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Abbreviations. AC, alternating current; APCs, antigen-presentiedjsc ASSURED, affordable,
sensitive, specific, user-friendly, rapid and rdbwequipment-free and deliverable to end-users;
cfDNA, cell-free deoxyribonucleic acid; CMOS, cormpientary metal-oxide semiconductor;
COVID, coronavirus disease; CSF, cerebrospinadfl@T, computerised tomography; CV, cyclic
voltammetry; DC, direct current; DNA, deoxyriboneid acid; DPV, differential pulse voltammetry;
EBV, Epstein-Barr virus; EDC/NHS, 1-ethyl-3-(3-dithglaminoproply) carbodiimidél-
hydroxysuccinimide; ELISA, enzyme-linked immunosemb assay; GOXx, glucose oxidase; HIV,
human immunodeficiency virus; HPLC, high performatiquid chromatography; HRP, horseradish
peroxidase; IgG, immunoglobulin G; IP, iontophosesiSF, interstitial fluid; JEV, Japanese
encephalitis virus; MN, microneedle; NA, nucleicicac OBMT, one-touch-activated blood
multidiagnostic tool; OPDg-phenylenediamine; PCB, printed circuit board; P@8lymerase chain
reaction; PDMS, polydimethylsiloxane; PEDOT, polygthylenedioxythiophene); PNA, peptide
nucleic acid; PoC, point-of-care; PP, polyphendPDR polyp-phenylenediamine); SALT, skin-
associated lymphoid tissue; SAM, self-assembledatayer; SEM, scanning electron microscope;
SERS, surface-enhanced Raman spectroscopy; SW¥resguave voltammetry; TB, tuberculosis;
UV, ultraviolet; VEGF, vascular endothelial growtttor; WHO, World Health Organisation

Abstract Recent infectious disease outbreaks, such as CQ9lBnd Ebola, have highlighted the
need for rapid and accurate diagnosis to initiagatment and curb transmission. Successful
diagnostic strategies critically depend on thecadficy of biological sampling and timely analysis.
However, current diagnostic techniques are invésitresive and present a severe bottleneck by
requiring specialist equipment and trained persbriviereover, centralised test facilities are poorly
accessible and the requirement to travel may iserégsease transmission. Self-administrable, point-
of-care (PoC) microneedle diagnostic devices cqravide a viable solution to these problems.
These miniature needle arrays can detect biomaikérsm the skin in a minimally invasive manner
to provide (near-) real-time diagnosis. Few miceaiie devices have been developed specifically for
infectious disease diagnosis, though similar teldgies are well established in other fields and
generally adaptable for infectious disease diagnoshese include microneedles for biofluid
extraction, microneedle sensors and analyte-caygfumicroneedles, or combinations thereof. Analyte
sampling/detection from both blood and dermal witgal fluid is possible. These technologies are i
their early stages of development for infectiousedse diagnostics, and there is a vast scope for
further development. In this review, we discuss tkity and future outlook of these microneedle

technologies in infectious disease diagnosis.
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1. Introduction

Infectious diseases are commonly diagnosed usicgn@ination of clinical examination (based on
signs and symptoms) and laboratory testieg.(cell culture and molecular diagnosticsElinical
examination is challenging because different disgaeften manifest with similar signs and
symptom$™. On the other hand, laboratory testing allowsakisespecific biomarkers to be identified
and quantified®, which offers greater objectivity and specificityer clinical examination. However,

its effectiveness hinges on gathering accurateyaicall results in a timely manner. The requirement
for specialist equipment, state-of-the-art testfagilities and trained personnel presents a severe
bottleneck in current approaches to laboratoryirntgstwhich delays the diagnosis with potentially
fatal outcome<®. Rapid and minimally invasive point-of-care (Pafijgnostics i(e., medical tests
performed near or at the point of patient caregaily self-manageable, could provide a solution for

these problems.

PoC tests can relieve the strain many healthcastersg are facing with increasing healthcare
demands combined with decreasing budgets and drfiiteding™". The most established and well-
recognised PoC tests, albeit not for diagnosingcinins, are undoubtedly the home pregnancy tests
and personal glucose meters for diabetes monitohmthe clinical setting, many other types of PoC
tests are available from simple lateral flow tegtatrips to more complex microfluidic testing chips
for use in portable handheld or benchtop devic@hese devices offer rapid testing for blood gasse
coagulation, endocrinology, cardiac markers andemoften on a single device with multiple single-
use cartridged. While PoC tests clearly have many advantagesidtivering rapid diagnosis over
traditional laboratory-based testing, many stilguiee biological sample collection. Sampling
procedures for blood, saliva, oral swabs, nasabswtssue biopsies, urine, stool and genitourinary
swabs can be considered invasive or intrusive lsecthey make the patient uncomfortable. Blood
sampling and tissue biopsies cause pain and physicema to the patient while also increasing the
risk of infection as the skin barrier is brok&l. The collection of swabs and bodily secretions may
cause embarrassment and emotional trauma, leadindjstress and anxiety. Moreover, sample
collection by healthcare professionals also expésgsworkers to the infection, a major risk that
became evident throughout the recent COVID-19 ahdl& outbreak§™® For these reasons,
alternative diagnostic mediums such as biofluidsilakle in the skin, where sampling is minimally

invasive and self-managed, are starting to be tigatsd.



