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Abstract Natural rubber (NR) latex is a renewable colloidal dispersion used in medical gloves, coatings, and flexible products. It is known for its
excellent elasticity and film-forming ability but is limited by insufficient mechanical robustness and chemical resistance. Incorporating nanofillers,
such as graphene oxide (GO), is an effective approach to enhance its performance; however, achieving strong interfacial compatibility between
hydrophilic GO and the nonpolar rubber matrix remains challenging. To overcome this issue, a multifunctional interfacial design inspired by mus-
sel adhesion chemistry was developed to construct a hierarchical and cohesive GO network within the NR latex matrix. A tannic acid-based modi-
fier (TM) bearing catechol and thiol groups was synthesized and anchored onto latex particles via hydrogen bonding with surface proteins and
phospholipids, enabling subsequent 77— interactions and hydrogen bonding with GO nanosheets. This guided the selective self-assembly of GO
into a continuous segregated network along the latex particle boundaries. Hierarchical interface reinforcement was achieved through Eu3* lig-
and coordination. The incorporation of GO and enhancement of interfacial interactions promoted strain-induced crystallization, resulting in in-
creased crystallinity and improved load transfer. The resulting composite film containing 0.5 part per hundred rubber GO and the bioinspired in-
terface exhibited a tensile strength that was 107.8% higher than that of the pure NR latex film, while maintaining an elongation at break of 915%.
Tear strength increased by 118.5%, toughness reached 61.7 MJ/m3, nitrogen permeability decreased by 20.1%, and antibacterial efficiency
against both Escherichia coli and Staphylococcus aureus reached 99.9%. The films also exhibited enhanced resistance to organic solvents, acids,
and alkalis. This study provides a green and scalable strategy for fabricating high-performance NR latex-based products suitable for medical, pro-
tective, and engineering applications.
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rubber constituents interact with the polymer chain ends, en-
abling  strain-induced  crystallization and  mechanical

INTRODUCTION

Natural rubber (NR) latex, a sustainable colloidal dispersion de-

rived from Hevea brasiliensis, is widely employed in medical
membranes, protective gloves, coatings, and dipped goods ow-
ing to its superior film-forming capability and intrinsic
elasticity.l"? These functional properties originate from their
distinctive microstructure: biosynthesized cis-1,4-polyisoprene
chains stabilized by 5 wt%-10 wt% non-rubber components, in-
cluding proteins, phospholipids, and inorganic salts. These non-
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resilience.’* Despite these advantages, NR films exhibit inher-
ent limitations such as inadequate mechanical robustness, low
chemical resistance, and poor barrier and antibacterial proper-
ties, restricting their application in demanding fields such as
protective gloves and flexible electronics.”) Consequently, the
development of high-performance NR composite films with
multifunctional enhancements is a key research objective.
Nanofiller incorporation is a proven strategy for improving
the performance of rubber.®! Hydrophilic fillers, such as
graphene oxide (GO),”! MXene,®® and biomass fillers®=11 are
compatible with aqueous NR latex systems. Nevertheless,
their polar nature compromises the interfacial compatibility
with nonpolar polyisoprene chains, leading to filler aggrega-
tion during film formation.['2-11 Moreover, low-aspect-ratio
fillers often require high loadings to achieve effective rein-
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forcement, which can compromise latex coalescence and film
integrity.['>) While GO offers a two-dimensional morphology
and a high modulus advantageous for reinforcement, its
loading must typically remain below 1 part per hundred rub-
ber (phr) to avoid embrittlement.['6'71 Thus, strategies that
maximize the reinforcement efficiency at minimal filler con-
tent are essential.

The construction of a three-dimensional (3D) segregated
filler network within rubber composites has emerged as a
promising approach. Unlike randomly dispersed fillers, segre-
gated networks form when nanofillers preferentially localize
at the interfaces between adjacent latex particles, creating a
continuous, interconnected framework. Such architectures
have been shown to provide superior reinforcement com-
pared with uniform dispersions.'8-221 For example, George
et al2% employed poly(ethylene oxide) as a nonionic surfac-
tant to disperse multi-walled carbon nanotubes (MWCNTSs) in
water and fabricate MWCNT/NR composites with a segregat-
ed network through latex blending and film casting, achiev-
ing notable improvements in mechanical, thermal, electrical,
and barrier properties owing to the well-defined segregated
filler architecture. Notably, the colloidal nature of NR latex in-
trinsically facilitates network templating; however, hy-
drophilic filler-rubber incompatibility often disrupts network
formation during drying, underscoring the need for precise
interfacial engineering.

