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Pelvic floor disorders (PFD) are common among women, causing dysfunction, incontinence, and discom-
fort. Surgeries to repair the descended tissues can result in complications due to implant material design,
particularly from the hardness and mechanical mismatch to native tissue. A more flexible implant could
reduce complications, such as exposure and tissue erosion. This work seeks to characterize a 3D-printed
double-crosslinked hydrogel tissue scaffold consisting primarily of polyvinyl alcohol (PVA). It also com-
pares its static/dynamic/thermal/biological properties to existing commercial products used in PFD thera-
pies, showing our pelvic mesh's biodegradability/robustness advantages over the commercial ones.
Tensile tests revealed that the hydrogel scaffold was more compliant than the commercial alternatives.
Dynamic mechanical testing has shown that these polymers are durable enough to support organs with
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specific weight above the pelvic floor. In vivo mouse studies demonstrated low inflammation and good
biocompatibility over a 28-day period. The development of this scaffold offers a promising alternative for
more effective, long-lasting PFD treatments with fewer post-operative complications, advancing person-
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1 Introduction

Pelvic organ prolapse (POP) is a severe condition impacting
millions of women globally, often resulting from childbirth,
aging, or obesity."> This disorder leads to the weakening of
pelvic floor muscles, causing the pelvic organs to descend and
bulge into or outside the vaginal canal, significantly affecting
the quality of life." The current state-of-the-art in treating POP
involves a combination of advanced surgical techniques and
innovative materials designed to reinforce or replace weakened
pelvic floor tissues.® Synthetic meshes such as polypropylene
(PP), polyester (PET), and polytetrafluoroethylene (ePTFE) have
been commonly used due to their strength, but high compli-
cation rates have led to declining use and FDA bans on PP for
transvaginal repairs.* Natural and biodegradable polymers
such as collagen, alginate,” and gelatin® are emerging as prom-
ising alternatives due to their biocompatibility and ability to
support cell attachment and tissue integration.” However,
these natural system-derived polymers usually do not have the
mechanical durability to support organs above the pelvic
floor.® PVA, on the other hand, is compatible with different
polymer chemistry and tunable for varying mechanical and
functional properties, and thus has been chosen for this
scaffold design because it has been a well-known biocompati-
ble polymer for many years, and has been combined with chit-
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osan,” gelatin,"® and other natural molecules."" Moreover,
PVA’s versatility in biomedical applications,'” especially in
tissue engineering, has been demonstrated in various studies,
highlighting its potential for creating scaffolds that offer both
flexibility and durability. PVA-based hydrogels have been exten-
sively used in soft tissue engineering, including cartilage
repair,'® due to their ability to mimic the viscoelastic pro-
perties of native tissues.'* Furthermore, PVA is commonly uti-
lized in drug delivery systems,"® where its biocompatibility and
tunable degradation rates allow for controlled release of thera-
peutic agents over time. In clinical applications, PVA has been
applied in vascular grafts,'® artificial corneas,'” liver tissue
engineering,"® and wound dressings,"” with significant
success in enhancing tissue regeneration and minimizing
immune responses. Additionally, PVA-based materials have
been explored in ophthalmology for use in contact lenses and
eye implants due to their non-toxic, hydrophilic, and oxygen-
permeable properties.>’

Advanced manufacturing techniques allow for the precise
fabrication of custom-designed scaffolds that match patient
anatomy, incorporating complex structures with controlled
porosity and mechanical properties.”’ For example, electro-
spinning and hybrid scaffolds that combine natural and syn-
thetic materials are also being explored to enhance mechanical
strength and biocompatibility.”> Additionally, bioactive
scaffolds that include growth factors,> anti-inflammatory
agents,>® or antibiotics®® are being developed to promote
tissue healing and prevent complications. Regenerative medi-
cine approaches, including stem cell therapy and tissue engin-
eering,’® are further advancing the field by enhancing the
regenerative potential of scaffolds and promoting long-term
functionality, aiming to improve patient outcomes and quality
of life while minimizing risks associated with traditional syn-
thetic meshes.

3D printing, also known as additive manufacturing, encom-
passes a variety of techniques such as stereolithography (SLA),
fused deposition modeling (FDM), and direct ink writing
(DIW), which build structures layer by layer from digital
models. This technology enables the precise fabrication of
complex and customized geometries, making it particularly
advantageous for personalized medicine.”” In the context of
regenerative medicine, 3D printing can produce patient-
specific implants, tissue scaffolds, and drug delivery systems
tailored to individual anatomical and physiological needs.
However, a significant challenge remains in the selection of
materials that not only provide the necessary mechanical
support but also degrade at appropriate rates within the
body.*® Many 3D printing materials still lack biodegradability,
which is crucial for applications where the scaffold needs to be
absorbed and replaced by natural tissue over time.*® Ensuring
that printed constructs can degrade safely without eliciting
adverse reactions is essential for the successful integration
and long-term efficacy of 3D-printed biomedical devices in
regenerative therapies.

