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impurities including azobisisobutyronitrile and metal ions, among which metal ions in
polyethylene glycol 400 were identified as the major contributing factors. Additionally,
the degradation of ECN in the tapes could be effectively inhibited by the addition of an
antioxidant and a chelating agent. Specifically, the generation of the oxidative impurity
of ECN (designated as ECN-O) was significantly reduced by approximately 85% when
0.1% (w/w) butylhydroxyanisole (BHA) was added alone. Moreover, the combination of
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formation of ECN-O, with no detectable oxidative impurity under the same accelerated
conditions (60 °C, 20 days). Conclusion: The prepared ECN-TA DIA dermal tape is
suitable for topical antifungal therapy. Excipient-derived metal ions induce free-radical
oxidation of ECN, while an antioxidant and a chelating agent can effectively improve the
stability of ECN, providing a basis for formulation optimization.
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¢ An oxidative degradant of econazole nitrate (ECN) was identified as the major degradation product of ECN in self-prepared dermal

tapes.

e The degradant was synthesized and a validated quantitative analytical method was developed.
e ECN undergoes atmospheric oxygen-induced free-radical oxidation facilitated by trace azobisisobutyronitrile in adhesive and

metal ions in polyethylene glycol 400 (PEG 400).

e Trace metal ions in PEG 400 are the main cause of ECN oxidation, which can be effectively inhibited by an antioxidant combined

with a complexing agent.

1 INTRODUCTION

Econazole nitrate (ECN, Figure 1A) is a well-established azole
antifungal agent and a first-line treatment for various fungal
infections. Topical therapy is desirable because it reduces the
risk of systemic side effects and targets the site of infection [1].
ECN is often combined with triamcinolone acetonide (TA), and
most commercial combination products of the two drugs are
semisolid formulations, which do not adhere well to the affect-
ed skin under clothing, resulting in suboptimal therapeutic
efficacy.

Transdermal/derma therapeutic systems usually consist of
drug-loaded pressure-sensitive adhesive (PSA) matrices, which,
when applied to the skin, deliver the therapeutic agent into the
skin at a controlled rate and maintain a steady concentration of
the therapeutic agent in the systemic circulation or at the site of
application [2]. Many types of polymers may be used in trans-
dermal therapeutic systems or dermal therapeutic systems, and
polyacrylate PSAs and polyethylene glycols (PEGs) are among
the most commonly used polymers [3-5]. Polyacrylate PSAs
are used as the matrix material, and PEGs are used as a solvent
to inhibit crystallization. Usually, they are considered to be
highly stable toward acids, alkalis, oxidants, and ultraviolet
(UV) irradiation and exhibit good compatibility with drugs
[6-8].

Quality, safety, and efficacy are the most important attributes
of pharmaceutical products [9]. Stability testing is designed to
provide evidence of how the quality of a drug substance or drug
product changes over time under various environmental fac-
tors, such as temperature, humidity, and light [10, 11]. In addi-
tion, stress testing of the drug can identify the likely degrada-
tion products, which in turn help establish the degradation
pathways and the intrinsic stability of the molecule [12].

Pharmaceutical formulations typically contain active pharma-
ceutical ingredients and excipients derived from various sourc-
es, including biological, mineral, and synthetic origins. In
recent decades, synthetic polymers have been developed and
widely used as matrices and packaging materials in novel drug
products to improve dissolution, control the release profile, and
achieve targeted delivery. These polymers, with their well-
defined compositions, are considered inert, safe, and stable.
However, the impact of impurities existing in polymers, such as
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residual monomers, crosslinkers, and initiators, is often over-
looked [13].

Therefore, in our preliminary study, we developed a drug-in-
adhesive tape with a high moisture vapour transmission rate,
containing ECN and TA. However, during stability testing, we
observed undesired degradation of ECN. The oxidative degra-
dation product of ECN (designated ECN-O) was neither de-
tected in our forced degradation studies nor recorded as a spec-
ified impurity in the Chinese Pharmacopoeia (2025 edition),
European Pharmacopoeia (12th edition), or United States Phar-
macopoeia and National Formulary (2026 Issue 1) (Figure
1B-D). This discrepancy raises a key question: why did ECN,
which was stable under oxidative stress in solution-phase
forced degradation tests, undergo oxidation in the dermal tape
matrix? The answer may lie in the formulation itself: exci-
pients may introduce impurities that alter the degradation envi-
ronment, a condition absent from standard stress testing.
Accordingly, we performed qualitative and quantitative analy-
ses of the impurities and investigated the oxidative degradation
mechanism.

