
 

 
 

 

 
Pharmaceutics 2021, 13, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/pharmaceutics 

Article 1 

Micromolding of Amphotericin B-Loaded Methoxyethylene- 2 

Maleic Anhydride Copolymer Microneedles 3 

Sina Azizi Machekposhti1, Alexander K. Nguyen1, Lyndsi Vanderwal2, Shane Stafslien2 and Roger J. Narayan1,* 4 

1Joint UNC/NCSU Department of Biomedical Engineering, North Carolina State University, Raleigh, NC, 5 

USA;sazizim@ncsu.edu; alexander.Nguyen@fda.hhs.gov;  6 

2Coatings and Polymeric Materials, North Dakota State University, Fargo, ND, USA; lyndsijo@live.com; 7 

shane.stafslien@ndsu.edu; 8 

Correspondence: roger_narayan@unc.edu 9 

Abstract: Biocompatible and biodegradable materials have been used for fabricating polymeric 10 

microneedles to deliver therapeutic drug molecules through the skin. Microneedles have ad- 11 

vantages over other drug delivery methods such as low manufacturing cost, controlled drug re- 12 

lease, and the reduction or absence of pain. The study examined the delivery of amphotericin B, an 13 

antifungal agent, using microneedles that were fabricated using a micromolding technique. The 14 

microneedle matrix was made from GantrezTM AN-119 BF, a benzene-free methyl vinyl 15 

ether/maleic anhydride copolymer. The GantrezTM AN-119 BF was mixed with water; after water 16 

evaporation, the polymer exhibited sufficient strength for microneedle fabrication. Molds cured at 17 

room temperature remained sharp and straight. SEM images showed straight and sharp needle 18 

tips; a confocal microscope was used to determine the height and tip diameter for the micronee- 19 

dles. Nanoindentation was used to obtain the hardness and Young’s modulus values of the poly- 20 

mer. Load-displacement testing showed was used to assess the failure force of the needles under 21 

compressive loading. These two mechanical tests confirmed the mechanical properties of the nee- 22 

dles. In vitro studies validated the presence of Amphotericin B in the needles and the antifungal 23 

properties of the needles. Amphotericin B Gantrez™ microneedles fabricated in this study showed 24 

appropriate characteristics for clinical translation in terms of mechanical properties, sharpness, 25 

and antifungal properties. 26 

Keywords: microneedles; amphotericin B; transdermal drug delivery; fungus 27 

 28 

1. Introduction 29 

The drug delivery administration route is an important topic for optimizing drug 30 

efficacy. Each administration route is associated with various benefits and shortcomings; 31 

the most suitable route needs to be selected for each drug type. The oral route is conven- 32 

ient and pain-free[1]; due to first-pass metabolism and poor absorption, the desired se- 33 

rum level may not be obtained [2]. Injections are painful, require trained staff, and pro- 34 

duce sharp biohazard waste [3]. Novel delivery methods may improve efficacy and ad- 35 

herence to drug therapies [4]. Local delivery approaches have been used to deliver ther- 36 

apeutic agents and vaccines to the skin, which is the largest organ [5].  37 

The stratum corneum is the outermost layer of human skin; it exhibits a thickness of 38 

10-15 µm [6] and serves as a barrier to the transepidermal delivery of many types of 39 
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drugs. Microneedles can be painless if they do not interact with the unmyelinated nerve 40 

endings that detect pain or the mechanoreceptors that detect pressure in the dermis [7,8]. 41 

 42 

Microneedles made from biodegradable polymers are nearly painless and require 43 

no trained staff for local release of therapeutic agents; these devices leave no sharp med- 44 

ical waste after use [1,9-11]. 45 

 46 

Various biocompatible polymers have been used for making microneedles such as 47 

polylactic acid (PLA) [12], polyvinylpyrrolidone (PVP) [13], poly(lactic-co-glycolic acid) 48 

(PLGA) [14], poly(glycolic acid) (PGA) [15], and carboxymethyl cellulose (CMC) [16]. 49 

