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Abstract

Three-dimensional (3D) printing has revolutionized the design and production of customized scaffolds, but the minimally in-
vasive implantation of 3D-printed structures into the human body remains challenging. This has prompted the exploration of
innovative materials and technical solutions. Shape-memory polymers, as advanced intelligent materials, exhibit considerable
potential in minimally invasive surgical applications. Herein, we developed a novel thermosetting shape-memory polymer,
poly(L-lactic acid)-trimethylene carbonate-glycolic acid (PLLA-TMC-GA), for the fabrication of bioengineered scaffolds with
body temperature-activated shape-memory functionality. We comprehensively evaluated the mechanical properties, thermal
stability, shape-memory capabilities, biocompatibility, biodegradability, and 3D printing performance of PLLA-TMC-GA
terpolymers with various compositions. The results indicate that PLLA-TMC-GA exhibits exceptional shape-memory perfor-
mance, adjustable material properties, favorable biocompatibility, and the potential for controlled biodegradation and reab-
sorption. The use of PLLA-TMC-GA as a biodegradable shape-memory polymer allows the reduction of implant volume,
simplifies implantation, and enables on-demand activation at body temperature. These characteristics present new opportuni-
ties for the advancement of minimally invasive surgical techniques.
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Graphical abstract

@ Synthesis and characterization of PLLA-TMC-GA ternary copolymers
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@ Application of PLTG combined with 3D printing in minimally invasive surgery

Simulation of minimally invasive surgery
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1 Introduction

Modern medicine aims to treat diseases while preserving
organ structures, striving to restore patients to their pre-illness
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health. However, traditional surgeries often alter human
anatomy and reconstruct organs, negatively impacting
patients’ postoperative quality of life [1]. Minimally inva-
sive surgery (MIS) has become the dominant approach in
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surgery because of its multiple benefits: reduced trauma and
postoperative pain, shorter hospital stay, quicker recovery,
better aesthetics, and lower infection rates [2, 3].

However, MIS still faces notable challenges, such as lim-
ited instrument range and restricted surgical field visibility,
which can complicate implant placement [4, 5]. However,
whereas metallic implants are nondegradable and can in-
duce inflammatory responses [6], biodegradable materials
offer enhanced tissue compatibility and natural absorption
by the body, reducing the need for follow-up surgeries [7].
Biodegradable shape-memory polymers (BSMPs) offer ad-
ditional benefits of compact size, programmable nature, and
natural absorption by the body [8]. These materials have
demonstrated efficacy in various medical applications, in-
cluding tissue regeneration, implant technology, and drug
delivery systems [9, 10].

The trigger temperature and energy density of BSMPs are
crucial for their practical application in biomedicine and smart
sensing. Therefore, the development of thermally respon-
sive shape-memory polymers (SMPs) with ideal trigger tem-
peratures (25—37 °C) [11] and high energy density is consid-
ered the most promising research direction [12]. Poly(L-lactic
acid) (PLLA), a primary temperature-responsive SMP mate-
rial [13—15], shows promising shape-memory characteristics
but faces two main challenges that limit its application scope
in the biomedical field: acidic degradation products and ex-
cessive rigidity [16]. The incorporation of polytrimethylene
carbonate helps address these issues by enabling neutral
degradation, thereby reducing inflammatory responses. Fur-
ther introduction of glycolic acid (GA) units into PLLA-1,3-
trimethylene carbonate (TMC) can disrupt the regularity of
the PLLA-TMC molecular chain structure, thereby reduc-
ing the crystallinity, increasing the toughness, regulating the
shape recovery temperature, enhancing the recovery defor-
mation, and accelerating the degradation rate of the result-
ing implants [17].

Herein, we synthesized PLLA-TMC-GA (PLTG) terpoly-
mers with different compositions through the ring-opening
polymerization of L-lactic acid (LLA), TMC, and GA with
stannous octanoate (Sn(Oct)y) as the catalyst. We synthe-
sized three distinct terpolymers with specific LLA/TMC/GA
feed molar ratios: 63:27:10, 56:24:20, and 49:21:30, labeled
PLTG10, PLTG20, and PLTG30, respectively. We charac-
terized the structure of the synthesized terpolymers using
gel permeation chromatography (GPC), Fourier transform
infrared (FTIR) spectroscopy, 'H nuclear magnetic resonance
(NMR), and X-ray diffraction (XRD) analysis, and examined
their thermal and mechanical properties through dynamic
mechanical analysis (DMA) and universal mechanical testing.
We assessed their shape-memory performance by measuring
the shape fixity and recovery capabilities. We evaluated the
biocompatibility of the terpolymers through in vitro cell stud-
ies and in vivo subcutaneous implantation tests, analyzing

the degradation patterns and immunological responses. The
present study explores the potential of PLTG terpolymers as
3D printable materials for MIS applications.

