
fingerprint of the mixture obtained by the biodegradation of A
(compare Fig. 4a/4b and 5a/5b). Nevertheless, in both cases full
mineralization seems to not be completely achieved.

These data clearly indicate that by considering a mixture of
compounds the output of the biodegradation obtained after 28
days of the RBD test is strongly affected by the chemical
composition of the starting material affording new mixtures of
compounds that are not fully coincident with that of the
mineral medium that is supposed to be fully degradable into
basic bricks such as carbon dioxide, water, ammonia, and
sulphide.

Furthermore, these results demonstrate that untargeted
analysis performed by UHPLC-qToF offers an interesting
method to evaluate the actual biodegradation of chemical
mixtures, overcoming some limitations on sensitivity shown by
the currently used RBT.

These untargeted analyses provided a holistic overview of the
mixture behaviour suggesting further investigations using
a targeted approach, with the aim to understand the fate of each
specific compound present in the complex mixture after 28 days
of the RBT.
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The same UHPLC-qToF technique used for the untargeted
analysis was used to characterize some compounds present in
mixtures A and B. By means of this method, pure reference
samples of selected compounds such as sucralose, bromhexine
and ambroxol (as its well-known metabolite), were analysed for
their correct identification in mixture A. The MS and MS/MS
experimental data of sucralose®** and bromhexine**** were in
agreement with those reported in the literature (Table S27). The
tentative identification of compounds present in mixture B was
achieved by using a personal compound database and library
(PCDL) of natural compounds present in the laboratory.

In the starting mixtures A and B, based on the high resolu-
tion mass, retention time, MS/MS fragmentation patterns,
isotopic profile and isotopic abundance the compounds 1-6
shown in Fig. 6 were unambiguously identified. (Table S27).

In mixture A 1000 mg L™" after 28 days under the RBT
conditions UHPLC-qToF analysis was used to detect bromhex-
ine (3) and its metabolites. Bromhexine (3) has a typical MS/MS
fragmentation characterized by the benzyl amino bond cleavage
giving rise to two distinctive fragments, an aromatic one which
brings the bromine atoms with a measured m/z at 263.8843, and
a cyclohexane part bonded to the amino group with a measured
at m/z 114.1277 (Fig. 7).

Molecular ion m/z 377.0048 [(M + H+2)'] and of the corre-
sponding fragment ions m/z 114.1280 and m/z 263.8843

Environ. Sci.. Adv, 2022, 1, 725-735 | 731
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Fig. 6 Main components of mixtures A and B identified by UHPLC-
qToF.

(acceptable differences below 5 ppm with the calculated m/z are
observed) clearly indicate that bromhexine and same related
metabolites are still present after 28 days (Fig. 8).

In particular, the extract ion at m/z of 263.8841 (Fig. 8, light
green line) showed that there are several bromhexine metabo-
lites having a bromo aryl fragment as a common characteristic.
Some of them can be assigned (Table S3 and Fig. S1-57) at
different levels of confidence. As an example, it is possible to
identify the structure of ambroxol 7 (level 1) with the experi-
mental data fully superimposable to that of the pure reference
standard identified by characterized fragmentation shown in
Fig. 9.

As described above, from the semiquantitative analysis of
the spectroscopic data, it emerged that 12% of the initial
bromhexine is not degraded after 28 days and that, among all,
the metabolites 8 and 9 (Fig. 9) were the most abundant,
probably because the N-demethylation of bromhexine and
hydroxylation of the cyclohexyl ring were reactions kinetically
favourable for the metabolism of RBT microfauna.

Similarly, the target analysis of sucralose was performed on
mixture A. Searching for the molecular ion at an m/z of 419.0038
[(M + Na)'] after 28 days revealed its presence without any
significant difference in concentration. This result was further

_.114,1277

263.8841 ~. -

~

Fig. 7 Bromhexine (3) typical ESI_MS/MS calculated fragment.
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Fig. 8 Mixture A: (i) bromhexine (5) at TO EIC of m/z 377.0046 (black
line) and at T28 EIC of m/z 377.0046 (brown line), 263.8841 (light
green line) and 114.1227 (orange line).

confirmed by the EIC of its fragment at an m/z of 238.9848, that
evidenced that in this case the presence of correlable metabo-
lites having a common fragmentation was not detectable
(Fig. 10).

