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A B S T R A C T   

Diclofenac, a nonsteroidal anti-inflammatory drug, is commonly prescribed for managing osteoarthritis, rheu
matoid arthritis, and post-surgical pain. However, oral administration of diclofenac often leads to adverse effects. 
This study introduces an innovative nano-in-micro approach to create diclofenac nanoparticle-loaded micro
needle patches aimed at localised, sustained pain relief, circumventing the drawbacks of oral delivery. The 
nanoparticles were produced via wet-milling, achieving an average size of 200 nm, and then incorporated into 
microneedle patches. These patches showed improved skin penetration in ex vivo tests using Franz-cell setups 
compared to traditional diclofenac formulations. In vivo tests on rats revealed that the nanoparticle-loaded 
microneedle patches allowed for quick drug uptake and prolonged release, maintaining drug levels in tissues 
for up to 72 h. With a systemic bioavailability of 57 %, these patches prove to be an effective means of trans
dermal drug delivery. This study highlights the potential of this novel microneedle delivery system in enhancing 
the treatment of chronic pain with reduced systemic side effects.   

1. Introduction 

Osteoarthritis (OA) is a prevalent condition that primarily affects the 
elderly population and results in various symptoms, including pain and 
joint dysfunction [1,2]. It poses a considerable public health challenge 
globally and is often associated with obesity and aging [3]. Several 
nonpharmacological and pharmacological interventions are currently 
available to alleviate pain and improve the patient's quality of life [4,5]. 
Nonpharmacological therapies include exercise and weight manage
ment, while pharmacologic treatment options include oral and topical 
administration of nonsteroidal anti-inflammatory drugs (NSAIDs) and 
intra-articular injection of corticosteroids according to the osteoarthritis 
research society international (OARSI) guidelines [6]. Microneedles 
(MN) have emerged as a promising technology for drug delivery, 
enabling efficient drug delivery that is painless and minimally invasive, 
making them an attractive alternative to traditional injections or topical 
formulations for both localised and systemic delivery in the treatment of 
OA [7,8]. 

Diclofenac (DCF) is one of the most studied NSAIDs in the treatment 
of OA [10]. Several commercial products have been practically applied 
including topical gel, topical solution and topical plaster. To date, the 

increasing number of topical DCF products introduced to the market 
(Olfen®, Voltaren®, Flector® etc.) is an indication of growing appeal of 
transdermal delivery of DCF. Nevertheless, delivering DCF via the 
transdermal route suffers several challenges, as the drug is intrinsically 
hydrophobic (log P: 4.51), which limits the amount of the drug that can 
be delivered across the skin through topical formulations [11]. Owing to 
these drawbacks, diclofenac sodium (DS), a soluble salt form, is utilized 
in various formulations, including topical applications, to enhance sol
ubility and skin permeability. 

In recent years, the convergence of nanoparticles and MN patches 
has emerged as a breakthrough in drug delivery [12–18]. This innova
tive approach addresses challenges such as the hydrophobicity and poor 
permeability of drugs, creating a sophisticated composite pharmaceu
tical platform that is capable of delivering drugs in a localised and 
extended manner for the management of disease [19–21]. 

Despite the growing interest in the topical delivery of DCF among 
scientists and the pharmaceutical industry, research into the combina
tion of DCF nanoparticles (DCF-NPs) and MN systems currently remains 
limited [22]. Pireddu et al. conducted a study in which a DERMA-Q 
roller was used to pretreat the skin before applying DCF nano
suspensions stabilised with poloxamer-188 and Tween-80 to enhance 
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delivery [23]. The current study fabricated DCF-NPs with satisfactory 
stability and a small particle size. Our MN fabrication method leverages 
the “nano-in-micro” strategy to encapsulate these nanoparticles within 
the tips of MNs, utilizing preformed PLA baseplates for improved pre
cision and reliability (as illustrated in Fig. 1). The integration of these 
preformed baseplates streamlines the fabrication process, significantly 
reduces preparation time, and ensures consistent drug delivery and 
structural integrity across the MN arrays. This study also includes a 
comprehensive investigation to compare MNs loaded with DCF, DCF-NP 
and DS, with commercial Voltarol® gel as well as oral DCF adminis
tration. This investigation provides valuable insights into the trans
dermal delivery of DCF. It is hoped that the pharmaceutical system 
developed in this study offers a potential solution for delivering DCF 
both locally and systemically in a sustained and patient-friendly 
manner, thereby improving the management and treatment of OA. 

2. Materials and methods 

2.1. Materials and apparatus 

DCF and DS were purchased from Tokyo Chemical Industry (Oxford, 
UK). Poly(vinyl alcohol) (PVA, MW 9000–10,000) was purchased from 
Sigma–Aldrich (St. Louis, MO, U.S.). Plasdone™ K-29/32 (Povidone, 
PVP, 60 kDa) was obtained from Ashland (Wilmington, Delaware, U.S.). 

Phosphate buffered saline (PBS) tablets (pH 7.3–7.5) and Tween® 80 
(reagent grade) were purchased from VWR Life Science (Basingstoke, 
UK). Acetonitrile (HPLC grade) and methanol (HPLC grade) were pur
chased from Sigma–Aldrich (St. Louis, MO, U.S.). All other chemicals 
were of analytical reagent grade. Heparin sodium flushing solution, 100 
I.U./mL (200 units in 2 mL) was obtained from Wockhardt (Wrexham, 
UK). The depilatory cream Veet® was purchased from Reckitt (Slough, 
UK). Stillborn piglets were obtained from a local farm immediately after 
birth and stored at − 20 ◦C until further use. 

