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Riboflavin (RF) sensitized photooxidation of pyridoxine HCL (PD) in the pH range of 2.0-12.0 has been
carried out under UV and visible irradiation in aerobic and anaerobic conditions. PD follows first-order
kinetics in the absence and presence of RF for its photodegradation. The first-order rate constants (kops)
for the photodegradation of PD in the presence of RF (0.05-0.50 x 10~* M) in aerobic and anaerobic
conditions range from 0.046-0.755 and 0.0089-0.755 x 1072 min~?, respectively. RF acts as a promoter
for the photodegradation of PD and the second-order rate constants (k,) are in the range of 0.026-
1.285 and 0.004-0.128 x 1072 M~* min~ in aerobic and anaerobic conditions, respectively. The k,—pH
profile for the photodegradation shows a slanted curve, indicating that with an increase in pH, the rate of
photodegradation of PD also increases. Green UV-visible spectrometric and high-performance liquid
chromatographic (HPLC) methods have been developed for the simultaneous determination of PD and
RF in pure and degraded solutions. These two developed methods are statistically compared and it is
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1. Introduction

When formulating liquid vitamin products, it's important to
consider how each vitamin's chemical stability can be impacted
by interactions with other vitamins. This is a significant factor
to consider in the formulation process. This may destabilize one
or more vitamins with a loss of potency and decreased
bioavailability. The pH of the medium contributes significantly
to minimizing the photochemical interaction between the
vitamins and the choice of optimum pH for the formulation is
critical. The different variables included in the stability of
individual vitamins and mixtures in the liquid formulation have
been discussed in several works.'*®* However, many aspects still
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need to be investigated due to the complexity of the multi-
component system based on several vitamins, the nature and
composition of their degradation products, and the non-
availability of suitable analytical methods.

Riboflavin (vitamin B,, RF) (Fig. 1a) and pyridoxine hydro-
chloride (vitamin Bg, PD) (Fig. 1b) are the constituents found in
the vitamin B complex supplements and multivitamin prepa-
rations.*>*>* PD is affected by light.******* PD is prone to
interacting with other vitamins, especially RF, when exposed to
light,**¢ dyes (eosin, rose Bengal, mercurochrome, methylene
blue, Arurc (A and B)) have been shown to accelerate its
photodecomposition in aqueous solution*** and may undergo
photosensitized degradation as in the case of many compounds
mentioned above. Over the last many years, the photochemistry
of RF has been of great interest to scientists.***%***5% RF is the
highly photosensitive component?$-3%3338-4049:59-63 and degrade
into several photoproducts (formylmethylflavin (FMF), lumi-
chrome (LC), lumiflavin (LF), carboxymethylflavin (CMF), and
cyclodehydroriboflavin (CDRF)) via different mechanisms
(photoaddition, photodealkylation, photoreduction, photooxi-
dation (Fig. 2)).2%>7%51,5263°69 Tt ig an efficient photosensitizer
that forms 'O, (singlet oxygen), ROS (reactive oxygen species),
and free radicals.””® RF based photosensitization mechanism
(type I and type II) leads to the photodegradation of drugs/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of RF (a) and PD (b).

analytes that results in the formation of various degradation
products.”>”* RF photosensitized degradation of various drugs/
substrates®*°¢7-7%75-1% hag been carried out. It is important to
investigate the potential negative effects of RF (a component of
vitamin B-complex and multivitamin preparations) on other
vitamins, as RF has photosensitization properties. However, the
RF photosensitized degradation of PD at pH 2.0-12.0 in aerobic
and anaerobic conditions has not been carried out. Therefore,
the present study aims to determine the effect of RF and its
concentrations on the photodegradation of PD and this process
was carried out within a pH range of 2.0-12.0 while exposing it
to UV and visible light in aerobic and anaerobic conditions. In
silico studies have also been carried out to evaluate the molec-
ular interaction between RF and PD to determine the binding
affinity and complex formation at ground state. The UV-visible
spectrometric and HPLC methods have been developed and
validated using ICH guidelines™’ to simultaneously determine
RF and PD in pure and degraded solutions. Also, the greenness
of the proposed methods has been evaluated using the National
Environmental Method Index (NEMI), an analytical eco-scale,
green analytical procedure index (GAPI) and an analytical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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greenness (AGREE) calculator. These developed and validated
methods are statistically compared for accuracy, precision and
reproducibility evaluation in a mixture. This study also gives an
idea of the maximum stability of PD in the presence of RF at
optimum pH in multivitamin preparations. Also, the mecha-
nisms of PD photooxidative degradation in the absence and
presence of RF in aerobic and anaerobic conditions are
proposed. The study would highlight the problem associated
with the stability of PD in the presence of RF for the formulator
to formulate stable multivitamin preparations.

2. Materials and methods
2.1 Materials

RF (99%) and PD (99%) have been obtained from Sigma-Aldrich
(St. Louis, USA). All the solvents utilized in this study were of
HPLC grade and were acquired from Merck & Co. (White House
Station), NJ, USA. The deionized water was prepared using the
Millipore-Q Plus system (Bedford, USA) and used throughout
the study. The Millipore filtration assembly has been used for
the filtering of solutions and solvents. The buffer systems
employed in this study are given below, and the ionic strength
in each case was 0.002 M.

KCI-HCI (pH 1.0-2.0)
Citric acid—-Na,HPO, (pH 2.5-8.0)
Na,B,0,-HClI (pH 8.5-9.0)
Na,B,0;—NaOH (pH 9.5-10.5)

Na,HPO,~NaOH (pH 11.0-12.0)

2.2 Precautions

Fresh solutions of RF and PD were employed throughout the
study and were prepared in the dark to inhibit any photo-
chemical and chemical changes. The photolysis was conducted
under subdued light.

2.3 Methods

2.3.1 FTIR spectroscopy. The purity of RF and PD was
determined using the Nicolet iS5 FTIR spectrophotometer with
ZnSEO windows (Thermo Fisher Scientific, USA). The RF and PD
samples were placed on diamond ATR crystal (iD7ATR, Thermo
Fisher Scientific, Great Britain) to collect spectra after per-
forming 156 scans in the 4000 to 700 ecm™" range. The spectra
obtained were analyzed using built-in Omnic software (Version
9.0).

2.3.2 Differential scanning calorimetry (DSC). The RF and
PD purity was further confirmed by differential scanning calo-
rimetry (Model DSC 100, lab kits, Hong Kong). DSC instrument
was calibrated utilizing the standard indium and zinc. RF and
PD were weighed (5.0 + 0.5 mg) in the pans of aluminum, and
heating was carried out at 10 °C min ', under the nitrogen flow
(20 ml min™") between temperatures 30 and 400 °C.

RSC Adv, 2024, 14, 39174-39192 | 39175
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Fig. 2 Photodegradation of RF follows different degradation pathways, resulting in the formation of various photoproducts: FMF (for-
mylmethylflavin), LC (lumichrome), LF (lumiflavin), CMF (carboxymethylflavin), CDRF (cyclodehydroriboflavin).