GantrezTM AN-119 BF is a synthetic biodegradable copolymer that contains methyl vinyl 50 

ether and maleic anhydride units [17]. When Gantrez™ AN-119 BF is dissolved in water, 51 

the anhydride side chain hydrolyzes and produces free diacid solutions[18,19]. The me- 52 

chanical strength of the polymer can be increased through the incorporation of cross- 53 

linking agents [20]. Microneedles must possess appropriate mechanical properties in or- 54 

der to pierce the outermost layer of the skin, the stratum corneum. After penetrating the 55 

stratum corneum, the biocompatible polymer is dissolved and the drug is released. Var- 56 

ious medical conditions, including influenza, acne, and diabetes. are able to be treated 57 

using microneedle therapies [21]. Polymers used in microneedles must exhibit certain 58 

manufacturing characteristics. The monomer needs to flow into the tiny bores of the 59 

molds; moreover, attachment of the polymer to the walls  needs to be prevented by anti- 60 

stick materials or alterations to the mold. The reaction of the monomer or polymer might 61 

with the drug must also be considered.  62 

 63 

In this study, the microneedle master structure was created by two photon 64 

polymerization (2PP); the master structure was used for making molds from polydime- 65 

thylsiloxane (PDMS). Molding was performed at different temperature situations to ob- 66 

tain straight microneedles. Amphotericin B was added to the dissolved Gantrez™ in wa- 67 

ter; this solution was stirred for water evaporation and subjected to micro-molding. The 68 

replicas of the master structure were made from GantrezTM AN-119 BF /amphotericin B 69 

with two different weight ratios; mechanical testing was used to select the optimum ra- 70 

tio. Nanoindentation and compression testing were used to assess the mechanical prop- 71 

erties of the microneedles. Confocal microscopy was used for imaging of the needles. 72 

Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), high-performance liquid 73 

chromatography (HPLC), and FTIR were used to assess the chemical properties of the 74 

microneedles. Finally, an in vitro study was used to examine the antifungal properties of 75 

the microneedles.    76 

 77 

2. Materials and Methods 78 

2-1) Master Structure Fabrication: 79 

The master structure from a previous study [22] was used to fabricated micronee- 80 

dles in this study. In brief, 1 cm diameter hexagonal array master structures were fabri- 81 

cated using the  two-photon polymerization (2PP) approach. The base diameter of coni- 82 

cal microneedles was 250 μm; the microneedles exhibited nominal heights of 500, 750, or 83 

1000 μm. The nominal spacing of the needles was 295.45, 361.11, or 423.91 μm for the 84 

microneedles with nominal heights of 500, 750, or 1000 μm, respectively. A Mai-Tai tita- 85 

nium:sapphire femtosecond laser (Newport Corporation, Irvine, CA) was used to gener- 86 

ate laser pulses (780 nm wavelength, <80 fs pulse duration, 80 MHz repetition rate, M2 < 87 

1.1). The laser beam passed through (a) a half-waveplate/polarizing beamsplitter pair for 88 

manual power control, (b) an acousto-optical modulator (Gooch & Housego, Ilminster, 89 

UK) for computer power control, (c) a pinhole spatial filter for removing high-order spa- 90 

tial modes and to expand the beam to 1 cm diameter, (d) a galvano-scanner for fine laser 91 
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positioning, and (e) a 20x, 0.5 NA microscope objective. A laser speed of 50 mm/s, hatch- 92 

ing of 1.5 μm, and layer height of 3 μm were used to process the master structures [22]. 93 

 94 

2-2) Microneedle Fabrication: 95 

Microneedles were fabricated using a micromolding technique. Two types of PDMS 96 

molds were fabricated in this study. In the first type, PDMS (Sylgard 184, Dow Corning, 97 

Midland, MI) was placed in a 60o C furnace for five hours for polymerization; in the sec- 98 

ond type, PDMS (Sylgard 184, Dow Corning, Midland, MI) was kept at room tempera- 99 

ture for two days. After the molds were fabricated, Gantrez™ (GantrezTM AN-119 BF, 100 