2 MATERIALS AND METHODS
2.1 Materials

DURO-TAK® 87-2510 (a polyacrylate pressure-sensitive adhe-
sive) was purchased from Henkel Co., Ltd. (Germany); ethyl
stearate was purchased from Qianwei Oil Technology Co., Ltd.
(Shanghai, China); PEG 400 was purchased from ErKang
Pharmaceutical Co., Ltd. (Hunan, China) and Bodi Chemical
Co., Ltd. (Tianjin, China); butylhydroxyanisole (BHA) was
purchased from Danisco Co., Ltd. (Denmark); release liner
(Scotchpak™ 9748) and backing layer (Cotran™ 9733) were
kindly provided by 3M Co., Ltd. (MN, USA). Solvents and
mobile phases used for analysis were of chromatographic grade
and were filtered through a 0.45-pm nylon filter before use. All
other reagents used in the experiments were of analytical grade.

2.2 Preparation of tapes

All tapes used in this study were prepared as follows. The PSA
(DURO-TAK® 87-2510) was stirred with or without the addi-
tion of BHA and ethylenediaminetetraacetic acid (EDTA)
at room temperature for 2 h. Appropriate amounts (listed in
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Figure 1. Chemical structures of econazole nitrate (A), econazole impurity A (B), econazole impurity B (C), econazole impurity C (D),
and the oxidative degradation product of econazole nitrate (designated ECN-O) (E).

Table 1. Formulations screening design for the ECN-TA tapes. Reagents were added on mass percentage (w/w, %)

No. PSA ES PEG 400 ECN TA BA BHA Vit E EDTA
F-1 67.90 15.00 15.00 1.00 0.10 1.00 0.01 - -

F-2 67.90 15.00 15.00 1.00 0.10 1.00 - 0.01 -

F-3 67.90 15.00 15.00 1.00 0.10 1.00 0.10 - -

F-4 67.90 15.00 15.00 1.00 0.10 1.00 - - -

F-5 67.90 15.00 15.00 1.00 0.10 - 0.01 - -

F-6 67.90 15.00 15.00 1.00 0.10 1.00 0.01 - 0.02

Note: The PSA used was DURO-TAK® 87-2510 and was weighed based on its solid content. ECN, econazole nitrate; TA, triamcinolone acetonide;
PSA, pressure-sensitive adhesive; ES, ethyl stearate; PEG 400, polyethylene glycol 400; BA, benzoic acid; BHA, butylhydroxyanisole; Vit E,
vitamin E; EDTA, ethylenediaminetetraacetic acid. “-” means not included.

Table 1) of ECN, TA, and benzoic acid were dissolved in PEG
400 and methanol to form a solution. Then, the solution and
ethyl stearate were mixed with the adhesive and stirred thor-
oughly for 2 h. Subsequently, the mixture was allowed to stand
at 40 °C in a water bath for 30 min to remove air bubbles, spread
onto the release liner (Scotchpak™ 9748) at a constant thick-
ness of 0.3 mm, and then dried at 80 °C for 20 min. After cool-
ing, the tapes were covered with a backing layer (Cotran™
9733) and placed in an aluminum foil bag,.

2.3 Stability test

Stability tests were performed at 40 °C and 60 °C for 20 days.
The tapes were placed in aluminum foil bags, either open to air
or vacuum-sealed. Then, the samples were analyzed to deter-
mine the degradation products and the amounts of drugs, using
the methods described below.

