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Abstract 11 

Vulvovaginal candidiasis is a vaginal infection that affects women of reproductive age. Its first-line 12 

treatment consists in topical applications of conventional drug formulations (e.g., creams and 13 

pessaries) containing imidazole drugs. However, the high frequency of administration and 14 

recurrences negatively impact patients’ well-being. In this context, intravaginal rings (IVRs)offer 15 

the possibility of controlled local drug delivery with one single application, thus possibly increasing 16 

patient compliance. This project aimed to fabricate, via 3D printing (3DP), IVRs to highlight the 17 

potential application of these medical devices for antifungal therapy. Ethylene-Vinyl Acetate 18 

copolymer (EVA) was chosen as the matrix for the medical devices, and bifonazole (BFZ) and 19 

clotrimazole (CTZ) was compared as antifungal drugs. The IVRs were computer-designed 20 

accordingly to standard measures and printed with the Fused Deposition Modeling (FDM) 21 

technique, coupled with Hot-Melt Extrusion (HME). The resulting medical devices were physico-22 

chemically characterized usingFourier Transformed Infrared spectroscopy (FTIR), and the thermal 23 

behavior was investigated with Thermogravimetric Analysis (TGA) and Differential Scanning 24 

Calorimetry (DSC). In addition, the drug release profile was evaluated in 50% Ethanol in water at 25 

37°C, showing a sustained release over a week. To evaluate the antifungal activity, an in vitro time-26 

kill assay was performed against Candida albicans for 7 days, exhibiting a complete growth 27 

inhibition after 4 days for the3D printed IVRs. Overall, this work represents a step forward in the 28 

production of 3D printed IVR potentially able to exert antifungal activity with one single 29 

application. 30 
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1. Introduction 36 

Vulvovaginal candidiasis (VVC) is a frequent and common infection of the vulva and/or vagina 37 

predominantly caused by the pathogen fungus Candida albicans, or related fungi. After bacterial 38 

vaginosis, it is the second most common cause of vaginal infections, affecting millions of women 39 

every year (Sobel, 2007). Candida albicans is commonly found on the mucous surfaces of the 40 

human body, being part of the quiescent flora. However, changes in the environment can promote 41 

proliferation and infection development, characterized by the following symptoms including 42 

itching, vaginal soreness, irritation, burning, swelling, dyspareunia, external dysuria, and abnormal 43 

vaginal discharge (Gonçalves et al., 2016; Gulati and Nobile, 2016). The pathogenesis depends on 44 

the virulence of the Candida and on the defence mechanisms of the individual. Some predisposing 45 

factors and triggering mechanisms have been identified, such as the use of antibiotics, uncontrolled 46 

diabetes, use of contraceptives, and hormonal genetic and lifestyle-related factors (Dall et al., 2009; 47 

Spinillo et al., 1995; Yano et al., 2019). 48 

The conventional treatment of candidiasis consists in administering antifungal drugs, available in a 49 

variety of standard formulations, such as pessaries or creams, for a duration from three to seven 50 

days (Johal et al., 2016). Among antifungal drugs, the class of imidazoles is still considered the 51 

first-line treatment for Candida albicans infections. This class of drugs inhibits the enzyme 52 

lanosterol 14-alpha-demethylase, cytochrome P450 dependent, which is essential for sterols 53 

biosynthesis.  54 

Moreover, the maintenance regimen is recommended to avoid recurrences and includes oral weekly 55 

antifungal drugs for up to 6 months (Farr et al., 2021). Despite the therapeutic advances, the high 56 

frequency of treatment administration, the onset of symptoms, and recurrences still impact the 57 

psychological well-being of patients (Aballéa et al., 2013; Denning et al., 2018). Thus, finding an 58 

efficient strategy is needed. In this context, IVRs can represent an alternative delivery form. IVRs 59 

are flexible medical devices that provide a continuous and sustained or controlled local delivery of 60 

the drug incorporated, with a single application (Carson et al., 2021). Based on the advantages 61 

conferred, such as the safety and the low side effects, IVRs are well-accepted by women (Griffin et 62 

al., 2019) being already established for hormonal therapy (Kerns and Darney, 2011). Additionally, 63 

their feasibility and efficacy in other applications associated with women’s health have been 64 

investigated (e.g., as a microbicide against sexually transmitted infections (Malcolm et al., 2016) 65 

and as cervical ripening agents (Wang et al., 2018). The materials utilized for the fabrication of 66 

