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Summary 

 

 Transdermal drug delivery (TDD) fills the gap of conventional administration routes (e.g. 

oral and hypodermic injection), in which it offers less invasive medical practice while maximally 

preserving the drug activity from the first-pass metabolism. Under the flourishing of various TDD 

platforms, microneedle (MN) technology captures great attention because of its effective and 

patient-friendly manners, which significantly improve patient compliance for long-term and 

frequent applications.   

 Benefiting from the microscale geometries, MNs made from various materials (i.e. metal, 

glass, ceramics, silicon, and polymers) can pierce through the stratum corneum barrier for direct 

release of drug and access to skin fluids.  It is unavoidable for materials of MNs to contact skin 

tissue, especially with prolonged duration for certain applications such as sustained drug delivery, 

and continuous monitoring. The poor biocompatible materials, as well as the allergic components 

and solvents brought in from the fabrication processes, can compromise the safety of MNs in 

clinical applications. In addition, for materials including glass, ceramics, and silicon, they are 

compressively strong but so brittle that easily break in the skin and cause potential infections.    

 In this thesis, hydrogel polymer-based MN platforms are proposed and demonstrated for 

their applications in transdermal biosensing and transdermal cell delivery. Particularly, hyaluronic 

acid (HA)was chosen to develop the hydrogel-based MNs as it is natural and abundantly present 

in the skin and feasible for functionalization.    In the first two chapters, hydrogel-based MNs were 

applied for transdermal diagnosis based on “Out-patch” and “In-patch” strategies.  Briefly, the 

dissolvable HA MN patches facilitated the delivery of integrated oligonucleotide theranostics 

probe into the hypertrophic scar phantom. Subsequently, the oligonucleotide probes released “out- 
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patch” can be internalized by the scar fibroblasts to detect the intracellular expression of fibrosis-

related mRNA and subsequently suppress its abnormal overexpression. The expression of mRNA 

and therapeutic outcomes were visualized by the fluorescence signals from the probe, which 

further verified using the gold-standard of real-time polymerase chain reaction (RT-PCR) to 

confirm the detection and treatment functions.    

 In addition, the” In-patch” diagnosis by hydrogel MNs was also proposed in the thesis. 

Specifically, the osmosis-powered swellable MN platform was developed, which was composed 

of osmolytes and crosslinked methacrylated HA(MeHA) hydrogel. The swellable MN patch was 

capable to extract sufficient amount (i.e. 7.90μL) of skin interstitial fluid (ISF) within 3 minutes 

from ex vivo porcine ear skin, in which the osmotic pressure generated by MN-loaded osmolytes 

largely accelerated the sampling process.  The extracted ISF was further recovered and analyzed 

for it containing metabolites (i.e. glucose, and cholesterol) and protein biomarkers (i.e. insulin), 

showing good correlation with the gold-standards (i.e. ex vivo: MN-aid suction methods; in vivo: 

blood/plasma-based analysis). Finally, the electronic glucose sensor was integrated with the MN 

platform and applied for in situ analysis of extracted glucose directly from the swellable MN patch, 

which shortens the lengthy procedures including biomarker recovery and laboratory kit-based 

quantification.  

 Aside from transdermal biosensing, hydrogel MNs were proposed as the storage and 

delivery vehicle for living cells. The matrix materials and fabrication methods were optimized to 

achieve high cell viability whist ensuring sufficient mechanical strength. The capability for skin 

penetration was tested on agarose gel skin phantom to show the delivery and release of the loaded 

cells.  
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 In conclusion, hydrogel-based MN platforms applied in transdermal biosensing and cell 

delivery were introduced in this thesis. For transdermal diagnosis, two strategies based on” Out-

patch” and “In-patch” designs have been applied for the localized intracellular mRNA detection 

of systemic metabolites/biomarkers analysis. Moreover, the hydrogel MN platform was applied 

for transdermal cell delivery which explored the fabrication and deliverable therapeutic species for 

MN technologies. 
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1.1. Background and Scope 

 In recent years, novel transdermal drug delivery (TDD) technologies have flourished 

significantly. The administration route of TDD to deliver therapeutic through skin promises great 

potential over other drug administration routes. Compared with the oral route, the TDD systems 

can avoid gastrointestinal degradation and hepatic metabolism to mostly reserve the activities of 

the sensitive therapeutics. Moreover, TDD systems can less invasive and painless compared with 

conventional hypodermic needles.  

 Among all the TDD systems, microneedle (MN) technologies are distinguished with their 

high efficiency in enhancing drug permeability and convenience application not requiring bulky 

equipment. In that case, MNs have been identified as fast growth potential in whole TDD 

markets[1]. MNs are revolutionary designs with the simple concept that shrinking the conventional 

hypodermic needle into the micro-scale. When minimizing the needle down to the micrometer, the 

MNs can provide distinguished advantages: 1. Precise penetration into the epidermis or upper 

dermis of the skin tunable with the length of needle tips; 2. Minimally invasive, painless, and self-

administration for application; 3. Reduce the risk of inappropriate reuse of hypodermic needle for 

the spread of blood-borne diseases. Therefore, MNs have shown great potential to develop user-

friendly platforms for transdermal theranostics. 

 During the application of MN patches, the MNs create the recoverable micro-holes across 

the skin barrier and develop the interface between MNs and skin tissue. This feature of MN offers 

opportunities that MN can efficiently and precisely deliver biomacromolecules and even 

therapeutic cells, as well as sampling/ accessing biofluids for biosensing. The direct contact 

between MN materials and skin also requires good biocompatibility of material for MN fabrication.  

There are many materials applied for MN fabrication such as silicon, metal, ceramics, glass, and 
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various polymers. Even though ceramics, metals, and most polymers commonly are considered as 

biocompatible materials, hydrogel-based materials are considered as closely simulate the natural 

tissues for good safety.  Therefore, there is a need to develop hydrogel polymer-based MN 

platforms and to explore their application as user-friendly and reliable transdermal theranostics.  

 To address the need, hyaluronic acid (HA) was applied to develop the hydrogel-based MN 

platform for biosensing and therapeutic delivery. HA is a natural polysaccharide abundantly 

presented in the skin tissue with supreme hydrate affinity to maintain skin moisture, meanwhile, it 

is feasible for various derivatives for functionalization and engineering[2]. The hydrogel-based MN 

platforms were designed and evaluated for transdermal biosensing and transdermal therapeutic 

delivery. The transdermal biosensing based on two strategies: 1. “Out-patch” diagnosis, in which 

dissolvable HA MN patch was applied as a sensor delivery vehicle to introduce an oligonucleotide-

based fluorescence probe for the detection of the abnormal expression of fibrosis-related mRNA 

in scar-derived skin fibroblasts. 2. “In-patch” diagnosis, where the swellable HA MN patch was 

applied for the fast sampling of skin interstitial fluid and following in situ analysis of its containing 

metabolites. Beyond the transdermal biosensing, the hydrogel-based MNs were investigated for 

transdermal cell delivery.  Cell therapy has shown great regenerative potential while was limited 

by conventional injection administration methods. It is a brand-new exploration for using the 

hydrogel MN platform for therapeutic cell delivery. Briefly, the human Mesenchymal stem cells 

(hMSCs) were loaded into hydrogel MN scaffold in cryopreserved status (CryoMNs), which 

enabling strong mechanical properties and high cell viability localized in the skin. 

 Comprehensively, the scope of this work includes the design, fabrication, engineering, and 

evaluation of the novel hydrogel polymer-based MN platform for transdermal theranostics. To 

develop the transdermal biosensing, the detection methods as well as the design of the MN 
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platform are equivalently important. For the “Out-patch” strategy, it focused on the design and 

validation of oligonucleotide-base probe for its function of diagnosis and spontaneous regulation 

of the abnormal expression of fibrosis-related mRNA in scar-derived skin fibroblasts. For the “In-

patch” diagnosis strategy, it included the evaluation of enzymatic electrochemical sensor for in situ 

analysis after skin ISF extraction, in which glucose was detected as proof of concept. To develop 

the hydrogel cryoMN platform for cell therapy, the skin precise and efficient cell delivery into the 

skin and cell viability were carefully verified.  

 

1.2. Overarching thesis goal 

Development of hydrogel-based MN for transdermal biosensing based on “Out-patch” strategy, 

in which dissolvable HA MN patch was applied for delivery of biocompatible probe for detection 

of intracellular abnormal mRNA expression.  

1.2.1. Hydrogel MNs facilitate the transdermal delivery of oligonucleotide 

probe for intracellular detection and spontaneous regulation of mRNA for 

theranostics of scar fibroblasts (Chapter 3) 

 Early diagnosis and timely intervention are keys to the successful treatment of 

fibroproliferative disorders such as hypertrophic scars. Oligonucleotide probe can be applied for 

sensitive and specific detection of the abnormal expression of mRNA. The connective tissue 

growth factor (CTGF) mRNA, therefore, was chosen because of its increased expression mRNA 
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in hypertrophic fibroblasts. Herein, the nucleic-acid-based probe was constructed for the detection 

of abnormal CTGF mRNA expression and spontaneous release of siRNA (i.e. transforming growth 

factor receptor I (TGFβRI)) suppressing CTGF mRNA expression. The theranostics probe was 

delivered using dissolvable HA microneedle into the ex vivo skin model to verify its function for 

monitoring and regulation of abnormal mRNA expression in the scar-derived skin fibroblasts. 

 

Development of hydrogel-based MN for transdermal biosensing based on “In-patch” strategy, in 

which the crosslinked HA MN patch was powered by osmotic pressure for rapid sampling skin ISF 

following with in situ detection of metabolite.   

1.2.2. Hydrogel MNs for microliters of skin interstitial fluid extraction 

within minutes and in situ metabolites analysis (Chapter 4) 

 Hydrogel-forming MNs have been applied for skin ISF extraction through the swelling of 

the hydrogel matrix. However, the existing swellable MNs cannot extract sufficient ISF within a 

tolerable period (i.e. 10 min), which may compromise the patient compliancy.  This concern was 

addressed by combining the osmosis pressure together with the HA to accelerate the ISF extraction 

process. The new platform was composed of osmolytes and crosslinked HA hydrogel. When the 

swellable MN was inserted into the skin, the osmolyte inside the MN patch can dissolve to generate 

extra osmotic pressure that increases the diffusion of the ISF from the skin to the MN matrix. The 

skin penetration and enhanced ISF extraction performance were evaluated in the ex vivo porcine 

skin model. Later the extracted biomarker from porcine skin using the osmosis-powered hydrogel 

MNs. The biomarkers from the extracted ISF were recovered with the centrifugation method and 
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analyzed for concentration. The concentration of extracted biomarkers was compared with the 

golden standard methods both in vitro and in vivo. Through the integration of electronic sensors 

with the swellable patch, it can efficiently reduce the lengthy procedure of biomarker recovery and 

laboratory operation for the rapid analysis of extracted metabolites/biomarkers. Herein, a glucose 

electrochemical sensor was developed as a proof-of-concept. 

1.2.3. Hydrogel-based cryo-microneedles for transdermal cell delivery 

(Chapter 5) 

 The subcutaneous delivery of therapeutic cells has great potentials for treating both local 

and systematic diseases. The administration methods of cell therapeutics are limited to intra-

venous/thecal and intranasal injection. Herein, the novel hydrogel-based platform was developed 

which was capable of transdermal cell delivery. In this work, the sponge-like MN scaffold was 

applied to absorb the therapeutic cell suspension, in which contained cryoprotective agents. The 

cell-loaded hydrogel MN was later frozen into solid status, with cell cryopreserved inside the MN 

needle.  To ensure the cell viability during the cryopreservation process inside the MN, various 

polymers-based formula supplied with Dimethyl sulfoxide (DMSO) was evaluated and optimized 

for highest cell viability. The work included the design and fabrication of MN scaffold and loading 

of therapeutic cells for cell loaded hydrogel cryoMNs.  

 After successfully construction of the novel hydrogel cryoMNs, it was tested on in vitro 

skin phantom and in vivo mouse model to verify the mechanical properties and penetration 

efficacy. The therapeutic outcomes of delivered cells were tested on in vitro model using NDFs as 

a proof-of-concept. 
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2.1. Transdermal delivery          

 The oral route is the most acceptable route for drug administration. However, about 70% 

of drug it suffers from the harsh gastrointestinal environment including pH change and enzyme 

presence, therefore not feasible for sensitive drugs[3]. The conventional hypodermic injection is 

the common alternative but facing the issues of pain and needle phobic.  The approach to delivering 

therapeutics through transdermal routes appeal to great interests. In the recent study, the 

development of transdermal delivery systems flourished due to the unique advantages of the 

transdermal application: directly transport cargo into the target regions to avoid gastrointestinal 

degradation and hepatic metabolism; maintain bioactivity of the delivered cargo; reduce the pain 

and discomfort; the problems of reusing, possible infection and sharp waste by hypodermic 

injection.  The skin provides convenient administration targets, meanwhile, it is also one of the 

major blood reservoirs, making the efficient systemic circulation of transdermal drugs.  

2.1.1.  Structure and barrier function of skin 

 There have been thousands of years since people topically applied herbs or chemical agents 

on the skin surface for healing, protection, and cosmetic purpose. Until the modern era, the barrier 

property of skin has been better understood and various transdermal delivery (TDD) systems have 

been developed. The TDD is attractive while challenging due to the physical and immunological 

barrier function of skin. The stratum corneum particularly ensures the exogenous substances, 

including topically applied therapeutic, cannot intrude into the inner body.  

 The stratum corneum is the outermost epidermal layer, is with a thickness of 10-15µm 

(Figure 2.1) [4]. The structure of stratum corneum commonly described as a "brick and mortar " 
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system, in which layers of corneocytes stacks up and the intercellular lipid matrix fills the space 

like mortar. The corneocytes are terminally differentiated keratinocytes, without the presence of 

nuclei and cytoplasmic organelles. They are dead cells containing cytoplasm, filling with keratin, 

and welded with each other. The intercellular mortar lipid is mainly composed of 13 species of 

ceramides, cholesterol, and fatty acids, which well organized in lateral and lamellar direction. 

Specifically, the lateral organization of lipid headgroups can be classified into three forms: 

orthorhombic, hexagonal, and liquid–crystalline phases[5]. The orthorhombic phase holds the 

highest packing density, and liquid-crystalline phase shows the loosest arrangement, which affects 

the mobility and permeability of the lipid matrix. Meanwhile, it also involves a battery of lipolytic 

and proteolytic enzymes and antimicrobial peptide.  These structures of stratum corneum prevent 

the inner moisture evaporation while providing a strong physical and chemical barrier. 

 Below the stratum corneum, the viable epidermis with a thickness of 50-150µm, together 

with stratum corneum makes up as the full epidermis (Fig. 2.1)[6]. In addition to the main 

barrier function comes from stratum corneum, the viable epidermis also provides significant 

protective function, coming from the tight junction in the granular layer. Andrews et al. addressed 

the barrier function of the whole epidermis during transdermal delivery. They demonstrated that 

skin permeability dramatically increased in porcine and human skin with the removal of only 

stratum corneum, but it showed an even higher increase in the skin without the full epidermis[7]. 

 Immune protection of the skin serves as the frontline against microbes. Unlike the physical 

and chemical barriers constructed by the structure architecture, the immunological barrier 

performs in a more dynamic way with the contribution of Langerhans cells. Epidermal Langerhans 

cells are the member from dendritic cell family, which also present in the dermis as dermal 

dendritic cells. The density of Langerhans cells ranging from 460/mm2 to 1000/mm2, around 3% 
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of all the epidermal cells[8]. The mobility and wide distribution of Langerhans cells ensure timely 

recognition of pathogens and antigens as well as the initiation of immune response for clearance. 

The immunological barrier of skin prohibits transdermal delivery of therapeutics, meanwhile, it 

also enables the skin as a promising target for vaccination and immune therapy.  

 

Figure 2.1. Scheme of the skin structure. (Reprinted from International Journal of Pharmaceutics, 

Vol 435, Gopinathan. K. Menon et al., The structure and function of the stratum corneum, Page 7, 

Copyright (2012), with permission from Elsevier.) 

2.1.2. Importance & development of transdermal delivery  

  According to the market forecast, the global market of TTD holds potent growth, expected 

to reach US$81.4 billion by 2024[1, 9]. The market is majorly driven by the unmet medical needs 

from chronic disease management. By oral delivery and injection, it requires frequent 

administration to maintain the plasma level when drugs with the short half-life. Especially for the 

chronic disease, the low efficiency of the oral route, and painful administration by hypodermic 

needle make it even more suffering. TTD platforms circumvent the hepatic metabolism and are 
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commonly patient-friendly, potentially for self-administration, which makes the TTD platform 

most suitable for long-term treatment including pain management, hormonal applications and 

contraception, central nervous system disorder, and cardiovascular diseases[10]. There are several 

successful commercial transdermal products have launched and achieved great success. For 

example, the Duragesic™ patch approved in 1990(USA) for sustained release of fentanyl, an 

efficient pain killer, has peaked the global sale over US$2 billion in 2004[11]. However, the 

transdermal drugs market is still considered to be small. Upon now, most of the marketed 

transdermal products are based on passive transdermal delivery strategy and thus the active 

ingredients  limited to the small lipophilic drugs[11].  

  The transdermal delivery technologies undergo three stages of development[12] . The first 

generation TDD including the topical formulation such as liquid spray, gel, and cream, has 

approached the market, however without efficient enhancement of skin permeation.  Stepping into 

the second generation, more innovations such as chemical penetration enhancers (CPEs), 

iontophoresis, and noncavitational ultrasound have been developed.  To break the strict 

physicochemical restrictions of the transdermal drugs, the second generation of TDD is capable to 

disturb the barrier of stratum corneum temporarily and reversibly and to enhance delivery 

efficiency.  For example, the compounds/ formulations of CPEs can enhance skin permeability 

through the following mechanisms: interaction with the intercellular lipid matrix; binding with 

intracellular keratin; alteration of the drug partition in the skin[13]. And thus, the application of 

CPEs leads to a structural disorder of stratum corneum in nanometer scale. With the application of 

the second generation of TDD, the manipulation of barrier makes enhanced drug penetration for 

small molecule cargoes, however, there is a limited effect in the delivery of macromolecular drugs 

(i.e. proteins and nucleic acid).  
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Figure 2.2. Representative technologies for enhance transdermal delivery.  (Reprinted from 

Nano Research, Vol 13, Tianyue Jiang et al., Progress in transdermal drug delivery systems for 

cancer therapy, Page 1810, Copyright (2020), with permission from Springer Nature.) 

 

  In the third generation of TDD systems (Figure 2.2), except novel chemical enhancer, skin 

penetrating peptides, and nanocarriers, there are more physical enhance techniques (i.e. 

electroporation, sonophoresis, microneedle array, thermal ablation) involved for a stronger barrier 

disruption.  The advance in the skin permeability meets the expanding market needs for 

macromolecular drugs and even cell therapeutics. Moreover, the microneedle arrays have been 

identified for the fastest growth potentials throughout the forecast period in the market analysis. 

Compared to other technologies, microneedle arrays are unique with good skin penetration efficacy, 

high user friendly, and not requiring bulky equipment. Meanwhile, the microneedle platforms may 
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still require solving the following problems: 1. the risk to leave the sharp hazard after application; 

2. limited drug loading dosage; 3. complicated microfabrication towards specific design and 

further scale-up fabrication. 

2.2. Microneedle technology in transdermal delivery  

2.2.1. Microneedle technologies overview and classification 

 The microneedle (MN), the micron-scale needle arrays, is a minimally invasive device to 

penetrate the epidermis and upper dermis of the skin. The height of tip for the MNs usually ranges 

from hundreds up to 2000 um, which can be long enough to go through to the dermis layer of skin 

but avoid stimulating the nerves and blood vessels.  MNs can mechanically break through the 

epidermis and upper dermis layer to generate a reversible micrometer channel for drug delivery.  

The term ‘microneedle’ was first reported in 1921 by Robert Chambers, in which the ‘microneedle’ 

was applied to dissect an echinoderm egg[14], and later applied for the enhanced transfection 

efficiency in cells and nematodes[15].  In the late 20th century, the earliest applications of MN as a 

transdermal delivery platform have been patented and reported. When stepping to the early 21st 

century, MN has been applied to deliver conventional small drugs and specially featured with the 

efficient delivery of plasmid DNA, peptides, proteins, other macromolecules as well as 

nanoparticles.  

 MNs can be sophisticated in the design, materials, and manufacturing methods, eventually 

serving for the clinical applications. Based on the design, the MNs can be majorly classified into 

five types, including solid, coated, dissolving, hollow and swellable MNs.  
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 The solid MNs (Figure 2.3A) are commonly applied to generate micro-proration/ micro-

channel on the skin surface. With the subsequent application of drug-laden dressing materials (gel, 

cream, solution, etc.), the drug can passively diffuse into the micro-channel.  

