
ORIGINAL RESEARCH
published: 11 May 2018

doi: 10.3389/fbioe.2018.00054

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 1 May 2018 | Volume 6 | Article 54

Edited by:

Seokheun Choi,

Binghamton University, United States

Reviewed by:

Edward Song,

University of New Hampshire,

United States

Muhammad Shuja Khan,

University of Utah, United States

Helen N. Schwerdt,

Massachusetts Institute of

Technology, United States

*Correspondence:

Seong-O Choi

sochoi@ksu.edu

Specialty section:

This article was submitted to

Biomaterials,

a section of the journal

Frontiers in Bioengineering and

Biotechnology

Received: 12 January 2018

Accepted: 19 April 2018

Published: 11 May 2018

Citation:

Kim MJ, Park SC, Rizal B, Guanes G,

Baek S-K, Park J-H, Betz AR and

Choi S-O (2018) Fabrication of

Circular Obelisk-Type Multilayer

Microneedles Using Micro-Milling and

Spray Deposition.

Front. Bioeng. Biotechnol. 6:54.

doi: 10.3389/fbioe.2018.00054

Fabrication of Circular Obelisk-Type
Multilayer Microneedles Using
Micro-Milling and Spray Deposition

Min Jung Kim 1, Seok Chan Park 1, Binod Rizal 1, Giselle Guanes 2, Seung-Ki Baek 3,

Jung-Hwan Park 4, Amy R. Betz 2 and Seong-O Choi 1*

1Department of Anatomy and Physiology, Nanotechnology Innovation Center of Kansas State, Kansas State University,

Manhattan, KS, United States, 2Department of Mechanical and Nuclear Engineering, Kansas State University, Manhattan,

KS, United States, 3QuadMedicine R&D Centre, QuadMedicine Co., Ltd, Seongnam, South Korea, 4Department of BioNano

Technology, Gachon BioNano Research Institute, Gachon University, Seongnam, South Korea

In this study we present the fabrication of multilayer microneedles with circular obelisk

and beveled-circular obelisk geometries, which have potential applications in implantable

drug delivery devices. Micro-milling was adopted as an environmental-friendly and

cost-effective way to fabricate primary metal microneedle masters. Polylactic acid

(PLA) microneedles with sharp tips were then obtained by micromolding followed by

oxygen plasma etching and used for preparing polydimethylsiloxane (PDMS) microneedle

molds. A spray deposition process was employed for microneedle fabrication to

facilitate the formation of multilayer microneedles while helping in maintenance of drug

stability. Multilayer microneedles were successfully formed by sequential spraying of

poly(lactic-co-glycolic acid) (PLGA) and polyvinylpyrrolidone (PVP) solutions into the

mold. The fabricated PLGA-PVP multilayer microneedles penetrated the pig cadaver

skin without breakage and released dyes in the skin at different rates, which reveals

the potential for implantable microneedles enabling controlled release. Mechanical

testing demonstrated that the obelisk-shaped microneedles were mechanically stronger

than a pyramid-shaped microneedle and suggested that strong adhesion between

PLGA and PVP layers was achieved as well. Structural stability and functionality of

a model drug, horseradish peroxidase (HRP), upon spray deposition was examined

using circular dichroism (CD) spectroscopy and enzyme activity assay. HRP retained

its secondary structure and activity in PVP, whereas HRP in PLGA showed structural

changes and reduced activity. Combination of micro-milling and spray deposition would

be an attractive way of fabricating drug-containing polymer microneedles with various

geometries while reducing prototyping time and process-induced drug instability.

Keywords: polymer microneedle, transdermal drug delivery, spray deposition, micro-milling, obelisk, circular

dichroism, enzyme activity

INTRODUCTION

Microneedle-mediated transdermal drug delivery systems have been developed to offer potential
benefits over traditional hypodermic injections, such as minimal pain, enhanced patient adherence
and self-administration (Kim et al., 2012; Quinn et al., 2014; Prausnitz, 2017). Recently polymer
microneedles, particularly dissolving microneedles, have drawn great attention due to their high
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drug loading capacity, biocompatibility, relatively simple and
low-cost fabrication process and reduced medical wastes
(Donnelly et al., 2012; Hong et al., 2013; Prausnitz, 2017).
Various polymeric materials, including polyvinyl alcohol
(PVA), polyvinylpyrrolidone (PVP), polylactic acid (PLA),
poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL)
and saccharides, have been used for microneedle fabrication
(Park et al., 2006; Aoyagi et al., 2007; Chu et al., 2010; Sullivan
et al., 2010; Larraneta et al., 2016). Utilizing the dissolution or
biodegradation processes of polymers, polymer microneedles
have been designed to achieve desirable drug release profiles,
typically burst or sustained (Larraneta et al., 2016). Also, previous
studies have demonstrated polymer microneedles containing
vaccines, small-molecules and peptide, and investigated the
efficacy of polymer microneedles through various means,
including pharmacokinetics and pharmacodynamics in animal
models (Sullivan et al., 2010; Gomaa et al., 2012).