2.3.3 Thin layer chromatography (TLC). TLC of the pure
and photodegraded RF and PD solutions was conducted. The
TLC plates pre-coated with 250 pum silica gel (GF 254, Merck)
were used. The solvents employed are water: acetic acid: 1-
butanol : 1-propanol (18:2:50:30, v/v)'"* and glacial acetic
acid : acetone : methanol : benzene (5:5:20:20, v/v)'*> for RF
and PD, respectively. The 254 nm of UV-itech Comp (UK) was
used to detect PD and RF.

2.3.4 UV-visible spectrometry. The spectral measurements
of pure and degraded RF and PD solutions have been conducted
on a UV Visible Spectrophotometer (Thermo Scientific, Evolu-
tion 201, USA) in quartz cells of path length 10 mm.

39176 | RSC Adv, 2024, 14, 39174-39192

2.3.5 Light intensity determination. The light intensities of
Philips TUV 36 W light and HPLN 125 W lamp were determined
using the potassium ferrioxalate actinometry,"** and the values
were found to be 2.29 + 0.12 x 10" and 5.56 & 0.41 x 10'® q
s~', respectively. The UV lamp used in this study shows
maximum emission at 270 nm and minimum at 319, 375, 405,
494, 555, and 578 nm (Fig. S1at). Whereas, visible lamp shows
maximum emission at 340, 360, 395, 490, 555, 590, 620, and
700 nm and minimum emission at 580 and 700 nm (Fig. S1bt).

2.3.6 Quantum yield determination. The quantum yields
(@) of the photodegradation of PD in RF's presence (5.0 x 10~°
M) were calculated by the light intensity (Q) values of Philips

© 2024 The Author(s). Published by the Royal Society of Chemistry
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TUV and HPLN lamp. The area under the bands of emission of
TUV and HPLN lamp absorbed by PD to the total area of the
bands of emission of TUV and HPLN lamp gives @.

&=

rate of photolysis (PD)(moles per s) x no. of molecules/mole

0

1)

2.3.7 Spectrometric assay method. The concentrations of
PD have been determined in the presence of RF at 323 nm (pH
7.0, 0.002 M) by developing and validating a two-component
spectrometric method using International Council on Harmo-
nization (ICH) guidelines.”*® In a volumetric flask (Pyrex), 1 ml
of the pure or photolyzed solution was poured into which
phosphate buffer (pH 7.0, 0.002 M) was added to make up the
final volume and was subjected to the spectrometric assay.

2.3.8 HPLC assay procedure. The HPLC assay procedure for
the concurrent estimation of PD and RF has been developed
using the HPLC system (Model LC10 ADVP, Shimadzu, Japan)
was equipped with a PDA detector (Model SPD-10A VP) and
controller (Model SCL-10AVP) that was connected to a micro-
computer system. An octadecylsilane column with 5 p thickness
and 250 x 4.6 mm acquired from Welch, Zhejiang, China, was
used for the assay procedure. The assay was conducted at room
temperature (25 + 2 °C) in an isocratic system. An acetonitrile :
water (20 : 80, v/v, pH 3.5) solvent system was employed for the
assay at a 1.0 ml min~" flow rate. The detection was conducted
at a wavelength of 280 nm. The injection volume was 20 pl using
a glass syringe, and the assay procedure was validated using the
guidelines of ICH."*°

2.3.9 Photolysis. PD (1.00 x 10 * M) solutions were
prepared with and without RF (0.10-0.50 x 10~* M) between pH
2.0 and 12.0 in 100 ml volumetric flask. The bubbling of air and
nitrogen maintained the aerobic and anaerobic conditions for
30 minutes, respectively. Afterward, these solutions were placed
in UV*"* (Fig. S2t) and visible irradiation®'* (Fig. S3ft)
chambers. The temperature was maintained at 25 + 2 °C by
placing the flask in the water bath. The control solution of PD
subjected to conditions has been kept in the dark to estimate
the air-prone oxidation of PD. The samples were withdrawn and
subjected to TLC, spectrometric, and HPLC analysis at appro-
priate intervals.

2.3.10 Assay method validation. The validation of the two-
component spectrometric and HPLC assay method for the
simultaneous analysis of PD and RF was conducted using ICH
guidelines.”® The studied parameters include system suit-
ability, linearity, accuracy, precision, limit of detection (LOD),
and limit of quantification (LOQ). The details of the assay
method validation are given in the ESL

2.3.11 Statistical evaluation. The proposed UV-visible
spectrometric and HPLC methods were statistically compared
using Statistical Analysis in Social Sciences Software (SPSS,
version 25.0).

2.3.12 In silico studies. In silico studies have been carried
out to evaluate the molecular interaction between PD and RF

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and the formation of the ground state complex. Also, the
binding affinity (kcal mol™') between PD and RF has been
evaluated to determine how strongly they are bound together.
The structure of PD and RF has been obtained from PubChem
and Biovia Discovery Studio was used to evaluate the molecular
interaction, formation of ground state complex and binding
affinity. The PD was docked with RF to complete the interac-
tions using Pyrx virtual screening software.

2.3.13 Total organic carbon (TOC) analysis. The minerali-
zation of PD, RF, and RF-PD has been determined to evaluate
the extent of the degradation using a Sievers 500 RL on-line TOC
analyzer. The analysis was carried out before and after carrying
out irradiation under visible light (pH 7.0) for 2 h to determine
the final TOC content in the samples.

3. Results and discussion
3.1 Purity confirmation

Purity determination is an important consideration before
carrying out the validation of assay methods and degradation
studies. So, therefore, FTIR and DSC studies were conducted to
assess the purity of RF and PD used in the proposed study.

Chemically, PD is 4,5-bis(hydroxy methyl)-2-methyl pyridine-
3-ol-hydrochloride, and its FTIR spectrum is given in Fig. S4.7
The characteristic peaks at 3233, 2975, 1827, 1731, 1600-1400,
1300, and 1012-1004 cm ™' correspond to OH vibrations, C-H
stretching, C-H stretching, C-OH stretching, C-C aromatic ring
stretching vibrations, C-O stretching vibrations and C-OH
attaches to pyridine ring, respectively."***® The FTIR spectrum
of RF (7,8-dimethyl-10-[(25,35,4R)-2,3,4,5 tetrahydroxy pentyl]
benzo[g]pteridine-2,4-dione) is given in Fig. S4.f RF shows
characteristic peaks at 3370, 1650, 1580, 1550, and 1150 cm ™
correspond to OH/NH, C=0, C=C, C=N, C-OH, and ribose
moiety, respectively.***® The obtained spectra of RF and PD were
compared with those given in the literature, and it has been
found that the materials used are pure and could be used for the
method validation and degradation studies.

DSC further ascertained the purity of PD and RF. PD shows
an endothermic peak at 159.8 °C (Fig. S51), as reported
earlier."” However, RF decomposes at 280 °C and shows no
endothermic peak.**** The results indicate that the samples
used are pure and can be used to validate assay methods and
decomposition studies.