 The coated MNs (Figure 2.3B) have been precoated with cargo on the surface of solid MNs. 

When coated MNs applied, the solid tips of MNs can poke the skin and leave the coated cargo into 

the dermis layer. Coated MNs are widely adopted for the vaccine as well as DNA, peptides, and 

protein delivery.  

 Most dissolving MNs (Figure 2.3C) is composed of polymeric materials. When the 

dissolving MNs inserted into the skin, the tips of MNs can be dissolved with the contact of skin 

interstitial fluid. 
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Figure 2.3. A scheme of five types of microneedle with different transdermal delivery designs. 

(A)solid microneedles; (B) Coated microneedles; (C)Dissolving microneedles; (D) Hollow 

microneedles; (E) Swellable microneedles. (Reprinted from Materials Science and Engineering: 

R: Reports, Vol 104, Eneko Larrañeta et al., Microneedle arrays as transdermal and intradermal 

drug delivery systems: Materials science, manufacture and commercial development, Page 4, 

under a Creative Commons license.) 

 

The preloaded cargo will be accordingly released from the polymeric matrix, controlled by the 

dissolution rate of the relative polymer 

 Hollow MNs (Figure 2.3D) have a micro-channel in the needle tips. The delivery through 

hollow MNs can be concluded as ‘micro-injection’. Hollow MNs allow continuous delivery of 

drug formulas, which can scale up drug amount compared to other types of MNs. 

 The swellable MNs are made from crosslinked polymeric material (Figure 2.3E). When it 

penetrates the skin, swellable MNs can rapidly take up skin interstitial fluid and forming a hydrogel 

matrix. The preloaded cargo in the matrix will be diffuse from the microneedle patch and get into 

the dermis layer. 

 Besides different designs/geometries, MNs can be fabricated by various materials. One of 

the most important features for MNs is that the MNs designed to break through the skin barrier, 

which requires the mechanical properties of the materials. Once open the skin barrier, the MN 

materials can directly contact the viable skin, and thus the biocompatibility of materials is 

necessary. Moreover, the fabrication feasibility and application purpose both can be valuable 

consideration for the choice of materials for MN development. 
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2.2.2 Non-polymeric MNs   

 The most common nonpolymeric materials (Figure 2.4) for MNs fabrication are silicon, 

metal and alloy, ceramics, glass, and carbohydrates[16, 17]. The fabrication methods for each type 

of non-polymeric materials are typical for their intrinsic factors. Due to the wide adoption in the 

Microelectromechanical Systems (MEMS), silicon was firstly used for the MN fabrication to 

achieve a design with the precision of micron or even sub-micron scale. Silicon is a strong material 

with a tunable elastic modulus. There have been reported using silicon to fabricate solid, hollow, 

and coated MNs using lithography technologies. However, there are several limitations to the 

silicon MNs. The silicon MNs are usually brittle bring the problems of breakages during the 

insertion into the skin. The poor biocompatibility and biodegradability of silicon subsequently 

bring the infection concern. In that case, there are many efforts to improve the biocompatibility of 

silicon MNs, such as surface coating with metals like titanium or gold[18], and fabrication of porous 

biodegradable silicon tips[19]. Furthermore, the current cost for silicon and its complicated 

microfabrication processes could limit its development.  

 Compared to silicon, metals show better biocompatible, especially for stainless steel and 

titanium, which are commonly used in medical implant devices. The most common materials for 

metallic MNs are made from stainless-steel, titanium, palladium, nickel, and alloys, and there have 

been solid, coated, hollow and, porous metallic MNs been reported. The metallic materials are 

most attractive due to their outstanding mechanical properties that not easy to buckle neither 

fracture. Meanwhile, metal MNs have been widely applied in the microelectrode for their 

conductive nature. The challenging part in development of metallic MNs can be the fabrication 

methods, including laser cutting, electrodeposition on sacrificial structures, and manual 
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reassembly. The fabrication methods can be rather costly and time-consuming. Some works show 

valuable exploration for more fabrication methods. Unlike the recent conventional metals, the 

metallic glasses (or amorphous metal) are advance with thermoplastic properties, suitable for 

drawing methods. Hu et al. have reported the development of metallic glass MNs with tunable 

designs (i.e. hollow and solid) and controllable length with good mechanical properties and skin 

penetration[20]. The porous MNs can be favorable for higher drug loading or sampling of skin 

interstitial fluid (ISF) however may suffering from mechanical failure due to low mechanical 

strength. The metal porous MNs can a solution for the above concern. The porous MNs can be 

favorable for higher drug loading or sampling of skin interstitial fluid (ISF) however may suffering 

from a mechanical fracture due to low mechanical strength. The metal porous MNs can a solution 

for the above concern. Jiyu et al. have presented the porous titanium MNs using micro-molding 

with solid-state sintering[21]. The porous titanium MNs with micropores can easily penetrate human 

forearm skin and thus be applied for drug delivery.  Ellen et al reported the porous MN based on 

stainless steel with similar sintering methods prefilled with the porogen[22]. This porous stainless-

steel MN showed fast wicking of metabolite fluid for biosensing.          

 Ceramics materials are inorganic and nonmetallic materials usually metallic and 

nonmetallic elements[23]. Bioceramics including calcium sulfate dihydrate [CaSO4·2H2O] and 

calcium phosphates [CaHPO4 · 2H2O] have applied in bone substitute and verified their 

biocompatibility in the clinic. Besides calcium composite ceramics, alumina (Al2O3), zirconia 

(ZrO2), hydroxyapatite (Ca10(PO4)6(OH)2, HA), and ceramic hybrid materials have been applied 

to fabricate ceramics MNs. The common way to fabricate ceramics MNs is the micro-molding 

method by casting ceramic slurry into the negative MN template followed with sintering. The 

ceramics materials are biocompatible, chemically stable, and can be achieved by a low-cost 
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fabrication process. When comes to mechanical performance, ceramics show good resistance 

towards compression, however, they can be brittle leading to possible break during insertion[24]. 

Glass MNs can be manually fabricated by drawn glass methods, which is easily but not efficient. 

In that case, glass MNs usually fabricated on a small scale for experiment usage. The Glass MNs 

also face the problem of its brittleness[17].  

 While the polysaccharides are classified into polymeric materials, the simple sugars can be 

applied for MN fabrication such as maltose, trehalose, sucrose, mannitol, and other small 

molecular weight carbohydrates. They are commonly considered as safe (GRAS) materials and 

easily achievable with low cost. However, the processing and their instability upon humidity and 

temperature changes limit their practical application.  

2.2.3. Non-degradable and degradable polymeric MNs  

 Except for silicon, silica glass, ceramics, metals, and simple sugar, polymers (Figure 2.4) 

are one of the major groups of materials to fabricate MNs. One obvious advantage of polymeric 

materials is that they are biocompatible and mechanically suitable. Even though they are weaker 

compared to metal and inorganic materials, they are also capable of skin penetration with a better 

toughness to minimize the chance of fracture. The various polymeric materials offer a wide choice 

for medical applications, and usually they are engineerable for their physicochemical properties 

such as mechanical strength, release profiles, and stimuli response.  Based on different drug release 

profile, the polymeric materials can be grouped into four kinds: water-soluble/ dissolvable 

polymers, hydrogel-forming/swellable polymers, biodegradable polymers, and non-biodegradable 

polymers. 
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 Both the non-degradable polymers and biodegradable polymers are the polymers insoluble 

in the water. The biodegradable polymers usually contain the degradable linkers such as ester or 

amide bonds that would break down into small molecules. The release of loaded cargo therefore 

rather through the degradation of the polymeric MN than the dissolution. The representative 

polymers applied for biodegradable MNs are poly(lactic-co-glycolicacid) (PLGA), polylactic acid 

(PLA), polycaprolactone (PCL), poly(glycolic acid) (PGA), and Chitosan. The degradation of 

biodegradable polymers can sustain a duration till fully breakdown, which could be beneficial for 

long-term drug release. The non-degradable polymers show higher resistance of the environmental 

factors. The common non-degradable polymers are polystyrene (PS), poly(methyl methacrylate) 

(PMMA), and epoxy-based SU-8. SU-8 is thermosetting plastic that can using photolithography 

to fabricate the MNs. Most of the biodegradable or non-degradable polymers are thermoplastic, 

which the common fabrication methods are injection molding and hot embossing.  Another 

common method to fabricate MN is micro-molding method, in which the water insoluble polymers 

dissolve in suitable organic solvents. The solvents can be removed by the evaporation. However, 

the possible solvent residue could raise the safety problems. 
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Figure 2.4. The scheme of non-polymeric and polymeric microneedle platforms. (Reprinted 

from Advanced Materials Technologies, Vol 5, Chenjie Xu et al., Advances in the Formulations 

of Microneedles for Manifold Biomedical Applications, Page 3, Copyright (2020), with 

permission from John Wiley & Sons.) 

 

 

2.2.4. Hydrogel polymeric MNs 

 The dissolvable polymers can be applied for short-term drug delivery, from burst release 

within minutes to several days (i.e. sulforhodamine release from carboxymethyl cellulose or 

amylopectin MNs[25]), depending on the solubility of the polymers. The representative water-

solubility polymers include polysaccharides [16, 26](i.e. amylopectin, starch, dextrin, hyaluronic acid 
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(HA), carboxymethylcellulose (CMC), hydroxypropyl cellulose, trehalose), polyacrylic acid 

(PAA)[27], polyvinyl alcohol (PVA)[28], polyvinylpyrrolidone (PVP)[29, 30] , poly(ethylene glycol) 

(PEG)[31], gelatin[32], DNA[33], and their mixtures. Their solubility is commonly contributed by the 

hydrophilic function groups including carboxylic group, hydroxyl group, and hydroxylamine 

group on their polymer chains. Due to their water-solubility, the dissolvable MNs can be fabricated 

using micro-molding methods using their aqueous solutions. In that case, there will be no harsh 

condition to impair the activity of drug or biomacromolecules that sensitive to high temperature or 

organic solvents. Some of the dissovable MNs can also be achieved by drawing lithography 

methods. The visous polymer solutions can form the MN using droplet-born air blowing[29] or 

centrifugal lithography method[34], in which both two methods are under the mild conditions.  

 The hydrogels constitute the polymeric materials which can lock a large amount of water 

in their three-dimensional network bonding to their hydrophilic structures in the polymer chain. 

The hydrophilic/ water-absorbable characteristic links the dissolvable and swellable MNs. By 

applying various chemical or physical crosslinking strategies, the swellable MNs can be developed 

based on the water-soluble materials used in dissolvable MNs development. For example, 

polysaccharides can be modified with crosslinkers to construct the hydrogel-forming MNs. Our 

team modified hydroxyl groups of HA with reaction of methacrylic anhydride to achieve 

methacrylate HA (MeHA), which was further photocrosslinkable under UV exposure[35]. Gelatin 

can undergo a similar modification with methacrylate groups for the gelatin derivative, gelatin 

methacryloyl (GelMA)[36]. Besides the natural polymers, poly(ethylene glycol) diacrylate 

(PEGDA) with the moiety of PEG can be applied for fabrication of swellable MNs for peptide 

delivery[37]. Donnelly et al have applied PEG to crosslink poly(methylvinylether/maelic acid) 

(PMVE/MA) for the  PEG-crosslinked PMVE/MA hydrogel system[38]. Other than the strategies 
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based on the chemical crosslinking, the divalent cations can also be applied in hydrogel-forming 

MN development. Yang et al. mixed the calcium ion with the alginate solution to induce the 

gelation of alginate to form the crosslinked hydrogel MN system[39]. Last but not least, the phase 

transition can be applied to form swellable MNs. Sixing et al used the freeze-thaw cycle to form 

microcrystalline domain inn the PVA matrix and thus fabricated PVA hydrogel, in which PVA 

hydrogel MNs applied as a platform for transdermal delivery of insulin[40].   

 The polymers to construct the swellable or dissolvable MNs, their hydrophilicity enables 

the clean and simple fabrication based on the aqueous phase. One step further than the dissolving 

MNs, the swellable MNs need to include the crosslinking strategies. To preserve the exact replica 

of the master MN geometries, crosslinking methods based on the solid reaction can be applied 

such as the photocrosslinking of methacrylate modified polymers, and phase transition methods 

achieved by freeze-thaw cycles. If the crosslinking of the hydrogel network based on aqueous 

solution, it can be possible to lead the shrinkage of the MN shape as well as the further dissolution 

of the MN matrix after skin insertion.  

 Even the non-hydrogel polymers, metal, and ceramics materials showed good 

biocompatibility, the hydrogel-base materials are considered as closely simulate the natural tissues. 

The hydrogel MNs including dissolvable and swellable MNs they can deliver higher amount of 

cargo compared with coated microneedle or solid microneedle, which is limited by the surface 

loading method or the recovery of skin microporation. When using hydrogel microneedle for drug 

delivery, the preloaded cargo will be released into skin when the needle matrix dissolved, degraded 

or swelled. In other words, hydrogel microneedle can offer various release profiles to meet the 

practical clinic requirements by changing the matrix materials.  After the release of loaded 

therapeutics, the tips of MN systems will be dissolved or swelled, which leaves few or no residuals 
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after applications. The features could be beneficial to reduce the threat of sharp hazards to the 

environment after the disposal.  

 Despite lots of unique strengths owing to the hydrophilic characters, the water-solubility 

can also limit the physicochemical properties of cargo capable for hydrogel MN platforms.  The 

hydrogel materials naturally compatible with the water-soluble molecules including but not limited 

to: 1. Hydrophilic drugs; 2. Biomacromolecules, such as peptide/protein, and nucleic acid; 3. cell 

therapeutics.  The related publications are tabulated in Table 2.1 to summarize the loading cargo 

and application. However, the hydrogel-based MN platform is not compatible with the cargoes 

with poor water solubility, which restricts the application of about 40% of hydrophobic drugs in 

the market.  Eneko et al summarized the major strategies to improve the performance of 

hydrophobic compounds loaded in the hydrogel matrix[41]. First, the water-insoluble components 

can be encapsulated into micelles or nanoparticles, and later loaded into hydrogel-based MNs[42]. 

The second way to enhance the loading capacity of hydrophobic drugs can be achieved by the 

addition of inclusion complexes or hydrophobic moieties in the hydrogel matrix.  Zhou and his 

colleagues modified 𝛽-cyclodextrin moieties on the polymer chain of GelMA to fabricate GelMA-

𝛽-CD MNs, which showed a 5.5-fold increase in the loading capacity of the hydrophobic cargo 

curcumin[43].



Table 2.1. Representative applications of hydrogel MN systems in transdermal drug delivery. 

 

Applications Drugs Drug Properties Hydrogel MNs systems Reference(s) 

Vaccination  

Inactivated influenza virus, 

Hemagglutinin 
Antigen protein PVP, HA, fish gelatin, CMC dissolvable MNs 

[28, 44]
 

Hepatitis B surface antigen Antigen protein HES, PLA dissolvable MNs 
[45]

 

Recombinant HIV antigen Antigen protein PMVE/MA MN dissolvable MNs 
[46]

 

Ovalbumin 
Model antigen, 

protein 

PVP, PMVE/MA, HA, CMC, Dextrin dissolvable 

MNs; Chitosan, PMVE/MA-PEG hydrogel MNs 

[47]
 

Cancer treatment  

anti-PD-1 Antibody protein HA swellable MNs 
[48]

 

Tumor lysates 
Soluble lysate 

proteins 
HA swellable MNs 

[49]
 

5-fluorouracil, doxorubicin, 

docetaxel  

Sparingly water-

soluble small drugs 
PVA, HA dissolvable MNs 

[50, 51]
 

STAT3 siRNA, RALA/E6 

and E7 pDNA 
DNA Dextran, PVP, HA, PVA dissolvable MNs 

[51, 52]
 

Blood glucose 

management  

Insulin Peptide hormone 

PMVE/MA-PEG, HA, PVA, Semi-IPN swellable 

MNs; CMC, gelatin, starch, cellulose, dextrin 

dissolvable MNs 

[40, 53]
 

[32, 54]
 

Exendin-4 
Glucagon-like peptide 

analog 
Alginate swellable MNs, CMC dissolvable MNs 

[55]
 

Metformin HCl 
Water-soluble small 

molecules 
PMVE/MA-PEG swellable MN 

[56]
 

Glucagon Peptide hormone HA swellable MNs 
[57]
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Wound treatment 

VEGF, hemoglobin (O2), 

green tea extract 

Protein or soluble 

exact 

Chitosan, HA dissolvable MNs; Gelatin swellable 

MNs 

[58]
 

Mesenchymal Stem Cells Live cells Gelatin hydrogel MNs 
[59]

 

Scar treatment Gap junction inhibitor Peptide PEGDA hydrogel MNs 
[37]

 

Cosmetics Tranexamic acid 
Water-soluble small 

molecules 
PVP/ methacrylic acid dissolvable MN 

[60]
 

Antibiotic 
Clindamycin, besifloxacin 

HCl, metronidazole 

Water-soluble small 

molecules 

ROS-responsive PVA swellable MN, PVA-PVP, 

PMVE/MA dissolvable MNs 

[61]
 

Antinociception 
Lidocaine, fentanyl 

Water-soluble small 

molecules 
HA, CMC, gelatin, PVA, PVP dissolvable MNs 

[62]
 

CGRP antagonist peptide Peptide CMC dissolvable MNs 
[63]
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Table 2.2. Summary of the FDA approved microneedle platforms and the register clinical studies involving the microneedle 

techniques. The data is achieved from www.clinicaltrials.gov, and referred to the literatures[64]. 

Applications Products Company/ Institute 
Status 

Remarks 

Cosmetic   

Metallic array Dermaroller® Derma spark, Canada FDA approval  

Hollow array 

Dermapen® DermapenWorld 
TM

 Australia  FDA approval  

Skinpen® Precision System Crown Laboratories, Inc., USA FDA approval 

Exceed
 TM

 Microneedling Device Candela Corp., USA FDA approval 

Dissolvable array MicroHyala® 
CosMED Pharmaceutical Co. Ltd., 

Japan 
FDA approval  

Intradermal 

delivery 

Coated array 
Macroflux® Zosano Pharma Inc., USA FDA approval  

3M
 TM

 Coated Microstructured Transdermal System 3M Corp., USA FDA approval 

Hollow array 

BD Soluvia® Becton Dickinson, USA FDA approval 

Micronjet® NanoPass Inc., Israel FDA approval  

3M
 TM

 Hollow Microstructured Transdermal System 3M Corp., USA FDA approval  

Nanoject® Debiotech, Switzerland FDA approval 

Dissolvable array 
VaxMat®, Drugmat® TheraJect Inc., USA FDA approval  

Microcor® Corium International Inc., USA FDA approval 

Microneedle 

patch 
Micro-Trans® Valeritas Inc., USA FDA approval  

Drug 

Delivery  
Vaccine 

IDflu®/Intanza® Sanofi Pasteur, Lyon, France FDA approval  

Dissolvable array/ influenza vaccine Georgia Institute of Technology Clinical trial 

S-OIV H1N1 vaccine, TIV 2010/2011 influenza vaccine The University of Hong Kong Clinical trial 

Flu vaccine (FLUARIX®) NanoPass Inc., Israel Clinical trial 

http://www.clinicaltrials.gov/
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Other drugs 

Insulin Emory University Clinical trial 

C19-A3 GNP Cardiff University Clinical trial 

Botulinum toxin type A 
Mae Fah Luang University 

Hospital 
Clinical trial 

Botulinum toxin type A Aminolevulinic acid University of California, Davis Clinical trial 

IVT aflibercept, Sham SC, SC CLS-TA; CLS-TA; 

Triesence® 
Clearside Biomedical, Inc. Clinical trial 

Adalimumab ID, Adalimumab SC 
Centre for Human Drug Research, 

Netherlands 
Clinical trial 

Topical solution vehicle DUSA Pharmaceuticals, Inc. Clinical trial 

ZP Zolmitriptan Placebo Zosano Pharma Corp. Clinical trial 

Phenoxymethyl penicillin, Penicillin G Imperial College London Clinical trial 

Doxorubicin 
SkinJect, Inc.; University of 

Pittsburgh 
Clinical trial 

Diagnosis 

Glucose measurement  
Emory Children's Center Atlanta, 

USA 
Clinical trial 

Sensing beta-lactam antibiotics NIHR Imperial CRF London, UK Clinical trial 

Allergic skin activity  
University Hospital Zurich，

Switzerland 
Clinical trial 

 

 



2.3. MN-based transdermal biosensing   

 Beyond the other TDD platforms, MN-based technologies provide interaction between the 

external MN matrix and internal skin for bidirectional exchange of materials (i.e. MN-contained 

therapeutics, biomarkers inside skin fluid) as well as its containing information. In recent years, 

MN-based technologies can be applied as a part of non-invasive biosensing to revolutionize the 

long-lasting troubles for the conventional hypodermic needles. The reuse and disposal of the 

hypodermis needle can cause the spread of blood-borne diseases, which is especially in serious 

developing countries. MN-based technologies, such as dissolving and hydrogel MN platforms, can 

reduce the threat of sharp wastes and be developed as one-time usage and access skin tissue instead 

of blood circulation to minimize the risk for the disease spreading.  The needle-based sampling 

requires for the trained personnel. However, MN-based platforms can be self-administrational and 

favorable to develop point-of-care-test (POCT).  

