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Current absorbable sutures face challenges in matching heterogeneous tissue healing timelines, leading
to postoperative complications from delayed degradation. Thus, self-biodegradable polycaprolactone/
polyurethane (PCL/PU) composite sutures via electrospinning, incorporating Burkholderia cepacia lipase
(BCL) stabilized by random heteropolymers (RHP) was developed in this research. RHP can maintain BCL
activity retention at 40%—90% in organic solvents. The PCL70/PU30 suture exhibited optimal mechanics
(tensile strength was (28.44 + 1.25) MPa and Young’s modulus was (42.43 + 5.3) MPa), following the
incorporation of the BCL-RHP complex, the suture’s key mechanical properties were largely maintained

gfgt‘;:eogrr?ciation and remained within the range compatible with typical suture applications. Enzyme-loading gradients
PCL/PU (0.05%—0.5% (mass)) enabled precise degradation control. 0.5% (mass) enzyme-loaded sutures fully
Sutures disintegrated spontaneously in simulated wound fluid within 15 days, this timeframe aligns with the
Composites typical epidermal healing cycle (approximately 2 weeks), suggesting the potential for achieving dy-
Polymers namic degradation-healing synchronization in vivo. In addition, functionalization of self-biodegradable
Enzyme composite sutures was achieved by embedding thymol for synergistic bioactivity. Thymol achieved a

cumulative release of 86.76% + 1.34% over 120 h, endowing the self-biodegradable composite sutures
with sustained antioxidant (79.85% ABTS' scavenging rate) and antibacterial activity (significantly
suppressing the growth of Staphylococcus aureus). Concurrently, the self-biodegradable composite su-
tures demonstrated favorable cytocompatibility in L929 fibroblast cell. The RHP-enabled enzyme sta-
bilization strategy overcomes clinical-ecological limitations of conventional sutures, offering
programmable degradation and multifunctionality for precision medicine.

© 2026 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

As critical consumables in surgical interventions, global de-
mand for sutures escalates annually by millions of dollars due to
trauma management and medical procedures. This expanding
market faces a transformative shift driven by precision medicine:
Retrospective clinical analyses have established that delayed su-
ture degradation is a direct cause of 32% of postoperative
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complications, including surgical site infections and granuloma
formation [1]. This challenge is exacerbated in tissues with
divergent healing timelines (e.g., epidermis, 7—14 days, versus
cartilage, 90—180 days) [2,3]. The homogeneous degradation pro-
file (>60 days) of current absorbable sutures fails to accommodate
such disparity, proving particularly inadequate in chronic wounds
like diabetic foot ulcers and dynamic sites like cardiovascular stent
fixation [2,4,5], where prolonged foreign body retention elevates
reoperation rates by 18%—25% [6—8]. Consequently, therapeutic
refinement drives innovation toward multifunctional and
stimuli—responsive sutures [9—11].

Concurrently, rapid advancements in biomedical engineering
necessitate synthetic polymers with enhanced biocompatibility
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and multifunctionality. This demand has spurred exploration into
FDA-approved polymers-including polycaprolactone (PCL), poly(-
methyl methacrylate) (PMMA), poly(lactic-co-glycolic acid)
(PLGA), and polyurethane (PU)-focusing on their biological adap-
tation and tissue regeneration potential [12]. Owing to its excep-
tiona_mechanical strength and biocompatibility, PU is widely used
in biomedical applications [13]. When used as suture material, it
meets the specific mechanical requirements for high strength,
high elasticity, and minimally invasive closure needed in dynamic
physiological environments [14]. It is important to note that the
mechanical requirements for sutures differ fundamentally from
those for skin scaffolds used in tissue regeneration: the core
function of sutures is to provide high tensile strength over the
short term (days to weeks) to securely close wounds, making their
mechanical properties (such as tensile strength) critical [15]. Skin
scaffolds, on the other hand, focus on providing a three-
dimensional porous structure over extended periods (weeks to
months) to support cell migration, growth, and tissue regenera-
tion. Their mechanical properties are designed to better match soft
tissue characteristics and enhance bio-guidance [16] whereas PCL
provides complementary advantages through tunable degradation
kinetics and reinforced mechanical properties. Their synergistic
integration enables biomimetic systems that closely replicate
physiological microenvironments [17—19], rendering them
particularly valuable for vascular grafts and dynamic tissue scaf-
folds. Nevertheless, conventional biodegradable polymers remain
ecologically problematic due to two inherent limitations: (1)
environmentally insensitive degradation leading to delayed
decomposition, and (2) incomplete breakdown generating
persistent microplastic pollution [20]. Thus, transcending degra-
dation constraints through precisely controllable decomposition
behavior represents a critical pathway toward resolving these
global ecological and clinical challenges.

