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Abstract 8 

Current treatment for pelvic organ prolapse (POP) and stress urinary incontinence (SUI) involves 9 

transvaginal implantation of surgical mesh, conventionally made of polypropylene (PP). 10 

However, it has recently become apparent that the mechanical properties of PP are unsuitable, 11 

resulting in serious complications such as tissue erosion. In this study, thermoplastic 12 

polyurethane (TPU) was chosen as an alternative material, and hormone-loaded meshes were 13 

produced by fused deposition modelling (FDM). Filaments containing various concentrations 14 

(0%, 0.25%, 1%) of 17-β-estradiol (E2) were prepared by hot-melt extrusion (HME) and were 3D 15 

printed into meshes with various geometries. The resulting meshes were characterised through 16 

a variety of instruments such as attenuated total reflection-Fourier transform infrared (FTIR) 17 

spectroscopy, scanning electron microscopy (SEM), thermal analysis, fracture force and in vitro 18 

release studies. The results showed that E2 was homogeneously distributed throughout the TPU 19 

matrix. Moreover, the thermogravimetric analysis (TGA) showed degradation temperatures 20 

above those used during the FDM process, showing that the meshes can be produced below the 21 

degradation temperatures of the materials. The fracture force testing showed that material and 22 

mesh geometry influence mechanical properties, with TPU meshes appearing more elastic and 23 

therefore more suitable for pelvic floor repair than PP mesh. However, interestingly the 24 

mechanical properties of the TPU70 filament was not affected by the inclusion of E2. In addition, 25 

the 3D printed meshes showed a linear E2 release profile over a two weeks period, which can 26 

be modified according to the percentage of E2 added to the 3D printed construct. This proof of 27 

concept study demonstrates the potential of using FDM to create a new generation of safer mesh 28 

implants. 29 

Keywords: Pelvic floor disorders; 3D printing; hot-melt extrusion; fused deposition modelling; 30 

mesh implants; drug delivery; estradiol 31 
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1. Introduction 33 

Pelvic organ prolapse (POP) and stress urinary incontinence (SUI) are prevalent pelvic floor (PF) 34 

disorders, affecting one-third of women worldwide (Farmer et al., 2020). Susceptibility rises with 35 

age, with a peak incidence observed in postmenopausal women (Mironska et al., 2019). 36 

Therefore, it is estimated that by 2050 the ageing population will increase the incidence of POP 37 

and SUI by 46% and 55%, respectively (Wu et al., 2009). Although these disorders are not life-38 

threatening, they can impair women’s quality of life by affecting their social, physical, and 39 

psychological wellbeing (Abdel-Fattah et al., 2011). Approximately 20% of patients will require 40 

reconstructive surgery, typically involving the transvaginal placement of mesh to reinforce 41 

weakened tissues and support the prolapsed organs (for POP) or urethra (for SUI) (Farmer et 42 

al., 2020). 43 

Polypropylene (PP) mesh has been used for decades to successfully repair hernias, therefore, 44 

the use of PP became popular for the manufacture of vaginal mesh (Mangir et al., 2018). PP 45 

meshes gained access to the medical device market through the US FDA 510(k) premarket 46 

approval process; thus, clinical trials were not required to support their clearance. Instead, they 47 

received approval after being deemed substantially equivalent to a legally marketed device, and 48 

as a consequence, their safety was not tested for PF applications (U.S. Food and Drug 49 

Administration, 2018a, 2018b). Recently, several public health warnings have been released due 50 

to complications including chronic pain, inflammation, infection and erosion in the tissues 51 

surrounding the implant. Although PP is safe for abdominal hernia repair, these complications 52 

have arisen as the biomechanical and structural properties of the PF differ to those of the 53 

abdomen (Mangir et al., 2018; Mironska et al., 2019). This indicates that new materials need to 54 

be considered for PF applications.  55 

The PF is a dynamic region of the body; therefore, the ideal mesh material should be flexible and 56 

elastic to allow for a range of movements while still being strong enough to provide adequate 57 

support (Mironska et al., 2019). Researchers have investigated the potential of using 58 

biodegradable polymers such as polycaprolactone (PCL) and polylactic acid (PLA) to produce 59 

vaginal mesh, as well as other implantable polymeric drug delivery devices (Stewart et al., 2018). 60 

However, there are concerns that biodegradable polymers may be unable to provide the lasting 61 

support necessary for an efficacious PF repair (Mironska et al., 2019). For this reason, non-62 

biodegradable polymers appear more suitable. In particular, recent studies (Domínguez-Robles 63 

et al., 2020; Shafaat et al., 2018) have used thermoplastic polyurethane (TPU) to produce vaginal 64 

meshes due to the inherent elasticity and biocompatibility of TPU (Mathew et al., 2019a; Stewart 65 

et al., 2018), with the resulting meshes showing more suitable mechanical properties for PF 66 

applications in comparison to PP meshes.  67 
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Commercially available mesh implants are prefabricated, often requiring post-production 68 

modification to match the patient’s anatomy. Thus, the introduction of a new manufacturing 69 

technique could improve surgical outcomes, decrease waste and reduce expenses for healthcare 70 

systems (Ballard et al., 2017). One particular technique, which has recently gained considerable 71 

interest in the medical device industry, is 3D printing (3DP), which enables the fabrication of an 72 

object from a 3D model created using computer-aided design (CAD) software. By combining 73 

medical imaging techniques (e.g. magnetic resonance imaging (MRI), which provides high-74 

resolution images of soft tissues) with 3DP, it is possible to design medical devices that are 75 

adapted to the patient’s individual needs. This could enable patient-specific medical devices to 76 

be fabricated on-demand at the point of care using a 3D printer (Akilbekova and Mektepbayeva, 77 

