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Abstract

Bacterial vaginosis (BV) is a highly recurrent vaginal condition linked with many health 

complications. Topical antibiotic treatments for BV are challenged with drug solubility in 

vaginal fluid, lack of convenience and user adherence to daily treatment protocols, among other 

factors. 3D-printed scaffolds can provide sustained antibiotic delivery to the female reproductive 

tract (FRT). Silicone vehicles have been shown to provide structural stability, flexibility, and 

biocompatibility, with favorable drug release kinetics. This study formulates and characterizes 

novel metronidazole-containing 3D-printed silicone scaffolds for eventual application to the FRT. 

Scaffolds were evaluated for degradation, swelling, compression, and metronidazole release in 

simulated vaginal fluid (SVF). Scaffolds retained high structural integrity and sustained release. 

Minimal mass loss (<6%) and swelling (<2%) were observed after 14 days in SVF, relative to 

initial post-cure measurements. Scaffolds cured for 24 hr (50°C) demonstrated elastic behavior 

under 20% compression and 4.0 N load. Scaffolds cured for 4 hr (50°C), followed by 72 hr (4°C), 

demonstrated the highest, sustained, metronidazole release (4.0 and 27.0 μg/mg) after 24 hr and 

14 days, respectively. Based upon daily release profiles, it was observed that the 24 hr timepoint 

had the greatest metronidazole release of 4.08 μg/mg for scaffolds cured at 4 hr at 50°C followed 

by 72 hr at 4°C. For all curing conditions, release of metronidazole after 1 and 7 days showed 

>4.0-log reduction in Gardnerella concentration. Negligible cytotoxicity was observed in treated 

keratinocytes comparable to untreated cells, This study shows that pressure-assisted microsyringe 

3D-printed silicone scaffolds may provide a versatile vehicle for sustained metronidazole delivery 

to the FRT.

Keywords

Gardnerella ; sustained release; metronidazole; 3D-printing; drug delivery; bacterial vaginosis; 
vaginal microbiome

1. Introduction

Bacterial vaginosis (BV) is prevalent in 23 to 29% of women of reproductive age, and 

studies have shown prevalence as high as 50% in high-risk populations1–4. The majority of 

women with BV are asymptomatic, yet they still have increased risks of sexually transmitted 

infections, cervical cancer, and pregnancy/fertility-related complications5–13. Furthermore, 

the current gold standard of treatment, in the form of antibiotics, can lead to a reduction 

in the number and species of beneficial bacteria in the vaginal microenvironment14,15. 

The elimination of beneficial as well as pathogenic bacteria has been associated with a 

higher likelihood of recurrent infections 6 or more months after treatment16. Gardnerella 
vaginalis (Gardnerella), a predominant species seen in BV, has been shown to exist in 

multiple genomically distinct clades in patients17,18. These clades and activated DNA repair 

genes may pose challenges to antibiotic treatment and could lead to the proliferation of 
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antibiotic-resistant Gardnerella19. Moreover, the refractory nature of Gardnerella biofilms to 

treatment is likely to contribute to high rates of recurrence20,21.

In addition to antibiotic-specific issues, distinct challenges are associated with oral and 

vaginal dosage forms used for administration. Oral antibiotics typically have lower 

absorption and lose potency through metabolism, while vaginally-applied topicals are 

challenged with drug solubility in vaginal fluid and lack of user adherence to frequent 

(often once-to-twice daily) treatment regimens22–27. Recommended antibiotics include 

metronidazole, tinidazole, and clindamycin28, and depending on the drug type, oral regimens 

entail 0.1–2.0 grams/day for 2 to 7 days26. Two vaginal creams recommended by the Centers 

for Disease Control and Prevention (CDC) consist of either a 0.75% metronidazole or 2% 

clindamycin cream, administered for 5 or 7 days, respectively. Given the inherent challenges 

in antibiotic approaches, an alternative strategy is the oral or vaginal administration of 

beneficial bacteria, or probiotics, to help alleviate disturbances in vaginal health29. While 

probiotics alone have demonstrated some clinical success, a combination of probiotics as 

an adjunct therapy to antibiotic treatment has demonstrated a reduction in recurrent BV 

relative to antibioticonly treatment30–35. Yet, similar to antibiotic delivery, current probiotic 

dosage forms suffer from a lack of stability and challenges with user adherence to treatment 

regimens requiring frequent administrations36,37.

In addition to sustaining or staging delivery, localized intravaginal delivery can help 

to bypass the gastrointestinal tract and hepatic first pass effect, increasing active agent 

concentration at the target site38,39. Localized sustained delivery increases bioavailability 

by ensuring a favorable drug presence can be absorbed throughout a prolonged 

period of time39, which can help to mitigate issues inherent in achieving efficacy, 

including bioavailability and user adherence. For BV-specific applications, intravaginal 

administrations of metronidazole eliminated BV as effectively as orally-administered 

metronidazole, with less adverse effects26. In particular, single-dose applications of 

metronidazole vaginal vehicle gels (1.3%) have presented promising clinical outcomes 

while underscoring patient satisfaction due to the convenience of treatment administration40. 

Designed hydrogels composed of hyaluronic acid and metronidazole in the form of a film 

exhibited burst release of metronidazole with demonstrated film flexibility41. Similarly, 

metronidazole-containing chitosan hydrogels reduced the viability of Trichomonas vaginalis 
via extended release42. With hot melt extrusion (HME), poly(caprolactone) (PCL) 

matrices were developed with metronidazole and maleic acid in which the formulation 

demonstrated enhanced rapid dissolution profile while having improved sustained release for 

7 days43. Diffusion mediated release of metronidazole from bigels enables their use as a 

potential delivery platform for antibiotic controlled delivery44. Polyvinylpyrrolidone vaginal 

nanofibers loaded with metronidazole exhibited rapid release of the majority of drug by 1 hr 

(hr)45. Innovation for localized delivery is evident; however, the superiority of 3D-printing 

for localized delivery of metronidazole is manifested by sustained and controlled release 

over a prolonged duration of time, mechanical strength, and versatility in design and drug 

concentrations.

While a variety of dosage forms have been developed to provide intravaginal 

delivery38,46–48, few provide sustained release of small molecule drugs. Relative to existing 
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techniques, 3D-printing is a relatively new approach that has recently been applied to the 

design and development of intravaginal sustained release dosage forms. Recently, utilizing 

HME, polyurethane and clotrimazole were mixed and formed into a feed filament for fused 

deposition modeling (FDM) 3D-printing of intravaginal rings which demonstrated sustained 

release for 7 days49. Similarly, through the use of FDM 3D-printing, tunable controlled 

release of hydroxychloroquine, IgG, gp120 fragment, and coumarin 6 nanoparticles from 

polyurethane intravaginal rings was developed50. Additionally, HME followed by FDM 

3D-printing of formulated filament containing progesterone, polyethylene glycol, polylactic 

acid, polycaprolactone, and tween has been formulated into various vaginal ring shapes 

for sustained release of progesterone51. Progesterone was also FDM 3D-printed with 

polyvinyl alcohol in the form of suppository molds52. In different forms, vaginal meshes 

were developed using FDM 3D-printing after HME of thermoplastic polyurethane and 

Levofloxacin for sustained antibiotic release after surgical implantation53. Very recently, 

the ratio of high and low molecular weight PCL was varied in 3D-printed vaginal discs 

by the method of semi-solid extrusion to evaluate the effect of polymer composition 

on sustained metronidazole release54. Using FDM printing, thermoplastic polyurethane 

filaments with metronidazole jellified with chitosan were developed into intravaginal rings 

that demonstrated reduction in concentration of Escherichia coli55. Selective laser sintering 

has also been utilized for its rapid drug release capabilities; with the 3D-pritning of 

metronidazole, it enabled the majority of metronidazole release under 4 hr56. With the 

versatility and variety of 3D-printing, oral and vaginal platforms loaded with metronidazole 

exhibit different release kinetics, underscoring the role and capabilities of 3D-printing to 

control drug release in addition to personalizing forms by altering the drug concentration.