 The general source for POCT detection comes from external secretion (i.e. sweat, saliva, 

urine, and tear) or body fluids (i.e. skin interstitial fluid (ISF) and blood). The external secretions 

can be easier for collection, but they are also limited with fewer biomarkers, relatively low in 

concentration, unstable correlation with blood, and individual differences, which can be difficult 

for accurate detection of physiological biomarkers.  The major reason that the application of skin 

interstitial fluid is limited in the clinical, is its difficulties in the sampling. The conventional 

methods (e. g. microdialysis, suction-blister technique, and micropipettes insert) to sample skin 

interstitial fluid are invasive, complicated, discomfort, and may lead to the potential risk of 

infection. Micro-scale and nano-scale techniques are therefore explored to develop simple, 

efficient, and non-invasive clinical approaches to collect skin interstitial fluid. Besides 
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microneedle technologies, low-frequency ultrasound and reverse iontophoresis can be also 

applied[65]. Their principles are to use the above techniques to increase skin permeability. And later 

for ultrasound-based technique, it can use vacuum over the microporated site to collect the fluid. 

For the iontophoresis method, the fluid can be driven out under the electric current for further 

analysis. Compared to those two methods, microneedle platform: 1. not requiring extra 

complicated device for generation of ultrasound and for iontophoresis; 2. keep fluids inside 

microneedle with contamination from sweating; 3. not restricting the physiochemical properties of 

target analytes.  

 MN-based transdermal biosensing methods mostly are based on skin ISF. According to the 

way MN technologies participate, they can be classified into the following four groups: 1. MN-

based skin fluids sampling and reservoirs; 2 “In- patch” diagnosis, where sensors can be connected 

or integrated with MNs; 3. “On-patch” diagnosis, where sensor modified on MN surface for direct 

analysis of biomarkers. 4. “Out-patch” diagnosis, where MN can deliver sensor into the skin cells 

or lesions for continuous monitoring.  

2.3.1. MN-based devices for biofluid sampling   

 Capillary blood and skin ISF are the two well-studied biofluids for transdermal biofluid 

sampling. Blood sampling achieved by MN-based technologies can offer the chance for self-

collection by patients. To access the dermal blood, the length of the MN should be longer than 

1000µm. Timothy et al developed and patented the MN-based device for painless blood samples[66]. 

The blood sampling device integrated the MNs, high-velocity actuator, vacuum reservoir, and 

microfluidic system, which can automatically collect 100µL of capillary blood with one press.  
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 Skin ISF is another emerging source rich with health-related biomarkers. ISF buffers 

between capillary blood and local tissue which contains both systemic and localized metabolism. 

The ISF showed wide agreement and good correlation with 83% of plasma proteins, meanwhile 

ISF contains 50% of proteins where plasma does not present[67].  Due to the non-clotting nature of 

ISF, ISF-based biosensing shows another strength over that from blood source for the possibility 

of continuous monitoring. Various MN platforms have been showing their capability for ISF 

extraction such as hollow MNs, porous MNs, solid MNs, and swellable hydrogel MNs. Hollow 

MNs are capable of extracting a large volume of ISF (i.e. dozens of µL), powered by the capillary 

force and vacuum/pressure. The porous MNs extract the skin ISF by the capillary force through 

the continuous micro-pores inside the MN matrix, however, may suffer from the blocking 

problem[22]. Mark R. Prausnitz et al. have developed a solid MN platform to sample skin ISF. The 

MN platform comprised a MN array (9 needles, 650µm in length) attached with filter paper strips 

as the reservoir for skin ISF, which can collect about 2µL of ISF within 1 min[68]. Swellable 

hydrogel MNs are attracting more attention for their application in ISF extracting and storage. 

There are several hydrogel MNs systems have been tested including PMVE/MA–PEG MN[69] 

(Romanyuk et al., 0.84mg ISF in 1hr), MeHA MN[35] (Chang et al., 1.4µL in 1 min), 

alginate/PLLA MNs[70] (Sulaiman et al.,  6.5 µL in 2 min), and GelMA MN[71] (Zhu et al., 2.5 mg 

in 10 min). The swellable MNs extract the skin ISF through material absorption, which keeps the 

ISF in the hydrogel reservoir and maintains the integrity of the whole patch. The ISF sampling 

using the MN-based technologies make great progress compared to conventional invasive methods 

and can be recovered into aqueous phase or directly diffuse to the sensors for the following analysis.  
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Figure 2.5. The scheme of microneedle-based technologies for transdermal biosensing. 

(Reprinted from Biomaterials, Vol 232, Gui-Shi Liu et al., Microneedles for transdermal 

diagnostics: Recent advances and new horizons, Page 3, Copyright (2020), with permission from 

Elsevier.) 

 

2.3.2. “On-patch” diagnosis for transdermal biosensing  

 One step further than applying MN-based technologies to access and sample skin 

ISF, MN can be integrated with sensors for direct detection of biomarkers. The MN-based 
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POCT is mostly suitable for frequent administration or continuous monitoring. For the 

collection of ISF or blood, it offers non-invasive and patient-friendly for better user 

experience. However, the lengthy recovery and laboratory equipment-based analysis may 

compromise the prompt detection. The MN-based device can avoid or shorten procedures 

including the sample transfer and assay running. And the working pattern of current MN-

based devices can be summarized in two ways, the “On-patch” or “In-patch” diagnosis. 

 Some representative “On-patch” methods have shown in Fig 2.5 (Fig 2.5 a-d), in 

which the detection of the ISF biomarkers directly happens on the interface between MN 

and skin tissue. Electrochemical detection and surface-enhanced Raman Spectroscopy 

(SERS) are analytical methods that resulted from the surface shift with high sensitivity and 

thus have been applied for “On-patch” methods. Joseph Wang’s team has developed a 

series of MN-based sensor arrays for biomarker detection[72]. The systems commonly 

comprised a three-electrode system (i.e. counter, reference, and working electrodes), where 

each electrode protected with the hollow MNs shell. The electrochemical MN sensor 

systems have applied for the detection of biomarkers including glucose, lactate, alcohol, 

levodopa (medication for treating Parkinson’s disease), opioid, and organophosphorus 

nerve agents, which shows its potential for continuous monitoring of metabolites, 

pharmacokinetics, and toxin in the skin ISF.  Solid conductive MNs (i.e. metal, or metal-

coated, conductive polymers) can act as the electrode for biomarkers detection. For 

example, the MN-based electrode can drastically reduce the skin impedance from SC and 

applied for recording ECG and EGG.  After modified the metal MN electrode with the 

electrochemical assay, it can be capable of detecting the physiological signals. Jin et al. 

developed a solid MN-base biosensing method by coating reduced graphene oxide and Pt 
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nanoparticles (Pt/rGO) on its surface[73]. The non-enzymatic electrochemical MN device 

can be applied for the quantification of H2O2 in vivo. Applying a similar concept, there are 

many enzymatic[74, 75] and non-enzymatic[76] electrochemical assay-based MN electrode 

devices for transdermal detections. 

 The SERS based MN biosensing requires the surface coating of plasmonically 

enhanced nanoparticles (Figure 2.6a). Park et al[77] and Kolluru et al[78] modified with the 

gold nanorods on the surface of solid MNs, while Ju et al[79] integrated silver nanoparticles 

to achieve novel SERS-based MN biosensing.  

2.3.3. “In-patch” diagnosis for transdermal biosensing  

 “In-patch” diagnosis methods mostly based on hydrogel or paper composition inside MN 

devices, where the hydrogel/ paper as a reservoir holding the collected skin ISF for in situ analysis 

for biomarkers (Figure 2.6b). For example, Zhang et al. integrated multiple photonic crystal (PhC) 

barcodes inside the PEGDA-PEG swellable MN, which can detect three inflammatory 

cytokines[80]. Each barcode can specifically recognize biomarkers through immunoassay and 

quantify their concentration based on the fluorescence intensity.  
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Figure 2.6. The scheme of three types of mechanism for microneedle-based transdermal 

biosensing. a) “On-Patch” diagnosis with sensitive detection methods based on surface shift, 

including electrochemical detection and surface-enhanced Raman Spectroscopy (SERS); b) “In-

Patch” diagnosis using analytes absorbed in microneedle matrix  followed with in situ colorimetric 

assay, fluorescence assay or electrochemical assay; c) “Out-Patch” diagnosis to deliver 

fluorescence probe, sensing fibre, and tattoo ink.  

 

 Besides the immunoassay, the colorimetric assay has adopted in MN-based biosensing for 

rapid determination of physiological status.  Nicholas et al developed a hollow MN device with a  

paper-based colorimetric sensor for rapid detection of glucose inside skin ISF[81]. The paper-based 

colorimetric sensor was immobilized with enzymes (i.e. glucose oxidase (GOx), and horseradish 

peroxidase (HRP)) and dye (3,3 ,́5,5 -́Tetramethylbenzidine, TMB) combination, which exhibited 

concentration-dependent blue chromaticity. Wang et al extended the colorimetric assay to the PVA 

hydrogel MN platform[82]. They presented a two-layer swellable MNs device, in which GOx 

loaded inside MN tips and TMB and CaP-encapsulated HRP immobilized on the base layer. The 
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above double-layer structure enabled a robust colorimetric detection of ISF contained glucose.  

The colorimetric detection cannot achieve the high accuracy for biomarker quantification; however, 

they are the most costless and portable methods to give a rapid estimation of biomarker level.  

2.3.4. “Out-patch” diagnosis for transdermal biosensing 

 The MN-based devices can access biofluids including blood and skin ISF to analyze 

containing metabolites, antigens, toxins, pharmacokinetics, cell-free DNA, and even 

immune cells. The above applications are more suitable for short-term monitoring 

otherwise require the fixation of MN for long-last wearing. In that case, MN-based can be 

used to precisely deliver the implantable sensors into subcutaneous areas for long-term 

monitoring, which can be described as an “out-patch” diagnosis.        

 Chen et al applied the MN to deliver implantable glucose sensors for continuous 

monitoring up to 7 days[83]. McHugh et al developed an MN platform to deliver near-

infrared (NIR) fluorescent microparticles (MPs), which can generate a specific NIR pattern 

beneath the skin[84]. When delivering the above NIR MPs together with vaccines, it was 

able to automatically create a record to confirm the successful vaccination with low cost. 

The idea to use MN to precisely implant sensors/ sensing probe to achieve subcutaneous 

monitoring of local tissue and cell activity in relatively long-term.
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3.1. Introduction  

 Early diagnosis and timely intervention are keys to the successful treatment of the 

fibroproliferative disorders of the skin like abnormal scars (hypertrophic scars and keloids). 

Abnormal expression of mRNA tends to precede the cutaneous features of scars and can provide 

a target for earlier treatment, potentially averting the permanent sequelae[85, 86]. Providing specific 

and sensitive probes, the temporal and spatial distribution of mRNA at the cellular level can be 

monitored in a quantitative and non-invasive way,[87] which would allow us to identify the 

abnormal fibroblasts in the skin of live mice and rabbits, and to ex vivo human skin models.[88]  

 Nucleic-acid-based constructs have shown great sensitivity and specificity for in vitro 

mRNA detection and regulation. For example, nucleic acid-based, hairpin molecular beacons are 

capable of visualizing target mRNA by changing their emissive properties upon recognition with 

complementary sequences [89]. The DNA origami can be used to encapsulate the siRNA construct, 

protect it against site-specific cleavage and nuclease degradation, and release it upon recognition 

of an oligonucleotide trigger.[90] These oligonucleotide constructs can be further modified or 

complexed with cargo like doxorubicin to achieve additional treatment.[91] 

 This chapter is to explore the capability of nucleic-acid-based constructs for the detection 

and regulation of a scar-related biomarker, connective tissue growth factor (CTGF) mRNA. 

Increased expression of CTGF mRNA is seen in abnormal scars [86, 88, 92]. As CTGF is a 

downstream protein in the TGF-β /Smad pathway (Figure 3.1B), its expression can be inhibited 

by suppressing expression of the cell surface transforming growth factor receptor I (TGFβRI) by 

treatment with TGFβRI siRNA [93]. 

 Specifically, I develop a nucleic-acid-based theranostic probe (molecular sprinkler) that can 

be delivered through the epidermal barrier with the assistance of microneedles, for measuring and 
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regulating CTGF mRNA in skin fibroblasts (Figure 3.1A). The CTGF molecular sprinkler is 

constructed with three oligonucleotide chains, including a 27-base recognition sequence 

complementary to the CTGF mRNA (Oligo.1), TGFβRI siRNA as a CTGF mRNA suppressor, 

and a connecting sequence (Oligo.2) that bridges Oligo.1 with the siRNA. Hybridization between 

the target mRNA and Oligo.1 results in molecular structural transformation that liberates Oligo.2 

and the therapeutic siRNA.  The fluorescent tag on Oligo.2 is diminished by a quencher dye on 

Oligo.1 when in proximity but fluoresces to report the presence of target mRNA once detached. 

The CTGF molecular sprinkler allows the identification of hypertrophic scar fibroblasts (HSF), in 

contrast to normal dermal fibroblasts (NDF). In addition to detection of high CTGF mRNA 

concentrations in cells for early diagnosis, concurrent release of siRNA silences TGFβRI mRNA, 

reducing stimulation by TGF-β, and consequently inhibiting CTGF mRNA expression. Herein, I 

have confirmed the validity of this diagnostic and therapeutic approach in both 2D cell cultures 

and a 3D hydrogel environment in which the CTGF molecular sprinkler was delivered through 

using a dissolvable microneedle device. 
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Figure 3.1. Schematic of the delivery and working principle of the oligonucleotide-based 

molecular sprinkler, using connective tissue growth factor (CTGF) mRNA detection and 

regulation in abnormal skin fibroblasts as a proof-of-concept. (A) transdermal delivery of the 

CTGF molecular sprinkler and its recognition of cellular CTGF mRNA; (B) down-regulation of 

cellular CTGF mRNA through the suppression of TGFβRI expression. 

 



 

 

Page | 69  

 

3.2. Materials and methods 

 All the materials were purchased from Sigma-Aldrich except as otherwise specified. The 

oligonucleotide sequences and primers of qRT-PCR were purchased from Integrated DNA 

Technologies (Singapore). RQ1 RNase-Free DNase I was purchased from Promega Corporation 

(Singapore). Dulbecco’s modified eagle medium (DMEM) high glucose was purchased from GE 

Hyclone. Fetal bovine serum (FBS), trypsin–EDTA (0.25%), and penicillin–streptomycin (P/S, 10 

000 U/ml) were purchased from Gibco. RNase/RNase-free distilled water and TRIzol® reagent 

were purchased from Invitrogen. 

 Characterization of CTGF molecular sprinkler. Polyacrylamide Gel Electrophoresis: 

All oligonucleotide structures were incubated in 0.3 mol/L HEPES buffer solution containing 

0.1mol/L potassium acetate for 0.5hr to allow hybridization. The oligonucleotide structures with 

nucleic acid sample loading buffer (Bio-Rad Laboratories) were injected in the 12% 

polyacrylamide gel. The gel was run under 100V for 75 min in 1X TBE buffer and post-stained 

with 1X SYBR™ Safe (Thermo Fisher Scientific) for 0.5hr. Later the gel was imaged with a Bio-

Rad ChemDox XRS imaging system. The weight of bands was analyzed and semi-quantified with 

ImageJ. 

 Fluorescence measurement of the complexation of CTGF molecular sprinkler and target 

sequence: The CTGF molecular sprinkler (250 nM) was hybridized with different concentrations 

of CTGF target (5nM-1000nM) for 0.5hr in DMEM solution containing 10% FBS. After 

hybridization, 60 µl of each sample was added in 96-well plate. The samples were measured with 

fluorescence microplate reader (Genios, TECAN) (excitation: 548nm, emission: 570 nm). 

 Fabrication of CTGF molecular sprinkler-loaded HA microneedles. The stainless-steel 

microneedle array (1000μm height, 300μm pitch, 300μm base diameter) was purchased for 
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Micropoint Technologies Pte Ltd (Singapore). The negative polydimethylsiloxane (PDMS, Dow 

Corning 184 Sylgard)) mold was made to intaglio the master mold. The mixture of base and curing 

agent (base: curing agent= 10:1) of PDMS solution was pour over the master mold and degassed 

for 10 min under 25mmHg. The PDMS solution was solidified under 70°C for 1hr to form 10 mm 

thick PDMS mold. Sodium hyaluronic acid (HA, Mw=48kDa) was purchased from Freda Biochem 

Co., Ltd. (China). The mixture of 250nM CTGF molecular sprinkler and 2.5 μL/mL 

Lipofectamine® 2000 was added into100 mg/ml HA solution and stirred slowly until homogenous. 

Each patch was casted with 40 μL of mixed solution and centrifuged at 4000 rpm for 10 min to fill 

the needle voids.  After naturally dried in the fume hood overnight, each patch was casted with 

200 μL of 100 mg/ml HA solution to fill the base of the patch. The patch was naturally dried again 

for overnight and carefully peeled out from the PDMS mold. Similar methods were applied for 

HA microneedle and fluorescein isothiocyanate–dextran (FITC-Dextran, Mw=40,000Da) loaded 

microneedle. Specially in FITC-Dextran microneedle, 50ug of FITC-Dextran was loaded in the tip 

of each patch. The morphology of the microneedle patches was studied by digital (Leica DVM6) 

and scanning electron (SEM, JEOL JSM 6701F) microscopy. 

 Cell culture and molecular sprinkler delivery. All the cells, including normal dermal 

fibroblasts (NDF) and hypertrophic scar fibroblasts (HSF) were purchased from CellResearch 

Corporation Pte Ltd and cultured in high-glucose DMEM supplemented with 10% FBS and 1% 

P/S (37°C, 5% CO2). The complete culture medium was replaced every two or three days. The 

cells were seeded in the 48-well plate one day before the cell labelling at 90% confluency. The 

250 nM CTGF molecular sprinkler solution was mixed with 2.5 μL/mL Lipofectamine® 2000 in low 

serum (1% FBS) solution and incubated with the cells for 2hr. After labelling, the cells were 
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washed with 1XPBS solution for twice and replaced with the original culture medium (10% FBS) 

for 2 hr.  

 Regulation of cellular CTGF mRNA expression. The NDF cells or HSF cells were 

seeded in a 48-well plate at around 90% confluency. Each well was cultured with 250 μL low 

serum (1% FBS) DMEM medium supplemented with 20 ng/mL of TGF-β1 or 25 μM RepSox for 

24 hr to upregulate or downregulate the CTGF mRNA expression. After CTGF mRNA regulation, 

the low serum DMEM medium was replaced by complete culture medium for 2 hr. When TGFβRI 

siRNA and CTGF molecular sprinkler were applied to regulate CTGF mRNA expression, the NDF 

or HSF were transfected with 250nM of siRNA or CTGF molecular sprinkler for 8 hr. After 

transfection, the cells were washed by 1XPBS for twice and then recovered in full medium for 

36hr before qRT-PCR test. 

 3D cell culture in agarose hydrogel and molecular sprinkler delivery. About 200,000 

NDF, TGF-β1 treated NDF and HSF cells were suspended in 200 μL culture medium. 200 μL of 

3% agarose solution was preheated to melting and cooled down to around 40°C before being mixed 

with the cell suspension. 300 μL of the mixture of agarose and cells were added into each well of 

a 48-well plate. After the agarose hydrogel solidified, each well was treated with 200 μL of culture 

medium and cultured overnight. The CTGF molecular sprinkler -loaded microneedle was inserted 

into the 3D agarose hydrogel for 2 min before removal of the remaining patch base. After 

microneedle insertion, the 3D agarose hydrogel was cultured for 4 hr before imaging. The nuclei 

of each type of cells was stained with NucBlueTM Live Cell Stain from Invitrogen followed per 

manufacturer’s protocol.   

