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Abstract 

Transdermal delivery of biological therapeutics is emerging as a potent alternative to 

intravenous or subcutaneous injections. The latter come with major challenges including patient 

discomfort, the necessity for trained personnel, specialized sharps disposal, and risk of 

infection. Microneedle (MN) technology circumvents many of the abovementioned challenges, 

delivering biological material directly into the skin and allowing sustained release of the active 

ingredient both in animal models and in humans. This study describes the use of 

electrohydrodynamic atomization (EHDA) to coat ovalbumin (OVA)-encapsulated PLGA 

nanoparticles onto hydrogel-forming MN arrays. The particles showed extended release of 

OVA over ca. 28 days. Microscopic analysis demonstrated that EHDA could generate a 

uniform particle coating on the MNs, with 30% coating efficiency. Furthermore, the coated MN 

array manifested similar mechanical characteristics and insertion properties to the uncoated 

system, suggesting the coating should have no detrimental effects on the application of the 

MNs. The coated MNs resulted in no significance increase in anti-OVA specific IgG titres in 

C57BL/6 mice in vivo as compared to the untreated mice (paired t-test, p >0.05) indicating that 

the formulations are non-immunogenic. The approach of using EHDA to coat a MN array thus 

appears to have potential as a novel non-invasive protein delivery strategy. 
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1. Introduction 

 

Protein and peptide therapeutics have become increasingly widely adopted in the clinic over 

recent years because of their high specificity and potency. The major route of administration is 

via parenteral delivery such as subcutaneous (SC), intramuscular (IM), or intravenous (IV) 

injection.1,2 However, these current approaches are problematic: whilst IV injection maximizes 

bioavailability, it is not suitable for self-administration. SC injection can be performed on 

oneself, but the results are highly variable owing to differences in technique and competence 

between users. Moreover, both approaches can be painful and daunting to patients, and thus 

compliance can be low.3 Alternative approaches to deliver therapeutic biologic payloads into 

the body, ideally with sustained release profiles, are thus much sought after. 

 

One such approach involves the use of microneedle (MN) arrays. These are made of sub-

millimeter needle structures fabricated using polymeric materials and mounted on a supporting 

baseplate. They offer the prospect of self-application by patients, reducing the burden of cost 

associated with trained health care professionals in low-resource settings. A number of MN 

types are discussed within the literature, but hydrogel-forming MNs are of particular interest.4,5 

In the dry state, such MNs are hard and can be applied to the skin using gentle pressure. They 

penetrate the stratum corneum, inserting into the dermal tissues below, and swell upon taking 

up interstitial skin fluid. MN technology has been shown to deliver a range of biologics, such 

as insulin,5,6 ovalbumin,7 and monoclonal antibodies.8 However, MNs have also been 

particularly widely explored in the vaccine field, and their ability to deliver antigenic material 

directly to antigen presenting cells (APCs) within the skin and enhance immune responses is 

well established.9,10 This is potentially a major problem for the delivery of therapeutic biologics: 

an immune response to such payloads would obviate their benefits and could be dangerous to 

the patient.  

 

Proteins can be incorporated into a MN matrix during or after the production process.11,12 One 

approach to the former is to mix the protein with the polymer solution before the MN are cast 

from a mould.13 This method potentially exposes the proteins to physical stress from UV, 

organic solvents, and heat however, which can lead to degradation or destabilization of the 

encapsulated protein, thus diminishing the protein activity.14 To avoid this, hydrogel-forming 

MNs are often used in combination with a protein reservoir,15 but this can result in significant 
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wastage of the biologic.11,13 Another approach is to coat the preformed MNs with a protein layer 

mixed with a coating polymer solution,16 however this could diminish the protein activity.14 

 

Electrohydrodynamic atomisation (EHDA) is a technology used to produce particulates 

through the application of electrical energy to polymer solutions.17 Because it obviates the need 

to apply heat to solidify a solution, EHDA has been explored to develop novel formulations for 

a wide range of biologics ranging from peptide oligomers to proteins and even cells.18–20 EHDA 

encapsulation processes can also preserve the structural integrity of the loaded proteins, thus 

maintaining their biological activities.21 Further, in contrast to other production methods, 

EHDA can deposit particles directly onto surfaces, creating microstructures.22 This has a 

number of benefits in terms of encapsulating the protein in a delivery system which can be 

designed to tune and control drug release to meet a desired therapeutic goal.23 The technique 

has been widely applied for tissue engineering, but has yet to be exploited for microneedle 

coating.24  

 

In this work, we report the development of an EHDA coating process for hydrogel forming 

MNs. We use this to construct a novel protein delivery system where the MNs are coated with 

poly(lactide-co-glycolide) (PLGA) microparticles loaded with the model protein ovalbumin 

(OVA). PLGA is a biocompatible and biodegradable polymer approved for therapeutic devices 

providing sustained release. Its use here should give extended release of OVA, and by varying 

the ratio of lactide to glycolide in the particles the release profile can be tuned. The MN 

approach allows minimally invasive implantation of OVA loaded particles, which can reduce 

injection frequency and thereby improve patient acceptance. The coated MNs were 

characterized in detail, and their drug release properties and potential immunogenicity explored 

in detail both in vitro and in vivo. 

 

2. Materials and methods 

 

2.1 Materials 

Resomer RG 502® (poly(lactide-co-glycolide) 50:50; PLGA; Mw 7-17 kDa), 

polyvinylpyrrolidone (PVP; 360 kDa), poly(ethylene glycol) (PEG; 10 kDa),  2,2,2,-

trifluoroethanol (TFE), ovalbumin (OVA), resazurin sodium salt, sodium chloride, dimethyl 

sulfoxide (DMSO), EDTA, lipopolysaccharide from E coli O11:B4 (LPS), InstantBlueTM,  



 5 

sodium azide, rhodamine B, and Tween®20 were purchased from Sigma-Aldrich (UK). 