3D-printing enables fine resolution and the design of architectures that exploit surface 

area to increase the ability of devices to sustain release57. Through customized dosing 

and formulations, 3D-printing can provide personalized treatment to a larger variety of 

populations58. Compared to molding techniques, pressure assisted microsyringe (PAM) 

3D-printed constructs retain accurate shape fidelity, exhibit higher drug uniformity, and 

enable more accurate personalized dosing than molding59. Furthermore, molds demonstrate 

faster drug release compared to extruded prints60, a disadvantage for sustained delivery 

applications. Additionally, PAM 3D-printing provides advantages over HME and FDM 

techniques when it comes to incorporating high drug concentrations, using a variety of 

materials, and maintaining drug stability via lower temperatures during fabrication61,62.

Given these attributes, this study utilized PAM 3D-printing to fabricate silicone scaffolds 

that incorporate the antibiotic metronidazole. For other established sustained-release dosage 

forms, such as intravaginal rings, silicone has been used due to its favorable diffusivity 

and solubility coefficients for drug permeation63. Additionally, silicone has shown to be a 

biocompatible material based upon inflammation responses observed in in vivo studies64. 

The flexibility of silicone helps maintain specific constructs favorable for release and resist 

degradation/deformation via compression65. Through sustained delivery of metronidazole, 

these scaffolds are intended for pre-clinical evaluation via single-dose administration to the 

murine vaginal tract for 14 day use against vaginal microbiome-related infections, with the 

goal of future upscaling to human application. This study focuses on the characterization 

of PAM 3D-printed silicone integrated with metronidazole into the form of a shelled 
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cylindrical scaffold (diameter: 4 mm, length: 5 mm) with emphasis on material formulation, 

3D-printing, curation relative to mechanical properties, and sustained release.

2. Materials and Methods

2.1. Materials

A mixture of vinyl terminated polydimethylsiloxane (70%) and vinyl, methyl modified silica 

(30%), and methylhydrosiloxane-dimethylsiloxane copolymer, trimethylsiloxane terminated 

was purchased from Allevi, Inc. (Philadelphia, PA). The drug, metronidazole, and dimethyl 

sulfoxide (DMSO) were obtained from Sigma Aldrich (St. Louis, MO). Acetic acid 

was obtained for incorporation for resolution refinements (Fisher, A38S-500). Simulated 

vaginal fluid (SVF) was prepared according to instruction from66. Phosphate buffer 

saline (PBS) composed of 137 mM NaCl (VWR, 0241-1kg), 2.7 mM KCl (Fisher, 

P217–500), 10 mM Na2HPO4 (Sigma, S9763-100G), and 1.8mM KH2PO4 (Sigma, 

P5655-100G) were purchased for use of washing scaffolds. Streptomycin-resistant clinical 

isolate of Gardnerella (strain JCP8151B, GenBank JX860320) was generously provided 

by Dr. Amanda Lewis (University of California San Diego, San Diego, CA). The CAD 

(computer-aided design) software SOLIDWORKS published by Dassault Systemes (Velizy-

Villacoublay, France) was used to create scaffold design CAD parts that were converted to 

stereolithography (STL) files for 3D-printing.

2.2. Preparation of Ink

The Allevi 3 bioprinter (Allevi, Inc., PA) was used to print the prepared ink. The 

silicone was acquired from Allevi as two components with a 10:1 formulation ratio. 

The ratio consisted of a mixture of vinyl terminated polydimethylsiloxane (70%) and 

vinyl, methyl modified silica (30%) and methylhydrosiloxane-dimethylsiloxane copolymer, 

trimethylsiloxane terminated.

Due to the hydrophobic nature of metronidazole, DMSO was added to formulate a 

homogenous mixture with silicone for extrusion printing through the Allevi 3 bioprinter. 

The antibiotic, metronidazole, was ground, using a mortar and pestle, to a fine powder. 

Metronidazole (55 mg) was solubilized in 60 μL of DMSO and was subsequently added to 

the silicone ink. The ink was mixed in a 5 ml Eppendorf conical vial with a spatula until 

homogenous. With total volume of 1 ml, prepared ink was transferred into a syringe for 

3D-printing. The ink was loaded with a metronidazole concentration of 50 μg/mg scaffold 

in order to obtain drug release previously shown to be effective28,67. The concentration was 

acquired by using the following equation (1) below:

Concentration  = W Drug /W Polymer  (1)

Previous studies have shown that murine vaginal tracts measured at an average of 4 mm 

diameter and 5 mm depth68, defining the dimensions for the scaffold. In contrast to ring 

form, a cylindrical form, similar to suppositories, was used to generate a greater surface 

area for release. Scaffold dimensions were 4 mm diameter, 5 mm height, and 0.5 mm shell 

thickness.
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2.3. 3D-Printing Scaffold Structure

Printing parameters were optimized to produce the intended geometric design consistently. 

Due to thermosensitivity and shear thinning behavior of silicone, the temperature of 

the CORE head of the printer was adjusted to determine optimum temperature for 

favorable viscosity for extrusion69. Pressure was evaluated for consistent extrusion rate 

of ink. The thickness layer, extrusion rate, and infill distance were attuned to print the 

cylindrical scaffolds, sized for future pre-clinical murine application. An infill distance 

was utilized to print mechanically optimized cross-sectional slices of area per layer 

with intent of sustained release. The base polymer, a mixture of vinyl terminated 

polydimethylsiloxane (70%) and vinyl, methyl modified silica (30%), and curing agent, 

methylhydrosiloxane-dimethylsiloxane copolymer, trimethylsiloxane terminated, undergo a 

hydrosilylation reaction under high temperature exposure, a reaction commonly utilized 

with the fabrication of silicone elastomers for vaginal applications70–73. Metronidazole 

incorporation at concentrations of 10, 25, and 50 μg/mg scaffold were printed, and resolution 

of height and diameter were measured with calipers. With the addition of solvents, DMSO 

and acetic acid, scaffold resolution was measured at same concentrations.

