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Abstract 

 

Dissolving and Coated Microneedles as Useful Drug Delivery Platforms 

 

Tamara Nina Tarbox, M.S.P.S. 

The University of Texas at Austin, 2022 

 

Supervisors:  Robert O. Williams III and Hugh D.C. Smyth 

 

Microneedles are a useful dosage form that combine key advantages of drug 

delivery by injection with advantages of transdermal drug delivery, while also overcoming 

some of the most notable limitations of these two therapeutic delivery modalities.  Despite 

the potential utility of microneedles as a therapeutic dosage form, numerous challenges 

remain in satisfying the regulatory burden required to achieve FDA marketing approval.  

In Chapter 1, recent improvements in potentially scalable coating and manufacturing 

procedures for microneedles were reviewed.  Advantages and limitations of certain types 

of microneedles, along with specific examples of manufacturing techniques were 

discussed, along with further improvements and regulatory considerations.  In Chapter 2, 

an update on clinical development over the last five years including solid, coated, and 

dissolving microneedles was presented.  Progress and results for selected clinical studies 

were discussed in detail.  
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Chapter 1: An Update on Coating/Manufacturing Techniques of 
Microneedles1 

1.1 ABSTRACT 

Recently, results have been published for the first successful phase I human clinical 

trial investigating the use of dissolving polymeric microneedles… Even so, further clinical 

development represents an important hurdle that remains in the translation of microneedle 

technology to approved products. Specifically, the potential for accumulation of polymer 

within the skin upon repeated application of dissolving and coated microneedles, combined 

with a lack of safety data in humans, predicates a need for further clinical investigation. 

Polymers are an important consideration for microneedle technology-from both 

manufacturing and drug delivery perspectives. The use of polymers enables a tunable 

delivery strategy, but the scalability of conventional manufacturing techniques could 

arguably benefit from further optimization. Micromolding has been suggested in the 

literature as a commercially viable means to mass production of both dissolving and 

swellable microneedles. However, the reliance on master molds, which are commonly 

manufactured using resource intensive microelectronics industry-derived processes, 

imparts notable material and design limitations. Further, the inherently multi-step filling 

and handling processes associated with micromolding are typically batch processes, which 

can be challenging to scale up. Similarly, conventional microneedle coating processes often 

follow step-wise batch processing. Recent developments in microneedle coating and 

manufacturing techniques are highlighted, including micromilling, atomized spraying, 

inkjet printing, drawing lithography, droplet-born air blowing, electro-drawing, continuous 

 
1First published in: Tarbox TN, Watts AB, Cui Z, Williams RO III. An update on coating/manufacturing of 
microneedles. Drug Deliv Transl Res. https://doi.org/10.1007/s13346-017-0466-4. (Reproduced with 
permission from Springer Nature) 
Tamara Tarbox performed the literature review and wrote the article 
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liquid interface production, 3D printing, and polyelectrolyte multilayer coating. This 

review provides an analysis of papers reporting on potentially scalable production 

techniques for the coating and manufacturing of microneedles. 

1.2 INTRODUCTION 

The skin is an effective barrier that protects the body from external elements 

including microbes, foreign chemicals, injury, and dehydration [1]. For an adult, the 

surface area of the skin comprises approximately 2 m2 or about 15% of the body mass [2], 

providing a sizable area for the potential delivery or administration of therapeutics. There 

are a number of reasons to deliver therapeutic agents by way of the skin. For patients who 

have difficulty swallowing pills or are unconscious or otherwise incapacitated, 

topical/transdermal application of medicine is a welcomed alternative to the oral route. 

Also, the simple and painless nature of certain dermal and transdermal drug applications 

leads to improved patient acceptance and compliance, thereby reducing overall costs 

associated with treatment [3]. However, the lipophilic character and physical structure of 

the stratum corneum (SC) selectively limit skin permeability, the exact nature of which is 

described elsewhere [2, 4]. 

In 1998, Henry et al. first reported the use of microneedles (MNs) as a “painless” 

means to increase the permeability of excised human skin to calcein, a model drug, by up 

to four orders of magnitude [5]. These silicon microprojections were designed to be long 

enough to breach the SC but short enough to avoid deeper regions of the skin where pain 

receptors reside. For this study, they used reactive ion etching (RIE) to fabricate an array 

of sharp 150 μm-long MNs. By definition, MNs are needle-like structures with a maximum 

length of 1 mm [6]. MNs longer than 1 mm have been investigated, and while they were 

associated with increased pain during application, that level of pain was still less than that 
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compared to a conventional 26-gauge hypodermic needle [7]. Less pain generally translates 

to improved patient acceptance and compliance, as supported in a study by Arya et al., in 

which the majority of subjects preferred the use of a MN patch over intramuscular 

injection, which was rated as more painful [8]. 

With the results from the first successful phase I clinical trial for a therapeutic 

application of dissolving MNs published [9], dissolving MN products in development are 

poised for rapid expansion. Dissolving MNs [10-15] and MN coatings [16-18] have been 

manufactured from various biocompatible materials that dissolve or biodegrade, such as 

natural and synthetic polymers and sugars. A number of manufacturing techniques have 

been applied to MN production, with the original techniques emerging from the 

microelectronics industry due to the early development of precision and submicron 

resolution capabilities [19]. While the RIE method reported by Henry et al. did successfully 

result in ordered microneedle arrays capable of penetrating the SC for increased drug 

permeability, the manufacturing process included eight different steps involving 

specialized equipment and/or materials to prepare the silicon wafer for the actual etching 

step [5]. The material and design limitations of microelectromechanical systems (MEMS) 

techniques like RIE, combined with costly equipment and processing condition 

requirements [20, 21], have led to a need for more readily adaptable and cost-effective 

manufacturing techniques for MN production. 

Numerous reviews describing different aspects of MN technology have been 

published on such topics as materials [22], delivery strategies [23-25], fabrication [19, 26], 

designs [10, 27], feasibility [28], characterization [29], safety [30], and clinical trials [31]. 

However, no review could be found that focuses on the practical use of more recently 

developed or adapted technologies featuring polymers in the manufacturing/coating of 

MNs such as micromilling [20, 32], atomized spraying or inkjet printing into molds [14, 
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33], droplet-born air blowing [34], electro-drawing [35], drawing lithography [36], 3D 

printing [37], continuous liquid interface production [38], inkjet printing [39-41], and 

polyelectrolyte multilayer coating [42-44]. Therefore, this review is intended to provide a 

tool to guide the development of MNs using biocompatible dissolving or biodegradable 

materials in drug delivery systems, with a focus on more recent improvements in 

manufacturing technology and associated regulatory aspects, to enable rapid and cost-

effective scale-up. 

1.3 THE STATE OF MICRONEEDLES 

1.3.1 Types of Microneedles 

Briefly, MNs are generally grouped into five types: solid, hollow, dissolving, 

coated, and swellable, and the uses of them are illustrated in Figure 1.1. Solid MNs (Figure 

1.1(a)) apply the best advantage of MNs, which is to painlessly penetrate the SC. As shown 

in Figure 1.1(a), the use of solid MNs is followed by the application of a therapeutic agent 

(i.e., in a gel, cream, or patch) that can then permeate the skin through the transient MN-

generated pores [45]. Hollow MNs (Figure 1.1(b)) are much like miniaturized versions of 

hypodermic needles, through which drug solution can be delivered transdermally. Notable 

differences between hollow microneedles and hypodermic needles include reduced pain 

with MNs [46], more pressure required to achieve flow through the MNs [46], and the risk 

for clogging of the MN microchannels [47]. Unlike solid or hollow MNs, dissolving MNs 

(Figure 1.1(c)) are intended to be left in the skin to release the therapeutic agent, so there 

is little to no waste remaining after use. Dissolving MNs have been designed for rapid bolus 

delivery [48] or for extended release over time [49]. Coated MNs (Figure 1.1(d)) are 

designed to penetrate the SC to carry and deposit a therapeutic agent within the skin, 

sometimes within seconds, after which the MNs are removed [16, 44, 50]. Coatings have 
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also been designed to persist in the skin for sustained release of the active ingredient [44, 

51]. Swellable MNs (Figure 1.1(e)) are fabricated from crosslinked hydrogels and swell 

with interstitial fluid but do not dissolve in the skin and are therefore removed after 

application. These MNs have been combined with a patch to release drug in the skin [52, 

53] as shown in Figure 1.1(e) or to collect fluid for sampling [54]. The summary of MN 

application, delivery of therapeutics, and consumed MN by type in Figure 1.1 highlights 

the similarities of the five MN types to pierce the SC for transdermal drug administration 

and differences in the remaining MN product after use. Solid, hollow, and coated MNs are 

intact after use, whereas dissolving MNs are essentially consumed, and swellable MNs are 

no longer sharp after use. 
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Figure 1.1  Microneedle application, delivery of therapeutics, and consumed microneedle 
by type: a solid microneedles are used to generate transient pores in the 
stratum corneum, and after microneedle removal, drug is applied to permeate 
through the pores; b hollow microneedles are used similarly to hypodermic 
needles, providing solid temporary channels through the stratum corneum for 
transdermal delivery; c dissolving microneedles are embedded in the skin to 
release drug, with only the backing remaining after use; d coated 
microneedles use solid microneedles as a carrier to implant the coating in the 
skin, after which the carrier microneedles are removed; e swellable 
microneedles penetrate the skin and absorb interstitial fluid, which causes the 
microneedles to swell and then act as conduits for drug delivery. (Reproduced 
with permission from Springer Nature) 
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1.3.2 Advantages and Limitations of Dissolving, Coated, and Swellable 
Microneedles 