Self-biodegradable living plastics, serving as a emerging class of
environmentally responsive materials, incorporate bioactive
components (such as microbial spores or enzyme preparations)
into the polymer matrix, which enables spontaneous degradation
upon triggering by specific environmental signals. However, spore
germination requires precise induction mechanisms, and the
released active cells should efficiently express the target degra-
dation enzymes. These requirements imposing higher demands on
the genetic modification of host strains [21]. In contrast, enzymatic
degradation pathways avoid byproduct generation via specific
reactions and simplify downstream recovery. The enzyme
embedding strategy, bypasses the need for complex spore germi-
nation regulation, enabling immediate triggering of the degrada-
tion process [22]. By uniformly dispersing polylactic acid (PLA)
hydrolase into PLA via melt extrusion, the material can achieve
complete decomposition within 20—24 weeks under home com-
posting conditions [23]. PCL/lipase composite films fabricated by
3D printing technology undergo complete degradation after 7 days
at 37 °C [24]. Nevertheless, these systems rely on the intrinsic
thermal stability of enzymes. When material processing involves
organic solvents (e.g., hexafluoroisopropanol, chloroform), direct
embedding of free enzymes into the material becomes unfeasible.
Addressing this limitation, researchers at the University of Cali-
fornia developed a random heteropolymers (RHP) as enzyme
protectants, which form a protective layer around enzymes via in-
situ encapsulation [25]. This strategy significantly enhances
enzyme activity retention under harsh processing conditions,
achieving 85% retention in melt extrusion and 92% in solvent
casting [23]. In our prior research, the enzyme-loaded (Bur-
kholderia cepacia lipase, BCL) PCL nanofiber scaffolds fabricated via
electrospinning. This scaffold demonstrated complete degradation

within 12—72 h while promoting scarless wound healing [16]. This
RHP-based enzyme immobilization strategy applied to high-
performance PCL/PU composite sutures also offers distinct ad-
vantages. First, RHP protection ensures enzyme activity in organic
solvent spinning solutions, enabling the integrated preparation of
enzyme—loaded sutures via electrospinning. Second, the suture’s
mechanical strength effectively stabilizes wounds, reducing heal-
ing delays caused by wound dehiscence [26]. Furthermore, by
regulating the enzyme loading (e.g., BCL at 0.05%—0.5% of total
polymer mass), the degradation timeline of the suture can be
precisely programmed (ranging from hours to weeks). This allows
matching the healing time windows of different tissues, thereby
reducing the need for suture removal [27]. Finally, this strategy
overcomes the limitations of conventional homogeneous degrad-
able materials and enables precise drug delivery in synergy with
other functional agents (such as antioxidants and antimicrobial
components), creating a healing-promoting microenvironment
during degradation [15,27].

Therefore, based on the stabilizing effect of RHP on enzyme
activity, this study developed self-biodegradable PCL/PU com-
posite suture using electrospinning technology. By designing an
enzyme loading gradient, precise control over the degradation
period was achieved, effectively matching the healing time win-
dows of different tissues. Furthermore, the suture incorporates
functional active agents, enabling synergistic antioxidant and
antibacterial effects during the self-biodegradation.

2. Materials and Methods
2.1. Chemical synthesis of PU and RHP

The PU synthesis was performed according to the reported
method with some modified under stoichiometric conditions
(NCO/OH = 1) [28,29]. PCL and methylene diphenyl diisocyanate
(MDI) were separately dissolved in dimethyl sulfoxide (DMSO),
then introduced into the reactor, and the polymerization reaction
was initiated under mechanical stirring (500 r-min~') at 80 °C for
6 h.

The preparation method of RHP was based on the previous
methods in our laboratory [16]. RHP was synthesized by mixing
methyl methacrylate, ethylene glycol methyl ether methacrylate,
2-ethylhexyl methacrylate and potassium 3-(methacryloyloxy) at
a ratio of 2:4:2.5:0.5 (mol). The number—average molecular
weight molecular weight of RHP was 19.30 kDa.

2.2. The protective ability of RHP to BCL in organic reagents

BCL was desalted using an AKTA protein purifier and the
enzyme concentration was determined using a BCA protein assay
kit. RHP was added to the BCL aqueous solution at a molar ratio of
100:1 (RHP/BCL), followed by incubation at 30 °C with agitation at
200 r-min~' for 10 min.

The diameter of BCL-RHP was characterized by dynamic light
scattering (DLS, Zetasizer Nano ZS90). The CLSM was performed
on a Leica TCS SP5 confocal microscope. Sulforhodamine 101, and
BCL-GFP were excited using a HeNe 580 nm laser and a 488 nm
argon ion laser. Emission was detected between 580 and 650 nm
for Sulforhodamine 101, and between 495 and 545 nm for
BCL—GFP.

