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Abstract 25 

Over 5% of the world’s population has disabling hearing loss, which affects 26 

approximately one third of individuals over 65 years. Hearing aids are commonly used in 27 

this population group, but prolonged use of these devices may cause ear infections. We 28 

describe for the first time, the use of 3D printing to fabricate hearing aids loaded with two 29 

antibiotics, ciprofloxacin and fluocinolone acetonide. Digital light processing 3D printing 30 

was employed to manufacture hearing aids from two polymer resins, ENG hard and 31 

Flexible. The inclusion of the antibiotics did not affect the mechanical properties of the 32 

hearing aids. All multi-drug-loaded devices exhibited a hydrophilic surface, excellent 33 

blood compatibility and anti-biofilm activity against P. aeruginosa and S. aureus. Hearing 34 

aids loaded with ciprofloxacin (6%w/w) and fluocinolone acetonide (0.5% w/w) sustained 35 

drug release for more than two weeks and inhibited biofilm formation on the surface of 36 

the devices and bacteria growth in the surrounding medium. In summary, this work 37 

highlights the potential of vat photopolymerization 3D printing as a versatile 38 

manufacturing approach to fabricate high-fidelity patient-specific medical devices with 39 

anti-bacterial properties. 40 
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1. Introduction 51 

Three-dimensional (3D) printing is an innovative and fast additive manufacturing 52 

technology based on the production of a physical object in a layer-by-layer manner from 53 

a computerized 3D model. The 3D models can be created by computer-aided design 54 

(CAD) software or obtained from imaging techniques (e.g. 3D scanner, computed 55 

tomography scan, magnetic resonance imaging) that capture images of the real object 56 

[1]. Due to its cost-efficiency, reproducibility and flexibility, 3D printing is forecast to be a 57 

disruptive technology in healthcare and drug delivery, changing manufacturing 58 

paradigms by allowing the fabrication of bespoke and individualized objects [2-4]. 59 

A wide variety of 3D printing technologies coexist today, and they can be classified 60 

depending on the nature of the material used (e.g. resins, plastics, ceramics), the 61 

deposition technology, and the mechanism used to form the layers or the characteristics 62 

of the final products [5]. Depending on the additive process involved, the American 63 

Society for Testing and Materials (ASTM) classifies these technologies into seven main 64 

categories: vat photopolymerization, material extrusion, directed energy deposition, 65 

powder bed fusion, binder jetting, material jetting and sheet lamination [6]. 66 

In the pharmaceutical industry, various 3D printing technologies included in the 67 

previously cited categories have been evaluated to prepare personalized medicines 68 

including fused deposition modelling (FDM) [7-9], semi-solid extrusion (SSE) [10, 11] 69 

and selective laser sintering (SLS) [12, 13]. Formulations with tailored drug release 70 

profiles [14, 15] and unique functions [16-19] have been previously introduced. However, 71 

the application of 3D printing has not stopped at the production of oral dosage forms. 72 

Multiple customized medical devices have been prepared by incorporating different 73 

drugs into the 3D printed structures for intrauterine [20], subcutaneous [21], vaginal [22], 74 

topical [1], intravesical [23], and oral [24, 25] drug delivery, and tissue scaffolds [26]. 75 

Vat photopolymerization 3D printing techniques, such as stereolithography (SLA), 76 

continuous liquid interface production (CLIP) and digital light projection (DLP) are 77 

processes where a vat of liquid photopolymerizable resin is selectively solidified using 78 

light irradiation (e.g. a laser, UV and visible light). Such 3D printing techniques provide 79 

high accuracy and superior resolution [27], and have been tested for biomedical and 80 

pharmaceutical applications [28], including the fabrication of polypills [29, 30], patient-81 

specific implants [31], personalized devices [1], microneedles [32-34], dental devices 82 

[35], and hearing aids [36]. Hearing aids manufacturing is the paramount example of 83 

personalized medical devices that have benefitted from the development of 3D printing. 84 

In fact, more than 99% of the hearing aids that fit in user’s ear canal are custom-85 
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manufactured by 3D printing [3, 37], mainly by vat photopolymerization technologies. 86 

Manufacturers such as EnvisionTEC [36], Formlabs [38], and Sonova [39] have been 87 

employing 3D printing technology for production of shells for in-the-ear hearing aids to 88 

custom-made earpieces for behind-the-ear and receive-in-canal hearing aids as well ear 89 

products such as ear moulds and earbuds. 90 

Around 5% of the population worldwide has disabling hearing loss, which affects 91 

approximately one third of people over 65 years [40]. Multiple causal agents are behind 92 

sensorineural and conductive hearing loss, but ear infection is a relevant cause of 93 

temporary hearing loss. Also, the prolonged use of hearing aids may alter the ear canal 94 

microbiota and increase the risk of fungal and bacterial otitis externa [41]. There is the 95 

need to prevent infections in hearing aids, however hearing aids with anti-biofilm 96 

properties have not yet been developed. In the case of ear infections, topical antibiotics 97 

are better than aural toilet (ear cleaning using dry mopping or irrigation) alone, and 98 

systemic or topical fluoroquinolones (e.g. ciprofloxacin, ofloxacin) are more effective than 99 

other types of antibiotics [42, 43]. It has also been reported that the use of ciprofloxacin 100 

in combination with fluocinolone acetonide is more effective than treatment with each 101 

drug individually for acute otitis media with tympanostomy tubes (AOMT) in children and 102 

is safe and well tolerated [44, 45].  103 

Reports about manufacture of 3D printed devices with antibiofilm properties are limited 104 