In order to form polymer microneedles, many different
fabrication approaches have been explored, such as
micromolding (Donnelly et al., 2012), droplet-born air
blowing (DAB) (Kim et al., 2013) and in situ polymerization
(Sullivan et al., 2010), and micromolding is the most widely
used method for polymer microneedle fabrication in the
literature. Typically micromolding-based fabrication consists
of two major processes: (1) master fabrication for replicating
molds and (2) casting of solutions containing polymer and
active pharmaceutical substances into the mold. So far,
various geometries of microneedle masters have been mostly
fabricated by well-established microfabrication technologies,
such as photolithography and dry/wet etching processes
(Henry et al., 1998; Kim et al., 2012; Indermun et al., 2014).
Although those techniques can produce complicated structures
with high accuracy, fabrication process requires a clean
manufacturing environment and highly specialized equipment.
For micromolding, a drug-polymer mixture is usually prepared
at high concentrations to reduce processing time and cast into
the microneedle mold by applying external forces, such as
centrifugation and vacuum suction (Perennes et al., 2006; Lee
et al., 2008; Hirobe et al., 2015; Mistilis et al., 2015; Rouphael
et al., 2017). For example, Lee et al. fabricated dissolving
microneedles by casting carboxymethyl cellulose (CMC) into a
mold using the centrifugal force (Lee et al., 2008). They prepared
highly viscous 27% CMC hydrogel and centrifuged hydrogel-
loaded molds at 3,000 × g for up to 2 h to form microneedles.
In addition to highly concentrated solutions and excessive
external pressure, micromolding occasionally requires high
temperatures, which could be a major obstacle to incorporate
temperature-sensitive drug molecules in microneedles (Miyano
et al., 2005; Park et al., 2005, 2006). Current casting methods,
therefore, could be incompatible with labile substances (e.g.,
peptide and protein drugs). Recently DAB technique was shown
to possess great advantages in fast microneedle manufacturing
under ambient processing conditions (Kim et al., 2013). In the
DAB process, microneedles are formed by stretching polymer
droplets followed by air blowing. Since the DAB process does
not require master structures and long drying time, microneedle
fabrication is very fast and cost-effective, which would be suitable

for mass production and commercialization. However, the
resulting needle geometry is not diverse so that the DAB process
would have limitations in controlling penetration depth, drug
loading capacity and mechanical behavior.

Recognizing the limitations of current fabrication approaches,
we demonstrate the fabrication of obelisk-shaped multilayer
microneedles, which could achieve reliable skin penetration,
reduce drug degradation during fabrication and have the
potential to be used as implantable drug delivery devices with
controlled release capability, by combining micro-milling and
spray deposition techniques. Previous studies have demonstrated
that micro-milling is capable of producing various microneedle
geometries with a reproducible and environmental-friendly
manner (Bediz et al., 2014) and pyramid-shaped polymer
microneedles can be formed by spray deposition (McGrath et al.,
2014; Kim et al., 2017). In this study, the spray deposition process
was firstly employed to construct obelisk-shaped multilayer
microneedles by sequential deposition of PLGA and PVP
solutions into microneedle molds, which were replicated from
obelisk-shaped master structures (circular-obelisk and beveled-
circular obelisk). Circular obelisk-type geometries having a
truncated cone base were chosen for facilitating the spray
deposition process and for improving skin penetration capability
(Bediz et al., 2014). The detailed fabrication process is described
in Figure 1. Mechanical characteristics of microneedles were
studied by compression tests and ex vivo porcine skin insertion
tests. Furthermore, the influence of the spray deposition process
on drug stability was investigated using horseradish peroxidase
(HRP).

MATERIALS AND METHODS

Materials
Polyvinylpyrrolidone (PVP, MW 10, and 40 kDa),
sulforhodamine B (SRB) and coumarin 314 fluorescence
dyes were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Poly(DL-lactide-co-glycolide) (50:50 PLGA, ester-terminated,
inherent viscosity 0.26–0.54 dL/g) was purchased from Lactel
Absorbable Polymers (Birmingham, AL, USA). Poly(lactic acid)
(PLA, Ingeo 4043D, 98% L-lactide, with weight averagemolecular
weight of 111 kg/mol) was purchased from NatureWorks
(Minnetonka, MN, USA). HRP (lyophilized powder, 85
unit/mg), ethyl acetate, dimethyl carbonate, ethanol, glycerol
(all certified ACS grade) and tissue marking dye (Richard-Allen
ScientificTM Mark-ItTM, blue) were purchased from Fisher
Scientific (Waltham, MA, USA). Polydimethylsiloxane (PDMS,
Sylgard 184) was purchased from Dow Corning (Midland,
MI, USA). Multipurpose aluminum blocks (alloy 6061) were
purchased from McMaster-Carr (Elmhurst, IL, USA). End mills
were purchased from Ultra-Tool (Huntington Beach, CA, USA).

Aluminum Primary Master Fabrication
Using Micro-Milling
Two different geometries of microneedles, circular and beveled-
circular obelisks, were fabricated by micro-milling of 6061
aluminum alloy. The design of microneedles is depicted in
Figure 2A. A blank aluminum work piece (1′′ × 1′′ × 0.25′′,
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FIGURE 1 | Schematic fabrication process of multilayer microneedles. (A) Aluminum master fabrication using micro-milling. (B) Replication of PDMS mold from the

master. (C) Fabrication of PLA master by micromolding and tip-sharpening using oxygen plasma. (D) Replication of PDMS mold from the PLA master. (E) Spray

deposition of drug-containing polymer solution to fill the mold cavity. Multilayer microneedle is formed by sequential deposition of polymer solutions. (F) Application of

backing material (yellow) on the mold and drying at room temperature for polymer solidification. (G) Demolding solidified multilayer microneedle array from the mold.

Green and red represent PLGA and PVP layers, respectively.

W×L×T) was secured in a computer controlled miniature
milling system with the motion accuracy of 1µm (Minitech
Machinery Corporation, Norcross, GA, USA). G-code was
written for the fabrication of each structure, and the milling
system was controlled by Mach3 CNC controller software. Solid
carbide end mill (1/8′′ diameter) and aluminum titanium nitride
(AlTiN)-coated solid carbide micro end mill (0.01′′ diameter)
were used for machining a microneedle base and microneedles,
respectively. Cutting feed rate and axial depth of cut (per pass)
for the circular obelisk microneedles were 4 mm/min and 5µm,
respectively. The beveled-circular obelisk shape was machined
with the cutting feed rate of 8 mm/min and axial depth of cut
of 7.5µm. The spindle speed of 20,000 rpm was used for both
processes.