IVRs require specific mechanical characteristics such as elasticity and flexibility. The most 67 

common materials employed are silicone elastomer and polyurethane (Boyd et al., 2014). Our group 68 

has previously demonstrated the possibility to produce antifungal IVRs by 3D printing using 69 



thermoplastic polyurethane (Tiboni et al., 2021). This project aimed to make a step forward on the 70 

development of a new generation of vaginal devices using EVA copolymer as matrix exploring also 71 

bifonazole as potential drug candidate for this application.  72 

In recent years, thermoplastic EVA copolymers have shown great potential for the manufacturing of 73 

sustained-release matrices. EVA is a biocompatible, insoluble, and non-toxic thermoplastic 74 

copolymer of ethylene (E) and vinyl acetate (VA), which has FDA approval, and it is a plastic 75 

material suitable to produce particularly elastic products, which stand out for their softness and 76 

flexibility (Genina et al., 2016; Henderson, 1993). An example of an EVA-based device, that is 77 

available on the market, is the contraceptive IVR Nuvaring®, where the active pharmaceutical 78 

ingredients (API) (etonogestrel and ethinylestradiol) are homogeneously distributed within the core 79 

polymer, which is in turn covered with a rate-limiting drug-free EVA sheet (“NuvaRing® 80 

(etonogestrel/ethinyl estradiol vaginal ring) ǀ Official Site,”). However, at present, the application of 81 

IVRs for antifungal treatment has been poorly investigated.  82 

The project aimed to additionally explore the possibility of producing 3D printed IVRs for the 83 

treatment of recurrent fungal infections, able to efficiently exert antifungal activity with one single 84 

application. For this purpose, EVA was selected as supporting polymer, and the efficacy of BFZ 85 

and CTZ as API was compared. IVRs were 3D printed with Fused Deposition Modeling (FDM) 86 

technique, coupled with HME to produce the filaments needed during the printing process. The 87 

advantage on using 3D printing instead of other techniques relies on the possibility to personalize 88 

the shape, the dimensions and the dosage of the medical device based on the different patients’ 89 

needs. Moreover, the 3DP technology has a lower cost compared to industrial production of special 90 

vaginal rings. After an initial characterization comprising size, weight, and drug content 91 

homogeneity, the chemical composition, thermal studies (i.e., DSC and TGA), and drug release 92 

were evaluated. Finally, to assess the antifungal potentiality of the devices, the in vitro antifungal 93 

activity was investigated against Candida albicans for up to 7 days.94 



2. Materials and methods  95 

 96 

2.1 Materials  97 

EVA1070 copolymer (EVA, Ateva®), in micronized powder form was kindly donated by Celanese 98 

Corporation (Germany – USA). The key characteristics of the polymer are a VA content of 9%, 99 

tensile strength at break of 17-18 MPa, elongation at break of 400-600%, and flexural modulus of 100 

101 MPa. Bifonazole (BFZ) was purchased from BLD pharm (Germany); while clotrimazole (CTZ) 101 

was purchased from Tokyo Chemical Industry (Japan). Methanol, Ethanol, Acetonitrile (ACN), 102 

Trifluoracetic acid (TFA), sodium chloride, glacial acetic acid, and formic acid were purchased 103 

from Merck (Germany). Lactic acid was purchased from A.C.E.F. (Italy). All solvents used were 104 

HPLC grade. 105 

 106 

2.2 Methods  107 

2.2.1 Preparation of EVA filaments containing BFZ and CTZ by HME 108 

For the fabrication of 3D printed IVRs, FDM feeding filaments were prepared using HME. For this 109 

purpose, EVA in micronized form was mixed with 10% w/w of BFZ or 10% w/w of CTZ. Mixture 110 

homogeneity was ensured using a mechanical mixer (Galena Top powder mixer, Ataena, Italy) at a 111 

constant speed for 30 minutes. The resulting blends were fed in the filament extruder (Noztek Pro 112 

