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Résumé et Contexte 

Ce mémoire de maîtrise porte sur le développement d’un système d’administration de microaiguilles 

pour livrer des sondes et des capteurs fluorescents dans le contexte du diagnostic et de la surveillance des 

soins de santé. Bien que parfois négligés en faveur des soins de santé axés sur le traitement, le diagnostic 

précoce de la maladie et la surveillance préventive des paramètres biologiques peuvent considérablement 

améliorer les résultats des soins de santé et joueront probablement un rôle plus important dans les années à 

venir. Cependant, il reste des obstacles importants à cette approche, à savoir le caractère relativement invasif 

et perturbateur des analyses biologiques. La nécessité de se rendre dans une clinique et de subir un 

prélèvement de sang (ou de liquide biologique) invasif présente des inconvénients importants par rapport aux 

traitements classiques, qui consistent souvent de médicaments pouvant être pris à domicile sans douleur. 

 Une solution à ces problèmes réside dans la mise au point de systèmes minimalement invasifs de 

diagnostic et de suivi médical, idéalement ceux qui peuvent être utilisés à domicile sans nécessiter de personnel 

qualifié. À cet égard, les microaiguilles sont une technologie au potentiel énorme, car leur petite taille les rend 

peu invasives et pratiquement indolores, et leur nature simple à usage unique permet potentiellement une 

administration à domicile par le patient. Particulièrement prometteuses pour les applications de diagnostic et de 

surveillance sont les microaiguilles en polymère soluble; fabriquées à partir de polymères synthétiques ou 

biologiques injectables, ces microaiguilles sont solubilisées après la perforation de la peau, libérant ainsi les 

composés qu’elles contiennent. Bien que prévu initialement pour la livraison d'agents thérapeutiques, en 

utilisant ces microaiguilles pour livrer des molécules fluorescentes spécifiquement conçues, il est possible de 

créer un tatouage médical de diagnostic affichant un signal fluorescent précis. En associant cette technologie à 

un détecteur de fluorescence portable, la surveillance en temps réel d’un large éventail de paramètres 

biologiques pourrait devenir accessible en dehors du contexte clinique. 

 Afin de fournir un contexte pour le développement de cette technologie, cette mémoire commence 

par une revue des principes et des avancées majeures récentes dans le domaine des applications diagnostiques 

des microaiguilles (Chapitre 1). Par la suite, un tatouage par microaiguille est présenté sous la forme d'un 

capteur de ROS délivré sur la peau, avec des implications diagnostiques pour le vieillissement et la 

carcinogenèse de la peau liés aux UV, ainsi que pour des affections inflammatoires telles que le psoriasis, 

comme validation de concept (Chapitre 2). En outre, un autre tatouage par microaiguille est introduit, 

consistant d’un capteur spécialement adapté ciblant le système lymphatique, permettant la quantification en 

temps réel du drainage lymphatique, avec des implications pour la détection précoce de plusieurs affections, 

notamment le lymphœdème (Chapitre 3). 

Mots-clés: Microaiguilles, diagnostic, ROS, lymphatique, surveillance. 
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Summary and Context 

This Master’s thesis concerns the development of a microneedle (MN) delivery system for fluorescent 

dyes and sensors in the context of diagnostics and healthcare monitoring. While sometimes overlooked in favor 

of treatment-focused healthcare, early disease diagnosis and preventative monitoring of biological parameters 

can meaningfully improve healthcare outcomes and will likely play a greater role in coming years. However, 

significant obstacles to this approach remain, namely the relatively invasive and disruptive nature of biological 

analyses. The need to travel to a clinic and undergo invasive blood (or biological fluid) sampling presents 

significant inconveniences relative to common treatments, often consisting of medications that can be taken 

painlessly at home. 

A solution to these problems lies in the development of minimally invasive systems for diagnostics 

and healthcare monitoring, ideally ones which can be used at home without the need for trained personnel. In 

this regard, MNs are a technology with tremendous potential, as their small size renders them minimally 

invasive and virtually painless, and their simple, single-use nature potentially allows for at-home 

administration by the patient. Showing particular promise for diagnostic and monitoring applications are 

dissolving polymeric MNs; made from injectable synthetic or biological polymers, these MNs are solubilized 

after breaching the skin, releasing any compound contained within. Though initially envisioned for the delivery 

of therapeutic agents, by using these MNs to deliver specifically designed fluorescent molecules, it is possible 

to create a diagnostic medical tattoo displaying a precise fluorescent signal. By pairing this technology with a 

portable fluorescence detector, real-time monitoring of a wide range of biological parameters could become 

accessible outside of a clinical setting. 

To provide context for the development of this technology, this thesis begins with a review of the 

principles and major recent advances in the field of diagnostic applications of MNs (Chapter 1). Subsequently, 

a proof-of-concept MN tattoo is introduced in the form of a ROS-sensor delivered to the skin, with diagnostic 

implications for UV-related skin aging and carcinogenesis, as well as inflammatory conditions such as 

psoriasis (Chapter 2). Further, another MN tattoo is introduced, consisting of a specifically tailored sensor 

targeting the lymphatic system, allowing the real-time quantification of lymphatic drainage, with implications 

in the early detection of several conditions, including lymphedema (Chapter 3). 

Keywords: Microneedles, diagnostics, ROS, lymphatics, monitoring. 
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Abstract 

Microneedles (MNs) are a technology drawing increasing interest for diagnostic applications. Over 

the past two decades, many MN-based diagnostic systems have been proposed and developed, with some 

approaching clinical translation in the near future. A particularly novel and interesting diagnostic application 

of MNs consists of using dissolving polymeric MNs to deliver diagnostic agents directly to the skin, acting as 

a sort of MN tattoo. By delivering a modified oxidation-sensitive fluorescent dye, these MNs could be used to 

create a ROS-sensitive tattoo in the skin, relevant for the diagnosis and monitoring of several skin conditions. 

Alternatively, by delivering a specially designed inert NIR-fluorescent contrast dye, a MN tattoo could be used 

to selectively monitor lymphatic drainage, particularly important in the context of breast cancer-related 

lymphedema. Together, these applications suggest that the use of dissolving polymeric MNs for the delivery 

of fluorescent sensors displays promise for real-time physiological monitoring and warrants further 

investigation. 
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Chapter 1 

The concept of using MNs for diagnostic applications dates back nearly 20 years, to the design of 

single-MN prototypes for less painful blood sampling. Over the following decade, many examples of MNs 

were described, primarily consisting of hollow devices made of metal or silicon for the sampling and 

quantification of blood or dermal interstitial fluid (ISF). While these devices served to highlight the utility of 

MN-based diagnostics, their potential has been limited by complex and expensive manufacturing procedures, 

particularly given their single-use nature, and none have translated to commercial products. However, recent 

years have seen a growing interest in diagnostic MNs made from either swelling or soluble polymers for 

sampling from and delivery to the dermal ISF, owing to their simpler manufacturing processes, and the 

elimination of a need for complex built-in sensors. This has led to interest in potential clinical applications of 

such MNs, with the final section of this chapter providing an overview of preliminary clinical considerations 

related to the use of polymer MN devices. 
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1.1. Abstract 

Due to their intrinsic advantages over classical hypodermic needles, microneedles have received much 

attention over the last two decades and will likely soon appear in clinics. Although the vast majority of research 

has been focused on designing microneedles for the painless delivery of drugs, their applications for diagnostic 

purposes have also provided promising results. In this manuscript we introduce and critically discuss the main 

advances in the field of microneedles for diagnostic and patient monitoring purposes. 

Keywords: diagnostic, microneedles, monitoring, transdermal 
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1.2. Introduction 

The skin is the largest and most easily accessible organ of the human body. It plays a crucial role in 

maintaining homeostasis, defending against invading microorganisms, and providing protection from 

environmental attacks such as heat, chemicals, and toxins. It accounts for 16 % of total body weight and is 

composed of three main layers; namely the epidermis, the dermis, and the hypodermis, with a variable total 

thickness depending on several factors such as body region, sex, and age.[1] The epidermis is further divided 

into sub-layers; the most external, the stratum corneum, has a thickness of 15 – 20 µm and confers upon the 

skin its protective barrier function.[1] This quality is mainly imparted by the layer’s constituent cells, the 

corneocytes: skin cells that have undergone apoptosis through the physiological pathway of skin renewal. 

These cells are filled with keratin and embedded in an extracellular matrix mostly composed of ceramide, 

cholesterol, and other fatty acids.[2,3]
 

Underneath the stratum corneum is the region usually referred to as the “viable epidermis”, a 50 – 100 

µm layer of epidermal keratinocytes that serve to continuously renew the stratum corneum.[4] Deeper still is 

the dermis, which is 1 – 2 mm thick and contains rich blood and lymphatic capillary beds.[4] The hypodermis 

is below the dermis and is mainly composed of adipose tissue. Drugs and diagnostic agents typically need to 

penetrate through the epidermis to enter systemic circulation. However, the transport of molecules across the 

epidermis involves diffusion through a tortuous path which is highly restricted. While transdermal patches 

have been designed for the delivery of low molecular weight, lipophilic molecules, the number of compounds 

that can be delivered through these means remains limited.[4] Consequently, different chemical and physical 

strategies have been proposed to increase epidermal permeability.[5]
 

Among these, microneedles (MNs), miniaturized needles with lengths in the order of hundreds of µm, 

generally considered as the midpoint between hypodermic injections and transdermal patches, have gained 

remarkable attention.[6] Indeed, MNs circumvent the pain experienced during hypodermic injection by taking 

advantage of their size: sufficient to break the stratum corneum, but not long enough to reach the pain-sensing 

neurons found deeper in the tissue.[7] In contrast to transdermal patches, they allow the delivery of a 

considerably larger variety of molecules to the dermis.[8,9] This concept was first proposed in a patent by 

Gerstel and Place in 1976,[10] but it was not until late 90’s that technological advances allowed the fabrication 

of MNs suitable for operation in the medical field.[11,12] Since then, the area has seen drastic growth, with 

research mainly focused on the improvement of MN design, and material refinement for the delivery of drugs 

and, notably, vaccines, which has led to promising results in nonhuman primates as well as in humans.[1,13,14]
 

Although much attention has been focused on their use for the delivery of therapeutics, there have also 

been great advances in MN technology for diagnostic and monitoring applications. Indeed, the skin carries far 

more health-related information than previously envisioned, and MNs possess key features to help access this 

information in a non-invasive way.[15] Several variants of MNs have been proposed for diagnostic and 

monitoring applications, and five main categories can be identified (Figure 1.1.): (i) MNs for non-invasive 



17 

 

 

interstitial fluid sampling, (ii) MNs for the selective capture of biomarkers, (iii) MNs for in situ analyte 

monitoring, (iv) MNs for dermal biopotential measurements and, (v) MNs for the delivery of diagnostic agents. 

The main focus of this review will be to outline and discuss different methodologies that have been 

developed to take advantage of MNs for diagnostic and physiological monitoring applications. Through 

representative examples, the most relevant steps in MN design for this purpose will be described. Practical 

applications will be briefly reviewed, and the advantages/limitations of MNs relative to “traditional” 

methodologies will be considered. An overview of the challenges relating to clinical translation of the proposed 

technologies will conclude the article. 

 

Figure 1.1. Schematic representation of the 5 main classes of MNs described for diagnostic and monitoring 

applications. 

 

1.3. MNs for non-invasive interstitial fluid sampling 

Many health conditions can be monitored and diagnosed by sampling and measuring different 

substances found in bodily fluid. Examples include monitoring the concentration of glucose and cholesterol in 

relation to diabetes and cardiovascular conditions, respectively; as well as the identification of disease-specific 

biomarkers, such as the N-terminal prohormone of brain natriuretic peptide in relation to heart failure.[16] 

Traditionally, this information has been accessed by sampling blood using hypodermic needles or lancets, 
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allowing quantification with external meters. However, such methods have significant disadvantages, 

including patient discomfort, the need for relatively high sample volume, and the generation of sharp waste.[17] 

The observation that the population of small molecules, electrolytes, and proteins in the interstitial fluid (ISF) 

surrounding dermal cells strongly correlates with that of plasma, due to the hydrostatic and osmotic pressures 

that regulate the outflow of solutes from blood capillaries, has promoted the exploration of innovative 

strategies for its collection.[18–23] Indeed, the sampling of ISF, rather than blood, has the advantage of a drastic 

reduction in required penetration depth, from 400 – 900 µm to 50 – 150 µm, potentially resulting in less patient 

discomfort.[24] Thus, the use of MNs for ISF sampling by disrupting the stratum corneum, while avoiding the 

firing of pain-sensing neurons, is an elegant approach to non-invasively monitor many important health-related 

parameters. Table 1.1. reports the features of the proposed MN-based systems for sampling bodily fluids. 

Amidst the different information readily available from bodily fluids, glucose concentration arguably 

represents the most established marker for monitoring diabetes in patients. Thus, unsurprisingly, a great effort 

has been devoted to the design of MNs for non-invasive sampling and quantification of glucose from both 

blood and ISF. 

 
1.3.1. Solid MNs 

 
Perhaps the simplest method of ISF extraction consists of puncturing the stratum corneum with solid 

MNs and withdrawing the dermal ISF, e.g. with a cloth or vacuum chamber. In a first work, Wang et al. 

repeatedly applied glass MN arrays to the skin, to depths of 1.5 mm, and sampled dermal fluid through vacuum 

suction for the quantification of ISF glucose.[25] This method allowed the measurement of glucose 

concentrations at a physiological range (0 – 300 mg/dL), but was accomplished using a commercial glucose 

meter. Other groups have proposed similar approaches using shorter MN arrays (300 – 500 µm) manufactured 

from different materials, including polycarbonate [26] and chondroitin sulfate[27], for the quantification of 

glucose at near physiological ranges (200 – 500 mg/dL[26] and 100 – 400 mg/dL[27]). However, this method 

bears strong limitations, as skin perspiration was found to disturb analysis, and sampling times of up to 20 

minutes were required to withdraw sufficient ISF.[25] Furthermore, all examples of this class of MNs 

necessitated the use of an external glucose meter for quantification, as well as a means of physically 

withdrawing ISF, severely limiting their applicability. 

Recently, this technique of ISF withdrawal has been proposed by Ito et al. as a method of therapeutic 

drug monitoring, using the same chondroitin sulfate MNs previously studied for glucose measurement. The 

authors administered the antibiotic vancomycin to rats, pierced their skin using the polymeric MN arrays, and 

manually extracted dermal ISF with a pipette, allowing drug quantification by LC-MS.[28] While this study 

suffers the same drawbacks ordinarily associated with solid MNs, it further supports the potential to use MNs 

for quantifying a wider variety of analytes in the skin. Specifically, this non-invasive monitoring system could 

be useful if applied to pharmacokinetic drug studies, provided their concentration in ISF is shown to be 

correlated to their concentration in the blood. 
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1.3.2. Hollow MNs for ISF sampling 

 

Hollow MNs, usually made of silicon[17,29–32], are MNs with small channels or conduits running from 

the base to the tip, allowing the passage of fluid (Figure 1.1.). In the context of ISF sampling, the base of the 

MNs are generally connected to a sensing chamber, where analytes from the withdrawn ISF can be quantified 

instantaneously using a built-in detector. 

By mimicking the natural ability of a mosquito to bite and extract blood from human skin, hollow MNs 

were initially engineered for the sampling of blood by different mechanisms, e.g. passive diffusion, capillary 

force, and vacuum suction, in a nearly pain-free fashion.[29,30,33–37] In a pioneering work, Smart et al. fabricated 

a single in-plane hollow silicon MN with a length of 2 mm and a diameter of 100 µm for superficial blood 

sampling and glucose quantification.[17,38] The authors used a relatively low-cost microfabrication procedure, 

consisting of mixed-acid wet etching followed by anodic binding of a thin layer of glass, to create a silicon 

microcuvette with a volume of 200 nL, sealed with a glass window for the absorbance quantification of 

glucose, directly integrated into a hollow MN.[38] Once drawn up into the MN through capillary action, glucose 

was oxidized by the enzyme glucose dehydrogenase, triggering the reduction of a coloured dye and allowing 

for absorbance (λ = 621 nm) quantification in the microcuvette. The team was able to identify the most suitable 

MN dimensions and fabrication techniques to obtain a MN with optimal physical properties — toughness and 

flexibility — and an internal diameter of 25 µm, providing a strong capillary force and allowing the free 

passage of red blood cells. The device precisely measured biologically relevant concentrations of glucose (50 

– 200 mg/dL) in as little as 200 nL of blood, and a clinical evaluation demonstrated a tangible reduction in 

perceived pain relative to commonly used lancets.[17] In spite of this, the device never became a marketed 

product, likely owing to its single-use nature and complex manufacturing process. Lancets, though more 

painful, are often reused, and the disposable paper test strips used for quantification are simpler than this 

device. While this early report focused on MNs for blood sampling, few others have investigated this 

application, likely because the relatively long MNs required for blood sampling do not entirely avoid the pain 

and inconvenience of traditional sampling methods. Additionally, as such devices rely on similar principles of 

operation to lancets, requiring the withdrawal of blood, the novelty may not have been sufficient to prompt 

further investigation. 

While other examples of hollow MNs for blood sampling exist[36], more work has been focused on 

utilizing hollow MNs to sample ISF, owing to the reduction in required penetration depth and the less invasive 

nature of ISF sampling. Mukerjee et al. describe a 20 x 20 array of hollow, out-of-plane, silicon MNs with 

average lengths of around 250 µm; short enough to access the dermal ISF without breaching the capillaries 

found deeper in the skin.[29] The array was found to be capable of piercing the skin and withdrawing an 

unspecified volume of ISF through capillary action into an external reservoir. Though glucose in the withdrawn 

ISF could be quantified at a normal physiological range, external paper test strips were required, and no 

integrated detector was proposed for the device. 
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Around the same time, Zimmerman and Stoeber proposed a similar device for withdrawing ISF using 

hollow silicon MN arrays.[30] They demonstrated that MNs with lengths of 200 µm could efficiently reach and 

sample ISF, allowing quantification of glucose without the need to draw blood. Notably, they proposed the 

incorporation of an enzymatic detector directly into this MN device, which required the development of a new 

method of enzyme immobilization due to the high temperatures encountered during manufacturing. The 

temperature required to assemble the glucose sensor (400 °C) through anodic binding of a Pyrex wafer to a 

silicon platform was significantly higher than the denaturation temperature of glucose oxidase (65 °C). To 

avoid denaturing the enzyme, it was necessary to immobilize glucose oxidase after the sensor was assembled. 

Their approach consisted of mixing a solution of glucose oxidase with a water-soluble polymer (poly(vinyl 

alcohol)-styrylpyridinium) that could be cross-linked under UV light. This mixture was allowed to flow 

between the two layers, where it was then cross-linked, resulting in enzymatically active glucose oxidase 

immobilized within the sensing chamber (Figure 1.2. a). As ISF flowed into the chamber, glucose oxidase 

could react with glucose to form gluconic acid and hydrogen peroxide, which would then be oxidized at a 

platinum electrode, generating an electrical current proportional to the concentration of glucose. This 

effectively constituted the first example of an electrochemical enzymatic detector incorporated directly into an 

MN-based sampling device. While this detector represented a significant advancement in glucose monitoring, 

it only displayed a linear response for glucose concentrations between 0 and 160 mg/dL, below the threshold 

of hyperglycemia (180 mg/dL).[30]
 

Of note, a device incorporating similar design principles and detection methods for continuous glucose 

monitoring underwent a preliminary clinical study in 2014.[39] Using an array of hollow MNs connected to a 

similar electrochemical enzymatic detector, ISF glucose levels of 10 human volunteers were accurately 

measured over a 72 hour period, highlighting the viability of such MN-based monitoring devices. 

Apart from improvements to the detection method, structural modifications of early MN designs have 

been explored, to address a common problem observed when using hollow MNs for sampling — the 

obstruction of the MN channels by skin fragments. This has been achieved by slightly offsetting the flow 

channel relative to the sharp tip of the MNs, physically separating the fluid conduits from the site of skin 

puncture, while producing MNs capable of successful skin penetration.[34] A similar MN design was developed 

and optimized by Mukerjee et al., based on similar observations of MN channel obstruction.[29] Specifically, 

they determined that placing the channel directly at the peak of the tips resulted in relatively fragile MNs, 

prone to collapse upon skin puncture, as well as obstruction by skin fragments. Adding a slight tilt to the 

channel opening, similar to a miniaturized hypodermic needle, resulted in a more stable structure, but did not 

solve the problem of channel blockage. Similar to other reports[34], they determined that offsetting the channel 

from the MN tip effectively solved both issues, resulting in stable MNs that were resistant to blockage. 