PLA Secondary Master Preparation
From the aluminum primary masters, polymeric secondary
masters were replicated by casting PLA into a micromold
prepared by PDMSmicromolding. A PDMS prepolymer solution
(base:curing agent 10:1 w/w) was degassed, poured onto the

primary master and cured for 1 h at 90◦C. After forming PDMS
molds, PLA pellets were stacked in the mold and melted in a
vacuum oven (MTI Corporation, Richmond, CA, USA) under
−70 kPa for 2 h at 180◦C. Vacuum was applied to remove the
bubbles entrapped in molten PLA and facilitate the molding
process. The replicated PLA structures were separated from
the mold after cooling down to room temperature and were
subsequently subjected to oxygen plasma etching (COVANCE
Plasma System, Femto Science Inc., Yongin, Republic of Korea)
at 500 mTorr, 50Hz, 100W with 40 sccm O2 flow rate for 2 h for
sharpening microneedle tips. The plasma treated PLA structures
were used for preparing microneedle molds used throughout this
study. Microneedle molds were prepared by casting a mixture of
PDMS base and curing agent (10:1 w/w) onto the PLAmaster and
cured at 50◦C for 3 h.

Microneedle Fabrication Using Spray
Deposition Process
A commercial coaxial needle (Ramé-hart instrument co.,
Succasunna, NJ, USA) was used as an atomizing spray
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FIGURE 2 | (A) Illustration of obelisk-type microneedles. (B) Dimension

parameters of circular (left) and beveled-circular (right) obelisks.

nozzle. The outer needle (15 gauge) was connected to a
compressed air source, and a solution was fed through the
inner needle (21 gauge) by a syringe pump (AL-1000, World
Precision Instrument, Sarasota, FL, USA). To fabricate PVP
and PLGA microneedles using the spray deposition process,
polymer solutions were prepared and sprayed with specific
spraying parameters (Table 1) and dried for 15min at room
temperature. The same procedure was repeated five times to
form microneedles. A backing layer composed of 40% w/v PVP
(MW 40 kDa) and 2.5% v/v glycerol in deionized water was then
applied to all the fabricated microneedles and dried overnight at
room temperature.

Similarly, PLGA-PVP multilayer microneedles were
fabricated by sequential deposition of PLGA and PVP solutions
using the spraying parameters described in Table 1. PLGA
solution was firstly sprayed onto the microneedle mold, dried for
15min, and PVP solution was sprayed. To distinguish each layer,
SRB and coumarin 314 were added to the aqueous PVP and
organic PLGA solutions, respectively. The fabricated multilayer
microneedles were visualized using an inverted fluorescence
microscope (Olympus IX-73, Tokyo, Japan) coupled with a
digital camera and integrated software.

Mechanical Testing of Microneedles
The mechanical behavior of spray-formed microneedles was
examined by a universal static testing system (5943 single column
materials testing system, Instron, Norwood, MA, USA). The
fabricated microneedles were affixed to the lower compression

platen using double-sided tape and pressed by the upper platen
with a test speed of 1.3 mm/min according to ASTM D695-
15 (ASTM Standard D695-15, 2015). Force-displacement curves
were generated until the displacement reached 500µm. Single-
layer microneedles were formed from either PVP or PLGA to
examine the effect of materials on mechanical characteristics.
For PVP microneedles, square pyramidal microneedles (300µm
base width, 600µm height, center-to-center spacing 600µm;
Kim et al., 2017) were also tested, in addition to obelisk-type
structures, to examine the effect of geometry on mechanical
stiffness. All PVP microneedles were fabricated using the same
solution compositions and spray parameters. Finally, PLGA-
PVP multilayer microneedles were tested to identify potential
mechanical failure at the interface between PLGA and PVP. For
each microneedle geometry, five 3 × 3 arrays were subjected to
the test. The obtained data were averaged and represented as
force per needle vs. displacement with standard deviation.

Microneedle Insertion Study
Skin penetration capability of the spray-formed microneedles
was examined ex vivo using porcine skin samples obtained
from the necropsy facilities at Kansas State University in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Kansas State University. After removing fat and
hair using a razor, microneedles were pressed onto the skin
with thumb pressure and then removed after 5min. Total
five microneedle patches for each geometry were used for the
insertion study. Microneedle insertion sites on the skin surface
were selectively stained using a blue tissue-marking dye (Richard-
Allen ScientificTM Mark-ItTM, blue). For histologic examination,
the skin samples were embedded in optimal cutting temperature
(OCT) compound, snap-frozen in 2-Methylbutane anhydrous,
cryosectioned into 10 µm-thick slices using a crystat microtome
(Leica CM3050S, Wetzlar, Germany) and examined under a
microscope (Olympus IX-73, Tokyo, Japan).

Enzyme Integrity and Activity
Measurement
The influence of the spray deposition process on the enzyme
stability and activity was examined using HRP as a model
enzyme. HRP-containing PLGA and PVP matrices were
fabricated using the spraying parameters described in Table 1.
5.0% (w/v) PVP solution containing HRP (final concentration
0.6 mg/ml) was prepared in 0.1M potassium phosphate buffer
(pH 6). To prepare PLGA solution containing emulsified HRP,
1ml of HRP solution (2.0 mg/ml) containing an emulsifier
(2% w/v PVA) in deionized (DI) water was dispersed in 15ml
of a mixture of ethyl acetate and dimethyl carbonate (1:4 v/v
ratio) containing 1.0% w/v PLGA. This two-phase system was
emulsified for 1min at 50% amplitude with a probe sonicator
(VCX 130, Sonics & Materials, Inc., Newtown, CT, USA). The
prepared PVP and PLGA solutions containing HRPwere sprayed
on a circular PDMS substrate with a diameter of 10 cm, which
mimics the surface of PDMS microneedle mold. HRP in the PVP
matrix was obtained by dissolving the sample in 1ml of 0.1M
phosphate buffer (pH 6). To extract HRP from the PLGAmatrix,
the sample was dissolved in 5ml of acetone for 10min, and the
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TABLE 1 | Summary of solution compositions and spraying parameters.

