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Abstract  

Subcutaneous fungal infection is often difficult to be treated by the conventional topical 

application or oral intake of antifungal agents because of low drug bioavailability to the 

infection site, lack of sustained therapeutic effect, and development of drug resistance. Here, 

we report a new strategy using polymeric microneedle (MN) patch to overcome the skin barrier. 

MN is made of biocompatible and biodegradable chitosan-polyethylenimine copolymer which 

possesses antimicrobial property immune to drug resistance and allows sustained drug release. 

Using a fungal infection mouse model, we demonstrate that MN patches encapsulated with 

antifungal agent amphotericin B offer outstanding treatment effectiveness, which is attributable 

to the high bioavailability of therapeutics and synergistic actions of antifungal polymer and 

drug.    

1. Introduction 

Skin fungal infection (mycosis) affects 20-25% of the population worldwide.[1] Deep cutaneous 

mycoses are difficult to treat and may cause serious consequences even morbidity, particularly 

to immunosuppressed people.[2] AIDS and cancer patients whose immune systems are impaired 

are particularly prone to serious fungal infection.[2c, 3] In general, fungi are considered is more 

difficult to be killed than bacteria because, unlike bacteria,  they are not only eukaryotic cells 

with multi-organelles as well asbut also contain thick and rigid cell walls which are resistant to 

lysis by the innate immune response.[4] 
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Conventionally,Skin mycoses are currently treated with topical creams, ointments, gels, and 

lotions containing antifungal drugs (e.g., fluconazole and amphotericin B).[5] Fungi on the skin 

surface are able to migrate through the epidermis and dermis to the subcutaneous tissue.Fungi 

are able to migrate from skin surface into deeper layers of epidermis, dermis even subcutaneous 

tissues.[6] Although current topical formulations are effective to treat superficial fungal infection, 

they are not effective against to deep cutaneous fungal infection because of poor drug 

penetration across through the stratum corneum.[5a, 7] Incomplete elimination of fungi in chronic 

infection can lead to the development of multidrug-resistant fungi, and further If fungi are not 

eliminated completely in sustained infection, antifungal resistance will be developed and 

spreading of fungiinfection could be life life-threatening.[8] 

As compared with to topical applications, oral intake of antifungal drugs shows better 

therapeutic effect towards deep cutaneous fungal infection. However, systemic administration 

of drug can cause adverse side effects But such systemic drug administration often causes side 

effects (e.g., hepatoxicity and teratogenicity) due to non-specific drug accumulation in non-

targeted tissues.[9] On the other hand, surgical interventions Surgical measures (e.g., 

debridement) are expensive and painful. And it is not easy to completely remove the infected 

tissues, and the surgical wound left is  and the left wound sites are vulnerable to be infected 

again.[10] Therefore, it is imperative to develop new highly effective, safe, and patient-friendly 

methods to combat mycoses.  

Transdermal drug delivery based on microneedles (MNs), which is a minimally-invasive and 

pain-free technology capable of helping therapeutics to overcome the stratum corneum barrier, 

has been employed to treat various diseases including skin cancers, skin bacterial infection, 

diabetes, obesity, eye diseases, etc.[11] MNs are usually made of degradable polymers to 

encapsulate therapeutics and control release kinetics.[12] 

Antimicrobial polymers have attracted increasing attention due to their abilities to kill drug-

resistant microbes by for their ability to against resistance microbes by disrupting their 
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membranes.[13] Therefore, MNs made of antimicrobial polymers shall be promising for the 

treatment of skin infections. Several studies have been paid seeking the development of novel 

antimicrobial polymers.[14] Besides, studies also reported the use of  antimicrobial polymers and 

drug combinations to counteract drug resistance.[15] Chitosan is a natural, biocompatible, and 

biodegradable cationic polysaccharide known for its intrinsic antimicrobial ability.[16]  It has 

also been used as drug carriers for sustained drug release.[17] Branched polyethylenimine (PEI) 

with rich protonated amines at physiological pH can also electrostatically interact with 

negatively charged microbial surface to induce membrane disruption and cell lysis.[18] Although 

PEI has high antimicrobial activity, it is cytotoxic to animal cells.Although with high 

antimicrobial potency, PEI also induce cytotoxicity to animal cells.[19] Here, we for the first 

time use In this contribution, we for the first time synthesize chitosan-polyethylenimine (CP) 

copolymer as the antimicrobial polymer and use it to fabricate MN patches to treat deep 

cutaneous fungal infection (Figure 1). Comparing Compared to conventional topical drug 

application, such microneedle approach provides much superior therapeutic effectiveness 

owing to the localized drug delivery, high drug bioavailability, and sustained synergistic 

antifungal effects from both CP and encapsulated drug (amphotericin B) and high localized 

drug bioavailability.  

