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ARTICLE INFO ABSTRACT

Keywqrd§: Minocycline hydrochloride (MCH) is a broad-spectrum antibiotic commonly found in aquatic environments that
Antibiotic can adversely affect aquatic ecosystems. Catechin, known for its low chemical stability, can undergo oxidative
BaSIﬁ}clfl“O“ degradation under alkaline conditions. In this study, we used catechin basification to develop a method for
Catechin degrading MCH and determined the effects of MCH degradation on bacterial growth. Approximately 38.0 and
Minocycline . . . . .7 . .
Polyphenol 65.4% of catechin was removed, with dimeric A- and B-type proanthocyanidins being formed, owing to the

reduction of catechin via electron transfer after incubation at pH 10 for 2 and 24 h, respectively. MCH is
stable in alkaline conditions but unstable when subjected to catechin in alkaline solutions. The percentages of
degraded MCH and catechin were 57.1 and 65.4%, respectively, when mixed and incubated at pH 8 for 24 h.
When MCH was incubated at pH 10 in the presence of catechin for 2 and 24 h, 62.3% and 87.4% of MCH and
56.2% and 98.3% of catechin were degraded, respectively, owing to the electron transfer induced by catechin
basification, suggesting that the synergistic degradation of catechin and MCH is enhanced in alkaline solutions.
The changes in the structure of MCH in the MCH-catechin system were confirmed by an ion signal at m/z 472,
namely, the molecular formula C,,H, N.O,, and a mass of 473.5 g/mol. The effects of MCH and the degraded
MCH on bacterial growth curves were examined. The treatment of MCH upon mixing with catechin, followed by
2h incubation at pH 8, led to bacterial growth rates of 0.037 and 0.057 h~!, respectively. After treatment with
MCH-catechin, the bacterial growth curve steepened, indicating that MCH degradation reduces its antimicrobial
activity under alkaline conditions. The results of this study highlight the potential for developing a simple and

safe method to degrade MCH using catechin in alkaline conditions.

1. Introduction

Tetracyclines (TCs), a class of broad-spectrum antibiotics, inhibit
protein synthesis in microorganisms by disrupting the binding of
aminoacyl-transfer ribonucleic acid to the bacterial ribosome [1].
TCs are used to treat animal diseases and as sub-therapeutic growth
promoters in various ways [2]. After systemic administration, >70%
of TCs in animals or humans are excreted through feces and urine [3].
It is important to note that the unrestricted release of wastewater
containing pharmaceuticals into natural water bodies or sewers leads
to a different level of contamination [4,5]. Waste containing TCs poses
a critical threat to the environment [6], and the removal of TCs from
waste is crucial for the preservation of ecosystems.

Minocycline hydrochloride (MCH) is an antibiotic belonging to the
TC class and is used to treat various infections [7]. MCH comprises
a linearly fused tetracyclic structure (rings labelled A, B, C, and D)
with a dimethylamino group at position 7 and, unlike some of its TC
counterparts, no methyl or hydroxyl groups at position 5, as shown in

Figure 1(a). In solution, TCs become unstable when irradiated with UV
light [8]. However, MCH is more stable under blue light irradiation
(BLIA) than doxycycline hyclate (DCH). MCH is less photosensitive than
DCH because of the dimethylamino group on ring D, which stabilizes
MCH during photodegradation, whereas DCH lacks a similar amino
group [9]. Waste containing MCH poses a serious environmental threat,
necessitating its removal from wastewater. The photodegradation
procedures are often used to degrade TCs. UV irradiation alone is
less efficient for MCH removal. Metal-based catalysts, particularly
those containing heavy metals such as ferric oxide [10], ferrous or
ferric ions/hydrogen peroxide [11], nano-magnetite compounds [12],
strontium titanate [13], titanium (IV) oxide [14,15], and zinc oxide
[16,17] treated with visible or UV irradiation are often used to enhance
the photocatalytic degradation of TCs, particularly in MCH. However,
UV radiation and heavy metals are toxic. Furthermore, a green tea/
ferrous ion system reductively degrades 1,1,1-trichloroethane under
alkaline conditions (pH 10) by creating an electron-rich environment
and initiating interactions between green tea and ferrous ion [18].
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Figure 1. Chemical structures of (a) MCH and (b) catechin.

Nevertheless, polyphenols are naturally occurring organic compounds
with phenolic hydroxyl groups [19]. Under alkaline conditions, the
dissociation of a proton from the hydroxyl group of polyphenol forms a
phenolate anion and creates an electron-rich environment. Polyphenols
are potential alternatives to metal-based catalysts.

Catechin is a polyphenol abundant in chocolate, grapes, green tea,
wine, and numerous other plant species. For example, polyphenols
account for approximately 10%-30% of the dry weight of green tea
leaves [20]. Among the polyphenols found in green tea, 80% are
catechins, which exhibit anti-ageing, antioxidant, and antibacterial
properties [21-23]. As shown in Figure 1(b), catechin is an organic
compound belonging to the flavan class and is characterized by five
hydroxyl groups attached to its core structure.