3.2 Spectral characteristics of PD alone and PD in the
presence of RF

The absorption maxima of PD and RF at pH 2.0, 4.5, 7.0, and 9.0
have been determined. It has been found that PD shows
absorption maxima at 290, 290 and 323, 223, 254 and 323, and
290 nm at pH 2.0, 4.5, 7.0, and 9.0, respectively (Fig. 3). PD
possesses the pK, values of 5, 9, and 15."*° The spectrum of PD at
PH 2.0 shows an absorption maximum at 290 nm, which is due
to the N;/O; protonated species, whereas the spectrum at pH 4.5
corresponds to the mixture of neutral and N; protonated form
of PD showing absorption maxima at 290 and 323 nm. However,
at pH 7.0, PD shows absorption maxima at 223, 254, and

RSC Adv, 2024, 14, 39174-39192 | 39177
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Fig. 3 Absorption spectra of PD (1.00 x 10~* M) in aqueous solution at pH 2.0 (red line), 4.5 (blue line), 7.0 (green line) and 9.0 (black line).

323 nm, which is due to the neutral O; hydroxyl or zwitterionic
or oxo species. At pH 11.0, PD shows absorption maxima at
290 nm, which is due to the N;/O; deprotonated form of PD.***
The PD is a UV-absorbing drug that shows absorption maxima
at 254 and 323 nm (pH 7.0) (Fig. 3). However, RF shows
absorption maxima at 223, 267, 374, and 444 nm.** The
absorption spectra of RF (0.50 x 10~* M) and PD (1.00 x 10~*
M) at pH 2.0, 4.5, 7.0, and 9.0 are given in Fig. S6a and b. Two-
component spectrometric assay method for the simultaneous
determination of RF and PD in pure and degraded solutions has
been developed and validated at pH 7.0 using ICH guidelines,*’
as there is a considerable difference in the absorption maxima
of both.

3.3 In silico studies

The molecular interaction, binding affinity and formation of
ground state complex between PD and RF have been deter-
mined by in silico studies. This indicates that there is molecular
interaction between RF and PD with a binding affinity of
—2.9 keal mol™', which results in the formation of a ground
state complex (Fig. S7T). PD and RF in silico docking studies
show that there are hydrophobic linkages (alkyl and m-alkyl)
between carbon and hydrogen atoms. The loss of one hydrogen
from the methyl group of PD and RF leads to the formation of
the bond between them with a bond length of 4.11 A. Also, there
are some hydrophobic linkages between the methyl group of PD
and RF with bond lengths of 4.04 and 5.14 A.

3.4 Assay methods

3.4.1 Simultaneous two-component spectrometric assay
method. The absorption maxima of PD and RF are 290, 223,
254, 323 (ref. 121) and 223, 267, 385, and 445 nm, respectively

39178 | RSC Adv, 2024, 14, 39174-39192

(Fig. S5a and bt).>>*° However, at pH 7.0 the absorption maxima
of PD and RF are 223, 254, and 323 and 223, 267, 385, and
445 nm, so, therefore, pH 7.0 has been selected for the devel-
opment and validation of a two-component spectrometric assay
of PD and RF (Fig. S5bt). The simultaneous determination of
PD and RF using a two-component spectrometric method (pH
7.0) has been validated according to the ICH guidelines'® and
the validation data are reported in Table 1. The proposed
method is linear in the concentration range of 0.05-0.50 x
107" M and 0.50-1.00 x 10~* M for RF and PD, respectively
(Fig. S8at). The accuracy and precision of the proposed method

Table 1 Calibration data of the two-component spectrometric
method for the simultaneous determination of pyridoxine (PD) and
riboflavin (RF) in an aqueous solution at pH 7.0

PD RF
Amax, DM 323 385
Linearity
Range (M x 10%) 0.10-1.00 0.05-0.50
Correlation coefficient 0.9997 0.9998
Slope (M x 10°) 9.37 9.03
SE of slope” (M x 10%) 6.89 2.55
Intercept (x10?) 1.09 0.37
SE of intercept? (x10°) 4.70 2.24
SD of intercept’ (x10°) 14.9 7.09
Mean accuracy (%) + SD 99.39 + 0.96 99.74 + 1.13
Precision (% RSD) 0.97 1.14
LOD? (M x 10°) 0.52 0.26
LOQ° (M x 10%) 1.59 0.78

“ standard error of slope. ” Standard error of intercept. ° Standard
deviation of the intercept. ¢ Limit of detection. ¢ Limit of quantification.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Overlay absorption spectra of PD (0.10-0.90 x 10~* M) and RF (0.05-0.50 x 10~* M) at pH 7.0 of the synthetic mixture, where 223, 266,
385, 445 and 323 nm correspond to the absorption maxima of RF and PD, respectively.

to determine the PD and RF are found to be in the range of
100.3-100.7%, 99.70-100.2%, and 0.29-0.48%, 0.30-0.55%,
respectively (Tables S1 and S2t). So, therefore, the developed
method can be used for the determination of PD and RF in pure
and degraded solutions. This method has been applied to the
synthetic mixture of PD and RF to evaluate the accuracy,
precision, reliability, and reproducibility of the proposed
method (Fig. 4) and the results obtained are given in Table S3.+

3.4.2 HPLC assay method. The HPLC method for simulta-
neous determination of PD and RF in an aqueous solution (at
pH 3.5) has been developed and validated according to the ICH
guidelines.’® RF (0.50 x 10~* M) and PD (1.00 x 10~* M)
chromatograms for their simultaneous determination are given
in Fig. 5. The proposed HPLC method is found to be linear in
the concentration range of 0.05-0.50 x 10~ * and 0.10-1.00 x
10~* M for RF and PD, respectively (Fig. S8bf). A statistical

100000
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Fig.5 Chromatograms of PD (1.00 x 104 M) and RF (0.50 x 10~* M) in an aqueous solution (pH 3.50) at room temperature (25 + 2 °C) and the

retention time are 2.10 and 4.8 min for PD and RF, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Calibration data of the HPLC method for the determination of
pyridoxine (PD) and riboflavin (RF) in an aqueous solution at pH 3.5

PD RF
Amax, M 280 280
Retention time (tz), min 2.10 4.81

RSD (%) 0.58 0.66

N° 9450 8800

yid 0.77 0.65
Linearity

Range (M x 10%) 0.10-1.00 0.05-0.50
Correlation coefficient 0.9999 0.9999

Slope (M x 10°) 5.74 24.9

SE of slope® (M x 10%) 2.40 3.35
Intercept (x10°) 2.16 10.9

SE of intercept? (x10°) 2.65 2.29

SD of intercept® (x10?) 8.38 7.23

Mean accuracy (%) + SD 99.95 + 0.73 100.1 + 0.84
Precision (% RSD) 0.73 0.84

LOD' (M x 10%) 0.480 0.096

LOQ* (M x 10%) 1.460 0.290

“ Theoretical plates. ? Tailing factor. ©Standard error of slope.
4 Standard error of intercept. ° Standard deviation of the intercept.
/ Limit of detection. ¢ Limit of quantification.