2. Results 

2.1. Characterization of chitosan-polyethylenimine (CP) copolymer 

CP copolymer was firstly synthesized by an imine reaction between chitosan and low molecular 

weight PEI. As shown in 1H NMR spectra (Figure S1a, Supporting Information), the areas of 

proton peaks from CP (3.299-2.655 ppm) are increased as compared with to that those from 

chitosan, demonstrating that chitosan and PEI is are successfully conjugated.[20] Consistently, 

zeta potential of CP copolymer becamebecomes more positive after conjugation of PEI (Figure 

S1b, Supporting Information). Unlike PEI, both Figure 2a chitosan (C) and demonstrates that 

CP copolymer, just like chitosan (C) but in contrast to PEI, doesn’t exert obvious cytotoxicity 
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are highly biocompatible to human cells  even at a high concentration (500 μg mL-1) (Figure 

2a). Fungus Fungi with drug-resistanceant (Candida albicans) was were used as the model 

strain in our study. Based on the light absorption of microbial culture solution at 600 nm (Figure 

2b), it was observed that MIC (minimum inhibitory concentration to inhibit 90% growth of 

micro-organism) of CP (140 μg mL-1) is much lower than thoseat of anti-fungal agent 

fluconazole (460 μg mL-1) and chitosan (340 μg mL-1) (Figure 2b). Although antifungal agent 

amphotericin B is more potent than CP, its conventional administration is problematic. Together 

with CP (100 μg mL-1), MIC of amphotericin B can be lowered from 23 to 10 μg mL-1. Similarly, 

addition of CP significantly reduces MIC of fluconazole to 27 μg mL-1. These results testify the 

synergy between the copolymer and drugs. In addition, CP also exhibits antimicrobial ability 

to bacteria including Staphylococcus aureus (S. aureus), Methicillin-resistant Staphylococcus 

aureus (MRSA) and Bacillus. The antimicrobial ability of CP against bacteria (Figure S2, 

Supporting Information) and fungus fungi (Figure 2c) was further confirmed by fluorescence-

staining based live/dead analysis. As seen from Figure 2c and Figure S3 (Supporting 

Information), the surface of fungus fungi became porous after CP treatment, making fungus 

fungi more susceptible to the antifungal agents.  

2.2. Fabrication and characterization of drug-loaded MNs 

Because of the good biocompatibility and antimicrobial ability of chitosan-PEI copolymer, we 

use it to fabricate antifungal MN patches by a simple micromolding method. Hyaluronic acid 

(HA) with low molecular weight was used to make the supporting substrate, which quickly 

separates from the MNs as the drawn interstitial fluid dissolves the interfacial HA molecules 

and thus can be removed soon after MN insertion.[11c] The MN patch consists of 10  10 array 

of sharp-pointed pyramidal needles with the height of ~950 µm and base width of ~250 µm 

(Figure 3a and 3b). The mechanical strength of MN was analyzed by compression test. MNs 

did not break even with a displacement of 400 µm, with the mechanical force of 0.60 N/needle 

which is strong enough to penetrate into the skin (Figure 3c). To confirm this, Cy5 dye loaded 
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CP MN patchess were applied onto the fresh porcine skin. After insertion for 2 min, HA 

supporting substrate was removed, leaving an array of blue spots that cannot be washed away 

(Figure 3d). It indicates that all MNs were successfully and fully inserted. 

