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Topographical characteristics of 3D printed
polymeric microneedle surface and its impact on
coating formulation attributes

Masood Ali,†ab Yanling Yang, †a Ayyah Abdoha and Yousuf Mohammed *ab

In recent years, 3D printing has emerged as a promising technique for fabricating polymeric microneedles

(μNDs), offering flexibility and precision. However, the surface topography of these μNDs plays a pivotal role

in determining coating formulation characteristics and, consequently, their efficacy in drug delivery

applications. This review delves into contemporary approaches for evaluating the surface topography of 3D

printed polymeric μNDs, exploring its impact on coating formulation characteristics. With reference to the

latest research in the materials industry, we elucidate the close relationship between the adhesion of coating

material and μND surface, considering their physical and chemical properties. Fundamental principles relevant

to understanding the influence of surface topography on therapeutic coating are discussed, emphasising how

surface microtopography influences adhesion strength. Moreover, non-contact methodologies such as

profilometry are reviewed for characterising μND surface morphology, highlighting their utility in assessing

surface roughness, porosity, and feature geometry. Additionally, we explore how coating formulation

attributes dictate surface wetting, surface energy, and interfacial adhesion strength. Insights from this review

offer valuable guidance for optimising the fabrication process of 3D printed polymeric μNDs, tailoring their

surface topography to enhance coating formulation performance in diverse biomedical applications.

1. Introduction

Microneedle (μND) arrays are promising biomedical devices in
the transdermal drug delivery (TDD) platform. Compared to
traditional injection methods, μNDs can penetrate the skin and
create transient microchannels in the stratum corneum (SC),
while also taking advantage of the abundant cellular network in
the skin tissue. However, the temporary microchannels have
been shown to close quickly. For example, Haridass et al.
showed that after the application of Nanopatch®, a high-density
μND, microchannels were closed by 25% in diameter within the
first 30 min and then 100% by 6 h post-application.1

Nonetheless, the process of inserting μND arrays into the skin
causes less irritation to the subcutaneous nerves and blood
vessels, and thus it is considered painless and safe.2 A recent
study quantified pain on μND treated skin using a visual
analogue scale (VAS) and showed that even projections of μND
longer than 1 mm caused 40% less pain than hypodermic
needles.3 In addition, due to its simple operation, the μND can
be administered by the patient, which reduces the need for

trained personnel and has high patient compliance.4

Furthermore, the advantage of bypassing the first-pass
metabolism and the harsh condition of the gastrointestinal
tract linked to oral administration make μNDs a useful tool for
delivering therapeutics transdermally.5

Transdermal μNDs were originally pioneered by Mark
Prausnitz's group in the late 1990s, demonstrating successful
skin penetration of solid μNDs, followed by the application of a
calcein-embedded patch on the prorated skin surface.6 This
two-step method “poke and patch” proved highly efficient in
increasing calcein drug permeability into the skin epidermis.
However, this approach is not efficient due to i) its multi-step
process (create pores, then apply the drug patch) and ii) the
micropores are closed after some time post microoperation,
consequently limiting the diffusion of therapeutics.5,7 To
overcome these limitations, coated μNDs (CμNDs) were
explored by researchers, utilising the ‘coat and poke’ approach.8

CμNDs consist of solid μNDs coated with a drug-containing
biocompatible material.9 When the μND is inserted into the
skin, the water-soluble coating bonded to the needle surface
detaches from the projection and is dissolved in the skin, thus,
delivering a wide range of active molecules, such as small
molecules, viruses, DNA, and proteins.10,11 CμNDs can only
carry small doses (up to 1 mg) of drugs and are only suitable for
small and potent amounts, making them widely used in vaccine
research.12–14 Several trials have shown that a microscopic level
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of vaccine delivered using μNDs can successfully activate the
body's immune response.15–17 This saves a considerable amount
of vaccine dose and reduces the cost and side effects of
vaccination compared to vaccination by hypodermic needle
injection.12 In addition, the high storage stability of vaccines
carried on μNDs reduces the reliance on cold chain storage and
transportation of vaccines. It makes it highly valued in non-
developed countries where resources are limited.2,12 A major
challenge encountered with CμNDs is that when μNDs are
inserted into the skin, a part of the coating material remains on
the skin surface and μNDs, making this part of the drug unable
to enter the skin and be absorbed by the body (Fig. 1).11

Since then, researchers have utilised multiple approaches to
overcome this issue, such as dip-coating, gas jet drying, spray
coating, electrohydrodynamic atomisation (EHDA), and ink-jet
printing. These methods overcome drug waste and loss, variable
coating thickness, and inaccurate drug dosage.18 These coating
approaches were well documented by Haj-Ahmed et al., briefly;
dip-coating method involves dipping the μND into a
formulation, creating a thin film over the μND surface which
eventually dries into solid particles, gas-jet approach disperses a
small amount of coating solution over the μND surface that
removing and drying the coating solution simultaneously,
spray-coating approach involves the atomisation of
microdroplet formulation onto the μNDs which coalesce to
form a thin film over the μNDs, EHDA coating involves
producing atomised microdroplet formulation using an
electrical force which is then sprayed onto the μND tips, ink-jet
printing approach involves spraying a microdroplet formulation
using a piezoelectric dispenser onto the μND surface for a more
uniform, accurate, and reproducible coating.19

Researchers have also employed ink-jet printing technology
to optimise coating, ejecting tiny droplets with increased control
and accuracy (droplet size) on the surface of μND projection to
form a uniform coating layer. Economidou et al. coated insulin
and sugar alcohol on 3D printed μNDs using the ink-jet printing
technique, forming a uniform coating with no satellite droplets
falling on the μNDs substrate.20 Uddin et al. reported in 2015
that ink-jet printing can coat three anticancer agents
(5-fluororacil, curcumin, and cisplatin) evenly on metal μNDs.21

In Fig. 2, Scanning Electron Microscope (SEM) analysis

demonstrated that ink-jet printing technology could precisely
achieve high consistency and reproducibility for μND coating.
This smoothly and uniformly coated film prevents drug loss
during μND insertion, as mentioned earlier.20

Past studies demonstrated a correlation between surface
roughness, porosity, and coating attributes.22 In this review, we
comment and extrapolate from recent literature on the
relationship between topographical features and coating
efficiency, as well as elucidate the relationship between surface
topography and improving coating efficiency. Further, we
present the most common fabrication methods and coating
approaches of μNDs. We then combine the latest progress in
the fields of material science and coating formulation
dynamics, from the perspective of the topographical features
and coating attributes of μNDs and analyse the effects of these
factors on achieving uniformity in the coating of therapeutics
on μND surfaces.

