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We present a simple method to coat microneedles (MNs)
uniformly with a porous polymer (PLGA) that can deliver
drugs at high rates. Stainless steel (SS) MNs of high mechanical
strength were coated with a thin porous polymer layer to
enhance their delivery rates. Additionally, to improve the
interfacial adhesion between the polymer and MNs, the
MN surface was modified by plasma treatment followed
by dip coating with polyethyleneimine, a polymer with
repeating amine units. The average failure load (the minimum
force sufficient for detaching the polymer layer from the
surface of SS) recorded for the modified surface coating was
25 N, whereas it was 2.2 N for the non-modified surface.
Calcein dye was successfully delivered into porcine skin
to a depth of 750 µm by the porous polymer-coated MNs,
demonstrating that the developed MNs can pierce skin easily
without deformation of MNs; additional skin penetration tests
confirmed this finding. For visual comparison, rhodamine
B dye was delivered using porous-coated and non-coated
MNs in gelatin gel which showed that delivery with porous-
coated MNs penetrate deeper when compared with non-
coated MNs. Finally, lidocaine and rhodamine B dye were
delivered in phosphate-buffered saline (PBS) medium by
porous polymer-coated and non-coated MNs. For rhodamine
B, drug delivery with the porous-coated MNs was five times
higher than that with the non-coated MNs, whereas 25 times
more lidocaine was delivered by the porous-coated MNs
compared with the non-coated MNs.

1. Introduction
Microneedles (MNs) are an attractive alternative for hypodermic
and subcutaneous needle applications that have recently gained
attention [1,2]. Depending on the application, needles must have
suitable length to avoid nerve contact, and smooth surface,
sharp tip and high mechanical strength to penetrate skin without
cracking, breaking or bending; which ensures patient compliance.
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Moreover, needles must also create sufficient pathways for the delivery of small drugs, macromolecules
and nanoparticles, as well as to sample interstitial fluids [3,4]. To achieve these objectives, the minimally
invasive drug delivery system composed of an MN array of sub-millimetre needles has been studied
and developed to overcome some of the limitations usually associated with hypodermic needle usage.
Generally, four types of MNs are used in a transdermal drug delivery system (TDDS) [5]: solid, coated,
dissolvable and hollow. Solid MNs are very short physical needles used to puncture the skin and
open micro-pathways painlessly in the skin through which a drug formulation can be introduced
[6–8]. Once the skin is punctured, the drug permeates through the stratum corneum and then passes
through the deeper epidermis and dermis. When the drug reaches the dermal layer, it is actively
absorbed by the dermal microcirculation system [9,10]. Very short lifespans of such micro-passages
are the main limitation of TDDSs using solid MNs. Another way of using solid MNs is the ‘coat and
poke’ method, which involves inserting drug-coated solid MNs into the skin [11,12]. Although drug
delivery from coated MNs has been shown to be especially useful for high-molecular-weight molecules,
this approach is rather limited due to the small dimensions of the MNs shaft and tip [13]. An array
of 36 MNs was used to coat 9 µl of drug formulation and only 40% of the loaded drug was delivered.
Surface texturing on the needle surface via electromechanical machining methods could be employed
to increase the needle’s surface area [14–18]; however, only marginal increases in the surface area have
been achieved. Specifically, Ryu [14] achieved approximately 200 nm² size craters on the surface area by
electromechanical machining methods [14]. The ‘poke and release’ method involves the use of dissolving
and hydrogel-forming MNs. These MNs are produced from materials that act as drug storage units,
retaining the drug formulations until the drug dissolves (in case of dissolving MNs) or swells (in case
of hydrogel MNs) [19–23]. However, this method can only be used for delivering solid drugs and it
has a low delivery rate. Finally, hollow MNs have a tubular bore inside the MN body. Drug delivery
by hollow MNs involves the ‘poke and flow’ method whereby the MN pierces the skin to allow the
drug formulation to transfer through the MN bore in a manner similar to that employed by hypodermic
needles [24]. In this case, both passive diffusion and active delivery may occur. The main disadvantage
of hollow MNs is the high cost of the manufacturing technology required to ensure maximum precision.

In another approach, porous MNs have a large number of randomly distributed pores that provide
passages for drug delivery as well as interstitial fluid sampling. They are attractive because of their
fast interstitial fluid sampling by capillary action. However, polymer porous MNs are fragile and
unable to penetrate skin properly due to insufficient mechanical strength [25,26]. To address this issue,
porous polymer MNs are advantageous because of their biocompatibility, structural stability and easy
fabrication process. Although poly (lactic acid) microparticles have been used to fabricate porous
polymer MNs, the resultant MNs were too delicate to puncture skin [27,28]. Using polymerization, in the
presence of porogen, stronger MNs can be fabricated; however, the MNs produced thus have inconsistent
geometry and hence are not suitable for further applications [29]. Recently, poly (glycidyl methacrylate)
porous MNs were fabricated in the presence of a poly (ethylene glycol) solution by photopolymerization.
Even though the synthesized MNs were found to possess good geometries and mechanical strength with
39% porosity, further increases of the porosity caused the MNs to have blunter tips, which decreases their
rate of delivery [30].