In this study, we exploited a mussel-inspired interfacial
strategy to overcome filler-matrix incompatibility and enable
efficient segregated network formation. Drawing inspiration
from the adhesive proteins found in mussels, which employ
catechol groups to form strong bonds through hydrogen
bonding, coordination, and 77 interaction[2>24, a bioin-
spired modifier (TM) was synthesized by conjugating tannic
acid (TA) with y-mercaptopropyltrimethoxysilane (MPS). The
catechol moieties facilitate adhesion to NR latex surface pro-
teins and phospholipids, while the thiol groups subsequently
participate in covalent thiol-ene crosslinking during vulcan-
ization. Following TM adsorption, GO nanosheets were an-
chored onto the TM layer via m-mm interactions and hydrogen
bonding, directing their self-assembly into a continuous 3D
segregated network templated by latex particles. To strength-
en the hierarchical interface further, trivalent Eu ions (Eu3*)
were introduced. Owing to their unique 4f electron configura-
tion, Eu3* ions can form strong coordination interactions with
catechol and hydroxyl groups on the TM and GO surfaces,
thereby reinforcing interfacial cohesion and stabilizing the
segregated GO network. This hierarchical interfacial design
enables systematic regulation of the network morphology
and interfacial interactions, leading to enhanced mechanical
strength, gas barrier performance, chemical resistance, and
antibacterial activity of the NR composites, and provides a vi-
able strategy for multifunctional rubber systems.

EXPERIMENTAL

Materials

NR latex with a solid content of 60 wt% was purchased from
Maoming Zhengmao Petrochemical Co., Ltd. (Guangdong, Chi-
na). The NR latex was pre-vulcanized and had a solids content of
55%. Graphene oxide (GO) was supplied by Sixth Element Mate-

rials Technology Co., Ltd. (Changzhou, China). TA, MPS, europi-
um nitrate hexahydrate (Eu(NOs);:6H,0), and nonylphenol
ethoxylate-10 (OP-10) were purchased from Shanghai Aladdin
Bio-Chem Technology Co., Ltd. (Shanghai, China). Chloroform,
n-hexane, mineral oil, hydrochloric acid, and sodium hydroxide
were provided by the Wuhan Xinshenshi Chemical Technology
Co., Ltd. All chemicals were used as received.

Preparation of TM Aqueous Solution and TMNR Latex
The aqueous TM solution was prepared as follows. Initially, 1 g
of TA was completely dissolved in 48 g of deionized water un-
der continuous stirring at ambient temperature. Then, MPS (1 g)
was slowly added dropwise to the TA solution under vigorous
stirring. The mixture was thermally reacted at 60 °C for 6 h in a
temperature-controlled reactor, obtain the TM aqueous solu-
tion. After cooling to room temperature, 50 g of the resulting
TM aqueous solution was blended into the pre-vulcanized NR
under constant stirring for 30 min while maintaining a rubber-
to-TM mass ratio of 100:2. The TM-modified NR (denoted as TM-
NR) was then obtained.

Preparation of GO/NR, GO/TMNR and GO/TMNR-Eu3*
Composite Films

A homogeneous GO dispersion (0.4 wt%) was prepared via ul-
trasonication for 30 min. To fabricate the GO/TMNR composite
films, TMNR (containing 10 g of NR solids) was blended with a
predetermined amount of GO dispersion under mechanical stir-
ring at room temperature for 30 min. The resulting latex sus-
pension was cast into a glass culture dish and dried under ambi-
ent conditions until complete evaporation of water. The dried
films were thermally cured at 120 °C for 20 min in a vacuum
oven to obtain GO/TMNR films with GO loadings of 0.1, 0.3 and
0.5 phr, respectively.

For the preparation of the GO/TMNR-Eu3+ composite films,
0.024 g of Eu(NO3)3-6H,0 was added to the GO/TMNR suspen-
sion and stirred for 30 min. To avoid latex destabilization in-
duced by the addition of Eu3*, 1 phr of the nonionic surfac-
tant OP-10 was premixed into the latex system before Eu3*
addition. Film casting and curing were performed as previ-
ously described.

As a control group, GO/NR composite films were obtained
by directly blending a GO dispersion with pre-vulcanized NR
latex, followed by the same film-casting procedure, without
TM or Eu3+ incorporation. All the composite films were desig-
nated as GO/NR-x, GO/TMNR-x, and GO/TMNR-Eu3*-x, where x
represents the GO loading (phr) in the final rubber compos-
ites.