Ashland Global Holdings Inc., Wilmington, DE) was dissolved in deionized water (80% 101 

w/w), agitated for two days, degassed under vacuum, and sonicated to facilitate entry of 102 

material into the bores of the mold. Amphotericin B powder was added to the matrix for 103 

the last 12 hours. Simultaneous vacuuming and sonication were helpful for reducing the 104 

vacuum pressure and producing sharper needles. When using the mold with material at 105 

room temperature, water was evaporated and the matrix was polymerized. Micronee- 106 

dles with two drug ratios (4% and 8%) were fabricated in this study. Since amphotericin 107 

B is insoluble in water, it is in the form of a suspension solution with Gantrez™ powder.  108 

 109 

2-3) Variable Pressure Scanning Electron Microscopy 110 

An S-3200 variable-pressure scanning electron microscope (Hitachi, Tokyo, Japan) 111 

was used to obtain images from the microneedles. Microneedles were sputter-coated 112 

with a 60% gold-40% palladium layer using a Technics Hummer II system (Anatech, 113 

Battle Creek, MI, USA) for two minutes [21]. 114 

 115 

2-4) Mechanical tests 116 

 117 

2-4-1) Nanoindentation 118 

Nanoindentation was used to obtain hardness and Young’s modulus values from 119 

the microneedle material. A Ubi-1 Nanoindenter (Hysitron, Minneapolis, MN) was used 120 

for this study; a Berkovich-type tip was used for analysis of the materials. The maximum 121 

force was 1000 N; for each test, a loading time of 20 s, a dwell time of 10s at maximum 122 

load, and an unloading time of 20 s were used. Through Oliver-Pharr analysis of the un- 123 

loading curves, the hardness and Young’s modulus values were calculated [23]. 124 

 125 

2-4-2) Compressive Loading of Microneedles 126 

An ElectroForce® 3100 instrument (Bose Corporation, Framingham, MA) was used 127 

to assess the fracture properties of the microneedles when loaded under compression. 128 

Microneedles were placed on the down platen of the instrument using double sided 129 

tape. The top platen was actuated in three different steps. The first step was loading at 130 

0.005N/s to -0.015 N. This step was used to ensure that the microneedles were in contact 131 

with the probe. The second step involved a dwell time of 10 seconds. The last step in- 132 

volved displacement at 0.0025 mm/second to -1.5 mm. The negative value for displace- 133 

ment and load were used indicate the compressive nature of the loading process [24]. 134 

These tests were repeated for 5 microneedles of each type. 135 

 136 

2-5) 3D Laser Scanning Confocal Microscopy 137 

A VK-X250 3D laser scanning confocal microscope (Keyence, Tokyo, Japan) was used for 138 

imaging of the microneedle dimensions and surface topography. In this study, the laser 139 

was rastered in the XY pattern; the steps in the Z-direction were 0.5 nm. This microscope 140 

was equipped with laser confocal optics to measure the field depth. Keyence imaging 141 

was used to assess the sharpness, height, and base diameter of the microneedles.   142 

 143 

2-6) XPS 144 
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X-ray photoelectron spectroscopy is a surface sensitive technique that was used to 145 

assess the chemical composition and the presence of impurities of the microneedle sur- 146 

faces [24-26]. In this study, XPS was used to assess the chemical composition of the mi- 147 

croneedle surfaces that were in contact with PDMS during micromolding fabrication 148 

procedure. 149 

 150 

2-7) Fourier Transform Infrared Spectroscopy 151 

The Fourier transform infrared spectra were obtained using a Nexus 470 system; 152 

this system contains a continuum microscope, an OMNI sampler, and OMNIC™ analy- 153 

sis software (Thermo Fisher, Waltham, MA, USA). The FTIR spectra of the microneedles 154 

were recorded from 400 to 4000 cm−1 with 1 cm−1 resolution [25]. 155 

 156 

2-8) Raman Spectroscopy 157 

Raman spectroscopy is a common technique for chemical analysis [26,27]. Raman 158 