[46]. To date, only a 3D printed device with nitrofurantoin to prevent the biofilm formation 105 

of S. aureus [47], an Ag-decorated 3D printed implant with antibiofilm activity against E. 106 

coli and S. aureus [48], and a 3D-printed PLA-collagen-minocycline-nanohydroxyapatite 107 

scaffold against S. aureus [49] were prepared. All of the above-mentioned examples 108 

were fabricated using FDM 3D printing technology, but the low resolution and mechanical 109 

properties of the produced objects may limit its applications in the production of complex 110 

devices such as the hearing aids. 111 

To the best of our knowledge, there are no previous studies on 3D printed hearing 112 

devices that may act as drug release platforms in the outer-middle ear canal. As such, 113 

here we seek to explore the possibility of employing DLP 3D printing in fabrication of 114 

drug-loaded hearing aids for patients with ear infections. This novel drug-device 115 

combination product would avoid discontinuation of hearing aids use due to infections 116 

and may be even useful for normal hearing people suffering ear infections. A combination 117 

of ciprofloxacin and fluocinolone acetonide was chosen since it is commonly used in ear 118 

drops to address ear infections. The effect of the incorporation of two drugs on the 119 

printability and mechanical properties of the hearing aids and their capabilities to provide 120 
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controlled drug release were evaluated. Moreover, the efficacy of a 3D printed device to 133 

avoid the biofilm formation was evaluated against Pseudomonas aeruginosa (Gram-134 

negative) and Staphylococcus aureus (Gram-positive), two avid biofilm formers involved 135 

in chronic ear infections [50, 51]. 136 

 137 

2. Materials and methods 138 

2.1 Materials 139 

Ciprofloxacin hydrochloride USP was purchased from Fagron (Spain) and fluocinolone 140 

acetonide (Ref. Mg93950) was from Guinama (Spain). Kudo 3DSR flexible resin (30-141 

60% acrylate monomer; 35-69% acrylate oligomer; 1-5% photoinitiator) and Kudo 3DSR 142 

ENG hard resin (30-60% acrylate monomer; 30-68% acrylate oligomer; 1-10% 143 

photoinitiator; 1-10% pigment) were purchased from Kudo3D Inc. (USA). (3-(4,5-144 

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) and orthophosphoric acid 145 

(H3PO4, 85%) were from Merck KGaA (Darmstadt, Germany); isopropyl alcohol and 146 

ethanol absolute 99.9% from VWR Chemicals (Fontenary-Sous-Bois, France); sodium 147 

chloride (NaCl, analytical grade) and tryptic soy broth (TSB) from Oxoid (UK); sodium 148 

hydroxide (NaOH, 98.5-100.5%) from VWR Chemicals (Leuven, Belgium); bactoTM 149 

tryptone and bactoTM yeast extract from Becton, Dickinson and Company (Le Pont de 150 

Claix, France); acetonitrile (≥ 99.9% purity, HPLC grade) from Scharlab S.L. (Barcelona, 151 

Spain). Water was purified using reverse osmosis (resistivity > 18 MΩ·cm, MilliQ 152 

Millipore® Spain). 153 

 154 

2.2 Preparation of photopolymer solutions 155 

Flexible resin and ENG hard resin were used to prepare the photoreactive solutions. 156 

Flexible or ENG hard resins were mixed with 12 % ciprofloxacin – 1 % fluocinolone 157 

acetonide or 6 % ciprofloxacin – 0.5 % fluocinolone acetonide (w/w) to a total mass of 158 

20 g (Table 1). The ciprofloxacin:fluocinolone acetonide mass ratio was fixed at 12:1, 159 

resembling the ratio in the marketed ear drops formulations [45]. The drugs were added 160 

to the resin solutions and the system was kept under magnetic stirrer for at least 2 hours 161 

until the drugs were apparently dissolved. The resulting photopolymer solutions were 162 

immediately loaded into the printer. Flexible resin-based devices and ENG hard resin-163 

based devices were coded starting with the letter F or H, respectively, followed by the 164 

content (in percentage) of each drug. Control formulations (without drug) were also 165 

printed and coded as FND or HND. 166 
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Table 1. Composition of the 3D printed hearing aids. FND and HND are the codes for 

the blank hearing aids without drug. 
Hearing aid code Resin Drugs 

FND Flexible - 

F6-0.5 Flexible 6 % ciprofloxacin - 0.5% fluocinolone acetonide 

F12-1 Flexible 12 % ciprofloxacin - 1% fluocinolone acetonide 

HND ENG hard - 

H6-0.5 ENG hard 6 % ciprofloxacin - 0.5% fluocinolone acetonide 

H12-1 ENG hard 12 % ciprofloxacin - 1% fluocinolone acetonide 

 167 

2.3 3D printing process 168 

A commercial Kudo3D Titan 2 HR 3D printer (Kudo3D Inc., USA) equipped with a digital 169 

light projector was utilized for printing the hearing aids. The printer allows fabrication of 170 

objects with high resolution and a layer thickness of 23 microns. The templates used to 171 

print the hearing aids were obtained from the moulds of the right ears of two volunteers 172 

and exported as a stereolithography file (.stl) into the 3D printer software (Kudo3D Print 173 

Job Software, Kudo3D Inc., USA). Additionally, circular discs (10 mm diameter x 1mm 174 

height) and rectangular-shape slabs (10mm x 20mm x 1mm) were printed for 175 

microbiology studies and material testing. The printing time was 6s per layer (60s for the 176 

1st layer) with a layer thickness of 25 µm. The post printing process consisted of a wash 177 

of 1 min in isopropyl alcohol and a cure process of 60 min at 60 °C with UV-visible light 178 

(254-366 nm). 179 

 180 

2.4 Determination of hearing aids morphology 181 

Pictures of the devices were taken with a Nikon CoolpixS6150 camera with the macro 182 

option of the menu. The dimensions of the hearing aids were determined by measuring 183 

the device in the X, Y, and Z axes. The images of the devices obtained from X-ray micro 184 

computed tomography were reconstructed, processed (as indicated in section 2.8), and 185 

saved in stl. format. The stl. files were then imported in the 3D printer software (Kudo3D 186 