The skin performs an important immunological fuoetspanning both the innate and adaptive
arms of the immune system. The skin-associated hpimptissue (SALT), comprising antigen-
presenting cells (APCs), including macrophages d@erthal dendritic cells, is found throughout the
epidermis and dermis. In addition to performingheagocytic function to remove infective agents,
these APCs bridge the innate and adaptive immusiemsg by presenting antigens to T-helper cells,
which in turn activate the humoral and cell-mediatemune respons€sA cutaneous infection will
trigger a local immune response in the skin. Adddily, pathogenic antigens and host immune
components relating to a systemic infection can aks detected in the skin. For example, Dengue,
Zika and Ebola are non-cutaneous infections the¢ l@acutaneous expression and can be diagnosed
using biomarkers present in the skirior! Reference source not found.). Such biomarkers may
include pathogenic antigens, nucleic acids (NAs) e@mponents of the host immune respoesg. (
host antibodies and cytokines) in the interstifiiaid (ISF) or capillary blood®. Therefore, the skin
offers a unique window to monitor the body’s infeas status. Detecting pathogenic markers is
advantageous, as such markers are exogenous aefbtbeabsent in non-infected individuals, so the
tests are likely to be definitive. In terms of thest immune response, the innate response allaws fo
early detection but is less specific, and therefmay be less definitive. On the other hand, the
adaptive immune response is delayed and so testsl hgoon it typically detect infections at a later
stage, but are likely to be more definitive dughe greater specificity. In any case, since infecti
markers can be expressed and detected in the thldnprgan offers an attractive medium for

minimally invasive and self-managed diagnosis téatious diseases.
2. Microneedlediagnostic platforms

In recent years, transdermal microneedle technedotiave emerged as a promising avenue for
achieving accurate clinical diagnostics and heatttmitoring, with molecular-level specificity in
near-real time. Traditionally developed to replabgpodermic needles for drug delivery
application&”®* microneedles can be described as miniature reedlenicro-projections that are
typically less than 1 mm in length and hundredsimifometres wide. A microneedle array consists of
a few to hundreds of such micro-projections andlmmade, with or without a lumen, in a variety of
shapesi.e., conical, pyramidal, cylindrical or even fang-like allow both efficient skin penetration
and bioanalysf§™®. With regards to transdermal bioanalysis, micrdieedevices for glucose
monitoring have dominated the field from the ea2§00§%%%" By virtue of their dimensions,
microneedle devices are painless as they avoidacomiith nerve endings and blood vessels, with
limited signs of skin irritation, and are well tcied among patierifs>®*~" Sampling from blood
may require longer microneedles than sampling ftben ISF, which increases the invasiveness of
such devices. However, Gill et'dlshowed that microneedles up to 1.45 mm in length@G46 mm

in width were significantly less painful than a @&uge (0.46 mm outer diameter) hypodermic needle



inserted 5 mm into the skin. Silicon, metals, palysy ceramic, glass and, more recently,
nanocomposite materials have been employed tovtlaed&abrication of microneedle devices using a
range of techniques such as photolithography, dmvithography, micromachining, 3D printing,

micromoulding and thermal pulling (for gla&s)—"

Current microneedle-based diagnostic platforms diyo@perate in one or more of the
following ways: (1) biofluid extraction witln vitro analysis (Fig. 1A and 1B); (2) specific target
analyte capture (Fig. 1C); and (®)situ electrochemical sensing (Fig. B There are a limited
number of microneedle diagnostic platforms that loio two or more of these mechanisms. These
platforms offer different degrees of analyte speitif and rapidity (real-time/near real-time) towar
bioanalysis (Fig. 2). Relatively few microneedlevides have been investigated specifically for

infectious disease diagnosis. There are two clinicds registered on clinicaltrials.gov relatitmthe

use of microneedle devices for tuberculosis (TBigdobsis, both using microneedles to administer
tuberculin intradermally to observe delayed-typepdrgensitivity skin reactions, similar to the
Mantoux methol. One was completed in April 2013 but no resultgehiaeen posted yé&t while the
other was due to begin recruiting healthy volurgéerOctober 2028, In this instance, microneedles
have been used as a minimally invasive alternativihe Mantoux method for diagnosing latent TB
infections. The test is unique to TB and the dermijgction of an antigen to induce a visible skin
reaction is limited in scope for adaptation to diege other diseases, so it will not be the focukisf
article. A wealth of literature on microneedle-ldhgagnostic platforms for other, non-infectious
diseases already exists. These platforms facilbaimarker sampling or detection from/in the skin,
and their design principles are generally adaptabléhe detection and monitoring of various
infectious diseases. These different modalitiesdéseussed below and their use in infectious deseas

diagnosis, where applicable, is highlighted.

2.1. Biofluid extraction

The extraction of ISF and blood can be accomplishiti hollow, hydrogel, porous and solid
microneedles, although hollow microneedle-basedraetibn devices have seen the most
development. Such devices act as a conduit to scgesmal biofluids for on-chip analysis in
microfluidic chamber8®>°"884(Fig. 3), or the collected biofluids can be tram$ed out of the
device for analysis using standard commercial a&5%y> Microneedle-based biofluid extraction
devices are usually coupled with downstream armlysategies to detect the presence of a particular
analyte of interest. These strategies span a wadiety of techniques from conventional lab-based
detection method®&® (including cell culture, microscopy, the polymezazhain reaction (PCR), the
enzyme-linked immunosorbent assay (ELISA), highHgyerance liquid chromatography (HPLC) and

proteomic analysis) to alternative analyte sensimgtegies. Here, we restrict our discussion to the



biofluid extraction aspect of these devices, arstuis the detection backends in Sections 2.2. and
2.3.

Efficient extraction of a sufficient volume of biofd remains one of the greatest challenges for
hollow microneedle-based diagnostic systems. Hollwaroneedles with an inner diameter of 1-100
um have been shown to facilitate efficient biofluitaké'*> However, reduced sampling rates and
blockages can occur due the viscous nature ofitfriids and dislodging of biological material into
the lumen from skin penetration, respectife; To mitigate this effect, several design strategie