Phosphate–buffered saline tablets, Gibco® RPMI 1640 medium without glutamine, Gibco® 

Dulbecco’s phosphate-buffered saline without calcium and magnesium,  Gibco® heat 

inactivated fetal bovine serum (FBS), 0.4% trypan blue solution, Gibco® penicillin-

streptomycin (10,000 U/mL), NHS-fluorescein (5/6-carboxyfluorescein succinimidyl ester 

mixed isomer (NHS-FITC)), L-glutamine, a MicroBCATM protein assay kit, PD-10 desalting 

columns and PierceTM 16% w/v formaldehyde (methanol free) were procured from 

ThermoFisher Scientific (UK). Gantrez® S-97 was gifted from Ashland Pharmaceuticals (UK). 

Novex bis-tris 4-12% SDS-PAGE gels, 20X NuPAGE MOPS SDS running buffer, Novex 

Sharp pre-stained protein standard, and 4X NuPAGE LDS sample buffer were obtained from 

Life Technologies (UK). Recombinant human interleukin-4 (rhIL-4) and recombinant human 

granulocyte macrophage colony-stimulating factor (rhGM-CSF) were purchased from 

Peprotech (UK). LymphoprepTM and EasySepTM human monocyte enrichment kits were 

sourced from Stemcell Technology (UK). MACSQuant running buffer, human PE-CD14 and 

human PE-CD86 antibodies were obtained from Miltenyi Biotec (UK). Ketalar™ 10 mg/ml 

ketamine hydrochloride solution was purchased from Pfizer (UK), and Rompun™ (100 mg/ml) 

from Bayer Healthcare (Germany). C57BL/6 mice were obtained from Charles River 

Laboratories (UK). A mouse anti-OVA specific IgG enzyme linked immunosorbent assay 

(ELISA) kit was purchased from ELISA Genie (Ireland). 3M™ Medical grade poly(ethylene) 

surgical tape was purchased from 3M Science (USA). All other materials used were of reagent 

or analytical grade. 

 

2.2 Methods 

 

2.2.1 PVP film casting 

A 10% w/v PVP solution in ethanol (ca. 10 mL) was slowly poured into a 90 mm diameter petri 

dish with care taken to ensure no air bubbles formed. The PVP films were left to dry overnight 

at 30 °C, and 1 ×1 cm2 sections were then cut. 

 

2.2.2 EHDA optimization 

Resomer RG 502® PLGA was dissolved in TFE, with stirring at room temperature until 

complete dissolution. Four PLGA solutions were prepared with varied concentrations: 2%, 4%, 

6% and 8% w/v. The PLGA solutions were carefully loaded into 1 mL disposable plastic 
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syringes (Terumo, UK) to prevent bubble formation. The syringe was then mounted on a 78-

9100C syringe pump (Cole Parmer, UK). A 20G stainless steel dispensing needle (inner 

diameter 0.61 mm; Nordson EFD, UK) was attached to the tip of the syringe. The positive 

electrode of a HCP 35-35000 high voltage DC power supply (FuG Elektronik, Germany) was 

then attached to the spinneret. A 1×1 cm2 aluminum collector plate was fixed to the tip of a 

second 20G stainless steel needle, mounted on a height-adjustable stand.  

 

A cast PVP film was placed on the coating plate and the grounded electrode was clipped on the 

needle. The experimental set-up is shown in Figure S1 (Supporting Information). The PLGA 

solution was directly electrosprayed onto the PVP film for 30 min using the parameters given 

in Table S1. The coated films were stored at room temperature prior to further analysis.  

 

2.2.3 Preparation and characterization of OVA/PLGA particles  

 

2.2.3.1 Electrospraying  

PLGA elecspraying solutions were prepared in a safety cabinet under sterile conditions. The 

EHDA chamber was wiped with 70% alcohol before work began, and all other equipment was 

either procured sterile or autoclaved. FITC-OVA solution (prepared as detailed in the 

Supporting Information and characterised in Figure S2; ca. 10 mg/mL, 1.0 mL, 10 mg) was 

centrifuged using a Vivaspin 6® centrifugal concentrator (MWCO 30 kDa; VWR International, 

UK) at 4000 rpm for 15 min at 9 °C, to obtain a concentrated solution (ca. 100 mg/mL, 0.1 

mL). The concentrated fluorescent protein (0.1 mL) was then added to an 8% w/v PLGA 

solution in TFE (1.0 mL), followed by Tween 20 (1.0 μL), and gently mixed until the mixture 

became homogenous. The resultant solution was loaded into a disposable syringe. A sterile 

aluminum cup (diameter 38 mm, height 19 mm) was filled with sterile deionized (DI) water 

(2.5 mL) and the edge of the cup connected to the grounded electrode. Electrospraying was 

performed for 5 h using the optimized parameters obtained above (a flow rate of 0.2 mL/h, 

collecting distance of 10 cm, and applied voltage of 12 kV).  

 

After the electrospraying process, the FITC-OVA/PLGA particle suspension was collected and 

sonicated for 30 min at room temperature in a water bath to redisperse the particles. The FITC-

OVA/PLGA particles were lyophilized by freezing at -60 °C for 2 h and subsequently dried at 

-20 °C for 3 days (primary drying). Thereafter, the temperature was increased to 20 °C for 2 h 
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for secondary drying before sample collection. The lyophilized OVA/PLGA particles were 

weighed to determine the product yield, which is presented as a percentage of the mass of 

lyophilized particles over the theoretical maximum mass of particles (90 mg).  

