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Abstract 

In this work, we introduce, for the first time, novel hybrid microneedle patches with implantable 

poly(lactic-co-glycolic acid) (PLGA) tips aligned with hydrogel-forming microneedle bases 

(HFMB) using a dissolvable material. A model dye, Nile red, and an antifungal drug, 

amphotericin B, were loaded into the PLGA tips in a controlled manner by multiple castings. 

Three different types of pre-formed microneedle bases including conventional dissolving 

baseplates (MN0), HFMB with needle heights of 600 µm (MN6) and HFMB with needle heights 

of 800 µm (MN8) were investigated. Compared to the conventional dissolving baseplate 

(MN0)-based PLGA tipped implantable microneedle design, the addition of the pre-formed 

HFMB (MN8) improved in vitro and ex vivo insertion capacities of the patches, increased ex 

vivo drug delivery efficiency up to 80% of the loaded drug and speeded up the implantation 

process to within one minute. An adhesion test indicated that the hydrogel baseplate used in 

this study was easier to peel off from the skin than the dissolving baseplate. In vitro release 

studies demonstrated that the release of amphotericin B from the drug loading PLGA tips lasts 

for a week. Antifungal tests of the inserted amphotericin B loaded PLGA tips revealed their 

antifungal effects against Candida albicans. The MN8 did not dissolve, leaving no viscous 

residue but absorbed water and disintegrated after immersion into water. The hybrid PLGA-

tipped microneedle system will be ideal for rapid implantation and sustained release of 

amphotericin B for dermal fungal infections. This hybrid patch design is a novel promising 

technology for delivering drug-eluting microimplants into the skin while ensuring easy and 

complete removal of the HFMB. It could have many potential applications in implantable 

intradermal drug delivery. 
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1. Introduction  

Implant devices or long-acting formulations are generally inserted/injected into the body 

subcutaneously or into a body cavity with the aid of surgery, or by using a special needle [1,2] 

procedures often leave a wound and bleeding usually ensues to some extent. Such invasive 

procedures are not usually able to be administered outside of professional healthcare [3]. In 

order to address these limitations, microneedle patches may be used to administer long-acting 

formulations [4]. 

Microneedle patches are minimally invasive devices capable of bypassing the outermost layer 

of the skin (stratum corneum) allowing the delivery of a wide variety of active compounds into 

and through the skin [5–7]. These devices are formed by arrays of microprojections with 

lengths ranging from a few microns up to 1-2 mm [8,9]. Microneedle patches have great 

potential to enable patients to self-administer therapies otherwise requiring hypodermic 

injections with the use of a simple transdermal patch-like device [10]. Interest in the 

applications of microneedle devices is growing, as they could provide a patient-friendly option 

to overcome several long-standing clinical problems including complications associated with 

device implantation [4]. Several strategies have been developed to achieve this, such as 

loading long-acting particulate systems within the microneedle tips [4,11,12] or loading drugs 

with biodegradable polymers, such as poly(lactic-co-glycolic acid) (PLGA), to form implantable 

tips capable of providing a sustained release profile [13]. The latter type of microneedle 

patches needs to be carefully designed. Pedestals capable of dissolving after insertion are 

used to connect the biodegradable tips with the baseplate. In this way, the implantable 

microneedle tips will be left inside the skin after insertion. Most researchers chose dissolving 

materials as the baseplate and also to fill the space between the tips and the baseplate [13–

15]. This strategy requires complete dissolution of the pedestals, thus requiring a relatively 

long time. Furthermore, dissolution of the dissolving baseplate would leave a viscous gel on 

the skin surface of the patients, which are adhesive to and hard to peel off from the skin 

surfaces, posing the risk of dragging the tips out of the skin upon removal. Importantly, such 

a system requires excellent insertion capacities to implant the tips in skin, which limit their 

wide application [16]. Accordingly, there is a clear need to improve the design of the systems 

to allow a quick and easy implantation process as well as high efficiency. 

This work aims to develop a microneedle patch system that can deliver tip-implants rapidly 

and efficiently. For this purpose, we propose the use of hydrogel-forming microneedles 

(HFMB), for the first time, as a shaft base for implantation of the PLGA microneedle tips. First 

reported in 2012, HFMB have been widely investigated as the newest form of microneedles 

[17,18]. They are unique in their ability to absorb water without dissolving themselves, leaving 
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no viscous residue on the skin surface when inserted into the skin. Furthermore, synthetic, 

tough hydrogels are generally not adhesive [19]. Microneedle patches fabricated from 

hydrogel-forming materials have shown to be a mechanically strong vehicle able to pierce the 

skin and thus could provide extra support for PLGA tip insertion [20]. Besides, the aligning of 

HFMB with PLGA tips reduces the amount of the dissolving material needed to fully fill the gap 

between the PLGA tips and the baseplate. In this way after insertion into the skin, the quick 

dissolution of the pedestals will allow rapid PLGA tips separation. Implantable microneedle 

tips were prepared using PLGA and two model compounds (Nile red and amphotericin B). The 

resulting patches were characterized by evaluating the efficacy of insertion and drug delivery. 

 

2. Materials and methods 

2.1. Materials 

Amphotericin B was purchased from Cayman Chemical Company (purity specification ≥ 95%), 

(Ann Arbor, MI, USA). Nile red was obtained from Thermo Fisher Scientific (Waltham, 

Massachusetts, USA). Poly(lactic-co-glycolic acid) (PLGA), a 50:50 molar ratio of lactide: 

glycolide, the inherent viscosity of 0.55 – 0.75 dL/g was obtained from Lactel® (Birmingham, 

AL, USA). Plasdone™ K-29/32 (poly(vinylpyrrolidone), PVP, MW 58 kDa) was donated by 

Ashland, Kidderminster, UK. Poly(ethylene glycol) (PEG, molecular weight 200 Da) was 

purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Gantrez® S-97, a copolymer of 

methyl vinyl ether and maleic acid (PVME/MA), with a molar mass of 1,200,000 Da was 

donated by Ashland (Kidderminster, UK).Plasdone® K-90D (MW = 360,000 Da), was provided 

by Ashland (Covington, Kentucky, USA). Parafilm M®, a flexible thermoplastic sheet (126 μm 

thickness) made of olefin-type material and used as a skin simulant for insertion studies [21], 

was purchased from Bemis Company (Neenah, Wisconsin, USA). Phosphate buffered saline 

(PBS) pH 7.4 tablets were obtained from Oxoid Limited (Hampshire, UK). 