The total phenol content of a sample is typically expressed in terms
of its catechin equivalent, which is a quantitative standard. The Folin-
Ciocalteu (FC) assay is commonly used to measure total polyphenol
content in biologically relevant samples. Under acidic conditions, a
mixture of polyphenols and FC reagent (FCR) is stable; however, under
alkaline conditions, the dissociation of a proton from the hydroxyl
group forms a phenolate anion, which reduces FCR, leading to the
reduction of the mixture. This reaction, unique to alkaline conditions,
results in a colour change via an electron transfer mechanism [24].

Catechin is chemically unstable and readily oxidized in aqueous
solutions [25]. Beverages containing catechins undergo oxidative
and non-enzymatic browning reactions when significant pH changes
occur [26]. Previous studies have shown that catechins in green tea
are highly unstable in alkaline solutions (pH > 8) and can degrade
completely within mins, whereas they exhibit greater stability in acidic
solutions (pH < 4) [27]. In aqueous alkaline solutions, catechin loses its
hydrogen atoms during oxidation and forms a semiquinone intermediate
before further oxidation to form quinone [28,29]. Although stable under
acidic conditions, catechin is significantly unstable when subjected to
heat treatment at alkaline or neutral pH [30]. Chen et al. demonstrated
that, under alkaline conditions, catechin undergoes esterification with
dicarboxylic acids as the temperature increases [31]. Using high-
performance liquid chromatography (HPLC) and mass spectrometry
(MS), they also found that, under heat treatment at pH 8, catechin is
degraded via the breaking of its ether linkage and oxidation to form an
isomeric intermediate [30].

Catechin is also unstable under light irradiation at alkaline or neutral
pH. Under weak alkaline conditions and BLIA, catechin generates
B-type proanthocyanidins and oxidized quinone intermediates, with
anionic superoxide radicals forming simultaneously in a photooxidation
reaction [23-32]. This process inhibits the growth of Acinetobacter
baumannii (A. baumannii) by at least 4 log units and deactivates the
multi-drug-resistant strain of the bacterium.

Escherichia coli (E. coli), which is commonly found in the digestive
systems of animals, is often used as an indicator of pathogenic
contamination in potable water or food systems. High levels of E. coli can
cause severe food poisoning in humans and are sometimes responsible
for food recalls [33]. E. coli can survive outside the body, making it an
effective indicator for detecting fecal contamination in environmental
samples [34]. Therefore, if the antimicrobial effectiveness of MCH is
reduced through degradation, an environmentally friendly approach to
wastewater treatment can be adopted.

Phenolic compounds, such as catechin, are unstable under alkaline
conditions and readily dissociate into protons to form short-lived
intermediates and radicals. These unstable intermediates and radicals
can participate in various oxidation reactions, altering the chemical
structures of the compounds involved. Waste containing MCH poses a
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serious threat to the environment. The oxidation of catechins may lead to
the degradation of MCH, thereby reducing its antimicrobial activity and
indicating an environmentally friendly wastewater treatment approach.
This study aims to determine the effects of catechin basification on the
degradation of MCH and the effect of degraded MCH on the reduction
in antimicrobial activity under alkaline conditions. By harnessing the
oxidative properties of catechin under alkaline conditions, a method
for effectively degrading harmful antibiotics in wastewater can be
developed. The effect of degraded antibiotics via catechin treatment on
the viability of bacteria is used as an indicator to measure the efficiency
of the technique.

2. Materials and Methods

2.1. Chemicals

(+)-Catechin (C_H O, was purchased from Toronto Research

Chemicals Inc. (Toronto, ON). MCH (C,,H,,CIN,0,) was purchased
from Tokyo Chemical Industry Co. (Tokyo, Japan). Monopotassium
phosphate (KH,PO,), dipotassium phosphate (K,HPO,), and FCR were
purchased from Sigma-Aldrich (St. Louis, MO). A Milli-Q system was

used to prepare ultra-pure water for the aqueous solutions.

2.2. Effect of pH on (+)-catechin and MCH solutions

The effect of pH on catechin and MCH was determined using
an enzyme-linked immunosorbent assay (ELISA) reader provided
by Thermo Fisher Scientific (Multiskan, Waltham, MA). Solutions
were prepared as follows: (A) catechin (1 mM) was dissolved in 0.1
M phosphate-buffered saline (PBS) (pH 6, 8, and 10); (B) MCH (0.1
mM) was dissolved in PBS (pH 6, 8, and 10); and (C) a mixture of 0.1
mM MCH and 1 mM catechin was dissolved in PBS (pH 6, 8, and 10).
Portions of the MCH and catechin solutions were incubated in the dark
for 2 or 24 h. The absorbance of catechin solutions was recorded in the
wavelength range of 300-800 nm using an ELISA reader.

2.3. Effect of pH on a mixture of catechin and MCH solution using
a high-performance liquid chromatography-mass spectrometry (HPLC-MS)

The effect of pH on catechin and MCH solutions in PBS was
evaluated using HPLC-MS, as described in previous studies [23-32].
Solutions were prepared as described in Section 2.2. The solutions
were analysed using an Agilent 1200 Series HPLC system coupled with
a 6410B triple quadrupole tandem MS equipped with electrospray
ionization (ESI) as the ionizing source (Agilent Technologies, Palo
Alto, CA). The MS analysis was conducted in negative ion mode. The
operating parameters were as follows: drying gas (N,) at a temperature
and flow rate of 350°C and 11 mL/min, respectively; a nebulizer gas
pressure of 50 psi; a capillary voltage of 3700 V; and a temperature of
280°C. Data were collected over a full-scan range of 100-1,000 atomic
mass units (amu). The data were processed using Agilent Mass Hunter
Workstation software (version B.06.00).