2017). 78 

There is a wide variety of 3DP technologies; among these, fused deposition modelling (FDM) is 79 

most common due to its manufacturing flexibility, wide range of material choice and cost-80 

effectiveness (Larrañeta et al., 2020; Shahrubudin et al., 2019). FDM extrudes polymeric filament 81 

through a heated nozzle, followed by deposition of this material in successive layers onto a build 82 

plate to produce the desired object (Mathew et al., 2019b). Hot-melt extrusion (HME), can be 83 

integrated with FDM, enabling the combination of polymeric material with active pharmaceutical 84 

ingredients (APIs) to create drug-loaded filaments (Domínguez-Robles et al., 2020, 2019; 85 

Mathew et al., 2019b; Weisman et al., 2015). Accordingly, these filaments can be used in FDM 86 

to prepare drug-eluting devices (Tan et al., 2018). FDM and HME have been previously used to 87 

prepare vaginal meshes, showing promising results that merit further investigation (Domínguez-88 

Robles et al., 2020).  89 

For an implant to successfully integrate into the host tissue, the wound bed must be well 90 

vascularised; however, the paravaginal tissue in postmenopausal women has an inadequate 91 

blood supply due to declined levels of oestrogen (Mangir et al., 2019a). Estradiol is the primary 92 

oestrogen hormone found in premenopausal women (Figure 1) and can stimulate vascular 93 

endothelial cells (Weber et al., 2015). Therefore, incorporating a proangiogenic drug within the 94 

implant appears to be a promising solution with recent research (Mangir et al., 2019a) 95 

demonstrating that estradiol-releasing mesh can double the number of blood vessels in the tissue 96 

surrounding the implant, achieving improved tissue integration. Furthermore, the extracellular 97 

matrix in the vaginal wall, which influences the integrity of the PF, declines in postmenopausal 98 

women, increasing their susceptibility to POP and SUI. Estradiol could provide clinical benefit in 99 

this respect since it maintains the normal functionality and structure of the PF by inhibiting matrix 100 

metalloproteinases and stimulating collagen synthesis (Mangir et al., 2019a; Shafaat et al., 2018; 101 

Turek et al., 2016).  102 
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The current study aims to develop novel vaginal meshes and investigate the effect that material 103 

and mesh geometry have upon the mechanical properties. Several mesh designs were created 104 

using CAD software and were 3D printed with FDM technology using TPU filaments with differing 105 

shore hardness (70A, 80A and 95A) and PP. Furthermore, TPU-based vaginal meshes loaded 106 

with 17-β-estradiol (E2) were prepared with FDM using filaments containing 0.25% and 1% of 107 

E2. All filaments were prepared using HME in order to be used for the 3D Printing FDM process. 108 

The meshes were evaluated using microscopic and spectroscopic techniques, thermal analysis 109 

and were subjected to a drug release study to confirm the efficiency of the meshes. 110 

2. Materials and Methods 111 

2.1. Materials 112 

17-β-estradiol (E2) >97% was acquired from Tokyo Chemical Industry UK Ltd. (Oxford, UK). 113 

Methanol ≥99.9% and phosphate buffered saline (PBS, pH 7.4) tablets were purchased from 114 

Merck (Darmstadt, Germany). Castor oil was acquired from Ransom Naturals Ltd. (Hitchin, UK), 115 

dimethyl sulfoxide (DMSO) was acquired from VWR International (Solon, OH, USA) and . The 116 

polypropylene (PP) filament was obtained from Verbatim (Eschborn, Germany) and the 117 

Elastollan® thermoplastic polyurethane (TPU) pellets with 70A, 80A and 95A shore hardness 118 

were generously supplied by Distrupol (Dublin, Ireland). 119 

2.2. Fabrication of Control and E2-Loaded TPU Filaments  120 

TPU pellets and E2 were blended together using HME in order to produce filaments for the 3DP 121 

of meshes. A previously reported method (Domínguez-Robles et al., 2020; Mathew et al., 2019b; 122 

Weisman et al., 2015) was followed to ensure all pellets were homogenously coated with E2. 123 

This process involved filling 50 mL Falcon tubes with TPU pellets (30 g), adding castor oil (30 124 

