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containing 25% w/w Gantrez® S-97 and 10% w/w PEG 200 Da was prepared. The base was 

prepared by casting 0.4 g of the gels into the corresponding moulds. The moulds loaded with 

the gel were centrifugated at 4472 × g for 10 min to fill the cavities and remove bubbles. The 

gel loaded in the mould was then dried at room temperature for 48 h. For MN6 and MN8, the 

dry HFMB gel was heated at 80ºC for 24 h to induce chemical crosslinking between Gantrez® 

S-97 and PEG via ester formation. The bases were sometimes trimmed to remove excess 

side walls without touching the needles. 

2.2.3 Alignment of PLGA-tipped microneedle patches 

The Nile red PLGA-tipped microneedle patches were then fabricated by aligning the base and 

the Nile red PLGA tips. An aqueous solution of 40% w/w PVP was cast on the moulds with 

Nile red PLGA tips inside. Centrifugation at 4472 × g was applied for 5 min. The excess PVP 

solution was immediately removed and a pre-formed base was aligned carefully by applying 

gentle manual force (Figure 1). 

2.3. Fabrication of amphotericin B PLGA-tipped microneedle patches 

Amphotericin B PLGA-tipped microneedle patches were fabricated following the same 

approach and using the same moulds as explained previously for the Nile red PLGA-tipped 

microneedle patches, with the exception of the formulation of the tip solution. The tip solution 

for casting amphotericin B PLGA tips was made up of 75 mg amphotericin B and 25 mg PLGA 

dissolved in 1 mL of DMSO. The casting procedure was conducted once, twice or three times 

to form C1, C2, or C3 tips, respectively. Prior to each casting procedure, the residue solvent 

was removed by placing the tips under the fume hood for 4 hours. Each part of this hybrid 

system, namely the bases and amphotericin B PLGA tips, were fabricated separately. 

Following their fabrication, the tips and the bases were then aligned together as illustrated in 

Figure 1. The bases used for amphotericin B PLGA-tipped microneedle patches were MN0, 

MN6, and MN8, the same as those used for Nile red PLGA-tipped microneedle patches, as 

detailed in section 2.2.2. Moreover, the base was aligned with amphotericin B PLGA tips as 

described in section 2.2.3 (Figure 1).  
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2.4 Insertion capabilities of microneedle patches in skin models 

In vitro insertion performance of the resulting microneedle patches was evaluated using two 

models: Parafilm M® and full-thickness neonatal porcine skin. In the first case, sheets of 

Parafilm M® were folded to produce an eight-layer film with a thickness of 1 mm [22]. The 

insertion performance of various microneedle patches was examined using a Texture 

Analyzer TA XT-Plus (Stable Micro Systems, Surrey, UK) as described previously [23]. Briefly, 

the equipment was set in compression mode (pre-test and post-test speeds were 0.5 mm/s), 

the force was set at 32 N and the test was run for 30 s. In addition, the trigger force was set 

at 0.049 N. The patch was compressed at 32 N into the eight layers of folded Parafilm M® for 

30 s. The inserted microneedle patch was then carefully removed from the Parafilm M® layers. 

Parafilm M® layers were unfolded and the number of holes in each layer was counted using a 

Leica EZ4 D stereo light microscope (Leica Microsystems, Milton Keynes, UK) equipped with 

two polarizing filters. The percentage of the created holes was presented as the ratio of the 

number of the holes created in each layer to the number of the needles of each array (121). 

The number of holes created in different Parafilm M® layers was used as an indication of the 

insertion depth as one layer of Parafilm M® layer has a thickness of 126 µm. 

Full-thickness neonatal porcine skin (obtained from stillborn piglets) was used as a skin model 

for ex vivo insertion studies due to its similarities to human skin in general structure and 

physical properties [24]. Stillborn piglets were frozen at -20ºC immediately after birth and 

defrosted overnight before skin removal. The thickness of the skin was roughly 1 mm, as 

confirmed by a digital Vernier calliper micrometre. Skin samples were shaved and equilibrated 

in PBS (pH 7.4) for 30 min at 37°C to mimic the true physical conditions of human skin. 

