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A B S T R A C T   

Since the first patent for micro array patches (MAPs) was filed in the 1970s, research on utilising MAPs as a drug 
delivery system has progressed significantly, evidenced by the transition from the simple ‘poke and patch’ of 
solid MAPs to the development of bio responsive systems such as hydrogel-forming and dissolving MAPs. In 
addition to the extensive research on MAPs for improving transdermal drug delivery, there is a growing interest 
in using these devices to manage infectious diseases. This is due to the minimally invasive nature of this drug 
delivery platform which enable patients to self-administer therapeutics without the aid of healthcare pro
fessionals. This review aims to provide a critical analysis on the potential utility of MAPs in managing infectious 
diseases which are still endemic at a global scale. The range of diseases covered in this review include tuber
culosis, skin infections, malaria, methicillin-resistant Staphylococcus aureus infections and Covid-19. These dis
eases exert a considerable socioeconomic burden at a global scale with their impact magnified in low- and 
middle-income countries (LMICs). Due to the painless and minimally invasive nature of MAPs application, 
this technology also provides an efficient solution not only for the delivery of therapeutics but also for the 
administration of vaccine and prophylactic agents that could be used in preventing the spread and outbreak of 
emerging infections. Furthermore, the ability of MAPs to sample and collect dermal interstitial fluid that is rich in 
disease-related biomarkers could also open the avenue for MAPs to be utilised as a minimally invasive biosensor 
for the diagnosis of infectious diseases. The efficacy of MAPs along with the current limitations of such strategies 
to prevent and treat these infections will be discussed. Lastly, the clinical and translational hurdles associated 
with MAP technologies will also be critically discussed.   

1. Introduction 

Since the cradle of civilisation, infectious diseases have ranked with 
wars and famine as major obstacles to human progress and survival. This 
group of diseases constitute a persistent and serious public-health threat 
at a global scale. Although some infections such as smallpox and 
poliomyelitis have been successfully eradicated, many diseases still 
persist within the community [1]. Against the constant outbreak of 
established infections, epidemics and in some instances, pandemics of 
new infectious diseases periodically emerge, greatly magnifying the 
global burden imposed by infectious diseases. For instance, the Covid-19 
outbreak has resulted in severe mortality worldwide, impacting public 

health and economic welfare, as well as changing the behaviour of our 
society dramatically [2]. Reflecting upon decades of fundamental 
research into infectious diseases, evolutionary properties of pathogenic 
microorganisms and the dynamic, yet complex, relationships between 
microorganisms, their hosts and the environment have been determined 
[3]. It is believed that new infections emerge from animal reservoirs 
when ecological changes underpinned by evolutionary genetics increase 
the pathogen's opportunities to enter the human population, resulting in 
subsequent human-to-human transmission [4]. 

It was once predicted by academic leaders that due to the efficacy of 
antibiotics bacterial infections would be a thing of the past. However, as 
a result of the overprescribing of such agents, a viscous, yet predictive 
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cycle has been established: a novel antibiotic is discovered that is sub
sequently followed by the emergence of a resistant pathogen that results 
in an untreatable infection with a high mortality rate [5]. Ideally, there 
should be a never-ending race to discover and develop a new range of 
antibiotics to treat infections and overcome ones that have grown 
resistant to the current armamentarium of antibiotics [5]. Unfortu
nately, relative to other areas such as cancer, cardiovascular and res
piratory diseases, many pharmaceutical companies do not view the 
development of antibiotics as financially viable, causing us to reach an 
unsettling impasse in medicine, meanwhile the cases of antibiotic 
resistance continue to rise [5]. For instance, the so-called ESKAPE 
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneu
moniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Entero
bacter spp.) are the primary cause of a wide range of infections in humans 
ranging from dermal, lung and urinary tract infections. Worryingly, 
most of these organisms are now developing resistance against carba
penems which are considered the last line of defence against bacterial 
infections [6]. 

Since the serendipitous discovery of penicillin in 1928, the range and 
class of antibiotics utilised in clinical practice has evolved and 
expanded. Fundamentally, new groups of antibiotics are challenging to 
discover via the use of conventional approaches and resources resulting 
in companies exploring similar variants of current antibiotic chemo
phores [7]. In addition, despite being nearly a century since the dis
covery of the first antibiotic, the range of delivery strategies and 
technologies employed to delivered antibiotics has been limited to 
conventional oral tablets, suspension, topical creams and intravenous 
injection. In the late 1920s until the late 1940s, the majority of antibi
otics used in managing infectious diseases consisted of small-molecules 
such as penicillin, sulphonamides, tetracyclines and nitrofurans. Due to 
their small size and physiochemical properties, most of these small 
molecule antibiotics are easily administered via the oral route. However, 
from the early 1950s to the late 2010s, the range of antibiotics that have 
been discovered has been more structurally diverse and, in some in
stances, consisted of large molecules such aminoglycosides, streptogra
min, polymyxin and lipoglycopeptides. Most of these large antibiotics 
have poor oral bioavailability and necessitate administration via intra
venous injections. This drug delivery route is not only invasive and 
painful but would require the aid of healthcare professionals. 

In addition, oral antibiotic therapy has been shown to have a sig
nificant impact on gastrointestinal microbiome and may lead to dys
biosis in the gut. The reduction in microbial diversity along with the loss 
of beneficial commensal bacteria can lead to the establishment of 
chronic infections caused by Clostridium difficile and vancomycin- 
resistant enterococci [8,9]. Dysbiosis in the gut microbiome following 
antibiotic therapy has been shown to be a potential cause for the rise in 
antimicrobial resistance genes, which can be passed on into the faeces, 
ultimately leading to the release and spread of antibiotic resistance into 
the environment [10]. On the other hand, some antibiotic therapies, 
such as those required for the treatment of tuberculosis, consist of a 
multi-antibiotic regimen which can last for several months [11]. This 
treatment approach imposes a considerable pill burden on the patients 
which can lead to non-adherence and ultimately treatment failure. 
Clearly, there is an impetus to develop a unique drug delivery system 
that can simplify the complex antibiotic therapy. This drug delivery 
strategy should be capable of delivering multiple antibiotics payloads 
with minimal side effects, while simultaneously circumventing the issue 
of antibiotic-induced gut dysbiosis. Such an approach would provide a 
potential solution to mitigate patient adherence issues while reducing 
the risk of multi-drug resistance. 

One of the drug delivery platforms that could be utilised to improve 
the delivery of antibiotics into and across the skin are microneedles or 
microarray patches (MAPs). Described as a hybrid between hypodermic 
needles and transdermal patches [12], MAPs are a biomedical micro
device consisting of arrays of micron scale projections that form tran
sient channels within the skin upon application. These water filled 

channels could be utilised to deliver a wide array of therapeutics, 
ranging from small drug molecules [13] to large macromolecules [14]. 
The first microneedle patent was filed in 1976 by Gerstel and Place from 
Alza Corporation, and at the time it was predicted that such micron-scale 
needles could be employed to deliver drug molecules into and across the 
skin in a minimally invasive fashion [15]. However, it was not until the 
development of microfabrication tools within the microelectronics in
dustry in the 1990s that research on using MAPs for drug delivery 
started to gain momentum [16]. The utilisation of microneedles for the 
delivery of antibiotics is of great therapeutic value, this is because MAPs 
have the advantage of conferring painless antibiotic delivery with 
minimal tissue damage, as the device only penetrates the non- 
innervated epidermis [17]. In addition, MAPs could also be employed 
for antibiotic delivery in cases where intravenous administration is 
challenging while mitigating the damaging effects of oral antibiotics 
administration. Besides that, the capability of inserting MAPs into the 
skin provides a unique opportunity for specific and precise delivery of 
therapeutics to treat localised skin infections. Also, exploratory studies 
on the views of patients and clinicians towards MAPs have highlighted 
that there is indeed a demand for the technology to be included in 
clinical interventions. It is estimated that the global transdermal drug 
delivery market will be worth $95.57 billion by 2025 [18]. From an 
economic standpoint, it is speculated that part of this market would 
potentially be dominated by microneedles as such devices offer an easy 
and pain free drug delivery strategy compared to the more painful hy
podermic injection-based delivery of drugs such antibiotics. For readers 
who wish to understand further on the background of the MAP tech
nology in detail, we would like to signpost them to the following dedi
cated reviews on this topic [19–24]. 

More importantly, MAPs have the potential to be utilised for not just 
the delivery of antibiotics for the treatment of common bacterial in
fections, but these systems may be broadly utilised for the management 
and potentially for the prevention of other infectious diseases through 
the delivery of prophylactic agents and vaccines. Decades of research 
within the field of immunology and infectious diseases have culminated 
with the development of potential vaccine candidates which could be 
administered as a means of preventing the spread of infectious diseases 
such as malaria [25], tuberculosis [26], Ebola and influenza [27]. The 
administration of these prophylactic vaccines would provide a powerful 
strategy by which we could control or even potentially eradicate these 
infectious diseases. Nevertheless, most of these vaccines necessitate 
administration via hypodermic injection which is both painful and re
quires the aid of a trained healthcare professional. It has been exten
sively described and shown that MAPs offer an elegant approach for the 
delivery of vaccines in a painless fashion to which the patient could even 
self-administer the vaccine from the comfort of their home [28]. This 
advantage may aid vaccine uptake within the global populous particular 
for individuals with trypanophobia. Furthermore, the ability of MAPs to 
puncture and embed micron size projections within the skin also offers 
the possibility for this drug delivery platform to be repurposed for the 
diagnosis of infectious disease. The insertion of MAPs into the skin will 
enable the system to be in direct contact with dermal interstitial fluid 
(ISF) that is rich with an assortment of health-related biomarkers. These 
biomarkers may be of heuristic value for the diagnosis of infectious 
diseases. This is because studies have shown that 83% of systemically 
circulating biomarkers are also found within the dermal ISF [29]. This is 
further corroborated by emerging studies that have begun to explore and 
demonstrate the utility of MAPs in the diagnosis of infectious diseases 
[30]. 