µL) and vortexing for a short period to evenly coat the pellets with the oil. The oil-coated pellets 125 

were then placed in fresh 50 mL Falcon tubes to prevent drug loss, potentially occurring due to 126 

adherence to any remaining oil on the inside of the original tubes. Next, 0.25% w/w E2 was added 127 

and the tubes were vortexed to achieve an even coating of drug on the pellets. The E2-coated 128 

pellets were then transferred into a filament extruder (3Devo, Utretch, The Netherlands). The 129 

extruder settings were configured to produce a filament diameter of 2.85 mm using an extrusion 130 

speed between 3 and 5 rpm with an 80% fan speed. The presence of four heaters within the 131 

extruder enabled the temperature to be adjusted between 170 and 190°C. This procedure was 132 

repeated for the preparation of filament containing 1% w/w of E2. To 3D print control meshes, 133 

pure TPU filament was prepared by directly transferring the TPU pellets into the extruder. The 134 

compositions of the various filaments are outlined in Table 1. 135 
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Control filaments with uniform diameters of 2.85 mm were successfully extruded using the TPU 136 

70A, 80A and 95A pellets. The drug-loaded filaments were produced using TPU70, which will be 137 

explained further in section 3.2. 138 

2.3. Fabrication of Control and E2-Loaded Meshes Using 3DP 139 

Meshes with various geometries were designed using CAD software, and using the TPU 140 

filaments previously fabricated by HME, control meshes without drug and meshes loaded with 141 

E2 were 3D printed. For this purpose, an Ultimaker 3 3D printer and its associated Cura® software 142 

(Ultimaker B.V., Geldermalsen, Netherlands) were used. The meshes composed of PP were 3D 143 

printed using the filament purchased from Verbatim (Eschborn, Germany). The optimised printing 144 

parameters are shown in Table 2. 145 

2.4. Characterisation of Control and E2-Loaded TPU Filaments and Meshes  146 

2.4.1. Microscopy 147 

To ensure there was no aggregation of drug within the filaments containing 0.25% and 1% of E2, 148 

microscopic inspection was performed with a Leica EZ4 W digital microscope (Leica, Wetzlar, 149 

Germany); for comparison, the control TPU filament was also inspected. The surface 150 

morphologies of the meshes containing 0%, 0.25% and 1% of E2 were further evaluated with a 151 

TM3030 benchtop SEM (Hitachi, Tokyo, Japan). The SEM images were captured at x40 152 

magnification. 153 

2.4.2. Fourier Transform Infrared (FT-IR) Spectroscopy 154 

In order to determine if any interactions occurred between E2 and TPU, meshes containing 0%, 155 

0.25% and 1% of E2 were analysed by attenuated total reflection-Fourier transform infrared 156 

spectroscopy (ATR-FTIR). Spectra of the meshes were recorded using a Spectrum Two FTIR 157 

Spectrometer (Perkin Elmer, Waltham, MA, USA), between 4000-650 cm-1 and with a 4 cm-1 158 

resolution. For every sample, 16 scans were obtained. 159 

2.4.3. Thermogravimetric Analysis  160 

High temperatures were required during 3DP; therefore, the thermal degradation behaviour of 161 

control and drug-loaded TPU was investigated. A Q500 thermogravimetric analyser (TA 162 

Instruments, New Castle, DE, USA) was used to perform thermogravimetric analysis (TGA) on 163 

5-10 mg mesh fragments containing 0% and 1% of E2 to measure their weight loss. The analyses 164 

were performed from ambient temperature to 550°C with a 10°C increase per minute and a 165 

nitrogen flow rate of 40 mL/min. 166 
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2.4.4. Mechanical Properties 167 

TPU and PP meshes, 50 mm x 10 mm, were 3D printed, and the force required to fracture them 168 

was measured with a TA.XTplus texture analyser (Stable Micro Systems, Surrey, UK). The 169 

meshes were vertically clamped into the equipment, with a distance of 40 mm between the 170 

clamps, and the meshes were stretched up to 200 mm at a 5 mm/s rate. Using the obtained 171 

force/displacement curves, the tensile stiffness and elastic limit of the meshes were determined. 172 

The tensile stiffness was determined from the gradient of the initial linear region of the curve and 173 

the elastic limit was calculated using the 0.2% offset method (Domínguez-Robles et al., 2020). 174 

Furthermore, the elastic modulus and force required to fracture the filaments containing 0%, 175 

0.25% and 1% of E2 were determined. The filaments were vertically clamped into the texture 176 

analyser, with a distance of 40 mm between the clamps, and the filaments were stretched up to 177 

200 mm at a 5 mm/s rate. Using the obtained stress/strain curves, the elastic modulus was 178 

determined from the gradient of the initial linear region (Mathew et al., 2019b). Four replicates 179 

were obtained for every sample.  180 

2.5. In Vitro Drug Release Studies 181 

To quantify E2 elution from the meshes, a release study was conducted. The meshes with the 182 

size of 1 cm x 1 cm containing E2 in three different concentrations (0%, 0.25%, and 1%) were 183 

used in this study. All samples were inserted into Eppendorfs tube containing 2 mL of PBS and 184 

were situated in a 37°C incubator, shaking at 40 rpm. Sampling was performed every 24 hours 185 

by removing the meshes from the Eppendorfs tube, drying them, and transferring them to new 186 

Eppendorfs tube containing 2 mL of fresh PBS. All experiments were conducted in triplicates 187 

over two weeks. Following a previously reported method (Turek et al., 2016), the supernatants 188 

of the samples were freeze-dried using an EF4 Modulyo Freeze Dryer (Edwards Vacuum, 189 