5839 a tapered design of the

have been illustrated such as, utilising a bevetipdangle of 1
microneedles themse&&? off-centre positioning of the lumen typically ayirom the tip of the
microneedle¥*® and even a dual-lumen desigif (Fig. 4). Particularly for biofluid extraction ove
extended periods, it is important to ensure theanieedles remain securely in the skin throughaat th
sampling duration. To this end, a dual design atingj of hollow microneedles surrounded by solid
microneedles has been u¥edhe solid microneedles stretched the skin oveltiptel contact points

to provide anchorage and facilitate efficient sggnetration through friction adhesion. Application
stability by the outer solid microneedles allowdfitent biofluid extraction through the inner hal
microneedles. Furthermore, multivariate algorithinave been developed that consider key
parameters such as microneedle geometry, patchasideskin thickness, to provide a quality-by-
design approach with defined critical quality diiies to achieve the desired device performidnce
Rapid sampling of ISF is possible by increasingribmber of microneedles in an array as shown by
Strambini et af°. A densely packed array consisting of 1 X fiicroneedles, measuring+ 100 um in
height and 4 um in bore size, were able to filharmber at 1 pL/s. For continuous monitoring, it may
be necessary to fine-tune the sampling rate torendevice functionality over a prolonged time-
period. For example, in a series of studies, Koblayand Suzuki developed an ‘intelligent mosquito’
system that utilised a volume phase-transition y(pblsopropylacrylamide)) (polyNIPAAmM) gel
system that shrank and expanded in response t@rgehn human body temperatiifé® They
demonstrated that, by co-polymerising the gel waithylic acid, ionized moieties can be introduced
into the polymer backbone, which resulted in a icoaius draw of blood for over 10 hours at 4 uL/h.
Jina et af?also demonstrated continuous monitoring for upad@urs in ISF by passive diffusion of
glucose through a hollow microneedle device. Holloigroneedle devices are typically coupled with
on-chip electrochemical sensing for continuous tawimig as well as one-off detection. This

detection strategy is discussed further in Se@i@n

In addition to hollow devices, solid microneedleaggs have also been used to access
subcutaneous biofluids by creating micropores m gkin. It has been demonstrated that multiple
insertions of a solid microneedle device encouthgebiofluids to migrate to the skin surface thrioug

the micropores, allowing them to be absorbed iipss of paper attached to the device (Fig—5A



C)**21% gor collectedvia vacuum suctioff®* More recently, new microneedle designs have eeterg

for ISF extraction in the form of porous and hydrbgicroneedles. Porous microneedles can be
considered a hybrid between solid and hollow mieastes. They are fabricated in a way that allows
large interconnected pores to form in the bodyhef microneedle while still maintaining structural
strength (Fig. 5BE). Subsequently, ISF can be extracted from the Iskisimple capillary force and
collected from the microneedles using centrifugdfi®®. Hydrogel microneedles, on the other hand,
act like a sponge and swell upon insertion intodéenal interstitium, absorbing ISF using a diftursi
gradient (Fig. 5F). Like porous microneedles, theaeted ISF can be liberated from the hydrogel

microneedles by centrifugation and analysed usistabiished analytical methods such as
HPLC87’88’105_10.9

2.2.Sensing systems

Infectious disease detection using biosensing dsvis an emerging approach towards health and
infection transmission monitoring. These devicgsdglly comprise a signal transducer (an electrode)
modified with a recognition element (an enzyme wtikendy) that confers specific interactions with
the target analyte of interest, relaying a quaatilf electrical signal that correlates with thetiek
abundance of the targ&t Detection of pathogenic infections using biosemsmn either be direct
(where the whole pathogen is detected by the sermorindirect (biosensor detects secreted
metabolites or nucleic acids from the invading argm). Signal quantifying techniques include
amperometry, voltammetry (cyclic (CV), differentiglulse (DPV), square wave (SWV)) and
impedance spectrometty**? Direct current (DC) voltammetric or amperomets@nsors measure
changes in current due to target interactions, ed®impedance-based biosensors use alternating
currents (AC) to detect changes in resistance ateflectrode surfat€''? These changes are

triggered by a target-specific molecular recognittwvent (Fig. 6).

There is a wealth of literature detailing biosegsiplatforms for the detection of infectious
agent$'3M>118 A recent minireview highlighted the latest adwesiin rapid biosensing of common
opportunistic bacterial pathogerBsgudomonas aerugingsataphylococcus aureu& Escherichia
coli) in clinical settings’”. The development of Japanese Encephalitis Vir&/XJand Human
enterovirus 71 (hand, foot and mouth disease) bags has also been reported using electrochemical
sensing techniqu&s*'® However, integration of biosensing technologie® imicroneedle-based
platforms for use in infectious disease diagnodties been underexplored. Historically, microneedle
sensing systems have been heavily developed fodlgtucose monitoring, so that is where most of
the technological advances have been made. Forgason, some of the following discussions will

necessarily be had against this backdrop. Howevenyill outline the general design principles and



mechanisms of these microneedle devices with a w@wranslating them to infectious disease

diagnostic applications in the future.

Both hollow and solid microneedles can be incoratanto an electrochemical sensing
platform for real-time or near-real time detectddarget analytes in the skin. We have discussed
hollow microneedles for biofluid extraction in Sect 2.1. Though microneedle-mediated biofluid
extraction is beneficial due to its minimally inwges nature, combining this with a sensing stratisgy
important to address diagnostic opportunities. &ocurate functioning, aside from microneedle
design optimisations, the integrated sensor needgbrporate multiple elements such as a reservoir
patterned with appropriate assay formulations aimtegworking and counter electrodes, inlet and
outlet channels, flow through channels incorpoatifialysis membranes to prevent large high
molecular weight proteins from adsorbing and faylthe sensor (particularly in relation to blood
sampling), and a pumping mechanism for both samgteeval and removal. Systems integration and
miniaturisation is therefore a major challenge, Isthithe inherent complexity in design can
significantly impact reliability and reproducibifitwhen manufacturing such devices. Nonetheless,
clinical studies on hollow microfluidic devices indte that acceptable performance to a clinical

standard can be deduced from such de%ic¢és

Another approach is-situ sensing, where the microneedles act as electtbdésletect the
analytes within the skin in real time. There areo tdesign strategies for fabricating-situ
microneedle sensors. The first involves the devakg of electroactive solid microneedles, while the
second uses hollow microneedles to house convetelactrochemical sensing elements, such as
modified carbon pastes and fib¥és'?® The fabrication of solid microneedle sensors dgfhy
employs sputtering or e-beam evaporation to meeafiolymeric or metallic microneedles to produce
an electroactive surface, which is then functigeali with an appropriate enzyme or coating to
selectively detect an anal§teMetallisation typically uses expensive metalshsas gold or platinum
to create a highly conductive electroactive surfacea. Hence, polymeric nanocomposite solid
microneedles based on inexpensive nanomaterials asiccarbon nanotubes provide an attractive
alternativé®. In comparison to hollow microneedles housing alified electrode, optimal utilisation
of such nanocomposites can significantly improwertiechanical strength of the microneedles whilst
also increasing the electroactive surface areatalibe high aspect ratio of the nanomatéfial®®
Nonetheless, the electroactive materials used hnci&te both solid and hollown-situ sensors are
already well established in the field of electrdgsia™. Carbon nanotube and carbon paste electrodes,
in particular, offer the very desirable combinataiiow background current, easy customisation, low
cost and ease of fabrication. Moreoviersitu biosensors offer a simpler design than microftuidi
biosensors and are particularly advantageous t@wvardilti-analyte detection, since each