Antifungal drug amphotericin B (AB, 10% w/w) was loaded into CP MNs for synergistically 

enhanced potency. As shown in Figure 3c, drug loading did not significantly compromise the 

mechanical strength of MNs (~0.55 N/needle). Histological examination of the pork porcine 

skin with embeddedafter insertion of CP/AB MNs reveals the penetration depth of ~400 µm, 

indicating that MNs can penetrate across the epidermis (50-150 µm thick) and reach the dermal 

layer (Figure 3e).[21] However, polymeric matrixes of MNs were not seen in the histological 

section, likely due to being removed during the tissue processing, cryo-sectioning, and staining 

processes.[21] In physiological buffer solution, CP/AB MNs became hydrogel (pH ~7), which 

was decomposed completely in within 6 days, gradually releasing CP molecules into the 

solution (Figure S4, Supporting Information). No obvious pH changes in both CP/AB hydrogel 

and the buffer solution were observed during in vitro releasing process (both of pH are ~7) 

(Figure S5, Supporting Information). As human skin interstitial fluid has a good buffering 

system, with a tight pH range of 7.2 to 7.4,[22] there will be no changes in the pH of the hydrogel 

and the environment during drug release in vivo. In addition, it was found that CP/AB hydrogel 

and drug release did not affect cell viability and motility (cell motility assay was used to assess 

cell function) (Figure S6 and S7, Supporting Information), indicating that CP/AB MNs and 

drug release are not harmful to the human skin.   

Next, the in vitro drug release profiles were investigated by monitoring the release of Cy5 

encapsulated infrom CP MNs from in agarose hydrogel as the artificial skin (Figure 3f and 3g). 

Swelling of MNs and a burst release of dye molecules was were observed immediately after 

insertion (Figure 3f). Although most of Cy5 molecules were distributed throughout the agarose 

hydrogel after 24 h, bright fluorescence signals were still observed in the MN tips, After 24 h, 

most dyes were distributed in agarose hydrogel but still with bright fluorescence signals in the 
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MN tips, demonstrating that the release is sustained (Figure 3g). Furthermore, in vivo release 

of Cy5-loaded CP MNs was evaluated based on the changes of fluorescence signal as the dye 

molecules were released and diffused away from the application sites. As shown in Figure 3h 

and 3i, the release lasted over 72 h with a time constant of 27.03 h.  

2.3. Drug-loaded CP MNs for treating deep cutaneous fungal infection 

 

In vivo therapeutic effects of AB-loaded CP MNs on subcutaneous fungal infections was were 

investigated in using a Candida albicans (C. albicans)-inoculated mouse model.[23] Mice were 

injected intradermally with C. albicans suspension and randomly separated into six groups with 

seven in each. Prominent nodule appeared below the skin after 1 d, indicating that the mice 

were suffered from fungal infection. 

Nodules of the non-treated mice (control) as well as mice treated with HA MNs (MNs made of 

HA) two mouse groups without any treatment or treated with polymeric equipped with MNs 

patch made of hyaluronic acid (HA MNs) grew over time (Figure 4a and 4b). On the other 

hand, treatment with CP MNs suppressed the nodule growth, demonstrating the antimicrobial 

effects of CP copolymer. In contrast, CP MNs loaded with AB largely eliminated the nodule, 

indicating the synergistic effects of antimicrobial polymer and drug (Figure 4a and 4b, Figure 

S9, Supporting Information). In comparison, topical application of cream containing the same 

amount of CP copolymer and AB was not able to inhibit the nodule growth because of the poor 

skin penetration, and hence low bioavailability of these antimicrobial agents. HA MNs loaded 

with AB was were not able to significantly inhibit nodule growth over time, owing to the fast 

release and clearance of the drugs.[11e]  

At day 6, the mice were euthanized and nodules beneath the infected skin were measured, . As 

shown in Figure 4c and 4d, confirming that CP/AB MNs offers the best treatment outcome 

(Figure 4c and 4d). Histological analyses show that the skin thickness and morphology after 

CP/AB MN treatments is are nearly identical to the healthy skin whereas infection and swelling 

remain prominent after other treatments (Figure 4e and 4f). It is noted that CP MN treatment is 
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much better than HA/MN, HA/AB MN, and CP/AB cream treatments because the MNs 

themselves have good antifungal property and are able to overcome the barrier of stratum 

corneum. It is inferior to CP/AB MN because of the absence of synergistic action of antifungal 

polymer and drug. Periodic acid Schiff (PAS) staining targeting on high content of 

polysaccharides in the cell wall was used to specifically label fungi (Figure 4g).[24] In contrast 

to other treatments, only CP/AB MN treated skin shows a trace amount of fungi similar to that 

in healthy skin. The infected skin tissues treated by CP/AB MNs areis still slightly thicker than 

the healthy skin, likely due to the lasting inflammation.  