Crawley, UK) to preserve them prior to the HPLC analysis. The dried samples were then 190 

reconstituted with 2 mL of the mixture of methanol:water (65:35 %v/v) just before the HPLC 191 

analysis (Yilmaz and Kadioglu, 2017). The samples were analysed using HPLC Agilent 1200 192 

Series (Agilent Technologies, UK Ltd., Stockport, UK). The HPLC method was adapted from a 193 

previously published one (Yilmaz and Kadioglu, 2017).  194 

 195 

The E2 quantification were performed using Phenomenex® SphereCloneTM C18 ODS (150 mm 196 

length x 4.60 i.d., 5 m particle size) column as a stationary phase. The mixture of 197 

methanol:water (65:35 %v/v) was used as the mobile phase. The analysis was carried out at 198 

room temperature with the flow rate of 1 mL/min and the injection volume was 20 L. Eluted E2 199 
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was detected using UV detector at 283 nm. All the chromatograms were analysed using Agilent 200 

ChemStation® Software B.02.01.  201 

2.6. Statistical Analysis  202 

Quantitative data were presented as a mean ± standard deviation, using a minimum of three 203 

replicates (n ≥ 3). A one-way analysis of variance (ANOVA) was conducted to assess whether 204 

there were significant differences between the means of the data sets; differences were deemed 205 

statistically significant when p < 0.05.  206 

3. Results 207 

3.1. Fabrication and Characterisation of Control and E2-Loaded TPU Filaments and Meshes 208 

Control filaments with uniform diameters of 2.85 mm were successfully extruded using the TPU 209 

70A, 80A and 95A pellets. The drug-loaded filaments were produced using TPU70, which will be 210 

explained further in section 3.2. The TPU70 pellets were combined with E2 using HME, producing 211 

filaments containing 0.25% and 1% w/w of E2, with resulting diameters of 2.85 mm (Figure 2A). 212 

Since E2 is a white powder and all drug-loaded filaments appeared translucent, it could be 213 

suggested that the E2 was successfully mixed within the TPU70 matrix during the extrusion 214 

process. To confirm this, the filaments were inspected under a digital microscope, and as seen 215 

in Figure 2A, the filaments appeared smooth and homogenous with no visible aggregation of E2.  216 

In order to determine if any interactions occurred between E2 and TPU70, ATR-FTIR 217 

spectroscopy was performed. The resulting spectra of the materials containing 0.25% and 1% of 218 

E2 displayed the same peaks as the spectrum of pure TPU70 (Figure 2B). Such an outcome 219 

could be due to the low drug concentrations selected for this study, which were potentially 220 

insufficient to cause peak shift. Thermal analysis was also performed to determine the presence 221 

or absence of interactions between E2 and TPU70. TGA results revealed that TPU70 containing 222 

1% of E2 demonstrated different thermal degradation behaviour compared to pure TPU70 223 

(Figure 2C). The TPU70 containing 1% of E2 began to degrade at lower temperatures than pure 224 

TPU70. To quantify this difference, the onset temperatures (Tonset) of the materials were recorded. 225 

As displayed in Figure 2C, the Tonset (the temperature observed when weight loss of the material 226 

begins) of pure TPU70 was reduced from 313°C to 302°C when 1% of E2 was incorporated into 227 

the material. This slight reduction in the thermal resistance of TPU70 can be attributed to 228 

interactions occurring between E2 and the TPU70 matrix.  229 

The TPU70, TPU80 and TPU95 filaments were used to fabricate meshes without drug, and the 230 

TPU70 filaments containing 0.25% and 1% of E2 were used to fabricate drug-loaded meshes. 231 

CAD software was used to design meshes with different geometries (Figure 3) which were 232 
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subsequently 3D printed. All designs were used to produce control meshes; however, for reasons 233 

that will be discussed in section 3.2, the two-layer circles and lines design (Figure 3A) was 234 

chosen to produce the drug-loaded meshes.  235 

 236 

The resulting 1 x 1 cm two-layer circles and lines meshes, which were 3D printed from the control 237 

TPU70 and E2-loaded TPU70 filaments, are shown in Figure 4B. All meshes appeared 238 

translucent since the E2 was homogenously mixed within the TPU70 matrix. To confirm this, the 239 

meshes were examined using SEM, and as shown in Figure 4C, the surface of the drug-loaded 240 

meshes show no signs of E2 aggregation. Furthermore, due to the inherent flexibility of TPU, the 241 

resulting 3D printed meshes demonstrated flexible characteristics (Figure 4A). 242 

3.2. Mechanical Properties of Control Meshes and E2-Loaded TPU Filaments 243 

The impact mesh geometry and material have on the mechanical properties of meshes was 244 

investigated. For this purpose, meshes were 3D printed using the TPU70, TPU80 and TPU95 245 

filaments and the following mesh constructs were produced: one-layered mesh with circular and 246 

square pores, two-layered mesh with circular and square pores, and two-layered mesh with 247 

circular pores and lines (Figure 3). In order to successfully 3D print the meshes, the printing 248 

parameters were optimised (Table 2). During this process it was noticed that the layer height was 249 

influencing the mechanical properties; therefore, the layer height was varied between 0.1 mm 250 