Patches aligned with MN0, including Nile red PLGA-tipped microneedle patches C4-MN0 and 

C2-MN0, or amphotericin B PLGA-tipped microneedle patches C3-MN0, were manually 

inserted into the skin by applying firm pressure with a thumb for 3 min and kept in place for 30 

min in total. A cylindrical stainless-steel weight (diameter 11.0 mm, 12.0 g mass) was placed 

on top of these patch to ensure microneedle insertion and to prevent microneedle expulsion. 

Patches aligned with MN6 and MN8, including Nile red PLGA-tipped microneedle patches C2-

MN6 and C2-MN8, or amphotericin B PLGA-tipped microneedle patches C3-MN6 and C3-

MN8 were manually inserted into skin samples by applying firm pressure with a thumb for 30 

s and removed immediately afterwards. Following this, an optical coherence tomography 

(OCT) microscope EX1201 (Michelson Diagnostics Ltd., Kent, UK), was used to investigate 

the insertion process of microneedle patches in-skin, as detailed in our previous studies 

[25,26]. The 2D images were examined using the imaging software ImageJ® (National Institute 

of Health, Bethesda, USA). The scale of image files obtained was 1.0 pixel = 4.2 µm, thus 
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allowing accurate measurements of the depth of microneedle penetration, the width of pore 

created, and the distance between the microneedle baseplate and the stratum corneum. All 

patches applied on the skin were carefully and gently removed from the skin after application. 

The applied skin sites were carefully examined using the microscope. 

Mechanical fracture force of the microneedle patches was measured by Texture Analyzer set 

in compression mode. The microneedle patches were attached to the testing probe using 

adhesive tape and were driven against a flat block of aluminum at a rate of 0.05 mm/s until a 

force of 300 N was reached. The microneedle patches were observed by a microscope before 

and after the compression. The force and displacement data were used to quantitatively 

determine the fracture force.  

2.5. Drug content analysis and drug delivery efficiency 

The drug content of the patches was determined by completely dissolving the microneedle 

tips using the following solvents: acetonitrile for Nile red and DMSO for amphotericin B. The 

mixture was then centrifuged at 16,160 × g for 10 min and the supernatant was collected. The 

supernatant was then analyzed using reverse-phase High-Performance Liquid 

Chromatography (HPLC), as detailed in the analytical section below (Section 2.10). 

The delivery efficiency of a patch was represented by the ratio of the amount of the drug 

delivered into the skin to the drug content in the patch. In order to quantify the amount of drug 

delivered into the skin, the skin was carefully cleaned with a wet paper towel after the removal 

of the patch. The skin was then cut into small pieces and soaked in the corresponding organic 

solvent (acetonitrile for Nile red and DMSO for amphotericin B). The mixtures were 

homogenized using a Tissue Lyser (Qiagen, Ltd., Manchester, UK) at 50 Hz for 20 mins. 

Centrifugation at 16,162 × g for 10 min was applied and the supernatant was collected. The 

supernatant was analyzed by HPLC. 

2.6 Adhesion of dissolving base films and HFMB films to the neonate porcine skin 

Dissolving base films were prepared by casting the dissolving base gel into MN0 moulds as 

described in Section 2.2.2. HFMB films were fabricated by casting HFMB gels into MN0 

moulds and crosslinking the HFMB gels as described in Section 2.2.2. The adhesive 

properties of dissolving base films and HFMB films were assessed by a Texture Analyzer 

equipment using adhesive test mode. A piece of full thickness neonate porcine skin (around 

1 mm thickness) was fixed into a poly(urethane) foam using pins and placed at the bottom of 

the measuring system and held in place by a clamp. Dissolving base films or HFMB films (1 

cm2) were soaked into PBS (pH 7.4) for 60 s and excess liquid on the film surface was gently 
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3. Results 

3.1 Fabrication of Nile red PLGA-tipped dissolving base microneedle patches  

Nile red PLGA-tipped dissolving base microneedle patches were fabricated by casting Nile 

red PLGA tips multiple times and then casting dissolving pedestals which were subsequently 

attached to the dissolving baseplate (MN0). The needles of the microneedle patches consisted 

of two parts, Nile red PLGA tips and dissolving pedestals cast from PVP. The digital 

microscope images (Figure 2A, 2B) show that Nile red was specifically entrapped at the tip of 

the needles. Moreover, the scanning electron microscope (SEM) image of C2-MN0 (Figure 

2C) reveals a clear dividing line between the tips and the pedestals. Those observations 

indicate the successful manufacture of a two-layer microneedle system with the implanted 

elements only found in the tips and dissolving pedestals proximal to the dissolving baseplate 

(MN0). 

