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24

25 ABSTRACT 

26 In the present study, two different microneedle devices were produced using Digital Light 

27 Processing (DLP). Two different shapes of needles namely; hexagonal and syringe-like needles 

28 were evaluated regarding their mechanical properties and their ability to penetrate the buccal 

29 mucosa to effectively deliver actives with molecular weight between 600 – 4000 Da. Attached 

30 reservoirs were designed and printed along with the arrays as a whole device. Light microscopy 

31 was used to quality control the printability of the designs, whereas non-destructive volume imaging 
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3

32 by means of microfocus Computed Tomography (μCT) was employed for dimensional- and defect 

33 characterisation of the DLP printed devices. The buccal tissue penetration process was studied 

34 using penetration test and finite element (FE) analysis, which showed that maximum stress 

35 experienced by the needles during the insertion process was below their ultimate compressive 

36 strength. Permeation studies showed the increased permeability of two model drugs when 

37 delivered with the MN devices. The safety of these printed devices for buccal administration was 

38 confirmed by histological evaluation and cell viability studies using TR146 cell line. 

39

40

41

42

43 Introduction

44 The buccal mucosa has been widely explored for drug delivery because of its large surface, high 

45 permeability, and rapid repair 1. Buccal route of delivery offers many advantages such as avoiding 

46 first-pass effect, avoiding protein destruction by gastric enzymes, and enhanced patient 
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4

47 compliance2. Moreover, both local and systemic treatment can be applied with the buccal 

48 administration of drugs 3. Many dosage forms have been produced for buccal applications, 

49 including films 4, tablets 5, nanoparticles 6, and gels 7. 

50 Microneedles (MNs) for buccal applications have been explored for applications like vaccination 

51 and the delivery of macromolecules like insulin 8,9. MNs were first introduced for transdermal 

52 delivery of active pharmaceutical ingredients (APIs) such as hormones10, vaccines11, antibiotics12, 

53 and glucocorticoids13. Buccal MN arrays are promising for the effective treatment using peptides 

54 and proteins. Dosing proteins through the oral route is impossible since they degrade in the 

55 gastrointestinal tract and have low membrane permeability. Their administration is limited to the 

56 parenteral routes which cause fear and discomfort to patients, mainly in the paediatric and geriatric 

57 populations 2. Different types of MNs were fabricated for skin delivery including solid, hollow, 

58 and coated MNs14, using techniques like laser cutting, laser ablation, electrodeposition, 

59 lithography, etching, and micromolding as manufacturing processes15. Additive manufacturing 

60 (AM), a newly introduced technology, has also been employed for MN fabrication16. 

61 AM and 3D printing, in particular, allow the layer-by-layer manufacturing of complex 3D 

62 structures with high precision17. Compared to the traditional fabrication processes, 3D printing 
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5

63 controls the topological diversity of the MN arrays and it is cost-efficient as a one-step procedure18. 

64 Digital Light Processing (DLP) 3D printing is based on photopolymerization of a liquid resin to 

65 create solid objects with high resolution and accuracy, compared to other 3D printing 

66 techniques19,20. Thus, it is the most appropriate 3D printing process for the production of MN 

67 arrays as DLP provides the opportunity to construct objects with microscopic features such as 

68 micron-sized needles (< 1000 μm) and their elaborate shapes (e.g. cone21, pyramid22, syringe-

69 like23). 3D printing of MNs has recently emerged in the field, offering new potential to the 

70 transdermal and buccal drug delivery market, based on the unique asset of 3D printing, the easy 

71 and fast customization. 3D printing promotes personalized therapy and enables the flexibility to 

72 develop on-demand devices, fully adapted to the patient’s needs. Moreover, this customization is 

73 cost-effective, and fast, allowing multifunctional treatment by combining more than one APIs in a 

74 single device16. 