Understanding the mechanical and thermal properties of
new biomaterials for the POP mesh prototype is critical for

346 | Polym. Chem., 2025, 16, 345-355

View Article Online

Polymer Chemistry

benchmarking it against both experimental prototypes and
commercially available meshes. Tensile strength, porosity, and
swelling capabilities are important factors that contribute to
the effectiveness of a tissue scaffold, particularly for appli-
cations such as pelvic floor repair and hernia treatment. These
mechanical features influence the mesh’s ability to support
tissues while integrating seamlessly with the body’s natural
structures. For instance, porosity plays a significant role in
enabling nutrient exchange and promoting cell proliferation,
while tensile strength ensures the scaffold can withstand phys-
iological stresses without causing damage to surrounding
tissues.* Additionally, a material’s swelling behavior affects its
integration with soft tissues, contributing to the scaffold’s bio-
compatibility and long-term functionality.>” Given the limit-
ations of current synthetic meshes, which often cause mechan-
ical mismatches leading to complications, such as inflam-
mation or erosion, there is a strong market demand for more
flexible and biocompatible options that can effectively support
pelvic organs.

This project seeks to address the challenges faced by
current PFD treatments by introducing a novel, in-house syn-
thesized PVA tissue scaffold with dual crosslinking strategies,
designed to improve mechanical and biological performance.
In this study, we have mechanically, thermally, and biologically
characterized our PVA scaffolds, comparing them to some
commercially available alternatives used for PFD repairs. Key
techniques, such as tensile testing, dynamic mechanical ana-
lysis (DMA), and thermal stability tests, were used to assess the
durability and compliance of the scaffolds. In addition, in vivo
tests were conducted to evaluate cell viability, biodegradability,
and inflammation response. By comprehensively characteriz-
ing these properties, this work aims to develop a superior
tissue scaffold that can better mimic native tissues while
offering customizable degradation profiles and enhanced bio-
compatibility. This approach is a promising step toward more
personalized and effective treatments for pelvic floor disorders
and other soft tissue injuries. More importantly, the combi-
nation of 3D printing and tissue engineering has the potential
to revolutionize the field of regenerative medicine, offering a
promising avenue for repairing or replacing damaged tissues
that contain cellular structures more closely replicating the
body’s natural cellular architecture.

2 Experimental section
2.1 Materials

Raw materials including PVA. Kuraray America Inc. gra-
ciously supplied PVA (M, 205k, partially hydrolyzed grades).
We acquired various chemicals including p-toluenesulfonic
acid (pTsOH, ACS reagent, 98.5%), anhydrous DMSO (99.9%),
dithiothreitol (DTT, 97%), lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP, 95%), cis-5-norbornene-endo-2,3-
dicarboxylic anhydride (99%), citric acid (ACS reagent, 99.5%),
sodium hydroxide pellets (reagent grade, 98%), microcrystal-
line cellulose (20 pm), and sodium bicarbonate (NaHCO3), all

This journal is © The Royal Society of Chemistry 2025
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of which were procured from Millipore Sigma. Additionally,
SnakeSkin Dialysis Tubing (3.5K MWCO, 22 mm) was obtained
from Thermo Fisher Scientific.

Functionalized PVA (fPVA). A mixture of 10 g PVA and 20 mg
PTsOH was dissolved in 200 mL DMSO at 50 °C under a
nitrogen atmosphere. Separately, 2 g cis-5-norbornene-endo-
2,3-dicarboxylic anhydride was dissolved in 20 mL DMSO.
This solution was gradually added to the PVA/pTsOH
mixture. The reaction was maintained at 50 °C for 12 hours.
The resulting crude product was placed in a dialysis tubing
with a 3.5 kDa cutoff. Dialysis was performed against
100 mM NaHCO; for 12 hours and then against deionized
water for 24 hours. Finally, the products were lyophilized to
obtain fPVA.

3D printing inks. To prepare the fPVA solution, it was
dissolved in deionized water at 60 °C with continuous mag-
netic stirring overnight, achieving a concentration of 12 wt%.
Once fully dissolved, DTT and LAP were introduced to the
mixture, maintaining a thiol-to-ene stoichiometric ratio of
4:10 and a photoinitiator (LAP) concentration of 0.05 wt%.
The final feedstock, including 9 wt% cellulose powder as a
rheology modifier, was termed fPVA/C. For the printing
setup, a Hyrel 30 M system was adapted, using a pneumatic
dispenser (Ultimus I, Nordson EFD) to extrude the ink
through 30G nozzles at a pressure of 75 psi. Nozzle speeds
were set to 45, 60, and 90 mm min~", with layer thicknesses
of 0.08, 0.1, and 0.14 mm, respectively. A 50 W UV light
(365 nm, Everbeam) was positioned above the printing bed
to cure the ink in situ during the printing process. To
prevent premature curing, the syringe was wrapped in alumi-
num foil (Fig. 1).

2.2 NaOH-XL-fPVA

The double network PVA was produced by submerging the UV
crosslinked fPVA in a 6 M NaOH solution, and then stabilizing
it in deionized water. A strong base is necessary to deprotonate
the alcohol groups on the PVA strands.’’ Throughout the
entire study, these 3D printable meshes will be referred to as
PVA samples.