Yttria-stabilised zirconia beads were purchased from Chemco 
Advance Material (Suzhou, China). The magnetic stirring plate was a 
Magnetic Stirrer IKA® RCT basic (Staufen, Germany). Particle analysis 
was performed by a NanoBrook Omni™ Particle size and zeta potential 
analyser (Brookhaven Instruments, Holtsville, NY, U.S.). The HPLC was 
an Agilent 1260 Infinity II LC system (Agilent Technologies UK Ltd., 
Stockport, UK). The analysis was accomplished using an ODS-3 analyt
ical column (250 mm × 4.6 mm internal diameter, 5 μm packing, Phe
nomenex, Cheshire, UK). Lyophilisation was achieved by a VirTis 
Advantage freeze-dryer (SP Industries Inc., Warminster, PA, U.S.). A 
SpeedMixer™ (DAC 150.1 FVZ–K, Synergy Devices Ltd., High 
Wycombe, UK) was used in the MN formulation preparation. The pres
sure chamber used in the experiments was a pressure tank (Protima®, 
TUV Rheinland, Pittsford, NY, U.S.). The porcine skins and Parafilm M® 
layers were observed by optical coherence tomography (OCT, EX1301, 

Fig. 1. (A) Fabrication of DCF nanosuspensions using a wet bead milling approach. (B) Manufacture of trilayer MN patches loaded with drug.  
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Michelson Diagnostics Ltd., Kent, UK) and light microscopy (LEICA EZ4 
W, Wetzlar, Germany). The Glue dots® used in the MN manufacture 
process were purchased from Daler-Rowney Ltd. (Bracknell, UK). MN 
patches were inserted using a TA. XT plus Texture Analyser™ (Stable 
Microsystems, Haslemere, UK). A TissueLyser™ LT (QIAGEN, German
town, USA) was used for tissue disruption. The Microfoam™ and 
Tegaderm™ were purchased from 3 M (St Paul, Minnesota, USA). 

2.2. Fabrication of DCF-NPs 

DCF-NPs were prepared using the wet bead milling method illus
trated in Fig. 1-A [24,25]. A glass vial containing 200 mg of DCF, 2 mL of 
zirconia beads (0.1 mm), four magnetic stirring bars (12 × 6 mm), and 5 
mL of aqueous stabiliser solution (2 % w/v, PVA MW 9–10 K: PVP MW 
58 K = 2:3) was placed on a magnetic stirring plate. The stirring speed 
was set to 1200 rpm. Nanoparticle sizes were measured using a particle 
sizer at 3 h, 6 h and 20 h. The DCF nanosuspensions were then filtered 
through a 0.05 mm sieve and subjected to freeze-drying. The protocol of 
freeze-drying is described in Supplementary S.3. 

2.3. In vitro drug dissolution 

The in vitro drug dissolutions of DCF-P and DCF-NPs were assessed 
using the dialysis method. The drug powders were dispersed in 2 mL of 
PBS with 2 % Tween-80 and added to dialysis membranes (12–14 kDa 
molecular weight cut-off). The membranes were sealed, placed in bottles 
with release media (200 mL of PBS with 2 % Tween-80), and incubated 
at 37 ◦C and 80 rpm. Samples were collected at various time points, and 
fresh blank release media was added. The samples were purified by high- 
speed centrifugation (16,163 ×g, 15 min) and quantified using HPLC 
(HPLC method: Supplementary S.4, Table 2). DDSolver, a Microsoft 
Excel add-in tool for drug dissolution analysis, was used to examine the 
in vitro dissolution kinetics. 

2.4. Manufacture and characterisation of drug-loaded trilayer MNs 

The MN patches were produced using a mould-casting method 
(Fig. 1-B) [26–28]. To prepare the casting formulations, freeze-dried 
DCF-NPs were mixed with deionised water, DCF-P was mixed with 
polymer aqueous gel (35 %, PVA MW 9–10 K: PVP MW 58 K = 3:4), and 
formulations were homogenised at a rate of 3500 rpm for 5 min using 
the SpeedMixer™. The casting formulation contained 27 % drug, 13 % 
polymer, and 60 % water. 

The casting formulation was dispensed onto the mould surface and 
transferred to a pressure chamber. It was then pressed at 60 psi for 3 min 
to fill the mould cavities. After removing the excess formulation and 
drying overnight, the tips were formed in the cavities. A blank polymer 
layer was cast using 0.27 g of aqueous polymer gel (35 %, PVA MW 
9–10 K: PVP MW 58 K = 3:4), centrifuged at 2205 ×g for 10 min, and 
dried [29]. The 3D-printed baseplate was attached to the blank polymer 
layer with a Glue dot®, and the MN patch was detached from the mould 
[30]. 

Different silicone moulds were employed for casting the MNs loaded 
with DCF-NPs to evaluate drug loading and insertion of MN patches. 
These included a 600-needle array mould (600-MN mould, pyramidal 
needles), a 14 × 14 array mould (conical needles), a 19 × 19 array 
mould (pyramidal needles), and a 16 × 16 array mould (pyramidal 
needles with column shaft). The detailed dimensions of the different 
moulds are shown in Fig. 3. 

The mechanical properties of drug-loaded MN patches were evalu
ated using the Texture Analyser™, following the settings described in a 
previous study for pressing force, moving rate, and holding time [30]. To 
assess the insertion depth, the MN patches were inserted into folded 
Parafilm M® sheets (eight layers, approximately 1 mm thick), and the 
needle tips were compressed against an aluminium block to measure the 
needle height reduction. 

The surface morphology and shape of the DCF and DCF-NP loaded 
MN arrays were analysed using a Keyence VHX-700F Digital Microscope 
(Keyence, Osaka, Japan) and a scanning electron microscope (SEM)— 
specifically, the FEI Quanta FEG 250 Environmental SEM equipped with 
an Oxford Ex-ACT detector. These SEM analyses were conducted at ac
celeration voltages ranging from 10 to 20 kV, under a high vacuum 
condition of 8 × 10− 5 mbar, using standard SEM carbon tape for 
background. 

