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Abstract
Microneedles (MNs) are a form of transdermal drug delivery capable of
delivering an antigen or vaccine in a painless fashion. Silk is a biodegradable and
biocompatible polymer with good mechanical strength, offering a suitable
material for the fabrication of MNs. The current fabrication of silk MNs is
achieved through either clean-room based lithography or machine shop-based
micromachining. In the present work, we investigated an alternative fabrication
method that can be performed on the bench-top without the need for special
facilities or equipment. Additionally we investigated drug release from these silk
MNs in vitro, looking at different loadings and coatings of drugs to characterize
release into the skin. In vivo studies investigated the use of silk MNs to deliver a
model antigen, Ovalbumin, to illicit an immune response in rats.
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1. Introduction
Microneedles (MNs) are small needles, under a millimeter in length, designed to
penetrate the skin in a similar fashion as traditional longer needles, with a reduced
amount of associated pain and discomfort. MNs can have a range of uses,
(including taking small biological samples), but a promising use is in drug
delivery. Arrays of MNs can be arranged onto a patch that can be applied to the
skin to deliver a drug product into the body in a form of transdermal drug
delivery, or drug delivery through the skin [1]. MNs have been investigated for
their use in cosmetics and are currently being investigated for the delivery of
drugs, oligonucleotides, biologicals and immunobiologicals and vaccines [2].

MNs have been developed in a variety of shapes, sizes, and materials, through a
variety of microfabrication methods [3]. Previous work has developed methods
for fabricating silk MN devices through lithographic or micromachining
techniques, which require a clean room or machine shop facility. In this research
we explore an alternative fabrication technique that can be performed completely
on the bench-top without the need for special facilities and equipment, for
constructing silk based MN devices. We show that using simple materials, we can
fabricate silk based MN devices that are capable of delivering drugs in vitro and
in vivo.

1.1.

Transdermal Drug Delivery
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Transdermal drug delivery is a route of drug administration that moves drug
products through the skin and into the body. The skin serves as a barrier between
the body and the outside world. The skin’s purposes are to serve as a sensory
organ, for water retention, to regulate body temperature and as a barrier to keep
foreign substances out of the body, including transdermally applied drugs. The
skin consists of three basic layers: the epidermis, dermis and hypodermis (see
Figure 1). The epidermis consists of five layers and is about 150 to 200 microns
thick, with the top most layer being the stratum corneum. The stratum corneum is
10 to 20 microns thick, made of dead cells and keratinocytes, and serves as a thick
barrier from the outside world [4]. The stratum corneum is the main barrier
transdermal drug delivery must overcome. Below the epidermis is the dermis,
where blood vessels and nerve endings can be found [5]. Because there are no
nerves cells found in the epidermis, punctures into the epidermis result in minimal
pain. Traditional needles can be used to inject drug into or under the dermis so
that it will readily enter the systemic blood circulation [6]. These longer needles
penetrate deep into the dermis, interacting with nerve fibers, resulting in a pain
sensation.
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Figure 1. Skin Anatomy [7]: The skin consists of three basic layers (moving
inwards out): the hypodermis, dermis and epidermis. The outer most layer of the
epidermis is the stratum corneum, which serves as the primary barrier to the
outside world, and is the primary barrier that transdermal drugs need to overcome.
Touch receptors and nerve fibers can be found in the skin, in the dermis and
below (not in the epidermis). The skin also contains adipose (fat) cells and oil
producing glands (Sebaceous glands), and is vascularized.
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Transdermal drug delivery has benefits over other routes of drug administration,
considering the lack of associated pain and of a large bolus input seen with
hypodermic injections, as well as the first pass metabolism, low absorption and
drug degradation observed in the gastro-intestinal tract associated with oral drug
delivery [8]. Traditionally, transdermal drug delivery has been used in
applications such as topical ointments or gels and hormone patches, all of which
are limited to drug molecules that are small and lipophilic, allowing for their
passive passage through the skin [9, 10]. Many drug products are not amendable
to this method of administration due to their large size, and inability to passively
move through the skin.

There are several methods used to overcome this limitation to allow larger drug
molecules to be administered through the skin. These methods disrupt the skin’s
natural barrier to allow for drug movement across the skin including chemical and
biological enhancers, iontophoresis (the use of electrical currents), sonophoresis
(the use of sound pressure waves), thermal abalation (the use of high heat) and
physical abrasion [11, 12]. These methods all disrupt the stratum corneum, to
deliver larger drug molecules transdermally. Drawbacks to these methods include
associated pain and discomfort, as well as damage to the skin. MNs are a form of
transdermal drug delivery that also can deliver drug products, but with minimal
discomfort.
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1.2.