Polymers have been used in the manufacture of all five types of MNs, with the 

development of dissolving, coated, and swellable MN applications relying heavily on the 

use of biocompatible dissolving and biodegradable materials. The advantages and 

limitations of these three types of MNs are summarized in Table 1.1. One major advantage 

for dissolving MNs, as seen in Figure 1.2, is flexibility in drug loading. This type of MN 

has the capacity for loading a large amount of drug. Drugs can be loaded throughout the 

array (Figure 1.2(a)) [55], limited to layers (Figure 1.2(b, c)) [14] or to microparticles 

within the needles (Figure 1.2(d)) [49], or isolated within the tips (Figure 1.2(e)) [49, 56, 

57]. Because these MNs dissolve in the skin, there is a lack of potentially dangerous sharps 

waste [14]. However, the safety of long-term repeated intradermal exposure to these 

materials in humans has not been established and therefore must be derived from animal 

data [30]. Due to the surface area limitation, coated MNs have been used primarily for 

potent or low-dose therapeutic agents, such as vaccines, for which they have been shown 

to induce similar or better immune responses compared to conventional hypodermic 

needle-based injections [24]. Because the therapeutic is in the solid state, coated MNs 

generally provide improved stability over conventional products [58, 59]. Swellable MNs 

also offer flexibility in drug loading when combined with a reservoir, such as a drug-loaded 

adhesive patch [53, 60] or lyophilized drug wafer [52], and have been demonstrated to 

deliver a range of molecules (171–67,000 Da) through the swollen hydrogel matrix [53]. 

By controlling the density of crosslinking, the hydrogel network acts as a rate-controlling 

membrane for water uptake and thus sustained drug release [52], and because swellable 

MNs are removed intact from the skin after application, the risk of polymer buildup is 
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minimized [61]. Swellable MNs, however, are limited to therapeutics that are stable to 

crosslinking conditions or to polymers capable of crosslinking under mild conditions. 

Table 1.1  Advantages and Limitations of Dissolving, Coated, and Swellable 
Microneedles (Reproduced with permission from Springer Nature) 

Microneedle 
Type 

Advantages Limitations Ref. 

Dissolving • Flexible drug loading – throughout 
array or restricted to regions or 

microparticles 
• Tunable delivery rate based on 
choice of polymer, MN design 

• Lack of sharps waste 

• Long-term safety for 
repeated intradermal 
exposure or potential 

buildup of biocompatible 
and biodegradable 

materials has not been 
established in humans 

[55] 
[14] 
[49] 
[56] 
[57] 
[30] 

 
Coated • Improved stability in the solid state 

• Tunable delivery strategy based on 
polymer(s), architecture, and 

thickness of film 
• Reduced exposure risk per 

treatment compared to dissolving 
MNs 

• Drug loading on MN 
surface – restricted to 

potent or low dose 
therapeutic agents or 

vaccines 
• Biohazardous sharps 

waste after use 

[24] 
[58] 
[59] 

 

Swellable • Flexible drug loading – increased 
dose when combined with drug 

patch or wafer 
• Tunable delivery rate by 

controlling density of crosslinking 
• Range of therapies delivered 

through hydrogel matrix (0.17–
67 kDa) 

• Removal of swollen MNs after use 
reduces risk of intradermal material 

accumulation 

• Restricted to 
therapeutics stable to 

crosslinking conditions 
(i.e., heat, UV exposure) 
or polymeric materials 
capable of crosslinking 
under mild conditions 

(i.e., freeze/thaw) 
• Biohazardous waste after 

use 

[52] 
[53] 
[60] 
[61] 
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Figure 1.2  Dissolving microneedle array illustrating flexibility in drug loading: a drug 
loaded homogeneously throughout a microneedle; b laminate layers within a 
microneedle; c horizontal layers within a microneedle; d drug-loaded 
microparticles within a microneedle; e drug loaded in the tip of a microneedle. 
(Reproduced with permission from Springer Nature) 

1.3.3 Microneedle Design Considerations 

Polymers offer numerous advantages in MN development due to a wide range of 

physicochemical and mechanical properties which can be exploited to tailor a delivery 

strategy for a specific therapeutic agent and vice versa [10]. The use of dissolving or 

biodegradable materials in MNs is ideal because the materials can be chosen based on 

degradation or dissolution profiles [38, 62], processability [11], crosslinking or pore-

forming capacity [63, 64], or responses to specific stimuli within the microenvironment 

[65]. Additionally, the risk of buildup within the skin is decreased as compared to 

nonbiodegradable biocompatible materials [66]. Irrespective of the design strategy, MNs 

must function properly to be safe and effective. 

In considering universal acceptance criteria for MNs, Lutton et al. proposed three 

basic requirements: (1) must pierce the skin; (2) must penetrate, remain intact, or dissolve 

in the skin while delivering the therapeutic agent; and (3) must be able to dissolve within 

the specified timeframe or else be removed [29]. For dissolving MNs, drug loading can 
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compromise the mechanical strength needed to pierce the SC [49]. Wang, Hu, and Xu 

added that dissolving MNs should be biocompatible without unintended immunogenicity 

and that fabrication techniques should be compatible with sensitive therapeutic agents [10]. 

According to Johnson et al., MNs constructed of biodegradable materials are ideal for 

patient safety because the risk of unintended MN fracture within the skin is eliminated. 

Through proper selection of materials by which to control drug delivery and release, the 

efficacy of the dissolving MN systems can be maximized and side effects minimized [38]. 

Similarly, for safe and efficacious coated and swellable MNs, drug stability during 

manufacturing and the selection of materials capable of controlling release are central to 

the design strategy [50]. For coated MNs, the coating must be designed to withstand 

insertion forces to be deposited within the skin [44, 67]. Due to the inherent manipulability 

of polymeric materials, new technologies continue to be developed and existing 

technologies have been adapted specifically to exploit them. In the literature, MNs of 

numerous geometries [68], mechanical strengths [69], ranges of sizes [38], aspect ratios 

[36], interspacing [70], functionality [20, 71], and delivery strategies [49, 56, 72] have been 

investigated, as well as the pain, convenience, compliance, and safety associated with them 

[30]. 

1.3.4 Clinical Development of Microneedles 

As noted by several authors, the small number of dissolving MN products in clinical 

development does not accurately reflect the focus, extent, and expertise dedicated to this 

research activity reported in the literature [19, 29]. While the majority of recently active 

clinical trials for non-cosmetic applications of MNs were for influenza vaccination, as of 

January 2017, Bhatnagar, Dave, and Venuganti noted that only hollow MN injectors have 

made it into clinical trials and to the market for immunization [31]. The limited information 
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available regarding the use of a variety of MN products in humans highlights the 

importance of the recently published results of a phase I clinical test of dissolving MNs for 

influenza vaccination [9]. It is worth noting that this phase I clinical trial was preceded by 

a bridging study in 15 human subjects that investigated the tolerability, usability, and 

acceptability of a placebo dissolving MN patch [8]. Although these MN formulations 

comprised different materials (polyvinyl alcohol/sucrose in the bridging study versus 

gelatin/sucrose in the clinical study), the referenced multi-step micromolding fabrication 

process was the same [73]. 

1.3.5 Micromolding for Microneedles 

Micromolding has been widely utilized in the fabrication of dissolving MNs from 

biocompatible and biodegradable materials [10]. The pervasiveness of micromolding in the 

literature is likely due to the high reproducibility and precision [69], versatility [74], and 

potential cost-effectiveness [75], as well as the reusability of the molds [69]. As illustrated 

in Figure 1.3, a typical micromolding production cycle for dissolving or swellable MNs 

involves three major steps: (1) fabrication of master molds from a strong material (i.e., 

metal or silicon) with preparation for use as a master mold; (2) fabrication of negative 

molds (typically from polydimethylsiloxane or PDMS) from the master mold; and (3) 

formation of the final MN structure within the negative mold. Each of these three steps 

could involve multiple other steps. For example, insufficient wetting of the PDMS mold 

due to high surface tension of aqueous formulations [14] or premature cooling due to high 

viscosity of thermoplastic polymers [74] can result in unwanted air trapped in the mold, 

which has led to the incorporation of a centrifugation or vacuum-filling step in many 

micromolding processes [11, 13, 76]. Myriad variations of micromolding have been 
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discussed in the literature, with significant effort focused on the third stage of production 

and involving novel means of filling or forming MNs in the molds. 