2.5. Ex vivo skin insertion, deposition and permeation of drug-loaded MN 
patches 

The excised full-thickness neonatal porcine skins were pretreated by 
shaving and equilibrating in PBS for 30 min. Manual insertion of MN 
patches into the skin using the thumb was followed by a 30-s applica
tion. The porcine skins were then observed using an OCT microscope. 

To assess ex vivo drug deposition, an “oven model” was employed 
[31,32]. MN-inserted full-thickness neonatal porcine skin samples were 
placed on PBS-saturated tissue paper to maintain moisture during the 
24-h experiment. After incubation at 37 ◦C, the skin samples were 
collected and carefully cleaned to remove excess formulation and gel 
residue. The drug depots were extracted using methanol and quantified 
using HPLC. 

The permeation of drugs through the skin was investigated using a 
Franz-cell diffusion model. The receptor chamber was filled with pre
heated PBS (12 mL), and the full-thickness porcine skin was positioned 
between the receptor and donor chamber. The MN patch was manually 
inserted into the porcine skin, and a 12 g metal weight was applied to 
maintain its stability. Samples were collected from the sampling port, 
and the receptor chamber was replenished with fresh release media PBS. 

2.6. In vivo pharmacokinetics and drug distribution 

These in vivo studies 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, following the principles of 
the 3Rs (replacement, reduction, and refinement). The Committee of 
Biological Service Unit, Queen's University Belfast, granted approval for 
the animal experiments conducted in this study under Project Licence 
PPL 2903 and Personal Licences PIL 1892, PIL 2056 and PIL 2154. For 
this study, female Sprague-Dawley rats, aged 9–10 weeks at the start of 
the experiment, were sourced from Charles River Laboratories in Har
low, UK. To study the pharmacokinetics and biodistribution of DCF-NPs 
in rats, two administration routes were employed: oral gavage and MN 
patches. Female Sprague–Dawley rats were acclimated for seven days 
prior to the experiment. The rats were divided into two groups: (a) 8 rats 
with a mean body weight of 231.88 ± 19.59 g (mean ± SD, n = 8) 
received DCF-NPs orally at a dose of 15 mg/kg (equivalent to 10 mg/kg 
DCF). DCF-NPs (3.5 mg/rat, equivalent to 2.3 mg DCF) were recon
stituted in 1 mL of sterile water and sonicated to achieve a uniform 
formulation with a concentration of 3.5 mg/mL; (b) 8 rats with a mean 
body weight of 221.5 ± 20.04 g (mean ± SD, n = 8) were administered 
two patches of DCF-NP MNs at a dose of 30 mg/kg. 

For the MN application cohort, the dorsal hair of the rats was shaved 
with electric hair clippers, and the remaining hair was removed with 
depilatory cream (Veet®). Hair removal was performed the day before 
MN application to allow for recovery of skin barrier function [33]. On 
the day of the experiment, DCF-NP MNs were attached to Microfoam™ 
and applied to the back of the rats. Tegaderm™ films were then adhered 
on top of Microfoam™ with MNs, after which the applied MNs were 
wrapped using kinesiology tape to prevent them from moving or falling 
off due to gnawing or daily activity of rats. 

Blood samples were collected into heparinised tubes through tail 
vein bleeding at predetermined time intervals, i.e., 1 h, 2 h, 4 h, 24 h, 30 
h, 48 h and 72 h. Additionally, four rats from each cohort were culled at 
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the 24-h time point to examine the distribution of DCF in the skins (at 
the application site), muscles (beneath the application site) and legs. The 
paws were severed from the legs, and the attached skin and muscles 
were carefully removed using tweezers. The remaining paws were 
rapidly frozen using liquid nitrogen and then fragmented with a 
hammer. The skins and muscles collected from the dorsal area of the rats 
were cut into small pieces using scissors in an Eppendorf tube. High- 
throughput tissue disruption of the rat tissues was performed using the 
TissueLyser™ LT at a speed of 3000 oscillations/min. The drug was 
extracted using methanol and quantified using LC–MS. 

PKSolver, a Microsoft Excel add-in tool for pharmacokinetics data 
analysis, was used to examine the in vivo pharmacokinetics of DCF 
delivered orally and via MNs [34]. The area under the curve (AUC) of the 
drug concentration-time curve was calculated using Prism software. 

The relative systemic bioavailability (F) of different administrations 
was calculated using Eq. (1) below: 

F(DCF− NP MN)relative =
AUCDCF− NP MN × doseoral

AUCoral × doseDCF− NP MN
(1) 

The delivery efficiency was calculated using Eq. (2) below: 

Efficiency(DCF− NP MN) = Foral ×
AUCDCF− NP MN × doseoral

AUCoral × doseDCF− NP MN
(2)  

2.7. Statistical analysis 

The data are presented as the means ± SDs, and statistical analysis 
was performed using Student's t-test and analysis of variance (ANOVA). 
One-way ANOVA was employed for analysing a single independent 
variable, and Two-way ANOVA was utilized for analysing two inde
pendent variables. The statistical analysis was performed using Prism 
software, with the significance level was set at p = 0.05. 

3. Results and discussion 

MN patches were developed to intradermally deliver DCF by loading 
the nanoparticulate DCF into micron size MNs. These patches act as a 
self-implanting drug reservoir placed intradermally, enabling regional 
and sustained drug release while minimizing systemic side effects. When 
applied to the skin, the MN painlessly penetrates the epidermis, forming 
microscopic aqueous channels to deposit the DCF-NPs that allow drugs 
to diffuse into the dermal microcirculation. 