This study combines the ‘coat and poke’ and ‘poke and flow’ methods to maximize their advantages
while minimizing their limitations. Specifically, solid MNs were coated with a porous poly (lactic-co-
glycolic acid) (PLGA) coating composed of highly interconnected pores, which allow liquid drugs to
be easily transported. The pores provide an efficient pathway for the drug in a manner similar to that of
hollow MNs. Additionally, because the MNs possess high mechanical strength, they are able to penetrate
skin without cracking, breaking or bending. A schematic representation of the proposed drug delivery
system is shown in figure 1. Notably, the polymer coating is easy to prepare and requires no particular
expertise or technologies, and simply dipping the MNs in the polymer solution coated the solid MNs.
In order to enhance adhesion between the polymer and MNs, the latter was exposed to plasma for 10 min
and coated with polyethyleneimine (PEI) prior to application of the PLGA porous coating.

2. Material and methods
2.1. Materials
The following materials for this study were purchased from Sigma-Aldrich: poly (lactic-co-glycolic acid)
(PLGA, lactide : glycolide = 65 : 35, MW: 40 000–75 000), poly (vinyl alcohol) (MW: 31 000–50 000, 98–99%
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Figure 1. Schematic representation of the drug formulation diffusion through porous MNs in skin.

hydrolysed), gelatin (from porcine skin), dichloromethane (DCM, anhydrous, ≥99.8%, ρ: 1.325 g ml−1,
MW: 84.93 g mol−1, mp: –97°C), Sylgard 184 silicone elastomer base and agent, stainless steel wire (SS),
poly (methyl methacrylate) (PMMA) also known as acrylic plastic, PEI (analytical standard, 50% (w/v)
in water), rhodamine B dye, calcein dye, lidocaine (MW: 234.34 Da) and phosphate-buffered saline (PBS).

2.2. Coating solution preparation and porous poly (lactic-co-glycolic acid)
microneedle fabrication

Two types of MNs were coated. To coat the first type of MNs (type A, obtained from a local company,
‘UBioMed’), a 25 mm square plate of PMMA was machined to a height of 3 mm and a jig was used to
fashion holes for nine MNs. The height and diameter of the MNs on the array were 0.600 and 0.120 mm,
respectively. An array of 3 × 3 MNs with intervals of 2 mm was prepared by inserting MNs into an acrylic
plate. Fabrication of the second type of MNs (type B) used 4 mm long MNs that were cut from a SS wire
with a 0.3 mm diameter. These MNs were then inserted in a polydimethylsiloxane jig. Further details
about type A MNs can be found in supporting data (electronic supplementary material, figure S1). Type
B MNs were used only for visual comparison of Rhodamine B dye delivery in the gelatin gel, whereas in
all other experiments type A was used.

The polymer coating solution was prepared with 2% (w/w) PLGA in DCM. A 15% (w/w) aqueous
gelatin solution was also prepared in a 1% polyvinyl alcohol solution. These two solutions were then
mixed and homogenized at 20 000 r.p.m. for 3 min to prepare the coating solution emulsion.

The MNs were cleaned using acetone, deionized (DI) water and ethanol. The MNs were then dried
prior to the plasma treatment. After drying, the MNs were placed in a plasma chamber and subjected to
the discharge of oxygen plasma for 10 min. The plasma generator operated at a frequency of 13.56 MHz
(RF-GEN, IDT Eng. Co., Korea), and the specifications of the plasma discharge were as follows: plasma
power (260 W), time (10 min) and oxygen pressure (0.2 mTorr). After the plasma treatment, the samples
were removed from the plasma chamber and submerged in a solution of 2% PEI (w/w) in water and left
for 15 min. Next, the samples were submerged in DI water for 1 min in triplicate and then immersed in
the PLGA and gelatin emulsion (i.e. the coating solution) for 20 min to coat the porous polymer layer on
the MNs.

Subsequently, the samples were kept at 25°C for 2 h to evaporate the solvent completely. They were
then placed in a warm water bath at 37°C for 3 h to remove the gelatin and reveal the porous polymer
layer on the MNs. Figure 2 shows schematic images of these processes.

2.3. Peel-off tests
Peel-off tests were performed to visualize the polymer coating stability on the MN surfaces at room
temperature using a universal testing machine (UTM, Instron, model 4465, USA). Two samples were
prepared for these tests, which differed only in whether or not surface modification was performed.
Regardless of surface modification, the samples consisted of a 0.380 mm thick PLGA layer coated
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Figure 2. Schematic representation of the PLGA porous-coating process.

onto a 15 mm wide and 100 mm long rectangular SS plate with a height of 2 mm. Each sample of the
PLGA-coated SS plates with and without surface modification was fixed onto motor-driven jaws that
progressively moved in one direction. The operating specifications were as follows: track length (6 mm),
scratch speed (0.1 mm min−1), width of probe (15 mm), thickness of probe (0.3800 mm) and applied load
range (0–30 N). The tangential friction force was measured during the experiments, and each test was
performed in triplicate. The average values were used for the analysis.

2.4. Skin penetration capability of porous polymer-coated microneedles
To study the mechanical strength and insertion capability of the porous polymer layer on the MNs, an
array of porous polymer-coated MNs (3 × 3) was prepared and manually inserted into the skin for 1 min
and then removed. The details about skin used are given in §2.5. Scanning electron microscopy (SEM)
was used to visualize the porous coatings on the MNs before and after insertion.