(slow) and 0.2 mm (fast). It is important to note that CAD models can be designed with numerous 251 

layers, with customisable heights. However, in terms of 3DP parameters, layer height is not 252 

equivalent to the height of one layer of a CAD model; instead, it refers to the height of each layer 253 

successively added during the FDM process, with higher values producing faster prints and lower 254 

values producing slower prints.  255 

The failure of PP mesh for PF applications is largely due to mechanical incompatibility since this 256 

material is too rigid; therefore, it has been reported that vaginal meshes should be manufactured 257 

with flexible and elastic material (Mangir et al., 2018). Initially, two-layered circles and squares 258 

meshes were 3D printed using the fast and slow parameters. For each shore hardness of TPU, 259 

the fast printed meshes were displaying significantly lower tensile stiffness and elastic limits (p < 260 

0.05) when compared to the slow printed meshes (Table 3). For this reason, the fast print 261 

parameter was selected to produce the other mesh designs. The data presented in Table 3 262 

shows that none of the TPU70 meshes failed during the test, whereas the TPU80 and TPU95 263 

meshes fractured. This occurs since TPU70 has lower shore hardness than TPU80 and TPU95, 264 

thus is inherently more elastic. However, it is important to note that the meshes, which did 265 

fracture, only did so after being stretched up to three times their initial length. 266 
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As seen in table 4, mesh geometry also influences the mechanical properties. For each shore 267 

hardness of TPU, the two-layer circles and lines meshes were showing better elasticity and 268 

reduced stiffness compared to the other geometries. For further study, the TPU70 two-layer 269 

circles and lines meshes were chosen as this combination shows the lowest elastic limit and 270 

tensile stiffness; additionally, none of these meshes fractured during the test, demonstrating 271 

excellent strength. Due to limitations of the 3D printer, the TPU70 one-layer circles and squares 272 

meshes could not be prepared. 273 

The mechanical properties of TPU70 and PP were directly compared by producing meshes from 274 

the same two-layer circles and lines design. Figure 5, displays the force/displacement graphs 275 

obtained for the TPU70 and PP meshes. The initial linear region of each graph showed the elastic 276 

behaviour of TPU70 (Figure 5A) and PP (Figure 5B), and when greater forces were applied the 277 

meshes became plastically deformed.  278 

The elastic limit was calculated using the 0.2% offset method, which is the force required to 279 

produce 0.2% of plastic deformation. As shown in Table 5, the TPU70 meshes showed an 280 

average elastic limit of 1.94 N, whereas the PP meshes showed a significantly higher average 281 

elastic limit of 34.46 N (p < 0.05). Such results were expected since PP is an inelastic material, 282 

whereas TPU70 is inherently elastic. 283 

Furthermore, the tensile stiffness of the TPU70 and PP meshes was determined from the 284 

gradient of the initial linear region of the curve. TPU70 meshes had an average tensile stiffness 285 

of 0.65 N/mm, whereas the PP meshes showed a significantly higher average tensile stiffness of 286 

24.40 N/mm (p < 0.05). The results indicate that a larger force was required to cause elongation 287 

within the elastic region of the PP meshes, confirming that PP is both more rigid and less elastic 288 

than TPU70. 289 

The TPU70 filaments containing 0%, 0.25% and 1% of E2 were also tested to determine if adding 290 

drug into the material altered the mechanical properties. The elastic modulus was calculated for 291 

the various filaments. This measures a material’s resistance to elastic deformation when a stress 292 

is applied, with stiffer materials having a higher elastic modulus (Askeland and Fulay, 2006). As 293 

seen in Figure 6, the addition of E2 did not affect the elastic modulus of TPU70 (p > 0.05). None 294 

of the filaments fractured during the testing process, demonstrating their elasticity. These results 295 

prove that E2 does not hinder the elasticity of TPU70 which is important for future applications 296 

since TPU70 was chosen to circumvent the rigidity of conventional PP. 297 

3.3. In Vitro Release Study of E2 from 3D Printed Meshes 298 

The results of the E2 released as a function of time for the 3D printed meshes are displayed in 299 

Figure 7. The prepared meshes are capable of providing linear drug release profiles without any 300 
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initial burst effect, or either any faster initial release rates for two weeks. Moreover, it can be seen 301 

that the linear release profile can be modulated by the amount of E2 added to the 3D printed 302 

meshes. The total amount of E2 released after 15 days significantly increased with drug loading, 303 

from 0.25% (15.11 µg) to 1.00% (33.03 µg). However, when the release is expressed as 304 

percentage of the initial drug loading (see Supporting Information, Figure S1), TPU meshes 305 

containing 0.25% of E2 showed a higher percentage released after two weeks (15.32%), 306 

compared with the TPU meshes containing 1% of E2 (7.42%). Thus, it could be inferred that E2 307 

might be interacting with TPU within the meshes, avoiding a greater drug release, as previously 308 

reported with different drug compounds (Domínguez-Robles et al., 2020; Punnakitikashem et al., 309 

2014).   310 

4. Discussion  311 

Following the clearance of the first transvaginal mesh product, the ProteGen Sling (Boston 312 