2 Experimental section
2.1 Materials

LLA (purity: 99%), TMC (purity: 99%), and GA (purity: 99%)
were purchased from the Chinese Academy of Sciences.
Stannous octoate (Sn(Oct)y; purity: 99%) used as the cata-
lyst was procured from Aladdin (Shanghai, China). Chloro-
form (purity: 99%), methanol (purity: 99%), and other re-
agents were obtained from Sinopharm Chemical Reagent
Co., Ltd. (China). The reagents used in the cell experiments
were purchased from HyClone (Logan, USA).

2.2 Synthesis of PLTG and its analysis

Polymerization. Details are provided in Sect. S2.2 in the
supplementary information.

'"H NMR. 'H NMR was used to determine the composi-
tion and microstructure of the terpolymers. 'H NMR spec-
tra were recorded at room temperature using a 400-MHz
Bruker spectrometer with deuterated chloroform (CDCl3) as
the solvent.

GPC. Agilent PIGPC220 (USA) was used to determine
the relative molecular weight. Dichloromethane served as
the mobile phase, with a flow rate of 1 mL/min and an in-
jection volume of 20 pL.

XRD. XRD (DX-2700BH, HAOYUAN, Liaoning, China)
with Cu Ko radiation (wavelength 1=0.154 nm) was used to
analyze the crystallinity of PLTG. Scanning was performed
in a range of 20=10°-90° at a scanning speed of 4 (°)/min.

FTIR spectroscopy. An attenuated total reflection FTIR
spectrometer (FTIR-650S, Suzhou Fubaiter Instrument Tech-
nology Co., Ltd., China) was used to analyze the chemical
structure of PLTG. To comprehensively evaluate the mo-
lecular composition of the samples, the measurement range
was set to 500-4000 cm™ .

Differential scanning calorimetry (DSC). DSC was per-
formed using an MT823e instrument (Mettler Toledo, Ohio,
USA) in a nitrogen environment as follows: First, the sample
was heated from — 50 to 220 °C at a rate of 10 °C/min and
was held at 220 °C for 1 min to eliminate the thermal his-
tory. Subsequently, the sample was cooled to —50 °C at a
rate of 10 °C/min and was heated again to 220 °C at the
same rate. The glass transition temperature was determined
during the second heating scan.

Thermogravimetric analysis (TGA). The thermal stability
of the terpolymers was evaluated using a TG 209 F3 thermal
analyzer (Netzsch, Germany). The experiment was con-
ducted in a nitrogen atmosphere, using a temperature range
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of 40—800 °C and a heating rate of 20 °C/min. The mass
change of the materials at different temperatures was deter-
mined, indicating their thermal stability.

DMA. DMA was performed using a DMA-Q800 (TA In-
struments, USA). The test was conducted in the tensile mode,
with the storage modulus, loss modulus, and loss factor of
PLTG being evaluated. Dynamic temperature scanning was
performed under the following conditions: strain of 0.1%,
frequency of 1 Hz, preloading of 0.01 N, heating rate of
5 °C/min, and a temperature range from —80 to 100 °C.
The dimensions of the test samples were approximately
12 mmx4 mmx0.5 mm.

Time-dependent water contact angle. An optical tensiom-
eter (Theta Lite, Biolin Scientific, Finland) was used to
measure the time-dependent water contact angle. Using a
pipette, a droplet of distilled water was placed on the PLTG
film at 20 °C, and images of the surface were captured at
different time points. To ensure data reliability and repre-
sentativeness, we averaged the results from three indepen-
dent experiments to assess the trend in the water contact
angle over time.

Atomic force microscopy (AFM). Details are provided in
Sect. S2.2 in the supplementary information.

Mechanical testing. The mechanical properties of the
PLTG samples were evaluated using an electronic universal
testing machine (MTS-C43.104Y, MTS Systems, USA) at
two temperatures, 20 and 37 °C, with the tensile rate set to
10 mm/min. Through these tests, we obtained the stress—strain
curves, tensile strength, and elongation at break data for
PLTG. PLTG films (0.1 mm thick) were fabricated through
solution evaporation and cut into dumbbell-shaped samples
conforming to the GB/T 528-2009 standard, with dimen-
sions of approximately 20 mmXx5 mmx0.1 mm. To ensure
data reliability and representativeness, we conducted three in-
dependent tests and used their average as the final mechani-
cal performance evaluation result.