2.4 Sample preparation

A 140 pg portion of tape (including the backing layer) was
extracted with 10 mL of an ether—ethanol mixture. The solution
(0.5 mL) was mixed with water (1.0 mL) and vortexed-mixed
for 60 s in a 1.5-mL Eppendorf tube to precipitate the poly-
meric excipients. Then, the mixture was filtered through a
0.45-pum microporous membrane. The filtrate was analyzed
by high-performance liquid chromatography with photodiode
array detection (HPLC-PDA). A 1.0 mL aliquot of the filtrate
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was loaded onto a preconditioned 500 mg CI18 solid-phase
extraction (SPE) cartridge (Cleanert S, Agela Technologies
Inc., Tianjin, China). Then, the cartridge was washed with 10%
(v/v) methanol in water (1.0 mL), followed by 2.0 mL of metha-
nol to elute the analytes. The methanol eluent was dried under
a stream of N, at room temperature. The residue was reconsti-
tuted in the mobile phase for liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analysis.

2.5 Synthesis of ECN-O

To a solution of ECN impurity A (194.6 mg, 0.76 mmol) in 10
mL of dichloromethane, a solution of 4-chlorobenzoic acid
(174.0 mg, 1 mmol) in 10 mL of dichloromethane was added
dropwise at 0 °C under argon. Then, triethylamine (0.7 mL, 5
mmol) was added dropwise under the same conditions. The
reaction mixture was stirred under argon for 3 h and allowed to
warm to room temperature. Then, the mixture was washed
with ice-cold dilute hydrochloric acid and saturated brine, and
dried over anhydrous sodium sulfate. After concentration, the
product was purified using a Shimadzu LC-20AP ultrafast lig-
uid chromatography system (Shimadzu Corporation, Kyoto,
Japan) equipped with binary pumps and a UV-visible detec-
tor. The absorbance detection wavelength was 220 nm. The col-
umn temperature was maintained at room temperature. 1.0 mL
of the reaction solution was injected onto a reversed-phase
Zorbax SB-C18 column (150 mmx21.2 mm, 5 um) (Agilent
Technologies, Santa Clara, CA, USA). The mobile phase con-
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Table 2. Operating conditions for ICP-AES (Optima 2000DV)

Parameters Settings
Cooling gas flow 15.00 L/min
Auxiliary gas flow 0.20 L/min
Carrier gas flow 0.80 L/min
RF power 1,300 W
Measuring time 30s

Note: RF, radio frequency; ICP, inductively coupled plasma; AES,
atomic emission spectrometry.

sisted of acetonitrile—water (80:20, v/v), and the flow rate was
7.0 mL/min.

2.6 Stability with H,O, and O,

The oxidative forced degradation study of ECN was performed
using a 3.024 mg/mL solution of ECN in ethanol, according to
the following protocol: a) 1 mL of ECN solution was mixed
with 1 mL of 30% (v/v) H,O, solution, and the mixture was
incubated at 60 °C for 24 h and then diluted to 1,008 pg/mL
with ethanol before analysis; b) 1 mL of ECN solution was
transferred to a flask, which was sealed under an oxygen at-
mosphere. The solution was incubated at 60 °C for 24 h
with magnetic stirring and then diluted to 1,008 pg/mL with
ethanol before analysis. The samples were analyzed using
HPLC-PDA.

2.7 Analysis method
2.7.1 HPLC-PDA

Analytical profiling of the drugs and impurities was per-
formed using a Shimadzu LC-20A HPLC system (Shimadzu
Corporation, Kyoto, Japan) equipped with binary pumps and a
PDA detector. Data were acquired and processed by LC-Solution
(Shimadzu Corporation, Kyoto, Japan). The absorbance detec-
tion wavelength was 220 nm for ECN and 240 nm for TA. The
column temperature was maintained at 40 °C in all experi-
ments. Twenty microliters of the sample was injected onto a
reversed-phase Ultimate® XB-C18 column (250 mmx4.6 mm,
5 um) (Welch Materials Inc., Shanghai, China). The flow rate
was 1.0 mL/min. Gradient elution was performed using solu-
tions A and B. Solution A was a mixture of methanol and ace-
tonitrile (1:1, v/v); solution B was water. The linear gradient
was set as follows (time, min/solvent A, %): 0.0/30, 15.0/85,
30.0/85, 35.0/30, 45.0/30.