75 Both solid and hollow MNs have been developed using 3D printing technologies. Their production 

76 is mostly based on vat photopolymerization, namely Stereolithography (SLA), Digital Light 

77 Processing (DLP), Two-Photon Polymerization (2-TPP), Liquid-Crystal Display (LCD) and 

78 Digital Light Processing (DLP). Generally, most of the above technologies have been employed 
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6

79 for transdermal MN patches or devices. SLA has been used for the production of MNs for 

80 transdermal delivery of model dyes24 and insulin25. Transdermal delivery of insulin has also been 

81 tested using 3D printed hollow MNs using SLA23 and LCD26. Hollow MNs were also printed with 

82 DLP to explore the feasibility of the method and to optimize the critical parameters for the 

83 successful fabrication of hollow MN arrays27. In addition to these techniques, 2-TPP, the most 

84 expensive and accurate 3D printing method 28, has been employed for the production of 

85 biocompatible MNs for dermal applications29 and also the production of MNs with antimicrobial 

86 properties30. 

87 MNs for buccal applications are currently being explored for both local and systemic effects. MN 

88 penetration to the buccal tissue seems to be less painful than the other sites of the oral cavity 

89 (tongue, palate, gingiva, and lip)31. MN patches with topical anesthetics reduced the pain from 

90 dental injections by causing minimum discomfort to the patients32. Coated MNs with anti-cancer 

91 drugs were evaluated for the treatment of oral carcinomas33. Moreover, buccal MN patches have 

92 been tested for vaccine administration, promoting the immunological response8,34. Finally, MN 

93 patches for delivering macromolecules have also been reported, suggesting that these drug delivery 
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7

94 systems could potentially improve adherence and facilitate drug delivery to the paediatric 

95 population9.

96 In the present study, two different shapes of MNs were printed using DLP. Attached reservoirs 

97 and luer locks were designed and printed as whole devices to facilitate the infusion through the 

98 MN channels. These devices hold promise for an array of medicines for special populations like 

99 paediatric and geriatric patients35. This approach might overcome the pitfalls of the existing 

100 methodologies by enhancing the acceptability of medicines, meet the individual needs of patients, 

101 mainly children and elders, and hence improve their health. For example, elderly people with 

102 swallowing difficulties (dysphagia, xerostomia) due to polypharmacy might miss their medication 

103 leading to poor outcomes (worse symptoms) and slow recovery. The current approach can improve 

104 medication adherence creating at the same personalized medicine for patients.

105

106 Materials and Methods

107 Materials

108 Biocompatible Class I resin (Dental SG) was purchased from Formlabs (Somerville, 

109 Massachusetts, United States). Isopropyl alcohol (99.9%), fluorescein isothiocyanate–dextran 
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8

110 (FITC-dextran) (MW 4000%Da), calcein (MW 622.54), and thiazolyl blue tetrazolium bromide 

111 (MTT) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Ham’s F12 (with l-

112 glutamine) was purchased from Lonza (Basel, Switzerland). All other reagents were of analytical 

113 grade.

114

115 Microneedle design and fabrication

116 The microneedle (MN) arrays (7 x 7) were originally designed using SolidWorks CAD software 

117 (Dassault Systemes, SolidWorks Corporation, Waltham, MA, USA) and STL files were created. 

118 The CADs used for the FEA simulations were designed using SolidWorks CAD software (Dassault 

119 Systemes, SolidWorks Corporation, Waltham, MA, USA). The MNs were designed with two 

120 different shapes namely; hexagonal (array I) and syringe-like (array II) needles. Their height was 

121 designed to be 700 μm, the layer height was 50 μm and the whole patch was circular with a 20 

122 mm diameter. Attached reservoirs to both arrays were designed and printed as a whole device. The 

123 MN devices were fabricated using a DLP printer (XYZ PartPro100 xP, Taiwan) using Dental SG, 

124 a biocompatible resin as the printing material. After printing, the MNs were washed out with 
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9

125 Isopropyl Alcohol (15 min) and cured under ultraviolet radiation for 45 min to ensure the full 

126 polymerization of the resin. 