Thermal-induced shape-memory behavior. PLTG films
(0.6-mm thick) were fabricated through solution evapora-
tion. We conducted a quantitative study on the shape-memory
capability of PLTG films via the folding—unfolding method.
First, the PLTG strips were heated in a 37 °C water bath
and deformed to a set deformation angle (6q4). Next, under
external stress, the samples were cooled in 0 °C water to fix
the bent shape. After the stress was removed, the bent samples
were maintained at a fixed angle (6f). Subsequently, they
were reheated to 37°C, recovering to a recovery angle (6;).
The shape fixation ratio (Rf) and shape recovery ratio (Ry)
were calculated using the following formulas:

Rt =(0r/64) x 100%, (D)
R: = (gf - er)/gf X 100%. 2)

Details on the experimental methods are provided in
Sect. S2.2 in the supplementary information.
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In vitro degradation. Details on the in vitro hydrolytic and
enzymatic degradation experiments are provided in Sect.
S2.2 in the supplementary information.

The degradation metrics, including the mass loss (Wr)
and water absorption rate (rwa), were calculated as follows:

WL = (Wi — Wa)/Wi X 100%, 3)
rwa = (Ww — Wqa)/Wi X 100%, 4)

where Wi, Wy, and Wy denote the initial mass, wet postdeg-
radation mass, and dry mass of the film samples, respec-
tively. Data were collected from three parallel experiments,
with pH measurements conducted at specific intervals via a
METTLER TOLEDO FiveEasy™ Plus pH meter (Switzer-
land). The microstructural evolution of PLTG during degra-
dation was investigated using scanning electron microscopy
(SEM). The samples were sputter-coated with gold using a
Leica EM ACE200 (Germany) device before examination
using an AMRAY 1000B SEM (USA) at 20 kV. This meth-
odology enabled the comprehensive investigation of surface
morphological alterations throughout degradation.

2.3 Cytotoxicity assay

The details on cell culture, cell counting kit-8 (CCK-8), cal-
cein acetoxymethyl ester/propidium iodide (Calcein-AM/PI),
scratch assay, Transwell assay, and colony formation assay
are provided in Sect. S2.3 in the supplementary information.

2.4 Invivo biocompatibility test

Detailed information regarding sample collection and analy-
sis methods in animal experiments is provided in Sect. S2.4
in the supplementary information.

2.5 Rheological analysis

All rheological experiments were conducted on an MCR302
hybrid rheometer (Shanghai Baosheng, China) with tempera-
ture control, using an 8-mm stainless steel parallel plate main-
tained at 25 °C. The frequency sweep analysis was con-
ducted via angular frequency scans (0.159-159 Hz) on three
PLTG inks at 25 °C under 100 Pa stress to determine the de-
pendences of the storage modulus (G”) and the loss modulus
(G") on the angular frequency. In the dynamic oscillatory
strain experiments, we measured G” and G” versus time at 1%
and 100% oscillatory strain (y) at a constant frequency of
1 Hz. We also measured the shear stress/viscosity as a func-
tion of the shear rate at rotational shear rates of 0-100 s,

2.6 3D printing

Printing was performed using a 3D bioprinter (EFL-BP-6601,
EFL-Tech (Suzhou) Co., Ltd., China). All 3D models were
designed using 3ds Max software. PLTG was combined with
dioxane at a mass-to-volume ratio of 1:4—1:6 (g:mL) and
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stirred magnetically for 6 h. The bioink was then printed
layer by layer using a low-temperature deposition 3D printer
with the following parameters: layer thickness of 400 pm,
travel speed of 25 mm/s, printing speed of 7 mm/s, retrac-
tion speed of 10 mm/s, nozzle temperature of 25 °C, and
platform temperature of —5 °C. The printed scaffolds were
freeze-dried in a lyophilizer (Alpha-2-LDplus, Martin
Christ, Germany) for 48 h and then dried in a vacuum oven
at 37 °C for 7 d to remove the residual solvent [18].

2.7 Statistics and reproducibility

The data are presented as meanz+standard deviation from at
least three independent experiments. Statistical analysis was
performed using GraphPad Prism software (version 10). Sta-
tistically significant differences between two groups were
determined via r-tests, and differences among multiple groups
were assessed via one-way analysis of variance. p<0.05 was
considered statistically significant.