The solutions were eluted at 40°C using a Poroshell 120 EC-C18
column (length = 150 mm, inner diameter = 4.6 mm, and particle
size = 2.7 pm) provided by Agilent Technologies (Palo Alto, CA). The
solutions were prepared as described in Section 2.2 and filtered through
a Millipore 0.45 pum filter (Brighton, MA) before each analysis.

MCH and catechin, along with their degradation products, were
separated using HPLC, with a mobile phase comprising methanol as
solvent A and 0.1% formic acid as solvent B. The elution profile was
established using a linear gradient of solvent A as follows: 0-3 min,
1%-10%; 3-10 min, 10%-20%; 10-16.5 min, 20%-75%; 16.5-20 min,
75%-50%; and 20-23 min, 50%-1%. For each analysis, a 5 L reaction
solution was injected and eluted at a flow rate of 400 pL/min.

2.4. Total phenol content

The total phenol content of catechin was evaluated using the FC
method with slight modifications [31]. A phenolate anion produced by
the dissociation of a phenolic proton can reduce FCR [24]. To perform
the assay, we mixed 250 pL of 1 mM catechin solution with 250 pL
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of 1 N FCR and 4.5 mL of PBS (pH 6, 8, and 10). The mixture was
incubated at room temperature for 25 mins. The phenolic content was
determined by measuring the extent of the reduction of Mo®" to Mo*,
with absorbance recorded at 730 nm [24] using an ELISA reader.

2.5. Effects of MCH and its degradation on bacterial growth curves

The E. coli DH5a strain (NCBI Taxonomy ID: 668369) was obtained
from the Bioresource Collection and Research Centre and cultured
overnight in Lysogeny broth at 37°C. Following incubation, 1 mL of
the culture was transferred into an Eppendorf micro-centrifuge tube
and diluted to obtain an optical density of 0.2 at 600 nm (OD, )
(approximately 3.0 x 10° colony-forming units/mL). A 2.8 mL bacterial
solution was then prepared, to which 0.2 mL of catechin (1 mM) and
MCH (0.1 mM) or degraded MCH (D-MCH) was added. To prepare
D-MCH, we dissolved 0.1 mM MCH and 1 mM catechin solutions in PBS
at pH 8, followed by incubation for 2 h. The bacterial growth curves
were monitored by measuring absorbance (OD,,) using an ELISA
reader. For each sample, measurements were obtained every 20 min
for a 3 h incubation period at 37°C, with agitation at 150 revolutions
per minute (rpm).

2.6. Statistics

All tests were conducted in triplicate. A one-way analysis of variance
was used to determine the differences between the two samples.
For comparisons between two groups with statistically significant
differences, the unpaired Student’s t-test was used. The results are
presented as mean + standard deviation for each experiment, with
statistical significance defined as p < 0.05.

3. Results and Discussion

3.1. Effect of pH on the color of catechin solution

The effect of pH on the colour of the catechin solution was assessed.
As shown in Figure 2(a), the catechin in PBS (pH 6 and 8) was
transparent; however, it turned yellow at pH 10. The absorption spectra
of 0.17 mM catechin varied with pH. As shown in Figure 2(b), 0.17 mM
catechin at pH 10 exhibited a peak at 426 nm.

3.2. HPLC-MS analysis of catechin at different pH values

Catechin and its oxidized products were analysed using HPLC-
MS. The total ion chromatograms of catechin at different pH (6, 8,
and 10) have been shown in Figure 3. Figure 3(a) shows the total
ion chromatogram for catechin in PBS at pH 6, with a peak at 17.884
min corresponding to a mass-to-charge ratio (m/z) of 289 (Figure 3e),
indicating the presence of quasi-molecular anions [M-H] .

Following incubation at pH 10 for 2 h, the total ion chromatogram
revealed the presence of several basification products eluted at 8.655,
11.549, 14.422, 15.631, 17.929, 18.458, and 19.190 mins, with ion
fragments detected at m/z 575, 575, 591, 577, 289, 303, and 289,
respectively, as shown in Figure 3(c). After 24 h of incubation at pH
10, catechin decomposition was observed (Figure 3d). The basification
products were eluted at 8.49, 11.4, 14.213, 14.758, 15.355, 16.213,
17.824, 18.399, and 19.190 mins, with ion fragments at m/z 575,
575, 591, 577, 577, 287, 289, 303, and 289, respectively. The relative
amount of 1 mM catechin after incubation was 100% at pH 6, 101.3%

-++--+(D) Catechin pH 10 24h
- - —(C)Catechin pH 10 2h
= (B) Catechin pH 8 2h
—(A)Catechin pH 6 2h