272 LC-MS/MS

A Thermo LTQ-Orbitrap XL mass spectrometer coupled with
an ultra-high-performance liquid chromatography system
equipped with a quaternary pump, an autosampler, and a va-
cuum degasser was used for LC-MS/MS analysis (Thermo
Electron Corporation, Waltham, MA, USA). Separation was
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performed on an Ultimate® XB-C18 column (250 mmx4.6 mm,
5 pm) (Welch Materials Inc., Shanghai, China) maintained at
35 °C. The mobile phase consisted of solvent A (methanol), sol-
vent B (water), and solvent C (acetonitrile) at a flow rate of 0.5
mL/min. The linear gradient was as follows (time, min/solvent
B, %/solvent C, %): 0.0/70/25,30.0/15/80, 60.0/15/80, 60.1/70/25,
70.0/70/25. The injection volume was 5 pL. The MS and MS/
MS spectra were acquired and processed using the Xcalibur®
2.1 software (Thermo Electron Corporation, Waltham, MA,
USA). The mass spectrometer was operated in both positive
and negative ionization modes under the following conditions:
spray voltage, 4.00 kV; capillary temperature, 350 °C; capillary
voltage, 39.00 V; tube lens offset, 50.0 V; sheath gas (N,) flow
rate, 30 arb; auxiliary gas flow rate, 10 arb. Data were acquired
in full scan and product ion scan modes over an m/z range of
120-1,000, with a collision energy of 35%.

2.7.3 Gas chromatography (GC)-MS

One gram of PSA solution (DURO-TAK® 87-2510, as supplied
with solvent) was added to 4 mL of ethanol and vortexed for 60
s in a 10-mL centrifuge tube. Then, the mixture was filtered
through a 0.45-um microporous membrane with diatomaceous
earth. The filtrate was analyzed by GC-MS.

The GC-MS system consisted of an Agilent Technologies 6890
gas chromatograph coupled with a quadrupole mass selective
detector (HP 5975N) equipped with an autosampler. A DB-5-
HT MS column (15 mx0.25 mm, 0.1 um film thickness; J&W
Scientific, Folsom, CA, USA) was used. The inlet temperature
was 280 °C. The injection volume was 1 pL in splitless mode.
Helium was used as the carrier gas at a flow rate of 1.0 mL/min.
The ion source and interface temperatures were set at 150 °C
and 300 °C, respectively. The oven temperature program was
as follows: initial temperature of 100 °C, held for 2 min, ramped
to 300 °C at 20 °C/min, and held for 5 min. Other parameters
were MS Quad (150 °C), MS source (150 °C), and solvent de-
lay (4.00 min). Selected ions were monitored: m/z 69 for azobi-
sisobutyronitrile (AIBN) and m/z 105 for benzoyl peroxide.

2.7.4 Inductively coupled plasma atomic emission spectrome-
try (ICP-AES)

The concentrations of Ca, Mg, Cu, Mo, and Co were deter-
mined by ICP-AES (Optima 2000DV, PerkinElmer). One gram
of the sample was first charred on a hot plate and then placed in
a muffle furnace at 700 °C for 3 h. The ash was transferred to a
10-mL volumetric flask, dissolved in 2 mL of hydrochloric
acid, and diluted with water to volume. The operating condi-
tions of ICP-AES are summarized in Table 2.

2.8 Ethics and consent
This study did not involve human participants, human samples,

human data, animal experiments, or clinical trials. Therefore,
ethics approval and informed consent are not required.
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Figure 2. Typical HPLC-PDA chromatograms (A=220 nm) of the extract solutions of ECN-TA tapes. (A) Freshly prepared formulation
containing BHA; (B) Formulation without BHA stored at 60 °C for 20 d; (C) Formulation containing 0.01% BHA stored in an open aluminum
foil bag at 60 °C for 20 d; (D) Blank tape stored in an open aluminum foil bag at 60 °C for 20 d; (E) Formulation without benzoic acid stored in
an open aluminum foil bag at 60 °C for 20 d; (F) Formulation containing 0.1% BHA stored in an open aluminum foil bag at 60 °C for 20 d; (G)
Formulation containing BHA stored in a vacuum-sealed aluminum foil bag at 60 °C for 20 d; (H) Formulation containing vitamin E stored in an
open aluminum foil bag at 60 °C for 20 d; (I) formulation containing BHA and EDTA stored in an open aluminum foil bag at 60 °C for 20 d. BHA,
butylhydroxyanisole; EDTA, ethylenediaminetetraacetic acid; ECN, econazole nitrate; TA, triamcinolone acetonide; HPLC, high-performance
liquid chromatography; PDA, photodiode array detection.
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3 RESULTS
3.1 Stability tests