 

Figure 1.3  The three steps in a typical micromolding production cycle: a in Step 1, a 
master mold is fabricated from a strong material (such as metal or silicon) and 
prepared for use as a master mold; b in Step 2, a negative mold is made from 
the master mold (usually with PDMS); c in Step 3, drug is loaded into the 
negative mold (usually in a polymer solution or melt) to create the final 
microneedles of the same shape and dimensions as the master mold. 
(Reproduced with permission from Springer Nature) 

Adjustments have been made to micromolding conditions to improve compatibility 

with sensitive compounds and to enhance delivery strategies through heterogeneous filling 

of the molds. In-mold UV photopolymerization at room temperature [48] and vacuum 

loading with low heat dehydration [13] were used to fabricate dissolving MNs for the 
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delivery of a temperature-sensitive model protein (β-galactosidase enzyme). In-mold 

hydrogel crosslinking by cryo-gelation (or phase transition crosslinking) was used as a low-

temperature fabrication technique for swellable MNs [69, 77]. Hydrogel microparticles 

were loaded within a polymer matrix to fabricate swelling triggered MNs [78], whereas 

sequential microparticle filling and melting steps were used to micromold layered or 

arrowhead dissolving MNs [74]. Microparticles were loaded into molds and fused by 

ultrasonic welding to create porous MNs, but at 75% porosity, these structures did not have 

sufficient mechanical strength to pierce skin [74]. By modifying polymer concentration to 

control solution viscosity, bubble MNs were fabricated using one- or two-step 

micromolding processes. This intentional under-filling of the MN molds effectively 

isolated drug to the needle tips [56, 79]. 

1.4 IMPROVEMENTS IN MANUFACTURING TECHNIQUES 

Despite the potential cost-effectiveness associated with micromolding [19], the 

multi-step batch processes are not continuous manufacturing techniques and would 

therefore require multiple unit operations to be scaled for translation to high throughput 

manufacturing [35]. While MEMS processes originated in high throughput manufacturing 

of microstructures [75], the expense associated with direct manufacture of MNs using 

MEMS eclipses that of micromolding [80], and therefore, new manufacturing techniques 

are warranted. There are notable recent improvements in MN manufacturing methods and 

technology aimed at closing the gap between efficient fabrication processes and cost-

effective scalability. Table 1.2 summarizes some of the key processing considerations, 

improvements over conventional fabrication processes, and considerations for scale-up for 

the highlighted fabrication techniques. 
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Table 1.2  Selected Microneedle Fabrication Techniques (Reproduced with permission 
from Springer Nature) 

Technique Materials Cited 
Key Processing 
Considerations 

Improvements 
Over 

Conventional 

Considering 
Scale-up 

Ref. 

Micro-
milling 

PMMA, PLGA, 
metals, ceramics 

Micromolding-
based – precludes 
geometries like 

overhanging 
structures; 

multiple cutting 
tools required 

Rapid 
prototyping 

supports 
optimization; 

can use 
different 
materials 

Custom-built 
system; 

expensive 
single-
crystal 

diamond 
tools 

[20] 
[32] 
[69] 

Atomized 
spraying to 
fill molds 

Trehalose, 
fructose, 

raffinose, PVA, 
PVP, CMC (with 

glycerol), 
HPMC, sodium 

alginate 

Viscosity of 1 and 
22 mPa·s and 

5% w/v solutions 
used; amorphous 

MNs formed; 
material 

influenced skin 
penetration 

No heat 
required; 
viscosity-

independent; 
horizontal or 

laminate 
layered-MNs 

can be 
fabricated 

Amenable to 
continuous 
processing 

[14] 

Inkjet 
printing to 
fill molds 

Trehalose, PVA, 
polysorbate 80; 
trehalose MNs 
with or without 

PVA and 
influenza vaccine 

1-70 pL droplets; 
viscosity, surface 

tension, and 
nozzle 

backpressure 
affect droplet 

formation; high 
shear within the 

nozzle 

Targeted 
dispensing 

reduces 
material loss; 

without 
wetting agents; 
bilayered MNs 

can be 
fabricated 

Amenable to 
continuous 
processing 

[33] 

Droplet-
born air 
blowing 

Dye in CMC, 
HA, or PVP; 

insulin-loaded 
CMC 

Dose determined 
by concentration 

and droplet 
volume; minimal 
design flexibility 

Micromold-
free; no heat or 
UV irradiation; 
≤ 10 min/patch 

Mold-free 
fabrication; 

batch 
processing 

[34] 

Electro-
drawing 

PLGA in 
dimethyl 

carbonate and 
rhodamine 6G, 

Nile red, or 
rhodamine-

labeled HSA 

MNs on flexible 
substrate or 

holder; minimal 
design flexibility 

Micromold-
free; nozzle-

free; non-
contact; low 

heat (20-
40 °C) 

Potential for 
continuous 
processing 

[35] 
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Table 1.2 (continued) 

Drawing 
lithography 

SU-8; maltose 
with vitamin C 

or B3 

Heat required; 
glass transition 

determines 
manufacturing 

properties; 
minimal design 

flexibility 

Micromold-
free; ultrahigh 

aspect ratio 
MNs 

Mold-free 
fabrication; 

batch 
processing 

[36] 

3D printing A proprietary 
resin, 3DM-

Castable 

UV irradiation; 
50 μm XY 

resolution; MN 
width deviated 
from design; 

topical 
application of 

drug 

Rapid 
prototyping of 
a personalized 

solid MN 
splint for a 

patient’s finger 

Point-of-
care; no 

mass 
production 

[37] 
 

Continuous 
liquid 

interface 
production 

TMPTA, PAA, 
and photo-

polymerizable 
derivatives of 
PEG and PCL; 
PAA, PCL, and 

PEG with 
rhodamine B 

UV irradiation; 
use “working 

curve” to translate 
designs to 

different resins 

Oxygen-
permeable 
window 

eliminates 
repositioning 

steps, improves 
accuracy; 

≤ 10 min/patch 

Continuous 
production 

[38] 
 

Inkjet 
printing to 
coat MNs 

Quantum dots 
coated on 

PMVE/MA MN; 
PGA MN coated 
with PMVE/MA 

release layer, 
then 

itraconazole; SS 
MN coated with 
5-FU, curcumin, 

or cisplatin in 
Soluplus; SS MN 

coated with 
insulin in gelatin, 

trehalose, 
Soluplus, or 

POX 

Aqueous 
solutions, 

colloids, and 
some organic 

solvents; droplet 
formation 

depends on 
nozzle size 

(300 pL), applied 
voltage, and 
frequency or 

duration of pulse 

Non-contact 
dispensing of 

uniform, 
precise, and 

accurate 
coating layers; 

reduced 
material loss; 

without 
wetting agents 

Rapid 
processing 
times; ease 

of scalability 

[39] 
[41] 
[40] 
[82] 
[87] 
[88] 
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Table 1.2 (continued) 

Poly-
electrolyte 
multilayers 

to coat 
MNs 

Plasmid 
DNA/poly-1 

coated SS MN; 
ICMVs/poly-1 

with fluorescent 
ovalbumin 

coated PLGA 
MN; PLLA MN 

coated with 
release layer, 

then multilayers 
including 
plasmid 

DNA/poly-1 

Layer by layer 
assembly of 

ultrathin, uniform 
coatings; high 

weight fractions 
of therapeutics; 

tailor release 
profile with 

polymer or film 
structure, i.e., 

rapid, sustained, 
or multi-

therapeutic 
release 

Design films 
that rapidly 
deposit into 

skin for 
sustained 
release of 

therapeutics; 
lipid 

nanocapsules 
showed 

improved 
protein subunit 

vaccination 

Convert to 
spray or 
inkjet 

deposition; 
may still 

require batch 
processing 

[42] 
[43] 
[44] 
[90] 

1.4.1 Micromilling to Make Master Molds 

In an effort to facilitate timely design optimizations for dissolving MNs, Bediz et 

al. used micromilling to fabricate master molds from poly(methyl methacrylate) (PMMA), 

which were subsequently employed in the conventional three-stage micromolding 

production cycle outlined above [20]. This mechanical micromilling process used ultrahigh 

speed, high precision, rotating single-crystal diamond tools to cut a MN design out of a 

substrate as shown in Figure 1.4 and accurately produced a series of master molds for MN 

arrays within minutes to hours. With this technique, master molds can be milled out of 

PMMA, poly(lactic-co-glycolic acid) (PLGA), metal, or ceramic, though PMMA was 

selected for its strength, machinability, and wear resistance. PMMA MN templates were 

manufactured in several geometries including square pyramidal, obelisk, and tapered 

obelisk, with fillets. Different cutting tools (i.e., with a tapered, straight, or negative tapered 

cutting edge) were utilized for different MN designs, and more than one was needed to 

create the obelisk geometries [20]. 
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Figure 1.4 Micromilling to produce master molds uses ultrahigh speed, high precision, 
rotating single-crystal diamond cutting tools to machine microneedle designs 
out of a hard substrate such as PMMA (or PLGA, metal, or ceramic) within 
minutes to hours. (Reproduced with permission from Springer Nature) 

Precise alignment steps for re-tooling require the assistance of a microscope. 

Additionally, the custom-fabricated single-crystal diamond cutting tools and the 

micromilling system are custom-made, adding to the overall expense of this technique. 

Combined with finite element analysis, effective design changes can be realized with 

micromilling, as shown by Bediz et al. [20]. However, to maximize the potential of this 

design flexibility in a high throughput manufacturing environment, considerations must be 

made to ensure quick, consistent, and accurate re-tooling and alignment steps. Minimizing 

the use of design-specific cutting tools could streamline and simplify design changes. 