HT, 3 mm nozzle, Noztek, UK), equipped with a stainless-steel barrel and screw, and extruded at 113 

170°C for BFZ and 155°C for CTZ. Blank filaments were produced by feeding the extruder with 114 

pure EVA and extruded at a temperature of 150°C (Table 1). The final filaments’ diameters ranged 115 

between 2.75-2.85 mm.  116 

 117 

Table 1. Optimization of HME and FDM parameters used during the production of the IVRs. 118 

Material Extrusion Temperature (HME) Printing Temperature (FDM) 

EVA 150°C 190°C 

EVA + 10% BFZ 170°C 200°C 

EVA + 10% CTZ 155°C 190°C 

 119 

2.2.2 Fabrication of 3D printed IVRs containing BFZ and CTZ by FDM 3D printing 120 

Drug-loaded and blank IVRs were printed with the prepared filaments using an Ultimaker 3 FDM 121 

3D printer (Ultimaker, The Netherlands). The ring model was designed with a CAD-based software 122 

and then converted to a print pattern using UltimakerCura5.0 software (Ultimaker, The 123 

Netherlands). The printing parameters were set as follows: layer height 0.1 mm with 100% of infill 124 



density and printing speed of 25 mm/s. The printing temperatures, reported in Table 1, were 190°C 125 

both for the blank and CTZ-loaded rings, and 200°C for the ring containing BFZ. The build plate 126 

was always kept at 60°C. 127 

 128 

2.2.3 Characterization of 3D printed IVRs 129 

After printing, the IVRs were weighed and the OD and CSD were measured using a digital caliper 130 

(Mitutoyo, Japan), taking care to ensure that the IVRs were not compressed or distorted during 131 

measurements. In addition, filaments and the printed rings were observed with a stereo microscope 132 

(Nikon SMZ-1, Nikon, Japan). 133 

 134 

2.2.3.1 Homogeneous distribution of the drug 135 

To evaluate the homogeneous distribution of the API in the device, different samples were cut from 136 

the printed rings and placed in ethanol for 48 hours under gentle stirring. The amount of BFZ and 137 

CTZ released was measured by High Performance Liquid Chromatography (HPLC, Agilent 1260 138 

Infinity II, Agilent, USA). The analysis was conducted with a flow rate of 1 mL/min in an Agilent 139 

Zorbax Eclipse Plus C18, 150 × 4.6 mm, 5 µm column (Agilent, USA), keeping the analysis system 140 

at room temperature. For BFZ, 0.05% TFA in water and 0.1% TFA in methanol (ratio 30:70) were 141 

selected as mobile phases; the injection volume was 10 µL and the detection signal was recorded at 142 

250 nm. While for CTZ, a mixture of 0.5% FA in water and acetonitrile (ratio 55:45) were selected 143 

as mobile phases and the detection signal was recorded at 230 nm.  144 

Furthermore, the homogeneous distribution of the drug among the IVRs was confirmed using 145 

Attenuated Total Reflectance (FTIR, ATR-FTIR, Spectrum Two FT-IR spectrometer with ATR 146 

accessory, Perkin Elmer, MA, USA), by comparing the chemical composition of the printed devices 147 

with the starting materials. For this purpose, measurements were performed at 450-4000 cm-1 with a 148 

resolution of 4 cm-1and a total of 64 scans. 149 

 150 

2.2.3.2 Thermal behaviour  151 

The thermal behaviour of the raw materials and the printed devices was assessed using TGA and 152 

DSC. 153 

For TGA, (TGA Perkin Elmer 4000, Perkin Elmer, MA, USA) scans were run from room 154 

temperature to 500°C, at a speed rate of 10°C/min under a nitrogen flow rate of 30 mL/min.  155 

For DSC (DSC Perkin Elmer 6000, Perkin Elmer, MA, USA), approximately 3 mg of each sample 156 

were placed in aluminium pans and were heated up with a fixed heating rate of 10°C/min from 30 157 

to 200°C, cooled down at a fixed cooling rate of 5 °C/min to -30 °C and heated up again to 200 °C. 158 