microneedle/transducer can be selectively modifvet a different recognition element. In contrast,



for microfluidic biofluid extraction devices, multinalyte detection poses a significant challenge, a
all the different recognition elements and trangdsiavill need to be integrated within the confined

space of a single microfluidic compartment.

Both solid and hollow microneedle-basedsitu sensors have detected therapeutic drugs,
electrolytes, alcohol, pH changes, small molecuteduding glucose, nitric oxide, ascorbic acidgcur
acid, dopamine, glutamate, neurotransmitters agarmphosphorus nerve agéhpg®®3122124-126.128-
1 For solid microneedle biosensors, recognitiomelats such as enzymes are typically cross-linked
to the microneedle surface using covalent crossgilchemistries to protect them from accidental
removal or degradation during skin applicatfdnFor example, Hwa et &developed a glucose
sensor on a gold electrode by assembling glucoskasx (GOX) enzyme using the activated carboxy
terminus (EDC/NHS chemistry) of a self-assemblechatayer (SAM) with 3-mercaptopropionic
acid. SAMs are known for being easy to deposit etaitic surfaces to allow molecular linkage. This
sensor showed enhanced stability whereby 80% oétlzgme was retained over 7 days. To improve
shelf-life, the authors suggested adding a hydrtayalr over the enzyme layer, or depositing GOXx
using layer-by-layer assembly with a suitable paymMore commonly, recognition elements are
typically deposited onto solid microneedle eleca®dusing electropolymerisation of pady(
phenylenediamine) (PPBJ'*: poly(3,4-ethylenedioxythiophendPEDOT)}**'** and polyphenol
(PP)®, or drop casted using nafion solutions to cregtelgmer film****% These strategies are used
to entrap enzymes within the polymer films, thushfoong the recognition element to the
microneedle. Overall, this results in enhanced mzyme stability and signal-to-noise ratio. The
choice of polymer film needs careful consideratias,they can help prevent common interferants
such as ascorbic acid, uric acid, dopamine ancgacedphen from fouling the electrode. Sharma et
al.™®", however, reported that their device with a PR fiquired application for an hour to allow the
sensor to equilibrate with ISF and achieve a sthbkeline before readings could be taken. Surface-
enhanced Raman spectroscopy (SERS) has also bednrusonjunction with solid metal-coated
microneedles for tha-situ detection of glucose, pH and the hemozoin, a nositelof haemoglobin
produced by malaria parasites in infected erythies}/***'*® The mechanism of SERS is apparently
related to the frequency of monochromatic lightrades on a surface based on the interactions with a
molecule where the resulting signal is subsequeatthanced using metal nanopartitié$orin-situ
glucose measurements, the capture probe 1-decaln@idT) was immobilised onto Ag-coated solid
microneedle arrays then applied to the dorsal skimice. A Raman microspectroscopy system was

used to facilitate subsequent SERS signal detetliimuigh the microneedle array

In comparison to solid electroactive microneedtesd|ow microneedles can offer an added
degree of protection as they effectively conceal ¢lectrode and therefore the recognition element

within bores of individual microneedles. For exaeplindmiller et al*, adopted an approach of



concealing solid metallised microneedles with adwlmicroneedle to selectively detect glucose;
Mohan et al*°used modified platinum wires to detect and contirslyp monitor alcohol over a period
of 100 min; and similarly, Miller et &?° used modified carbon fibre electrodes to detgdrdgen
peroxide and ascorbic acid. This approach allowesntiechanical and electrochemical properties of
the microneedles to be considered separately ddenge development, therefore opening up more

options in terms of material choice.

Whilst these studies did not examine infectiouseaes specifically, they provide the
technical basis for similar devices to be develdppednfectious disease diagnosis, since the ghitit
manipulate the mechanical and electrochemical ptiegeof electrochemical sensing microneedles,
as well as coupling to a suitable detection backémdmportant for any application, including
infectious disease diagnosis. Some of these tegcbieal may also be relevant in other ways. For
instance, glucose oxidase, commonly found in mieeate-based glucose sensors, has separately
been incorporated into ‘enzyme-channelling’ immwrers for infectious disease diagnb8isn
this setup, glucose oxidase and target specifituca@ntibodies were immobilised on the electrode i
a sandwich ELISA format. In the presence of gluciseroduces the D, needed by the peroxidase

within the captured immunocomplex to generate aadign the electrode surface.

The performance of enzyme-based biosensors iselinby several factors. Although some
enzymes are considered stable, they may lose tgctwien exposed to heat or other chemicals. An
enzyme’ s active centre is covered by a proteitl,stmaking electron transfer between the enzyme
and the electrode a difficult process that oftequnes the aid of electron transfer mediators sagh
organic dyes, ferrocene and metal compl&xé3. Some studies have attempted to alleviate these
issues by designing non-enzymatic microneedle sgnairays. These have been fabricated from
metallic and polymeric hanocomposites with antikfog films to increase the sensing surface area
and signal output from the electrochemical redoactiert?*123131140.152 gimjjarly, this is an
important consideration for microneedle-based immsensing in the context of infectious disease
diagnosis, since most immunosensing technologikseueénzymatic redox reactions, usually based on
peroxidase.