evaluation has been carried out to determine the linearity
parameters and is given in Table 2. The accuracy and precision
of the HPLC method are given in Tables S4 and S57 and found
that the proposed method is accurate ((100.3-101.01%, PD),
(98.9-101.0%, RF)) and precise ((0.52-0.53% RSD, PD), (0.29-
0.92% RSD, RF)). The proposed HPLC method is found to be
robust for the simultaneous determination of PD and RF (Table
S6T) by applying deliberate changes. The designed HPLC
method has been applied to the synthetic mixtures of PD and RF
to evaluate the method's accuracy ((99.74-101.4%, PD), (99.51-
100.8%, RF)) and precision ((0.17-0.87% RSD, PD), (0.18-0.99%
RSD, RF)) (Table S7%). The two developed methods are statisti-
cally compared by applying a student ¢-test for the determina-
tion of PD (0.10-1.00 x 10~* M) in an aqueous solution
(Table 3). The t-calculated value is —0.22 with a p-value of 0.827
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which is greater than 0.05, indicating that there is no significant
difference between the two developed assay methods for the
estimation of PD in pure and degraded solutions. Therefore, the
results obtained from both methods for the determination of
PD are accurate, precise, reliable, and comparable.

3.4.3 Greenness evaluation of the developed methods.
Several green assessment tools are reported in the literature,'*
to evaluate the greenness of the developed methods. The eval-
uation of the greenness of the method is dependent on the
extent of hazardous and corrosive materials used, the waste
materials produced, and the chemicals accumulated in the
environment."**** The greenness of the developed two-
component spectrometric and HPLC methods for simulta-
neously determining PD and RF has been estimated using four
green assessment tools including NEMI, analytical eco-scale,
GAPI, and AGREE calculator.

The pictogram of the NEMI illustration to evaluate the
greenness of the method is given in Fig. 6a and b. This four-
quadrant pictogram indicates the use of persistent, bio-
accumulative, and toxic (PBT) materials, unsafe chemicals,
corrosive and waste materials (>50 g) generated. The pictogram
obtained shows that the two-component spectrometric method
is said to be a green method because all quadrants are green
(Fig. 6a). However, the HPLC method is found to be consider-
ably green with three out of four quadrants being green (PBT,
corrosive, wastage) and one being yellow (hazardous) which is
due to the use of acetonitrile in the mobile phase (20 m1/100 ml)
(Fig. 6b).

Another tool for evaluating the greenness of these proposed
methods is an analytical eco-scale depending on the penalty
points (PPs) given for using hazardous material, energy
consumption, amount of reagents used, and waste material
produced*® (>75 = excellent green, 50-75 = considerably green,
<50 = not green). The analytical eco-scale score of the developed
methods has been calculated by subtracting the penalty points
obtained from the total value (100). The points obtained for the
two-component spectrometric and HPLC method are 06 and 19
with an overall score of 94.0 and 81.0, respectively (Table 4),
indicating that the methods are green as mentioned in Globally

Table 3 Comparative analysis for the determination of PD (0.10-1.00 x 10* M) using HPLC and UV method

HPLC uv

Added (M x 10%) Found® (M x 10%) Recovery (%) RSD (%) Found® (M x 10%) Recovery (%) RSD (%)
0.100 0.100 100.0 0.22 0.099 99.00 0.41
0.200 0.199 99.50 0.36 0.199 99.50 0.39
0.300 0.301 100.3 0.49 0.302 100.7 0.22
0.400 0.400 100.0 0.11 0.403 100.7 0.51
0.500 0.503 100.6 0.63 0.506 101.2 0.63
0.600 0.601 100.2 0.29 0.601 100.2 0.44
0.700 0.703 100.4 0.44 0.703 100.4 0.19
0.800 0.806 100.7 0.63 0.810 101.2 0.85
0.900 0.904 100.4 0.72 0.909 101.0 0.63
1.000 1.010 101.0 0.63 0.998 99.80 0.73

% Values represent the mean of 5 determinations. The calculated ¢-value is —0.22 with a p-value of 0.827 which is greater than the p-value (0.05) at
a 95% confidence level indicating that the results obtained from the proposed methods have no significant difference.
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Fig. 6 NEMI (a and b), GAPI (c and d), and AGREE (e and f) analysis for the estimation of the developed UV-vis spectroscopic and HPLC methods.

Table 4 The penalty points for the determination of UV-visible
spectrometry and HPLC methods

Penalty points

UV-vis spectroscopy HPLC

Citro-phosphate buffer (pH 7.0, 0.002 M) 0.00 0.00
Acetonitrile — 6.00
Instrument energy consumption (kW h)  1.00 2.00
Sonicator 0.00 0.00
Occupational hazards 0.00 6.00
Waste (>10.0 ml) 5.00 5.00
Totally penalty points 6.00 19.0

Analytical eco-scale score” 94.0 81.0

“If analytical eco-scale score is >75 =
considerably green and <50 = not green.

excellent green, 50-75 =

© 2024 The Author(s). Published by the Royal Society of Chemistry

Harmonized System of Classification and Labelling of
Chemicals."®

The green analytical procedure index (GAPI) estimated the
method's greenness by a pictogram with 15 subsections with
a green, yellow, and red color indicating the excellent green,
considerably green and nongreen methods.”” The pictograms
obtained for these two methods are given in Fig. 6(c and d)
indicating that the two-component spectrometric method is
green whereas the HPLC method is considerably green.'?®***

The AGREE calculator is based on the 12 parameters and
gives a cumulative score. A score of 1.0 shows the method is
excellent green, however, if the score is less than 0.60 then the
method is said to be non-green. The figure obtained for the two-
component spectrometric and HPLC assay methods are given in
Fig. 6e and f, with a cumulative score of 0.88 (Fig. 6e) and 0.66

RSC Adv, 2024, 14, 39174-39192 | 39181
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Fig. 7 Overlay spectra of PD (1.00 x 10~* M) on photolysis at pH 7.0 using UV (a) and visible irradiation (b) sources.

(Fig. 6f), respectively, indicating that the two-component spec-
trometric method is excellent green (0.88) whereas the HPLC
method is considerably green (0.66).