Characterization

Ultraviolet-visible (UV-Vis) spectroscopy was performed using a
Jasco J-670 spectrophotometer (JASCO Corporation, Japan). X-
ray diffraction (XRD) measurements were performed using a
D/Max-2500 diffractometer (Rigaku Corporation, Japan). Atten-
uated total reflectance Fourier-transform infrared (ATR-FTIR)
spectroscopy was performed using a Spectrum 100 spectrome-
ter (PerkinElmer, USA). X-ray photoelectron spectroscopy (XPS)
was conducted using an ESCALAB 250 XPS system (Thermo
Fisher Scientific, USA) with an Al Ka X-ray source (1486.6 €V).
Atomic force microscopy (AFM) was performed using the peak
force quantitative nanomechanical mapping mode on a Multi-
Mode 8 AFM system (Bruker Corporation, USA). The samples
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were cryo-fractured using a Leica EM FC7 ultramicrotome to ob-
tain flat surfaces. Transmission electron microscopy (TEM) was
performed using a Tecnai G2 20 S-TWIN microscope (FEI Com-
pany, USA) at an accelerating voltage of 300 kV. Dynamic me-
chanical analysis (DMA) was performed using a VA3000 analyz-
er (01dB-Metravib, France) in tensile mode at a frequency of 10
Hz over a temperature range from —80 °C to 80 °C, with a heat-
ing rate of 3 °C/min. The tensile properties of the dumbbell-
shaped specimens were evaluated using an Instron 4465 uni-
versal testing machine (Instron Corporation, USA), in accor-
dance with ISO 37:2011. Gas permeability was tested using a
VAC-V2 gas permeability tester (Labthink Instruments Co., Ltd.,
China) at 40 °C in accordance with ISO 2782. Antibacterial per-
formance against Escherichia coli (E. coli) and Staphylococcus au-
reus (S. aureus) was assessed following the JIS Z 2801:2012 stan-
dard.

The strain-induced crystallization (SIC) behavior of rubber
films was investigated using two-dimensional wide-angle X-
ray diffraction (2D-WAXD). The measurements were per-
formed using a Rigaku Homelab X-ray diffractometer
equipped with a HyPix-6000 photon-counting detector. Cu
Ka radiation with a wavelength of 1.5405 A was used as the X-
ray source. The detector pixel size was 100 pm X 100 pm. Da-
ta processing and analysis were performed using Fit2D soft-
ware. The crystallinity index (Cl) was determined after peak
separation fitting of the diffraction profiles and was calculat-
ed according to the following equation: [2°]

P L

YA+ YA

where Y A_ represents the sum of the peak areas corresponding

to the 200, 201, and 120 crystal planes and } A, represents the
peak area of the amorphous halo.

The crosslinking density was determined by equilibrium
swelling in toluene. Pre-weighed film samples were im-
mersed in toluene for 72 h at room temperature. After
swelling, the samples were quickly wiped with filter paper to
remove surface solvent, weighed immediately, and then
dried in a vacuum oven at 60 °C until reaching a constant
weight. The crosslink density (V,) was calculated using the
Flory-Rehner equation!2¢!

Ve:_ln(1—v,)+vr+)(v,2 o

1
5 V
v1(v,3—7f)

where V; is the molar volume of toluene (106.2 cm3/mol), y is
the Flory-Huggins interaction parameter (0.393 for NR and
toluene?”)), and V, is the volume fraction of rubber in the
swollen gel, calculated by:

m

_ mZ/pr
" my/p, +(my —mo) /o
where p, is the density of NR (0.913 g/cm?3), p is the density of
toluene (0.865 g/cm?), my is the initial dry weight, m, is the
swollen weight, and m, is the final dry weight after swelling.
Solvent resistance was evaluated using square film sam-
ples (25 mm x 25 mm X 0.5 mm) immersed in solvents, in-
cluding chloroform, n-hexane, and mineral oil. The degree of
swelling was determined as the percentage increase in
weight.

3)

W - W

Swelling degree = x 100% (4)

0
where W, is the initial weight, and W; is the weight after swelling
for a specified duration.

Acid and alkali resistance was assessed by immersing
dumbbell-shaped specimens in 0.1 mol/L HCl and 1 mol/L
NaOH solutions for 1, 4, and 7 days at room temperature. Af-
ter immersion, the samples were dried thoroughly and sub-
jected to tensile testing. The retention of mechanical proper-
ties was then calculated to assess the material stability under
acidic and alkaline conditions.