The mixture was freeze-dried to obtain the BCL-RHP
complexes. The residual enzyme activity of BCL and
BCL-RHP complexes were measured by the reaction with
(4-nitrophenyl)octanoate (p-NPO) after 4 h exposure in different
organic solvents including (2,2,2-trifluoroethano (TFE), ethanol
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(EtOH), dichloromethane (DCM), DMSO), phosphate-buffered Sa-
line (PBS buffer) was used as control. The generation of p-nitro-
phenol was recorded at the wavelength of 410 nm.

2.3. Preparation of self—biodegradable PCL/PU composite suture

The preparation of PCL/PU composite suture was fabricated
using an electro—microfluidic spinning device (Nanjing Janus
New—Materials Co. Ltd). PCL and PU were dissolved in TFE at room
temperature for 12 h to dissolve completely with a certain mass
ratio (100/0, 90/10, 80/20, 70/30, 60/40, 50/50) with a total poly-
mer concentration of 130 mg-ml~. Based on the optimal PCL/PU
ratio, BCL—RHP complexes were incorporated at concentrations of
0.05%, 0.1%, and 0.5% (mass), respectively. According to the previ-
ous report [16], the solution was loaded into an injection pump at a
rate of 0.5 ml-h~!, making the nozzle (20G) connect to the voltage
supply at 18 kV. The receiver keeping a speed of 200 r-min~! and
distance of 10 cm away from the nozzle. After spinning for 2 h, the
collected sutures were removed and dried in vacuum to remove
residual solvent.

2.4. Mechanical test

The tensile strength and elastic modulus of composite sutures
were performed in accordance with an electro-mechanical uni-
versal tensile testing machine (Ts9105-R, SANS, USA). Two ends of
the suture with a total length of 15 cm were fixed to a clamp with a
spacing of 5 cm, and elongated at a 10 mm-min ™' rate with a load
of 500 N at room temperature. Stress—strain curves were recorded
when the suture was broken. Three independent replicate exper-
iments were conducted for each sample.

2.5. Degradation of the self-biodegradable PCL/PU composite
sutures

The sutures (10 cm per piece) were fully immersed in PBS
buffer (pH 7.4), simulated body fluid (SBF) and simulated wound
fluid (SWF) at 37 °C for 15 days to observe the degradation. Each
sample formulation was prepared and tested in triplicate. SBF was
purchased from Beijing Leagene Biotechnology Co., Ltd. The
formulation of SWF was modified based on reported method with
some modified [30]: 29 g-L~! bovine serum albumin (BSA),
18.8 mmol-L™! ethyl lactate, 105 mmol-L~! creatinine,
2.5 mmol-L~! CaCly, 2.7 mmol-L~! KCL, 0.5 mmol-L~! MgCl,
142 mmol-L~' NaCl, 0.7 mmol-L™! glucose, and 9.6 mmol-L™!
urea.

During the degradation process, the suture samples were
photographed every 5 days. The residual sutures were analyzed
using scanning electron microscopy (SEM, Hitachi Regulus 8100)
and gel permeation chromatography (GPC, Waters 1515) at the
end. The degradation metabolites were subsequently analyzed by
high-performance liquid chromatography (HPLC, Agilent 1200
series) equipped with a reverse-phase C18 HPLC column and a
DAD-detector. The elution and detection protocol were according
to the reported methods [31]. Mass spectrometry (MS) analysis
using an Agilent 6530 Q-TOF instrument in negative ion mode
with electrospray ionization (ESI). Instrument parameters were set
as follows: capillary voltage at 3.5 kV, gas temperature at 350 °C,
drying gas flow rate of 5 L-min~!, Oct 1 RF Vpp at 750 V, and m/z
range of 50—750.

2.6. Cytocompatibility assessment

The degradation products of PCL/PU-0.5%BCL and PCL/
PU—0.5%BCL/RHP were lyophilized and then sterilized by

ultraviolet irradiation. The biocompatibility evaluation comprised
four experimental groups: (1) negative control (cell culture me-
dium), (2) degraded PCL/PU—0.5%BCL, (3) degraded PCL/PU-
0.5%BCL/RHP, and (4) positive control (20% DMSO). Each treat-
ment was performed in triplicate wells within a single experiment,
and the entire experiment was independently repeated three
times. Suture segments (2.00 + 0.05 cm) underwent sequential
sterilization: immersion in 750 ml-L~! ethanol (15 min, 25 °C)
followed by triple PBS rinsing. L929 cells in logarithmic growth
phase were seeded into 48—well plates at 1 x 10% cells per well,
and maintained under standard culture conditions (37 °C, 5% CO»,
95% humidity). At 1, 3, and 7 days, culture medium was carefully
removed and each well was washed three times with PBS. 500 ml
serum-free medium containing 10% CCK-8 reagent was added to
each well and incubated at 37 °C for 2 h, and the absorbance at
450 nm was measured using a microplate reader to detect cellular
metabolic activity.

