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1. Introduction

Cataplasms are a kind of topical preparation made by mixing drugs
with hydrophilic substrates and then applying them onto backing
materials'. Early cataplasms are non-crosslinked types with low
formability, prone to phenomena such as cold flow and slippage,
which could easily lead to paste residue on the skin and clothes>”,
greatly reducing the convenience of use*. The free metal ions in
the current cataplasms coordinated with the carboxylate ions in the
gel skeleton and further physically cross-linked into a network
structure™>®, which obviously improves its mechanical strength
and cohesion’, gives it good formability and balanced adhesion,
and solves the above problems. It is worth noting that compared
with oral and intravenous administration, cataplasms have the
advantages of non-invasiveness, good compatibility with skin,
convenient administration, avoiding the first-pass effect and
gastrointestinal irritation, etc.®?, thereby being widely used in the
field of anti-inflammatory and analgesic in the clinic'°~'2. In order
to deeply understand the characteristics of cataplasms, structural
characterization based on the crosslinked network is particularly
important. However, there is a lack of systematic studies on the
crosslinked network structure of cataplasms.

Zhang et al.'® propose that the structures of preparations are
classified into four levels from macroscopic to molecular level
based on structural pharmaceutics, especially in solid dosage
forms. The four levels are composed of primary structure (dosage
form or substructure), secondary structure (intermediate), tertiary
structure (dynamic structure), and quaternary structure (molecular
structure). For instance, the analysis of porosity, curvature and
permeability in the membrane structure of the primary structure of
controlled-release particles'®, the detection of particle size, vol-
ume and sphericity in the intermediate particle structure of the
secondary structure of metoprolol succinate sustained-release
tablets'”, the changes of the erosion layer, expansion layer and
diffusion layer in the dynamic structure of the tertiary structure of
felodipine extended release tablets'®, and the exploration of self-
assembly film formation through electrostatic interaction simula-
tion of the in vitro hydration kinetics of the quaternary structure of
controlled-release matrix tablets'’, can provide a fundamental and
in-depth understanding of the characteristics or functions of the
preparations. There are many types of excipients and preparation
processes for cataplasms, resulting in numerous structural changes
and high analysis difficulty'®. Especially, its secondary structure is
not easy to characterize. However, the drug and oily components
form emulsion droplets that are uniformly dispersed in emulsion-
type cataplasms'®, which makes it feasible to characterize the
four-level structure of emulsion-type cataplasms based on struc-
tural pharmaceutics.

Thus, we established methods to systematically characterize
the structures of emulsion-type cataplasms with cross-linked
networks and classify its structural parameters into four levels.
The primary structures were maximum withstand force (Force .y,
including Force,,,x of paste (Forcep.x.miq) and cataplasms
(Forceax.car)), mean storage modulus of the linear viscoelastic
region (Meang _1yr), and mesh rate, which are obtained by a
texture analyzer, rheometer, and scanning electron microscope

(SEM), respectively, together representing the formability of cat-
aplasms. In addition, as a topical preparation, one of the pre-
requisites for the therapeutic effect of cataplasms was its intact
adherence to the skin surface for drug delivery>*2'. Therefore, its
adhesion was also categorized into the primary structures. The
secondary structure was intermediates formed by drug and oily
components, ensured by SEM combined with an energy-dispersive
spectrometer (EDS). The time-dependent dynamic variation of
Meang 1 vr, Forceax-mia,» and Force .y . reflected crosslinking
degree and stability. These parameters were defined as tertiary
structure to evaluate formulation quality. The quaternary structure
was a molecular structure, which revealed the mechanism of
crosslinked network structure formation of cataplasms by ultra-
violet and visible spectrum (UV—Vis), attenuated total reflectance
Fourier-transform infrared spectroscopy (ATR-FTIR), X-ray
photoelectron spectroscopy (XPS), simulation, and SEM-EDS.
In addition, the factors affecting the structural parameters,
including formulations and storage conditions, and the laws be-
tween the intrinsic structures, were investigated. This study is
expected to provide new insights for the design of cataplasms,
bring new references for formulation design, adjustment, and
quality evaluation, as well as promote the development of cata-
plasms industrialization.

2. Materials and methods
2.1. Materials

Flurbiprofen cataplasms (Zepolas®) were purchased by Beijing
Tide Pharmaceutical Co., Ltd. (Beijing, China). Flurbiprofen and
titanium dioxide were purchased by Hunan Jiudian Pharmaceu-
tical Co., Ltd. (Changsha, China). Glycerin was purchased by
Shandong Ruisheng Pharmaceutical Excipients Co., Ltd. (Liao-
cheng, China). Sodium carboxymethylcellulose (CMC-Na) was
purchased by Ashland (Kentucky, USA). Kaolinite was purchased
by Katsumitsuyama Mining Co., Ltd. (Tokyo, Japan). Gelatin was
purchased by Guangdong Rousselot Gelatin Co., Ltd. (Guangz-
hou, China). Disodium edetate (EDTA-2Na) and tartaric acid (TA)
were purchased from Nanjing Chemical Reagent Co., Ltd.
(Nanjing, China). Tween 80 was purchased by Nanjing Well
Pharmaceutical Technology Co., Ltd. (Nanjing, China). Span 80
was purchased by Guangdong Runhua Chemical Co., Ltd. (Qin-
gyuan, China). Sodium polyacrylate NP700 and NP600 were
purchased by RESONAC (Tokyo, Japan). Aluminum glycinate
was purchased by Kyowa Chemical Industry Co., Ltd. (Tokyo,
Japan). Polyvinyl alcohol was purchased by Jiangxi Alpha Hi-tech
Pharmaceutical Co., Ltd. (Pingxiang, China). L-Menthol was
purchased by Takasago International Corporation (Tokyo, Japan).