Absorbance

(A)pHS

(B)pHS (C)pH 10 (D)pH 10 e
24h nm

Figure 2. Changes in the (a) colour of 1 mM catechin and (b) absorption spectra of
0.17 mM catechin incubated at different pH levels: (A) 6, (B) 8, and (C) 10 for 2 h, and
(D) 10 for 24 h.
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Figure 3. Total ion chromatograms of 1 mM catechin incubated at pH (a) 6, (b) 8, and
() 10 for 2 h and (d) 10 for 24 h in the dark, as determined using HPLC-MS. The inset
shows the mass spectrum of (e) catechin alone. (f) Relative content of 1 mM catechin
incubated at pH 6, 8, and 10 for 2 h and at pH 10 for 24 h in the dark, as determined
by HPLC-MS. Statistically significant differences (p < 0.05) between the two groups are
indicated by different letters above each bar.

at pH 8, and 62.0% at pH 10 after 2 h, and 34.6% at pH 10 after 24 h
(Figure 3f).

3.3. Effect of pH on MCH

In Figure 4, the effect of pH on the colour of the MCH solution was
also investigated. The MCH in PBS (pH 6, 8, and 10) was transparent,
as shown in Figure 4(a). The absorption spectra of 0.1 mM MCH at
different pH values are shown in Figure 4(b). At pH 10, a peak at 382
nm was observed for MCH.

3.4. HPLC-MS analysis of MCH at different pH values

The total ion chromatograms for MCH incubated at pH 6, 8, and 10
for 2 h and 10 for 24 h were acquired via HPLC-MS analysis and are
shown in Figure 5. As shown in Figure 5(a), the total ion chromatogram
of an aqueous MCH solution at pH 6 shows a peak at 18.8 min,
corresponding to its elution, as confirmed by its molecular ion at m/z
456 (Figure 5e). The intensity of the MS peak was obtained in [M-H] -
mode.

The MCH content after incubation at pH 6, 8, and 10 for 2 h and
10 for 24 h was determined using HPLC-MS. No statistically significant
difference was observed between the relative percentages of MCH
incubated at pH 8 and 10 for 2 h or at pH 10 for 24 h (Figure 5f).

As shown in Figure 4(b), the spectra of 0.1 mM MCH exhibited a
red shift in the stimulated emission as the pH increased, indicating the
behaviour of MCH under alkaline conditions. Notably, an isosbestic
point was observed (Figure 4b), indicating the deprotonation of MCH.
Proton and charge transfer studies have shown that MCH exists as
MCH," (neutral zwitterionic species), MCH", and MC*~ at pH 6.4, 9.0,
and 11.3, respectively, with deprotonation occurring under alkaline
conditions [35]. The relative percentage of MCH was consistent at pH
6, 8, and 10 after 2 h of incubation (Figure 5f). MS ionizes molecules
to form molecular ions, providing information about their molecular
weight, elemental composition, and fragmentation patterns. As shown

(a) (b)

——(D) MCH pH 10 24h
0.8

- U o (—— (C) MCH pH 10
206
£ ——(B) MCH pH 8
| £ 04 ———(A)MCH pH 6
= P!
0.2
(A)pH6  (B)pH8 (C)pH10 (D)pH10

0.0 4
24 H 300 400 500 600 700 800
nm

Figure 4. (a) Change in the colour of a 0.1 mM MCH solution incubated at pH (A) 6,
(B) 8, and (C) 10 for 2 h and (D) 10 for 24. (b) Absorption spectra of a 0.1 mM MCH
solution incubated at pH (A) 6, (B) 8, and (C) 10 for 2 h and (D) 10 for 24 h.



Huang et al.

2
@ 1 MCH pH 6

coooo~
NS ®

[
=
™

MCH pH 8

(b)

=
=)
™

MCH pH 10 2h

—~
)
~

Related detector response
-

gees
Nk o

°LE88”
}—}}

MCH pH 10 24h

123 45 67 8 910111213 14151617 1819 202122

Arabian Journal of Chemistry 2025 18 (7) 2742024

[
=)
® =

MCH 456

©
R IS
-+ b

Related detector response
-

100 150 200 250 300 350 400 450 500
wz

[
% o w
S & S

60
40
20

Relative percentage (%)

e

pH 6 pHS pH 10 pH 10
24h

Figure 5. (a) Total ion chromatograms of a 0.1 mM MCH solution incubated at pH (a) 6, (b) 8, and (c) 10 for 2 h and (d) 10 for 24 h in the dark, as determined via HPLC-MS
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in Figure 5, the mass spectra of MCH at different pH values were
consistent with that of deprotonated MCH, with a molecular weight of
456 Da, as determined by ESIL.

3.5. Changes in catechin solution after the addition of MCH at pH 10

The effect of pH on catechin, as indicated by the observed colour
change after the addition of MCH, was assessed. When 1 mM catechin
was mixed with 0.1 mM MCH in PBS at pH 10 and incubated for 2 or
24 h, the solution turned yellow, as shown in Figure 6(a).

The spectra of a 1 mM aqueous catechin solution before and after
the addition of a 0.1 mM MCH at pH 10 are shown in Figure 6(b).
Upon the addition of MCH and subsequent incubation for 2 and 24 h at
pH 10, peaks characteristic of catechin appeared at 412 and 431 nm,
respectively (Figure 6b).