127

128 Microscopy

129 The 3D printed MNs were visualized using a digital light microscope (Dino-Lite AB7013MZE, 

130 AnMo Electronics, Hsinchu, Taiwan) to confirm their shape fidelity and to examine the 

131 morphology of the needles. Their dimensions were measured with aid of the software DinoLite 

132 2.0. The MNs were inserted in a charge reduction sample holder and visualized with a Desktop 

133 Phenom ProX scanning electron microscope (ThermoFischer, USA)

134

135 Mechanical properties

136 Compression tests were performed in both arrays to evaluate the fracture strength of the MNs. A 

137 tensile test machine equipped with a 500 N load cell (M500-50AT Testometric Company, 

138 Rochdale, UK) was employed and the arrays were mounted on the metal rod with double adhesive 

139 tape. The metal rod was programmed to descend at a speed of 0.5 min/mm onto a metal plate 
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10

140 causing the compression failure of the MNs. The compression force was over 300 N, a value much 

141 higher than the usual forces a MN array experiences during skin or buccal penetration24,36.  

142

143 Volumetric Imaging and characterisation by mean of microfocus Computed Tomography (μCT)

144 μCT imaging: μCT imaging was conducted to evaluate the volumetric characteristics of the printed 

145 objects, with specific focus on the needles. μCT imaging was performed using a customised μCT 

146 scanner optimised for 3D X-ray histology (www.xrayhistology.org) based on Nikon’s XTH225ST 

147 system (Nikon Metrology UK Ltd) at the Biomedical Imaging Unit / University Hospital 

148 Southampton. Imaging was conducted at 80 kVp / 125 μA without any beam pre-filtration. A 2850 

149 x 2850 dexels detector was used and the source to detector and source to object distances were 938 

150 mm and 62.5 mm respectively resulting in a voxel size of 15 μm. Imaging parameters were as 

151 follows: 2001 projections were collected over the 360° rotation, with 4 frames per projection being 

152 averaged for each projection to improve the signal to noise ratio.

153 Reconstruction of the volume data, image processing and analysis: Following completion of each 

154 acquisition, projection data were automatically reconstructed into 32-bit volumes by means of 

155 Nikon's own reconstruction engine which uses a filtered-back projection algorithm. Each dataset 
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11

156 was then resliced (re-oriented in space) and cropped in using Fiji / ImageJ37 and the volumes were 

157 saved in 8-bit files. Volumetric analysis and visualisation were conducted in “Dragonfly” (v. 

158 2022.1; Object Research Systems (ORS) Inc, Montreal, Canada, 2020; software available at 

159 http://www.theobjects.com/dragonfly). The needles from each component were segmented using 

160 thresholding and manual refinement. Analysis was conducted using the connected components 

161 tool applied on the segmented needle object.

162

163 Penetration test using buccal mucosa and Finite Element Analysis (FEA)

164 Sufficient insertion of the MNs into the buccal tissue is imperative for proper drug delivery. 

165 Penetration tests for array 1 and array 2 were conducted using the Testometric tensile machine 

166 (Rochdale, UK). Buccal tissue from pigs was collected from a local abattoir and was immediately 

167 transferred to the lab for preparation. The tissue was mounted onto a cork plate with pins and the 

168 arrays were attached to the moving cylindrical probe using double-sided adhesive tape. The MNs 

169 were inserted into the buccal mucosa at a speed of 0.5 mm/min. The experiment was stopped when 

170 the load was exerted from the MNs to the buccal tissue. After insertion, the MNs were inspected 

171 with a digital microscope to further examine their deformation and their geometric alteration. An 
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12

172 explicit dynamics Finite element analysis (FEA) based on the ANSYS code was performed to 

173 simulate the behaviour of the microneedles and the buccal tissue during the insertion process. This 

174 model will provide an estimation of the stress behaviour of the microneedles under the insertion 

175 process, along with the safety factor of the structure.

176

177 Permeation studies

178 Permeation studies were conducted in vertical Franz cells using aqueous solutions of FITC-dextran 

179 (1 mg/mL) and calcein (1mg/mL) as model APIs. Porcine buccal mucosa was mounted between 

180 the donor and the acceptor. The acceptor was filled with PBS (pH 7.4, 37 °C) and the MN devices 

181 were placed onto the buccal tissue for 30 and 60 sec at different flow rates using a syringe pump 

182 (NE-100, New Era Pump Systems Inc., New York, USA). High flow rates (0.5 - 0.2 mL/min) 

183 resulted in the leaking of the solution, thus a flow rate of 0.05 mL/min was selected for the study. 