All thermal data were analyzed by Pyris Manager software (Perkin Elmer, MA, USA).The 159 

crystallinity degree (c) was calculated according to equation 1. 160 

c(%) = [DHm/(DHm* )]*100       (1) 161 

 162 

Where the DHm and DHm*are the melting enthalpies of the analyzed sample and the enthalpy of the 163 

100% crystalline polyethylene (DHm*=287.3 J g-1) respectively.  164 

 165 

2.2.4 In vitro BFZ and CTZ release study 166 

For the release study, the 3D printed IVRs were placed in sealed glass bottles with 100 mL of 167 

release medium (50%Ethanol in water). The bottles were kept at 37°Cunder gentle stirring (100 168 

rpm) for seven days.1 mL of each sample was withdrawn every two hours for the first 6 hours, then 169 

every 24 hours, replacing the volume with fresh medium, preheated at the same temperature. The 170 

amount of BFZ and CTZ released from the IVRs was measured with HPLC as reported above 171 

(section 2.2.3.1). Experiments were conducted in triplicate. 172 

 173 

2.2.5 Microbial strain and culture conditions  174 

In this study, the reference strains Candida albicans ATCC 10231 was selected. The strain was 175 

grown on Sabouraud Dextrose Agar (SDA) plates (VWR, Milan, Italy) at 37 °C for 24 h, while the 176 

stock cultures were kept at -80 °C in Nutrient Broth (VWR) with 15% of glycerol.  177 

 178 

2.2.6 Minimum inhibitory concentration (MIC) determination of both BFZ and CTZ 179 

The MIC of each drug was determined following the standard micro-dilution method (Espinel-180 

Ingroff et al., 2007). As first, BFZ and CTZ stock solutions were prepared in DMSO of biological 181 

grade (2 mg/mL) and stored at 4°C in the dark. C. albicans ATCC 10231 was incubated in Tryptone 182 

Soy Broth (TSB, VWR) (20 mL) for 24 h at 37 °C. Afterwards, the microbial suspension was 183 

spectrophotometrically adjusted (OD 600 nm) to 0.13-0.15 corresponding to about 106 CFU/mL. 184 

Then, 100 µL of this suspension was diluted 1:50 in standard RPMI 1640 medium (Sigma-Aldrich, 185 

Milan, Italy) and inoculated into a 96-well plate together with the adequate volumes of BFZ and 186 

CTZ solution (0.0625–16 µg/mL). Two rows inoculated with medium without the antifungal agent 187 

(control growth) and one with only medium (negative control) were considered. Preliminary tests 188 

were performed with DMSO to exclude its possible antifungal activity; in any case, the volume of 189 

DMSO never exceeded 5% (v/v). All the plates were incubated at 37 °C and examined after 24 h of 190 

incubation. MIC is defined as the lowest drug concentration able to inhibit the visible growth in 191 

comparison to the untreated control. The turbidity of the 96-well plate was also measured using a 192 



spectrophotometer (530 nm) (Multiskan EX, Thermo Scientific). C. albicans ATCC 10231 193 

exhibited sensitivity to BFZ and CTZ showing MIC values of 2 and 0.0625 µg/mL respectively. 194 

 195 

2.2.7 Preliminary anticandidal assay in agar plates 196 

All the formulated IVRs (blank, 10% BFZ, and 10% CTZ) were previously sterilized by UV 197 

radiation underflow safety cabinet for 1 hour (30 minutes for each side) and then stored in sterile 198 

Petri dishes. The anticandidal assay was performed as previously reported (Tiboni et al., 2021). 199 