The first section of this review provides an overview on the appli
cation of MAPs in managing several infectious diseases. Some of the 
infectious diseases that are covered include tuberculosis, malaria, skin 
and soft tissue infections, methicillin-resistant Staphylococcus aureus 
infections and COVID-19. We have chosen this list of infections since 
tuberculosis, malaria, skin infections and COVID-19 are some of the 
most common infectious diseases that contribute to the highest disease 
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burden worldwide [31,32]. In addition, these diseases, particularly 
tuberculosis and malaria, exert an extensive social and economic burden 
within low- and middle-income countries (LMICs) where access to 
healthcare is usually poor [33]. Given the potential utility of MAPs to 
enable self-administration of medication and even be used for point-of- 
care testing, this technology may help in the management of these in
fectious diseases in LMICs. Regarding MRSA skin infections, they are fast 
becoming a growing health challenge at a global scale that involves a 
considerable burden on healthcare systems, since, for instance, a sig
nificant consumption of medical resources is required for their treatment 
[34]. The ability of MAPs to deliver antibiotics with high precision to the 
infected sites offers a potential new treatment and so, an alternative to 
change the strategy on how MRSA is currently managed. We acknowl
edge that HIV/AIDS also falls under the category of infectious diseases, 
however, there has been a detailed review on the application of MAPs 
for the treatment of HIV/AIDS [35]. The second section of this review 
highlights and discusses the translational considerations that need to be 
addressed for the successful transfer of MAP technologies from bench to 
bedside. It is hoped that this review will further inform clinicians, 
formulation scientists and researchers of the important role of MAPs in 
improving the treatment of the abovementioned conditions. Further
more, this paper also aims to stimulate a paradigm shift towards the 
utilisation of MAPs for the treatment of infectious diseases at a global 
scale. 

2. Microneedle technology in managing infectious diseases 

2.1. Tuberculosis 

Tuberculosis (TB) is an infectious disease and one of the leading 
causes of death worldwide, posing a major health, social and economic 
burden, primarily in low and middle-income countries [36]. The WHO 
reported that there were about 10 million cases of TB in 2018 and an 
estimated 1.5 million deaths worldwide, therefore, TB is claimed as the 
most infectious killer in the world [37]. There are several factors that 
affect TB incidence. This results in disparities of case distribution, 
including age, nutrition, vaccination and immune status [38–41]. Co- 
infections with the human immunodeficiency virus (HIV) play a major 
role in the TB disease development, as HIV causes immunodeficiency 
[42]. People living with HIV have an increased risk (16-27 times) in 
developing TB disease compared to those without HIV [43]. Moreover, 
diabetes mellitus (DM) also contributes to TB incidence, which is 2-3 
times higher than in non-diabetic patients [44,45]. TB and DM are 
thought to exacerbate and worsen the course for the other [43,46,47]. 
TB increases the glycaemic levels in diabetic patients and causes an 
impaired glucose tolerance [47]. Additionally, TB also likely increases 
the susceptibility to severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), and hence, worsens the effect that the Coronavirus dis
ease 2019 (COVID-19), caused by this virus, has on the pulmonary 
system [48,49]. 

TB disease is triggered by the infection with an aerobic bacterium of 
the species Mycobacterium tuberculosis (MTB). These bacilli can attack 
many organs of the human body, lungs being the most common site of 
infection [50,51]. MTB is spread by airborne particles and can last 
several hours after expectoration [52]. MTB-containing droplets are 
dispersed in the air and transferred to other individuals by inhalation 
[53,54]. Once the infectious droplets are inhaled, the MTB bacilli are 
introduced to the airways. In most cases, inhaled MTB bacilli are 
blocked and removed by mucus secretion and cilia located in the upper 
parts of the airways [52]. If MTB bacilli escape the mucociliary system, 
they reach the lower part of the airways, where they are detected by 
alveolar macrophages [36]. Macrophages in alveolus can eliminate the 
invading MTB by recognising the mycobacterial lipoarabinomannan 
(LAM) antigen which is attached to the cell wall [52]. Considering the 
quality of the host’s immune system and its ability to tackle the invading 
MTB, the MTB phagocytosis by macrophages can result in two possible 

outcomes, either successfully control of the MTB infection resulting in a 
latent TB, or progression to an active TB disease [52]. Pathophysiology 
of TB disease is illustrated and presented in Fig. 1. 

Treatment for latent TB is given to people who meet the two 
following conditions, high risk of progression of the disease to active TB, 
and a positive result in either a tuberculin skin test or interferon gamma 
release assay test [36,55]. The WHO recommends a number of options 
for treating latent TB, including isoniazid monotherapy for 6-9 months, 
a combination of rifapentine and isoniazid for 3 months, combination of 
rifampicin and isoniazid for 3-4 months, or rifampicin monotherapy for 
3-4 months [36,56]. Currently available treatment options for active TB 
consist of first-line drugs, (rifampicin, isoniazid, pyrazinamide, and 
ethambutol); and second-line drugs, such as injectable agents (strepto
mycin, kanamycin, amikacin, capreomycin and viomycin, ofloxacin, 
levofloxacin, gatifloxacin and moxifloxacin) and other oral agents 
(ethionamide, prothionamide, cycloserine, terizidone and para- 
aminosalicylic acid) [55,57,58]. 

Key issues related to the MDR-TB background are mismanagement in 
TB treatment and the transmission of unsusceptible MTB [43]. People 
with TB can progress to MDR-TB. This is caused by unfinished 6-month 
treatment due to poor adherence rate and lack of patient monitoring. 
The unsusceptible MTB can be further transmitted to individuals nearby, 
especially in low resources setting during the treatment. At this point, 
the WHO and supporting experts propose a number of strategic steps to 
control MDR-TB, including provision of a rapid diagnostic tool for MDR- 
TB detection, and addition of antibiotics from the second-line regime to 
the initial TB regime [43,55]. In 2016, the WHO released a new treat
ment guideline for a shorter MDR-TB regimen. This new regime contains 
seven drugs for a treatment duration of 9-12 months. It is indicated to be 
used only under specific conditions, for patients with either MDR-TB or 
rifampicin resistant-TB [59]. Despite the increase in treatment options, 
MTB resistance can possibly worsen if the combined drugs are still used 
inappropriately [36]. Although this regimen strategy is expected to 
positively affect MDR-TB treatment, more problems related to drug 
toxicities may appear and intensive monitoring is required due to the 
extended number and duration of drug exposure [36]. 

Beyond drug resistance, hepatoxicity has been reported as the most 
frequent adverse effect of first-line anti-TB medication due to daily 
repeated oral dosing in a long treatment duration. Approximately 28% 
of TB patients experienced an increase in alanine aminotransferase 
(ALT) levels, which is an enzyme associated with hepatocellular injury 
[60,61]. Additionally, gastric erosions and upper GI bleeding have also 
been reported as adverse effects and are associated with frequent 
administration of RIF [62]. Despite the fact that the conventional ther
apy of active TB has successfully saved 58 million lives in 20 years [43], 
oral administration is less effective in dealing with MDR-TB and tackling 
several adverse effect issues. 

Conventional anti-TB drugs are administered orally. The ingested 
drugs directly enter the liver via the splanchnic circulation and undergo 
first pass metabolism [63]. By changing the conventional route of TB 
treatment into non-oral administration, the pre-systemic metabolism 
may be avoided, and thus, reduce the risk of liver injury. Moreover, the 
drug can directly reach the blood circulation without having to pass the 
gastrointestinal tract and relying on effective gastrointestinal absorp
tion. Therefore, this route can also prevent the gastrointestinal bleeding 
induced by RIF administration. Besides, choosing more appropriate drug 
administration routes can have an effect on the risk of drug resistance. 
Zhang et al. reported that the development of antibiotic resistance may 
be minimised by administrating the drug through parenteral injection. 
Parenteral antibiotic delivery may prevent the unnecessary exposure of 
antibiotic to the gut microbiota [64]. Bearing this in mind, the trans
dermal route as an alternative drug administration site, may consider
ably delay antibiotic resistance, which in turn can control the 
progression of active susceptible TB into MDR-TB. 

Several studies have assessed the delivery of antibiotics trans
dermally using both passive and active techniques. Caon et al. 
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investigated and compared the transdermal delivery of isoniazid incor
porated with chemical enhancers, such as menthol, limonene, Trans
cutol®. The results showed that isoniazid could be efficiently delivered 
across the skin and the delivery positively correlated with the logP of 
chemical enhancers [65]. Furthermore, Hussain et al. formulated 
rifampicin into a nanoemulsion gel that can be a promising alternative 
to the conventional oral administration to treat TB disease. The results 
revealed that the plasma concentration following transdermal applica
tion was 4.34-4.74-fold higher than that recorded after oral adminis
tration [66]. The application of electrophoresis has been explored for TB 
treatment. Chen and co-workers have investigated the transdermal de
livery of both rifampicin and isoniazid in a solution using electropho
resis for treatment of superficial TB and lymphadenitis [67,68]. 
However, this route can cause cell death and has the potential to damage 
heat-sensitive therapeutics for TB treatment, such as ethambutol [69]. 
Another approach that has been explored to improve TB treatment 
include MAP technologies. Research that employed the use of micro
needles for the delivery of antibiotics for the management of TB disease 
was reported by Anjani et al. in 2021 [70]. By utilising hydrogel-forming 
microneedle array patches, Anjani and colleagues demonstrated prom
ising results for the high dose delivery of four antibiotics, including 
rifampicin, isoniazid, pyrazinamide and ethambutol across dermatomed 
(350 μm) neonatal porcine skin over 24 hours. Based on in vitro results, 
this early proof-of-concept study showed that the utility of hydrogel- 
forming MAPs in combination of several types of drug reservoirs could 
be a promising approach to improve TB treatment via a simple and pain- 
free manner. 

As a preventative medicine, the bacille Calmette-Guérin (BCG) vac
cine is administered to infants as part of national vaccination pro
grammes, including developing countries in which TB is highly 
prevalent. Using the ‘poke and release’ approach with dissolving 
microneedles, Chen and co-workers demonstrated a strong cellular im
munity stimulation of BCG, which was comparable to intradermal 
administration. This study also showed that microneedles were able to 
completely avoid the local reactions in mice during vaccine adminis
tration [71]. Furthering this, BCG polysaccharide nucleic acid (BCG- 
PSN) loaded onto dissolving microneedles were prepared by Yan and co- 
workers in order to improve immunotherapeutic effect compared to an 
intramuscular injection. This study showed that the MTB infected mice 
from the microneedle delivery group secreted more IFN- γ than the 
intramuscular injection group. Therefore, BCG-PSN delivery via micro
needles may provide an enhanced immunomodulatory response when 
compared to an intramuscular injection [72]. In addition to delivering 
BCG vaccines to prevent TB, Yan et al. have also explored plasmid DNA 
encoding Ag85B as a vaccine loaded in a dissolving MAP. Upon 

application to the skin, the microneedles undergo dissolution in dermal 
interstitial fluid, releasing DNA vaccine to antigen presenting cells 
within the skin and promoting superior immune response relative to 
intramuscular injection. This study showed that a microneedle delivery 
of Ag85B DNA vaccine might be a promising strategy to prevent TB [73]. 