After preparation of the dermal tape, the stability test was per-
formed at 60 °C, and two impurities were detected in the sam-
ples (Figure 2A-C). The blank tape sample stored under the
same accelerated conditions showed no interfering peaks at the
retention times of ECN, TA, or the two impurities (Figure 2D),
confirming that the degradation products originated from ECN
rather than from the excipients. The retention times of impurity
1 and impurity 2 were 15.2 min and 21.5 min, respectively. The
UV spectra obtained from the diode array detector suggested
that both impurities were structurally related to ECN. In addi-
tion, ECN-O and the related impurity ECN impurity A were
detected in dermal tape samples stored at 40 °C for 6 months,
although at substantially lower levels than those observed
under accelerated conditions (60 °C). Because degradation pro-
ceeded much more slowly at 40 °C, subsequent mechanistic
studies were conducted under accelerated conditions (60 °C) to
shorten the experimental period and facilitate comparison of
formulation variables.

A series of formulations was subjected to stability testing to
preliminarily investigate the degradation mechanism. The drug
form and pH were first considered based on previous studies
[14]. In the present study, degradation occurred in ECN formu-
lated as the nitrate salt, which is generally considered more
stable than the free base. Moreover, similar degradation was
observed regardless of the presence of organic acids in the for-
mulation (Figure 2E). Oxidation is likely the primary degra-
dation pathway of ECN. This was supported by the marked
inhibition of degradation in the presence of a high concentra-
tion of antioxidant (Figure 2F) or when the tapes were stored
in vacuum-sealed bags isolated from air (Figure 2G). In con-
trast, the formulation containing vitamin E still exhibited
detectable degradation products under the same storage condi-
tions (Figure 2H), suggesting that not all antioxidants were
equally effective in preventing ECN oxidation. As shown in
Figure 2F, the peak area of ECN-O decreased by approximate-
ly 85% upon the addition of 0.1% BHA. Complete inhibition
was achieved when 0.01% BHA and 0.02% EDTA were used in
combination (Figure 2I). Then, the characteristics of the two
impurities and the underlying cause of ECN instability in the
tapes were further discussed. Unless otherwise specified, all
formulations were stored under identical accelerated conditions
(60 °C, same storage duration, sealed packaging, and atmos-
pheric exposure) to ensure comparability between groups.

3.2 Degradation pathway of ECN in tapes
For further investigation of the impurities observed in the sta-
bility tests, LC-MS/MS was employed. SPE was used for sam-

ple clean-up and enrichment. The SPE procedure effectively
reduced interference from PEG chain fragments, resulting in
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improved analytical response of the drug and impurities
(Supplementary Figure 1).

Figure 3A shows that the accurate mass (m/z 257.0236) and
corresponding isotopic pattern of impurity 1 were consistent
with impurity A (ECN impurity A, Figure 1B) listed in the
European Pharmacopoeia (8th edition). However, the other two
impurities (Figure 1C, 1D) listed in the pharmacopeia were not
detected by selected ion monitoring analysis. The isotopic pat-
tern of impurity 2 indicated the presence of three chlorine
atoms, suggesting that this compound was structurally related
to ECN. Additionally, the accurate mass (m/z 395.0116, Figure
3B) and MS/MS fragmentation pattern (Figure 3C) suggested
that this compound was an ECN-O (Figure 1E). The proposed
main fragmentation pathways are illustrated in Figure 3D.

Figure 4A, 4B indicate that, in the dermal tapes, ECN impurity
A may represent a secondary degradation product of ECN-O,
as 4-chlorobenzoic acid ([M-H] m/z 155) was detected in the
sample, whereas 4-chlorobenzyl alcohol ((M+H]" m/z 143) was
not observed. In addition, ECN-O was consistently detected at
higher levels than ECN impurity A (Figure 2). Moreover, ECN
impurity-A and ECN-O were also detected in tape samples
stored at 40 °C for 6 months, as evidenced by the extracted ion
chromatograms of m/z 257 and m/z 395, respectively (Figure
4C, 4D). Therefore, in addition to the impurities listed in the
pharmacopeias, ECN-O should also be considered in the stabil-
ity studies of ECN.