3 Results and discussion

3.1 Synthesis and performance analysis of
the PLTG terpolymers

3.1.1 Synthesis of PLTG

Herein, PLTG terpolymers were synthesized using controlled
polymerization reactions. Specifically, ring-opening copoly-
merization with Sn(Oct), as catalyst was employed (detailed
methods are provided in Sect. S2.2 in the supplementary
information). The yields of PLTG10, PLTG20, and PLTG30
were 89%, 85%, and 86%, respectively. The synthesis path-
way is shown in Fig. 1la [17].

3.1.2 Characterization of PLTG

Figure 1b presents the 'H NMR spectra of the PLTG ter-
polymers. The LLA unit exhibited characteristic peaks at
5.17 ppm (peak 1; 1 ppm~600 Hz) and 1.56 ppm (peak 5).
The TMC main chain showed peaks at 2.01 ppm (peak 4) and
4.21 ppm (peak 3), and the GA unit exhibited multiple peaks
(peak 2). Analysis of the peak areas confirmed that the com-
position of the polymers closely matched the initial feed ratio
(Fig. S1 and Table S1 in the supplementary information). GPC
showed a single peak, indicating a uniform molecular
weight distribution (Fig. S2 in the supplementary informa-
tion). The determined key metrics, including the number av-
erage molecular weight (M), the weight average molecular
weight (My), and polydispersity index (PDI), are presented
in Table S1 (supplementary information), showing that the
My, of the PLTG samples ranges from 1.0x10% g/mol to 2.0X
10* g/mol. XRD analysis revealed the amorphous nature of

PLTG, as shown by the absence of diffraction peaks (Fig. 1c).
Figure 1d shows the FTIR spectra of the PLTG terpolymers,
exhibiting characteristic peaks at 1752 cm™' (C=0 stretch-
ing), 1187 cm™! (~C—C-0 stretching), 1086 cm™' (C—O
stretching), 1275 em™! (O-C-0), 1368 cm™" (PLLA methane),
1455 cm™! (PGA CHp), and 865 cm™! (C—C stretching).

Figure le shows the DSC reheating curves for PLTG with
various monomer ratios. Each curve exhibited a single glass
transition, confirming that PLTG has a random copolymer
structure. The addition of TMC and GA reduced the crystal-
linity of PLTG20 terpolymers, resulting in a melting tem-
perature (Ty) of 95.37 °C and an enthalpy change (AH) of
0.788 J/g. Although PLTGI10 has a higher LLA content, its
lower Ty, and AH values indicated reduced molecular chain
order and shorter LLA segment length. This trend showed
that an increase in TMC content or a decrease in LLA content
led to a lower glass transition temperature (Tg). The TGA
results indicated that the terpolymers are thermally stable
below 200 °C and decompose in a single stage. The decom-
position temperature (7q) for all ternary copolymers exceeded
300 °C, making them suitable for biomedical applications.
However, owing to their random chain structure, their over-
all thermal stability was lower than that of PLLA or PGA.

DMA was performed to examine the viscoelastic behav-
ior and shape-memory properties of the terpolymers by mea-
suring the storage modulus and loss factor (Fig. 1g; Fig. S4
in the supplementary information). Below Ty, PLTG20 and
PLTG30 showed higher elastic moduli than PLTG10. How-
ever, above room temperature, PLTG10 exhibited a higher
storage modulus than PLTG30, likely because of stronger
interactions between polymer chain segments. The activa-
tion of shape memory occurred above Tg; consequently, the
storage modulus at elevated temperatures directly correlated
with the shape recovery capability—a higher storage modu-
lus above Ty indicated a stronger shape recovery force.

The synthesized PLTG terpolymers exhibited lower surface
contact angles (77.4°-82.5°) than PLLA (85.2°), suggesting
that the incorporation of TMC and GA slightly increased
hydrophilicity (Fig. S5 in the supplementary information).
Nevertheless, all the synthesized polymers were hydrophobic.
AFM results indicated that the surface roughness increased
with TMC and GA contents (Fig. S6 in the supplementary
information). Figure 1h shows the stress—strain behavior of
the terpolymers at room temperature (20 °C) and body tem-
perature (37 °C). To investigate the compressive properties
of the prepared materials, we tested 3D-printed square scaf-
folds (10 mmx10 mmx6 mm, 70% porosity). Figure S7
(supplementary information) shows distinct compressive
behaviors of the PLTG terpolymers with different composi-
tions, with the compression modulus decreasing with the
increase in the GA content. The results of mechanical tests
(Figs. 1i and 1j) revealed that irrespective of the testing
temperature, the elongation at break of PLTG increased, the
tensile strength slightly decreased, and the elasticity and
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Fig. 1 Synthesis and physicochemical properties of the PLTG terpolymers. (a) Synthesis of PLTG. NMR spectra (b), XRD patterns (c), FTIR
spectra (d), DSC curves (e), TGA curves (f), and DMA results (g) for PLTG10, PLTG20, and PLTG30. (h) Stress—strain curves for PLTG10,
PLTG20, and PLTG30 at 20 and 37 °C. Tensile strength (i) and elongation at break (j) of PLTG10, PLTG20, and PLTG30 measured at 20 and

37 °C. Data are expressed as mean+standard deviation (n=3);

toughness of PLLA markedly increased with increasing LLA
content and decreasing GA content. This was attributed to
the crystallinity and mechanical strength of each component
segment in the polymer.