Regardless of the tooling used for micromilling the master molds, the limitations of 
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micromolding would still apply to manufacturing the actual MNs, including difficult 

translation and scalability of the multi-step batch processing to high throughput 

manufacturing. 

1.4.2 Atomized Spraying to Fill Molds 

Eliminating the need for a centrifugation or vacuuming step from a micromolding 

process could significantly improve the translation to continuous manufacturing, which is 

readily scalable [81]. An alternative means to eliminate unwanted air pockets trapped in 

molds due to high aqueous surface tension, as mentioned above, involves improved 

dispensing into micromolds, as illustrated in Figure 1.5. Removing trapped air improves 

the accuracy and precision of the MN manufacturing process and could also reduce 

mechanical failures due to voids within individual MNs. McGrath et al. hypothesized that 

atomization of aqueous solutions from a nozzle could disrupt cohesive forces and wet the 

MN mold surface and voids [14]. They demonstrated this by fabricating dissolving MNs 

with atomized spraying at room temperature into PDMS micromolds using a two-fluid 

external mixing nozzle capable of producing 10–50-μm droplets with a 0.25-bar 

compressed air feed and a 1.5-mL/min aqueous feed of 5% w/v solids dissolved in 

deionized water. Several materials were investigated including trehalose, fructose, 

raffinose, polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), carboxymethyl cellulose 

(CMC) with glycerol, hydroxypropyl methylcellulose (HPMC), and sodium alginate (at 

0.35% w/v). 
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Figure 1.5  More recently utilized dispensing methods for micromold filling such as 
atomized spraying or inkjet printing eliminate the need for a separate 
centrifugation or vacuuming step to remove trapped air from the molds, 
thereby improving not only the accuracy and precision of the microneedle 
manufacturing process, but also the translation to continuous manufacturing, 
which is readily scalable. (Reproduced with permission from Springer 
Nature) 

Although the viscosity of the materials in solution varied between 1 and 22 mPa·s, 

changes in viscosity did not prevent sufficient mold-filling by this atomized spraying 

process. The MN material did however significantly affect the physical penetration of the 

skin, with the highest frequencies of full epidermal breach measured for trehalose and 

fructose MNs. Single-component MNs were determined to have amorphous compositions, 

which could theoretically improve protein stability. Multicomponent MNs were fabricated 

in horizontal or laminate layers, showing some design flexibility but at the expense of extra 
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processing steps. Overall, this micromolding technique is amenable to continuous 

manufacturing under mild processing conditions and could be useful for active ingredients 

that are sensitive to high temperature, viscosity, or concentration [14]. The major hurdles 

for scaling up production of MNs made with this process include sterilization and potential 

safety issues related to the use and repeated application of non-therapeutic materials that 

would dissolve and possibly buildup, within the skin. 

1.4.3 Inkjet Printing to Fill Molds 

Another mold-filling technique amenable to continuous manufacturing involves 

inkjet printing into molds. In piezoelectric drop-on-demand (DOD) inkjet printing, an 

applied voltage and frequency deform a piezoelectric ceramic element to eject picoliter 

droplets, and therefore, inertia, solution viscosity, and surface tension are critical 

parameters for this technique [82]. Allen et al. performed initial screening experiments of 

30–50% w/v trehalose, 0–2.5% w/v PVA, and 0–0.10% w/v Tween 80 aqueous solutions 

to determine the optimal formulation for piezoelectric printing and PDMS mold wetting 

based on the Z values calculated from the screening results [33]. PVA was shown to 

increase surface tension and decrease viscosity and contact angle, leading to better droplet 

formation and wetting of the mold, whereas the surfactant Tween did not significantly 

affect contact angle and therefore did not improve wetting. 

The customized printer used in these experiments was equipped with an 80-μm 

diameter orifice, a 5-mL syringe reservoir, and a bipolar trapezoidal waveform. 

Backpressure within the jet reservoir was set manually, with a low range of 2–4 mbar and 

a high range of 8–12 mbar, voltage was varied between 25 and 80 V, and frequency was 

varied from 50 to 16,000 Hz. Despite screening results and droplet tests indicating that 

30% w/v trehalose without PVA produced unsuitable droplets for micromold filling, Allen 
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et al. successfully fabricated MNs by inkjet printing trehalose with and without PVA. By 

applying a low backpressure and at least 50 V, the formulation without PVA and having 

an unfavorable Z value (> 20) was successfully used to print MNs, thereby overcoming the 

droplet formation limitations predicted by the Z value and demonstrating the importance 

of actuation parameters for this technique [33]. 

Piezoelectric DOD printing is a high shear process that creates high surface-to-

volume droplets in the 1–70 pL range with a high precision (< 5% RSD) [33, 82]. To 

demonstrate the precision and accuracy of the dispensing process for MNs, Allen et al. 

printed bilayer MNs with 25 or 100 drops of formulation containing Congo red for direct 

observation of the layers. To characterize the physical effects of this high shear dispensing 

on vaccine stability, an inactivated trivalent influenza vaccine in 30% w/v trehalose with 

1% w/v PVA was analyzed by single radial immunodiffusion (SRID) assay before and 

after dispensing at different piezo voltages and frequencies. Results indicated that higher 

voltages (≥ 50 V) were problematic, but vaccine integrity was maintained at 30 V and 50–

16,000 Hz [33]. 

Piezoelectric inkjet dispensing enables micromolding with precise dosing and 

could be useful for potent or expensive therapeutics, in a readily scalable format. Similarly 

to atomized spraying to fill molds, this micromold filling technique is amenable to 

continuous manufacturing, though actuation parameters for the piezo must be selected 

carefully to achieve suitable drop formation as well as to maintain stability of the 

therapeutic agent. Again, major hurdles for scale-up include sterilization and potential 

safety issues related to the use of non-therapeutic materials that would dissolve and 

possibly persist in the skin. 
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1.4.4 Surface Drawing to Form Microneedles 

Droplet-born air blowing (DAB) [34], electro-drawing [35], and drawing 

lithography [36] are direct MN fabrication techniques that rely on surface properties and 

are micromold-independent. Freedom from the mold necessitates that other forces govern 

the shape of the MN formation, with aspect ratio (AR, as height over width) essentially 

being the only adjustable geometry for these techniques. 

DAB is the mildest of the three processes, with room temperature fabrication in 

under 10 min, and also requires minimal equipment [34]. As depicted in Figure 1.6, 

droplets are dispensed onto plates (Figure 1.6(a)), two plates are stacked facing each other 

such that droplets touch (Figure 1.6(b)), and the subsequent separation of the plates with 

the application of air (Figure 1.6(c)) results in an array of MNs on each plate (Figure 

1.6(d)). The utility of DAB was demonstrated by fabricating CMC, hyaluronic acid (HA), 

or PVP MNs with dye at different lengths and measuring the axial fracture force of the 

MNs. CMC MNs were the strongest, and therefore, an insulin-loaded version of these MNs 

was fabricated. These MNs achieved bioavailability comparable to subcutaneous injection 

of the same insulin formulation and glucose downregulation in diabetic mice [34]. 
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Figure 1.6 Droplet-born air blowing is a micromold-free manufacturing process for 
making microneedles at room temperature in under 10 min using four steps: 
a droplets are dispensed onto plates, b two plates are stacked facing each other 
such that the droplets touch, c a stream of air is directed between the plates as 
they are separated, forming elongated microneedle structures, and d the 
microneedles are separated, with the formation of a microneedle array on each 
plate. (Reproduced with permission from Springer Nature) 

Electro-drawing enables contact-free fabrication at 20–40 °C by heating a polar 

dielectric crystal such as lithium tantalate at a fixed distance from droplets on a surface, 

which can be flexible [35]. Droplets are dispensed on a surface (Figure 1.7(a)), then drawn 

into MNs through the application of an electro-hydrodynamic force (Figure 1.7(b)), then 

subsequently solidified upon solvent evaporation with optional heat treatment (10 min at 

40 °C) to sharpen tips (Figure 1.7(c)). MNs were prepared from PLGA in dimethyl 

carbonate with rhodamine 6G, Nile red, or rhodamine-labeled human serum albumin for 

visualization [35]. 
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Figure 1.7 Electro-drawing is a micromold-free manufacturing process for making 
microneedles at 20–40 °C using three steps: a droplets are dispensed onto a 
surface; b a polar dielectric crystal (i.e., lithium tantalate, LiTaO3, a 
pyroelectric crystalline solid) is heated at a fixed distance from the droplets, 
resulting in an electro-hydrodynamic force that draws the droplets into 
microneedle shapes; c the microneedles solidify upon solvent evaporation 
with optional heat treatment (10 min at 40 °C) to sharpen the tips. 
(Reproduced with permission from Springer Nature) 

Maltose MNs with and without ascorbic acid-2-glucoside (1% w/w) and 

niacinamide (1.5% w/w) were fabricated using drawing lithography [36]. Maltose is a 

liquid above its 102–103 °C melting temperature and when cooled exhibits a quick increase 

in viscosity over its narrow 95 ± 4 °C glass transition temperature range [36]. The viscosity 

in the glass state is the critical parameter that must be controlled for manufacturing 

performance. As seen in Figure 1.8, to make MNs by drawing lithography, maltose was 

melted onto a plate, and an array of pillars attached to a drawing plate was lowered into the 

melt. The drawing plate was drawn up out of the melt at a controlled speed and therefore 

controlled rate of cooling, in steps, such that maltose was elongated into MN structures. 