3. Discussion and Conclusion 

Effective transdermal drug delivery to treat subcutaneous mycoses remains challenging due to 

the skin barrier and drug-resistance.[5a, 25] To tackle these issues, we demonstrate a transdermal 

patch equipped with an array of drug-encapsulated microneedles (MNs) made by antimicrobial 

polymers. MNs can be self-implanted subcutaneously and serve as micro-reservoirs to locally 

release antifungal effect sustainably in desired kinetics without causing side effects. We show 

that chitosan-polyethylenimine (CP) copolymer is biocompatible and has potent antifungal and 

antibacterial ability. MNs made of it CP copolymer has have sufficient mechanical strength for 

the skin penetration and provide sustained antimicrobial effect with dissolving time over several 

days which is comparable to the skin turn-over time of mouse. In addition, the synergistic 

effects of antifungal polymer and drug are demonstrated both in vitro and in vivo.  Finally, 

using a C. albicans-inoculated mouse model, it is found that this microneedle approach is 

superior to the conventional cream application. The outstanding effectiveness is attributable to 

high and localized bioavailability of therapeutics by overcoming the barrier of stratum corneum, 

synergistic combination of antifungal polymer and drug, and sustained therapeutic effect.  

Conventional antimicrobial agents are often plagued by the development of drug-resistance 

because of the molecular and genetic adaptation of microbes and biofilm formation.[25] In 
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contrast, antimicrobial polymers offer high antimicrobial activity without inducing drug 

resistance because they act by physically disrupting microbial membranes.[26] 

Apart from subcutaneous candidiasis, other deep cutaneous mycoses, such as mycetoma, and 

chromoblastomycosis could be effectively treated by our strategy.[27] It is also possible to be 

used for treating fungal eye infections such as keratitis.[11d] As CP copolymer is also active for 

killing bacteria (Figure S2, Supporting Information), our MN patch is also promising for 

treating subcutaneous bacterial infections, such as cellulitis.[28] Various types of antimicrobial 

polymers have been identified or synthesized, for examples, polymers containing quaternary 

nitrogen atoms, guanidine, phospho and sulfo derivatives.[29] In addition to antimicrobial drugs, 

antimicrobial peptides, enzymes or nanoparticles may also be loaded into MNs.[30] These 

abundant choices make the microneedle approach potentially applicable to many diseases. In 

addition, the minimally invasive microneedle approach is suitable for convenient self-

administration at home.  

4. Experimental Section 

 

Materials. Chitosan (75-85% deacetylated, viscosity 300 mPa·s), branched Polyethylenimine 

polyethylenimine (PEI) (average Mw 800 Da), fluconazole, amphotericin B, acetic acid, sodium 

hydroxide (NaOH), 1,1′-carbonyldiimidazole (CDI) were purchased from Sigma-Aldrich. 

Sodium hyaluronic acid (HA) (<10 kDa) was purchased from Bloomage Freda Biopharm. 

Dulbecco's modified eagle medium (DMEM), fetal bovine serum (FBS), penicillin-

streptomycin (10,000 U ml-1), and trypsin-EDTA (0.5 %, 10 X) were obtained from Gibco Life 

Technologies. Phosphate buffered saline (PBS, 1X) was purchased from Lonza. All reagents 

are of analytical grade and used without further purification. 

Synthesis and characterisation characterization of CP copolymer. The cCopolymer was 

prepared according to the previously reported method for gene delivery.[20a] Briefly, 1 g of 

chitosan was dissolved into 100 mL of DI water containing 0.3% (v/v) acetic acid, followed by 

overnight stirring and titrating pH to 7.0 by NaOH (1 M). Subsequently, CDI was added into 
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the solution with a molar ratio of 2:1 (CDI:amines in chitosan), following by stirring for 1 h. 

PEI was then added dropwise under continuous stirring with a molar ratio of 2:1 (PEI:amines 

in chitosan). Polymerization reaction continued overnight at room temperature. The resulting 

product was dialyzed against water for another 48 h to remove extra free PEI. Lastly, CP powder 

was obtained through lyophilization and characterized by 1H NMR spectroscopy (Bruker 

Avance II 300MHz NMR). The zeta potential was determined by a Malvern Nano-ZS Zeta 

Sizer machine (Malvern Instruments). The pH was measured by a pH meter (SevenCompact 

pH meter S210).  