3.2 Shape-memory properties

The shape-memory characteristics of BSMPs depend on two
types of networks: permanent networks (stable cross-links)

@ Springer

p<0.01, "

**p<0.001; ns: not significant. 1 ppm~600 Hz

and temporary networks (reversible physical cross-links) [19].
Permanent networks enable shape recovery using stored
elastic energy, whereas temporary networks maintain the
deformed shape until triggered [20]. As shown in Fig. S8a
(supplementary information), temperature changes govern
how these networks behave during shape programming and
recovery.

The shape-memory performance of the synthesizer mate-
rials was evaluated using two metrics: the shape fixation
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ratio (Ry) and the shape recovery ratio (R;). The tests were
performed at room temperature (20 °C) and body tempera-
ture (37 °C). At room temperature, PLTG20 and PLTG30
exhibited relatively low shape fixation ratios. However, at
37 °C, all samples showed excellent shape recovery ratios,
exceeding 99% (Fig. 2b; Fig. S8b in the supplementary in-
formation). Because of their lower glass transition tem-
peratures (Tg), PLTG20 and PLTG30 underwent spontane-
ous deformation at room temperature, resulting in reduced
shape fixation ratios (Fig. 2a; Fig. S8b in the supplemen-
tary information).
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3.3 Invitro degradation and morphological
analysis

Hydrolysis is a key mechanism of the breakdown of biode-
gradable polymers in vivo [21]. During this process, poly-
mer chains break apart, leading to a reduction in molecular
weight and the formation of water-soluble substances [20].
These substances then enter bodily fluids where cells ab-
sorb them [22]. Specifically, biodegradable materials de-
grade through three hydrolytic mechanisms: main-chain hy-
drolysis producing low-molecular-weight products, side-chain
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Fig. 2 Shape-memory behavior during in vitro degradation. (a) Shape fixation ratio and shape recovery ratio calculated based on the bending an-
gles of PLTG strips at different temperatures. (b) Shape-memory behavior of PLTG sheets of different shapes at 37 °C. (¢) SEM images of the
surface of PLTG at specified time points (4 and 16 weeks) during hydrolysis (1000X magnification; scale bar: 10 pm). (d) SEM images of
PLTG sections at specified time points (4 and 16 weeks) during hydrolysis (1000x magnification; scale bar: 10 pm). (e) Mass loss of the PLTG
terpolymers during hydrolysis at 4, 8, 12, and 16 weeks. (f) pH value changes of the PLTG terpolymers during hydrolysis at 4, 8, 12, and 16 weeks.
(g) Water absorption of the PLTG terpolymers during hydrolysis at 4, 8, 12, and 16 weeks. (h) XRD patterns of PLTG films after the 16-week

degradation period. Data are expressed as mean+standard deviation (n=3)
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hydrolysis yielding water-soluble polymers, and cross-link
cleavage generating soluble linear polymers. To understand
how the contents of TMC and GA affect PLTG degrada-
tion, we analyzed the surface microstructure, crystallization,
mass reduction, and pH changes during in vitro hydrolysis.

SEM results revealed morphological changes in the three
PLTG terpolymers over 16 weeks of hydrolysis. As shown
in Fig. 2c and Fig. S9 (supplementary information), the sur-
face of the terpolymers remained smooth for the first 4 weeks
before developing erosion by week 8, with PLTG30 exhibit-
ing the most severe degradation and PLTG10 the least. During
weeks 12-16, crystal-like structures, pores, and sagging pat-
terns were formed on the surfaces owing to the dissolution of
amorphous regions. The cross-sectional morphology (Fig. 2d;
Fig. S9 in the supplementary information) revealed crack for-
mation at week 12 owing to water penetration. However,
even PLTG terpolymers with high LLA content showed
faster bulk erosion than pure PLLA.