2.2.  Preparation of matrix and cataplasms

TA and water were added to a 10 mL beaker and stirred until
dissolved to obtain the water phase. Aluminum glycinate, EDTA-
2Na, sodium polyacrylate, and glycerin were added to a 25 mL
beaker and stirred thoroughly to obtain the oil phase. Then the
water phase was poured into the oil phase and stirred for 30 min to
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obtain the matrix. The amount of each component in the matrix per minute (rpm) (SHJ-6A, JTLIANGYOU Instrument Co., Ltd.,
was detailed in Supporting Information Tables S1-S4. Changzhou, China) until dissolved at 80 °C to obtain the water

TA, gelatin, polyvinyl alcohol, and water were added to a phase®*™%*. Flurbiprofen, Span 80, Tween 80, and L-menthol were
1000 mL beaker and stirred at a stirring speed of 800 revolutions added to a 25 mL beaker and stirred at a stirring speed of 400 rpm
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Figure 2  Characterization of cataplasms by SEM after swelling and freeze-drying. (A) SEM images, (B) mesh rate, and (C) mesh size of
cataplasms at different swelling times. Scale bar = 200 um.



Systematic structural characterization of emulsion-type cataplasms with cross-linked networks

3831

(CJB-S180, Yuhua Instrument Co., Ltd., Gongyi, Henan, China)
until dissolved to obtain the active pharmaceutical ingredient
(API) phase. Sodium polyacrylate, aluminum glycinate, EDTA-
2Na, CMC-Na, kaolinite, titanium Dioxide, and glycerin were
added to a 1000 mL beaker and stirred at a stirring speed of
800 rpm (RW 20 D S025, IKA-Werke GmbH & Co. KG, Staufen,
Baden-Wiirttemberg, Germany) for 30 min to obtain the oil phase.
The API phase was first poured into the oil phase and stirred at a
stirring speed of 800 rpm for 30 min. Then the mixture was
transferred to a stirring pot, and the water phase was added and
stirred at a stirring speed of 50 rpm (HD-PZ4L, Xinyi Huida
Mechanical & Electrical Equipment Co., Ltd., Fangshan, Beijing,
China) for 30 min to obtain the paste. Finally, cataplasms were
obtained by a coater (HD-SIII, Xinyi Huida Mechanical &

Electrical Equipment Co., Ltd., Fangshan, Beijing, China) with a
coating thickness of about 1.00 mm*’. The details of formations in
cataplasms were shown in Supporting Information Tables S5-S9.
2.3.  Characterization of primary structures

2.3.1. Force,,,, and adhesion

Force nax-mia and Force .. .car Were detected by a texture analyzer
(XTC, Shanghai Baosheng Industrial Development Co., Ltd.,
Songjiang, Shanghai, China)**?’. Briefly, as shown in Supporting
Information Fig. S1, the samples were placed on the sample stage
of the texture analyzer, followed by the testing conditions ac-
cording to Supporting Information Table S10. Force,., and
adhesion were further obtained by analysis and calculation®®?’.
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Characterization of secondary structures in cataplasms. (A) Images of cataplasms characterized by SEM at UVD mode. (B) Size of

spherical droplets in cataplasms after swelling and freeze-drying. (C) Images of cataplasms characterized by SEM at BSE mode. Scale
bar = 50 pm. (D) Element signal diagram detected by SEM-EDS. (E) Element signal intensity. (F) Ratio of F in droplet.
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Figure 5 Characterization of quaternary structures in cataplasms. (A) Types of electronic transitions in coordination compounds. The structure
of the coordination compound formed by APPT and (B) water or (C) —COO™. (D) UV—vis absorption curve of the coordination compound formed
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resented the images of three different regions.
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2.3.2. MeanG/_LVR

G’ was detected by rheometer (Discovery, TA Instruments, New-
castle, Delaware, USA)*. Briefly, as shown in Supporting Infor-
mation Fig. S2, the samples were placed on the sample stage of
the texture analyzer, followed by the testing conditions according
to Supporting Information Table S11. Meang _yr Was further
obtained by analysis.

2.3.3.  Mesh rate

Briefly, cataplasms were put in purified water to swell for 1, 2, 4,
6, 8, and 10 min®°. Then it was transferred to a vacuum freeze
dryer for 48 h to obtain the pretreated cataplasms. Next, its
morphology was observed by SEM (SU5000, Hitachi High-Tech
Co., Ltd., Marunouchi, Tokyo, Japan) in low vacuum and ultra
variable-pressure detector mode at an accelerating voltage of
10 kV. Finally, the mesh rate was analyzed by Image J (154,
National Institutes of Health, Bethesda, Maryland, USA).