spectroscopy is used for determining the chemical properties of the microneedle tips and 159 

base sides (Renishaw, Gloucestershire, UK). A He-Ne laser with 633 nm wavelength was 160 

used to obtain the Raman spectra. The wavelengths used for the measurements were be- 161 

tween 900 cm-1 and 1800 cm-1. 162 

 163 

2-9) High performance liquid chromatography 164 

A Shimadzu HPLC (Kyoto, Japan) was used for determining the drug dosage in 165 

each MN; a Luna 5 µm 150 × 4.6 mm C18 column was used in this study. The mobile 166 

phase for the chromatographic separation of amphotericin B was N,N,N′,N′-tetramethyl 167 

ethylenediamine:acetonitrile (65:35 v/v); a 1.1 ml/min isocratic flow rate was used in this 168 

study. An injection volume of 50 μl was used in the study. The retention time for am- 169 

photericin B was 4.497 min; detection was performed using an ultraviolet light detector 170 

with 406 nm wavelength. Needles were broken by hand, and dissolved in metha- 171 

nol/DMSO(1:1 W/W), and sent for analysis by an external provider (Fungus Testing La- 172 

boratory, UT Health San Antonio, San Antonio, TX). Five samples were prepared for 173 

HPLC testing; they were stored in a freezer before shipping. 174 

 175 

2-10) Franz Diffusion Test 176 

A Franz diffusion cell with a 12 ml receptor was used in this study. The pork skin 177 

was cut into the appropriate shape for the cell and equilibrated for 30 minutes in phos- 178 

phate-buffered saline (PBS) (pH=7.4). The receptor of Franz diffusion cell was filled with 179 

PBS (pH=7.4); this value is aligned with human extracullular fluid pH value [28]. Pig 180 

skin was then placed in the cell. 8% amphotericin B Gantrez™ microneedles was pierced 181 

the pig skin by hand; they were left in room temperature for 6 hours. All of the pig skin 182 

and the receptor PBS were homogenized with a homogenizer (IKA,  T18, 115VAC) at 183 

15000 rpm for 30 minutes and filtered with the 0.45 µm pore membrane. The  amphoter- 184 

icin B concentration is determined by HPLC; this process was repeated five times. This 185 

test was performed to understand the amount of drug delivered to the skin. 186 

 187 

2-11) Antifungal Testing 188 

An agar-based disk diffusion assay was used to assess the growth-inhibiting prop- 189 

erties of amphotericin B-loaded Gantrez™ biodegradable copolymer microneedles to- 190 

ward the opportunistic fungal pathogen Candida albicans (ATCC 90028; American Type 191 

Culture Collection, Manassas, VA, USA) [27]. The reagents used for the fungal culturing 192 

process included yeast nitrogen base, dextrose, Sabouraud dextrose agar, and phos- 193 

phate- buffered saline (10x) (VWR International, West Chester, PA, USA). Overnight 194 

broth cultures of C. albicans in yeast nitrogen base (YNB) and 100 mmol/L dextrose were 195 

made. Cell pellets were created via centrifugation (4500 rpm) for 10 minutes. The pellets 196 

were then resuspended to generate a cell density of approximately 108 cells/mL in phos- 197 

phate-buffered saline (PBS) (1x). PBS (10x) was diluted using deionized water to formu- 198 
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late PBS (1x). Sterile swabs were utilized to inoculate Sabouraud dextrose agar plates 199 

with C. albicans lawns. Microneedle samples were inverted and then placed directly onto 200 

the inoculated agar plate surface and incubated for 24 hours at 37 °C. After 24 hours, 201 

digital images of the agar plates were obtained and examined for regions of inhibited 202 

fungal growth (e.g., zone of inhibition (ZOI) measurements).  For these modified agar 203 

tests, a 20-30 mm void area was removed from the Sabouraud dextrose agar; micronee- 204 

dles were seated or dispensed (for fully solvated samples) into the void area to prevent 205 

them from migrating across the agar surface during the 24 h incubation period. 206 