Print Job Software, Kudo3D Inc., USA) to obtain the size of the device in the X, Y, and 187 

Z axes. The obtained values were then compared to the dimensions of the original 3D 188 

models. 189 

 190 

2.5 Scanning electron microscopy (SEM) 191 
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3D printed slabs were sputter coated with iridium, and SEM images of the surface and 192 

cross-section were recorded in a Zeiss FESEM Ultra Plus microscope (Oberkochen, 193 

Germany). 194 

 195 

2.6 X-ray powder diffraction (XRPD) 196 

X-ray powder diffraction (XRPD) pattern of the drugs and the 3D printed slabs were 197 

recorded on a Philips type powder diffractometer fitted with a PW1710 control unit, a 198 

PW1820/00 goniometer and an Enraf Nonius FR590 generator. Spectra were made by 199 

measuring the scintillation response to Cu Kα radiation in the 2-50° 2θ range, with a step 200 

size of 0.04° and counting time of 6 s per step. 201 

 202 

2.7 Thermal analysis 203 

Differential scanning calorimetry (DSC) measurements of the drugs and the 3D printed 204 

slabs were performed using a differential scanning calorimeter Q200 DSC (TA 205 

Instruments, USA) previously calibrated with indium. The samples were accurately 206 

weighed in a 40 µL aluminum pan, and then heated from 25 to 50°C, cooled to 0°C and 207 

then heated to 300°C at a scanning rate of 10°C/min in nitrogen atmosphere (50 mL/min). 208 

 209 

2.8 X-ray micro computed tomography (Micro-CT) 210 

A high-resolution X-ray micro computed tomography (Micro-CT) scanner (SkyScan1172, 211 

Bruker-microCT, Kontich, Belgium) was used to visualise the internal structure of the 212 

hearing aids as in a previous study [13]. Each image was acquired by rotating the object 213 

through 180° with a frame averaging of 4 and a 0.5° rotation step using medium camera 214 

resolution (2000 x 1048 pixels). NRecon software (Version 1.7.0.4, Bruker-microCT, 215 

Kontich, Belgium) was used to reconstruct the images and the reconstructed images 216 

were processed using the software CTVox (version 2.3.2.0) to create the images. The 217 

software CT Analyzer (CTan version 1.16.4.1) was used to analyse the collected the 218 

data and calculate porosity and dimensions of the devices. 219 

 220 

2.9 Water contact angle 221 
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Water contact angles on 3D printed slabs were recorded for 10 s after the deposition of 222 

a water drop (5 μL) taking one image per second. The measurements were carried out 223 

in triplicate using a Phoenix-300 plus video-based optical goniometer (SEO, Korea). 224 

 225 

2.10 Mechanical evaluation of the slabs 226 

3D printed slabs (10mm x 20mm x 1mm) were tested in triplicate at room temperature in 227 

a TA.XT Plus Texture Analyzer (Stable Micro Systems, Ltd., UK) fitted with a 30 Kgf load 228 

cell. In each test, the slab was fixed to the upper and lower clamps with a gap of 6 mm. 229 

The tensile test was carried out at a crosshead speed of 0.1 mm/s until rupture. The 230 

stress-strain data were converted to engineering strength (force per cross-sectional 231 

area) versus the engineering strain (the change in active length divided by the original 232 

length), and the Young's modulus was calculated from the slope of the straight-line 233 

portion, as follows: 234 

𝑬 = 𝑭/𝑨𝟎
∆𝑳/𝑳𝟎

                Eq. (1) 235 

Where E is the Young’s modulus, F is the force applied on the sample under tension, A0 236 

is the cross-sectional area, ΔL is the change in length of the sample and L0 is the original 237 

length of the sample. 238 

 239 

2.11 Hemolytic activity 240 

The hemolysis assay was carried out in accordance with the direct test described in 241 

ISO10993-4 [52]. Fresh blood from anonymized healthy donors (Galician Transfusion 242 

Center, Spain) was diluted 1:30 (v/v) in NaCl 0.9% aq. medium. Aliquots (1 mL) were 243 

poured in Eppendorf tubes to which pieces of the slabs were added (40-80 mm2 side; 244 

50-90 mg). Diluted blood without samples was used as negative control. The positive 245 

control was prepared adding 100 µL of Triton X-100 4% to tubes containing diluted blood. 246 

All tubes were incubated for 60 min in a Mini-Shaker (100 osc/min) at 37 °C and then 247 

they were centrifuged (Sigma 2-16P; Sigma Laboratory Centrifuges, Germany) at 248 

10,000g for 10 min. The supernatants (150 µL) were transferred to 96-well plate and the 249 

absorbance was recorded at 540 nm (FLUOstar Optima; BMG Labtech, Germany). 250 

Hemolysis percentage was calculated as follows: 251 

𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠	(%) =
&'("#$%&')&'((')#*+,'	./(*0/&

&'(%/"+*+,'	./(*0/&)&'((')#*+,'	./(*0/&
         Eq. (2) 252 

 253 
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2.12 Anti-biofilm properties 254 

Bacterial strains and growth conditions. The Gram-negative Pseudomonas aeruginosa 255 

PAO1 (Lausanne sub-line, donated by M. Cámara, Univ. of Nottingham) and the Gram-256 

positive bacteria Staphylococcus aureus ATCC25923 (ATCC, Manassas, VA, USA) 257 

were routinely cultured at 37 °C in Luria-Bertani Broth (LB) and 1% Tryptic Soy Broth 258 

(TSB-1), respectively. 259 

Culture media preparation. LB (10 g/L of tryptone, 5 g/L yeast extract, 10 g/L NaCl) and 260 