RESULTS AND DISCUSSION

Construction and Microstructure Characterization of
NR Composite Films

As shown in Fig. 1(a), the GO/NR, GO/TMNR, and GO/TMNR-Eu3*
composite films were fabricated via distinct interfacial design
strategies, with the corresponding interfacial interactions illus-
trated in Fig. 1(b). In the GO/NR system, GO nanosheets were di-
rectly blended with pre-vulcanized NR without interfacial modi-
fiers, resulting in weak filler-matrix adhesion and a randomly
distributed filler network. In contrast, the GO/TMNR and GO/TM-
NR-Eu3* systems employ TM or TM combined with Eu* to es-
tablish multiple interfacial interactions, including hydrogen
bonding, m-7 interactions, and coordination bonding. TM, en-
riched in catechol groups, mimics the adhesive proteins found
in mussels and enables strong attachment to latex particle sur-
faces via hydrogen bonding with surface proteins and phos-
pholipids. During vulcanization, the thiol groups in TM partici-
pate in covalent thiol-ene reactions with the C=C bonds of
polyisoprene, further consolidating the interface. This mussel-
inspired interfacial layer acts as a molecular bridge, directing the
selective self-assembly of GO nanosheets along the latex parti-
cle boundaries and promoting the formation of well-defined
segregated networks. Furthermore, the incorporation of Eu*
ions exploits their strong coordination capability with electron-
donating groups, such as catechols and hydroxyls, further rein-
forcing the interfacial architecture, enhancing network stability,
and improving the compatibility between GO and the latex ma-
trix.

The synthesis was achieved via dehydration condensation
between TA and MPS, as illustrated in Fig. 2(a). At 60 °C, the
acidic environment provided by TA promoted the hydrolysis
of MPS, generating silanol groups, which subsequently un-
derwent dehydration condensation with the phenolic hy-
droxyl groups of TA to form TM. During the reaction, the col-
or of the solution gradually changed from pale yellow to
milky white, as shown in the inset photographs of Fig. 2(a). To
further verify the reaction between TA and MPS, the FTIR
spectra of TA, MPS, TM, and TA + MPS physical mixture, were
compared (Fig. 2b). The TA + MPS physical mixture exhibited
a simple superposition of the characteristic absorption bands
of the two raw materials, with the Si—C band remaining at
782 ¢cm~', indicating that only limited interaction occurred
during physical mixing. In contrast, the Si—C band in TM
shifted to 799 cm-', reflecting a change in the chemical envi-
ronment of the Si—C groups associated with the reaction be-
tween TA and MPS. Combined with the macroscopic changes
observed during synthesis, these spectral features support
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Fig. 1 (a) Schematic illustration of the fabrication processes for GO/NR, GO/TMNR, and GO/TMNR-Eu3* composite films; (b) Schematic
depiction of the interfacial interactions in GO/NR, GO/TMNR, and GO/TMNR-Eu3* composite films.

the successful formation of TM and confirm the incorpora-
tion of MPS into the TA-based structure, while preserving key
functional groups, such as phenolic hydroxyls (3284 cm-')
from TA 28land —SH (2553 cm~") from MPS.[29]

UV-Vis spectra (Fig. 2c) revealed TA absorption peaks at 213
nm (7777 * transitions from aromatic C=C bonds) and 276 nm
(n-m* transitions associated with C—O bonds).B% TM dis-
played a similar but more intense absorption, suggesting the
preservation of TA-derived chromophores. GO exhibited a
characteristic peak at 235 nm (aromatic C=C) and a shoulder
at 301 nm (n-7* transitions).3"! Upon TM modification, TM-
GO showed a blue shift to 216 nm (7-7*) and a red shift to 271
nm (n-7m*), confirming the presence of non-covalent 7-m and
hydrogen bonding interactions between TM and GO.

The ATR-FTIR spectra of the composite films (Fig. 2d) exhib-
it characteristic peaks at 2960, 2911, and 2848 cm-, corre-
sponding to the asymmetric stretching of —CHs;, asymmetric
stretching of —CH,, and symmetric stretching of —CH, in cis-
1,4-polyisoprene, respectively.32) Compared with NR, TMNR,
and GO/TMNR-0.5, the O—H stretching vibration at 3287
cm-' and a phenolic —OH stretching peak at 1206 cm~' con-
firmed the successful anchoring of TM onto latex surfaces.!¢!

Upon Eu3* incorporation, a slight decrease in the intensity
and a red shift of the phenolic —OH band from 1206 cm-' to
1192 cm-'. Although these spectral changes are relatively mi-
nor, they qualitatively suggest possible coordination be-
tween Eu3* ions and hydroxyl groups on the TM and GO.33!
The XRD patterns of all the films (Fig. 2e) displayed a broad
diffraction peak around 19°, characteristic of the amorphous
nature of the polyisoprene chains. The (002) reflection of GO
(about 11°) was not observed, which can be attributed to the
low GO loading and the effective dispersion of the GO
nanosheets within the matrix.