2.7. Functional characterization of thymol—loaded
self—biodegradable sutures

Thymol was loaded onto the sutures by dissolving and mixing it
into the polymer solution with 1.5% (mass) prior to electro-
spinning. Each functional suture sample (PCL/PU-0.5%BCL@Th and
PCL/PU-0.5%BCL/RHP@Th) was tested in triplicate (10 cm per
piece). The controlled degradation studies were conducted in PBS
(pH 74, 37 °C) at a theoretical thymol concentration of
0.5 mg-ml~! (calculated based on 100% release efficiency). During
the degradation process, the release amount of thymol in the
system and the ABTS free radical scavenging activity were
measured at 0, 4, 8, 12, 24, 36, 48, and 72 h, respectively. The
concentration of thymol in the degradation medium was quanti-
fied via HPLC with a calibration curve according to the reported
method [32]. ABTS radical scavenging rate = [1—(A1—A2)/
Aol x 100%. Ao: Initial absorbance control group, absorbance value
of the mixture containing only the ABTS radical working solution,
(without the sample to be tested). Absorbance value of H,O at
734 nm. A;: Absorbance of the sample test group, absorbance
value of the mixed system containing the test sample and ABTS
radical working solution after the reaction has ended. Absorbance
value at 734 nm of the reacted sample. Ay: Blank control absor-
bance, absorbance value of the mixed system containing the test
sample but no ABTS radicals (used to subtract interference from
the sample solution’s own color or turbidity on absorbance read-
ings). Absorbance values measured at 734 nm after reaction with
PBS instead of the sample to be tested. Post—degradation antimi-
crobial activity was evaluated against gram—negative (Escherichia
coli ATCC 25922) and gram-positive (Staphylococcus aureus ATCC
29213) strains. Overnight cultures in LB broth were standardized
to 107 CFU-ml~! using sterile saline. 50uL bacterial cultures was
added in 4 ml degraded medium. All groups were incubated at 200
r-min~! at 37 °C for 12 h. The absorbance at 600 nm was obtained
on hours 6 and 12 to examine the growth of bacteria.

2.8. Statistical analysis

Quantitative data were shown as mean + standard deviation
(SD). The significance between groups was assessed by unpaired
Student’s t-test or one-way analysis of variance. The differences
were considered significant at p < 0.05. The graphs and statistical
analysis were carried out using SPSS software, version 7, and
OriginPro 2020 (Learning Edition). For data with standard devia-
tion, it is common practice to conduct at least three independent
experiments to ensure the reliability of the results.
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3. Results
3.1. The encapsulation and protective effects of RHP on BCL

After interacting with RHP, the complex had a diameter of
(222.7 + 9.4) nm (PDI 0.445) with a narrow size distribution
(Fig. 1(a)), and the BCL underwent a transition formed a state of
large—area aggregation to a monodispersed state and was encap-
sulated by the RHP (Fig. 1(b)). The relative enzyme activity of BCL
and BCL-RHP in different organic reagents was analyzed to verify
the protective effect of RHP on BCL. The enzyme activity of BCL
significantly declined in various organic reagents, particularly in
trifluoroethanol, where the enzyme activity retention rate was less
than 10%. However, under the protection of RHP, the relative
enzyme activity retention rate remained above 60% (Fig. 1(c)). This
protective effect was further verified following the electrospinning
process. The PCL/PU group and the PCL/PU-0.5% BCL group showed
no degradation due to the loss of enzyme activity, while the PCL/
PU-0.5% BCL/RHP composite suture exhibited degradation-
triggered activity characteristics: no enzyme activity was detec-
ted during the initial stage, as the absence of suture degradation
prevented substrate-enzyme contact. However, after 15 days of
degradation, with the depolymerization of PCL/PU, BCL became
exposed, and residual enzyme activity was detected at a relatively
high level (Fig. S1).