2.5. Calcein dye delivery in porcine skin
Full thickness fresh porcine skin pieces were sourced from a local abattoir and immediately stored at
−20°C. Before the experiments, skin pieces were thawed for 1 h at room temperature. The hair was
carefully cut using hair clippers and the skin surfaces were washed carefully with DI water and dried
completely before use. Skin pieces were placed on a fixed platform and pinned down to maintain slight
tension across the surface.

Both porous-coated and non-coated MNs were used to deliver calcein through the skin. Briefly, porous
polymer-coated and non-coated MNs were dipped in 5% calcein aqueous solution and then manually
inserted into the skin for 1 min before removal. Subsequently, a cotton swab was gently rubbed on the
skin to collect any remaining calcein after MN insertion.

2.6. Fluorescence laser scanning microscopy
Delivery of the drug (calcein) through the porcine skin by porous-coated and non-coated MNs was
visualized using fluorescence laser scanning microscopy (FLSM). Following drug delivery by individual
MNs, porcine skin samples were cut into appropriate sizes and frozen in optimal cutting temperature
compounds. The embedded frozen blocks were cut into 50 µm thick sections in horizontal directions
using a microtome (RM2235, Leica, USA). The resulting skin sections were then visualized using FLSM.

2.7. Porosity characterization, imaging and graphing
Stereo and scanning electron microscopy was performed to inspect the porosity of the porous-coated
MNs. SEM images of various porous-coated MNs at different magnifications were obtained to ensure
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consistent porosity on their periphery. Interconnectivity between the pores was also inspected. Pores
from different porous-coated MNs were randomly chosen and visualized using the Image-J software
package, and the diameters of various porous-coated MNs were measured to ensure uniformity of the
porous-coated layer. Moreover, three-dimensional porosimetry analysis was performed to investigate the
morphology of porous polymer-coating using Porosimeter (Company: micromeritics, Model: AutoPore
IV 9520). Three samples with 5%, 10% and 15% porogen concentration in the polymer coating solution
were prepared for these tests. The operating specifications were as follows: penetrometer parameters:
sample weight: 0.4592 g, max. head pressure: 4.45 psia, pen. volume: 5.2835 ml. Hg parameters:
adv. contact angle: 130°, rec. contact angle: 130°, Hg surface tension: 485 dynes cm−1, Hg density:
13.5335 g ml−1

2.8. Quantification of rhodamine B dye and lidocaine delivery
First, rhodamine B dye was used as a drug sample for the drug delivery test. This involved dissolving
1 g of rhodamine B in 20 g of DI water to make a 5% (w/w) solution. Porous-coated and non-coated MNs
were dipped into the dye solution and subsequently inserted in an aqueous gelatin gel and PBS mixture.
After the delivery of rhodamine B, lidocaine was then used as a sample drug. In this case, a 5% (w/w)
solution of lidocaine was prepared in water. Lidocaine delivery was analysed using both non-coated and
porous-coated MNs with PBS as the receiving medium. Each experiment was performed in triplicate,
and mean values were used for the analysis. The concentration of the delivered drug (i.e. rhodamine
B or lidocaine) in the receiving medium was measured by UV spectrometry, and a standard curve was
obtained by derivatizing the known concentrations of rhodamine B and lidocaine. The concentration of
the delivered drug was then plotted on a standard curve and the masses of the delivered drug via the
porous-coated and non-coated MNs were calculated.

3. Results and discussion
3.1. Porous PLGA-coating process and porosity characterization
SS MNs were coated with a thin uniform layer of porous PLGA to provide a high delivery rate using a
dipping method. PLGA, which is a biodegradable and biocompatible polymer, was used as the coating
polymer and aqueous gelatin porogen was used to introduce pores into the polymer layer [31]. Both the
ratio of aqueous gelatin to polymer solution and the homogenization rate affect the porosity of the porous
layer. Note that the porogen ratio refers to the volume ratio of the porogen solution in the entire mixture.
As reported previously, increasing the porogen ratio and decreasing the homogenization rate increases
the pore size and vice versa [32]. Stereo microscopy and SEM were used to inspect the porosity and
uniformity of the polymer coating on the MNs. Pores from different porous-coated MNs were measured,
and the diameters of various porous-coated MNs were visualized by Image-J to ensure uniformity
of the porous-coated layer (see electronic supplementary material, figure S4). All porous-coated MNs
have essentially similar diameters within a narrow range (134–136 µm), demonstrating uniformity of the
porous-coated layer. Figure 3 shows the stereo micrograph and SEM images of the porous-coated type
A and B MNs at various magnifications. The bright field stereo micrograph reveals that all MNs were
uniformly coated with porous PLGA. The SEM images further confirmed that the porous coating is a
uniform thin layer, and that it does not alter the needle architecture. Additionally, the polymer layer
is highly porous with uniformly distributed pores on the MN peripheries. The results indicate good
interconnectivity between the pores, providing pathways on the MN peripheries for the passage of drug
formulations (see electronic supplementary material, figure S3). We inspected the morphology of porous
MNs with different porogen concentration by three-dimensional porosimetry analysis. Table 1 shows the
results of the experiments. Results revealed that as the porogen concentration increased in the polymer
coating solution, a significant increase in pore area, average diameter and porosity was observed.