3.1. Fabrication of DCF-NPs and evaluation of in vitro release 

3.1.1. Particle size reduction 
DCF-NPs were produced through a wet-milling technique, and their 

size was accurately measured using a particle sizing instrument. Fig. 2-A 
illustrates the inverse relationship between milling time and the particle 
size as well as polydispersity index (PDI) of DCF nanosuspensions. As 
shown in Fig. 2-A, the particle size was significantly reduced by 
continuous milling from 111.2 μm initially to 211.2 ± 11.5 nm after 20 
h of milling (p < 0.0001). Initially, after three hours of milling, a sig
nificant reduction in particle size was observed, from 111.2 ± 18.7 μm 
to 297.4 ± 32.7 nm (p < 0.0001). Further milling led to additional re
ductions in particle size, with sizes of 254.3 ± 23.9 nm and 211.2 ±
11.5 nm achieved after 6 and 20 h, respectively. PDI values also 
decreased significantly with increasing milling time (p = 0.006). The 
smaller PDI values reflect a more uniform particle distribution and may 
contribute to improved particle stability. Based on these results, a 
milling duration of 20 h was chosen for subsequent DCF nanosuspension 
preparation. Particle size and PDI values are included in Supplementary 
S.1. The fabricated DCF nanosuspensions exhibited stability in liquid 
form for up to three weeks when stored at 4 ◦C (p = 0.3695). The sta
bility study is included in Supplementary S.2. 

SEM images of DCF and DCF-NP loaded MN tips are shown in Fig. 2- 
B. The comparison of the two types of MN tips showed that the edges of 
the MN tips loaded with DCF-NPs were smoother than those loaded with 
DCF, with the absence of large crystals in the former. 

3.1.2. Saturation solubility study and in vitro release 
To investigate the differences in saturation solubility and in vitro 

dissolution profiles between DCF and DCF-NPs, comprehensive studies 
were conducted. The measured saturation solubilities in PBS at 37 ◦C 
over 24 h for DCF and DCF-NPs were 1.08 ± 0.04 mg/mL and 1.36 ±
0.05 mg/mL, respectively (means ± SDs, n = 3). Notably, DCF-NPs 
exhibited a 25 % increase in saturation solubility compared to DCF-P 
(p = 0.0018). The increase in saturation solubility of DCF-NPs was ex
pected according to the Ostwald-Freundlich equation (Eq. (3)), where 
the saturation solubility (Cs) increases with decreasing particle size, and 
this increase can be seen when the particle size is below 1 μm [35]. 

log
Cs

C∞
=

2σV
2.303RTρr

(3) 

Fig. 2. (A) Variation in DCF particle size and PDI with milling time (means ± SDs, n = 10). (B) SEM observation of MN tips loaded with DCF/DCF-NP. (C) In vitro 
release of DCF coarse powder and DCF-NP (means ± SDs, n = 3). 
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where Cs = solubility, C∞ = solubility of the solid consisting of large 
particles, σ = interfacial tension substance, V = molar volume of the 
particle material, R = gas constant, T = absolute temperature, ρ =
density of the solid, r = radius. 

Fig. 2-C illustrates that DCF-NPs dissolve faster than diclofenac 
powder (DCF-P), with DCF-NPs releasing half the drug in just 1.7 h and 
80 % in 3.4 h, compared to 4.1 h and 6.7 h for DCF-P. This quicker 
dissolution is likely due to the smaller particle size of the NPs, which 
increases the surface area available to interact with solvents [39]. The 
more consistent and smoother release of DCF-NPs suggests they could 
improve how effectively the drug passes through the skin when used in 
MN patches. Essentially, DCF-NPs are better suited for MN patches 
because they could enhance the drug's availability through the trans
dermal route when applied to the skin. 

3.2. Freeze-drying of DCF nanosuspensions 

To maximise the drug concentration within the casting gel and 
therefore increasing the drug loading, freeze-drying was employed to 
remove excess water from DCF nanosuspensions. Prior to MN casting, 
the freeze-dried DCF-NPs were reconstituted with a minimal quantity of 
water, resulting in a concentrated drug-polymer aqueous gel. 

Freeze-drying is commonly used in the pharmaceutical industry for 
the preservation of active substances, such as proteins, liposomes and 
drug NPs, since the samples can then be stored and transported in a 
stable dry state at room temperature [36]. The most common freeze- 
drying protective agents are sugars (glucose, sucrose, trehalose, etc.), 
polymers (PVP, poly(ethylene glycol), dextran, etc.) and polyols (sor
bitol, mannitol, etc.) [38,39]. 

Here, PVP (10 K, 58 K), PVA (9–10 K) and their mixture were applied 
in the freeze-drying process to protect the stability of the DCF-NPs. The 
results are presented in Table 1. 

The particle size before freeze-drying was 343.46 ± 5.81 nm with a 
PDI value of 0.210 ± 0.018 (means ± SDs, n = 3). As seen from the 
results, the individual application of PVP 10 K failed to stabilise the DCF- 
NPs during the freeze-drying process, manifesting in the macroscopic 
particles observed during reconstitution. In contrast, the application of 
PVA 9–10 K and its mixture with PVP 58 K stabilised the DCF-NPs more 
effectively, thus allowing them to be successfully reconstituted after 
freeze-drying and to obtain nano sizes comparable to the initial size. The 
polymer-drug ratio required to stabilise the DCF-NPs was then evalu
ated, and the results are shown in Supplementary S. Table 2. 

From Table 1 and S. Table 2, It was observed that polymer: drug 
ratios of 1:6 and 1:3 failed to stabilise the DCF-NPs, whereas ratios of 
1:1, 2:3 and 1:2 successfully protected the DCF-NPs, allowing for their 
reconstitution after freeze-drying. For optimal drug loading in the MNs, 
a polymer:drug ratio of 1:2 was selected for the fabrication of DCF-NPs. 
The parameters of the DCF-NPs before and after freeze-drying are pre
sented in Table 2. 