Scientific, Marlborough, MA, USA) in 1996 by the US FDA, the use of surgical mesh quickly 313 

became popular for PF reconstructive surgery (Heneghan et al., 2017). The most common 314 

material used to manufacture these meshes has been the synthetic polymer PP, due to its inert 315 

and non-biodegradable properties. However, during the past decade there has been increasing 316 

evidence that PP-based meshes are unsuitable for PF applications (Mancuso et al., 2019). The 317 

transvaginal implantation of PP-based mesh is associated with post-operative complications in  318 

many women (e.g. chronic pain, infection and tissue erosion), thus has become a public health 319 

concern (Mangir et al., 2019b). It is now widely accepted that the mechanical incompatibility of 320 

rigid PP with the elastic paravaginal tissue is the major cause of PP failure in the PF (Mangir et 321 

al., 2018). Consequently, there is a need to identify alternative materials for mesh manufacture, 322 

with the ideal material possessing elasticity and strength (Shafaat et al., 2018).  323 

This current research using FDM to produce mesh prototypes for potential application in PF 324 

reconstruction, aiming to address the issues associated with PP mesh. TPU was the polymer 325 

selected to produce the prototypes due to its proven elasticity and biocompatibility (Farmer et al., 326 

2020). Moreover, TPU has been previously used for the production of mesh implants and has 327 

demonstrated appropriate strength and elasticity to support the PF (Domínguez-Robles et al., 328 

2020; Hillary et al., 2016; Shafaat et al., 2018). For successful integration of the implant into the 329 

wound bed, it must have a rich blood supply, which is a major challenge as postmenopausal 330 

women are most susceptible to PF disorders and there is reduced blood flow to the vaginal tissue 331 

after menopause (Mangir et al., 2019a; Semmens and Wagner, 1982; Shafaat et al., 2018). 332 

Accordingly, a proangiogenic drug was incorporated into the meshes. 333 
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The use of electrospinning to prepare mesh implants loaded with E2 for PF repair has 334 

demonstrated that estradiol-releasing mesh can double the number of blood vessels in the tissue 335 

surrounding the implant when tested in vivo (Mangir et al., 2019a; Shafaat et al., 2018). 336 

Therefore, E2 was selected as the proangiogenic drug for this study. TPU filaments containing 337 

E2 were prepared using HME to manufacture meshes using FDM. The success of coating TPU 338 

pellets with drug using an oil method and then mixing the pellets with a single screw extruder has 339 

been previously reported, thus these methods were followed for this study (Domínguez-Robles 340 

et al., 2020; Mathew et al., 2019b; Tappa et al., 2017). The resulting filaments showed a 341 

homogenous distribution of E2 as there were no visible E2 aggregates (Figure 2A). The ATR-342 

FTIR spectra of TPU loaded with E2, showed no peak shift from the spectrum of pure TPU (Figure 343 

2B). As previously mentioned, this was likely due to the low concentration of E2 selected for this 344 

work. Similar results have been reported for the combination of TPU with tetracycline and 345 

levofloxacin (Domínguez-Robles et al., 2020; Mathew et al., 2019b). To the best of our 346 

knowledge, FTIR characterisation has not been previously performed on TPU containing E2. 347 

However, a study combining poly(L-lactide-co-glycolide-trimethylenecarbonate) with 10% w/w of 348 

E2 showed similar results as no peak shift was observed; the authors concluded that this was 349 

due to the low drug content (Turek et al., 2016). This therefore confirms that the maximal drug 350 

loading of 1% E2 in the present study was too low to obtain conclusive FTIR results. To further 351 

investigate if any interactions occurred between E2 and TPU, thermal analysis was performed. 352 

The TGA results (Figure 2C) confirm that E2 was successfully dissolved within the TPU matrix 353 

as a reduced onset temperature was observed for TPU containing 1% of E2. Although the 354 

addition of E2 caused a slight reduction in the thermal resistance of TPU, the degradation 355 

temperatures were above those used during the FDM process, indicating that E2-loaded meshes 356 

can successfully be produced using 3DP. These results were consistent with previously 357 

published data of TPU-based materials containing drugs. Dominguez et al. and Mathew et al. 358 

reported similar behaviours for TPU-based materials containing 1% of tetracycline and 1% of 359 

levofloxacin respectively. Moreover, similar behaviour was observed for TPU loaded Schiff bases 360 

acting as flame retardant (Domínguez-Robles et al., 2020; Mathew et al., 2019b; Naik et al., 361 