Briefly, several colonies of C. albicans ATCC 10231 were inoculated into TSB (15 mL) and 200 

incubated at 37 °C for 24 h. The suspension was then quantified by spectrophotometer as described 201 

above and 500 µL of this culture was added to 25 mL of sterile SDA maintained at 50 °C and gently 202 

homogenised. At this point, 15 mL were rapidly poured into a petri dish and allowed to solidify for 203 

several minutes; the formulated IVR was placed in the centre of the solidified layer and the 204 

remaining 10 mL of inoculated SDA were poured to englobe the medical device. This procedure 205 

was carried out for each formulated IVR in duplicate. The plates were incubated at 37 °C for 24 h, 206 

afterwards the presence of a well-defined zone of growth inhibition visible around each IVR, index 207 

of anticandidal activity, was observed and measured.  208 

 209 

2.2.8 Time-kill assay 210 

In this study, a vaginal simulative medium (VSM)(Kasper et al., 2015)was used to simulate the 211 

typical vaginal environment of Candida infection. The VSM was composed as follow: bovine 212 

serum albumin (18 mg/L), NaCl (3.5 g/L), KOH (1.4 g/L), Ca(OH)2 (0.22 g/L), lactic acid 90% (2.2 213 

g/L), glycerol 50% (0.32 g/L), urea (0.4 g/L), glacial acid acetic (1 g/L), glucose (0.5% w/v) 214 

adjusted to pH 4.2. VSM was then sterilized by filtration (0.22 µm filters) and maintained at 4 °C 215 

before use. 216 

The day before the experiments, a series of sterile tubes with 20 mL of VSM were prepared and 217 

organized as follow: one tube with 10% CTZ IVR, one tube with 10% BFZ IVR, an done with 218 

blank IVR (control). The test organism was incubated in 15 mL of TSB at 37 °C for 24 h and, at the 219 

end of the incubation period, the suspension was centrifuged at 3,500 rpm for 10 min, the pellet was 220 

resuspended in the same volume of VSM up to a turbidity of ca 106 CFU/mL. At this point, 1 mL of 221 

the inoculum was added to the different sterile tubes incubated at 37 °C with gentle shaking (100 222 

rpm). At established time points (up to seven days: baseline, 24, 48, 72, 96, 120, 144, and 168 h), 223 

100 µL aliquots were aseptically removed from each series, diluted in sterile physiological saline 224 

solution, and spread in triplicate (10 µL) onto SDA plates. After 24 h of incubation at 37 °C, the 225 

plates were observed for CFU/mL enumeration. All the experiments were performed in triplicate 226 

using independent cultures. 227 



3. Results and Discussion 228 

3.1 Fabrication and characterization of 3D printed IVRs 229 

3D printed IVRs with 10% BFZ and 10% CTZ were produced by HME coupled with FDM 230 

technique. The design was chosen to comply with the already commercialized rings, the sizes of 231 

which are 54 mm of outer diameter (OD) and 4 mm of cross-sectional diameter (CSD). Filaments 232 

and 3D printed rings were observed with a microscope to ensure the absence of aggregates as 233 

shown in Figure1. The blank and loaded filaments and IVRs presented a smooth and uniform 234 

surface. In particular, the blank IVRs were clear and transparent, while the drug-loaded IVRs 235 

showed, respectively, intense white color for the BFZ IVR, and a white to pale yellow for the CTZ 236 

IVR, due to the presence of the drugs, as already noticed during the HME process.  237 

 238 
Figure 1 Starting filaments and final IVRs observed with the stereo microscope.3D printed IVRs. 239 

 240 

Immediately after printing, the rings were measured for their OD and weighted. The resulting 241 

measurements are reported in Table 2. All the manufactured devices were considered dimensionally 242 

accurate as they were within the specific acceptance criteria. Moreover, the reproducibility of the 243 

printing process was demonstrated. 244 

 245 

Table 2. Average dimensional and mass analysis of produced IVRs. 246 

Sample Weight (g) OD (mm) CSD (mm) 

EVA 1.832 ± 0.005 53.66 ± 0.017 4.02 ± 0.005 

EVA+ 10% BFZ 1.861 ± 0.009 53.12 ± 0.042 4.02 ±0.008 

EVA+ 10% CTZ 1.873±0.003 53.12 ±0.023 4.03 ±0.008 

 247 

3.2 Drug distribution evaluation 248 

ATR-FTIR was performed to investigate the chemical composition of the printed IVRs. The 249 

resulting spectra are illustrated in Figure 2. The spectra of the printed devices (EVA + 10% BFZ 250 



and EVA + 10% CTZ) presented the typical peaks of the polymer and the respective drug, 251 

suggesting that the physiochemical characteristics of the materials were maintained. Specifically, 252 

the characteristic peaks of EVA are at 1243 cm-1 (caused by the vibration of C-H), at 1740 cm-1 253 