2.4.  Characterization of secondary structure

Briefly, as shown in Supporting Information Fig. S3, the pretreated
cataplasms were milled on the surface by a soft ion polisher,
followed by SEM in low vacuum back scattered electron mode
under accelerating voltage conditions of 10 kV to find the field of
view of the structural unit formed by drug intermediates and cross-
linking networks®!. Then the drug intermediates were analyzed by
EDS for their elemental compositions and distributions.

2.5.  Characterization of tertiary structures

The tertiary structures referred to the change of Meang |vr,
Forceax-mia> and Force ax.car OVer time.

2.6.  Characterization of quaternary structure

2.6.1. UV—vis

The samples were placed in a quartz dish and were measured by
UV—Vis (UV-2600i, Shimadzu Corporation, Nishinokyo, Kyoto,
Japan) at 180—400 nm to obtain the maximum absorption
wavelength.

2.6.2. ATR-FTIR

The samples to be tested were uniformly covered on the surface of
ATR crystals. Then the spectra were collected by ATR-FTIR
(IRAffinity-1S, Shimadzu Corporation, Nishinokyo, Kyoto, Japan)
at the wave number range of 4000—400 cm ', with scan times of
50 and the angle of incidence fixed at 45° to ensure optimal
attenuation total reflection conditions™.

2.6.3. XPS

XPS of the samples was measured by a spectrometer (K-Alpha,
Thermo Scientific, Waltham, Massachusetts, USA)34. The samples
were placed on the sample holder and transferred into the analysis
chamber under vacuum conditions for testing. The detection pa-
rameters were as follows: Al K« as the excitation source, a beam
spot size of 400 pm, an operating voltage of 12 kV, a filament
current of 6 mA, and a full-spectrum scan with a pass energy of
150 eV and a step size of 1 eV.

2.6.4.  Simulation
Firstly, the structures of Al, H;O, NP700 monomer, and EDTA-
2Na were drawn in Materials Studio (2020, BIOVIA, Vélizy-

Villacoublay, Yvelines, France). Then the corresponding charge
parameters were set under Generalized Gradient Approximation
and Perdew-Burke-Ernzerhof conditions in Dmol® mode®>3.
Each structure was optimized geometrically before molecular
docking. The binding energy (E;,) was obtained by calculation
and analysis.

Similarly, the structures of Al(H,O);, AI(NP700 monomer);
were drawn in Materials Studio. Then the corresponding charge
parameters were set for each structure in Dmol® mode, followed
by geometry optimization and energy simulation. The Highest
occupied molecular orbital and lowest unoccupied molecular
orbital data were obtained, and their energy differences were
further calculated®”*®. Higher energy differences meant that the
complex was more stable.

2.7.  Statistical analysis

All data were analyzed using one-way ANOVA or Student’s z-test
in Origin (2025 Learning Edition, OriginLab Corporation,
Northampton, Massachusetts, USA)3 °. P > 0.05 indicated no
significant difference among groups (ns). P < 0.05, P < 0.01, and
P < 0.001, indicated significant difference (¥), very significant
difference (**), and extremely significant difference (***) among
groups, respectively. The data are expressed as mean £ SD.

3. Results and discussion

3.1.  Establishment of structural parameters

3.1.1.  Primary structures

Generally speaking, LVR was at a constant plateau, reflecting that
its molecular structure was stable and was not easy to be dis-
rupted*®. As shown in Fig. 1A, when the dosage of NP700
increased from 3% to 10%, Meang_ygr correspondingly rose from
30.9 £ 1.7 Pa to 576.8 £ 23.0 Pa. This was due to the increase in
the number of ligands in the matrix, which in turn led to an in-
crease in the degree of crosslinking. The stress range in the LVR
first increased, then remained unchanged, and continued to in-
crease (Supporting Information Tables S12-S15), resulting from
G’ was positively correlated with the ratio of stress to strain. Even
if the stress did not change significantly, the strain showed a
decreasing trend, meaning that the change of G’ could remain at an
increasing level. It was observed from Fig. 1B and C that with the
increase in the dosage of the crosslinking agent-aluminum glyci-
nate, and the pH modifier-TA, Meang yr also maintained an
increasing trend. This was attributed to the increase in the number
of central atoms, contributing to an increase in the crosslinking
degree of the matrix. In addition, with a fivefold increase in cross-
linking regulator-EDTA-2Na dosage, Meang yr decreased by
34% (Fig. 1D). This was ascribed to EDTA-2Na acting as a
competitive ligand that chelated with AI*T, giving rise to a
decrease in the degree of crosslinking of the matrix. It was worth
noting that there was no regularity in the changes of loss modulus
and phase angle (Supporting Information Fig. S4), preliminarily
indicating that the Means ygr detected by the rheometer had a
certain degree of discrimination as a structural parameter and could
reflect the strength of the cross-linked network structure.

