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Biodegradable polymer microneedle (MN) arrays are an emerging class of transdermal drug delivery de-

vices that promise a painless and sanitary alternative to syringes; however, prototyping bespoke needle ar-

chitectures is expensive and requires production of new master templates. Here, we present a new micro-

fabrication technique for MNs using fused deposition modeling (FDM) 3D printing using polylactic acid, an

FDA approved, renewable, biodegradable, thermoplastic material. We show how this natural degradability

can be exploited to overcome a key challenge of FDM 3D printing, in particular the low resolution of these

printers. We improved the feature size of the printed parts significantly by developing a post fabrication

chemical etching protocol, which allowed us to access tip sizes as small as 1 μm. With 3D modeling soft-

ware, various MN shapes were designed and printed rapidly with custom needle density, length, and shape.

Scanning electron microscopy confirmed that our method resulted in needle tip sizes in the range of 1–55

μm, which could successfully penetrate and break off into porcine skin. We have also shown that these

MNs have comparable mechanical strengths to currently fabricated MNs and we further demonstrated

how the swellability of PLA can be exploited to load small molecule drugs and how its degradability in skin

can release those small molecules over time.

Introduction

Hypodermic needles have been used clinically for more than
150 years and are the most common drug delivery devices. Al-
though effective, hypodermic needles cause pain, elicit pho-
bias in patients, require training and generate biohazardous
waste.1,2 Polymer microneedle (MN) arrays are flexible pat-
terned grids of sharp micron-sized protrusions capable of de-
livering therapeutic agents into the skin and are notably pain-
free. MNs have gained attention in recent years as a mini-
mally invasive and cost effective method to enhance drug
delivery.3–5 In an array, polymer MNs can act as a passive
drug delivery system with the potential to improve drug effi-
cacy owing to several intrinsic advantages: namely they (i) can
elicit a higher immunogenic response,6–10 (ii) inhibit micro-
bial entrance at the injection site,11 (iii) can be administered
at home by unskilled caregivers,12,13 (iv) have the capacity to
improve the shelf life of drugs,14–16 (v) have the capability for
high loading capacity,17,18 and (vi) have flexibility in material

composition that permits smart drug delivery systems.19–22

This flexibility means polymer MN arrays can be tailored to
the therapeutic used and the intended application using dif-
ferent MN architectures. At their most basic, microneedles
are used to perforate skin to permit faster passive diffusion of
a topically applied drug directly into the dermis. More com-
plex architectures have been discussed in several excellent ar-
ticles and reviews23–32 though the most common architectures
in literature either involve coating drug onto the surface of
the MNs to allow instant dosing upon tissue penetration or
trapping both small- and large-molecular weight agents33,34

within the polymeric matrix of the MNs. In these latter formu-
lations, the MNs can be broken off into the skin and the grad-
ual dissolution of the needle within the skin concomitantly
releases drug.

Fabrication of these polymeric MNs is typically accom-
plished with a micromolding process that enables the use of
the mold several times.35 This process typically involves crea-
tion of a single master template, which is then used to cast
all the subsequent MNs.36 Although template driven fabrica-
tion has precise control over shape and size, the startup costs
associated with it are high. Template fabrication is generally
complicated, needs a controlled environment of low particles,
and requires expensive photolithography and etching equip-
ment.37 Template fabrication becomes problematic when any
modification becomes necessary to the MN. This is
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acceptable for designs that are ready for mass production,
but is expensive for screening new designs. Alternative
methods to photolithography have been reported to add flexi-
bility and productivity such as two photon polymerization38

and bulk micromachining.39 However, these methods are still
considered to be time consuming and expensive in the pro-
duction of prototype MNs.

Additive manufacturing, more commonly known as 3D
printing, is a method of fabricating physical parts from a dig-
ital model generated using computer aided design software
by adding materials layer by layer.40 The 3D printer's ability
to allow users to produce objects on demand has proven use-
ful in construction,41 automotive42 and aerospace
manufuacturing,43 and biomedical applications.44,45 Scien-
tists are beginning to implement 3D printing in the research
laboratory as a tool for rapid prototyping,46–48 device fabrica-
tion,49 self-healing polymers for improved mechanical
strength,50–52 and developing scaffolds for tissue engineer-
ing.53,54 3D printers commonly used for printing plastic ma-
terials include fused deposition modeling (FDM),51,55–57 se-
lective laser sintering (SLS),58,59 and stereolithography
(SLA).58,60 SLS and SLA printers are capable of producing fea-
tures smaller than 100 μm, however, these printers can be
costly61 and most materials are not biocompatible. For in-
stance, the photo-initiators required in the SLA printing pro-
cess are toxic and are incompatible for transdermal drug
delivery.62–64