Polymer Solution composition Spraying parameters

Conc.

(w/v %)

Solvent Flow rate

(ml/min)

Pressure

(psi)

Distance

(cm)

Spraying duration

(s)

PLGA 1.0 A mixture of ethyl acetate and

dimethyl carbonate (1:4 v/v)

1.00 5 5 3

PVP 5.0 DI water 0.25 25 5 5

precipitated HRP was collected after centrifugation at 25,800 ×

g for 15min. The collected HRP pellet was re-dissolved in 0.1M
phosphate buffer (pH 6), and the amount of HRP was quantified
using the Bradford protein assay kit (Pierce R© Coomassie Plus
Assay Kit, ThermoFisher, Waltham, MA, USA) according to the
manufacturer’s instructions.

The secondary structure of HRP was examined by circular
dichroism (CD) using a Chirascan spectropolarimeter (Applied
Photophysics, Leatherhead, United Kingdom). CD in the UV
range (200–250 nm) was monitored with a 0.1mm pathlength
quartz cell with HRP concentration of 200µg/ml. CD data
were expressed in terms of molar residue ellipticity, [⊖], in
deg cm2 dmol−1. The fraction of different secondary structures
was estimated from the obtained CD spectra by the Dichroweb
software package (Lobley et al., 2002; Whitmore and Wallace,
2004, 2008) with the CDSSTR algorithm (Sreerama et al., 2000).

The enzymatic activity of HRP extracted from the polymer
matrices was determined by enzymatic conversion of a
chromogenic substrate 3,3′,5,5′-tetramethylbenzidine (TMB).
The assays were performed in 96-well microplate as follows: 100
µl of HRP samples extracted from PVP and PLGA matrices
were mixed with 50 µl of TMB (0.4 g/L) and 50 µl of H2O2

solution (0.02%) in a citric acid buffer solution followed by
shaking of the plate for 30 s at 500 rpm to ensure good mixing.
After incubating for 10min at room temperature, the enzymatic
reaction was stopped by adding 100 µl of 1M phosphoric acid
into the microplate wells, and the absorbance at 450 nm was
immediately measured for each well. For comparison, native
HRP and acid-treated (0.1M hydrochloric acid) HRP were used
as controls.

The assay was performed three times independently, and each
sample was measured in triplicate. Data were compared using a
Student’s t-test with equal variances. All data were presented as
mean ± standard deviation. A value of p < 0.05 was considered
statistically significant.

RESULTS

Fabrication of Microneedle Masters
Circular obelisk-type geometries having a truncated cone base
were designed for facilitating the spray deposition process; a
curved surface prevents undesirable deposition along the edges
of a mold, which often occurs when a polyhedral mold (e.g.,
pyramidal microneedle mold) is used for spray deposition. Also,
the truncated base structure helps funnel the sprayed droplets
into the mold cavity. Circular and beveled-circular obelisk

microneedle master structures were successfully fabricated by
a micro-milling process followed by micromolding and plasma
etching. Figure 3 shows the scanning electron microscope
(SEM) images of the circular obelisk (Figures 3A,B) and the
beveled-circular obelisk (Figures 3C,D) PLA microneedles. The
detailed dimensions of eachmicroneedle structure as represented
in Figure 2B were measured using the SEM images and
summarized in Table 2. For the circular obelisk, the height and
width were approximately 420.69 ± 2.93µm and 214.22 ±

2.53µm, respectively. The beveled-circular obelisk was slightly
larger in both dimensions, approximately 455.41 ± 6.21µm
in height and 240.79 ± 6.95µm in width. Both microneedle
arrays had almost identical center-to-center spacing between
needles (592.96 ± 21.81µm for circular obelisk and 599.34
± 19.66µm for beveled-circular obelisk). The aspect ratio
(height/width) of two geometries was similar to each other (1.96
for circular obelisk, 1.89 for beveled-circular obelisk). In addition,
the PLA microneedles replicated from the aluminum primary
master showed slight volumetric shrinkage: 9.02 ± 4.23% and
5.64 ± 2.84% for circular obelisk and beveled-circular obelisk
geometries, respectively. The dimensions of the aluminum
primary masters were provided in Supplementary Table 1.
After oxygen plasma etching, the diameter of microneedle tips
decreased from 15.83 ± 3.17 to 7.41 ± 1.48µm for circular
obelisk needle geometry, and from 13.99 ± 0.80 to 6.64 ±

1.71µm for beveled-circular obelisk geometry (Supplementary
Figure 1), which would enhance skin penetration capability of
microneedles. The plasma-etched PLA masters were used to
prepare PDMS molds for microneedle fabrication.

Fabrication of Polymer Microneedles Using
Spray Deposition
We firstly aimed to fabricate obelisk-type microneedles from a
single material (PVP or PLGA) using the spray deposition
process to identify proper spraying parameters. Unlike
conventional micromolding techniques, which often require
highly concentrated formulations and/or harsh processing
conditions such as high temperature and centrifugation, the
spray deposition process adopted in this study utilizes polymer
solutions at low concentrations and mild drying conditions,
thereby potentially being beneficial to improve the stability
of labile substances incorporated in microneedles (Donnelly
et al., 2009). With the specific spray parameters and solution
formulation summarized in Table 1, both circular and beveled-
circular obelisk microneedles were successfully fabricated from
PVP and PLGA (Figure 4). As shown in Figures 4A,B SRB dye
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FIGURE 3 | SEM images of PLA masters after oxygen plasma etching. (A) 5 × 5 array of circular obelisk microneedles. (B) Close-up view of circular obelisk. (C) 3 ×

3 array of beveled-circular obelisk microneedles. (D) Close-up view of beveled-circular obelisk.