2.3 Past commerical POP meshes as control samples

We have obtained from clinicians various materials used in
pelvic organ prolapse (POP) tissue scaffolds, comparing our in-
house synthesized PVA (NaOH-XL-fPVA) with several commer-
cial meshes such as Progrip, Ventralight, Biodesign, 3DMax,
Restorelle, and Vertessa, as shown in Table 1.

2.4 Characterizations

Tensile testing was performed using a Discovery HR2 from TA
Instruments. Before testing, the mesh samples were hydrated
in deionized water for 2 hours or according to the manufac-
turer’s guidelines to ensure consistent preparation across
materials. Tensile tests performed on the commercially avail-
able mesh were done with a Discovery DHR-2 strain rate of
100 mm s~' with an initial gap of 1 cm, and the final gap
length was set to 5 cm to ensure complete bifurcation.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic representation of programmable PVA cross-linking
and 3D printing of tissue scaffolds. (a) Polymer chemistry: (al)
functionalization of PVA with carboxylic anhydride to yield fPVA, (a2)
initial cross-linking via DTT reaction, and (a3) subsequent thiol-ene
cross-linking and physical cross-linking. (b) 3D printing process facili-
tated by UV light for precise dimensional control. (c) Characterization of
fabricated tissue scaffolds, including mechanical properties, thermal
stability, and cell viability/in vivo testing.

Samples were secured with tape and cardboard to minimize
damage or slippage caused by the tension geometry apparatus.
To calculate the amount of stress applied to the actual
material, the cross-sectional area was corrected in the final
measurements by dividing the calculated stress value by the
area of the sample. The cross-sectional area was calculated by
using Image] with Leica light microscope images (Fig. 2). The
tensile modulus was collected from the linear elastic region
from the stress/strain curve for each sample. DMA was per-
formed via Discovery HR-2 from TA Instruments. The testing
protocol began at room temperature with a temperature
increase of 3 °C per minute, continuing until a final tempera-
ture of 140 °C was reached. The tests were performed with an
axial displacement of 50 microns and a frequency of 1.0 Hz.
All specimens were soaked appropriately before testing.
Thermogravimetric analysis (TGA) was performed from room
temperature to 900 °C, with a heating rate of 10 °C per minute.
The weight loss of the samples was recorded as a function of
temperature to assess thermal stability. Differential scanning
calorimetry (DSC) analysis was carried out using a Discovery
DSC 250 from TA Instruments, with a temperature ramp of
10 °C min~" from room temperature to the samples’ respective
degradation temperatures. The samples were then cooled at
the same rate to 25 °C and then heated again to the degra-
dation rate.
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Table 1 A summary of PVA mesh properties as a comparison to commercial POP meshes, including previously FDA-approved and banned products.
PP, polypropylene; PGA, polyglycolic acid; HA, sodium hyaluronate; CMC, carboxymethylcellulose; PEG, polyethylene glycol; PLA, polylactic acid;
PVA, polyvinyl alcohol. Glass transition temperature (T) is the temperature detected by DSC at which a material has a more flexible consistency. A
glass transition point was not observed in every sample, which could have occurred outside the range of analysis. Melting point (T,,,) is when a
material moves from solid to liquid state, detected by DSC. Because of the bonds between some polymers in a crosslinked material, melting points
are not in all samples. Degradation temperature (Ty) is the point where degradation occurs in an inert environment, detected from the weight loss
derivative to temperature in TGA. Elastic modulus is the slope of the stress/strain curve in the elastic region of the ultimate tensile tests. Tensile
strength refers to maximum stress a sample can experience before breaking. Toughness was calculated by the area under the stress/strain curve and
reported as kJ m~>. These values were measured from simple tension tests. Storage modulus (E') and loss modulus (E”), were collected from the
DMA curves at room temperature, and reflect the energy absorption or dissipation capabilities of the POP meshes. The last column includes the

temperature and tan(s) values at their peak maxima

Dynamic
Thermal properties Mechanical properties properties tan é
Elastic E E"
Tm Ta modulus Strength Toughness (MPa) (MPa) Peak

Samples  Materials Ty (°C) (°C) (°C) (MPa) (MPa) (MJm™) atRT atRT value °C
Vertessa ~ PP/non-absorbable —10 (ref. 49) 172 310 94.65+6.88 27.12+1.24 0.31+0.03 35.06 7.85 0.23 53
Restorelle PP/non-absorbable —10 (ref. 49) 169 367 76.37 £14.81 24.47 £3.69 0.29+0.11 28.71 5.29 0.18 38
3DMax PP/non-absorbable —10 (ref. 49) 167 277 29.17 £2.77 21.61+3.00 0.38+0.07 11.03 4.23 0.39 N/A
Ventralight PP and PGA knitted together. PGA PP —10 56, 178, 6.52 + 0.87 4.99 £0.45 0.14+0.02 41.44 10.71 0.25 58

surface coating is HA, CMC, and  (ref. 49) PGA 169 360

PEG based hydrogel/mesh is non- 35-40(ref. 50)

absorbable, hydrogel barrier

resorbs within 30 days
Progrip Monofilament PP for textiles and 75 168 294, 39.46 +4.56  9.02+1.59 0.06+0.02 280.63 28.57 0.10 N/A