3.3. Manufacture of different drug-loaded MNs and evaluation 

The ability of MN patches to effectively deliver drugs is considerably 
controlled by their physical and mechanical properties, including needle 
strength, insertion depth, and drug loading capacity [40]. These 

essential properties are determined not only by the materials selected for 
MN fabrication but also by the design of the MN patches. MN design 
parameters, including needle height, base width, spacing, and shape, 
play critical roles in influencing these characteristics [33,41]. According 
to the existing literature, conical and pyramidal shapes are the most 
frequently employed geometries in MN design [42]. In pursuit of iden
tifying an optimised MN system, four distinct types of MN patches were 
fabricated. These MN patches were systematically evaluated for their 
performance in skin insertion, drug loading, drug deposition, and 
overall delivery efficiency. The results, presented in Fig. 3-A–D, 
demonstrate the capability of all MN patches to breach the skin barrier 
and reach deeper layers. However, as depicted in Fig. 3-E, the results of 
the skin deposition study showed that the 14 × 14 MN patches and 19 ×
19 MN patches had inadequate retention in the skin. Upon removal after 
24 h of application, the tips of these MN patches were found to float on 
the skin surface, and no drug depots were observed. In contrast, the 600 
MN patches and 16 × 16 MN patches demonstrated successful drug 
deposition in the skin. 

These MN patches, fabricated using the same DCF-NP casting 
formulation, but with variations in needle length, width, geometry, and 
number, displayed differences in drug loading. As demonstrated in 
Fig. 3-F, MN patches with longer needles, such as the 600 MN patches 
(2.33 ± 0.18 mg, means + SDs, n = 6) and 16 × 16 MN patches (2.26 ±
0.25 mg, means + SDs, n = 6), had higher drug contents, while MN 
patches with shorter needles exhibited lower drug loading, with 1.28 ±
0.05 mg for 14 × 14 MN patches (means + SDs, n = 6), and 1.24 ± 0.09 
mg for 19 × 19 MN patches (means + SDs, n = 6). Additionally, the MN 
patches with longer needles demonstrated better insertion performance, 
allowing effective embedding in the skin to form a drug reservoir for 
potential prolonged drug delivery. 

Further analysis revealed that the 16 × 16 MN patches (0.41 ± 0.12 
mg, means + SDs, n = 4) and 600 MN patches (0.40 ± 0.08 mg, means +
SDs, n = 4) exhibited comparable drug deposition in the skin, which was 
significantly higher than that observed with the 14 × 14 MN patches 
(0.22 ± 0.07 mg, means + SDs, n = 4) and 19 × 19 MN patches (0.15 ±
0.06 mg, means + SDs, n = 4) (Fig. 3-F). Delivery efficiency analysis 
showed no significant differences among the MN patches (17 % for 600 
MN patches, 18 % for 16 × 16 MN patches, 17 % for 14 × 14 MN 
patches), except for the 19 × 19 MN patches (12 %), which had rela
tively lower efficiency (Fig. 3-F). 

DCF is usually administered in large doses (100–150 mg daily) due to 
its rapid systemic absorption, short biological half-life, and fast elimi
nation rate [43]. Only 60 % of DCF can reach the systemic circulation 
when administered orally because of first-pass metabolism. Local de
livery via skin can avoid the first-pass metabolism of the gastrointestinal 
tract and provide a high local drug concentration, potentially reducing 
the dose requirement. MN patches with higher drug loading are pref
erable for practical applications. Based on the evaluation results, 600 

Table 1 
Particle size and PDI value after freeze-drying (means ± SDs, n = 3).  

Protectants Polymer content (%w/w) DCF content (%w/w) Polymer:drug H2O content (% w/w) Particle size (nm) PDI 

PVP 10 K  0.96  2.75 1:3  96.29 Micron NA 
PVA 9–10 K  0.96  2.75 1:3  96.29 348.47 ± 3.31 0.190 ± 0.030 
PVP 10 K & PVA 9–10 K  1.91  2.72 2:3  95.37 405.72 ± 20.22 0.267 ± 0.029 
PVP 10 K & PVP 58 K  1.91  2.72 2:3  95.37 353.83 ± 7.18 0.250 ± 0.007 
PVA 9–10 K & PVP 58 K  1.91  2.72 2:3  95.37 364.15 ± 3.92 0.234 ± 0.013 
PVA 9–10 K & PVP 58 K  2.71  2.71 1:1  94.59 372.31 ± 4.56 0.201 ± 0.016  

Table 2 
Particle sizes, PDI and zeta potential of DCF-NPs (means ± SDs, n = 3).  

Parameters Before freeze-drying After freeze-drying 

Particle size (nm) 201.35 ± 1.28 202.63 ± 2.02 
PDI 0.123 ± 0.013 0.166 ± 0.017 
Zeta potential (mV) 9.33 ± 0.95 12.72 ± 0.32  
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MN moulds were employed for the further production of DCF MN 
patches. 

This study provides insights into the performance of different MN 
patches in terms of drug loading, drug deposition, and delivery effi
ciency. The findings highlight the suitability of the 600 MN patches and 
16 × 16 MN patches for the development of DCF MN patches, facilitating 
improved practical application. 

3.4. Characterisation of drug-loaded MNs 

Drug-loaded MN patches, fabricated using 600-MN moulds, were 

prepared. The resulting MN patches, containing DCF-NP (Fig. 4-A) and 
DCF-P (Fig. 4-B), were carefully demoulded. Subsequently, these MN 
patches were examined using both light microscopy and SEM for 
detailed morphological observation. 