3.2. Effect of surface modification on interfacial adhesion
The results also revealed that the interfacial adhesion between the SS MNs and the polymer layer was
relatively weak due to differences in their mechanical and physical properties. In order to obtain a
stronger interfacial adhesion between these surfaces, the MN surfaces were modified. Without affecting
the bulk properties of the MNs, the MN surfaces were first treated with oxygen plasma, which introduces
carboxyl groups on the MN surfaces, and then subjected to a chemical reaction involving PEI (a polymer
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500 mm

Figure 3. SEM and stereomicrographs of SSMNs coatedwith a 15% gelatin porous PLGA polymer. (a,b) SEMmicrographs of a type AMN.
(c) Stereo and (d) SEM images of a type B MN. The type A and B MN geometries possess lengths of 600 and 4000 µm, respectively, and
diameters of 120 and 300µm, respectively.

Table 1. Three-dimensional porosimetry intrusion data summary.

sample

total
intrusion
volume

total pore
area

average
pore
diameter

bulk
density at
0.52 psia

apparent
(skeletal)
density

stem
volume
used (%) porosity (%)

5% porogen 0.6817 ml g−1 41.188 m2 g−1 1.8955 µm 0.7327 g ml−1 1.4641 g ml−1 69 45
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10% porogen 1.0648 ml g−1 63.414 m2 g−1 2.3381 µm 0.5336 g ml−1 1.1287 g ml−1 80 57
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15% porogen 1.5245 ml g−1 73.623 m2 g−1 6.0791 µm 0.4149 g ml−1 1.1287 g ml−1 80 63
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

with repeating amine units) to improve the interfacial adhesion of the polymer coating. Following these
surface modification steps, PLGA was coated onto the MNs. This approach was intended to significantly
improve the coating stability between the metal surface and the porous polymer matrix. Peel-off tests
with and without these surface modifications were performed to determine their effect on adhesive
strength. These tests involved individually preparing the specimens and testing each of them in a UTM.
The testing device applied a tensile force to the interface between the substrate and polymer coating,
causing detachment of the coating. The results from these tensile tests indicate that the surface modified
with oxygen plasma and PEI coating (i.e. the polymer-coated surface) has a higher adhesive strength than
for the non-modified surface, as shown in figure 4. The average failure loads measured for the modified
and non-modified surface coatings were 25 and 2.2 N, respectively. Without the surface modification, the
polymer coating peels off the MN surface during insertion into the skin. By contrast, the polymer layer
has sufficient adhesive strength to the metal surface to successfully penetrate into the skin when the MN
surface is modified.

3.3. Skin penetration capability of porous polymer-coated microneedles
The skin penetration capability of MNs is essential for drug delivery as well as for sampling the
interstitial fluid from inside the skin. A variety of factors influences the penetration efficiency of MNs
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Figure 4. Results of the peel-off tests comparing the interfacial adhesion between the MN surface and the polymer layer with and
without surface modification.

(a)

(c) (d)

(b)

Figure 5. (a,b) SEM micrographs of porous PLGA-coated MNs with low and high magnifications before insertion in the porcine skin.
(c,d) SEMmicrographs of porous PLGA-coated MNs with low and high magnifications after the insertion in the porcine skin.

such as the insertion force, insertion speed and age of the skin [33]. The penetration capability of
porous PLGA-coated MNs was characterized using SEM images before and after insertion in porcine
skin (figure 5a,b and c,d, respectively). As seen, the porous-coating morphology on the MNs remained
unchanged following insertion. The porous polymer-coating neither detached from the MN surfaces nor
became damaged after insertion in the porcine skin, which confirms that the porous polymer-coating
has sufficient mechanical strength to penetrate the skin for drug delivery applications. As shown in
figure 5c,d, some skin tissues were present on the pores after insertion.

3.4. In vitro drug delivery in porcine skin
To investigate in vitro drug delivery by the porous polymer-coated and non-coated MNs in skin, porcine
skin rather than live animals was selected for ethical reasons. Previous studies have shown that the
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Figure 6. In vitro calcein delivery in porcine skin. The MNs were penetrated into the skin to a depth of 600 µm. The left side shows
calcein delivery via porous polymer-coated MNs, whereas the right side shows delivery via non-coated MNs. h1 represents the top skin
section, whereas h15 represents the deepest section for which calcein was detected. Calcein was delivered to depths of 750 and 100 µm
by the porous-coated and non-coated MNs, respectively.

delivery efficiency obtained in vitro in porcine skin is similar to that of in vivo in mice [34,35]. To this end,
in vitro skin delivery of calcein by the porous-coated and non-coated MNs was performed in porcine
skin and confirmed using imaging. The MNs were penetrated into the skin to a depth of 600 µm, the
full length of MNs, which possessed a length of 600 µm and a diameter of 120 µm. The results show
that calcein was successfully delivered into the skin to a depth of 750 µm by the porous-coated MNs.
As shown in the left side of figure 6, h1 represents the top skin section of calcein delivery, whereas h15
represents the lowest skin section at which calcein was observed by FLSM. The thickness of each section
is 50 µm.