2. Fabrication of μNDs

μNDs fabrication techniques have been evolving ever since
ALZA corporation first introduced the concept of a μND in 1976,
however, it was not possible to make such micro-structured
devices until the 1990s with the advent of high precision
microelectronics tools.23 Furthermore, the first paper to
demonstrate μNDs technology for TDD was not until 1998,
which showed a 4-fold increase in the absorption of a model
drug in the human skin in vitro.24 This method was, however, a
poke and patch approach, where the drug diffusion is limited to
the time the microchannels remain open. To alleviate that,
Matriano et al. first reported coated silicon μND patches by
immersion in a coating solution, followed by successful skin
application and delivery of protein antigen for immunisation
purposes.25 Earlier CμNDs were mostly made from inorganic
materials such as silicon, ceramics, and metals.14,26 This was
primarily due to the material strength and modulus needed to
withstand the biomechanical strength of the skin.26,27 It
required utilising expensive instruments to optimise μND
dimensional parameters such as needle geometry, size, shape,
and width which depended on the skin layer depth,23 which
makes the fabrication process both costly and time

Fig. 1 Schematic illustration of methods of CμNDs application to the skin. Figure created with https://BioRender.com and redrawn from ref. 11.
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prohibitive.11 Researchers have since employed low-cost and
efficient fabrication techniques to manufacture μNDs, such as
drawing lithography, micro-molding, and 3D printing.28 These
fabrication techniques will be highlighted in the following
section. Additionally, the types of materials used, advantages
and limitations of these fabrication techniques from recent
studies has been highlighted in Table 1.

2.1 Lithography

Drawing lithography is the deformation of polymers by external
stimuli, such as light,41,42 centrifugal force,43,44 electric45,46 and

magnetic fields.29,31,47 This technique usually involves the
transfer of the master pattern of geometric shapes onto a
substrate surface.29,48–51 Photolithography is the most common
technique used for pattern transfer which is widely used in the
field of microelectronics.52–55 Lithography requires precise
processing of the photoresist, which can be either methacrylate-
based photopolymeric, photocrosslinker, or
photodecomposer.52–55 Lithography possesses the ability to create
products from a variety of materials (glass, metal, ceramics, and
plastics) with high geometrical precision and smooth vertical
sidewalls.29,48–55 However, this technique requires advanced
cleanroom facilities51 and extended production time.48,54

Fig. 2 Examples of ink-jet printed μND. (a) Coated pyramid and spear,20 (b) and (c) μND arrays coated via ink-jet printing with high precision and
accuracy.21

Table 1 Types of materials used, advantages and limitations of these fabrication methods

Method Typical materials Advantages Limitations Ref.

Lithography (electro-, thermal
and magnetorheological
drawing, photolithography,
X-ray lithography and
centrifugal)

Epoxy/novolac, thermoplastics
and photo resins biocompatible
polymers, ceramics

↑ Spatial resolution and
consistency between batches,
solid and hollow μNDs,
↑ precision

UV/X-ray curing of polymers can
inactivate loaded drug, complex
machinery, scale-up issues

29–33

Micromoulding Biodegradable polymers ↑ Precision and consistency,
multiple μNDs from a
single mould

↑ Cost, complexity of mould
design, scaling up challenges

34 and 35

Additive manufacturing:
SLA, DLP, CLIP, TPP

Epoxides, acrylates, rigid
(RPU) and flexible (EPU)
polyurethanes, cyanate ester
(CE), and prototyping (PR)
resolution 100 nm–10 μm

↑ Spatial resolution (SLA <
DLP < CLIP < TPP)*, built
speed (TPP < SLA < DLP <
CLIP), accuracy and precision
(SLA < DLP < CLIP < TPP),
DLP ↓ effect by oxygen
inhibition

Limited materials, slow and
expensive printing, SLA
UV-curing of polymer matrix
makes loaded drug
incompatible, limited
mechanical properties, CLIP
requires low viscosity resin
and TPP requires ↑ photon
density laser

36–40

Additive manufacturing:
FDM™

Thermoplastic and
fiber-reinforced polymers, PLA,
ABS, ASA, Nylon12, PC,
PPSF/PPSU, PEI,
ULTEM 50–200 μm

↓ Cost, ↑ speed and simplicity ↓ Mechanical properties, slow,
rough surface, ↑ the temperature
during the extrusion process,
incompatible drug loading

36 and 37

N.B. for spatial resolution, the manufacturing methods are rated from least to highest convenience with regards to manufacturing process.
DAB: droplet air borne, TPP: two photon polymerisation, CLIP: continuous liquid interface production, FDM: fused deposition modelling, PLA:
poly(lactic acid), ABS: acrylonitrile butadiene styrene, ASA: acrylonitrile styrene acrylate, PC: polycarbonate, PPSF/PPSU: polyphenylsulfones,
PEI: polyethyleneimine, ULTEM: polyetherimide.
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2.2 Micromoulding

Micro-molding process consists of making replica master
mould using a two-step process: first manufacturing a
positive master μND array using laser34 or lithography,56 then
using that array to fabricate replicas of negative μND
mould.57 This technique of μND fabrication is cost-effective
for mass production.34 Poly dimethyl siloxane (PDMS) is
generally used to make negative micromould replicas due to
its low cost, ease of use, low surface energy, and
thermostability.58–60 The limitations of this fabrication
technique are the drug loading capacity and mechanical
behavior of the polymer.61

2.3 Additive manufacturing (3D printing)

3D printing as an additive manufacturing (AM) method
enables precise and reproducible fabrication of high-
resolution and high-quality μNDs,62 and can also rapidly
modify the parameters associated with μNDs with the aid of
computer-aided design (CAD). In addition, most 3D printing
uses biocompatible polymers as raw materials, which
facilitates the application of μNDs in the field of biological
sciences.62 As an efficient and inexpensive method, 3D
printing is based on two classifications: material extrusion
(filament-based) and photopolymerisation (resin-based).
Material extrusion-based fused deposition modeling (FDM)
3D printers heat thermoplastic filament and eject it through
a nozzle, where it cools and is solidified into a predetermined
structure on a build platform.63 Luzuriaga et al. printed
polylactic acid (PLA) using an FDM 3D printer to create
biodegradable and renewable μNDs.64 Despite the utilisation
of a large collection of thermoplastic polymers, there are
disadvantages such as print layer distortion, poor surface
quality, print layer thickness, width, and orientation of
filament materials, which translate to dimensional
inaccuracies and lower structural integrity and surface
texture.28