184 The permeation profile was monitored for 4h. The two dyes were quantified by fluorescence 

185 spectroscopy (RF-5301-PC Fluorescence Spectrophotometer, Shimadzu, Kyoto, Japan): excitation 

186 490 nm and emission 520 nm. 

187
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13

188 Histological evaluation

189 To ensure the safety of the printed MNs and to study the effect of the MN array on the tissue 

190 microanatomy, a histological evaluation was performed. Porcine mucosa samples were pierced 

191 with array 1 and array 2 for 30 and 60 sec. The samples were fixed in formaldehyde solution and 

192 subsequently embedded in paraffin oil. 4 μm thickness sections were taken using a cryostat, stained 

193 with hematoxylin eosin dye solutions, and visualized with an optical microscope (Olympus CX31, 

194 Olympus, Tokyo, Japan).

195

196 Cell viability-MTT assay

197 Cell viability studies were carried out to investigate the cytotoxic effect of the resin used to produce 

198 the MNs. Three printed cubes (1 cm3) were fabricated with the biocompatible resin and immersed 

199 in sterile PBS. 300 μL of PBS extract was removed at predetermined time points (3, 24, and 48h) 

200 and split into two parts (100 μL and 200 μL)38. Circular discs were also printed and placed in the 

201 bottom of the well to examine the cell growth. The cytotoxic effect of the PBS extracts and the 

202 printed samples was assessed using the TR146 cell line and the viability was determined with the 

203 MTT method.  The cells were cultured in DMEM supplemented with 10% FBS and 1% 
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14

204 penicillin/streptomycin (100 U/ml) and seeded in 96-well plates at a density of 104 cells/well. After 

205 24h in culture to allow attachment, the cells were treated with the samples in question and 

206 incubated at 37 °C for additional 24h. At the end of this treatment, the medium was removed and 

207 the cells were rinsed with PBS. MTT solution (5mg/mL) was added to the wells for further 

208 incubation at 37 °C. After 4h, the MTT solution was removed and DMSO was added to dissolve 

209 the formazan crystals. Following mild agitation for 15 min, the absorption was measured at 570 

210 nm, using an ELISA plate reader. 

211

212 Statistical analysis

213 The results are presented as mean ± SD and all the experiments were conducted in triplicate. 

214 Unpaired Student’s t-test was applied and statistical significance was indicated by p < 0.05.

215

216 Results and Discussion

217 Visual inspection of the printed MN devices with a microscope

218 Figure 1 depicts the printed MN devices. Reservoirs were designed and printed as a single device. 

219 Both reservoirs had attached luers to facilitate the connection between the needles and the liquid 
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15

220 containers. Both arrays were printed directly onto the platform. Array I had hexagonal needles 

221 (Figure 1) and the reservoir was designed with channels. Needle height, layer height, and tip 

222 diameter were measured to be approximately 692 μm, 48 μm, and 119 μm, respectively. Array II 

223 was designed with syringe-like needles. Dimensions such as their height, layer height, and tip 

224 diameter were approximately 853 μm, 45 μm and 197 μm, respectively. All the dimensions were 

225 in good agreement with the CAD model, demonstrating the good printability of the MNs. It is 

226 worth noting that while the aforementioned values provide a fair assessment of the printed needles’ 

227 geometrical parameters, light microscopy systems used here were not optimised for measuring 3D 

228 objects (objects extending on Z-dimension). Inaccuracies associated with parallax effect and angle 

229 of projection could affect the accuracy of these figures. More accurate characterisation was 

230 conducted using volumetric imaging by means of μCT.
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231

232
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233
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235

236 Figure 1. Morphology of the printed hexagonal hollow MNs. (A) The array of the MNs (7x7), (B) 

237 the dimensions of the needle; height, and layer height, (C) the dimensions of the reservoir channels, 

238 and (D) the MN device with array I. 

239
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240

241

Page 19 of 52

ACS Paragon Plus Environment

ACS Biomaterials Science & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20

242

243

244 Figure 2. Morphology of the printed syringe like hollow MNs. (A) The array of the MNs (7x7), 

245 (B) dimension of a single needle; height, layer height, and the hole diameter, (C) dimensions of 

246 the MN array, and (D) the MN device with array II.