By contrast, the calcein delivered in the skin by the non-coated MNs was found only to a depth
of 100 µm when using a MN with identical dimensions to that used with the porous-coated MNs (i.e.
length = 600 µm, diameter = 120 µm), as shown in the right side of figure 6. In this case, h1 represents
the top skin section of calcein delivery, whereas h3 is the lowest skin section. Note that calcein was only
observed on sections h1 and h2 and none was observed in the subsequent skin sections, each of which
was 50 µm thick. These results confirm that the porous PLGA-coated MNs are capable of delivering a
large amount of drugs to deeper skin sections.

3.5. Rhodamine B dye and lidocaine delivery
In this study, rhodamine B dye delivery was examined in an aqueous gelatin gel and PBS using non-
coated and porous-coated MNs. The transparency of this gel allowed real-time monitoring of dye
delivery. As shown in figure 7a, the quantity of the sample delivered by the porous polymer-coated
MNs exceeded that by the non-coated MNs, which demonstrates that most of the drug will remain on
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Figure 7. (a) Rhodamine B delivery in gelatin gel. 1: rhodamine B delivered by non-coated MNs; 2: dye delivered by porous polymer-
coated MNs. (b) NC: rhodamine B delivered in PBS by non-coated MNs; PC: rhodamine B delivered in PBS by porous PLGA-coated MNs.
(c) Lidocaine delivery in PBS. NC: delivery by non-coatedMNs; PC: delivery by porous PLGA-coatedMNs. (d) UV absorbance corresponding
to known and drug delivered concentrations in the receiving medium. Inset is the standard curve with absorbance values and their
corresponding drug concentrations.

the skin surface when non-coated MNs are used. By contrast, relatively more drug can be delivered
deeper into the skin when porous-coated MNs are used. A quantitative evaluation of this drug delivery
was investigated using PBS as the receiving medium. The rhodamine B concentration in the medium
after delivery with the porous-coated and non-coated MNs was measured using UV spectrometry, with
the results given in figure 7b. As seen, relative to non-coated MN drug delivery, the porous-coated MNs
promote a five times higher volume delivery when rhodamine B was used as the sample drug.

In the lidocaine delivery tests, porous-coated and non-coated MNs were dipped in a 5% (w/w)
aqueous lidocaine solution and then immersed in PBS as the receiving medium. The lidocaine
concentration in PBS was quantified by UV spectrometry. On the basis of the corresponding standard
curve, the mass of the delivered lidocaine by an array of nine porous-coated and nine non-coated MNs
was 2.06 and 0.08 µg ml−1, respectively. Clearly, the results indicate a 25 times increase in drug volume
delivery for the porous-coated MNs relative to the non-coated MNs delivery when lidocaine was used
as a sample drug, as shown in figure 7c. Figure 7d shows the UV spectrometry data (i.e. absorbance) to
prepare the standard curve for drug delivery quantification. Overall, it is clear that the porous polymer
coating method developed herein is very simple and can be used to deliver a variety of drugs with an
increased delivery rate.

3.6. Effect of porosity on drug delivery rate
Figure 8 shows the effect of porogen concentration (aqueous gelatin) on the mass of drug delivered. The
porosity of the porous polymer coating on the MNs was calculated with different porogen concentrations
using three-dimensional porosimetry analysis. As the porogen concentration in the coating solution
was increased from 5%, 10%, to 15% (w/w) of the total coating solution, a significant increase in the
porosity of the polymer coating was observed (45%, 57%, to 63%, respectively) as shown in table 1 and
figure 8a, while figure 8c shows the SEM images of the corresponding porous MNs with the porogen
concentration of 5%, 10% and 15%. The amount of lidocaine delivered by the array of nine porous
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Figure 8. (a) Porosity of porous MNs with different porogen concentrations. (b) Drug delivery by porous MNs with different porogen
concentrations. (c) SEM images of porous MNs with different porogen concentrations.

polymer-coated MNs with 5% (w/w) porogen was 1.03 µg ml−1. When the porogen concentration in
the coating solution was increased to 10% and 15% (w/w), the delivery of lidocaine increased to 1.29 and
2.06 µg ml−1, respectively, as shown in figure 8b, which is more in amount in comparison with the results
previously reported by Vrdoljak et al. [13]. Clearly, drug delivery increased concomitantly with porosity.
This increase can be attributed to an increase in the sizes and number of pores in the polymer coating on
the MNs, which was determined by the amount of porogen in the coating solution. Therefore, a desired
quantity of drug can be delivered by adjusting the porous coating porosity on the MNs.