Secondly, technologies such as stereolithography (SLA),
digital light processing (DLP), liquid crystal display (LCD),
continuous liquid interface production (CLIP), and two-
photon polymerisation (TPP/2PP) are based on
photopolymerisation or photocuring.13,62,63,65 Among these
technologies, structures are manufactured layer-wise using
UV light to polymerise photosensitive polymers (e.g., resins).
SLA is widely used due to its low cost and the high
mechanical strength of the printed product.10,66,67 Krieger
et al. developed a two-step “print and fill” fabrication method
for manufacturing μND master molds.57 Unlike SLA, which
uses a point light source for printing, DLP prints on the
principle of printing the entire cross-section of an object at
once. Therefore, even though DLP printers are very expensive,
they are widely used in μND manufacturing because of their
faster printing speed and high resolution.68–71 To date,
stereolithography (SLA) and digital light processing (DLP) 3D
printing have been widely explored to manipulate structural
changes in μNDs.72–74 This is due to the layer-by-layer

polymerisation of UV-sensitive polymers when exposed to
light with a specific wavelength (usually 350–450 nm).
Xenikakis et al. printed hollow μNDs (HμND) using
biocompatible resin using LCD technology.75 As an optimised
solution to traditional SLA, CLIP 3D printing has excellent
printing characteristics. Caudill et al. used CLIP technology
to ensure the accuracy and consistency of μND fabrication,
especially producing μNDs with a smoother finish rather
than a rougher finish, i.e., diminishing the ‘stair-stepping’
phenomenon effect on the μND surface.76 Moreover, one
study showed that CLIP technology can be used to
manufacture μNDs of almost any shape in one step.77 TPP
3D printing technology has shown the highest printing
accuracy to date, enabling layer-by-layer fabrication of 3D
structures at the nanoscale, and has already been
commercialised.13,78 Faraji Rad et al. used TPP technology to
fabricate high-precision μND arrays with complex
structures.78 Moreover, 3D printed μNDs exhibiting
dimensional variability (geometrical tweaking) possess
excellent skin penetration abilities,73,74 and this quality is
very important and is required to overcome the
biomechanical forces exhibited by the skin fauna during a
μND penetration event.79

3. Topographical factors determining
high fidelity μNDs

When viewed under a high-magnification microscope, the
smooth surface of any material appears rough, consisting of
a series of “peaks and valleys”. From a micro perspective, the
coating of the drug solution on μND is the adherence of the
drug microparticles to the surface of the μND. The degree of
adhesion of the coating material to the substrate determines
the performance of the coating, and this interaction is
strongly influenced by the contact topography. Also, coated
films can achieve very high adhesion with rough surfaces
within a certain thickness limitation.80 After the shot peening
of the substrate by Lupicka et al., the surface roughness of
the substrate increased, which increased the surface area and
the porosity ratio in contact between the coating material
and the substrate, thus promoting the mechanical locking
between them.81,82 Surface roughness, porosity, and surface
area are different physical properties of materials that are
often interrelated, which will be discussed below.

3.1 Surface roughness

Surface roughness is deemed the deviation of the surface
micro-features of a material from its ideal properties.83,84

According to the relevant ISO standards, the surface
roughness-related parameters include the R-system
parameters in 2D and the S-system parameters in 3D. Most
measurement methods assume that the roughness profile of
the surface is irregular and random; therefore, the
microscopic surface height of the object to be measured is
often predicted to be normally distributed. Referring to ISO
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4287 and ISO 13565, the profile is usually described by one
or more of Ra, Rz, Rq, and Rk.84 From a computational point
of view, they represent the arithmetical mean deviation of the
roughness profile, the maximum height of the roughness
profile, the root mean square deviation of the roughness
profile, and the core roughness depth, respectively.83,84

Past research has shown that the topographical structure
and chemical energy of a solid surface affect its wettability,85

which represents the ability of a liquid to spread or adhere to a
solid surface. Naat et al. investigated the improvement of
surface wettability by increasing surface roughness through
structured textures. The bionic textures inspired by the tree frog
(TF) and fish scale (FS) lead to super-wetting of the surface and
enhanced bond strength.86 Surface wetting characteristics,
including hydrophilicity and hydrophobicity, play an important
role in the adhesion properties of the coatings.87 Barreau et al.
reported that fibrillar gecko-inspired adhesive structures can
form good bonds with rough surfaces. The use of fibrillar
adhesives increased the adhesion to rough substrates by a
maximum of four times compared to smooth surfaces without
patterns.88 This operation of improving adhesion by modifying
roughness has also been observed in studies of μNDs. Common
pyramid or cone μNDs also exhibit a “stepped” microscopic
appearance using high magnification SEM (Fig. 3).57,89 This
edge-ridge mismatch is a manifestation of the stair-stepping
effect. Krieger et al. set up three print layer heights (25, 50,
and 100 μm) and found that increasing the print layer height
significantly reduced the surface finish, as shown in Fig. 3.
This is because the edges at an angle to the Z-axis are
rougher, making the projected surface rougher.57

Contact and non-contact measuring instruments are often
used to measure surface roughness. The contact measurement
method is based on the movement of a conical probe, usually
made of diamond, over the surface of the object, obtaining
topographical information about the joint profile. The stylus
profilometer is a representative contact measuring instrument
with low cost and high portability.90 According to the Olympus
manual, since the radius of the stylus is approximately 2 μm,
when the stylus is used to measure the surface roughness of less
than 2 μm, the measurement accuracy is limited, and a certain
systematic error occurs. Additionally, contact measuring

instruments have the potential to damage the surface of an
object during physical contact with the object. Another
disadvantage of this method is that it needs to be performed in
a strict measurement environment, which is difficult to operate
and can only be used for off-line measurements.91,92 Several
different approaches to non-contact measurement are proposed
in the literature, respectively based on ultrasound, optics,
scanning tunneling microscopy (STM), and machine vision
technology. Due to expensive equipment and the requirements
of the measurement range and size of the test object, the
application of the first three methods has been limited. On the
contrary, the measurement strategy based on machine vision is
favored by researchers because of its high efficiency, high
precision, collection of large amounts of information, high-cost
performance, and non-contact feature.91

3.2 Porosity

Porosity refers to the proportion of the total volume occupied
by the non-solid pore space in an object. The pore
morphology affects the physical properties of the material,
including density, mechanical strength, and thermal
conductivity.93 According to the literature, the methods of
porosity detection have been divided into two categories
based on the order of processing, namely i) post-processing
detection, i.e., the examination of pores present in the
finished object that is the most common, and ii) the
inspection of pores being molded during the manufacturing
process.94

Porosity is also an important property for applying μNDs.
Porous μNDs (PμNDs) are a novel drug-loading platform with a
rich microporous structure, characterised by a high surface
area. Because of their unique structural features, PμNDs can
utilise the capillary action generated by interconnected pores to
deliver drugs and extract dermal interstitial fluid (ISF).95

According to the scale of pore structure PμNDs have different
mechanical strengths, the capacity for drug loading, and the
capacity for extraction,96 which makes them have a wide range
of application besides drug delivery such as biosensing.