Multiple post-print curing conditions were utilized to determine their potential effects on 

scaffold integrity. From preliminary mechanical characterization outcomes, three curing 

parameters were selected for further analysis. Scaffold curing of 4 hr at 50 °C was chosen 

to mitigate logarithmic reduction in viable counts of thermophilic species, in the case of 

incorporating biologics into the core of the scaffold74,75. Scaffold curing was followed 

by either 24 hr desiccation (20°C) or 72 hr refrigeration (4°C). Scaffold curing condition 

of 24 hr at 50°C was also utilized to strengthen mechanical integrity without necessarily 

incorporating biologics. Post-cure, the scaffolds were measured using a caliper to determine 

if the desired diameter (4 mm) and length (5 mm) were met accurately. Proper establishment 

was defined by fine resolution and the dimensions that matched the specified printing 

dimensions in the STL file.

2.4 Scaffold Physicochemical Characterization

Blank (without drug) and metronidazole (50μg/mg)-containing scaffolds cured under the 

different conditions underwent thermal analysis using thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC) by utilizing SDT Q600 TA instrument (New 

Castle, DE) for simultaneous measurement of weight change and true differential heat 

flow. Scaffolds were cut into samples in range of ~15–20 mg and placed on ceramic cups. 

Samples were subsequently heated from 35 to 1000°C at a rate of 50°C/min., under flow of 

N2 (100 mL/min). Data was extracted and analyzed using TA Universal Analysis software 

(New Castle, DE).

Fourier Transform Infrared Spectroscopy (FTIR) was used to identify the components of 

the formulated 3D-printed scaffolds. Blank and metronidazole-containing scaffolds cured 

under the different conditions were evaluated via FTIR. Infrared spectra were recorded on 

a JASCO FTIR spectrometer (Easton, MD), equipped with an attenuated total reflection 

(ATR) stage. Scans of spectra were collected in the range 400–4000 cm−1 at 4 cm−1 

resolution.
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2.5. Mass Swelling and Degradation

The initial mass was measured on a scientific scale with microgram sensitivity. Scaffolds 

were then placed in microcentrifuge tubes in 1 mL of SVF. Mass swelling was measured at 

following timepoints: 0, 4, 8, 24, 72, 120 hr, and 1,2,3, and 4 wk. Scaffolds were transferred 

into new 1 mL SVF following each timepoint. Before each measurement, excess solute was 

removed off surface of scaffolds and the scaffolds were weighed. The determination of mass 

swelling was dependent on the change in mass with respect to the initial mass and was 

calculated according to Eq.(1).

Mass Swelling Percentage  = Ws − Wi /Wi × 100 (1)

Mass loss was calculated when replicates were initially weighed prior to immersion in SVF. 

At the specific timepoint of interest, scaffolds were removed from microcentrifuge tubes 

containing 1 ml SVF and dried at 50°C and were measured after 24 hr. Mass loss was 

determined by Eq.(2):

Mass Loss Percentage  = Wi − Wf /Wi × 100 (2)

2.6. Compression Analysis

The vagina may be subjected to dynamic multiaxial loading, including continuing 

compression from the muscularis layer, vaginal wall stress and strain, vaginal wall prolapse 

as well as vaginal distension76,77. Scaffold mechanical integrity was evaluated using an 

Instron 5569 compression testing system. Extrapolation of load, strain, and stress was 

acquired using Instron Bluehill software (Norwood, MA). The load cell was 5kN and the 

force applied was set from 0.6 to 1.6 N. Displacement was set at 1 mm, or 20%, 25% 

compression load on axial and radially of scaffold, respectively, which was executed at 

compression rate of 1 mm/min.

2.7. Metronidazole Release

Loaded scaffolds containing 50 μg/mg of metronidazole were transferred into 1 mL conical 

vials containing SVF and placed in incubator at 37°C. The metronidazole release was 

evaluated at timepoints of 2, 4, 8 hr and 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 14 days. The 

amount released per day was determined by reading absorbance of samples of supernatant 

(320 nm, Gen 5 app, BioTek Synergy H1 Microplate Reader). Metronidazole concentration 

was measured by ultraviolet–visible spectroscopy (UV–Vis) and determined by the validated 

calibration of y = 0.0166x + 0.0301, with R2 = 0.9953. From acquiring the standard 

calibration curve, measuring the standard deviation of 5 blanks, and using limit of detection 

and limit of quantification equations78, it was determined that the limits of detection and 

quantification were 3.00 μg/ml and 9.08 μg/ml, respectively. After each timepoint, excess 

SVF on the scaffold surface was carefully removed as supernatant and delicately dried, to 

ensure minimum drug loss prior to being placed into fresh 1 mL SVF.
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2.8. Inhibition of Gardnerella

Gardnerella was cultured for 24 hr prior to inhibition studies in NYC III broth or agar media 

pre-equilibrated in an anaerobic chamber. Metronidazole release from 3D-printed scaffolds 

was evaluated to determine their potential to inhibit Gardnerella growth in the presence of 

VK2/E6E7 vaginal epithelial cells. Metronidazole-containing scaffolds cured 4 hr at 50°C 

followed by 24 hr desiccation (20°C) or 72 hr refrigeration (4°C), and scaffolds cured for 24 

hr at 50°C were utilized. Supernatants from the scaffolds after 24 hr and 7 days in SVF were 

cultured with Gardnerella in NYC III.

Briefly, in a 48-well plate with each well containing confluent VK2/E6E7 cells and 250 

μL of antibiotic-free cell media, 250 μL of each scaffold supernatant was added to each 

well in triplicates. The 48-well plate was then incubated in 5% CO2 at 37°C for 1 hr 

to give time for the supernatant to lower the media pH and thus provide protection for 

VK2 cells against Gardnerella. Afterward, 250 μL of free Gardnerella at 1 × 106 CFU/mL 

were added to each well and the 48-well plate was placed in anaerobic conditions at 

37°C. After 24 hr incubation, each well was serially-diluted and 5 μL of each dilution 

was plated on corresponding MRS and NYC III agar plates incubated anaerobically at 

37°C. After 48 hr incubation, colony forming units were counted for each dilution and the 

number of CFUs/mL was calculated. Controls as single experimental conditions included 

metronidazole alone (50 μg/ml) in culture with Gardnerella, and free Gardnerella at 1 × 

106 CFU/mL with supernatants from blank scaffolds (containing no bacteria). Viability was 

determined as the log-decrease relative to the free Gardnerella CFU count for that sample 

group, at each corresponding time point.

2.9. SEM Imaging

The morphology of the blank and metronidazole-containing scaffolds was characterized 

using scanning electron microscopy (SEM). Samples of scaffold cross-sections and surfaces 

were placed on carbon tape, sputter-coated with a layer of palladium/gold alloy (8.5 nm) 

and imaged using Apreo C LoVac Field Emission SEM (Thermo Scientific, Waltham, MA). 

Porosity was compared in scaffolds that were immersed in timepoints at 0 and 14 days in 

SVF. Image J (NHI LOCI, University of Wisconsin) was utilized to evaluate scaffold area 

and porosity size.