247

248  Volumetric characterisation by means of μCT

249 As per in the ‘microneedle design and fabrication’ section, all needles were designed to be 700 μm 

250 long. Our analysis of all 49 needles on both designs showed consistently shorter needle lengths 
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251 which can be attributed to material shrinkage after curing. This shrinkage is owed to the shorter 

252 intermolecular distance of the molecules after polymerization39. Measured length from needle’s 

253 base to the tip was 0.565 ± 0.032 mm and 0.570 ± 0.033 for the hexagonal (array I) and syringe-

254 like (array II) needle arrays respectively. Length variation amongst needles of the same type was 

255 6% for both needle geometries with values ranging [ 25th – 75th percentile] between 55 – 59 mm 

256 and 55 – 60 mm for array I and array II respectively.

257 The two geometries differed significantly in terms of needle volume, with array I (hexagonal) 

258 being 0.107 ± 0.009 mm3 and array II (syringe-like) being 0.184 ± 0.019 mm3, a difference of 71.9 

259 %. This can be attributed to the open-lumen design of the hexagonal needles (Figure 3), which 

260 lacks excess material around the 2/3 of the lumen. This is also reflected by the measured surface 

261 area per needle, with the hexagonal geometry showing a surface area of 1.456 ± 0.081 mm2 

262 compared to 2.729 ± 0.186 mm2 of the syringe-like ones (87.4 % difference).
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263

264                                     (A)                                                                       (B)

265 Figure 3. 3D volume rendering of (A) the hexagonal (array I) and (B) syringe-like (array II) needle 

266 geometries. Close-ups of each geometry are showing in inserts. Individual needles rendered using 

267 different colours for clarity.

268

269 In terms of the fluid supply reservoir structure, the channel design used on the hexagonal needle 

270 arrays (array I) was more susceptible to printing imperfections and incomplete clearing 

271 contaminants (Figure 4).
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272

273 Figure 4. 3D volume rendering of the fluid supply reservoir rendered in turquoise of both array 

274 designs (A and B) and single CT slice across the centre of the reservoir (C and D). Note the printing 

275 imperfections such as channel narrowing and incomplete clearing contaminants within the 

276 channels on the channel design of the hexagonal needle array. Scale bar at 10 mm.

277

278 Mechanical properties
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279 The mechanical strength of hexagonal and syringe-like MNs was measured using a tensile test 

280 machine. Figure 5 depicts the results from the compression test conducted for array I and array I. 

281 Both arrays experienced forces greater than MN arrays face during insertion to the buccal mucosa 

282 8. As shown in Figure 5, hexagonal MNs can withstand forces up to 240 N and syringe-like MNs 

283 can bear up to 310 N. After that, both MNs are seriously damaged. Hexagonal MNs seem to 

284 tolerate less force than syringe-like MNs, in spite of the fact that they are made of the same resin. 

285 This is probably owed to the different shapes and needle tips of the two MNs. Studies have shown 

286 that the tip sharpness significantly influences the mechanical behavior of the MN structures40. The 

287 smaller tip diameter of the hexagonal MNs is presumably the reason for the lower mechanical 

288 strength. The MNs were evaluated after compression test using Scanning Electron Microscopy 

289 (SEM). Figure 5B depicts the hexagonal MNs after compression. Fragments are visible around the 

290 needle and the hole is almost closed due to compression of the needle. Figure 5C presents the 

291 syringe-like MNs after testing. 
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292
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293 Figure 5. (A) Compression test of hexagonal and syringe-like MNs demonstrating force-

294 displacement experimental data. SEM images after compression test of (B) hexagonal and (C) 

295 syringe-like MNs.

296

297 Penetration test and FEA simulations

298 The capability of the hollow MNs to perforate porcine buccal mucosa has been investigated 

299 through instrumented penetration tests, assisted by FEA simulations. The applied forces have been 

300 measured and compared between two different geometrical configurations of the MNs. In the first 

301 place, compression and nanoindentation mechanical testing techniques41–43 were conducted to 

302 measure the mechanical properties of the 3D printed resin material. The compressive strength and 

303 the modulus were determined to be 122 ± 6 MPa and the elastic modulus 3099 MPa. FEA models 

304 have been introduced to improve the calculation accuracy of the forces applied during porcine 

305 buccal mucosa penetration tests and an explicit dynamics analysis was performed on ANSYS code. 

