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Abstract: Manidipine (MP) is widely used for reducing high blood pressure. Calslot® (CALS) tablets,
which are the original MP medicines, and their generic medicines have been used for patients in
clinical situations. The authors hypothesized that the photodegradability of MP drug substance in
CALS tablets might be enhanced when the tablets were photo-exposed after the change of the dosage
form by the presence of riboflavin (RF), which is utilized as a coloring agent and a well-known
photosensitizer. The present study clarified that RF enhanced the photodegradation of MP when the
powders and the suspensions of CALS tablets were ultraviolet light (UV) irradiated. The addition of
RF to the suspension of MP standard substances also promoted MP photodegradation along with
the increase of the generation rate of its main photoproduct, benzophenone. Finally, the authors
performed the photostabilization of MP suspensions based on the addition of quercetin (QU), which
is one of polyphenols and has both the antioxidative potency and the UV filtering potency. It is
summarized that QU has a protective potency for MP’s own photodegradation, and it partially
suppresses the photocatalytic effect of RF. Further studies focused on the photochemical behaviors of
utilized additives for medicines are needed for their safe use.
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1. Introduction

Manidipine (MP) is a member of the dihydropyridine drugs classification, and is
widely used for reducing high blood pressure. Calslot® (CALS) tablets, which are the
original MP medicines, and their generic medicines have been used for patients in clinical
situations. Dihydropyridine drugs inhibit the calcium channels, resulting in the suppres-
sion of the transmembrane influx of calcium ions and the dilation of blood vessels [1].
Also, it is well known that dihydropyridine drugs are significantly photosensitive and
an easily oxidized concomitant with the generation of pyridine derivatives [2-4]. The
loss of dihydropyridine rings results in the loss of their pharmacological effects. In the
case of nifedipine, photodegradation decreases the effect of the reduction in high blood
pressure, but its main photoproduct (nitroso pyridine analogue) shows an antioxidative
potency [5]. Several reports clarified that the photodegradation of pharmaceuticals induced
the gain of adverse effects. For example, local venous pain caused by the injection of
dacarbazine, which is an anticancer drug, is due to its photoproduct 5-diazo-imidazole-
4-carboxamide [6]. One photoproduct of furosemide is its dimer [7], which shows that
the mutagenicity is different from the parent compound [8]. Our previous studies also
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indicated that the photoproducts of several pharmaceuticals had more ecotoxicological po-
tencies derived from their photoproducts [9-11]. Photo-exposure to pharmaceuticals might
affect both the quantity and the quality, but the photostability of various pharmaceuticals,
especially after the change of dosage form, is unclear because it was not evaluated by the
maker. The change of the dosage forms is an efficient method to improve the medication
compliance of patients, and it has been popular in clinical situations. It is reported that
pulverizing or suspending several tablets of dihydropyridine drugs resulting in the more
photo-sensitive [12,13].

In the present study, we focused on the photostability of CALS tablets. As shown
in Figure 1, a previous study showed that MP was photodegraded with the generation
of several photoproducts (P1, P2, and P3) including benzophenone (BP) by ultraviolet
light (UV) irradiation [14]. BP seems to be generated by the elimination of a diphenyl
methylene moiety from MP at the excited state. CALS tablets are composed of the active
pharmaceutical ingredient (API) and several additives including riboflavin (RF), which
is a well-known photosensitizer. It is hypothesized that the photodegradability of API
in CALS tablets might be enhanced by the presence of RF. To prove this proposal, firstly,
the photostability of CALS tablets was compared with that of API. In addition, the role
of RF as a photocatalyst for MP photodegradation was clarified. Residual amounts of
API were monitored using a high-performance liquid chromatography (HPLC) system.
Secondly, the photostabilization of CALS tablets was performed based on the addition
of quercetin (QU), which is one of the polyphenols. The authors previously investigated
the photostabilization activity of QU for naproxen, which is one of the photosensitive
pharmaceuticals, in an aqueous media and in the solid state [15,16]. The obtained results
indicate that RF as a coloring agent enhances the photodegradation of MP in UV-irradiated
powders and suspensions, and the addition of QU suppresses it partially.
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Figure 1. Photodegradation scheme of MP.