Another alternative to recognition element-baseasses is ion-selective sensors which can
monitor pH changes and electrolyte concentrationshe skif®'?®'?%'%> Miller et al*® reported
multiplexed detection of pH fluctuations, lactatedaglucose using hollow microneedle electrodes
filled with a modified carbon paste. RR diazoniuait svas chemically deposited onto the pH specific
electrode for pH monitoring by cyclic voltammetriReports have shown a relationship between
fluctuations in normal skin pH and bacterial infens™® however, these pH changes can also be

induced by exercise and dfét therefore diminishing the specificity of thesesers.



2.3. Analyte capture microneedles

Microneedle systems in this category incorporat®gaition elements or probes that confer analyte
specificity. In this instance, the recognition etts are usually antibodies, oligonucleotides beot
proteins capable of binding to specific moleculantifs. It can effectively isolate the target analyt

from a complex biological matrix, thus allowing theverbial needle to be picked from the haystack.

One embodiment of this technology is immunocaptorieroneedles, whereby capture
antibodies are immobilised on to the surface ofdsaticroneedles or embedded into hydrogel
microneedles. Using this technique, microbial artgy host antibodies and other cytokines have been
captured from the skin at concentrations comparabolethe assay limits of conventional

§118.154-1%0 and in some cases in under 1 miftitePost-capture antigen confirmation

immunoassa
and quantification can be accomplished using caimeal techniques, such as ELISA followed by
spectrophotometry, aria a simple paper-based visual analysis followed msitemetry>>. Sampling

in this way eliminates the sample preparation sty most other pathological tests require before

analysis can be performed.

Microneedle geometry, surface area, probe densiypaobe orientation can influence signal
uniformity and signal outptf?'®® These parameters should be optimised to maxithesavailability
of target binding sites. Increasing the micronesdigace area from 20,000 to 30,000 projection$/cm
demonstrated a linear correlation with increasemmbirker capture and a 1.2-fold signal-to-noise
improvement compared to the control array. The Jdighsity device detected anti-FluVax-IgG within
30 seconds of application with 100% diagnostic iieitg. Notably, increasing the number of
microneedles per array did not have an adversetaffemechanical strength, penetration mechanism

or patient pain perceptioi*®

Antibody adsorption is the simplest immobilisatiechnique but other crosslinking strategies
have been used to deposit antibodies onto a desiréate (Fig. 7). Often, antibody adsorption resul
in a ‘flat-on’ antibody orientation where the Fgien lies flat on the deposition surface and limits
antigen access (Fig. 7A). Steric hinderance ofgantirecognition sites due to poor antibody
immobilisation orientation has been demonstratedesult in a loss in bioactivity and reduced
immunoassay sensitivity?°®*"1®® Incorporation of certain proteins during surfacedification can
encourage affinity-based anchorage of multiple baxaties in a favourable orientation (Fig. 7B).
Protein G, for example, is a streptococcal badteriatein with multiple binding sites specific toet
Fc regions of antibodies. Utilising this proteinridg capture probe deposition onto microneedle
arrays improved antibody orientation and incredbeth vivo capture efficiency of dengue virus NS1
marker in murine modef¥. Alternatives to whole antibody capture probesehstarted to emerge for

use in benchtop ELISAs in the form of fragmentedibamlies and aptamers. These smaller



recognition elements provide a robust, stable stracwith potentially increased probe density,
antigen affinity and reduced non-specific bindfdg®®*"* While investigating the stability of their
surface chemistryn vivo, Bhargav et al® found that ~20% of the attached capture probe was
released into the skin during application. Thereftine biocompatibility and chemical stability bét
surface modifications must be carefully considdmedvoid an unwanted, artificial immune response

during microneedle application, which could potelhimask, amplify or negate the true diagnosis.

By immobilising different capture antibodies ondiéferent microneedles and administering
them at the same time multiple analytes can bectigtesimultaneously?**"**? Multiplexed
microneedle arrays incorporating separate captumgbaies for the Plasmodium falciparum
Histidine-Rich Protein 2 (PfHRP2), the dengue vipustein NS1 and total IgG detected PfHRP2 and
IgG in mice inoculated with PfHRP2 protein. Antigeietection was performed by horseradish
peroxidase (HRP)-tagged modified ELISA technique anmicroplate and analysed with UV
spectrophotometfy’. Although the dengue protein NS1 was used as ativegcontrol in this study,
it demonstrated the principle of multiplexing onnimnocapture microneedles. Likewise, four regions
on a single microneedle array were individuallytedawith capture antibodies for mouse IL-6 and
IL-1a (primary targets) as well as positive (detectioilendy only) and negative control (human
TNFa) antibodies. For colorimetric detection, the avegs applied to a paper soaked with OPD (o-
phenylenediamine) substrate, which develops a weB@nal in the presence of HRP (Fig. 8).
Densitometric quantification revealed an intengmai even at very low levels%0 pg/mL); thereby
implying high sensitivity”® (Fig. 9). Multiplexing capability is important fawo key scenarios; (1) to
aid differential diagnosis and (2) to have in-deviontrols for key parameters such as successful
penetration and to confirm specific antibody-amigateractions. These multiplexed microneedle
systems have the potential to be scaled up andfieddior the detection of other pathogens and even
incorporated into panel detection systems to rul®ut specific infections based on similarly

presenting symptoms as seen with skin infections.

As well as antigens, antibodies and cytokines,diection of circulating cell-free nucleic acids
(NAs) in ISF and capillary blood can also be intig of disease or infection. The diagnostic
potential of cell-free DNA (cfDNA) has been repart®r a number of conditions, including a wide
range of cancers, however, detection strategiesfter PCR-centric and specific to blood and urine
specimen®*’>*"! These circulating cell-free nucleic acids haverb@und in ISF and other biofluids
in similar concentrations to blood and urine makirgnsdermal accessa microneedle arrays a

possibility for rapid PoC diagnosia

Hydrogel microneedles have been modified with seqeespecific hybridisation probes to absorb

and capture cutaneous circulating cell-free nuckais. Capture of microRNA in ISF has been



demonstrated by hybridisation to an alginate-PNAp(jwle nucleic acid) capture probe covalently
bound to the surface of a polymer microneedle aoegted with hydrogel layers. The captured
microRNA was then incubated with fluorescently tagigligonucleotide probes and quantified using
fluorescent confocal microscop$; This technique is advantageous as it did notirequicleic acid
amplification. Epstein-Barr virus (EBV) cfDNA hagén captured using a similar technique. EBV
cfDNA was captured on complimentary single stranddidonucleotide probes in a hydrogel
microneedle surface and quantified using tradiliow& amplification. DNA capture efficiency (as
determined by PCR) was found to drop consideralbigrmthe DNA concentration in simulated ISF
was in low abundancén vivo skin testing concluded that the detection limittiois device was
370,000 copies/mL, however, disease causing coratiemts of EBV cfDNA have been reported as

low as 134 copies/mL therefore indicating thatgBesitivity of this device needs improving