PLA as microgrips with fast 396

resorbing film of 70% collagen

and 30% glycerol/partially

absorbable
Biodesign Porcine small intestine N/A N/A 75,242 62.26+7.18 27.48+1.39 0.24+0.03 109.17 25.00 0.22 N/A

submucosa/fully biodegradable
PVA NaOH-fPVA/no cytotoxic effects 45 N/A 81,225, 4.88+1.88 2.12+£0.29 0.02+0.01 38.07 7.64 0.33 45

observed after 28 days of 463

implantation

3 Results and discussion
3.1 An overview of 3D printable PVA tissue scaffolds

Previous commercial POP tissue scaffolds, particularly those
composed of PP, have demonstrated issues with excessive
rigidity,*>** leading to mechanical incompatibility with the
softer, native tissues they are designed to support.>* This
mechanical mismatch frequently results in acute or chronic
inflammation and tissue erosion, significantly complicating
patient recovery.*®> To overcome these limitations, new compli-
ance-tunable biopolymers®® are being developed, offering
improved flexibility, reduced inflammation, and the potential
to adjust mechanical properties to better align with the natural
tissue environment.>” These advanced materials provide a
more biocompatible alternative for POP treatment, addressing
both structural and biological needs.

This project centers on creating advanced tissue scaffolds
for POP treatment using PVA as the primary polymer,
enhanced through innovative crosslinking strategies. The PVA
scaffold not only has enough supportive properties without
much rigidity, but also strikes a balance between mechanical
properties, especially structural support, and excellent
biocompatibility.

To further diversify the functionality of PVA in the develop-
ment of tissue scaffolds, various crosslinking strategies can be

348 | Polym. Chem., 2025, 16, 345-355

employed. Chemical crosslinking using agents such as
hydroxyapatite®® or boric acid*® is commonly used to improve
the mechanical strength and stability of PVA hydrogels.
Physical crosslinking methods, such as freeze-thaw cycles,*
allow for the formation of crystalline regions within the PVA
matrix, enhancing its tensile strength and elasticity without
the need for additional chemical agents. In this study, the
process involves a stepwise modification of PVA to increase its
crosslinking capabilities. Initially, carboxylic anhydride
(Fig. 1a1) functionalizes the PVA, providing reactive sites for
subsequent crosslinking steps. Our choice of carbic anhydride
over other chemicals was carefully made: in addition to the
universal advantages of all thiol-ene reactions, such as robust-
ness and insensitivity to oxygen inhibition,*" norbornene
groups exhibit faster reaction rates with thiols compared to
other vinyls (e.g. allylic derivatives and vinyl ethers).*?
Moreover, the polymerization rate scales approximately with
the 1/2 order in both thiol and ene functional group concen-
trations,*® favoring stoichiometric polymerization,** favoring
stoichiometric polymerization.** These advantages, along with
the general benefits of thiol-ene reactions, make the thiol-nor-
bornene system widely used in tissue engineering and regen-
erative medicine.*” It has also been reported to work with
other biomaterials, such as polyethylene glycol,*® hyaluronic
acid,”” and gelatin.”® The introduction of DTT initiates thiol-

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4py01103a

Open Access Article. Published on 03 2024. Downloaded on 2025/7/12 5:43:55.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

Fig. 2 (a) 3DMax, (b) Ventralight, (c) Progrip, (d) Biodesign, (e) Vertessa,
(f) Restorelle, and (g) PVA scaffold. Scale bars on the left image pair rep-
resent 10 mm, and scale bars on the right image represent 1 mm. The
average of 4 images for each sample was used to estimate porosity in
the 2D cross-sectional area with Imaged.

ene reactions (Fig. 1a2), forming a crosslinked network. This is
further strengthened by a second physical crosslinking phase
involving alkaline treatment (Fig. 1a3), resulting in a dual
crosslinking structure that balances mechanical durability
with controlled biodegradability. The physical crosslinking
mechanism in our system arises from the crystallization of the
PVA chains upon exposure to the alkaline environment, which
was also confirmed with FTIR characterizations (Fig. S1t).
When the PVA scaffold undergoes treatment with a strong
base, the hydroxyl groups in PVA are deprotonated, which pro-
motes the complexation®" between adjacent PVA chains. These
hydrogen bonds result in the formation of crystalline regions
within the polymer, known as physical crosslinking, because
after the Na* ions are washed away, no new chemicals remain
within the material. This process enhances the mechanical
strength and structural integrity of the scaffold without the
need for additional chemical crosslinkers. This dual cross-

This journal is © The Royal Society of Chemistry 2025
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linking strategy is key to producing a material that can endure
the mechanical demands of pelvic organ repair while gradually
degrading in a controlled manner as natural tissue
regenerates.