2.10. VK2/E6E7 Viability

An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) assay was 

used to determine the preliminary in vitro safety of DMSO and cured silicone, blank and 

metronidazole-containing scaffolds, in a VK2/E6E7 cell line. Cells were plated at a density 

of 300,000/well in a 12-well plate and incubated for 24 hr at 37°C. Media only (untreated 

cells) and 10% DMSO were used as viable and non-viable cell controls. After 24 and 72 hr 

incubation, 100 μL of MTT labeling reagent was added to each well and incubated at 37°C 

for 4 hr, followed by addition of 100 μL of lysis buffer containing 10% sodium dodecyl 

sulfate and 0.01 M hydrochloric acid. After 16 hr incubation, the absorbance was read at 570 

nm (SYNERGY Microplate Reader, Biotek Instruments Inc) and normalized to cell-only 

absorbance to attain the relative percent of cell viability. For comparison, 10% DMSO was 

used as positive control, and VK2 cells only were used as negative control. In addition to the 

Kyser et al. Page 8

Int J Pharm. Author manuscript; available in PMC 2024 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



formulated scaffolds, silicone with only DMSO and a blank scaffold were evaluated as well 

as metronidazole alone.

2.11. Lactic Dehydrogenase (LDH) Release Assay

Release of cytosolic enzyme LDH was measured using CytoTox96® non-radioactive 

cytotoxicity assay (Promega, Madison WI) to estimate loss of membrane integrity and 

resulting leakage of cellular contents. VK2/E6E7 cells were plated (300,000 cells in 1 mL 

media per well in 12-well flat bottom plate) and incubated for 24 hr at 37 °C, 5% CO2. 

Blank and metronidazole-containing scaffolds were added to cells in triplicate at 37 °C in 

5% CO2 for 24 h and 72 hr. Supernatant (50 μl) from treated cells was added to LDH 

substrate and incubated at RT for 30 min. Reactions were terminated by adding 50 μL of 

stop solution. LDH activity was determined by measuring solution optical density at 490 

nm. As controls, cells were treated with 1 ng of staurosporine (positive) or with medium 

only (negative). LDH release was calculated as percentage absorbance of each sample 

relative to negative controls.

2.12. Statistical Analysis

GraphPad (GraphPad Software, La Jolla, CA) was used for statistical analysis. All statistical 

analyses in GraphPad Prism (version 9.3.1) were performed using one-way ANOVA with 

Tukey HSD post-hoc comparisons (p ≤ 0.05).

3. Results

3.1. Optimized formulation

The 10:1 w/w silicone:curing agent ink, containing 5% DMSO, was loaded with 

metronidazole concentration of 50 μg/mg scaffold. Resulting ink was 3D-printed into 

the cylindrical scaffold design for metronidazole release. The cylindrical geometric CAD 

design was developed using SOLIDWORKS and converted into a STL file for 3D-printing. 

Reproducibility of scaffold dimensions in 3D-printed scaffold are shown in Figure 1.

3.2. 3D-Printing Optimization and Resolution

Printing parameters were determined by evaluating printing resolution of metronidazole-

containing scaffolds. Blank 10:1 scaffolds were 3D-printed with adjusted printing 

parameters, and the resulting scaffold dimensions were measured. First, the effect of 

adjusting pressure on extrusion for 3D-printing was evaluated (Figure 2A). Printing a 

height of 5 mm, 100 psi produced an accurate height of 5.05±0.04 mm whereas 80 psi 

produced a statistically significant (p ≤ 0.0001) scaffold height of 2.59±0.40 mm. There 

was not a statistically significant difference in diameter sizes from the control, which had 

the desired CAD dimensions. Next, the effect of adjusting the CORE head temperature 

on 3D-printing scaffolds was evaluated (Figure 2B) where 30°C enabled the silicone ink 

to 3D-print scaffold height and diameter of 5.04±0.06 and 4.03±0.01 mm, respectively. 

Additionally, it was found that the 23G needle provided the best resolution for the silicone 

material with an optimized temperature and pressure of 30 °C and 100 psi.
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A PAM 3D-printer provides constant extrusion, in contrast to single droplets, and a range 

of usable materials due to viscosity tolerance79. Extrusion rates were evaluated to determine 

a rate that provided the optimum resolution of each printing slice contingent on the ink 

viscosity. An extrusion rate of 5 mm/sec was observed to produce the most desirable 

dimensions of 5.02±0.06 and 4.09±0.07mm for height and diameter, respectively (Figure 

2C). Improper slice printing due to the other extrusion rates, 2.5 and 7.5 mm/sec, resulted 

in statistically significant differences in scaffold height. Lastly, it was determined that a 

thickness layer of 0.2 mm provided the best scaffold resolution (Figure 2D). Thickness layer 

altered support of the structure as well as flexibility, as a smaller layer size increased the 

flexibility of the scaffold80. As thickness layer increased, both scaffold height and diameter 

resulted in statistically significant changes from the desired height and diameter. The zig-zag 

grid template produced the most desirable scaffold for the design of the scaffold and an infill 

distance of 0.35 mm removed ink overlap for each layer.

3.3 Metronidazole Incorporation and Resolution

To incorporate metronidazole and enable 3D-print through extrusion, a well-mixed ink was 

attained by partial dissolution of metronidazole. The solvents dimethyl sulfoxide (DMSO) 

and acetic acid were chosen as candidates for improving consistent ink extrusion. The 

resolution of prints created from silicone ink, silicone and 5% DMSO, and silicone and 

5% acetic acid were evaluated at different metronidazole concentrations of 10, 25, and 50 

μg/mg scaffold (Figure 3). The formulation of silicone with DMSO provided consistent print 

heights of 4.98±0.02, 4.96±0.04, and 5.04±0.04 mm corresponding with the metronidazole 

concentrations of 10, 25, and 50 μg/mg, respectively. Additionally, as the metronidazole 

concentration increased, the deviation in diameter increased for silicone and silicone and 

5% acetic acid formulations, signifying less accuracy in diametric resolution. In contrast 

to these formulations, silicone ink containing 5% DMSO showed no deviation or statistical 

significance through all of the different loadings of metronidazole. Silicone ink containing 

5% DMSO produced scaffolds with the optimum resolution.

3.4 Scaffold Physicochemical Characterization

Thermal analysis, scaffold phase changes, and weight loss were evaluated via TGA 

and DSC. All blank and metronidazole-containing scaffolds exhibited <5% weight 

loss below 250°C (Figure 4A). Weight loss behavior between blank and metronidazole-

containing scaffolds began to deviate, and metronidazole-containing scaffolds began to 

have more prominent weight loss compared to blanks, when temperature reached ~550°C. 

Metronidazole-containing scaffolds lost 50% of their weight at ~750°C. In contrast to 

metronidazole-containing scaffolds, blank scaffolds did not exhibit a pronounced decrease in 

weight loss. By 800°C, these scaffolds had stabilized at 20% weight loss, further suggesting 

that incorporation of metronidazole and DMSO and their subsequent chemical interactions 

with the silicone base polymer and crosslinking agent influence the temperature stability of 

the scaffolds at higher temperatures. Minimal differences were observed between scaffold 

curing conditions.