TSB-1 (30 g/L TSB Scharlau, 5 g/L NaCl) were prepared in distilled water. Culture media 261 

were magnetically stirred at 200 rpm until complete dissolution and autoclaved (121 °C, 262 

15 min). 263 

Amsterdam Active Attachment (AAA) model preparation. Bacterial biofilms were grown 264 

on dried materials submerged in culture medium using a modified AAA-model [53, 54] 265 

assembled with the tested materials and microscope glass coverslips (18x18 mm, 266 

submerged surface 3.80 cm2) as controls. The coverslips were carefully placed in the 267 

silicone supports (borosilicate glass Menzel-Glaser, Thermo Scientific) of special 268 

metallic covers for 12-wells cell culture plates (Figure S1, Supplementary Material) with 269 

the help of a scalpel and tongs before being autoclaved (121 °C, 1 atm, 15 min). The 270 

sterilized covers were dried in an oven at 60 °C for 12-24 h. The tested slabs were 271 

disinfected by immersion in ethanol 70º for 5 seconds and then placed in the autoclaved 272 

AAA-model covers (Figure S1, Supplementary Material). The covers with the mounted 273 

materials were left to dry for one hour at room temperature in a biological safety cabinet 274 

before being submerged in 12-wells cell-culture plates containing 4 mL of culture media 275 

inoculated with the corresponding bacterial species. 276 

Pre-inoculum and inoculum preparation. Pre-inocula were prepared by inoculating sterile 277 

Erlenmeyer flasks containing 10-mL of culture medium with a colony of the 278 

corresponding bacterial pathogen. Flasks were incubated at 37 °C for 12 h (P. 279 

aeruginosa) or 24 h (S. aureus) at 100 rpm. After incubation, optical density was 280 

measured at 600 nm (UV/Vis spectrophotometer Thermo Scientific Helios Omega) and 281 

adjusted to 0.05 (S. aureus) or 0.01 (P. aeruginosa) by dilution with the corresponding 282 

culture medium in sterile 50 mL Falcon® tubes. The required dilutions were 1/326 for P. 283 

aeruginosa and 1/125 for S. aureus. The inocula were gently homogenized and 284 

distributed in the 12-wells cell culture plates (4 ml per well). All procedures were 285 

performed in a biological safety cabinet. 286 

Plates preparation and incubation. All materials were tested in triplicate and incubated 287 

at 37ºC for 12 and 48 hours for P. aeruginosa and S. aureus respectively. The S. aureus 288 
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medium was changed every 12 hours by moving the models to new cell-culture plates 289 

previously filled with 4 mL/well of fresh TSB-1. In all cases, after each media exchange 290 

period, the absorbance of the culture medium was measured at 600 nm (UV/Vis 291 

spectrophotometer Thermo Scientific Helios Omega) after homogenization in order to 292 

assess planktonic bacterial growth. 293 

Biofilm susceptibility. After the incubation period at 37 °C, the viability of the bacterial 294 

biofilms was analyzed using MTT assay modified as previously reported [55, 56]. For this 295 

purpose, slabs and coverslips were individually placed in sterile tubes containing 3.6 mL 296 

of PBS (6.4 g of NaCl, 0.16 g of KCl, 1.152 g of NaHPO4 and 0.192 g of KH2PO4 for 500 297 

mL) and then sonicated for 15 min in order to detach and homogenize the biofilms. After 298 

that, MTT solution (5 mg/mL, 400 µL) was added to each tube, and the tubes were 299 

incubated at 37 °C for 30 min. The half of the MTT-containing PBS medium was removed 300 

and replaced with acid isopropanol (5% (vol/vol) 1M HCl in isopropanol). After 5-min 301 

vortexing, aliquots (1 mL) of the medium were taken and their absorbance measured at 302 

570 nm (UV/VIS spectrophotometer Thermo Scientific Helios Omega). PBS medium 303 

without samples was treated in the same way and used as a blank. 304 

 305 

2.13 Drug release studies 306 

Drug release studies were carried out from the 3D printed F6-0.5 and H6-0.5 (Table 1) 307 

discs (10 mm diameter x 1mm height and 0.1 g average weight) in 4 mL of 50 % (v/v) 308 

ethanol and 50 % (v/v) water for 67 days at 37°C and 400 rpm (n=4). The tubes were 309 

protected from light to avoid drug degradation. Blank (without drug) 3D printed discs 310 

were used as control. At predetermined time intervals, 500 µL aliquots were withdrawn 311 

from each tube and replaced with the same volume of the release medium. The samples 312 

were filtered through a 0.22 µm Nylon filter and the concentration of each drug was then 313 

determined using a JASCO (Tokyo, Japan) HPLC (AS-4140 Autosampler, PU-4180 314 

Pump, LC-NetII/ADC Interface Box, CO-4060 Column Oven, MD-4010 Photodiode Array 315 

Detector), fitted with a C18 column (Waters Symmetry C18, 5 µm, 4.6 × 250 mm) and 316 

operated with ChromNAV software (ver. 2, JASCO, Tokyo, Japan). The mobile phase 317 

consisted of 45% (v/v) 0.1% orthophosphoric acid (pH 2.2) and 55% (v/v) acetonitrile at 318 

30°C, and the flow rate was kept at 0.9 mL/min. The injection volume was 20 μL and the 319 

eluent was detected at a wavelength of 246 nm with a total run time of 10 min (retention 320 

time of ciprofloxacin and fluocinolone acetonide was 1.82 min and 7.21 min, 321 

respectively). Ciprofloxacin and fluocinolone acetonide contents in the samples were 322 

calculated from a validated calibration curve. The standard solutions were 2.5-200 µg/mL 323 
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of ciprofloxacin and 0.5-60 µg/mL of fluocinolone acetonide in 50 % (v/v) ethanol and 50 324 