The cross-linked network structure of cataplasms enhanced its
cohesion, providing a certain degree of resistance to externally
induced deformation. As depicted in Supporting Information
Fig. S5, Forcecy.max Of Zepolas® measured in situ with back
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membrane solidification was 45.9 £+ 13.5 gf, with a large varia-
tion, which might be caused by the difference in the solidification
degree. Notably, Force a.max of Zepolas® detected in situ without
pretreatment was 32.9 + 2.8 gf, with minimal error (Fig. 1E).
Meanwhile, the adhesion was calculated as 5.4 + 0.2 gf-s.

Supporting Information Fig. S6 displayed that Zepolas® did
not exhibit a cross-linked network structure, with freeze-drying
treatment or without pretreatment. Fortunately, Zepolas® had a
clear cross-linked network structure after swelling and freeze-
drying pretreatment. As illustrated in Fig. 2, both the mesh rate
and mesh size first increased and then decreased with prolonged
swelling time, eventually stabilizing at a constant level. This was
likely due to the cross-linked network structure first swelling and
then contracting to reach equilibrium. Notably, prolonged swelling
time led to noticeable droplet aggregation, which was speculated
to be caused by interactions between droplets. This suggested that
a pretreatment method combining 2 min of swelling followed by
freeze-drying was proposed to be selected, as it could characterize
the cross-linked network structure while minimizing structural
damage. Additionally, given that the changing trends of mesh rate
and mesh size were similar, the mesh rate was proposed as the
parameter for the primary structure.

3.1.2.  Secondary structures

The secondary structure represented intermediates formed by the
drug and oily components in cataplasms. As shown in Fig. 3A and
B, Zepolas® not only exhibited a clear cross-linked network
structure, but also had spherical droplets with a particle size of
144.4 £ 58.3 pum. After milling the surface of the preparation with
a soft ion beam, the F element signal was detected in the droplet
by SEM-EDS, preliminarily confirming that the droplet was a
drug intermediate (Fig. 3C and D). Semi-quantitative analysis and
calculations showed that the average intensity value of F element
detection was close to the actual molar proportion (Fig. 3E and F),
which demonstrated the feasibility of this method for character-
izing the secondary structure of cataplasms. Element identification
relied on characteristic X-rays emitted when atoms are bombarded
by an electron beam, which are captured by EDS. Elements with
high atomic numbers exhibited stronger signal intensities due to
higher X-ray yields and lower background interference, enabling a
detection accuracy of 0.1% under optimized conditions®*.
Notably, if the drug in cataplasms lacks detectable distinctive
elemental signatures, EDS analysis would fail—a key limitation
of this technique.

3.1.3.  Tertiary structures

The tertiary structure was a dynamic structure, assessing the
quality of cataplasms. As illustrated in Fig. 4, compared with the
initial time point (week 1), Meang yr, Forceax.mig» and
Forcepax.car at week 2 exhibited significant increases from
3788.3 £ 1964 Pa, 105.8 £ 6.4 gf, and 50.5 = 5.1 gf to
4397.9 £ 119.6 Pa, 134.1 &+ 16.7 gf, and 66.4 £ 4.2 gf, respec-
tively. This synchronous growth pattern indicated substantial

crosslinked network formation during this period. Notably, these
parameters reached a plateau phase after week 2, demonstrating
that the crosslinking reaction had achieved a dynamic equilibrium
state. Based on these dynamic changes, the optimal maturation
time of cataplasms was initially determined to be 2 weeks. This
conclusion was grounded in quantitative analysis rather than
traditional empirical judgment or qualitative analysis. The time-
dependent tertiary structure parameters provided a scientific
basis for process control in pharmaceutical manufacturing.

3.1.4.  Quaternary structure
The quaternary structure was the molecular structure of the
formulation. The most important structure in cataplasms was the
cross-linked network structure. Based on the relationship that
structure determined performance*?, exploring the formation of
this structure was of great significance for understanding the
research and development of cataplasms. It was observed from
Fig. 5A that the common transition types of central ions in co-
ordination compounds were typically of two main types: d to d*
and f to £+ *, Although H,O could serve as AI’" ligands (Fig. 5B
and C), —COO™ had stronger electron-donating ability and higher
electron density, requiring less energy for electronic transitions
and thus forming bonds more easily. This results in a red shift of
Amax from 236.5 to 280.1 nm (Fig. 5D). Additionally, —COO™
possessed a p-m conjugated structure (Fig. SE). The addition of
APPT caused electrons to move from —COO to AI*T, resulting in a
decrease in electron density on the carbonyl group, an increase in
the dipole moment, leading to a blue shift of vc—o (Fig. 5F). As
shown in Fig. 5G, XPS analysis revealed that the binding energies
of Al in the matrix (Al2p at 74.35 eV) were significantly higher
than those in aluminum glycinate (Al2p at 73.75 eV). This was
because the electron cloud density of Al decreases, enhancing its
electropositivity and thus providing further evidence for the co-
ordination between O and Al. Therefore, the formation of the
cross-linked network structure was based on the coordination
bonding between AI’" and the carboxylate ions (—COOQ") in
polyacrylic acid. Molecular docking results show that the mo-
lecular distance and Ej, between A" and O in H,O (1.781 A and
—206 kcal/moL) were smaller than that between AP
and —COO™ (1.752 A and —696 kcal/moL) (Fig. SH and I).
Additionally, through simulation analysis, the compound orbital
energy of A" binding with H,O (1 eV) was lower than that
of —COO™ (4 eV), indicating that AI>* was more readily coor-
dinated with —COO™ (Fig. 5J and K). Furthermore, as shown in
Supporting Information Fig. S7, Ej, between Al*™ and the N and
O atoms in EDTA-2Na (—824 kcal/moL) was greater than that
of —COO™ (—696 kcal/moL) to avoid excessive cross-linking,
thereby facilitating the coating process. Notably, as depicted in
Fig. 5L, the central region of the cross-linked network structure
contained Al elements, further confirming the mechanism of
cross-linked network formation.