3D printing plays a crucial role in the fabrication of these
PVA-based scaffolds, allowing for precision control over
scaffold microstructure, mechanical properties, and dimen-
sional stability. The bioink feedstock is freshly prepared and
loaded into a Hyrel printing system, where printing quality is
continuously monitored through a camera to optimize the
process at different pressures and speeds (Fig. 1b). UV light is
employed to cure the scaffold during printing, initiating the
first crosslinking phase, which imparts structural integrity to
the construct. After printing three layers in the x—y direction,
the scaffold undergoes the second crosslinking step in a NaOH
bath, further reinforcing the mechanical properties. This dual
crosslinking approach enhances scaffold strength while allow-
ing for tunable degradation, ensuring that the scaffold can
support tissue regeneration over time. Ongoing research
focuses on the scaffolds’ ability to promote tissue regeneration
and their degradation profiles within the body, with early
results showing significant promise in providing a more adap-
tive and biocompatible solution for POP repair (Fig. 1c). Due
to the complex porous structures present in POP mesh, surface
morphology was also examined using an optical microscope to
obtain a more accurate estimation of the density and structural
modifications of the tested samples (Fig. 2). Fig. 2 highlights
the structural differences between various commercially avail-
able meshes used for POP repair, including our in-house syn-
thesized PVA mesh (Fig. 2g). Unlike the knitted or woven pat-
terns observed in commercial meshes such as Ventralight
(Fig. 2b), Progrip (Fig. 2c), and Restorelle (Fig. 2f), the PVA
scaffold exhibits a highly regular grid structure. This regularity
simplifies the evaluation of mechanical and other material
properties, as it eliminates the complexities arising from non-
uniform weaving patterns found in traditional meshes. The
PVA mesh’s uniform pore distribution ensures predictable
deformation and mechanical behavior, which is crucial for
ensuring the consistent performance required for pelvic floor
repair. Additionally, precise control over porosity facilitates
better nutrient flow and cell attachment, potentially leading to
improved tissue integration. This approach allowed for a better
understanding of surface features and potential variations in
density that can influence the mechanical properties and
overall performance of the mesh.

3.2 Thermal stability and biodegradability

Our in-house synthesized PVA mesh demonstrates excellent
biocompatibility, as demonstrated in our previous cellular
studies.’® This contrasts with several other polymers previously
used in clinical curing (Table 1), such as the non-absorbable
PP-based commercial meshes Vertessa, Restorelle, and 3DMax,
which are durable but present challenges namely chronic
inflammation due to their mechanical mismatch with native
tissues. Ventralight and Progrip utilize combinations of
absorbable and non-absorbable components, including PP
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and polyglycolic acid (PGA), allowing for partial absorption
and resorption of barrier layers, offering a balance between
structural support and reduced long-term foreign body
response. However, these POP meshes are not fully bio-
degradable, which often necessitates a second surgery for
removal, potentially leading to additional complications and
side effects. On the other hand, Biodesign, composed of
porcine small intestine submucosa, is fully biodegradable, pro-
viding complete integration with host tissues but may lack
long-term mechanical durability. These comparisons in
Table 1 emphasize the potential of our PVA-based scaffolds to
offer both biocompatibility and tunable thermal stability and
degradation, essential for personalized treatments in POP. The
general thermal property values in Table 1 are from DSC/TGA
tests, as plotted in Fig. 3.

TGA results. TGA is essential for assessing the thermal stabi-
lity and degradation profile of polymers before conducting
DSC, ensuring that the appropriate temperature ranges are
identified. In the case of the PVA tissue scaffold, TGA revealed
multiple degradation events (Fig. 3a). The initial degradation,
observed at 81 °C, corresponds to the evaporation of water
absorbed from environmental humidity. The second signifi-
cant degradation event, occurring at 225 °C, is attributed to
the thermal breakdown of PVA. This is followed by a third
degradation event around 465 ©°C, which indicates the
decomposition of microcrystalline cellulose (MC)>* present in
the scaffold as a reinforcing filler. These results underscore
the scaffold’s composition and the roles that different con-
stituents play in its thermal behavior. In comparison, Progrip,
primarily composed of PP and polylactic acid (PLA), shows two
distinct degradation peaks at 294 °C and 396 °C, highlighting
the thermal decomposition of each polymer component.
Ventralight, consisting of PP and PGA, exhibited degradation
peaks at 178 °C and 360 °C, consistent with the known
melting point of PGA at 225 °C.>*> Other commercial meshes
such as 3DMax, Vertessa, and Restorelle, which are primarily
composed of PP, demonstrated single degradation peaks at
277 °C, 310 °C and 367 °C respectively, emphasizing the
thermal stability of pure PP. These comparisons show that the
degradation temperatures vary significantly based on the com-
position, offering insight into the scaffold’s potential behavior
during in-body use.