Ultrahigh aspect ratio (UHAR) MNs (AR > 100) can be formed with this type of drawing 

lithography [36]. 



 38 

 

Figure 1.8  Drawing lithography is a micromold-free manufacturing process that utilizes 
the glassy state of thermoplastic materials such as maltose for making 
microneedles in three major steps: a maltose is melted onto a plate, and an 
array of pillars attached to another plate is lowered into the melt; b by drawing 
the top plate out of the melt at a controlled speed, which imparts a controlled 
rate of cooling, the maltose is drawn in its glassy state into elongated 
structures attached to the pillars; and c the microneedles are detached from 
the pillars. (Reproduced with permission from Springer Nature) 

While these three drawing techniques are performed without micromolds, scale-up 

would still likely entail batch processing to accommodate the formation steps. DAB would 

best suit thermally labile therapeutics, while drawing lithography would better suit 

thermally stable drugs, possibly those intended to penetrate to the highly vascularized 

lower dermis by way of UHAR. Electro-drawing might be suitable for a continuous process 

or in a personalized medicine or point-of-care mode. Major regulatory hurdles for all three 

techniques include sterilization or aseptic processing, which might require the use of 

laminar airflow hoods or cleanrooms due to the level of exposure of the MNs to the 

environment and the higher associated risk for contamination. The safety issues mentioned 

previously related to the use of dissolving MNs and material accumulation within the skin 

would also apply to these MNs. While maltose has been shown to dissolve in the skin and 
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therefore could present less of a concern regarding accumulation [36], potential 

interference with the intended application (i.e., insulin delivery) or auxiliary diagnostics 

(i.e.; blood glucose monitoring test strips) would need to be investigated to justify the 

choice of this material [83]. 

1.4.5 Photostereolithography to Form Microneedles 

Stereolithography is a scalable, additive manufacturing technique in which a 

structure is fabricated out of successive layers of resin, with the shape of each layer dictated 

by a mask or a digital light processor (DLP), through which UV light is guided for 

polymerization [84]. Lim, Ng, and Kang used a bottom-up DLP stereolithography 

instrument to 3D-print customized finger splints with a bed of MNs on the inner surface 

[37]. They utilized a proprietary resin (3DM-Castable) and an XY resolution of 50 μm for 

printing and were able to achieve MNs having ~ 1.4 AR and tips as small as ~ 50 μm. The 

overall strategy was to print a personalized splint for immobilization of the finger with 

simultaneous penetration of the SC by the MNs for permeation by a topical non-steroidal 

anti-inflammatory drug (NSAID) [37]. While the MNs were designed to have a base of 

300 μm, a height of 900 μm, and interspacing of 1800 μm center-to-center, the actual 

printed MNs on the splint had a base of ~ 600 μm, a height of ~ 800 μm, and the correct 

interspacing. The deviation in base diameter from design was attributed to the known 

limitation of this printing process, which is associated with separation and alignment steps 

between each printed layer and the resin container [37, 38]. 

Continuous liquid interface production (CLIP) is an additive manufacturing 

technique that differs from conventional photostereolithography by integrating an oxygen-

permeable window at the UV light/resin interface to prevent unwanted polymerization (see 

Figure 1.9(a)), thereby improving process efficiency [38]. Figure 1.9(b) shows the same 
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photolithography setup but without the oxygen-permeable window, illustrating the 

uninhibited polymerization between the object and the UV light/resin interface, as would 

have occurred in the 3D printing process reported by Lim, Ng, and Kang [37]. Johnson et 

al. demonstrated the utility of CLIP by fabricating square pyramidal, arrowhead, tiered, 

and turret MNs from trimethylolpropane triacrylate (TMPTA), a model resin chosen for 

the ideal processing characteristics of fast photopolymerization and low viscosity. Because 

light intensity and build speed are critical polymer-dependent processing parameters, a 

“working curve” was created to assist in normalizing differences in reaction kinetics 

between the various materials used in these CLIP studies. Construction of the curve 

enabled the TMPTA build parameters to be adapted to make biocompatible MNs from 

poly(acrylic acid) (PAA) and methacrylate functionalized poly(caprolactone) (PCL) and 

swellable hydrogel MNs from methacrylate functionalized poly(ethylene glycol) (PEG) 

[38]. The light intensity used to manufacture TMPTA MNs varied from 1.35–5.4 mW/cm2 

UV light, while intensities of 1.2–8.9 mW/cm2 UV light were used to make biocompatible 

MNs. Build speeds varied between 25 and 100 mm/h with all patches produced in under 

10 min/patch using CLIP. 
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Figure 1.9  Continuous liquid interface production is a micromold-free 
photostereolithographic process for making microneedles in under 10 
min/array that utilizes an oxygen-permeable window at the UV light/resin 
interface for improved efficiency and accuracy: in a, the use of an oxygen-
permeable window inhibits polymerization of the microneedle construct on 
the interface, eliminating the need for separation and alignment steps; in b, an 
equivalent bottom-up setup using a conventional process without the oxygen-
permeable window shows the uninhibited polymerization between the 
microneedle construct and the UV light/resin interface, necessitating 
separation and alignment steps which could lead to deviations from design 
dimensions. (Reproduced with permission from Springer Nature) 

Both of these additive manufacturing techniques rely on UV exposure and are 

therefore unsuitable for direct incorporation of therapeutics that photodegrade at the 

polymerization wavelengths. Additionally, unpolymerized monomer and/or residual 

solvents used in washing steps could present an issue if toxic or lacking biocompatibility. 

Unlike CLIP, which is a readily scalable technique, the 3D-printed finger splint would be 

a personalized device dependent upon obtaining user data and conversion to a 3D-printable 

file and perhaps printed and dispensed only once or a few times at a local pharmacy. The 

widespread use of this point-of-care printing technology could be significantly restricted 
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by equipment costs, technological training requirements, and lack of familiarity to 

prescribing physicians and insurance drug formularies. Regulatory hurdles for both 

techniques include sterilization, though UV light itself or in combination with a gas, could 

prove useful for sterilizing the MNs and could possibly replace the UV post-curing step 

reported for both techniques [85, 86]. 

1.4.6 Inkjet Printing to Coat Microneedles 

As mentioned above, inkjet printing is a readily scalable format with high precision 

and accuracy capabilities. With picoliter droplet volumes and compatibility with aqueous 

solutions and some organic solvents, this technology is a logical choice for MN coating, 

with successful printing of a variety of molecules demonstrated in the literature [82, 87]. 

Boehm et al. used piezoelectric DOD inkjet printing to coat poly(methylvinylether/maleic 

anhydride) (PMVE/MA) MNs with quantum dots [88]. A phosphate-buffered saline/borate 

buffer containing these 2–10-nm nanocrystals was filled into a 1.5-mL reservoir and 

printed onto MNs through a single 21.5-μm nozzle in a triangular pattern ten layers thick. 

Though scanning electron micrographs (SEM) showed evidence of hydrolysis and buffer 

crystallization on coated MN surfaces, the MNs (500 μm width and 1000 μm height) were 

used to deliver quantum dots to a depth of ~ 200 μm in porcine skin within 1 h. In another 

study, Boehm et al. coated polyglycolic acid (PGA) MNs with multiple components, using 

optimized printing parameters including droplet velocity, cartridge temperature, drop 

spacing, droplet count, and firing frequency [41]. Ten layers of a PMVE/MA in 

dimethylsulfoxide (DMSO) solution were applied to the MNs to provide a water-soluble 

release layer, followed by 20 layers of itraconazole, a hydrophobic antifungal, in a coconut 

oil-benzyl alcohol carrier (with and without methylene blue for visualization). SEM 
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showed coated and uncoated MNs, and optical micrographs showed release within 3 h in 

porcine skin of methylene blue dye in the itraconazole layer [41]. 

In another 3D-printing study, layers of insulin in aqueous solutions of gelatin, 

trehalose, Soluplus (co-polymer of polyvinyl caprolactam–PVA–PEG), or poly(2-ethyl-2-

oxazoline) (POX) were printed onto stainless steel (SS) MNs by Ross et al., with only 

Soluplus providing an acceptable in vitro release of 95% at 30 min [39]. The 

insulin/polymer solutions were printed in sequences of six 300 pL droplets over 50 cycles 

with optimized piezoelectric parameters including a nozzle speed of 1–5 m/s, 100 V 

applied voltage, and 60 μs pulse duration. Uddin et al. studied inkjet printing onto SS MNs 

of ethanol or aqueous solutions of 3–9% w/v Soluplus containing 3% w/v 5-fluorouracil, 

curcumin, cisplatin, or sodium fluorescein [40]. They reported the critical parameters for 

coating deposition to be nozzle size, applied voltage, and pulse duration. The viscosities of 

the coating solutions ranged from 36 to 67 cP, which did not clog the 300-pL volume 

nozzle, but they implemented a preventive washing step using ethanol or water as a 

precaution. The optimized parameters in this study were the same as those for Ross et al. 

[39, 40]. 