The high-resolution C 1s XPS spectra of NR and TMNR (Figs.
2f and 2g) were deconvoluted into five components: C=C
(284.2 eV), C—C (284.8 eV), C—S (285.5 eV), C—0 (286.5 eV),
and C=0 (288.4 eV).B4 TM incorporation led to an increase in
the relative proportion of C—S from 12.5% to 15.1%, accom-
panied by a decrease in the relative proportion of C=C from
33.3% to 23.9% (Table 1), suggesting partial consumption of
unsaturated double bonds via thiol-ene reactions during vul-
canization. Furthermore, equilibrium swelling analysis (Fig.
2h) revealed a substantial increase in crosslink density after
TM and Eu3* incorporation, which was attributed to the syn-
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Fig. 2 (a) Schematic illustration of TM synthesis via the reaction between TA and MPS; insets are the picture of TA and TM solutions; (b) FTIR

spectra of TA, MPS, TA+MPS physical mixture, and TM; (c) UV-Vis absorption spectra of TA, TM, GO, and TM-GO solutions; (d) ATR-FTIR spectra and
(e) XRD patterns of NR composite films; C 1s XPS spectra of (f) NR and (g) TMNR with peak deconvolution; (h) Crosslink density of NR composite

films.
Table 1 Quantitative analysis of C 1s XPS peak of NR and TMNR films.
Bond Bindi (eV) N TINR
ond type inding energy (e’
P K 9 Peak area (%) Peak area (%)
c=C 284.2 333 239
c-C 284.8 47.2 32.7
Cc-S 285.5 125 151
Cc-0 286.5 5.0 25.6
=0 288.4 1.9 2.8

ergistic contribution of covalent thiol-ene crosslinking and
additional non-covalent interactions.

AFM images (Figs. 3a-3c) revealed that the root mean
square (RMS) surface roughness increases from 5.9 nm for NR
to 9.2 nm for TMNR and further to 12.7 nm for TMNR-Eu3+.
This progressive roughening is attributed to the adsorption of
TM and subsequent Eu3* coordination at the latex surfaces,
which enhances the interfacial heterogeneity and provides

abundant anchoring sites for the GO nanosheets. Although
GO carries abundant oxygen-containing functional groups
capable of forming hydrogen bonds with proteins and phos-
pholipids on NR particles, such hydrogen-bonding interac-
tions alone are insufficient for suppressing GO stacking dur-
ing film formation and drying. As water evaporates, the elec-
trostatic repulsion between the GO sheets diminishes, en-
abling intrinsic 77- stacking to dominate and induce aggrega-
tion.['3] This aggregation disrupts the templating effect of la-
tex particles, preventing the formation of a well-defined seg-
regated filler network. As shown in Fig. 3(d), the TEM image of
the GO/NR-0.5 composite displays GO sheets (dark lines) ran-
domly dispersed and agglomerated rather than assembling
around latex particles. In contrast, TM adsorption on latex sur-
faces formed a distinct light-grey interfacial layer surround-
ing the particles (Fig. 3e), confirming successful TM anchor-
ing. Acting as a mussel-inspired molecular bridge, this TM lay-
er promotes strong interfacial adhesion and drives the self-as-
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sembly of GO into segregated architecture. Even at a low GO
content (0.1 phr, the GO nanosheets were uniformly distribut-
ed around the latex particles (Fig. 3f), demonstrating efficient
network formation guided by the TM interface. With increas-
ing GO content to 0.3 and 0.5 phr, the segregated network
becomes progressively more continuous and densely inter-
connected (Figs. 3g and 3h), highlighting the effectiveness of
TM-mediated assembly. The incorporation of Eu3+ further am-
plifies this effect by introducing metal-ligand coordination at
the interface. As shown in Fig. 3(i), GO/TMNR-Eu3+-0.5 exhibit-
ed pronounced interfacial microdomains and thickened inter-
facial regions, indicating a robust interfacial reinforcement.
The combined mussel-inspired adhesion and Eu3* coordina-
tion synergistically stabilized the segregated GO network, en-
hanced its structural integrity, and improved its compatibility
with the latex matrix, thereby establishing a hierarchical inter-
face that is essential for maximizing the multifunctional per-
formance of the composite.

Mechanical Properties of the NR Composite Films

Tensile tests were performed to elucidate the effects of interfa-
cial engineering and segregated filler networks on the mechan-
ical properties of the NR composite films (Figs. 4a-4c). Across
the GO/NR, GO/TMNR, and GO/TMNR-Eu3* systems, the stress-
strain curves exhibited similar profiles, with the tensile strength
increasing and elongation at break decreasing as the GO con-