Ethylenediaminetetraacetic acid disodium salt dehydrate (Na2EDTA) and dodecyl sodium 

sulfate (SLS) were supplied by Sigma-Aldrich (Dorset, UK). 2,2,2-trifluoroethanol, also known 

as TFE was obtained from Fluorochem (Hadfield, Old Glossop, UK). Dimethyl sulfoxide 

(DMSO) was provided by VWR International Limited (Leicestershire, UK). HPLC-grade 

methanol, acetonitrile, and tetrahydrofuran (THF) were obtained from Sigma-Aldrich, Dorset, 

UK. All reagents were of analytical grade unless otherwise stated. 

2.2 Fabrication of Nile red PLGA-tipped microneedle patches 
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To fabricate these hybrid patches, the Nile red PLGA tips and the bases were fabricated 

separately and then aligned together, as illustrated in Figure 1. 

2.2.1 Fabrication of Nile red PLGA microneedle tips 

Nile red PLGA tips were cast using silicone micromoulds (11 × 11 conical microneedle cavities 

on an 86 mm2 area, 600 μm needle height, 300 µm in base diameter with a 600 µm 

interspacing, as summarised in Table 1). The tip solution for casting Nile red PLGA 

microneedle tips was prepared by dissolving 1 g PLGA pellets and 5.2 mg Nile red into 10 mL 

of a TFE and water mixture (90%: 10%, v/v). An aliquot of 20 µL tip solution was cast on the 

silicone moulds and centrifuged at 4472 × g for 10 min. The casting process was performed 

1, 2, 3, or 4 times to fabricate C1, C2, C3, or C4 tips, respectively (Figure 1). The moulds with 

tips were placed in a vacuum oven (Jeio Tech, Seoul, Korea) overnight to remove the residue 

solvent. 

2.2.2 Fabrication of the base of PLGA-tipped microneedle patches 

Three different bases for microneedle patches (MN0, MN6, and MN8) were prepared and 

evaluated in this paper. The moulds for casting MN0 were silicone moulds with no holes (as 

detailed in Table 1). The moulds for casting MN6 were silicone moulds with conical holes in 

an 11 × 11 array (600 µm in height, 300 µm in base diameter, with a 600 µm interspacing, as 

summarised in Table 1), the same as those used for casting the PLGA microneedle tips. The 

moulds for casting MN8 were silicone moulds with an 11 × 11 array of conical holes (800 µm 

in height, 300 µm in width, and interspacing of 600 µm, as summarised in Table 1). The 

parameters of all the moulds used in this work are summarized in Table 1. The differences 

among MN0, MN6 and MN8 were the lengths of the needles, 0 for MN0, 600 µm for MN6 and 

800 µm for MN8. 

 

Table 1. Geometries of the moulds used for the base and the PLGA tips fabrication. 

Moulds Height (µm) Width (µm) 
Interspacing 

(µm) 
Array 

PLGA tips MN6 600 300 600 11 × 11 

Base 
MN0 0 0 0 0 
MN6 600 300 600 11 × 11 
MN8 800 300 600 11 × 11 

 

To fabricate Nile red PLGA-tipped microneedle patches, all the bases were prepared 

beforehand. For MN0, an aqueous gel (dissolving base gel) containing 15% w/w Plasdone® 

K-90D and 1.5% w/w glycerol was formulated. For MN6 and MN8, an aqueous gel (HFMB gel) 
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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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Figure 1. Schematic illustration of the microneedle patches’ fabrication process. Different tip solutions 
were used for preparing different drug-containing tips. For fabricating Nile red PLGA-tipped microneedle 
patches, the tip solution was formulated with 0.1% w/v PLGA with 0.00052% w/v Nile red in TFE and 
water (9:1, v/v). For amphotericin B PLGA-tipped microneedle patches, the tip solution contained 7.5% 

w/v amphotericin B and 2.5% w/v PLGA in DMSO. 
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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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removed. These films were immediately affixed to the mobile probe using double-sided 

adhesive tape. The film was lowered at a speed of 0.50 mm/s to contact with the skin surface 

at a force of 5 N for a contact time of 10 s. It was then withdrawn at a speed of 0.50 mm/s to 

a distance of 50 mm. An acquisition rate of 200 points/s was set for the analysis. The adhesion 

of the films was evaluated in terms of peak detachment force and work of adhesion. The peak 

detachment force was recorded as the maximum force required to detach the film from the 

skin surface. The work of adhesion was also calculated from the area under the force-distance 

curve. 

2.7 Disintegration and swelling properties of MN8 base in water 

The hydrogel-forming microneedles base MN8 was studied in terms of its swelling and 

disintegration properties. The initial dry weight of MN8 was documented as 𝑚0. The MN8 

patches were then soaked in 40 mL of water for 24 h at room temperature. At predetermined 

time points, the patches were pictured, removed, dried with towel paper, and weighed as 𝑚𝑡. 

The swelling properties of the base microneedle patches MN8 were represented as the 

percentage of swelling, as shown in the following formula. The disintegration time was 

recorded based on the breakage of the patches. 

% 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 =  
𝑚𝑡 − 𝑚0

𝑚0
 × 100% 

2.8 In vitro drug release study and biodegradation study 

The amphotericin B PLGA C3 tips were cast in the moulds and collected. The amphotericin B 

PLGA C3 tips were then placed in 15 mL of release medium for the release study (n = 5). The 

release medium contained PBS and 1% w/v SLS. The experiment was conducted in the dark 

using a thermal incubator with 40 rpm and kept at 37 ± 1°C. Samples were taken at 

predetermined time points (1, 2, 3, 4, 5, 6, and 7 days) and the fresh release medium was 

added as appropriate. The samples were then quantified using HPLC after appropriate 

dilutions.  

The cumulative drug released profile was fitted to various commonly-used mathematical 

kinetic models: zero-order, first-order, Higuchi and Korsmeyer-Peppas [27,28]. Only the 

portion corresponding to 
𝑄𝑡

𝑄∞
 ≤  0.6 was used to study the applicability of the models [28]. 