(due to the stretching vibration of C-O), at 2980 cm-1 (absorbance associated with -OH group 254 

vibrations), and bands at 1117 and 710 cm-1 (that reflects the vibrations of C-O and O-C-O groups, 255 

respectively) (Agarwal et al., 2022). Regarding the API, numerous absorption bands in the 256 

fingerprint region can be observed. Given the chemical similarities, the FTIR spectra are similar. 257 

The most intense peaks are attributable to the imidazole ring (1000–650 cm-1 and 1680–1640 cm-1) 258 

and the benzene rings (1600–1585 cm-1). Specifically, the aromatic cycles stretch at 1570 cm-1, 259 

1487 cm-1, the CH stretches in the 900-700cm-1 domain, and 1206cm-1the CN stretching. In 260 

addition, CTZ shows the chlorobenzene stretch at around 1040cm-1.(Kelemen et al., 261 

2017)(Tonglairoum et al., 2015) 262 

 263 

 264 
Figure 2.A) FT-IR spectra of EVA, BFZ, and the final BFZ-loaded IVR. B) FT-IR spectra of EVA, CTZ, and the final 265 

CTZ-loaded IVR. 266 
 267 

Moreover, FTIR was employed to assess whether the APIs were uniformly incorporated into the 268 

final formulation, by comparing the peaks of random sections of the same sample. For this purpose, 269 

the EVA absorption at 2980 cm-1was used as reference to normalize and study the samples. As 270 

shown in Figure 3, no significant differences in the intensities of the peaks were observed, 271 

confirming that the APIs were homogeneously distributed among the devices. 272 

 273 



 274 
Figure 3. Homogeneous distribution of the sample containing A) BFZ; B) CTZ evaluated by ATR-FTIR 275 

 276 

In addition, to further confirm the homogeneous distribution of the API, different pieces from the 277 

same device were cut, weighted, and then placed in ethanol under gentle stirring for 48h to evaluate 278 

the drug release. This study showed that no significant differences were present in terms of drug 279 

release between different pieces of the same ring.  280 

 281 

3.3 Thermal behaviour 282 

Since the production of the IVRs required two thermal processes, the stability of the drugs in the 283 

final formulations was evaluated using TGA (Figure 4). In Table 3, the temperatures related to the 284 

onset degradation (Tonset) and the maximum rate of degradation (Td) are reported, being evaluated 285 

through DTG (Figure 4C-D). Eva showed two steps of degradation: the first Tonset approximately at 286 

320.61°C, with a weight loss of just 1.55%, and the second one at 412.69°C, with an additional 287 

weight loss of 10.16%, with a Tdat483.69°C.TGA measurements of BFZ are shown in Figure 4A, 288 

C: at the printing temperature (200 °C), BFZ proved to be thermally stable, starting to slightly 289 

degrade at 223.80°C with a weight loss of 1.85%, and the Td at 329.42°C. The combination of the 290 

polymer and the drug leads to higher stability: the first Tonset of the final formulation falls at 291 

250.89°C, with a weight loss of 5.15%, while the second step of the degradation is at 408.1°C, with 292 

a weight loss of 18.52% from the first Tonset; the Td is recorded at 474.39°C. Regarding CTZ, the 293 

degradation occurs at 155°C, being characterized by a weight loss of about 1%, which becomes 294 

more consistent at 218.65°C, with a Td weight loss of 4.67% and the at 302.97°C. As shown in 295 

Figure 4B, even in this case, the combination of EVA with CTZ improves drug stabilization. 296 