3.3 Structural characterization and quantitative analysis
of ECN-O

To confirm the structure assigned to ECN-O and to develop a
quantitative analysis method, ECN-O was synthesized from
4-chlorobenzoic acid and 1-(2,4-dichlorophenyl)-2-(1H-imida-
zole-1-yl) ethanol (namely ECN impurity A) via a one-step
reaction. The structure of the synthetic compound was cha-
racterized by proton nuclear magnetic resonance, high-resolu-
tion mass spectrometry, and UV spectroscopy (Supplementary
Figures 2-4) and confirmed to be identical to ECN-O. The
chromatographic behavior of the compound was also consistent
with that of the degradation product observed in dermal tapes.
These results confirmed the structural identity of ECN-O as
the degradation product formed in the dermal tapes. The HPLC
method for simultaneous quantification of ECN, TA, ECN
impurity A, and ECN-O was validated in terms of specificity,
linearity, precision, and accuracy. A summary of the validation
results is as follows: linearity (R>>0.9995 for all analytes over
the tested concentration ranges), intra-day precision (relative
standard deviation =1.84%), inter-day precision (relative stan-
dard deviation =1.43%), and accuracy (98.9%-101.1%). Full
validation data are provided in the Supplementary Material
(Supplementary Tables 1-3 and Supplementary Figure 5).
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Figure 3. Typical HRMS spectra for econazole nitrate degradation products in tapes stored at 60 °C for 20 d. (A) Full MS scan of ECN
impurity A; (B) Full MS scan of ECN-O; (C) Full MS? scan of m/z 395; (D) Proposed main fragmentation pathways of ECN-O by ESI-MS.
HRMS, high-resolution mass spectrometry; ECN, econazole nitrate; ECN-O, oxidative degradation product of ECN; ESI, electrospray ioniza-
tion; FTMS, Fourier transform mass spectrometry; p ESI, positive electrospray ionization; NL, normalized level; RT, retention time; LC, liquid

chromatography; MS, mass spectrometry.
4 DISCUSSION

Studying impurity profiles remains a major challenge in the
development of pharmaceutical products due to low impurity
levels and poorly understood drug-excipient interactions [15].
Commercial ECN products are mainly available as creams and
gels. In this study, a dermal tape containing ECN and TA was
developed, in which a novel ECN impurity was observed. The
underlying degradation mechanism was therefore investi-
gated.

Although peroxides and secondary products formed via autox-
idation in PEG have often been associated with drug-excipient
interactions leading to instability in pharmaceutical formula-
tions, this pathway was not considered to be the primary cause
of ECN degradation in the present study, as oxidation of ECN
was not observed in tapes stored in the absence of air exposure

https://doi.org/10.61189/471766rxlznz

(Figure 2G) [16]. This suggests that no external oxidizing spe-
cies were introduced within the formulation. Therefore, ECN
degradation in the tapes is likely to involve atmospheric oxy-
gen-mediated oxidation [17]. However, ECN was shown to be
stable against oxygen or H,O, in the ordinary forced degrada-
tion test (Figure 5) and in other pharmaceutical formulations.
These results indicate that the oxidative degradation observed
in the tapes is likely facilitated by reactive impurities present in
the excipients.

Although oxidative degradation of ECN in pharmaceutical
formulations has not been previously reported, the product
ECN-O is not a novel structure and has been reported to be
formed from ECN at a yield of 10—15% with heat (77 °C), un-
der pressure (6.8 atm), and initiator/catalyst-mediated condi-
tions [18]. Based on the previous results, the unexpected insta-
bility of ECN in tapes might be attributed to traces of reactive
impurities derived from excipients [15].
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Figure 4. Typical LC-MS extracted ion chromatograms of tape samples. (A) m/z 143 and (B) m/z 155 from samples stored at 60 °C for 20 d;

(C) m/z 257 and (D) m/z 395 from samples stored at 40 °C for 6 months. NL, normalized level; RT, retention time; LC, liquid chromatographys;
MS, mass spectrometry; p ESI, positive electrospray ionization; ¢ ESI, capillary electrospray ionization.