Fabrication of drug-loaded MN patches. MN patches were fabricated by a micromolding 

method. Specifically, poly(dimethylsiloxane) (PDMS) mold was firstly prepared via pouring   

the mixture of PDMS and curing agent (weight ratio of 10:1) into a stainless-steel master 

structure, which consists of 10 × 10 arrays of sharp-pointed pyramidal MNs with a base width 

of 300 μm, height of 1000 μm, and interspacing of 700 μm. Subsequently, PDMS mold was 

degassed and dried in a vacuum oven at 70 °C for 1 h. CP powders were dissolved into an 

aqueous solution with acetic acid (1%, v/v). The CP solution (20 mg mL-1) was then dialyzed 

(MWCO: 10 kDa) against DI water to remove extra acetic acid until reaching pH 6. After that, 

CP solution was evaporated in an oven at 37 °C until reaching the final concentration of 5 wt%. 

This glutinous CP solution was collected for CP -MN patch fabrication. For drug loading, 

fluconazole (F) or amphotericin B (AB) was firstly dissolved into DMSO (40 mg/mL). Then 

125 μL of the drug solution was vortexed with CP solution (875 μL) overnight before 

fabrication of drug-loaded CP -MN patch. To make MN patches, concentrated CP and CP+AB 

solution was were filled into PDMS mold by centrifugation (4000 rpm, 10 min). After being 

left overnight for drying, HA solution (<10 kDa, 500 mg mL-1) was added onto the mold and 

centrifuged for the supporting substrate of MN patch. Finally, the MN patch was carefully 

detached from the mold after overnight drying. The residual acetic acid left in MNs was further 
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removed during the drying process due to its highly volatile nature. The pH of CP/AB hydrogel 

after immersion of CP/AB MNs into the buffer solution is around 7. 

Mechanical test and in vitro penetration test. The mechanical strength of MNs was analyzed 

by an Instron 5543 Tensile Meter. A continuous force was administered to the tips of MNs 

which was were placed upwards on a flat stainless-steel probe, until a displacement of 400 μm 

was achieved at a constant speed of 0.5 mm/min.  

To evaluate the skin penetration ability, MN patches were applied vertically onto the fresh 

porcine skin for ~2 mins before the HA substrate was removed, leaving MNs embedded in the 

skin. The skin was then excised, fixed with 10% formaldehyformalinde solution for 1 day, and 

cryoprotected with 30% sucrose solution for 2 days. After being frozen sectioned (10 μm thick) 

by a CM1950 cryostat (Leica Microsystem), the slides were stained with haematoxylin and 

eosin (H&E), and the images were obtained by a digital microscope (Leica DVM6). 

In vitro and in vivo drug release. To determine in vitro drug release profiles of CP MN, Cy5 

was loaded in MNs and its release was imaged by confocal microscope (LSM800, Carl Zeiss) 

after MNs being inserted into agarose hydrogel. Seven to eight-week old male C57BL/6J mice 

were used to examine in vivo release profiles of Cy5 dye from CP MNs. After applying the MN 

patch, the mice were imaged at different times (0 h, 3 h, 24 h, 48 h, and 72 h) by an in vivo 

imaging system (IVIS Spectrum, Perkin Elmer).  

Cytotoxicity and cell motility assays. Cytotoxicity of CP copolymer was evaluated using an 

AlamarBlue cell viability assay (ThermoFisher). Briefly, human Hela cells (NIH/3T3 cell, 

ATCC) were incubated in culture medium (DMEM with 10% FBS) overnight, followed by the 

exposure to CP copolymer with different concentrations for 24 h. In addition, to investigate the 

impact of CP/AB MNs on the cell viability during drug release process, human Hela cells were 

also exposed to CP/AB MNs (~500 μg) for one day and three days respectively. After that, cells 

were washed by PBS and incubated in culture medium together with 10% AlamarBlue for 2–3 
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h at 37 °C. Finally, the fluorescence intensity of AlamarBlue at 590 nm under 560 nm excitation 

was determined using a microplate reader (SpectraMax M5, Molecular Devices).  

Cell motility assay was performed as described previously.[31] Firstly, human Hela cells were 

incubated overnight. A straight scratch was made using a pipette tip on the confluent cell 

monolayer. After removing the floating cells, the remaining cells were exposed to CP/AB MNs 

(~500 μg). Bright-field images were taken in the rigion along the scratch at day0, day1 and 

day2 using a digital microscope (Leica DVM6), and the scratch distances were measured using 

ImageJ. 