Moving forward, other research groups have now explored the utility 
and feasibility of performing TB skin test for diagnostics using MAPs, 
illustrated in Fig. 2. Jin et al. pioneered the TB testing using polymeric 
microneedles in 2013. The group developed chitin microneedles and 
demonstrated the capability of delivering purified protein derivative 
(PPD) tuberculin into the skin for TB diagnosis in guinea pigs. This early 
proof of concept study showed that microneedles coated with PPD tu
berculin are a useful tool for TB testing due to its ability in controlling 
the depth of delivery by customising the length of needles. As such, this 
particular advantage might overcome the issues associated with hypo
dermic needles used in a standard Mantoux test, which are more painful 
and have a higher test failure rate due to administration errors [74]. 
Moreover, Wang et al. developed a dissolving MAP as a new method for 
tuberculin skin test. Using hyaluronic acid, the group incorporated a 
PPD dose equivalent to that in the Mantoux test into a dissolvable 
microneedle system. The results showed that the dissolving microneedle 
array patches might be a promising alternative approach over conven
tional hypodermic injections [75]. However, despite several advantages 
that have been offered, microneedle technology is limited to the low 
specificity of PPD as the main TB antigen in tuberculin test. Therefore, 
for achieving a comprehensive improved method for TB diagnostic, 
some specific antigen that is secreted by MTB should be considered to 
replace PPD. 

2.2. Malaria 

Affecting over 240 million people worldwide each year, malaria is an 
infectious disease which accounts for 881,000 deaths every year, with 
nine out of ten deaths occurring in sub-Saharan Africa [76,77]. This 
mosquito-borne disease arises when the single celled protozoans known 
as plasmodium are injected into the human systemic circulation during a 
mosquito bite, a process known as a blood meal [78,79], illustrated in 
Fig. 3. Some of the common plasmodium that result in malaria are 
P. falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi [77]. How
ever, it is known that P. falciparum is the deadliest species of plasmo
dium in humans [77]. On top of the health burden imposed by the 
disease, the economic impact of this infection is vast. It has been shown 
by economists through cross-country regression frameworks that ma
laria endemic countries typically suffered lower growth per capita in
come. This indicates that the disease itself directly affects the economic 

Fig. 1. Pathophysiology of TB. (i) Infection starts when the MTB-containing droplets are inhaled, enter the lung, and reside in alveoli. (ii) Macrophages and T- 
lymphocytes response to the invaded MTB by forming granulomas to limit the replication and spread. (iii) In less immunocompetent individuals, the granulomas fail 
to contain the infection, they break, and the bacilli can escape and spread to other organs. 
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Fig. 2. Illustration of TB skin test. (A) Mantoux test with hypodermic injection, (B) utilization of MAP technology to deliver PPD tuberculin into the skin, (C) a firm 
swelling on the injection site following the tuberculin skin test. 

Fig. 3. Illustration of malaria infection. (A) Infected person is bitten by (B) female Anopheles mosquito which then carry the Plasmodium parasites, in the form of 
sporozoites. (C) The mosquito then bites a healthy person, (D, E) injecting the parasites into the skin, which the sporozoites migrate to reach capillaries, traverse the 
endothelium and reach the bloodstream and then pass quickly pass into human liver for the next stage of infection. 
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growth of nations if the disease is left unmanaged [80]. 
The risk of death due to malaria is exacerbated by the low adherence 

to conventional therapy as well as challenges associated with the health 
infrastructure in malaria endemic areas [81]. Furthermore, the high pill 
burden accompanying antimalaria pharmacotherapy is especially chal
lenging in new-born and infant patient groups [77,82]. Therefore, there 
is a clear impetus to reformulate current treatments to provide a simple 
and straightforward administration strategy. 

The major complication with malaria controls nowadays, especially 
in Africa and Southeast Asia, is drug resistance [77]. Parasite resistance 
to anti-malarials, including chloroquine, sulphadoxine-pyrimethamine, 
amodiaquine, mefloquine and quinine, has been reported in 
P. falciparum species [76]. In addition, a 70-80% treatment failure rate 
has been reported for chloroquine, which is the cheapest and most 
widely available anti-malarial drug [83]. Despite the fact that artemi
sinin derivates are the only class of anti-malarial agents that are still 
effective to P. falciparum, cross-resistance between two classes of anti- 
malarial agents can still occur, which can further contribute to the 
development of resistance [77]. 

With respect to symptoms associated with malaria, patients infected 
with P. falciparum experience persistent vomiting when they present to 
the hospital [82,83]. This eliminates the use of the conventional oral 
delivery route, thus necessitating an intravenous infusion and intra
muscular injection. For instance, in May 2020, the Food and Drug 
Administration (FDA) approved Artesunate for Injection™ as a first line 
therapy for severe malaria in adult and paediatric patients [84]. 
Nevertheless, these routes require skilled health care workers, which is 
particularly challenging in low- and middle-income countries [85]. In 
light of this limitation, MAPs offer a suitable alternative to painlessly 
improve the delivery of anti-malarial drugs into the blood circulation via 
the transdermal route. 

Recently, several studies have reported the delivery of anti-malarial 
drugs transdermally using MAP technology. Pawar and Shende syn
thesised a nanoparticle system loaded with lumefantrine using chitosan 
mediated gelation, optimising the system using 2 [2] factorial design 
[86]. In this work, it was shown that by loading the lumefantrine- 
nanoparticles and artemether into dissolvable MAPs, the researchers 
could control the release of both drugs in the ex vivo permeation studies, 
achieving up to 70% drug permeation across dermatomed porcine skin 
after 24 hours. Furthering this, artemether and lumefantrine dissolving 
MAPs were also formulated by Zanutto and co-workers [87]. In this 
study, the researchers prepared the nanosuspensions of artemether and 
lumefantrine individually and loaded the lyophilised powder into an 
aqueous blend of polyvinyl pyrrolidone and sodium hyaluronate, 
respectively. Following repeated MAP application to female C57BL/ 
6JUnib mice, the results showed that the extended-release profile was 
achieved for both artemether and lumefantrine when compared to oral 
administration. Moreover, this approach also showed a promising result 
for antimalarial activity studies, which demonstrated a 99.5% reduction 
in parasitaemia in mice infected by P. yoelii. Accordingly, potential 
application of a novel MAP system could be effective in delivering 
antimalarial drugs to patients with malaria, specifically in low-resource 
settings. 

In regards of malaria vaccine, Yenkoidiok-Douti et al. designed a 
system of dissolving MAPs loaded with Plasmodium falciparum surface 
protein P47 and cytosine-phosphate-guanine (CpG) [88]. In this work, 
the researchers use fish gelatin as the polymeric matrix of MAPs. Based 
on the results from in vitro cell studies, it was seen that the P47 and CpG 
released from MAP successfully generated TLR9 signal and triggered 
primary dendritic cells similarly to the pure compounds. Despite the lack 
of in vivo results within this study, it is worth highlighting the potential 
of MAPs to be used as one of the strategies to deliver malaria-based 
vaccines. 

The application of MAP technologies is also marked in malaria blood 
testing. Jiang and Lilehoj developed a microneedle-based device for 
rapid detection of protein biomarkers in dermal interstitial fluid [89]. As 

a proof-of concept, they showed the ability of the device to detect one 
biomarker for malaria infection, P. falciparum histidine-rich protein 2 
(PfHRP2), at low concentrations (16 ng/mL). Moreover, an addition of 
gold enhancement solution to both test and control lines can enhance 
the contrast of those two lines (test and control) and improve the 
sensitivity of detection of PfHRP2 to 8 ng/mL. In addition, the re
searchers demonstrated that this microneedle-based lateral flow assay 
(Fig. 4) requires less than 20 mins to complete each test. Such ap
proaches provide a future for a simple and rapid diagnostic microneedle- 
based device, primarily for self-testing of malaria disease. 

2.3. Skin and soft tissue infections 

Characterised by microbial invasion into the skin and underlying 
tissues, skin and soft tissue infections are among the most common in
fections encountered in both ambulatory and hospital settings [90]. Skin 
and soft tissue infections is an umbrella term that encompasses a broad 
range of skin infections ranging from simple subcutaneous abscesses to 
severe necrotising infection [91]. The aetiology of skin and soft tissue 
infection can be very complex due to the diverse microbiome present 
within skin tissues. In healthy human skin, commensal bacteria typically 
secret molecules, such as lugdunin and serine protease glutamyl endo
peptidase, which mitigate the propensity of skin infection arising from 
pathogenic microbial organism [92]. Nevertheless, changes to the skin 
microbiome termed dysbiosis may give rise to skin and soft tissues in
fections [93]. Some of the common organisms that cause skin and soft 
tissues infections are Staphylococcus aureus, Pseudomonas aeruginosa, 
Enterococcus species, Escherichia coli and Beta-hemolytic Streptococcus 
[91]. 

Ideally, the treatment choice for skin and soft tissue infection is 
tailored to the causative microorganism. In most cases, broad-spectrum 
antibiotics are prescribed empirically until clinical results are available 
to guide the treatment with narrow spectrum antibiotics. Gentamicin is 
an example of a broad-spectrum antibiotic that is used in the manage
ment of some skin infections [94]. However, the hydrophilic nature of 
the drug limits its permeation across the skin to treat deep-located in
fections. In addition, it is quite common for most antimicrobial agents 
that are used in the management of skin and soft tissue infections to 
display physicochemical properties that limits the permeation of the 
compounds to treat deeper seated skin infections. In light of this limi
tation, MAPs may aid the delivery of antibiotics into the skin, as illus
trated in Fig. 5. 