PSA is the matrix of the dermal tape and has not been used in typically initiated by free-radical initiators such as azo or per-
other ECN formulations. Since polymerization of acrylates is oxy compounds (e.g., AIBN or benzoyl peroxide), residual ini-
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Figure 5. HPLC-PDA chromatograms of econazole nitrate substance after oxidative forced degradation test performed with H,O, (A) or
0, (B). HPLC-PDA, high-performance liquid chromatography with photodiode array detection.

tiators or their fragments may remain in the final products and
potentially contribute to ECN degradation at high-temperature
and high-pressure conditions [18-22]. In the present study,
AIBN was detected in the adhesive by GC-MS (Figure 6) [23].
However, such initiators are consumed during the polymeriza-
tion process. This suggests that the amount of ECN-O should
depend on the amount of residual initiator. However, AIBN in
the adhesive sample was present only at a trace level, which is
inconsistent with the amount of ECN-O detected in the tapes.
Thus, the initiator cannot be the sole reason for the degrada-
tion [24].

Although AIBN and metal ions can individually promote radi-

cal generation, their coexistence likely exerts a synergistic
effect on ECN oxidation. AIBN thermally decomposes to form

https://doi.org/10.61189/471766rxlznz

carbon-centered radicals (e.g., cyanoisopropyl radicals), which
react with molecular oxygen to form peroxyl radicals: a pro-
cess that initiates the radical chain [25]. Transition metal ions
may further increase the steady-state concentration of reactive
oxygen species. Moreover, metal ions can catalyze the decom-
position of hydroperoxides (ROOH) formed during polymer
autoxidation, generating additional alkoxyl (RO-) and peroxyl
(ROO") radicals. Thus, AIBN may contribute to the initiation of
radical reactions, whereas trace metal ions may further pro-
mote oxidative processes through catalytic effects. Their com-
bined presence creates a more aggressive oxidative environ-
ment than either alone, which is consistent with the observation
that ECN remained stable in forced degradation tests (where
these impurities were absent) but degraded significantly in the
dermal tape matrix.
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Figure 6. Typical GC-MS spectrogram of AIBN in DURO-TAK® 87-2510 pressure-sensitive adhesive. GC-MS, gas chromatography-mass

spectrometry; AIBN, azobisisobutyronitrile.

Table 3. Concentration of metal elements in PEG 400 samples
detected by ICP-AES method

Analytes Analytical wavelength (nm) Concentration (pg/g)
Ca 317.933 16.9~33.2

Re 238.204 5.5~6.1

Mg 285.213 1.7~4.2

Cu 327.293 -

Mo 202.031 -

Co 228.616 -

Note: “-” means not detected. ICP-AES, inductively coupled plasma
atomic emission spectrometry; PEG 400, polyethylene glycol 400.

In the dermal tape formulation, PEG 400 may contain metal
ions, which can be associated with the interaction between
metal ions and the ether oxygen atoms in C-O-C segments of
PEG molecular chains via electrostatic interaction, thereby
facilitating the dissolution of metal ions in PEG [26-28]. It is
well known that metal ions, as efficient catalysts, can promote
drug degradation in various pharmaceutical preparations [29].
ICP-AES was employed to detect PEG 400 samples used in the
study, which were from different manufacturers and batches,
and Fe, Ca, and Mg were observed (Table 3). Direct addition of
metal ions to the hydrophobic PSA matrix was not feasible due
to solubility limitations. Therefore, EDTA was used as a chelat-
ing agent to indirectly assess the role of metal ions. The sub-
stantial suppression of ECN oxidation upon EDTA addition
(Figure 2I) supports the catalytic involvement of metal ions.