 

2.2.3.2 Particle characterization 

 

Scanning electron microscopy (SEM):  

Electrosprayed FITC-OVA/PLGA particles (ca. 1 mg) were mounted onto aluminium SEM 

stubs (TAAB Laboratories, UK) with carbon-coated double-sided tape. The samples were then 

coated with a 20 nm gold sputter (Q150T, Quorum, UK) under argon. A Quanta 200F field 

emission (FEG) SEM (FEI, the Netherlands) connected to a secondary electron detector was 

used to generate SEM images of the materials. The size of the particles in the samples was 

measured using the ImageJ software version 1.49 (National Institutes of Health, USA).  

  

Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra were obtained using a Spectrum 100 spectrometer (Perkin Elmer, USA). Data 

were collected over the wavenumber range from 650-4000 cm-1, with resolution 1 cm-1 and 4 

scans obtained per sample. 

 

Differential scanning calorimetry (DSC) 

DSC analyses were performed on a Q2000 instrument (TA Instruments, UK). Samples (ca. 1.0 

mg) were loaded in T130425 Tzero aluminium pans (TA instruments, UK) and hermetically 

sealed with pin-holed aluminium lids. Nitrogen gas was purged through the instrument at a 

flow rate of 50 mL/min throughout the process. Sample pans were typically heated from 0 to 

150 °C at 10 °C/ min. For modulated temperature DSC (MDSC), a heating range from 0-150 

°C, rate of 3 °C/min, frequency of 60s, and amplitude of 1 °C were used. 

 

X-ray diffraction (XRD) 

Electrosprayed particles (ca. 1 mg) were mounted on an aluminum sample holder and XRD 

diffraction patterns collected using a MiniFlex 600 diffractometer (Rigaku, Japan) supplied 

with Cu-Kα radiation (λ = 1.5418 Å). Samples were scanned at 0.5°/min over the 2θ range 3-

50°, at 40 kV and 15 mA.  
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Zeta potential measurement 

Zeta potential measurements were performed using a Zetasizer Nano ZS instrument (Malvern 

Instruments, UK). Approximately 1.0 mg of sample was suspended in DI water (>18.2 mΩ, 1.0 

mL, viscosity (η) 0.8872 cP, refractive index (RI) 1.330, dielectric constant 78.5) and loaded 

into a DTS1070 disposable folded capillary polystyrene cell (Malvern Instruments Ltd., UK) 

which had been pre-washed with absolute ethanol and dried prior to use. The measurements 

were performed at 25 °C. Zeta potentials were calculated using Smoluchowski’s equation with 

a Henry’s function (f(Kα)) of 1.50. 

 

2.2.3.3 Encapsulation efficacy 

The encapsulation efficacy of the FITC-OVA/PLGA particles was quantified as previously 

described.25 Briefly, 1 mg of the particles was extracted with 0.5% w/v sodium dodecyl sulfate 

(SDS) in sodium hydroxide (100 mM, 1.0 mL) under shaking at 100 rpm at room temperature 

overnight. The supernatants were then collected, filtered through 0.22 μm Millex-GP syringe 

filter units (Fisher Scientific, UK), and 10-fold diluted with DI water prior to determining the 

protein content using the MicroBCATM assay according to the manufacturer instructions. The 

encapsulation efficiency is presented as the percentage of FITC-OVA extracted from the 

particles, compared to the maximum theoretical amount of FITC-OVA which could have been 

incorporated (111 μg). 

 

2.2.3.4 In vitro release 

In vitro drug release from the labelled FITC-OVA/PLGA particles was determined using a 

shaking method previously reported.26 Approximately 10 mg of the particles were suspended 

in PBS buffer (30.0 mL, pH 7.4), supplemented with 0.05% w/v sodium azide in a 50 mL 

beaker covered with ParafilmM® to prevent evaporation of the release medium. The dissolution 

study was performed in a shaker incubator at 52 strokes/min and 32 °C, to mimic the skin 

temperature.27 Release aliquots (3.0 mL) were collected from the release medium periodically 

and replenished with an equal volume of preheated fresh medium.  

 

The collected aliquots were filtered with 0.22 μm Millex-GP syringe filter units (Fisher 

Scientific, UK) and the protein content quantified using the MicroBCATM protein assay. The 

results are presented as percentage cumulative release versus time, as given in Equation 1. The 
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release kinetics were mathematically modeled using the zero-order, first-order, Korsmeyer-

Peppas, and Higuchi models.28  

            

          Equation 1 

 

where  is the cumulative amount of drug release at time t and  is the actual protein 

loading. 

 

2.2.3.5 Cell experiments 

 

In vitro MoDC FITC-OVA/PLGA particle uptake 

Monocyte derived dendritic cells (MoDC) were obtained from human blood samples by 

isolating CD14+ monocytes and stimulating them with GM-CSF and IL-4 (see protocols in the 

Supporting Information for full details). MoDC were seeded (1 × 105 cells, 0.1 mL/well) in a 

96-well flat bottomed plate and incubated at 37 °C/5 % CO2 for 3 h before each experiment. 

Approximately 45 mg of the FITC-OVA/PLGA particles (5 mg FITC-OVA theoretical 

loading) were resuspended in complete RPMI (0.5 mL). The particle suspension was 

sonicated at room temperature for 15 min to redisperse the particles. MoDCs were then 

treated with the particle suspension (0.1 mL) or controls as shown in  

Table 1. Experiments were performed for 24 h at 37 °C and 5 % CO2. After 24 h incubation, 

the microplates were centrifuged at 1200 rpm, for 5 min at 4 °C. The MoDCs in each well were 

then washed three times with cold washing buffer and resuspended in complete RPMI medium 

(0.2 mL/well). The cell morphology and particle uptake were observed under an EVOS XL 

Cell Imaging System digital inverted microscope (ThermoFisher, UK). The Alamar Blue 

viability assay was performed by adding 5 mM sodium rezasurin in complete medium (40.0 

μL) to each well. The microplates were incubated at 37 oC / 5% CO2 for 4 h and the fluorescence 

optical densities at 555 nm excitation / 585 nm emission monitored using a SpectraMax M2e 

microplate reader (Molecular Devices, UK). Cell viability was expressed as a percentage where 

untreated cells were taken to have 100% viability. 