DSC results. The DSC analysis conducted on the PVA tissue
scaffolds and various commercial meshes (such as Progrip,
Ventralight, Biodesign, 3DMax, Restorelle, and Vertessa)
reveals key differences in their thermal behaviors (Fig. 3b and
c). Each sample was heated before its degradation tempera-
ture, cooled to room temperature, and then reheated to
remove any residual water content. The in-house synthesized
crosslinked PVA mesh exhibited no endothermal or exothermal
peaks, indicating that the crosslinking process was thorough
and complete, contributing to its stability under thermal con-
ditions. In contrast, some commercial products such as
Progrip and Ventralight, which contain additional materials
such as PLA and PGA, exhibited specific thermal transitions
related to their polymer components. For example, Progrip
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Fig. 3 (a) Thermogravimetric analysis (TGA) highlights the degradation
points of various samples, including our in-house synthesized PVA, com-
pared with commercial meshes such as Progrip, Ventralight, Biodesign,
3DMax, Restorelle, and Vertessa. (b) Differential scanning calorimetry
(DSC) data, showing different transition points via the heating curves at a
rate of 10 °C min~! until just before the degradation point of each
sample. (c) After cooling to 25 °C, the samples were reheated under the
same conditions to analyze thermal transitions and stability. Note: the
DSC analysis for Biodesign, Ventralight, and PVA was shorter than for the
other samples because they degraded at a lower temperature.
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showed thermal behavior consistent with its partially absorb-
able nature, while Ventralight demonstrated characteristic
transitions of its PP/PGA content (Table 1). The absence of
melting peaks within short heating stages in the PVA mesh
points to its unique advantage in maintaining consistent
mechanical properties without significant thermal transitions,
making it potentially more reliable for short-term organ
support above the pelvic floor compared to traditional com-
mercial meshes. However, the long-term PVA use in POP treat-
ments will need to examine the degradation under proper
conditions.

Biodegradability results. To ensure the PVA mesh is custo-
mizable for POP treatment, it is crucial to study the degra-
dation behavior of the material under different environmental
conditions (e.g., exposure to different in-body fluids and in
different patients). The degradability tests were conducted by
immersing PVA samples in deionized (DI) water and acetic
acid solutions adjusted to a pH range of 4 to 7 (Fig. 4). The
weight of each sample was recorded at the start of the experi-
ment and then periodically throughout the study to monitor
weight loss over time. The samples were weighed five times for
each measurement to minimize variability. The data collected
over several weeks, as shown in Fig. 4a, indicate that the degra-
dation rate of PVA is highly dependent on pH levels. This is
critical for POP tissue scaffolds, as biodegradability ensures
that the scaffold supports tissue regeneration while gradually
breaking down as the native tissue heals. The data demon-
strates that at lower pH values, such as pH 4, the PVA degra-
dation occurs more rapidly, with a significant weight loss
observed within the first 20 days, indicating that more acidic
environments accelerate the scaffold’s breakdown. At higher
pH values (pH 6 and 7), the PVA mesh maintains greater struc-
tural integrity, degrading more slowly and steadily over 30
days. This ability to control the degradation rate based on
environmental conditions makes the PVA scaffold particularly
versatile for personalized medicine, where the degradation
profile can be tuned according to the specific needs of the
patient and the targeted tissue environment.

Controlling the swelling ratio is crucial for POP tissue
scaffolds as it directly affects the scaffold’s ability to support
tissue integration, nutrient transfer, and overall mechanical
stability. The swelling ratio analysis (Fig. 4b) shows the ability
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Fig. 4 (a) PVA mesh biodegradability in solutions of different pH values
over time. (b) Swelling behaviors of all samples including our PVA and
the commercial products.
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of various materials to absorb and retain fluids, which is criti-
cal for their performance as tissue scaffolds in POP treatments.
Ventralight has the highest swelling ratio, indicating its signifi-
cant ability to absorb fluids, which may facilitate nutrient
transport and cell migration, making it suitable for tissue inte-
gration. In contrast, Ventralight, 3DMax, and Restorelle exhibit
a very low swelling ratio, reflecting their non-absorbable
nature, and thus limited interaction with surrounding tissues.
Our in-house PVA mesh demonstrates a moderate swelling
ratio of 2.31, indicating a balanced property that allows for
tissue interaction without excessive swelling, which could
cause mechanical instability. This is similar to Biodesign,
made from porcine submucosa and showing a higher swelling
ratio, favoring tissue compatibility. This comparison high-
lights the PVA scaffold’s ability to offer a balanced approach
between thermal stability/biological durability and adequate
swelling properties, making it a promising candidate for POP
repair.