Minimum inhibitory concentration (MIC) test. Candida albicans (C. albicans) were incubated 

overnight in YPD broth (10 g of yeast extraction, 20 g of peptone, and 20 g of dextran dissolved 

in 1 L of deionized water) at 30 °C in a shaking incubator. They were then diluted to 104 to 105 

colony forming units (CFUs)/mL in PBS. Different concentrations of 100 μL of CP solution in 

YPD broth was were added into a 96-well microplate, followed by adding 100 μL of fungi 

suspension. Subsequently, the plates were put in a shaker incubator at 30 °C for 18-24 h. Finally, 

a microplate reader (SpectraMax M5, Molecular Devices) was used to measure the absorbance 

at 600 nm of the 96-well plate. The percentage of microbial inhibitory rate was calculated 

according to Equation 1. 

(Equation)   Inhibition rate (%)= 
OD of normal microbial growth-OD of inhibited microbial growth

OD of normal microbial growth
 × 100      (1) 

OD of inhibited microbial growth was obtained by subtracting OD of polymer solution. 

Live/dead assay. 100 μL of fungi or bacteria suspension (5  108 CFUs/mL) in PBS (500 μL) 

with or without CP copolymer was incubated for 1 h at 30 °C (for fungi) or 37 °C (for bacteria). 

Then, the fungi or bacteria suspension was stained with a LIVE/DEAD Kit (L7012, 

Thermofisher) for another 20 min at room temperature. Finally, they were imaged with a 

confocal microscope. 
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Dermal infection mouse model. All the animal experiments were approved by Institutional 

Animal Care and Use Committee of Nanyang Technological University (NTU-IACUC, 

A18029). Firstly, C. albicans (5 x 106 CFUs/mL) were cultured at 37 °C with 10% FBS for 2 h 

in order to change the morphology of fungi from blastospores to pseudohyphae. Next, the 

density of fungi was adjusted to 5 x 106 CFUs/mL by PBS, and the suspension (50 μL) was 

intradermally injected into the deep dermis of the shaved back of each mouse. After 1d, nodules 

were formed on the injected region. These inoculated mice were then randomly separated into 

6 groups with seven in each. One was designated as control, other five groups were treated once 

with CP/AB MN, CP MN, HA MN, HA/AB MN, and CP/AB cream (0.5 wt% AB in 4.5 wt% 

CP solution) respectively. At day1, MN patches were applied gently on the infected area. The 

swelling sizes (diameters) of mice skin were measured by a micro-caliper and recorded every 

day. At day 6, the mice were euthanized, and the deep skins were imaged and collected for 

histology analysis. The mice skin tissues were immersed in 10% formaldehyde formalin 

solution for 1d and subsequently dipped into 30% sucrose solution for two more days. Then, 

they were frozen, and cut into slices with 10 μm thick, and stained with periodic acid-schiff 

(PAS). PAS staining areas were measured by using the ImageJ software.[32] 

Statistical analyses. All quantitative data analyzed were shown as mean ± standard deviations 

(SD).  Statistical analysis among groups was executed performed using one-way analysis of 

variance (ANOVA) followed by Tukey’s post-hoc test. Unless otherwise stated, all experiments 

were carried out using at least three different samples per group. A p value < 0.05 was regarded 

as statistically significant. Statistical analysis was performed by Prism6 software. 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure captions 

Figure 1. Illustration of the antimicrobial MN patch for treating subcutaneous fungal infection. 

Figure 2. a) The cytotoxicity study of chitosan (C), PEI, and chitosan-PEI (CP) copolymer with 

increasing concentration from 0 to 500 μg mL-1 in Hela cells . (Mean  SD; (n=3). b) Inhibition 

rate of PEI, chitosan (C), CP, fluconazole (F), amphotericin B (AB), CP/AB and CP/F against 

C. albicans . (Mean  SD; (n=6).  c) LIVE/DEAD viability assay of C. albicans on without 

(control) or with 1 h incubation of CP at 30 °C. Dead cells are stained with red propidium iodide. 

Scale bar = 10 µm. Data presents as mean value, and error bars indicate SD. n represents the 

number of samples for each group. 