tent increased. However, the GO/TMNR and GO/TMNR-Eu3*
composites consistently achieved greater strength enhance-
ment than GO/NR, underscoring the role of the strengthened
interfacial interactions. TM modification increased the tensile
strength of NR from 10.2 MPa to 12.5 MPa, and subsequent Eu3*
coordination further elevated it to 16.3 MPa, reflecting the com-
bined contributions of thiol-ene crosslinking, hydrogen bond-
ing, and metal-ligand coordination. Upon incorporating 0.5 phr
GO, the tensile strength reached 13.5 MPa for GO/NR-0.5, 18.4
MPa for GO/TMNR-0.5, and 21.2 MPa for GO/TMNR-Eu3+-0.5,
representing increases of 32.4%, 80.4%, and 107.8% relative to
NR. Similarly, the 300% modulus increased by 89.4%, 147.0%,
and 251.5%, respectively, which was attributed to the synergis-
tic effects of robust interfacial bonding and efficient stress trans-
fer through the segregated GO network. Importantly, despite
the modulus enhancement, the composites retained remark-
able ductility with GO/TMNR-Eu3*-0.5, exhibiting an elongation
at break of 915%. The toughness and tear strength trends (Figs.
4d and 4e) further validated the effectiveness of the hierarchical
interface design. GO/TMNR-Eu3*-0.5 exhibited a toughness of
61.7 MJ/m3, which was markedly higher than that of the pris-
tine NR. This improvement is ascribed to the incorporation of
sacrificial hydrogen and coordination bonds that rupture prior
to covalent bonds, dissipating strain energy and enhancing
toughness. In addition, the segregated GO network acted as a
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(a) Stress-strain curves of (a) GO/NR, (b) GO/TMNR, and (c) GO/TMNR-Eu3* composite films with different GO contents; Comparison of (d)

toughness and (e) tear strength of NR, TMNR, TMNR-Eu3*, GO/NR-0.5, GO/TMNR-0.5, and GO/TMNR-Eu3*-0.5 composite films; (f) DMA tané versus
temperature curves of NR, TMNR, TMNR-Eu3*, GO/NR-0.5, GO/TMNR-0.5, and GO/TMNR-Eu3+-0.5 composite films; (g) 2D-WAXD patterns of NR,
GO/NR-0.5, GO/TMNR-0.5, and GO/TMNR-Eu3*-0.5 at different strains. The label “e=2.5" means that the strain equals 250%; (h) 1D-WAXD patterns
of NR, GO/NR-0.5, GO/TMNR-0.5, and GO/TMNR-Eu3*-0.5; (i) Demonstration for a typical deconvoluted 1D WAXD profile of NR, GO/NR-0.5,
GO/TMNR-0.5, and GO/TMNR-Eu3*-0.5; (j) Crystallinity index of NR, GO/NR-0.5, GO/TMNR-0.5, and GO/TMNR-Eu3*-0.5 as a function of strain.

barrier to crack propagation, yielding tear strength increases of
98.3% and 118.9% for GO/TMNR-0.5 and GO/TMNR-Eu3*-0.5, re-
spectively, both surpassing the 69.6% improvement observed
for GO/NR-0.5.

The mechanical performance of NR composites is gov-
erned by both filler-rubber interfacial interactions and SIC be-
havior. The interfacial interactions in the NR composites were
evaluated by DMA. As shown in Fig. 4(f), the tand peak pro-
gressively decreased with the introduction of TM modifica-

tion, GO incorporation, and Eu3* coordination, indicating in-
creasingly restricted chain mobility owing to the formation of
a GO segregated network and strengthened interfacial con-
straints. The influence of such interfacial interactions on the
SIC behavior of the NR composites was further investigated
by in situ WAXD measurements. During tensile deformation,
the SIC of the sample was continuously monitored, and the
representative 2D-WAXD patterns are shown in Fig. 4(g). For
all samples, highly oriented crystalline diffraction arcs gradu-
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ally appeared after critical deformation and intensified with
increasing strain, confirming the occurrence of typical SIC be-
havior during stretching. For the pristine NR, discernible crys-
talline arcs were observed only when the strain exceeded
300%. Upon the addition of 0.5 phr GO, the SIC behavior of
GO/NR-0.5 remained largely similar to that of the pristine NR.
In contrast, after interfacial enhancement via TM incorpora-
tion and the promoted formation of a GO-segregated net-
work, GO/TMNR-0.5, exhibited more pronounced crystalline
arcs at strains above 300%. Notably, for GO/TMNR-Eu3+-0.5,
distinct crystalline arcs were detectable at a strain of 250%,
demonstrating a significantly advanced onset of SIC.

To evaluate the effect of interfacial regulation on SIC quan-
titatively, the collected 2D-WAXD were integrated and con-
verted into 1D-WAXD diffraction profiles (Fig. 4h). The result-
ing profiles were further deconvoluted into three crystalline
reflections corresponding to the (120), (201), and (200) planes
together with an amorphous NR halo, as illustrated in Fig. 4(i).
Based on the relative areas of the crystalline and amorphous
components, Cl was calculated, and the Cl evolution with
strain is summarized in Fig. 4(j). At the same strain level,
GO/TMNR-0.5 consistently exhibited higher Cl values than
pristine NR and GO/NR-0.5, indicating that enhanced interfa-
cial interactions effectively promoted chain alignment and
crystallization. Upon Eu3+* coordination, the Cl value reached
approximately 1.7% at a strain of 250%. This behavior sug-
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gests that coordination bond formation leads to stronger in-
terfacial interactions, which synergistically facilitate the chain
orientation. At a high strain of 450%, this promotion effect
became even more pronounced, confirming that the strong
interfacial interactions markedly enhanced the SIC of the NR
composites.