3.3 Static mechanical tests

For all samples tested in this study, a representative stress/
strain plot is shown in Fig. 5a, where the stepwise collapse of
Ventralight is observed due to the nature of two different poly-
mers being knitted together. Also, the tensile test curves for
certain mesh samples, such as Restorelle and Vertessa, exhibit
step-wise fractures with multiple peaks due to the individual
breakage of filaments that constitute the mesh. These
materials, as seen in the structural images above (Fig. 2),
consist of woven or knitted networks of filaments. When sub-
jected to tension, these networks do not fail uniformly.
Instead, individual fibers within the mesh break progressively
as the load increases, resulting in a step-wise fracture pattern.
Each peak in the stress-strain curve corresponds to the
sequential rupture of a group of filaments or individual
threads in the mesh, leading to temporary stress relief before
the next set of filaments begins to bear the load, creating
another peak. This progressive failure mechanism is typical for
woven or knitted structures, where different parts of the mesh
engage or fail at different points in the deformation process.
In contrast, the smooth and continuous curve seen in the PVA
scaffold indicates a more homogeneous material response,
likely due to its regular grid structure. The absence of distinct
steps suggests that the PVA scaffold experiences more uniform
stress distribution, without localized breakages common in
more complex woven or knitted meshes. This feature of the
PVA scaffold could be advantageous for predictable mechanical
performance in medical applications.

The mechanical properties of the PVA-based scaffold show
promising potential when compared to commercial mesh
alternatives for POP treatment, particularly in terms of compli-
ance and elastic modulus (Fig. 5b1 and 2). Commercial
meshes such as Restorelle, 3DMax, Biodesign, and others
exhibit higher elastic modulus values, with stiffer materials
such as Vertessa having an elastic modulus of around 94.65
MPa and tensile strength of 27.12 MPa. These stiff materials,
especially those made from PP, can lead to complications such
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the slope of the stress/strain plots. (c1-7) DMA plots.

as erosion and exposure due to their rigidity and mechani-
cal mismatch with native tissues. In contrast, the PVA mesh
developed in this study has a significantly lower elastic
modulus of 4.88 MPa that can be tuned with different cross-
linking densities, which is the same order of magnitude as
the human pelvic floor modulus (i.e., 1-15 MPa (ref. 54)),
making it a better candidate for reducing inflammation and
injury upon implantation. The lower modulus and higher
compliance of the PVA mesh reduce the risk of sharp edges
causing tissue damage, thus mitigating post-operative com-
plications commonly seen with stiffer commercial meshes.
Moreover, the softer nature of the PVA scaffold can adapt
more readily to the dynamic environment of the pelvic
floor, reducing the risk of erosion where the mesh might
otherwise damage surrounding tissue. This compliance,
combined with the scaffold’s tuneable degradation pro-
perties, supports its potential for POP treatment, as it could
provide temporary structural support while allowing for
tissue regeneration and minimizing long-term complications.
These properties suggest that the PVA scaffold offers a
balance between mechanical strength and flexibility, making
it a safer and more effective alternative for patients under-
going pelvic organ prolapse repair.
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(a) Example stress/strain plots for ultimate tensile strength testing.
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3.4 DMA

The DMA results provide key insights into the mechanical pro-
perties of the commercial meshes and the PVA tissue scaffold
as a function of temperature (Fig. 5c¢). The storage modulus
(E") for most samples remains relatively stable, reflecting their
elastic behavior over a broad temperature range. However, in
the case of the in-house synthesized PVA mesh (Fig. 5c4), there
is a notable rise in the storage modulus at elevated tempera-
tures, indicating that the material stiffens as it transitions into
a more rigid state, likely due to water loss or changes in its
polymer structure. This stiffening behavior is probably absent
for pelvic floor applications, where the scaffold is immersed in
a water environment and offers firm support while maintain-
ing biocompatibility.

The loss modulus (E”) highlights the viscoelastic properties
of the materials. The PVA mesh and Biodesign show pro-
nounced peaks, indicating greater energy dissipation at higher
temperatures. For the PVA sample, the increase in loss
modulus corresponds to its transition from a softer, flexible
state to a more rigid configuration as the material dries. The
tan delta (), which is the ratio of the loss modulus to the
storage modulus, provides further insight into the damping

This journal is © The Royal Society of Chemistry 2025
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characteristics of these materials. The PVA mesh shows a pro-
minent peak in tan delta around 45 °C, suggesting that this
could be a glass transition temperature (T) or a thermochemi-
cal change related to a degradation event, which aligns with
thermal transitions observed in other studies.” This increase
in tan delta represents a shift in material flexibility, reinforcing
that PVA stiffens at higher temperatures. As compared, the
DMA analysis of the polypropylene (PP)-based meshes’
Restorelle, Vertessa, and 3DMax’ shows consistent thermal
and mechanical properties across all samples. The storage
modulus steadily decreases with increasing temperature,
reflecting the softening of the materials as they approach
higher temperatures, while the loss modulus remains relatively
low, indicating minimal energy dissipation. The tan(delta)
curves exhibit small peaks around 50-60 °C, hinting at a
minor thermal transition.

However, comparing the elastic modulus from tensile tests
and the storage modulus from DMA can be challenging due to
differences in sample preparation and the nature of the tests.
For instance, during tensile testing, inconsistencies in the
cross-sectional area due to variations in the knitting patterns
of the commercial meshes lead to variability in the mechanical
properties observed. Additionally, weaker fibers in the mesh
may snap during testing, further altering the cross-sectional
area and skewing the results. As a result, the elastic modulus
from tensile tests may not always directly correlate with the
storage modulus obtained through DMA. Also, the DMA
results indicate that the in-house synthesized PVA mesh
demonstrates enhanced storage modulus while maintaining
stable loss modulus, particularly under elevated temperatures.
This material’s ability to balance stiffness and flexibility posi-
tions it as a promising alternative to commercially available
meshes, which may suffer from mechanical mismatch with
native tissues, leading to complications like inflammation.