 207 

Antifungal solution assessments were performed by solvating microneedles in 3.0 208 

mL of PBS (1x) (pH = 7.4) for 24 hours and subsequently preparing a 1:2 dilution series 209 

of the fully solvated solutions (100%) down to 1/64 of the original concentration. 1.0 mL 210 

of each dilution was then mixed with 1.0 mL of a 1:1000 suspension of C. albicans in YNB 211 

+ 100 mmol/L dextrose to obtain a final effective microneedle concentration range of 212 

100% to 0.78%. 0.15 mL of C. albicans inoculated dilutions were transferred in triplicate to 213 

a 96 well plate and allowed to incubate at a temperature of 37°C at 150 rpm of shaking 214 

for 24 hours.  Absorbance measurements (at a wavelength of 600 nm) were subsequently 215 

collected to quantify solution growth and plotted as a function of microneedle solution 216 

concentration. 217 

3. Results and Discussion 218 

Microneedles may transform the delivery of many types of drugs [29,30]. Several 219 

criteria need to be met for the delivery of a drug via microneedles, including appropriate 220 

mechanical properties. An appropriate matrix surface tension and viscosity are neces- 221 

sary for filling the molds completely. Higher viscosity and surface tension values lead to 222 

incomplete microneedles. Many solutions to prepare microneedles via molding have 223 

been described; for example, McGrath used a spray approach for producing micronee- 224 

dles and formed sharp microneedles with complete fidelity to the mold [31].  225 

 226 

In this study, amphotericin B-loaded GantrezTM AN-119 BF microneedles were fab- 227 

ricated using the micromolding technique. The master structure was fabricated by 2PP 228 

printing. The array shape is hexagonal, and needles are conical. Two different ratios 229 

amphotericin B-GantrezTM AN-119 BF ratios were assessed. In vitro studies demonstrat- 230 

ed the antifungal properties of the fabricated microneedles. 231 

 232 

Figure 1 shows the buckled tip of GantrezTM AN-119 BF microneedles that is the ef- 233 

fect of heating for 5 hours. When the PDMS molds are cured at 60o C, the master struc- 234 

ture tips are delicate and thin, which leads to tip buckling as shown in Figure 1.  235 

 236 
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Figure 1. Scanning electron microscope image of amphotercin B-

Gantrez™ microneedles with buckled tips. 

 237 

Figures 2 and 3 show the microneedles made in molds that were cured at room 238 

temperature. There is no buckling in these microneedles. It appears that heat, not human 239 

error, led to challenges with removal of microneedles from the mold. 240 

 241 
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 262 

Microneedles should be enough strength to pierce the first layer of skin. Park et al. 263 

suggested that the Young’s modulus of the microneedle material should exceed 1 GPa to 264 

for skin penetration [32]. There are different types of variations that affect polymer me- 265 

chanical properties such as polymerization process temperature as well as the incorpora- 266 

tion of various co-polymers and cross-linkers [33,34]. The mechanical properties of nee- 267 

dles and simulated needle failure under compression has been previously investigated 268 

[35]. For example, Du et al. determined mechanical strength of two types of the hyalu- 269 

ronic acid microneedles with and without drugs; they showed that that polymer mo- 270 

 
 

Figure 2.  Scanning electron microscope image of 8% 

amphotericin B-Gantrez™ microneedles. 

Figure 3.  Scanning electron microscope image of 4% 

amphotericin B-Gantrez™ microneedles. 
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lecular weight and amount of loaded drug affected the microneedle mechanical behav- 271 

ior [36].    272 

 273 

Previous efforts were undertaken to understand the effect of geometry and sup- 274 

porting substrate attributes on the microneedle penetration depth; for example, a Elec- 275 

troForce® 3100 instrument has previously been used by Boonma et al. to assess the me- 276 

chanical properties of sharp and blunt bevel microneedles [37]. For determining fracture 277 

properties of the needles, an ElectroForce® load-displacement instrument was used. 278 