3.2. Optimization of PCL/PU composite ratio and characterization
of self—biodegradable sutures

The mechanical properties of PCL/PU composite sutures varied
significantly with composition (Fig. 2(a)). As the PU content
increased from 10% to 50%, the sutures strain first increased from
401.57% + 12.84% to 449.01% + 24.97%, then sharply decreased to
64.86% + 7.37%, demonstrating PU’s effective role in modulating
ductility. Correspondingly, the tensile strength showed steady
enhancement from (12.13 + 0.82) MPa to (28.44 + 1.25) MPa
within the 10%—30% PU range, but decreased to (12.52 + 1.53) MPa
and (10.06 + 0.97) MPa at 40% and 50% PU, respectively. Young’s
modulus, calculated from the initial linear region of the
stress—strain curves, initially increased then decreased with the
content of PU increases, peaking significantly at (42.43 + 5.3) MPa
(p < 0.05) for the PCL70/PU30 group (Fig. 2(b)). Based on optimal
strength—ductility balance, 30% PU content was selected for sub-
sequent studies.

BCL was gradient-loaded (0.05%—0.5% (mass)) into PCL70/PU30
sutures using the RHP encapsulation system. Mechanical testing
revealed that enzyme loading increased elongation at break

(a) (b)

—— BCL-RHP

151 Dpg:222.7
s
EN PDI:0.445
Z
£10
5
=
=5

0

1 10 100 1000
Size /nm

(343.12% + 14.12% to 467.37% + 10.95%), decreased tensile strength
((28.78 + 1.57) MPa to (23.82 + 2.34) MPa), reduced Young's
modulus (Fig. 2(c) and (d). Both PCL/PU—0.1%BCL/RHP and PCL/PU-
0.5%BCL/RHP showed significant differences from PCL/
PU—0.5%BCL. The plasticizing effect [33] of the BCL-RHP complex
within the fiber matrix stems from its hydrophilic and polar
groups, which engage in molecular-level interactions with the
polymer matrix. These interactions partially disrupt the original
interchain stacking and hydrogen bond formation, rendering the
fiber more susceptible to elastic deformation at the macroscopic
level. This manifests as increased flexibility and reduced modulus.
Fig. 3(a) and (b) show the macroscopic appearance and micro-
scopic morphology, respectively, of the self-biodegradable PCL/PU
composite sutures. The BCL/RHP-loaded sutures consisted of
“bead-on-string” nanofibers. As the BCL loading increased, the
hydrophilicity of the sutures progressively enhances, with the
water contact angle decreasing from 115.31°+ 2.51° to
0.35°+ 0.02° (Fig. 3(c)).

3.3. Analysis of degradation performance of self-biodegradable
sutures

The regulatory effects of enzyme loading on suture degradation
were assessed in three physiological solutions: phosphate-
buffered saline (PBS, pH 7.4), simulated body fluid (SBF), and
simulated wound fluid (SWF) (Fig. 4). In the PBS environment, the
0.05% (mass), 0.1% (mass), and 0.5% (mass) groups exhibited soft-
ening in 15, 10 and 5 days, respectively. The 0.5% (mass) group
showed fragmentation, transparency, and solution turbidity by
day 15, indicating substantial oligomer dissolution. In contrast,
only suture breakage was observed in the SBF environment,
without significant softening or transparency changes. The sutures
exhibited the highest degradation activity in the SWF environ-
ment: the 0.05% (mass) group caused solution turbidity at 15 days,
the 0.1% (mass) group reached a semi-dissolved state, and the 0.5%
(mass) group exhibited complete fiber disintegration with no
intact suture structure remaining. In the control group, which
contained no added enzymes or enzyme complexes, no degrada-
tion occurred after 15 days of incubation in all three in vitro en-
vironments (Fig. S2).

The degradation process of self-biodegradable sutures was
further analyzed by SEM and GPC. After 15 days in PBS, SEM
revealed progressive softening of the nanofiber with the
increasing enzyme content. The structure of nanofibers in the 0.5%
(mass) group had completely disappeared, forming a colloidal
matrix (Fig. 5(a)—(d)). The molecular weight distribution curves of
the degradation residues showed a leftward shift relative to the
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monofilament at different magnifications of 500x and 10000x. (c) Contact angle of water on self-biodegradable PCL/PU composite sutures with different enzyme contents.
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Fig. 5. (a—d) SEM images, (e—h) molecular weight distribution plots and (i—1) My, My,
after 15 days of immersion in PBS. The dashed box indicates the progressive deformat

undegraded control (Fig. 5(e)—(h)). Specifically, the Z-average,
weight-average, and number—average molecular weights
decreased. For the 0.05% (mass), 0.1% (mass), and 0.5% (mass)
groups, the reductions were 11.18%, 19.57%, and 69.89% for M,
30.79%, 39.33%, and 75.62% for M,,; and 36.88%, 43.95%, and
66.82% for My, respectively (Fig. 5(i)—(1)). In contrast, the blank
control group showed no degradation over the same period, with

and M, of self—biodegradable PCL/PU composite sutures with different enzyme contents
ion and eventual disintegration of the nanofibers as a result of enzymatic degradation.