3.5 Spectral variations of photolyzed solutions of PD

PD possesses different ionic (cationic, dipolar, neutral, anionic)
species at different pH values™* due to which it shows absorp-
tion maxima at 290, 290 and 323, 223, 254, 323, and 290 nm at

39182 | RSC Adv, 2024, 14, 39174-39192

pH 2.0, 4.5, 7.0, and 9.0, respectively. The overlay spectra for the
PD photolysis at pH 7.0 under UV and visible irradiation are
given in Fig. 7a and b, respectively. The spectral changes that
occur in UV irradiation are greater as compared to those of
visible irradiation (Fig. 7a). The greater loss of absorbance in UV
irradiation is due to the maximum emission of light at 254 nm
and minimum at 324 nm, which is like the absorption maxima
of PD, which is 254 nm. However, the visible light used in this
study emits light at 350 and higher, resulting in the minimum

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Overlay spectra of PD (1.00 x 10™* M) in the presence of RF (5.00 x 107> M) in visible (a) and UV (b) irradiation sources.

light absorption by PD molecules and less degradation (Fig. 7b).
The overlay absorption spectra of PD (1.00 x 10~* M) in the
presence of RF (0.50 x 10~* M) at pH 7.0 after UV and visible
irradiation are given in Fig. 8a and b, respectively. RF shows
absorption maxima at 223, 267, 385, and 445 nm at pH 7.0, the
latter two bands are responsible for the photosensitized
degradation of substrates and drugs.® In the presence of RF,
the loss of absorbance at 323 nm, corresponds to the absorption

© 2024 The Author(s). Published by the Royal Society of Chemistry

maxima of PD, which is greater under visible radiation as
compared to that of UV irradiation. This is due to the greater
absorption of visible light by RF (>350 nm), which corresponds
to its absorption maxima (385 and 445 nm) that results in the
increased RF-sensitized degradation of PD. However, the less
absorbance change at 325 nm (PD) in the presence of RF in UV
irradiation is due to the less absorption of light by RF as UV
light maximum emission occurs at 254 nm and less at 385 and
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Table 5 First-order rate constants (kops) for the photolysis of PD in the presence of RF and second-order rate constants (k) for the photo-
chemical interaction of PD with RF at pH 2.0-12.0 in aerobic conditions

Visible light UV light
Concentration of kobs X 107 ko % 10% ks x 10% kobs X 107 ko x 10% ks x 10%
pH  RF (M x 10% (min™") £ SD*  (min~’ (M ' min™") @° (min™") £ SD*  (min™") M " min™") @’
2 0.1 0.112 £ 0.15 0.050 0.069 — 0.046 £ 0.11 0.020 0.026 —
0.2 0.192 £ 0.11 — 0.075 £+ 0.23 —
0.3 0.258 £ 0.23 — 0.101 £ 0.45 —
0.4 0.317 £ 0.13 — 0.124 £+ 0.33 —
0.5 0.388 £ 0.26 0.467 0.152 £ 0.25 0.108
3 0.1 0.122 £ 0.35 0.070 0.071 — 0.048 £+ 0.11 0.022 0.027 —
0.2 0.197 £ 0.11 — 0.077 £ 0.61 —
0.3 0.268 £ 0.75 — 0.105 £ 0.72 —
0.4 0.330 £ 0.25 — 0.129 £ 0.27 —
0.5 0.399 £ 0.45 0.480 0.156 £ 0.41 0.111
4 0.1 0.133 £ 0.55 0.075 0.077 — 0.052 £ 0.73 0.024 0.029 —
0.2 0.209 £ 0.11 — 0.082 £ 0.65 —
0.3 0.281 £ 0.22 — 0.110 £ 0.19 —
0.4 0.361 £ 0.25 — 0.141 £ 0.22 —
0.5 0.433 £ 0.36 0.521 0.169 £ 0.63 0.120
5 0.1 0.151 £ 0.46 0.087 0.090 — 0.059 £+ 0.11 0.026 0.034 —
0.2 0.240 £ 0.75 — 0.094 £ 0.15 —
0.3 0.327 £ 0.11 — 0.128 £+ 0.19 —
0.4 0.407 £ 0.26 — 0.159 £ 0.26 —
0.5 0.499 £ 0.11 0.601 0.195 £ 0.25 0.139
6 0.1 0.240 £ 0.45 0.110 0.129 — 0.094 £ 0.24 0.044 0.050 —
0.2 0.373 £ 0.63 — 0.146 £+ 0.21 —
0.3 0.496 + 0.46 — 0.194 £ 0.45 —
0.4 0.629 £ 0.31 — 0.246 £ 0.63 —
0.5 0.755 £ 0.29 0.909 0.295 £+ 0.11 0.210
7 0.1 0.327 £ 0.16 0.150 0.183 — 0.128 £+ 0.19 0.055 0.072 —
0.2 0.517 £ 0.17 — 0.202 £ 0.29 —
0.3 0.704 £ 0.22 — 0.275 £ 0.23 —
0.4 0.890 £ 0.51 — 0.348 £ 0.45 —
0.5 1.060 £ 0.33 1.276 0.415 £ 0.61 0.296
8 0.1 0.586 £ 0.11 0.240 0.306 — 0.229 £ 0.72 0.107 0.120 —
0.2 0.867 £ 0.25 — 0.339 £ 0.33 —
0.3 1.180 £ 0.36 — 0.463 £ 0.45 —
0.4 1.502 £ 0.45 — 0.587 £+ 0.51 —
0.5 1.810 £ 0.65 1.808 0.707 £ 0.61 0.504
9 0.1 0.885 £ 0.11 0.420 0.459 — 0.346 £ 0.22 0.171 0.178 —
0.2 1.350 £ 0.19 — 0.528 £+ 0.11 —
0.3 1.760 £ 0.22 — 0.689 £ 0.45 —
0.4 2.265 £ 0.25 — 0.885 £+ 0.33 —
0.5 2.720 £ 0.43 3.274 1.060 £ 0.41 0.755
10 0.1 1.240 £ 0.19 0.551 0.702 — 0.485 £+ 0.11 0.221 0.274 —
0.2 1.920 £ 0.23 — 0.752 £ 0.22 —
0.3 2.600 £ 0.41 — 0.990 £ 0.19 —
0.4 3.340 £ 0.63 — 1.305 £ 0.31 —
0.5 4.050 £+ 0.22 4.875 1.580 £+ 0.31 1.126
11 0.1 1.760 + 0.17 0.872 1.018 — 0.689 £ 0.45 0.323 0.395 —
0.2 2.860 £ 0.29 — 1.180 £+ 0.71 —
0.3 3.890 £ 0.11 — 1.510 £ 0.81 —
0.4 4.821 +£ 0.19 — 1.880 £+ 0.11 —
0.5 5.832 £ 0.17 7.021 2.270 £ 0.11 1.620
12 0.1 2.411 £ 0.12 1.103 1.285 — 0.945 £ 0.09 0.472 0.501 —
0.2 3.623 £ 0.63 — 1.420 £ 0.26 —
0.3 4.482 + 0.45 — 1.890 £ 0.31 —
0.4 6.190 £ 0.77 — 2.420 £ 0.42 —
0.5 7.551 £ 0.45 9.090 2.950 £ 0.51 2.103