4. Conclusion
An easy coating method for SS MNs with a porous polymer (PLGA) layer was developed to deliver a
variety of drugs with high delivery rates. The polymer layer was highly porous and uniform, and the
pores were distributed evenly on the MN periphery. Moreover, the pores were highly interconnected
and can thus provide micro-passages on the MN periphery, which suggests that drug dosage may be
controlled by way of continuous delivery. Plasma treatment and PEI coating were found to significantly
improve the interfacial adhesion of the polymer coating to the MN surface. The average failure load
recorded for the modified surface coating was 25 N, whereas that for the non-modified surface was
2.2 N. Calcein dye was successfully delivered into porcine skin by the porous polymer-coated MNs,
demonstrating that the prepared MNs can pierce the skin easily without deformation, which was further
confirmed with skin penetration tests. Similarly, lidocaine and rhodamine B dye were delivered in PBS
medium by porous polymer-coated and non-coated MNs. For rhodamine B, drug delivery by the porous-
coated MNs was five times higher than that by the non-coated MNs, whereas 25 times more lidocaine
was delivered by the porous-coated MNs compared with the non-coated MNs. In the future, the porous-
coated MNs fabricated herein could be connected to a micropump to develop automatically controlled
drug delivery systems.

Data accessibility. Our supplementary data for the detailed description of type A and type B MNs, MNs array,
morphology of porous coating on MN tip and pores size are available in the electronic supplementary material.
Authors’ contributions. G.M.K. conceived the idea and designed the research; A.U. performed the experiments and
analysed the data; C.M.K. checked the data and information and assessed the quality; A.U. wrote the manuscript.
All authors gave final approval for publication.
Competing interests. The authors declare that they have no competing interests.



11

rsos.royalsocietypublishing.org
R.Soc.opensci.5:171609

................................................
Funding. This work was supported by the National Research Foundation of Korea Grant (NRF-2017R1A2B4004966)
funded by the Korean Government (KMEST).
Acknowledegements. We thank the National Research Foundation of Korea for their funding contribution. We are also
grateful to UBioMed for providing SS microneedles.

References
1. Indermun S, Luttge R, Choonara YE, Kumar P, du

Toit LC, Modi G, Pillay V. 2014 Current advances in
the fabrication of microneedles for transdermal
delivery. J. Control. Release 185, 130–138. (doi:10.10
16/j.jconrel.2014.04.052)

2. Tuan-Mahmood T-M, McCrudden MT, Torrisi BM,
McAlister E, Garland MJ, Singh TRR, Donnelly RF.
2013 Microneedles for intradermal and transdermal
drug delivery. Eur. J. Pharm. Sci. 50, 623–637.
(doi:10.1016/j.ejps.2013.05.005)

3. Van der Maaden K, Jiskoot W, Bouwstra J. 2012
Microneedle technologies for (trans)dermal drug
and vaccine delivery. J. Control. Release 161,
645–655. (doi:10.1016/j.jconrel.2012.01.042)

4. Strambini L, Longo A, Scarano S, Prescimone T,
Palchetti I, Minunni M, Giannessi D, Barillaro G. 2015
Self-powered microneedle-based biosensors for
pain-free high-accuracy measurement of
glycaemia in interstitial fluid. Biosens.
Bioelectron. 66, 162–168. (doi:10.1016/j.bios.
2014.11.010)

5. Kim Y-C, Park J-H, Prausnitz MR. 2012 Microneedles
for drug and vaccine delivery. Adv. Drug Deliv. Rev.
64, 1547–1568. (doi:10.1016/j.addr.2012.
04.005)

6. Prausnitz MR, Langer R. 2008 Transdermal drug
delivery. Nat. Biotechnol. 26, 1261–1268. (doi:10.10
38/nbt.1504)

7. Sivamani RK, Liepmann D, Maibach HI. 2007
Microneedles and transdermal applications. Expert
Opin Drug Deliv. 4, 19–25. (doi:10.1517/17425247.
4.1.19)

8. Prausnitz MR. 2004 Microneedles for transdermal
drug delivery. Adv. Drug Deliv. Rev. 56, 581–587.
(doi:10.1016/j.addr.2003.10.023)

9. Donnelly RF, Singh TRR, Morrow DI, Woolfson AD.
2012Microneedle-mediated transdermal and
intradermal drug delivery. New York, NY: John
Wiley & Sons.

10. Kretsos K, Kasting GB. 2007 A geometrical model
of dermal capillary clearance.Math. Biosci. 208,
430–453. (doi:10.1016/j.mbs.2006.10.012)

11. Gill HS, Prausnitz MR. 2007 Coated microneedles for
transdermal delivery. J. Control. Release 117,
227–237. (doi:10.1016/j.jconrel.2006.10.017)

12. Yu W, Jiang G, Liu D, Li L, Tong Z, Yao J, Kong X. 2017
Transdermal delivery of insulin with bioceramic
composite microneedles fabricated by gelatin and
hydroxyapatite.Mater. Sci. Eng. C 73, 425–428.
(doi:10.1016/j.msec.2016.12.111)

13. Vrdoljak A, McGrath MG, Carey JB, Draper SJ, Hill AV,
O’Mahony C, Crean AM, Moore AC. 2012 Coated
microneedle arrays for transcutaneous delivery of
live virus vaccines. J. Control Release 159, 34–42.
(doi:10.1016/j.jconrel.2011.12.026)

14. Ryu SH. 2015 Eco-friendly ECM in citric acid
electrolyte with microwire and microfoil electrodes.
Int. J. Precis. Eng. Manuf. 16, 233–239. (doi:10.1007/
s12541-015-0031-3)