3.6. HPLC-MS analysis of catechin solution following the addition of an
aqueous alkaline MCH solution

The MCH concentrations at pH 8 and 10 after incubation for 2 and
24 h were determined using HPLC-MS. The MCH concentrations after
incubation at pH 6, 8, and 10 for 2 h and at pH 10 for 24 h showed
no statistically significant differences, as shown in Figure 5(f). At pH
8, the concentrations of MCH (initial concentration = 0.1 mM) were
0.047 and 0.043 mM, corresponding to 47.3% and 42.9%, after 2 and
24 h of incubation with catechin, respectively, as shown in Figure 7(a).
No statistically significant difference (p = 0.12) was observed between
the relative percentages of MCH at pH 8 for 2 and 24 h incubation

(A) Catechin pH10

(a) (b)
s = % ===-(D) Catechin+MCH pH 10 24h
-_— { A
i 3 (C) Catechin+MCH pH 10
' /' \ ——(B)MCH pH 10

V ' |
2
J 1

(A)Catechin (B)YMCH (C)Catechin (D) Catechin
+MCH  +MCH24h o4

Absorbance

\
\
)
i}

Figure 6. (a) Colour change of (A) 1 mM catechin, (B) 0.1 mM MCH, and (C) 0.1 mM
MCH in the presence of 1 mM catechin and incubated for 2 h at pH 10, and (D) 0.1 mM
MCH in the presence of 1 mM catechin and incubated for 24 h at pH 10. (b) Absorption
spectra of (A) 1 mM catechin, (B) 0.1 mM MCH, and (C) 0.1 mM MCH in the presence
of 1 mM catechin and incubated for 2 h at pH 10, and (D) 0.1 mM MCH in the presence
of 1 mM catechin and incubated for 24 h at pH 10.

with catechin (Figure 7a). At pH 10, the concentrations of MCH were
0.038 and 0.013 mM, corresponding to 37.7% and 12.6%, after 2 and
24 h of incubation with catechin, respectively, as shown in Figure 7(a).
These results indicate that the degradation of MCH is enhanced in the
presence of catechin under alkaline conditions.

The catechin concentrations were determined at pH 8 and 10
after incubation for 2 and 24 h. No statistically significant difference
(p = 0.28) was observed between the relative percentages of catechin
at pH 8 for 2 and 24 h incubation with MCH (Figure 7b). At pH 10,
the concentrations of 1 mM catechin in the presence of 0.1 mM MCH
were 0.438 and 0.017 mM after 2 and 24 h of incubation, respectively.
The relative percentages of catechins were 62.0% and 34.6% after
incubating catechin alone for 2 and 24 h at pH 10, respectively, as
shown in Figure 3(f). As shown in Figure 7(b), the relative percentages
of catechins in the presence of 0.1 mM MCH were 43.8% and 1.7% after
2 and 24 h of incubation at pH 10, respectively. These results indicate
that catechin degradation is enhanced to some degree in the presence
of MCH under alkaline conditions.

The total ion chromatograms obtained from the HPLC-MS analysis
of catechins in the presence of MCH at pH 10 after incubation for 2 and
24 h have been shown in Figure 8. As shown in Figure 8(a), the total
ion chromatogram of the MCH solution at pH 10 shows a peak at 18.8
min with fragmented ion species at m/z 456. As shown in Figure 8(c),
the total ion chromatogram of MCH was significantly reduced after 2
h of incubation with catechin at pH 10, with the basification products
eluting at 14.743, 15.295, 17.802, 18.384, 18.884, and 19.107 min and
characteristic ion fragments detected at m/z 577, 577, 289, 303, 456,
and 289, respectively. Figure 8(d) shows the further degradation of the
total ion chromatogram of MCH after 24 h of incubation with catechin
at pH 10, with the basification products (after adding MCH) eluting
at 8.468, 11.341, 14.191, 14.601, 16.108, 17.794, 18.175, 18.369,
18.869, and 19.234 min and characteristic ion fragments detected at
m/z 575, 575, 591, 472, 287, 289, 287, 303, 456, and 303, respectively.

3.7. Total phenol content at different pH values

The effect of pH on the phenol content of catechin was evaluated
using a modified FC method. As shown in Figure 9, the phenol content
of catechin at pH 10 was approximately 1.64-fold higher than that at
pH 6. According to the FC method for polyphenol analysis in aqueous
alkaline solutions, phenolic compounds tend to dissociate into an
anionic phenolate, which reduces Mo®" in the FCR to Mo® via electron
transfer [31]. However, catechin is unstable at pH 10 and undergoes
significant decomposition via electron transfer.
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Figure 8. Total ion chromatograms obtained from HPLC-MS analysis at pH 10 for (a)
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of (e) degraded MCH (D-MCH) after basification in the MCH—catechin system.