Gas Barrier and Antibacterial Properties of the NR
Composite Films

The gas barrier properties of the NR composite films are shown
in Fig. 5(a). The nitrogen permeability coefficient of the pure NR
film was measured at 5.96x10~"7 m?/(s-Pa). The incorporation of
TM and Eu?* resulted in a slight reduction in permeability, which
can be attributed to the increased crosslinking density and
stronger interparticle interactions, effectively decreasing the
free volume within the rubber matrix. Interestingly, the perme-
ability coefficient of TMNR-Eu3* was nearly identical to that of
GO/NR-0.5, suggesting that the enhanced interfacial cohesion in
TMNR-Eu?* yielded a barrier performance comparable to that
achieved by the randomly dispersed GO network in GO/NR-0.5.
A substantial improvement was observed when GO was intro-
duced into the TMNR and TMNR-Eu3* systems to construct seg-
regated filler networks. The nitrogen permeability coefficients of
GO/TMNR-0.5 and GO/TMNR-Eu3*-0.5 decreased by 14.6% and
20.1%, respectively, relative to those of the pristine NR film.
These enhancements stem from two cooperative mechanisms:
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(a) Nitrogen permeability of NR, TMNR, TMNR-Eu3*, GO/NR-0.5, GO/TMNR-0.5, and GO/TMNR-Eu3*-0.5 films; (b) Representative
digital images of E. coli and S. aureus colonies on LB agar plates after exposure to various film samples; (c) Antibacterial effectiveness of
the NR, GO/NR-0.5, GO/TMNR-0.5, and GO/TMNR-Eu3*-0.5 against E. coli and S. aureus.
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(1) reduced molecular mobility due to strengthened interfacial
interactions, which minimize inherent free volumes, and (2) in-
creased diffusion tortuosity arising from the well-organized seg-
regated GO network, which prolongs the effective gas perme-
ation pathway.

Beyond the barrier properties, antibacterial performance is
a crucial consideration for NR-based films, particularly in ap-
plications involving direct or indirect contact with the skin.
Antibacterial activity was evaluated against representative
Gram-negative E. coli and Gram-positive S. aureus (Figs. 5b
and 5c¢). In the control group, extensive bacterial colonies
were observed, whereas the pristine NR displayed only mod-
erate antibacterial activity, achieving efficiencies of 88.9%
and 59.9% against E. coli and S. aureus, respectively. The incor-
poration of GO into NR (GO/NR-0.5) enhanced its antibacteri-
al activity to 98.3% and 99.9%, respectively. Remarkably, both
GO/TMNR-0.5 and GO/TMNR-Eu3+-0.5 exhibited complete in-
hibition (>99.9%) of both bacterial strains, with no visible
colonies on the LB agar plates. This outstanding antibacterial
performance arises from the synergistic contribution of the
multiple functional components. TM modification retains
phenolic hydroxyl groups from TA, which disrupts the pepti-
doglycan layer of the bacterial cell walls, leading to structural
collapse.3%! Eu3+ ions interact electrostatically with negative-
ly charged bacterial membranes, inducing the destabilization
and leakage of intracellular contents. GO nanosheets provide
a high surface area and sharp edges capable of physically
piercing and fragmenting bacterial membranes.3¢ The com-
bination of these chemical and physical antibacterial mecha-
nisms confers broad-spectrum and highly efficient antimicro-
bial protection. Consequently, the GO/TMNR-Eu3+-0.5 films
offer a rare combination of superior gas-barrier performance

and robust antibacterial activity, rendering them promising
candidates for multifunctional protective coatings and pack-
aging applications.

Organic Solvent Resistance of the NR Composite

Films

In many industrial applications, NR-based products are routine-
ly exposed to various organic solvents, making the solvent resis-
tance a vital performance parameter. To evaluate this property,
the swelling behavior of NR, TMNR, TMNR-Eu3*, GO/NR-0.5,
GO/TMNR-0.5, and GO/TMNR-Eu3+-0.5 composite films was ex-
amined in three representative solvents: chloroform (polar), n-
hexane (nonpolar), and mineral oil (industrially relevant medi-
um). The time-dependent swelling degrees are presented in
Figs. 6(a)-6(c), while the corresponding maximum swelling ra-
tios are summarized in Figs. 6(a')-6(c’). Among all the samples,
GO/TMNR-Eu3*-0.5 consistently exhibited the lowest swelling
ratios across all solvents, indicating a superior overall solvent re-
sistance. For instance, after 120 h of immersion in mineral oil,
the swelling degree was 265.9%, which was markedly lower
than that of pristine NR (525.6%) and GO/NR-0.5 (483.7%). This
enhanced resistance is attributed to the combined effects of the
increased crosslink density and formation of a segregated GO
filler network. Such a network not only strengthens intermolec-
ular interactions within the rubber matrix but also acts as an ef-
fective physical barrier to solvent penetration, thereby improv-
ing dimensional stability and chemical durability in organic
media.