Identifying the possible sources of metal ions in PEG 400 is
important for formulation development and quality control.
Trace metal contamination may be introduced during the man-
ufacturing, handling, storage, or packaging processes of phar-
maceutical excipients. Although the PEG 400 samples used in
this study were stored in polypropylene bottles, exposure to
metal surfaces during industrial processing cannot be exclud-
ed. From an industrial perspective, monitoring trace metal lev-
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els in PEG 400 and controlling metal-related risks may help
improve formulation stability. In addition, the use of met-
al-chelating agents such as EDTA may serve as a practical
strategy to mitigate oxidation-related degradation. We there-
fore recommend routine testing of PEG 400 for metal ion con-
tent (e.g., by ICP-AES as described in this study) and request-
ing a certificate of analysis including trace metal limits from
suppliers [30]. Alternatively, the addition of a chelating agent
such as EDTA can be considered as an effective risk mitiga-
tion strategy when the metal ion burden cannot be entirely
eliminated.

EDTA was added into the formulation as an antioxidant syner-
gist to remove the metal ions, and no ECN-O was observed in
these tape samples (Figure 2I) [26]. As shown in Figure 2F,
the peak area of ECN-O decreased by approximately 85% upon
addition of 0.1% BHA. Complete inhibition was achieved when
both 0.01% BHA and 0.02% EDTA were incorporated (Figure
2I). Therefore, the metal ions present in PEG 400 were consid-
ered to be the key contributors to the oxidative degradation of
ECN in dermal tapes, and this degradation could be effectively
suppressed by the combined application of BHA and EDTA as
antioxidants and antioxidant synergists, respectively.

The combined use of BHA and EDTA effectively suppressed
ECN-O formation (Figure 2I). Their stabilizing effects are
likely complementary rather than overlapping. BHA primarily
acts as an antioxidant by quenching reactive radical species
involved in the oxidation process, whereas EDTA reduces oxi-
dation by chelating trace metal ions that may catalyze radical
generation. Therefore, BHA mainly suppresses ongoing radical
reactions, while EDTA limits the formation of new reactive
species by inhibiting metal-ion-catalyzed processes. The com-
bined use of these two additives therefore provides more effec-
tive protection against ECN oxidation than either additive
alone.
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PEG 400 is widely used as a cosolvent, vehicle, and plasticizer
in pharmaceutical products such as capsules, solid dispersions,
ointments, orally disintegrating films, and transdermal thera-
peutic systems [31-36]. However, most research has focused on
the stability of PEG 400 itself and the effect of organic impuri-
ties in PEG 400 on drug stability [37-39]. The present study
suggests that some metal ions may exist in PEG 400 and that
these ions can result in drug degradation. Although the PEG
400 samples used in the experiments were stored in polypro-
pylene bottles isolated from direct metal contact, trace metal
ions may still be introduced during manufacturing, transporta-
tion, or repackaging processes.

5 CONCLUSION

ECN-O has not been observed in pharmaceutical products or
included in pharmacopeias. In the present study, we found that
ECN-O was the main degradation product of ECN in a variety
of dermal tapes under stress conditions. ECN in the tapes was
oxidized by atmospheric oxygen via a free-radical mechanism
with the assistance of impurities, including AIBN and metal
ions. In addition, the metal ions in PEG 400 are considered the
key contributing factors. Thus, the degradation of ECN in tapes
can be effectively reduced by the combined application of an
antioxidant and a complexing agent.

Polymers are widely used as pharmaceutical excipients, and the
impurities existing in polymers should be discussed in detail
when developing pharmaceutical products. The present study
demonstrates that trace impurities in commonly used excipi-
ents, such as residual initiators in pressure-sensitive adhesives
and metal ions in PEG 400, can qualitatively alter the degrada-
tion behavior of an active pharmaceutical ingredient. Therefore,
when unexpected degradation or formation of related substanc-
es occurs during formulation development, the following strat-
egies may be considered: (i) screening excipients for poten-
tially reactive trace impurities (e.g., metal ions by ICP-AES,
residual initiators by GC-MYS); (ii) requesting certificates of
analysis from suppliers that include trace impurity limits; and
(ii1) considering the addition of stabilizers such as antioxidants
and chelating agents when unavoidable impurity-related de-
gradation risks are identified. These findings underscore the
importance of thorough excipient characterization in the de-
sign of stable drug-in-adhesive dermal tapes and other poly-
mer-based pharmaceutical products.
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