To address the issues surrounding device sengitivil capture efficiency, the same group
incorporated a DNA enrichment technique into thedrbgel microneedle capture platform.
lontophoresis (IP) is a technique whereby moleccéagsbe manipulated to migrate through a medium
towards an electrode - in this instance, reversavéi8 used to attract negatively charged DNA
fragments in skin towards microneedles attachexhtanode. The hydrogel microneedles then absorb
the DNA fragments which are then captured on segpispecific capture probes bound to the surface
of the microneedles, eluted in buffer and quardifising PCR. Maximum capture efficiency with the
reverse IP technique was reported at 95.4% witletaction limit of 5 copies/pL. This technique
outperformed hydrogel microneedle capture withbet teverse IP functionality and blood sampling
with commercial DNA extraction. More importanthhet device successfully detected EBV cfDNA

from immunodeficient mice with early stage and ambeal tumour developméfit

2.4. Crossover technologies

Fig. 2 illustrates different microneedle technotmyand how they compare in terms of specificity and
speed of detection—the two key requirements thatcstical for the efficacy of a PoC diagnostic

device. The ideal PoC technology will be situatethie overlapping region between the two circles in
the Venn diagram. There have been a limited nurobetudies examining microneedle diagnostic
platforms that incorporate two or more of the pddeg mechanisms (Sections 2.1.—2.3.). An example
of this is electrochemical biosensors that incaserecognition elements to achieve both rapid

detection and target specificity.

Song et al”°developed a complementary metal-oxide semicond&btOS) biosensor for
the specific, real-time detection of VEGF (vascwdadothelial growth factor—a cancer biomarker).

The analyte capture component comprised a solidi@u$icroneedle array functionalised with



peptide aptamers. The device demonstrated that ii@Hng events corresponded to a measurable
change in capacitance between microneedles withinirb using a two-step capacitance-to-digital
converter to visualise the response. For devicetimmality, the microneedle array was attached to a
printed circuit board (PCB), logic analyser, laptoml power suppl\in vitro experiments with human
blood showed no interference from other blood dbresits and detected VEGF within the
concentration range of 0.1-1000 pmdiAL Other similar impedance-based detection using
immobilised recognition elements have been repddedbola virus and CD4 cell quantification for
Human Immunodeficiency Virus (HIV) diagno¥is™ In these devices, biofluids were transported
through microfluidic channels into sensing chambéos electrochemical target detection.
Alternatively, Yang et al’® developed a near-real-time microneedle platformabhp of isolating
specific viral circulating free DNA from the skinylcomplementary probe hybridisation. On-chip
isothermal amplification and the addition of arenetlating electrochemical probe (methylene blue)
facilitated signal detection and quantification BYV. The sophisticated device incorporated a
hydrogel matrix for ISF entrapment, an iontopharetomponent for target enrichment and an
electrochemical sensor (Fig. 10). However, the @wsthdid not indicate the total time taken to
complete the analysis. Nonetheless, these crossestenologies are exciting developments because
they highlight the possibility of integrating comephentary diagnostic principles into a complete

microneedle-based diagnostic platform.
3. Challenges and future outlook

The general approach to infectious disease diagni®she detection of biomarkers originating from
either the invading pathogen or the hosts immuspamrse. Effective PoC diagnostics should fulfil
the ‘ASSURED’ (affordable, sensitive, specific, ufgendly, rapid and robust, equipment-free and
deliverable to end-users) critéfitestablished by the World Health Organisation (WH&icess to a
stable power supply, stable reagents, a steriteetegronment, appropriate packaging and disposal
procedures are considerations that need speciahtiatt, especially for low-resource settings.
Decentralised, rapid, PoC diagnosis of diseasesgerdial for improving healthcare globally.
Microneedle PoC systems are advantageous as thdyecatilised to extract quantitative information
rapidly for frequent monitoring and diagnostic pagps. Moreover, transdermal diagnostica
microneedle-based devices offer the potential tearlaboratory scale instruments into miniaturised
platforms that can be utilised by minimally trainedividuals, including potential self-administi@ti

by the publié®*®'®2 Thus, it can radically transform clinical praetidnto a more efficient,

economically viable and highly accessible format.

There are some outstanding challenges with suckcatevelating to design considerations such as

material choice, microneedle shape, bore size Hfdlow microneedles), and manufacturability. In



particular, on-chip detection facilitates rapid Pdi@gnostics but inevitably requires sophisticated,
multi-component assemblies which may compromise ufgturability, increase resource
requirements and present significant challengdsrins of miniaturisation. There is also the questio
of how well blood or ISF levels of given biomarkeedlect infection status. It is known that these i
often a concentration difference between ISF anddfor certain biomarkers that are dependent on
time and molecular siZ&€'®> These challenges can be mitigated so long as dischepancies are
well characterised and a correlation is establisA@dther factor to consider is the relative abunuda

of biomarkers at different skin depths and locéilisato specific regions of the skitr>!**' |n
principle, it is possible to address the depthifgalf biomarkers by varying the microneedle length
but empirical data on this has been sparse. Foralmmdance biomarkers in the ISF, detection
efficiency may be improved using external influent® achieve target enrichmeatg.,iontophoresis

to attract the analyte towards the recognition elasiof biosensot€, capillary extravasation using a
low-density targeted laséf and, indeed, by application of the microneedlayaitself®®. Many of the
technologies featured above already leverage neimoddogy to improve performance. Ongoing
advancements in nanotechnologies such as nanowamecomposites and nanoencapsulation should
further facilitate the miniaturisation of micronéedbased diagnostic platforms into wearable
devices®. In order to reduce the resource requirements niicroneedle-based PoC devices,
innovative designs that do not require a power cgusuch as a paper-based visual detection
system?® or manual centrifugation using a fidget spirtffef”’ can be considered. Alternative power
sources have been devised which may be incorporiated microneedle platforri%'*#!%* For
example, a biofuel cell that derives biochemicatrgyg from the ISF could remove the need for an

external power sourt®.