2. Materials and Methods
2.1. Materials

Standard substances of MP, QU, and RF were purchased from the Tokyo Chemical
Industry Corporation (Tokyo, Japan). CALS tablets (10 mg, batch number: HGO011, Teva
Takeda Pharm Ltd., Nagoya, Japan) were obtained from a commercial source. Methanol
(MeOH) and formic acid were purchased from Fujifilm Wako Pure Chemical Corporation
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(Osaka, Japan). All reagents and organic solvents were of special and HPLC grade. Milli-Q
(18.2 M) x cm) water was prepared by using a Milli-Q water purification system (Merck,
Darmstadt, Germany).

2.2. Sample Preparation

CALS tablets were taken out of the press through package (PTP) sheets and pulverized
or suspended for the preparation of test samples (powder sample and suspension sample).
To prepare a suspension sample, one CALS tablet was added in 50 mL of Milli-Q water and
sonicated for 10 min. Powder samples and suspension samples were exposed to a black
light for 24 h. Control samples were also prepared following the same procedure, but they
were covered with an aluminum foil to protect them from photo-exposure. UV-irradiated
powder samples were added in 100 mL of a mixture of MeOH and water (1:1, v/v), and
were sonicated for 15 min for the extraction of API These solutions were filtered through a
polyvinylidene difluoride (PVDF) membrane filter (Durapore® PVDF membrane, 0.45 um,
Merck), and the filtrate was subjected to HPLC analysis. UV-irradiated suspension samples
were added into 50 mL of MeOH and a mixture of MeOH and water (1:1, v/v) to make up
100 mL exactly. After sonication for 15 min, the residue was removed as the same procedure
of powder samples. The obtained filtrate was subjected to HPLC analysis.

MP standard samples of powder and suspension were prepared as follows: an aliquot
of MP drug substance (10 mg) was put on the paper and utilized as a powder sample of APL
To prepare the standard samples of suspension, the MP standard substance was initially
dissolved in MeOH (10 mg/mL), and an aliquot of this solution (1 mL) was applied to a
beaker. After the withdrawal of MeOH, 50 mL of Milli-Q water was added and sonicated for
10 min. This sample was utilized as a suspension sample of API. These standard samples
were UV-irradiated and processed in the same way as the powder samples and suspension
samples of CALS tablets. In the case of the experiments with RF and QU, standard solutions
of RF and QU (10 mg/mL) dissolved in MeOH were added to the suspension samples of
CALS tablets or MP drug substance to make their molar ratios (%) for MP between 0.01%
and 2% for RE, and between 0.01% and 100% for QU. The prepared samples were subjected
to the irradiation experiments after sonication for 10 min to make them uniform.

In addition, to evaluate the photostability of crushed CALS tablets in clinical situa-
tions, the powder samples were packaged by paper packages and cellophane packages
(1 sample/package). Packaged samples were stored in a house (near a window and irradi-
ated by sunlight during the daytime) or in the Akimoto Pharmacy (irradiated by fluorescent
light (FL) or light-emitting diode (LED) light as the room light during the daytime) for up
to 30 days. Also, packaged samples were UV-irradiated under the same conditions as the
powder samples. After the irradiation, samples were taken out from the packages, and the
same procedures as those used for the powder samples were performed for the preparation
of the analytical samples. All experiments were performed in quadruplicate.

2.3. UV Irradiation Experiment

UV irradiation experiments were performed in a light cabinet with a black light lamp
(20W FL20S BLB, Toshiba, Tokyo, Japan). The most abundant wavelength of this lamp is
365 nm, which is a component of sunlight. The UV irradiation intensity at 365 nm was
200 uW/cm? /s, as measured by a digital radiometer with a 365 nm sensor (UVX-36, UVP,
Upland, CA, USA). Irradiation experiments were carried out under the following conditions:
temperature: 20 °C, distance from the light source 20 cm for powder samples and 15 cm for
suspension samples and water depth: 3 cm for suspension samples. Irradiation times were
up to 24 h.