2015).  362 

The medical device industry is continuously evolving, with personalised medical devices rapidly 363 

gaining attention due to their ability to reduce adverse effects and increase treatment efficacy for 364 

patients (Akilbekova and Mektepbayeva, 2017). Therefore, in addition to developing safer mesh 365 

implants, this study investigated the potential use of technologies that would allow patient-366 

specific meshes to be easily manufactured at the point of care. FDM appears to be an ideal 367 

technology that would enable a transition away from the current approach of manufacturing large 368 

batches of one-size-fits-all medical devices (Ahangar et al., 2019). Control and drug-loaded TPU 369 

meshes were successfully 3D printed with FDM technology (Figure 4B). All meshes appeared 370 
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translucent suggesting that E2 was homogenously distributed throughout the TPU matrix. SEM 371 

was used to confirm this, with the captured images (Figure 4C) showing no aggregation of E2 372 

within the meshes.  373 

Strategies that can be used to develop more mechanically compliant meshes include modifying 374 

the mesh geometry and changing the material used for manufacture (Afonso et al., 2008; Mangir 375 

et al., 2018). Stiffer materials are associated with an increased risk of tissue erosion; thus, it has 376 

been suggested that meshes with low tensile stiffness (i.e. low resistance to deformation at forces 377 

within the elastic region) would be more suitable for PF applications (Afonso et al., 2008). Meshes 378 

were produced from TPU with varying shore hardness (70A, 80A and 95A) to determine the 379 

impact material has on the mechanical properties. The TPU70 meshes appeared most promising 380 

as none fractures during the testing and they were least stiff (Table 3). Moreover, to investigate 381 

the impact of mesh geometry on the mechanical properties, various mesh designs were created 382 

(Figure 3). The TPU70 two-layer circles and lines mesh (Figure 3A) was selected for further study 383 

since this construct demonstrated the lowest stiffness. To further investigate the effect of 384 

material, PP meshes were prepared using the same design. The TPU70 meshes had an average 385 

stiffness of 0.65 N/mm, while PP meshes had higher average stiffness of 24.40 N/mm (Table 5). 386 

Although the mesh designs used in this work differ from commercially available PP meshes, the 387 

results provide a good indication of how material and mesh geometry affect the mechanical 388 

properties, and highlight the rigidity and unsuitability of PP. Other mesh geometries could be 389 

easily designed using CAD software and rapidly prototyped using FDM.  390 

The release study showed a linear drug release profile of the hormone E2 for 15 days, regardless 391 

of the E2 loaded percentage (0.25% or 1.00%) into the TPU meshes. A previously published 392 

work describing the use of FDM to perform PCL constructs loaded with 1% of E2 showed that 393 

this approach was able to provide a drug release at a steady rate for 7 days (Tappa et al., 2017). 394 

PCL constructs (discs of 5 x 1 mm) prepared in this study released 215 ng/mL of the E2 hormone 395 

by the end of the seventh day. However, TPU meshes (10 x 10 mm) prepared in our work and 396 

loaded with 1.00% of E2 provided a release of ca. 7,500 ng/mL after 7 days and ca.16,500 ng/mL 397 

after 15 days (see Supporting Information, Figure S2). These values are even higher than the 398 

ones obtained in a different study, where the authors designed an oestradiol-releasing 399 

electrospun PLA mesh, which was loaded with 1, 5 and 10% of the drug (Mangir et al., 2019a). 400 

In this work, authors demonstrated that the inclusion of this hormone to the prepared PLA-based 401 

electrospun meshes enhanced the ability of human adipose derived mesenchymal cells to 402 

stimulate new extracellular matrix production in vitro. Moreover, the release of this drug also 403 

helped to stimulate new blood vessel formation around the construct (Mangir et al., 2019a). 404 

Based on the results of the release study, when these are expressed in percentage as a function 405 

of initial E2 drug loading (Figure S1), an interaction between TPU and E2 may be occurring. This 406 
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interaction can prevent a higher drug release and has been previously reported between other 407 

drugs such as levofloxacin and dipyridamole and polyurethane (Domínguez-Robles et al., 2020; 408 

Punnakitikashem et al., 2014).  409 

This study demonstrates the potential of using FDM to manufacture mesh implants, which is only 410 

one possible application of this emerging technology. Recent work of particular relevance to this 411 

research is the use of FDM to manufacture anti-infective vaginal meshes (Domínguez-Robles et 412 

al., 2020). These authors used HME to load levofloxacin into 3D printed meshes to prevent post-413 

operative infection, with the resulting meshes demonstrating better mechanical properties than 414 

PP mesh. The use of FDM has also been previously reported for the manufacture of anti-infective 415 

dialysis catheters (Mathew et al., 2019b), intrauterine systems (Holländer et al., 2016) and 416 

subcutaneous implants for prolonged drug delivery (Stewart et al., 2020).  417 

5.  Conclusion 418 

This proof of concept study demonstrates the possibility of preparing patient-specific 419 

proangiogenic meshes and shows how material choice and mesh geometry can be modified to 420 

prepare meshes with safer mechanical properties. These TPU-based meshes loaded with E2 421 

were capable of providing linear drug release for 15 days. Thus, these constructs have the 422 

potential to act as a form of personalised medical device for drug delivery and optimised setting 423 

based on patient-specific anatomy. Finally, the customised medical device industry is rapidly 424 

evolving, which has created challenges in defining regulatory standards regarding the quality 425 

assurance of the manufacturing process. However, the US FDA has recently published 426 

guidelines on how to appropriately use 3DP technology to produce medical devices, including 427 

considerations such as material control, printing parameters and post-production sterilisation 428 

(U.S. Food and Drug Administration, 2017). 429 
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557 
Figure 1. Structure of 17-β-estradiol. 558 
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 561 

562 
Figure 2. Microscopy image of control and E2-loaded TPU70 filaments (A). ATR-FTIR spectra 563 

of E2, pure TPU70 and TPU70 loaded with 0.25% and 1% of E2 (B). TGA of pure TPU70 and 564 