TABLE 2 | Dimensions of PLA masters measured from SEM images (mean ± standard deviation, n = 7).

Microneedle

geometry

Apex angle

(degrees,

αapex)

Bevel angle

(degrees,

αbevel)

Diameter (µm) Height (µm) Volume

Shrinkage

(%)
Dtip Dstem Dbase Htip Hstem Hbase

Circular

obelisk

56.66 ± 1.27 89.30 ± 0.24 214.22 ± 2.53 214.22 ± 2.53 434.78 ± 3.33 198.74 ± 5.54 221.95 ± 6.20 62.74 ± 2.37 9.02 ± 4.23

Beveled-

circular

obelisk

49.71 ± 0.84 83.70 ± 0.65 184.27 ± 2.01 240.79 ± 6.95 445.95 ± 4.70 198.99 ± 5.59 256.42 ± 7.87 89.90 ± 4.72 5.64 ± 2.84

was localized at the tip of microneedles since the fine droplets
of PVP aqueous solution were rolled on the hydrophobic PDMS
mold surface upon spraying and accumulated into the mold
cavity before solidification. Figures 4C,D display the PLGA
microneedles containing coumarin 314 at the needle tips. The
dimensions of the fabricated PVP and PLGA microneedles
were measured based on their SEM images (images not shown)
and were summarized in Tables 3, 4, respectively. In each case,
the apex and bevel angles of the PVP and PLGA microneedles
were observed to be smaller than those of the PLA masters.
The diameters and heights were also reduced due to volume
shrinkage during solvent evaporation. It was observed that
the circular obelisk geometry showed average shrinkage of
13.22% (average of PVP and PLGA microneedles), whereas the
beveled-circular obelisk geometry showed the average shrinkage
of 18.29%.

Based on the spraying parameters and solution concentrations
identified from the monolithic microneedle fabrication, we next
attempted to fabricate horizontally layered microneedles with
heterogeneous compositions. The fabricated microneedles

were composed of two horizontal layers, biodegradable PLGA
and water-soluble PVP (MW 10 KDa) layers, with a backing
layer (40 kDa PVP+2.5% glycerol). For clear visualization
of each layer, coumarin 314 (green) fluorescence dye and
SRB (red) dye were added to PLGA and PVP solutions,
respectively. Figure 5 shows the fabricated multilayer
microneedles with PLGA tips (Figures 5A,D) and PVP
shafts (Figures 5B,E). The overlay images (Figures 5C,F)
demonstrate that horizontal layers were successfully formed by
sequential spray deposition of PLGA and PVA solutions for both
geometries.

Microneedle Insertion Into Porcine Skin
The fabricated multilayer microneedles were tested for skin
insertion capability using pig cadaver skin. The microneedles
were pressed onto the skin with thumb pressure (approximately
3–5 N/cm2, Ryu et al., 2018) and held in place for 5min. The
microneedle insertion sites stained after microneedle removal
(Supplementary Figure 2) confirmed that all microneedles were
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FIGURE 4 | Optical microscopy images of obelisk-type polymer microneedles fabricated by the spray deposition process. PVP and PLGA layers contain SRB (red)

and coumarin 314 (blue), respectively, for visualization. (A) PVP circular obelisk microneedle array. (B) PVP beveled-circular obelisk microneedle array. (C) PLGA

circular obelisk microneedle array. (D) PLGA beveled-circular obelisk microneedle array. Scale bars represent 500µm.

TABLE 3 | Measured dimensions of PVP microneedles (mean ± standard deviation, n = 7).

Microneedle

geometry

Apex angle

(degree, αapex)

Bevel angle

(degree, αbevel)

Diameter (µm) Height (µm) Volume

shrinkage

(%)
Dtip Dstem Dbase Htip Hstem Hbase

Circular

obelisk

54.69 ± 1.05 88.14 ± 0.61 202.49 ± 4.86 202.49 ± 4.86 426.01 ± 5.88 195.77 ± 2.34 210.94 ± 5.33 61.45 ± 8.42 12.57 ± 4.72

Beveled-

circular

obelisk

45.84 ± 2.02 83.34 ± 0.72 160.90 ± 9.82 226.08 ± 3.27 430.56 ± 2.56 194.55 ± 3.88 267.21 ± 8.66 60.70 ± 7.83 17.42 ± 6.65

successfully inserted into the skin. Figure 6 displays the cross-
sectional view of the skin insertion sites for both microneedle
geometries. As shown in Figures 6B,D SRB in the PVP layer
spread widely in the skin, whereas coumarin 314 in the PLGA
layer seemed not to diffuse within the given time frame. This
result indicates that the PVP layer was quickly dissolved within
5min of application time, which facilitates the separation of
the PLGA tips from the PVP shaft, resulting in the embedment
of the PLGA tips in the skin. The PLGA layer could act as a
drug depot for sustained drug release. Therefore, the multilayer
microneedles have great potential applications in implantable
devices for controlled drug delivery.