15. Kim H-C, Ko TJ. 2015 Verification of simulation of
surface texturing on planar surface by grinding. Int.
J. Precis. Eng. Manuf. 16, 225–231. (doi:10.1007/
s12541-015-0030-4)

16. Lee W, Nam E, Lee C-Y, Jang K-I, Min B-K. 2015
Electrochemical oxidation assisted micromachining
of glassy carbon substrate. Int. J. Precis. Eng. Manuf.
16, 419–422. (doi:10.1007/s12541-015-0057-6)

17. Kwon MH, Jee WY, Chu CN. 2015 Fabrication of
hydrophobic surfaces using copper
electrodeposition and oxidation. Int. J. Precis. Eng.
Manuf. 16, 877–882. (doi:10.1007/s12541-015-
0115-0)

18. Lee PA, Kim Y, Kim BH. 2015 Effect of low frequency
vibration on micro EDM drilling. Int. J. Precis. Eng.
Manuf. 16, 2617–2622. (doi:10.1007/s12541-015-
0335-3)

19. Donnelly RF, Moffatt K, Alkilani AZ, Vicente-Pérez
EM, Barry J, McCrudden MT, Woolfson AD. 2014
Hydrogel-forming microneedle arrays can be
effectively inserted in skin by self-application: a
pilot study centred on pharmacist intervention and
a patient information leaflet. Pharm. Res. 31,
1989–1999. (doi:10.1007/s11095-014-1301-y)

20. Xu B, Jiang G, Yu W, Liu D, Zhang Y, Zhou J, Sun S,
Liu Y. 2017 H2O2-Responsive mesoporous silica
nanoparticles integrated with microneedle patches
for the glucose-monitored transdermal delivery of
insulin. J. Mater. Chem. B 5, 8200–8208. (doi:10.10
39/C7TB02082A)

21. Yu W, Jiang G, Zhang Y, Liu D, Xu B, Zhou J. 2017
Near-infrared light triggered and separable
microneedles for transdermal delivery of metformin
in diabetic rats. J. Biomed. Mater. Res. B Appl.
Biomater. 5, 9507–9513. (doi:10.1039/C7TB02236K)

22. Yu W, Jiang G, Zhang Y, Liu D, Xu B, Zhou J. 2017
Polymer microneedles fabricated from alginate and
hyaluronate for transdermal delivery of insulin.
Mater. Sci. Eng. C 80, 187–196. (doi:10.1016/j.
msec.2017.05.143)

23. Xu B, Jiang G, Yu W, Liu D, Liu Y, Kong X, Yao J. 2017
Preparation of poly(lactic-co-glycolic acid) and
chitosan composite nanocarriers via electrostatic
self assembly for oral delivery of insulin.Mater. Sci.
Eng. C 78, 420–428. (doi:10.1016/j.msec.2017.04.113)

24. Gardeniers HJ, Luttge R, Berenschot EJ, De Boer MJ,
Yeshurun SY, Hefetz M, van’t Oever R, van den Berg
A. 2003 Silicon micromachined hollowmicroneedles
for transdermal liquid transport. J. Microelectro
mech. Syst. 12, 855–862. (doi:10.1109/JMEMS.2003.
820293)

25. Verhoeven M, Bystrova S, Winnubst L, Qureshi H,
De Gruijl TD, Scheper RJ, Luttge R. 2012 Applying
ceramic nanoporous microneedle arrays as a
transport interface in egg plants and an ex-vivo
human skin model.Microelectron. Eng. 98,
659–662. (doi:10.1016/j.mee.2012.
07.022)

26. Ji J, Tay FE, Miao J, Iliescu C. 2006 Microfabricated
microneedle with porous tip for drug delivery. J.
Micromech. Microeng. 16, 958. (doi:10.1088/0960-
1317/16/5/012)

27. Yu W et al. 2017 Fabrication of biodegradable
composite microneedles based on calcium sulfate
and gelatin for transdermal delivery of insulin.
Mater. Sci. Eng. C 71, 725–734. (doi:10.1016/j.msec.
2016.10.063)

28. Park J-H, Choi S-O, Kamath R, Yoon Y-K, Allen MG,
Prausnitz MR. 2007 Polymer particle-based
micromolding to fabricate novel microstructures.
Biomed. Microdevices 9, 223–234. (doi:10.1007/s105
44-006-9024-4)

29. Humrez L, Ramos M, Al-Jumaily A, Petchu M,
Ingram J. 2011 Synthesis and characterisation of
porous polymer microneedles. J. Polym. Res. 18,
1043–1052. (doi:10.1007/s10965-010-9505-2)

30. Liu L, Kai H, Nagamine K, Ogawa Y, Nishizawa M.
2016 Porous polymer microneedles with
interconnecting microchannels for rapid fluid
transport. RSC Adv. 6, 48 630–48 635. (doi:10.1039/
C6RA07882F)

31. Ullah A, Kim CM, Kim GM. 2017 Solvent effects on
the porosity and size of porous PLGA microspheres
using gelatin and PBS as porogens in a microfluidic
flow-focusing device. J. Nanosci. Nanotechnol. 17,
7775–7782. (doi:10.1166/jnn.2017.14838)