Microneedles

MNs are needle-like structures, several hundreds of microns in length, that are
designed to penetrate through the stratum corneum to allow for drugs to move
into the body and into the blood circulation [13]. Due to their small lengths, they
do not penetrate deep enough to interact with the nerve endings, eliminating the
pain and possible bleeding that is normally associated with a hypodermic needle
[14]. Additionally the diameter of a MN is a fraction of that of the hypodermic
needle, at around 300 microns instead of 900 microns [15]. This smaller diameter
results in a smaller injection site that will have a faster healing time [16].

MN devices used for transdermal drug delivery often utilize an array of MNs
formed on a patch that can be applied to the skin. Benefits of this form of drug
administration over a hypodermic needle include lowered risk for infection, due to
a smaller rupture of the skin, and greater ease of administration [17, 18]. MN
patches could be self-administered, or administered by untrained personnel,
increasing the breadth of their potential global use.

MN arrays can be made out of a variety of materials. MN arrays were first made
in silicon by patterning the MNs onto silicon wafers and etching the MN tips
through lithographic techniques, often requiring the use of a clean-room facility
[19]. MN arrays can also be fabricated out of metal films that can be laser cut to
form in-plane MNs that can be bent out-of-plane [20]. Both silicon and metal
based MN had their drawbacks: they are expensive, there is an issue of

6

biocompatibility and their drug delivery is limited to only drug coatings on the
surface of the MN. Silicon and metal based MNs are difficult to mass produce
since each device must be individually manufactured.

1.2.1. Polymer Based Microneedles
Polymer based MN devices have a benefit in that they can be fabricated in a
micromolding technique allowing for easier production scale up. Certain
polymeric MN can be loaded with the drug product so that upon insertion into the
skin, drug can diffuse out of the polymer MN. Additionally the use of a dissolving
polymer can aid the drug release through the degradation of the MN material.
Degradable MN also help reduce the amount of sharps, biohazard waste that is
accumulated with traditional needles and eliminates the potential for the reuse of
needles [21]. Polymer based MN devices are made through micromolding
techniques involving the polymer to be casted, injected, or embossed, all of which
require the fabrication of the proper molds [22]. Micromolding techniques have
been shown to create dense, biodegradable, polymeric MN devices that have been
shown capable of piercing through the outer layers of the skin [23]. Additionally,
the production of molds for MN fabrication,

lowers the production cost of

creating individual solid MN devices [24].

Different polymers have been shown to be usable in a MN device including
poly(lactic-co-glycolic acid) (PLGA), polycarbonate, polyvinylpyrrolidone
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(PVP), maltose, dextran, carboxymethylcellulose (CMC) and other co-polymers
(see Table 1) [25, 26]. Unfortunately these materials have their drawbacks for use
in MN devices with harsh processing techniques such as the use of UV light, or
high temperatures, all of which can damage incorporated drugs, or cause them to
dissolve too rapidly [25, 26].
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Table 1. Polymer Based Microneedles: Different polymers have been investigated
by different groups for their use in microneedle fabrication. These materials rely
on micromolding techniques, making them easier to scale fabrication, when
compared to traditional silicon and metal based MNs. Different polymer
processing methods offer each material different benefits and drawbacks,
encouraging further studies into better materials for fabricating MNs.
Polymer

Benefits

poly(lactic-coglycolic acid)
(PLGA)

•

Polycarbonate

•
•

Gantrez ® AN
(maleic
anhydride and
methyl vinyl
ether copolymer)

•

•

•

•

Polyvinylpyrr
olidone (PVP)

•
•

Drawbacks

Controllable
degradation
Mechanical
strength adequate
for piercing the
skin
Biocompatibility
Mechanical
strength adequate
for piercing the
skin

•

Biocompatible,
and tested nontoxic
High mechanical
strength adequate
for piercing the
skin
Capable of drug
loading

•

Biocompatible,
limited FDA
approval
Mechanical
strength adequate

•

•

•

Polymer
processing
involves high
temperatures,
not suitable for
drug loading
Polymer
processing
involves high
pressure/high
temperature
embossing, not
suitable for
drug loading
Limited drug
loading
(approximately
1% w/w)
Increased
loading
decreases
mechanical
strength
(increased MN
flexibility)
Polymer
processing
requires UV to
cure polymer,
which can
damage loaded