Mechanical Stability of Microneedles
We further investigated the mechanical behavior of the obelisk-
type microneedles under compression. Together with the

two geometries, conventional pyramidal-shaped microneedles
(300µmsquare base, 600µmheight) were tested for comparison.
Figure 7A exhibits the force-displacement curves for PVP
microneedles with different geometries. All the curves from three
different geometries did not show a distinct transition point that
indicates buckling failure over the experimental ranges, which
is consistent with the findings of other researchers (Lee et al.,
2008; Xu et al., 2017). However, each geometry showed different
mechanical behaviors over the displacement ranges. Since the
microneedles tested are composed of the same material (PVP),
the differences in mechanical behavior should be attributed
to the microneedle geometry. It was found that the beveled-
circular obelisk shape possessed the greatest resistance against
the compressive force, which was approximately 2.12 times
higher than that of pyramid geometry required for 0.5mm
displacement. The circular obelisk microneedle showed slight
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TABLE 4 | Measured dimensions of PLGA microneedles (mean ± standard deviation, n = 7).

Microneedle

geometry

Apex angle

(degree, αapex)

Bevel angle

(degree, αbevel)

Diameter (µm) Height (µm) Volume

shrinkage

(%)
Dtip Dstem Dbase Htip Hstem Hbase

Circular

obelisk

54.92 ± 1.91 88.52 ± 0.42 200.46 ± 1.60 200.46 ± 1.60 400.80 ± 11.87 193.06 ± 8.09 200.36 ± 6.38 58.47 ± 8.72 13.86 ± 4.28

Beveled-

circular

obelisk

44.34 ± 1.09 82.92 ± 0.76 168.67 ± 2.49 233.22 ± 7.35 427.50 ± 2.69 195.04 ± 4.32 259.97 ± 1.93 64.27 ± 4.48 19.16 ± 5.72

FIGURE 5 | Fluorescence microscopy images of horizontally layered microneedles. Green and red fluorescence corresponds to coumarin 314-containing PLGA and

SRB-containing PVP layer, respectively. (A,D) show PLGA microneedle tips, (B,E) show PVP needle shafts, and (C,F) are overlay images. Scale bars represent

200µm.

lower stiffness than the beveled-circular one but possessed
significantly higher stiffness than the pyramid. Our results
demonstrate that the mechanical stability of the obelisk-type
geometries designed in this work is substantially greater than
that of pyramidal geometry which has been widely used in
microneedle designs.

To further study the mechanical behavior of the
heterogeneously layered microneedle, PLGA-PVP microneedles
were tested and compared with single-layer microneedles (i.e.,
PLGA-only and PVP-only microneedles). Figures 7B,C show the
force-displacement curves of the circular obelisk and beveled-
circular obelisk microneedles with different layer compositions,

respectively. For both geometries, PVP microneedles showed
the highest mechanical stability against axial compression,
which was over 2.5 times higher than PLGA microneedles.
Also, it was found that the mechanical stiffness of PLGA-
PVP microneedles was intermediate between that of PLGA
and PVP microneedles. This result was anticipated since the
layered microneedles are a composite of PVP and PLGA. More
importantly, there was no sudden force drop observed, indicating
that mechanical failure at the interface between two layers did
not occur during the compression test and representing
that strong adhesion between two layers was successfully
achieved.
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FIGURE 6 | Representative cross-sectional images of pig cadaver skin after insertion of PLGA-PVP multilayer microneedles. (A) The brightfield image and (B) The

corresponding fluorescence image of the skin after insertion of circular obelisk microneedles. (C) The brightfield image and (D) The corresponding fluorescence image

of the skin after insertion of beveled-circular obelisk microneedles. Fluorescence images show that the PLGA tips (green) remain intact in the skin while the PVP shafts

(red) are completely dissolved. Scale bars represent 200µm.

Influence of Spray Deposition on the
Integrity of Horseradish Peroxidase (HRP)
We chose a spraying method for microneedle fabrication,
assuming that mild processing conditions of the spray deposition
would reduce the loss of drug potency during fabrication. In
this study, HRP was used as a model protein drug, and its
secondary structure and enzymatic activity during encapsulation
in PVP and PLGA polymer matrices were measured by CD
and colorimetric assay, respectively. To obtain the sufficient
amount of HRP for analyses, we collected samples on a 10 cm
diameter circular PDMS substrate that mimics the surface of
PDMS microneedle molds.

Figure 8A shows the CD spectra of HRP encapsulated in the
PVP and PLGA matrices. Untreated (native) and acid-treated
HRP were used as controls. The untreated HRP had two negative
ellipticity values at 208 and 222 nm and contained 54.4% α-helix,
6.4% β-sheet, 20.5% turn and 18.6% unordered structures. On the
other hand, the degraded HRP samples (acid-treated) showed a
significant decrease in ellipticity values and slight peak shift. In
addition, α-helix content of the degraded HRP was significantly
decreased compared with native HRP, along with an increase of
sheet, turn and unordered structures due to the disruption of the
secondary structure caused by acid treatment. The CD spectrum
of HRP in the PVP layer showed no detectable changes in the
secondary structure compared to native HRP, whereas there was
a noticeable change in the CD spectrum of HRP encapsulated in
the PLGA layer. The estimated secondary structural composition

of HRP revealed that HRP in PVP retained its structural stability
while the secondary structure distribution of HRP in PLGA was
significantly different from that of untreated HRP (p < 0.05) as
shown in Figure 8B.

To further examine the HRP structural integrity, the
enzymatic activity of HRP encapsulated in the polymer matrices
was measured and compared with that of untreated and acid-
treated HRP samples. The relative enzyme activity of HRP in
the PVP layer was retained without any loss, but HRP in the
PLGA layer showed approximately 85% enzyme activity. This
result suggests that the use of organic solvent and emulsification
required to prepare HRP containing PLGA solution could lower
the stability of HRP.