Heat flow through the scaffolds measured via DSC exhibited endothermic behavior that 

corresponded to the weight loss (Figure 4B), with similar trends between blank and drug-
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loaded scaffolds. Upon closer analysis of the first derivative of the heat flow (Figure 

4C and D), both blank and metronidazole-containing scaffolds showed an endothermic 

peak at ~75°C. Metronidazole-containing scaffolds with cures 4 hr at 50°C followed 

by 72 hr at 4°C or 4 hr at 50°C followed by 24 hr in desiccation at 20°C had 

corresponding endothermic peaks to the pure metronidazole at ~161°C, albeit with melting 

point depression presence. However, given the lesser concentration of metronidazole 

(<5%,) relative to the whole formulation, the peaks were less prominent in comparison 

to pure metronidazole. Interestingly, a shift in endothermic peak for the scaffolds cured 

for 24 hr at 50°C at ~164°C may indicate that a higher degree of crosslinking alters 

the loaded metronidazole physicochemical properties, as also observed with their reduced 

metronidazole release in comparison to the other curing conditions. Past 700°C, broad 

endothermic peaks (Figure 4D) correspond to the sharp decreases of crosslinked polymeric 

decomposition observed in the TGA.

Scaffolds underwent FTIR analysis to confirm their identity. The absorbance peaks were 

very similar between blank and metronidazole-containing scaffolds (Supplementary Figure 

1), indicating that the low overall metronidazole (<5% of bioink mass) amount did 

not noticeably affect the overall absorbance. In light of this, the curing conditions for 

blank and metronidazole-containing scaffolds exhibited similar polysiloxane bands for 

identifying the base polymer, a mixture of vinyl terminated polydimethylsiloxane (70%) 

and vinyl, methyl modified silica (30%), and crosslinking agent, methylhydrosiloxane-

dimethylsiloxane copolymer, trimethylsiloxane terminated. FTIR spectra showed a sharp 

band at ~1260 cm−1 denoting the presence of functional group Si-CH3 and accompanied 

by a strong band at ~785 cm−1, both found in polysiloxanes. A sharp band at ~1010 cm−1 

indicated presence of Si-CH=CH2, another functional group present in the base polymer. 

Lower peaks such as the weak band at ~860 cm−1 are found in dimethylsiloxane copolymers 

such as the crosslinking agent used here. These bands were similarly detected and observed 

in previous compilation studies of organosilicon compounds81.

3.5. Scaffold Swelling and Degradation as a Function of Curing

Mass swelling and degradation were evaluated to determine which curing condition would 

result in the least amount of absorbance of mass loss. Through 14 days, blank and 

metronidazole-containing scaffolds were immersed in SVF and shown to retain structure and 

remain intact (Figure 5A). Blank and metronidazole-containing scaffolds showed minimal 

swelling (<2%) for all curing conditions. Likewise, there was minimal degradation of 

the scaffolds (<6%) for all the curing conditions. There was not a significant difference 

between the blank and metronidazole-containing scaffolds for both swelling and degradation 

measurements (Figure 5B and C).

3.6. Compression Testing

Mechanical testing was performed on scaffolds at different cures to determine strength 

during administration and its residence in the vaginal canal. Compression testing was 

performed axially to simulate one-time, self-insertion of scaffold and radially to simulate 

physiological vaginal compression on scaffolds. None of the scaffolds reached yield strength 

nor fracture in stress/strain. After the 3D-printed scaffolds post-cure, scaffolds cured for 24 
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hr at 50°C demonstrated superior mechanical strengths compared to other curing conditions 

in the axial compressions for the blank and metronidazole-containing scaffolds (Figure 6A–

B). It was observed that after these scaffolds had been immersed in SVF for 14 days, there 

was an increase in mechanical strength when cured for 4 hr at 50°C (Figure 6C–D).

3.7. Metronidazole Cumulative Release

Scaffolds cured for 4 hr at 50°C followed by 72 hr at 4°C showed the greatest cumulative 

release 27.0 μg/mg (54.1% theoretical loading) for the 14 day span (Figure 7). Based upon 

daily release profiles, it was observed that the 24 hr timepoint had the greatest metronidazole 

release of 4.08 μg/mg for scaffolds cured at 4 hr at 50°C followed by 72 hr at 4°C. All 

parameters displayed similar behavior of drug release, both cumulatively and daily. There 

were minimal changes in amount of drug release after Day 5 for all parameters.

3.8. Inhibition of Gardnerella

To evaluate the ability of the 3D-printed scaffolds to inhibit Gardnerella, supernatant from 

scaffolds 50μg/mg concentration of metronidazole was added to culture with Gardnerella. 

Supernatants were cultured with Gardnerella at concentrations (106 CFU/mL) for 24 

hr under anaerobic conditions at 37°C. Figure 8 shows that Gardnerella viability was 

significantly (p ≤ 0.0001) reduced by 4.18-, 4.51-and 4.62-log in the presence of 24 hr 

release supernatants from metronidazole-containing scaffolds cured for 24 hr at 50°C, 

cured 4 hr at 50°C followed by 24 hr desiccation (20 °C), or cured at 4 hr at 50 °C 

followed by 72 hr refrigeration (4°C), respectively. Similarly, Gardnerella viability was 

significantly (p ≤ 0.0001) decreased in the presence of 7 day release supernatants from 

metronidazole-containing scaffolds cured for 24 hr at 50°C, cured 4 hr at 50°C followed by 

24 hr desiccation (20 °C), or cured at 4 hr at 50 °C followed by 72 hr refrigeration (4°C) by 

4.08-, 4.24-and 4.35-log, respectively.

3.9. SEM Imaging

Cross sections of blank and metronidazole containing scaffolds were imaged with SEM 

(Supplementary Figure 2). Through the software, ImageJ, scaffolds demonstrated an 

increase in porosity corresponding to the drug release. An increased porosity demonstrates 

the potential for biologic incorporation into core with subsequent release through the pores. 

Metronidazole-containing scaffolds demonstrated 0.73±0.08 % area of pores immediately 

after printing and 5.12±0.12 % area of pores after 14 days. Metronidazole-containing 

scaffolds with DMSO showed significantly (p ≤ 0.05) lower % area of pores with 0.57±0.05 

immediately after printing and 4.62 ± 0.18 after 14 days compared to scaffolds without 

DMSO.

3.10. Cell Viability and LDH Release

Since DMSO was used as the dissolution solvent for metronidazole, this study tested 

for cytotoxicity because of DMSO’s potential to cause adverse reactions in cells82. 

Viability of vaginal keratinocytes (VK2/E6E7) was evaluated after treatment with blank 

and metronidazole-containing scaffolds (Figure 9A). Vaginal keratinocyte viability was 

maintained after 24 and 72 hr treatment with all ink formulation additions to the scaffold, 
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relative to untreated VK/E6E7 cells. The final formulated metronidazole-containing 

scaffolds maintained greater than 98.5% cell viability over 24 and 72 hr treatment 

conditions. In contrast, cell viability for negative control group, 10% DMSO, had viability 

of less than 35% and 28 of that observed with untreated cells over 24 and 72 hr. LDH 

release was measured as a marker for cell membrane integrity after treatment with blank 

and metronidazole-containing scaffolds (Figure 9B). LDH released from cells treated with 

all scaffolds was negligible relative to control untreated cells. However, LDH released from 

cells treated with staurosporine was significantly (p ≤ 0.0001) higher than control or treated 

cells, indicating that scaffolds did not compromise cell membrane integrity.