2.4. Evaluation of the Residual Amounts of MP in UV-Irradiated Samples

Monitoring of the residual amounts of MP and the generation rates of its main photo-
product was performed with an HPLC system, which was composed of an LC-20AB pump,
a SIL-20AC autosampler, an SPD-M20A photodiode array (PDA) detector with LCsolution
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software, a CBM-20A system controller, a DGU-20A3 degasser, and a CTO-20A column
oven (Shimadzu Corp., Kyoto, Japan). The analytical column used was the Shim-pack
Arata C18 column (4.6 x 150 mm, particle size 5 pym, Shimadzu Corp.), which was kept
at 40 °C during the analysis. The mobile phase included a mixture of MeOH and 0.1%
(v/v) formic acid (45:55, v/v), and isocratic separations were performed. The flow rate was
maintained at 1.0 mL/min, and the injection volume was 20 uL. The analytical time and
the detection wavelength were set at 60 min and 254 nm, respectively. The retention time
of MP was 20 min. The calculations for the amounts of MP and its photoproducts were
carried out utilizing their detected peak areas obtained by an HPLC analysis, and they
were shown as the residual rate (%) for the amount of MP without UV irradiation.

2.5. Statistical Analysis

The amounts of MP and its photoproducts in sample solutions were expressed as the
mean =+ standard deviation (SD). The statistical significance between the two groups was
estimated by Student’s t-test. The thresholds for assessing significance were p < 0.05 (*¥),
p <0.01 (**), and p < 0.001 (***) versus the control samples (covered by an aluminum foil or
without some additives).

3. Results
3.1. Photostability Evaluation of Altered Forms of CALS Tablets and MP Drug Substances

It is possible that photodegradation might change the quality of photo-exposed phar-
maceuticals including their biological activities in addition to their quantity. The author
carried out the photostability evaluation of the powder samples and suspension samples of
CALS tablets by UV irradiation, in order to confirm their photosensitivity. As shown in
Figure 2A,B, MP and P1, which was a potential impurity of CALS tablets, were degraded
completely along with the generation of P2 and P3 in the suspension samples. In the case
of UV-irradiated powder samples of CALS tablets, the peak of MP decreased after UV
irradiation for 24 h with an increase in the peaks of P1 and P2 (P3 was not generated in
the solid state). However, when the MP drug substance was suspended in an aqueous
media, MP was not degraded completely by UV irradiation. The peaks of MP, P1, P2, and
P3 were observed in the HPLC chromatogram (Figure 2D), but the peak areas of P2 and P3
were less than those recorded in the UV-irradiated suspension of MP tablets. Surprisingly,
the powder of the MP drug substance was not affected by UV irradiation, and any MP
photoproducts were not observed in the HPLC chromatogram.

The residual amounts of MP in powder samples and suspension samples of CALS
tablets and MP drug substances with and without UV irradiation were summarized in
Figure 3. In the case of altered forms of CALS tablets, the value of the residual amounts
of MP in UV-irradiated powder samples was 92.6 £ 1.1%. However, MP in UV-irradiated
powder samples of MP drug substances was not affected by UV irradiation, and the
value of the residual amounts was comparable to the control samples (102.1 & 3.7% and
100.0 £ 3.4%, respectively). The value of the residual amount of MP in UV-irradiated
suspension samples of MP drug substances was 63.0 &= 5.4%, although MP in the suspension
samples of CALS tablets was completely degraded after UV irradiation. The obtained
results indicating an increase in the photodegradability of MP tablets after the change of
dosage forms were the same as those obtained in our previous study [14].