 

tM  
M

¥

   % Cumulative protein release =  tM
¥M

´100
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In a separate set of experiments performed under the same conditions, flow cytometry (FACS) 

was employed to quantify the uptake of the FITC-OVA particles after 24 h incubation, by 

determining the median fluorescence intensity (MFI) and % positive cells in the FITC channel. 

The measured MFI is presented as an expression ratio calculated by dividing the MFI of the 

treated group by the value obtained for untreated cells. The expression of CD86 was also 

determined by FACS, using a PE-labelled antibody.  

 

Table 1 Details of the conditions used to probe FITC-OVA/PLGA particle uptake by MoDCs. 

ID Treatment 

LPS Diluted LPS in complete RPMI  (100 ng/mL) (positive control) 

P1 FITC-OVA/PLGA particle (9.0 mg particles in 0.1 mL complete RPMI/well) 

P2 A 100-fold dilution of the P1 suspension in complete RPMI (0.1 mL/well) 

S1 
FITC-OVA in complete RPMI (1.0 mg FITC-OVA in 0.1 mL complete RPMI/ 

well) 

S2 

 

A 100-fold dilution of the S1 solution in complete RPMI (10.0 μg FITC-OVA in 

0.1 mL RPMI/well) 

PLGA PLGA powder in complete RPMI (8 mg PLGA in 0.1mL/ well) 

 

 

2.2.4 OVA/PLGA particle coated MNs  

 

2.2.4.1 Hydrogel-forming MN production 

A stock solution of Gantrez® S-97 (40% w/w) was diluted with deionized water and mixed with 

PEG (7.5% w/w) and sodium carbonate (3% w/w) until bubble formation had ceased. After de-

gassing (centrifugation at 3500 rpm for 15 min), the formulation was dispensed, using manual 

syringing, onto female silicone micromoulds. The latter were prepared by laser drilling to create 

arrays of 19 × 19 needles of depth and base width 500 µm and 300 µm respectively, interspaced 

by 50 µm between needle bases. Positive pressure atmospheres of 3 bar housed within a steel 

vessel were used to ensure the formulation filled each needle tip fully. MN arrays were left to 

dry for 48 h at room temperature and subsequently cross-linked by heat (80 °C) for 24 h. 
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2.2.4.2 OVA/PLGA particle coating on hydrogel MN 

Hydrogel-forming MNs were coated with OVA/PLGA particles using an OVA-PLGA solution 

containing OVA in DI water (150 mg/mL, 0.02 mL), 8% w/v Resomer® RG 502 in TFE 

solution (0.1 mL), 0.08% Tween 20 (0.1 μL), and rhodamine-B (10 mg/mL, 0.1 μL) using the 

protocol in Section 2.2.3.1, except the 1 × 1 cm2 aluminum collector plate was used. 

Electrospraying was performed using the optimized parameters obtained above (a flow rate of 

0.2 mL/hr, collecting distance of 10 cm, and applied voltage of 12 kV). The process time was 

30 min. The coating efficiency was evaluated by calculating the percentage ratio of the weight 

of particles collected on the MNs compared to the theoretical weight (11 mg). OVA was 

extracted from the MNs and the OVA recovery from each array determined using a similar 

protocol to that in Section 2.2.3.3. 

 

2.2.4.3 MN insertion studies in vitro using Parafilm M® 

Evaluation of MN insertion was performed as previously described.29 Parafilm M® was cut into 

approximately 5 cm2 squares which were layered on top of each other to form a model insertion 

platform. Using a poly(ethylene) plate as a supporting structure, MNs were inserted into the 

Parafilm M® platform using manual insertion with a force equivalent to approximately 30 N 

per array. The depth of MN insertion was calculated by visual inspection.  

 

The insertion performance of MNs was also evaluated using an Instron universal testing 

instrument, Model 5567 (Instron Ltd., USA). The Parafilm M® platform was placed on the solid 

support of the Instron instrument. MNs were placed on top of the film membrane, and the back 

of the array was mounted to the solid support. A 100 N static load was lowered onto the 

membrane at a rate of 0.5 mm/s, compressing the MNs until a target force of 50 N was achieved. 

Subsequently, the static load was moved upward back to the reference point. Forces were held 

for 30 s in each test. Force (load) - displacement curves were constructed, and the discontinuous 

point in the curve demonstrated the force of injection (fi). The deposition of the OVA/PLGA 

particles in the Parafilm M® skin mimicking platform was examined under the EVOS XL Cell 

Imaging System using the GFP fluorescence filter. 

 

2.2.4.4 MN penetration analyses 

MN penetration was determined using optical coherence tomography (OCT). OCT images were 

recorded using an EX1301 OCT Microscope (Michelson Diagnostics Ltd., UK). This has a 

laser center wavelength of 1305.0 ± 15.0 nm, facilitating real-time high-resolution imaging (7.5 
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μm lateral and 10.0 μm vertical resolution). The MN samples were scanned at a frame rate of 

up to 15 B-scans (2D cross-sectional scans) per second (scan width = 2.0 mm) and analysed 

using the imaging software, ImageJ1 (National Institutes of Health, USA). 

 

2.2.5 In vivo experiments 

 

2.2.5.1 In vivo immunogenicity studies 

Approval for animal experiments was obtained from the Committee of the Biological Services 

Unit, Queen’s University Belfast. All in vivo experiments were conducted according to the 

policy of the federation of European Laboratory Animal Science Associations and the European 

Convention for the protection of vertebrate animals used for experimental and other scientific 

purposes, with implementation of the principles of the 3Rs. Coated MNs were applied to the 

ear pinnae of 8 week old female C57BL/6 mice (n=5; Charles River Laboratories, UK), and 

held in place for 5 min using adhesive tape (3M Science, USA). The MNs were left in place for 

24 h post-administration, after which the MN arrays had swollen and dissolved. The application 

of MNs was repeated at day 0, 14, and 28 days. In the control group, mice were treated with an 

intraperitoneal dose of 100 µg OVA on day 0, 14, and 28. 