DDsolver (China Pharmaceutical University, Nanjing, China) was employed to calculate the 

model parameters [29]. The equations of mathematical kinetic models are presented as 

follows: 
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Zero-order: 𝑄𝑡 = 𝑄0 + 𝐾0𝑡 

First-order: ln 𝑄𝑡 = ln 𝑄0 + 𝐾1𝑡 

Higuchi: 𝑄𝑡 = 𝐾𝐻√𝑡 

Korsmeyer-Peppas: 
𝑄𝑡

𝑄∞
= 𝐾𝑘𝑃𝑡𝑛  

In these models, 𝑄𝑡 (%) is the percentage of drug released at time t, 𝑄0 is the initial value of 𝑄𝑡, 

𝑄∞ is the total amount of drug released, t is the time, n is the diffusion release exponent, 𝐾0 , 

 𝐾1, 𝐾𝐻 and 𝐾𝐾𝑃 are the release coefficients corresponding to relevant kinetic models. The 

coefficient of determination (R2) and Root of mean square error (RMSE) were used to evaluate 

the fit of a model equation. 

The amphotericin B PLGA C3 tips were further investigated in their biodegradation. 

Amphotericin B-containing PLGA tips were collected and viewed using a Leica EZ4 D 

stereomicroscope (Leica Microsystems, Milton Keynes, UK) light microscope, where their 

lengths were measured. Afterwards they were placed in a 1.5 mL Eppendorf tube, where 1.5 

mL of freshly prepared PBS solution (pH 7.4) was added. Samples were placed in 37°C 

shaking incubator at 40 rpm for 21 days to study their biodegradation. At predefined time 

points, PBS was withdrawn, the amphotericin B PLGA C3 tips were viewed via the light 

microscope, and measurements were taken. The difference in the length over time was 

recorded. 

2.9 Disk diffusion test 

Antifungal activity of the amphotericin B PLGA tipped C3-MN8 microneedle patches against 

Candida albicans NCYC 610 was determined using a modified radial diffusion assay [30]. 

Briefly, Candida albicans was cultivated overnight at 37ºC and 100 rpm in Sabouraud dextrose 

broth (SDB) before the experiment. The fungi were collected by centrifugation at 3000 rpm for 

30 min and resuspended in fresh SDB. The optical density of the fungal suspension was set 

at 0.1 at 550 nm to obtain an equivalent to 6 × 106 CFU/mL. An aliquot of 1 mL of the fungal 

culture was then added to 5 mL of soft sabouraud dextrose agar and the mixture was then 

vortexed to ensure even distribution of the fungal cells. The mixture was then poured on the 

surface of the Sabouraud dextrose agar (SDA) plate. Finally, the amphotericin B PLGA-tipped 

microneedle patches C3-MN8, blank microneedle patches or a paper disc containing 400 µg 

of amphotericin B were placed in the centre of the plate and pressed gently with sterile forceps. 

The blank patch was fabricated by aligning PVP tips with MN8 without PLGA tips. All 

microneedle patches were applied for 30 s and removed immediately from the agar plates but 
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the paper disc stayed on the agar plates. After incubation at 37°C for 72 hours, the zone of 

inhibition around the patches was measured. The whole process was conducted under aseptic 

conditions and untreated inoculated plates were used as a control (n = 4). 

2.10 Analytical methods for quantifying Nile red and amphotericin B 

Quantification of Nile red and amphotericin B in all samples was carried out using HPLC 

Agilent Technologies 1220 Infinity Compact LC Series with Agilent degasser, binary pump, 

auto standard injector and UV detector (Agilent Technologies UK Ltd, Stockport, UK). The 

separation was achieved by using a C18 Phenomenex SphereCloneTM analytical column (150 

mm × 4.60 mm internal diameter, 5 µm packing). The instrumentation and chromatographic 

conditions for Nile red and amphotericin B are presented in Table 2. Agilent Chemostation® 

Software B.02.01 was used for the analysis of the chromatograms. These HPLC methods 

were validated according to the International Conference on Harmonization (ICH) guidelines 

for Validation of Analytical Procedures Q2 Analytical Validation Revision one (R1) 2005 [31]. 

 

Table 2. Parameters for HPLC analytical methods developed and validated for Nile red and 
amphotericin B. 

Analyte Mobile phase Flow rate 
Injection 
volume 

UV 
Column 

temperature 

Nile red water/acetonitrile, 20/80 1 mL/min 50 µL 550 nm 37ºC 

Amphotericin B 
Na2EDTA (2.5 mM) 

/methanol/acetonitrile/tetrahydrofuran, 
35/39/17/9 

1 mL/min 50 µL 385 nm 30ºC 

 

 

2.11 Statistical analysis 

All quantitative data were expressed as means ± standard deviation (SD) from triplicate 

measurements unless otherwise noted. Differences between groups were assessed for 

significance using one-way analysis of variance (ANOVA), followed by a multiple comparisons 

test (Tukey’s test). The threshold for significance was p< 0.05. Statistical analysis was 

performed using Prism 7 (GraphPad Software, San Diego, CA, USA). 
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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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Figure 2. Characterization of Nile red PLGA-tipped microneedle patches fabricated with varying 
numbers of casting procedures. (A) A microscopy image of C2-MN0. Scale bar, 500 µm. (B) 
Representative images of a single tip in C1-MN0, C2-MN0, C3-MN0, and C4-MN0 PLGA-tipped 
microneedle patches. Scale bar, 500 µm. (C) A scanning electron microscope image of C2-MN0. Scale 
bar, 1 mm. (D) The proportion of PLGA tips to needles in length for C1-MN0, C2-MN0, C3-MN0, and 
C4-MN0. (Means + S.D., n = 3). 

 

3.2. Drug content analysis of Nile red PLGA-tipped dissolving base microneedle 

patches 

The drug content of C1-MN0, C2-MN0, C3-MN0, and C4-MN0 was 0.55 ± 0.11 µg, 0.97 ± 0.05 

µg, 2.05 ± 0.23 µg and 2.67 ± 0.30 µg, respectively (Figure 3D). Thus, it can be concluded 

that the drug content increased with the increase of casting replicates. If the content of Nile 

red in a patch was assumed to be directly proportional to the concentration of Nile red in the 

casting solution, the maximum amount of Nile red one patch could carry would be limited by 

the solubility of Nile red in a certain solvent. Thus, the solubility of Nile red in different solvents 

was measured using HPLC. The estimated maximum drug content that one patch could carry 

using a certain kind of solvent to prepare the casting solution was also calculated. As 

presented in Table 3, the best solvent among the five tested for Nile red was chloroform. With 

a saturated solution of Nile red in chloroform, the patch could carry around 100 µg of Nile red. 
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Table 3. The solubility of Nile red in different solvents and estimated maximum drug content if cast by 
the saturated solution of the solvent. 