its My, My, and M,, remaining essentially unchanged (only minor
fluctuations within measurement error), confirming the material’s
inherent resistance to hydrolysis (Fig. S3). This study systemati-
cally evaluated the degradation behavior of suture materials with
different compositions under enzymatic action and its impact on
mechanical properties through in vitro degradation experiments.
The experimental setup included a blank control group (PCL/PU),
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an uncoated BCL group (PCL/PU-0.5%BCL), and three experimental
groups with varying enzyme concentrations (PCL/PU-0.05%BCL/
RHP, PCL/PU-0.1%BCL/RHP, PCL/PU-0.5%BCL/RHP), each comprising
three parallel samples. Degradation experiments involved sam-
pling at 3-day intervals to continuously monitor mass loss and
changes in mechanical properties. Due to the faster degradation
rate of samples with 0.5% enzyme content, the initial test interval
was set to 1 day. Results showed that neither the blank group nor
the unencapsulated BCL group exhibited significant degradation
during the experimental period, with negligible mass loss. In
contrast, the enzyme-containing experimental groups exhibited
significantly increased degradation rates with rising enzyme
concentrations. By 15 days, the mass loss rates for the 0.05%, 0.1%,
and 0.5% BCL/RHP concentration groups reached 18.47%, 31.59%,
and 92.18%, respectively (Fig. S4). Analysis of molecular weight
changes indicated a gradual shift of the main peak toward the
lower molecular weight region as degradation progressed, sug-
gesting polymer chain scission. This trend is consistent with a bulk
degradation mechanism, where enzymes penetrate the material
interior to cleave chains, rather than being confined to surface
erosion. Mechanical testing revealed a concomitant decline in
tensile strength and other key properties (e.g., elastic modulus,
elongation at break). Notably, in the 0.5% enzyme group, these
properties had diminished to minimal levels by day 9 (Fig. S5).
Mechanical property tests conducted on samples degraded over
different time periods revealed that the mechanical properties of
the PCL/PU and PCL/PU—0.5%BCL groups showed no significant
decline after 15 days. In contrast, the PCL/PU—0.05%BCL/RHP, PCL/
PU-0.1%BCL/RHP, and PCL/PU-0.5%BCL/RHP exhibited distinct dif-
ferences in mechanical properties as degradation progressed.
Samples with 0.05% BCL showed a significant decrease in tensile
strength by day 9. During the initial stage of wound healing, su-
tures must maintain sufficient tensile strength to close the wound
and withstand tissue forces. As healing progresses, they should
degrade controllably, gradually transferring load to the forming
tissue to avoid complications like foreign body reactions or me-
chanical mismatch caused by prolonged retention. In this study,
the high-enzyme-concentration group experienced an earlier
decline in mechanical properties. This indicates that, in practice,
the suture’s degradation profile need to be precisely tuned to
match the anticipated healing timeline of the target tissue, thereby
achieving an optimal balance between temporary mechanical
support and timely absorption. The prepared biodegradable su-
tures were stored at 4 °C for one year to simulate long—term in-
ventory conditions in actual medical settings. Subsequent
degradation testing revealed significant morphological changes in
the PCL/PU—0.5%BCL/RHP sutures after a 15-day degradation
process (Fig. S6). The results indicate that even after one year of
storage, the suture’s degradation capability remained fully intact.
This not only directly demonstrates that the loaded enzymes
retain excellent biological activity after prolonged storage but also
confirms that the entire BCL/RHP system possesses outstanding
storage stability. This stability sufficiently meets the dual re-
quirements for suture shelf life and performance stability in actual
clinical applications. The result of HPLC proved the increased
production of 6-hydroxycaproic acid, the monomer of PCL, with
increasing the content of enzyme (Fig. 6(a)). MS data revealed that
monomers (m/z = 131.07) and dimers (m/z = 245.14) were present
after the degradation of 0.5% (mass) suture in PBS for 15days
(Fig. 6(b)—(c)).

3.4. In vitro cell viability

Biological evaluation of sutures is critical for analyzing whether
they induce any type of toxicity at the cellular level. The effects of

20% DMSO and the degradation products of PCL/PU-0.5%BCL and
PCL/PU—0.5%BCL/RHP sutures on cell viability were assessed using
the L929 mouse fibroblast cell line at 1, 3, and 7 days. Represen-
tative images of each group in Fig. 7(a)—(b) show there were no
significant changes in cell morphology and viability after co-
incubation with the degradation products of self-biodegradable
PCL/PU sutures for 7 days compared to the control group, while
nearly all cells in the 20% DMSO group died. These results indicate
low acute toxicity and good biocompatibility of self-biodegradable
sutures.