“ Values represent mean of 5 determinations. > Quantum yield of photolysis.
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Table 6 First-order rate constants (kops) for the photolysis of PD in the presence of RF and second-order rate constants (k) for the photo-

chemical interaction of PD with RF at pH 2.0-12.0 in anaerobic conditions

Visible light UV light
Concentration of kobs X 107 ko % 10% ks x 10% kobs X 107 ko x 10% ks x 10%
pH  RF (M x 10% (min™") £ SD*  (min~’ (M ' min™") @° (min™") £ SD*  (min™") M " min™") @’
2 0.1 0.0112 + 0.63 0.0041 0.0061 — 0.0089 + 0.11 0.0040 0.0042 —
0.2 0.0192 + 0.22 — 0.0138 + 0.45 —
0.3 0.0260 + 0.15 — 0.0191 + 0.61 —
0.4 0.0320 + 0.11 — 0.0231 + 0.79 —
0.5 0.0383 + 0.45 0.046 0.0280 + 0.11 0.019
3 0.1 0.0122 + 0.63 0.0053 0.0070 — 0.0090 + 0.32 0.0049 0.0051 —
0.2 0.0201 + 0.45 — 0.0142 + 0.45 —
0.3 0.0271 + 0.19 — 0.0184 + 0.71 —
0.4 0.0331 + 0.22 — 0.0231 + 0.86 —
0.5 0.0392 + 0.67 0.047 0.0270 + 0.11 0.021
4 0.1 0.0133 += 0.73 0.0060 0.0082 — 0.0096 + 0.91 0.0053 0.0055 —
0.2 0.0211 + 0.81 — 0.0152 + 0.26 —
0.3 0.0281 + 0.09 — 0.0203 + 0.11 —
0.4 0.0361 + 0.22 — 0.0241 + 0.88 —
0.5 0.0433 + 0.19 0.052 0.0291 + 0.85 0.022
5 0.1 0.0151 + 0.71 0.0065 0.0094 — 0.0112 + 0.11 0.0061 0.0066 —
0.2 0.0240 + 0.45 — 0.0173 + 0.45 —
0.3 0.0321 + 0.69 — 0.0236 + 0.71 —
0.4 0.0407 + 0.22 — 0.0291 + 0.23 —
0.5 0.0499 + 0.14 0.060 0.0361 + 0.62 0.025
6 0.1 0.0240 + 0.32 0.0110 0.0131 — 0.0172 + 0.21 0.0112 0.0131 —
0.2 0.0373 + 0.65 — 0.0272 £ 0.71 —
0.3 0.0496 + 0.11 — 0.0358 + 0.82 —
0.4 0.0629 + 0.22 — 0.0451 + 0.63 —
0.5 0.0755 + 0.51 0.090 0.0544 + 0.22 0.038
7 0.1 0.0327 + 0.63 0.0150 0.0181 — 0.0231 + 0.23 0.0148 0.0198 —
0.2 0.0517 + 0.71 — 0.0371 + 0.71 —
0.3 0.0704 £+ 0.86 — 0.0508 + 0.22 —
0.4 0.0891 + 0.29 — 0.0641 + 0.51 —
0.5 0.1061 £+ 0.31 0.128 0.0773 £ 0.22 0.055
8 0.1 0.0586 + 0.45 0.0251 0.0312 — 0.0421 + 0.63 0.0302 0.0345 —
0.2 0.0867 = 0.71 — 0.0627 £+ 0.71 —
0.3 0.1181 + 0.22 — 0.0856 + 0.52 —
0.4 0.1501 + 0.71 — 0.1081 + 0.81 —
0.5 0.1812 + 0.79 0.218 0.1301 + 0.22 0.093
9 0.1 0.0885 + 0.86 0.0422 0.0461 — 0.0641 + 0.45 0.0421 0.0451 —
0.2 0.1351 + 0.11 — 0.0982 + 0.73 —
0.3 0.1762 + 0.71 — 0.1273 + 0.11 —
0.4 0.2263 + 0.45 — 0.1631 + 0.45 —
0.5 0.2720 +£ 0.71 0.327 0.1961 + 0.73 0.140
10 0.1 0.1241 + 0.91 0.0561 0.0701 — 0.0891 + 0.16 0.0611 0.0635 —
0.2 0.1921 £+ 0.22 — 0.1393 + 0.22 —
0.3 0.2604 + 0.64 — 0.1841 + 0.91 —
0.4 0.3351 +0.48 — 0.2411 + 0.22 —
0.5 0.4052 + 0.77 0.488 0.2932 + 0.51 0.208
11 0.1 0.1763 + 0.45 0.0811 0.1022 — 0.1271 + 0.63 0.0911 0.0945 —
0.2 0.2862 + 0.22 — 0.2061 + 0.45 —
0.3 0.3891 + 0.61 — 0.2791 + 0.22 —
0.4 0.4821 + 0.53 — 0.3480 + 0.11 —
0.5 0.5832 + 0.81 0.702 0.4211 + 0.63 0.300
12 0.1 0.2411 + 0.81 0.1030 0.1281 — 0.1741 £+ 0.71 0.1131 0.0965 —
0.2 0.3623 + 0.45 — 0.2622 + 0.22 —
0.3 0.4484 + 0.61 — 0.3503 + 0.69 —
0.4 0.6201 + 0.86 — 0.4471 + 0.70 —
0.5 0.7551 + 0.91 0.909 0.5452 + 0.89 0.388

“ Values represent the mean of 5 determinations. * Quantum yield of photolysis.
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445 nm (which corresponds to RF absorption maxima) resulting
in less energy transfer from RF to PD and decreased RF pho-
tosensitized degradation of PD (Fig. 8b).

3.6 Kinetics of photodegradation of PD in absence and
presence of RF

The photodecomposition of PD with and without RF (0.1-1.5 x
10> M) has been carried out in aqueous solution (pH 2.0-12.0) in
aerobic and anaerobic conditions. It has been found that PD
follows first-order photodegradation kinetics for its degradation in
the absence and presence of RF. The log concentration versus time
(min) plots in the presence of numerous RF concentrations (0.1-
1.5 x 10~* M) have been plotted. The following graphs were
utilized to compute the rate constants of the first order (kops) for
the photodecomposition of PD using UV and visible irradiation in
aerobic and anaerobic conditions. The photolysis rate constants of
PD in the absence (k,) and presence (kops) of RF in aerobic and
anaerobic conditions at pH 2.0-12.0 are given in Tables 5 and 6.
The results indicate that with an increase in RF concentration, the
rate of photodegradation of PD also increases. The rates of
degradation of PD in the presence of RF in aerobic and anaerobic
conditions under UV and visible irradiation are in the range of
0.046-7.551 and 0.009-0.755 x 107> min ', respectively. In
aerobic conditions, the photodegradation rates are 10-fold higher
than those of anaerobic conditions (Tables 5 and 6). These higher
rates of photodegradation of PD in the presence of RF in aerobic
conditions are due to the PD degradation by two separate photo-
sensitized degradation pathways (type I and II) as reported
earlier.®”®* The rate of RF sensitized photodegradation of PD is
higher in aerobic conditions than in anaerobic conditions due to
the oxygen involvement in the degradation process. This oxygen
interacts with the excited state of RF, forming 'O, (singlet oxygen),
O,  (super anion radicals) and OH" (hydroxy radicals). These
species attack on the PD molecules resulting in a higher rate of
photodegradation. However, in anaerobic conditions, the absence
of oxygen retarded the formation of ROS which results in the
slowdown of the rate of degradation of PD molecule. RF is known
to photosensitize the degradation of drugs/substrates by both type
I and II mechanisms.””” In the present study, the degradation
rate is 10-fold higher in aerobic conditions than in anaerobic
conditions. So, therefore, we speculate that the higher RF-
sensitized degradation in aerobic conditions is due to the PD
following two different pathways (type I and II) for its degradation
in the presence of RF as reported earlier.®*”** RF sensitized
photodegradation of different drugs ascorbic acid,®*"7*%
cyanocobalamin,”**** and folic acid” has previously been re-
ported and found that RF catalyzes the photodegradation of these
drugs.