4. Discussion

Antibiotics, such as metronidazole, clindamycin, and tinidazole, are recommended as 

the primary treatment for BV28. However, recurrence and antibiotic resistance may 

result from failure to achieve inhibitory concentrations, partially due to lack of user 

adherence because of frequent and inconvenient administration18. In this study, sustained 

metronidazole release from pressure-assisted microsyringe 3D-printed silicone scaffolds 

was evaluated with the goal to address these issues via local, sustained delivery of drug 

while retaining delivery vehicle biocompatibility. The burden of recurrent BV hinders 

personalized patient care and impacts underserved populations3,4,83,84. The emergence of 

3D-printing provides an alternative to meet the growing demands of healthcare systems 

through tailored, individualized treatments85–87. Through 3D-printing, inks loaded with 

different drug concentrations offer the potential to meet patient health needs and achieve 

necessary inhibitory concentration to eliminate BV. Additive manufacturing provides for 

customized architectures to fine tune drug release58,88–90. Different geometrics offer 

mechanical strength and controlled drug delivery, to locally target BV. Formulating an ink 

is a multifaceted task involving consideration of resident biomaterial, active pharmaceutical 

ingredient (API) loading, and feasibility of manufacturing. The superiority of 3D-printing 

to develop a localized intravaginal delivery platform is further underscored by these 

manufacturing needs. In this study, PAM 3D-printing was considered was best suited to 

meet these criteria and provided a means to construct customized scaffolds to enhance 

and fine tune metronidazole release for female reproductive tract applications. Silicone has 

demonstrated biocompatibility in numerous applications. For vaginal applications, studies 

have shown multiple silicone-based drug delivery systems applied in the vaginal canal91–95. 

Favorable diffusion of drug from silicone has been shown to provide effective release 

kinetics96–102.

The scaffold design in this study corresponds with murine vaginal tracts measured in 

previous studies68. As challenges arise from initial burst or sub-optimal release, the 

geometric design of a chamfered cylindrical scaffold was utilized to enhance and fine tune 

sustained release57,94,103,104. Through the use of 3D-printing, the specified CAD design 

was translated into silicone scaffolds with and without metronidazole, with reproducible 

dimensions (Figure 1). A shell interior with a wall thickness of 0.5 mm was created with 

the aim of incorporating future biologics into the core of the scaffold. To attain these 

reproducible dimensions for favorable release profiles, printing processing parameters of the 

used extrusion printer were evaluated for their impact on the height and diameter of the 
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printed cylindrical scaffolds. Layer thickness, temperature, and extrusion rate in conjunction 

with pressure have shown to impact drug delivery performance and physicochemical 

properties in 3D-printing105. Proper extrusion, using a 23 needle G, produced scaffold 

geometrics with least deviation from the control of height and diameter (5 and 4 mm) 

at 100 psi (Figure 2). When needle gauge size increases (decrease in diameter), as with 

extrusion rate, shear stress on the ink increases106. Adjusting the temperature of the 

CORE head changes the volume of bioink extruded for a given extrusion rate due to non-

Newtonian shear thinning behavior of silicone and its changes in viscosity69,107. Changes in 

temperature of ink during extrusion were also assessed. Changes in viscosity as a result of 

different temperature produced statistically significant differences in height and diameter for 

temperatures, 15 and 45°C, indicating 30°C to obtain well-defined scaffolds. Additionally, 

drug dissolution and release have shown to be altered by extrusion rate and layer thickness 

that the subject is printed at88. It was observed that an extrusion rate of 5 mm/sec and a 

thickness of 0.2 mm provided the optimum scaffold construct. As thickness layer increased, 

it was observed that there was statistically significant increase in diameter, suggesting that 

the 3D-printed scaffold could not support resolution of a well-defined construct past 0.2 mm. 

A comparable work utilizing pressure assisted microsyringe 3D-printing to develop a shell 

construct for oral applications previously indicated how extrusion printing parameters have 

dire implications on release modulation108. In contrast with different types of 3D-printing, 

PAM relies on these particular printing parameters to fabricate well-defined architectures. 

Resolution of the prints is crucial for the intended release profile88.

Once optimum printing parameters were determined, different formulations were utilized 

to evaluate resolution at different metronidazole concentrations of 10, 25, and 50 μg/mg 

scaffold. Lack of homogeneity in ink resulted in less defined scaffold production evident in 

Figure 3. Along with solely silicone ink, silicone inks with the addition of DMSO and acetic 

acid were evaluated. As higher metronidazole concentrations were loaded, both the silicone 

ink independent of the added solvent and silicone with 5% w/w of acetic acid resulted 

in statistically significant changes from the blank scaffold measurements at 50 μg/mg, 

indicating that these inks would hinder reproducible dimensions. Without the addition 

of polar solvents, the silicone ink showed a drop in resolution in height and diameter. 

The ink containing 5% w/w DMSO showed effective reproducible resolution capabilities, 

demonstrating its homogeneity through various drug concentrations.

3D-printed scaffolds underwent weight loss analysis by TGA as well as thermal analysis 

by DSC to confirm melting point of the incorporated drug metronidazole and crystallization 

of the scaffold material. It is evident that incorporation of metronidazole and DMSO alters 

the stability of the 3D-printed scaffolds at higher temperatures (>550°C) (Figure 4A). In 

the case of fabricating these scaffolds through a heated printing head at 30°C, scaffold 

stability remained intact as weight loss (>5%) is not evident until >250°C. Corresponding 

to TGA, heat flow from DSC for metronidazole-containing scaffolds exhibited endothermic 

peaks with a melting point depression of metronidazole, which has been observed in similar 

metronidazole-containing intravaginal devices43 (Figure 4C). This shift potentially induces 

a point defect in crystallinity that may reduce intermolecular strength, also observed with 

the weight loss at higher temperature. Additionally, broad endothermic peaks past 700°C 

correspond to the sharp decline in weight loss observed in TGA (Figure 4D). Spectra 
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collected from FTIR sampling confirm identities of the base polymer and crosslinking agent 

for the hydrosilylation reaction (Supplementary Figure 1). Stretching of functional groups 

present in metronidazole had very weak intensity due to the low concentration of drug in the 

scaffolds.

Once the effective formulation was attained, blank and metronidazole-containing 3D-printed 

scaffolds underwent swelling and degradation evaluations. Swelling of material can alter 

the drug release kinetics, resulting in an initial burst instead of sustained release and also 

alter the mechanical integrity109–111. Degradation of the well-defined geometric architecture 

would also affect the release profile due to change of surface area. In this study, it was 

visually evident that both blank and scaffolds loaded with metronidazole concentration of 

50 μg/mg had no traces of compromised architecture (Figure 5A). Measurements indicated 

minimal swelling (<2%) and degradation (<6%) across all curing conditions evaluated 

in blank and metronidazole-containing scaffolds indicating negligible effect on release 

efficacy (Figure 5B and C). These results demonstrate the ability of silicone to withstand 

physicochemical interactions with SVF that could be detrimental to their application. 