The establishment of primary, secondary, tertiary, and quater-
nary structures was conducive to understanding the existence of

10% NP700. (I) Changes of adhesion of cataplasms with different NP700 dosages within 4 weeks. Variation of (J) Meang 1 ygr, (K) Force ,ax-mids
(L) Forcepax-ca and (N) mesh rate of cataplasms with different gel skeleton types within 3 weeks. (M) SEM images of cataplasms with NP600.
(O) Changes in adhesion of cataplasms with different gel skeleton types within 3 weeks. The data are expressed as mean + SD. Statistical analysis
was performed using a Student’s #-test for comparisons between two groups. One-way ANOVA was applied for comparisons involving three or
more groups. n = 4. ns, *, ** and *** represented P > 0.05, P < 0.05, P < 0.01, and P < 0.001, respectively.
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Structural characterization of cataplasms with different EDTA-2Na dosages. Variation of (A) Meang _1vr, (B) Forceax-mias (C)

Force axcar, and (G) mesh rate of cataplasms with different EDTA-2Na dosages within 4 weeks. SEM images of cataplasms with (D) 0.3%, (E)
0.4%, and (F) 0.5% EDTA-2Na. (H) Changes in adhesion of cataplasms with different EDTA-2Na dosages within 4 weeks. The data are expressed
as mean + SD. One-way ANOVA was applied for comparisons. n = 4. ns, *, ** and *** represented P > 0.05, P < 0.05, P < 0.01, and

P < 0.001, respectively.

cross-linked network structures in cataplasms from a macroscopic
to molecular level, laying the foundation for subsequent in-

vestigations into the relationship between structure and
performance.
3.2.  The effect of the key component on structure

The cross-linked network structure of cataplasms was formed by
the joint action of the gel skeleton, pH modifier, cross-linking
regulator, and cross-linking agent. Meanwhile, the properties of
the drug affect the formation of drug intermediates. Based on the

structural parameter characterization method established in Sec-
tion 3.1, the following would examine the effect of these five key
components on structure.

3.2.1.  Gel skeleton

As shown in Fig. 6A-H and Supporting Information Fig. S8,
when the dosage of NP700 increases from 3% to 10% in cata-
plasms, Forceaxmids FOrcemax.cas Meang yvr, and mesh rate
increased from 69.2 £ 5.5 gf to 222.8 4+ 17.9 gf, 40.4 £ 6.3 gf to
98.5 £+ 3.8 gf, 2812.5 £ 139.6 Pa to 8577.5 £ 187.0 Pa, and
11.3 £ 0.8% to 41.5 £ 1.9%, respectively. This was because an

(M) mesh rate of cataplasms with different pH modifier types within 4 weeks. SEM images of cataplasms with (K) LA and (L) CA. (N) Changes
in adhesion of cataplasms with different pH modifier types within 4 weeks. The data are expressed as mean £ SD. One-way ANOVA was applied
for comparisons. n = 4. ns, *, ** and *** represented P > 0.05, P < 0.05, P < 0.01, and P < 0.001, respectively.
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increase in the amount of NP700 contributed to an increase in
the number of ligands (—COO"), thereby leading to an
enhancement of the crosslinking degree. More importantly, the
crosslinking completion time, as determined by these structural
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parameters, rose from 1 to 3 weeks (Supporting Information
Table S16), delineating that cataplasms had fully matured and
further providing guidance for its industrialization. It was
observed from Fig. 61 that the adhesion of cataplasms first
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decreased from 13.7 £ 1.1gf's to 5.5 = 0.1 gf-s and then
remained unchanged. The former was due to the increase in
crosslinking degree, enhancing cohesion and thereby reducing
adhesion, while the latter was attributed to the presence of
adhesive that cataplasms maintained a certain degree of
adhesion.

Compared to NP700, NP600 had a higher sodium acrylate
content (Supporting Information Table S17), theoretically mean-
ing that it had a greater number of ligands and a higher degree of
cross-linking. However, as outlined in Fig. 6J-N and Supporting
Information  Fig. S9A-S9G, Forcemax-mids  FOrc€max-cat
Meang 1 vr, and mesh rate of NP700 were all higher than those of
NP600. This might be because the pH of cataplasms with NP700
was lower than that with NP600 (Fig. S9H), which facilitated the
dissociation of AI** in the crosslinking agent and enhanced the
crosslinking degree. Moreover, cohesion and adhesion were a pair
of balanced parameters. Therefore, even though cataplasms with
NP600 furnished lower cohesion than those with NP700, its
adhesion was higher than that of NP700 (Fig. 60).