The development of antimicrobial MAPs was initially developed as 
an effort to mitigate the risk of infection that may be associated with the 
movement of microorganism through microchannels post microneedle 
insertion. Gittard and coworkers were among the pioneering researchers 
to fabricate antimicrobial MAPs for the treatment and management of 
localised skin infection. The group developed antimicrobial micro
needles which were fabricated from polyethylene glycol 600 diacrylate 
via two photopolymerisation-micromolding, which were then coated 
with gentamicin sulphate. These microneedles were shown to release 
gentamicin in vitro and inhibit the growth of Staphylococcus aureus, as 
shown via agar plating assays [95]. It was apparent that during the early 
2010s, coated MAPs were indeed the most common type of microneedles 
used to deliver potent antimicrobial agents for localised skin and soft 
tissue infections [96–98]. However, this class of MAPs suffer the issue of 
limited drug loading which may result in sub-inhibitory concentrations 
of the antimicrobial agents being delivered into the skin. Consequently, 
several researchers reported that this particular MAP system was inef
fective in mitigating the growth of some strains of pathogenic micro
organism [96,97,99]. From a clinical standpoint, delivering sub- 
inhibitory concentration of antimicrobial agents to infected skin could 
lead to detrimental effect, as this will not only result in poor treatment 
outcome but the sub-inhibitory concentration delivered will exert a se
lective evolutionary pressure on dermal microbiota that could lead to 
the development of antimicrobial resistant bacteria. 
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There was a paradigm shift towards utilising other MAP systems for 
the treatment of skin and soft tissue infections. For instance, González- 
Vazquez et al. fabricated dissolving MAPs that contained gentamicin. 
Through the use of in vitro Franz cell diffusion experiments and an in vivo 
rat model, it was shown that the dissolving polymeric MAP system was 
able to release gentamicin into and across the skin within a matter of 5 
minutes [100]. Although the MAP system developed was designed for 
the treatment of sepsis, the overall formulation could be refined and 
tailored to treat more localised skin infections. In order to do so, 
gentamicin, which is indicated for systemic infections [101], could be 
swapped for other antimicrobial agents which are more suited for 
localised cutaneous infections such as neomycin, mupirocin and poly
myxins [102]. Indeed, the use of dissolving MAPs provides an 
improvement with regard to drug loading, as the researchers showed 

that high antibiotic loading was achievable with dissolving MAPs [103]. 
However, in doing so, they also showed that such high antibiotic loading 
may in some instances be incompatible with several pharmaceutical 
polymers resulting in the formation of brittle MAPs that fractured on the 
skin surface during application. 

In order to circumvent this issue while still provide a solution to 
improve drug loading, several researchers within the field have moved 
toward the use of hydrogel-forming MAPs as a drug delivery vehicle to 
deliver high doses of antibiotic agents into the skin. Hydrogel-forming 
MAPs are a class of microneedles that were developed by Donnelly 
et al. through thermal crosslinking of polymers. When inserted into the 
skin, this class of MAPs absorb interstitial fluid from vicinal dermal 
tissue leading to hydrogel swelling [104]. This leads to the formation of 
continuous, unblocked hydrogel channels which can be used by 

Fig. 4. (a) The design of the microneedle-based device. (b) Scanning electron micrograph of a single hollow needle (scale bar is 100 μm). (c) Digital image of 
microneedles (scale bar is 1 mm). (d) The underside and (e) topside views of device (scale bar is 6 mm). Adapted with permission from [89]. 

Fig. 5. Illustration of MAPs loaded with antimicrobial agents used in the management of skin and soft tissue infections.  
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molecules to diffuse into and across the skin. Additionally, the rate of 
drug delivery can be tuned by the density of crosslinking within the 
hydrogel network permitting controlled drug delivery release. Recently, 
Sabri & Anjani et al. confirmed that using a composite pharmaceutical 
system consisting of a dry antibiotic reservoir in combination with 
hydrogel-forming MAPs is a viable approach in delivering high doses of 
antibiotic into the skin [105]. In this work, it was shown that by 
modulating the chemistry of the hydrogel-forming MAPs via the use of 
commonly approved pharmaceutical polymers, the researchers were 
capable of developing MAPs that swells rapidly when placed in an 
aqueous rich environment such as the dermis. However, for such system 
to be effective in delivering the antibiotic agent, judicious and meticu
lous selection of excipients used in the dry drug reservoir is also crucial. 
The researchers showed that the system developed was capable of 
delivering cephalosporin and cefazolin into and across the skin. More 
importantly, the dermatokinetic study conducted showed that the 
duration of microneedle application in tandem with the type of dry 
reservoir (wafer vs tablets) played a pivotal factor on the localisation of 
the antibiotic within the epidermis and dermis. 

Recent evidence has emerged to suggest that some bacteria such as 
S. aureus can reside within phagolysosomes of skin cells such as kerati
nocytes and phagocytic cells. This provides the cells with a protective 
environment which enable the bacteria to evade both the immune sys
tems and antimicrobial agents [106]. Studies have shown that one 
promising strategy to target these evasive bacteria is via the use of 
nanogels. A nanogel is a type of nanoparticle which is formed from a 
crosslinked hydrophilic polymer network that swells in an aqueous 
environment, leading to hydrogel formation [106]. Using hyaluronan 
based nanogels, Montanari et al. showed that hyaluronic acid based 
nanogels can be easily taken up by keratinocytes and dermal phagocytic 
cells leading to intracellular co-localisation between the nanocarrier and 
the bacteria. Nevertheless, one downside of this approach is the poor 
penetration profile of the nanogels into intact skin [107]. Moving for
ward, future work could involve loading these intracellular targeting 
nanogels into dissolving microneedles to bypass the stratum corneum in 
order for these nanogels to be delivered intradermally where it can be 
taken up keratinocytes and dermal phagocytic cells to actively target 
evasive bacteria. Therefore, it can be viewed that composite micro
needle systems such as dissolving MAPs loaded with antibiotic nano
carriers [108] or hydrogel-forming MAPs used in tandem with antibiotic 
loaded dry reservoirs are emerging strategies that are employed or being 
researched to treat cutaneous and deep-seated skin infections. 

The promising potential for MAPs to be utilised as a drug delivery 
system to treat skin and soft tissue infections has led to several patents 
being filed for such purposes [109,110]. Based on promising results and 
if future research in this area continues to prove the value of MAPs in 
managing localised skin infection, it is envisioned that antibiotic-loaded 
MAPs may emerge as a promising formulation for the treatment of skin 
infections. However, much work is still necessary before this system 
could be translated into clinical practice. Table 1 summarises some of 
the studies that have focussed on the development of antimicrobial 
MAPs for the treatment of skin and soft tissue infections. One of the 
translational and clinical hurdles that ought to be considered in the 
development of MAPs for the management of skin infections is the 
possibility for the disease to manifest on random anatomical locations 
with varying sizes. For instance, furuncles, carbuncles, erythrasma and 
impetigo typically manifest as a localised skin infection while folliculitis 
and erysipelas affect a larger surface area of the body [111]. In some 
instances, these infections may become exacerbated and lead to a more 
systemic effect which can manifest as septicaemia or sepsis. Due to the 
miniature size of MAPs, these patches may be well suited to manage and 
treat localised skin infections. Nevertheless, some work within the field 
has explored the possibility of developing and applying larger MAPs 
[112]. These larger patches could be explored as a platform to treat skin 
infections over a larger surface. In addition, the ability to incorporate a 
flexible backing layer in the overall MAP design should also be explored 

for the purpose of treating skin infections [113]. These MAPs with a 
flexible backing offer the possibility to contour and apply the patch on 
more curved skin surfaces. In the instance where the skin infection has 
progressed to septicaemia, MAPs could still be used to manage these 
infections by delivering antibiotics and therapeutic agents systemically 
rather than intradermally as evidenced by the work by González-Vaz
quez et al. [100]. Nevertheless, the use of MAPs may be limited should 
the infection become too widespread or even cover the whole body. 
Another translational hurdle that could be observed in the area of 
antimicrobial MAPs is that most of MAPs efficacy studies have largely 
been limited to in vitro agar plating assays. There are limited studies that 
use an in vivo model of skin infection to evaluate the full efficacy of 
antimicrobial MAPs. The development of such antimicrobial MAPs 
accompanied with careful evaluation of efficacy using a suitable ex vivo 
and in vivo model is paramount in order to move the field forward. (See 
Table 2.) 

Considerable strides have been made in order to develop a suitable 
skin infection model to evaluate MAPs that are loaded with antimicro
bial agents. For instance, Permana et al. recently developed an ex vivo 
fungal infection model in porcine skin, as a method to evaluate the ef
ficacy of dissolving MAPs loaded with itraconazole nanocrystals. Using 
the ex vivo fungal infection model, the researcher showed that dissolving 
MAPs resulted in 100% decline in Candida albican viability 48 h post- 
administration [108]. Although such methodology does not fully 
mimic in vivo cutaneous candidiasis, such a model may be viewed as an 
improvement to the classic agar plating assay, as the drug is released 
into actual skin tissues compare to the microbial growth in agar [108]. 
However, it was not until recently that researchers within the micro
needle field have begun using relevant animal models for skin infection 
in an effort to evaluate and demonstrate the efficacy of antibiotic loaded 
MAPs [124,126]. Within the field of dermatological research, there are 
several well-established murine models for skin infections that range 
from subcutaneous models [127], intradermal models [128], epicuta
neous models [129] and even wound models [130]. To this end, murine 
skin infection models have enabled researchers to examine host immu
nity by investigating the timing, inoculum, route of infection and the 
causative bacterial species for skin infections [131]. However, these 
models have yet to be fully utilised in evaluating the efficacy of MAPs 
loaded with antimicrobial agents. Evaluating the efficacy of MAPs using 
these in vivo models would not only enable researchers to gauge the 
efficacy of the formulation developed but would provide fundamental 
insight on additional immunologic mechanisms that are involved 
against skin infections. Such models would be of heuristic value in 
developing and refining antimicrobial MAPs for the treatment of skin 
and soft tissue infections. Therefore, it is postulated that judicious 
candidate antibiotic selection in combination with meticulous micro
needle formulation design that is subsequently evaluated in clinically 
relevant in vivo model would be pivotal in the development of an 
effective and clinically relevant antimicrobial MAP. 