A range of replicates of Nile red PLGA solution casting procedures were then performed. As 

presented in Figures 2B and 2D, the portion of the implantable Nile red PLGA tips increased 

in length with the increase of casting replicates. Accordingly, the dissolving pedestal portion 

gradually decreased with the increase of casting replicates. The length of the Nile red PLGA 

tip was 301 ± 14 µm for C1-MN0, 404 ± 3 µm for C2-MN0, 482 ± 13 µm for C3-MN0, and 529 

± 1 µm for C4-MN0. The proportion of Nile red PLGA tips of C1-MN0, C2-MN0, C3-MN0, and 

C4-MN0 to the total needle length (i.e. 600 µm) increased from 50.2% ± 2.3% to 88.2% ± 0.2%. 

This indicated the implantable portion of the tips could be customized through a simple 

variation of the solution casting process.  
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3.4 Optimisation of the base design in the Nile red PLGA-tipped microneedle patches  

An ex vivo skin insertion test (Figure S1 in Supplementary information) showed incomplete 

implantation of C4-MN0 tips in the porcine skin, indicating the insertion depth of the C4-MN0 

was not sufficient to implant the Nile red PLGA C4 tips inside the skin. Accordingly, two 

adjustments were made to improve the implantation. Firstly, the length of the PLGA tips was 

reduced from 529 µm ± 1 µm (C4) to 404 µm ± 3 µm (C2). Secondly, the HFMB MN6 and 

MN8 were aligned with the PLGA tips to increase the insertion depth. Therefore, C2-MN6 and 

C2-MN8, as well as C2-MN0, were fabricated and are presented in Figure 4. The length of the 

whole needle in C2-MN0 was 634 µm ± 17 µm, in C2-MN6 was 686 µm ± 45 µm and in C2-

MN8 was 970 µm ± 8 µm (n = 3). 
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Figure 4. Nile red PLGA-tipped microneedle patches. Microscopic pictures of (A) C2-MN0, (B) C2-MN6, 
and (C) C2-MN8. Scale bar, 2 mm. Microscopic pictures of tips in (A1) C2-MN0, (B1) C2-MN6, and (C1) 
C2-MN8. Scale bar, 500 µm. SEM pictures of tips in (A2) C2-MN0, (B2) C2-MN6, and (C2) C2-MN8. 
Scale bar, 500 µm. SEM pictures of (A3) C2-MN0, (B3) C2-MN6, and (C3) C2-MN8. Scale bar, 2 mm. 

 

3.5 In vitro insertion performance of the optimised Nile red PLGA-tipped microneedle 

patches 

Parafilm M® was used to evaluate the effect of the base designs on the insertion properties of 

the PLGA-tipped microneedle patches, as previously performed for C1-C4 MN0 patches. The 

holes created in the Parafilm M® layers were counted as an index of insertion depth (as 

provided in Figure S2 in Supplementary information). As shown in Figure 5A, C2-MN0 was 

able to penetrate the second layer, while C2-MN6 and C2-MN8 were able to penetrate the 
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Figures 6A (C2-MN0), 6B (C2-MN6) and 6C (C2-MN8), all the needles were sharp and the 

Nile red was uniformly distributed in the tips. Moreover, a clear dividing line between dissolving 

pedestals and the HFMB MN6 or MN8 was observed in C2-MN6 (Figure 6B) and C2-MN8 

(Figure 6C). 

Since Nile red has a red colour, skin insertion pictures were able to visualize the inserted drug-

containing tips. Figure 6A1 shows that C2-MN0 was able to indent the skin, but only deposited 

a very limited number of tips in the skin. C2-MN6 inserted almost all the tips, as can be 

observed in Figure 6B1. However, some tips in C2-MN6 were not totally beneath the skin 

surface, as the pictures showed some tips were lying on the skin surface. C2-MN8 was able 

to insert almost all the tips and, more importantly, the tips were fully embedded in the skin 

beneath the skin surface so that only the end of the tips was seen (Figure 6C1). 