306 The thickness of the buccal mucosa layer was considered to be 700 μm since the average thickness 

307 has been reported to be 729 ± 95 μm44. Material failure and an evolving contact surface between 

308 MNs and target was introduced to define the insertion of the MN array and the surface of the buccal 
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309 mucosa samples, which is governed by large deformations24. A material erosion algorithm was 

310 utilized to study the failure and separation of the material. The material erosion method removes 

311 distorted elements during the solution, i.e. along the MN trajectory, based upon material failure 

312 and separation due to fracturing of the surface of the buccal mucosa. Since the connective tissue 

313 is not involved with failure and significant deformation, the first two layers, epithelium and basal 

314 lamina, were modeled as hyperelastic materials26,38. Hyperelastic material models can be generally 

315 classified into two categories, mechanistic (micro-mechanical) and phenomenological (macro-

316 mechanical)45. A hyperelastic material describes the stress–strain relationship using a continuous 

317 function rather than one or a series of elastic constants, generating a true nonlinear map of 

318 behavior46. Therefore, in this study, a first order Ogden material model was applied to replicate 

319 the exact mechanical behavior of buccal mucosa, in order to minimize the difference between the 

320 simulated and the experimental load-deformation curves. 

321 The experimental setup of the buccal penetration process is shown in Figures 6A. The force-

322 displacement responses for the MN configurations are demonstrated in Figure 6C. The results of 

323 simulations are shown in Figure 6C and accurately curve-fitted the experimental force-deformation 

324 data up to maximum force of 10 N. During the deformation phase, the force exponentially 
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325 increases as each MN is pressed against the buccal mucosa. The drops in the experimental force-

326 deformation curve may be explained by local perforation of a single MN prior piercing the buccal 

327 mucosa from all MNs. Since the assumptions on the material parameters in the FEA model 

328 returned results that fitted the experimental data, the hyperelastic material model parameters of the 

329 buccal mucosa were considered optimal. These material model parameters returned a stress-strain 

330 peak values of 1.05MPa and 78.75% strain. These results are in agreement with values from 

331 literature 47. Microscopy images of the MNs were taken after the penetration test to examine their 

332 morphology (Figure 6D and 6E). Images show that there was a decrease in the needle length up to 

333 30% for both hexagonal and syringe-like needles. The simulation of the penetration test revealed 

334 that the stress concentration was located at the tip of the MNs, as displayed by the equivalent stress 

335 results in Figure 7A and B This demonstrates the stress contouring of the FEA simulating the 

336 behavior of the MN at the last step of the penetration test simulation. The maximum stress 

337 experienced by the insertion process was calculated to be 33.6 MPa and 24.2 MPa for the hexagon 

338 shaped and syringe-like configuration, respectively. There is no concern regarding the 

339 concentration of the stress obtained at the tip area of the MN for both the configurations, since the 

340 ultimate compressive strength was measured 122 ± 6 MPa, as mentioned previously. 
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341

342

343
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344

345 Figure 6. (A) Illustration of the penetration test using buccal mucosa, (B) the buccal mucosa after 

346 penetration showing the perforation sites, (C) force-deformation curve of both arrays fitted by 

347 FEA, (D) and (E) microscopy images of array I and array II respectively, after penetration test.

348

349

350 Figure 7. Stress distribution of (A) hexagon and (B) syringe-like hollow MN at the last step of the 

351 simulation of buccal mucosa penetration using FEA. 

352

Page 30 of 52

ACS Paragon Plus Environment

ACS Biomaterials Science & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



31

353 Permeation studies

354 Permeation studies were conducted using Franz diffusion cells. Porcine buccal mucosa was 

355 mounted between the donor and the acceptor, with the epithelium side facing the donor. The MN 

356 devices were connected to the syringe pumps and diffused the solutes across the buccal epithelium. 