TPU70 loaded with 1% of E2 (C). 565 

 566 
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568 
Figure 3. CAD models of the two-layer circles and lines mesh (A), two-layer circles and 569 

squares mesh (B) and one-layer circles and squares mesh (C) with their dimensions. 570 

 571 
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573 
Figure 4. A photograph demonstrating the flexibility of a 3D printed TPU70 mesh (A). A 574 

photograph of control and E2-loaded TPU70 meshes with the two-layer circles and lines 575 

geometry (B). SEM micrographs of control and E2-loaded TPU70 meshes with the two-layer 576 

circles and lines geometry at x40 magnification (C). 577 
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580 
Figure 5. Force/displacement graphs obtained for two-layer circles and lines meshes produced 581 

from TPU70 (A) and PP (B). 582 
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 585 

 586 
Figure 6. Elastic modulus of the TPU70 filaments containing 0%, 0.25% and 1% E2. 587 
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 590 
Figure 7. In vitro cumulative release profile of E2 from the different E2 loaded TPU meshes 591 

(n = 3). 592 
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Table 1. Filament compositions. 594 

Formulation TPU (g) Castor Oil (µL) E2 (g) 

TPU 30 - - 

0.25% E2 30 30 0.075 

1.00% E2 30 30 0.3 

 595 
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Table 2. 3DP parameters used to fabricate TPU and PP meshes. 597 

Material Mesh Design 
Print-Head 

Temperature 
(°C) 

Bed 
Temperature 

(°C) 

Layer 
Height 
(mm) 

Speed 
(mm/s) 

Infill 
Density 

(%) 

TPU70/80/95 

1-layer circles/squares 223 65 0.1 25 100 

1-layer circles/squares 223 65 0.2 25 100 

2-layer circles/squares 223 65 0.1 25 100 

2-layer circles/squares 223 65 0.2 25 100 

2-layer circles/lines 223 65 0.2* 25 100 

PP 
2-layer circles/squares 208 85 0.1 25 100 

2-layer circles/lines 208 85 0.1 25 100 

*Printing with 0.1mm layer height was unsuccessful. 598 

  599 
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Table 3. Mechanical properties of TPU meshes printed using the fast and slow parameters. 600 

Material Mesh Design 
Elastic 
Limit 
(N) 

Tensile 
Stiffness 
(N/mm) 

Fracture 
Force (N) 

Elongation at 
Break (mm) 

TPU70 
2-layer circles/squares (fast) 2.14 ± 0.11 0.70 ± 0.01 - - 

2-layer circles/squares (slow) 3.41 ± 0.11 1.13 ± 0.03 - - 

TPU80 
2-layer circles/squares (fast) 4.48 ± 0.14 1.37 ± 0.05 36.90 ± 1.96 164.84 ± 12.83 

2-layer circles/squares (slow) 5.69 ± 0.08 1.94 ± 0.07 46.00 ± 7.00 186.70 ± 10.30 

TPU95 
2-layer circles/squares (fast) 5.14 ± 0.31 4.19 ± 0.11 82.88 ± 2.29 145.94 ± 3.35 

2-layer circles/squares (slow) 6.77 ± 0.37  5.64 ± 0.34 107.89 ± 4.59 165.57 ± 1.78 

 601 
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Table 4. Mechanical properties of TPU meshes printed using the fast parameter. 603 

Material Mesh Design 
Elastic 
Limit 
(N) 

Tensile 
Stiffness 
(N/mm) 

Fracture 
Force  

(N) 

Elongation at Break 
(mm) 

TPU70 

1-layer circles/squares (fast) - - - - 

2-layer circles/squares (fast) 2.14 ± 0.11 0.70 ± 0.01 - - 

2-layer circles/lines (fast) 1.94 ± 0.16 0.65 ± 0.04 - - 

TPU80 

1-layer circles/squares (fast) 4.32 ± 0.53 1.43 ± 0.17 37.05 ± 7.63 163.24 ± 38.54 

2-layer circles/squares (fast) 4.48 ± 0.14 1.37 ± 0.05 36.90 ± 1.96 164.84 ± 12.83 

2-layer circles/lines (fast) 4.29 ± 0.23 1.35 ± 0.09  - - 

TPU95 

1-layer circles/squares (fast) 4.81 ± 0.25 3.60 ± 0.27 71.13 ± 2.28 140.87 ± 7.79 

2-layer circles/squares (fast) 5.14 ± 0.31 4.19 ± 0.11 82.88 ± 2.29 145.94 ± 3.35 

2-layer circles/lines (fast) 4.68 ± 0.55  4.28 ± 0.17 60.28 ± 6.79 114.00 ± 11.61 

 604 

  605 
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Table 5. Mechanical properties of TPU and PP meshes. 606 

Material Mesh Design 
Elastic Limit 

(N) 
Tensile Stiffness 

(N/mm) 

TPU70 2-layer circles/lines  1.94 ± 0.16 0.65 ± 0.04 

PP 2-layer circles/lines  34.46 ± 0.76 24.40 ± 0.13 

 607 

 608 