References
[27]

[28, 29]

[30]

[31, 32]
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Maltose

•
•

Galactose

•
•

Dextrin

•
•

Carboxymeth
ylcellulose
(CMC)

•
•

for piercing the
skin
Sharp tips (as
small as 3 µm)
Mechanical
strength adequate
for piercing the
skin
Sharp, uniform
tips
Mechanical
strength adequate
for piercing the
skin
Biocompatible
Low temperature
processing,
adequate for drug
loading
Biocompatible
Low temperature
processing

drug
[33]

•

Quick to
dissolve
(timescale of
minutes)

•

[34]
Polymer
solution is
highly viscous
and fast to cure
making it
difficult to
work with
[35, 36]
No sustained
release (time
scale of release
in minutes)

•

•

Complicated 2 [37, 38]
step processing
requires the
formation of
hydrogels (low
percentage
aqueous CMC
results in weak
MN).
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1.2.2. Important Microneedle Dimensions
There are two important dimensions that affect the ability of a MN device to
effectively pierce through the stratum corneum and deliver drug: the tip length
and the tip density. The longer the tips are, the more drug that can be incorporated
and the stronger the needle will be. A large needle can cause pain and discomfort,
while too small of a needle may not properly penetrate into the skin. MN lengths
below 300 microns have been shown to not properly pierce the skin [39]. The
density of tips on a MN patch can affect how much drug can be administered.
However, too high of a density can hinder the penetration of the MN; when MN
tips pierce into the skin, the skin is displaced and there is a resistive force. A high
density can greatly increase the amount of force that would be needed for the MN
to penetrate the skin [40, 41]. It has been shown in silicon based MN devices,
consisting of conical shaped MN, that MN with lengths greater than 600 microns
and densities lower than 2000 needles/cm2 were more effective than smaller
lengths or varying densities [40]. Previous studies have also shown the affect of
the shape of MN on the mechanical strength. Conical shaped MN were seen to
have higher fracture points than pyramidal shaped MN [42].

1.3.

Silk

Silk fibroin is a biopolymer from the silk worm, Bombyx mori, that has been used
in the manufacturing of fabrics and textiles due to its great mechanical strength
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[43]. Silk can be processed from the silk worm’s cocoon by removing the binding
protein, sericin, and dissolving the silk fibers into an aqueous solution [44].
Aqueous silk solution can be used to cast or mold micro and nano sized features
to be used in a variety of biomaterial formats including films, fibers and scaffolds.
These silk bases constructs can be used in biomedical applications such as tissue
models and drug delivery due to their biocompatible and biodegradable nature
[45].

Silk fibroin has great mechanical strength and an aqueous processing that is done
at room temperature, which makes it a good candidate for its use in MN devices
[46]. When compared to other polymers used to fabricate MN devices, silk
contains certain properties that address drawbacks of other investigated polymers
(see Table 1). The gentle processing of silk makes it adequate for loading drug
into the silk material. Drug loaded into silk can be released through diffusion into
its surroundings offering potential use for drug delivery [47, 48]. The lack of
harsh polymer processing (i.e. high temperatures, organic solvents and UV) aids
in not damaging any drug contained in the silk solution. Silk has been shown to
stabilize materials such as enzymes, so that when combined with silk, there is not
a loss of activity [49]. This ability to load the MN devices with drug products
increases the breadth of its use to allow for more mechanisms for drug delivery
and for a larger quantity of drug to be administered. Silk has also been shown to
stabilize materials encased within it. Previous studies show an increase the shelf
life and storage at elevated temperatures such as 60OC for vaccines like the

12

measles, mumps, rubella (MMR) vaccine encased in a silk film [50]. This
stabilization characteristic of silk provides a greater benefit in allowing drugs to
be stored without refrigeration and for longer times, increasing the breadth and
availability of their use. This feature compliments the MN’s ability to deliver
vaccines, creating the potential for a drug storage and delivery device.

Additionally, post processing on the silk can alter its degradation properties to
allow for water insolubility and control release kinetics [46, 51]. This is done
through the increase of beta-sheet content, increasing the crystallinity [43, 52].
This prevents the rapid degradation observed with some polymeric MN devices,
allowing for a longer release of drug. In vivo, silk devices have been shown to
maintain their structure, degrading over a long period of time (on a timescale of
months to a year) maintained tensile strength [43]. The mechanical strength,
gentle processing, prolonged degradation and ability to stabilize loaded drugs
make silk a good biomaterial for the use in MN devices.
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2. Microneedle Fabrication
Silk MN fabrication relies on several steps: creating a master mold of the MN
features, transfering those features to a negative mold, filling that with liquid silk
and allowing the silk to dry. Silk MNs previously have been made using clean
room and micro-machining techniques that can prove to be both complicated and
expensive, with tip sizes that range from 15 to 40 microns [42]. An alternate
method to produce silk base MN devices without the need for these facilities can
prove to be simpler and less expensive with sharp tips.