% (v/v) water. At the end of the release test, all discs were dried in an oven (37 °C, 72 325 

h) and weighed to determine the mass loss over the release time, and SEM images were 326 

obtained. 327 

Drug release data was fit to the square root kinetics (Higuchi equation): 328 

𝑄 = 𝑘* ∙ 𝑡
1
2    Eq. (3) 329 

Where Q is the amount of drug released over time t and kH is the Higuchi rate constant. 330 

 331 

2.14 Statistical analysis 332 

The effects of formulation composition on hemolysis and biofilm activity were analysed 333 

using ANOVA and multiple range test (Statgraphics Centurion 18, StatPoint 334 

Technologies Inc., Warrenton VA). 335 

 336 

3. Results and discussion 337 

3.1. DLP 3D printing 338 

As everyone’s ear anatomy is unique and different, hearing aids are one of the 339 

customized medical devices that are extensively manufactured via vat 340 

photopolymerization-based technology as a result of its high resolution and great 341 

efficiency. Compared with other manufacturing methods such as moulding, 3D printing 342 

was found to be cost effective when the production volume is low and avoids the need 343 

of making moulds, which requires extra costs on machinery, material and labour [57]. 344 

We successfully demonstrated the possibility of manufacture hearing aids loaded with 345 

two drugs, ciprofloxacin and fluocinolone acetonide, via DLP 3D printing. Previously, SLA 346 

has been utilized to produce polyprintlets (3D printed polypills) where multiple drugs were 347 

incorporated within a single pill but physically separated in different compartments [29, 348 

30]. So far, there have not been examples of using photopolymerization-based 3D 349 

printing techniques to produce drug delivery systems that combine more than one drug 350 

incorporated at the same time in the same resin. Herein, we demonstrated the possibility 351 

of preparing multi drug-loaded medical devices for personalised therapy. 352 

Prior to the printing process, pure ciprofloxacin and fluocinolone acetonide were readily 353 

dispersed (apparently dissolved) in the Flexible or ENG hard resins under magnetic 354 

stirring. All the devices were successfully fabricated similar to the 3D scan model with 355 

Deleted: , for the first time,356 
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smooth surface finish and good consistency in dimension regardless of drug loadings 357 

(Figure 1). The fabricated hearing devices appeared the same colors as the used resins, 358 

yellow for ENG hard (Figure 1B) and black for Flexible (Figure 1C). With the drug loading 359 

of ciprofloxacin-fluocinolone acetonide increasing, from 6%-0.5% to 12%-1%, the density 360 

of colour slightly decreased. 361 

 362 

Figure 1. (A) 3D scan model of the hearing aid; DLP 3D printed hearing aids using (B) 363 

ENG hard resin and (C) Flexible resin. In (B) and (C) from left to right, hearing aids 364 

fabricated without drug, with ciprofloxacin-fluocinolone acetonide 6% - 0.5% and 12% - 365 

1%, respectively. Scale in cm. 366 

 367 

3.2 Physical characterization of the 3D printed slabs 368 
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SEM images of the control 3D printed slabs (without drugs) revealed homogeneous 369 

matrices lacking pores (Figures 2 and 3). Similar appearance was observed for F6-0.5 370 

and H6-0.5 although with a minor increase in roughness. Conversely, F12-1 and H12-1 371 

showed small particles dispersed inside the slab (cross-section views) and acicular 372 

marks on the surface. These empty marks may correspond to drug particles located on 373 

the outer surface of the slab that were removed during the washing process with 374 

isopropanol. 375 

 376 

 377 

Figure 2. SEM images of freshly prepared 3D printed slabs FND, F6-0.5 and F12-1.  378 

 379 
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 381 

Figure 3. SEM images of freshly prepared 3D printed slabs HND, H6-0.5 and H12-1.   382 
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To gain an insight into the crystalline structure of the drugs after DLP 3D printing, DSC 383 

and XRPD spectra were obtained (Figure 4). FND and HND were amorphous and DSC 384 

scans only revealed small decomposition peaks at 177°C and 174°C, respectively. 385 

Differently, F12-1 and H12-1 showed a thermal event at 151°C, which is the typical 386 

dehydration temperature of ciprofloxacin salt (Figure 4A). In good agreement, XRPD 387 

spectra of F12-1 and H12-1 also evidenced crystalline peaks of ciprofloxacin at 8.33°, 388 

9.17°, 19.44° and 26.64° 2θ (Figure 4B). Fluocinolone acetonide (less polar and in less 389 

amount) seemed to have been dissolved completely in the resins, and no crystalline 390 

peaks corresponding to this drug were observed in the slabs. In the case of the polar 391 

ciprofloxacin hydrochloride, the resins only allowed the molecular dispersion of a certain 392 

proportion of drug (up to ca. 6% ciprofloxacin in the blend) while the rest of the drug 393 

remained as small crystalline particles. Endothermic events typical of ciprofloxacin have 394 

also been previously recorded for 3D printed filaments used for FDM for a variety of 395 

polymers both when the drug was blended with the components or adsorbed onto 396 

preformed filaments [58, 59]. Reports evidenced that ciprofloxacin is indeed immiscible 397 

with the matrix of urinary catheters made of poly(D,L-lactide-co-ε-caprolactone) [60]. 398 
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 399 

Figure 4. (A) DSC thermograms and (B) XRPD spectra (B) of the drugs, 3D printed slabs 400 

FND and HND (without drug) and 3D printed drug-loaded slabs. Codes as in Table 1. 401 

 402 

X-ray micro-CT imaging was used to three-dimensionally visualise the internal structure 403 

of the fabricated hearing aids. As can be seen from Figure 5, the images indicated that 404 

hearing aids loaded with drugs had more dense regions (in blue colour) compared with 405 

the ones printed without drug. By increasing the drug loading of the devices from 6 % 406 

º 2q
0 10 20 30 40 50

C
ou

nt
s 

(a
.u

.)