Furthermore, in the case that CALS powders were packaged in paper packages and
cellophane packages, UV irradiation induced a decrease in the contents of MP after 24 h
irradiation, as shown in Figure S1. API, in these packages without UV irradiation, was not
changed (residual amounts in paper packages and cellophane packages were 100.0 & 2.6%
and 100.0 £ 2.7%, respectively), but those values recorded after UV irradiation were
significantly lower (96.1 & 1.2% and 90.1 &£ 0.7%, respectively). In addition, when these
packages were stored near the window of the house for 1 month (samples were irradiated
by sunlight during daytime), a 10% decrease in the API contents was observed, as shown
in Figure S2. In the case that these packages were stored in the pharmacy (samples were
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irradiated by FL light or LED light during work time), several changes were not observed.
These packages were utilized in clinical situations, so CALS powders might be affected
when they are packaged and irradiated by sunlight.
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Figure 2. HPLC chromatograms of suspension samples of CALS tablets and MP drug substances
with and without UV irradiation for 24 h. (A) Suspension sample of CALS tablets, (B) UV-irradiated
suspension sample of CALS tablets, (C) suspension sample of MP drug substance, and (D) UV-
irradiated suspension sample of MP drug substance. Detection wavelength: 254 nm.
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Figure 3. Residual amounts of MP in powder samples and suspension samples after UV irradiation for
24 h. Values represent mean + SD (n = 4). *** Difference compared with control samples (p < 0.001).

Based on these results, it is suggested that additives in CALS tablets might promote the
photodegradation of MP. Utilized additives in CALS tablets were as follows: corn starch,
hydroxypropyl cellulose, low-substituted hydroxypropyl cellulose, magnesium stearate,
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riboflavin, and lactose monohydrate. Among them, the authors paid attention to riboflavin
(RF), which is a well-known photocatalyst. There are several reports indicating the role
of RF as a photocatalyst for pharmaceuticals [17-19]. The addition of RF promotes the
photodegradation of sulindac, which is one of the non-steroidal anti-inflammatory drugs,
resulting in the generation of its main photoproduct [20].

3.2. Evaluation of Photocatalysis Activity of RF

To prove the photocatalytic activity of RF for MP photodegradation, UV irradiation
experiments were performed when the MP drug substance was irradiated, firstly, in the
presence of RE. As shown in Figure 4, MP photodegradation was promoted when the RF
contents were more than 1%. The residual amounts of MP after UV irradiation in the
absence of RF were 43.0 & 4.1%, but those in the presence of 1% RF were 7.2 £ 1.6%. In
the case of the addition of 2% RF, MP was completely photodegraded after 24 h irradia-
tion. Moreover, the generation rate of BP, which was designated as P2 and the main MP
photoproduct, was increased concomitant with MP photodegradation in this condition;
although, the generation rate did not increase with RF addition up to 0.1%. The generation
rates of BP in the presence of 1% and 2% RF were 22.3 4= 2.8% and 42.2 £ 6.0%, respectively.
These values were higher than in the absence of RF (8.9 & 1.0%). There are several reports
showing the toxicological effects of BP [21-23], so it is possible that RF might contribute
to a decrease in the beneficial effect of MP and an increase in the adverse effect derived
from BP.

B. Generation rates of BP
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Figure 4. The dose dependency of the effect of RF on the residual amounts of MP and the generation
rates of BP in the UV-irradiated suspension samples for 24 h. (A) The residual amounts of MP and
(B) generation rates of BP. Values represent mean + SD (n = 4). ** Difference compared with no
additives (p < 0.01) and *** difference compared with no additives (p < 0.001).