Indeed, the initial degradation temperature of the IVR is higher than the one of the pure drug: the 297 

first Tonset is at 238.41°C, with a weight loss of 1.17%; and a second Tonset at 414.02°C, with a 298 

weight loss of 16.51% from the first step and the Td at 480.63°C. Overall, TGA measurements 299 



confirmed that BFZ and CTZ remained stable at the respective processing temperatures, in addition, 300 

results suggest that the polymer displays a protective effect toward the thermal degradation of both 301 

drugs. (Garcia Ferreira et al., 2019). 302 

 303 

 304 
Figure 4.A) TGA of EVA, BFZ, and EVA+10% BFZ; B) TGA of EVA, CTZ, and EVA+10% CTZ; C) DTG of EVA, 305 

BFZ, and EVA+10% BFZ; D) DTG of EVA, CTZ, and EVA+10% CTZ. 306 

 307 

To investigate the effect of the API on the thermal behaviour of EVA, DSC analysis in the 30-200 308 

°C range was carried out. In Figure 5 the DSC thermograms of the printed samples and the starting 309 

materials, are shown. The melting peaks of EVA appear at about 97 °C; while the melting peaks of 310 

the BFZ and CTZ fall at 148°C and 145°C, respectively. EVA + 10% BFZ thermograms reveal two 311 

endothermic events, one related to the polymer and the second one attributable to BFZ, suggesting 312 

that the drug preserves its crystalline structure within the matrix (Figure 5A). On the other hand, in 313 

the EVA + 10% CTZ formulation, the characteristic endothermic peak of CTZ disappears (Figure 314 

5B) and this could be attributed to the dissolution of the drug in the polymer or to the formation of 315 

an amorphous solid dispersion of the drug in the EVA matrix. Overall, the presence of the API did 316 

not affect the crystallinity(c (%)) of EVA.  317 



 318 
Figure 5. DSC analysis of A) EVA + 10% BFZ ring; B) EVA + 10% CTZ ring. 319 

 320 

Table 3. Melting temperatures, crystallization degree, onset temperatures, and maximum rate of degradation of the 321 
samples 322 

Sample Tonset (°C) Td (°C) Tm (°C) c (%) 

EVA1070 320.61  483.69  97  14.2 

BFZ 223.80  329.42  148 # 

EVA+ 10% BFZ 250.89  474.39  97 14.4 

CTZ 218.65  302.97  145 # 

EVA + 10% CTZ 238.41  480.63  97 14.3 

 323 

3.4 In vitro Bifonazole and Clotrimazole release study 324 

One of the key aspects of the application of IVRs as antifungal delivery systems is that, with one 325 

application, they provide a controlled and local drug delivery for a prolonged period, positively 326 

impacting patients’ well-being. Previous studies reported that the release profile from the EVA 327 

matrix is affected by several factors, including the crystallinity of the drug and the polymer, the 328 

drug loading, and the extrusion temperature. In addition, the release is influenced by the solubility 329 

of the drug in the dissolution medium (Genina et al., 2016). Herein, a mixture of 50% ethanol in 330 

water was chosen, as solvent/water mixtures have become common for highly water-insoluble 331 

drugs and are applied for quality control purposes (Boyd et al., 2019; McConville et al., 2015). 332 

Figure 6 shows the cumulative release profiles of the 3D printed 10% drug loaded IVRs. For both 333 

IVRs, a burst release was observed; the release of the CTZ-IVR was faster than BFZ-IVR. This can 334 

be attributed to the fact that BFZ was in the crystalline form, as shown from the DSC thermograms, 335 

resulting in a slower release rate. In addition, higher percentages were detected for the CTZ-IVR: 336 

after one week, the release resulted in 34.63 % and 45.64 % of the total amount present in one ring, 337 



for BFZ and CTZ respectively. CTZ-IVR has shown a sustained release of the drug during seven 338 

days in the tested media, unlike BFZ-IVR demonstrated a more prolonged release. In Figure 6B, the 339 

daily release is reported.For both formulations, the amount of drug released was higher than the 340 

MIC values measured for Candida albicans (2 µg/mL for BFZ-IVR and 0.0625 µg/mL for CTZ-341 

IVR), suggesting a potential efficacy. 342 

 343 
Figure 6. Drug release from 3D printed 10% BFZ-IVR and CTZ-IVR. A) Cumulative BFZ and CTZ release; B) Daily 344 

BFZ and CTZ release.  345 

 346 

3.5 Preliminary anticandidal assay in agar plates 347 

The results related to the anti-candida activity of IVRs (10% BFZ and CTZ), and relative control 348 