3.8. Effects of incubating MCH in the presence of catechin on bacterial
growth curves

MCH is a TC antibiotic that poses a significant environmental
threat when TC-containing waste is released [6]. The effects of MCH
and D-MCH on bacterial growth curves were examined. The bacterial
growth curves for MCH and D-MCH over 0-3 h are shown in Figure 10.
There was a significant difference (p < 0.05) between the growth rate of
D-MCH and MCH (Figure 10). The growth rate constants for D-MCH and
MCH were 0.057 and 0.037 h~, respectively, indicating that the MCH-
catechin system reduces the antibiotic activity of MCH. Furthermore,
D-MCH obtained via the MCH-catechin interaction exhibited lower
antibacterial activity against E. coli, as shown in Figure 10.

Catechin is stable under acidic conditions; however, it is significantly
unstable under neutral or alkaline conditions. The catechin spectra
varied significantly for different pH values. As shown in Figure 2(b),
the spectra of the catechin solution at pH 10 showed an absorbance
band in the 350-450 nm range. This band can be attributed to the
formation of chromogenic catechin derivatives induced by structural
rearrangement in aqueous alkaline solutions. This study demonstrated
that MCH degradation was significantly increased by the structural
rearrangement of catechin incubated at pH 10.
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Figure 9. Effects of pH on 1 mM catechin in the Folin-Ciocalteu (FC) assay at pH 6,
8, and 10. Statistical differences (p < 0.05) between the two groups are indicated by
distinct letters above each bar
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Figure 10. Effects of catechin, D-MCH, and MCH on E. coli growth curves at pH 8

The effect of catechin basification on MCH degradation was
examined after incubation at pH 10. When incubated in the presence
of 1 mM catechin at pH 10 in the dark for 24 h, 87.4% of MCH was
degraded. The structural modification of MCH may significantly alter
its properties. To maintain the antibacterial efficacy of TCs, each of the
four linearly fused carbon-based rings must be six-membered [1]. Our
previous study showed that TC degradation via riboflavin-5’-phosphate
(FMN) photolysis markedly reduced the antimicrobial efficacy of TCs,
leading to the formation of degraded TCs with the molecular formula
C,,H,,N,O, [3]. The main ion fragment of MCH was detected at m/z
456. However, after 2 h of incubation in the presence of catechin at
pH 8 and 10, 52.7% and 62.3% of the MCH degraded, respectively.
In addition, although the major ion fragment of MCH was detected
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at m/z 456, an ion fragment at m/z 472 was observed for the MCH-
catechin system at pH 10 (Figure 8). ROS-mediated TC degradation
via FMN photolysis significantly decreases antimicrobial activity [3].
E. coli growth curves for MCH and D-MCH over 0-3 h are shown in
Figure 10, with a growth rate of 0.057 h~! for D-MCH and 0.037
h-! for MCH. It shows that the D-MCH obtained from MCH-catechin
treatment is efficient in the preservation of ecosystems due to its lower
antibacterial activity. However, the limitations of this study are that
(1) the degradation of MCH is reliant on the basification of catechin;
i.e., the pH needs to be adjusted in aquatic systems, and (2) the E.coli
(a Gram-negative bacillus) growth assay was inhibited in this study, so
the effects of MCH-catechin upon basification on the growth of Gram-
positive bacteria or protozoan parasites can be further studied by this
system.

In solutions, TCs become unstable when irradiated with UV light
[8]. However, MCH is more stable under BLIA than DCH. MCH is less
photosensitive than DCH [9]. In addition, TC degradation by FMN under
BLIA was significantly reduced due to the generation of reactive oxygen
species (ROS) [3]. Previous studies have shown that catechin generates
ROS during photolytic reactions under BLIA [36], which inhibits
the growth of A. baumannii [23]. In this study, MCH was degraded
by 69.9% after incubation at pH 10 for 2 h in the presence of 1 mM
catechin under BLIA at 6.0 mW/cm? (data not shown), compared with
a 62.3% reduction under identical conditions without light treatment
(Figure 7), whereas the photolysis of catechin under BLIA at 6.0 mW/
cm? for 2 h increased the degradation by 7.6%. It would be of interest to
examine whether catechin-treated MCH, after exposure to visible light,
could increase the degradation of MCH via ROS generated through a
charge transfer process using catechin photolysis for future research.

HJC\ /CH3

N N HaC

N/CH3

H
[¢]

OH O o (e}

(C) minocycline
m/z 456 (Ca3H27N307)

0O, OH

Oxidation of B-rings via 2e”
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This study used HPLC-MS to identify the products of catechin and
MCH oxidation by atmospheric oxygen and base-catalyzed reactions.
The strongly alkaline conditions led to the concurrently increased
hydrolysis and oxidation of both catechin and MCH, as shown in
Figures 11, respectively. Simultaneously, peroxidation, base-catalyzed
cleavage, and atomic rearrangements occurred extensively on the
B- and C-rings of flavanol, producing simple aldehydes or acids as
intermediates during catechin degradation. Furthermore, many dimeric
compounds were generated [37].

Catechin content decreased after alkalization and BLIA at 2.0 mW/
cm? for 4 h, with a corresponding increase in B-type proanthocyanidin
levels under identical conditions [38]. Under aerobic and alkaline
conditions, the photooxidative process for catechin under BLIA generates
anionic superoxide radicals and a chromogenic catechin dimer (m/z
577) via electron transfer induced by photosensitized oxidation [23].
As shown in Figure 3(f), 38.0% and 65.4% of 1 mM catechin were
degraded after incubation at pH 10 for 2 and 24 h, respectively, with
characteristic ion signals at m/z 287, 289, 303, 575, 577, and 591.