DISCUSSION

In this study, micro-milling technique was utilized to
fabricate obelisk-type microneedle masters. Conventional
microfabrication techniques, such as photolithography and
etching, have been widely used to form microneedles from
silicon, silicon-oxides, photoresist and metals, but the creation of
complex geometries requires multiple processing steps and high-
cost equipment. Recently, micro-milling has been introduced
as an alternative approach for fabricating microneedle masters
(Bediz et al., 2014; Korkmaz et al., 2015) due to its advantages
over conventional approaches, including simple design process
and low-cost manufacturing for generating complex geometries
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FIGURE 7 | Force-displacement curves of microneedles. (A) Mechanical behavior of PVP microneedles with different geometries. Square pyramid microneedles

(600µm height and 300µm base) were measured for comparison. (B) Mechanical behavior of circular obelisks with different material compositions. (C) Mechanical

behavior of beveled-circular obelisks with different material compositions. Data represent the averaged value of 5 independent measurements with standard deviation

(shadow zone).

with high accuracy and repeatability. Furthermore, micro-
milling does not require the use of highly toxic chemicals,
allowing safe and eco-friendly production of microstructures.

Since micro-milling is performed under very high spindle
speed, it is critical to select appropriate materials for machining.
Milling materials should bear suitable hardness and good
wear resistance to produce sharp, micrometer-scale structures
accurately. Also, the material should be thermally stable because
high-speed friction often deforms or melts small structures
during milling. In this study, aluminum 6061 alloy was used
for fabricating primary masters due to its good machinability,
mechanical strength, and thermal stability. Although metal
masters were successfully fabricated by micro-milling, SEM
observation revealed that the dimensions of the masters were
quite different from the original designs. For example, the stem
diameter of the beveled-circular obelisk was designed to be
250µm, but the measured diameter was approximately 243µm.
It was also not easy to achieve extremely sharp tips (smaller
than 10µm diameter) because tips were easily deformed due to
excessive heat during milling. Therefore, those limitations should
be considered during the device design phase. Once the primary
masters were formed by micro-milling, we prepared secondary
PLA masters through successive micromolding processes to
further sharpen the tips of microneedles. Previously, we
attempted to sharpen the tips of aluminum masters by chemical
etching, but it was not easy to control the etching rate and
profile; master structures should be prepared repeatedly until the
etch process is optimized. Therefore, multiple PLA structures
were replicated from the aluminum masters and subsequently
subjected to oxygen plasma etching for sharpening tips. The
plasma system used for etching showed very slow etch rates
(approximately 4 µm/h) since it is originally designed for surface
treatment (i.e., low frequency, low power). The etching time
would be significantly reduced when high frequency plasma is
used.

In the past decades, polymer microneedles have been
fabricated typically by the micromolding process in which a
drug-polymer solution or polymer molten is filled into a mold

and solidified with the application of centrifugation, vacuum or
high temperature (Donnelly et al., 2012; Larraneta et al., 2016).
To achieve complete filling of materials into a mold with less
drying time, highly concentrated solutions are preferred for the
micromolding process. However, those processing conditions
could cause instability of sensitive molecules during microneedle
fabrication, leading to the loss of drug potency. As an alternative,
the spray deposition process was recently introduced to form
polymer microneedles from various water-soluble polymers,
including sugars, PVA and CMC (McGrath et al., 2014). Our
group further reported a new fabrication technique, the dual-
nozzle spray deposition process, which utilizes a separate
deposition of drug and polymer solutions, as a potential way to
address the stability issue associated with current microneedle
fabrication processes (Kim et al., 2017), and demonstrated
that the spray deposition process could improve the retention
of structural stability of BSA during microneedle fabrication
compared to the vacuum-assisted micromolding process. Based
on the previous studies, we anticipated that the spray deposition
process could be used for fabricating multilayer microneedles,
which are composed of biodegradable and water-soluble polymer
layers while minimally affecting the stability of labile molecules,
especially protein-based drugs.

The results shown in Figures 4, 5 clearly demonstrate that the
spray deposition process is capable of forming both single layer
and multilayer microneedles from PVP and PLGA. Particularly,
the model drugs (dyes) were only loaded in the tip of the
microneedles (Figure 4), which can permit efficient drug delivery
into the skin with high dosing accuracy while minimizing
undesirable drug encapsulation in the backing layer. Figure 6
confirms that the PLGA tips containing a model drug were
completely embedded in the skin without leaving any observable
traces of drugs on the skin. Fluorescence microscopy images
of the multilayer microneedles also showed clear formation of
horizontal layers by sequential deposition of PLGA and PVP
(Figure 5). Due to the high surface tension and low vapor
pressure of aqueous PVP solutions, the sprayed PVP droplets
were rolled into a fine cavity of the hydrophobic PDMS mold

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 10 May 2018 | Volume 6 | Article 54

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Kim et al. Obelisk-Type Implantable Multilayer Microneedles

FIGURE 8 | Stability of HRP in polymer matrices upon spray deposition. (A) CD spectra of HRP in PVP and PLGA matrix. (B) Secondary structure compositions of

HRP estimated from the CD spectra by the CDSSTR algorithm. (C) Relative enzyme activity of HRP in PVP and PLGA matrix. Asterisk (*) indicates a significant

difference between a processed HRP sample and native HRP (n = 3, p < 0.05).

and solidified. To form a horizontal PLGA layer, it was necessary
to modulate solvent evaporation rate and spraying parameters.
When ethyl acetate was used as a solvent of PLGA, only
conformal film was formed on the mold surface regardless
of spraying conditions due to fast evaporation of the solvent
(Kim et al., 2017). In this study, a mixture of ethyl acetate
and dimethyl carbonate (1:4 v/v) was used to retard solvent
evaporation, and the formation of horizontal PLGA layers was
achieved under high flow rate and low spraying pressure. It is
anticipated that the deposition profile of polymer solutions could
be modulated by adjusting solvent compositions and spraying
parameters. We also estimated the volume shrinkage of each
microneedle by comparing the dimensions of the fabricated
microneedles with those of the PLAmasters. It was observed that
the shrinkage rate of PLGA microneedles was higher than that
of PVP microneedles, which may be due to the concentration of
PLGA in the solution (1% w/v) was lower than that of PVP (5%
w/v).