2.4. Methicillin-resistant Staphylococcus aureus infections 

Due to their capacity to penetrate into the different skin layers, MAPs 
can be used to treat skin infections at a local or systemic level. 
Methicillin-resistant Staphylococcus aureus (MRSA) infections are clas
sified as one of the most harmful diseases, killing nearly 50,000 in the 
USA and Europe [132,133]. Hence, effective drug delivery in both local 
and systemic fashions is required to better target these diseases and 
MAPs could become advantageous for this purpose. On the one hand, 
direct penetration of the needles into wound infections and necrotic 
tissues could allow the direct delivery of antimicrobial agents towards 
the biofilm formed and locally treat the disease, as illustrated in Fig. 6. 
Moreover, as outlined in previous sections, transdermal delivery of 
compounds is also possible via their absorption within the skin 
microcirculation. 

In order to investigate the utilization of MAPs for wound healing, Mir 
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Table 1 
Summary of MAP design and material for antimicrobial delivery of skin infection treatment.  

A 

Microneedle Design Material Microneedle 
type 

Antimicrobial 
agent 

Outcome Ref 

5 x 5 microneedle arrays with a 
length of 500 μm 

Polyethylene glycol 600 
diacrylate 

Dissolving Gentamicin 
sulphate 

MAP exhibited antibacterial effect against S. aureus when 
evaluated using agar plating assay. 

[95] 

Acrylate-based microneedle with 
our different geometries. Height 
ranged from 1000-1250 μm. 

Acrylate polymer (eShell 
200) 

Coated Silver and zinc 
oxide 

MAP exhibited antibacterial effect against Staphylococcus 
epidermidis and Staphylococcus aureus but not for Escherichia 
coli. When evaluated using agar plating assay. 

[96] 

14 x 14 microneedle with height 
~600 μm. 

Gantrez® AN-139 Dissolving Methylene blue MAP showed an antibacterial effect of >96%when tested 
against S. aureus, E. coli and C. albicans. 

[114] 

1 x 5 array with microneedle height 
of ~ 800 μm. 

Gantrez ® AN 169 BF Dissolving none The MAP dissolved when placed in the agar plating assay 
while resulting in a large zone of inhibition for E. coli, S. 
aureus, E. faecalis and B. subtilis. However, no antimicrobial 
effects were found when tested against P. aeruginosa and 
C. albicans. 

[115] 

19 x 19 arrays of polymeric 
microneedles with height of ~ 
500 μm 

Sodium hyaluronate and 
polyvinylpyrrolidone. 

Dissolving Gentamicin 
sulfate 

MAP was shown to dissolve and deliver gentamicin 
transdermally resulting in a maximum plasma level in the 
range of 2-5μg/ml within 1-6 hours after microneedle 
application. 

[100] 

120 x 120 array microneedles with 
height of ~ 500 μm 

Hyaluronic acid Dissolving Green tea 
extract 

MAP inhibited the growth E. coli, B. subtilis, P. putida, S. 
aureus, and S. typhimurium when evaluated using agar plating 
assay. 

[116] 

1 x 4 array microneedles with 
height of ~750 μm. 

Polyglycolic acid Coated Voriconazole Voriconazole coated MAPs displayed antifungal activity 
against Candida albicans but were ineffective against 
Escherichia coli, Pseudomonas aeruginosa and Staphylococcus 
aureus. 

[97] 

1 x 5 array of microneedles with 
height of ~ 900 μm 

Gantrez 169 BF Coated Amphotericin B Amphotericin B coated MAPs exhibited efficacy against 
Candida parapsilosis when evaluated using agar plating assay. 

[117]   

B 

Microneedle Design Material Microneedle 
type 

Antimicrobial 
agent 

Outcome Ref 

1 × 4 array of microneedle 
with height of either ~ 900 
μm or 1500 μm. 

Polyglycolic acid Coated Amphotericin B MAP exhibited antifungal activity against Candida albican 
when evaluated using agar plating assay. 

[98] 

1 x 5 microneedle array with 
height of ~ 900 μm 

Gantrez® AN 169 Coated Miconazole MAP exhibited antifungal activity against Candida albican 
when evaluated using agar plating assay. 

[118] 

1 x 4 microneedle arrays with 
height of ~ 640 μm 

Polyglycolic acid coated with 
poly (methyl vinyl ether–co- 
maleic anhydride) 

Coated Itraconazole MAP exhibited antifungal activity against Candida albican but 
was void of any inhibitory effect on the growth of E. coli and S. 
aureus when evaluated using agar plating assay. 

[99] 

15 x 15 arrays with height of 
700 μm 

carboxymethyl cellulose Dissolving Nanosilver MAP exhibited antibacterial activity against Gram positive 
bacteria such as S. aureus and S. epidermidis as well as Gram- 
negative bacteria such E. coli and P. aeruginosa. 

[119] 

10 x 10 arrays with 
microneedle height of 650 
μm 

gold-coated polystyrene Coated Zinc oxide nano- 
bushes 

MAP exhibited antibacterial activity against Gram positive 
S. aureus and S. epidermidis and Gram-negative Salmonella. 

[120] 

10 x 10 arrays microneedles 
with height of 600 μm. 

hyaluronic acid Hydrogel 
forming 

Clindamycin MAP displayed antibacterial properties against P. acnes while 
in vivo study in mice showed 90% reduction in skin 
inflammation. 

[121] 

11 × 11 conical needle holes, 
each measuring a height of 
600 μm 

Gantrez S-97, PEG and sodium 
carbonate 

Hydrogel 
forming 

Vancomycin Hydrogel-forming MAP delivered 46 % of the vancomycin 
dose across ex vivo neonatal porcine skin when evaluated 
using Franz diffusion cell set up. In vivo studies, showed that 
the area under the plasma concentration time curve from time 
zero to infinity (AUC0− ∞) was 162.04 μg h/mL following the 
application of hydrogel forming MAPs which was significantly 
greater than that of the oral and dissolving MAP 
administration control group. 

[122]   

C 

Microneedle Design Material Microneedle 
type 

Antimicrobial 
agent 

Outcome Ref 

11 × 11 conical needle 
holes, each measuring a 
height of 600 μm 

Gantrez® S-97, PEG 10 000 & 
Carbopol® 974P NF 

Hydrogel 
forming 

Cefazolin In vitro permeation studies, using full thickness ex vivo neonatal 
porcine skin demonstrated the dry reservoir combination 
consisting of directly compressed tablet with hydrogel-forming 
MAPs was capable of delivering cefazolin into the epidermis 
within 2 hours of application. In addition, the composite 
pharmaceutical system was capable of delivering up to 1.8 mg 
cefazolin into and across the skin at 24 hours. 

[105] 

(continued on next page) 
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et al. fabricated dissolving MAPs loaded with polycaprolactone nano
particles containing the antimicrobial agent carvacrol [134]. Ex vivo 
drug deposition studies in porcine skin showed that over 80% of the drug 
was retained in the skin layers after 24 hours when nanoparticle-loaded 
MAPs were used, whereas only 7% of the drug was present with free- 
drug loaded microneedles. An ex-vivo porcine skin wound model was 
developed by making burn wounds and culturing different bacterial 
strains, including the MRSA strains ATCC® 33593 and ATCC® BAA- 
1707. MAPs were applied into the ex vivo wound model for 24 hours, 
achieving over 90% of bacteria killed in both strains, proving that MAPs 
do indeed have potential in the treatment of infected MRSA wounds. 

In regards of systemic infection, Ramadon et al. developed MAPs for 
the transdermal delivery of vancomycin, the first-line antibiotic therapy 
for MRSA-derived infections [135]. The drug was loaded in dissolving 
MAPs and also, compressed tablets which were then coupled with 
hydrogel-forming MAPs. Ex vivo permeation studies using neonatal 
porcine skin mounted on Franz diffusion cells showed that, after 24 
hours, approximately 35 mg and 4 mg of drug permeated when using 
hydrogel-forming and dissolving MAPs, respectively. Pharmacokinetic 
studies in female Sprague Dawley rats were also conducted, testing both 
MAP-based devices. Here, it was seen that MAPs coupled with com
pressed tablets of vancomycin led to a higher drug deposition in the skin 
whereas dissolving MAPs led to a higher drug accumulation in the 
lymph nodes after 24 h. Moreover, the t(1/2) and mean residence time 
was significantly higher when hydrogel-forming MAPs were applied (in 
comparison to oral and IV drug administration). In addition, plasma 
concentrations after application of the same device were kept between 
2-4 μg/mL from 12 h to approximately 50 h, which is within the range of 
the minimum inhibitor concentration (MIC) of VCL for treatment of 
MRSA-derived infection (1− 2 μg/mL) but also within the plasma con
centration recommended to prevent bacterial resistance. Similarly, 
Ziesmer et al. explored vancomycin MAPs aiming at the retention of the 

drug in the skin, which could be useful for the local treatment of MRSA- 
caused skin infections while minimizing adverse effects of systemic 
administration. To achieve this, dissolving MAPs were fabricated using 
PVA needle tips (where the drug was included) combined with a water- 
insoluble PMMA baseplate layer. Ex vivo permeation studies using 
neonatal porcine skin showed that the amount of drug on and within the 
skin was two times higher in comparison to the amount permeated. 
Importantly, although only 48% of the drug was delivered from the 
MAP, the concentrations reached were over 500-fold higher to those 
reported when vancomycin is administered intravenously. In addition to 
peptide-related work, Su et al. developed a MAP device that included: 1) 
a database-designed antimicrobial peptide called W379, which targets 
the cell membrane of both Gram-positive and Gram-negative bacteria 
and 2) a electrospinning-made nanofiber mat containing the same 
peptide [136]. The compound was included in dissolving MAPs and the 
nanofiber mat was placed on top, as a baseplate. In doing so, the peptide 
could be delivered both inside and outside of biofilms. Ex vivo studies in 
a wound infection model instilled with MRSA showed that the micro
needle device system significantly decreased the colony forming units 
(CFU) counting in comparison to nanofiber mat alone, showcasing the 
enhance effect of MAPs on directly delivering the drug inside the bio
films. In addition, an MRSA chronic wound model based on type II 
diabetic mice was treated with peptide-loaded nanofibers and the MAP 
system describe above. In both cases, the CFU counting decreased 
significantly after the application of the systems (changed every 24 
hours for three times), with this decrease more marked in the case of the 
MAP device. 