FDM is versatile, cost effective, and can print renewable
and biodegradable materials, such as polylactic acid (PLA)
and polyvinyl alcohol, which are approved by the Food and
Drug Administration (FDA) for use in dissolvable stitches.65

However, a major limitation is that the resolution of FDM is

lower than other printing methods and generally incapable
of making fine structures like MNs. Studies comparing hypo-
dermic needles and MNs have been conducted and the opti-
mal length, width, thickness, and the number of MNs in an
array that cause pain in humans have been determined.66,67

These studies concluded that MNs with lengths up to 1450
μm, widths of 465 μm, thicknesses of 100 μm, and tip sizes
of less than 75 μm cause less pain than a 26-gauge hypoder-
mic needle and that the main factor in pain was the amount
of MNs in an array. Even under ideal conditions, extrusion
from the print head of a commercially available FDM printer
is unlikely to produce features this fine. Herein, we show a
new method that combines FDM with a post-fabrication etch-
ing step to yield ideally sized and shaped needles that are
able to insert, break off, and deliver small molecules into
skin without the need of a master template or mold (Fig. 1).

Results and discussion

At a minimum, the 3D printed MN array should be expected
to effectively penetrate skin, which would be sufficient to per-
mit drug delivery by coating a therapeutic onto the surface of
the needles. However, we sought to go further to maximize
potential use and focused on a design that would satisfy an
additional three objectives: (i) produce a break-away architec-
ture such that the individual needles in the array break off
with an applied transverse force leaving them embedded in
the skin; (ii) it should be possible to “load” the needle with a
small molecule drug-like indicator after printing; (iii) this
drug should diffuse from the embedded broken needle over
time within the skin. We thus narrowed our choice of ther-
moplastic polymer to PLA, a common filament choice for

Fig. 1 Schematic illustration of a) FDM 3D printer used for microneedle production b) 3D printed microneedles as fabricated c) chemically etched
microneedles using an alkaline solution d) etched microneedles after washing with water e) microneedles after drug loading.
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FDM printing. With the filament choice in hand, over the
course of our investigation, we tested seven MN shapes,
which are schematically illustrated in Table 1, to print an ar-
ray which meets the above criteria. Type 1 and type 2 were
tested to obtain sharp tips, but we found the sharp features
exceeded the resolution of even small diameter hot end (350
μm) and these designs were poorly replicated by the 3D
printer. Even more gradual changes, illustrated as type 3 and
4, were malformed after printing, owing to the filament depo-
sition process. Overall, types 1–4 showed that gradual
changes could not be achieved because of poor adhesion be-
tween extruded layers, a common problem that occurs in
FDM printing of small structures. Owing to this limitation,
we modified our approach in needle types 5–7 by using ter-
raced layers rather than gradual sloping, which proved to be
successful. With a 350 μm hot end, MNs ranging in lengths
from 200–2500 μm, widths from 400–600 μm, thicknesses
from 400–600 μm, and tip diameters from 170–220 μm could
be produced (Fig. 2a–c and S1†). These measurements exceed
the optimal dimensions for ideal MNs, an expected result
given the known resolution limitations of FDM printing.

PLA is a biocompatible polyester produced from renew-
able lactic acid and can be degraded into smaller fragments
through hydrolysis. The rate of degradation is proportional to
the strength of the acidity or alkalinity of the surrounding
media. Skin, for instance, is mildly acidic,68 which makes
PLA an attractive material for use in dissolvable stitches. We
thus wondered if we could etch our low resolution MNs to di-
mensions that would be appropriate for painless skin pene-
tration. Aqueous potassium hydroxide (KOH) solutions were
made at 1, 3, 5, 7, and 9 M concentrations and the etching
rate of the as fabricated MNs were evaluated via optical and
scanning electron microscopy (SEM) to determine the change

in size over time (Fig. S2 and S3†). After 9 hours with 5 M
KOH, the MNs remained approximately the same length;
however, the thickness and width decreased to a range be-
tween 200–300 μm with a tip size between 1–55 μm (Fig. 2b–
d), which are within the optimal range for painless MNs. Dif-
ferential scanning calorimetry (DSC) measurements found no
differences between etched and unetched MNs (Fig. S4†). In-
triguingly, we found the needles were barbed shaped as a re-
sult of the layer-by-layer deposition process, which would
help prevent the needles from falling out of the skin after
insertion.