 Confocal imaging. The 2D samples were fixed for 10 min with pre-chilled 4% 

paraformaldehyde solution. The 3D hydrogel samples were fixed for 30 min with pre-chilled 4% 
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paraformaldehyde solution. The confocal images were obtained using Confocal Microscope LSM 

800(Zeiss) and processed using ZEN 2.3 software. 

 qRT-PCR analysis. At the designed time points, cells were lysed with TRIzol® Regent, 

and total RNA was extracted from lysates and purified with the RNeasy Mini Kit (Qiagen, 

Singapore Pte. Ltd.) per manufacturer’s protocol. After quantification of the total RNAs with 

NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific), the reverse transcription 

was performed using the kit. qRT-PCR was performed on CFX ConnectTM Real-Time PCR 

System (Bio-Rad Laboratories) using SYBR Green PCR Master Mix Kit (Bio-Rad Laboratories) 

and 150 nM of designed primers[94]. The primer sequences used for qRT-PCR are shown in Table 

3.1. For qRT-PCR, the following conditions were used: polymerase activation at 95°C for 10 min, 

40 cycles of denatured at 95°C for 10 seconds with extension at 60°C for 1 min per cycle. The 

ΔΔCt method was used to analyze the fold-change of gene expression against untreated NDF.   

3.3. Results  

  As noted, the CTGF molecular sprinkler is composed of three oligonucleotides (Oligo.1, 

Oligo.2, and siRNA duplex) (Figure 3.2A). Oligo.1 is a 27-nucleotide recognition sequence 

complementary to the same length oligonucleotide surrogate for CTGF mRNA. The target 

surrogate was selected by Basic Local Alignment Search Tool (BLAST) with the Expect Value of 

3×10-6 (Human genomic and transcript database), which indicates a low background signal and its 

suitability as a target surrogate.  

 I studied the influence of the length of the hairpin loop section in Oligo.2 on the yield of 

CTGF molecular sprinkler. Three Oligo.2 sequences with the hairpin loop of 10, 12 and 14 bases 

(Oligo.2-H10, Oligo.2-H12, Oligo.2-H14) were hybridized with the recognition sequence (Oligo.1) 



 

 

Page | 73  

 

and TGFβRI sense siRNA (Figure 3.3A) to form the sense-molecular sprinkler complex. The sense 

molecular sprinkler had a weight of approximately 106bp, with Oligo.2-H12 having the heaviest 

band among the three sequences. The overall yield was calculated by dividing the weight of the 

molecular sprinkler band by the total weight of all bands. As shown in Figure Fig 3.3B, Oligo.2 -

H12 provided the highest yield of the molecular sprinkler and thus was chosen for study. Lastly, 

to enable siRNA to assemble within the molecular sprinkler, the sense sequence of TGFβRI siRNA 

was modified with an 8 base-long overhang at the 3’- end, which didn’t cause any significant 

difference in suppression of CTGF mRNA expression in HSF (Figure 3.4).  

 The CTGF molecular sprinkler complex and its recognition of the target oligonucleotide 

sequence were examined by polyacrylamide gel electrophoresis (Figure 3.2B). The three 

components (detection oligo.1, linking oligo.2 and gene regulating TGFβRI siRNA) hybridized as 

the molecular sprinkler with a total weight of 133bp (5th column, Figure 3.2B).  When the 27- 

nucleotide CTGF mRNA surrogate was added, the molecular sprinkler dissembled into three 

complexes: Oligo.1-CTGF-surrogate-complex, Oligo.2, and the siRNA duplex (6th column, 

Figure 3.2B). 
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Figure 3.2. Development and characterization of CTGF molecular sprinkler: (A) Illustration 

of the separation of molecular sprinkler components in the presence of the target sequence; (B) 

Electrophoretic analysis of the CTGF molecular sprinkler, its three component oligonucleotides, 

and their separation in the presence of target; (C) Electrophoresis analysis of the molecular 

sprinkler’s sensitivity to various concentrations of target sequence; (D) Profile of molecular 

sprinkler integrity and siRNA release in the presence of different concentrations of target sequence; 

(E) Fluorescence signal change of solutions containing 250nM CTGF molecular sprinkler in the 

presence of different concentrations of target sequence for 1 hr. Inset is the linear region of the 
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curve; (F) Fluorescence signal change of 250nM CTGF molecular sprinkler in the presence of 

250nM CTGF target or 0nM, 100nM, 250nM and 1000nM scramble sequence. 

   

 

 

Figure 3.3. Optimization of Oligo.2 sequence with different lengths of the hairpin loop. (A) 

Electrophoresis analysis of sense-molecular sprinkler formation with Oligo.2-H10(Oligo.2 

sequence with hairpin loop of 10bp, Column 2-3), Oligo.2-H12(Column 4-5) and Oligo.2-

H14(Column 6-7); (B) Quantification of yield with three types of Oligo.2. 
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Figure 3.4. The suppression of CTGF mRNA expression in HSF by scrambled molecular sprinkler 

(Scrambled MS1: molecular sprinkler with TGFβRI siRNA replaced by the scrambled siRNA; 

Scrambled MS2:  molecular sprinkler with Oligo.1 targeting scrambled sequence), molecular 

sprinkler, original TGFβRI siRNA and TGFβRI siRNA medicated with overhang. 

 

 

Figure 3.5. Comparison of molecular sprinkler fluorescence signal in HEPES buffer and in 

DMEM cell culture medium (with 10% FBS).  [molecular sprinkler] =[CTGF]=0.25 μM. 

 

 The sensitivity of the probe was studied by complexing it with different concentrations of 

CTGF mRNA surrogate (Figure 3.2C). As the concentration of the CTGF mRNA surrogate 

increased, the concentration of the intact molecular sprinkler decreased and the concentrations of 

three detached complexes increased (Figure 3.2C&D). Given the restoration of Oligo.2 pre-

quenched fluorescence with detachment, the fluorescence signal positively correlated with CTGF-

mRNA concentrations with a linear relationship between 10nM to 250nM CTGF (R2=0.996) 

(Figure 3.2E). The addition of Fetal Bovine Serum (FBS) did not cause any influence (Figure 3.5).  
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 The specificity of the molecular sprinkler was examined by comparing 250nM CTGF 

surrogate and different concentrations of scramble sequence (0nM, 100nM, 250nM and 1000nM). 

The target generated a positive and maximal signal above background levels within 10 min (Figure 

3.2F). In contrast, no concentrations of scramble sequence produced a readable fluorescence signal 

by 120 mins. 

 The CTGF molecular sprinkler was tested in three types of skin cells (HSF, NDF, and TGF-

β1-treated-NDF (NDF/TGF-β1)). The molecular sprinkler was transfected into cells using 

Lipofectamine® 2000 and examined by confocal microscopy 4 hr after incubation. HSF cells 

showed the highest fluorescence signal, 6.9 times higher than that of NDF (Figure 3.6A&B), while 

the NDF/TGF-β1 cells with upregulated CTGF mRNA showed a 3.4 higher signal than untreated 

NDF. The cellular fluorescence signal from the CTGF molecular sprinkler matched qRT-PCR 

results, showing a good correlation for NDF, NDF/TGF-β1 and HSF (R2=0.994) (Figure 3.6C). 

 To further validate the sprinkler construct, HSFs were treated with the inhibitors and 

enhancers in the TGF-β1/Smad pathway (Figure 3.6D). TGF- β1 is known to upregulate CTGF 

expression, while the Sox2 replacement (RepSox) inhibits the downstream TGF-β receptor.[95] 

After treatment with TGF- β1, the fluorescence signal in HSF/TGF- β1 was 1.6-fold higher than 

untreated HSF. HSF cells treated with RepSox showed a 22% reduction in fluorescence signal 

(Figure 3.7).  
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Figure 3.6. Cellular CTGF mRNA detection with the CTGF molecular sprinkler. (A) 

Confocal imaging of hypertrophic scar cells (HSF, a&d), TGF-β1 treated NDF (NDF/TGF-β1, 

b&e), and NDF (c&f) after detection with the molecular sprinkler. (B) Quantification of CTGF 

molecular sprinkler signal in A. (C) Correlation plot between the CTGF molecular sprinkler signal 

and CTGF mRNA expression (normalized to human GAPDH mRNA). (D) Confocal images of 

HSFs (Ctrl, a&d), HSF treated with TGF-β (b&e), and HSF treated with RepSox ((c&f)), detected 

with CTGF molecular sprinkler. ***: p<0.005. **: P<0.01. *: P<0.05. ns: no significant difference. 

Scale bar is 100 μm. 
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Figure 3.7.  Quantification of molecular sprinkler signal on untreated HSF, HSF treated with TGF-

β, and HSF treated with RepSox. All samples were compared with untreated HSF by using one-

way ANOVA.  ***: p<0.005. 

 

 Besides detecting cellular CTGF mRNA, the CTGF molecular sprinkler also regulated 

CTGF mRNA expression in skin fibroblasts. Two days after CTGF molecular sprinkler treatment, 

I observed a 13% reduction of CTGF mRNA in HSF cells, which was comparable to the treatment 

of the same amount of TGFβRI siRNA (Figure 3.8A). In TGFβ1-treated NDF, CTGF mRNA 

expression decreased by 21%, but there was no significant decrease of CTGF mRNA in NDF. The 

gene silencing effect of the CTGF molecular sprinkler was further confirmed by re-introducing 

CTGF molecular sprinkler (Figure 3.8B). I noticed a significant decrease in the fluorescence signal 

in HSF cells that were pre-treated with the CTGF molecular sprinkler two days ahead (50%; Figure 

3.8B & Figure 3.9). 
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Figure 3.8. Cellular CTGF mRNA regulation with molecular sprinkler. (A) qRT-PCR 

quantification of CTGF mRNA expression (normalized to GAPDH) of CTGF mRNA in HSF, 

NDF/TGF-β1, and NDF after the treatment with molecular sprinkler and TGFβRI siRNA. (B) 

Confocal imaging of HSF cells that were applied with molecular sprinklers to confirm the 

therapeutic outcome after two days of CTGF molecular sprinkler treatment. Scale bar is 100 μm. 

**: P<0.01. *: P<0.05. ns: no significant difference. 
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Figure 3.9.  Quantification of molecular sprinkler signal on untreated HSF, HSF treated with 

molecular sprinkler and NDF. All samples were compared with untreated HSF by using one-way 

ANOVA.  ***: p<0.005. *: P<0.05. 

 

 To simulate transdermal delivery, the molecular sprinkler was loaded into dissolvable 

microneedles (Figure 3.10). The hyaluronic acid (HA) microneedle was chosen for its 

biocompatibility, quick dissolvability, high loading efficiency, and sufficient mechanical 

properties.  The microneedle patch was fabricated by casting HA and a solution containing the 

molecular sprinkler into a negative polydimethylsiloxane microneedle mold. As shown in Figure 

3.7, the integration of the molecular sprinkler in the HA matrix did not significantly compromise 

the structural integrity of the molecular sprinkler. The microneedles had a needle height of 

573.3±10.4μm (Figure 3.10B), which could allow the complex to reach the dermal layer of the 

skin without causing irreversible damage[96]. The microneedle patch dissolved in the hydrogel 

within 2 minutes and the carried siRNA was accordingly released (Figure 3.11).  

 I tested the function of the molecular sprinkler-containing microneedle patch in a 3D cell 

culture model, in which cells were seeded in 1.5% agarose hydrogel (Figure 3.10C). The complex 
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was carefully applied on the top of the 3D cell hydrogel for 2 mins to allow the dissolution of the 

microneedle and release of the loaded CTGF molecular sprinkler (Figure 3.10D). Hydrogel pores 

caused by microneedle insertion were clearly observable in the bright field image in Figure 3.10E. 

The CTGF molecular sprinkler signal from HSF-containing hydrogel was almost twice that in the 

hydrogel with NDFs (Figure 3.10F). Treatment with TGF-β1 increased the molecular sprinkler 

signal 1.3-fold in NDF cells. The CTGF signal for 3D cultured HSF and NDF/ TGF-β1 showed 

spatial distribution. The cells surrounding the microneedle pore showed higher signal compared 

with remote area. This spatial distribution was caused by the inhomogeneous distribution of 

molecular sprinkler, which depends on the morphology of the agarose gel. 

Two days after treatment with the CTGF molecular sprinkler, CTGF mRNA expression, as 

quantified by qRT-PCR, was reduced by ~85% in both HSF and NDF/ TGF-β1 and was 

comparable to treatment with TGFβRI siRNA alone (Figure 3.10G). 
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Figure 3.10. CTGF molecular sprinkler for cellular CTGF mRNA imaging and regulation 

in 3D hydrogels using dissolvable microneedle delivery: (A) Schematic of the fabrication 

process of the CTGF molecular sprinklerloaded HA microneedle patch. (B) Optical and SEM 

images of the CTGF molecular sprinkler loaded HA microneedle patch. Scale bar is 500 µm. (C) 
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Illustration of the delivery of CTGF molecular sprinkler with HA microneedles. (D) 3D confocal 

image of HSF-containing hydrogel after treatment with the CTGF molecular sprinkler.  (E) 

Confocal images of and (F) Quantification of the Z projection (350um depth) signal of CTGF 

molecular sprinkler in HSF (a,d,g), NDF/TGF-β1(b,e,h), and NDF (c,f,i) in 3D hydrogels after 

treatment with the CTGF molecular sprinkler probe. Scale bar is 100 μm. (G) qRT-PCR analysis 

of CTGF mRNA expression (normalized to GAPDH) in NDF, TGF-β treated NDF, and HSF. Cells 

were treated with CTGF molecular sprinkler or the equal amount of TGFβRI siRNA. ***: p<0.005. 

**: P<0.01. *: p<0.05. ns: no significant difference. 

 

 

Figure 3.11. Release property of the HA microneedle patch. (A) Optical image of microneedle 

patch after insertion into 1.5% agarose hydrogel for 0s, 5s, 15s, 30s, 45s, 60s and 120s. Scale bar 

is 500μm. (B) The cumulative cargo release profile of HA microneedle loaded with 40kDa FITC-

Dextran as model cargo.   

A B
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3.4. Discussion   

 This study shows the ability of an oligonucleotide-based theranostic probe (in this case, our 

molecular sprinkler) to measure the level of intracellular CTGF mRNA expression and inhibit its 

expression in skin fibroblasts through suppressing an upstream receptor (i.e. TGFβRI).  To stress 

two functions of the molecular sprinkler, CTGF mRNA and TGFβRI were chosen as targets for 

detection and mRNA regulation. CTGF mRNA was specifically and highly expressed in HSF from 

normal fibroblasts, enabling CTGF mRNA a suitable detection target for scar detection and mRNA 

regulation. TGFβRI siRNA, targeting upstream receptor TGFβRI, showed efficient in vivo CTGF 

mRNA suppression, which even better than CTGF mRNA antisense.  

 In vitro, CTGF molecular sprinkler showed good sensitivity (10 nM) (Figure 3.2C&E) and 

specificity (Figure 3.2F) towards CTGF mRNA with negligible interference by serum proteins 

(Figure 3.5). It distinguished abnormal (HSF and NDF/TGF-β1) from normal fibroblasts (Figure 

3.6) with results that correlated well with those of qRT-PCR. Although detection of cellular CTGF 

mRNA was achieved quickly after CTGF molecular sprinkler entrance into cells, the suppression 

of CTGF mRNA expression was only observed 2 days later. This delay is not surprising, because 

the expression of TGFβRI (a receptor upstream of CTGF mRNA) takes time post the siRNA 

regulation. The recognition of CTGF mRNA with the molecular sprinkler didn’t significantly 

contribute to the suppression of CTGF mRNA (Figure 3.4). The suppressive effect of molecular 

sprinkler was comparable to direct treatment with TGFβRI siRNA under the same concentration 

in both 2D and 3D environments (Figure 3.8A and Figure 3.10G).  

 This suggests that the properties of siRNA were maintained during the assembly of the 

CTGF molecular sprinkler. To visualize this regulation, CTGF molecular sprinkler can be 

reintroduced into cells for fluorescence imaging. 2 days after treatment with molecular sprinkler, 
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there was a significant downregulation (~85%) of cellular CTGF mRNA in both HSF and NDF/ 

TGF-β1 (Figure 3.10G).  One thing to note is that NDF/TGF-β1 cells were derived by treating 

NDF with TGF-β1. The incubation time was set at 24 hours, when there was maximal induction[97]. 

Once the CTGF mRNA reached the highest expression, the cells were treated with other agents 

like Repsox and CTGF molecular sprinkler. The in vitro siRNA silencing was not very efficient, 

which may result from poor nuclease resistance of molecular sprinkler and the downstream effect 

of CTGF mRNA. The silencing effect similar between free siRNA and molecular sprinkler, which 

molecular sprinkler didn’t play as a protector before siRNA release as well as uncomplexed siRNA 

existed. The better suppression of CTGF mRNA by the molecular sprinkler in 3D vs. 2D was 

surprising (Figure 3.8A&B vs. Figure 3.10G) It is possible that the molecular sprinkler 

concentration around the cells in 3D was higher than in 2D, promoting better cell uptake in 3D[98]. 

 In this proof-of-concept study, I have shown the potential value of molecular sprinkler for 

both detection of upregulated genes and their suppression as therapy. The molecular sprinkler 

currently detects CTGF mRNA through in situ hybridization, which can be integrated with signal 

amplification (i.e. rolling-circle amplification) and ultrabright fluorescence (i.e. quantum dot). I 

also realize that this linear and simple oligonucleotide-based structure provides limited protection 

to the nuclease, leaving it susceptible to degradation.  Future modification of oligonucleotide 

backbone or integration of molecular sprinkler with nanoparticles and a more complex 

oligonucleotide structure or alternatively with DNA may promote greater persistence of the gene-

suppressive effective as well as reduce the signal background for higher detection sensitivity. 
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Table 3.1. Oligonucleotide sequences for the designed molecular sprinkler and primer 

sequences for relevant genes. The binding regions were marked by underlining, 

bolding the font and grey highlighting. 
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3.5. Conclusions  

 Early diagnosis and timely intervention are keys for successful treatment of skin diseases 

like abnormal scars. This chapter introduces a nucleic-acid-based theranostic probe (i.e. molecular 

sprinkler) for the diagnosis and spontaneous regulation of the abnormal expression of fibrosis-

related mRNA in scar-derived skin fibroblasts. Using mRNA encoding connective tissue growth 

factor (CTGF) as the model gene, I construct a probe with three oligonucleotides, including a 

recognition sequence complementary to the CTGF mRNA, a siRNA against transforming growth 

factor receptor I (TGFβRI) as the CTGF mRNA suppressor, and a connecting sequence. The probe 

can detect CTGF mRNA with a limit of 10 nM and distinguishes abnormal fibroblasts from normal 

ones in both 2D and 3D environments. Two days after transfection, the siRNA released from the 

probe reduces the expression of TGFβRI and, consequently, decreases the cellular expression of 

CTGF mRNA (up to 70%). This dual-role probe presents opportunities to monitor the TGF- β 

signalling pathway, screen for drugs that target the CTGF pathway, and determine the role of 

inhibition of the CTGF pathway in therapeutic efficacy. 
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4.1. Introduction  

 Interstitial fluid (ISF) is an attractive alternative as a body fluid in providing a wide range 

of health-related biomarkers for clinical analysis.[99] Since skin is the most accessible organ and 

contains abundant ISF in dermal layers, sampling skin ISF is prevalent for clinic diagnosis. 

However, existing sampling methods, such as suction blister, micro-dialysis and open-flow micro-

perfusion, are time-consuming, cumbersome, patient-unfriendly, requiring medical expertise and 

specialized equipment.[100] Microneedles (MNs) have then been proposed for the extraction of skin 

ISF due to their minimally-invasive and easy-to-administrated properties.[35, 67, 101] Hydrogel-based 

swellable MNs are especially attractive because of their simplicity, efficiency, and 

biocompatibility. Samant et al recently showed that polyvinyl alcohol (PVA)-based hydrogel patch 

could collect ISF from ex vivo pig skin[67] while our group developed the methacrylated hyaluronic 

acid (MeHA)-based hydrogel patch for ISF extraction from mouse skin in vivo without external 

devices.[35] Although the results from both systems were exciting, they were limited to the 

sampling time for the collection of the sufficient volume of ISF (1-10 μL) and the additional steps 

for quantifying the biomarkers in ISF. 

 Assuming that both aforementioned systems maintain their performance in human skin as 

those in pig/mouse skin, PVA patch with 100 MNs can only extract 0.3 μL ISF after 12 hours, 

while MeHA patch with 100 MNs required 20 minutes to collect 2.5 μL ISF. 20 minutes collection 

time is acceptable for the examination of biomarkers like cancer biomarkers or cholesterol that are 

relatively stable during this collection period but is definitely too long for biomarkers like O2 and 

glucose whose concentration fluctuates frequently in the body. In addition, both platforms only 

allow the extraction of skin ISF. They still require the separation of ISF from MNs (e.g. 

centrifugation) and the following analysis of biomarkers with the conventional methods. This 
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multi-step operation might take additional 10 minutes that may compromise the convenience and 

painlessness of the MN-based method as compared with the current blood sugar meters, because 

there will be water evaporation and potential loss of biomarker activities during the relatively 

lengthy operational procedure. It would be ideal if the hydrogel MN can provide a few microliters 

of ISF within a few minutes (<5 minutes) and in situ analysis of biomarkers in the extracted ISF.  