357 Two different molecules namely FITC-dextran and calcein were tested to evaluate their 

358 permeability using the printed MN devices. Different flow rates were tested for pumping, namely 

359 0.5, 0.2, 0.05 mL/min using FITC-Dextran 4.4 kDa as model compound. High flow rates resulted 

360 in leakage and in poor permeability for FITC-dextran as shown in Figure 8B. Previously, it has 

361 been reported that high volumes of injected liquids leak out from tissues causing a non-uniform 

362 distribution of the drug33. However, a flow rate of 0.05 mL/min led to higher permeability values 

363 and was further selected as the optimal flow rate for further evaluation of the MN devices. Both 

364 hexagonal and syringe-like needles pierced the buccal tissue for 30 and 60 sec and the results are 

365 depicted in Figure 8C and 8D. As evidenced from Figure 8C, FITC-dextran exhibited a two-fold 

366 increased permeability after piercing for 30 and 60 sec with both arrays, compared to the control 

367 group (t-test, p<0.05). Despite the large molecular weight of FITC-dextran (4000 Da), it can easily 

368 permeate across the membranes and its permeability is increased after MN insertion48. However, 
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369 piercing for 60 sec does not show a significant increase in FITC’s permeation neither for the MNs 

370 nor for the control group (t-test p>0.05). This can be attributed to the retraction of the MN devices 

371 immediately after piercing. It has been reported that the flow rate progressively increases with 

372 needle retraction49 and as shown in Figure 8B, higher flow rates result in leakages. Thus, it is 

373 presumed that after 60 sec of piercing leakages occur that affect the permeation profile of FITC.  

374 Furthermore, findings suggest that fluid flow into tissue samples at a constant pressure, decreases 

375 over time49, indicating that piercing time over 30 sec cannot increase the permeability of the model 

376 dye. The current results imply that the volume of the lumen [(array I (hexagonal) 0.107 mm3 and 

377 array II (syringe-like) 0.184 mm3], the structural features of the microneedles and the force 

378 displacement responses of these microneedles have little effect to the permeation of this dye across 

379 porcine epithelium and the increased transport is the due to flow rate in both cases. It appears that 

380 the permeation of FITC-Dextran 4kDa across the porcine epithelium is governed by the diffusion 

381 of the solute through the paracellular pathway which ultimately affect the transport rate of the 

382 active prevailing the other parameters. Previous studies have shown that comparable permeability 

383 values were obtained for FITC- Dextran 4 kDa and FITC-dextran 10 kDa as measured by flux 

384 studies across buccal epithelium suggesting paracellular transport of these solutes. The authors 

Page 32 of 52

ACS Paragon Plus Environment

ACS Biomaterials Science & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



33

385 hypothesized that if the transport of the dyes would follow the transcellular pathway the 

386 differences in the permeability values would be more pronounced50.

387 The picture was different for calcein transport studies across porcine epithelium. Calcein is a small 

388 hydrophilic molecule with poor permeability across cellular membranes and it is often used as a 

389 marker to examine in vitro the barrier integrity51,52. As shown in Figure 8D, no appreciable 

390 amounts of calcein were delivered by passive diffusion. Significantly higher transport rates 

391 compared to the control were obtained after piercing for 30 and 60 sec upon application of the 

392 syringe-like microneedles (array II) (t-test p<0.05) where the transport rate was increased 10 fold 

393 and 1000 fold respectively implying that piercing for longer time augment the solute to enter the 

394 perforation sites and finally permeate the tissue resulting to significantly higher permeation rates 

395 (t-test p<0.05) over time.

396 In a similar manner increased transport rates were observed upon application of hexagonal-like 

397 microneedles (array I) as a function of piercing time. Longer piercing time seem to facilitate the 

398 transport of calcein through the tissue, in contrast with the results for FITC-dextran. This is 

399 probably attributed to the lower molecular weight of calcein and the fact that it is transported across 

400 the epithelium through the holes created from the MNs. Array I also seem to have increased 
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401 permeability for calcein in 30 sec compared to array II (p < 0.05), while after 60 sec the 

402 permeability for both arrays is approximately the same (p > 0.05). As shown previously in 

403 penetration test, the sharpness and the length of the needles is decreased after piercing the buccal 

404 tissue (Figure 6D and 6E). This deformation leads to similar transport values for calcein in 60 sec. 