Secondly, for the determination of the difference between the degradation rates of MP
with and without RF, the time dependency of MP photodegradation in suspensions was
compared, as shown in Figure 5. The photodegradation rate of MP with 1% RF (kinetic
constant 22.7 h—1) was higher than that without RF (kinetic constant 10.4 h™ 1). On the other
hand, MP photodegradation was not enhanced in the presence of RF when irradiated sam-
ples were covered by an aluminum foil. From these results, it is indicated that RF promotes
MP photodegradation by photocatalytic activity. Several studies showed that RF acts as a
photosensitizer and promotes the photodegradation of other chemical compounds [17-19].
RF promotes direct photodegradation of other compounds by the transfer of an excitation
energy. Furthermore, indirect photodegradation was also enhanced because photo-exposed
RF gives the energy to oxygen molecules and water molecules, resulting in the formation
of a reactive oxygen species. In this study, MP photodegradation was promoted both in
the powder samples and suspension samples, and the photodegradation in the suspension
samples was significant. Because the enhancement of MP photodegradation was partial
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in the solid state, it seems to be that the transfer of an excitation energy between RF and
MP might contribute to the promoted photodegradation. In the case of UV-irradiated
suspensions, RF might transfer the energy to MP and other compounds, including water
molecules, and promote MP photodegradation by the activation of direct and indirect pho-
todegradation. Reactive oxygen species have a crucial role for the oxidation of a pyridine
ring and the elimination of a diphenyl methylene moiety of MP, resulting in the generation
of P1 and P2 [14]. MP photodegradation might be promoted by the generation of a reactive
oxygen species, which is enhanced by the energy transfer from photo-sensitized RF. The
details for the mechanism of the photocatalytic activity of RF are unclear, so additional
studies are required.
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Figure 5. Photodegradation rates of MP with and without RF after UV irradiation for up to 4 h.

3.3. Study on the Photostabilization of CALS Suspensions

Our previous studies indicated that the additives having antioxidative potencies and
UV filtering potencies suppressed the photodegradation of naproxen, which is well known
as a photosensitive pharmaceutical [15,16]. In the next step, the authors performed the
photostabilization of MP suspensions based on the addition of quercetin (QU), which is
one of the polyphenols and has both the antioxidative potency and the UV filtering potency.
It has already been clarified that the addition of QU suppresses the photodegradation of
naproxen suspended in an aqueous media [15]. It was proposed that QU might quench
naproxen at the excited state, in addition to the suppression of the generation of the reactive
oxygen species. Herein, UV irradiation experiments were performed in the case that the MP
drug substance was irradiated in the presence of QU. As shown in Figure 6, QU suppressed
the MP photodegradation. The higher QU contents showed the higher photoprotective
potency for MP. The value of residual amounts of MP without QU after 24 h irradiation
was 46.0 £ 3.5%, but those with 0.01%, 0.1%, 1%, 10%, and 100% QU were 54.0 + 1.1%,
56.5 & 1.4%, 59.7 & 0.8%, 60.9 £ 0.7%, and 80.9 & 4.1%, respectively. In addition, QU
suppressed the generation of BP derived from MP photodegradation in proportion to its
contents (Figure S3). From these results, the dose-dependent protective effect of QU for
MP photodegradation was indicated. It is suggested that QU might act as a photostabilizer
for MP by several factors, including the protection from UV irradiation, the quenching of
the excited state of MP, and the suppression of the generation of a reactive oxygen species.
In the suspension of MP, the presence of QU could disrupt the photo-exposure to MP due
to its significant UV absorption potency. In addition, QU has an antioxidative potency
showing the higher reduction of Cu?* to Cu* compared with other tested polyphenols
in the PAO test [15,16], so QU could suppress the behavior of reactive oxygen, otherwise
resulting in the oxidation of a pyridine ring and the elimination of a diphenyl methylene
moiety of MP. Moreover, QU might quench the excited state of UV-irradiated MP to form
the basal state.
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Figure 6. Dose dependency of the effect of QU on the residual amounts of MP in the UV-irradiated
suspension samples for 24 h. Values represent mean =+ SD (n = 4). * Difference compared with no
additives (p < 0.05), ** difference compared with no additives (p < 0.01), and *** difference compared
with no additives (p < 0.001).