When hydrogel MNs sample ISF in the skin through swelling, it competes with the skin tissue. 

Hydrogel matrix with the higher swelling ability (that is dependent on the water affinity of the 

matrix, cross-linking density, and the interactions between the solvent molecules and the 

matrix[102]) would allow the collection of a larger volume of skin ISF in a shorter period. This 

explains why MeHA MNs extracted more ISF than PVA MNs with much shorter collection 

time.[103] On the other hand, it is well known that additional osmotic pressure can increase the 

swelling capabilities of the hydrogel.[104] This additional osmotic pressure can come from the 

introduction of counter ions[105] or osmolytes[106], which increase the water holding capability of 

the hydrogel or skin samples. Therefore, I hypothesized that an effective and efficient hydrogel 

MN patch for skin ISF extraction should be made of materials with high swelling ability plus 

osmotic pressure-enhancing agents. The timely analysis can be achieved through the integration 

with an electronic biosensor placed on the base of the MN patch. 

 

4.2. Materials and methods  

 Sodium hyaluronic acid (HA, Mw 300 kDa) was purchased from Freda Biochem Co.,Ltd. 

(China). Methacrylic anhydride (MAA, 276685), N, N-Dimethylformamide (DMF, 227056), 

maltose (M5885), sodium chloride (S9888), sodium lactate (L7022) glucose (G8270), water 
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soluble cholesterol (C4951), insulin (I2643), glucose assay kit (GAGO20), and cholesterol 

quantitation kit (MAK043) were purchased from Sigma-Aldrich (USA). Insulin ELISA Kit (90096) 

was purchased from Crystal Chem (USA).  Phosphate buffered saline (1X) (PBS) was purchased 

from Lonza (Singapore). All other materials were purchased from Sigma-Aldrich except as 

otherwise specified. Animal studies were performed in compliance with guidelines set by 

Institutional Animal Care and Use Committee (IACUCs: NTU # A18001). 

 Synthesis of methacrylate modified hyaluronic acid (MeHA).  The MeHA was 

synthesized using the previously published paper with sight revision[35]. 1.0 g HA was dissolved 

in the 50 ml deionized water at 4°C until complete dissolution. 33 mL DMF was added into the 

HA solution under vigorous stirring to achieve water/ DMF mixture (3:2, v/v).  Then 1.22 g MAA 

(3 mol equivalent to HA repeating units) was added dropwise into the mixed solution for 4 hours, 

while the pH was consistently maintained at 8-9 with 1 M NaOH solution. The reaction was kept 

at 4°C under continuous stirring overnight.  Subsequently, NaCl was dissolved in the solution 

before ethanol precipitation. The precipitated MeHA was collected and washed by ethanol for 

three times. Finally, MeHA was dissolved in water and purified by dialysis against deionized water 

for 7 days. The purified product was obtained by lyophilization and stored at 4°C before usage. 

Finally, MeHA was characterized by 1H NMR spectroscopy (Bruker Avance II 300MHz NMR) to 

determine methacrylation degree. 

 Fabrication of osmolyte-containing MeHA MN patches. The stainless-steel MN mold 

(10X10 array, 1000 μm height, 300 μm pitch, 300 μm base diameter) was purchased for Micropoint 

Technologies Pte Ltd (Singapore). The negative PDMS mold was made to intaglio the master mold. 

The mixture of PDMS solution (base: curing agent=10:1, w/w) was poured over the stainless-steel 

master mold and degassed under 25 mmHg pressure for 15 minutes. The negative PDMS mold 
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was later solidified under 70 °C for 1 hour and gently peeled off from master mold. Then 50 mg/mL 

MeHA, 0.5 mg/mL photoinitiator (Irgacure 2959), and osmolytes at designed concentrations (Mal-

MeHA: 0, 10, 25, 50, 100, or 200 mg/ml maltose for Mal0.25-MeHA, Mal0.5-MeHA, Mal1-

MeHA, Mal2-MeHA, or Ma4-MeHA, respectively; SC-MeHA: 292 mM sodium chloride; SL-

MeHA: 292 mM sodium lactate) were dissolved in the deionized water. The osmolyte-MeHA 

solution was casted into the PDMS mold and centrifuged under 4000 rpm for 5 minutes to fill up 

the voids. Each MN patch was casted with 450 μL solution and naturally dried in the fume hood. 

The MN patches were carefully peeled off from PDMS mold and trimmed. The osmolyte-MeHA 

MN patches were crosslinked under exposed to UV light (wavelength = 360 nm, intensity = 17.0 

mW/ cm2, model 30, OAI) for designed time (5, 10, or 15 minutes). Crosslinked osmolyte-MeHA 

patches with different crosslinking degrees were named as CL5, CL, and CL15 for the UV 

exposure time of 5, 10, and 15 minutes and finally stored in the digital dry cabinet (humidity < 

40%). The morphology of MN patches was obtained by field-emission scanning electron 

microscope (FESEM, JEOL JSM-6700, Japan) and the microlens-equipped digital camera.  

 Compression test of Mal-MeHA MN patches. The compression test of Mal-MeHA MN 

patches was examined on the mechanical tester (MTS C42, USA). The MN patches were placed 

with the tips facing upward on the flat stainless-steel platen (EnviroBath Optional Steel Platen 

Grip.02), while the vertical force was applied on the tips of MNs at a strain rate of 0.5 mm/min. 

The displacement and the loading force were recorded accordingly until a predefined force of 0.32 

N/needle was achieved. The compression test of Mal2-MeHA MN patches with different exposure 

period was examied on the mecahnical tester (Instron 5543 Tensile Meter) with the compression 

grip. The same condition was adopted for the compression test.  
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 In vitro penetration of Mal-MeHA MN patches. Mal-MeHA (i.e. MeHA, Mal0.25-

MeHA, Mal0.5-MeHA, Mal1-MeHA, Mal2-MeHA, and Mal4-MeHA) MNs were inserted into 

the fresh porcine ear skin by the thumb force and kept for 3 minutes. The morphology of Mal-

MeHA MN and the appearance of porcine ear skin before and after insertion were recorded by the 

microlens-equipped digital camera. The porcine skin tissue was later assessed histologically for 

the penetration depth. 

 Swelling assay of Mal-MeHA MN and MeHA MN patches. The Mal-MeHA MN patches 

were placed into the PBS solution for 60 minutes to an equilibrium state. The weights of MN 

patches before and after the immersion were used for the calculation of the swelling abilitiy of MN 

patches based on the following equation: 

𝑅𝑆𝑊 =
𝑊𝑡 − 𝑊0

𝑊0
 

 Setup of optical coherence tomography (OCT) system. A lab-built OCT system (Scheme 

4.1A) was employed for imaging. Its laser source was a superluminescent diode array (Superlum 

Broadlighters T-850-HP, Carrigtwohill, Ireland). I used a spectral range of 100 nm centered at λc 

= 895 nm, rendering an axial resolution of ~2.5 in tissue. The light generated by the laser source 

was split by a broadband 50:50 fiber coupler (TW850R5A2, Thorlabs, Newton, New Jersey, USA) 

to the reference arm and the sample arm. The refractive components in the reference and sample 

arms were identical so that the dispersion is balanced between the two arms. The reference arm 

included a polarization controller (PC), an achromatic collimation lens (L1) (AC080-015-B-ML, 

Thorlabs, Newton, New Jersey, USA), a focusing lens (L2) (AC127-050-B-ML, Thorlabs, Newton, 

New Jersey, USA). The sample arm has a galvo scanner (GVSM001/M, Thorlabs, Newton, New 

Jersey, USA) in between the collimation lens L3 (identical to L1) and the objective lens L4 

(identical to L2). The illumination power on the sample was measured to be about 3.3 mW.  
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The light back-reflected from the reference arm and those backscattered from the sample 

arm were recombined by the fiber coupler to generate interferometric signals, which finally were 

guided to a spectrometer. The spectrometer was comprised of a collimation lens L5 (AC127-030-

B-ML, Thorlabs, Newton, New Jersey, USA), a diffraction grating (1765l/mm, PING-Sample-020, 

Ibsen Photonics, Farum, Denmark), a camera lens (85 mm, f/1.8D, Nikon, Melville, New York, 

USA), and a line scan CCD array (AViiVA EM4, e2V, Chelmsford, UK). The detected signal was 

transferred to a computer through camera link cables and an image acquisition board (KBN-PCE-

CL4-F, Bitflow, Woburn, MA, USA) at 12-bit digital resolution.  

 OCT imaging of MN patch’s swelling in porcine skin. When the OCT was used for real-

time imaging of MN patches swelling in porcine ear skin, the pig ear skin was firstly placed on a 

plate (plate1) as shown in the Scheme 4.1B. And then, this plate was positioned around 800 μm 

below the focal plane such that once the MN patches were in direct contact with the tissue, the 

sample light would be approximately focused on the MN patches. At the same time, the MN 

patches were positioned at the center of plate2 which had a circular hole with the diameter of about 

3.0 mm in the center to allow the illuminated light to pass. To insert the microneedles into the skin, 

an operator quickly pressed the plate2 by hand such that the MN patches could penetrate into the 

tissues. Immediately after the MN patches was pressed into the skin, two screws were used on 

plate1 and plate2 to maintain the contact between the MN patches and the tissue. Finally, time-

lapsed cross-sectional OCT image were acquired over 0.2 seconds at a frame range of 5120 Hz.   

The size of the cross-sectional images were 1.5 mm by 1.2 mm (Width by Height) to include 

images of three or four microneedles. 
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The acquired OCT images were used to quantify the swelling ratio and speed of the hydrogel 

MNs (Figure 4.13). Briefly, the cross-section area of each MN tip was outlined and quantified by 

ImageJ. The following equations were used for the calculation:  

Swelling ratio% = (
𝐴𝑡

𝐴0
)2 × 100% 

Swelling speed% =
𝐴𝑡 − 𝐴0

𝐴0 × 𝑡
× 100% 

where the A0 and At are the initial area and lateral area at the designed time point (t, second).  

 In vitro ISF extraction using Mal-MeHA MN patches. The fresh porcine ear skin was 

equilibrated overnight in PBS solution containing the designed concentrations of components (10, 

25, 250, or 500 μg/mL sodium fluorescein salt; 2, 4, 8, or 12 mM glucose; 6, 8, or 10 mM 

cholesterol). After drying the porcine skin surface with paper towel, Mal-MeHA MN was thumb 

pressed into the porcine skin and kept for 3 minutes or other designed time points (i.e. 1, 5, 10, or 

20 minutes). The weights of MN patches before and after the application were recorded and 

calculated for ISF extraction volume per needle (VISF) according to following equation: 

𝑉𝐼𝑆𝐹 =
𝑊𝑡 − 𝑊0

𝜌 × 𝑁
 

where W0 and Wt are the initial and lateral weights of MN patches; 𝜌 is the density of body ISF 

and is assumed as 1 g/mL; N is the number of the needle tips on the MN patch.    

After removal from the skin, the MN patches were immediately transferred into 1.5 mL 

Eppendorf tube with 100 μL (Vd) PBS solution. Centrifugation was carried at 10k rpm for 10 

minutes. The supernatant was collected for the subsequent analysis of biomarkers of interest. 

Specifically, the sodium fluorescein salt concentration (CSF) was measured with the microplate 

reader (Ex490nm/Em525nm, Genios, TECAN). The concentration of glucose was measured with 
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glucose assay kit following the manufacturer’s protocol. The concentration of cholesterol was 

measured with cholesterol quantitation kit following the manufacturer’s protocol.  

The recovered concentration of fluorescein (CSF), glucose (CG), or cholesterol (CC), was 

calculated according to the following equation:  

𝐶𝑆𝐹 , 𝐶𝐺 , 𝐶𝐶 =
𝐶𝑚 × 𝑉𝑑

(𝑊𝑡 − 𝑊0)/𝜌
 

 

where CSF, CG, and CC are the measured sodium fluorescein, glucose, or cholesterol concentration 

within the porcine skin; Vd is the volume of PBS solution to dilute extracted ISF; W0 and Wt are 

the initial and lateral weights of MN patches; 𝜌 is the density of body ISF and is assumed as 1 

g/mL.  

        The recovered percentage of sodium fluorescein, glucose, or cholesterol was applied to 

evaluate the capacity of MN extracting biomarkers from skin tissue. The recovered percentages 

were calculated by normalizing the recovered concentration (i.e. CSF, CG, and CC) achieved by 

Mal2-MeHA MN with the concentration of biomarkers obtained using the vacuum method with 

pretreatment of solid MN.  

 

 In vitro ISF extraction by vacuum. The fresh porcine ear skin was pre-soaked overnight 

at 4 oC in PBS solution containing the designed concentrations of model biomarkers, including 

sodium fluorescein salt (10, 25, 250, or 500 μg/mL), glucose (2, 4, 8, or 12 mM), cholesterol (6, 

8, or 10 mM). The porcine ear skin was warm up to room temperature and dried with the paper 

towel before ISF extraction. Polylactic acid solid MN patched (10X10 array, 1000 μm height, 300 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑  𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝐶𝑆𝐹 , 𝐶𝐺 , 𝐶𝐶) 𝑏𝑦 𝑀𝑎𝑙2 − 𝑀𝑒𝐻𝐴 𝑀𝑁

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝐶𝑆𝐹 , 𝐶𝐺 , 𝐶𝐶) 𝑏𝑦 𝑉𝑎𝑐𝑢𝑢𝑚 𝑚𝑒𝑡ℎ𝑜𝑑
 × 100%  
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μm pitch, 300 μm base diameter) was pressed into porcine skin and -80 kPa vacuum pressure was 

applied for 3 minutes to collect 1 μL of the skin ISF.  

 In vivo ISF extraction in the mouse model.The animal experiments were carried on 

C57BL/6J mice (male, 6-8 weeks). The pre-shaved mice were anesthetized before the topical 

application of MN patches. For the comparison of MeHA MNs and Mal2-MeHA MNs, 12 mice 

were randomly grouped to four groups with the application time of 1, 3, 5, or 10 minutes. The 

patches were applied with the index finger and its weight before and after the insertion was 

recorded.  Finally, the skin area where MNs were applied was collected for cryo-sectioning and 

H&E staining.  

 In vivo detection of glucose and insulin on mouse model. Firstly, the tail vein blood of 

mice was collected to detect the initial blood glucose by OneTouch Ultra glucometer (LifeScan 

Europe, UK), as well as the original insulin levels using insulin ELISA kit. Three Mal2-MeHA 

MN patches were then applied on mice for 3 minutes. The weight of MN patches was recorded 

before and after the application. After application, the patches were immediately transferred into 

the eppendorf tube with 200 μL PBS buffer and subject to centrifugation at 10k rpm for 10 minutes. 

The supernatant was then analyzed with glucose colorimetric assay for the glucose concentration 

or the insulin ELISA kit for the insulin level. Subsequently, the mice were intraperitoneally 

injected 100 μL glucose solution (10%, in PBS). All the mice were allowed to rest for one hour 

before the collection and analysis of skin ISF and tail vein blood like above. Later, the mice were 

intraperitoneally injected 1U insulin. One-hour post insulin injection, the mice were subject to skin 

ISF collection using MN patches as well as the collection of tail vein blood. Finally, after 

recovering overnight, all the mice were subject to the skin ISF and blood collection again.  

Electronic glucose sensor fabrication 
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(i) Fabrication of the metal electrodes. PET sheet with a thickness of 100μm was used as 

substrate for fabricating the sensor electrodes. The blue magic tape was adhered on the surface of 

a clean PET sheet carefully and then cut by Roland vinyl cutter (Roland GS-24 Desktop Cutter) to 

create patterned mask. The tape on the left and middle parts of the electrodes were peeled off first 

and then sputtered with platinum and gold (HHV TF500 Thin Film Deposition System), 

respectively. Next, AZ 9260 photoresist was used to cover the surface of the electrode by spin 

coating at 1000 rpm followed by solvent evaporation at 100oC. The tape on the right side of the 

electrode was then peeled off and sputtered with Pt. After that, the tape was totally peeled off from 

the substrate and then soaked in acetone with gentle shaking in order to totally remove the 

photoresist. The three-electrode metal electrode was finally obtained. 

(ii) Electrodeposition of Prussian Blue mediator layer. The Prussian Blue (PB) mediator layer 

was electrochemically deposited (Zahner Electrochemical Workstation) onto the middle gold 

electrode using constant current method in a three-electrode configuration in an electrolyte 

solution containing 0.01M potassium hexacyanoferrate, 0.1M potassium chloride, 0.1M 

hydrochloride acid as well as 0.01M iron chloride. The amount of PB deposited was tuned by 

adjusting the time and current of the deposition. 

(iii) Glucose oxidase immobilization. The glucose oxidase (GOx) was dissolved in phosphate 

buffered saline (PBS) solution at 10 mg/ml or 50 mg/ml, for low GOx or high  GOx concentration 

respectively. Single-walled carbon nanotubes (SWCNTs) were dispersed in a solution containing 

1 wt% acetic acid and 2 wt% chitosan at a concentration of 2 mg/ml. The solution was mixed 

thoroughly in an ultrasonic bath followed by stirring for 1h at room temperature. Then the 

GOx/PBS solution was mixed with SWCNT blend solution at a volume ratio of 1:2 under 
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continuous stirring. Then 3.5 L of the above blend solution was dropped on the middle gold 

electrode and dried at 4 oC overnight. 

(iv) Fabrication of Ag/AgCl reference electrode. To fabricate Ag/AgCl reference electrode, 

conductive Ag paste was coated uniformly onto the left gold electrode and then dried overnight at 

4 oC. Then iron chloride solution was dropped onto the Ag electrode and maintained 1 min before 

removal. The color of the Ag electrode turned dark, indicating the formation of the AgCl. 

 Glucose measurement process for electronic glucose sensor. The glucose sensor was 

calibrated with glucose solution (in 10X PBS, glucose concentration from 10μM to 12mM) using 

amperometric I-t method (Zahner Electrochemical Workstation). During the measurement, the 

three-electrode system was applied, including GOx/PB/Au working electrode, Ag/AgCl reference 

electrode and Pt counter electrode. The I-t method was setup with the initial, high and low potential 

of 0V, 0.1V and 0V accordingly. Each measurement was conducted for 600s to ensure the stable 

current was detected.  

 For measurement based on MN patches, the MN patches were applied to extract glucose-

containing solutions from agarose hydrogel skin phantom or ex vivo porcine ear skin. After that, 

the MN patches were carefully placed to cover the three electrodes. The glucose concentrations 

inside the MN patches were later quantified using the I-t method with the same setup mentioned 

above.  
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Scheme 4.1. Schematic of the OCT system: A) The OCT system configuration.  B). The sample 

stage for the real-time imaging the swelling behavior of MN in porcine ear skin.  

4.3. Results  

 To examine this hypothesis, I developed a hydrogel MN made of the highly swelling MeHA 

and the osmolyte (i.e. maltose). The osmolyte was pre-embedded in the MeHA matrix. I expect 

that once being inserted into the skin, the hydro-affinity of HA would initiate the diffusion of skin 

ISF into the MeHA matrix, while the dissolution of osmolytes in the ISF provides additional 

diffusio-osmotic pressure[107] to further enhance the diffusion of ISF around the application area 

and into the hydrogel matrix of MNs (Figure 4.1). MeHA was synthesized by modifying HA with 

methacrylic anhydride and the degree of methacrylation was 76.8% according to the 1H NMR map 

(Figure 4.2).[35] The MN skin patches were made through template-molding (Figure 1B). Briefly, 

MeHA solution containing maltose (Mal) was cast into the polydimethylsiloxane (PDMS) 

negative mold that was made from a designed stainless-steel MN template (Figure 4.3). After being 

dried naturally, the Mal-MeHA MN patch was peeled off from the PDMS mold and crosslinked 

with 10-minute UV exposure.  
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Optimization of the formulation of Mal-MeHA MN patch 

 Osmosis pressure is highly dependent on the osmolyte concentration.[108] Therefore, I 

prepared a group of Mal-MeHA MN patches with increasing concentration of  Mal.  The Mal-to-

MeHA weight ratio (w/w) in these patches increased from 0.2:1 to 0.5:1 to 1:1 to 2:1 until 4:1, 

namely Mal0.2-MeHA MNs, Mal0.5-MeHA MNs, Mal1-MeHA MNs, Mal2-MeHA MNs, and 

Mal4-MeHA MNs. All Mal-MeHA MNs except Mal4-MeHA MNs displayed a clear and 

homogenous appearance with a height of ~900 μm and a base width of ~280 μm (Figure 4.1C-D 

& Figure 4.4). The integrated pyramid shapes of MNs were well preserved. The exception was 

Mal4-MeHA MNs. The high concentration of maltose caused the phase separation within Mal4-

MeHA MNs, where maltose crystal could be seen (Figure 4.5B). Moreover, Mal4-MeHA MNs 

were extremely hygroscopic. When placed in air (70% humidity) for 3 minutes, they naturally 

swelled and lost the original mechanical strength (Figure 4.5A). Therefore Mal4-MeHA MNs were 

not able to penetrate into the porcine skin, leaving broken tips on the surface of the porcine skin 

(Figure 4.5C-D). All other MN patches displayed similar load vs. displacement profiles in the 

compression test (Figure 4.5A). They could withstand the load force as high as 0.3 N per needle 

without fracture. With the increase of the exposure time in the humid air environment (~70% 

humidity), the mechanical strength of the Mal2-MeHA MNs slightly decreased but could still resist 

comparable load force (Figure 4.6). 
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Figure 4.1. Osmosis-powered hydrogel microneedles for skin interstitial fluid extraction. (A) 

Schematic of the skin interstitial fluid extraction using osmolyte-containing hydrogel MNs. (B) 

Schematic of the fabrication process of the osmolyte-containing MeHA MN patch (i.e. Mal-MeHA 

MNs). (C) The SEM image of Mal-MeHA MN patch. Scale bar: 500μm. (D) A photo of Mal-

MeHA MN patch. Scale bar: 2mm. 
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Figure 4.2. 1H NMR spectrum of methacrylated hyaluronic acid (MeHA).  