Many measurement methods have been developed and
improved to measure porosity, such as porosimetry

Fig. 3 Images of μNDs printed at different layer heights. (a) Comparison of 100, 50, and 25 μm layer height μNDs; (b) and (c) SEM images of 100
μm and 25 μm layer height μNDs. Image was adopted from ref. 57 with permission.
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respectively based on Archimedes' principle, mercury and
helium pycnometry, and lastly, image analysis methods.93,97

Archimedeans and mercury porosimetry are widely used in
science. Archimedeans porosimetry is cost-effective and
convenient to operate, but it can only quantify porosity and
provide limited pore information. Mercury porosimetry has
high detection accuracy, but toxic high-concentration
mercury residues may occur during the detection process.93,98

Helium pycnometry measures porosity using helium gas
penetrating the pores, which is highly accurate due to the
high diffusivity of helium as an inert gas. But because helium
gas cannot reach the closed pore regions, it can only measure
the open porosity of the sample.22 Image analysis methods
are promising due to their ability to collect large amounts of
data without generating toxic residues and are broadly
divided into two-dimensional (2D) image analysis (optical
microscopy and SEM) and three-dimensional (3D) image
analysis (X-ray microtomography).98 Table 2 lists the methods
or instruments used in the research to measure the surface
roughness and porosity of objects.

3.3 Surface area

The shape and size of μNDs affect the application area,
mechanical strength, and drug loading amount of μNDs
(Fig. 4). This correlation has been extensively covered in past
publications by Coulman et al.,112 Prausnitz et al.,113,114 De
Martino et al.,115 Donnelly et al.,116,117 Liu et al.,4 Gill et al.,11

and very recently in our publication, Ali et al.28 These reviews
have sufficiently compiled a repository of research articles

that demonstrates how different μND geometries influence
the mechanical performance, skin penetration, and adhesion
of coating formulations, as well as the efficiency of drug
delivery systems, including the minimally invasive delivery of
macromolecules and plasmid DNA. Additionally, they
comprehensively review microfabrication, drug delivery
mechanisms, safety considerations, material science,
manufacturing processes, and the commercial development
of μNDs, with a focus on the pivotal role of μND geometry in
enhancing drug delivery and diagnostic applications.

The length and number of projections on the μND patches
are positively correlated with their drug loading amount
because of the simultaneous change in surface area.
Increasing the height of the μNDs can increase the maximum
load capacity by increasing the surface area, which, on the
contrary, can also lead to increased pain.77 The special
projection shape may affect the drug loading efficiency more
obviously.9 To achieve high drug loading, Caudill et al.
compared the surface area and drug loading of square
pyramidal μND and faceted μND with horizontal grooves.
The results showed that the surface area of faceted μND
increased by 21.3% and drug loading increased by 36%
compared with Square pyramidal μND (Fig. 4f).76 Uddin et al.
designed a cross shaped μNDs with a thousand-fold increase
in coating loading (from the microgram level to the
milligram level) due to the increase in surface area.89 Li et al.
systematically investigated various needle geometries of μND
(cone, cone-cylinder, rectangular pyramid, and hexagonal
pyramid) for the effective loading and transcutaneous
delivery of ovalbumin (OVA).129 They demonstrated that

Table 2 Methods of measuring surface roughness and porosity

Classification Measurement methods/instrument Advantage/disadvantages Ref.

Contact
roughness

KLA-Tensor P-15 long scan contact stylus profiler Inexpensive and portable device 99
Commercial scanning probe The presence of systematic errors 100
Tactile surface profilometer (DektakXT Stylus Profiler) Possibility of damaging the surface 101
Surface profilometry (Surfcorder SE 1700) Strict measurement environment 102

Limitations of offline measurements
Non-contact
roughness

Scanning electron microscopy (SEM) analysis High efficiency and precision 99
Confocal laser scanning microscopy (CLSM), Olympus LEXT OLS3100 Collection of large amounts of information 103
White-light profilometer (ALTISURF 500) Non-destructive technique 104
Focus variation (FV) microscopy (Alicona InfiniteFocusSL) Expensive equipment 105
Talyscan-150 optical profiler (Taylor Hobson Precision Ltd) Limitations of the measurement range and

size of the test object
106

X-ray computed tomography (CT) system (Nikon Metrology MCT 225) 107
Archimedeans
porosimetry

Measure the weight of the specimen before and after imbibition based
on the Archimedes buoyancy principle

Cost-effective and easy to operate 93
Provide limited pore information

Mercury
porosimetry

Hg-porosimeter (Pascal 140/240 Thermo Fisher) High detection accuracy 108
Toxic high levels of mercury residues

Helium
pycnometry

Micromeritics Tristar 3020 automated surface area and pore size analyser
(Norcross, GA, USA)

High detection accuracy 109
Cannot measure the closed porosity

Computed micro-tomography (CMT, VersaXRM-500, Xradia, Zeiss, Jena,
Germany) and helium pycnometer

High detection accuracy 22
Measure both open and closed porosity

Image analysis
method

Stereo and scanning electron microscopy Collect large amounts of data 110
Optical microscope (OM) and JEOL 7000 FEG-SEM (scanning electron
microscope)

No toxic residues 102

X-ray computed tomography (XCT) technique (Nikon Metrology 225/320
kV custom bay system)

Non-destructive technology 105

Micro-computed tomography (microCT; Bruker AXS GmbH) Relatively expensive equipment 111
Using ImageJ (version 1–50) to analyse image 100
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conical needles exhibited structural mechanical integrity,
maximum insertion efficiency (∼100% of the needles
inserted from one array), and a maximum in vivo immune
response even compared to hypodermic needle-based
injection. Such findings demonstrate the role of μND
geometry and thus the surface area's role in the amount of
drug loading and delivery.

Due to the micron size of μNDs, the loading and
transdermal delivery of therapeutically relevant doses of
drugs is challenging for potent therapeutics.77 Therefore,
most clinical trials involving μNDs have so far focused on the
transdermal delivery of hormones and vaccines, where only
microgram levels are required to produce a therapeutic
response.77 Increasing the μND height increases the surface
area, thus achieving maximum drug loading, however, that
can also lead to heightened pain sensation,77 while
increasing the number of μNDs in an array or patch can
improve the drug loading, but it consequently increases skin
puncture force due to the bed of nails effect.130 Nonetheless,
the surface area of the μNDs is an important design criterion

that dictates the amount of therapeutic drug that can be
loaded.