As discussed above, we demonstrated the fabrication of
layered microneedles with heterogeneous compositions, which
have potential applications in implantable drug delivery systems.
As shown in Figure 6, the first PLGA layer of the microneedles
was fully embedded in the skin, while the second PVP
layer was quickly dissolved within 5min after insertion,
indicating that the PLGA-PVP layer composition could be
capable of producing a biphasic release profile. We anticipate
that drug release profiles could be readily controlled by
adjusting various parameters, including material combinations,
ratio of copolymers, molecular weight, functional groups
and drug amounts in each layer. We also expect that the
spray deposition process could be a time- and cost-effective
approach to produce heterogeneously layered, multidrug-
containing microneedles, which have potential applications in
delivering multivalent vaccines in a controlled manner. In
addition, the multilayer microneedles could be an attractive
approach for insulin delivery, since biphasic delivery of insulin is
desirable tomaintain insulin levels while reducing administration
frequency.

Mechanical stability of microneedles is essential for achieving
reliable skin penetration. Our mechanical testing data shown
in Figure 7 strongly demonstrate that obelisk-type microneedles
possess better mechanical stiffness than pyramidal microneedles.
Since all the microneedles tested have almost identical aspect
ratios (approximately 2), higher mechanical stiffness of the
obelisk-type microneedles is attributed to larger cross-sectional
area at a given height compared to pyramidal microneedles.
When the same compression force is applied to microneedles,
obelisks experience less compressive stress than pyramids
per unit cross-sectional area, resulting in less deformation.
When comparing two obelisk microneedles, the beveled-circular
obelisks have slightly larger cross-sectional area than the circular
obelisks, resulting in more resistance against compression. This
result further indicates that the obelisk-type microneedles could
be advantageous in terms of drug loading capacity due to
larger microneedle volume per given aspect ratio compared
to conventional pyramidal or conical microneedles. Our data
also suggest that the adhesion between PLGA and PVP layers
was strong enough to resist breaking at the layer interface. We
anticipate that adhesive properties of PVP facilitate the successful
binding between two layers (Lee, 2005; Teodorescu and Bercea,
2015).

To evaluate the integrity of drugs upon spray deposition, we
chose HRP as a model protein drug. HRP, found in the roots
of horseradish, has been extensively used in various applications
including diagnostics, bio-sensing and cancer therapy (Veitch,
2004; Gupta et al., 2016; Li et al., 2017). Since the conformational
changes of HRP are highly related to its function, we investigated
the structural changes and enzyme activity of HRP during the
spray deposition process. The secondary structure of HRP was
investigated using CD spectroscopy, and the enzyme activity
was measured via a reaction with 3,3′,5,5′-tetramethylbenzidine
(TMB), a commonly used chromogen for HRP. The mechanism
of oxidation of TMB by HRP is a well-known process. Briefly,
oxidation of TMB by HRP/H2O2 first generates a blue-colored
complex product, which turns yellow after the addition of
phosphoric acid to the reaction media. The activity of HRP
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is then determined by measuring the absorbance at 450 nm.
We found that HRP encapsulated in the PVP polymer matrix
retained its secondary structure and enzymatic function as shown
in Figure 8. This result is consistent with our previous findings,
indicating that mild processing conditions, such as fast drying
at ambient temperature and no pressure/vacuum application,
would contribute to the maintenance of enzyme stability (Kim
et al., 2017). This also suggests that the air-water interfacial
stress due to the large surface-to-volume ratio of the sprayed
droplets has a marginal effect on the structural stability of
HRP. However, HRP encapsulated in the PLGA polymer matrix
lost its structural stability to a certain degree (Figure 8), which
might be caused by the emulsification process. Emulsification
and homogenization are known to disturb the conformation
of proteins and trigger various physicochemical changes at the
water-organic phase interface, resulting in losing therapeutic
activity or causing unpredictable side effects (Sah, 1999; van de
Weert et al., 2000; Bilati et al., 2005). This finding was also
comparable with our previous discovery that BSA emulsified in
PLGA solution induced a partial loss of the secondary and tertiary
structures (Kim et al., 2017).

CONCLUSIONS

Obelisk-type multilayer polymer microneedles were successfully
fabricated by micro-milling and spray deposition. Micro-
milling was capable of forming complex micro-scale structures
with an accurate and reproducible fashion. Two geometries,
circular obelisk and beveled-circular obelisk, were fabricated
from aluminum alloy and replicated in PLA. The tips of
PLA microneedles were sharpened by oxygen plasma. The
spray deposition process demonstrated the formation of
polymer microneedles from PVP and PLGA. The spray-
formed microneedles showed different volumetric shrinkage
rates depending on solution concentrations. By modulating
solution compositions and spraying parameters, multipayer
PLGA-PVPmicroneedles were successfully fabricated. Histologic
examination demonstrated that the multilayer microneedles
released dyes into the skin at different rates. Mechanical

testing showed that the obelisk-shaped microneedles have higher
mechanical stiffness compared to a pyramid-shapedmicroneedle,
and adhesion between PLGA and PVP layers was strong
enough to hold the layers together during compression. The
structural integrity and catalytic efficiency of HRP were well-
maintained in PVP, whereas HRP in PLGA showed structural
changes and decreased enzyme activity upon the spray deposition
process. In conclusion, the combination of micro-milling and
spray deposition would be a versatile method to produce
polymer microneedles with various geometries, and multilayer
microneedles would have potential applications in controlled-
release implantable drug delivery devices.
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