The second-order rate (k,) constants have been calculated to
evaluate the effect of RF concentrations on the RF sensitized
photodegradation of PD. The expression to calculate the &, for
the RF sensitized photodegradation of PD is given below.

Rate = k,[PD][RF] (2)
where k, = second-order rate constants for the RF sensitized

photodegradation of PD, [PD] = the concentration of PD (1.00 x
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10~* M), [RF] = the concentration of RF varies from 0.1-0.50 x
10" M to evaluate the effect of RF on the photodegradation of
PD.

It has been found that with an increase in the concentration
of RF, the rate of photodegradation increases indicating that RF
acts as a sensitizer/promoter for the photodegradation of PD.
The second-order (k) rate constant was calculated to evaluate
the photochemical interaction between PD and RF (Tables 5
and 6) in aerobic and anaerobic conditions under UV and
visible irradiation by plotting the values of k.5 versus RF
concentration (0.05-0.5 x 10~ * M). These second-order plots for
the photodegradation of PD in the presence of RF are given in
Fig. S9 and S101 in aerobic and anaerobic conditions. It has
been found that as the pH increases, the photodegradation rate
of PD also increases in the presence of RF. The rates (ko) of
photodegradation of PD in the absence of RF in aerobic and
anaerobic conditions using UV and visible irradiation are re-
ported in Tables 5 and 6, respectively.

3.7 k,-pH profile

The stability of liquid vitamin preparations is critical, and to
achieve this, stability studies have been undertaken. The
photochemical interaction of PD with the RF has been evaluated
by plotting the second-order rate constants (k,) versus pH
(Fig. 9). The k,—pH profile shows a slant curve which shows that
with an increase in pH (2.0-12.0), the rate of photodegradation
also increases in the presence of RF in aerobic and anaerobic
conditions. PD in an aqueous solution shows four ionic forms
that are interchangeable."* It is a dipolar molecule (pK,; 5.0,
PKaz 9.0) due to which PD is present in distinct ionic species at
acidic and alkaline pH. The type and conformation of these
ionic species are based on the variations of acid-base equilibria
in the whole pH range. Below pH 5.0, it is present in its cationic
form, and at pH 6.8, it is present in its dipolar or neutral form.
Whereas, at pH 8.0 and greater it is present in its anionic
form."**%¢ These equilibria for the ionic species are given in
Fig. 10. The different ionic species of PD (cationic, anionic,
dipolar, neutral) are prone to photodegradation and the extent
of photodegradation in the presence of RF in aerobic and

1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

k, *x 102, M-! min™!

0 2 4 6 8 10 12 14

pH
Fig. 9 k,—pH profile for the photodegradation of PD in the presence
of RF in aerobic and anaerobic conditions using UV and visible irra-

diation sources: aerobic visible (@) and UV (A), anaerobic visible (O)
and UV (A).
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Fig.10 lonic species and tautomeric forms of PD in aqueous solution:

(a) cationic (b) dipolar (c) neutral, and (d) anionic species.

anaerobic conditions is dependent on the sensitivity of the
excited triplet state at a particular pH. When the drug (PD)
molecule is solubilized in the aqueous solution (pH 2.0-12.0)
resulting in the formation of various ionic (anionic and
cationic) and neutral species. The rate of photodegradation of
these PD species in the presence of RF is highly dependent on
the specific ionizable form of PD at various pH. RF acts as
a photosensitizer for the photodegradation of PD and could
interact differently with the PD species at different pH
enhancing or slowing down the rate of degradation of PD. The
reactive oxygen species (ROS) produced in the presence of RF
differently or variably interact with these ionizable forms of PD
which increases (anionic species of PD) or decreases (cationic
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species of PD) the rate of photodegradation. It has been found
that in the presence of RF, the cationic species are less
susceptible to photodegradation as compared to the neutral,
dipolar, and anionic species of PD. The photodecomposition
rate of PD in the presence of RF slowly increased from pH 2.0 to
6.0, which may be due to the photochemical interaction of PD
species (PDH ) (pKa; 5.0)**° with RF in its deprotonated form. At
pH 2.0-6.0, the ionized species range from 0.01-99.9%,
respectively, which indicates that these species are susceptible
to singlet oxygen ('0,) for their photodegradation in the pres-
ence of RF.

The decrease in the degradation rate at pH 2.0 in the pres-
ence of RF is due to the formation of inactive protonated RF (N-
10) and oxonium cation.” The rate of photodegradation
increases above pH 2.0 due to the pronounced susceptibility of
PD ions in the presence of RF which in its non-ionized form is
considerably stable at pH 4.0-6.0.>>***” The rate of photo-
degradation in the presence of RF in aerobic and anaerobic
conditions gradually increases from pH 7.0 to 8.0 and afterward
from pH 9.0 to 12.0 (pK,, 9.0), a fast increase in the photo-
degradation has been observed. At pH 9.0 to 12.0, the ionized
species of PD vary from 50.0 to 99.9%, indicating that the
anionic form of PD is more prone to RF-sensitized photode-
composition in comparison with that of the cationic form. The
higher rate of degradation in this pH range is due to the
pronounced interaction of non-ionized species of RF with PD.

3.8 Photolysis quantum yields

In aerobic and anaerobic conditions, the quantum yields of
photolysis of PD in the presence of RF have been calculated and
are given in Tables 5 and 6, respectively. These values were
found to be in the range of 0.108-9.090 and 0.019-0.909 for
aerobic and anaerobic conditions, respectively. The values ob-
tained indicate the sensitivity of the excited triplet state during
the photolysis reaction. The higher values of quantum yield of
photolysis show the greater sensitivity of the excited triplet state
towards photolytic degradation and vice versa.