Fatigue tests have also been conducted to evaluate the long-
term performance and durability of materials under repeated
mechanical stress, simulating the cyclic loads experienced by
POP scaffolds in the body. These tests ensure that the scaffold
can maintain structural integrity and functional support over pro-
longed periods of use. Fig. S31 showed that the PVA showed
more consistent responses as compared to the commercial
meshes, without little fluctuations or degradation during the
fatigue cycles. As a result, the PVA scaffold demonstrates superior
flexibility, durability, and fatigue resistance compared to com-
mercial POP tissue scaffolds, with tensile, DMA, and fatigue test
results showing enhanced mechanical compatibility with native
tissue and reduced risk of complications. These results are also
consistent with the literature reports (Table S171).

3.5 Invivo tests in animal models

Assessment of intraperitoneal implantation into immunocom-
petent C57BL/6] mice demonstrated the biocompatibility of
the PVA tissue scaffolds (Fig. 6). Abdominal placement loaded
the mouse’s body weight onto the scaffold, serving as a proxy
for organ support in POP patients. Scaffold-implanted mice
were compared to a surgical control (sham) group, in which
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Fig. 6 (a) PVA scaffold implants were placed in four mice and moni-
tored for 28 days. Implant and sham surgery groups were weighed at
indicated time-points to monitor overall health. (b) At 28 days post-
surgery, cells were collected via intraperitoneal (IP) lavage in both sham
and implant experimental groups and analyzed by flow cytometry. Cells
were sorted by size and live/dead markers, and then further by CD11b+
myeloid lineage. Cells were further sorted by Ly6C* and Ly6G* markers
and the differences between sham and implant groups are shown. Cell
count of CD11b+Ly6C*Ly6G" myeloid cells was plotted showing a non-
significant (p = 0.2491) increase in the implant group. (c) CD1lb+
myeloid cells were sorted by F4/80 and MHC IlI, and sham vs. implant
groups were compared. Cell count was plotted showing a non-signifi-
cant increase of these cells (p = 0.1877). (d) Hematoxylin and eosin
(H&E) stain of scaffold implant. Tolerance of the implant into the tissue
is shown. M = muscle layer, A = adipose tissue, | = implant. Scale bar,
200 pM. (e) Masson'’s trichrome (MT) stain of the same scaffold implant
as (d). The arrow points to fibrosis and collagen formation as indicated
by blue staining. Scale bar, 200 pM. See Fig. S1f for more data and
experimental details.

the intraperitoneal cavity was accessed but then sutured
without implant placement. Post-operative monitoring
revealed that scaffold-implanted mice exhibited minimal signs
of distress as compared to sham controls, with no significant
weight loss or abnormal behavior at 28 days post-surgery
(Fig. 6a), indicating good tolerance to the implants. At the end-
point of the experiment, cells were collected via intraperitoneal
(IP) lavage and analyzed by flow cytometry. Flow cytometry
data of IP fluid revealed only a slight, but not significant,
increase in Ly6C'Ly6G" myeloid cells (p = 0.2491) and F4/
80'MHCII' (p = 0.1877) macrophages as compared to sham
controls, suggesting a mild and controlled inflammatory
response (Fig. 6b and c). Scaffolds were recovered at the end-
point and prepared for histological analysis. Hematoxylin and
eosin (H&E) staining confirmed that muscle and adipose
tissues surrounding the scaffolds maintained their integrity,
with no distortions or accumulations of mononuclear cells
detected around the scaffolds (Fig. 6d). Masson’s trichrome
(MT) staining confirmed minimal fibrosis surrounding the
scaffold or in the surrounding tissue (Fig. 6e). Thus, histo-
logical analysis indicated that the PVA scaffolds were well-inte-
grated with the surrounding tissues, with minimal fibrosis or
inflammation observed. Overall, the PVA scaffolds supported
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tissue maintenance without inducing significant adverse reac-
tions, underscoring their potential as biocompatible materials
for POP treatment. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Mayo Clinic and approved by the Institutional
Animal Care and Use Committee.

4 Conclusion

Our PVA scaffold exhibits a flexibility comparable to commer-
cially available hernia mesh samples, but with designed,
reduced stiffness and strength, which is critical for preventing
tissue damage. The materials showed varying biodegradation
rates, which is highly desirable for customized tissue scaffolds.
The in vivo mice studies were promising, showing no signs of
inflammation or tissue damage, and no infections were
observed after the implantation. These results suggest that the
material holds strong potential for safe use in medical appli-
cations. Future work will focus on varying the polymer chem-
istry and crosslinking strategies, as these biocompatible
materials may further enhance tissue integration.
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