Solvents Solubility (mg/mL) 
Estimated maximum drug 

content per patch (µg) 

Acetonitrile 1.46 ± 0.03 7.47 

Acetone 2.04 ± 0.00 10.44 

Tetrahydrofuran 11.40 ± 0.00 58.33 

TFE 6.71 ± 0.00 34.33 

Chloroform 20.75 ± 0.03 106.17 

 

3.3. In vitro mechanical performance of Nile red PLGA-tipped dissolving base 

microneedle patches 

A successful microneedle delivery system should possess sufficient mechanical properties for 

reliable skin penetration to achieve efficient drug delivery. Herein, the insertion performance 

of C1-MN0, C2-MN0, C3-MN0, and C4-MN0 was examined in vitro using standard commercial 

Parafilm M® as a previously validated skin simulant [22]. Figure 3A shows that all microneedle 

patches were able to penetrate the first layer of Parafilm M® and reached a depth of at least 

126 µm. However, for the second layer, the mean values of holes created in the second layer 

of Parafilm M® decreased with the increase of casting replicates (Figure 3B). C4-MN0 

exhibited the worst penetration ability with 20.9% ± 8.1% penetration into the second layer. 

These data were significantly different compared with those of C1-MN0 (69.4% ± 29.4%) or 

C2-MN0 (45.0% ± 13.8%) (p < 0.05). This indicated that the increase in the length of PLGA 

Nile red tip (i.e. PLGA and Nile red) or the decrease of the length of the dissolving pedestals 

(PVP) possibly had a tendency to weaken the insertion depth of the microneedle patches. 

Figure 3C shows that there was no significant difference for different microneedle patches in 

height reduction after compression at 32 N for 30 s (p > 0.05). The force of 32 N was chosen 

as it was shown to be the mean force exerted by human volunteers applying microneedle 

patches into their skin [22,32]. All microneedle patches withstood the 32 N force with less than 

20% height reduction, indicating the microneedle tips were not fragile. 

A force starting from 0 N up to 300 N was applied to C1-MN0, C2-MN0, C3-MN0, and C4-

MN0 to determine the patches’ failure force. The microneedle tips failed in a bent shape rather 

than fracture under such a force. The microneedle tips after compression are presented in 

Figure 3F (C1-MN0), Figure 3G (C2-MN0), Figure 3H (C3-MN0) and Figure 3I (C4-MN0). 

Those data also indicated that the microneedles of Nile red PLGA-tipped dissolving base 

microneedle patches were rather soft than fragile. This test was developed by applying 

pressure against an aluminum surface, which is not representative of the real insertion 

scenario. The baseplate of some patches was fractured as observed an abrupt decrease in 
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the force (as pointed by the arrow in Figure 3E). The fracture force of the baseplate was in the 

range of 70 N to 260 N, which is higher than the average maximum human manual force as 

reported in the literature [22].  

 

Figure 3. In vitro insertion performance of Nile red PLGA-tipped microneedle patches. (A) Percentage 
of holes created in each Parafilm M® layer following insertion of C1-MN0, C2-MN0, C3-MN0 and C4-
MN0 using a force of 32 N/array. (B) Percentage of holes created in the second layer of Parafilm M®. 
(C) Percentage of height reduction of needles in microneedle patches after compression at 32 N/array. 
(D) The drug content of Nile red in C1-MN0, C2-MN0, C3-MN0, and C4-MN0. (Means + S.D., n = 3) (* 
p < 0.05). (E) Representative plot of fracture force determination of Nile red PLGA-tipped microneedle 
patches. (F) C1-MN0, (G) C2-MN0, (H) C3-MN0, and (I) C4-MN0 microneedle patches after a 300 N’s 
compression.  
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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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fourth layer. C2-MN0 was inserted up to 252 µm, while C2-MN6 and C2-MN were inserted up 

to 504 µm. These results were corroborated by OCT (Figures 5C-E). In the fourth layer of the 

Parafilm M®, C2-MN0 created 0% of holes, C2-MN6 created 33.88% ± 4.37% holes, and C2-

MN8 created 93.66% ± 5.38% holes (Figure 5B). There was a significant difference between 

C2-MN0 and C2-MN6 (p < 0.001), C2-MN0 and C2-MN8 (p < 0.0001), C2-MN6 and C2-MN8 

(p < 0.0001). The insertion profiles of these three types of microneedle patches cannot be 

directly compared due to their different needle lengths. However, this test was designed to 

evaluate if the insertion depths were sufficient to guarantee PLGA tip implantation within the 

skin. 

 

 

Figure 5. In vitro insertion into Parafilm M® of Nile red PLGA-tipped microneedle patches. (A) 
Percentage of holes created in each Parafilm M® layer following insertion of Nile red PLGA-tipped 
microneedle patches. (B) Percentage of holes created in the third layer of Parafilm M®. (Means ± S.D., 
n = 4) (***p < 0.001, ****p < 0.0001). Representative OCT picture immediately after insertion into 
Parafilm M® layers of (C) C2-MN0, (D) C2-MN6, and (E) C2-MN8. Scale bar = 1 mm.  