The antioxidant activity of flavonoids is significantly influenced
by the pH of the medium, and their reducing power is notably higher
under alkaline conditions. At higher pH values, catechins release more
electrons, facilitating electron flow [39]. Based on solvent effects,
including kinetic isotope effects and activation parameters, electron
transfer from catechin to dissolved oxygen generates ROS, such as
anionic superoxide radicals and peroxyl radical (HOO-), along with the
protonation of the incipient hydrogen peroxide (H,O,) under specific
conditions [40]. The generation of these ROS is significantly enhanced
by the deprotonation of phenolic compounds at high pH, forming
phenoxy anions that more readily donate electrons compared to their
protonated counterparts. The strong oxidizing or reducing ability of
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(a-m) Synergistic degradation mechanism of catechin and MCH in an alkaline solution. The strong alkaline conditions lead to increased hydrolysis and oxidation of both

catechin and MCH. The products of catechin and MCH oxidation by atmospheric oxygen and base-catalysed reactions are analyzed by an HPLC-MS assay.
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flavanols primarily arises from the o-hydroxyl groups on aromatic
rings, which are directly related to ROS formation during flavanol
autoxidation [37,41,42]. During catechin oxidation, anionic superoxide
radicals and semiquinone intermediates play a significant role in the
reaction because their stability increases with increasing pH, explaining
the pH-dependent nature of the oxidation process [29]. The reaction
mechanism of anionic superoxide radicals with phenolic derivatives
involves a two-electron transfer process coupled with proton transfer in
the transition state, as indicated by negative activation entropy values,
which suggests solvent reorganization to facilitate proton transfer [43].

In this study, a mechanism is proposed for the formation of H,0,
during the base-catalyzed oxidation of the interaction between MCH
and catechin. The process involves reactions Egs. (1)-(4), including
the pH-dependent initiation of superoxide formation, and the redox
reaction that involves MCH and catechin. In the final reaction, the
redox reaction is driven by the hydroperoxyl radical, resulting in the
formation of MCH and catechin redox reaction products and H,0,, and
promotes the hydroxylation reaction.

0,+e >0} ®
0.27 + H+ PpH10, e transfer HOO. (2)
then

HOO" + MCH

PH10, e transfer 3)

H,0, + Clla-hydroxy-MCH (degraded compound)

2HOO' + catechin pTTTRp— @
H,0, + O, + Catechin O/P-quinone (degraded compound)

MCH binds in a large, tunnel-shaped active site in close contact with
catechin, a cofactor acting as a reductant, and forms pre-orientated
adducts for regioselective hydroxylation to form C-1la-hydroxy-
minocycline under aerobic conditions [44]. The C11a-C12 double bond
of MCH was much more susceptible for free radicals to attack through
an electron-withdrawing substituent from adjacent electron-donating
groups of catechin, making C11a-C12 the most susceptible position for
hydration [45] to hydroxylate by oxygen transfer from H,O, onto the
aromatic ring, after which an intermediate epoxide is formed that can
spontaneously rearrange into a hydroxyl group on Clla [46]. During
this reaction, an intermediate a-hydroxy ketone of MCH is produced.
The enol tautomer of the (-diketone is an activated double bond in

minocycline

Ca3H27N307

_ >
pH10
electron-donating

functional groups of
catechin
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which the keto-enol motif at C-11a/C-12 undergoes deprotonation,
leading to the hydroxylation of C-11a and forming an a-hydroxy ketone
at the C-11a-C-12 position [47]. The product of the interaction between
MCH and catechin at pH 10 has the molecular formula C,,H, N.O, (m/z

23772777378
472) from C,,H, N,O, (m/z 456) of MCH, as shown in Figure 11(d) and
Figure 12.
Flavanol (catechin) degradation occurs spontaneously via

autoxidation, and the rate of autoxidation is significantly influenced by
factors such as temperature, humidity, and pH. Owing to the stabilizing
effects of intramolecular hydrogen bonding and the low-energy
transformation of unsaturated conjugated systems, o-/p-polyhydroxy-
substituted aromatic groups, such as catechol, pyrogallol, and quinol
moieties, donate electrons more efficiently than their m-substituted
counterparts, leading to the formation of the o-quinone derivatives
found in the original sample [37-48].

The base-catalyzed oxidation of catechin involves three key steps:
oligomerization, rearrangement, and hydroxylation [46]. The main
oligomerization and rearrangement products formed by the oxidation
of polyphenol and hydroxylation are structurally represented by oxygen
transfer from H,0, onto the aromatic ring [46]. The roles of electron
transfer and oxidative pathways in catechin degradation are as follows:
the oxidation of B-rings via the 2e- pathway (Pathl), and the oxidation
path of A- and C-rings via the 2e” pathway (Pathll), respectively.

Path I: Oxidation of catechin proceeds in two successive steps, with
the final product being the o-quinone derivative flavan-3-ol o-quinone,
as evidenced by the molecular ion peak at m/z 287 (C ;H,,0,), as shown
in Figure 11(e).