3.5. Functionalized self—biodegradable sutures

The thymol release curve of self-biodegradable PCL/PU sutures
was shown in Fig. 8(a). Thymol was rapidly released within the
first 12 h, reaching 35.35% + 1.95%, followed by sustained release
reaching a cumulative amount of 86.76% + 1.34% at 120 h. This
represented a 5—fold increase over non-degradable PCL/PU su-
tures (18.01% + 1.07%). The ABTS radical scavenging rate increased
from an initial 3.71% + 0.31% to 79.85% + 3.65% at 120 h during
degradation (Fig. 8(b)), demonstrating that the degradable PCL/PU
sutures exhibit sustained antioxidant capacity with the release of
thymol.

In the end of degradation, the degradation solution was mixed
with LB medium and inoculated with Staphylococcus aureus and
Escherichia coli. As shown in Fig. 8(c)—(f), both the PCL/PU-
0.5%BCL/RHP@Th group and the 0.5 mg-ml~' thymol group
exhibited significant inhibition of S. aureus (ODggo reduction by
82.99% and 83.41%, respectively), whereas neither inhibited E. coli.
The 1 mg-ml~! thymol group completely inhibited both strains
(ODggg < 0.3).

4. Discussion

As amphiphilic compounds, surfactants have demonstrated
effectiveness in preserving enzymatic stability within self-
degrading materials. For instance, the encapsulation of lipase by
Tween 20 [22] or the triblock copolymer Pluronic F-127 [34] can
maintain the structural stability of enzymes during high-
temperature processing and in organic solvent environments,
though degradation efficiency remains limited. Designed based on
protein sequence trends and surface chemical characteristics, RHP
provide a protective barrier for enzymes against organic solvent
exposure and conformational changes by mimicking the dynamic
binding mechanism of natural chaperone proteins [25]. Notably,
RHP not only exhibit amphiphilicity but also possess intrinsic
protein-stabilizing capabilities. The protective capability of RHP
enables efficient degradation of PCL film within 24 h at a BCL
loading of 0.02% (mass) [23]. Additionally, encapsulating BCL with
RHP can control the particle size of the enzymes complex at the
nanoscale, enhancing dispersion in organic reagents and enabling
chain-end-mediated depolymerization of polyesters [23], thereby
achieving complete depolymerization while reducing the genera-
tion of microplastics.

As one of the most prevalent clinical implants, sutures funda-
mentally maintain tissue apposition until wounds regain tensile
strength to withstand physiological stress. Surgical sutures require
robust mechanical properties for effective wound closure, with
tensile stress testing serving as a fundamental metric for assessing
fracture resistance. The results showed that PCL70/PU30 suture
exhibited the optimal tensile strength, stress, and Young’'s modulus
among all tested groups, without significant reduction in elongation
at break, which is attributable to PU’s inherently higher stress
values compared to PCL [35]. Incorporating PU at appropriate ratios
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Fig. 6. (a) HPLC analysis of degradation products of self—biodegradable PCL/PU composite sutures with different enzyme contents after 15 days of immersion in PBS. (b—c) The
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maintains tensile strength while enhancing Young’s modulus of PCL,
fulfilling the mechanical requirements of sutures.

After loading the BCL—RHP complex, the elongation at break of
self—biodegradable sutures increased while Young’s modulus
decreased, indicating enhanced material plasticity and impact

resistance. This stems from elevated exposure density of hydrophilic
polyethylene glycol segments in RHP molecules, which simulta-
neously enhances hydrophilicity and strain rate. For example,
hydrogel materials contained abundant internal water, exhibited
strong plasticity, and showed good fluid thermodynamic properties
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Fig. 7. (a) Representative images and (b) the viability changes of L929 cells co-cultured with degraded PCL/PU-0.5%BCL, degraded PCL/PU-0.5%BCL/RHP and DMSO for 1 day, 3

days, and 7 days.

and biocompatibility, but the strength and toughness of them were
generally less than expected [36]. While enzyme-loaded sutures
maintained visual homogeneity, their bead-on-string heteroge-
neous microstructure indicated successful enzyme incorporation.
This structure increases the moisture sensitivity of nanofibers,
enabling solution-mediated swelling to initiate spontaneous
degradation through microreactor-like depolymerization [16].
Meanwhile, sufficient hydrophilicity provides the necessary condi-
tions for self-biodegradable sutures to interact with cells and sur-
rounding tissues in aqueous environments [37]. This controllable
wettability regulation characteristic can provide an ideal interfacial
condition for drug loading and cell adhesion.