With clear advantages over conventional multi-step dip coating processes including 

accuracy, reproducibility, reduced waste, and scalability, coating by inkjet printing is 

primarily limited by the available MN surface area that can be directly targeted for printing 

(i.e., planar surfaces) and is therefore most useful for potent therapeutic agents [88]. As 

noted above, inkjet printing techniques are amenable to continuous manufacturing. Printing 

parameters and nozzle size must be considered to effectively coat the MN surface and to 

avoid clogging the nozzle, as should the compatibility between the coating formulation and 

the MNs. Sterilization of the base MNs followed by aseptic processing for inkjet coating 
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could avoid or reduce the deleterious effects noted from sterilization by gamma irradiation 

or heat treatments [89]. 

1.4.7 Polyelectrolyte Multilayers (PEMs) to Coat Microneedles 

PEMs are ultrathin films fabricated by alternating adsorption of charged polymers 

and therapeutic materials such as proteins, DNA, or nanoparticles (NP) on a substrate to 

achieve a high weight fraction of the active [44]. PEM-coated MNs are designed such that 

the release characteristics of the film are determined by choice of materials, film thickness, 

and overall structure (i.e., by use of release layers (Figure 1.10(a)), by coating with multiple 

components (Figure 1.10(b)) or use of nested sequential layers (Figure 1.10(c)). Saurer et 

al. prepared PEMs from plasmid DNA with a poly(β-amino ester) (poly-1) on SS MNs 

[42], whereas DeMuth et al. prepared them from sequential layers of lipid-coated PLGA 

nanoparticles (NP) with poly-1 and firefly luciferase with poly-1 on the same PLGA MNs 

[90]. Then, DeMuth et al. prepared PEMs on PLGA MNs from poly-1 and interbilayer-

cross-linked multilamellar lipid vesicles (ICMVs) carrying the molecular adjuvant 

monophosphoryl lipid A and a protein antigen [43]. These MNs were shown to deposit the 

PEMs in the skin, with sustained release of ICMVs for 24 h in vivo. Rapid pH-sensitive 

transfer into the skin followed by sustained release of days to weeks was achieved for PEM-

coated poly(l-lactide) (PLLA) MNs carrying a DNA vaccine along with molecular 

adjuvants and transfection agents [44]. This study demonstrated the highly tunable nature 

of this “multilayer tattooing” approach, particularly regarding DNA vaccine delivery. 
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Figure 1.10  PEMs are ultrathin film coatings that are constructed on microneedles by 
alternating adsorption of charged polymers and high weight fractions of 
therapeutic materials (i.e., proteins, DNA, or nanoparticles) and have tunable 
release profiles based on the choice of materials, film thickness, and overall 
structure which is illustrated for microneedles designed with a a release layer 
(i.e., pH sensitive for immediate release), b multiple components, or c nested 
sequential layers. (Reproduced with permission from Springer Nature) 

Despite the inherent multi-step nature of the PEM-coating process, through careful 

selection of solutions and equipment parameters, inkjet printing or spray deposition could 

likely aid in translating this technology to high throughput manufacturing. Though the 

same safety concerns for potential polymer buildup within the skin apply for PEM-coated 

MNs as for dissolving MNs, the total amount of material deposited in the skin is lower and 

therefore could decrease the risk of toxicity, irritation, and accumulation. Further, 

sterilization of the base MNs prior to coating could enable the effective use of lower 

doses/less destructive types of sterilization. 
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1.4.8 Further Improvement of Existing Technologies 

Other existing pharmaceutical manufacturing processes could be developed into 

suitable techniques for MN fabrication. Hot-melt extrusion and 3D printing by fused 

deposition modeling are useful techniques for continuous processing of 

biocompatible/biodegradable materials that could potentially be used in tandem to fabricate 

MN arrays directly or to make master molds for micromolding [91]. Precision extruding 

deposition, which is nearly a hybrid of the two techniques, could also be considered [92]. 

Another more recently described manufacturing technique that could potentially be used 

to fabricate master molds in fewer steps than MEMs is reaction–diffusion-mediated 

photolithography (RDP). RDP was used to fabricate arrays out of various polymers, 

including TMPTA, of MN-like structures with aspect ratios in the range of 1 to 3 and 

diameters of 20 to 200 μm [93]. This technique results in polymerization of 

microprojections in a single step, using collimated UV light, a simple photomask, and an 

oxygen-permeable (PDMS) layer. While RDP appears to overcome some of the challenges 

for achieving fine resolution with high precision, the scalability of this technique is 

undetermined and like all photolithography techniques, limited to photopolymerizable 

materials. To be viable for large-scale manufacture of MNs, further improvement of 

existing technologies must ensure (1) the capability to achieve low-to-mid micron scale 

resolution (~ 25–100 μm) with high accuracy and precision (~ 5% or less), (2) automated 

processes requiring minimal or no manual operations or handling, and (3) flexibility within 

the fabrication technique to accommodate a variety of materials and therapeutics. 

1.4.9 Regulatory Considerations for Microneedles 

Despite the numerous applications of MNs reported in the literature in animal 

studies and human assessments (primarily regarding safety or pain), no reports of infection 
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were found [7, 8, 94-98]. The skin has been shown to recover barrier properties readily 

after MN treatment [94] and to be less vulnerable to Escherichia coli penetration than skin 

that was pierced by 26- and 23-gauge hypodermic needles [99]. But because MNs puncture 

the SC, which serves as the foremost barrier for skin protection, it is paramount to 

investigate the potential risk of infection presented by microbial loads introduced in the 

manufacturing process. Based on risk assessment, regulatory agencies may stipulate 

stringent microbial limits or sterility testing, depending on whether sterility is required. 

Whether MNs are manufactured under aseptic conditions or sterilized terminally may 

depend on (lack of) compatibility between terminal sterilization techniques and robust MN 

products [89], due to the high costs associated with sterile processing. The overall 

manufacturing process could be designed to utilize in-process cleaning, filtration, or 

sterilization steps that help to achieve or maintain low bioburdens for the MNs in 

downstream processes, such as sterile filtering inkjet printer ink and photopolymer 

solutions before use or steam sterilizing base MNs before coating. Additionally, 

manufacture of MNs from materials shown to have antibacterial properties may justify not 

needing sterilization for MN products [100]. 

While some studies in animals and humans have assessed the level of irritation 

induced by MN application [25, 101], the risk of irritation, buildup, and toxicity within the 

skin has not been fully characterized for use of biocompatible and biodegradable materials 

commonly employed in MN manufacturing. This safety concern is particularly important 

for dissolving MNs intended for repeated use, such as in insulin therapy. Dissolved and 

fractured MN materials and their impurities, degradants, and metabolites will eventually 

need to be investigated for irritation, toxicity, and rates of clearance to determine safety 

margins and to assist in determining exposure limits [102]. 
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Other regulatory hurdles include the establishment of appropriate quality control 

tests and specifications, in compliance with current Good Manufacturing Practices 

(cGMP), to ultimately ensure the safety and efficacy of MN products. Lutton et al. 

suggested that the ICH guidelines for new drug products (Q6A) could be adapted for this 

purpose [29]. Based on these guidelines, the tests relevant to dissolving, coated, and 

swellable MNs might include dissolution, disintegration (i.e., for rapidly dissolving MNs), 

hardness/friability (i.e., for swellable MNs), uniformity of dosage form, water content, pH, 

microbial limits, sterility, endotoxins/pyrogens, extractables (i.e., the base MNs for coated 

MNs or MN backing or adhesive), and functionality testing of delivery systems (i.e., 

insertion and fracture forces). A variety of analytical methods used to characterize the 

mechanical performance of MNs have been reported throughout the literature [70, 103, 

104] and with proper justification and validation could be adopted to demonstrate 

compliance with cGMPs in the manufacture of MNs. 

1.5 CONCLUSION 

Biocompatible and biodegradable material-based dissolving, coated, and swellable 

MNs have the potential to deliver a range of therapeutics transcutaneously, and therefore, 

the data from the recent phase I clinical trial using dissolving MNs are exciting. Further 

testing in the clinic and a clear path to regulatory approval including the establishment of 

a guideline for appropriate quality controls is needed in order for MNs to reach their full 

potential as drug delivery modalities. More importantly, new techniques or improvements 

to existing technologies are needed for efficient and scalable manufacture of those MNs. 
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Chapter 2: Recent Clinical Studies of Dissolving and Coated 
Microneedles and General Aspects of Use 

2.1 ABSTRACT 

Clinical development of coated and dissolving microneedles has progressed 

markedly over the last five years.  Clinical studies evaluating microneedles include 

applications in vaccine delivery, delivery of therapeutic agents, and diagnostics testing.  

Whereas multiple microneedle products have reached Phase III clinical development, the 

regulatory hurdles have proven formidable.  Despite the recent progress in clinical studies, 

no dissolving or coated microneedle -based products have been approved for marketing by 

the FDA.  