Almost concurrent to the first reports on hollow MNs for fluid sampling, single gel-containing hollow 

MNs were proposed by a group at the University of Tsukuba in Japan for the monitoring of physiological 

glucose.[31,40,41] The system, based on a poly-(N-isopropylacrylamide) gel exhibiting swelling upon temperature 



21 

 

 

change, was shown in vitro to efficiently and reproducibly take up sub-µL volumes of a glucose solution. Upon 

contact with a glucose solution at physiological temperature, the volume of the gel decreased, causing the 

solution to be drawn towards the detector. A built-in electrochemical enzymatic glucose sensor (similar in 

design to the one described by Zimmerman and Stoeber) allowed the linear quantification of glucose solutions 

between 0 and 360 mg/dL; a significantly greater range than the previously described devices. However, 

despite the improved detector performance, these MNs were never proposed for ISF sampling, as their length 

necessitated the sampling of blood from the deeper dermis. Additionally, all data was collected in vitro using 

glucose solutions, as the physical structure of the MNs was theorized to be too fragile to pierce the skin. 

Though hollow MNs have primarily been used for the sampling and quantification of glucose, their principle 

of operation has been applied to other analytes. In a recent report, single polymeric hollow MNs have been 

used to sample ISF for the quantification and monitoring of K+ concentration within the normal physiological 

range (3 – 6 mM). Consisting of fluid conduits linked to a miniaturized ion-selective electrode made from 

porous carbon, the device was shown to selectively measure K+ concentration in extracted ISF, highlighting 

the potential versatility of this type of monitoring.[42]
 

The technique of fluid sampling through hollow MNs has also found potential application in the field 

of disease diagnosis and detection. Based on similar principles to the devices used for glucose quantification, 

the group of Ganesan et al. has developed MNs capable of sensing viral cytokines or immunoglobulins for the 

detection of globally relevant infections. Examples of this include microfluidics-based MN devices for the 

detection of biomarkers of HIV[32] and the Ebola[43] virus. For HIV detection, the device consisted of an array 

of hollow MNs connected to a chamber containing immobilized CD4 T+ cell antibodies. Upon binding, an 

electrical current was generated proportional to the number of bound cells, allowing CD4 T+ cell quantification 

(a common method of HIV diagnosis). For the detection of Ebola, the device operated in a similar manner, but 

with antibodies for Ebola capsid glycoproteins. This demonstrates the great impact such MNs may have for 

future disease diagnosis. 

When designing a device to withdraw bodily fluids into a sensing chamber containing electrodes, a 

significant concern is the adsorption of proteins at the electrode surface, which can gradually reduce their 

detection sensitivity.[44] This presents an obstacle to longer-term glucose monitoring using hollow MN-based 

devices, by limiting the lifetime of their detectors. As such, studies have focused on overcoming this 

phenomenon. The chief strategy has consisted of coating a hollow MN with a poly-Si micro-dialysis 

membrane, to exclude high molecular weight molecules such as proteins, while allowing small molecule 

analytes to freely pass through.[45–47] The poly-Si microdialysis membrane consisted of ~150 nm grains of 

silicon forming a semipermeable membrane and resulting in small pores (15 – 20 nm) between the grains. 

These nanopores allowed analyte molecules to pass through, but blocked larger proteins, preventing them from 

coating the sensor, thereby extending the useful lifetime of the device. The authors demonstrated that 

fluorescein, a small molecule, was able to diffuse out of the MN through the poly-Si membrane, increasing the 

fluorescence of the surrounding solution; while proteins were excluded. It was proposed that, when used as 
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part of a continuous glucose monitor, this modification could result in an improved detector response over 

time, however, this was not further verified in any biological models. 

As with solid MNs, recent reports have emerged describing the use of hollow MNs for therapeutic drug 

monitoring.[48,49] Using a single gold-coated MN with a functionalized inner surface, Ranamukhaarachchi et 

al. showed that it was possible to quantify model analytes (including vancomycin) at low µM concentrations 

using a built-in ELISA-based detection method. While the device required a complex functionalized gold 

surface and was only tested in vitro, the technique nonetheless represents an example of hollow MNs used for 

therapeutic drug monitoring, and is the only example of a MN for this purpose with an integrated detection 

method. 

 

 

 
Figure 1.2. Examples of MNs for sampling bodily fluids: a) disposable hollow MN for continuous glucose 

monitoring and b) rapid extraction of ISF with crosslinked hydrogel MN patches. Adapted with 

permission from [30,50]. 

 
1.3.3. Hydrogel forming MNs 

 
While the advances made in the design and implementation of hollow silicon MNs for biological fluid 

sampling have been significant, these devices require complex manufacturing and analyte quantification, 

which can be inconvenient for single-use or point-of-care devices. Very recently, another class of MNs has 

been proposed for ISF extraction, namely swellable hydrogel MN arrays. These MNs are formed from 
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crosslinked hydrophilic polymers, allowing the absorption of water, while preventing the MNs themselves 

from dissolving. Furthermore, this class of MNs has the advantage of being self-disabling after use, generating 

no sharp waste and requiring no specialized disposal, unlike solid and hollow MNs. 

Early examples were primarily made using crosslinked mixtures of poly(methylvinylether-co-maleic 

anhydride) (PVME/MA) and polyethylene glycol.[51,52] Such MNs have been proposed for ISF glucose 

quantification, as well as therapeutic drug monitoring, with caffeine and theophylline serving as model drugs 

detectable in ISF. Similarly, fluid extraction using swellable polymeric MNs, followed by external 

quantification, has been used to monitor levels of administered Li+ in the context of therapeutic drug 

monitoring, with potential implications in the management of bipolar disorder treatment.[53] However, in order 

to extract even small volumes of ISF (< 1 µL), it was necessary to apply MNs to the skin for 1 – 3 hours, which 

would be impractical from a clinical perspective. 

A recent MN device proposed by Chang et al, based on UV-crosslinked methacrylated hyaluronic acid 

(MeHA) (Figure 1.2. b), has shown improvements in this regard.[50] These MNs were found to be able to 

absorb 1.4 µL of ISF within just one minute of application (or 2.3 µL within 10 minutes), owing to the highly 

hygroscopic nature of MeHA. Following extraction, the ISF could be recovered through centrifugation for 

further analysis. From this extract, it was possible to accurately quantify variations in glucose and cholesterol 

levels in ISF using commercially available test kits, proportional to variations observed in blood through 

commercially available meters. These tests were performed in vivo, representing an interesting advance in 

bodily fluid quantification using MNs, though it should be noted that no integrated detection method was used 

with this variety of MNs, requiring external processing and quantification of the sampled analytes. 

An important consideration when using MNs to sample ISF is the volume collected for analysis, as their 

small size and the nature of ISF prevent the extraction of large volumes.[54] When using solid MNs, ISF is 

withdrawn manually, allowing access to relatively larger sample volumes (up to 10 µL) suitable for external 

analysis (Table 1.1.). Hollow MNs typically sample smaller volumes, often < 1 µL, but tend to contain more 

complex integrated detection systems, suitable for low-volume analyses. On the other hand, swellable 

hydrogel-based MNs are usually capable of sampling 1 – 2 µL volumes, which must then be extracted and 

analysed externally. This could present an issue for applications where lower-abundance analytes are 

quantified, such as in therapeutic drug monitoring, highlighting a potential limitation of this MN class unless 

integrated detection systems are incorporated, or polymers with larger fluid-absorbing capacities are 

implemented. 

A potential application of such MN-based devices is the integration of a glucose monitoring system and 

a complementary insulin delivery mechanism onto a single platform, creating a so-called artificial pancreas as 

a closed-loop diabetes monitoring system.[55] Recently, such a device has been described by Yu et al., 

consisting of a swellable polymeric MN-based enzymatic glucose detector coupled to a polymeric vesicle- 

based insulin-release system[56]. The polymeric MNs of this device, made from MeHA, sample the ISF, and 
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glucose is oxidized by the enzyme glucose oxidase, contained within vesicles inside the MNs. When 

concentrations are high, this reaction creates a hypoxic environment inside the vesicles, causing them to 

dissociate and release insulin, thereby regulating blood glucose levels. While this illustrates the utility of a 

closed-loop delivery system, the complexity of the vesicle-based release, the lack of reversibility, as well as 

the challenge of quantifying the amount of insulin remaining in the device following initial delivery, highlight 

potential obstacles to clinical translation. Nonetheless, this remains the first example of integrated detection 

within a swellable polymeric MN array, an important consideration for point-of-care systems. 

Collectively, the various approaches presented here show great potential in terms of fluid sampling for 

the detection of various analytes and corresponding disease diagnosis and monitoring. The techniques have 

been under intense research for approximately 20 years, and great advances have been made to improve all 

components of the developed devices. No product has yet made it to the market, although clinical trials 

evaluating the potential of MNs for fluid sampling and glucose sensing are in progress,[57] suggesting that 

viable applications of analyte sensing through ISF sampling can be foreseen. 
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Table 1.1. Properties of MNs used for sampling bodily fluids. 
 

Type of 

MN 

Design Manufacturing Material Analyte Quantification 

 
Range 

Integrated 

Detection 

Extraction 

Volume 

Sensing Method In 

vivo? 

Ref 

Solid 7-Array 

 
(1.5 mm) 

Glass pulling Glass Glucose 0 – 300 mg/dL - 1 – 10 µL Enzymatic 

(External) 

+ [25] 

Solid 305-Array 

 
(300 µm) 

n.d. Polycarbonate Glucose 200 – 500 mg/dL - n.d. Fluorescence 

(External) 

+ 
 

[26] 

Solid 5×5-Array 

 
(475 µm) 

Moulding Chondroitin 

Sulfate 

Glucose 100 – 400 mg/dL - 10 µL Enzymatic 

(External) 

+ 
 

[27] 

Solid 300-Array 

 
(500 µm) 

Moulding Chondroitin 

Sulfate 

Vancomycin n.d. - 2 µL LC-MS (External) + 
 

[28] 

Hollow Single (2 mm) MEMS Silicon Glucose 50 – 200 mg/dL + 200 nL Enzymatic 

(Absorbance) 

+ [17] 

Hollow 20×20-Array 

(200 µm) 

MEMS Silicon Glucose n.d. - n.d. Enzymatic 

(External) 

+ 
 

[29] 

Hollow 2×4-Array 

 
(200 µm) 

MEMS Silicon Glucose 0 – 160 mg/dL + n.d. Enzymatic 

(Electrode) 

- 
 

[30] 

Hollow 20×10-Array 

(300 µm) 

MEMS Silicon Glucose 50 – 250 mg/dL + n.d. Enzymatic 

(Electrode) 

+ 
 

[39] 
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Hollow Single Injection Silicon Glucose 0 – 360 mg/dL + 200 nL Enzymatic 

(Electrode) 

- [31,40,41] 

Hollow Array (250 µm) MEMS Ni-Coated Silicon CD4 T+ Cells n.d. + 1 µL Electrical 

Impedance 

- 
 

[32] 

Hollow 18-array (n.d.) MEMS Ni-Coated Silicon Ebola Virus n.d. + 6 µL Electrical 

Impedance 

- 
 

[43] 

Hollow Single (450 µm) Electrodeposition Au-Coated Nickel Vancomycin 0.3 – 40 µM + 0.6 nL ELISA - 
 

[48] 

Polymer 10×10-Array 

(800 µm) 

Moulding MeHA* Glucose 

Cholesterol 

18 – 288 mg/dL 

 
1 – 10 mM 

- 2.3 µL Enzymatic 

(External) 

- 
 

[50] 

Polymer 11×11-Array 

(600 µm) 

Moulding MeHA Glucose n.d. + n.d. Enzymatic 

(External) 

+ 
 

[56] 

Polymer Single (1 mm) Laser Etching Eshell 300** K+ 10 µM – 10 mM + n.d. Electrochemical - 
 

[42] 

Polymer 19×19-Array 

(600 µm) 

Moulding PMVE/MA*** Li+
 n.d. - n.d. Spectroscopic 

(External) 

+ 
 

[53] 

 
 

* MeHA = Methacrylated hyaluronic acid 

 
** Eshell 300 = Acrylic Resin + tetrahydrofurfuryl methacrylate + urethane dimethacrylate 

*** PVME/MA = Poly(methylvinylether-co-maelic anhydride) 
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1.4. MNs for the selective capture of biomarkers 

The diagnostic potential of the skin for both local and systemic diseases is attributable to the great 

amount of information that can be readily accessed through it. Indeed, cutaneous protein composition can vary 

significantly in certain conditions, such as during the activation of inflammatory or immune responses. Of 

particular interest is the detection of biomarkers, quantifiable indicators of a biological process or state.[58] 

Biomarkers are often proteins/peptides, and can play a significant role in disease diagnosis, but have 

traditionally only been accessible through blood sampling, which is invasive and requires significant laboratory 

processing. 

Kendall and co-workers have focused on antibody-coated MNs for the selective capture of dermal 

proteins, with the goal of allowing easy diagnosis of systemic diseases. To best sample biomarkers of interest, 

it was found that MNs should have sharp, tapered tips at a high density, in order to maximize the surface area 

available for antibody capture. In accordance with this, solid silicon MNs with the desired design were 

fabricated through a combination of anisotropic and Bosch etch processes.[59] Using this procedure, it was 

possible to produce highly uniform MNs with a tunable tip shape, at a density in excess of 20000 needles per 

cm2. 

In 2010, they presented an array of 65 µm long gold-coated silicon MNs, functionalized with a PEG 

layer, onto which capture proteins specific to influenza antibodies were immobilized.[60] These functionalized 

MNs were able to selectively bind influenza antibodies both in vitro and in live mouse models, allowing 

quantification with an specially designed ELISA assay. This finding was significant, as similar biomarkers had 

previously only been detectable through conventional blood sampling.[60] However, the antibodies also 

displayed a low capture efficiency and low sensitivity relative to conventional ELISA assays, hypothesized to 

be due to either low surface density or poor antibody orientation upon immobilization, performed via 

EDC/NHS coupling. Accordingly, in a subsequent report, it was found that by optimizing the protein 

immobilization conditions — carrying out the reaction for longer, at 37 °C, and at a slightly acidic pH to favour 

the coupling reaction — the antibodies’ capture efficiency, and the corresponding sensitivity of the assay, 

could be boosted by 18-fold in vivo (Figure 1.3.).[61]
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Figure 1.3. Capture by antibody-coated MNs and successive analysis by ELISA of the sampled molecules of 

interest. Re-used with permission from [61]. 

While high-abundance biomarkers were successfully captured in the viable epidermis, their 

concentration is thought to be much higher in the deeper dermis, owing to its closer proximity to capillaries. 

As a result, MNs piercing deeper into the skin should be exposed to a greater concentration of biomarkers, 

potentially allowing the detection of lower-abundance biomarkers.[62] With this in mind, it was demonstrated 

that the capturing capacities of the MNs were directly dependent on their depth of penetration in the skin, as 

well as application time. Indeed, the capture efficiency was increased 4-fold when sampling from the dermal 

(153 ± 30 µm) rather than the epidermal layer (27 ± 9 µm). Additionally, it was found that rapid applications 

of roughly 10 minutes were sufficient for the detection of high-abundance biomarkers. The signal was also 

found to increase with application time up to 6 hours, at which point sensitivity was comparable to a standard 

ELISA assay, and was theorized to be appropriate for the detection of low-abundance biomarkers.[62] This 

study showed that the properties of MNs can be specifically tuned to the properties of the biomarker to be 

collected. Despite this, the manufacturing process of silicon MNs remains complex, which has generated 

substantial interest in the development of simpler approaches. 

One solution came from the use of polycarbonate MNs fabricated using moulding techniques, followed 

by chemical modifications of the external polymer chains to immobilize proteins on their surface. 

Polycarbonate MN arrays were manufactured through a hot embossing process, consisting of heating and 

compressing polycarbonate into a prefabricated mould, followed by surface modification through nitric acid 

treatment. This resulted in surface-level nitro groups, which were reduced to yield primary amines, allowing 

attachment of a functionalized PEG layer. It was then possible to immobilize antibodies at the surface of this 

layer, allowing the detection of influenza antibodies and resulting in polymeric MNs capable of high 

abundance biomarker capture (anti-influenza IgG). The polycarbonate MNs were shown to have a capture 

efficiency comparable to the gold-coated silicon arrays previously described, with the advantage of a simpler 

and more cost-effective manufacturing process.[63]
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While these MN devices represent a novel and efficient strategy for in vivo biomarker capture, they 

have only been proposed as a semi-quantitative method, as the nature and the amount of bodily fluids sampled 

by the microprojections remains unclear. For this reason, there has been substantial interest in simultaneous 

quantification of a control biomarker, to determine the relative abundance of the analyte biomarker. 

Ng et al. focused on this aspect, presenting a blotting method for the successful simultaneous near 

real-time detections of mouse IL-1α, as well as positive and negative controls (Table 1.2.). The method 

consisted of applying a MN patch to the skin, removing it, and treating the MNs with an HRP-conjugated 

secondary antibody, as in an ELISA assay. The MNs were then applied to a sheet of paper soaked in an HRP 

substrate, resulting in coloured spots at the points of contact with the MN tips. This allowed visualisation of 

biomarkers sampled at a specific depth, dependent on MN length, as only those bound to the tips of the needles 

would come into contact with the paper and generate a signal. Further, by immobilizing different antibodies 

on different needles within the array, this method allowed for the simultaneous detection of a positive control 

and an analyte biomarker. While the method allowed for the detection of biomarkers at the desired depth only, 

selectively sampling either ISF or blood, a clear signal-concentration relationship was not established, limiting 

this technique to qualitative analysis until further development.[64]
 

The Kendall group has also focused on simultaneous biomarker detection, designing multiplexed MN 

arrays capable of detecting analyte biomarkers alongside positive and negative controls. By dividing the array 

into three parts and functionalizing each section with a different antibody, it was possible to semiquantitatively 

detect the protein rPfHRP2 (a structural protein serving as a marker of Plasmodium falciparum infection) 

relative to total IgG concentration, which acted as a positive control.[65] A negative control was also established 

by functionalizing part of the array with a capture antibody for a protein not expected to be found in the test 

subjects, namely the Dengue virus structural protein NS1. In subsequent tests, these devices were shown to 

successfully detect elevated levels of both NS1 and rPfHRP2 in vivo, using infected mice, highlighting the 

practical applications of this technology.[65,66]
 

MNs of this class show great potential for the detection of further biomarkers, provided they are 

expressed in dermal tissue at disease-relevant levels. For example, it has recently been discovered that 

Parkinson’s and Alzheimer’s diseases display clinical indicators in the skin, likely owing to the common 

embryonic development of the skin and nervous systems.[67,68] While skin biopsies have been proposed as a 

relevant diagnostic technique,[69] a MN-based device with the capacity to capture and detect such indicators 

would present an opportunity to revolutionize diagnosis protocols for both diseases. 

Among the challenges of MN-based biomarker capture, the disruption of the local environment is 

perhaps the most relevant, as it could alter the nature and concentration of proteins in the viable epidermis.[64] 

Indeed, when MNs breach the stratum corneum, they trigger the activation of wound healing processes. 

Remarkably, these are associated with a local increase in blood flow and increased recruitment of cytokines, 

thereby altering biomarker concentration in the skin.[70,71] Ng et al. (2015) proposed that this phenomenon 

should be further investigated, to determine its effect on biomarker capture and analysis.[64] In relation to this, 
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a report by Kendall et al. (2016) proposed that the increased protein extravasation to the skin could constitute 

an advantage for the capture of low-abundance biomarkers, by increasing their local concentration in the ISF 

upon sampling. They found that when MNs were applied to the skin with pressures between 1 – 10 MPa, 

capture efficiency of anti-influenza IgG was increased, and required application time was reduced, indicating 

a potentially beneficial effect of this biomarker recruitment.[72]
 

Although much data has been collected through in vitro and in vivo studies, these MN arrays have not 

yet been clinically evaluated. The field has gained attention in the last few years, as shown by the increasing 

number of topic-related publications. The challenge will now be to translate the acquired knowledge to clinical 

applications. Before this can occur, however, some questions need to be addressed.[64] First, the nature of the 

sampled fluid needs to be identified, to determine whether initial research should focus on systemic or local 

diseases. Second, the correlation between penetration depth and the target biomarker should be optimized. 