When needles break under an increasing compressive load, the load value drops (as 279 

shown in Figure 4). Point (1) of Figure 4 shows that when the needle tips break, the 280 

height of the needles is decreased, and we a sudden decrease in the load is observed. 281 

Table 1 shows compression of microneedles with two drug concentrations; the negative 282 

value of the load value indicates the compressive nature of the loading activity. On av- 283 

erage, a needle with an 8% drug concentration failed at 0.54 N; a needle with a  4% drug 284 

concentration failed at 0.65 N. The addition of drug appears to reduce the compression 285 

properties of the polymer [31].  286 

 287 

 288 

 289 

 290 

Nanoindentation was used to obtain hardness and Young’s modulus measurements 291 

[38]. Table 1 shows the mechanical properties of the microneedles with two different 292 

drug ratios. The Young’s modulus and failure force values were 8.65 GPa and 0.31 GPa 293 

for the 4% drug concentration, and 7.05 GPa and 0.43 GPa for the 8% drug concentration. 294 

The Young’s modulus and failure force values for the 4% drug microneedles were slight- 295 

ly higher than for the 8% drug microneedles. The Young’s modulus and failure force 296 

values were decreased by increasing the amount of drug. 297 

 298 

 299 
Table 1: Mechanical properties of amphotericin B-loaded Gantrez™ polymer from nanoindentation and  ElectroForce® mechanical 300 
testing. 301 

 

Figure 4. The load per time diagram of ElectroForce® compression testing of a 

microneedle; point (1) reveals the time of failure.  
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 302 

Figure 5 shows the needles tips and base diameters, and heights of two types of mi- 303 

croneedles. The tip diameter, base diameter, and height for the 8% Amphotericin B Gan- 304 

trezTM AN-119 BF microneedles were 5.23, 193.53, and 770.69 micrometers. The tip diam- 305 

eter, base diameter, and height for 4% Amphotericin B GantrezTM AN-119 BF micronee- 306 

dles were 3.20, 194.93, and 772.62 micrometers. Changing the drug ratio will modify the 307 

viscosity, which may alter the microneedle sharpness and shape. The monomer matrix 308 

cannot easily penetrate the bores of the mold; increasing the drug ratio enhances the vis- 309 

cosity and makes penetration of the matrix into the mold bore more difficult [31]. The 310 

tips of the 4% drug microneedles are negligbly smaller  and the heights are negligbly 311 

taller. There was a greater amount of variation in the profile of 8% amphotericin B- 312 

loaded microneedle; the roughness of the surface of this microneedle appears to be 313 

higher than the roughness of the surface of the 4% amphotericin B-loaded microneedle.  314 

 315 

  
Figure 5. Keyence imaging results for (A) 4% amphotericin B-loaded GantrezTM mi-

croneedles and (B) 8% amphotericin B-loaded GantrezTM microneedles. 

 316 

FTIR is often used for understanding the structure of polymeric microneedles [39]. 317 

Figure 6 demonstrates FTIR results of the needles made with amphotericin B and Gan- 318 

trezTM AN-119 BF. The contributions of amphotericin B to the spectra is associated with 319 

the following features: C=C stretching (at approximately 1625 cm-1), C–H stretching (at 320 

approximately 3025 cm-1), C–H (at approximately 840 cm-1), C–O stretching (at approxi- 321 

mately 1,407 cm-1), N–H (overlapped peak at approximately 650 cm-1), and O– H stretch- 322 

ing (at approximately 3420 cm-1). Sachan et al. characterized amphotericin B micronee- 323 

dles by FTIR and observed similar spectral features [40]. 324 

 325 

 326 

 327 

 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

8% 7.05 1.23 0.43 0.96 0.54 2.25 



Pharmaceutics 2021, 13, x FOR PEER REVIEW 9 of 17 
 

 

 

 

Figure 6. FTIR spectra from (A) 4% amphotericin B-loaded microneedles, and (B) 8% amphotericin B-loaded 

microneedles. 