The microneedle technologies discussed in thiseredre mostly suited for PoC approaches
and can be highly useful in complex biological skapincluding those with polymicrobial
populations. Each microneedle technology, when adede, has its own strengths and limitations,
but when used in combination, they can offer powetifagnostic tools for infectious diseases. For
example, electrochemical sensors can rapidly (nee-or near real-time) detect electroactive small
molecules, such as reactive oxygen species (ROEhwihay be suitable for detecting the oxidative
burst associated with the antimicrobial action efitnophils—a well-established marker of microbial
infection*®*%>!3 However, on its own, ROS detection will not idBnthe infectious agent nor
confirm microbial infection as the source of the ROn comparison, immunocapture microneedles
are more versatile as they can potentially detettt the pathogenic antigen and specific host immune

antibodies associated with the infection, but asialtakes longer.

Microneedle platforms could also be adapted forten diagnostic applications beyond the skin,

including where internal examinations would conuamilly be necessary. For example, Keum et



al*attached a microneedle array to an endomicrosaopaé dual functionality of internal imaging

of polyps and sensing of nitric oxide within thelao Continuous monitoring multiplexed
microneedle platforms could also incorporate thewsip drug activity alongside infectious agent
detection to observe treatment progression. Miadlgesensors have already been documented for
their successful monitoring of levoddffaandg-lactam antibiotic§>*®which can pave the way for

more personalised medicine and prevent the ovemudenisuse of antibiotics.
4. Conclusions

Many infections, even if they are not primarily ot infections, can be detected in the skin. Is thi
regard, transdermal microneedle devices can pathntffer rapid, self-manageable and biomarker-
based POC diagnostics for infectious diseasesoVanmicroneedle-based diagnostic platforms have
been developed to either sample biomarkers fromsktie or detect thenm-situ. These include
microneedles that extract blood or ISF, microneagiesing systems, analyte capture microneedles
and combinations thereof. Although not many of ¢hésve been specifically demonstrated for
infectious disease detection, microneedle-baseztiious disease diagnostics can generally benefit
from the technical know-how accumulated throughetigyment work that has focused on other
diseases, since the technical challenges are siniilae prospect of integrated lab-on-a-chip
microneedle devices is a particularly exciting drexause it could overcome the bottleneck and
accessibility issues of centralised test facilitegreatly accelerate the diagnosis. This is paldily
pertinent in the context of infectious diseasesrelibe current needs for personnel travel, sample
transportation and extensive sample processingldaatease the risk of disease transmission. With
further development, microneedle-based platforma lhe potential to realise true PoC diagnostics

for infectious diseases, replacing the currentri@s testing regimes.
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Table 1 Infectious diseases with cutaneous expression aadéessible biomarkers.

Causative  Infection name Infection type Patient Current Ref.
agent specimen detection
method(s)
Bacterial Cat scratch diseaseCutaneous/localise Blood draw  Cell culture, 20
(Bartonella henselae)  d immunoassa
y &
polymerase
chain
reaction
(PCR)
Cellulitis Cutaneous/localise Skin Cell culture, 2
d swab/biopsy drug
& blood susceptibility
draw testing &
specific
analyte
monitoring
Diphtheria Cutaneous/localise Skin Cell culture 21,22
d swab/biopsy, & toxin

nasal swab detection by
and throat immunoassa

swab y & PCR
Impetigo & Ecthyma Cutaneous/localiseSkin swab Visual 2
d inspection,

cell culture
& drug
susceptibility

testing
Leptospirosis Cutaneous/localiseSkin biopsy, Cell culture, 2,23
d blood draw, microscopy,

urine sample immunoassa
& spinal y & PCR
fluid sample

(rare)
Lyme disease & Cutaneous/localise Blood draw Immunoassa 2,24-26
Erythema migrans d & y

Systemic/Internal

Meningitis Systemic/Internal Cerebrospin&ell culture, 27

| fluid (CSF) PCR &

& blood computerise

draw d

tomography

(CT) scans



Fungal

(Atypical)
Mycobacteria spp d
infections (Other than
leprosy &
tuberculosis)
Mycobacterium leprae

(Leprosy) d

Mycobacterium
tuberculosis (TB)

Systemic/Internal

Cutaneous/localise Skin biopsy

&  sputum
sample

Cutaneous/localise Skin biopsy

Cell culture,
microscopy
smear &
PCR

Visual
inspection,
cell culture,
microscopy
smear &

PCR

Skin biopsy,Cell culture,

blood draw
&  sputum

sample
Sepsis Systemic/Internal Blood draw
Saphylococcus  spp. Cutaneous/localise Skin
infections d swab/biopsy
Streptococcal spp Cutaneous/localise Skin
infections d swab/biopsy
Syphilis Cutaneous/localise Skin swab &
d & blood draw
Systemic/Internal
Typhus Systemic/Internal Skin biopsy
& blood
draw
Candida spp. Cutaneous/localise Biopsy
infections d

Chromomycosis
d

Cutaneous/localiseBiopsy

microscopy
smear &
PCR

Cell culture,
drug
susceptibility
testing &
specific
analyte
monitoring.
Cell culture
& drug
susceptibility
testing.

Cell culture
& drug
susceptibility
testing.