Furthermore, API incorporation into silicone has been demonstrated to be an effective 

platform for drug delivery for applications to the female reproductive tract.63

The scaffold would be subjected to compression when inserted in the vagina and would 

be further subjected to compression intra-vaginally from vaginal fluid, vaginal walls, and 

muscularis layer53,76,112,113. Scaffolds were mechanically tested post-cure and after 14 

day in SVF to simulate initial insertion and residual duration, respectively (Figure 6). In 

comparison to the post-cure mechanical strengths, the 24 hr at 50°C cure demonstrated 

superiority over the other cures with regards to resistance to compression. In contrast, 

scaffolds cured for 4 hr at 50°C showed greater resistance to compression compared to 24 

hr at 50°C cure when immersed in SVF, suggesting that scaffolds cured for lesser time 

would strengthen from vaginal fluid presence. Yet, these scaffolds had minimal swelling 

and degradation indicating SVF absorption was not occurring, consistent with previous 

observations114.

The scaffolds were evaluated for cumulative release of metronidazole in SVF for 14 days. 

Scaffolds cured for 4 hr at 50°C followed by 72 hr at 4°C, had the greatest cumulative 

release (27.0 μg/mg) (Figure 7A). Independent of curing condition, the scaffolds released 

at minimum ~1 μg/mg per day over 7 days (Figure 7B), demonstrating the ability for 

sustained release. The degree of crosslinking polymers as well as curation period has 

been shown to impact drug release kinetics and mechanical strength115–120. Recently, we 

evaluated the drug release kinetics of 3D-printed scaffolds with these curing conditions, 

finding that the Higuchi, Korsmeyer-Peppas, and Peppas-Sahlin models adequately (all R2 

≥0.99) described the release, implying similarity to release from insoluble or polymeric 

matrices114. In this study, the metronidazole-containing scaffold cured at 4 hr at 50C 

followed by 72 hr at 4°C showed a statistically significant increase in cumulative release 

compared to the scaffolds cured for 24 hr at 50 °C, as well as statistically significant 

increase in resistance to compression after being immersed in SVF for 14 days, indicating 

this scaffold cure having the most advantageous sustained release and mechanical strength 

for 14 days in vitro. Regarding poor retention time of drugs in the vaginal mucosa, repeated 
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administration of a therapeutically retained concentration as well as mucoadhesive gels have 

been alternative solutions121,122 . Mucoadhesive materials provide greater surface contact at 

the localized mucosal site for an increased drug flux at the absorbing tissue123. However, 

lack of user adherence due to inconvenient administration along with a transient effect 

may enhance the risk of antibiotic-resistant pathogenic growth. Sustained release through 

3D-printing via a one-time insertion provides a solution to poor drug retention without 

potentially compromising user adherence. Additionally, the dimensions of the scaffolds, 

and their ability to withstand compression while retaining shape, offers the opportunity for 

prolonged vaginal retention, which will be evaluated in upcoming in vivo studies.

Supernatants from scaffolds cured at the various conditions were utilized in a prevention 

assay in the presence of VK2/E6E7 vaginal epithelial cells with Gardnerella. The release 

of metronidazole after 1 and 7 days showed greater than 4.0-log reduction in Gardnerella 
concentration (P ≤ 0.0001) for all three scaffold cures (Figure 8). Metronidazole release 

for all scaffold cures was greater than 225 and 85 μg/ml for 1 and 7 days, respectively. 

Although the drug release did not reach equilibrium, the results indicate that the sustained 

release would logarithmically reduce colonies of Gardnerella28. Of note, the one-time 

administration dosage is designed for 14 day delivery of metronidazole.

Cross sections of scaffolds were imaged under SEM to determine the porosity after 

immersion in SVF. The presence of porosity was shown distributed throughout the scaffold 

area (Supplementary Figure 2). Pore sizes were observed to have a range of 5–20 μm 

suggesting the formulation could enable future proliferation of biologics from the core. 

Specifically, the pore size range would provide the ability for lactobacilli species to 

proliferate outward124. Similar findings of increased porosity within a 3D-printed polymeric 

construct after exposure to SVF for 14 days indicated the suitable use of silicone for 

sustained release of hydrophobic drugs51. Interestingly, the increase in porosity did not 

weaken the scaffold constructs; in fact, the mechanical strength increased during radial 

compression after 14 days in SVF compared to the initial strength observed in previous 

work114. This phenomenon is hypothesized to occur due to the increased surface area 

exposure to SVF, which may result in molecular interaction between uncrosslinked 

molecules. Lastly, the scaffolds were administered for 24 and 72 hr to vaginal keratinocytes 

(VK2/E6E7) to determine cell viability. Negligible cytotoxicity was observed in treated 

keratinocytes compared to untreated cells, indicating preliminary safety of the formulated 

scaffolds for intravaginal application (Figure 9). Minimal cytotoxicity and LDH release, in 

addition to the scaffold efficacy against Gardnerella, indicates that the presence of 5% w/w 

DMSO in the formulated ink did not impact cell viability.

The delivery platform evaluated in this study has the potential to be scaled up for human 

use. Metronidazole has been previously shown to eliminate Gardnerella without reducing 

commensal populations such as L. crispatus at a concentration of 50 μg/mg, by comparison 

of their MIC (μg/ml) values against metronidazole28. In light of this knowledge and 

the potential to incorporate biologics in the 3D-printed scaffolds125 for a future dual 

antibiotic-probiotic delivery system, the ink formulation was composed of a metronidazole 

concentration of 50 μg/mg, and the architecture was shelled for potential inclusion of the 

biologics. The silicone and curing agent, a mixture of vinyl terminated polydimethylsiloxane 
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(70%) and vinyl, methyl modified silica (30%) and methylhydrosiloxane-dimethylsiloxane 

copolymer, trimethylsiloxane terminated, was mixed with 5% DMSO w/w to enable 

consistent extrusion with metronidazole. Future work will entail evaluating the stability and 

shelf-life of the scaffold, as well as the pharmacological efficacy and sustained retention in 
vivo.