Additionally, through current methods, it is only possible to sample soluble circulating biomarkers, while 

intracellular ones — relevant to many other diseases — cannot yet be measured.[73,74] Finally, further work 

should be done to better understand the relationship between application time and biomarker capture. While 

the MNs should be applied long enough to allow for adequate binding of circulating biomarkers, the sampling 

time should also be brief enough to avoid altering the protein composition of the dermal layer through wound 

healing processes. As such, while MNs display tremendous potential as immunodiagnostic platforms, more 

research is required before any such devices will be available on the market. 



 

 

Table 1.2. Properties of MNs for selective biomarker capture. 
 

Type of MN Design Material Analyte Sensing method Detection range Ref. 

Solid Array (65 µm) Gold-coated silicon Influenza IgG MPA-ELISA n.d. [60–62] 

Solid Array (65 µm) Polycarbonate Influenza IgG MPA-ELISA n.d. 
 

[63] 

 

 
Solid 

 

 
Array (1 mm) 

 

 
Polylactic acid 

Human TNF-α 

Mouse IL1-α 

Mouse IL6 

 

 
Paper Blotting 

 

 
50 pg/mL –500ng/mL 

 

 

 

 

 

 

 

[64] 

 

 
Solid 

 

 
Array (250 µm) 

 

 
Gold-coated silicon 

Influenza IgG 

Dengue NS1 

PfHRP2 

 

 
MPA-ELISA 

 

 
n.d. 

 

 

 

 
[65] 
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1.5. MNs for in situ analyte monitoring 

While many works have focused on analyte quantification and monitoring through the sampling of 

bodily fluid, another, related, method has emerged for quantifying analytes within the skin (in situ) using MNs. 

In this technique, the surfaces of MNs are functionalized, often with an immobilized enzyme, allowing a redox 

reaction to occur at the MN surface upon contact with the analyte of interest (Table 1.3.). This allows the 

surface of the MN to act as an electrode, generating an electrical signal proportional to the concentration of 

the analyte of interest, that can be read in real-time. 

Similar to reports on analyte quantification by ISF sampling, many groups have focused on the 

application of this technique to glucose monitoring.[75–78] Notably, Chen et al. have developed a single, multi- 

layer MN capable of monitoring glucose across the physiologically useful range (0 – 360 mg/dL) (Figure 

1.4.).[76] Using a base layer of platinum nanoparticles (PtNPs) to act as an electrode surface, glucose oxide was 

immobilized around the MN, followed by layers of polyaniline, porous polyvinylidene fluoride (PVDF) and 

Nafion. Much like membranes proposed for coating hollow MNs, these outer polymer layers served to allow 

glucose to reach the electrode surface, while excluding larger molecules that could interfere with the electrode. 

 

 

Figure 1.4. Schematic representation of a glucose-sensing MN: a) Layered nanostructures, and b) principle 

of operation. Re-used with permission from [76]. 

Additionally, the detection of glucose by this method has been accomplished without the need for 

immobilized glucose oxidase at the MN surface. A report from 2013 described an array of silicon MNs 

decorated with carbon nanotubes and PtNPs, able to oxidize glucose through electrical current, without the 

need for an enzyme, allowing quantification at the physiological range (54 – 360 mg/dL).[75]
 

Very recently, this type of enzyme-free glucose detection has been accomplished without the need for 

silicon arrays, which can be expensive and complex to manufacture.[77] Single polymer MNs with lengths of 

around 2 mm were coated with a layer of silver and used as probes for Raman spectroscopy, augmenting 

signals used to detect glucose in solution. The MNs were formed by casting melted agarose into a standard 

micropipette tip and inserting a thin needle with a diameter of 200 µm to form a hollow channel, after which 

a silver coating was added by chemical deposition, using AgNO3 and glucose. The authors were able to 
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demonstrate that biologically relevant concentrations of glucose (90 – 2700 mg/dL) could be accurately 

quantified in vitro and ex vivo through Raman spectroscopy.[77] While this class of MNs has the advantage of 

using relatively inexpensive materials and simple manufacturing, the use of Raman spectroscopy for 

quantification could limit the clinical translation. However, by performing measurements within the skin, and 

without using enzymes, these technologies could lead towards the development of a continuous glucose 

monitor, by overcoming the short lifetimes associated with other sampling techniques. 

Aside from glucose analysis, this class of MNs has been shown to be useful in the monitoring of other 

physiologically relevant analytes, such as glutamate[79] and lactic acid.[78,80] The devices used for detecting 

these analytes are largely similar to those used to detect glucose, consisting of solid MNs coupled to oxidative 

enzymatic detectors. In these cases, the enzymes were dispersed in a carbon paste matrix serving as an 

electrode, generating a signal used for analyte quantification. The strategy has also been proposed for 

continuously monitoring blood alcohol level, following the findings that ISF ethanol concentration is strongly 

correlated with ethanol concentration in the blood.[81]
 

Reactive oxygen species (ROS) are oxygen species containing unpaired radical electrons, and are known 

to cause DNA and tissue damage. As such, their detection and quantification is of great interest. A recent study 

has demonstrated the detection of H2O2 (a common ROS) using a single MN, coated with platinum 

nanoparticles (PtNPs) and a thin layer of molybdenum sulfide (MoS2).
[82] The PtNPs triggered the reduction 

of H2O2 at the MN surface, allowing the in vitro quantification of ROS through differential pulse voltammetry. 

Together, these devices serve to highlight the wide variety of analytes that can be detected using MNs, 

demonstrating their broad diagnostic utility. 



 

 

 

Table 1.3. Properties of MNs designed for in situ analyte detection. 
 

Type of MN Design Manufacturing Material Analyte Range Sensing Method In vivo Ref. 

Solid Single (coated) Deposition Steel Glucose 0 – 360 mg/dL Enzymatic (Electrode) + [76] 

Solid 15×15 Array (380 µm) MEMS Silicon Glucose 54 – 360 mg/dL Electrode - 
 

[75] 

Polymer Single (2 mm) Moulding Agarose Glucose 0 – 2700 mg/dL Spectroscopic + 
 

[77] 

Hollow Array (1.4 mm) Injection 

Moulding 

Eshell 200* Glutamate 0 – 140 µM Enzymatic (Electrode) - 
 

[79] 

Hollow Array (1.5 mm) Injection 

Moulding 

Eshell 200* Lactate 0 – 8 mM Enzymatic (Electrode) - 
 

[80] 

Hollow Array 

 
(length not specified) 

Stereo- 

lithography 

Eshell 300** Glucose, 

Lactate, 

pH 

0 – 216 mg/dL 

 
2 – 12 mM 

 
5.0 – 8.0 

Enzymatic 

(Electrode) 

- 
 

[78] 

Solid Single 

 
(length not specified) 

Deposition Steel H2O2 1 – 100 µM Electrochemical - 
 

[82] 

Hollow Array (800 µm) Injection 

Moulding 

n.d. Ethanol 0 – 80 mM Enzymatic 

 
(Electrode) 

- 
 

[81] 

* Eshell 200 = Urethane dimethacrylate + neopentyl glycol propoxylate diacrylate 

 
** Eshell 300 = Acrylic Resin + tetrahydrofurfuryl methacrylate + urethane dimethacrylate 
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1.6. MNs for dermal biopotential measurements 

Owing to the high electrical capacity of the lipophilic matrix in which corneocytes are embedded, 

the stratum corneum is conferred dielectric properties, resulting in the skin impedance: the force opposing 

the passage of electrical charge through the skin.[83] Electrolytes present in the ISF of the viable epidermis, 

on the other hand, account for an electric potential, connected to the activity of electrically-driven tissues, 

such the heart and muscles. The measurement of this electric potential allows for the monitoring of 

biosignals, including ECGs, EMGs, and EEGs; relevant when monitoring cardiovascular disease, muscular 

dysfunction, and epilepsy, among other disorders.[84,85] This electrical activity is typically measured using 

wet or dry electrodes to detect signals from the viable epidermis, across the stratum corneum. These 

methods have limitations however, as wet electrodes require skin abrasion and/or the application of a 

conductive gel, both of which can irritate the skin; while dry electrodes suffer from the interference of the 

skin impedence, due to their inability to breach the stratum corneum. Because of their ability to painlessly 

pierce the stratum corneum, MN-based electrodes could mitigate the disadvantages of other classes of 

electrodes, and have emerged as an alternative means of measuring biopotentials. 

The use of MNs for biopotential measurement displays great advantages over the currently-used 

methods of wet and dry electrodes.[86] The main advantage is direct contact with the electrically-active 

viable epidermis, eliminating the need for conductive gels or skin abrasion.[86] Indeed, the former can cause 

swelling and allergies, and evaporate over time, preventing their use for continuous monitoring; whereas 

the latter is time-consuming and uncomfortable for the patient.[86] Moreover, electrodes comprised of MNs 

are much smaller, and therefore require far less skin surface area for application.[87] Owing to their rapid 

application, ease of use, and lack of requirement for specialized personnel, MNs could serve as a promising 

point-of-care platform for continuous biosignal monitoring. Though this field of research remains in its 

infancy, some findings show great potential and deserve to be reported. 

For the past 15 years, researchers have worked primarily with solid MNs engineered to allow for 

biopotential measurements. The field was pioneered by the group of Prof. Stemme at the Royal Institute of 

Technology in Stockholm, and their work on MN-based electrodes coated with electrolyte-conducting 

layers.[88] Consisting of an array of 100 – 200 µm long silicon MNs, coated first with a layer of silver, 

followed by a deposited layer of silver chloride, the manufactured electrodes were shown to be capable of 

accurately measuring biopotentials without the need for skin preparation. The Ag/AgCl coating on the MNs 

was also shown to reduce impedence between the electrode and the viable epidermis, while preventing 

polarization of the electrode surface. 
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When measuring biopotentials, it is important that the electrodes remain in place, to avoid signal 

interference. To this end, further work by the Stemme group focused on optimizing the design of the MNs 

to increase their displacement force — the force needed to remove the MNs from the skin after piercing — 

to allow them to be used for continuous monitoring.[89] Specifically, the tips of the MNs were modified to 

create a barbed shape, similar to an arrowhead, to improve their ability to remain in the skin (Figure 1.5.). 

This resulted in an increased average displacement force (320 mN) relative to non-barbed MNs (100 mN), 

suggesting that such designs could be important for the clinical translations of such devices. 

 

 

Figure 1.5. MN-based miniaturized electrode for biopotential measurement: a) SEM of a chip 

containing an array of barbed spikes. A thread is glued to the chip by means of epoxy and (b) A magnified 

view of the spike array. Re-used with permission from [89]
 

 
However, the production of such MNs is laborious, which could limit their potential for clinical 

translation. Consequently, alternative designs have been proposed. One such example can be seen in the 

work of Hsu et al., in the design of barbed MNs resembling fish hooks, which showed an acceptable 

displacement force as well as a cost-effective preparation protocol.[90] While the maximum displacement 
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force was lower than earlier examples (85 mN), the barbs were formed using a relatively simple KOH- 

based wet etching process, in contrast to the deep reactive ion etching (DRIE) required for previous 

designs.[89,90] In another report, the Ag/AgCl coating on the MNs was substituted with heavily doped silicon, 

which was able to serve as both the electrode and the material composing the MNs.[91] This modification 

served to simplify the manufacturing process of the electrodes by eliminating the need for a silver deposition 

step following the silicon etching. 

 
Nonetheless, the manufacturing process of silicon MNs requires cleanrooms and complex 

manufacturing techniques, which has generated interest in simpler and less expensive alternatives.[92] This 

has resulted in the development of polymeric MNs, with polymethyl methacrylate (PMMA) having been 

proposed as a material, owing to its biocompatibility and high mechanical strength.[87,93] Examples of 

polyurethane MNs have also been seen.[94] In all cases, the electrodes are coated with a layer of metal (either 

Pd/Au or Ag/AgCl) to allow for electrical conductivity, and have displayed comparable performances in 

vivo to their silicon counterparts. However, while some of the costs and complexity associated with silicon 

micromachining have been avoided, polymeric MNs still require expensive metal deposition steps to 

generate the electrodes, which could offset this benefit. 

In addition to silicon and polymeric MNs, hollow MNs have also been considered for in situ 

biopotential measurements, due to their ability to create a continuous link between the ISF and the electrode 

located in the back reservoir of the MN array.[95,96] Rather than using the inserted MNs themselves as 

electrodes, these devices house their electrodes in a rear chamber, towards which the ISF is drained through 

hollow channels in the MNs. An advantage of this method is the reduction of protein adsorption onto the 

electrode, as it is only exposed to a small amount of drained ISF, rather than the entirety of the circulating 

fluid. This could serve to prolong the effective life of the devices, greatly increasing their potential for at- 

home monitoring use. 

Another advantage offered by MN-based biopotential electrodes is their ability to neglect the skin- 

potential variation (SPV). The SPV consists of small changes in the skin potential that occur when 

mechanical pressure is applied to the stratum corneum, such as upon the insertion of an electrode.[97] While 

this can usually be corrected for in a clinical setting, it remains an obstacle in the development of 

continuous-use monitoring systems, as small pressure differences resulting from regular motion can result 

in meaningful changes of SPV. Recently, Pei et al. have developed a MN-based electrode system capable 

of neglecting these small changes in SPV. In this system, the portion of the MNs in contact with the stratum 

corneum was coated with an insulating layer, leaving only the tips exposed deeper in the tissue.[97] As such, 
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the electrodes are unaffected by the slight mechanical pressures caused by regular motion, potentially 

paving the way for continuous-use biopotential monitoring systems. 

Other groups have taken advantage of MN-based electrodes to quantify intercellular swelling, as a 

means of monitoring edema.[98] Using swellable polymeric MN-based electrodes, they were able to monitor 

and observe changes in the electrical resistance of the skin. In the study, subjects remained seated for 70 

minutes to induce edema in the legs, which was found to reduced skin resistance by 20 kΩ, which 

corresponded to a change in leg circumference of roughly 0.4 cm. Upon standing, both leg circumference 

and skin resistance were found to return to normal levels, as edema decreased. This suggests a potential 

new point-of-care approach to easily monitor and diagnose edema in humans. 

However, no commercial product based on MNs has yet been approved for this application. The 

main limitations of the herein presented devices are their high manufacturing costs,[99] which likely account 

for delays in their commercial translation. 

 

1.7. MNs for delivery of diagnostic agents 

Similar to their primary use for the delivery of drugs, MNs are well-suited for the selective and 

painless delivery of diagnostic agents. For this purpose, hollow, coated, and dissolving MNs have been 

investigated for the delivery of different agents, including fluorescent contrast dyes for imaging, and 

allergens for non-invasive allergy tests. The delivery of imaging agents through the skin could be useful 

both for the detection/monitoring of skin-related disorders, as well as for any application involving the 

quantification of systemic biomarkers present in the ISF. Although only a few reports have focused on this 

approach thus far, initial results have been promising, suggesting the possibility of further development in 

the field.[100]
 

Dermal ISF is drained by the lymphatic system, which is responsible for the homeostasis of 

peripheral tissue by taking up substances and draining them back into venous circulation. In recent years, 

it has become clear that disparate pathological conditions, including lymphedema, chronic inflammation, 

as well as tumour growth and metastasis, are associated with alterations to this system;[101] and the 

assessment of the structure and function of its vessels for diagnostic purposes has thus attracted increasing 

attention.[102] As their size specifically targets the ISF, MNs are well-suited for the delivery of compounds, 

including diagnostic agents, to the lymphatic system. For instance, fluorescence microlymphography, based 

on the administration of a fluorescent FITC-dextran (MW 150,000) conjugate using a single hollow MN 

(0.2 mm outer diameter), has allowed imaging of the architecture of lymphatic vessels, providing promising 

results for the diagnosis and stratification of lymphatic dysfunctions such as Milroy’s lymphedema, 

systemic sclerosis, and Fabry's disease in humans.[103,104] The conjugation to dextran increases the MW and 
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hydrophilicity of the probe, thus improving the selectivity of drainage by the lymphatic system versus the 

bloodstream, providing a greater spatial resolution. Nevertheless, the relatively low wavelength of FITC 

(λexc ~ 490 nm; λem ~ 520 nm) results in a significant background signal from surrounding tissues, including 

the skin, necessitating relatively high doses and reducing the sensitivity of the imaging procedure. A drastic 

improvement could come from the use of probes fluorescent in the near-infrared region (> 750 nm). At this 

range of wavelengths, photons are minimally scattered and absorbed by biological tissues, offering 

excellent spatial resolution for superficial imaging. 

A recent report by Brambilla et al. demonstrated the feasibility of using dissolving polymeric MNs 

arrays to deliver Indocyanine green (ICG), the only FDA-approved injectable NIR probe, to the dermis as 

a simple and painless point-of-care diagnostic method (Figure 1.6.) for monitoring lymphatic function.[100] 

These MNs consisted of a solid dispersion of ICG within a low molecular weight polyvinylpyrrolidone 

(PVP) matrix, meant to rapidly dissolve (~5 minutes) after successful penetration of the skin. Though only 

a limited amount of ICG could be delivered, leading to reduced structural observation compared to standard 

hypodermic needles, the authors demonstrated that the drainage kinetics of the resulting non-invasive tattoo 

correlated with lymphatic drainage, offering the possibility of non-invasively monitoring lymphatic 

function, potentially using a simple fluorescence detector. Unlike many of the previously described MNs, 

the ones used in this study were made entirely of FDA-approved materials, offering the possibility for a 

rapid clinical translation for the early stage identification of lymphedema, a serious condition characterized 

by the swelling of a limb due to insufficient lymphatic drainage. This condition appears in roughly 20% of 

patients having undergone lymph node dissection in the context of breast cancer surgery, and urgently lacks 

an early and quantitative monitoring method. Unlike standard hypodermic needles, these patches do not 

require special training to administer, and could be used by patients for self-monitoring of lymphatic 

function. Moreover, this dissolution-based delivery approach prevents the increase in interstitial hydraulic 

pressure resulting from hypodermic injection, which could alter the drainage and lead to erroneous results. 

Nevertheless, despite being approved and generally considered safe, ICG suffers from some limitations, 

such as low quantum yield, poor chemical stability, and limited selectivity for lymphatic drainage, which 

could drastically limit the sensitivity of the system. Thus, a great improvement could come from the use of 

recently described highly fluorescent and lymphatic-selective fluorescently-labelled polymers or 

nanoparticles.[105,106]
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Figure 1.6. Dissolving polymeric MNs for the functional imaging of dermal lymphatic drainage: a) 

Whole MNs patch on a one-Euro coin, b) stereomicroscopic views of ICG-containing MNs (Scale bar: 

200 μm) and c) clearance half-life in wt and transgenic animals lacking dermal lymphatic drainage (K14- 

VEGFR3-Fc) after application of ICG-loaded PVP MNs on the ear. Adapted with permission from [100]. 

The skin is composed of different cell types, including specialized immune cells known as 

Langerhans cells, which are responsible for antigen presentation.[107] Consequently, several groups have 

proposed the use of MNs for allergy testing.[108–110] Currently, the most common methods of allergy testing 

consist of lightly puncturing the skin followed by the application of an allergen solution, or the delivery of 

an allergen solution through dermal needles.[111] Application of MNs containing, or coated with, a protein 

allergen solution could eliminate the pain associated with traditional methods by selectively targeting the 

epidermis and avoiding contact with the dermis. Early reports primarily described silicon MN arrays, which 

could be coated with an allergen solution, and administered to the skin similar to a skin prick test.[108,109] 

While these devices showed comparable performance to conventional allergy tests, with the advantage of 

reduced skin irritation and patient discomfort, the high cost of manufacturing silicon MNs could prevent 

the wider adoption of this testing method. More recent works have described dissolving polymeric MNs, 

made of PVP or dextran, into which protein allergens could be loaded.[110,112] Though these MNs were not 

tested in vivo, fluorescence tests in excised skin indicate that allergens could successfully be delivered by 

this method, potentially offering a more cost-effective method of MN-based allergy diagnosis. 

Similarly, dissolving MNs composed of chitin and loaded with tuberculosis (TB) antigens have 

been prepared and have shown promising in vivo results, opening the way for potential point-of-care 

tuberculosis diagnosis.[113] Though effective, current methods of TB diagnosis (consisting of intradermal 

injections of TB antigens) require specialized personnel to perform, and involve the careful manipulation 

of hypodermic needles to reach a specific depth in the skin. This can cause discomfort for the patient, as 

well as skin irritation, which could interfere with results. Because of this, an MN-based diagnostic device, 
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with lengths that could be tuned to the specific skin depth required for antigen delivery, could present a 

simpler, pain-free diagnostic platform. 