2.1.

Objective

This research aims to further silk MN fabrication by creating an alternative
technique to fabricate MN master molds. Previous methods utilize clean-room
based photolithography techniques or machine-shop micromachining techniques.
These techniques prove to be complicated and require the use of specific and
expensive facilities and equipment. An alternative technique that can be
performed on the bench-top could offer researchers in any facility to fabricate MN
master molds. We investigated an alternative fabrication process using simple
materials, to help lower cost and increase scalability. This process should not only
be able to fabricate MN master molds, but these MN should have tips as sharp, if
not sharper, than previous techniques for adequate or increased ability to pierce
the skin.
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2.2.

Materials and Methods

2.2.1. Master Mold Fabrication
The goal of this research is to produce master molds that can be used in MN
fabrication, using simple materials and in a method that could be easily adapted to
and utilized in any setting, without the need of special equipment and machines.
The primary material for these master molds were premade steel needles, either
typical hand sewing needles (Sharps Size 8 John James Needles) or steel machine
bits (Bits & Bits). The process flow for silk MN fabrication, seen in Figure 2, uses
stainless steel needles (Figure 2 A) fixed together in an array (Figure 2 B), which
is flipped upside-down and pushed a fixed distanced into a piece of cured
Polydimethylsiloxane (PDMS) (Figure 2 C).

A custom made clamp (Figure 3) was used to hold the needle array in place and
inserted a specified depth into the PDMS. Casting epoxy on top the PDMS
(Figure 2 D) will set the length of the MN and prevent uncured PDMS from rising
up along the lengths of the needles (Figure 4). After the PDMS is removed (E)
and if desired the back portions of the needles can be removed (Figure 2 F).
Curing PDMS around the tips of the master mold (Figure 2 G) and upon removing
the master mold, a PDMS negative mold is made (Figure 2 H). Aqueous silk
solution is cast into the PDMS mold (Figure 2 I) and once dry, is removed leaving
just the silk MN device.
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Figure 2. Fabrication Flow Diagram: Design flow diagram shows the process of
microneedle device fabrication. Stainless steel needles (A) are aligned together
into an array and fixed with epoxy (B). This array of needles is flipped upsidedown and pushed a fixed distanced into a piece of cured PDMS (C) using a
clamp (as seen in Figure 3), and epoxy is casted on top the PDMS (D). This step
designates the length of the MN tips, based on the depth the array was clamped
into the cured PDMS. The PDMS is removed (E) and if desired the needle
portions below the epoxy can be removed leaving the stainless steel master mold
(F). PDMS is cured around the tips of the needle master (G) and once cured is
removed leaving the PDMS negative mold (H). Aqueous silk solution is casted
into the PDMS mold (I) and once dry is removed leaving just the silk MN device
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(J). This process can be repeated with different sized needles and PDMS molds
can be reused to make multiple silk MN patches.