Figure 3. a) SEM image of a CP/AB MN patch. Scale bar = 200 µm. b) Representative confocal 

fluorescence image of CP MNs loaded with Cy5. Scale bar = 200 µm.  c) Mechanical 



  

16 

 

compression test of CP MN and CP/AB MN. d) Photograph of the penetration marks on porcine 

skin created by Cy5-loaded MN -patch. Scale bar = 2 mm. e) H&E stained porcine skin after 

insertion of CP/AB MN. Scale bar = 250 µm.  f-g) Representative confocal images of Cy5 

release from CP MN in agarose hydrogel after 2 min and 24 h, respectively. Scale bar = 200 

µm. h) In vivo fluorescence imaging shows the release of Cy5 from CP MN at different times. 

i) Quantitative in vivo release profiles of Cy5 from CP MN. (Mean  SD;  (n=6). Data presents 

as mean value, and error bars indicate SD. n represents the number of samples for each group. 

Figure 4. a) Images of the C. albicans infected site on mice. b) Change of the nodule sizes 

(normalized to the initial size) after treatment with CP/AB MN, CP MN, HA MN, HA/AB MN 

patches, and CP/AB cream. Scale bar = 2 mm.  c) Images of the infection sites underneath the 

skin. d) Size of the internal nodules after the treatments (day 6). Scale bar = 2 mm. e) PAS 

histological images of the normal mice skin and inoculated mice skin after the treatments (day 

6). Scale bar = 250 µm. f) Skin thickness at day 6. g) PAS staining percentage vs. control.  

(Mean  SD; n=7). Data presents as mean value, and error bars indicate SD. n represents the 

number of samples for each group. Error bars indicate SD (n=7).  Statistical comparison 

between among groups was performed using one-way ANOVA with a Tukey post-hoc test, *p 

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus control (no treatment on infected skin).  
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Figure 3.  
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Figure 4.  
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A microneedle patch made of antimicrobial polymers and encapsulated with antifungal agent 

is developed to treat subcutaneous fungal infection. Compared with conventional topical 

application, the antimicrobial patch shows superior therapeutic effects because of the enhanced 

drug penetration capability, sustained drug release, and synergistic therapeutic effects. 
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Figure S1. a) 1H NMR spectra of chitosan (C) and chitosan-PEI (CP). b) Zeta potential of C 

and CP.  
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Figure S2. c) LIVE/DEAD viability assay of a) S. aureus, b) MRSA and c) Bacillus on without 

(control) or with 1 h incubation of CP at 37 °C. Dead cells are stained with red propidium iodide. 

Scale bar = 10 µm.  
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Figure S3. Confocal image of LIVE/DEAD viability assay of C. albicans after 1 h incubation 

of CP at 30 °C. Yellow color represents the merged areas of propidium iodide (red color) and 

SYTO9 (green color). Scale bar = 10 µm.  
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Figure S4. Bright-field images of CP MN dissolved a) immediately into PBS, b) at day 3, and 

c) at day 6. Scale bar = 200 µm. c) UV-vis spectrum of dispersed CP in PBS from the MNs. CP 

MNs were immersed into PBS for 1 min, 1 h, and 12 h. The supernatant solution after centrifuge 

(10000 RPM, 5 min) was analyzed by UV-vis spectrophotometry. 

 

Figure S5. The pH changes of a) the buffer solution, and b) hydrogel at different days after 

immersing CP/AB MNs into PBS buffer solution. CP/AB MNs became hydrogel after 

immersing into buffer solution. The pH of the solution after centrifugation (10000 RPM, 5 min) 

and hydrogel was measured by the pH meter (Mean  SD; n=3). Data presents as mean value, 

and error bars indicate SD. n represents the number of samples for each group. Statistical 

significance was calculated by one-way ANOVA, and no significant differences were found 

among groups. 
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Figure S6. The cell cytotoxicity study of CP/AB MNs at different days (Mean  SD; n=3). 

Data presents as mean value, and error bars indicate SD. n represents the number of samples 

for each group. Statistical significance was calculated by two-tailed Student’s t-test, and n.s. 

represents no significance between indicated groups. 

 

 

Figure S7. The cell motility study of CP/AB MNs at different days (Cell motility assay was 

used as a mean to analyze the cell ability) (Mean  SD; n=3). Data presents as mean value, and 

error bars indicate SD. n represents the number of samples for each group. Scale bar = 250 µm. 

Statistical significance was calculated by two-tailed Student’s t-test, and n.s. represents no 

significance between indicated groups. 
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Figure S8. a) Optical images of CP/AB MN patch. Scale bar = 750 µm. Images of inoculated 

mice skin b) with CP/AB MN patch inserted, and c) after CP/AB MN insertion. Scale bar = 250 

µm. 