 

2.2.5.2 Extraction of serum  

For blood withdrawals, tail prick procedures were employed. Tail veins were dilated using heat 

(38 ºC for < 5 min) and a 25 G needle used to prick the tip of the tail. Blood samples (20.0 µL) 

were collected into non-heparinized serum collection microtubes. The blood was heated to 37 

°C for 60 min to promote coagulation, and centrifuged (2000 rpm for 15 min, at 4 °C). The 

supernatant (serum) was then stored at -80°C until required for analysis. 

 

2.2.5.3 Anti-OVA IgG specific enzyme linked immunosorbent assay (ELISA) 

Serum samples were analysed for OVA-specific IgG antibodies by ELISA (ELISA Genie, 

Ireland). Analysis was carried out according to the manufacturer’s instructions. Antibody titres 

were determined through spectroscopy with absorbance recorded using a FluoStar Omega 

microplate reader (BMG Labtech, Germany) at 450 nm. 

 



 13 

2.2.6 Statistical analysis 

Quantitative data are presented as mean ± standard deviation (S.D.). Statistical analysis was 

performed using Microsoft Excel or GraphPad Prism (2016). Statistical tests were carried out 

as described in the text and p < 0.05 used as an indicator of significance throughout. 

 

3. Results 

 

3.1 Opimization of EHDA coating  

An initial optimization of the processing parameters for EHDA coating was undertaken by 

varying the polymer concentration and the flow rate (Table S1). SEM images (Figure S3) 

revealed a profound effect on particle morphology, with irregular particles obtained using a 2% 

w/v solution of PLGA and a mixture of fibres and particles seen at 4 and 6% w/v. Higher 

concentrations of 8% gave fibres. A further optimization of 6 and 8% w/v solutions revealed 

more particles to be produced at low flow rates and the lower concentration (Figure S4). The 

particle morphology suggested that suitable conditions to produce particles were concentrations 

from 6% to 8% w/v PLGA and a flow rate of 0.2 mL/h. However, a higher polymer 

concentration was preferable to ensure compactness of the produced particles.30 Therefore, 

process conditions of 8% w/v PLGA and 0.2 mL/h were used for PLGA coating. 

 

3.2 FITC-OVA/PLGA particles 

 

3.2.1 Morphology 

FITC-OVA-loaded PLGA particles were first produced to determine their properties prior to 

MN array coating. A solution comprising 10 mg FITC-OVA loaded in 8% w/v PLGA in TFE 

(1.0 mL) was used, with a flow rate of 0.2 mL/h, a spinneret to collector distance of 10 cm, and 

voltage of 12 kV employed as the processing parameters. The addition of FITC-OVA was not 

found to affect the electrospraying parameters, and thus the optimal conditions identified for 

PLGA could be employed here. PLGA particles were electrosprayed into DI water to enhance 

the yield. Since PLGA is not soluble in water, the particles generated floated on the surface of 

the water, thus facilitating particle collection. SEM images in Figure1a-c show that 

monodisperse OVA/PLGA particles with size of 777 ± 138 nm were produced.  However, the 

particles appeared to be aggregated rather than existing as discrete entities. This is in line with 

previous results,31 and is due to the hydrophobicity and poor wetting properties of PLGA. 
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Nonetheless, the production yield was remarkably high at 71.8 ± 6.2 % (n=4). Some deposition 

of particles on the edge of the aluminum container was observed (data not shown), which 

contributed to the production loss.  

 

3.2.2 Particle characterization 

The inclusion of FITC-OVA in the PLGA particles was verified using FTIR (Figure1d). PLGA 

shows absorption peaks at 1752 cm-1 (C=O stretching) and 1270, 1174 and 1084 cm-1 

(asymmetric and symmetric C-O vibrations). These are characteristic peaks for ester functional 

groups. The spectrum of PLGA is consistent with results reported elsewhere.32,33 Three main 

peaks at 3282, 1654 and 1529 cm-1 were observed in lyophilized FITC-OVA; these correspond 

to the stretching vibrations of OH groups (water adsorption), the amide I band (C=O stretching) 

and the amide II band (N-H bending and C-N stretching).34 These features are typical of the IR 

spectra of proteins.35–38 Absorption peaks of FITC might be expected between 1400 – 1500 cm-

1, corresponding to aromatic ring stretching vibrations.39 However, the FITC signal is obscured 

by the protein signals, which are both strong and complex in this region. The FITC-OVA/PLGA 

particles exhibited the IR bands of both PLGA and OVA, including the ester functional groups 

of PLGA (1084, 1174, 1270, and 1752 cm-1) and the protein amide region (1534 and 1654 cm-

1). This indicates the successful encapsulation of OVA by EHDA. 