A potential consideration regarding the delivery of diagnostic agents using dissolving MNs is the 

deposition of small amounts of polymeric material within the dermis. This consideration is actually shared 

with MNs used for the delivery of therapeutic agents, which have been more extensively investigated. A 

recent work evaluated the impact of a promising polymeric formulation used for the fabrication of MNs, 

based on PVME/MA, by means of in vitro (EpiSkin, reconstructed human epidermis) and in vivo models. 

The data demonstrated that the co-polymer, at concentrations comparable to (or higher than) those delivered 

by MNs, did not affect cell viability and did not promote the release of IL-1α — a proinflammatory marker 

— after 60 minutes of exposure. More importantly, the application of the dissolving MN arrays for 24 hours 

caused no irritation in vivo. Interestingly, the authors calculated that the dissolving MNs used in the study 

would deposit approximately 5 – 10 mg of polymer per cm2 in the skin per application, which would 

correspond to a dose of 50 – 100 mg of polymer deposited by a patch with a size of 10 cm2. [114,115] While 

this would not constitute a major hazard for single or limited number of applications, this aspect becomes 

very relevant in the context of repeat applications, such as in the case of chronic monitoring, potentially 

resulting in exposure to a significant dose of exogenous materials and related compatibility issues (polymer 

accumulation and irritation). To begin investigating this open question, the impact of repeated applications 

(up to 6 times over 6 weeks) of dissolving (Gantrez® S-97 BF/PVP) and hydrogel-forming (Gantrez® S- 

97 BF/PEG) MNs arrays was recently assessed in living immunocompetent mice. The study showed that 

the skin appearance and barrier function were not measurably altered throughout the experiments, and no 

infection, immunity, or inflammation biomarker alterations were observed.[116] Although more systematic 

research is needed to specifically examine the clearance, excretion, and compatibility problems of dermally 

delivered polymers, the final outcome would strongly depend on the nature of the material. While low MW 

non-degradable polymers would likely be drained by the lymphatic system and excreted renally (e.g. PVP), 

biodegradable polymers could be degraded in situ or after drainage.[117] For instance, fluorescently-labelled 

hydrophilic polymers of comparable MW to those used in dissolving MNs were recently demonstrated to 

be selectively drained by the lymphatic system and routed to the blood circulation, suggesting that MN 

polymers may experience a similar fate.[105] Nonetheless, this aspect represents an important line of 

investigation to be addressed before the effective clinical use of dissolving polymeric MNs for repeated 

administrations can be achieved. 

Lymphatic and immune system assessment are only some of the various diagnostic applications of 

MNs. The examples reported here focus primarily on local diseases, or the stimulation of local responses. 

To our knowledge, no report has yet focused on the delivery of diagnostic agents for systemic distribution, 
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conceivable considering the use of MNs for systemic insulin delivery in diabetes management. However, 

future studies may focus on this application, benefitting from the knowledge gained through the study of 

MNs for drug delivery, opening the way for further needle-free diagnostic methods. 

 

1.8. Translational Considerations 

Though recent years have seen many advances in MN-based technology for diagnostic applications, 

these successes have not yet resulted in the development of clinically approved MN-based products, as 

mentioned previously. While this is to be expected as part of the development process of a novel technology, 

several key factors can be identified, which will need to be addressed before a consumer product can be 

envisioned. These aspects have primarily been considered in the context of MNs for the delivery of 

pharmaceutical products ([115] for an exhaustive discussion) but could, at least partially, be extended to the 

previously described monitoring applications. 

Chief among these considerations is the scalability of current MN manufacturing procedures, and 

the ensuing costs of manufacturing these devices on a commercial scale. This is most apparent when 

considering silicon-based MNs, such as the hollow silicon MNs often used for fluid sampling, and the solid 

silicon MNs used for measuring biopotentials.[29-41,83-91] The micromachining process used to create such 

MNs requires cleanrooms, and high manufacturing costs are often cited as reasons for the introduction of 

new manufacturing protocols. With this in mind, alternatives to solid silicon MNs such as, polycarbonate 

and PMMA MNs have been both proposed, depending on the target application.[63,87,93] The use of 

alternative materials could also have an impact on the large-scale production of MNs. For example, a recent 

article has suggested a method of manufacturing hollow MNs from a thermoplastic polymer through a soft- 

embossing technique using heated metal plates to press the polymer into a premade mould.[118] Besides 

requiring less expensive materials and equipment than silicon-etching methods, this procedure could also 

facilitate the manufacturing of hollow MN-based devices on a commercial scale. Swellable hydrogel-based 

MNs have gained much attention recently, in part due to their simplicity relative to more complex silicon- 

based devices.[50] Despite this advantage, the fabrication of these MNs could nonetheless pose difficulties 

for commercial-scale translation, due to the high initial costs of the centrifuges used in their manufacture 

and the time required for their drying and crosslinking. As such, alternative production methods have been 

recently suggested, including roller-based manufacturing for larger-scale production[119] and microwave- 

assisted curing for faster drying and crosslinking.[120]
 

Another consideration relates to the mechanism of action of MNs, namely the fact that they pierce 

the stratum corneum to access the dermal ISF. This layer acts as the skin’s protective barrier, and great care 

must be taken to avoid introducing microbes beneath it, where they could cause infection.[121] As such, it 
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can be expected that MNs will need to be sterilized for any clinical application. Though no specific 

guidelines currently exist, due to the novelty of MN-based technologies, based on FDA guidelines for 

medical devices which are in direct contact with lymphatic tissues, the endotoxin content in MNs should 

be <20 EU/device.[122] While fully aseptic preparation would ensure sterility, this could dramatically 

increase manufacturing costs, thereby generating interest in terminal sterilization methods, including heat 

and irradiation. Heat-sterilization would likely be suitable for some MNs, including solid metal and silicon 

arrays, but would be incompatible with dissolving polymer, hydrogel, or complex hollow MNs devices.[121] 

For such devices, gamma radiation has been explored as an alternative sterilization method. While the MNs 

themselves have been shown to be structurally unaffected by this sterilization method, the model protein 

contained within (ovalbumin) was found to be substantially degraded[121], suggesting that this technique 

could be poorly suited for MN devices containing protein-based detectors or sensitive diagnostic agents. 

Furthermore, an assessment has been conducted using swellable hydrogel-based MNs, demonstrating their 

resistance to microbial growth during storage.[123] This observation, coupled with data suggesting that 

microbes were unable to penetrate the epidermis of excised skin through MN channels, indicates that this 

class of MNs could mitigate the need for further sterilization measures.[123]
 

Finally, if these MNs are intended to serve as point-of-care devices, potentially for at-home use, it 

is important that they can be reliably inserted by untrained users. Reports from several groups have focused 

on this issue, with varying results. The earliest reports indicated that volunteers were able to reliably insert 

relatively longer MNs (> 550 µm) by hand, while shorter ones (~ 300 µm) required the use of a spring- 

loaded applicator.[124,125] Further studies have appeared to confirm that while manual pressure is sufficient 

to insert most MNs, better reproducibility is achieved using applicators.[126,127] Despite their reliability, the 

inclusion of an applicator device with each MN array could greatly increase the cost of commercial 

translation. To overcome this issue, novel methods have been explored for improving the reproducibility 

of the manual insertion of MNs, notably through the inclusion of a pressure-sensitive film on the back of 

each MN array.[128] By attaching this membrane, which displays a colour-change when pressure sufficient 

to breach the stratum corneum is applied to the MNs, a visual assurance is provided to users that the MNs 

have been correctly inserted. This, coupled with recent results showing that volunteers following written 

instructions were capable of reliably applying MN patches of variable sizes, suggests that manual insertion 

could be a viable technique upon clinical translation, for both drug delivery and diagnostic applications of 

MN technologies.[129,130]
 

The systematic evaluation of these translational aspects for each selected application and device, 

aside from their technological advances, will be of crucial importance for the actual involvement of the 
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MedTech industry in the commercial and clinical translation of MN-based diagnostic and monitoring 

devices. 

 

1.9. Conclusions & Outlook 

Recent advancements in MNs research as minimally invasive devices for diagnosing of systemic 

and local diseases, have taken developing point-of-care/lab-on-chip diagnostic methods to a new level. 

Time-consuming and invasive monitoring methods for systemic diseases, such as glucose measurement in 

diabetic patients and immunodiagnostics for infectious diseases can be potentially replaced by MN-based 

diagnostic devices and provide quality-of-life improvements for patients suffering from many health issues. 

The design of MNs can vary based on the targeted diagnostic application, for instance, hollow MNs fit a 

design that involves collecting considerable amounts of interstitial fluid, while hydrogel and dissolving 

MNs are suitable for the delivery of diagnostic agents. However, an ideal design is not necessarily linked 

to an easy and cost-effective manufacturing process. In this article, we reported the most important works 

on the development of MNs for diagnostic purposes and provided an in-depth comparison of the 

improvements offered by these designs, as well as the flaws they may present. Aside from this, MNs likely 

represent an ideal technology to non-invasively provide a link between the human body and rapidly 

developing new technologies for precise, real-time physiological monitoring. This could eventually allow 

for the early detection and recognition of health-related issues, as well as providing useful physiological 

information to inform lifestyle choice, leading to improved disease prevention. 
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Hypothesis and Research Objectives 
Hypothesis 

As evidenced in the preceding chapter (Chapter 1), microneedles (MNs) have attracted a great 

deal of attention for their potential diagnostic applications, in addition to their more well-known 

applications for the delivery of therapeutics. Among these, dissolving polymeric MNs represent a relatively 

novel approach for the delivery of diagnostic agents, with much opportunity for further development and 

investigation. With this in mind, my research hypothesis is as follows: 

Dissolving polymeric microneedles can be used to deliver specially designed fluorescent 

probes to the skin, creating a sort of fluorescent microneedle tattoo capable of providing health- 

related information. 

Research Objectives 

 
To demonstrate the above hypothesis, I pursued the following research objectives: 

 
1. Develop dissolving polymeric MNs for delivery of a functional sensor to skin, capable of 

generating a fluorescent signal in response to the presence of reactive oxygen species (ROS). 

This objective is focused on a relatively novel concept, which will involve the synthesis of a fluorescent 

ROS-sensor suitable for use in the skin, optimization of a MN formulation compatible with this sensor, and 

detection of ROS with a tattoo delivered by the resulting MNs. Work undertaken towards this objective is 

outlined in Chapter 2 

2. Optimize a MN-based system for delivering a fluorescent tracer to monitor normal and impaired 

lymphatic drainage. 

This objective is focused on optimizing and improving a recently developed MN system for delivering a 

fluorescent dye for imaging and monitoring lymphatic drainage. This will consist of the synthesis of an 

appropriate and selective fluorescent tracer and improving the MN system used for dermal delivery of the 

tracer. Work undertaken towards this objective is outlined in Chapter 3. 
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Chapter 2 

The use of MNs for the delivery of diagnostic agents to the skin is quite novel, and previous 

examples have largely been limited to the delivery of inert fluorescence contrast agents. If this technology 

could be expanded to allow for the delivery of functional fluorescent sensors, the impact could be 

significant, allowing real-time non-invasive monitoring of a vast array of physiological parameters. The 

detection of reactive oxygen species (ROS) through the delivery of an oxidation sensitive fluorescent dye 

could serve as a useful proof-of-concept, as many oxidation-sensitive dyes have been described, and ROS 

are known to be present in the skin under certain pathological conditions. A ROS-sensor (H-Cy5-PEG) was 

synthesized and characterized, and displayed promising ROS-sensing capabilities suitable for use in the 

skin. A dissolving polymeric MN delivery system was optimized for use with H-Cy5-PEG, to avoid 

oxidizing the sensitive probe during the manufacturing process. This system allowed for the delivery of H- 

Cy5-PEG as a ROS-sensitive MN tattoo, with the probe remaining active after incorporation into the system 

and subsequent delivery to skin-simulating gels. Ultimately, functionality of the system ex vivo or in vivo 

was held back by instrument sensitivity and the relatively low fluorescence recovery of H-Cy5-PEG after 

fabrication and delivery. 
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2.1. Abstract 

The field of precision health monitoring could be greatly helped by the development of real-time, 

non-invasive sensing and detection methods for various physiological analytes. A promising approach 

consists of using dissolving polymeric microneedles (MNs) to deliver an active fluorescent sensor directly 

to the skin for real-time monitoring in situ — effectively a medical tattoo. Reactive oxygen species (ROS) 

— oxygen species containing unpaired radical electrons — are associated with various pathological 

conditions and are known to be present in the skin. As such, they present an interesting and relevant analyte 

to detect using this MN tattoo system. In this work, we present a proof-of-concept MN-delivered tattoo 

capable of sensing reactive oxygen species (ROS) in skin-simulating agarose gels. 

Keywords: diagnostic, microneedles, monitoring, tattoo, ROS 
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2.2. Introduction 

In recent years, there has been a growing interest in precision health monitoring, particularly in the 

context of early disease detection and preventative medicine. Although most medical diagnosis takes place 

after the presentation of symptoms, earlier detection and preventative monitoring could allow for more 

effective treatment.1 While this sort of preventative monitoring is an attractive concept, its utility has 

historically been limited by the invasive nature of implantable devices or blood sampling. In recent years, 

this has led to research into less invasive forms of biosensing, with many examples proposing optical, 

fluorescence-based techniques for direct in vivo imaging.2,3 To this end, other monitoring targets have also 

been proposed, notably dermal interstitial fluid (ISF): the extracellular fluid surrounding cells in the dermal 

and epidermal layers of the skin. Recent studies have suggested that there is an overlap of roughly 93% 

between the proteomes expressed in plasma and in the ISF.4 Additionally, similar populations of small 

molecules and ions have been observed, with alterations in plasma levels rapidly reflected in the ISF, 

suggesting that this fluid could provide an alternative to blood-based monitoring for many biological 

analytes.5,6 Among the advantages of ISF-based monitoring is ease-of-access; owing to its proximity to the 

surface of the skin, beginning at depths of less than 50 µm (directly beneath the stratum corneum), it could 

be reached using relatively non-invasive techniques. One such technique involves the use of microneedles 

(MNs): miniaturized needles with lengths below 1 mm, often organized into an array.7 Short enough to 

avoid activating pain-sensing neurons found deeper in the dermis, MNs can nonetheless easily breach the 

stratum corneum, providing a means of accessing the ISF. Studies have attempted to exploit this feature, 

using hollow or swellable polymer MNs to withdraw ISF through the skin for external analysis.8,9 However, 

this method has shown significant limitations, including the high cost of hollow MN-based devices, and the 

low volumes extracted using swellable polymers.10 This has led to interest in an alternative approach, 

namely the use of dissolving polymeric MNs for the delivery of sensors directly to the dermis, allowing 

instantaneous in situ analysis. These soluble MNs, often made from polysaccharides or other biocompatible 

polymers, have the advantages of simple, solvent-casting-based manufacturing from inexpensive, readily- 

available materials, and generating no sharp waste after use.11 An early example of this approach has been 

seen in the context of the imaging and quantification of lymphatic drainage. By delivering an inert NIR- 

fluorescent dye it is possible to non-invasively image the lymphatic vessels in real-time, important in the 

context of detection of structural modification involved in several diseases such as cancer, inflammation 

and lymphedema.12,13 While this approach highlighted the use of MNs for the delivery of diagnostics, only 

an inert probe was delivered; by instead delivering an active fluorescent sensor, the scope of this biosensing 

technique could be greatly increased. Examples of specific, sensitive, and bright fluorescent probes exist 

for a variety of physiological analytes; by delivering these sensors directly to the dermis, MNs could be 

used to create a sort of medical tattoo, which could then be read with a fluorescence detector, permitting 
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real-time monitoring. While similar concepts have been proposed, using sweat-based analysis14 or the 

subcutaneous implantation of cells15, MNs could present an ideal delivery system, potentially allowing non- 

invasive monitoring of a broad range of analytes. 

Reactive oxygen species (ROS) are highly reactive oxygen compounds which occur in vivo, often 

containing unpaired radical electrons, and are involved in signaling mechanisms and other biological 

processes.16 ROS are also associated with disease, and elevated levels can lead to oxidative stress, resulting 

in DNA damage, cell death, and the development of a variety of pathological conditions, including disorders 

of the skin; specifically, exposure to UV radiation has been demonstrated to induce the production of dermal 

ROS.17 The oxidative stress caused by these ROS can lead to the production of proinflammatory cytokines, 

associated with psoriasis18 and skin aging,19,20 as well as DNA damage associated with carcinogenesis.21 In 

light of this, there has been interest in the monitoring of ROS in the skin to better understand these 

conditions and to potentially evaluate their progression and treatment.22 ROS also present an attractive 

target for fluorescent sensing, as a variety of molecules exist which display little to no fluorescence in their 

reduced states, but display bright fluorescence in their oxidized forms, allowing them to act as specific 

fluorescent ROS sensors. Among these, hydrocyanines are a class of bright, easily prepared dyes displaying 

specific sensitivity to superoxide and hydroxyl radicals, two of the most biologically relevant ROS.23 Probes 

based on this class of sensor have been applied for a variety of uses, ranging from the optimization of 

ELISA assays to the in vivo imaging of inflammation or tumours.24-26 Further, examples of hydrocyanines 

exist with fluorescence at red and near-infrared (NIR) wavelengths, which could allow better imaging in 

vivo, as the skin displays far less background interference at these higher wavelengths.27 Potential 

applications in the skin have been limited, however, by their relatively poor water-solubility and small size, 

rendering them prone to cellular uptake. By developing PEGylated hydrocyanine derivatives, we have 

addressed both of these issues, effectively creating a soluble extracellular ROS probe.28 In this work, we 

have developed a dissolving polymeric MN-based delivery system for PEGylated hydrocyanines, capable 

of detecting and imaging in skin-simulating agarose gels. 

 

2.3. Experimental 

 
2.3.1. Materials 

 
Poly(vinyl alcohol) (10 kDa) (PVA), Dextran (from Leuconostoc spp. Mr ~ 6,000 Da), 

diisopropylethylamine (DIPEA), dimethyl sulfoxide (DMSO), N,N’-diphenylformamidine, disuccinimydal 

carbonate (DSC), iodomethane (MeI), malondialdehyde bis(phenylimine) monohydrochloride, 

nitromethane (CH3NO2), and 2,3,3-trimethylindolenine were purchased from Sigma-Aldrich (St. Louis, 

MO). Acetic anhydride (Ac2O), acetonitrile (ACN), dichloromethane (DCM), diethyl ether (Et2O), ethyl 
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acetate (EtOAc), hydrochloric acid (HCl, 37 wt%, aq), hydrogen peroxide (30% v/v), methanol (MeOH), 

sodium chloride (NaCl), sodium sulfate (Na2SO4, anhydrous), potassium iodide (KI), and pyridine were 

purchased from Fisher Scientific (Waltham, MA). 6-bromohexanoic acid and iron sulfate heptahydrate 

(FeSO4·7H2O) were purchased from Acros Organics (Fair Lawn, NJ). Sephadex G-15 was purchased from 

GE Life Sciences (Pittsburgh, PA). Ultra-low molecular weight hyaluronic acid (< 6 kDa) (ULMW HA) 

and super-low molecular weight hyaluronic acid (< 50 kDa) were purchased from Lotioncrafter (Eastsound, 

WA). Poly(N-vinylpyrrolidone) (3.5 – 7 kDa) (PVP K-12) was generously provided by BASF 

(Ludwigshafen, Germany). 230 – 400 mesh silica columns were purchased from SiliCycle Inc. (Québec, 

QC) and chromatographic separations were performed using a CombiFlash Rf 150 (Teledyne Isco Inc., 

Lincoln, NE). Samples were concentrated in vacuo on the Rotavapor R-100 and heated using the B-100 

heating bath (Büchi, Uster, Switzerland). 1H-NMR spectra were recorded on a Varian MR400 NMR (Varian 

Inc., Palo Alto, CA). Chemical shifts are expressed in parts per million (ppm) and coupling constants are 

reported in hertz (Hz). Splitting patterns are indicated as: br = broad; s = singlet; d = doublet; dd = doublet 

of doublets; t = triplet; m = multiplet. LC-MS analyses were performed on a 6120 Quadrupole LC/MS 

provided by Agilent Technologies (Santa Clara, CA). Square pyramidal female MN moulds of room 

temperature vulcanizing silicone, 10 × 10 or 15 × 15 array, 250 µm × 250 µm × 800/600/500 µm (W × L 

× H) were purchased from Micropoint Technologies Pte. Ltd. (Singapore). 