2.2 INTRODUCTION 

Clinical development of therapeutic microneedles (MNs) has continued to progress 

over the last five years, though no coated or dissolving microneedle products have received 

FDA marketing approval to-date.  Despite the advantages of these potentially useful 

therapeutic modalities, and the abundance of supporting research in the literature, the 

regulatory hurdles have yet to be overcome [1].  Recently however, data were published 

on the first combination drug-device comprising therapeutic MNs (Zosano Pharma’s 

Qtrypta) to reach Phase III clinical development [2].  The ongoing push to collect more 

clinical data and the evolving body of knowledge regarding manufacturing, safety, and use 

of MNs is promising still.  
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2.3 CLINICAL STUDIES OF MICRONEEDLES 

Clinical studies registered on ClinicalTrials.gov (accessed 10 April 2022) that 

matched a keyword search for “microneedle” or “microneedles” were further evaluated.  A 

large portion of the studies comprise MN treatment of skin followed by the application of 

a topical cream or other therapeutic modality for cosmetic purposes.  Presumably these 

studies do not fall within the purview of the recently approved FDA guidance for 

microneedling devices, which is largely aimed at MN rollers used in cosmetic or beauty 

treatments “that do not penetrate living skin (e.g., epidermal and dermal layers of the skin)” 

and do not claim to affect structure or function of the tissue [3].  Numerous other studies 

evaluate MNs for radiofrequency treatments of both cosmetic and therapeutic purposes, 

MNs as electrochemical detectors, and hollow MNs for injection of active agents. 

Summaries of selected ongoing and recently completed clinical studies involving 

solid, dissolving, and coated MNs are presented in Tables 2.1 – 2.4.  These investigations 

are grouped into four categories including studies for evaluating general aspects of use 

(i.e.- application site, target population), vaccine delivery, delivery of therapeutic agents, 

and diagnostic applications.  The purpose in evaluating these studies more closely is to 

continue to build on the previous update on coated and dissolving MNs with regard to 

successful translation to the clinic [1].  

2.3.1 General Aspects of Use Regarding Microneedles 

Some recent studies include evaluation of general aspects (i.e.- pain, safety, 

biocompatibility, variability in use) in expanded applications of MNs, as summarized in 

Table 2.1.  One study (NCT03855397) evaluated the pain of solid MNs for oral use, in 

which MN patches were placed using an application device in several areas of the mouth 

including the gums, hard palate, on top of the tongue, on buccal mucosa, and on the inner 
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side of the lower lip [4].  MN patch placement was compared to a 30G hypodermic needle 

(positive control) and a patch with no needles (negative control).  Data showed that while 

the MN application was significantly less painful than the hypodermic needle at all 

locations, it was significantly more painful than the blank patch at all sites except for the 

tongue [4].  Overall, the results indicate that MNs could be a useful treatment modality for 

the oral cavity.     

Table 2.1  Selected Clinical Studies of Microneedles: General Aspects of Use 

MN Type  Purpose/Indication Application Site/Study 
Details 

Phase2 
(Status3) 

Clinical Trial 
ID 

Solid MN 
Patch 

Evaluate pain and 
safety of MN patch 

for oral use 

Inner lip, buccal 
cavity, tongue, hard 

palate, and gums 

NA 
(completed 

2018) 

NCT03855397 

Dissolving 
MN Patch 

Evaluate safety, 
biocompatibility, and 
acceptability of MN 
patches in children  

Skin over shoulder 
blade, and if tolerated: 
wrist, forearm, upper 

arm, and/or thigh; two 
formulations 

NA 
(completed 

2019) 

NCT03207763 

Solid MN 
Patch 

Evaluate racial/ethnic 
differences in 
formation and 

closure of 
micropores  

Upper arm; evaluated 
by hydration, trans-

epidermal water loss, 
electrical resistance, 

and skin color 

NA 
(completed 

2020) 

NCT03332628 

  Palm, inner forearm, 
and upper arm; 

evaluated by TEWL, 
electrical resistance, 

skin color, and optical 
coherence tomography 

scans 

NA 
(recruiting) 

NCT04867733 

Another study (NCT03207763) investigating an expanded use for MNs assessed 

repeated application of dissolving MNs in children with the goal of future use in vaccine 

 
2NA is not applicable 
3Status on www.clinicaltrials.gov (accessed 10 APR 2022) with an end date in 2016 or later 
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delivery.  The study included the use of two formulations of dissolving MNs and concluded 

in 2019, and while results are available on the ClinicalTrials.gov website, the data have not 

yet been reported in the literature [5].  Results show that cohort 1 (MN formulation 1) only 

had 8 participants, while cohort 2 (MN formulation 2) had 25 participants.  The primary 

outcome was MN application site reactogenicity, with 100% of cohort 2 recorded as absent 

swelling, erythema, bruising, itching, tenderness, and pain throughout all three applications 

of MNs.  In cohort 1 at least one participant was recorded as having all of those symptoms 

upon the first application of a MN patch, and significantly fewer participants from cohort 

1 returned for a second and third MN applications [5].   

  Two other studies (NCT03332628 and NCT04867733) that consider aspects of 

MN use both comprise the evaluation of MN micropore formation and closure in different 

racial/ethnic groups.  Parameters measured in these studies include hydration, trans-

epidermal water loss (TEWL), electrical resistance, skin color, and optical coherence 

tomography (OCT) scans.  While one of the studies was completed in 2020, no data were 

reported in the literature, and the other study is currently recruiting so no data are available.  

Results for the concluded study are summarized on the ClinicalTrials.gov website, and 

indicate that 111 participants completed the study [6].  The primary outcome measured was 

micropore closure time over five days for each of six race/ethnicity groups, with averages 

for the groups ranging from 44.1 (±14.0) hours to 72.0 (±0) hours, as measured by electrical 

resistance.  No adverse or serious adverse events were recorded for the study [6].   

2.3.2 Microneedles for Delivery of Vaccines 

A summary of selected clinical trials for applications of solid and dissolving MNs 

in vaccine delivery is presented in Table 2.2.  Considering that the first successful Phase I 

clinical study (NCT02438423) of dissolving MNs was completed in 2016, for an influenza 
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vaccine, one might expect that more clinical programs would follow suit [7].  In fact, 

another group from Emory University, in collaboration with Micron Biomedical did follow 

up on that initial Phase I clinical trial with a study investigating the safety and acceptability 

of dissolving (placebo) MNs in children, with the goal of one day delivering vaccines to 

children using MNs (refer to section 2.3.1).   

Table 2.2  Selected Clinical Studies of Microneedles: Delivery of Vaccines 

MN Type  Purpose/ 
Indication 

Application Site/Study 
Details 

Phase 
(Status4) 

Clinical Trial 
ID 

Dissolving 
MN Patch 

Inactivated 
trivalent 
influenza 
vaccine  

Administered by subject 
or staff on wrist; 

compared to 
intramuscular injection 

or placebo patch 

Phase I 
(completed 

2016) 

NCT024384235 

Dissolving 
MN Patch 

Measles and 
rubella vaccine 

in adults, 
toddlers, and 

infants 

One standard dose; in 
adults, then toddlers (if 

safe in adults), then 
infants (if safe in 

toddlers); compared to 
subcutaneous injection 

Phase I/II 
(recruiting) 

NCT04394689 

Solid MN 
Patch 

SARS-CoV-2 
vaccine  

20 µg dose; mRNA-
1273 lipid nanoparticle 

Phase II 
(recruiting) 

NCT05315362 

More recently, Micron Biomedical is listed as a collaborator on a Phase I/II study 

(NCT04394689) that is currently recruiting participants for evaluation of a dissolving MN 

patch for delivery of a measles and rubella vaccine, in comparison to a subcutaneous 

vaccine.  Because the modes of delivery are different, and this is a randomized, double-

blind, active-controlled clinical trial, a placebo (saline) subcutaneous injection will be 

provided with the MN vaccine patch, and a placebo dissolving MN patch will be applied 

 
4Status on www.clinicaltrials.gov (accessed on 14 JUL 2017 and 10 APR 2022) with an end date in 2016 or 
later; 
5First successful therapeutic dissolving MN Phase I study: 7. Rouphael, N.G., et al., The safety, 
immunogenicity, and acceptability of inactivated influenza vaccine delivered by microneedle patch (TIV-
MNP 2015): a randomised, partly blinded, placebo-controlled, phase 1 trial. The Lancet, 2017. 
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with the subcutaneous vaccine injection.  Additionally, this study is designed as an age de-

escalation trial to mitigate risk around safety – meaning that adults will be enrolled first, 

followed by toddlers – if safe in adults (as determined by an external data monitoring 

committee), and lastly infants if safe in toddlers. 

Another Phase II MN vaccine delivery study (NCT05315362) is currently 

recruiting participants for a SARS-CoV-2 vaccine.  This study will investigate an mRNA-

1273 lipid nanoparticle (LNP) vaccine (Spikevax, Moderna) based on a solid MN platform, 

compared to an intramuscular injection of the same vaccine technology.  There is evidence 

in the literature to support the successful manufacture of mRNA-loaded as well as LNP-

based dissolving MNs [8-10].  Participants will include healthy volunteers who have been 

vaccinated with a different SARS-CoV-2 mRNA vaccine (Comirnaty, Pfizer) at least 3 

months prior to enrollment in this randomized, open-label study. 