17

Figure 3. Clamps: Clamps used to push the needle tips a fixed depth into cured
PDMS. These clamps not only serve to secure the master mold into the cured
PDMS during epoxy curing steps, but also to designate the depth the master mold
was pushed into cured PDMS (See Figure 1). The change in height of the upper
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screw was calculated as a function of the degrees it was turned. A smaller clamp
(A) and larger clamp (B) were used depending on the size of the molds used and
are shown in use (A) and when not in use (B).
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Figure 4. Improper PDMS Molds: Master molds were designed to have a layer of
cured epoxy to set the length of the MN. This layer of epoxy serves a second
purpose in that when needles are placed into uncured PDMS without an upper
surface, the PDMS will rise along the lengths of the needles, giving an un-flat
surface. Here a PDMS negative mold is shown, when the master mold did not
have a constraining surface.
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2.2.2. Sewing Needle Mold Fabrication
A sewing needle mold was fabricated using a total of 80 sewing needles
(approximately 3 cm in length) (shown in Figure 5). A cylindrical holder was
fashioned using two cured pieces of PDMS (Dow Corning, mixed at a 10:1 ratio
of PDMS base to curing agent), approximately 1-2 cm in height, with a 0.75 cm
diameter hole cut into the upper piece. These pieces were pinned together. Heat
shrink tubing (Raychem), 0.635 cm diameter and approximately 2 cm in length,
was placed inside of the cylindrical holder. Individual needles were fixed together
by standing the needles, tip down in the heat shrink tubing. The entire setup was
then placed in an oven at 120OC for 45 min. The needles were straightened by
hand every 15 min if the needles were slanted (Figure 5 A.i). After allowing the
heat shrink to tighten, the setup was removed from the oven and allowed to cool
for the heat shrink tubing to completely tighten. Epoxy (Electro Microscopy
Sciences, mixed a ratio of 1 : 0.9 : 0.03 (Dodecenyl Succinic Anhydride (DDSA) :
Araldite 502 : 2,4,6,-Tris(dimethylaminomethyl)phenol (DMP-30)) was poured
into the well of the PDMS holder and allowed to cure for 3 days at 60OC.
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Figure 5. Sewing Needle Based Microneedles: Sewing needle based MN molds
were fabrication begins with arranging 80 sewing needles in a circular well of
PDMS, secured together with heat-shrink tubing and fixed with epoxy, filled in
the well (A.i). The needles (A.i) were flipped upside down and positioned above a
dish of cured PDMS before being clamped to the desired length and casting epoxy
to fix the MN length (A.ii). After the epoxy had cured the master mold was
removed from the clamp, the PDMS pieces and excess epoxy were removed,
resulting in the final MN master mold (A.iii). PDMS is cured around the tips of
the master mold to transfer these features into a PDMS negative mold (B.i).
Aqueous silk can be casted into the PDMS negative molds and when dried,
removed to leave the silk MN device (B.ii, B.iii).
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A clamp was fashioned using two parallel plates held in place by screws and bolts
(Figure 3 A). A third screw, clamping screw, was placed through the top plate and
it was determined the distance the screw was lower as a function of how much it
was turned. After the first layer of epoxy had cured, the needles, secured by both
the heat shrink tubing and the epoxy, was silanized by putting the master mold
under vacuum with 1 to 2 drops of Tridecafluoro-1,1,2,2-etrahydrooctyl-1-1trichlorosilane 97% (Pfaltz & Bauer). This was done to allow for better removal
of the needle tips from cured PDMS. The master mold was flipped onto a 100 mm
petri dish with a layer of cured PDMS so that the tips laid flat on top of the
PDMS. The clamping screw was the lower on top of the needles and tightened so
that it pushed the tips approximately 800 microns into the PDMS (Figure 5 A.iii).
A second layer epoxy was mixed and poured into the dish, followed by placing
the entire setup into a 60OC oven to increase the fluidity of the epoxy before it
was placed under vacuum to degas. After all bubbles have been removed
(approximately 45 min) the setup was placed in a 60OC oven and allowed to cure
for three days. This second layer serves the purpose to set the length of the
exposed needle tips allowing for molds with different sized tips to be fabricated.
After the second epoxy layer has cured, the epoxy layer can be cut to the final size
of the desired patch dimensions and the PDMS can be removed.

2.2.3. Scale up of Master Molds
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Larger molds were made from machine tool bits with either 30 or 45 degree
angled, conical tips (Figure 6 A). 128 steel bits were used to fabricate each master
mold (30 or 45 degree tips). The master molds were fabricated as described in
section 2.2.1 (see Figures 6 B.i-iii and 7A). For these larger molds, a large clamp
was constructed (Figure 3 B). Fabrication was shown to be easily scaled up.
These larger molds were fabricated in order to allow for larger quantities of drug
to be incorporated and to investigate further properties of the tip geometry.
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Figure 6. 45 Degree Bit Microneedles: A machine drill bit with a 45 degree
angled tip, a diameter of 0.8 mm (A.i) and a length of 18 mm (A.ii) were arranged
in a PDMS well. 128 bits were arranged and secured using heat shrink tubing and
the well was filled with epoxy to fix the needles together (B.i). The needle
structure was flipped upside down and positioned on top a dish of cured PDMS.
The needles were pressed a fixed depth into PDMS using a clamp and epoxy was
casted (B.ii). After the epoxy had cured, the master mold was removed from the
clamp and PDMS, and excess epoxy was cut away leaving the final master mold
(B.iii). The master mold was used to make PDMS negative molds, by casting
PDMS around them and allowing the PDMS to cure before removing the master
mold. Aqueous silk was casted into the PDMS molds and allowed to dry.
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Additionally, aqueous silk was mixed with Rhodamine B (RhdB) (Invitrogen) and
casted into PDMS negative molds and allowed to dry. Dried silk MN patches are
shown in B.iv, with and without RhdB loaded. The RhdB loaded patches have a
red color compared to the slightly opaque non-loaded silk MN patches.
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2.2.4. Negative Molds and Epoxy Molds
Negative molds were made by molding the master molds with PDMS. A 100 mm
petri dish was filled with a 5-10 mm layer of PDMS and was allowed to cure for
2-4 hr at 60OC. A hole was cut into the PDMS, slightly larger than that of the
master mold. The dish was filled with PDMS, degassed and the master mold was
placed into the PDMS filled hole. This is done so that the tips do not hit the petri
dish, potentially damaging them. The PDMS was allowed to cure at 60OC for 2-4
hr and cut out of the petri dish and the master mold was cut out of the PDMS,
leaving the PDMA negative mold (see Figure 3 B.i).