4. μND coating methods

Although the benefit of room temperature coating may
seem advantageous, the issues of insufficient therapeutic
delivery have been documented due to the decreased μND
sharpness as a result of coating, consequently leading to
wastage and loss of delivery into the skin.18,114 Researchers
have utilised multiple approaches to overcome therapeutic
wastage and loss, variable coating thickness, and inaccurate
drug dosage.

Coating approaches, such as dip-coating, gas-jet drying,
spray coating, electrohydrodynamic atomisation (EHDA), and
ink-jet printing, have been widely explored (Fig. 5).18,19 The
simplest coating approach is the dip-coating method, which
involves dipping the μND array into a drug formulation and,
subsequently, creating a thin film over the μND surface,
which eventually dries into solid particles coating the surface

Fig. 4 Examples of various geometrical structures of μNDs. (a) Rapidly separating μND with a bubble like structure between each μND and the
patch backplate allowing for snapping off using shearing force,118 (b) rapid implantation of dissolving μND tip into the skin by manual application
(tearing through vibration), (c) square pyramidal tips designed to immediately separate from their base, which is a truncated square with a wall on
one side, upon skin insertion,119 (d) bug-inspired droplet-like structures ornamented on the lateral sides of pyramidal μND,120 (e) serrated
microstructure of mantises' forelegs inspired flexible μNDs on supporting base with clamping-like feature upon skin insertion that has rotational
like movement,121 (f) a 3D printed μND consisting of square pyramidal top and multi-faceted bottom with increased surface area for coating
drugs,76 (g) backward facing barbed of microhooks of parasites- inspired μND shaft that hooks/interlocks onto tissue upon skin insertion,122 (h)
miniature μND tip which tappers down to a wider μND body that achieves both insertion and loading of biotherapeutics,123 (i) a tissue interlocking
dissolving μNDs with a sharp tip, wide body, and narrow neck geometry,124 (j) pagoda-like multilayered microstructure of feet or sting of an insect
μND shaft for tissue fixation and interlocking,125 (k) a microscale multi-pillar that converges to form sharp and an open cavity for drug trapping,126

(l) inspired by mussel byssi and octopus tentacles suction-cup-structured concave chamber encircling each μND which acts as tissue adhesion
cups,127 (m) rapidly separating arrowhead dissolving μND tip mounted on a biodegradable polymer base that breaks and implants into the skin
upon insertion.128 Note, figure have been reproduced with permission from ref. 28.
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of the μNDs.11 This technique offers cost-effectiveness and
simplicity but lacks uniformity and precision, leading to drug
loss and potentially diminishing the ability of μNDs to
penetrate the skin The gas-jet approach disperses a small
amount of coating solution over the μND surface while
removing and drying the coating solution simultaneously,
enabling a faster drying process than dip-coating methods.19

It allows for a faster drying process compared to dip-coating,
and by adjusting the gas-jet angle, it ensures proper drying
without moving the coating to the base of the μND array.
However, it requires precise control of the gas-jet angle and
other parameters to avoid defects. Spray coating atomises
microdroplet formulations onto μNDs using fluid pressure,
forming a thin film over the μNDs.131 This technique
provides more controlled and uniform coating compared to
dip-coating but may require specialised equipment and fine-
tuning to achieve optimal results. The EHDA coating
produces an atomised microdroplet formulation using a large
electrical potential difference, which is then sprayed onto the
μND tips.132 While it produces very fine and uniform droplets
for coating, it involves complex instrumentation and high
precision requirements. And lastly, ink-jet printing sprays
microdroplet formulations using a piezoelectric dispenser
onto the μND surface for a more uniform, accurate and
reproducible coating.19

Ink-jet printing can overcome the challenges of uniform
coating on the needle tips of CμNDs while ensuring the
accuracy of drug dosage.7,133 Additionally, unlike dip coating,
which can produce inconsistent and copious coating, ink-jet
printing has proven to produce medicated films that are
relatively smooth. This smooth coating film eliminates drug loss
during μND insertion into the skin.20 Also, this avoids
diminishing the ability of μNDs to penetrate the skin.89

However, issues still persist, such as high precision
requirements for instruments, unstable uniform coating, and
the requirement of more than one coating cycle.11 Despite
requiring high precision instruments and possibly needing
multiple coating cycles to achieve desired results, ink-jet
printing is often considered superior due to its ability to

produce uniform and smooth coatings, which ensure accurate
drug dosages and maintain the penetration ability of the μNDs.
Its advantages in producing high-quality, reproducible coatings
make it a preferred method in many applications.

4.1 Considerations for coating formulations when using
nozzle technology

Multiple analytical formulas and numerical simulations
provide insights into the drop formation mechanisms in the
nozzle spray technology, which is the main motive for
suppressing unwanted satellite drop formation as well as
controlling the properties of the jetted drop.134 Four different
drop formation methods have been identified in the
literature: i) misting from the breakup of the secondary tail,
ii) reproducible slow satellite droplets from pinch-off of the
primary tail from the head of the drop, iii) fast reproducible
satellite droplets from an initial high acceleration, and iv)
Rayleigh breakup of the primary tail.134 These factors become
more complicated with the introduction of high-speed drop
for Rayleigh break up of long filamentous tail of viscous
fluid.135,136 Studies using various simulation methods suggest
that the underlying mechanism behind the Rayleigh breakup
of long filaments lies in the onset of capillary waves.137–139

The main stages in the droplet formation start with the
liquid ejection from the nozzle exit, stretching of the long
filamentous liquid thread, pinch-off of the liquid thread from
the nozzle exit, contraction of the liquid thread (capillary wave
effect due to the surface tension),139 breaking of the liquid
thread in the main droplet into one or several satellites, and
lastly, the recombination of the main drop with the satellite
droplets (provided the satellite droplet has a higher velocity
than the main droplet) (Fig. 6a).140–145 The difference in velocity
is created by the retraction of the initial thread during the
pinch-off process, which is prevalent in low viscous fluid/ink,143

as seen in Fig. 6a.140 The filamentous thread, however, increases
with the viscosity of the liquid, which consequently reduces the
internal surface energy, thus drastically reducing the possibility
of multiple satellite droplets from the original filamentous
thread.139 This influences the velocity and the jetting pathway
of the tiny satellite droplets significantly if they experience
multiple later air drag forces and can drift away from the jetting
axis.145 Therefore, to eliminate the formation of multiple
satellites, passive measures are taken to reduce the lateral drag
force by creating constant air current flow, and secondly,
increasing the capillary energy provided by the main satellite,
which, then, increases the velocity of the smaller satellites.