 342 

As shown by Boehm et al., X-ray photoelectron spectroscopy is useful for evaluat- 343 

ing the chemical composition of new types of microneedles [41]. Figure 7 shows the XPS 344 

spectrum from amphotericin B-loaded GantrezTM AN-119 BF microneedles, which shows 345 

the presence of C  (51.9%), O (38.0%), and Si (10.1%) on the surface. It is important to 346 

note that no Si atoms occur in either amphotericin B or GantrezTM AN-119 BF. The pres- 347 

ence of Si atoms in the XPS data may be attributed to the contact between the micronee- 348 

dles and the PDMS mold. Fortunately, Si atoms should not impart toxicity to the mi- 349 

croneedles [42]. Insertion of the MNs reduces skin barrier function and increases tran- 350 

sepidermal water loss. The water loss will continue for several hours before the pores 351 

close and the skin barrier function is restored [19,43-45]. 352 

 353 

A 

B 
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Figure 7. XPS spectrum of the combination of GantrezTM AN-119 BF and amphotericin B. 

 354 

HPLC results showed the drug amount in each microneedle type. Three micronee- 355 

dles were tested; the results showed each microneedle (8% concentration) was loaded 356 

with 0.85 mg of amphotericin B (standard deviation=0.027). A Franz diffusion test 357 

showed that 88.88% of the loaded amphotericin B was delivered to skin (standard devia- 358 

tion=0.0164).Since the patches are not flexible, the entire height of a needle did not per- 359 

meate the skin, and was not dissolved in the skin; however, the permeated component 360 

diffused to the Franz cell receptor fluid. Based on the literature, the extracellular fluid 361 

pH (approximately 7.4 ) is aligned with Franz cell receptor pH [28]. GantrezTM was noted 362 

to be soluble in PBS with a pH of 7.4, which suggests that GantrezTM will be soluble in 363 

extracellular fluid (e.g., interstitial fluid) with the the same pH value [17]. 364 

 365 

A Raman spectroscopy microscope was used to study needles that were broken 366 

and placed on the microscope stage. Figure 8 Shows the Raman intensity spectra for 367 

amphotericin B, GantrezTM, and the combination of GantrezTM and amphotericin B 368 

([46,47]. The bands at 1445 cm-1 and 1702 cm-1 were assigned to CH2 and CH3 defor- 369 

mations. The band at 1836 cm-1  was assigned to hydrocarbon bonding (e.g., CH3); the 370 

bands at 2940 cm-1 and 2842 cm-1 were assigned to CH bonding.  371 

 372 

 373 

 374 
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Figure 8. Raman spectrum of GantrezTM/amphotericin B (top), amphotericin B (center), and 

GantrezTM (bottom). 

 375 

Antifungal testing of microneedles through the use of agar diffusion testing is 376 

shown in Figure 9.  Initially, the microneedles were characterized by inverting and plac- 377 

ing the samples directly in contact with agar inoculated with lawns of C. albicans, which 378 
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resulted in migration of the samples across the agar surface toward the periphery of the 379 

petri dish during the 24 h incubation period at 37o C as a consequence of hydration and 380 

partial solvation of the microneedles. To ameliorate this issue, the microneedles were 381 

seated into a 30 mm void area that was excised from the center of the agar slab to immo- 382 

bilize and prevent sample movement during the incubation period (Figure 9A). The 383 

measured zone of inhibition (ZOI) due to diffusion of antifungal components was simi- 384 

lar for both the 8% and 0% amphotericin B-loaded microneedles; 40 mm and 39 mm, re- 385 

spectively.  These results revealed that the GantrezTM biodegradable acid anhydride co- 386 

polymer imparts a baseline level of antifungal activity to the microneedles. Interestingly, 387 

the GantrezTM microneedles loaded with 8% amphotericin B did not exhibit any substan- 388 

tive, enhanced activity toward C. albicans.   389 

 390 

To investigate the possibility that amphotericin B diffusion was impeded due to in- 391 

complete or only partial solvation of the samples, both 8% amphotericin B-loaded mi- 392 

croneedles and 0% amphotericin B-loaded microneedles were allowed to fully solvate in 393 