Acid and Alkali Resistance of the NR Composite Films

In addition to solvent resistance, NR-based materials in industri-
al and laboratory settings are frequently exposed to acidic and
alkaline media, which can compromise their mechanical integri-
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Fig. 7 Stress-strain curves of NR, TMNR, TMNR-Eu3*, GO/NR-0.5, GO/TMNR-0.5, and GO/TMNR-Eu3*-0.5 composite films after immersion in 0.1
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ty and shorten their service life. To assess chemical stability, the
composite films were immersed in acidic (0.1 mol/L HCl) and al-
kaline (1 mol/L NaOH) solutions for 1, 4, and 7 days, followed by
tensile testing to obtain their stress-strain responses. The corre-
sponding stress-strain curves for the acid- and alkali-treated
samples are presented in Figs. 7(a)-7(c) and 7(d)-7(f), respec-
tively. Based on these curves, the retention of tensile strength
and elongation at break were calculated (Figs. 7g-7j) to evalu-
ate their stability in acidic and alkaline environments. Pristine NR
exhibited severe mechanical degradation under both condi-
tions. After seven days in HCl, the tensile strength and elonga-
tion retention decreased to 63.2% and 66.2%, respectively. Un-
der NaOH exposure, the corresponding values are 77.4% and
57.9%, respectively. The incorporation of GO (GO/NR-0.5) yield-
ed moderate improvements, whereas the GO/TMNR-0.5 com-
posite showed more substantial resistance. Notably, GO/TMNR-
Eu*-0.5 achieved exceptional stability, retaining 92.5% of its
tensile strength and 93.5% elongation after 7 days in HCl and
92.0% and 95.3%, respectively, after NaOH treatment. This out-
standing acid-alkali resistance can be ascribed to the robust hi-
erarchical interfacial architecture and segregated GO network,
which together restrict the ingress of corrosive species into the
rubber matrix, thereby minimizing molecular degradation path-
ways.

CONCLUSIONS

In this study, a multifunctional NR composite film was fabricat-
ed through the synergistic integration of mussel-inspired inter-
face engineering and a segregated GO network. The incorpora-
tion of TM and Eu3* ions enabled the construction of a hierar-
chical interfacial architecture involving covalent bonding, hy-
drogen bonding, and metal-ligand coordination. This strategy
markedly improved GO dispersion within the rubber matrix and
facilitated the formation of a structurally robust segregated net-
work. Consequently, the optimized composite film exhibited
enhanced SIC, promoting a more efficient alignment of rubber
chains under deformation and contributing to superior me-
chanical performance. As a result, the film containing 0.5 phr GO
and the bioinspired interface achieved a 107.8% increase in ten-
sile strength, a 118.5% enhancement in tear strength, and a
toughness of 61.7 MJ/m3, In addition, the nitrogen permeability
decreased by 20.1%, and the antibacterial efficiency against
both E. coli and S. aureus reached 99.9%. The films also exhibit-
ed superior resistance to organic solvents and retained excel-
lent mechanical stability in acidic and alkaline environments.
These comprehensive improvements highlight the effective-
ness and scalability of the proposed interfacial design strategy,
which offers a promising pathway for the development of high-
performance NR-based materials for medical devices, protec-
tive equipment, and industrial elastomer applications.
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Graphical Abstract

Synergistic Bioinspired Interface and Segregated Graphene Oxide Networks Enabling Enhanced Me-
chanical Strength and Chemical Resistance in Natural Rubber Latex Composites

Xiao-Da Pan, Yun-Kui Song, Chong-Zhi Sun, Chao-Yang Yuan, Zong-Min Zhu, Jia-Ran Wang, Xian-Ze Yin, Hong-Tao Liu,

Li Liu, and Long Zheng

Wuhan Textile University; Beijing University of Chemical Technology

A mussel-inspired interfacial regulation strategy was developed by designing a catechol- and thiol-containing tannic acid-
based modifier (TM) agent that induces graphene oxide (GO) to self-assemble on natural rubber (NR) latex particles into a
segregated network, while Eu3* coordination synergistically reinforces the interface. This structure markedly promotes NR
strain-induced crystallization and enhances mechanical, barrier, antibacterial, and chemical-resistant properties.
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