The degradation rate of self-biodegradable sutures exhibited
enzyme-concentration dependence across all solutions in this
research. At an enzyme loading of 0.5% (mass), PCL/PU sutures
degraded to a transparent state in PBS, showed fragmented
morphology in SBF, and nearly complete degradation in SWF by
day 15 respectively. This enhanced degradation in SWF likely
stems from bovine serum albumin facilitation [38], while diverse
ion composition in SBF leads to degradation patterns distinct from
those in PBS. The results of SEM revealed that fiber morphology
gradually softened and disappeared with increasing enzyme con-
centration, confirming the controlled degradation process of the
sutures. GPC analysis provided definitive evidence of plastic
degradation, with left-shifted molecular weight distribution pro-
files and significant molecular weight reduction further validating
the process. In vitro experiments show that sutures with a 0.5%
(mass) enzyme load degrade completely within about 15 days
under simulated conditions, a timeframe that aligns closely with
the critical two-week phase of conventional wound healing. This
in vitro temporal alignment suggests the material may facilitate
synchronized degradation and repair in vivo. Such synchronization
could minimize scar formation and secondary injury caused by a
mismatch between healing and degradation timelines [16], Veri-
fication of this synchronous efficacy will be a key objective of

subsequent in vivo studies. 6-hydroxyhexanoic acid (6-HA) and its
dimer were detected in degradation products. As a medium-chain
fatty acid, 6-HA has been shown to reduce inflammatory marker
levels in high-fat diet-induced obese mice and 3T3-L1 cells [39],
demonstrating wound-healing promotion potential and high-
lighting the advantages of PCL as a self-biodegradable suture
material. In accordance with ISO 10993-5 standards, the degra-
dation products from sutures loaded with 0.5% (mass) enzyme
showed no significant adverse effects on the relative growth rate
or morphology of fibroblast cells, which confirms the biocom-
patibility for medical device applications [40] and establishing
foundations for future development.

Building upon self-biodegradation capability, sutures can be
further functionalized through the incorporation of bioactive
agents such as basic fibroblast growth factor, gentamicin, and
anions [40,41] to accelerate granulation tissue formation and
inhibit bacterial growth. This study engineered antioxidant and
antibacterial functionality into self-degrading sutures through
thymol incorporation——a polyphenolic compound critical for
wound healing. The release of thymol exhibited characteristic
biphasic kinetics: an initial burst within 12 h followed by sus-
tained release over 120 h, enabling continuous delivery for over 5
days. This release behavior can be attributed to RHP significantly
enhancing the material’s hydrophilicity, as evidenced by contact
angle measurements, which promotes rapid suture wetting and
accelerates the initial dissolution of thymol, resulting in an initial
rapid—release phase. The subsequent sustained slow release pri-
marily stems from the nanofiber structure’s inherent characteris-
tics, including small pore size, low porosity, and tortuous diffusion
pathways, as confirmed by morphological observation, which
collectively retard molecular diffusion.

With the development of smart materials, sutures that can
degrade or even be completely absorbed in vivo are crucial for
preventing postoperative infections and alleviating patient
discomfort. While current absorbable sutures rely on inherent
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Fig. 8. (a) ABTS radical scavenging effects and (b) the release curves of thymol of PCL/PU-0.5%BCL@Th and PCL/PU-0.5%BCL/RHP@Th. (c—f) Images and ODggo value of thymol-
loaded self-degrading composite sutures against S. aureus and E. coli.

material degradability, non-absorbable suture materials such as the continuous expansion of microbial/enzymatic libraries for
nylon, polypropylene (PP), polyester (PET) have often been over- non-degradable polymer materials, such as the achievement of
looked due to their resistance to degradation. In recent years, with 100% enzymatic depolymerization of PET [42], has provided more
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options for enzyme-loaded materials. Thus, in addition to biode-
gradable polymers, non-degradable polymers may also achieve
controllable degradation through the loading of specific enzymes.

5. Conclusions

This study successfully presents a self-biodegradable PCL/PU
composite suture incorporating RHP—stabilized enzyme and
functional agents to overcome the mismatch between the rate of
wound repair and suture absorption in surgical wound manage-
ment. RHP encapsulation can retain the degradation activity of BCL
in organic solvents, enabling solvent-based electrospinning while
preserving enzymatic functionality. Precise control over degrada-
tion timeline was achieved through enzyme—loading gradients,
this controllable degradation enables the suture to match specific
tissue healing time windows in vivo, although actual synchroni-
zation requires further validation in more complex physiological
settings. The optimized PCL70/PU30 composition provided robust
mechanical properties, while thymol functionalization conferred
sustained antioxidant and antibacterial effects. Crucially, complete
depolymerization into biocompatible monomers eliminated the
risks of microplastics, and the degradation products exhibit
excellent cytocompatibility. This technology bridges material
innovation with clinical needs, offering programmable degrada-
tion, multifunctionality, and ecological sustainability for applica-
tions in dynamic tissue repair and chronic wound management.
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