3.9 TOC analysis

The mineralization of PD, RF, and RF-PD has been determined
using the TOC analyzer, and the results obtained are given in
Table 7. It has been found that the undegraded PD, RF, and RF-
PD show higher TOC values, which on photolysis results in
decreased TOC values, indicating the mineralization and

Table 7 TOC analysis of PD (1.00 x 10~% M), RF (5.00 x 10~ M) and RF—PD at pH 7.0 before and after visible irradiation. The values indicate the

average of three separate determinations

Before irradiation

After irradiation

TOC® (ppb) + SD  IC? (ppb) + SD

TC (ppb) £ SD  TOC” (ppb) £ SD

IC” (ppb) = SD  TCF (ppb) + SD  Total TOC loss” (%)

PD 203 £ 0.92 621 £ 1.02 824 + 0.56 43.5 £ 0.22 741 £ 0.76 784.5 £ 0.71 78.6
RF 270 £ 0.66 577 £+ 1.00 847 + 0.22 22.8 £ 0.55 611 £ 1.06 633.8 £ 0.88 91.6
RF-PD 651 £0.71 866 + 0.54 1517 £ 0.32 356 £ 1.10 684 £ 0.87 1040 £ 0.51 45.3

“ TOC = total organic carbon. ? IC = inorganic carbon. ° TC = total carbon. ¢ Total TOC loss (%) = 100 — TOC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increased degradation of these substances as reported
earlier.”*®*® The TOC values are found to be significantly
decreased, which indicates the degradation of PD, RF, and RF-
PD, which may lead to the formation of smaller organic frag-
ments, CO,, and inorganic substances that result in the
decreased TOC contents in the samples after photodegradation.
The % loss of TOC after photolysis for PD, RF, and RF-PD are
78.6%, 91.56%, and 45.32%, respectively (Table 7).

3.10 Mode of photodegradation

The process of photodegradation for PD has been conducted in
an aqueous solution (pH 2.0-12.0). The possible mechanism for
the photodecomposition of PD in an aqueous solution is dis-
cussed below.

3.10.1 PD photodegradation in aqueous solution. PD when
absorbed light is then converted into an excited singlet state
(*[PD]) (egn (3)) which is subsequently converted into an excited
triplet state (}[PD]) (eqn (4)) via intersystem crossing (isc). This
excited triplet state (*[PD]) when interacting with the ground
state (°[PD]) leads to the formation of cationic ([PD"*]) and
anionic radicals ([PD""]) (eqn (5)) of PD. These cationic and
anionic radicals accept or lose the H" atom resulting in the
formation of oxidized (eqn (6)) and reduced (eqn (7)) radicals of
PD. The two reduced radicals (PDH") interact with each other to
form oxidized and reduced PD molecules (eqn (8)). The oxidized
PD’ molecules lead to the formation of degradation products of
PD (eqn (9)).

[PD]% 1[PD] (3)
'[PD] 3[PD] (4)
3[PD] + [PD] — PD'~ + PD"* (5)
pD* 2L pD’ (6)
._Ht .
pD 'L PDH 7)
2PDH “L PD' + PDH, (8)
PD %, degradation products 9)

3.10.2 Mode of interaction of PD with RF. It has been
observed that the rate at which PD degrades increases with
higher concentrations of RF. Therefore, RF acts as a promotor
for the photodegradation of PD. It has previously been reported
that RF catalyzes both type I and II photosensitized oxidation of
analytes.®***%** In type I oxidation leads to the formation of
radicals via the transfer of proton or electron in the transition
state of RF and analytes. Whereas in the type II mechanism, the
0, (singlet oxygen) is formed by an energy transfer from *[RF]
(excited triplet state) to 0, (molecular oxygen) resulting in the
photooxidation of drugs. So, therefore, the proposed mecha-
nisms for the photodegradation of PD in aerobic and anaerobic
conditions with RF are described below.
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3.10.3 Aerobic condition

3.10.3.1 Type I mechanism. RF is converted to its excited
singlet state (*[RF]) by absorbing light (eqn (10)), which is then
converted into an excited triplet state (°[RF]) through inter-
system crossing (isc) (eqn (11)). This *[RF] afterward interacts
with PDH ™ ions to form PDH' (eqn (12)). This PDH" reacts with
oxygen molecules to form PD (degradation products) and
hydrogen peroxide (H,0,) (eqn (13)). So, therefore, RF enhances
the photodegradation of PD.

hy

°[RF]= 1[RF] (10)

'[RF] 3[RF] (11)

[RF] + PDH™ — RF~" + PDH" (12)
PDH' + 02 — PD + H202 (13)

3.10.3.2 Type II mechanism. RF is converted to its excited
singlet state ('[RF]) by absorbing light (eqn (14)), which is then
converted into an excited triplet state (*[RF]) via isc (eqn (15)).
This excited triplet state (*[RF]) reacts with molecular oxygen
(*0,) and transforms into singlet oxygen (*O,) (eqn (16)). This
10, afterward interacts with PDH and H' from the medium
leading to the formation of degradation products (PD) and H,0,
(eqn (17)).

hy

’[RF]S 1[RF) (14)

'[RF]% 3[RF] (15)

*[RF] + 30, — °[RF] + 'O, (16)
PDH™ + !0, + H" — PD + H,0, (17)

3.10.4 Anaerobic condition. The ionized species (PDH ") of
PD react with ground state RF (°[RF]) leading to the formation of
ground state complex (°[RF...PDH]) (eqn (18)), which is also
confirmed by the in silico studies that RF forms a ground state
complex with PD. This °[RF...PDH] absorb the light and
transform it into an excited singlet state complex (‘[RF...PDH )
(eqn (19)). This '[RF...PDH ] via isc converted into exciplex
([RF...PDH]) (excited triplet state complex) (eqn (20)).**> The
excited triplet state complex via H-abstraction from PDH™ to RF
yields RFH' (semiquinone radical)*® and degradation products
(PD) (eqn (21)). This semiquinone radical via disproportion-
ation results in the formation of [RFox] (oxidized RF) and RFH,
(reduced RF, dihydroriboflavin) (eqn (22)). The RFH, then reacts
with *0, (molecular oxygen) to form cationic RF radical (RFH,"")
and anionic superoxide radical (O, ") (eqn (23)). Afterward,
these two radicals recombine (radicals-radicals recombination)
to form RF and H,O0, (eqn (24)). Also, the *[RF] interact with >0,
to form RF and 'O, (eqn (25)) and this 'O, may also transform
into *0, (eqn (26)).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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9[RF) + PDH —°[RF...PDH ]| (18)
ground state complex
O[RF...PDH )% 1[RF...PDH | (19)
'[RF...PDH ] %3[RF...PDH | (20)
exciplex
AN . 21
3[RF... PDH -] -H-abstraction . 1ppy-+pp (21)
2RFH disproportionation RFOX 4 RFHZ (22)
RFH, + 0, —» RFH,"™" + 05"~ (23)
RFH2+ + 0.2_ radical—radical recombination RF + H202 (24)
’[RF] +°0, — [RF] + '0, (25)
'0, - 70, (26)

4. Conclusion

The present study aims to evaluate the role of riboflavin (RF) in
photooxidative degradation of pyridoxine HCl (PD). RF
increases the rate of photodegradation of PD and its rate of
photodegradation is linearly dependent on the concentration of
RF indicating that RF acts as a promoter for the PD degradation.
The rate of degradation of PD increases with an increase in pH
forming a slant curve with the maximum rate of photo-
degradation at pH 12.0 where the % ionization of PD is 99.90%
indicating that the ionized form of PD is more susceptible to the
RF-sensitized photooxidation. Two green analytical methods
(UV-visible spectroscopic, high-performance liquid chromato-
graphic methods) are developed and are effectively used for the
simultaneous determination of PD and RF in pure and
degraded solutions.
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Data will be available upon reasonable request to the corre-
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