 
2.3.2. Synthesis of Cy5 

 
2.3.2.1. 1,2,3,3-Tetramethyl-3H-indol-1-ium iodide (S1) 

S1 was synthesized using a previously described procedure.29 Briefly, 2,3,3-Trimethylindolenine 

(2.52 mL, 15.7 mmol, 1 eq) was diluted in 9 mL nitromethane (CH3NO2). Iodomethane (MeI) (1.95 mL, 

31.4 mmol, 2 eq) was added dropwise and the reaction mixture was stirred at room temperature for 20 h. 

The crude product was precipitated using 60 mL of Et2O, and the resulting purple solid was collected by 

vacuum filtration and washed 3× with 15 mL of Et2O. A pale purple solid was obtained (4.17 g, 13.8 mmol, 

88% yield). (Figure 2.S1). 1H NMR (Varian, 400 MHz, DMSO): δ = 7.91 – 7.88 (m, 1H), 7.82 – 7.80 (m, 

1H), 7.63 – 7.57 (m, 2H), 3.96 (s, 3H), 2.75 (s, 3H), 1.51 (s, 6H); 

2.3.2.2. 1-(5-Carboxylpentyl)-2,3,3-trimethyl-3H-indol-1-ium iodide (S2) 

S2 was synthesized by adapting a previously described procedure.30 Briefly, 2,3,3- 

Trimethylindolenine (1.60 mL, 10 mmol, 1 eq) and 6-bromohexanoic acid (1.95 g, 10 mmol, 1 eq) were 

dissolved in 6 mL acetonitrile (ACN). Potassium iodide (KI) (1.66 g, 10 mmol, 1 eq) was added and the 

reaction mixture was refluxed at 85 °C for 16 h. The mixture was filtered, concentrated under reduced 

pressure, and the crude product was precipitated using 40 mL of 1:1 ethyl acetate/DCM at -20 °C. The 



58 

 

 

resulting pink solid was collected by vacuum filtration and washed 3× with 5 mL of 1:1 ethyl acetate/DCM. 

A light purple solid was obtained (2.38 g, 5.9 mmol, 59% yield). (Figure 2.S2). 1H NMR (Varian, 400 

MHz, DMSO): δ = 12.00 (br. s, 1H), 7.99 – 7.94 (m, 1H), 7.85 – 7.81 (m, 1H), 7.63 – 7.58 (m, 2H), 4.44 

(t, J = 7.8 Hz, 2H), 2.84 (s, 3H), 2.21 (t, J = 7.2 Hz, 2H), 1.83 (m, 2H), 1.58 – 1.50 (m, 8H), 1.45 – 1.39 

(m, 2H); 

2.3.2.3. Cyanine-5 (Cy5) 

Cy5 was synthesized by adapting a previously described procedure.29 Briefly, S2 (648 mg, 1.8 

mmol, 1 eq) and malondialdehyde bis(phenylimine) monohydrochloride (521 mg, 2.0 mmol, 1.1 eq) were 

dissolved in 6 mL of acetic anhydride (Ac2O) and the mixture was refluxed at 120 °C for 30 min. S1 (660 

mg, 2.2 mmol, 1.2 eq) was suspended in 6 mL of dry pyridine and added to the reaction mixture. The 

reaction was stirred for 18 h at room temperature in the dark. The solvents were removed under reduced 

pressure at 60 °C. The blue solid was dissolved in 10 mL DCM and washed 4× with 40 mL dH2O, 1× with 

40 mL of 1 M HCl(aq), and 1× with 40 mL of sat. NaCl. The organic layer was dried over Na2SO4 and 

concentrated under reduced pressure. The crude mixture was purified by column chromatography, eluting 

with ethyl acetate, followed by a gradient of 0 – 10% MeOH in DCM. Cy5 was obtained as a metallic red- 

blue solid (486 mg, 0.93 mmol, 51% yield). (Figure 2.S3). 1H NMR (Varian, 400 MHz, DMSO): δ = 12.04 

(br. s, 1H), 8.32 (t, J = 13.1 Hz, 2H), 7.60 (d, J = 7.4 Hz, 2H), 7.41 – 7.35 (m, 4H), 7.26 – 7.19 (m, 2H), 

6.55 (t, J = 12.3 Hz, 1H), 6.27 (dd, J = 16.8 Hz, 14.1 Hz, 2H), 4.07 (t, J = 7.0 Hz, 2H), 3.58 (s, 3H), 2.28 

(t, J = 7.2 Hz, 1H), 2.18 (t, J = 7.2 Hz, 1H), 1.76 – 1.61 (m, 14H), 1.58 – 1.49 (m, 2H), 1.40 – 1.32 (m, 2H); 

 
2.3.3. Synthesis of Cy5-PEG 

 
2.3.3.1. Cyanine-5 N-hydroxysuccinimide ester (Cy5-NHS) 

Cy5 was activated as Cy5-NHS by adapting a previously described procedure.29 Briefly, Cy5 (486 

mg, 0.93 mmol, 1 eq) was dissolved in 10 mL of dry DCM. Diisopropylethylamine (DIPEA) (326 µL, 1.87 

mmol, 2 eq) and disuccinimydal carbonate (DSC) (536 mg, 2.06 mmol, 2.2 eq) were added and the reaction 

was stirred for 24 h at room temperature in the dark. The mixture was diluted with 10 mL DCM and washed 

4× with 40 mL dH2O, 1× with 40 mL of 1 M HCl(aq), and 1× with 40 mL of sat. NaCl. The organic layer 

was dried over Na2SO4 and dried under reduced pressure to give Cy5-NHS as a metallic red-blue solid (544 

mg, 0.88 mmol, 95% yield). The purity of the product was confirmed by HPLC-MS analysis. (Figure 2.S4). 

2.3.3.2. Cyanine-5-PEG (Cy5-PEG) 

Cy5-PEG was synthesized by adapting a previously described procedure.28 Briefly, Cy5-NHS (7.4 

mg, 12 µmol, 2 eq) and MeO-PEG-NH2 (MW = 5,000 g/mol) (30 mg, 6 µmol, 1 eq) were dissolved in 1 

mL of anhydrous DMSO, and the mixture was stirred for 18 h in the dark. Then, the mixture was diluted in 
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20 mL of milli-Q H2O and lyophilized. The resulting residue was dissolved in 1 mL of 180 mM NaCl and 

purified on G-15 Sephadex. The resulting fractions were combined and lyophilized, giving Cy5-PEG as a 

blue solid (28 mg, 5.6 µmol, 86% yield). The purity of the product was confirmed by HPLC-MS analysis. 

 
2.3.4. Synthesis of Cy3-PEG 

 
2.3.4.1. Cyanine-3 (Cy3) 

Cy3 was synthesized by adapting a previously described procedure.29 Briefly, S3 (734 mg, 1.8 

mmol, 1 eq) and N,N’-Diphenylformamidine (395 mg, 2.0 mmol, 1.1 eq) were dissolved in 5 mL of acetic 

anhydride (Ac2O) and the mixture was refluxed at 130 °C for 30 min. S1 (660 mg, 2.2 mmol, 1.2 eq) was 

suspended in 5 mL of dry pyridine and added to the reaction mixture. The reaction was stirred for 16 h at 

room temperature in the dark. The solvents were removed under reduced pressure at 60 °C. The pink solid 

was dissolved in 10 mL DCM and washed 4× with 40 mL dH2O, 1× with 40 mL of 1 M HCl(aq), and 1× 

with 40 mL of sat. NaCl. The organic layer was dried over Na2SO4 and concentrated under reduced pressure. 

The crude mixture was purified by column chromatography, eluting with ethyl acetate, followed by a 

gradient of 0 – 10% MeOH in DCM. Cy3 was obtained as a metallic green-gold solid (479 mg, 0.99 mmol, 

54% yield). (Figure 2.S5). 1H NMR (Varian, 400 MHz, DMSO): δ = 12.05 (br. s, 1H), 8.33 (t, J = 13.5 

Hz, 1H), 7.62 (d, J = 7.4 Hz, 2H), 7.45 – 7.41 (m, 4H), 7.31 – 7.25 (m, 2H), 6.49 (dd, J = 13.3 Hz, 4.3 Hz, 

2H), 4.09 (t, J = 7.4 Hz, 2H), 3.64 (s, 3H), 2.20 (t, J = 7.2 Hz, 2H), 1.73 – 1.67 (m, 14H), 1.58=9 – 1.52 

(m, 2H), 1.45 – 1.39 (m, 2H); 

2.3.4.2. Cyanine-3 N-Hydroxysuccinimide ester (Cy3-NHS) 

Cy3 was activated as Cy3-NHS by adapting a previously described procedure.29 Briefly, Cy3 (479 

mg, 0.99 mmol, 1 eq) was dissolved in 10 mL of dry DCM. Diisopropylethylamine (DIPEA) (345 µL, 1.98 

mmol, 2 eq) and disuccinimydal carbonate (DSC) (567 mg, 2.18 mmol, 2.2 eq) were added and the reaction 

was stirred for 24 h at room temperature in the dark. The mixture was diluted with 10 mL DCM and washed 

4× with 40 mL dH2O, 1× with 40 mL of 1 M HCl(aq), and 1× with 40 mL of sat. NaCl. The organic layer 

was dried over Na2SO4 and dried under reduced pressure to give Cy3-NHS as a metallic green-gold solid 

(554 mg, 0.94 mmol, 95% yield). The purity of the product was confirmed by HPLC-MS analysis. (Figure 

2.S6). 

2.3.4.3. Cyanine-3-PEG (Cy3-PEG) 

Cy3-PEG was synthesized by adapting a previously described procedure.28 Briefly, Cy3-NHS (7.1 

mg, 12 µmol, 2 eq) and MeO-PEG-NH2 (MW = 5,000 g/mol) (30 mg, 6 µmol, 1 eq) were dissolved in 1 

mL of anhydrous DMSO, and the mixture was stirred for 18 – 24 h in the dark. Then, the mixture was 

diluted in 20 mL of milli-Q H2O and lyophilized. The resulting residue was dissolved in 1 mL of 180 mM 
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NaCl and purified on G-15 Sephadex. The resulting fractions were combined and lyophilized, giving Cy3- 

PEG as a pink solid (30 mg, 5.9 µmol, 92% yield). The purity of the product was confirmed by HPLC-MS 

analysis. 

 
2.3.5. Reduction of the cyanine dye (H-Cy5, H-Cy5-PEG) 

 
Cy5 and Cy5-PEG were converted to their reduced forms (H-Cy5 and H-Cy5-PEG) using a 

previously described procedure.29 Unconjugated Cy5 (1 mg, 1.93 µmol, 1 eq) was dissolved in 300 µL of 

MeOH and 500 µL of a 1 mg/mL solution of NaBH4 in MeOH (13.2 µmol, 6.8 eq) was added. Cy5-PEG 

(5.3 mg, 0.96 µmol, 1 eq) was dissolved in 150 µL of 1:1 MeOH/degassed H2O, and 250 µL of a 1 mg/mL 

solution of NaBH4 in MeOH (7.9 µmol, 8 eq) was added. The loss of blue colour indicated that the reaction 

had occurred, yielding H-Cy5 or H-Cy5-PEG. The fluorescence intensity was measured using a Spark® 

multimode fluorescence microplate reader (Tecan Group, Ltd., Männedorf, Switzerland), and the reduction 

was considered complete if the value obtained was < 500 (λex = 630 nm, λem = 675 nm, gain 125). 

 
2.3.6. Re-oxidation with Fenton’s Reagent in solution 

 
The re-oxidation of H-Cy5 and H-Cy5-PEG was carried out by adapting a previously described 

procedure.29 A 10 µM solution of H-Cy5 or H-Cy5-PEG was prepared in H2O. FeSO4 and H2O2 were added, 

yielding final concentrations of 5 µM – 100 µM and 50 µM – 1 mM respectively. The fluorescence (λex = 

630 nm, λem = 675 nm) intensity was monitored over 1 h at 23 °C in a black 96-well plate (Brand GMBH 

& Co., Wertheim, Germany) using a Spark® multimode fluorescence microplate reader (Tecan Group Ltd., 

Männedorf, Switzerland). 

 
2.3.7. Stability of H-Cy5 and H-Cy5-PEG in polymer solutions 

 
The stability of H-Cy5 or H-Cy5-PEG in common MN polymers was determined by mixing the 

dyes with concentrated solutions of the polymers and observing the fluorescence over time. Solutions of 

polymer were prepared in 5mL H2O at the appropriate concentrations (250 mg/mL for PVP K-12, Dextran, 

ULMW HA, and (8:1) ULMW HA/Dex; 167 mg/mL for PVA; and 51.4 mg/mL for SLMW HA). H-Cy5 

or H-Cy5-PEG-5k was added to each solution for a final concentration of 10 µM. These solutions were 

stored in the dark, samples were periodically taken over a 24 h period, and their fluorescence (λex = 630 

nm, λem = 675 nm) was monitored at 23 °C in a black 96-well plate (Brand GMBH & Co., Wertheim, 

Germany) using a Spark® multimode fluorescence microplate reader (Tecan Group Ltd., Männedorf, 

Switzerland). 
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2.3.8. Preparation of H-Cy5/Cy3-loaded MNs 

 

MNs were manufactured by adapting a previously described solvent casting method.12 Briefly, to 

2 mL of distilled H2O, ULMW Hyaluronic Acid (1.917 g, 319.5 µmol) and dextran (0.234 g, 39 µmol) were 

added and mixed thoroughly. The mixture was heated for 30 mins in a 75 °C oven and centrifuged (Sorvall 

ST 16R, ThermoFisher Scientific, Waltham, MA) for 5 mins at 4700 g. H-Cy5 and Cy3 (or H-Cy5-PEG 

and Cy3-PEG) were added, resulting in concentrations of 250 µM (H-Cy5) and 10 µM (Cy3) respectively. 

Using a 1 mL syringe, roughly 100 µL of this solution was cast into PDMS moulds (Micropoint 

Technologies Pte. Ltd., Singapore) and these molds were secured with tape in 6-well cell culture plates 

(Sarstedt AG & Co., Nümbrecht, Germany). The plates were covered, secured with parafilm, and 

centrifuged for 5 mins at 2300 g. After centrifugation, polymer solution was re-applied, and the plates were 

rotated 180° and centrifuged again. This process was repeated a total of four times. After the final 

centrifugation, any excess polymer solution was removed from the molds using a spatula, and they were 

placed in a vacuum chamber at 150 mbar for 30 minutes. Roughly 100 µL of dye-free polymer solution 

was added to each mold, and they were allowed to dry for 18 – 24 h at 25 °C and 60 % humidity, after 

which the MNs were removed from the moulds (Figure 2.S7). 

 
2.3.9. Characterization of mechanical properties of MNs 

 
The failure force of the MNs was evaluated using a TA.XT-Plus Texture Analyser (Stable Micro 

Systems, Surrey, UK) in compression mode. MNs were prepared as previously described, without addition 

of dye, and with or without addition of 5 % w/w of PEG-NH2 (5 kDa). MNs were placed on an aluminum 

plate and a cylindrical stainless-steel probe (6 mm diameter) was moved towards the MNs. The probe 

moved at 1.2 mm·s-1, with a maximum travel distance of 300 µm (sufficient to induce MN deflection). The 

MN failure force was measured as the maximum of the force-time curve.31
 

 
2.3.10. Determination of logP of PEGylated cyanines 

 
The logP values of Cy5-PEG and Cy3-PEG were experimentally determined using the established 

shake-flask method.32 A 5 mg/mL solution of either Cy5-PEG or Cy3-PEG was prepared in DMSO, and a 

20 µL sample was diluted using 480 µL of water-saturated n-octanol. The samples were stirred on a 

Vortemp 56 (Labnet, Edison, NJ) for 5 minutes at 500 rpm, then centrifuged for 5 minutes at 2000 rpm 

(Mikro 120, Hettich, Tuttlingen, Germany). Five hundred µL of phosphate buffer (pH = 6.8) was added, 

and samples were stirred for 24 – 48 hours, then centrifuged for 5 minutes at 2000 rpm. Fifty µL of the 

organic phase was diluted in 450 µL of acetone and 500 µL of a 1:1 mixture of acetonitrile (ACN) and 

H2O; and 50 µL of the aqueous phase was diluted in 450 µL of a 1:1 mixture of ACN and H2O. The 
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fluorescence intensity (λex = 630 nm, λem = 675 nm for Cy5-PEG; λex = 530 nm, λem = 575 nm for Cy3- 

PEG) was monitored at 23 °C in a black 96-well plate (Brand GMBH & Co., Wertheim, Germany) using a 

Spark® multimode fluorescence microplate reader (Tecan Group Ltd., Männedorf, Switzerland). 

 
2.3.11. Re-oxidation with Fenton’s Reagent in agarose gels 

 
A 3 % w/w solution of agarose in water was prepared using a standard microwave, and 5 mL 

portions were dispensed into the wells of a 12-well cell culture plate (Sarstedt AG & Co., Nümbrecht, 

Germany). Immediately, FeSO4 and H2O2 (or an equivalent volume of H2O) were added, yielding final 

concentrations of 5 µM – 50 µM and 50 µM – 500 µM respectively. The wells were mixed thoroughly 

using a glass rod and allowed to cool and solidify for 2 – 3 h. Using a commercially available spring-loaded 

applicator generating an impact rate of 2 m·s-1, an impact force of 1.6 N, and with a spring constant of 1 

N·mm-1 (values provided by the manufacturer, Micropoint Technologies Pte. Ltd., Singapore), dye-loaded 

MNs were applied to the gels for approximately 90 seconds using a spring-loaded applicator, until the tips 

had fully dissolved. The fluorescence (λex = 630 nm, λem = 675 nm) of the gels was then monitored on a 

Spark® multimode fluorescence microplate reader. 

 
2.3.12. Application of dye-loaded MNs to rat skin 

 
A deceased rat was obtained, and the skin of its back was shaved using a manual blade razor. The 

skin was then treated with depilatory cream for 5 minutes to remove any remaining hair. Dye-loaded MNs 

were applied for 2 minutes using a commercially available spring-loaded applicator generating an impact 

rate of 2 m·s-1, an impact force of 1.6 N, and with a spring constant of 1 N·mm-1 (values provided by the 

manufacturer, Micropoint Technologies Pte. Ltd., Singapore). The skin sections were examined using a 

fluorescence stereomicroscope (AxioZoom.V16, Zeiss, Oberkochen, Germany) equipped with NIR settings 

(Excelitas Technologies X-Cite® Xylis light source; Photometrics® Prime™ 95B camera) using a Cy5 filter 

set (λex = 630 nm, λem = 675 nm). 

 

2.4. Results & Discussion 

 
2.4.1. Synthesis and characterization of H-Cy5-PEG 

 
For preliminary investigation, the dye Cyanine-5 (Cy5) was selected, owing to its relatively simple 

synthesis and high wavelength fluorescence (λem = 662 nm). While the reduced hydrocyanine form of this 

dye (H-Cy5) had previously been described for in vitro and in vivo ROS sensing, its poor water solubility 

and small size leads to the formation of aggregates, quenching its fluorescence, and uptake by cells of the 

dermis, where it would be unable to sense ROS in the extracellular ISF. To address this issue, Cy5 was 
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PEGylated by first converting the carboxyl group to an activated N-hydroxysuccinimide (NHS) ester, then 

conjugating a 5 kDa polyethylene glycol (PEG) polymer through amine coupling, resulting in a water- 

soluble Cy5 derivative (Cy5-PEG) too large and hydrophilic to be taken up into cells (Figure 2.1. A). Using 

sodium borohydride, the reduced hydrocyanine forms of Cy5 and Cy5-PEG were prepared (H-Cy5 and H- 

Cy5-PEG). The reduction was confirmed by a colour change from the characteristic blue colour of Cy5 to 

a pale orange, and the disappearance of the fluorescence emission peak around 662 nm (Figure 2.1. C). As 

ROS-sensors are known to readily revert to their oxidized state due to light and environmental oxidants, 

the stability of both H-Cy5 and H-Cy5-PEG was assessed by diluting them in aqueous solutions (10 µM).23 

While H-Cy5 displayed no significant increase in fluorescence over the course of 4 hours, H-Cy5-PEG was 

found to rapidly regain fluorescence, displaying a 20-fold increase within the same period of time (Figure 

2.1. B). This was likely due to radical oxygen impurities commonly present in commercially available PEG 

polymers, resulting in rapid auto-oxidation of the sensor.33 Using a previously described method for 

peroxide removal, the PEG was purified by lyophilization and used to prepare new H-Cy5-PEG, which 

displayed greatly improved stability in aqueous solutions, comparable to that of the unconjugated H-Cy5 

(Figure 1B). The excitation and emission spectra of the oxidized Cy5 and Cy5-PEG were also evaluated 

and found to be no shifts were observed in either the excitation or emission spectra, suggesting that 

PEGylation causes minimal interference with the fluorescent ROS-sensing moiety of the dye (Figure 2.1. 