3.4.1. MN insertion study 
The in vitro membrane insertion and mechanical strength of the tips 

of DCF-NP-loaded and DCF-P-loaded MN patches were characterised, 
and the results are presented in Fig. 4-C. In the insertion studies, all the 
needle tips of both DCF-NP MNs and DCF-P MNs penetrated the first 
layer of Parafilm M® with an insertion depth of 125 μm. > 80 % of the 

Fig. 3. Dimensions, microscopic images and skin insertion of MN patches cast from (A) 600-MN mould, (B) 16 × 16 MN mould, (C) 14 × 14 MN mould, and (D) 19 ×
19 MN mould. (E) Drug depots in the skin after 24 h. (F) Drug contents, drug depositions and delivery efficiencies of different MN patches (means + SDs, n = 6). 
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needle tips penetrated the second layer of Parafilm M® with an insertion 
depth of 250 μm, and approximately 30 % of the needle tips penetrated 
three layers of Parafilm M®, indicating an insertion depth of 375 μm. 
Larrañeta et al. [44] suggested that the penetration depth of MN patches 
was lower in Parafilm M® than in neonatal porcine skin, which is 
considered a simulated model of human skin in terms of hair sparseness 
and physical properties. Therefore, this insertion depth is sufficient to 
breach the skin barrier, namely, the stratum corneum, which is typically 
10 to 20 μm thick [45], allowing for potential intradermal and trans
dermal drug delivery. 

3.4.2. MN compression study 
The needle height was measured both before and after compression 

to evaluate the height reduction as an indication of the mechanical 
strength of MN tips (Fig. 4-D). The needle tips of both DCF-NP MNs and 
DCF-P MNs maintained their initial shape and were not crushed or bent 
under the insertion force. The height reductions for both MN patches 

were 6.26 % and 6.24 %, respectively, indicating that the needle tips had 
adequate mechanical strength to penetrate the skin and deliver the drug. 
This is an important consideration for the commercialisation of MNs, as 
it ensures their practicality for clinical application, storage and 
transportation. 

3.5. Ex vivo skin permeation study 

To elucidate the differences in skin delivery properties of various 
DCF formulations, an ex vivo skin permeation study was conducted. DS, 
commonly employed to enhance the solubility and bioavailability of 
DCF, was also incorporated into the MNs for comparative analysis. This 
comprehensive analysis involved DCF-NP MNs, DCF-P MNs, DS MNs, 
and a commercial transdermal formulation Voltarol® gel, including 
both the acid and soluble salt forms, providing valuable insights on the 
efficiency of skin delivery of DCF. 

Each type of MN patch utilized a casting gel with approximately 27 % 

Fig. 4. Morphology of the formed 600 MN patches cast from (A) DCF-NPs and (B) DCF-P. (C) Parafilm M® insertion of DCF-NP-loaded MN patches and DCF-P-loaded 
MN patches (means ± SDs, n = 3). (D) Needle compression and height reduction of DCF-NP MNs and DCF-P MNs (means ± SDs, n = 8). 
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w/w of DS/DCF, although the drug content varied across the MN 
patches. Specifically, DS MNs exhibited a drug loading of 1.5 mg per 
patch, DCF-NP MNs showed 3.2 mg per patch, and DCF-P MNs had 6.7 
mg per patch, as demonstrated in Fig. 5-A. All formulations were applied 
to 1.8 cm2 of skin (Franz-cell donor area), and the amount of Voltarol® 
gel applied to the skin was quantified to be 0.8 mg (heavy gel applica
tion). The variation in drug content between MN groups can be attrib
uted to the tendency of large DCF crystals to settle in the cavities of the 
MN moulds from the overloaded casting gel, leading to needle tips with 
a high drug content. In contrast, DS and DCF-NPs were more evenly 
distributed in the polymer gel, leading to MNs with consistent drug 
content. The nanoscale size of DCF-NPs allowed for a higher drug con
tent in the microscale needle tips compared to DS MNs. 

Fig. 5-A also presents the diagram illustrating drug release from MN 
patches in the skin. The MN patches were manually inserted into full- 
thickness neonatal porcine skin. Upon insertion, the drug-free polymer 
layer dissolved, and the drug-loaded tips were deposited in the skin. 
Following dissolution, the drugs were distributed within and then 
permeated across the epidermis and dermis layer to the receptor un
derneath the full-thickness skin, thereby mimicking the drug delivery 
process across human skin. 

In a 24-h period, DS MNs transdermally delivered 71 % of the drug to 
the receptor, corresponding to a total amount of 1042.99 μg, while 7 % 
of the drug remained intradermally deposited in the skin, amounting to 
104.70 μg (Fig. 5-C). The release of drugs from DS MNs was rapid, as 
illustrated in Fig. 5-B, with faster permeation across the skin compared 
to other DCF-loaded MNs. > 50 % of the drug was released within 8 h, 

and the release rate slowed down afterward. 
In contrast, the drug release from DCF-P MNs exhibited a relatively 

consistent profile (Fig. 5-B). As shown in Fig. 5-C, within 24 h, DCF-P 
MNs delivered 917.17 μg of the total drug content, with 250.23 μg 
deposited intradermally and 666.94 μg permeated across the skin. The 
overall delivery efficiency was 14 % relative to the drug content in the 
MNs. 

DCF-NP MNs demonstrated a controlled release profile (Fig. 5-B), 
following a similar trend as DCF-P MNs in the first 6 h, with a sustained 
release until 24 h. In total, 41 % of the drugs were delivered into or 
across the skin. Of this amount, 36 % (representing 1163.81 μg) was 
recovered from the receptor under the skin 24 h after application, while 
5 % (at an amount of 144.88 μg) was extracted from the skin (Fig. 5-C). 