 

The physical form of the components in the particles was explored by DSC and XRD (Figures 

S5 – S7). PLGA, FITC-OVA and the FITC-OVA/PLGA particles are all found to be 

amorphous, with no evidence for any crystalline materials present. The zeta potential of the 

particles in DI water at 25 ºC was found to be -27.3 ± 3.5 mV (n=3). The negatively charged 

particle surfaces can be attributed to the carboxylate groups of PLGA, which can be expected 

to be ionized at neutral pHs.40 

 

3.2.1 Drug loading and release 

The encapsulation efficiency of the PLGA particles, as quantified from a MicroBCA assay, was 

95.6 ± 5.9 % (n=4) (ca. 105 μg FITC-OVA / mg particles). This high OVA encapsulation can 

be ascribed to the compatibility of OVA with the polymer, as a result of hydrophobic 

interactions between OVA and PLGA.41 In vitro release studies were performed using the 

shaking method, commonly employed to study the release kinetics of microparticles.26,39-40 The 

cumulative release and concentration profiles of the FITC-OVA/PLGA particles are given in 
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Figure 2. The particles exhibited a burst release of approximately 13% of the OVA loading 

(ca. 144 μg FITC-OVA) after the first day, followed by sustained release over the rest of the 

study period, and culminating in total release of 32.6 ± 6.5 % (ca. 355 μg FITC-OVA)  (n=3; 

Figure2a). The concentration profile of the particles given in Figure2b is in agreement with 

the cumulative release, in that a burst release of 58.4 ± 20.5 μg/mL (ca. 175 μg OVA, 37.29 ± 

5.70 % of the total release) was initially evident. This was followed by fluctuation of the protein 

concentration over the range from 2.5 ± 0.6 μg/mL (ca. 7.5 μg OVA, 1.4 ± 0.2% of the total 

release) to 7.2 ± 3.9 μg/mL (ca. 21.6 μg OVA, 4.5 ± 0.9 % of the total release) over the rest of 

the study period.  

 

The release profiles of the PLGA particles were fitted with mathematical models to elucidate 

the release mechanism of FITC-OVA. The kinetic parameters obtained are given in  

Table 2. The release profile of the particles was best fitted with the Korsmeyer – Peppas release 

model (Figures S8 – S11; R2 = 0.97). An exponent of 0.21 indicates that the OVA release 

mechanism was dominated by Fickian diffusion.44 

 

 

Table 2 Release kinetics of the FITC-OVA loaded PLGA particles 

Release model and parameters 
Values obtained with FITC-

OVA/PLGA particles 

Zero-order release 

k0   

t1/2  

R2 

 

0.78 day-1 

56.87 days 

0.84 

First-order release 

k1 

t1/2 

R2 

 

0.05 day -1 

12.91 days 

0.86 

Higuchi 

kH 

R2 

 

168.68 μg day-1/2 

0.91 

Korsmeyer-Peppas  
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n 

kkp 

R2 

0.21 

11.99 day-1  

0.97 

 

Abbreviations: k0 = zero-order rate constant,  k1 = first-order rate constant, kH = Higuchi 

rate constant, kkp = Korsmeyer-Peppas rate constant,  n= release exponent of the Korsmeyer-

Peppas model,  R2 = correlation coefficient, t1/2 = half-life 

 

3.2.2 In vitro experiments 

There is a clear reduction of CD14 expression after monocytes have been treated with GM-

CSF and IL-4 (see Figure S12), confirming their differentiation into immature DCs. The uptake 

of FITC-OVA loaded PLGA particles was determined after incubation with MoDCs, using a 

fluorescence digital microscope and FACS. Before assays, the cells were washed with cold 

buffer to prevent any further particle uptake.45 This means that the excess particles and any 

FITC-OVA left in solution were removed before analyses, and any observed fluorescence 

corresponds to intracellular fluorescence from uptake. Figure 3 shows the MoDC morphology 

after exposure to the particles. All FITC-OVA treated cells (P1, P2, S1, S2) exhibited round 

morphologies similar to untreated cells (Figure 3a), while LPS-treated cells showed more 

branched morphology and aggregation, suggesting the development of mature MoDC (Figure 

3b). All FITC-OVA treated cells showed intracellular fluorescence after 24 h incubation, 

indicating FITC-OVA uptake (see Figure 3c-f). The morphology of the particles visible in this 

experiment (Figure 3g) was consistent with the SEM data, in that the PLGA particles formed 

aggregates. The MoDC tended to adhere to the particle aggregates in the particle-treated groups, 

while the cells appeared more spread out upon treatment with a FITC-OVA solution (Figure 

3h and i). FITC-OVA uptake is confirmed by a quantitative flow cytometric assessment 

(Figure S13). The FITC positive populations from all treatment groups were significantly 

higher than the untreated cells (ANOVA with post-hoc Tukey test; p < 0.001), except in the 

case of the P2 treatment group (with a low concentration of FITC-OVA/PLGA particles). The 

percentage positive population followed the trend of the MFI ratio, in that the uptake was 

concentration dependent and there was no significant difference between the solution and 

particle formulations in the case of S1 and P1. Following 24 h incubation with the formulations, 

the expression of co-stimulatory CD86 was evaluated to determine any potential 

immunomodulatory activity of the FITC-OVA/PLGA particles (Figure S14). These 

experiments revealed that the particles have no immunostimulatory properties, with no 

elevation in CD86 levels noted. 
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MoDC viability was assessed after 24 h incubation with the particle formulations. Figure 4 

shows that all treated MoDC exhibited virtually 100% viability, similar to that of the untreated 

control (repeated measures one-way ANOVA; p > 0.05). This demonstrates that FITC-OVA, 

PLGA and the FITC-OVA/PLGA particles imparted no cytotoxicity to MoDC. Overall 

therefore, these findings suggest the particles have promise in transdermal protein delivery. 

 

 

3.3 OVA/PLGA coated hydrogel MNs  

 

3.3.1 MN array formulation and coating 

Hydrogel-forming MNs were successfully fabricated as previously described.11 A 

representative images are given in Figure 5a-b, showing a complete array of 19 x 19 needles 

(total 361 needles/array), 600 µm in height. Figure 5a and c also shows OVA/PLGA particles 

coated onto the MN array. Rhodamine-B was added to the electrospraying solution to allow 

visualization of the particles during the coating process, and a homogeneous hue is noted, 

suggesting an even coating. This is confirmed by the SEM images in Figure 5g-i. The particle 

deposition was evenly distributed along the tip and shaft of the MNs and the geometry of the 

needles remained unchanged compared with pre-coating (Figure 5d-h). Moreover, the coating 

particles were uniform and smooth, with average sizes of 960 ± 127 nm (Figure 5i). The coating 

efficiency was 27.4 ± 2.5 % (ca. 3 mg of OVA/PLGA particles per array, n=4). An OVA 

extraction was also performed to determine the OVA recovery and the mean value was 

determined to be 129 ± 45 μg (n=3) on each MN array. 