Fluocinolone acetonide

Ciprofloxacin

FND

F12-1

HND

H12-1

H6-0.5

F6-0.5

Temperature (ºC)
0 50 100 150 200 250 300

H
ea

t f
lo

w
 (a

.u
.)

Fluocinolone acetonide

Ciprofloxacin

FND

F12-1

HND

H12-1

ex
o

A

B

Deleted: ¶407 



17 

ciprofloxacin – 0.5 % fluocinolone acetonide (w/w) to 12 % – 1 %, an increased amount 408 

of blue colour can be observed. In order to estimate the dimensional accuracy of the 3D 409 

printed devices, their dimensions were compared with the dimensions of the 3D model 410 

(Table S1, Supplementary Material). The results demonstrated that the measured 411 

dimensions were similar to the dimensions in the 3D design except for the slightly higher 412 

variability in the x-axis values, indicating the suitable precision and reproducibility of the 413 

3D printing process. The porosity results showed that all the 3D printed devices had a 414 

total porosity percentage in the range of 0.3% - 2%, indicating that the devices are not 415 

porous. 416 

 417 

 418 

Figure 5. X-ray micro-CT images of the hearing devices. Codes as in Table 1. 419 

 420 

3.3. Mechanical evaluation of the slabs 421 

Since drug-loaded devices obtained by vat photopolymerization 3D printing have been 422 

barely investigated [46], a first step was to elucidate whether the addition of antimicrobial 423 

and anti-inflammatory agents at clinically relevant proportions may have an impact on 424 

the mechanical properties of the hearing aids. 3D printed FND and HND slabs showed 425 

quite different mechanical properties (Figure 6). As expected, FND slabs made of 426 

Flexible resin were able to deform more than 60% in length before breaking. The Young’s 427 

modulus of FND was 2.5 (s.d. 0.2) MPa (Table 2). The addition of ciprofloxacin and 428 

fluocinolone acetonide caused a slight increase in the modulus up to 3.7 and 4.1 MPa 429 
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for F6-0.5 and F12-1, respectively. The reinforcement of the mechanical properties, 430 

although with minor practical impact, can be attributed to the presence of drug crystalline 431 

particles.  432 

 433 

Table 2. Characteristics of the 3D printed slabs. Mean values and, in parenthesis, 

standard deviations (n=3). 

Hearing aid code Young’s modulus (MPa) Hemolysis (%) 
FND 2.5 (0.2) 2.3 (1.3) 

F6-0.5 3.7 (0.4) 1.6 (0.3) 

F12-1 4.1 (0.4) 1.9 (1.0) 

HND 152.7 (1.8) 1.0 (0.3) 

H6-0.5 154.0 (2.5) 1.7 (1.3) 

H12-1 155.6 (1.9) 1.1 (0.9) 

 434 

On the other hand, HND slabs made of ENG hard resin were more brittle and started to 435 

develop cracks at lower strain values. The Young’s modulus was remarkably high, 152.7 436 

(s.d. 1.8) MPa. The addition of the drugs made the slabs more brittle, but the Young’s 437 

modulus remained in the range of 154-156 MPa. Overall, the 3D printed slabs were able 438 

to accommodate quite high proportions of drugs while still maintaining their typical 439 

mechanical properties.  440 
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Figure 6. Stress-strain curves of the DLP 3D printed slabs as a function of different drug 442 

loadings (n=3). 443 

 444 

3.4. Hemolytic activity 445 

Although hearing aids are not expected to enter into contact with the human blood, ear 446 

wounds and infections as well as incorrect handling may expose the device to blood [61]. 447 

3D printed slabs of each resin with and without drug combinations were evaluated using 448 

an agitated blood incubation model [52]. Triton X-100 was used to cause 100% 449 

hemolysis and referred as the positive control. All slabs showed an excellent blood 450 

compatibility with hemolysis percentages well below 5 % (Table 2) and no significant 451 

differences were found among the formulations (ANOVA, p=0.5650). This finding also 452 

indicated that traces of residual monomers, if any, and the amounts of drugs eluted to 453 

the medium do not compromise the safety of the device.  454 

 455 

3.5. Anti-biofilm properties 456 

All 3D printed slabs showed hydrophilic surface, with water contact angles in the 61-64º 457 

range for slabs prepared with the hard resin and in the 63-68 º range for those made with 458 

the flexible resin (Figure S3, Supplementary Material). These values were not altered by 459 

the incorporation of drugs (ANOVA, p> 0.05). 460 

The anti-biofilm properties of the DLP 3D printed slabs were evaluated against biofilm 461 

formation by two bacteria commonly responsible for chronic suppurative otitis media, P. 462 

aeruginosa and S. aureus [62-65]. Drug-loaded and blank devices were tested, and glass 463 

coverslips were used as positive controls of bacteria growth. The AAA biofilm growth 464 

model was used for testing biofilm formation on different substrate materials with a high 465 

reproducibility [53, 54]. This setup allowed elucidating whether the drugs (mainly 466 

ciprofloxacin) or any other substance is leached from the hearing aids may alter biofilm 467 

growth on the surface of the devices. Moreover, bacterial planktonic growth was also 468 

monitored in the medium surrounding the 3D printed slabs in order to assess the degree 469 

of leaching of the drugs to the culture medium 470 

In the case of P. aeruginosa (Figure 7), after 12 hours of incubation, biofilm was 471 

successfully developed on the control glass coverslips and also on the blank hearing 472 

aids FND and HND (ANOVA, p=0.3962). Also, no relevant changes in the absorbance 473 