C). 
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Figure 2.1. Synthesis and characterization of PEGylated Cy5: A) Preparation, reduction and oxidation 

of Cy5-PEG; B) Stability in aqueous solutions (10 µM) of free Cy5, and Cy5-PEG made from purified and 

non-purified PEG-NH2; C) Excitation and emission spectra of Cy5, Cy5-PEG and H-Cy5-PEG. Mean ± 

SD (n = 3). 

The ROS sensitivities of H-Cy5 and H-Cy5-PEG were evaluated by mixing dilute solutions of each 

sensor (10 µM) with increasing concentrations of Fenton’s reagent (a mixture of H2O2 and FeSO4, and a 

source of hydroxyl radicals in solution).34,35 After mixing, the fluorescence of H-Cy5 exposed to Fenton’s 

reagent was found to increase up to 80-fold relative to a solution of the sensor in water, while H-Cy5-PEG 

displayed a maximum increase of approximately 60-fold (Figure 2.2. A, B). These values are relatively 

consistent with previously reported data showing increases in fluorescence intensity between 80 and 100- 

fold, depending on the hydrocyanine used.36 The signal intensity appeared to be dependent on the 

concentration of Fenton’s reagent used, with optimal sensing occurring between 20 µM: 200 µM 

(FeSO4:H2O2) and 50 µM: 500 µM. Concentrations below this range were likely below the detection limit 

of H-Cy5, while higher concentrations are known to promote the degradation re-oxidized Cy5, explaining 

the decreased signal.36 This re-oxidation appeared to occur nearly instantaneously, with the strongest signal 

observed immediately after mixing, followed by a gradual decay, with roughly 80% of the initial signal 

remaining after 1 hour for H-Cy5, and roughly 60% remaining for H-Cy5-PEG (Figure 2.2. C). This is also 

likely due to the previously described gradual degradation of Cy5 following re-oxidation.36
 

 
 

 
 

Figure 2.2. ROS-sensing properties of free and PEGylated H-Cy5: A) Sensitivity of free H-Cy5 in 

solution (10 µM); B) Sensitivity of H-Cy5-PEG in solution (10 µM); C) Stability of signal of re-oxidized 

probe in aqueous solution (10 µM) over time. Mean ± SD (n = 9). 
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2.4.2. Selection and characterization of MN polymers 

 
Following confirmation of the ability of the free and PEGylated sensors to detect ROS, their 

compatibility with a range of previously described MN polymers was assessed, in order to select the optimal 

material for MN fabrication. Some commonly used MN polymers (such as poly(N-vinylpyrrolidone) (Mw 

= 3,500 – 7,000 Da) (PVP K-12) and poly(vinyl alcohol) (Mw = 10,000 Da) (PVA)) are known to contain 

radical oxidant impurities and were thus considered unlikely candidates relative to other materials.37,38 To 

test this, sensors were diluted (10 µM) in concentrated solutions of each polymer and stored overnight. As 

expected, both H-Cy5 and H-Cy5-PEG were rapidly oxidized in the presence of PVP K-12 and PVA, with 

H-Cy5 displaying up to 100-fold greater fluorescence relative to a solution in water (Figure 2.3. A). 

Notably, while H-Cy5-PEG appeared to be oxidized by both PVP and PVA, the effect was much less 

pronounced than with H-Cy5, with only a 5-to-10-fold increase in fluorescence observed (Figure 2.3. B). 

This could be due to the solubilization effects of PVP and PVA on the poorly soluble H-Cy5, increasing 

the apparent fluorescence of the solution, while H-Cy5-PEG was already fully solubilized.39,40
 

Other polymers showed more promising results, with ultra-low molecular weight hyaluronic acid 

(Mw < 6,000 Da) (ULMW HA) and super-low molecular weight hyaluronic acid (Mw < 50,000 Da) (SLMW 

HA) displaying no oxidizing effect. A carbohydrate-based biopolymer, HA is an important component of 

the extracellular matrix (ECM) of the skin and has previously been used to prepare dissolving polymeric 

MNs.41 Specifically, an 8:1 blend of ULMW HA and dextran (another carbohydrate biopolymer) were 

found to produce MNs with sharp tips and excellent mechanical properties. This blend of polymers was 

also tested with H-Cy5 and H-Cy5-PEG and was found to have no oxidizing effect (Figure 2.3. A, B). 

To ensure that the formulation was suitable for piercing the skin, MNs were prepared from an 8:1 

blend of ULMW HA and dextran, and their mechanical properties were assessed. The resulting MNs were 

found to have an average failure force of 16.7 ± 1.5 N, sufficient to pierce human skin without deformation 

— previous studies have found that insertion forces between 0.1 N and 3 N are required to do so (Figure 

2.S8).42 To determine whether the incorporation of a PEGylated sensor would affect the mechanical 

strength, MNs were prepared from the same polymer blend with the addition of 5% w/w of 5 kDa PEG- 

NH2, double the highest concentration of H-Cy5-PEG tested in this study. The average failure force of the 

resulting MNs was found to be 16.4 ± 1.3 N, not significantly different from those made without PEG, 

indicating that the inclusion of (even relatively large amounts of) H-Cy5-PEG within the solid MN structure 

would not compromise the ability of the MNs to pierce skin. 
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Figure 2.3. Stability of the generated ROS sensors in common MN polymers: A) Free H-Cy5 (10 µM), 

and B) H-Cy5-PEG. Mean ± SD (n = 6). 

 
2.4.3. Characterization of dissolving polymeric MNs 

 
Based on their compatibility with H-Cy5 and H-Cy5-PEG, as well as their suitable mechanical 

properties, MNs were prepared from an 8:1 blend of ULMW and dextran through a solvent casting method 

in PDMS moulds (Figure 2.S6). Using bright-field microscopy, the resulting MNs were shown to form a 

10 x 10 array of uniform pyramidal projections, with lengths of 604 ± 17 µm and widths of 249 ± 7 µm × 

249 ± 7 µm at the base (Figure 2.4. A). While the measured base width was in agreement with the 

dimensions of the moulds (250 µm × 250 µm), the lengths were significantly lower than the stated lengths 

of the moulds (800 µm). This was likely due to contraction of the polymer due to water loss during the 

drying process. Further examination using scanning electron microscopy (SEM) revealed that the MNs 

consistently formed sharp tips with diameters significantly below 10 µm (Figure 2.4. B). 

When delivering a compound to the skin using MNs, only the tips dissolve and release their loaded 

compound into the skin. As such, any sensor loaded into the backing layer of the MNs is not delivered and 

is thus wasted. To mitigate this, the MN manufacturing process was modified to allow dye to be 

incorporated only in the tips of the MNs, while the backing layer is composed of dye-free polymer. This 

was accomplished by preparing two polymer matrix solutions (PMS), one with H-Cy5-PEG, and one 

without. The dye-containing PMS was used for the initial centrifugation steps, after which any excess PMS 

not localized in the tips of the MN molds was removed, at which point a backing layer of dye-free polymer 

could be applied, resulting in MNs with H-Cy5-PEG contained exclusively within the tips. When MNs 

were prepared with this method, containing oxidized Cy5 or Cy5-PEG, fluorescence was only observed in 

the tips of the MNs, with no dye appearing to diffuse into the backing layer (Figure 2.4. C). 

To ensure their ability to deliver sensors to the skin, MNs containing oxidized Cy5-PEG were 

applied to the shaved skin of a deceased rat using a spring-loaded applicator. After 2 minutes of application, 
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a fluorescent tattoo could clearly be observed at the location of application using fluorescence 

stereomicroscopy, indicating successful skin penetration and release of dye (Figure 2.4. D). Diffusion of 

the dye could also be observed, highlighting the solubility of Cy5-PEG relative to free Cy5, which did not 

appear to significantly diffuse from the application site. 

0 

 

Figure 2.4. Characterization of generated polymeric MNs: A) Brightfield image of MNs made from 

ULMW HA/Dextran (8:1); B) SEM of ULMW HA/Dextran MNs; C) Fluorescent image of Cy5-PEG 

contained within MN tips; D) Tattoo of Cy5-PEG delivered to mouse skin using MNs. 

 
2.4.4. Validation of H-Cy5-PEG activity after drying in MNs 

 
After validating the ability of MNs to deliver a PEGylated dye to the skin, it was necessary to 

ensure that the sensor (H-Cy5-PEG) remained active after drying within the polymer matrix of the MNs. 

To test this, H-Cy5-PEG MNs prepared from ULMW HA and dextran were dissolved in increasing 

concentrations of Fenton’s reagent. No increase in fluorescence was observed, which was observed to be 

due to interactions between the Fe2+ ions from the Fenton’s reagent and the dissolved hyaluronic acid 

polymer. This notion was supported by subsequent tests, where H-Cy5-PEG-containing MNs were 

dissolved instead in increasing concentrations of H2O2 (another ROS) alone, and a fluorescence increase of 

approximately 5-fold was observed (Figure 2.5. A). The significantly smaller increase in fluorescence 

observed in this test can be explained by two factors. First, during preparation and drying of the MNs, H- 

Cy5-PEG was observed to become partially oxidized, likely due to remaining in aqueous solution and 

exposure to atmospheric oxygen. Additionally, H-Cy5-PEG was observed to be less sensitive to H2O2 alone, 

with a roughly 20-fold increase in fluorescence observed in solution, whereas the increase was between 60 

and 80-fold for Fenton’s reagent (Figure 2.S9). Nonetheless, the concentration-dependent fluorescence 

increase observed demonstrated that the sensing activity of H-Cy5-PEG was retained after drying. 
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2.4.5. Selection and validation of reference dye (Cy3-PEG) 

 
When delivering compounds to the skin through MNs, differences in application time and force, as 

well as topographic variability of the skin, can have an effect on the total yield of compound delivered.43,44 

In the context of a fluorescent sensor, this is of critical importance, as the final concentration of dye has a 

significant effect of the intensity of the fluorescent signal. A solution to this issue is to incorporate a 

reference dye into the MNs to act as an internal standard, accounting for the variability in the amount of 

dye delivered. The dye selected for this purpose was Cyanine-3 (Cy3) — another cyanine dye related to 

Cy5. Cy3 was chosen due to its simple synthesis and structural similarity to Cy5, allowing PEGylation at 

the same site, for a sensor with similar physicochemical properties to Cy5-PEG. This was validated by 

experimentally determining the logP values of Cy5-PEG and Cy3-PEG, which were found to be -1.22 ± 

0.03 and -1.04 ± 0.04 respectively, indicating dyes of similar hydrophilicity as well as size. 

Further, Cy3-PEG was found to have good stability when exposed to ROS, retaining over 75 % of 

its signal at 50 µM/500 µM concentrations of FeSO4:H2O2 (Figure 2.5. B). This constitutes a marked 

improvement over free Cy3, which retained only 40 % of its initial signal when exposed to this level of 

ROS. The re-oxidation of H-Cy5-PEG was also investigated in the presence of Cy3-PEG, to ensure that it 

did not interfere with the reaction. It was found that the re-oxidation proceeded as normal, with H-Cy5- 

PEG reaching comparable fluorescence intensity values as when no Cy3-PEG was present, highlighting the 

suitability of Cy3-PEG as a reference dye (Figure 2.5. C). 

 
 

 

Figure 2.5. Functionality of the generated sensors after loading in MNs: A) Sensitivity of H-Cy5-PEG 

MNs after re-dissolution (using H2O2 as oxidant); B) Stability of Cy3 and Cy3-PEG in the presence of ROS 

(Fenton’s reagent, FeSO4/H2O2); C) Sensitivity of H-Cy5-PEG in the presence of Cy3-PEG (10 µM). Mean 

± SD (n = 3). 
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As Cy3 is added to the MNs in its oxidized fluorescent form, it should generate a consistent 

fluorescent signal, independent of the presence of ROS, allowing more accurate quantification. The ability 

of Cy3 to correct for the amount of sensor delivered was supported by tests conducted in agarose gels. MNs 

containing both oxidized Cy5-PEG and Cy3-PEG were prepared and applied to the gels, and the resulting 

fluorescent signal was quantified. Another set of MNs was prepared identically, but with half of the tips 

removed before application, resulting in the delivery of roughly half the total amount of dye. While the total 

fluorescent signal from the application of the latter set of MNs was significantly lower than the former, this 

difference is corrected by examining the ratio of Cy5-PEG fluorescence to that of Cy3-PEG (Figure 2.5. 

B). Examination by fluorescence stereomicroscopy also clearly showed the presence of both dyes in the 

tips of the MNs and in the resulting tattoo after their application to rat skin, highlighting that both dyes 

display similar incorporation and delivery behaviour (Figure 2.6.). 

 

 
 

Figure 2.6. Double dye-loaded polymeric MNs: Localization of A) Cy3-PEG, and B) Cy5-PEG in the 

tips of MNs, and C) an overlaid image showing the fluorescence of both dyes. The tattoo in rat skin of D) 

Cy3-PEG, E) Cy5-PEG, and F) both dyes overlaid. 

 

 

 
2.4.6. ROS-sensing ability of dye-loaded MNs in skin-simulating gels 

 
The ability of H-Cy5-PEG-loaded MNs to produce a ROS-sensitive tattoo was first investigated in 

agarose gels, which have previously been used as a skin-simulating medium when studying the application 
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of MNs.45,46 These gels, made of a 3% w/w solution of agarose, were chosen based on their viscoelastic 

properties (comparable to human skin) and the ability to easily control the concentrations of ROS present 

(by adjusting the concentration of Fenton’s reagent within the gels), unlike actual skin. MNs containing 

either free H-Cy5 and Cy3, or H-Cy5-PEG and Cy3-PEG were prepared and applied to the gels, and their 

fluorescence was quantified. Clear signals at both wavelengths could be observed, and when examining the 

ratio of H-Cy5 to Cy3 signal, an increase in fluorescence intensity between 3-fold and 4-fold could be 

observed (Figure 2.7. A, B). This demonstrates the ability of MNs made from ULMW HA and dextran to 

produce an ROS-sensitive MN tattoo. 

Notably, the relative increase in fluorescence observed in agarose gels for the MN tattoo was much 

lower than in solution. The primary reasons for this are likely the oxidation of H-Cy5-PEG during MN 

preparation and the relatively low amount of dye delivered by the MNs. It has been observed that H-Cy5- 

PEG is relatively sensitive to oxidation by factors other than ROS, notably atmospheric oxygen and light, 

particularly when stored at high concentrations in aqueous solution. As such, despite care being taken 

during MN preparation, such as limiting exposure of the solutions to air, and working in the dark, a certain 

amount of oxidation cannot be avoided by the time the MNs have dried. This, coupled with the relatively 

small amount of dye delivered by the MN tips, could contribute to the markedly reduced sensitivity 

observed in gels relative to in solution. 

 

 

 
 

Figure 2.7. Sensitivity of free and PEGylated H-Cy5 delivered to agarose gels using MNs: A) 

Sensitivity (Cy5/Cy3 ratio) of free H-Cy5 in skin-simulating agarose gels; B) Sensitivity (Cy5/Cy3 ratio) 

of H-Cy5-PEG in skin-simulating agarose gels. Mean ± SD (n = 6). 
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2.5. Conclusions & Outlook 

The delivery of functional sensors to the dermis for physiological monitoring is a burgeoning field 

of study with a wide variety of potential medical applications. This study sought to demonstrate, as a proof- 

of-concept, that an active ROS-sensor could be delivered to the dermis using MNs, acting as a functional 

medical tattoo and indicating the presence of dermal ROS. It was found that by selecting an appropriate 

dye, and optimizing a compatible polymer formulation, it was possible to retain sensing ability after the 

formation and drying of the MNs. Further, it was demonstrated that the tattoo delivered by H-Cy5-PEG- 

loaded MNs displayed a significant increase in fluorescence when delivered to a gel-based skin-simulating 

environment. The need for inclusion of a reference dye (Cy3), delivered alongside the functional sensor, 

was also evidenced by the variability in the fluorescent signal of the tattoo depending on the geometry of 

the MN array. 

Nonetheless, this technique currently suffers from certain limitations. ROS-sensing dyes, by their 

nature, are prone to oxidation by environmental factors, resulting in decreased sensitivity over time 

following their preparation when stored in solution. Additionally, the amount of sensor delivered by the 

MNs remains relatively low, resulting in quantification difficulties, particularly in vivo. While re-oxidation 

of H-Cy5-PEG could clearly be seen in skin-simulating gels using the fluorescence plate reader, comparable 

results were not observed using the fluorescence stereomicroscope, owing the reduced quantitative 

sensitivity of the instrument. As skin (ex vivo or in vivo) could not be used with the fluorescence plate 

reader, this issue of sensitivity prevented the further development of the technique. 

In spite of this, the concept of a MN-delivered functional medical tattoo remains an exciting 

prospect for precision health monitoring. Many of the challenges faced by the system described in this 

article are specific to ROS-sensing, namely the tendency of H-Cy5-PEG to be oxidized during MN 

preparation, and the relatively low brightness of the re-oxidized sensor limiting quantification in the skin. 

By selecting appropriate sensors, with high brightness and stability, the potential of this system could be 

more fully realized. 
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2.8. Supporting Information 
 

 

 

 

 

 

 

 

 

Figure 2.S1: Reaction scheme and 1H NMR spectrum for Intermediate S1. 
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Figure 2.S2: Reaction scheme and 1H NMR spectrum for Intermediate S2. 
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Figure 2.S3: Reaction scheme and 1H NMR spectrum for Cy5. 



80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.S4: Reaction scheme for synthesis of Cy5-NHS. 
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Figure 2.S5: Reaction scheme for synthesis of Cy3. 

 

 

 

 

 

 

 

 

 

 
Figure 2.S6: Reaction scheme for synthesis of Cy3-NHS. 
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Figure 2.S7: Solvent-casting method for fabrication of dissolving polymeric MNs. 
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Figure 2.S8: Force-time curve of failure force of MNs. Force required for deflection of MNs over 

time, demonstrating their suitable mechanical strength. Mean ± SD (n = 6). 
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Figure 2.S9: Re-oxidation of H-Cy5 using H2O2. When exposed to H2O2, the magnitude of the increase 

in fluorescence of H-Cy5 is greatly reduced, and only occurs at high concentrations (≥ 1 mM). Mean ± 

SD (n = 3). 
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Chapter 3 

Aside from the delivery of functional sensors, MNs have previously been described for the delivery 

of an inert NIR fluorescent dye for imaging and monitoring lymphatic drainage. This method of lymphatic 

monitoring displays important advantages over existing methods, notably the potential for at-home or point- 

of-care monitoring without the need for specially trained personnel. The previously described MN-based 

system suffers from limitations relating to the fluorescent dye used (ICG) and its relatively poor solubility, 

stability, and selectivity, which limit its potential in vivo. Here, an alternative NIR fluorescent dye — 

optimized for specific lymphatic drainage — is synthesized and characterized, and paired with an improved 

dissolving polymeric MN delivery system. These MNs are tested in vivo and found to be compatible with 

a recently described portable fluorescence detection system. Further, the tattoo delivered by these MNs is 

shown to be capable of discriminating between situations of lymphatic drainage and lack of lymphatic 

drainage in vivo using rat models. Finally, the discrimination potential of the MN tattoo is improved by 

tuning the length and spatial location of the NIR fluorescent dye within the MNs in order to limit the amount 

of dye retained in the skin. Overall, this system shows potential for improving the point-of-care monitoring 

of normal or impaired lymphatic drainage. 
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3.1. Abstract 

The monitoring of lymphatic drainage is of great importance, particularly in the context of the early 

detection and diagnosis of lymphedema. Existing methods of imaging and monitoring lymphatic drainage 

can be costly and require trained personnel, posing problems for at-home or point-of-care monitoring. 