Cell
&
Immunoassa

y
Immunoassa

y

culture

Visual
inspection &
cell culture
Cell culture,
microscopy
&
immunoassa

2,28

2,29,30

31,32

33-35

2,36

37,38

39,40



Plasmodiu
m

Protozoa

Viral

Dermatophytosis

Lobomycosis

Mucormycosis

Mycoses

Cutaneous/localiseBiopsy

d

Cutaneous/localiseBiopsy

d

Cutaneous/localiseBiopsy

d

Systemic/Internal

Biopsy

Paracoccidioidomycosi Cutaneous/localise Skin

S

Sporotrichosis

Malaria

Cutaneous
Leishmaniasis
Dengue

Ebola

Epstein-Barr virus

Herpes simplex virus
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Figure 1 Current microneedle diagnostic platforms functimased on biofluid extraction using
hollow (A) or solid (B) microneedles, specific tatganalyte capture (C) and electrochemical
sensing (D). Adapted with permission from Ref. 64 dicenced under CC BY 4.0.
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Figure 2 Venn diagram showing the desired infectious dieeBeC diagnostic traits and the
relationship between current microneedle (MN)-bagkdforms.
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Figure 3 Schematic images depicting various designs of omeedle arrays interfacing
microfluidic on-chip analysis chambers. (AL) Schematic of a one-touch-activated blood
multidiagnostic tool (OBMT). (A) OBMT complete deng design and structure. (B) OBMT
paper-based multiplex sensor. (C) Operating prilecigp the OBMT device. (D) Schematic of
silicon dioxide transdermal biosensor showing thenf side and backside of the microneedle
chip, the ‘stand-alone’ sensor section and the fotegrated device. (E) Schematic of a
continuous glucose monitoring hollow silicon micemule-based device with glucose sensing
chamber. Permissions: (A)C) Reprinted with permissions from Ref. 81 undepyright©
2015, The Royal Society of Chemistry; permissiomwayed through Copyright Clearance
Center, Inc. (D) Adapted from Ref. 80 under cophiti@ 2015, Elsevier. (E) Reprinted from Ref.
82 under copyright© 2014, SAGE.



Figure 4 Images of different design strategies for hollovicmneedles. (A-C) Images of
microneedles with bevelled tip angles of 90°, 45idal5°. (D}(E) Scanning electron
microscope (SEM) images showing an array and sifiglpodermic needle’ microneedle design
where the orifice is shifted 25um off centre.{) SEM images showing an array and single
‘snake fang’ microneedle design where the orifiseshifted 50um off centre resulting in the
opening on the side of the microneedle.{f) SEM images of tapered and straight microneedle
designs with the orifice at the tip. Permission&)-(C) Reprinted from Ref. 83 under
copyright© 2013, Springer Nature. (B)G) Reprinted from Ref. 96 under copyright© 2004,
Elsevier. (H}(l) Reprinted from Ref. 69 under copyright© 2013s&vier.
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Figure 5 Images of solid, porous and hydrogel microneedsighs. (A}(C) Biofluid extraction
device comprising of a row of 9 solid microneedieseries with absorbent paper attached—(D)
(E) Optical micrograph and SEM image of a singlerqus microneedle fabricated from
polydimethylsiloxane (PDMS). (F) Gelatin methacrglldiydrogel microneedle array showing
appearance change after different durations ofdfluptake. Permissions: (A)C) Reprinted
from Ref. 102 under copyright© 2019, John Wiley &rf8. (D}(E) Reprinted from Ref. 110
under copyright© 2019, Springer Nature. (F) Remrthfrom Ref. 111 under copyright© 2020,
John Wiley & Sons.
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Figure 6 Modes of electrochemical sensing for the detectibmacteria. (A}(B) Examples of
indirect bacterial detection using direct currenDC(-based techniques. Square wave
voltammetry (SWV) plots currents. potential and chronoamperometry plots curresttime.

(A) Sensing of cell-secreted metabolitéa redox reactions. (B) Sensing of exogenous bacterial
enzymatic electroactive by-products. {{I)) Examples of direct bacterial detection using
impedimetric or alternating current (AC)-based teicjues. (C) Bacterial binding event causes a
change in impedance due to reduced electron traastévity of a mediator as a result of surface
passivation. Signal is typically represented on ygiNst plot. (D) Bacterial binding event is
measured by a change in capacitance as a funcfigxCofrequency. Reprinted from Ref. 113
under copyright© 2020, American Chemical Society.
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Figure 7 Known antibody immobilisation strategies for imnmsensors. (A) Uncontrolled
antibody adsorption. (B) Protein mediated antibodsientation and immobilisation. (C)
1-Ethyl-3-(3-dimethylaminoproply) carbodiimidé/hydroxysuccinimide (EDC/NHS) coupling
creating robust covalent linkag&a amine bond formation. (D) Reduction of antibodyuligles

to create thiol groups for immobilisation onto goklirfaces. (E) Reduction of antibody
disulfides for site specific coupling. (F) Oxidatioof sugar chains to create reactive aldehyde
groups. Image adapted with permission from Ref. 468 licenced under CC BY 4.0.
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Figure 8 Paper-based detection of human TNF-alpha usindy®aapturing microneedles.
Colour signals generated through the enzymatictieadetween OPD and HRP can be blotted
on to paper, which concentrates the signal andrsfiigformation about the spatial distribution
of the target biomarker. Reprinted from Ref. 155%emcopyright© 2015, Controlled Release
Society.
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Figure 9 Densitometric analysis used in conjunction witlpgabased detection of cytokines

from the skin, showing (A) multiplexing capabiliglL-1alpha, IL-6 and assay controls) and
signal visualisation, (B) signal quantification dgnsitometry, and (C) validation using standard
plate-based ELISA. Reprinted from Ref. 155 undepy@mht© 2015, Controlled Release

Society.
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Figure 10 Schematic depiction of an iontophoretic wearahid aicrofluidic electrochemical
sensor based on microneedles: (A) constructionhef microneedle device; (B) extraction of
EBV cfDNA from the ISF in mice by reverse iontopkeis and entrapment in the hydrogel
microneedles; (C) electrochemical quantificationtbé captured cfDNA using a 3-electrode
system (WE: working electrode; RE: reference elmad;, CE: counter electrode). Reprinted from
Ref. 178 under copyright© 2020, Wiley-VCH Verlag 6hh & Co. KGaA, Weinheim.