The main goal of the nozzle spray process is precisely
controlling the droplet ejection of a minuscule amount of
liquid. One way to achieve that is by adding excipients
(surfactant or polymers) to control the droplet ejection from
the nozzle, which consequently affects the droplet
geometry.134 Surfactants, especially, can change the inks'
internal interface energies, which can lead to a complicated
interaction between convection (air drying), diffusion onto
the target surface, and nozzle or target surface adsorption,

Fig. 5 Schematic illustration of drug-coated strategies on μNDs. 1)
Dip coating, 2) gas-jet drying, 3) spray drying and single nozzle EHDA
(while shown in the same illustration, they are separate coating
strategies), and 4) single nozzle ink-jet drying. Coating strategies were
redrawn from ref. 18 and 19.
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and all these factors determine the evolution of the final
droplet geometry.134 During the jetting process, the
surfactant causes high surface tension in the droplet, which
is physically measured via the oscillating droplet.149 For non-
Newtonian fluids/ink, the frequency of the oscillation is a
property to measure the surface tension of the droplet,
whereas the damping of the oscillation is a measure to
measure the droplet viscosity (typically a time scale of 1
ms).148,150 For most commercially available fluid/ink,
measuring the oscillation frequency properties of the liquid
is limited to time scales longer than 100 ms. The viscosity of
the droplet is yet another important parameter to optimise to
understand the behavior of the ejected droplet. Kamat et al.
studied the influence of surfactant (within the filamentous
thread post nozzle ejection) on the pinch-off behavior of
fluid/ink with both low and high viscosity.146,147 As illustrated
in Fig. 6bi–iii,for both viscous and non-viscous filamentous
thread, the escape from end-pinching is driven by the action
of Marangoni stress originating from the non-uniform spread
of surfactant along the surface of the about-to-pinching
filamentous thread. Additionally, Marangoni stresses near
but not at the pinch-point give rise to the formation of
multiple micro-filamentous threads (Fig. 6bv and vi), and this
is different from the pinch-off of surfactant-free filamentous
thread (Fig. 6biv). In other words, surfactant causes the
formation of multiple micro-filamentous threads, thereby

eliminating the formation of individual satellite droplets. The
nozzle radius also plays an important role in filamentous
thread breakage. The studies performed by Kamat et al.
involved nozzles with a millimeter-sized orifice. Recent
studies140,151 have shown the elimination of higher-order
tails by the addition of surfactants. Additionally, higher-order
tails consequently lead to the formation of femtoliter
droplets, which is a pollution source.

On the other hand, the addition of long-chain
macromolecular polymers can dramatically affect the
breakup of filamentous threads into satellite droplets as it
aids towards the viscoelasticity transforming the fluid from
Newtonian fluids to non-Newtonian form.142 The shift in
states give rise to complex fluid dynamics behavior, such as
shear thinning or strain hardening, either in shear-
dominated or extension-dominated flows. Hoath et al.
reported the use of shear-thinning PEDOT: PSS polymer to
suppress the formation of multiple satellite droplets.148 This
polymer solution has been shown to exhibit low viscosity
upon exiting the nozzle over a range of exit/jetting speeds
while rapidly recovering to a higher viscosity once the jet has
formed, thus preventing multiple satellite formation.
However, adding a higher concentration of polymer in the
fluid/ink can lead to the formation of extremely long
filamentous thread.152 Balancing the amount of polymer
added to the fluid/ink dictates the fluid dynamics of the

Fig. 6 (a) Demonstration graph of the droplet formation and the evolution of the neck filament of silicon oil in air. The images were captured
from the movies at different time in the interval = [0, 120] ms, v0 = 10 mm s−1.139 (b) Experimental results showing endpinching and escape from
endpinching.146,147 (i) Image showing the generation or formation of a filament from a nozzle and the evolution in time t of the filament's shape. In
the same image, the filament at the earliest time shows twice the radius of the filament 2R when it exits the nozzle and twice the minimum radius
of the filament's neck (2R̃min). (ii) Variation with normalised time vs. normalised minimum filament radius (n = 3). Red curve: water, Oh = 0.0017.
Green curve: water, Oh = 0.0023. Blue curve: water plus SDS (labelled as SDS), Oh = 0.0017. (iii) As also shown by the images adjacent to the
graph, the filament of water with Oh = 0.0017 endpinches whereas the other two filaments escape from endpinching. Sets of images showing the
filaments at two instants in time. (iv) Endpinching: water filament with Oh = 0.0017 prior to and (v) at the incipience of endpinching. (vi) cluster of
images showing escape (water): water filament of Oh = 0.0023 appearing on the cusp of breaking, and then shortly after it has escaped
endpinching, while the other two images show escape (SDS): surfactant-covered filament of Oh = 0.017 appearing on the verge of endpinching,
and then after it has undergone surfactant-driven escape from endpinching. (c) (i) Image sequence illustration from ref. 148 showing the drop
formation of ink containing glycerol (50%) and water (50%) created by 50 V pulse/79 μs between frames, while (ii) shows images of drop formation
for a non-Newtonian formulation (50 ppm of 300 k PEO in glycerol/water). (iii) Images showing higher polymer concentration formulations leading
to the formation of long ligaments. Vertical scale bar set to 1 mm.
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filamentous thread formation, which either retracts toward
the droplet at the nozzle end or toward the mother droplet
away from the nozzle end, as seen in Fig. 6c.152

5. Coating formulation attributes
5.1 Surface wetting properties

Surface wetting is a fundamental principle crucial for
achieving coating adherence on μND surfaces.153 A reliable
method for assessing substrate wetting involves measuring
the contact angle between the wet coating droplet and the
μND surface.154,155 This contact angle serves as a direct
indicator of the μND surface energy, defined as the angle
between the liquid tangent line and the surface to be
measured.154–157 Table 3 presents the contact angle of water
droplets on various commonly used polymer materials
utilised in μND fabrication. A smaller contact angle suggests
better wetting and, consequently, improved spreading of the
coated solution onto the surface.128

Contact angles are typically divided into static and dynamic.
Static contact angle of the coating formulation droplet on a
surface determines the hydrophobicity of the contact
surfaces,128 whereas dynamic contact angles are measured
using the difference between the advancing θa and receding θr
contact angles, respectively166,167 (Fig. 7ai and ii), also known as
the contact angle hysteresis168,169 (Fig. 7bi and ii). Contact angle
hysteresis is a fundamental principle for the adherence of
coating formulation on surfaces, without which coating would
not be possible on inclined surfaces.168,169 Essentially, a lower
contact angle of hysteresis is achieved on high-energy surface,
which leads to better wetting and thus improved spreading of
coating formulations over the surface.166,170 Conversely, a low-
energy surface results in a higher contact angle hysteresis,
indicating poor wetting and thus limited spreading of the
coated formulation.166,170 Since energy (free Gibbs energy ΔG) is
involved in the coating process, the coating droplet has to travel
through a series of energy barriers, and as the kinetic energy of
the coating droplet reduces due to the surface energy barrier,
the coating droplet reaches its static wetting state, thus drying

Table 3 Contact angle of water droplet on various cured polymer solids. Images reproduced with permission from the reference in the table below

Materials Contact angle Water-droplet contact on the material Ref.