The target study on biodegradability of mixture B was per-
formed, focusing attention on the fate of sucrose (4), acteoside
(5), and grindelic acid (6), selected as representative compounds
of the mixture, identified at the T, of the RBT.

The experimental MS/MS fragmentation patterns of acteo-
side (5)***° and grindelic acid (6) have been schematized in
Fig. 14. Acteoside (5) showed the loss of the caffeoyl moiety
corresponding to an m/z of 161.0244 [caffeic acid-H,O-H |,
giving rise to the anion at an m/z of 461.1664 obtained by
difference [M-H-caffeoyl ]. Grindelic acid (6) gave rise to the
mass fragment 205.1596 m/z, assuming a  spiro-
tetrahydrofurane ring opening and further anion rearrange-
ment not yet reported in literature. The elemental composition
of the proposed fragment is C;4H,;0, with a calculated mono-
isotopic exact mass at m/z 205.1596, which corresponds to the
m/z recorded from the fragmentation of grindelic acid pure
standard as well as the sample.

As indicated by the extract ion chromatograms of ions shown
in Fig. 11, 12 and 13 at m/z 341.1089 (M — H), 623.1981 (M —
H)~, and 319.2278 (M — H) , respectively, it was not possible to
detect the presence of compounds 4, 5 and 6, or their direct
derivatives after 28 days of the RBT.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.10 Sucralose (1) at Ty EIC of m/z 419.0038 (brown line); sucralose
(1) at T28 EIC of m/z 419.0038 (green line) and its derivative 238.9848
(light blue line).

Finally, in order to compare the fate of a not fully degradable
API as a pure chemical entity or as a part of a pharmaceutical
formulation the RTB test of pure bromhexine (3) was performed
at 0.7 mg L™ corresponding to its concentration in the mixture
A 1000 mg L~ ". After 28 days the evaluation of the relative area
% (Table S1T) analysis evidenced that only 46% of the pure
compound was degraded (vs. 88% observed in mixture A). This
result is not easy to interpret and can be tentatively attributed to
a higher activity of the microfauna in the presence of other
readily available sources of energy. However, it clearly indicates
that the degradation of a specific molecule can be considerably
different when obtained in its pure form or as a part of
a complex chemical mixture, suggesting that the mixture,
similarly to a complex system, can exhibit some emerging and
non-fully predictable properties.
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Conclusions

In conclusion, based on the results collected in this manuscript
we propose that the use of modern techniques, (such as UHPLC-
qToF) should be considered for a more accurate and reliable
evaluation of biodegradation and, consequently, the environ-
mental impact of pharmaceutical and cosmetic formulations.
We here demonstrated that using an untargeted approach, two
different pharmaceutical formulations that, according to the
currently used analytical protocol, can be considered readily
biodegradable, are indeed not fully mineralized neither
considering the synthetic components nor the natural ones
even if, as expected, they showed a much more advanced
degradation toward the mineral medium. The incomplete
mineralization of a formulation affords a new mixture of
derivatives that may deserve to be analyzed in detail using high
performance methods like those based on mass spectrometry.
Furthermore, we also observed that the biodegradability of
a mixture of compounds cannot be considered as the simple
sum of the biodegradability of each component. In this direc-
tion, the new technologies offer a holistic approach that is able
to consider all at once the fate of the chemical system that has to
be biodegraded and, at the same time, a very sensible target
analysis that is able to elucidate most of the components of the
final chemical fingerprint.

For these reasons, in our opinion, the use of these modern
technologies and the development of new protocols and rules
based on them will improve the ability to predict, control and
prevent the environmental impact of chemical mixtures as
those present in pharmaceuticals, cosmetics, and personal care
products.

The results reported here suggest a new approach in the
evaluation of biodegradability, based more on systemic
thinking, a paradigm that must always be considered when
talking about the environment and biological systems.
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