With regards systemic delivery of antibiotics, McAlister et al. 
explored the feasibility of using hydrogel-forming MAP in order to 
deliver and achieve therapeutic plasma levels of amoxicillin and levo
floxacin in vivo [137]. From their work McAlister and co-workers 
discovered that therapeutical relevant plasma concentration of 

Table 1 (continued ) 

C 

Microneedle Design Material Microneedle 
type 

Antimicrobial 
agent 

Outcome Ref 

16 × 16 pyramidal 
needles with a height of 
850 μm. 

Polyvinylpyrrolidone & 
polyvinyl alcohol 

Dissolving Itraconazole Dissolving MAP containing itraconazole nanocrystal exhibited 
better dermatokinetic profiles, compared to needle-free patches 
and conventional creams. Importantly, the antifungal activity in 
an ex vivo candidiasis infection model showed that the MAP 
resulted in 100% decline in Candida albican viability after 48 h of 
administration. 

[108] 

16 × 16 needles with 850 
μm needle height 

Polyvinylpyrrolidone & 
polyvinyl alcohol 

Dissolving Amphotericin B MAP inhibited Candida albicans growth and resulted in 100% 
eradication within 24 h. Pharmacokinetic and biodistribution 
studies in rats showed that Amphotericin B concentration in 
plasma, kidney, liver, and spleen in the MAP group was 
significantly lower than that in the IV group indicating that the 
MAP resulted in enhanced intradermal delivery with less systemic 
exposure to the drug. 

[123] 

10 × 10 needles with 
1000 μm needle height 

Chitosan–polyethylenimine Dissolving Amphotericin B MAP efficacy was evaluated using fungal infection mouse model. It 
was shown that the MAP that was fabricated from 
chitosan–polyethylenimine and loaded with amphotericin B 
offered higher efficacy relative to the control over the course of 6 
days. Such enhancement in efficacy was attributed to the high 
bioavailability of Amphotericin B and the synergistic actions of the 
antifungal polymer and drug. 

[124]   

D 

Microneedle Design Material Microneedle 
type 

Antimicrobial 
agent 

Outcome Ref 

16 × 16 needles with 
850 μm needle height 

Polyvinylpyrrolidone & 
polyvinyl alcohol 

Dissolving Doxycycline The incorporation of these doxycycline nanoparticles into dissolving 
MAP significantly enhanced the dermatokinetic profiles of the antibiotic, 
indicated by higher retention time com-pared to needle-free patches. 
Importantly, the antibiofilm activity in ex vivo biofilm model showed that 
after 48 h, the bacterial bioburdens decreased up to 99.99% following 
the application of this approach. 

[125]  
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amoxicillin and levofloxacin were achieved within the 1 hour following 
the application of hydrogel-forming MAP in tandem with drug loaded 
compressed table. The plasma levels achieved were above the MIC 
breakpoint for AMX and LVX for nonspecific bacterial species which are 
2 and 0.5 μg mL− 1, respectively. Thus, this proof-of-concept study 
highlighted that the utility of MAP as a promising and effective drug 

delivery platform to deliver antibiotic systemically which may be of 
great therapeutic benefits in the treatment of systemic MRSA infections. 

Moving forward to natural products, Frydman et al. investigated the 
use of Manuka honey (which is obtained in Australia and New Zealand) 
for the fabrication of MAPs [138]. Honeys have natural antimicrobial 
properties and Manuka honey in particular shows a higher 

Table 2 
Summary of MAP design and material for antimicrobial delivery of methicillin-resistant Staphylococcus aureus infections.  

A 

Microneedle design Material Microneedle 
type 

Antimicrobial 
agent 

Outcome Ref 

16 × 16 needle density, cuboidal in 
shape, 850 μm in height with base 
width of 300 μm and interspacing of 
100 μm) 
19 × 19 needle density, conical in 
shape, 600 μm in height with base 
width of 300 μm and interspacing of 
50 μm 

PVP (29–32 K) 
PVA (31–50 K) 

Dissolving Carvacrol Carvacrol-loaded polycaprolactone nanoparticles 
were loaded in dissolving MAPs to pierce the 
necrotic tissue barrier, which limits the diffusion of 
drugs into the wound bed. An ex vivo wound model 
infected with different bacterial strains showed the 
antimicrobial effect of the system and its potential 
for the treatment of infected wounds. 

[134] 

11 × 11 conical needle holes, each 
measuring a height of 600 μm, base 
widths of 300 μm, and an 
interspacing of 250 μm 
19 × 19 conical needle, 600 μm 
height, 300 μm base widths, and 50 
μm interspacing). 

PMVE/MA cross-linked by 
esterification with 7.5% w/w PEG 
10,000 and 3% w/w sodium 
carbonate 
PVP K-30 and sodium hyaluronate 

Hydrogel- 
forming 
Dissolving 

Vancomycin Vancomycin was loaded in dissolving MAPs and 
reservoirs to be used with hydrogel-forming MAPs. 
The later led to higher drug deposition in the skin as 
well as sustained plasma concentrations for a period 
of 50 hours. 

[135] 

10x10 pyramidal needles, 600 μm 
height and 200 μm base widths. 

PVA (87–89% hydroxylation), MW 
12–23k 
Polym-ethylmethacrylate 

Dissolving Vancomycin Vancomycin-loaded MAP were fabricated with a 
water-insoluble base plate layer to maximize drug 
delivery into the skin. Ex vivo permeation studies 
showed that 10 min were enough to reach the 
maximum in-skin drug deposition. Moreover, 
porcine skin infected with MRSA and treated with 
MAPs twice led to significant bacterial killing. 

[139]   

B 

Microneedle design Material Microneedle 
type 

Antimicrobial 
agent 

Outcome Ref 

11 × 11 conical needles with 600 μm 
height, 300 μm base diameter, and 5 
μm tip radius 

Manuka 
honey 

Dissolving Manuka honey MAPs were successfully fabricated using Manuka honey exposed to high 
temperature and vacuum while bacterial assay showed that honey 
extracts can effectively kill MRSA. 

[138] 

100 or 150 conical needles per patch. 300 
μm in a round-base diameter and 300 
μm in height. 

PVP Dissolving W379 peptide A dissolving MAP containing an antimicrobial peptide and a nanofiber 
membrane as baseplate was fabricated. Tests in an ex vivo wound 
infection and a diabetic mouse wound infection model showed that the 
system was able to eradicate MRSA biofilms. 

[136]  

Fig. 6. Biofilms are formed to protect bacteria underneath and mostly observed in breached skin wounds, which prevent the access of antimicrobial via topical 
application. The microbial biofilm can be penetrated by MAP transdermally. When the MAP loaded with antimicrobial compound is inserted into the skin, the MAP 
subsequently releases the loading and disrupt the integrity of the biofilm structure. 
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concentration of methylglyoxal, a major antibacterial compound. 
Hence, studies were initially performed to evaluate the most suitable 
technique to fabricate MAPs purely of honey by dehydrating it and so 
achieving a “hard-to-crack” material that could form the needles. 
Dehydrating the honey via vacuum and heating combined with 
increased pressures was tested, achieving in both cases the formation of 
MAPs. Bacterial killing assays were performed by co-culturing MRSA 
with honey solutions, which were previously exposed to the same con
ditions as for the fabrication of the MAPs. Here, it was seen that 10% of 
honey concentration is the minimum amount required to observe a 
bactericidal effect on MRSA strains, where the bactericidal effect of 
vacuumed honey might be more potent. Nonetheless, the studies 
confirmed that honey could be used as primary or adjunct material for 
the fabrication of MAPs against MRSA infections. 

2.5. COVID-19 

Coronavirus infectious disease (COVID-19) took the world by sur
prise in 2019 resulting in a profound and detrimental effect on health
care systems worldwide. Many countries were unprepared to fight 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), forcing 
them to introduce strict measures to contain the virus. This included 
mass testing and immunisation programmes, both of which are widely 
understood to be the only methods of battling a pandemic such as 
COVID-19. For instance, early diagnosis through regular testing plays an 
important role in controlling COVID-19 as it identifies those required to 
undergo a period of isolation to prevent the further spread to uninfected 
individuals. Nevertheless, this approach of public mass testing resulted 
in substantial backlog in both accurate disease diagnosis as well as the 
provision of adequate treatment to patients. To date, this has been 
achieved using viral nucleic acid testing from oropharyngeal swabs 
[140]. However, this has been associated with low efficiency due to 
ineffective sample collection, limited physical absorption from mucosal 
tissues and contamination from food or drink [141–143]. According to 
several reports, this can result in up to 30% of tests appearing as ‘false- 
negatives’ and thus enabling further viral spread [143–146]. To improve 
the current sampling efficiency, Chen et al. developed a MAP swab that 
is inserted into the oral cavity, contacting the posterior pharynx and 
tonsillar areas. This MAP was fabricated using alginate polymers, with 
the antibody targeting spike protein of SARs-CoV-2 incorporated into 
the polymeric matrix [147]. This dual function MAP consisted of a 
highly crosslinked region for mucosal insertion and a low-crosslinked 
region to facilitate viral infiltration and release into virus preservation 

solution (Fig. 7). The authors reported a higher amount of collected 
virus when compared to a conventional swab, improving the distinction 
of positive and negative patients. This has demonstrated that MAP de
vices can greatly improve the early diagnosis of COVID-19 or indeed 
other oral and respiratory tract infections. 