Polycarbonate 70–80 158

Acrylonitrile butadiene styrene 70–80 159

Poly L-lactic acid 110–120 160

Polyurethane 70–80 161

Polystyrene 80–90 162

Polyvinyl alcohol 30–40

Polyethylene terephthalate 50–60 163

Poly(methyl methacrylate) 60–70 164

Epoxy 103–110 165
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to form a thin film (Fig. 7bi).170 Moreover, surface energy arises
from surface roughness, which also dictates the contact angle
of hysteresis of the coating formulation, i.e., the rougher the
surface, the higher the surface energy, the lower the angle of
hysteresis, the better the wetting, and vice versa (Fig. 7bii).171

Therefore, contact angles of coating formulation on surfaces,
and the surface energy of surfaces are related to each other,
defining coating attributes such as wetting, spreadability, and
adhesion. Butt et al. have compiled a comprehensive list of
experimental techniques used to measure the contact angle of
hysteresis on surface at various angles.166

5.2 Surface energy

The surface energy of surfaces can't be measured directly but
through the contact angle of the coating formulation droplet

and, recently, through the capillary rise method.157,172 The
capillary rise method is common in dip coating of μND that
uses the surface energy of the μND tip to pull the coating
formulation upon contact.157,172 As a result, a meniscus-like
deformation is formed around the contact point between the
μND tip and the coating solution (Fig. 8a).172 The shape
deformation occurs due to the balance of forces, surface forces
(surface tension) and viscoelastic resistance. The shape of the
deformation drastically changes as the drying proceeds
(Fig. 8b and c),172 i.e., when the needle tip touches the coating
solution, a large surface rise is formed, here the surface acts as
a viscous liquid. As the drying proceeds, the deformation is
concentrated near the small region of the tip, and the solvent
evaporation of the coating formulation layer on the μND leads
to a change from liquid phase to soft viscoelastic phase,

Fig. 7 Contact angle attributes of coating formulation droplet on material surface. (a) Contact angle of coating formulation droplet on inclined
surface (μND) is considered as dynamic contact angle as illustrated in (i) and an image of water droplet on inclined surface (ii), illustration was
redrawn from and image taken from ref. 166 and 167. (b) Relationship between the contact angle hysteresis (difference between contact angle
advance and receding) of coating formulation and surface, and the coating formulation spreadability. (i) Relationship between free Gibbs energy
(ΔG) of surface and the coating angle hysteresis determining spreadability, as the coating droplet moves though the surface energy barrier, the
kinetic energy of coating droplet reduces thus reducing ΔG.170 (ii) Relationship between surface roughness and contact angle hysteresis
determining spreadability, the rougher the surface the lower the angle of hysteresis the better the wetting, and vice versa.171
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eventually turning into dry film with increasing finite
viscoelasticity (Fig. 8b and c).172 Additionally, Hsiao et al.
successfully demonstrated the dip coating method of μNDs by
decreasing the speed of the dipping (Fig. 8d) and increasing the
viscosity of the coating solution (Fig. 8e), which increased the
amount of drug coated on the surface of the μND without
reaching the base of the μND (Fig. 8f).157 Particularly the surface
tension of the coating solution and the surface energy of the
μND surface play a crucial role in pulling the coating
formulation due to capillary action, which is dependent on the
viscosity of the formulation, i.e., the more viscous the coating
formulation, the longer it takes to reach the base due to the
reduced surface tension of the coating formulation. The

capillary rise method has proven to be quite versatile in
understanding the fundamental thermodynamics of the coating
process, however, further studies predicting the dynamic
surface wetting and capillary interactions between each μND in
an array are necessary to better predict the drug loading amount
theoretically.

As mentioned previously, the adhesion force of the coating
solution onto the μND surface increases with the surface energy
of the μNDs.164,173 However, it is imperative to avoid wetting the
base of the μND array, as this can lead to inefficient coating
and subsequent loss of drug delivery into the skin. To regulate
the surface energy of μND surfaces, various surface treatment
methods can be employed, including mixing 3D printed

Fig. 8 Illustration of capillary rise method to measure the surface energy of the μND surface. (a) Illustration of the forces involved when μND tip
touches the surface of the coating formulation. (b) Elapsed time of the μND tip touching the coating formulation from t = 10–30 min, showing
how the viscosity of the coating formulation shape changes over time. (c) Data showing the reduction in the height ‘h’ of the deformation once
the tip touched coating formulation surface with increasing drying time. The capillary effect of the coating formulation when the μND tip was
dipped into it, showing how the speed of the dipping (d) and the viscosity of the coating formulation (e) affects the amount of drug coated on the
μND tips (single vs. array of μND) (f). Images reproduced from ref. 157 and 172.
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materials with,174,175 surface chemical modifications,176,177

organic polymers,176,178 and metal oxide176,179–181 inks. It is
essential to consider that the addition of such materials to the
ink may render it susceptible to organic solvents and ultraviolet
light,140 making it incompatible with traditional
photolithography (Stereolithography) but suitable for nozzle
technology (fused deposition model – FDM™).141–143

Nonetheless, surface energy is a pivotal functional property that
must be considered to achieve efficient adhesion of coating film
layers on micro-surfaces.164,173–186

5.3 Interfacial adhesion strength

To achieve uniform coating on surfaces, there must be
sufficient bonding strength between the coated solution and
the substrate surface. One way to assess the bonding strength is
by examining the adhesion properties of the coating solution.
There are rheological aspects of the coating formulations that
are crucial for the appropriate functioning of coating adhesion.
Coating solutions must be optimised in such a manner as to
enable the formation of a thin layer/film on the surface of the
μNDs, which is a vital feature that can be defined through
rheological tests (Fig. 9).172,187–192 This is due to the coating
solutions' viscosity properties, which exhibit viscous flow under
increasing shear rates, demonstrating a shear-thinning behavior
(Fig. 9a), indicating that the coating solution can be easily
coated on μND surfaces, formulation can be easily
injected.172,190 However, after the coat is adhered to the μND

surface (Fig. 9bii), it should recover/retain its original
viscoelastic nature (microstructural rearrangement), which is
known as the thixotropic phenomenon (Fig. 9biii).172,190 Before
the coating, the coating solution has an inherent viscosity
(Fig. 9bi), and during the coating process, the coating solution
experiences a higher mechanical strain, which results in a
decrease in its viscosity (Fig. 9bii), and after the coating process,
the coating solution should recover to its original viscosity
(Fig. 9biii), demonstrating a thixotropic behavior.172,190