Figure 2e shows the mass loss patterns of the PLTG
samples. Higher TMC and GA contents led to increased
mass loss rates because of decreased crystallinity. After
16 weeks, PLTG30 exhibited the highest mass loss ((25.12+
1.21)%), followed by PLTG20 ((17.12+1.56)%) and PLTG10
((15.23£1.11)%). In the enzymatic degradation tests, all
samples degraded more rapidly than they did in the hydroly-
sis tests, with PLTG30 achieving near-complete degradation
at 24 weeks (Fig. S10 in the supplementary information).
Increased LLA content improved the organization of molecu-
lar chains, forming crystalline regions that better resisted
water penetration. At the same time, GA units accelerated the
degradation of PLTG by disrupting the chain structure. Due
to the presence of TMC and GA, PLTG materials main-
tained a pH above 7.0 (Fig. 2f), thus minimizing inflammatory
responses [23]. Additionally, the terpolymers maintained
moderate water absorption levels throughout the test, show-
ing below 6% water absorption after 16 weeks (Fig. 2g).

XRD patterns obtained throughout hydrolytic degrada-
tion showed sharp diffraction peaks (Fig. 2h), indicating the
crystallinity of degradation products. Notably, the LLA con-
tent was positively correlated with the crystallization tendency
during degradation. Spectral peak area analysis revealed vary-
ing degradation rates among the components (Figs. Slla
and S11b in the supplementary information). GPC analysis
showed a uniform molecular weight distribution (Fig. S11c
in the supplementary information), providing My, My, and
PDI values during degradation (Table S2 in the supplemen-
tary information). FTIR results showed minimal structural
changes (Fig. S11d in the supplementary information).

3.4 Invitro biocompatibility

An ideal biocompatible implant should seamlessly integrate
with the host tissue, without eliciting an immune response. To
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evaluate the cellular biocompatibility of the three synthesized
terpolymers, we performed CCK-8 assays, live/dead cell
staining, cell scratch tests, colony formation assays, and
Transwell experiments using both extraction solutions (see
Sect. S2.3 in the supplementary information), revealing no
statistically significant differences between the two extraction
methods. The CCK-8 results showed that the three terpoly-
mers did not significantly affect cell proliferation (Fig. 3a).
Live/Dead cell staining tests indicated that all three terpoly-
mers maintained high cell viability (Fig. 3b). The results of
scratch, clone, and Transwell experiments (Figs. 3c—3e) fur-
ther confirmed that PLTG did not affect cell migration or pro-
liferation, with no significant differences observed between
the blank control and treatment groups. In summary, all three
PLTG terpolymers exhibited excellent cell compatibility and
preserved cellular activity.

3.5 Invivo biocompatibility and degradation
assessment

We assessed the degradation properties, the clinical pathol-
ogy, biocompatibility, and systemic toxicity of PLTG sheet
implants through a 16-week in vivo study in rats. In addi-
tion, we evaluated the immune modulation behavior in vivo
(Fig. 4a). Blood cell count monitoring was used to detect in-
flammatory responses and assess immune function. Results
showed that blood cell counts (red blood cells, white blood
cells, and platelets) were within normal ranges for Sprague—
Dawley (SD) rats (6.06x10°—8.74x10%, 3.99x10°—10.47x
10°, and 4.36x10°—8.44x10°, respectively), with no signifi-
cant differences between materials (Table S3 in the supple-
mentary information) [24].

3.5.1 Insitu and ex vivo degradation and inflammation
assessment

A rat subcutaneous implantation model was used to evalu-
ate the biocompatibility and degradation of the prepared ter-
polymers. During the 16-week follow-up period, no compli-
cations or signs of inflammation were observed (Fig. 4c).
The results of enzyme-linked immunosorbent assay (ELISA)
showed undetectable levels of IL-6 and TNF-«, and statisti-
cally similar IFN-y and IL-10 levels between the experi-
mental and control groups (Figs. 4d and 4e).

Ex vivo SEM images (Fig. 4b) showed that the surface
morphology became progressively irregular over time, with
pores larger than those initially observed in vitro. Materials
with higher GA content exhibited more pronounced surface
collapse because the rough surface facilitated the attachment
of the fibrin matrix and cell migration during degradation [25].
Enzymatic degradation occurred more rapidly in vivo than
in vitro, resulting in 16-week mass losses of (35.34+1.22)%
(PLTG30), (30.724+0.23)% (PLTG20), and (25.08+1.45)%
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Fig. 3 In vitro evaluation of the biocompatibility of the PLTG membranes. (a) Cell viability assessed using the CCK-8 assay (1-7 d). (b) Inverted flu-
orescence microscopy images of human fibroblast cell line GM00526 (1, 4, and 7 d). (c) Cell migration analysis via scratch healing assay
(0 and 24 h; scale bar: 200 pm). (d) Clonogenic formation efficiency after 7 d. (e) Transwell migration after 48 h (scale bar: 100 pm). Data are
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(PLTG10) (Fig. 4f). This trend aligns with that observed in
the in vitro studies, where PLTG30 showed the fastest deg-
radation and PLTG10 the slowest.