2.3.3 Microneedles for Delivery of Therapeutic Agents 

Considering the advantages and limitations for coated MNs versus dissolving MNs 

in terms of drug loading, stability, and tunability, vaccine delivery is arguably the most 

promising application for coated MNs [1].  However, this is not evident in the current state 

of clinical development involving coated MNs, nor MNs for vaccine delivery (as seen in 

section 2.3.2).  Recent and ongoing clinical trials for therapeutic drug delivery by coated 

or dissolving MNs are summarized in Table 2.3.   
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Table 2.3  Selected Clinical Studies of Microneedles: Therapeutic Agent Delivery 

MN Type  Purpose/Indication Application 
Site/Study Details 

Phase (Status6) Clinical Trial 
ID 

Coated 
MN Patch  

Zolmitriptan for 
acute treatment of 

migraine  

0, 1, 1.9, or 3.8 mg 
dose 

Phase II/III 
(completed 

2017) 

NCT027453927 

  Long-term safety; 
3.8 mg dose (2 

patches)  

Phase III 
(completed 

2019) 

NCT03282227 

 Zolmitriptan for 
acute treatment of 
cluster headaches 

0, 1.9, or 3.8 mg 
dose 

Phase II/III 
(completed 

2021) 

NCT04066023 

Coated 
MN Patch 

Abaloparatide for 
osteoporosis in 
postmenopausal 

women  

300 µg dose; self-
administration on 

the thigh 

Phase I 
(completed 

2019) 

NCT04366726 

  Compared to 80 μg 
subcutaneous 

injection 

Phase III 
(completed 

2021) 

NCT04064411 

  Compared between 
manufacturers and 

4-,5-, or 7-min 
treatment time 

Phase I 
(completed 

2021) 

NCT04936984 

Dissolving 
Tip-

Loaded 
MN Patch 

Doxorubicin for 
treatment of basal 

cell carcinoma 
(BCC) 

0, 25, 50, 100, or 
200 µg dose 

Phase I 
(completed 

2021) 

NCT03646188 

  0, 50, 100, or 200 
µg dose 

Phase I/II 
(recruiting) 

NCT04928222 

Dissolving 
MN Patch 

Doxorubicin for 
treatment of 

cutaneous T-cell 
lymphoma 

0, 25, 50, 100, or 
200 µg dose 

Phase I 
(recruiting) 

NCT02192021 

Zosano Pharma’s combination drug-device comprises a reusable applicator 

(ADAM or Adhesive Dermally Applied Microarray) and single-use drug-coated titanium 

 
6Status on www.clinicaltrials.gov (accessed 10 APR 2022) with an end date in 2016 or later; 
7First combination therapeutic MN drug-device system to reach Phase III development: 11. Nahas, 
S.J., et al., Long term safety, tolerability, and efficacy of intracutaneous zolmitriptan (M207) in the acute 
treatment of migraine. J Headache Pain, 2021. 22(1): p. 37. 
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MN arrays.  Several Phase II and/or III studies (NCT02745392, NCT03282227, 

NCT04066023) evaluating the use of zolmitriptan-coated MNs for the acute treatment of 

migraines or cluster headaches have been completed within the last five years, with results 

reported in the literature for the migraine studies [2, 11, 12].  Rapid intradermal 

administration of zolmitriptan avoids the potential discomfort of taking an oral medication 

while experiencing the nausea or vomiting often associated with intense migraine 

headaches [12].  Data indicate that the 3.8 mg dose was safe and effective in treating 

migraine-related symptoms within two hours of dosing and that this MN-based dosage 

form was well-tolerated over 6-12 months of repeated use [11].  

Another drug-coated MN product, abaloparatide-sMTS, has recently been 

evaluated in clinical studies and is based on 3M’s solid-Microstructured Transdermal 

System (sMTS) [13].  Abaloparatide is a synthetic analog of a peptide that activates 

parathyroid hormone and is approved for the treatment of osteoporosis in postmenopausal 

women.  This dosage form incorporates 300 µg of active peptide and is applied on the thigh 

for 5 minutes.  In one study (NCT04366726) abaloparatide-sMTS was determined to be 

easily self-administered correctly over 30 days, resulting in increasing levels of s-PINP, an 

important precursor to bone growth [13].  Though all three studies investigating 

abaloparatide-sMTS have been completed, no data were available for the two studies 

(NCT04064411, NCT04936984) completed in 2021, including a Phase III study with a 

comparison to 80 µg subcutaneous injection of abaloparatide and a Phase I study 

investigating two manufacturers’ coated MN products and 4- to 7-minute application times.    

Three of the studies summarized in Table 2.3 employ dissolving MNs to deliver 

doxorubicin, a potent chemotherapeutic agent used in numerous cancer treatments.  Two 

of the studies (NCT03646188, NCT04928222) are Phase I and/or Phase II investigations 

of 0 to 200 µg doses of doxorubicin for treatment of basal cell carcinoma (BCC), with drug 
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loaded into the tips of the dissolving MNs [14, 15].  While the Phase I study was completed 

in 2021, per the ClinicalTrials.gov website the data has been submitted, but is still pending 

a quality control review by the National Library of Medicine.  The third study 

(NCT02192021) is an ongoing Phase I dose-finding study investigating 0 to 200 µg doses 

of doxorubicin in dissolving MNs for treatment of cutaneous T-cell lymphoma, and has 

been recruiting participants since 2016.   

2.3.4 Diagnostic Applications of Microneedles 

While several clinical studies using MNs as electrochemical detectors for 

diagnostic purposes were reported in the database, this type of MN did not generally fit 

within the focus here on relatively simple dissolving and coated MNs, and were therefore 

excluded.  The selected studies using MNs for diagnostic purposes are summarized in 

Table 2.4.  These studies include a “non-invasive” MN device (possibly either a swellable, 

coated, or dissolving MN application) and dissolving MNs. 
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Table 2.4  Selected Clinical Studies of Microneedles: Diagnostic Applications 

MN Type  Purpose/Indication Application Site/Study 
Details 

Phase8 
(Status9) 

Clinical Trial 
ID 

Non-
invasive 

MN 
Device 

Psoriasis plaque 
sample collection 
for use in RNA-

sequencing 

Various locations 
(excluding face, scalp, 
palms, soles, genitals); 

compared to skin 
biopsy 

NA 
(completed 

2019) 

NCT03795402 

Dissolving 
MN Patch 

Pilocarpine for 
sweat induction 

Left forearm; chloride 
measurement used in 

cystic fibrosis diagnosis 

NA 
(completed 

2022) 

NCT04732195 

Dissolving 
MN Patch 

Purified protein 
derivative for latent 

tuberculosis 
infection screening 

Forearm; compared to 
tuberculin skin test; 

two formulations and 
two microneedle 

lengths  

NA 
(recruiting) 

NCT04552015 

MNs were investigated in one clinical study (NCT03795402) as non-invasive RNA 

sampling devices for plaques as compared to skin biopsies in participants with psoriasis 

vulgaris.  Though this study was completed in 2019, the resulting data has not been reported 

in the literature or the database.  A related study found in the literature evaluated sodium 

hyaluronate MN patches fabricated by droplet-born air blowing [16], as compared to tape 

stripping, for minimally invasive RNA sampling from participants with different skin 

conditions [17].  Data analysis suggested that these minimally invasive MNs could be used 

successfully for RNA biomarker analysis of various types of skin [17].    

A study (NCT04732195) completed in 2022 was designed to compare the efficacy 

of pilocarpine delivered by dissolving MNs to iontophoresis for sweat induction to 

facilitate the sweat test, which is used as the gold standard in diagnosis of cystic fibrosis 

(CF) [18].  An analogous investigation was performed in horses, including an evaluation 

of the differences in delivery parameters [19].  Though the total sweat volume produced 

 
8NA is not applicable 
9Status on www.clinicaltrials.gov (accessed 10 APR 2022) with an end date in 2016 or later 
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by MNs was significantly smaller than by iontophoresis, differences in sweat chloride 

content and sweat volume per drug dose or skin area were not significant, suggesting that 

pilocarpine-loaded dissolving MNs may be a simple, viable alternative for sweat induction 

as used in the diagnosis of CF [18, 19]. 

Another study (NCT04552015) evaluating dissolving MN patches for use in 

diagnostic testing is currently recruiting.  This study is designed to compare MNs 

comprising two formulations of purified protein derivative (PPD) and two lengths of 

needles (800 or 1500 µm) to the standard tuberculin skin test (TST) for diagnosis of latent 

tuberculosis (TB) infection.  A similar study reported in the literature showed that PPD-

loaded dissolving MNs offer a safe and effective alternative to the “Mantoux technique” 

used in TB diagnosis, as well as reduced skin reactivity in healthy volunteers [20, 21].  

Self-administration of a shelf-stable PPD-loaded dissolving MN patch could improve TB 

diagnosis by reducing the required number of visits to a healthcare provider [21]. 

2.4 CONCLUSION 

Clinical development involving coated and dissolving MNs is beginning to realize 

the tractable, user-friendly, and minimally-disruptive potential of these dosage forms in 

therapeutic and diagnostic applications.  And as the number of MNs applied under 

controlled conditions grows, so does the data that enable more thorough assessments of 

risk related to excipient buildup and toxicity in the skin.  Safety margins and exposure 

limits for the excipients used in MNs would surely aid the development cycle.  As no 

therapeutic dissolving or coated MNs have been approved by the FDA, further clinical 

development is needed.  Ideally, the first MN product to successfully clear all of the 

regulatory hurdles will help forge a clearer pathway forward, enabling more efficient MN 

development in the future.  
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