 

3.6 Ex vivo skin insertion performances and delivery efficiency of the optimised Nile 

red PLGA-tipped microneedle patches  

Ex vivo porcine skin insertion tests were used to evaluate the delivery efficiency of C2-MN0, 

C2-MN6 and C2-MN8. The application time for C2-MN6 and C2-MN8 was 30 s while that for 

C2-MN0 was 3 min and kept in skin for 30 min in total to make sure the dissolving pedestals 

in C2-MN0 had time to fully dissolve. The drug delivery efficiency was represented as the ratio 

of the drug deposited inside the skin to the drug carried in the patch. As can be observed in 
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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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Figure 6. Detailed pictures of Nile red PLGA-tipped microneedle patches before insertion (A) C2-MN0, 
(B) C2-MN6, and (C) C2-MN8. Scale bar, 1 mm. Images of the skin after insertion of (A1) C2-MN0, (B1) 
C2-MN6, and (C1) C2-MN8. Scale bar, 2 mm. OCT images of the insertion process of (A2) C2-MN0, 
(B2) C2-MN6, and (C2) C2-MN8. The PLGA tips were indicated by the arrows Scale bar, 1 mm. (D) 
Percentage of the drug from the patch deposited in the skin (Means + S.D., n = 4). (*p< 0.05)  

 

3.7 Fabrication and in vitro insertion performance of amphotericin B PLGA-tipped 

microneedle patches 

Amphotericin B PLGA-tipped microneedle patches were produced using the same procedure 

as Nile red PLGA-tipped microneedle patches, as can be observed in Figure 7A for C3-MN6. 

An in vitro insertion examination was performed to investigate the effect of the increased 
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casting replicates of amphotericin B PLGA tips on the insertion ability of the microneedle 

systems. Multiple casting procedures were performed to form C1-MN6 (casting once), C2-

MN6 (casting twice) and C3-MN6 (casting three times). In vitro insertion into Parafilm M® was 

performed by using a force of 32 N to insert these amphotericin B PLGA-tipped microneedle 

patches into Parafilm M® layers. The holes created in the Parafilm M® layers were counted as 

an indication of the insertion depth (as provided in Figure S3 in Supplementary information). 

As shown in Figure 7B, C1-MN6 was able to penetrate the third layer, while C2-MN6 and C3-

MN6 were able to penetrate the fourth layer. In the third layer of Parafilm M® layers, as shown 

in Figure 7C, C1-MN6 created 36.98% ± 4.83% of holes, C2-MN6 created 65.29% ± 16.69% 

holes, and C3-MN6 created 93.39% ± 5.96% holes. There was a significant difference 

between C1-MN6 and C2-MN6 (p < 0.05), C2-MN6 and C3-MN6 (p < 0.05), C1-MN6 and C3-

MN6 (p < 0.001). OCT images in Figure 7D, E, F represent the insertion behaviour of C1-MN6, 

C2-MN6, and C3-MN6, respectively. The needles of C1-MN6 (Figure 7D) penetrated between 

the second and the third layer of the Parafilm M® layers, the needles of C2-MN6 (Figure 7E) 

fell between the third and the fourth layer of the Parafilm M® layers, and the needles of C3-

MN8 (Figure 7F) reached between the third and the fourth layer of the Parafilm M® layers. As 

suggested by the OCT and Parafilm M® layers, the insertion depth for C1-MN6 was about 252 

– 378 µm, that for C2-MN6 was 378 – 504 µm, and that for C3-MN6 was 378 – 504 µm. 

 

3.8 Drug content analysis of amphotericin B PLGA-tipped microneedle patches 

The drug content was analyzed for C1-MN6, C2-MN6, and C3-MN6. As presented in Figure 

7G, the drug content of C1-MN6, C2-MN6, and C3-MN6 was 66.11 ± 3.34 µg, 89.16 ± 7.89 

µg, and 160.00 ± 7.36 µg, respectively. It can be concluded that the drug content increased 

with the increase of casting replicates. It was noticed that there was a significant difference 

between C1-MN6 and C2-MN6 (**p < 0.01), between C2-MN6 and C3-MN6 (****p < 0.0001), 

and between C1-MN6 and C3-MN6 (****p < 0.0001). 
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Figure 7. Fabrication and in vitro insertion into Parafilm M® of amphotericin B PLGA-tipped microneedle 
patches. (A) A representative picture of C3-MN6. Scale bar = 500 µm. (B) Percentage of holes created 
in each Parafilm M® layer following insertion. (Means + S.D., n = 3). (C) Percentage of holes created in 
the third layer of Parafilm M®. (Means + S.D., n = 3). Representative OCT picture immediately after 
insertion into Parafilm M® layers of (D) C1-MN6, (E) C2-MN6, and (F) C3-MN6. Scale bar = 1 mm. (G) 
Amphotericin B content in amphotericin B PLGA-tipped microneedle patches C1-MN6, C2-MN6, and 
C3-MN6 (Means + S.D., n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

 

3.9 Optimisation of the base design in the amphotericin B PLGA-tipped microneedle 

patches 

As amphotericin B PLGA C3 tips contained the highest amount of drug (160.00 ± 7.36 µg) and 

achieved the highest insertion percentage in vitro insertion percentage, amphotericin B PLGA 
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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. 



 

24 

 

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). 
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Figure 9. Amphotericin B PLGA-tipped microneedle patches (A) C3-MN0, (B) C3-MN6, and (C) C3-
MN8. Scale bar, 1 mm. Skin deposition of (A1) C3-MN0, (B1) C3-MN6, and (C1) C3-MN8. Scale bar, 2 
mm. (D) The percentage of the drug deposited in the skin to the drug in a patch. (Means + S.D., n = 4) 
(**p < 0.01, ****p < 0.0001). 

 

3.11 Adhesion of dissolving base film and hydrogel base film to neonate porcine skin  

Adhesion properties measured in this study was to check the ease of peeling the bases off 

from the skin surface after microneedle application. Generally, the adhesion of films increases 

with the degree of hydration until a point where overhydration leads to an abrupt drop in 

adhesive strength due to disentanglement at the polymer/tissue interface. The films were 

therefore soaked in PBS (pH 7.4) for 60 s to allow the polymer chains to fully hydrate prior to 

testing and excess water was removed before test. As shown in Figure 10A, the peak 

detachment force for the dissolving base films was 1.089 ± 0.1817 N. HFMB films presented 

a significantly lower peak detachment force at 0.3748 ± 0.1133 N (p < 0.01). As shown in 

Figure 10B, the work of adhesion of HFMB films was 0.0595 ± 0.0663 mJ, which was much 

lower than that of dissolving film (5.641 ± 1.057 mJ, p < 0.001). Those results indicated that 
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HFMB films were easier to peel off from the skin than the dissolving base film in terms of the 

peak detachment force or work needed to remove them.  

 

Figure 10. Adhesion properties of dissolving films and HFMB films. (A) The peak detachment force for 
dissolving films and HFMB films. (B) The work needed to detach the dissolving films and HFMB films 
from the porcine skin. (**p < 0.01, ***p < 0.001). 