 

 

Figure 4.3. (A) The digital image and (B) SEM image of stainless-steel microneedle mother 

template. Scale bar: 2 mm in A), and 250 μm in (B). 
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Figure 4.4. The digital images (i) and SEM images (ii) of MeHA MNs and Mal-MeHA MNs 

containing different concentrations of maltose. Scale bar: 2 mm in i) and 500 μm in ii).  

 

 

Figure 4.5. (A) The load-displacement profiles of MeHA MNs and Mal-MeHA MNs in the 

compression mechanical test with longitudinal compressing at the speed of 0.5 mm/min until 0.32 

N per needle was achieved. For each condition of maltose concentration, three individual patches 

were tested. (B) The image of Mal4-MeHA MN with the maltose crystal.  Scale bar: 2 mm. The 

digital image of porcine pig skin before (C) and after (D) the application of Mal4-MeHA MNs.  

The broken needles were pointed out in red arrow. Scale bar: 2 mm.  

 1 
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Figure 4.6. The load-displacement profiles of Mal2-MeHA MNs after exposure in the 

environment for different period. For each condition of exposure period, three individual patches 

were tested. 

 

 The skin penetration abilities of these stable Mal-MeHA MN patches were examined with 

the fresh porcine ear skin, which is the best suitable in vitro model for human skin[109] and exhibits 

great similarity with human skin in terms of the content of ISF (~70%).[67]. The MN patch was 

pressed into the skin using thumb force and held under the pressure of approximately 40 kPa for 3 

minutes. After the removal of the patch, the pattern of MN arrays was clearly observed on the skin 

surface (Figure 4.7A). At the same time, all Mal-MeHA MNs swelled and slightly deformed while 

maintaining their intact structures (Figure 4.7B). From the SEM images in Figure 4.8, all four 

types of Mal-MeHA MNs patches were similar in the morphology and surface roughness.  The 

successful penetration of MNs into the skin layers was further confirmed and quantified through 

the histology study. As shown in Figure 4.7C, MeHA MNs and four types of Mal-MeHA MNs 
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broke through the stratum corneum and reached the dermis layers with a depth of 400 to 500μm 

(Figure 4.7D). 

 

 

 

 

Figure 4.7. The skin penetration property of Mal-MeHA MNs. (A) Images of porcine ear skin 

before and after the topical application of Mal2-MeHA MNs. Scale bar: 2 mm. (B) Images of Mal-

MeHA MNs before and after being inserted in the porcine ear skin. Scale bar: 500 μm. (C) H&E 

stained histological images of porcine skin before and after the application of Mal-MeHA MNs. 

Scale bar: 100 μm. (D) Quantification of the penetration depth of Mal-MeHA MNs in the porcine 

ear skin in C. Data presented as the mean ± SD, n= 5. The P values were determined by one-way 

analysis of variance (ANOVA), n.s.: no significant difference. 
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Figure 4.8. SEM images of CL10-MeHA MNs and four types of CL10-Mal-MeHA MNs showing 

overall morphology of dry MN array, one needle morphology before (i) and after (ii) swelling, as 

well as zoom-in surface morphology after swelling. For each condition, three individual patches 

were imaged for different areas. The representative images were selected in this figure. Scale bar 

shown in the independent figures. 

 

Next I went onto evaluate the ISF extraction capability of Mal-MeHA MNs with different 

maltose ratios. As shown in Figure 4.9A, the addition of maltose significantly improved the ISF 

extraction abilities of MeHA MNs. The higher the maltose concentration in the MNs, the more 

skin ISF the MNs collected in a fixed duration. Specifically, MeHA, Mal0.25-MeHA, Mal0.5-

MeHA, Mal1-MeHA, and Mal2-MeHA MNs extracted 3.82±0.60, 4.50±0.52, 4.98±0.78, 

6.18±0.64, and 7.90±0.92 μL of skin ISF after 3 minutes (Figure 4.9B). The volume of ISF 

extracted with the Mal2-MeHA MNs was almost 2-folds of that from MeHA MNs. In other words, 
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it took less time for the MNs with higher maltose concentrations to collect the same volume of 

skin ISF. For example, Mal2-MeHA MNs extracted 7.90±0.92 μL skin ISF within 3 minutes, but 

MeHA MNs took more than 10 minutes to attain the same amount of skin ISF (Figure 4.9A).  

Besides the concentration of osmolytes, I also studied the influence of crosslinking degree, 

which affects swelling of hydrogel[110] . Firstly, I investigate whether the addition of maltose would 

affect the crosslinking of the MeHA. Through SEM examination of the lyophilized MeHA 

hydrogel (Figure 4.10), I found that the involvement of maltose didn’t significantly change the HA 

matrix structure inside the Mal-MeHA hydrogel.  Mal-MeHA MNs were crosslinked with 5, 10, 

and 15-minute UV exposure respectively. As shown in Figure 4.11A, shorter UV exposure allowed 

MNs to swell more in aqueous solution. For Mal2-MeHA MNs, the swelling capability almost 

doubled when the UV exposure time was reduced from 15 minutes (i.e. CL15-Mal2-MeHA MNs) 

to 5 minutes (i.e. CL5-Mal2-MeHA MNs). Meanwhile, I observed that CL5-Mal2-MeHA MNs 

and CL3-Mal2-MeHA MNs with a lower crosslinking degree cannot maintain their structural 

integrity after ISF extraction (Figure 4.11B). When the crosslinking degree decreased, the 

mechanical property of swelled hydrogel MN became weaker, resulting in the breakage of MN 

during the pull off of MN patches after ISF extraction. Thus the crosslinking was done with 10 

minutes UV exposure for the following experiments to ensure optimal swelling and good 

mechanical properties.  

The examination of maltose concentration and crosslinking time allowed us to identify Mal2-

MeHA MNs as the most powerful MN for ISF extraction. I further visualized its swelling in 

porcine ear skin using 2D optical coherence tomography (OCT) with MeHA MNs as the control 

(Figure 4.9C). Through monitoring the size change (2D cross-section area) of each MN tip in this 

process, I found that the swelling ratio and swelling speed of Mal2-MeHA MNs were about two-
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times of those of MeHA MNs (Figure 4.12). Specifically, Mal2-MeHA MNs expanded to 2.15-

folds of its original size (black star) in 180 seconds, while MeHA was only 1.67-folds of its original 

size (black circle). In terms of the swelling speed, the size of MeHA MN tip increased 0.304% per 

second (blue star), which is ~2-folds faster than MeHA MNs (0.155% per second, blue circle blue 

star). These results collectively confirm that the integration of osmolytes like maltose in hydrogel 

MNs significantly increases their ISF extraction capabilities in skin.  

To better understand the 3D swelling behavior of Mal2-MeHA MNs, I further developed a 

swelling model using COMSOL. Based on the cross-sectional swelling speed from OCT imaging, 

the final swelling displacement of Mal2-MeHA after 3-minute swelling was calculated as shown 

in Figure 4.9D. The diffusion rate was fastest in the tip of MN and decreased gradually towards 

the base of MN. The rate was also faster on the edges of the pyramid structure of MNs. From 

COMSOL simulation (Figure 4.13, blue solid star), the size of MNs was increased to 3.87-fold of 

its original size in 180 seconds, which was similar to the actual result from in vitro ISF extraction 

(Figure 4.9A & Figure 4.13, red open circle). 
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Figure 4.9. ISF extraction in porcine ear skin with Mal-MeHA MNs. (A) (i)The osmolyte 

amount in CL-Mal-MeHA MNs (10x 10 array, 100 needles/ patch) affects the ISF extraction rate 

from porcine skin during 20 minutes. The zoom-in graph of ISF extraction volume for the first 5 

minutes is shown in (ii). (B) The effect of osmolyte amount in ISF extraction volume over 3-

minute period. (C) OCT imaging of the swelling of MeHA MNs and Mal2-MeHA MNs in porcine 

ear skin. The initial position of MNs was lined by a white dot line. The real-time position of MNs 

was pointed out by the red arrow. Scale bar: 200 μm. (D) Simulation of ISF flow during ISF 

extraction process in Mal-MeHA MNs by COMSOL. All the data were presented as the mean ± 

SD, n= 5. The P values were determined by one-way analysis of variance (ANOVA), *P<0.05, 

**P< 0.01, ***P < 0.001, n.s.: no significant difference. 
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Figure 4.10. The SEM images of CL10-MeHA MNs and CL10-Mal-MeHA MNs hydrogel 

showing the HA matrix after crosslinking. For each condition, three individual samples were 

imaged for different areas. The representative images were selected in this figure.  Scale bar: 

250μm. 

 

 

Figure 4.11. (A) The swelling ratio of MeHA MNs and Mal-MeHA MNs with different 

crosslinking degree (i.e. CL5, CL10, CL15, crosslinked for 5-, 10-, and 15-minute UV exposure, 

n=3). The MNs were soaked in PBS solution for one hour to reach maximum swelling. (B) The 

needle integrity of Mal2-MeHA MNs with the different crosslinking degree (i.e. CL3, CL5, CL10, 

CL15, crosslinked for 3-, 5-, 10-, 15-minute UV exposure) after being peeled off from porcine ear 

skin. Scale bar: 2 mm. 
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Figure 4.12. The swelling behavior of MeHA MNs (open circle) and Mal2-MeHA MNs (solid 

star) in porcine ear skin visualized by OCT imaging system during a period of 180 seconds. All 

the results were normalized against the initial volume of MeHA MNs and Mal2-MeHA MNs. 

(n=10) 

 

 

Figure 4.13. Comparison of the swelling ratio of Mal2-MeHA MN between COMSOL simulation 

and in vitro ISF extraction. 
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Biomarker analysis with extracted skin ISF using Mal2-MeHA MNs in ex vivo skin models 

 As shown in Figure 4.9, the optimized Mal2-MeHA MNs allowed us to collect 7.90±0.92 

uL skin ISF in 3 minutes. To reveal the potentials of the extracted ISF, I examined four model 

biomarkers including sodium fluorescein salt (SF), glucose, and cholesterol. The skin model was 

built by soaking fresh porcine ear skin (2cm x 2cm) in solutions containing different concentrations 

of molecules overnight at 4 oC. After drying the skin surface with the paper towel, Mal2-MeHA 

MNs were thumb-pressed into the skin for 3 minutes and skin ISF was recovered from MNs by 

centrifugation at 10,000 rpm for 10 minutes.[35, 69] As the positive control, the skin ISF was also 

extracted through the vacuum[67]. 

The concentration of the first model biomarker, SF was tuned from 10, 25, 250 to 500μg/mL. 

In the skin, the MN patches swelled (Figure 4.15) and their fluorescence intensified with the 

increasing of the SF concentrations (Figure 4.14A). The recovered SF concentration from Mal2-

MeHA MN showed good correlation with that obtained from solution (Figure 4.16B, R2=0.999). 

However, the SF concentrations derived from Mal2-MeHA MN extracted ISF were ~40% of the 

original SF concentrations in solutions (Figure 4.14B). The positive control (i.e. vacuum extracted 

ISF) also showed slightly lower concentrations than the original ones.  

The glucose and cholesterol are important biomarkers for diagnosis of diabetes and 

atherosclerosis, respectively.[111] I also prepared the glucose and cholesterol models by soaking 

pig ear skin in a range of glucose solutions (i.e. 1,  4, 8, and 12 mM) and in a range of cholesterol 

solutions (i.e. 6, 8, and 10 mM). Glucose concentrations derived from Mal2-MeHA MN extracted 

ISF and vacuum extracted ISF were similar while both were 60-70% of the original ones in solution 

(Figure 4.14C). Cholesterol concentrations derived from Mal2-MeHA MN extracted ISF were 
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much lower than those from vacuum extracted ISF and the original one in solutions (Figure 4.16A). 

Even though the recovered concentrations of glucose and cholesterol were presented as lower 

values compared to that of solutions, the detected concentration showed a relatively good 

correlation (Figure 4.16C&D, R2(glucose)= 0.978; R2(cholesterol)= 0.982).  

 

 

Figure 4.14. ISF extraction with Mal2-MeHA MNs from porcine skin for the analysis of 

model biomarkers: (A) The confocal images of Mal2-MeHA MNs after insertion into porcine 

skin containing different concentrations of SF (i.e. 10, 25, 250, 500 μg/ml) for 3 minutes. Scale 

bar: 200 μm. The recovered percentage of (B) SF and (C) glucose using the Mal2-MeHA MN 



 

 

Page | 116  

 

patches (red column) from ex vivo porcine ear skin. The recovered biomarker percentage was 

calculated by normalizing the concentration of biomarker using Mal2-MeHA MN patches (red 

column) to that by vacuum extraction with the solid MN pretreatment (100%, blue column). All 

the data were presented as the mean ± SD, n= 5. The P values were determined by one-way analysis 

of variance (ANOVA), *P<0.05, **P< 0.01, ***P < 0.001, n.s.: no significant difference. 

 

 

Figure 4.15. Digital images of Mal2-MeHA MNs before and after insertion into porcine skin, 

which was soaked in solutions containing different concentrations of fluorescein sodium (i.e. 10, 

25, 250, and 500 μg/ml) overnight. Scale bar: 2 mm.  

 

Glucose and insulin detection in vivo using skin ISF extracted with Mal2-MeHA MNs 

  Mal2-MeHA MN patch was used for extracting skin ISF in the mice for the detection of 

glucose and insulin. Briefly Mal2-MeHA MNs were thumb-pressed into the mouse back skin for 

3 minutes (Figure 4.17Ai). Afterward, an array of microholes were clearly observed (Figure 

4.17Aii). Due to the high skin elasticity of mouse skin[112], the Mal2-MeHA showed lower 
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penetration depth compared with porcine skin (~200 μm in mouse skin vs. 400 μm in pig skin, 

Figure 4.18 & Figure 4.7C). After the insertion, MNs swelled and the MN structure was well 

maintained (Figure 4.17B). After the removal of MN patches, the microholes on the skin gradually 

recovered and fully disappeared after around 60min (Figure 4.17C). 

 

Figure 4.16. (A) The recovered percentage of cholesterol using the Mal2-MeHA MN patches (red 

column) from ISF of ex vivo porcine ear skin. The percentage was calculated by normalizing the 

concentration achieved by Mal2-MeHA MN patches with the that by vacuum extraction with the 

solid MN pretreatment (100%, blue column). The correlation of porcine skin surrounding solution 

concentration (black circle), vacuum extraction with the solid MN pretreatment (blue circle)  and 

the MN-recovered porcine skin ISF concentration (red circle) of  (B) SF, which were determined 

by fluorescence intensity; (C) glucose, which was determined by glucose colorimetric assay; (D) 
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cholesterol, which was determined by cholesterol colorimetric assay. n=5, *P<0.05, **P< 0.01, 

***P < 0.001, n.s.: no significant difference. 

 

I compared the ISF extraction capabilities of Mal2-MeHA MNs with MeHA MNs.[35] As 

shown in Figure 4.17D, at any time point between 1 and 10 minutes, Mal2-MeHA MNs provided 

more skin ISF than MeHA MNs. To be specific, Mal2-MeHA MNs extracted 1.96, 3.11, 3.83, and 

4.67 μL of ISF in 1, 3, 5 and 10 minutes respectively, which were around 1.5-folds of those 

extracted by MeHA MNs. The extracted skin ISF allowed us to quantify the dynamic changes of 

glucose and insulin. For example, the glucose level in both blood and skin ISF was 8-12 mM 

initially (Figure 4.17G). Upon the intraperitoneal injection of 100 μL glucose solution, the glucose 

level raised up to 12-24 mM. The intraperitoneal injection of 1U insulin further reduced the level 

down to 8-12 mM. 18 hours later, the glucose level returned to normal. Due to endothelial barrier, 

the skin ISF only presented partial of the plasma level[113]. And I found out the ISF insulin level 

detected by Mal2-MeHA MNs increased accordingly when insulin was injected (Figure 4.17H). I 

summarized the in vivo biomarkers detection (i.e. glucose and insulin) of extracted ISF and plasma 

levels in Figure 4.17E&F. The results showed a good correlation between ISF and blood for 

glucose from 8 mM to 24mM (Figure 4.17E), and for the insulin from 100 mU/L to 1000 mU/L 

(red circle, Figure 4.17F).  

 

Direct analysis of glucose level with integration of the electronic glucose sensor  

 Finally, the Mal2-MeHA MN patch was integrated with the enzymatic electronic sensor to 

directly measure the glucose concentration from ex vivo porcine skin, which didn’t require any 

post-processing methods. Briefly, I applied similar methods to extract the skin ISF as mentioned 

above. However, instead of centrifugation recovery ISF from MN to the aqueous solution (10 min) 
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and the following colorimetric glucose assay (about 1 hr), I directly put the electronic glucose 

sensor onto the backing layer of MN patches to analyze MN-containing glucose in situ (Figure 

4.19A). 

Figure 4. 19B is the optical image of the enzymatic electronic sensor, which was fabricated 

using the method showing in Figure 4. 19C. Briefly, the sensor pattern was firstly written directly 

on the PET substrate covered with the masking tape. The patterned tape masks on top of the 

electrodes were sequentially removed and magnetron sputtered with either gold or platinum 

electrodes separately. The Prussian blue (PB) was electrodeposited on the surface of the working 

gold electrode as the mediator layer (Figure 4.20A). To immobilize the glucose oxidase (GOx) on 

the working electrode, the GOx was dissolved in PBS solution at either low concentration (i.e. 10 

mg mL-1) or high concentration (i.e. 50 mg mL-1), respectively. Later the GOx solution was mixed 

together with single-walled carbon nanotube (SWCNTs) and then the above blend solution was 

dropped on top of the PB layer and kept overnight at 4oC (Figure 4.20B&C). Lastly, the silver 

paste was coated on the surface of the left gold electrode and oxidized using FeCl3 to fabricate 

Ag/AgCl reference electrode. With the addition of the easily oxidized species (i.e. lactic acid, L-

ascorbic acid, uric acid) and disaccharides (i.e. maltose and sucrose), the amperometric signal of 

the glucose sensor didn’t significantly increase, which presented a good anti-interference 

performance (Figure 4.21). 
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Figure 4.17.  In vivo skin ISF extraction from mouse back skin and subsequent recovery of 

diabetic related biomarkers (i.e. glucose and insulin) by Mal2-MeHA MN patch: (A) The 

digital images of pre-shaved mouse back before (i) and after (ii) the MN patch application. (B) 

The digital images of Mal2-MeHA MN patch before insertion (i) and after removal (ii) from mouse 

back; (iii) zoom-in image of MN tips after the extraction; (C) The mouse skin was gradually 

recovered after removing MN patches;  (D) The comparison of extracted skin ISF from MeHA 

MNs and Mal2-MeHA MNs for a range of time points (i.e. 1, 3, 5, and 10 minutes; Correlation of 

the (E) glucose and (F) insulin concentrations measured in blood and extracted skin ISF; (G) 

Monitoring of the glucose change in blood with glucose meter and in skin ISF with the colorimetric 

assay; (H) Monitoring of the insulin level change in plasma and skin ISF with ELISA assay. All 

the data were presented as the mean ± SD, n=3. The P values were determined by one-way analysis 

of variance (ANOVA), *P<0.05, **P< 0.01, ***P < 0.001. 