Subsequently, once the coating film adheres to the μND site, it
undergoes hardening, which is of paramount importance for
coating film layer formation. This transition in the phases
should be meticulously controlled, as it should not happen too
quickly or too slowly (Fig. 9c).172 Once the coating film is
adhered to the μND surface, the interfacial adhesion test,
specifically the peel test, can determine the strength of the
adhesion to the surface.110,193,194 The larger the strength
required to peel off the coating film layer, the stronger the
adhesion.110,193,194

5.4 Additional factors affecting coating of μND surfaces

The main topographical factors that affect coating efficiency
are surface roughness, porosity, surface area and energy.
Surface energy of the μND topography also complements with
the surface energy of the coating solution. These
interconnecting concepts aids towards understanding the
behavior of coating formulation on μND surfaces, and further
studies are required to have a comprehensive understanding
of the μND surface coating phenomena. Thus, herein,
possible considerations will be highlighted that will help
researchers understand the relevant parameters in the
coming years.

i. Marangoni effect. Another relevant thermocapillary
phenomenon is the Marangoni effect, which promotes fluid
flow at surface interfaces due to surface tension gradients
resulting from temperature gradients. Slippery and lubricant-
impregnated surfaces have higher surface energy thus
creating temperature gradients, which them promotes the
migration of coating formulation droplets out of the textured
surface, leading to contact between the liquid to be repelled
and the solid surface.195 This phenomenon becomes very
relevant for coating droplets containing embedded
therapeutics and particles (micro/nano) movement on
surfaces.196

ii. The interaction between droplets and solid surfaces.
The interaction between droplets and solid surfaces is
influenced not only by the properties of the coating
formulation fluid but also by surface characteristics such as
angle and chemistry. Surface roughness plays a significant
role in determining droplet splashing, with factors like the
splashing ratio and dynamic contact angle also contributing
to this phenomenon. Moreover, chemical reactions and
cross-linking can be initiated by droplet impact, presenting
opportunities for conducting reactions with minimal volumes
or for the controlled formation of materials. For instance, in

Fig. 9 Illustration of rheology tests used to assess the coating
attributes such as: a) shear thinning curve, b) thixotropy behavior
under three states (i) initially at rest with low shear rates; (ii) flow under
high shear rates; (iii) recovery of coating solution at low shear rates; (c)
coating hardening as a function of time, with the coating mechanism
process illustrated in (d). The graphs were deduced from the following
literature.110,172,187–194
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the context of natural polymeric surface coatings, compound
drops, such as aqueous drops of alginate colliding with a
calcium-ion-based liquid surface, can lead to the generation
of complex shapes and controlled composition.197

iii. Impact dynamics of coating formulation on inclined
surfaces. Most coating formulation droplet impact
investigations focus on normal incidence (flat surface) drop
impact in still air. Impact dynamic studies should also
include other external forces, such as aerodynamic or
tangential gravity forces respectively, as well as the tangential
velocity of droplets at impact, thus breaking the
axisymmetric nature of normal droplet impacts. It was not
until recently, attention shifted towards the testing of such
conditions, mainly due to the experimental complexity.198–200

The complexity of testing droplet impacts rises as soon as
the surface tilt angle increases, and this, consequently,
increases the tangential impact velocity while reducing the
normal impact velocity.201 Additionally, the droplet consists
of an inertial effect, i.e., the tangential kinetic energy which
is related to the gravitational effects, i.e., the external force
(mgsinα, whereas α is the tilting angle).201 Proposed
alternative solutions include moving the surface on rotating
wheels or linearly moving surface targets.202–204 Moreover,
quantifying such parameters requires careful setting up of
experimental protocols such as: i) synchronising the droplet
fall with the surface motion, ii) selection of either spatial
resolution or the observation window size that follows the
droplet evolution post impact with the moving surface.201

Nevertheless, such experimental setups would shed light on
a wider range of impact velocities, as well as help
understand the mechanism of droplet disintegration/
shedding which is promoted by external forces, such as
gravity and aerodynamic drag, which overcome adhesion
(capillary action) forces.201

iv. Air effects. Air effects have been shown to have a strong
impact on the initial stages of coating formulation droplet
impact onto surfaces. Droplet splashing upon impact can be
suppressed by reducing the environmental pressure.205,206

Moreover, the presence of air creates an entrapment of an air
disk below the impacting droplet, as air needs to be drained
from underneath the drop before the liquid can touch the
surface.207 Additionally, a recent study has demonstrated that
air compressibility influenced the geometry and dynamics of
this air film.208 Future studies should examine the effect of
airflow dynamics on droplets' impact close to the bottom
interface of the droplet with the surface.

v. Coating uniformity. Coating uniformity is crucial in the
dip coating of μNDs, wherein the capillary rise method
utilises surface energy to draw coating formulations onto
μND tips. This method offers flexibility in adjusting coating
formulation loading by varying parameters like dipping
speed and coating solution viscosity. Surface treatment
methods are employed to regulate surface energy, enhancing
adhesion force between the coating solution and μND
surface to optimise coating efficiency and drug delivery
while ensuring uniformity. Achieving uniform coating relies

on sufficient bonding strength between the coated solution
and substrate surface, where rheological properties such as
shear-thinning behavior and thixotropic nature play a pivotal
role in proper coating formation and hardening. Interfacial
adhesion tests, including peel tests, serve as valuable tools
to assess the strength of adhesion between the coating
film layer and the surface, ensuring optimal coating
performance.

6. Conclusion

In conclusion, the integration of 3D printed μNDs with
specific surface characteristics, such as roughness, surface
area, and porosity, presents a promising avenue for
enhancing the performance and efficacy of transdermal drug
delivery systems. By carefully controlling these surface
parameters, it becomes possible to modulate various aspects
of the μND-skin interaction, including drug diffusion kinetics
and tissue penetration efficiency. Moreover, the selection and
optimisation of coating formulations play a crucial role in
dictating the overall performance of coated μNDs. Attributes
such as coating uniformity, contact angle, surface energy,
viscosity, and surface tension significantly influence the
coating process and subsequent drug release kinetics.
Achieving uniform coating distribution and proper wetting
properties are essential for ensuring consistent drug delivery
across different skin types and application scenarios. Future
research efforts should focus on further elucidating the
relationships between 3D printed μND surface properties and
coating formulation attributes. By gaining a deeper
understanding of these interdependencies, researchers can
develop more sophisticated strategies for optimising
transdermal drug delivery systems, ultimately leading to
enhanced therapeutic outcomes and patient experiences.
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