 

3.12 Swelling and disintegration properties of MN8 base in water 

The swelling properties of MN8 was investigated to understand the interaction between MN8 

and water. As displayed in Figure 11A, MN8 absorbed water gradually and the swelling 

percentage at equilibrium for 24 h was 106.20% ± 19.39%. As the weight was constantly 

increased after MN8 immersed in water, the swelling of MN8 was dominant instead of 

dissolving behavior. Figure 11B shows the MN8 before being immersed in water. At 15 min 

(Figure 11C), it started to break. However, the size of MN8 did not change significantly. At 30 

min (Figure 11D), MN8 swelled and broke into smaller pieces. After implanting the tips of C3-

MN8 patches into the skin, MN8 would be left and might generate biohazard waste. The 

disintegration study indicated an easy way to disable MN8 by immersing it into water for over 

15 min.  
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Figure 11. The swelling and disintegration properties of MN8 base in water. (A) Swelling percentage of 
MN8 in water. (Means ± SD, n = 4). Representative images of MN8 soaked in water at different time 

points (B) 0 min, (C) 15 min, (D) 30 min. Scale bar, 2 mm. 

 

3.13 In vitro release study and biodegradation study 

The in vitro release profile of amphotericin B from PLGA C3 tips is shown in Figure 12A. The 

release profile shows that amphotericin B was released from the C3 tips for seven days in the 

release medium (PBS, pH 7.4, containing 1% w/v SLS). On the first three days, the release 

was relatively constant over time and 72.42% ± 7.34% of the drug was released into the 

medium. 

The release mechanism of the amphotericin B PLGA C3 tips and the kinetic order of drug 

release from the tips were studied by fitting the in vitro drug release data into different kinetic 

models, which included the zero-order, first-order, Higuchi, and Korsmeyer-Peppas. Table 4 

shows the results of the correlation coefficient of each model. It is worth noting that the n value 

for Korsmeyer-Peppas modelling is 1.076, which is greater than 0.89. Accordingly, the release 

mechanism of the drug from PLGA tips was super case-II transport. This indicated that the 

rate of solvent diffusion was the determining factor of the diffusion [33]. The zero-order model 

fits well with the release profile (R2 = 0.9964). The zero-order model reveals the process of 
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constant drug release from a drug delivery device independent of the concentration, which is 

ideal for a dosage form and leads to minimum fluctuations in drug plasma levels [34].  

Table 4. Mathematical models of the kinetics release of amphotericin B from PLGA tips. 

Mathematical 

model 

Zero-order First-order Higuchi Korsmeyer-

Peppas 

R2 0.9964 0.9572 0.8908 0.9979 

RMSE 1.9024 6.5674 10.4903 1.7968 

 

With regard to the biodegradation of amphotericin B PLGA C3 tips, it was observed that the 

number and the length of tips was decreasing over 21 days (as shown in Figure S4 in 

Supplementary information). This demonstrated that the C3 tips were biodegrading over time. 

To further confirm those findings, the tips lengths were recorded, where the reduction in size 

was depicted in Figure 12B. It shows that the length of the C3 tips was reduced by more than 

50% of its original length over 3 weeks. 

 

3.14 Disk diffusion test 

C3-MN8 microneedle patches showed the highest rate of amphotericin B delivery efficiency. 

Therefore, these patches and PVP-tipped MN8 microneedle patch groups were used to 

perform a modified disk diffusion test against the growth of Candida albicans (Figure 12C). 

The amphotericin B PLGA-tipped C3-MN8 microneedle patches or blank microneedle patches 

were inserted in the agar plate for 30 s and removed immediately as performed in the skin 

insertion study. These microneedle patches were applied on the agar plate for 30 s to check 

if the PLGA drug containing tips could be deposited in the agar plate in such a short application 

time, if the inserted microneedle tips could release the drug, and if the drug was still effective 

to inhibit the growth of the fungal. The blank microneedle patches, which were made of PVP 

aligned with MN8 without amphotericin B PLGA tips, showed no zone of inhibition, indicating 

PVP and MN8 had no inhibitory effect on fungal growth. As evidenced in Figure 12E, Candida 

albicans occupied the site of the blank microneedle indentation in the agar plate. The tips of 

C3-MN8 were clearly able to be deposited in the agar plate within an application time of 30 s 

(Figure 12D). The amphotericin B PLGA-tipped C3-MN8 microneedle group showed 

remarkable inhibition of Candida albicans with a zone area of 284.9 ± 20.6 mm2, which equals 

to a circle with a radius of 9.5 ± 0.5 mm. The paper disc with 400 µg of amphotericin B was 

placed on top of the agar during the incubation and formed an inhibition zone of an area of 

143.3 ± 12.2 mm2 with a radium of 6.8 ± 0.3 mm (Figure 12F), which is smaller than that of 

amphotericin B PLGA tips. This suggested that the PLGA tips could release amphotericin B 

into the agar plate in a wider area than the paper disc. These results indicated that 
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amphotericin B PLGA-tipped C3-MN8 microneedle patches deposited drug-containing tips 

within 30 s and the drug-containing tips were able to release amphotericin B to inhibit the 

growth of Candida albicans. 

 

Figure 12. In vitro drug release, tip biodegradation and antifungal disk diffusion test results of 
amphotericin B PLGA C3 tips. (A) In vitro drug release profile of amphotericin B PLGA C3 tips. (Means 
± SD, n = 5). (B) In vitro biodegradation profile of amphotericin B PLGA C3 tips. (Means ± SD, n = 5). 
(C) Agar plates treated with amphotericin B PLGA-tipped microneedle patches C3-MN8, PVP-tipped 
microneedle patches, paper disc with 400 µg of amphotericin B; respectively. Microscopic images of 
the application sites of the agar plates treated with (D) amphotericin B PLGA-tipped microneedle 
patches C3-MN8, (E) PVP-tipped MN8, and (F) paper disc with 400 µg of amphotericin B. Scale bar, 2 
mm.  
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4. Discussion 

Sustained release drug delivery systems are preferred for long-period treatments as a result 

of improved patient compliance and efficacy [35]. However, surgeries for subcutaneous 

implantation of the devices or injections into the body are usually required [36,37]. These 

painful and invasive procedures are generally not able to be self-administrated by patients 

and, therefore, necessitate the involvement of trained healthcare personnel and the proper 

handling of biohazard waste. In this work, microneedle technology has been proposed as an 

alternative delivery method to address these issues.  