3.2.2.  pH modifier

Fig. 7A-F and Supporting Information Fig. S10 displayed that
doubling the amount of TA resulted in increases of 67.3%, 76.1%,
33.9%, and 54.4% in Force,,x-mia> FOrcemax-car, Meang yyr, and
mesh rate, respectively. This was since the increase in the amount
of TA promoted the dissociation of AI**, which led to an increase
in the number of central atoms in the coordination complex, thus
increasing the degree of cross-linking and the time for cross-
linking of the formulation (Supporting Information Table S18).
When the amount of TA was increased from 1.0% to 1.5%,
Force ax-mias FOrcemax-cai, Meang _pyvr, and mesh rate remained
unchanged, resulting from limited AI*™ content in the cataplasms.
The number of central atoms reached the upper limit. Even if the
amount of tartaric acid was increased further, and crosslinking
completion time and crosslinking degree remain unchanged.
Correspondingly, as the amount of TA increased, the adhesion of
cataplasms first decreased and then remained unchanged
(Fig. 7G).

As shown in Fig. 7H and Supporting Information Fig. S11A,
the relationship of Meangs _yr of the three organic acids was as
follows: TA (dicarboxylic acid) > lactic acid (LA, mono-
carboxylic acid) > citric acid (CA, tricarboxylic acid). Force,x-
mid» FOrcenaxcai, and mesh rate also followed the same trend
(Fig. 71-M and Fig. S11B-S11I). Generally speaking, the
stronger the acidity of the pH modifier, the easier it was to
dissociate AI**, which was conducive to the improvement of the
degree of crosslinking. However, although CA was more acidic
than LA (Fig. S11J and Supporting Information Table S19), the
degree of cross-linking of cataplasms with CA was weaker than
that with LA. This might be because tricarboxylic acid had more
O atoms, thus having a stronger ability to compete for the
complexation of Al3+, which was unfavorable to the formation of
cross-linking networks. Based on the presence of a tacky agent,
there was no significant difference in adhesion between CA and
LA (Fig. 7N).

3.2.3.  Cross-linking regulator

It was observed from Fig. 8A-G and Supporting Information
Fig. S12 that when the content of EDTA-2Na increased from
02% to 0.5% in cataplasms, Forcepaxmigs FOrcemax-cats

Meang | vr, and mesh rate decreased from 169.5 £+ 21.1 gf to
83.3 £2.7¢gf,80.3 +2.2 gfto45.9 £ 1.3 gf, 5242.5 £ 257.5 Pato
3342.5 + 116.7 Pa, and 31.7 £ 1.5% to 18.5 £ 0.3%, respectively.
EDTA-2Na acted as a competitive ligand, chelating A" in cat-
aplasms, thereby reducing the degree of crosslinking and pro-
longing the crosslinking time (Supporting Information Table S20).
In addition, with the increase of EDTA-2Na, the cohesion of
cataplasms decreased, giving rise to an initial increase in adhesion
of the patch and then remaining unchanged (Fig. 8H). Most
commercial cataplasms employed EDTA-2Na as a cross-linking
regulator® 2. Therefore, based on actual conditions, only the
dosage of the crosslinking regulator (EDTA-2Na) was examined
here, without expanding to other types.

3.2.4.  Cross-linking agent

As shown in Fig. 9A and B and Supporting Information
Fig. S13A-S13D, when the dosage of aluminum glycinate was
increased from O to 0.15%, both Meang yr and Force.xmia
remained unchanged at first, then increased to 3057.5 4 274.4 Pa
and 68.3 & 10.0 gf, respectively, and finally remained unchanged.
It was speculated that the reason for this might be that the vast
majority of free A" in cataplasms was chelated by EDTA-2Na
competition, resulting in a low degree of cross-linking or even
no cross-linking. Then the elevation of the dosage of aluminum
glycinate increased the concentration of AI’", thereby enhancing
the degree of cross-linking. Eventually, there was no significant
change in the degree of cross-linking due to the limited ligand
concentration. Cataplasms with 0.10% and 0.15% aluminum
glycolate had similar Forcey.x.ca, mesh rate, crosslinking
completion time, and adhesion properties (Fig. 9C-E,
Fig. S13E-S13H, and Supporting Information Table S21).

As illustrated in Fig. 9F-K and Supporting Information
Fig. S14A-S14G, the order of Meang . vr, Forcemax-mias
Forcemax-cat and mesh rate was: aluminum
hydroxide > aluminum glycolate > aluminum silicate. It was
speculated that the main reasons for this result were the pH of the
crosslinking agent, the molar amount of Al, and the bond energy
between Al and O (Fig. S14H and Supporting Information
Table S22). Specifically, the higher the pH of the crosslinking
agent, the easier it was for the acidic pH modifier to dissociate
AP from the crosslinking agent. Additionally, cataplasms pre-
pared with aluminum hydroxide had the highest molar amount of
Al resulting in a higher crosslinking degree and cohesive strength
compared to cataplasms prepared with aluminum glycine or
aluminum silicate. It was worth noting that, under the same pH,
although the molar amount of Al in cataplasms prepared with
aluminum silicate was greater than that with aluminum glycolate,
the structural strength or cohesion of cataplasms prepared with
aluminum glycolate was greater than that of aluminum silicate.
The reason for this difference might be the bond energy between
Al and O. The bond energy of the Al-O was lower than that of
Al=O0. Thus, A’" in aluminum glycolate was more easily
dissociated, facilitating the formation of a cross-linked network
and enhancing the cross-linking degree of the formulation. In
addition, as shown in Fig. 9L, cataplasms prepared with aluminum
silicate had the greatest adhesion.