Recently, an alternative approach has been proposed, consisting of using MNs to deliver an NIR-fluorescent 

tattoo to the skin, which can be monitored with traditional or portable fluorescence monitoring equipment. 

However, this system retains limitations, particularly relating to the fluorescent dye used for the tattoo 

(ICG). In this work, we present further development of this approach, using a specifically designed NIR- 

fluorescent probe and optimization of MN length and spatial location of the NIR dye within the MNs. This 

method was demonstrated to be compatible with portable fluorescence measurement and discriminate 

between drainage and lack of drainage in vivo in rats. 

Keywords: microneedles, monitoring, tattoo, diagnostics, lymphatics 
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3.2. Introduction 

The lymphatic system consists of a network of vessels and nodes that spread throughout the body, 

playing an essential role in tissue homeostasis and immune response.1,2 It is now known that a variety of 

pathological conditions are associated with altered lymphatic function, most notably lymphedema. This 

disease, affecting approximately 3 million people in the United States, is characterized by an accumulation 

of interstitial fluid in the extremities due to impaired lymphatic drainage.3,4 In the developed world, 

lymphedema occurs most commonly as a complication of breast cancer treatment, primarily resulting from 

the removal of axillary lymph nodes.5,6 Because of the significant impact to quality of life caused by this 

disorder, as well as the improved outcomes associated with rapid treatment, the early detection of 

lymphedema is considered to be of critical importance.7 

While lymphatic imaging techniques remain less developed than those used for imaging the 

circulatory system, a variety of methods exist, including magnetic resonance8, computed tomography9, and 

lymphoscintigraphy-based techniques.10 However, there remains significant drawbacks associated with the 

cost and complexity of these imaging strategies, which has led to the emergence of near-infrared (NIR) 

fluorescence imaging as an alternative means of visualizing the lymphatic system.11 This technique has 

emerged as a candidate due to its high sensitivity and spatial resolution, owing to the minimal tissue 

autofluorescence observed at NIR wavelengths (>750 nm), which enables a non-invasive assessment of 

lymphatic structure and function.12 In these initial studies, the NIR-fluorescent dye used was indocyanine 

green (ICG)13,14, a tricarbocyanine dye that can be excited around 780 nm, with peak fluorescence emission 

around 813 nm.15 Despite its improved sensitivity relative to other methods of lymphatic imaging, the 

delivery of ICG remains an invasive procedure, requiring subcutaneous or intradermal injection to reach 

lymphatically vascularized tissue. A proposed solution to this issue has been the delivery of ICG using 

microneedles (MNs).16 Consisting of miniaturized needles with lengths below 1 mm, often assembled into 

an array, MNs are long enough to pierce the skin’s outer barrier — the stratum corneum — but short enough 

to avoid activating pain-sensing neurons found deeper in the tissue.17,18 While initially proposed for the 

delivery of therapeutics, in recent years MNs have been increasingly studied for their potential diagnostic 

applications.19 In the aforementioned study, dissolving polymeric MNs made from poly(N- 

vinylpyrrolidone) (PVP) were shown in mice to be able to effectively deliver ICG across the stratum 

corneum, allowing the visualization of lymphatic vessels.16 The soluble polymeric MNs used in this study 

offer several advantages over other described classes (e.g. solid metal MNs or hollow silicon MNs), due to 

their simple manufacturing process and the ability to incorporate a fluorescent dye directly into the structure 

of the MN, allowing release upon dissolution in the skin. 

In all of the previous works on lymphatic imaging, the NIR dye selected was ICG, likely based on 

its FDA-approved status and long history of clinical use, dating to 1959.20 However, ICG poses important 
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limitations for use in vivo due to its rapid degradation, poor solubility (resulting in fluorescence quenching), 

and low quantum yield.15,21,22 Further, as a small molecule, ICG shows limited selectivity for drainage via 

the lymphatic system and can also be drained through blood vessels, drastically limiting the selectivity and 

clinical utility of this imaging technique.23 A potential solution these issues is the use of PEGylated 

conjugates, which have been shown to promote selective lymphatic targeting in the context of drug 

delivery.24-26 This strategy has also been applied to other NIR dyes, which have subsequently displayed 

improved solubility, as well as much higher selectivity for drainage through lymphatic vessels.23 

Specifically, it was found that a 20 kDa PEG chain resulted in excellent selectivity for lymphatic drainage 

while remaining small enough to easily diffuse through the skin. However, these conjugates were still 

delivered through intradermal injection, necessitating trained personnel, generating sharp waste, and 

requiring that analysis be performed in a hospital setting. 

Taking advantage on the non-invasive nature of MNs, and the improved solubility and lymphatic 

selectivity of PEGylated NIR tracers, we have described the design of a dissolving polymeric MN patch 

loaded with a PEG (20kDa) conjugate of Cy7.5, a NIR fluorescent probe. By optimizing dye concentration, 

MN length and composition, and location of the dye within the MNs, it was found that lymphatic drainage 

function could be reliably followed using in vivo models of mice and rats. Specifically, it was determined 

that the spatial location of the fluorescent tracer within the MN patch is critical, to limit the high levels of 

background signal occurring when the dye is not drained from the application site. Additionally, it was 

demonstrated that this system could be paired with a portable detection technology, allowing simpler, less 

invasive monitoring of lymphatic drainage.27 Importantly, we highlighted the importance of MN length 

optimization, which could have important implications for the transdermal delivery of other 

macromolecules through dissolving polymeric MN systems. 

 

3.3. Experimental 

 
3.3.1. Materials 

 
Poly(N-vinylpyrrolidone) (PVP) K-12 was kindly provided by BASF (Ludwigshafen, Germany). 

Poly(vinyl alcohol) (PVA) was purchased from Sigma-Aldrich (St. Louis, MO). Indocyanine green (ICG, 

IR125, laser grade) and dimethyl sulfoxide (DMSO) were purchased from Acros Organics (Morris Plains, 

NJ). Cyanine 7.5 NHS ester (Cy7.5-NHS) was purchased from Lumiprobe (Hunt Valley, MD). 

Poly(ethylene glycol) amine (PEG-NH2) (20 kDa) was purchased from JenKem Technologies (Plano, TX). 

Sephadex G-15 was purchased from GE Life Sciences (Mississauga, ON). Square pyramidal female MN 

moulds made of room temperature vulcanizing silicone, 10 × 10 array, 250 µm × 250 µm × 800 µm (W × 
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L × H) and 15 × 15 array, 250 µm × 250 µm × 600 µm (W × L × H) with peak to peak spacing of 500 µm 

were purchased from Micropoint Technologies Pte. Ltd. (Singapore). 

 
3.3.2. Synthesis of Cy7.5-PEG 

 

Cy7.5-PEG was synthesized by adapting a previously described procedure.23 Briefly, Cy7.5-NHS 

(6.0 mg, 7.2 µmol, 1 eq) and MeO-PEG-NH2 (MW = 20,000 g/mol) (144 mg, 7.2 µmol, 1 eq) were dissolved 

in 2 mL of anhydrous DMSO, and the mixture was stirred in the dark for 18 – 24 h. Following this, the 

mixture was diluted in 40 mL of milli-Q H2O and lyophilized. The resulting residue was dissolved in 1 mL 

of 180 mM NaCl and purified on G-15 Sephadex. The fractions were combined and lyophilized, yielding 

Cy7.5-PEG as a light green solid (95 mg, 4.5 µmol, 63% yield). The purity of the product was confirmed 

by HPLC-MS analysis (Figure 3.S1). 

 
3.3.3. Preparation of Cy7.5-PEG-loaded MNs 

 

MNs were manufactured by adapting a previously described solvent casting method.12 Briefly, to 

2 mL of distilled H2O, PVP K-12 (0.800 g) and PVA (0.800 g) were added and mixed thoroughly. The 

mixture was heated for 30 – 40 mins in a 75 °C oven and centrifuged (Sorvall ST 16R, ThermoFisher 

Scientific, Waltham, MA) for 5 mins at 4700 g. Cy7.5-PEG was added, resulting in a final concentration 

of 720 µM. Using a 1 mL syringe, roughly 100 µL of this solution was cast into PDMS moulds (Micropoint 

Technologies Pte. Ltd., Singapore) and these moulds were secured with tape in 6-well cell culture plates 

(Sarstedt AG & Co., Nümbrecht, Germany). The plates were covered, secured with parafilm, and 

centrifuged for 5 mins at 2300 g. After centrifugation, polymer solution was re-applied, and the plates were 

rotated 180° and centrifuged again. This process was repeated a total of four times. After the final 

centrifugation, any excess polymer solution was removed from the molds using a spatula, and they were 

placed in a vacuum chamber at 150 mbar for 30 minutes. Roughly 100 µL of dye-free polymer solution 

was added to each mold, and they were allowed to dry for 18 – 24 h at 25 °C and 60 % humidity, after 

which the MNs were removed from the moulds. For the modified solvent-casting procedure, after removal 

of excess polymer solution from the moulds, a spatula was used to further remove dye-loaded polymer from 

the MN tips, followed by a fifth and final centrifugation using dye-free polymer. 

 
3.3.4. Characterization of mechanical properties of MNs 

 
The failure force of the MNs was evaluated using a TA.XT-Plus Texture Analyser (Stable Micro 

Systems, Surrey, UK) in compression mode. MNs were prepared as previously described, without addition 

of dye, and with or without addition of PEG-NH2 (20 kDa). MNs were placed on an aluminum plate and a 

cylindrical stainless-steel probe (6 mm diameter) was moved towards the MNs. The probe moved at 1.2 
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mm·s-1 with a maximum travel distance of 300 µm (sufficient to induce MN deflection). The MN failure 

force was measured as the maximum of the force-time curve.28
 

3.3.5. Application of Cy7.5-PEG MNs in vivo to mice 

 
Animals 

 
Mice were kept under specific pathogen–free conditions until imaging. FVB mice were bred in- 

house. All experiments were carried out in strict accordance with the animal protocols approved by 

Kantonales Veterinaramt Zurich (protocol: 237/2013). 

In vivo imaging 

 
The IVIS Spectrum imaging system and the custom portable device were used simultaneously for 

the in vivo clearance assay in the back skin of mice. Six 19-week-old male FVB mice were used for the 

assay. Mice were anesthetized with 2% isoflurane, and fur was removed from the back skin in an area of 

approximately 3 cm in diameter using an electric shaver followed by depilating cream (Nair, Church & 

Dwight, Ewing, NJ). MNs were applied under anesthesia using a commercially available spring-loaded 

applicator generating an impact rate of 2 m·s-1, an impact force of 1.6 N, and with a spring constant of 1 

N·mm-1 (values provided by the manufacturer, Micropoint Technologies Pte. Ltd., Singapore) with a 

prolonged contact for 3 minutes for each application. Animals were kept away from direct light between 

imaging sessions. 

Animals were imaged in an IVIS Lumina XR (Caliper Sciences, Hopkinton, MA) in fluorescence 

mode using a field of view of 6.6 cm × 6.6 cm (FOV D) with an exposure time of 1.5 seconds, lens aperture 

(fstop) of f/16 and pixel binning set to 8. Excitation lamp was set to high with the 745 nm excitation filter 

and the ICG emission filter (810 – 875 nm). The average fluorescence intensity in a circular ROI (3 cm in 

diameter) was analyzed using Living Image Software. Simultaneously, measurements were performed with 

the custom portable device. After tracer injection, the circular area (3 cm in diameter) around the application 

site was marked. The device was moved slightly around the marked injection area until the region of highest 

intensity was detected. Six measurements were then recorded, and the average of the 3 highest values were 

used for the data analysis. After subtracting the background readout, the values obtained by each instrument 

were normalized to the time 0 measurement and plotted against time. 

 
3.3.6. Application of Cy7.5-PEG MNs in vivo to rats 

Animals 
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Female Sprague-Dawley rats (Charles River, Senneville, QC) with weights ranging from 400 – 500 

g were fed with Alfalfa-free rodent diet (Envigo RMS Inc., Lachine, QC) for 3 weeks prior to 

experimentation. Experiments were conducted under an ethical protocol approved by the Animal Care 

Committee of the Faculty of Pharmacy at the University of Montreal (protocol: 19-002). 

In vivo imaging 

 
Rat dorsal skin was shaved and depilated under isoflurane-induced anesthesia using an electric 

razor and depilating cream (Nair, Church & Dwight, Ewing, NJ) the day before experimentation. For dead 

animals, rats were euthanized under anesthesia by cervical dislocation using cutting pliers. Carcasses were 

kept away from light between scans and kept at 4 °C for the overnight incubation. For living animals, MNs 

were applied under anesthesia using a commercially available spring-loaded applicator generating an 

impact rate of 2 m·s-1, an impact force of 1.6 N, and with a spring constant of 1 N·mm-1 (values provided 

by the manufacturer, Micropoint Technologies Pte. Ltd., Singapore) with a prolonged contact for 3 minutes 

for each application. Animals were kept away from direct light between imaging sessions. 

Animals were imaged in an IVIS Lumina XR (Caliper Sciences, Hopkinton, MA) in fluorescence mode 

using a field of view of 12.5 cm × 12.5 cm (FOV D) with exposure time set to auto-compensated, lens 

aperture (fstop) of f/16 and pixel binning set to 8. Excitation lamp was set to high with the 745 nm excitation 

filter and the ICG emission filter (810 – 875 nm). Quantitative data were obtained by drawing square (with 

constant area) areas of interest around the MN application site to measure fluorescence efficiencies (in %) 

which correspond to the quotient of emitted light divided by the excitation light (both in photons/second). 

 
3.3.7. Histological Analysis 

 
The skin area was harvested and frozen at –80 °C in Optimal Cutting Temperature (OCT)-sucrose 

compound. Sections of 50 μm were cut and chilled by dry ice and stored at -80 °C until imaging for ICG 

signal with a fluorescence stereomicroscope (AxioZoom.V16, Zeiss, Oberkochen, Germany) equipped with 

NIR settings (Excelitas Technologies X-Cite® Xylis light source; Photometrics® Prime™ 95B camera) 

using a Cy7 long pass filter set (λex = 675 nm, λem ≥ 730 nm). Sections were then stained with hematoxylin 

and eosin, and the same regions were imaged under white light excitation (exposure time: 75 and 100 ms 

for mice and rat skin, respectively). 

 

3.4. Results 

 
3.4.1. Synthesis and Characterization of Cy7.5-PEG 
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As a result of the limitations posed by ICG, namely its aggregation and non-specific drainage, 

Cyanine-7.5 (Cy7.5) was selected as an alternative NIR dye candidate for imaging lymphatic drainage. 

Displaying comparable excitation and emission wavelengths to ICG (λex = 788 nm, λem = 808 nm for Cy7.5; 

λex = 788 nm, λem = 813 nm for ICG) this dye should be similarly well-suited for in vivo imaging. However, 

unconjugated Cy7.5 exhibits relatively poor water solubility (potentially leading to aggregation and cellular 

uptake)21,22, and as a small molecule, is susceptible to the same non-specific drainage observed with 

ICG.16,27 To address both of these issues, Cy7.5 was conjugated to a 20 kDa PEG polymer through amine 

coupling, using an activated NHS ester of Cy7.5, as this length was found to be optimal for promoting 

selective lymphatic drainage (Figure 3.1. A)23. As expected, the resulting conjugate (Cy7.5-PEG) was 

observed to be highly water soluble and was too large and hydrophilic to be taken up into dermal cells. 

Further, previous studies have shown that 20 kDa PEGylated dyes are large enough to be selectively drained 

through lymphatic vessels while remaining small enough to diffuse away from the delivery site in the 

dermis.23-25 The excitation and emission spectra of Cy7.5-PEG were also examined relative to the 

unconjugated Cy7.5-NHS ester and no difference was observed, highlighting that the fluorescence 

properties of the dye are retained after PEGylation (Figure 3.1. B). 

 

 
Figure 3.1. Synthesis and characterization of Cy7.5-PEG: A) Synthesis of Cy7.5-PEG; B) Excitation 

and emission spectra of Cy7.5 and Cy7.5-PEG 

 
3.4.2. Preparation and Characterization of Dissolving Polymeric MNs 

 
While earlier studies utilized MNs composed of pure poly(N-vinylpyrrolidone) (Mw = 3,500 – 7,000 Da) 

(PVP K-12), this polymer was found to require long drying times (> 3 days) and was associated with 

fluorophore degradation.16 Further, it was observed that MNs prepared from PVP K-12 alone were very 

hygroscopic and required delicate storage conditions to preserve their structure. To address this, MNs were 

prepared from a 1:1 mixture of PVP K-12 and poly(vinyl alcohol) (Mw = 10,000 Da) (PVA) — both 

injectable polymers commonly used for dissolving MNs29-31 — using a solvent casting method in PDMS 

moulds.32 The resulting MNs were found to dry within 24 – 48 hours under ambient conditions and 

produced sharp, uniform MNs, highlighting the suitability of the polymer blend. Under bright-field 
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microscopy, the MNs appeared as a 15 × 15 array of square pyramidal projections with average lengths of 

479 ± 13 µm and widths of 248 ± 6 µm × 248 ± 6 µm at the base (Figure 3.2. A). While the base dimensions 

of the MNs were in agreement with those of the PDMS moulds (250 µm × 250 µm), the lengths were 

significantly shorter than the nominal lengths of the moulds (600 µm), likely due to water loss during the 

drying process, as has been previously described (Figure 3.S2).33
 

The solvent casting process outlined in previous work allowed a dye to be dispersed throughout the 

solid structure of the MNs, including the tips and the backing layer. However, when using the MNs for 

dermal delivery, only the tips dissolve and release their payload, meaning that any dye in the backing layer 

is wasted. More significantly, dye towards the base of the MN tips would primarily be delivered to the 

stratum corneum and would thus not be drained from the skin. To resolve this limitation, the solvent casting 

method was modified to allow dye to be incorporated only in the tips of the MNs, with the backing layer 

composed of dye-free polymer. This was accomplished by preparing two polymer matrix solutions (PMS), 

one with Cy7.5-PEG and one with no dye. The dye-containing PMS was used for the initial centrifugation 

steps, after which any excess PMS not localized in the tips of the moulds was removed. At this point, a 

backing layer of dye-free polymer was applied and the MNs were allowed to dry, yielding MNs with Cy7.5- 

PEG only in the tips. Under fluorescence stereomicroscopy, clear Cy7.5 fluorescence could be observed 

exclusively in the tips of the MNs, with no apparent diffusion into the backing layer (Figure 3.2. B). The 

dye-containing MNs were also examined using scanning electron microscopy (SEM), which revealed 

smooth, sharp MNs with tips diameters significantly below 10 µm (Figure 3.2. C). 

 

Figure 3.2. Structure of Cy7.5-PEG-containing polymeric MNs: A) Brightfield image of PVP/PVA 

(1:1) MNs with Cy7.5-PEG in the tips; B) Fluorescent image of Cy7.5-PEG localized within MN tips; C) 

SEM image of PVP/PVA MNs. 

When developing dissolving polymeric MNs, it is essential to ensure that their mechanical 

strength is sufficient to pierce the skin without experiencing deformation or failure. Because of the 

relatively high concentration of PEGylated dye to be included in the MN matrix, it was necessary to 
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ensure that the strength of the MNs was preserved, even when large amounts of PEG were present. To do 

so, increasing concentrations of PEG-NH2 (20 kDa) were incorporated into the MNs and the compression 

force required to induce structural failure was measured. Ultimately, no significant relationship was 

observed between failure force and the concentration of PEG-NH2 (20 kDa), indicating that the 

concentrations of PEGylated dye used in our experiments should not negatively impact the mechanical 

properties of the MNs (Figure 3.3. A). Collectively, the MNs tested displayed an average failure force of 

9.6 ± 1.8 N, well above the force required to penetrate human skin (between 0.1N and 3 N), indicating 

their suitability for use in vivo.34 The MNs were examined under brightfield microscopy, where it was 

found that the most common mode of failure was 90° deflection without breakage of the MN tip (Figure 

3.S3). 

After confirming that the PVP/PVA MNs possessed the required mechanical strength to breach the 

skin, their ability to release PEGylated dye within the skin was investigated. To accomplish this, repeated 

applications of Cy7.5-PEG MNs to mouse skin were performed in order to determine optimal application 

time; the minimum time required for full release of the dye from the MN tips. After testing applications of 

2, 5, and 10 minutes, it was found that there was no significant difference in the amount of dye delivered, 

suggesting that a 2 minute application was sufficient for full dissolution of the MN tips and delivery of the 

maximum possible amount of dye (Figure 3.3. B). 