 

3.3.2 Coated-MN insertion and penetration studies 

 

The insertion of the uncoated and coated MNs was studied to evaluate the effect of particle 

coating on their mechanical properties. The force of insertion (fi) was determined as the 

discontinuity in the force-displacement curve at the onset of insertion. Figure 6 demonstrates 

that the fi of the coated MNs was more reproducible than that of the uncoated analogue, with an 

average value of ca. 17 ± 0.3 N and 12 ± 6.9 N, respectively. However, there was no statistically 

significant difference between the groups (unpaired t-test; p > 0.05). 
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Moreover, coated MNs were visualized using a light microscope to ensure array integrity, and 

individual needle heights were measured pre- and post-insertion into ParafilmM®. There was 

no significant difference in needle heights noted (p < 0.05), as shown in Figure 7a. MN 

insertion into ParafilmM® reached the second layer (> 252 µm) for both coated and uncoated 

MNs, with 91.6 ± 7.6 % and 88.2 ± 7.7 % of the MN penetrating respectively (Figure 7b). This 

is further illustrated with optical coherence tomography images (Figure 7c), which reveal the 

MNs penetrating into the ParafilmM® layers. Figure 7d displays representative light 

microscope images of the ParafilmM® layers following MN removal, allowing the number of 

holes created to be counted. With the rate limiting layer of the skin, the stratum corneum, 

approximately 50 µm thick, previous studies have demonstrated that MN insertion past the first 

ParafilmM® layer is sufficient to penetrate skin in vivo.26 Figure 7e and f demonstrate that 

significant amounts of particles were observed on the second layer after insertion, indicating 

effective particle deposition in the skin.   

 

3.4 In vivo MN immunogenicity 

Coated and uncoated MN were successfully applied to the dorsal surface of C57BL/6 mice and 

held in place for 5 min on day 0, 14, and 28. After MN application the mice did not present 

with any indication of erythema, redness, or adverse reaction in response to either the coated 

or uncoated MNs. This is in line with previous reported studies utilizing hydrogel-forming MNs 

and other MN types.11,12 Anti-OVA specific IgG production increased over the 42-day test 

period when OVA was given IP, with a significant increase in anti-OVA antibody titers noted 

between the first and second dose (paired T-test, p<0.05, n = 5). However, there were no 

significant increases noted with the coated MN cohort or the uncoated MN group compared 

with the untreated mice (paired T-test, p > 0.05, n = 5) upon repeated MN injection (Figure 8). 

There is therefore no immune response inculcated in response to delivery of the OVA payload 

using the coated MNs. 

 

4. Discussion 

One of the challenges associated with developing protein-loaded particles relates to the stability 

of the encapsulated biologic. Most biological therapeutics are sensitive to physical stress 

introduced during material handling and biopharmaceutical manufacturing, which often arises 

during the encapsulation process.46,47 In contrast, EHDA permits encapsulation under mild 

conditions, improving the stability of bioactive molecules such as monoclonal antibodies,21 

nucleotides,48 or even living cells.49 This highlights the potential of EHDA as a platform to 
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produce particles the transdermal delivery of a protein active ingredient. Combining this 

coating technique with hydrogel-forming MNs allows for conservation of protein stability 

whilst achieving targeted, minimally-invasive, delivery directly to the skin. 

 

The underlying purpose of this paper was to demonstrate proof of concept and test the 

hypothesis that EDHA could be an efficient process for coating MN with protein-loaded 

particles. The results outlined above present compelling evidence that EHDA can be 

successfully used to coat hydrogel-forming MN arrays with a high degree of uniformity and 

reproducibility. Industrial MN manufacturing capabilities continue to improve, and regulatory 

authorities are compiling comprehensive standards for MN products. These developments are 

extremely promising for the scale-up, commercialization, and product success of MN-based 

formulations. Analogous advancements are being made in EHDA, with GMP-standard EHDA 

processes for pharmaceutical products now possible.50 The feasibility and scalability of using 

EHDA commercially for MN coating thus appears clear.  

 

The in vivo application of coated MN in C57BL/6 mice provides further evidence in support of 

using protein-loaded particles coated onto surfaces using EHDA for therapeutic applications. 

The major challenge for transdermal delivery of protein drugs is potential immunogenicity, 

because there are abundant APCs in the skin.51  Despite the fact that the presence of particles 

could potentially promote the activation those APCs52–54 and provoke an immune response, we 

do not see any significant increase in OVA-specific antibodies in vivo. This could be attributed 

to various factors. A recent study compared dissolving MNs giving fast OVA release with slow 

release hydrogel-forming MNs, and found the latter generated a stronger immune response.11 

This observation is consistent with our results, in that the slow release of OVA appears to 

suppress significant immune stimulation. Moreover, the OVA/PLGA particle aggregates limit 

local MoDC uptake (see Figure 3g-i) and trafficking to the lymph nodes. This avoids the 

induction of a significant adaptive immune response55,56 even upon repeated injection. This 

indicates that particle coated MN formulations such as that developed here could be used to 

achieve sustained release of a protein active ingredient without any concerns in terms of the 

patient developing immunity to the drug.  