Needle density is a parameter of MN array design. While
closely packing microneedles increases the drug loading ca-
pacity, higher density designs tend to cause more pain.67 Ad-
ditionally, higher density needle arrays are difficult to fabri-
cate using FDM. To test these limits, a series of array
designs, which varied the needle lengths and densities, were
printed on a 1 cm2 base. The lengths chosen for types 1–3
were the upper and lower limit of currently produced MNs,
which are 0.6 and 1.4 mm. We found we could make 6 × 6
MN arrays reproducibly on a 1 cm2 base (Fig. S5†). Litho-
graphically producing all the templates required to make
comparable MN arrays would have taken days; whereas, we
were able to produce custom designed MNs in only a few
hours.

Axial and transverse fracture tests and a bend baseplate
test were conducted following modified procedures of
Woolfson et al.69 The axial fracture test applies a force per-
pendicular to the MN until a dip occurs, which is called the
fracture failure point (Fig. S6a and b and S7a and b†). The
rate of the moving arm was 300 μm s−1 to obtain a force of
0.23 N at the point of fracture, which is above the 0.058 N
that is required to pierce through the top layer of skin, a 10–
20 μm thickness known as the stratum corneum.70 The trans-
verse fracture test applies a force parallel to the MN until the
fracture failure point (Fig. S6c and d†). This shows the
amount of force the needles can withstand before breaking
sideways (Fig. S8a and b†). At a rate of 300 μm s−1, we

Table 1 Microneedle designs tested with the 3D printer

Fig. 2 Optical images of microneedles a) as fabricated and b) after
etching. SEM images of microneedles c) as fabricated and d) after
etching.
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obtained 0.64 N for our etched MNs. These results, in combi-
nation with the DSC, shows that etching the needles does not
affect the mechanical and material properties of PLA—simi-
lar to currently fabricated MNs.35,70 All needles fractured in
each test were verified optically and these results are tabu-
lated in Table S1.† Because FDM prints layers of plastic, we
can easily adjust the thickness—and presumably the flexibil-
ity—of the base by changing the number of printed layers
(Fig. S9†). To that end, a base plate test was conducted for
bases produced with two, three, and four layers of PLA (Table
S2†). We obtained 15.6° for the four layers before the base
broke in half (Fig. S10†). This is far more flexible than
reported69 values of bases made from polyĲlactic-co-glycolic)
acid using conventional molds, which break at 1.28°. The
flexibility allows the MN array to easily deform when applied
to any surface on the body.

The performance of the etched MNs in transdermal drug
delivery was evaluated via penetration and staining test. We
initially tested penetration on a 1.8 mm thick sheet of para-
film, which has been shown to mimic the mechanical proper-
ties of skin.71 Etched MN arrays 1.4 mm in length were
inserted perpendicular into the parafilm and were broken off
by applying transverse force after insertion with a success
rate of 92% (Fig. 3a). In other words, 92% of the needles on
the array successfully pierced the parafilm and remained im-
bedded in the film following transverse pressure to break
them off. This was further tested with MNs with lengths of
0.6, 1.0, and 1.2 mm. Similar results were obtained for 1.2
mm needles, however, 0.6 mm and 1.0 mm failed to break
off. While useful for mechanical testing, parafilm does not
mimic the physiological environment of skin and not ade-
quate to measure drug diffusion.

Porcine skin was used as a physiological mimic of human
skin and was cut into 3 × 3 cm slabs. The insertion of MNs

1.4 mm in length into porcine skin, followed by application
of transverse force resulted in 84% of the needles breaking
away from the array and remaining embedded in the tissue.
This was also tested with the shorter length MNs, which dem-
onstrated penetration but again did not break-off with trans-
verse force. These results are in line with published dissolv-
able MNs made via photolithography (Fig. 3b and c).72,73

Cross-sectional measurements at the location of insertion of
the 1.4 mm MNs confirmed insertion and showed depths up
to 250 μm (Fig. 3d).

A key quality of these needles is that they can be used as
solid, coated, or dissolvable MNs. Drugs can be loaded by
coating the needles or encapsulation within the polymer ma-
trix. To assess our etched MNs for drug delivery by coating
we used methylene blue, followed by insertion into porcine
skin. The MNs remained in the porcine skin to allow the ab-
sorption of methylene blue to diffuse into the tissue and were
removed after 30 s. The tissue was then optically imaged
(Fig. 3e and f) and the expected transfer of methylene blue
was seen in the perforated tissue.