In addition to COVID-19 detection and diagnosis, MAPs have also 
been developed for COVID-19 vaccine delivery. Kim et al. have manu
factured a carboxymethyl cellulose (CMC) dissolving MAP incorporated 
with SARS-CoV-2 S1 subunit vaccine. S1 is an important target in 
COVID-19 vaccine development as it plays a crucial role in viral trans
mission and infection, determining the tropism of the virus and host cell 
entry [148]. In this instance, dissolving MAPs were fabricated using a 
two-step spin drying strategy that has been previously upscaled for 
Phase 1 clinical trials. The authors demonstrated that this MAP could 
elicit a potent SARS-CoV-2-specific antibody response that was evident 
as early as 2 weeks after immunisation in BABL/c mice [147]. 
Furthermore, gamma irradiation (25 kGy) sterilisation of the SARS-CoV- 
2 S1 loaded MAPs had no adverse effect on immunogenicity in this 
study. This was a key finding and now provides a viable method to 
assure sterility of MAPs for up-coming clinical investigation. To this end, 
this research group at the University of Pittsburgh have named this 
vaccine delivery platform “PittCoVacc” and are currently preparing for a 
Phase 1 clinical trial. Kuwentrai et al. have also developed a hyaluronic 
acid (HA) dissolving MAP loaded with an S1 receptor-binding domain. 
Specifically, the S1 protein was loaded into the needle tips alongside an 
aluminium hydroxide gel adjuvant [149]. After dosing in BABL/c mice, 
specific B-cell antibodies and IFN-γ T-cell responses were detected. 
When compared to the CMC dissolving MAP vaccine delivery platform 
developed by Kim et al., HA dissolving MAPs obtained similar antibody 
responses, albeit for a longer period of up to 97 days after administra
tion. Encouragingly both studies showed comparable outcomes to the 
conventional injection. In addition, a separable MAP loaded with 
nanovaccines has been developed to trigger immune responses for 
blocking the infection of SARS-CoV-2 virus [150]. Notably, these sepa
rable MAPs efficiently induced an immune response in C57BL/6 mice 
after storage at room temperature for two weeks. This indicates that 
MAPs can maintain vaccine stability during transport without the need 
for cold chain storage. This is a key advantage when improving vaccine 
coverage and could enable direct transport to point-of-care use. 

Vaxxas, a spin out company from the Australian Institute of Bioen
gineering and Nanotechnology at the University of Queensland, secured 
a $22 million grant from the Biomedical Advanced Research and 
Development Authority (BARDA), the U.S. Government Agency leading 

Fig. 7. A-C) Schematic representation of a dually functionalised MAP swab. Red and green needles indicate high and low crosslinking levels, respectively. D-F) 
Images of a dually functionalised MAP and attachment onto a regular swab. Adapted with permission from [147]. 
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the pandemic response, to develop MAPs for vaccination, including 
COVID-19 [151]. In this instance, SARS-CoV-2 spike subunit vaccine 
was dry-coated onto a high-density (HD) MAP composed of 5000 nee
dles, 250 μm in length and a tip diameter of 25 μm [152]. In a pre- 
clinical study, the HD-MAP displayed an enhanced T-cell and SARS- 
CoV-2 spike-specific antibody responses when compared to conven
tional needle and syringe delivery. Furthermore, the authors stated that 
post-vaccine serum antibody levels demonstrate the potential to 
neutralise emerging isolates as the pandemic progresses [153]. Vaxxas 
are not the only company exploring the use of MAPs for COVID-19 
vaccination. Vaxess Technologies and Medigen Vaccine Biologics 
Corp. (MVC), a Taiwanese pharmaceutical company, have formed a 
partnership to develop a combined COVID-19 and quadrivalent seasonal 
influenza vaccine (QIV) using a MIMIXTM MAP platform. This involved 
incorporating SARS-CoV-2 spike subunit vaccine and a QIV into a dis
solving MAP fabricated from silk fibroin proteins [154,155]. This has 
been designed to offer a seasonal protection vaccine via single-dose that 
is easy to use, pain-free and is associated with greater patient acceptance 
when compared to a conventional needle and syringe. By securing a 
$2.85 million grant through the Commercialization Readiness Program 
(CRP), a Phase 1 proof-of-concept trial is expected to commence in Q1 of 
2022. 

From a healthcare perspective, the COVID-19 pandemic magnifies 
the issue of staff shortages in several healthcare systems globally [156]. 
In these instances, the provision of adequate healthcare to treat patients 
suffering from other health related issues is compromised as a large 
proportion of the healthcare workforce are relocated to treat and 
manage COVID-19 patients. This issue is further exacerbated as most 
routine injectable drugs still necessitate the attendance at a healthcare 
setting. Furthermore, the boom of biotechnology has led to an ever- 
increasing prevalence of biotherapeutics such as peptides, antibodies 
and oligonucleotides with astounding therapeutic potential. However, 
these macromolecules possess high molecular weights, extreme physi
cochemical properties along with poor oral bioavailability which 
necessitate injection thus requiring the intervention of a healthcare 
professional. Therefore, there is a need to explore alternative drug de
livery systems which can offer the possibility of at-home administration. 
Such systems would not only free up healthcare providers but also 
mitigate the risk of COVID-19 transmission. In this instance, the use of 
MAP technology may provide a solution to deliver these therapeutics 
transdermally in a minimally invasive fashion. As these compounds 
typically require milligram dosing, delivering therapeutic levels may 
prove challenging with dissolving MAPs due to their limited drug 
loading. Instead, hydrogel-forming MAPs which are designed with a 
separate drug containing reservoir may provide a suitable alternative 
[157]. Nevertheless, administrating these therapeutics using MAP ob
viates the need for healthcare worker interventions and would mitigate 
unnecessary attendance at a healthcare setting. 

3. Clinical considerations and future perspectives 

In more recent times, the necessity for alternative methods of drug 
administration has come to the forefront of disease management. For 
instance, the stresses and strains on healthcare systems across the globe 
as a result of the COVID-19 pandemic have highlighted the need for 
more efficient vaccine delivery strategies. With this in mind, dissolving 
MAPs offer a potential immunisation strategy to prevent future in
fections. Not only are they pain-free, self-disabling, easy to use and 
enable self-administration, but the elimination of cold-chain storage 
could greatly improve global access to vaccines. Indeed, the future ap
pears promising for MAPs-based technologies. This is evidenced by their 
inclusion as one of the top 10 emerging technologies of 2020 by the 
World Economic Forum [33]. This has certainly put MAPs in the spot
light, creating an attractive prospect for further investments. 

Despite the benefits conferred by MAP technologies along with the 
advancements made in the field, there is no MAP-based drug product to 

date that has gained US Food and Drug Administration (FDA) approval. 
Currently, there is a lack of standard and universal methods for quality 
control of MAPs, however, it seems likely that regulators will view 
MAPs, particularly coated, dissolving and hydrogel-forming MAPs, as a 
new drug delivery system rather than as a CE marked medical device or 
an adjunct to existing transdermal patches. For example, the FDA has 
stated that “regulation of combination products must take into account 
the safety and effectiveness questions associated with each constituent 
and the product as a whole” [158]. As a result, key regulatory questions 
likely to be considered include sterility of the MAP dosage forms, dosing 
accuracy, assurance of delivery, potential for reuse and packaging. 
While this is not an exhaustive list, it certainly covers the critical attri
butes to ensure reliable clinical translation of the MAP technology. 
Recent collaborations between academic institutions and pharmaceu
tical manufacturers are addressing such regulatory questions. In addi
tion, LTS Lohmann Therapy Systems (LTS), a German company based in 
Andernach that focusses on the development of transdermal therapeutic 
systems, has recently gained GMP status for the production of MAPs for 
clinical trials [159]. Such approval would not only encourage more 
MAP-based clinical trials but could also help accelerating the transition 
of MAP-based systems into clinical practice [160]. 

From a commercial standpoint, the choice of the sterilisation method 
will be critical as this will ultimately impact the cost of the final product. 
McCrudden et al. were the first to explore methods of sterilisation for 
MAPs. They discovered that using terminal sterilisation techniques, such 
as steam autoclaving and dry sterilisation, resulted in substantial irre
versible damage to dissolving and hydrogel-forming MAP systems 
[161]. This is attributed to the hygroscopic nature of the hydrophilic 
polymers used in fabricating these type of microneedle systems. 
Furthering this, Swathi et al. explored the effect of gamma irradiation on 
dissolving MAPs. Four different dissolving MAP systems fabricated from 
sodium carboxymethyl cellulose (CMC), polyvinylpyrrolidone (PVP) 
K30, PVP K90 and sodium hyaluronate (HU) were explored. Upon 
exposure to gamma irradiation, it was discovered that CMC and PVP K30 
microneedles were affected by this mode of sterilisation, resulting in 
poor mechanical properties and disruption of needles architecture. 
However, the appearance, properties and release profile of PVP K90 and 
HU were unaffected by the dose of gamma irradiation used [162]. With 
respect to MAPs production, gamma sterilisation will not be compatible 
with all polymers, as shown by Swathi and co-workers, but may also 
result in unwanted irreversible changes to drugs, particularly biologics 
[163–166]. In order to overcome this issue, self-sterilising MAPs could 
be a viable alternative. For instance, Garcia et al. have developed self- 
sterilising dissolving nanosilver-loaded MAPs fabricated from CMC. 
Nanosilver is a potent antimicrobial with activity against both Gram- 
negative and Gram-positive bacteria [149]. This concept has been 
shown to be capable of supressing microbial pathogen growth at the site 
of MAPs application [150]. That being said, further work to maximise 
API loading is necessary with this design to ensure that therapeutically 
relevant doses could be administered. Therefore, at present, it is 
postulated that dissolving and coated microneedles would probably be 
made under aseptic conditions, or sterilised with more milder methods, 
such as UV or ion beam, rather than gamma sterilisation [165]. In 
contrast, hydrogel-forming MAP could still undergo gamma sterilisation 
as the drug loaded reservoir may be added separately and aseptically 
down the production line [165]. 

The dosage accuracy and assurance of delivery are closely linked. To 
achieve complete MAPs skin insertion, the user must be confident that 
the correct force has been applied. In doing so, the dose administered 
across the skin can be not only controlled but also reproducible. Through 
feedback questionnaires, users and healthcare professionals had 
expressed a preference towards an indicator device to confirm correct 
MAPs in-skin insertion [167]. Several concepts have been developed to 
address this request. This has included the use of a pressure indicator 
sensor film [168], snap-based device that closed shut at a certain force 
[169] and more recently, Hutton et al. developed a reservoir-based 
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feedback mechanism for hydrogel-forming MAPs that ruptured upon 
application of the required insertion force [170]. Although all these 
concepts have demonstrated considerable success, a true cost-effective 
product has yet to be developed. Another key method to achieve pre
cise dosing is to optimise the MAP design. As a “one-size-fits-all” 
approach cannot be used for the 5 different MAP types, considering 
parameters such as needle height, geometry, sharpness and density is 
vitally important. Such considerations have been discussed in detail in 
previous reviews [171–174], however, studies are still ongoing to pre- 
empt queries from regulatory bodies. 