of the surrounding growth medium were observed, which means that the planktonic 474 
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growth of this Gram-negative bacterium was similar. Therefore, blank hearing aids 475 

themselves did not possess biocide surface and did not release bactericide substances 476 

to the growth medium. Differently, the drug-loaded devices exhibited an efficient anti-477 

biofilm activity. The growth on the surface of the devices was completely inhibited in all 478 

cases, and the bacteria remaining in the medium was remarkably decreased. The growth 479 

of P. aeruginosa in the medium was statistically lower for the drug-loaded hearing aids 480 

than for FND, HND and the coverslips (ANOVA, p<0.0001). No significant differences 481 

were observed among F6-0.5, F12-1, H6-0.5 and H12-1, which means that the amount 482 

of ciprofloxacin released was much higher than the level required for the antibiofilm 483 

effect, reported to be 40 µg/ml for P. aeruginosa [66].   484 

 485 
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  486 

Figure 7. Growth of P. aeruginosa and S. aureus on the surface (biofilm) and in the 487 

medium surrounding the slabs after 12 and 48 h incubation, respectively. As controls, 488 

glass coverslips were used. Mean values and standard deviations (n=3). The 489 

absorbance values were recorded at 570 nm for the MTT assay (growth on the surface) 490 

and at 600 nm for planktonic bacteria growth in the medium. 491 

 492 

In the case of S. aureus (Figure 7), biofilm formation took more time and therefore it was 493 

evaluated after 48 hours of incubation. As observed for P. aeruginosa, blank hearing 494 

aids performed as the control glass coverslips allowed the development of the Gram-495 

positive bacteria biofilm. Drug-loaded devices completely avoided biofilm formation on 496 
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their surfaces and also hindered the bacteria growth in the surrounding medium. The 497 

statistical analysis confirmed that the bacteria growth on FND and HND was similar and 498 

slightly lower than that recorded for the coverslips (ANOVA, p=0.0392) while the growth 499 

of S. aureus in the medium was the same for FND, HND and the coverslips (ANOVA, 500 

p=0.4514). Minimum bactericidal and biofilm eradication concentrations of ciprofloxacin 501 

against methicillin-resistant S. aureus have been estimated to be 0.625 and 438 µg/ml, 502 

respectively [66]. Assuming a weight of 0.15 g per slab, the amount of ciprofloxacin in 503 

the F6-0.5 and H6-0.5 slab would be 9 mg. The total volume of culture medium was 4 504 

ml. Therefore, the minimum bactericidal concentration can be reached with the release 505 

of only 0.023% drug content, while the biofilm eradication may require the release of 506 

19.5% ciprofloxacin content. 507 

The efficacy of ciprofloxacin preventing the biofilm formation of P. aeruginosa has been 508 

shown before [63-65, 67-69] and was attributed to the inhibition of the Quorum Sensing 509 

mechanism [69]. The efficacy against S. aureus agreed with previous reports [65, 67] 510 

and ciprofloxacin-loaded electrospun nanofibers have demonstrated ability to inhibit the 511 

biofilm formation by a methicillin-resistant S. aureus [67]. In addition, the fabricated 512 

devices showed great stability under the storage condition of room temperature for 3 513 

months without losing the efficacy. 514 

 515 

3.6. Drug release studies 516 

Since drug-loaded slabs F6-0.5 and H6-0.5 demonstrated to be highly efficient against 517 

both Gram-negative and Gram-positive bacteria, only F6-0.5 and H6-0.5 were chosen 518 

for a detailed monitoring of the drug release profiles to avoid waste of drug and concerns 519 

on toxicity. This information should allow the prediction for how long the hearing aids 520 

could continue delivering the drugs, keeping in mind that otitis requires one or two weeks 521 

pharmacological treatment [42]. Ciprofloxacin hydrochloride is a hydrophilic antimicrobial 522 

agent (solubility 170 µg/mL in PBS; log P -0.94) [70], while fluocinolone acetonide is a 523 

relatively hydrophobic corticosteroid (solubility 17 µg/mL in PBS; log P 2.24) [71]. 524 

Therefore, the release medium, 50% (v/v) ethanol and 50% (v/v) water, was chosen to 525 

attend a two-fold criterion: i) to generate a less polar environment than water and thus to 526 

resemble better the environment in the ear canal (a mixture of sweat and cerumen); and 527 

ii) to provide sink conditions for both drugs [72]. Hydroalcoholic medium is commonly 528 

used as receptor medium to provide sink conditions in diffusion and release studies of 529 

corticosteroid drugs intended for skin application [73].  530 



23 

DLP 3D printed drug-loaded discs F6-0.5 and H6-0.5 sustained the releases of both 531 

drugs for 20 days and then the releases continued with much slower rates (Figure 8). 532 

The slowdown of the releases may be attributed to less accessible drug molecules 533 

entrapped in the inner regions of the discs. F6-0.5 provided faster release profiles than 534 

H6-0.5. Particularly, the amount of ciprofloxacin released after 23 days from F6-0.5 was 535 

16.5 (s.d. 1.3) mg/g, equivalent to 27.6 (s.d. 2.2) % loading. In the case of H6-0.5 the 536 

cumulative amount of ciprofloxacin released was 1.8 (s.d. 0.2) mg/g, equivalent to 3.0 537 

(s.d. 0.3) % loading. Similarly, fluocinolone acetonide release occurred faster from F6-538 

0.5 and reached 4.6 (s.d. 0.1) mg/g at day 23, which represent more than 90% loading 539 