The release profile of Voltarol® gel, as illustrated in Fig. 5-B, 
exhibited consistency. It was observed that 179.04 μg of the drug 
permeated across the skin and was detected in the receptor of Franz-cell. 
Additionally, 58 μg of the drug was found to be deposited in the skin 
(Fig. 5-C). 

The findings of this study suggest that the use of DS MNs offers rapid 
onset of action, but may lead to a relatively high peak plasma concen
tration and a shorter effective duration after a single administration, 
similar to the systemic side effects associated with oral administration 
and the need for frequent dosing. On the other hand, DCF-P MNs have 
the capability to accommodate a higher drug load per patch, which is 
desirable for high-dose drug delivery. However, their delivery effi
ciencies and drug delivery amounts were significantly lower than those 
of the other two MN patches. One possible explanation for this 

Fig. 5. (A) Drug contents of MNs and amount of drug in Voltarol® gel applied to the skin (means + SDs, n = 5). (B) The amount and percentage of DCF delivered 
across the skin from different formulations (means ± SDs, n = 3). (C) Drug distribution and drug delivery efficiencies of different DCF formulations in ex vivo Franz- 
cell studies (means + SDs, n = 3). (D) Microscopic photos of skins after 24 h of application of different types of MN patches. 
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observation could be the challenges associated with the deposition and 
dissolution of large DCF drug crystals within the skin. Specifically, after 
24 h of application, drug crystals were observed on the skin surface, as 
depicted in Fig. 5-D, which may originate from the needle tips above the 
skin (uninserted part) or the drug depot within the skin. Due to the large 
size and hydrophobic nature of DCF, these drug crystals deposited in the 
skin were not easily dispersed or dissolved, and they may tend to be 
expelled from the skin through the microchannels created by the MNs. In 
contrast, DCF-NP MNs exhibited a moderate drug load per MN patch, 
making them more practical for high-dose drug delivery. Moreover, 
localised application allows for higher concentrations at the target site 
and bypasses first-pass metabolism by the gastrointestinal tract, poten
tially reducing the required dose compared to oral administration. 
Furthermore, DCF-NP MNs demonstrated a controlled release profile at 
a relatively consistent rate. When combined with the drug depot in the 
skin after 24 h, this profile indicates the potential for prolonged delivery 
of DCF. The topical formulation Voltarol® gel demonstrated a lower 
drug delivery capacity, both in terms of the amount of drug delivered 
and the efficiency of delivery, when compared to the DS MNs or DCF-NP 
MNs. 

Based on the evaluation of drug loading, drug delivery amount and 
efficiency, as well as the ex vivo release profile of different DCF form- 
loaded MN patches, DCF-NP MNs were used for further investigation 
in an animal study to explore their in vivo pharmacokinetics to compare 
with oral formulation of DCF. 

3.6. In vivo pharmacokinetics and drug distribution 

MN patches were applied to the dorsal skin of rats, which were then 
securely wrapped to prevent removal, as illustrated in Fig. 6-A. After 24 
h of application, the MN patches were removed. As shown in Fig. 6-B, 

the MN tips were observed to be completely dissolved, and a blank 
baseplate was left on the adhesive tape. The skin of the rats showed no 
visible drug or polymer residue, and the white drug deposition in the rat 
dorsal skin was clearly observed. No noticeable skin irritation was 
observed, such as redness, rash, dryness, peeling, itching, or edema. 

Plasma concentrations of DCF were quantified to evaluate the 
pharmacokinetics (PK) of DCF-NP MNs and the results are present in 
Fig. 6-C. The PK analysis was conducted using a noncompartmental 
model, and the PK parameters are listed in Table 3. The PK parameters 
for each experimental rat are reported in Supplementary S.5. Table 4. 
The drug distribution in the skin, muscle and paw was assessed at 24 and 
72 h after MN application, as shown in Fig. 6-C. The synthesis of pros
taglandins (particularly PGE2) is a surrogate for COX-2 activity; there
fore, inhibition of PGE2 by DCF can be considered an indicator of COX-2 
inhibition [44,46]. Research on therapeutically active concentrations of 
DCF is limited, and the results are highly variable. Hagen et al. (2017) 
calculated the IC50 (50 % of the maximum inhibition of prostaglandin 
synthesis) of DCF reported in previous studies and found that the in vivo 
IC50 level for DCF was 45 ng/mL and IC80 was >100 ng/mL [47–49]. 
The reported in vivo IC50 levels are significantly higher than the in vitro 
assessed IC50 levels (range 0.47–21 ng/mL) [50–56]. In the current 

Fig. 6. (A) Diagram of MN application in rats. (B) Digital and microscopic photos at 24 h after the application of DCF-NP MNs showing MN baseplates with 
completely dissolved tips, MN application site after removal of the wrap and MN baseplate, and drug depots in the skin. (C) Concentration-time curve of DCF-NP MNs 
and oral DCF-NPs (means + SDs, n = 4) and drug distribution in rats after MN application and oral administration (means + SDs, n = 3). 

Table 3 
Systemic PK analysis of the in vivo study (means ± SDs, n = 4).  

PK parameter Unit Oral group MN group 

T1/2 h 1.9 ± 0.8 8.7 ± 4.0 
Tmax h 1 1 
Cmax ng/mL 3690.6 ± 1058.9 2531.1 ± 770.9 
AUC 0-t ng/mL*h 7935.4 ± 1129.8 30,543.9 ± 4719.7 
MRT 0-∞ h 3.2 ± 1.3 18.2 ± 4.1  
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study, 45 ng/mL was selected as the IC50 level for DCF to indicate the 
duration of therapeutic effects. 