(Blank IVR) are presented in Figure 7. As expected, the control EVA-IVR without an antifungal 349 

agent showed no growth inhibition, while the presence of the drug-loaded IVRs resulted in a 350 

different inhibition of C. albicans ATCC 10231 growth. In the plate with 10% BFZ-IVR, the area 351 

of growth inhibition after 24 hours was about 1.5 cm (considering the IVR itself). Instead, in the 352 

plate with 10% CTZ-IVR, the area of growth inhibition after 24 hours was more remarkable than 353 

BFZ, and the growth of C. albicans ATCC 10231 was limited to the edge of the plate, away from 354 

the IVR, indicating the effectiveness of this type of formulation against the examined 355 

microorganism. This test confirmed that CTZ had a better release in 24 hours than BFZ, as detected 356 

with the release test (in which we observed that the concentration released after one day is about 357 

15.44 mg for BFZ-IVR and about 23 mg for CTZ-IVR). 358 

 359 

 360 

 361 



 362 

Figure 7. Preliminary antifungal activity of prepared IVRs, assessed by a modified agar-diffusion method. 363 

 364 

3.6 Time-kill assay 365 

Time-kill experiments (Figure 8) were performed to confirm the antifungal activity of the different 366 

IVRs (plain IVR made with EVA as control and drug loaded IVRs with 10% CTZ, and 10% BFZ) 367 

observed in the agar assay. As shown, after 24 h of incubation, the viability of C. albicans ATTC 368 

10231 decreased to 5x103 CFU/mL in the presence of 10% CTZ IVR and to 1.6x105 CFU/mL in the 369 

presence of 10% BFZ-IVR, while in the control with plain EVA-IVR, the viability increased up to 370 

1x107 CFU/mL. In the following time points (48 and 72 h) a more drastic decrease of the pathogen 371 

viability was observed in the presence of 10% CTZ-IVR with values ranging from 1.7x102 to 10 372 

CFU/mL, reaching the complete growth inhibition (no detectable CFU/mL) after 96 h of incubation. 373 

With the 10% BFZ-IVR, the decrease of viability was slighter compared to that observed with 10% 374 

CTZ-IVR, with CFU/mL values ranging from 5x103 to 1x102 CFU/mL after 48 and 72 h of 375 

incubation respectively, reaching no detectable CFU/mL at 96 h. In the control, the growth of C. 376 

albicans ATCC 10231 continued with increasing CFU/mL values up to 48 h (5x 107 CFU/mL) and 377 

then slightly decreased up to 1.2 x106 CFU/mL after 96 h of incubation. In the final time points (up 378 

to 168 h), no CFU/mL were detectable in the presence of the two drug- loaded IVRs, while in the 379 

control in which the plain EVA-IVR was present, the viability of Candida decreased up to 1x103 380 

CFU/mL. These results are aligned again with the faster release of CTZ compared to BFZ revealed 381 

in the drug release studies. 382 

 383 



 384 
Figure 8. Time-kill assay 385 



 386 

4. Conclusions  387 

In this work, we successfully applied FDM 3D printing technology to manufacture drug loaded 388 

IVRs using EVA copolymer with 10% of BFZ or CTZ. This confirmed the potential of 3D printing 389 

in the formulation of vaginal medical devices with the potential to produce personalized devices in 390 

terms of shape, dimension, and dosage with an affordable cost compared to industrial techniques for 391 

special rings. The employment of EVA as a matrix polymer allows to control the drug release 392 

profile, indeed, results showed a sustained release over a week. The results obtained from the 393 

preliminary antifungal activity studies and in vitro time kill-assay on C. albicans, confirmed the 394 

feasibility of applying IVRs as a new treatment strategy against fungal infections. Thus, the printed 395 

IVRs can be considered as an alternative to oral antifungals for immediate treatment and/or for 396 

maintenance therapy in case of recurrences. In addition, since the common treatment for fungal 397 

infections consists of multiple applications of conventional dosage forms, the utilization of an 398 

intravaginal device (such as the BFZ- or the CTZ-loaded rings) could improve patient compliance 399 

by decreasing the number of applications to one, switching from a daily to a weekly therapy. 400 

 401 
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