Furthermore, the authors compared the photocatalytic potency of RF with the photosta-
bilizing potency of QU for MP photodegradation. The dose dependency of the protective
effect of QU in the presence of 1% RF was evaluated, as shown in Figure 7. Residual
amounts of MP after 24 h irradiation increased in proportion to the contents of QU. The
values were as follows: 10.8 4= 5.1% for 0% QU, 21.4 & 2.5% for 0.01% QU, 21.0 + 4.2% for
0.1% QU, 23.4 £ 1.8% for 1% QU, 39.9 £ 5.8% for 10% QU, and 68.6 = 2.2% for 100% QU.
Overall, the residuals amounts were lower than those in the absence of RF (Figure 6). The
generation rates of BP increased with RF similar to MP photodegradation, but QU also
suppressed them dependent on its contents (Figure 54). In contrast to these experiments,
the dose dependency of the photocatalytic effect of RF in the presence of 1% QU was eval-
uated, as shown in Figure 8. QU showed the protective effects on MP photodegradation,
which was promoted by the presence of RE. MP was completely photodegraded by the
addition of 2% RF (Figure 4), but the remain of MP after 24 h irradiation was observed
in the presence of 2% RF and 1% QU (the residual amounts were 7.7 &= 1.0%). The gener-
ation rates of BP decreased by the addition of RF, and these values were less than those
observed for the absence of QU, as shown in Figure S5. In the case of the addition of 2%
RF in the presence of 1% QU, the generation rates of BP were 23.8 &+ 3.0%, which were
less than those recorded for the absence of QU (42.2 + 6.0%). In addition, QU showed
the photoprotective effect on MP photodegradation in the suspension samples of CALS
tablets. Without QU, API was photodegraded completely after UV irradiation for 24 h, as
shown in Figure 3, but API remained in the presence of 100% QU (the residual amounts
of MP were 8.8 + 3.1%). The residual amounts were less than those observed in the case
that MP drug substance was suspended and UV-irradiated in the presence of 100% QU
and 1% RF (Figure 7, 68.6 &= 2.2%). It is possible that the protective effect of QU might
be attenuated by other additives or other additives might have a photocatalytic effect on
MP photodegradation. The quenching activity of QU for MP at the excited state and the
reactive oxygen species might be disrupted by the presence of other additives. Energy
transfer and quenching between chemicals is complex, so additional research is needed to
prove the interaction among MP and surrounding other additives. Based on the obtained
results, it is summarized that QU has a protective potency for MP’s own photodegradation
and partially suppresses the photocatalytic effect of RF.
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4. Conclusions

This work revealed that RF promotes the photodegradation of MP tablets when they
are crushed and suspended. RF is utilized as a coloring agent, but it has a potency to
photo-catalyze the degradation of APIs after the change of the dosage form. In addition,
the addition of QU, which has both an antioxidative potency and an UV-filtering potency,
partially suppresses the photodegradation of MP. It might be an effective strategy to
add several photostabilizers for crushed and suspended medicines, of which APIs are
photodegradable, in clinical situations. Further studies focused on the photochemical
behaviors of utilized additives for medicines are needed for their safe use.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 / photochem4030023/s1. Figure S1: Residual amounts of MP
in powders packaged by paper and cellophane after UV irradiation for 24 h. Values represent
mean £ SD (n = 4). ** Difference compared with control samples (p < 0.01); Figure S2: Residual
amounts of MP in powders packaged by paper and cellophane after the exposure by sunlight, FL
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light, and LED light. Values represent mean =+ SD (n = 4). * Difference compared with control samples
(p < 0.05) and *** difference compared with control samples (p < 0.001); Figure S3: Dose dependency
of the effect of QU on the generation rates of BP in the UV-irradiated suspensions. Values represent
mean + SD (n = 4). * Difference compared with no additives (p < 0.05), ** difference compared with
no additives (p < 0.01), and *** difference compared with no additives (p < 0.001); Figure S4: Dose
dependency of the effect of QU on the generation rates of BP in the UV-irradiated suspensions in the
presence of 1% RF. Values represent mean + SD (1 = 4). * Difference compared without QU (p < 0.05)
and ** difference compared without QU (p < 0.01); Figure S5: Dose dependency of the effect of RF
on the generation rates of BP in the UV-irradiated suspensions in the presence of 1% QU. Values
represent mean =+ SD (n = 4). *** Difference compared without RF (p < 0.001).
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