While coated MNs are easy to prepare, drug loading is lim-
ited and release rates are difficult to control. A more sophisti-
cated architecture to control drug release and improve load-
ing is to absorb drugs into the polymeric matrix of a
dissolvable MN array. Previous results65 have shown that PLA
sutures degrade in physiological environments. It stands to
reason that small molecules embedded in polymer matrix
should be released as the PLA MNs dissolve. To load our
drug-like molecule—we used fluorescein in these tests—we
identified solvents capable of swelling, but not dissolving
PLA. To load our needles, arrays were soaked in an acetone
solution containing 2 mg mL−1 of fluorescein for 1 h. Acetone
was then removed from the MN arrays by evaporation for 30
min under dynamic vacuum (Fig. S11†). We tested drug

Fig. 3 Fracture test of microneedles a) in parafilm, b) in porcine skin, c) zoomed in image of porcine skin, and d) cross-section image indicating
needle penetration depth in porcine skin. The solid line represents the end of the stratum corneum. Penetration test of microneedles e) to demon-
strate the diffusion of methylene blue in the porcine skin and f) close up image of a single puncture showing delivery in the surrounding tissue.
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release under pH conditions representative of those found in
the skin. Our general procedure involved submerging 100 in-
dividual MNs (equivalent to four MN arrays) in sodium ace-
tate/acetic acid buffer solution (pH 4.0) to simulate needles
broken off into the skin. The release of fluorescein was moni-
tored by UV-vis spectroscopy (Fig. 4a) for 36 hours and the
drug concentrations per MN array were calculated using the
Beer–Lambert law (Fig. S12†). We have demonstrated that
3.23 μg of the model drug can be delivered from 25 needles
(a single MN array, Fig. 4b and c and S13†), with 50% drug
release occurring after approximately 4 h.

Fluorescent MN arrays were inserted into porcine skin
samples to visualize release and diffusion over time (Fig. 5).
Shortly after insertion, fluorescein was localized at the site of
penetration (Fig. 5a) and over time the fluorescein began to
diffuse as seen in Fig. 5b–d. It should be noted that after 12
h further diffusion of fluorescein was minimal as approxi-
mately 80% had been released. Cross-sections of porcine
samples at the site of insertion were imaged to determine the
extent of fluorescein diffusion over time (Fig. 5e–h). As
expected, the fluorescein diffused evenly throughout the por-

cine skin as time progressed. This diffusion behaviour ver-
ifies the MNs ability to penetrate past the stratum corneum
and facilitate passive drug delivery.

Conclusions

In summary, we have developed a new chemical etching
method that improves the feature size resolution of FDM
printed materials allowing for the fabrication of biocompati-
ble MNs capable of penetrating the outer layers of skin and
delivering a model therapeutic agent. We have shown that
printing parameters can easily be tuned to develop MNs of
varying shapes, lengths, and array densities without the
need of a master template. While PLA, a polyester derived
from renewable monomers, is a common filament choice
for FDM printing, other polyesters have been investigated
for uses in tissue engineering,74 blends to enhance
properties,75–77 and other medical applications.78 Further-
more, FDM is compatible with other biorenewable thermo-
plastic materials that are FDA approved such as polyglycolic
acid, polycaprolactone, and polyĲlactic-co-glycolic) acid. Using
our etching method, all of these biocompatible polyesters—
which currently cannot be used with higher resolution print-
ing techniques such as SLA—could now be applied in MN
fabrication. Future work involves improving the FDM 3D
printer's nozzle design to enhance the resolution without
raising the cost significantly or developing a technique that
will allow for more versatile MNs. By enhancing the resolu-
tion, more defined shapes can be made, which would lower
the amount of time needed for etching. With the advance-
ment of 3D printing in industry, particularly recent commer-
cial launches of 3D printed products, this method provides
a scalable fabrication of MNs. This novel fabrication method
has demonstrated the potential of rapid prototyping MNs at
low costs, bridging the gap between additive manufacturing
and passive drug delivery.

Fig. 5 Images of porcine samples inserted with loaded microneedles a) after initial insertion, b) 4 h, c) 12 h, and d) 36 h. Images of cross-sections
of porcine samples e) after initial insertion, f) 4 h, g) 12 h, and h) 36 h. All images were illuminated by a 15 W UV (365 nm) light.