Meang .1 vr, Forcepax-mid> FOrcemax.cars and mesh rate of cat-
aplasms reflected its structural strength and cohesion. The poor
cohesion of cataplasms led to non-formability when the amount of
aluminum glycolate was at 0 and 0.05% (Supporting Information
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Figure 10  Structural characterization of cataplasms loaded with different drugs. Variation of (A) Meang . vr, (B) Forcemax-mias (C)
Force ax-car, and (F) mesh rate of cataplasms loading with different flurbiprofen dosages within 3 weeks. SEM images of cataplasms loaded with
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Fig. S15A and S15B). The release film of cataplasms containing
0.10% aluminum glycolate could be peeled off intact. Moreover, it
exhibited good formability (Fig. S15C-S15E). There was an
important consideration here: the evaluation of formability
required a minimum of 24.5 h, including 0.5 h of treatment at
37 °C/64% RH and 24 h of visual observation®>. This process had
taken a long time. Fortunately, established structural parameters,
consisting of Forcenyax-mids FOrC€max-carx Meang.1yr, and mesh
rate, could be quickly detected. Based on a large amount of data in
this study, when Force,x.miq > 48.7 = 8.5 gf, or Forceax.ca >
25.8 £ 1.3 gf, or Meang 1 yr > 2497.4 £+ 176.7 Pa, or mesh rate
>72 + 0.1%, cataplasms were considered to have good
formability.

3.2.5. Drugs

There was a hydrophobic interaction between drugs and solubil-
izers, resulting in the formation of drug intermediates. As the
dosage of flurbiprofen increased, it did not affect the degree of
cross-linking in cataplasms. Therefore, there are no significant
differences in Meang jvr, Forceax-mid> FOrCemax-cars and mesh
rate (Fig. 10A-F and Supporting Information Fig. S16). When the
cross-linking process was fully completed, there were also no
significant differences in adhesion and crosslinking completion
time among different groups (Fig. 10G and Supporting Informa-
tion Table S23). Notably, as the dose increased from 0.1% to
0.5%, the particle size of drug intermediates before and after
pretreatment increased from 142.8 £ 0.9 nm to 673.6 &+ 91.6 nm
and 77.9 £ 14.9 um to 190.0 & 34.5 pm (Fig. 10H and Supporting
Information Fig. S17A-S17C), respectively. Meanwhile, it could
also qualitatively characterize the increase in the proportion of
element F (Fig. S17D-S17J).

Similarly, it was observed from Fig. 10I-N and Supporting
Information Fig. S18 that there were no significant differences in
Meang 1 vr, Forcepax-mid» FOrc€max-cax Mmesh rate, and adhesion
between different drug type groups over 3 w. Differences in drug
type do not affect the cross-linking degree in the cataplasms. The
particle size of lidocaine before and after pretreatment was lower
than that of flurbiprofen (Fig. 100 and Supporting Information
Fig. S19A), resulting from the lower hydrophobicity of lido-
caine. Additionally, the N element proportion in the lidocaine
group was higher than that in the flurbiprofen group
(Fig. S19B-S19D), attributing to the fact that lidocaine contained
N atoms that were absent in flurbiprofen. Although the secondary
structure proposal had been validated, the limitation of this
method was that it was difficult to perform qualitative character-
ization for drugs without distinct characteristic elements.

3.3.  Storage conditions

As shown in Fig. 11A-I and Supporting Information Fig. S20,
during the process of increasing relative humidity (RH) from 40%
to 75% at 25 °C, there were no significant changes in Meang' | vr,

Forceax.cai, mesh rate, and adhesion within 2 weeks. However,
under 75% RH, as the temperature increased from 25 to 60 °C,
Meang 1 yvr and Forcen ..., decreased by 37.5% and 31.7%,
respectively. Generally, higher temperatures were more conducive
to the formation of cross-linked networks. However, cataplasms
contained multiple components, including various hydrophilic
substances. This result was speculated to be due to the reduction in
intermolecular forces caused by the increase in temperature>*>>,
thereby lowering the cohesive strength of the paste. Although the
mesh rate did not change significantly, the mesh appeared to show
signs of damage. Meanwhile, after being stored at 40 and 60 °C
for 2 weeks, the color of cataplasms changed from white to yellow
(Supporting Information Fig. S21), indicating poor formulation
quality, which also correlated with changes in structural
parameters.

In addition, the selection of packaging quantity during storage
had a certain impact on the cross-linked network structure. The
higher the package count per unit, the greater the pressure exerted
on the bottom of cataplasms when placed horizontally, resulting in
a more significant structural impact. As shown in Fig. 11J-O and
Supporting Information Fig. S22, increasing the number of cata-
plasms per package (from 2 to 8) did not alter the Forcex_car
mesh rate, and adhesion over 4 m. This might be because cata-
plasms possessed a certain structural strength, enabling them to
maintain their original structure under external force. By exam-
ining the dynamic changes in structure under different storage
conditions, the stability of cataplasms can be assessed, further
expanding the application of the tertiary structure.