3 mL of PBS (1x) at 37o C for 20 hours prior to dispensing 0.7 mL of the fully solvated 394 

samples into agar void areas (20 mm). Using this modified agar diffusion testing proto- 395 

col, the 8% amphotericin B-loaded microneedles demonstrated enhanced antifungal ac- 396 

tivity relative to the pure GantrezTM biodegradable copolymer (0% amphotericin B) as 397 

evidenced qualitatively by its larger area of C. albicans growth inhibition (Figure 9B). The 398 

irregular nature of this region, however, precluded a subsequent ZOI measurement. 399 

 400 

 
Figure 9. Modified disk diffusion assay results involving Candida albicans for 8% and 0% 

amphotericin B-loaded GantrezTM microneedles; A) partially solvated microneedles; B) 

fully solvated microneedles. ZOI = zone of inhibition. 

 

 401 

 In addition to agar growth assessments, microneedles fully solvated in PBS (1x) 402 

were characterized for their ability to prevent planktonic growth of C. albicans in solu- 403 
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tion (Figure 10). A 1:2 dilution series of the fully solvated microneedle samples in nutri- 404 

ent growth media was prepared and evaluated, yielding an effective concentration range 405 

of 100% (i.e., fully solvated polymer) down to 0.78%. Complete growth inhibition of C. 406 

albicans was observed at each concentration of the solvated 8% amphotericin B-loaded 407 

microneedles tested. In contrast, C. albicans growth was reduced by only 50-70% when 408 

cultured in the three lowest 0% amphotericin B-loaded microneedle concentrations 409 

(0.78%, 1.56% and 3.13%) and was completely inhibited at only the two highest concen- 410 

trations assessed (50% and 100%). The solution testing data, taken in conjunction with 411 

the modified agar diffusion results, clearly demonstrate the enhanced antifungal proper- 412 

ties of 8% amphotericin B-loaded microneedles relative to the non-loaded, pure Gan- 413 

trezTM biodegradable copolymer analog. 414 

 415 

 
Figure 10.  Candida albicans solution growth assessments in nutrient media dilutions of 

fully solvated microneedles.  The 100% concentration denotes microneedle samples 

solvated in 3 mL of PBS (1x).  

 416 

5. Conclusions 417 

In this study, amphotericin B-loaded GantrezTM AN-119 BF microneedles were fab- 418 

ricated using a micromolding technique; amphotericin B, an antifungal drug, was incor- 419 

porated in the devices. The master structure for mold fabrication was created by two 420 

photon polymerization. Molds were fabricated by PDMS under two different thermal 421 

situations. The tips in the master structure were sharp; higher temperatures caused these 422 

features to buckle. PDMS cured at room temperature provided sharper GantrezTM AN- 423 

119 BF microneedles. Nanoindentation and compression testing results showed that the 424 

microneedles possessed appropriate mechanical properties for penetrating the topmost 425 

layer of the skin. Nanoindentation was used to obtain the hardness and Young’s modu- 426 

lus values for the mixed GantrezTM AN-119 BF/amphotericin B polymer; compression 427 
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testing demonstrated that the failure force of the needles under compressive loading 428 

was sufficient for penetration of the topmost layer of the skin. Confocal microscopy con- 429 

firmed the sharpness of the needles. The chemical properties of the needles were 430 

demonstrated using Raman spectroscopy, FTIR, and XPS. XPS showed the presence of Si 431 

on the needles surface, which may have been introduced by the PDMS molds. Finally, in 432 

vitro agar diffusion studies demonstrated the antifungal properties of the microneedles. 433 

The advantages of these microneedles include the loading of a relatively high volume, 434 

0.85 mg of AmB, in the MNs. One disadvantage of the AmB MNs includes the potential 435 

effect of the MN material on drug stability, including drug stability over extended peri- 436 

ods of time; additional efforts are anticipated to understand the effect time and tempera- 437 

ture on the stability of the MNs.   438 
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