Fig. 4 The release of microneedles containing fluorescein in a
solution of buffer at pH 4 a) monitored over 36 h b) fluorescent
microneedles under UV light (365 nm) c) loaded microneedles after
solvent removal.
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Experimental
Materials

Fluorescein, acetone, and potassium hydroxide were pur-
chased from Sigma Aldrich or Fisher Scientifics and used as
received without further purification. Porcine skin was pur-
chased from Sierra for Medical Science. Polylactic acid fila-
ment was purchased from SUNLU.

Fabrication of 3D printed microneedles

Types 1–7 MNs were designed using the Blender software
package and fabricated using a LulzBot TAZ 5 3D printer
(Aleph Object, Inc., Loveland, CO) with 3.0 mm PLA filament
(Zhunhai Sunlu Industrial Co., LTD). The printer was oper-
ated with the Cura software package for LulzBot. The printing
parameters used to fabricate MNs are as such: print speed:
50 mm s−1, layer height: 0.2 mm, shell thickness: 0.30 mm,
retraction speed: 10 mm s−1, travel speed: 175 mm s−1, bot-
tom layer speed: 15 mm s−1, infill speed: 30 mm s−1, top/bot-
tom speed: 20 mm s−1, outer shell speed: 20 mm s−1, and in-
ner shell speed: 20 mm s−1. The temperature of the hot end
was set at 195 °C, and the temperature of the print bed was
set to 60 °C. A print head with a 0.35 mm nozzle diameter
was used.

Microneedle array etching and loading

As fabricated MNs made from PLA were placed in a 5 M KOH
bath for 4 h, such that only the needle tips were submerged.
After 4 h, the MN arrays were completely immersed for an ad-
ditional 5 h followed by several washes with water to remove
the KOH solution. To load fluorescein, etched MN arrays
were immersed in an acetone solution containing fluorescein
(2 mg mL−1) for 1 h. Acetone was then removed from the MN
arrays by evaporation for 30 min under dynamic vacuum.

Mechanical testing of MN arrays

All mechanical properties were performed on a Instron 5848
Micro Tester (Illinois Tool Works, Inc, Norwood, MA). The
moving arm in all test moved at 300 μm s−1. For axial fracture
test, MNs were placed directly on the loading cell and a cylin-
drical probe was used to apply an axial force. For the trans-
verse fracture test, an aluminium block was used (Fig. S9 and
S10†). The backing layer of the MN array was attached with
ethyl cyanoacrylate super glue gel (Harbor Freight Tools,
Caramillo, CA). A metal probe with a 1 cm blunt end was
used to apply a transverse force on the needle. For bend test,
two aluminium blocks were used to hold the MN array above
the loading cell (Fig. S10†). The probe was then used to apply
force on the center of the backing layer.

Porcine skin cargo delivery tests

Porcine skin (Sierra for Medical Science) was cut into 3 × 3
cm slabs and nailed to a wooden block. For needle fracture
testing, etched MNs were inserted perpendicular to the por-
cine skin and transverse force was applied until needle frac-

ture occurred. To test the delivery of cargo that was coated
onto the MNs, methylene blue was applied on the needles.
Tweezers were used to hold the backing layer to submerge
only the needle tips into the dye. The coated needles were
then inserted into porcine skin for 30 s, and delivery into
porcine skin was verified with an optical microscope
(AmScope SE306R-PZ). To test the diffusion rate and efficacy
of fluorescein from the MNs into porcine skin tissue, the MN
arrays were inserted into to the porcine skin and removed af-
ter initial insertion, 4, 12, and 36 h under ambient conditions
without shearing the needles. Images were taken under ambi-
ent and ultraviolet light (365 nm).

Characterization

All MNs were imaged using scanning electron microscopy
(SEM, LEO, 1530, Zeiss) with an accelerating voltage of 2.5
kV. To enhance the conductivity, the samples were treated
with gold sputtering method prior to microscope
characterization.

UV-vis drug release tests were performed using a Cary
5000 UV-vis-NIR spectrophotometer (Agilent, Santa Clara,
CA). MNs loaded with fluorescein were removed from the
base of four MN arrays (100 needles) and placed into a quartz
cuvette with a 1 cm path length. The cuvette was filled with
sodium acetate/acetic acid buffer (3.3 mL, pH 4) and mea-
sured in 1 h intervals for 36 h. The samples were agitated be-
fore each measurement for the first 6 h.
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