OCT was used to vertically scan the skin in situ, thus allowing the visualizing of the tips inside 

the skin in real time. As presented in Figure 6A2, the tips of C2-MN0 were only partially 

inserted in the skin and some of the tips were lying above the skin surface. Figure 6B2 shows 

that the tips of C2-MN6 were partially inside the skin. By contrast, the tips of C2-MN8 were 

fully embedded beneath the skin surface as noticed by the closure of the skin surface, which 

is displayed in Figure 6C2. 

Figure 6D shows the drug delivery efficiency of C2-MN0, C2-MN6 and C2-MN8. C2-MN0 

deposited 39.35% ± 10.01% of the drug from the patch inside the skin, C2-MN6 deposited 

55.83% ± 19.61%, while C2-MN8 deposited 83.72% ± 20.63% of the Nile red from the patch 

in the skin. The mean value of the drug deposited increased as the increase of the needle 

lengths of the HFMB that were aligned with the tips. A significant difference was noticed 

between C2-MN0 and C2-MN8 (*p< 0.05). 
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C3 tips were chosen to align with different base designs to produce amphotericin B PLGA-

tipped microneedle patches C3-MN0, C3-MN6, and C3-MN8. The digital microscope and SEM 

images were presented to visualize the patches and the difference in the structure of the 

microneedle tips (Figure 8). Amphotericin B was only present in the tips of the patches, which 

was very clear due to the yellow colour of the compound. There was an obvious dividing line 

of the needles in C3-MN8, as the tips were fabricated using a mould with a depth of 600 µm 

and MN8 were fabricated using a mould with a depth of 800 µm. 

 

Figure 8. Amphotericin B PLGA-tipped microneedle patches. Microscopic pictures of (A) C3-MN0, (B) 
C3-MN6, and (C) C3-MN8. Scale bar, 2 mm. Microscopic pictures of tips in (A1) C3-MN0, (B1) C3-MN6, 
and (C1) C3-MN8. Scale bar, 500 µm. Scanning electron microscope pictures of tips in (A2) C3-MN0, 
(B2) C3-MN6, and (C2) C3-MN8. Scale bar, 500 µm. Scanning electron microscope pictures of (A3) 
C3-MN0, (B3) C3-MN6, and (C3) C3-MN8. Scale bar, 2 mm. 
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3.10 Ex vivo skin insertion behaviour and delivery efficiency of the optimised 

amphotericin B PLGA-tipped microneedle patches 

Ex vivo porcine skin insertion tests were performed to test the delivery efficiency of the C3-

patches with different base designs, i.e. C3-MN0, C3-MN6 and C3-MN8, to further investigate 

delivery efficiency using different base designs. 

From the detailed pictures of C3-MN0, C3-MN6 and C3-MN8 (Figures 9A-C), it was noticed 

that all the needles were sharp and the amphotericin B was distributed evenly in the tips. 

Amphotericin B is a bright yellow compound. Therefore, the amphotericin B deposited in the 

skin was easy to identify. C3-MN0 only deposited a limited number of tips in the skin, as 

observed in Figure 9A1. C3-MN6 inserted most of the tips inside the skin, as presented in 

Figure 9B1. C3-MN8 inserted almost all the tips and what is probably more important, the tips 

were embedded in the skin so just the end of the tips were seen (Figure 9C1). 

The delivery efficiency of C3-MN0, C3-MN6 and C3-MN8 is presented in Figure 9D. C3-MN0 

deposited 21.63% ± 9.52% (33.75 ± 14.85 µg) of the drug inside the skin, C3-MN6 deposited 

53.70% ± 17.46% (83.76 ± 27.24 µg), while C3-MN8 deposited 86.99% ± 11.62% (130.48 ± 

17.43 µg) of amphotericin B from the patch inside the skin. The amount of the deposited drug 

increased with the increase of the lengths of needles of HFMB aligned with the tips. A 

significant difference was found between C3-MN0 and C3-MN6 (*p < 0.05), C3-MN6 and C3-

MN8 (*p < 0.05), and between C3-MN0 and C3-MN8 (****p < 0.0001). 






