3.5.2 Inflammatory characteristics

Hematoxylin and eosin (H&E) staining was used to evalu-
ate cell infiltration and the recruitment of inflammatory cells.
After degradation, the implanted material triggered the forma-
tion of a fibrous capsule that encapsulates it. Therefore, the
formation of a fibrous capsule was observed to assess the in-
flammatory response. At 2 months postimplantation, only a
few fibrous capsules were observed around PLTG10/PLTG20/
PLTG30. The dark-stained regions in the implants suggested
slight calcification, but these regions did not cause an exces-
sive inflammatory response. At 4 months postimplantation, no
significant increase in capsule thickening and no notable
inflammatory reaction were observed (Fig. 5a).

To assess the ability of the implants to recruit specific cells,
immunohistochemical analysis was performed four months
after implantation. Figures 5b—5g show minimal leukocyte
differentiation antigen 3 (CD3) expression at all implantation
sites, indicating no chronic inflammatory response. B lympho-
cytes (CD20) and macrophages (CD68) were evenly distrib-
uted in all cases, with PLTG30 samples showing a slightly
greater, though not statistically significant, immune response.
Notably, minimal quantities of M2 macrophages (CD163)
and neutrophils (myeloperoxidase, MPO) were detected at
all the implantation sites. Although the number of these cells

slightly increases with TMC and GA contents, none of these
differences reached statistical significance. These findings
offer crucial insights into the complex interplay between im-
plants and the host immune system, thereby enhancing our
understanding of biomaterial-tissue interfaces [26].

3.5.3 Systemic evaluation: potential accumulation of
material degradation products

To thoroughly assess the safety profiles of the prepared
PLTG materials, we performed detailed pathological analy-
ses of the major organs in the experimental rats, focusing
on the heart, liver, spleen, lungs, and kidneys (Fig. S12 in
the supplementary information). Four months postimplanta-
tion, comparative histopathological evaluations revealed no
significant differences between the PLTG10, PLTG20, and
PLTG30 groups and the control group, with no unusual
pathological changes detected. These findings strongly sug-
gest that the PLTG materials do not have any observable
effects on the tissue architecture of these critical organs,
confirming that the degradation products do not noticeably
accumulate in the body.

3.6 Rheological characteristics of the PLTG
bioinks

In bioprinting, it is crucial to achieve an optimal balance be-

tween the rheological properties of bioinks and the physico-
chemical attributes of the matrix during extrusion [27, 28].
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An exemplary bioink would exhibit shear-thinning behavior,
transitioning into a fluid-like state under high shear stress
while retaining high viscosity under low shear stress or at
rest [29].

We analyzed the PLTG bioinks with dioxane across dif-
ferent mass-to-volume ratios and temperatures. The optimal
printing conditions were mass-to-volume ratios within the
range of 1:4—1:6 and temperatures of 15-35 °C (Fig. 6a). At
15 °C, PLTG10 (PLTG to dioxane mass-to-volume ratio of
1:4) exhibited excessive viscosity, whereas PLTG30 (PLTG
to dioxane mass-to-volume ratio of 1:6) showed insufficient
viscosity at 35 °C, both compromising the print quality
(Fig. 6b). The best results were achieved for PLTGI10/
PLTG20/PLTG30 (PLTG to dioxane mass-to-volume ratio
of 1:5) at 25 °C, showing consistent line width and ideal
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printing performance. Compared with conventional fused
deposition manufacturing, low-temperature 3D printing of-
fered multiple advantages. The lower processing tempera-
ture preserved the biological integrity of the materials. Addi-
tionally, the method enabled the printing of complex struc-
tures with interconnected macro- and micropores, improving
scaffold porosity (Fig. 6¢). This hierarchical structure opti-
mized cellular nutrient exchange and diffusion. For bioinks
suitable for direct-write extrusion 3D printing, specific visco-
elastic properties were imperative. The key rheological param-
eters, including the loss factor tand (G"/G") and viscosity 7,
significantly affected the printing performance [30]. The re-
sults of frequency sweep analysis revealed that all PLTG
bioinks were viscous fluids under dynamic conditions, facili-
tating high shape fidelity in extrusion-based 3D printing
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Fig. 5 Histological and immunohistochemical staining. (a) H&E-stained tissue evaluation of PLTG10, PLTG20, and PLTG30 implantation sites
at 2 months and 4 months, with black circles indicating fibrous capsules (scale bar: 50 pm). (b—g) Representative images of immunohistochemical
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ns: not significant