To develop a tip-implants microneedle system for rapid and efficient drug delivery, PLGA, a 

biodegradable, FDA-approved material, was chosen as the matrix for the microneedle tips, 

due to its safety profile, tailored mechanical strength, and extensive application in transdermal 

drug delivery systems. [38]. The dissolving baseplate was chosen as the literature indicates 

that it is most commonly used for implantable microneedle system [13–15]. To start with, Nile 

red, a hydrophobic dye, was delivered as a model compound. The fabrication of this design 

required castings of hydrophobic polymers (PLGA) and fast dissolvable polymers (PVP), 

which necessitated separate casting processes. For casting the drug PLGA tips, organic 

solutions were prepared. The solvents used should dissolve both the drugs and the polymers. 

TFE was chosen for Nile red PLGA tip solution [39]. The process of casting tips was found to 

be very important for the fabrication of the system. The length of the PLGA tips can be 

customized by casting the solution for different replicates. 

A key parameter and major concern for implantable microneedle systems is their insertion 

ability. The insertion ability of the fabricated patches was tested using an artificial film Parafilm 

M® and porcine skin [7,40]. Parafilm M® presents ductility under external forces, which is an 

ideal mimic of the stratum corneum of the skin. Parafilm M® has been widely used in 

conjugation with a standard force/time profile as a rapid microneedle insertion quality control 

test especially for a comparative test of insertion capacities between candidate microneedle 

formulations [22,25,41,42]. The Parafilm M® insertion study showed the increase of the Nile 

red PLGA tips might decrease the insertion depth to some extent. Skin insertion was 

performed for the highest drug loading patch, i.e. C4-MN0 as the means to deliver sufficient 

amounts of the drug so as to reach the therapeutic window in vivo. As shown in the Figure 

S1 Supplementary Information, the implantation of Nile red PLGA C4 tips was not complete. 

Even though C4-MN0 was able to penetrate the skin and reached a certain insertion depth, 

the insertion depth of C4-MN0 was not enough to implant all the tips. The incomplete 

implantation of C4-MN0 could be attributed to the insertion depth being relatively shallow and 

the length of tips relatively long. To tackle this issue, two possible alternatives can be explored, 
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decreasing the length of tips (from C4 to C2) and/or increasing the insertion depth. However, 

we found the drug delivery efficiency for C2-MN0 was only 39.35% ± 10.01%. Besides, the 

separation of the PLGA tips from the dissolving baseplate was time consuming (30 min). The 

dissolution of the dissolving baseplate after 30 min always left a viscous gel on the surface of 

the skin. As can be observed by the skin insertion and OCT images (Figure 6A1 and 6A2), the 

incomplete insertion of the tips into the skin caused incomplete drug delivery and a time-

consuming separation process. 

The insertion depth has been reported to increase with an increase in the length of the needles, 

thus increasing the delivery efficiency of the formulations loaded in the microneedles [43]. He 

et al. presented the intradermal implantation ratio of microneedle with needle lengths of 500 

µm, 600 μm and 700 μm [15]. It was found that microneedles with a length of 500 µm could 

only deliver about 30% of the implant tips which had a length of 280 µm, while the intradermal 

implantation ratio of microneedles with lengths of 600 µm and 700 µm could reach 100%. This 

indicated the increase in the length of the needle could facilitate the intradermal implantation 

rate of the tips of the needles. It has also been reported that the incorporation of a shaft 

structure made of materials such as PLA and metal could improve the insertion performance, 

and facilitate the separation of the tips and the shaft and thus increase the delivery efficiency 

of the microneedle systems [10,44]. Herein, HFMB cast by Gantrez® S-97 and PEG 200 Da 

were, for the first time, used as an inert shaft to improve the insertion performance. Two types 

of HFMB were made, 600 µm-long microneedle base patches (MN6) and 800 µm-long 

microneedle base patches (MN8). The HFMB was aligned with Nile red PLGA tips as an 

attempt to increase the delivery efficiency of the system. The alignment of a mechanically 

strong microneedle base patch could on the one hand increase the mechanical strength of the 

needles, thus increasing the insertion depth of the system. On the other hand, the increase in 

the length of the needles would contribute to the increase of insertion depth, thus embedding 

the PLGA tips inside the skin. Besides, the insertion of the HFMB tips into the hole means that 

less of the dissolving PVP gel is needed, resulting in less skin interstitial fluid and less time 

required to separate the PLGA tips from the HFMB once applied into the skin. Such a system 

enables rapid intradermal delivery of the drug containing tips more quickly and efficiently. 

Microneedle patches bases with different heights (600 µm and 800 µm) were fabricated. All 

the patches shared the same interspacing so that HFMB could be aligned into the moulds for 

fabricating tips. The total needle length after alignment in MN0 based patches was around 600 

µm, that in MN6 was around 680 µm and that in MN8 was 970 µm. As the PLGA tips were 

less than 600 µm, the insertion depths were not required to exceed 600 microns. These 

insertion depths were ideal as they were sufficient to deposit the PLGA tips, but they are not 

long enough to generate pain or bleeding [45]. 
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The insertion properties of Nile red PLGA-tipped C2-MN0, C2-MN6, and C2-MN8 patches 

were tested and compared. In vitro insertion tests into the Parafilm M® layers demonstrated 

that the insertion depth into the Parafilm M® layers increased as with the increase of the needle 

height of the HFMB, which was in agreement with the literature that the increase of the height 

needles could increase the insertion depth [10]. The ex vivo skin insertion study found that the 

delivery efficiency increased after alignment with HFMB MN6 or MN8. C2-MN8 implanted 

83.72% ± 20.63% of the Nile red inside the patch. Those promising results demonstrated the 

success of the design. 