 

 

 

 

Figure 4.18. The H&E stained histological images of mouse back skin before and after the 

application of Mal2-MeHA MN patches. Scale bar: 100 μm. 
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Figure 4.19. Integration with the glucose sensor for direct glucose analysis.  (A) Schematic of 

the Mal2-MeHA MN integrated with the electronic glucose sensor for direct glucose detection. (B) 

The digital images of the metal electrodes and the glucose sensor strip after enzyme 

immobilization. (C) Schematic illustration of the fabrication process of the glucose sensor strip. 

The amperometric response of the glucose sensor towards (D) low concentration (i.e. from 10μM 

to 2mM) and (E) physiological range (i.e.from 1mM to 12 mM) of glucose solution. (The 

amperometric response was normalized with the signal of the blank PBS solution.) (F)The 

amperometric response of the electronic glucose sensing patch detecting ISF glucose concentration 

from ex vivo porcine skin. (The amperometric response was normalized with the signal of the 

blank porcine skin.) (G)  Calibration curve of the glucose sensor. The results from the glucose 

aqueous solution of low range and physiological range were shown in the green box and the blue 

box accordingly. The sensor results from porcine ear skin ISF were shown in the pink box. Data 

presented in as the mean ± SD, each data point was calculated from 50 reading points. 

 

Next, the glucose sensor was calibrated with the solutions containing different glucose 

concentrations using the amperometric I-t method. To investigate the sensitivity of glucose sensor, 

I first tested the sensory performance of glucose sensor immobilized with the low concentration of 

GOx (i.e. 10 mg/mL), in which the sensor accurately detected the glucose concentrations from 10 

μM to 2 mM. As shown in Figure 4.19D, there was a step increase in the magnitude of current 

signal along with the increase of glucose concentrations, which was normalized as the current 

increase fold. A maximal 6-fold increase of the current signal was observed for the 2 mM glucose 

solution. I also observed that the sensor appeared less effective when glucose concentration higher 

than 1 mM (Green box, Figure 4.19G), probably due to the saturation of the enzyme activity. Later, 
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I increased the GOx concentration in the sensor to 50 mg/mL (Figure 4.19E). I observed that this 

adjustment allowed the detection of higher glucose concentrations (up to 12 mM). A nearly 20-

fold increase in the current signal was observed when glucose concentration was 12 mM. As the 

physiological glucose level ranges between 1 and 12 mM, I determined to fix the GOx level at 50 

mg/mL on the sensor. 

Subsequently, I applied the glucose sensor to analyze the skin ISF extracted using Mal2-

MeHA MN patch. The glucose concentration in the ex vivo porcine ear skin was tuned from 0, 2, 

4, 8, 12, to 16 mM. As shown in Figure 4.19F, the amperometric signal of MN patch trended to 

enhance with the increase of the glucose concentration. The signals retrieved from the MN patch 

(Pink box, Figure 4.19G) were lower compared with that from solution (Blue box, Figure 4.19G), 

but showed good linearity from 2 to 16 mM.  

Finally, the MeHA MN patch was also integrated with the glucose sensor for the analysis 

of glucose in both agarose hydrogel phantom and skin ISF (Figure 4.22). In the hydrogel phantom 

(Blue line, Figure 4.21), the MeHA MN-based system can detect glucose concentration from 0 to 

12 mM, in which sensory signal was comparable with Mal2-MeHA MN-based one (Figure 4.19F). 

However, in the pig ear skin model, the MeHA MN-based system can only detection from glucose 

from 0 to 8 mM (Red line, Figure 4.21), while Mal2-MeHA MN-based one did (Figure 4.19F). 
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Figure 4.20. The SEM images of the glucose sensor. (A)after Prussian blue (PB) deposition, after 

enzyme immobilization with (B)low concentration of GOx and with (C) high concentration of 

GOx. Scale bar shown in the independent figures. 

 

Figure 4.21. The anti-interference performance of glucose sensors. The amperometric responses 

of the glucose sensors were measured after the addition of 0.1 mM uric acid, 0.1mM L-ascorbic 

acid, 1mM sucrose,1mM lactic acid, and 1mM maltose. The results presented as means ± SD of 

the 50s stabilized reading. 
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Figure 4.22. The amperometric response of MeHA MNs after extraction different concentration 

of glucose from agarose hydrogel and porcine skin. The signal was presented in fold increase 

which normalized to current signal tested on PBS solution. The results were similar in three 

different sensors and the represented one was shown in this figure. 

 

 

Figure 4.23. Osmosis-powered hydrogel MN patches constructed with other osmolytes.  (A) 

The digital images of crosslinked MeHA MNs containing different kinds of osmolytes (i.e. sodium 
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lactate for SL-MeHA MNs, sodium lactate for SC-MeHA MNs) before and after extraction of skin 

ISF from porcine skin. Scale bar: 2mm. (B) The comparison of ISF volume extracted by MeHA 

MNs containing different osmolytes. n=5 for the ISF extraction from ex vivo porcine ear skin. All 

the patches have the same osmolyte/MeHA molar ratio.  *P < 0.01, **P < 0.05, ***P < 0.001.  

4.4. Discussion  

 In skin ISF extraction, the hydrogel MNs work through the swelling, which drives the ISF 

to diffuse into the hydrogel matrix. The swelling ability and osmotic pressure of the hydrogel are 

two key parameters that decide the final volume and the speed in the swelling process of the 

hydrogel. This chapter is to examine whether an effective and efficient hydrogel MN patch for 

skin ISF extraction could be made of materials with high swelling ability plus osmotic pressure-

enhancing agents.   

There are two components in this system, MeHA and maltose. MeHA has been demonstrated 

previously to be the polymer with supreme water-affinity.[35] Maltose, the osmolyte is embedded 

in the MeHA matrix. Once Mal-MeHA MNs were inserted into skin, the maltose dissolved and 

some diffused into surrounding tissues, creating the concentration gradient around the MNs and 

driving more ISF into the MeHA matrix. Besides maltose, other osmolytes such as sodium chloride 

and sodium lactate can also be used (Figure 4.23). Both sodium lactate-composited (SL-MeHA 

MNs) and sodium chloride-loaded MeHA MNs (SL-MeHA MNs) provided more skin ISF (4.75 

± 0.71 and 5.34 ± 0.51 μL ISF in 3 minutes) than MeHA MNs (3.82± 0.60 μL). The osmolytes I 

applied to embed in the system were relatively small molecular weight (i.e. maltose, 340.30 g/mol; 

sodium lactate, 112.06 g/mol; sodium chloride, 58.44 g/mol). In this case, I cannot avoid the 

osmolytes diffusing out from the MN during the swelling process, in which the osmotic gradient 
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would continuously decrease. Maltose, a GRAS substrate, was chosen as the osmolyte in the 

system for its safety as well as limited influence with blood glucose fluctuation[114].     

The optimized Mal-MeHA MNs surpassed MeHA MNs in terms of both the rate and volume 

of ISF extraction in vitro and in vivo (Figure 4.9A&4.17D). In 3-minutes, Mal2-MeHA MN patch 

extracted 7.90 μL of ISF from pig skin ex vivo and 3.82 μL ISF from mouse skin in vivo. In 

comparison, MeHA MNs only gave 3.82 μL and 2.10 μL of ISF respectively. I noticed that MNs 

provided more ISF from pig skin than mouse skin. This should be due to  lower water content of 

mouse skin (~60%).[115] 

Clearly the osmolyte-containing hydrogel MNs (i.e. Mal2-MeHA MNs) allowed the efficient 

and effective extraction of skin ISF, which outperformed its elder generation. However, I also 

noticed that it was more suitable for the collection of hydrophilic and neutral molecules. As shown 

in Figure 4.14 & 4.17, the glucose and insulin concentrations derived from the MN-extracted ISF 

were almost the same as those derived from vacuum-extracted ISF and blood. To ensure the 

accurate detection of the above-mentioned biomarkers, more studies are expected to achieve a 

stable recovery rate and further combine Mal2-MeHA MN with sensitive quantification methods 

(i.e. electronic sensors, HPLC-MS, analytical kits, etc.). I had worried about the potential influence 

of maltose to the blood glucose level. However, in vivo experiments (Figure 4.17) allayed our 

concerns. If the biomarkers were hydrophobic (e.g. cholesterol) or highly charged (e.g. SF), the 

results from MN-extracted ISF were smaller than the actual values (vacuum-extracted ISF). 

Because the hydrophilic property and negative charge of MeHA would minimize the partition of 

hydrophobic and negatively charged molecules respectively. 

When I applied the glucose sensor to analyze the containing glucose level inside the Mal2-

MeHA MN patch, I found the increased fold of amperometric signal from MN patches was lower 
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than that from glucose solution. Besides the fact that the glucose concentration in ISF detected by 

Mal2-MeHA MN patch was lower than surrounding soaking solution (~70%, Figure 4.16C), 

another possible reason might be the lower conductivity in the hydrogel matrix. Although the 

current signal was lower for MN patches, the signal presented a good linearity response to glucose 

concentrations from 0-16 mM, which can be applied to analyze glucose reading. Besides the Mal2-

MeHA MN, I also applied the glucose sensor to analyze MeHA MN patches (Figure 4.21), I found 

out that the current signal also presented a linear response from 0-12 mM when recovered from 

agarose hydrogel skin phantom. From Figure 4.19F and Figure 4.21, I observed the comparable 

signal response from MeHA MNs and Mal2-MeHA MNs, which showed a ~4-fold increase when 

the glucose level was 12 mM. However, MeHA MNs didn’t perform well for detecting glucose 

over 8 mM from ex vivo pig skin probably due to the saturation of enzyme activity. To improve 

the detection for the larger detection range and the higher accuracy, I will moderate the enzyme 

immobilization and PB mediator layer in the future. 

In this study, I applied the enzymatic glucose sensor that widely adopted in blood glucose 

meters and continuous glucose monitoring (CGM) devices. And the major difference between this 

platform and commercial devices was the microneedle sampling technique. The conventional 

glucose meters detected the blood samples by the finger-picking method, which can only give the 

discrete glucose information due to the coagulating feature of blood. The CGM devices overcame 

this issue using hypodermic needles to access ISF for biosensing, which can provide a continuous 

trend of glucose fluctuation. However, either the finger pricking method or hypodermic needles 

were relatively invasive and painful, while the microneedle technology can provide a minimally 

invasive and painless method without compromising the quantification accuracy[116]. 
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Finally, the presence of osmolytes made the Mal2-MeHA MN patches sensitive to humidity. 

Thus Mal2-MeHA MN patches should be stored in containers or cabinet with environmental 

humidity below 35% (normally for the storage of food and medicine). The long exposure of Mal2-

MeHA MN in the humid environment should be avoided to keep its mechanical strength for 

effective skin penetration.   

 

4.5. Conclusions  

 This study develops a new generation of hydrogel MNs, the osmolyte-composited swellable 

MNs, for skin ISF extraction. The optimized formulation could provide 7.90 μL of ISF from pig 

ear skin ex vivo and 3.82 μL of ISF from mouse back skin in vivo within 3 minutes. The large ISF 

volume collected from the one-time application of this osmolyte-composited swellable MNs 

should be sufficient for multiple analysis or analysis of multiple biomarkers. Biomarkers like 

glucose and insulin can be efficiently recovered from the MNs for subsequent analysis. I believe 

this concept can be expanded to other MNs with swellable matrix (e.g. alginate,[117] polystyrene-

block-poly(acrylic acid),[118] poly(methyl vinyl ether-alt-maleic acid) combined with 

poly(ethylene glycol),[69, 119] polyvinyl alcohol, [40] and silk fibroin[120]). Ultimately, they will 

improve the patient experience in the skin ISF extraction process and greatly benefit the point-of-

care diagnosis. 
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5.1. Introduction  

 The subcutaneous delivery of therapeutic cells has great potentials for treating both local 

and systematic diseases (e.g. skin stem cells[121] and fibroblasts[122] for epidermolysis bullosa 

treatment; melanocytes for vitiligo treatment; mesenchymal stem cells (MSCs) for burns and 

wound healing treatment) and systemic infusion (e.g. T cells and Dendritic cells for cancer 

treatments) [refs]. The key here is the precise delivery of cells at the desired depth and location for 

the optimal response and outcome. Microneedles (MNs) are the minimized hypodermic needle 

array and recently suggested as a powerful platform for transdermally delivering the therapeutic 

cells. For example, Boniface et al adopted a hollow microneedle to transplant melanocytes 

containing epidermal cells for vitiligo treatment[123] while Lee et al developed a hydrogel MN with 

outer poly(lactic-co-glycolic) (PLGA) protective shell to deliver MSCs for wound regeneration.[59] 

Although these two platforms ensures the precise delivery into skin layers, they still require in situ 

preparation and immediate application to ensure cell viability and functionality. This complicates 

the therapeutic process and presents challenges for the usage of the technology in a normal clinic 

or hospital.  

 To overcome the challenge, my group has recently invented the cryomicroneedle (MN) 

platform technology that allows the package of cells into MNs in advance and the direct usage in 

clinics. As a proof-of-concept, it showed successfully the delivery of cryopreserved dendritic cells 

into the dermis layer for immunotherapy. However, the cryoMNs are fabricated by gradient 

freezing the cell suspension in the polydimethylsiloxane (PDMS) mold of MNs, demolding, and 

re-freezing in the liquid nitrogen. This multi-step process is laborious and time-consuming. It also 

increases the potentials of contaminations. 
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 This chapter is to simplify the current process of cryoMN fabrication by proposing a 

dipping and freezing method (Figure 5.1). Specifically, I design a sponge-like MN that allows the 

loading of cells by the one-step dipping. The loaded MNs are then directly frozen in liquid nitrogen 

until the usage. The porous MNs are made by methacrylated HA (MeHA). And the cells are 

suspended in the optimized cryopreservation formula in the dipping process. 

5.2. Materials and Methods 

 300 kDa Sodium hyaluronic acid (300-HA, Mw=300kDa) and 48 kDa Sodium hyaluronic 

acid (48-HA, Mw=48kDa) were purchased from Freda Biochem Co., Ltd. (China). N, N-

dimethylformamide (DMF, 227056), methacrylic anhydride (MAA, 276685). AlamarBlue cell 

viability reagent, LIVE/DEAD™ viability/cytotoxicity kit and cell tracker were purchased from 

ThermoFisher Scientific (USA).  

 

 Synthesis of methacrylate modified hyaluronic acid (MeHA).  Hyaluronic acid (HA) 

was methacrylated using the published protocol with slight modification[35]. Briefly, 1.0 g of HA 

(Mw= 300 kDa or Mw=48 kDa) was dissolved in the 50 mL of deionized water at 4°C until 

complete dissolution.  33 mL of DMF was then added into the HA solution to achieve water/ DMF 

mixture (3:2, v/v).  To modify HA with methacrylate, 1.22 g of MAA was added dropwisely into 

the solution while the pH was maintained at 8-9. The reaction was left overnight with continuous 

stirring at 4 °C. Later, 2.46 g of NaCl and pure ethanol were added sequentially to precipitate the 

product (i.e. MeHA).  The crude product was collected through centrifuge and re-dissolved in 

deionized water. The purification of MeHA was conducted by dialysis against deionized water for 

7 days. The purified product was obtained by lyophilization and stored at 4°C. MeHA was 
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characterized by 1H NMR spectroscopy (Bruker Avance II 300MHz NMR) for modification 

degree. 

 Fabrication of porous MeHA MNs. The stainless-steel MN mold (Micropoint 

Technologies Pte Ltd, Singapore) has the base diameter of 30 0μm, the tip radius of 5 μm, and the 

tip height of 1200 μm. To fabricate the negative mold, polydimethylsiloxane (PDMS, 10 mm thick, 

Dow Corning 184 Sylgard) was poured over the master template to replicate the structure. After 

degassing by vacuum oven, the PDMS was cured at 70 °C for 1 hr and carefully peeled off from 

the template.  

 To fabricate the porous structure, MeHA (Mw=48 kDA or Mw= 300 kDa) was mixed with 

the photoinitiator (Irgacure 2959) at the mass ratio of 100:1 and dissolved in deionized water. The 

mixture was casted in the PDMS mold and centrifuged at 4,000 rpm for 5 mins to fill up the voids. 

Later, the patch was crosslinked by UV exposure. MNs with the different crosslinking degrees 

were named as CL3, CL5, CL10, and CL15, defined by their exposure time to UV for 3, 5, 10, 15 

mins respectively. Then these MNs were frozen at -40 °C and lyophilized. The resulted porous 

MNs were carefully peeled off from the PMDS mold and crosslinked with UV again to strengthen 

the scaffold matrix.  The morphology and porous structures of MeHA MNs were examined by a 

microlens-equipped digital camera and field-emission scanning electron microscope (FESEM, 

JEOL JSM-6700, Japan). 

 Fabrication of porous chitosan MNs. The porous chitosan MNs were fabricated with a 

similar method as the porous MeHA MNs but without UV crosslinking step. The chitosan polymer 

with low molecular weight (L-CHI, 448869) or medium molecular weight (M-CHI, 448877) was 

dissolved in 1% acetic acid at the concentration of 2.5 wt.%. After complete dissolution, the 

chitosan solution was cast in the PDMS mold and centrifuged at 4,000 rpm for 5 mins to fill up 
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the voids. The MNs were frozen at -40 °C and later lyophilized. The morphology and porous 

structures were examined by the FESEM. 

 Cell culture. All cells, including normal dermal fibroblasts (NDF, CellResearch 

Corporation Pte Ltd), human immortalized keratinocytes (HaCaT, Lonza), human mesenchymal 

stem cells (hMSC, Lonza), human malignant melanoma cell line (A375) were cultured in high-

glucose DMEM supplemented with 10% FBS and 1% P/S (37°C, 5% CO2). The complete culture 

medium was replaced every two days. 

 Optimization of cryoprotective medium. Cryoprotective medium was prepared by 

dissolving polymers (HA, alginic acid, methylcellulose, sodium carboxymethyl cellulose, poly 

(vinyl alcohol) (PVA), polyethylene glycol (PEG), and hydroxyethyl starch (HES)) and dimethyl 

sulfoxide (DMSO) at the designed concentrations (0, 0.25, 0.5, 1.0, 2.5 wt.% for polymers; 0, 1, 2 

v/v % for DMSO) in Dulbecco's Phosphate-Buffered Saline (DPBS, Gibco). The NDF was used 

for testing the cryoprotective effect of the freezing medium. After NDF reached the confluency 

over 90%, the cells were trypsinized and suspended in the freezing medium at the concentration 

of 2×105 cells/ml. The cells were cryopreserved by gradient freezing and finally stored at -80 ºC 

ultra-low freezer for 72 hrs. Later, the cells were thawed in a 37 ºC water bath and seeded on the 

96 well-plate and 48 well-plate using a fresh complete medium. After culturing for 24 hrs, the cells 

were imaged by phase contrast microscope and viability was accessed using the AlamarBlueTM 

cell viability assay. Cells cryopreserved in 10 v/v% DMSO under the same experimental condition 

were adopted as the positive control. The relative cell viability in each cryoprotective medium was 

calculated by normalized with positive control.  

 Fabrication of cryoMNs through dipping method with the porous MNs. The porous 

MN scaffolds were sterilized by UV for 30 mins before the operation. Cells (e.g. MSCs) were 
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firstly suspended in cryoprotective solutions at the density of 1 × 106 cells/ml. The porous MNs 

were then soaked in the cell suspension with tip facing downwards for 1 min. The extra solution 

was soaked by sterilized Kimwipe tissue. The loaded MNs were placed inside the cryopreservation 

box and frozen under -80 ºC for 1 day. The prepared cryoMNs were finally stored in liquid nitrogen.   

 

5.3. Results and discussion  

Fabrication and characterization of porous MeHA MNs  

 HA with different sizes (Mw= 48kDa and 300kDa) was firstly modified with methacrylic 

anhydride to derive the photocrosslinkable 48-MeHA and 300-MeHA. The methacrylate degree 

was evaluated by 1H NMR, in which 48-MeHA and 300-MeHA showed similar/ different 

modification rate for 93.8% and 70.3%, respectively (Figure 5.2).  

 The porous MN structure was made using the micromolding method with the precursors of 

MeHA and porogen (Figure 5.3A). The porogen (i.e. ice) is to introduce the micro- / nano-pores 

inside the MN structure [124]. Briefly, the MeHA aqueous solution was cast into the negative 

polydimethylsiloxane (PDMS) mold and then centrifuged to fill the void. After crosslinking under 

the exposure of UV light, MeHA MNs were lyophilized and peeled off to derive the porous MN 

scaffold. It maintained the integrity and morphology of the original MN master template (Figure 

5.3B &3C).  
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Figure 5.1. The schematic illustration of the “one-step” loading of the cells into sponge 

microneedle scaffold and transdermal cell delivery using sponge cryomicroneedles (sponge-

cryoMNs). The sponge microneedle (MN) scaffold made from the crosslinked hyaluronic acid can 

absorb and hold the cell solution inside the MN matrix.  The sponge-cryoMNs in frozen status 

provide strong mechanical strength to penetrate the skin barrier and subsequently release carried 

cells into the dermal layer when melting in the skin.  
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Figure 5.2. 1H NMR spectrum of methacrylated hyaluronic acid (MeHA) with different molecular 

weight (i.e. 48kDa, 48-MeHA; 300kDa, 300-MeHA). 