32. Kim CM, Park SJ, Kim GM. 2015 Applications of PLGA
microcarriers prepared using geometrically passive
breakup on microfluidic chip. Int. J. Precis. Eng.
Manuf. 16, 2545–2551. (doi:10.1007/s12541-015-
0326-4)

33. Olatunji O, Das DB, Garland MJ, Belaid L, Donnelly
RF. 2013 Influence of array interspacing on the force
required for successful microneedle skin
penetration: theoretical and practical approaches.
J. Pharm. Sci. 102, 1209–1221. (doi:10.1002/jps.
23439)

34. Zhu Q et al. 2009 Immunization by vaccine-coated
microneedle arrays protects against lethal
influenza virus challenge. Proc. Natl Acad. Sci. USA
106, 7968–7973. (doi:10.1073/pnas.0812
652106)

35. Summerfield A, Meurens F, Ricklin ME. 2015 The
immunology of the porcine skin and its value as
a model for human skin.Mol. Immunol. 66, 14–21.
(doi:10.1016/j.molimm.2014.10.023)

http://dx.doi.org/10.1016/j.jconrel.2014.04.052
http://dx.doi.org/10.1016/j.jconrel.2014.04.052
http://dx.doi.org/10.1016/j.ejps.2013.05.005
http://dx.doi.org/10.1016/j.jconrel.2012.01.042
http://dx.doi.org/10.1016/j.bios.2014.11.010
http://dx.doi.org/10.1016/j.bios.2014.11.010
http://dx.doi.org/10.1016/j.addr.2012.04.005
http://dx.doi.org/10.1016/j.addr.2012.04.005
http://dx.doi.org/10.1038/nbt.1504
http://dx.doi.org/10.1038/nbt.1504
http://dx.doi.org/10.1517/17425247.4.1.19
http://dx.doi.org/10.1517/17425247.4.1.19
http://dx.doi.org/10.1016/j.addr.2003.10.023
http://dx.doi.org/10.1016/j.mbs.2006.10.012
http://dx.doi.org/10.1016/j.jconrel.2006.10.017
http://dx.doi.org/10.1016/j.msec.2016.12.111
http://dx.doi.org/10.1016/j.jconrel.2011.12.026
http://dx.doi.org/10.1007/s12541-015-0031-3
http://dx.doi.org/10.1007/s12541-015-0031-3
http://dx.doi.org/10.1007/s12541-015-0030-4
http://dx.doi.org/10.1007/s12541-015-0030-4
http://dx.doi.org/10.1007/s12541-015-0057-6
http://dx.doi.org/10.1007/s12541-015-0115-0
http://dx.doi.org/10.1007/s12541-015-0115-0
http://dx.doi.org/10.1007/s12541-015-0335-3
http://dx.doi.org/10.1007/s12541-015-0335-3
http://dx.doi.org/10.1007/s11095-014-1301-y
http://dx.doi.org/10.1039/C7TB02082A
http://dx.doi.org/10.1039/C7TB02082A
http://dx.doi.org/10.1039/C7TB02236K
http://dx.doi.org/10.1016/j.msec.2017.05.143
http://dx.doi.org/10.1016/j.msec.2017.05.143
http://dx.doi.org/10.1016/j.msec.2017.04.113
http://dx.doi.org/10.1109/JMEMS.2003.820293
http://dx.doi.org/10.1109/JMEMS.2003.820293
http://dx.doi.org/10.1016/j.mee.2012.07.022
http://dx.doi.org/10.1016/j.mee.2012.07.022
http://dx.doi.org/10.1088/0960-1317/16/5/012
http://dx.doi.org/10.1088/0960-1317/16/5/012
http://dx.doi.org/10.1016/j.msec.2016.10.063
http://dx.doi.org/10.1016/j.msec.2016.10.063
http://dx.doi.org/10.1007/s10544-006-9024-4
http://dx.doi.org/10.1007/s10544-006-9024-4
http://dx.doi.org/10.1007/s10965-010-9505-2
http://dx.doi.org/10.1039/C6RA07882F
http://dx.doi.org/10.1039/C6RA07882F
http://dx.doi.org/10.1166/jnn.2017.14838
http://dx.doi.org/10.1007/s12541-015-0326-4
http://dx.doi.org/10.1007/s12541-015-0326-4
http://dx.doi.org/10.1002/jps.23439
http://dx.doi.org/10.1002/jps.23439
http://dx.doi.org/10.1073/pnas.0812652106
http://dx.doi.org/10.1073/pnas.0812652106
http://dx.doi.org/10.1016/j.molimm.2014.10.023

	Introduction
	Material and methods
	Materials
	Coating solution preparation and porous poly (lactic-co-glycolic acid) microneedle fabrication 
	Peel-off tests
	Skin penetration capability of porous polymer-coated microneedles
	Calcein dye delivery in porcine skin
	Fluorescence laser scanning microscopy
	Porosity characterization, imaging and graphing
	Quantification of rhodamine B dye and lidocaine delivery

	Results and discussion
	Porous PLGA-coating process and porosity characterization
	Effect of surface modification on interfacial adhesion
	Skin penetration capability of porous polymer-coated microneedles
	In vitro drug delivery in porcine skin
	Rhodamine B dye and lidocaine delivery
	Effect of porosity on drug delivery rate

	Conclusion
	References