In the oral group, DCF exhibited a relatively short half-life (T1/2), 
consistent with previous studies reporting a T1/2 of 1 to 2 h for oral DCF 
[57–59]. In contrast, DCF-NP MNs showed a longer T1/2 of 8.7 ± 4.0 h 
and a lower plasma Cmax observed 1 h after MN application. The mean 
residence time (MRT) of DCF in rats administered DCF-NP MNs was 
18.2 h, compared to 3.2 h with oral administration. 

Based on the plasma concentration-time curve of DCF (Fig. 6-C), the 
oral group maintained plasma drug levels above the IC50 for < 16 h after 
a single administration. It should be noted that the accuracy of this value 
may be affected due to the limited sampling points between 4 and 24 h, 
in accordance with the 3Rs principle. The recommended dosing fre
quency of oral DCF, 2 to 3 times daily, may suggest a duration of ther
apeutic effects of approximately 8 to 12 h, which aligns with our 
experimental findings [60,62]. In comparison, the DCF-NP MN group 
exhibited a similar rapid absorption and onset of action time (Tmax of 1 
h) as the oral group. However, in contrast to the short duration of 
therapeutic activity observed with oral administration, the DCF-NP MN 
group demonstrated an extended drug plasma level (> IC50) for up to 48 
h after a single administration. Analysis of the plasma concentration- 
time curve revealed a constant concentration of DCF between 4 and 
30 h following MN administration, indicating a dynamic equilibrium 
between absorption and elimination processes during this 4–30 h 
timeframe. Subsequently, DCF was gradually eliminated from the body. 

Additionally, the distribution of DCF in various tissues was assessed 
at 24 and 72 h post-administration. In the oral group, DCF was detected 
in the skin after 24 h, with a mean concentration of 206.96 ng/g ±
194.157 ng/g (mean ± SD, n = 3), suggesting possible distribution 
through the skin microcirculation [47]. However, no DCF was found in 
the muscles or paws at 24 or 72 h. In contrast, the MN group exhibited 
substantial local concentrations of DCF at the application site 24 h after 
a single administration. A drug reservoir containing a total of 26,726.10 
ng/g DCF was observed in the skin at the application site, while the 
muscles underneath the applied skin site contained 6330.43 ng/g DCF. 
Remarkably, even after 72 h, DCF was still detected in the skin with a 
mean concentration of 2614.84 ng/g. Interestingly, DCF distribution 
was also observed in the paws of rats in the DCF-NP MN group. After 24 
h of MN application, 2020.03 ng/g DCF was recovered from the paws 
and, after 72 h, a mean concentration of 96.65 ng/g was still detected. 
This distinct distribution pattern was not observed in the oral group. 

The findings from this study provide evidence for the potential of 
DCF-NP MNs as a promising formulation for achieving prolonged ther
apeutic effects with an improved PK profile. DCF-NP MNs exhibited a 
lower peak plasma concentration (Cmax) and maintained somewhat 
more stable plasma drug levels, indicating a controlled and sustained 
release of the drug. Additionally, DCF-NP MNs formed drug reservoirs in 
the skin, resulting in sustained local concentrations of the drug for up to 
72 h. Notably, the successful delivery of DCF to the paws of rats high
lighted the potential of DCF-NP MNs in achieving prolonged drug de
livery at the desired site for up to 72 h. In comparison to systemic 
delivery through oral administration, DCF-NP MNs demonstrated ad
vantageous characteristics in terms of targeted and sustained drug 
release, suggesting their potential as a preferred approach for optimised 
therapeutic outcomes. 

The relative systemic bioavailability (F) of DCF-NP MNs, determined 
using Eq. (1), was found to be 57 % compared to the oral formulation. 
This indicates that, on average, 57 % of the administered DCF from the 
applied DCF-NP MNs was systemically absorbed, which is higher than 
the relative bioavailability of 6 % reported for Voltaren® gel, a widely 
marketed commercial product [61]. 

The oral bioavailability of DCF has been previously reported to be 
approximately 60 % [57,61], which served as the basis for calculating 
the delivery efficiency of DCF-NP MNs using Eq. (2). The calculated 
delivery efficiency of DCF-NP MNs was found to be 34 %, representing 
the fraction of the administered dose that reaches the systemic 

circulation. In comparison, while the systemic bioavailability of DCF via 
oral routes is slightly higher, the advantages of localised, prolonged 
delivery and reduced systemic exposure offered by DCF-NP MNs high
light their potential in clinical settings where reducing systemic side 
effects is desired. The MN patches' ability to directly deliver the drug to 
specific sites further exemplifies this point, illustrating their capacity for 
precise targeting without the need for higher, more frequent dosing 
associated with oral drugs. 

Overall, the application of DCF-NP MNs could revolutionize the 
approach to treating conditions that benefit from localised and 
controlled drug delivery systems, such as chronic pain management in 
osteoarthritis, by optimizing therapeutic outcomes and minimizing 
systemic impacts. This aligns with ongoing trends in pharmaceutical 
technology that seek to improve patient compliance and efficacy 
through innovative drug delivery platforms. 

4. Conclusions 

The current study showed that a single application of DCF-NP MNs 
could provide up to 48 h of systemic delivery and up to 72 h of localised 
and target drug concentrations. These results indicate that DCF-NP MNs 
are a promising strategy for DCF administration in OA treatment, with 
higher bioavailability than oral formulations, long-term delivery and 
extended therapeutic activity, as well as potentially better safety. The 
present study has shown promising outcomes regarding the skin delivery 
of DCF. However, further preclinical investigations are necessary to fully 
understand the pharmacodynamics of DCF-NP MNs and evaluate their 
therapeutic efficacy comprehensively. Moreover, assessing the long- 
term efficacy and safety of the developed delivery system in larger an
imal models is essential to establish its potential as an improved treat
ment option for OA. Additionally, exploring the use of DCF-NP MNs in 
combination therapy with other anti-inflammatory agents could be 
valuable in enhancing therapeutic outcomes. 
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