 

 

Figure 3.3. Characterization of mechanical and delivery properties of Cy7.5-PEG MNs: A) 

Mechanical properties of PVP/PVA (1:1) MNs with increasing concentrations of PEH-NH2 (20 kDa). Mean 

± SD (n = 4); B) Effect of application time on delivery of Cy7.5-PEG to mouse skin ex vivo, Mean ± SD 

(n = 3). 

To further validate the use of Cy7.5-PEG as an alternative to ICG, MNs were prepared with high 

concentrations (720 µM) of either ICG or Cy7.5-PEG in the tips. After drying, the MN arrays were 
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examined under fluorescence stereomicroscopy and the fluorescence intensities of individual MNs from 

each array were compared, with Cy7.5-PEG MNs displaying an average increase in fluorescence of 33.4 ± 

4.5% relative to their ICG-containing counterparts (Figure 3.4. A). This observed difference in 

fluorescence (despite the same concentration) could result from greater quenching within the ICG- 

containing MNs, or a higher quantum yield of Cy7.5-PEG. MNs of each type were also applied to mouse 

skin, to compare the intensities of the resulting tattoos (Figure 3.S4). In the skin, the average fluorescence 

intensity of a Cy7.5-PEG tattoo was found to be 126 ± 41% greater than the average signal of an ICG tattoo 

(Figure 3.4. B). This relatively greater increase in fluorescence could be explained by aggregation caused 

by the relatively poor solubility of ICG in the aqueous environment of the skin, relative to the hydrophilic 

Cy7.5-PEG. Overall, this serves to highlight the advantages of a highly water-soluble PEGylated probe 

relative to a less soluble alternative such as ICG. 

 
 

 

Figure 3.4. Fluorescence properties of dye-loaded MNs and their tattoos: A) Fluorescence intensity 

of MNs containing ICG or Cy7.5-PEG, Mean ± SD (n = 8), p < 0.0001; B) Fluorescence intensity of ICG 

or Cy7.5-PEG MN tattoos, Mean ± SD (n =4), p ≤ 0.0005. 

 
3.4.3. In vivo experiments in mice 

 
Following ex vivo optimization of dye delivery, tests were performed in vivo to determine whether MN- 

delivered Cy7.5-PEG could successfully be used to monitor lymphatic drainage in mice. To do this, MNs 

were applied to the backs of shaved mice, and the resulting fluorescence signal was followed using an IVIS 

and a recently developed portable NIR fluorescence detector.27 The signal was followed over 24 h (Figure 

3.5.A), with a clear decrease in signal observed, following first-order decay kinetics, indicating that the dye 

was being drained from the application site. The signal initially displayed a steep decline, gradually leveling 
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off into a plateau between T = 6 h and T = 24 h at 40 ± 10% of the initial signal (IVIS) and 32 ± 11% of the 

initial signal (portable device). 

To quantify this, the relative fluorescence of each MN tattoo was plotted as a function of time and 

the area under the curve (AUC) was measured for each run (Figure 3.5. B). This allowed comparison of 

the total amount of dye drained for each application, which could ultimately be used to quantitatively 

differentiate between normal lymphatic drainage, and impaired lymphatic drainage in the context of 

diseases of the lymphatic system. Comparison of the fluorescence measurements collected by the IVIS and 

the portable fluorescence detector revealed that there was no significant difference between the drainage 

measurement by either instrument (p > 0.05), validating the use of the portable detector for this application 

(Figure 3.5. C). This finding is notable, as portable monitoring of lymphatic drainage could have 

meaningful clinical implications, particularly given the expensive and bulky nature of other forms of NIR 

fluorescence monitoring.27 However, when comparing the half-life (t1/2) values (corresponding to the speed 

of drainage from the application site), a slight significant difference was observed, though this could be due 

to differences in instrument sensitivity (Figure 3.5. D). 

 

Figure 3.5. In vivo experiments in mice (IVIS vs portable device): A) IVIS fluorescence image of MN 

tattoo in mouse at t = 1, 2, 4, 6, 24 h; B) Example AUC plot of relative fluorescence intensity of Cy7.5- 

PEG in skin, measured using IVIS; C) Comparison between AUCs of measurements performed using 

IVIS and portable fluorescence detector; D) Comparison between half-life values of Cy7.5-PEG drainage 

using IVIS and portable fluorescence detector. Mean ± SD (n = 7). 

 
3.4.4. In vivo experiments in rats 

 
Following initial results in mice, further in vivo studies were conducted in rats, as their skin is known to be 

a much better model for human skin, owing to its similar thickness.35 Specifically, the thickness of rat dorsal 

(back) skin was reported to be approximately 2 mm, comparable to or greater than many regions of the 

human body, including back, neck, and notably arm skin (a common location of lymphedema).36 Cy7.5- 

PEG-containing MNs of the same geometry and concentration used in mice were applied to the backs of 
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shaved rats, and the resulting fluorescence signal was followed for 24 hours using an IVIS. To mimic 

conditions of impaired lymphatic drainage, MNs were also applied to the backs of shaved dead rats, as 

lymphedema models in rats are complex, and primarily affect the extremities, where reproducible MN 

application is impractical.37,38 This should allow determination of the portion of signal loss caused by 

diffusion or degradation of the dye rather than drainage, and identify the discrimination potential of the MN 

tattoo. Similar to mice, an initial steep decrease in signal was observed in living rats, with a plateau 

occurring between T = 6 h and T = 24 h (Figure 3.6. A). However, this plateau occurred at a significantly 

higher fluorescence intensity than in mice, with 63 ± 8 % of the initial signal remaining after 24 hours, 

suggesting that less Cy7.5-PEG was drained from the application site. This could be due to the increased 

thickness of the non-viable epidermis (stratum corneum) in rats relative to mice, resulting in more dye 

remaining trapped in this non-drained region of the skin.35 This was significantly different from the results 

observed in dead rats, where no drainage was observed, and the average T = 24 h fluorescence intensity 

corresponded to 85 ± 19 % of the initial signal (Figure 3.6. A). This is reasonable, as no lymphatic drainage 

was expected in dead rats, and the signal decrease observed was likely due to diffusion or degradation of 

the dye, also explaining the high variability. Upon comparison of the AUC values between living (15.71 ± 

0.67 RFU·h) and dead rats (20.58 ± 1.94 RFU·h), a significant difference was o bserved (p < 0.05), 

suggesting that this MN tattoo is capable of discrimination between lymphatic drainage and simple 

degradation or diffusion of dye (Figure 3.6. B). This p-value, corresponding to the statistical difference 

between the change in fluorescence in the presence or absence of lymphatic drainage, reflects the 

discrimination potential of the MN tattoo, with lower values indicating a greater potential to discriminate 

between normal and impaired lymphatic drainage. Histological examination of rat skin after MN 

application revealed significant Cy7.5-PEG fluorescence present in the outer epidermis, with no signal 

visible deeper in the dermis (Figure 3.6. C, D). This further supports the notion that while dye delivered to 

the dermis or viable epidermis is readily drained through lymphatic vessels, any dye delivered to the outer 

epidermis remains trapped due to its size and hydrophilicity, resulting in the strong fluorescence after 24 

hours.39,40
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Figure 3.6. Preliminary in vivo MN applications in rats: A) Example of relative fluorescence decrease 

resulting from Cy7.5-PEG drainage in living and dead rats; B) Comparison between AUCs of Cy7.5-PEG 

drainage curves in living and dead rats; C) Brightfield microscopy image of histology of rat skin after 

Cy7.5-PEG MN application; D) Fluorescence microscopy image of histology of rat skin showing dye 

remaining trapped in outer epidermis. Mean ± SD (n = 6). 

 
3.4.5. MN optimization for in vivo monitoring of lymphatic drainage 

 
To address the issue of dye remaining trapped in the outer epidermis, and to improve the discrimination 

potential of the system, modifications were made to the MN preparation process, beginning with the 

solvent-casting method. By more specifically delivering the dye to the deeper, lymphatically drained tissue, 

the final fluorescence value is lowered, thereby improving the discrimination factor of the MN tattoo. After 

the initial centrifugation steps with the Cy7.5-PEG-containing PMS, a spatula was scraped along the base 

of the MN moulds to remove some of the dye-loaded polymer from the base of the MNs. This was followed 

by a centrifugation using dye-free polymer before addition of the backing layer, resulting in MNs with dye 

more localized towards the tip (Figure 3.7. A). Specifically, when prepared using the standard method, the 

average height of dye within the MNs was measured as 368 ± 18 µm, corresponding to 76.8% of the total 

length of the MNs (479 ± 13 µm). When prepared using the modified method, Cy7.5-PEG was found to be 

present up to an average height of 286 ± 19 µm, or 59.8% of the total MN length. Another modification to 

the process was made by using longer MNs prepared in moulds with a nominal height of 800 µm (actual 

MN height measured as 651 ± 27 µm). When MNs of this length were prepared using the modified casting 

process, the presence of dye was observed up to a height of 304 ± 11 µm, only 46.7% of the total MN length 

(Figure 3.7. A). 

These modified MNs were also tested in vivo in rats, and the decrease in fluorescence was 

monitored by IVIS, as previously described. For the 600 µm (nominal) MNs prepared using the modified 

method, drainage appeared very similar to previous tests, with an initial decline followed by a slow plateau 

to 60.7 ± 6.9 % of initial fluorescence. For the 800 µm (nominal) MNs, however, initial drainage appeared 
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steeper, before gradually reaching an average T = 24 h fluorescence signal of 50.3 ± 6.7% of the initial 

signal, lower than previously observed (Figure 3.7. B). The MNs were also applied to dead rats, yielding 

results similar to previous tests (84.3 ± 9.2 % for 600 µm, 91 ± 22 % for 800 µm), with no drainage and 

mild diffusion of degradation of the fluorescence signal observed after 24 hours (Figure 3.7. C). 

After application of both lengths of MN to living and dead rats, the AUCs were compared for each 

MN type, to quantitatively assess their performance. For the shorter MNs prepared with the modified 

method, AUCs were very similar to those previously observed, with 15.56 ± 0.56 RFU·h for living rats and 

21.04 ± 0.924 RFU·h for dead rats, though the discrimination potential was greater (p ≤ 0.0005) due to less 

signal variability between applications (Figure 3.7. D). For the longer MNs, the difference was more 

pronounced, with the average AUC in living rats measured as 13.71 ± 0.41 RFU·h, compared to 23 ± 2 

RFU·h in dead rats (Figure 3.7. E). This discrimination potential (p < 0.0001) was much greater than any 

previously observed, and coupled with the overall greater drainage observed, suggests that longer MNs 

allow for meaningfully better monitoring of impaired lymphatic drainage and result in less dye trapped in 

the outer epidermis. 

 

 
Figure 3.7. Optimization of MNs for in vivo tests: A) Fluorescence microscopy images of (top to bottom) 

600 µm MNs prepared using the modified method, and 800 µm MNs prepared using the modified method; 

B) AUC plot of relative fluorescence decrease in living rat skin of Cy7.5-PEG delivered using longer MNs. 

Mean ± SD (n = 9); C) AUC plot of fluorescence in dead rat skin of Cy7.5-PEG delivered using longer 

MNs. Mean ± SD (n = 6); D) Comparison between AUCs of Cy7.5-PEG drainage curves in living and dead 

rats using shorter MNs. Mean ± SD (n = 6); F) Comparison between AUCs of Cy7.5-PEG drainage curves 

in living and dead rats using shorter MNs. Mean ± SD (n = 6). 
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3.5. Conclusions & Outlook 

Lymphatic monitoring technology is a rapidly developing field, and the system developed in this 

study represents a step towards a viable MN-based method of lymphatic monitoring. It was found that by 

utilizing a PEGylated NIR dye such as Cy7.5-PEG, rather than ICG, it was possible to deliver a significantly 

brighter MN tattoo to the skin, while avoiding aggregation of dye. By optimizing the composition of the 

dissolving polymeric MNs, it was possible to create strong, uniform MNs compatible with the chosen NIR 

dye and able to dissolve readily in the skin to release the probe. Notably, the in vivo studies conducted in 

mice served to further validate the use of portable fluorescence detection technology, based on the 

comparable data obtained relative to standard IVIS measurements. This is significant, as portable 

measurement would constitute an important clinical advantage for NIR fluorescence imaging of lymphatic 

drainage, opening the door to at-home and point-of-care monitoring without the need for bulky and 

expensive detection equipment and trained personnel. 

The results obtained in this study also revealed important considerations that should be taken into 

account for future studies using dissolving polymeric MNs. Most importantly, it was found that upon 

dissolution of the MNs, much of the dye is released into the outer epidermis or stratum corneum, where it 

cannot effectively be drained through the lymphatic system.39,40 This has implications for diagnostic 

applications of dissolving polymeric MNs, as care should be taken to deliver as much dye or sensor as 

possible to lymphatically drained layers of the skin, to avoid background signal. This should also be a 

consideration for drug delivery studies, as larger therapeutic compounds could remain similarly trapped in 

the skin, decreasing the total dose delivered systemically. A potential solution to this could lie in the 

optimization of MN lengths, as it was observed that a greater portion of dye was drained when delivered 

using the longer 800 µm MNs, increasing the discrimination potential of the system. With this in mind, it 

will be important to evaluate and optimize MN length and delivery in human skin for the eventual clinical 

translation of this technology. Given the differences observed between mice and rats, it will be important 

to select a MN length that is ideal for delivery to lymphatically drained skin layers in humans. 
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3.7. Supporting Information 
 

 

 

 
Figure 3.S1: LC-MS Chromatogram highlighting the absence of free Cy7.5-NHS after purification of 

Cy7.5-PEG. 
 

Figure 3.S2: MNs are straight and of a uniform length, shrinking during the drying process. Scale bar = 

500 µm 
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Figure 3.S3: a) PVP/PVA (1:1) MNs before mechanical properties test; b) Same MNs after deflection 

when testing mechanical properties, highlighting mode of failure (90 ° deflection without breakage). 

Scale bar = 500 µm 

 

 
Figure 3.S4: A) PVP/PVA (1:1) MN tattoo of ICG in rat skin; b) PVP/PVA (1:1) MN tattoo of Cy7.5- 

PEG in rat skin. 
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General Discussion 

Taken together, these works serve to demonstrate the potential of dissolving polymeric 

microneedles as a means to deliver sensors and diagnostic agents to the skin for real-time in situ monitoring, 

while also highlighting the inherent limitations of such a newly developed technology. This section serves 

to address these limitations, as well as any topics not fully explored in the preceding articles. Overall, the 

optimization of sensors compatible with incorporation into polymeric MNs, as well as the specifics of their 

delivery in vivo, are topics that merit further investigation. 

 

4.1 MNs for the delivery of H-Cy5-PEG 

Among the principal challenges associated with incorporation of H-Cy5-PEG into polymeric MNs, 

and its subsequent delivery into the skin, is the tendency of the dye by factors other than the intended ROS. 

While hydrocyanines have been reported as having increased stability relative to earlier classes of ROS 

sensors, it was observed that they remain susceptible to oxidation by atmospheric O2 and light, especially 

when stored at high concentration in aqueous solution.1 While efforts were taken to limit this during MN 

preparation, such as storing polymer solutions away from light as much as possible and limiting exposure 

of the solutions to air, the high concentrations of H-Cy5-PEG used during MN preparation (250 µM) 

resulted in a degree of oxidation of the sensor in the dried MNs. This was likely a contributing factor to the 

significantly reduced sensitivity of the final MN tattoo relative to H-Cy5-PEG in solution. 

Another limiting factor is the relatively low amount of dye able to be delivered through the MNs, 

owing to their small volume and the solubility of H-Cy5-PEG in polymer solution. The low amount of dye 

delivered by the MNs was likely a contributing factor in the relatively weak signal observed using the 

fluorescence stereomicroscope. It was observed that the brightness of re-oxidized H-Cy5-PEG was 

significantly lower than an equivalent concentration of Cy5-PEG, indicating that even under ideal 

circumstances, not all of the H-Cy5-PEG is effectively converted into the fluorescent Cy5-PEG form by 

ROS. In fact, a solution of re-oxidized H-Cy5-PEG was observed to display around 10 % of the fluorescence 

of a solution of an equivalent concentration of Cy5-PEG.1 This means that in MNs containing 250 µM of 

H-Cy5-PEG, the effective concentration of dye that can be converted into fluorescent Cy5-PEG was 

approximately 2.5 µM. Because of the relatively high molecular weight of the PEGylated dye (> 5,000 Da), 

concentrations above 250 µM displayed limited solubility in the polymer solutions used to prepare the MNs, 

thereby limiting the amount of dye able to be delivered. This posed a particular problem when tests were 

conducted ex vivo in excised porcine skin. Even following the addition of Fenton’s reagent, the signal from 

the MN tattoo in skin was too weak to give a quantifiable signal on the fluorescence stereomicroscope. This 
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serves to highlight the likely need for further optimization of the ROS sensor to perform tests in actual 

models of skin. 

 

4.2 MNs for the delivery of Cy7.5-PEG 

When delivering the NIR sensor for the monitoring of lymphatic drainage, visibility of the dye 

proved less problematic, as Cy7.5-PEG was delivered in its oxidized form. Additionally, due to the less 

significant fluorescence background of skin at NIR wavelengths, greater contrast was observed using the 

fluorescence stereomicroscope.2
 

The main limitation in this study was the observation that a significant portion of dye remains 

trapped in the outer epidermis, not drained by the lymphatic system, resulting in the plateaus of fluorescence 

signal observed in this study. While this was partially mitigated by optimization of the MN length and 

structure, it highlights that unless dye were specifically localized to the very tip of the MNs, dissolving 

polymeric MNs will release their loaded sensor at a gradient in the skin, from the outer epidermis into the 

dermis. 

This demonstrates the need for further studies, particularly concerning the depth of penetration of 

the MNs into the skin, to better discern where sensors should be placed within the MN for optimal delivery 

to a desired depth. Such a study would also be of value for future drug delivery studies using dissolving 

polymeric MNs (particularly for high molecular weight compounds), as any drug remaining trapped in the 

outer epidermis would be incapable of reaching its target. 
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Conclusions & Outlook 

Overall, dissolving polymeric MNs appear to present a viable avenue for real-time in situ 

monitoring of physiological data, provided that the technology continues to be developed. Interest in the 

diagnostic applications of MNs appears to be strong, and many groups are currently investigating new MN- 

based diagnostic devices.3-5 This is particularly true of polymeric MNs, with many examples seen within 

the past 5 years — either for sampling or delivery — likely due to their simple and inexpensive 

manufacturing process.6,7 In particular, the use of dissolving polymeric MNs for the delivery of diagnostic 

agents seems to hold much untapped potential, with current examples seemingly limited to simple devices 

for antigen delivery (e.g. allergy testing) and the delivery of inert lymphatic tracers.2,8,9 Ultimately, as 

evidenced by the technologies described in this thesis, this could be expanded to allow access to a far greater 

variety of health-related information in a non-invasive manner. 

The delivery of H-Cy5-PEG for the detection of dermal ROS, while showing initial promise, was 

ultimately limited by the low brightness and amount of dye delivered, and limitations of the available 

detection equipment. Nonetheless, the results observed in agarose gels clearly indicate that the activity of 

the sensor is preserved after incorporation into the dissolving polymeric MNs and delivery to the gel. In 

this sense, the work serves as a valuable proof-of-concept for the delivery of functional sensors through 

similar dissolving MN systems. By selecting a brighter sensor that could be potentially delivered at a higher 

concentration, the concept of a functional MN tattoo could prove much more viable. 

Further, studying the delivery of Cy7.5-PEG for monitoring the lymphatic system has provided a 

great deal of valuable information on lymphatic drainage as well as MN-assisted delivery to the skin. The 

MN tattoo itself demonstrated high discrimination potential between animals displaying lymphatic drainage 

and those in which no drainage occurred, suggesting its diagnostic potential for lymphedema. Perhaps of 

equal note were the findings on the MN-based delivery of the PEGylated fluorescent tracer. When a similar 

PEGylated dye was previously delivered through intradermal injection (at a uniform depth), it was observed 

to diffuse freely through the dermis.10 However, when Cy7.5-PEG was delivered using the dissolving MNs, 

the dye delivered to deeper portions of the skin was drained through the lymphatic vessels, while dye 

delivered to the upper regions of the skin (particularly the stratum cornuem) was not drained. This finding 

highlights the importance of fine-tuning the depth of delivery when developing a MN tattoo, and surely 

merits further investigation, both in the context of diagnostics and drug delivery. 
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