In a word, in the process of storage under different conditions,
it was helpful to evaluate the quality of cataplasms by investi-
gating the dynamic structure.

3.4.  Correlation between structural parameters

The main function of the cross-linked network structure was to
provide sufficient cohesion for cataplasms, thereby endowing
good formability. The parameters reflecting the cohesion of the
formulation in its primary structure include Meang_1 yr, Force .
mids FOTCeax car» and mesh rate. Notably, as shown in Fig. 12, the
R? values for the linear correlation between Forcemuxmia and
Meang 1 yr, Forceax.ca, and mesh rate are 0.891, 0.915, and
0.837, respectively. These values collectively indicate that the
structural parameters of the paste and cataplasms exhibited good
correlation. This implied that detection of a constant plateau in
any one of the Meang'_1 yr, Force ,ax-mid> Or Force ax_car confirmed
crosslinking completion for cataplasms. Furthermore, combining
the threshold values for key structural parameters from Part 3.2.4
allowed inference that when crosslinking was complete, the
cohesive parameters of both the paste and cataplasms could be
used to assess the formulation’s formability. These relationships
held practical significance for industrial applications.

(D) 0.1% and (E) 0.5% flurbiprofen. (G) Changes in adhesion of cataplasms with different flurbiprofen within 3 weeks. (H) Size of drug in-
termediates after pretreatment in cataplasms loaded with different flurbiprofen dosages. Variation of (I) Meang _1yr, (J) Forceax-mia, (K)
Force ax-car, and (M) mesh rate of cataplasms with different crosslinking agent types within 4 weeks. (L) SEM images of cataplasms loaded with
lidocaine. (N) Changes in adhesion of cataplasms with different crosslinking agent types within 4 weeks. (O) Size of drug intermediates after
pretreatment in cataplasms loaded with different drug types. The data are expressed as mean + SD. Statistical analysis was performed using a
Student’s #-test for comparisons between two groups. One-way ANOVA was applied for comparisons involving three or more groups. n = 4. ns, *,
** and *** represented P > 0.05, P < 0.05, P < 0.01, and P < 0.001, respectively.
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Figure 11  Structural characterization of cataplasms under different storage conditions. Variation of (A) Meang vgr, (B) Forceax.ca, and
(H) mesh rate of cataplasms under different RH and temperature within 2 weeks. SEM images of cataplasms at (C) 25 °C/40% RH, (D) 25 °C/
60% RH, (E) 25 °C/75% RH, (F) 40 °C/75% RH, and (G) 60 °C/75% RH. (I) Changes in the adhesion of cataplasms under different RH and
temperature within 2 weeks. Variation of (J) Force,.xcr and (O) mesh rate of cataplasms with different patches per pack within 4 months. SEM
images of cataplasms with (K) 2, (L) 4, (M) 6, (N) 8 patches per pack. The data are expressed as mean + SD. One-way ANOVA was applied for
comparisons. n = 4. ns, *, ** and *** represented P > 0.05, P < 0.05, P < 0.01, and P < 0.001, respectively.



Systematic structural characterization of emulsion-type cataplasms with cross-linked networks 3843
A B C s
100001 prean,.., . = 971.66 + 29.19Force, . .., * | Force ay.car = 13.97 + 0.39F0rce oy mig Mesh rate = 3.91 + 0.17Force ., mia
i G.LVR 'max-mid —~ 100 . =
© R? = 0891 | &= R=0.915 = R?=0.837
o). - 401
+«— 804
X [ T
© -
£ 60
[)) Y o
O o) 204
Y [}
O 404 E
L 104
= . a
2000 T T T T 20 T T T T T T T T
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
Force ..mig (9f) Force,,ay.mia (9f) Forceax.miq (9f)
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rate.

4. Conclusions

In summary, we first proposed and systematically established
structural parameters for emulsion-type cataplasms with cross-
linked networks from a four-level structural perspective, offering
new insights into the design of formulations. The validity of these
structural parameters was further validated by altering key com-
ponents, including gel skeleton, pH modifier, cross-linking regu-
lator, cross-linking agent, and drug. It was worth noting that when
Force hax-mia > 48.7 £ 8.5 gf, or Forceax.cac > 25.8 & 1.3 gf, or
Meang yr > 2497.4 + 176.7 Pa, or mesh rate >7.2 4+ 0.1%, it
indicated that time-consuming experimental validation of its
excellent formability was unnecessary. The tertiary structure pa-
rameters could not only determine the maturation time of cata-
plasms but also effectively evaluate its stability. More importantly,
the strong correlation among primary parameters demonstrated
that quantitative assessment of cataplasms quality was achievable
for both the structure characterization of paste and cataplasms,
providing a new technical perspective for industrial development.
However, there are still limitations, such as the expansion of
parameter characterization methods at each level, particularly in
the characterization methods for secondary structures. In the
future, we will further refine and update this research, which is
expected to promote the industrialization of cataplasms.
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