(Fig. 6d). Dynamic oscillatory strain experiments indicated
that under a constant frequency of 1 Hz, G’ rapidly decreased
at high strain (100%) in all formulations because of the shear-
thinning effect; at the same time, upon returning to low strain
(1%), G’ nearly recovered to its initial value (Fig. 6e). The
rotational shear rate sweep experiments further confirmed that
the viscosity of all the tested bioinks decreased with increas-
ing shear rate, indicating that the shear-thinning behavior
was beneficial for pneumatic extrusion (Fig. 6f). However,
it is important to note that an excessively low viscosity may
result in filament spreading or collapse during printing.
Rheological data indicated that the increase in GA content
led to decreases in the modulus and viscosity of the PLTG
bioinks while the bioinks maintained compatibility with
extrusion-based 3D printing. Therefore, at the optimal solvent

ratio and printing temperature, these bioinks could achieve
optimal shape fidelity and stacking performance for various
applications.

3.7 Medical applications: exploring the
potential of PLTG BSMPs in advanced 3D
printing

Traditional 3D-printed scaffolds require extensive surgical
exposure, necessitating the development of scaffolds that can
be compactly inserted and can self-expand within the body.
3D-printed BSMP structures have recently driven notable
advancements in MIS techniques [31]. These programmable
structures are activated at body temperature, expanding to
fill constricted areas and tissue voids [32]. Their excellent
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plasticity and mechanical properties make them invaluable
for advanced medical applications [33].

Herein, we developed PLTG BSMPs to address the im-
plantation challenges posed by the suboptimal transition
temperatures (Tyans) Of traditional SMPs. The prepared
materials exhibited Tirans values of 20-37 °C, allowing shape
programming at room temperature and subsequent transfor-
mation to the intended configuration in physiological envi-
ronments. The 3D-printed structures fabricated from these
materials showed exceptional shape memory capabilities.
These scaffolds could be configured into the desired tempo-
rary forms at 0 °C, be implanted through minimally inva-
sive channels, and rapidly recover their predetermined 3D
structure at body temperature, ensuring precise alignment
with the injured areas (Fig. 7a). They are particularly suit-
able for implantation into damaged tissues through restricted
access points.

At physiological temperature (37 °C), PLTG showed op-
timal shape recovery, making it ideal for confined-space
implantation. The superior rheological properties of the syn-
thesized materials enabled the precise fabrication of com-
plex 3D structures such as dumbbells, springs, folding fans,
pipes, spider webs, and honeycombs. These 3D-printed bio-
degradable tissue engineering scaffolds exhibited uniformly
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interconnected porous structures, excellent biocompatibility,
and intrinsic shape-memory capabilities at body tempera-
ture, excelling in MIS applications. To validate the 3D print-
ing performance of PLTG, we fabricated a bioink by mix-
ing PLTG20 and dioxane at a mass-volume ratio of 1:5. Using
the optimized printing process (provided in Sect. 2.6), we
successfully manufactured various tissue engineering scaf-
folds for different anatomical structures, including the uterine
cavity, blood vessels, intervertebral discs, bones, and trachea
(Fig. 7b) [34-36].

The integration of PLTG with 3D printing technology
enabled the efficient and accurate development of personal-
ized treatment strategies tailored to individual patients. The
technology could considerably improve treatment outcomes
and minimize patient discomfort. This innovative technol-
ogy has a broad application potential and may catalyze a
paradigm shift in personalized medicine, offering patients
more precise and effective medical interventions.

4 Conclusions
Herein, we synthesized PLTG terpolymers with amorphous

structures, excellent thermal stability, superior mechanical
properties, and tunable degradation characteristics. The
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rheological properties of the bioinks prepared from these ter-
polymers enabled the extrusion-based 3D printing of bio-
logical scaffolds with shape-memory functionality activated
at body temperature. In vitro and in vivo studies confirmed
the biocompatibility of PLTG, showing no inflammatory or
toxic reactions. Additionally, the prepared materials showed
optimal shape-memory properties at physiological tempera-
ture (37 °C). The combination of SMPs with 3D printing
creates new opportunities for MIS, drug delivery, and tissue

replacement. Although PLTG shows promise for custom-
ized medical implants, future research needs to address
tissue-specific requirements and mechanical stability during
degradation.
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