(93.1, s.d. 2.3, %). In the case of H6-0.5, the amount of fluocinolone acetonide released 540 

was 0.52 (s.d. 0.04) mg/g, equivalent to 10.3 (s.d. 0.9) % loading. Thus, overall, release 541 

of fluocinolone acetonide occurred faster and more efficiently than for ciprofloxacin.  542 
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Figure 8. Drug release profiles of ciprofloxacin hydrochloride (top) and fluocinolone 544 

acetonide (bottom) for 3D printed discs F6-0.5 and H6-0.5. 545 

 546 

Release profiles recorded in the first week of release fitted quite well to the square-root 547 

kinetics (Table 3, Eq. 3). In the case of ciprofloxacin released from H6-0.5 data recorded 548 

for the first two weeks was used for the fitting to obtain reliable values.  549 

 550 

 551 

 552 

Table 3. Results of fitting of Higuchi equation (square root kinetics) to the drug release 

profiles 

Hearing aid code 
Ciprofloxacin Fluocinolone acetonide 

KH (mg·g-1·h-0.5) R2 KH (mg·g-1·h-0.5) R2 
F6-0.5 0.78 (s.d. 0.06) >0.99 0.35 (s.d. 0.01) >0.99 

H6-0.5 0.083 (s.d. 0.011) >0.95 0.028 (s.d. 0.002) >0.99 

 553 

Drug release rate constants (KH) evidenced that the release of any of the drugs was one 554 

order of magnitude faster from the Flexible resins than for the ENG hard resins. 555 

Therefore, it is possible to cover a wide range of therapeutic demands by modifying the 556 

compositions of the photocurable resin, as observed also for different polymers 557 

employed in the fabrication of other 3D printed drug-loaded implants and oral dosage 558 

forms [74-76].  559 

After the drug release test, the discs were washed, dried and weighed again. The mean 560 

weight loss recorded was 11% for F6-0.5 and 1.1% for H6-0.5. These values were two-561 

fold larger than those predicted from the leakage of the drugs, which suggested that 562 

there is dissolution of materials from the slabs after 2 months in the dissolution medium. 563 

FND and HND discs stored in the dissolution medium exhibited an appearance like the 564 

freshly prepared ones (Figure S2, Supplementary Material). After the dissolution study, 565 

the F6-0.5 disc had rougher surface while the H6-0.5 disc showed a variety of pores 566 

ranging in size from few nanometers to few microns compared to the freshly prepared 567 

ones. This finding suggested that the drug dissolution created channels in the structure 568 

that may facilitate partial loss of polymer components.   569 
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Although there are none other 3D printed drug-loaded hearing aids for comparison, the 570 

release of more than 7 days for both drugs may satisfy the therapeutic guidelines for the 571 

treatment of AOMT using the ciprofloxacin and fluocinolone acetonide combinations [45], 572 

which could ensure greater therapeutic compliance and effectiveness compared with ear 573 

drops. In addition to the antimicrobial efficacy of ciprofloxacin, the clinical management 574 

of otitis has been shown to benefit from the combination with fluocinolone acetonide; the 575 

combination being more efficient than ciprofloxacin alone to address the associated 576 

edema, otalgia, and otorrhea, and therefore a faster and more complete recovery of the 577 

patient [45]. 578 

The work highlights the potential of using DLP 3D printing to manufacture drug-loaded 579 

hearing aids that required personalization to fit the ear anatomy of the patient. The 580 

manufacture approach was easy, less expensive and in just one step. In this scenario, 581 

drug could be eluted out from the device via diffusion, providing sustained drug release 582 

at local site and hence increasing the residence time. Apart from antibiotics, other agents 583 

are possibly to be incorporated for drug delivery to the ear depending on patient’s need. 584 

Moreover, in order to extend the applicability of our work, cochlear implants may be a 585 

potential application to be coupled with DLP 3D printing to the inner ear [77]. 586 

 587 

4. Conclusions 588 

This work demonstrates for first time the possibility of incorporating a combination of 589 

ciprofloxacin and fluocinolone acetonide, typically used as drops to address ear 590 

infections, into DLP 3D printed hearing aids to prevent or treat biofilm-related infections. 591 

Drug-loaded hearing aids were successfully prepared using two types of commercial 592 

resins, Flexible and ENG hard with different drug loadings. DLP 3D printed drug-loaded 593 

slabs exhibited similar mechanical properties and demonstrated excellent blood 594 

compatibility. In vitro drug release studies showed that the devices could be sterilized 595 

and were able to provide sustained drug release for more than 7 days for both drugs, 596 

satisfying the therapeutic efficacy for the treatment of AOMT. Anti-biofilm properties were 597 

evaluated against P. aeruginosa and S. aureus, showing no bacteria growth on the 598 

surface of the devices and decreased growth in the surrounding medium. This proof-of-599 

concept study shows that vat photopolymerization 3D printing technologies can be a 600 

viable technology for the manufacture of drug-loaded medical devices with anti-biofilm 601 

properties. The outcome of this work could be translated and extended for the treatment 602 

of other diseases with other devices, allowing personalized therapy. 603 

 604 
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 859 

Figure S1. Covers for the AAA-model biofilm cultivation system assembled with the 860 

tested materials and coverslips. Covers were placed onto 12-wells cell culture plates 861 

containing the culture medium inoculated with the biofilm-forming bacteria. 862 
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Figure S2. SEM images of 3D printed slabs after being 70 days in the release medium 863 

(5000X). Scale bar 2 µm.   864 
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Figure S3. View of water drops on slabs prepared with and without drugs. Codes as in 867 

Table 1. 868 
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 870 

Table S1. Dimensions of the 3D model and the 3D printed hearing aids  

Hearing aid code X (mm) Y (mm) Z (mm) 
3D model 15.82 18.66 17.68 

FND 17.05 18.82 17.92 

F6-0.5 18.70 17.83 17.59 

F12-1 16.36 18.30 17.81 

HND 16.70 18.37 16.95 

H6-0.5 17.03 18.11 17.73 

H12-1 18.08 18.18 17.66 

 871 