PathII: Li and Deinzer highlighted that, for the accurate identification
and characterization of proanthocyanidins, the following aspects need
to be considered: 1. Molecular ion peaks (M-H) in the negative ion
mode of MS, such as m/z 577 for B-type proanthocyanidin and m/z
575 and 591 for A-type proanthocyanidins derived from catechin
monomeric units, indicate oligomer formation. 2. The fragmentation
pathway described by Gu et al. provides insights into the hydroxylation
of B-rings and bonding between monomeric units. In addition, quinone
methide fragmentation, which defines the two monomeric units and
the loss of H,O from the C-ring, indicates the presence of an epicatechin
unit [49,50].

Herein, two types of oligomerizations were identified:
proanthocyanidin dimers at m/z 577 and prodelphinidin dimers at m/z
591. Mechanistically, proanthocyanidins are formed via the two-electron
oxidation of the A-ring of catechin, yielding a p-quinide intermediate,
as shown in Figure 11(f). Alternatively, the formation of a carbocation
at C-4 of catechin can be hypothesized, which would occur via two-
electron oxidation followed by loss of a proton, producing a phenolate
carbocation, as shown in Figure 11(g). The phenolate carbocation acts

0,

hydroxylation

(b)

C11a-hdroxy-minocycline

m/z 472
C23H7N30g

oxidation

- HOO-

Figure 12. Hydroxylation of minocycline (a) minocycline and (b) C-11a-hydroxy-minocycline.



Huang et al.

as a strong electrophile and can be attacked by catechin molecules,
leading to the formation of catechin dimeric oxidation products,
particularly the B-type proanthocyanidin dimer at m/z 577 (C, H,0,,)
[51,52] (Figure 11h). Furthermore, the B-type proanthocyanidin dimer
converts into an A-type dimer through intramolecular oxidation, which
shows a molecular ion peak at m/z 575 [52,53], as shown in Figure
11(D). The second type, the prodelphinidin dimer at m/z 591, indicates
the presence of an A-type dimer formed from gallocatechin quinide and
catechin, as shown in Figure 11(m). During the initial stage of dimer
formation, the two-electron oxidation of the A- and C-rings produces a
p-quinide intermediate with a rearranged structure.

The ions at m/z 303, identified as p-quinone gallocatechin, were
formed via a series of processes involving the hydrolysis, oxidation, and
5’-hydroxylation of the B-ring. Flavan-3-ols are non-planar owing to
their saturated C-3 element and represent the most structurally complex
subclass of flavonoids, which can form gallocatechin via hydroxylation
at the C-5’ position of the B-ring [54,55]. These derivatives are short-
lived intermediates and undergo polymerization in aqueous solutions
at high pH [37], as shown in Figure 11(j). Subsequently, a p-quinide
gallocatechin carbocation can also form after the two-electron oxidation
of the B-ring, and a structural rearrangement process promotes
prodelphinidin dimer A generation, as evidenced by an ion peak at m/z
591 (Figures 11(k), (1), and (m), respectively).

Under BLIA, catechin undergoes photolysis and polymerization, as
indicated by the characteristic m/z ion signal at 577, corresponding
to B-type proanthocyanidin [38]. This study demonstrated that, under
alkaline conditions (pH 10), both A- and B-type proanthocyanidins
were generated and identified by their characteristic ion fragments at
m/z 577 and 575, respectively, owing to condensation reactions. The
catechin dimer is present in many foods, including apples, blueberries,
chocolate, and cranberries [56-58]. In addition to their role as cancer
chemopreventive and anti-inflammatory agents, proanthocyanidins
can also alleviate the risk of cardiovascular mortality [59]. Therefore,
the strengths of this study are as follows: (1) the basification of flavan-
3-ols under alkaline conditions effectively produces proanthocyanidin,
a naturally occurring antioxidant; (2) catechin is a natural compound
with no toxicity in aquatic systems, and as such, the basification of
catechin provides a safe means of MCH degradation in water; (3)
catechin, when mixed with MCH in an alkaline solution, significantly
enhances MCH degradation, indicating potential environmental
applications; and (4) the degraded MCH obtained from MCH-catechin
treatment is efficient in the preservation of ecosystems due to its lower
antibacterial activity.

4, Conclusions

Phenolic compounds are unstable and readily dissociate phenolic
protons to generate phenolate anions in alkaline solutions. The
reduction of catechin was enhanced in this study, leading to the
formation of dimeric proanthocyanidin via electron transfer at high pH.
The synergistic degradation of catechin and MCH occurred in alkaline
solutions. Catechin basification can support an electron donor process
for the degradation of MCH. Under alkaline conditions, the structure
of MCH is altered by a base-induced electron transfer process caused
by the oxidation of catechin. D-MCH obtained from MCH-catechin
treatment was confirmed by an ion signal at m/z 472 and exhibited
lower antibacterial activity against E. coli. These structural changes
indicate the formation of less toxic or less bioactive compounds,
suggesting that the basification of catechin can effectively minimize the
harmful effects of MCH in aquatic environments. Therefore, catechin
basification is an easy and safe method for degrading MCH in solution,
providing a promising means of suppressing antibiotic pollution in
aquatic ecosystems and reducing the harmful effects on microbial
communities.
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