Amphotericin B is a potent, broad-spectrum antifungal agent, whose application is mainly 

limited to life-threatening systemic fungal infections due to its systemic side effects. The 

minimum inhibitory concentration of amphotericin B is generally very low, around 0.5 µg/mL 

to 1 µg/mL for Candida albicans [46]. Topical delivery of long-acting amphotericin B 

formulations for fungal infections have been preferred because of the avoidance of systemic 

distribution and thus the avoidance of amphotericin B’s notorious nephrotoxicity [47–49]. The 

implantation of the antifungal therapy will firstly achieve efficient penetration of the 

antimicrobial agents through the stratum corneum into the biofilm. In addition, the drug 

containing tips will sustain the release of the antimicrobial agent for around a week time, which 

is highly desirable when continuous drug is exposed at the site of infection [50]. A prolonged 

and continuous drug exposure at the site of infection is highly desirable for antimicrobial 

therapy due to reduced toxicity, avoid resistance, administration frequency, dose, and cost 

[51,52].  

Amphotericin B, a typical BCS class IV drug, is hard to administer using conventional topical 

formulations or oral intake because of its low drug bioavailability to the infection site and lack 

of sustained therapeutic effect, which might induce antimicrobial resistance [53]. To date, no 

effective topical products of amphotericin B have been approved by the FDA. Microneedle 

technologies have made promising progress in the intradermal delivery of amphotericin B. An 

inkjet-coated Gantrez® AN 169 microneedle patch loading 10.4 µg of amphotericin B has been 

proposed to combat cutaneous fungal infections. A promising result has been shown in a radial 

diffusion assay in vitro against Candida parapsilosis (ATCC 22019) [30]. A poke and patch 

microneedle system has been explored to deliver amphotericin B in DMSO solution for the 

treatment of cutaneous Leishmania. The antileishmanial results using a Leishmania Mexicana 

challenged murine model showed promise in the  intradermal administration of amphotericin 

B via microneedles [54]. Those findings further support the development of an implantable 

system to deliver amphotericin B intradermally to treat cutaneous fungal infections.  
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In order to increase drug loading, multiple casting was used to fabricate the amphotericin B 

PLGA tips. For amphotericin B PLGA-tipped microneedle patches, C3 tips contained 160.0 ± 

7.4 µg of amphotericin B. The in vitro insertion tests for these patches showed that with the 

increase of the number of casting replicates, the insertion capacity of the system improved. 

This was not the case with Nile red PLGA-tipped microneedle patches, where the insertion 

capability decreased with the increase in the number of casting replicates. This indicated that 

the properties of the drugs themselves had an impact on the insertion capacity of the 

microneedles. 

The ex vivo skin insertion of amphotericin B PLGA-tipped microneedle patches C3-MN0, C3-

MN6, and C3-MN8 was investigated. The delivery efficiency was improved after aligning with 

MN6 or MN8. Amphotericin B PLGA-tipped C3-MN8 microneedle patches were able to deliver 

86.99% ± 11.62% of the drug from the tips into the skin. The release of inserted amphotericin 

B PLGA C3 tips in PBS containing 1%w/v SLS lasted for 7 days and was fitted well into the 

zero-order model and the Korsmeyer-Peppas model. In vitro disk diffusion test demonstrated 

the antifungal performance of C3-MN8 against Candida albicans NCYC 610. 

Unlike PLA, silicon, metal or dodecyl-modified chitosan shafts used in the literature [10,55,56], 

HFMB MN8 were prepared by crosslinking Gantrez® S-97 and PEG 200 Da to form a hydrogel 

network. Hydrogels have been extensively used for drug delivery purposes due to their 

hydrophilic nature and high capability to uptake and retain fluid [57,58]. The swelling capacity 

of the hydrogels is determined by their crosslinking degree [59]. PEG 200 Da is a low 

molecular weight crosslinking agent, and thus a highly crosslinked network is obtained. After 

insertion into the skin, MN8 can absorb the skin interstitial fluid. Upon removal, MN8 was too 

soft to be reinserted in the skin [60]. In swelling and disintegration studies, the MN8 

microneedle base patches were found to have swollen by 106.20% ± 19.39% and 

disintegrated in water after 15 mins. When exposed to an excess of water, MN8 collapsed and 

broke. As biohazardous sharp waste remained a burden on public health, as well as the 

environment [61], the disabled MN8 patches would eliminate needle reuse and be safely 

disposed of. Furthermore, hydrogel-forming films fabricated using Gantrez® S-97 and PEG 

200 Da have been reported to have no adhesion to the porcine skin even in contact with the 

skin at 5 N for 2 min. This non-adherent property of the materials prevents the risk of dragging 

the tips from the skin during removal, which is an issue for the dissolving baseplate [60]. These 

properties made the microneedle base MN8 a perfect fit for enhancing the implantation of the 

tips and leaving no viscous residue while easy to deal with after use. These properties made 

the HFMB MN8 a perfect fit for enhancing the implantation of the tips and leaving no viscous 

residue while being safely disposed of after use as well as eliminating needle reuse [61].  
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The hybrid microneedle patches designed in this work allowed the self-application of drug-

eluting implants. Compared with traditional implants, which requires an invasive surgery 

process and usually leaves a wound, this novel design would be easy to handle and minimally 

invasive. Besides, with no drug contained in the base, accurate dosing can be ensured, and 

waste can be avoided. Additionally, as the HFMB after insertion were too soft to be reinserted 

and thus can be disposed of safely [62]. Consequently, the proposed system will provide a 

more convenient and user-friendly option for the long-term delivery of therapeutics. 

 

5. Conclusions 

This work produced a hybrid drug containing PLGA-tipped microneedle system for quick 

implantation of therapeutic substances. Upon insertion into the skin, the drug-containing PLGA 

tips were embedded in the skin within one minute. Two hydrophobic compounds Nile red and 

amphotericin B were loaded into the system. An in vitro release study demonstrated the 

release of amphotericin B inside the PLGA tips would last for a week. An antifungal test 

revealed the effectiveness of the inserted tips against fungal growth. After administration, the 

HFMB MN8 are non-adhesive to the skin, ensuring easy and complete removal from the skin 

without any risk of removing the drug loading tips from the skin. Furthermore, after insertion, 

the HFMB MN8 are too soft and too brittle after immersion in water to be reinserted thus 

leaving no biohazardous sharp waste. The hybrid patches enable rapid and efficient 

implantation of therapies to the skin, which simplifies the administration of medications by 

medical personal or even patients themselves. The results demonstrate that this hybrid patch 

is a novel promising technology for delivering a drug-eluting implant of hydrophobic drugs. 
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