405 In 30 sec, the needles seem to keep their integrity and differences in permeability values occur. 

406 Overall, these results show that both MN devices can significantly increase the permeability of 

407 both molecules after a short piercing time. In addition to that, the results demonstrate that these 

408 devices might be utilized for buccal delivery of actives with both high and low molecular weight 

409 thus increasing their permeability across buccal epithelium. 

410

411
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412

413 8/Figure 8. (A) Permeation study of the MN devices using Franz diffusion cells and syringe pump. 

414 The pump setting was 0.05 mL/min. (B) The cumulative amount of FITC permeated (μg/cm2) with 

415 the three different flow rates. High flow rates resulted in leakages and poor permeation of FITC. 

416 (C) Cumulative amount of FITC and (D) calcein after piercing for 30 and 60 sec. 

417 Histological evaluation

418 To confirm the safety of the MNs after piercing the porcine buccal mucosa, histological evaluation 

419 was conducted for both MN arrays, using hematoxylin-eosin staining. Figure 9 depicts the 

420 microscopy images after piercing the buccal tissue for 30 and 60 sec. Piercing for 30 sec revealed 
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421 no damage to the mucosa while piercing for 60 sec showed a local epithelium detachment (Figure 

422 9B), while a pattern of the MNs is visible in Figure 9D. These results show that the MN devices 

423 do not injure severely the buccal epithelium, which can recover from the MN piercing. 

424

425 Figure 9. Histological evaluation after piercing with (A) array I for 30 sec, (B) array I for 60 sec, 

426 (C) array II for 30 sec, and (D) array II for 60 sec.

427 Cell viability

428 Viability studies of TR146 cells, following the application of liquid resin, printed films, and PBS 

429 extracts, are presented in Figure 10. No obvious cytotoxicity was observed upon incubation for 
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430 24h with the tested samples. Incubation of the cells with the printed films shows a small increase 

431 in cell growth, compared with the positive control, indicating the safety of the printed devices as 

432 buccal drug delivery systems. The presence of monomers did not have any cytotoxic effect, 

433 probably due to the short period of exposure (24h). These results confirmed the cytocompatibility 

434 of the commercial resin in TR146 cell cultures, which is a human cell line. In addition to that, MN 

435 devices are designed only for a few seconds administration to the buccal tissue suggesting that the 

436 printed devices are safe for buccal administration. 

437

438 Figure 10. Assessment of cell viability (%) of TR146 cultures exposed to incubation for 24h with 

439 printed films, PBS cube extracts and liquid resin, as indicated above.
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440

441  Conclusions

442 3D printed hollow MN devices were successfully fabricated using DLP printing. Two different 

443 shapes of needles were designed a conventional shape (syringe-like) and a hexagonal shape that it 

444 was firstly introduced in the present study. Both arrays had attached reservoirs designed with 

445 lumen for the hexagonal needles and a simple tank for the syringe-like needles. Microscopy studies 

446 showed the good printability of the material and the shape fidelity of the printed objects with their 

447 CAD model. The MNs were evaluated regarding their mechanical properties to ensure that they 

448 are able to pierce the buccal tissue without breaking and leaving fragments in the oral cavity that 

449 may result in toxicity. μCT studies provided a detail imaging of the MNs and their reservoirs with 

450 accurate dimensional characterization of the printed needles. Penetration test and FEA simulations 

451 confirmed the ability of the MNs to penetrate the buccal mucosa and permeability studies indicated 

452 that the printed devices could significantly increase the permeability of actives with high and low 

453 molecular weights. Moreover, the shape of the needles, the piercing time and the flow rate play a 

454 crucial role in the model dyes’ permeability and needs to be further evaluated. In hollow MNs, the 

455 size and place of the pore is very important and requires a detail assessment regarding the piercing 
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456 time into the tissue. Finally, histological and cell studies confirmed that the produced devices are 

457 safe and hold promise for the buccal administration of actives to special populations.

458
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