 
 

Figure 5.3. The sponge microneedle (MN) scaffold made from the crosslinked hyaluronic 

acid (HA).  (A) Schematic of the fabrication process of sponge MN scaffold; (B) The photo of 

sponge MN scaffold. Scale bar: 2mm;   (C) The SEM image of sponge MN scaffold. Scale bar: 

250 m.  
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 The porous structure of MNs was tunable by adjusting the MeHA polymer concentration 

and crosslinking duration in the fabrication. I firstly examined the morphology of the MN scaffolds 

made with different MeHA concentrations (2, 4, 5, 6 wt.% for 300-MeHA; 2, 4, 6, 8 wt. % for 48-

MeHA) under the same crosslinking time (5 mins) (Figure 5.4A& 5.4B). As shown through SEM 

examination, both 48-MeHA and 300-MeHA MNs owned the porous structures when the 

concentration of polymer was 4% in the synthesis. A lower concentration won’t provide a stable 

MN structure while the higher concentrations significantly decreased the porosity.   

 The crosslinking time is another major parameter to control the porosity. Once the MeHA 

solution with the optimized concentration (i.e. 4%) was placed in the PDMS template, it was UV 

crosslinked for 3 min (CL3), 5 min (CL5), 10 min (CL10), and 20 min (CL20). As shown in Figure 

4C & 4D, the higher crosslinking degree (longer UV exposure time), the lower porosity is. The 

integrity of the needle shape was negatively influenced with a longer UV crosslinking.  

CL3 and CL5 of 48-MeHA (i.e. CL3-48-MeHA and CL5-48-MeHA) and CL3 of 300-MeHA (i.e. 

CL3-300-MeHA) were finally identified as the best ones for their intact MN structure and 

observable porosity. I further analyzed their porosity and dimension through SEM images using 

the software. CL3-48-MeHA and CL5-48-MeHA MNs had the average MN height of 697.1± 21.0 

μm and 682.9 ± 10.7 μm, respectively.  CL3-300-MeHA MN was slightly shorter at 616.4± 32.8 

μm. The average pore sizes for CL3-48-MeHA, CL5-48-MeHA, and CL3-300-MeHA were 81.0± 

36.8 μm, 56.6± 22.8 μm, and 54.2± 23.9 μm, respectively, which was perfect to accommodate the 

mammalian cells that are usually 10-30 μm in suspension. Out of these three hits, CL5-48-MeHA 

scaffold was used for the rest studies.  
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Figure 5.4. Fabrication and characterization of the sponge MN scaffold made from the 

crosslinked hyaluronic acid (HA). (A) Optimization of hydrogel concentration (i.e. 2, 4, 5, 6 

wt.%) for the fabrication of sponge MN scaffold made from the methacrylated HA with a molecule 

weight of 300kDa(300-MeHA). (B) Optimization of hydrogel concentration (i.e. 2, 4, 6, 8 wt.%) 

for fabrication of sponge MN scaffold made from the methacrylated HA with a molecule weight 
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of 48kDa(48-MeHA).  Selection of the best crosslinking duration for the sponge MN scaffold 

made from (C) 4 wt.% of 300-MeHA, and (D) 6 wt.% of 48-MeHA.    

 

Optimization of cryoprotective medium  

 Dimethyl sulfoxide (DMSO) has been widely applied as the cryoprotective agent by 

binding with water molecules to prevent the ice crystallization and cell damages.  However, it is 

also toxic to the cells with the standard concentration in cryopreservation (i.e. 10%, v/v). During 

the transdermal delivery of the therapeutic cells, the high dosage of DMSO in the cryoprotective 

solution can be toxic to surrounding skin cells. To minimize the cell toxicity of DMSO (Figure 

5.5), the biocompatible materials were formulated into the cryoprotective solution with a relatively 

lower concentration of DMSO at 2%. Hydrogel materials have featured with their good 

biocompatibility and good affinity with water molecule, in which several polymers such as 

polyethylene glycol (PEG), hydroxyethyl starch (HES) and poly (vinyl alcohol) (PVA) have 

applied in the cryopreservation for stem cells  and germ cells.  In this study, seven common 

hydrogel polymers were tested for their protective capacity to cryopreserve cells, including PEG, 

HES, methylcellulose (MC), sodium carboxymethyl cellulose (CMC), PVA, HA and alginic acid. 

These polymers were mixed with DMSO under different concentrations for cryopreserving cells. 

After 3-day preservation, cells were thawed, and viability was accessed. As shown in Figure 5.6 

A-D, the mixture of PEG, HES, MC or PEG with DMSO ensured the survival of most cells in 

cryopreservation.  However, PVA, HA, and alginic acid did not provide comparable results.  

 For the successful PEG, HES, MC and CMC, the polymer concentration was the primary 

parameter to alter the ice crystallization and cell dehydration, and thus further affect the 

cryoprotective function. The polymer concentration was tuned from 0, 0.25, 0.5, 1 to 2.5 wt.% in 
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Dulbecco's phosphate-buffered saline (DPBS) solution, supplemented with various DMSO ratios 

from 0%, 1% to 2% (v/v). The cryogenic solution, which only contained polymer ingredients, 

didn’t show sufficient protection in cryopreservation with cell viability all lower than 40%. 

However, with only 1% of DMSO, PEG achieved comparable cell viability to a standard 10% 

DMSO formula. With DMSO ration increased to 2%, the cryogenic solution of four polymers can 

all achieve similar or even higher cell viability compared to 10% of DMSO. PEG, MC, and CMC 

showed an increased NDF survival with a higher concentration of polymer in the formulation (2.5 

wt.%), while HES achieved the highest cell viability with a lower concentration of 0.25 wt.%.  

 

 

Figure 5.5. DMSO toxicity towards skin cells of (A) skin normal dermal fibroblasts (NDF), and 

(B) human keratinocytes (HaCaT).  
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Figure 5.6. Optimization of cryoprotective medium featured with hydrogel polymers and low 

dosage of dimethyl sulfoxide (DMSO). The viability of normal dermal fibroblasts (NDF) after 

cryopreserved in cryogenic solution containing various ratio of DMSO (i.e. 0, 1, 2%, v/v) and 

concentration (i.e. 0, 0.25, 0.50, 1.0, 2.5 wt.%) of  (A) polyethylene glycol (PEG) , (B) 

hydroxyethyl starch (HES) , (C) methylcellulose (MC), and (D) sodium carboxymethyl cellulose 
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(CMC) in Dulbecco's phosphate-buffered saline (DPBS). (E) The viability of NDF, human 

keratinocytes (HaCaT), human malignant melanoma cell line (A375), and human mesenchymal 

stem cells (hMSCs) after cryopreserved in hydrogel polymer-based cryogenic solution. *P≤ 0.05, 

**P≤ 0.01, ***P≤ 0.001, ns: P> 0.05, no significant difference. 

 

 

 
 

Figure 5.7. Cryoprotective medium safety tested on the skin cells of (A) skin normal dermal 

fibroblasts (NDF), and (B) human keratinocytes (HaCaT).  

 

 I further tested the optimized formulations on the other three types of cells (Figure 5.6E). 

The cryogenic solutions formulated with hydrogel polymers showed significant improvement in 

cell viabilities for NDF, human keratinocytes (HaCaT), human malignant melanoma cell line 

(A375), and human mesenchymal stem cells (hMSCs). Because hydrogel polymers with excellent 

biocompatibility reduced the dosage of DMSO, the cryogenic solution featured with PEG, HES, 

MC, and CMC did not induce any significant toxicity for the skin cells (Figure 5.7).  Finally, 

(formula) with 2% DMSO showed the great cryoprotective function and good biocompatibility for 
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all four types of cells tested in this study, which selected as the cryogenic solution for following 

cell loading.    

 

Loading and release of cell for sponge-cryoMNs 

 The sponge MN scaffold was later applied as the matrix for holding the cell suspension in 

the cryoprotective medium. After the sterilization process (i.e. UV for 30 mins), the sponge 

scaffold was soaked in the cells (e.g. NDF, and MSCs) suspension in cryoprotective solutions with 

the tip facing downwards for 1 min. The loading process was visualized by using the dye-

containing cryoprotective solution (Figure 5.8 B), in which the scaffold matrix can easily absorb 

the solution and homogeneously distributed within the whole patch.   The loaded MNs were placed 

inside the cryopreservation box and frozen under -80 ºC for 1 day. The prepared cryoMNs were 

finally stored in liquid nitrogen.  The NDF-loaded cryoMNs were applied on agarose gel skin 

phantom to show the cell release from the cryoMNs (Figure 5.8 C&D). The NDF-loaded cryoMNs 

can easily penetrate the agarose gel and release the preloaded cell into the matrix. 
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Figure 5.8. Loading the cell into the sponge MN scaffold and release preloaded cells into the 

agarose skin model.  The sponge MN scaffold (A) Before and (B) after loading process, visualized 

using Rhodamine B dye-containing cryoprotective medium (i.e. 0.25% HES, 2% DMSO). (C)The 

confocal images of the microholes after cryoMNs penetrating the agarose gel model and release 

the preloaded NDFs. (D) The 3D reconstruction of cells released from cryoMN in one microhole. 

 

5.4. Conclusions  

 The transdermal delivery of living therapeutic cells has great potential for localized skin 

regeneration and systemic diseases. The conventional methods to administrate the therapeutic cells 

are limited to injection. The MN-based transdermal delivery technologies can offer a painless and 

precise delivery solution for therapeutic cell application. In the study, the MN-scaffold assisted 

fast loading methods were proposed to minimize the steps from cell harvesting to cell delivery.  

The sponge MN scaffold can rapidly absorb the therapeutic cell suspension in its matrix and later 

frozen into solid status, with cell cryopreserved inside the MN needle. To enhance the cell viability 

and reduce the potential toxicity of local skin tissue, the cryoprotective medium was formulated 

base on a low concentration of DMSO and biocompatible polymers. The optimized cryoprotective 

medium can achieve comparable cell viability with the common practice for cell cryopreservation 

for various types of cells meanwhile ensure sufficient strength of cryoMNs for penetration.  The 

skin penetration performance of the hydrogel cryoMNs was tested on the agarose gel skin phantom 

to show the delivery and release of the loaded therapeutic cells. The cells can be store in cryoMNs 

and remain viable for a long duration, therefore can reduce the cost for repeated harvesting and 
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cold-chain transport, which greatly simplify the application process and show great potential in 

terms of transdermal cell delivery. 
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Chapter 6. Summary and Future Outlook 
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6.1. Summary 

  The conventional oral administration suffers from first-pass metabolism and 

gastrointestinal degradation, usually requiring a higher dosage of medication and bringing 

concern about side effects for major organs. Therefore, TDD technologies have gained great 

attention to solve the intractable problems by introducing the therapeutic through the skin, 

especially in a minimally invasive and patient-friendly manner. MN technology is raising and 

shining stars among the TDD platforms because it exhibits high efficiency without any bulky 

equipment involved. Compared to the painful procedure of hypodermic injection, MNs can 

achieve higher satisfaction from patience especially when it comes to chronic disease 

management such as diabetes mellitus.  

  The concept of MNs was firstly demonstrated on silicon owing to the wide adoption of 

MEMS. However, their fragility and poor biocompatibility limited their applications. Later, more 

materials such as glass, ceramics, metals, and polymers have been applied to the fabrication of 

MNs platforms. The biocompatibility of materials is always the critical parameter to be 

considered because of the unavoidable contact between MN and skin tissue. Therefore, hydrogel 

polymers can be excellent candidates for building MN platforms: 1.  Good biocompatibility with 

high tissue similarity; 2. Engineerable for various release performances (i.e. burst, sustained, 

responsive); 3. Intrinsic hydrophilic and favorable for green fabrication procedures. 

  Except for the applications in TDD, MN platforms also showed glorious potential to 

accessing skin ISF for analysis of the present biomarkers. Motivated by pioneer work, this thesis 

aims for developing hydrogel-based MNs in transdermal biosensing and cell delivery, in which 

hyaluronic acid (HA), the natural component of the skin was applied.  
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  Firstly, the dissolvable HA MNs were applied to deliver the oligonucleotide-base probe for 

the “Out-patch” diagnosis (as described in Chapter 3). Briefly, the dissolvable HA MN patches 

rapidly dissolved and released the preloaded probe once it contacted with skin ISF. The MN 

matrix preserved the integrity of the oligonucleotide-based fluorescence probe and ensured its 

function for detection abnormal intracellular mRNA expression of scar fibroblasts. These probes 

were designed with a specific recognition sequence towards CTGF mRNA, which showed 

overexpression in hypertrophic scar fibroblasts. Following the specific detection of fibrosis-

related mRNA, the probes were capable of subsequently release siRNA to suppress its expression. 

Next, the detection and suppression function of oligonucleotide probes were aligned and 

examined with the gold standards of RT-PCR in hypertrophic scar fibroblasts. Finally, the 

delivery of the dual-role probes was performed on the 3D hypertrophic scar model, in which the 

probe distinguished abnormal fibroblasts from normal ones meanwhile significantly suppress its 

expression. 

  Secondly, instead of retrieving localized information, the “In-patch” diagnosis method was 

developed to analyze systemic metabolites/biomarkers inside the skin ISF. As described in 

Chapter 4, the swellable MNs comprising crosslinked hydrogel and osmolyte (i.e. maltose), were 

applied for sampling skin ISF and detection of its containing biomarkers. Once inserted into the 

skin, the described MN can extract the skin ISF through the swelling of the hydrogel matrix, in 

which its containing osmolytes can accelerate the sampling speed with extra osmosis pressure. 

The platform presented the fastest ISF extraction of 7.90μL within 3 minutes on ex vivo porcine 

ear skin. Furthermore, the biomarkers such as glucose, cholesterol, and insulin were recovered 

from hydrogel patches using centrifugation and subsequently quantified offline. Moreover, the 

larger extraction volume of ISF can be beneficial for in situ detection. The electronic glucose 



 

Page | 152  

 

sensor was later developed and applied for direct detection of glucose from the swellable MN 

patches, which showed correlated current response to glucose concentration in the physiological 

range. By integration MN with the electronic sensor, it significantly reduced the time cost from 

the lengthy procedures including centrifugation recovery and off-line analysis.  

  Lastly in Chapter 5，the hydrogel MNs were proposed for storage and delivery of living 

cells. The hydrated hydrogel MN was lyophilized to fabricate the sponge-like MN scaffold and 

later applied to absorb the therapeutic cell suspension in the cryoprotective medium. The cell-

loaded hydrogel MN was later frozen into solid status, with cell cryopreserved inside the MN 

needle.  The cryoprotective medium was optimized for maximum cell viability whilst ensuring 

sufficient mechanical strength after frozen. The skin penetration performance of the hydrogel 

cryoMNs was later tested on the agarose gel skin phantom to show the delivery and release of 

the loaded therapeutic cells.  

 In conclusion, the proposed hydrogel MN platforms have been demonstrated for 

transdermal biosensing based on two different strategies, which were capable of monitoring both 

localized (i.e. scar development) and systemic (i.e. glucose, and insulin) physiological information. 

What’s more, the hydrogel MNs have shown as potential delivery for therapeutic cells for precisely 

controlled transplantation. On this note, such hydrogel-based MN platforms have great potential 

in the future to assist the field of POCT and TDD, as will be elaborated in the following section.  

 

6.2. Future directions  

 As hypothesized and briefly demonstrated herein, capability of hydrogel-polymer based 

MNs in transdermal biosensing and therapeutic delivery.  Such technologies can benefit the field 
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of POCT and next-generation TDD platform in various ways, both for in vivo optimization well 

as allowing more comprehensive pre-clinical studies to be performed. Several ways in which both 

the described technologies could be adapted are listed below. 

 

Optimization/ development based on “Out-patch” transdermal diagnosis  

 The “Out-patch” transdermal diagnosis can extend the biomarkers that other transdermal 

biosensing strategies cannot easily achieve, especially for cellular gene expression and long-term 

monitoring. However, the sensitivity and patient-friendly administration can be explored for 

practical application. First, the robustness and sensitivity of the nucleic acid probe need to be 

optimized to reduce the background noise and false signal for better in vivo reliability.  The 

possible solution may encapsulation into the biocompatible nano/micro-particles and construction 

of 3D nucleic acid architectures (i.e. DNA origami) to promote greater persistence of the 

environmental factors and enzymatic degradation. It is also meaningful to develop and engineer 

the matrix materials for the microneedle patch to protect the bioactive sensor and prolong the shelf 

life inside the platform.  In that case, it is important to extend the ex vivo model to in vivo studies 

to validate the precise delivery and transfection of the nucleic acid-base probe into the skin scarring 

fibroblasts. 

 Besides the consideration of the sensing probe, the detection of the signal can be another 

concern. For the current fluorescence-based signal, it commonly requires bulky imaging systems 

for visualization. The versatile imaging systems adopted to a smartphone have attracted some 

interests, in which the LED light with lower power has applied as the excitation source. Therefore, 

the ultrabright fluorescence with better skin penetration (i.e. infra-red and far infra-red 

fluorescence) can be considered for probe development. 
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Development based on “In-patch” transdermal diagnosis 

 The “In-patch” transdermal diagnosis includes two important steps of ISF sampling and 

following the quantification of biomarkers. Even though the many swellable MNs platforms have 

studied for skin ISF sampling, there are limited studies to investigate if the biomarker 

partitioning/concentration related to sampling methods and materials of hydrogel matrix, which 

can be critical to building up physiology reference for each biomarker. The concentration of 

biomarkers may be presented differently from tips to base of microneedle patch, which is another 

concern that affect the accuracy of analyte quantification.  Moreover, skin hydration status can be 

dramatically altered through individuals, ages, gender, even climates, and area. Therefore, the ISF 

sampling platform needs to be tested on the animal model and more biomarkers with different 

physicochemical properties need to be investigated.   

 Another challenge for the practical application of swelling microneedle platform may come 

from the volume change of the microneedle patch as well as the following bending. The swelling 

can absorb the informative skin fluid, meanwhile leads to the detachment of needles from the skin 

and bring the obstacle for further integration of electronics based on non-swelling materials. It 

requires designing a suitable microneedle platform or electronic sensor to overcome the above 

problems.    

  The “In-patch” transdermal biosensing holds great potential for next-generation smart 

wearable device. By accessing the skin ISF, it creates lots of opportunities for reliable biomarkers 

and metabolites detection. And thus, beside the electronic sensors, the patches are expected to 

integrate energy harvesting and wireless communication parts to develop self-powered, wireless 

system. The transdermal biosensing eventually are capable for central role in smart self-
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management healthcare device integrating: 1. Physiological/physical detection performed on 

user/patient termination; 2. Remotely diagnosis performed by the physician or even by artificial 

intelligence[75]; 3. Automatically cloud storage and document historical diseases record; 4. 

Medicine and therapeutic administration performed on patient termination.  

 

Development based on transdermal cell delivery 

 Even though the current cryogenic medium was formulated with a low concentration of 

DMSO at 2%, the involvement of the toxic component can be a major challenge for practical 

application. Cell viability has shown significantly enhanced with additional hydrogel materials in 

the cryogenic solutions. To explore the mechanism behinds how they are improving cell survival 

during cryopreservation can provide useful instruction for developing a hydrogel-based 

cryopreservation method with other biocompatible cryoprotective agents based on non-DMSO 

formulation. Another concern about the safety of the cryomicroneedle system may come from the 

potential cryoinjury with the contact of the device. It will be important to careful analyze the skin 

histology in the animal study to verify the feasibility of the application in practical use.  

 Hydrogel MNs can be developed for co-delivery of living cells and stimulating 

biomolecules/ regents (e.g. cytokines) for example burst release of cell delivery and sustained 

release of cargos. One possible application can be the wound healing, in which the hydrogel 

CryoMNs applied for delivery of stem cells (e.g. mesenchymal stem cells, adipose-derived stem 

cells, epidermal stem cells, etc.) to the wound site and sustained release of antibiotics to avoid 

infection and accelerate wound healing. The HA matrix is a natural and biocompatible non-

sulfated glycosaminoglycan that is abundantly present in the skin. HA dressings have been widely 

adopted in chronic wound healing for delivering drugs or stem cells.   Crosslinked HA microneedle 
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can be fabricated after modifying of HA with methacrylate group and crosslinking under UV 

irradiation. Antibiotics can be covalently modified on the HA matrix. There are plenty of 

hyaluronidases (HAase) presented in the connective tissue to degrade the HA chain for sustained 

release of antibiotics.  
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