Conclusions

This study demonstrates the potential of PAM 3D-printing as a versatile additive 

manufacturing process for creating metronidazole-containing silicone scaffolds that offer 

controlled and sustained metronidazole release, shown to logarithmically reduce the 

concentration of pathogenic colonies of Gardnerella. Scaffolds had minute changes during 

degradation and swelling as well as mechanical resistance to simulated self-insertion and 

circumferential forces present in the vaginal canal. Preliminary safety studies showed that 

vaginal cell viability was maintained, and images of porosity established the potential use of 

incorporating biologics into the core of the scaffolds for subsequent release after antibiotic 

release. The single-dose application scaffold could provide a convenient alternative for 

localized active agent delivery for 14 day sustained treatment, at which time the spent 

scaffold would be removed and, if needed, replaced with another unit. Altogether, this work 

is envisioned to contribute and facilitate a streamlined approach to develop extrusion-based 

3D-printed constructs for localized and sustained intravaginal delivery of active agents to 

treat disturbances in vaginal health.
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Abbreviations:

API Active pharmaceutical ingredient

ATR Attenuated total reflection

BV Bacterial vaginosis

CAD Computer-aided design

CDC Centers for Disease Control and Prevention

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid
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DSC Differential scanning calorimetry

FDM Fused deposition modeling

FTIR Fourier transform infrared spectroscopy

HME Hot melt extrusion

LDH Lactic dehydrogenase

MIC Minimum inhibitory concentration

MTT 3 -(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide

PAM Pressure assisted microsyringe

PBS Phosphate-buffered saline

PCL Ppoly(caprolactone)

SEM Scanning electron microscopy

SVF Simulated vaginal fluid

TGA Thermogravimetric analysis

UV-Vis Ultraviolet–visible spectroscopy
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Figure 1: 
(A) Vinyl terminated polydimethylsiloxane (70%) and vinyl, methyl modified silica (30%), 

and curing agent, methylhydrosiloxane-dimethylsiloxane copolymer, trimethylsiloxane 

terminated, were mixed with dimethyl sulfoxide (DMSO), and 50 μg/mg of metronidazole 

was loaded into the silicone ink. (B) Solidworks CAD design schematic implemented for 

applications in isometric and cross section view. (C) 3D-printed blank scaffold created from 

the STL template for reproducible dimensions of geometric design.
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Figure 2. 
Silicone scaffolds were 3D-printed at varying 3D-printing parameter values to determine 

most advantageous values for reproduction with accurate dimensions of height (5 mm) 

and diameter (4 mm) for future murine application. Dimensions were evaluated when (A) 

extrusion was adjusted at pressures of 80, 100, and 120 PSI, (B) temperature of CORE head 

was adjusted to 15, 30, and 45°C, (C) extrusion rates were varied at 2.5, 5, 7.5 mm/sec, and 

(D) thickness layers were 0.2, 0.3, and 0.4 mm. Statistical significance between different 

concentration groups and blank, as calculated by one-way ANOVA (Tukey HSD post-hoc 

comparisons), is represented by *p ≤ 0.05, ** p ≤ 0.01, ***p≤ 0.001 and ****p ≤ 0.0001.
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Figure 3. 
3D-printing silicone ink formulations utilizing acetic acid and dimethyl sulfoxide (DMSO) 

were used in dissolution of metronidazole in the ink. Scaffolds were printed with 5 

mm height and 4 mm diameter for future pre-clinical (murine) application. (A) Scaffold 

resolution was compared between formulations with metronidazole concentrations of 10, 25, 

50 μg/mg in ink. (B) Representative images of ideal dimensions of metronidazole-containing 

scaffold. Dimensions of the different formulations when loaded at 10, 25, and 50 μg/mg 

were evaluated for scaffold (C) height and (D) diameter. Statistical significance between 

different concentration groups and blank, as calculated by one-way ANOVA (Tukey HSD 

post-hoc comparisons), is represented by ***p≤ 0.001 and ****p ≤ 0.0001. Scale bar 

represents 2 mm.
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Figure 4. 
3D-printed blank and metronidazole-containing silicone scaffolds at curing conditions 24 hr 

at 50°C, 4 hr at 50°C followed by 72 hr at 4°C, and 4 hr at 50°C followed by 24 hr at 20°C 

were thermally analyzed by (A) TGA and (B) DSC. Derivative heat flow acquired from 

DSC was analyzed to underscore thermal behavior of (C) metronidazole and the (D) silicone 

polymer.
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Figure 5. 
Scaffold degradation and swelling were evaluated as a function of curing parameters. 

Representative images of (A) blank (top row) and metronidazole-containing scaffolds 

(bottom row) at initial post-print cure, 1, 7 and 14 days immersion in SVF. Blank and 

metronidazole containing scaffold (B) swelling and (C) degradation while immersed in SVF 

for curing parameters of 24 hr at 50°C, 4 hr at 50°C followed by 24 hr at 20°C, or 4 hr at 

50°C followed by 72 hr at 4°C are shown as percent of initial mass.
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Figure 6. 
Axial compression ranging from 5 to 20% was performed to simulate initial vaginal self-

insertion on 3D-printed silicone (A) blank and (B) metronidazole-containing scaffolds with 

curing conditions of 24 hr at 50°C, 4 hr at 50°C followed by 24 hr at 20°C, or 4 hr 

at 50°C followed by 72 hr at 4°C post-cure. Radial compression ranging from 5 to 25% 

was performed after 14 days in SVF to simulate vaginal compression for duration of drug 

delivery on 3D-printed silicone (C) blank and (D) metronidazole-containing scaffolds with 

curing conditions 24 hr at 50°C, 4 hr at 50°C followed by 24 hr at 20°C, or 4 hr at 50°C 

followed by 72 hr at 4°C. Statistical significance between different concentration groups and 

blank, as calculated by one-way ANOVA (Tukey HSD post-hoc comparisons), is represented 

by *p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001.
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Figure 7. 
Metronidazole-containing scaffolds cured at 24 hr at 50°C, 4 hr at 50°C followed by 24 at 

20°C, or 4 hr at 50°C followed by 72 hr at 4°C were assessed for (A) cumulative and (B) 

daily release while immersed in SVF. Statistical significance between different concentration 

groups and blank, as calculated by one-way ANOVA (Tukey HSD post-hoc comparisons), is 

represented by *p ≤ 0.05.
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Figure 8. 
Supernatant released from metronidazole-containing 3D-printed scaffolds at (A) 24 hr and 

(B) 7 days was added to Gardnerella culture for 24 hr. Viability was compared to that 

obtained with metronidazole alone or with free Gardnerella cultured with blank scaffolds. 

Statistical significance between experimental groups, as calculated by one-way ANOVA 

(Tukey HSD post-hoc comparisons), is represented by *p ≤ 0.05 and ****p ≤ 0.0001.
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Figure 9. 
Preliminary safety assessment of 3D-printed scaffolds. (A) Cell viability of vaginal 

keratinocytes (VK2/E6E7 cells) treated with 3D-printed scaffolds for 24 or 72 hr. Negligible 

cytotoxicity was observed in VK2/E6E7 cells administered with scaffolds processed with 

different formulations. (B) No significant release of LDH was observed from VK2/E6E7 

cells treated with 3D-printed scaffolds containing silicone, silicone and DMSO, and 

formulation of silicone, DMSO, and metronidazole for 24 or 72 hr, relative to untreated 

(control) cells. In comparison, cells treated with staurosporine had significantly elevated 

LDH levels. Statistical significance between experimental groups, as calculated by one-way 

ANOVA (Tukey HSD post-hoc comparisons), is represented by * p ≤ 0.05, ** p ≤ 0.01, 

***p≤ 0.001 and ****p ≤ 0.0001.
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