Financial investment from pharmaceutical companies would also 
play a pivotal factor in translating MAPs from bench to bedside. How
ever, before pharmaceutical industries invest more in the development 
of MAP technologies, they ought to have reassurance that their com
mercialisation would provide a lucrative return on revenue. From a 
healthcare perspective, oral antibiotics and anti-infective agents are 
inexpensive, as are needle-and-syringe based vaccines [175]. Therefore, 
there is a possibility that healthcare providers would be somewhat 
reluctant to pay for MAP-based formulations should the final market 
price of commercialised MAP products be too expensive compared to 
conventional oral antibiotics and hypodermic injections, unless there is 
a very clear benefit. For example, the use of MAPs in delivering con
ventional injectable therapeutics may provide a solution in circum
venting COVID-19 backlog in healthcare provision. This could result in 
less people ending up in hospitals that would otherwise impose sub
stantial financial burden to the overall healthcare system. Additionally, 
the involvement of charities also plays a critical role in funding the 
research involved in translating MAP systems which are targeted for the 
treatment of infectious disease in LMICs. This is evidenced from the fact 
that support from charities, such as Bill & Melinda Gates Foundation has 
helped to accelerate the development of vaccine-loaded MAPs targeted 
for the eradication of measles and rubella [176]. Moving forward, the 
involvement of charities such as UNICEF, Malaria No More, TB Alert and 
Giving What We Can with academic institutions could help accelerate 
MAP research for the treatment and management of tuberculosis and 
malaria. 

As we have discussed in the review, the delivery of antibiotics using 
MAPs may offer a solution to prevent the development of antimicrobial 
resistance. This may be achieved by delivering antibiotics transdermally 
into the systemic circulation thus obviating the potential damaging ef
fect of oral antibiotic delivery that could result in gut dysbiosis as well as 
a reduction in taxonomic richness [177]. It has been shown that by 
delivering antibiotics transdermally or via IV injection, there will still be 
some level of dysbiosis occurring within the gut microbiome to a level 
that is comparable to oral administration. Nevertheless, the period of 
dysbiosis induced by delivering antibiotics directly into the systemic 
circulation is far shorter relative to oral administration of antibiotics 
[178]. Thus, it is postulated that by reducing the period of dysbiosis 
induced by changing the route of antibiotic administration, this will 
shorten the time that the gut microbiome is placed under a selective 
evolutionary pressure thus, mitigating the likelihood of antibiotic 
resistance arising. Furthermore, with respect to more localised in
fections such as SSTI, the delivery of antibiotics using MAPs offers an 
elegant solution to achieve a more localised delivery of drug substances 
to the site of infection. In doing so, it is possible to reduce the unnec
essary exposure of bacteria located within other parts of the body to the 
antibiotics thus, reducing the likelihood of antibiotic resistance arising. 
It is worth noting that circumventing unnecessary antibiotic exposure 
for non-targeted bacteria is expected to be a very minor and indirect 
factor, as the development of antimicrobial resistance mainly occurs in 
the targeted microbes. To avoid this issue, formulators must design 
MAPs in a manner that ensures sufficient quantities of antibiotics are 
loaded into the patch. In addition, the patch should also be capable of 
delivering sufficient doses of the antibiotic above the minimum bacte
ricidal concentration until the causative microorganism is fully eradi
cated. This formulation could be further refined by utilising ligand 

decorated nanotechnology to ensure a more selective and effective de
livery of the antibiotic to the causative organism. 

Once a final product has been developed, it is vitally important that 
MAPs maintain their functionality and that the API remains stable over 
the product lifetime. Many studies have investigated API stability in 
MAPs using accelerated storage conditions. For instance, Zhan et al. 
exposed dissolving MAPs loaded with lidocaine hydrochloride to 40 ±
2◦C, 75 ± 5% RH for 84 days. The authors reported no significant 
changes with the MAP throughout the 84-day study period [179]. 
Additionally, dissolving MAPs have been shown to maintain the stability 
of vaccines following exposure to 60◦C for 4 months [180]. This is 
because these patches hold their payload in the dry state, similar to a 
lyophilised vaccine before dissolving upon contact with the skin’s 
interstitial fluid. For hydrogel-forming MAPs, the high temperatures 
used during esterification can lead to degradation of therapeutic pro
teins and peptides. To overcome this issue, hydrogel-forming MAPs are 
devoid of drug themselves, rather they contain a separate API containing 
reservoir. Currently, this can be either a drug film, directly compressed 
tablet, 3D printed construct or a lyophilised wafer [70,105,135]. As 
demonstrated by Courtenay et al., freeze dried lyophilised wafers can be 
used to maintain the stability of high valued biomolecules such as 
monoclonal antibodies [181]. However, the hydroscopic nature of 
lyophilised wafers or the loaded API itself can result in instability 
following an ingress of moisture. This was observed by McAllister et al., 
in which amoxicillin sodium was incorporated into a hydrogel-forming 
MAP system using a directly compressed tablet. In this instance, the 
MAP system was incorporated into two different types of packaging and 
exposed to 40 ± 2 ◦C, 75 ± 5% RH for 168 days [180]. Notably, colour 
changes and distorted needle shape was observed for both MAPs 
unpackaged and those packaged in poly(ester) foil. Additionally, the 
percentage of recovery of amoxicillin sodium remaining was 0.15 ±
0.06% at day 168. In contrast, Protect™ 470 MIL-PRF-131 K Class 1 foil 
provided suitable moisture and heat protection, as evidenced by no 
visible changes in MAP shape or insertion. Furthermore, the percentage 
recovery of amoxicillin sodium did not substantially reduce after 168 
days. Consequently, this study proves that the choice of primary pack
aging must be another consideration in the end-product. Evidently in 
recent years, the research conducted within academia has gone some
way to addressing the key regulatory questions that are likely to be 
associated with MAP technology. Therefore, ongoing collaboration be
tween academia and industry will undoubtedly advance the commer
cialisation of MAP-based technologies. 

4. Conclusion 

The spread of infectious disease along with the emergence of new 
ones is fuelled by the evolutionary conflicts between rapidly adapting 
infectious microbes and their slowly evolving human hosts. It is of great 
importance that broadly based preventative measures, as well as new 
and improved strategies (e.g., surveillance tools, diagnostics, thera
peutics and vaccines), are continually developed, tested, refined and 
improved, in order to mitigate and prevent antibiotic resistance mi
crobes from spreading. Such efforts necessitate a strengthened rela
tionship between public health and clinical sciences. It can be seen that 
MAPs may serve as a potential platform to help improve and refine these 
strategies in both the treatment and diagnosis of infectious diseases. 
MAPs have been investigated for a variety of biomedical applications 
ranging from biodiagnostics to drug delivery. Since the first paper on 
MAP-mediated drug delivery was published in 1998, the field has gained 
considerable momentum. This has opened new avenues for the delivery 
of a wide array of antibiotics and prophylactic agents of varying phys
iochemical properties into and across the skin for the treatment and 
prevention of different infectious diseases. From a diagnostic point of 
view, the ability for MAP to be applied in a minimally invasive fashion at 
an infection site opens the possibility to extract and detect potential 
biomarkers that may help expedite decision making for patient 
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management. 
Indeed, the application of MAP for diagnosing and treating infectious 

diseases are still in the early stages of development with most studies 
being associated with preclinical research only. Nevertheless, there is 
plenty of room for future clinical research within the field, considering 
the rapid rise of multidrug-resistant microorganism. Furthermore, 
advancement in polymer chemistry has recently led to unprecedented 
control over polymer physicochemical properties with some even dis
playing bactericidal properties. The utilisation of such polymers in 
fabricating MAPs may be utilised as antimicrobial adjuvants to help 
boost the efficacy of current antibiotics. In addition, with the rapid 
advancement within the field of nanotherapeutics it can be envisioned 
that future generations of MAPs may be fabricated with the inclusion of 
antimicrobial nanoparticles accessorized with bacteria targeting ligands 
which may offer improved antimicrobial efficacy with minimal side 
effects. However, in order for these systems to transition into clinical 
practice some translation challenges would need to be considered and 
addressed. Such translational hurdles include dosage accuracy, sterility, 
stability and scale-up production. In addition, engagement with poten
tial end-users during the development of future MAP product would also 
be critical as this will also help researchers identify and resolved any 
additional hurdles in bringing antimicrobial MAPs into clinical practice. 

In addition, another key challenge that ought to be acknowledged 
towards the commercialisation and widespread use of MAPs is the lack 
of efficacy and practicality data in humans. At the time of writing this 
review, there are indeed several clinical trials that are currently un
derway or have been completed that look into the utility of MAPs as 
potential drug delivery and biodiagnostic platforms [182–184]. Never
theless, these are early phase clinical trials that place emphasis on side 
effects and safety with some focus on efficacy within a small group of 
healthy participants. More late phase clinical trials conducted within 
target patient groups will provide key information on the efficacy and 
side effects of using MAP based technology in real world scenarios. It is 
also worth noting, more GMP approved manufacturing facilities ought 
to be established in order to mass manufacture MAPs for these late phase 
clinical trials due to the multicentred nature and large patient numbers 
recruited in these studies. Clinicians ought to be involved in the plan
ning of these clinical trials as this may provide an avenue to introduce 
MAP technology to clinicians as well enabling the design of a more 
robust study design. Besides that, these clinical trials ought to be com
plemented with the implementation of human factor studies that 
investigate the development of MAP designs which are ergonomic and 
end-user friendly to enable the safe and effective use of the technology. 
The data obtained from these human factor studies and late phase 
clinical trials would be critical in propelling the transition of MAP for 
true clinical application. 

Despite the impact and potential benefit that MAP may bring in the 
combat against infectious diseases, considerable effort should still be 
made in discovering new anti-infective agents. However, the ability and 
flexibility offered by MAP technology in delivering a wide array of 
agents of varying physiochemical properties may help mitigate the 
attrition rate of bringing new drug entities such as potential antibiotic 
into the market. Given the widespread nature of infectious diseases in 
our society, there is a growing need to improve the way we treat and 
manage them. MAPs are slowly making an impact in this area as evi
denced by the growing number of research and publications. However, it 
is apparent that some infections are gaining more attention than others 
(such as HIV and skin infections) due to the severity and prevalence of 
these diseases. For MAPs to have a true impact in managing severe in
fections, clinicians need to be made aware of the potential benefit of 
MAP technology. In addition, establishing a research partnership be
tween clinicians, academia, and industry is paramount in promoting and 
translating MAP research into clinical practice. 
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