 

The EHDA coating reported in this work has a number of advantages over other approaches in 

the literature. First, it leads to highly controlled deposition in comparison to common coating 

techniques such as dip-coating or spray coating.57 Second, the yield produced by EHDA was 
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higher than other approaches. For instance, the loading of riboflavin coated on MNs by a multi-

dip coating process was only 1 mg per 10 – 20 cm2 MN array,58  approximately 30 fold lower 

than the EHDA approach used in this work (3 mg per 1 cm2 array). Similarly, MN coating by 

inkjet printing gave a maximum loading of 600 μg of 5-fluoruracil/polymer formulation per 1 

cm2 MN array,59 50 fold lower than the EHDA method. However, the coating efficiency is 

relatively low at ca. 30%, which may arise from the small deposition area of the aluminum plate 

being challenging to target. To improve the deposition yield, other electrical focusing strategies 

could be employed, such as using a ring electrode to concentrate the electrical field onto the 

coating substrate.60 

 

This study has highlighted a number of additional features worthy of exploration, specifically 

the impact of MN geometry, needle spacing, and coating thickness. It is well understood that 

varying the quantity of protein delivered impacts the therapeutic response. As such, lowering 

the tip-tip space may provide an opportunity to increase coating thickness and drug loading. 

Further optimization of EHDA coating using multilayers of particles with different properties 

(e.g. release kinetics) is expected to lead to a wide range of tunable formulations, and will be 

explored in future work. 

 

 

5.  Conclusions 

We show in this work the potential of electrohydrodynamic atomization (EHDA) to coat 

ovalbumin (OVA)-loaded PLGA nanoparticles onto hydrogel-forming microneedle (MN) 

arrays. The particles showed extended release of OVA over ca. 28 days but do not stimulate 

the activation of cells of immunity. EHDA could generate a uniform particle coating on the 

MNs, with ca. 30% coating efficiency. The mechanical characteristics of the MNs are 

unaffected by the coating process. The coated MN did not lead to an increase in anti-OVA 

specific responses in a murine study in vivo, thereby proving them to be non-immunogenic. 

This study demonstrates that EHDA is a viable coating technique to coat particles loaded with 

a protein therapeutic on hydrogel forming MNs, and that the resultant formulations could have 

significant potential as a novel non-invasive strategy to achieve extended release of biologics. 
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Figures 

 

 

Figure 1 Morphological and chemical characterization of electrosprayed FITC-OVA loaded PLGA 

particles. SEM images of the samples at a) 10000× and b) 20000× magnification, with c) the particle 

size distribution. d) FTIR spectra of pristine PLGA, lyophilized FITC-OVA, and FITC-OVA loaded 

PLGA particles.  
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Figure 2 The release profiles of the FITC-OVA/PLGA particles showing a) cumulative release and b) 

concentration vs time profiles. Data are shown as mean ± S.D. (n=3). 
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Figure 3 MoDC morphology after 24 h incubation with FITC-OVA formulations, showing GFP-overlay 

fluorescence microscopic analyses of a) untreated cells, and cells treated with b) LPS (0.1 μg/mL; 

positive control), c) P1 (9.0 mg of the labeled OVA particles/well, 5.0 mg/mL FITC-OVA), d) P2 (0.09 

mg of the labeled particles; 100-fold dilution of P1), e) S1 (5.0 mg/mL soluble FITC-OVA), f) S2 (0.05 

mg/mL soluble FITC-OVA) and g) PLGA (8 mg/well PLGA). GFP-filtered fluorescence images are 

also given for h) P1 and i) S1. MoDC showed uptake of FITC-OVA from all formulations (P1, P2, S1 

and S2) after 24 h. Particle aggregates were observed, on the surfaces of which MoDC tended to adhere, 

whereas the solution–treated cells spread over the wells. Arrows in c), d), e), f) indicate intracellular 

FITC. One representative experiment out of three is presented. Abbreviations: iDC –immature dendritic 

cells and mDC – mature dendritic cells.  
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Figure 4 MoDC viability after a 24 h incubation with FITC-OVA/PLGA particles. LPS (0.1μg/mL, 

positive control); P1 (9.0 mg of the labeled OVA particles/well; 5.0 mg/mL FITC-OVA); P2 (0.09 mg 

of the labeled particles, 100-fold dilution of P1); S1 (5.0 mg/mL soluble FITC-OVA); S2 (0.05 mg/mL 

soluble FITC-OVA) and PLGA (8 mg of PLGA/well). None of the formulations had any no effect on 

cell viability (repeated measures one-way ANOVA, p > 0.05). The results are presented as mean ± SD 

(n=3). 
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Figure 5 Photographs of a) uncoated (left) and coated (right) hydrogel-forming MN arrays with scale, 

and the close-up images of b) uncoated and c) coated MN arrays. SEM images showing the morphology 

of an uncoated MN array at d) 100×, e) 1000×, and f) 5000× magnification. Coated MN arrays at g) 

100×, h) 1000×, and i) 5000× magnification, with the particle size distribution.   
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Figure 6 Force-displacement curves of MN a) before and b) after coating. The labeled discontinuity in 

the curve is identified as the force of insertion (fi). 
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Figure 7 a) Representative light microscope images of coated MNs indicating needle heights pre- and 

post- insertion into Parafilm M®. b) Line graph showing the relationship between insertion of MN arrays 

(coated and uncoated) and the number of holes created, depth of insertion, and layer of Parafilm M® 

reached following compression at 32 N for 30 s, (n =3, mean ± S.D.). c) A representative optical 

coherence tomography image of coated MN insertion into Parafilm M®. d) Light microscope images of 

Parafilm M® layers i) 1, ii) 2, and iii) 3 following the insertion of coated MN arrays. GFP-filtered 

fluorescent microscope images at e) 4× magnification and f) 10× magnification showing deposited 

particles on the second layer after MN insertion. 
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Figure 8 The results of in vivo experiments to evaluate the immunogenicity of the OVA-loaded coated 

MNs. Data are shown as mean ± S.D. (n=5). 

 

 

  



 35 

Graphical abstract 

 

 

For Table of Contents Only  

 