Filling a PDMS negative mold with a small volume of epoxy, enough to cover the
bottom of the mold, the molds were centrifuged at 5000 RPM at 30OC for 20 min
in order to pull the epoxy into wells of the mold. The molds were then degassed
and then filled with epoxy and allowed to cure for 3 days at 60OC. After the epoxy
had cured it was removed from the PDMS mold and was used to make more
PDMS negative molds (by casting PDMS around it) without using the original
master mold to allow for multiple molds to be fabricated at an increased rate.

2.2.5. Casting Silk Microneedles
Silk solution is prepared by cutting silk cocoons into dime sized pieces and
boiling them with Sodium Carbonate (Na2CO3) for 30 min. The boiled silk is air
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dried overnight and dissolved in 9.3 M Lithium Bromide (LiBr) (Sigma Aldrich)
for 4 hr and then added to dialysis cassettes for 3 days, changing the dialysis
water every 10 hr. After centrifuging 3 times, for 20 min, at 8600 RPM to remove
any particulates, the aqueous silk solution can be concentrated by air drying the
solution in a dialysis cassette overnight or diluted by adding di-H2O to get to a
final concentration of 7-8% (w/v). In the cases where drug was loaded into the
MN, the drug was added to aqueous silk solution and gently mixed. Silk solution
was stored at 20OC.

Silk solution was added to a PDMS negative mold, just enough to cover the
bottom of the mold, and was centrifuged at 4OC at 5000 RPM for 20 minutes
followed by 20 minutes of degassing to remove any bubbles. The molds were then
completely filled with the silk solution and bubbles were removed with a pipette
and the silk was allowed to air dry for 3 days at room temperature. The dried silk
MN patch was removed from the mold (see Figures 5 B.ii-iii and 7 B) and treated
with water vapors overnight to adjust its release properties. This was done by
placing the patches with a small dish of water into a sealed container under
vacuum. While the silk patches were flexible upon removal from the water vapor
treatment, the edges of the patch were removed and the patch was pinned down to
allow for flat drying.

2.2.6. Scanning Electron Microscope
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A scanning electron microscope (SEM) (model: LSM-840) was used to view the
features of the MN devices. The devices were coated with a thin layer of
conducting material (Gold Palladium) by a sputter coating tool and attached to the
SEM stage holder via conductive tape. The samples were loaded into the SEM
and imaged at different magnifications.

2.3.

Results and Discussion

MN master molds were fabricated using stainless steel sewing needles and
machine drilling bits as shown in Figure 5 A.iii (sewing needles), Figure 6 B.iii
(45 degree bits) and Figure 7 A.ii (30 degree bits). These master molds were
fabricated in a variety of sizes showing the fabrication is scalable. Figure 8 A
shows brightfield microscope images of an individual sewing needles, showing a
diameter of 0.6 mm (A.i) and an approximate tip size of 40 µm (A.ii). SEM
images of a sewing needle based, silk MN device’s 3D structure (Figure 8 B). The
conical shaped MN has an approximate base diameter of 300 µm (Figure B.i) and
a spacing ranging from 300 to 500 µm (Figure B.ii). MN tip varied in size do to
the varying sizes of the sewing needles in that the manufacturing of sewing
needles. Additionally, there was some difficulty keeping the needles flat while
curing the first epoxy layer due to the lack of a flat bottom (the end of the needle
opposite the tip is round in shape).
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Figure 7. 30 Degree Bit Microneedle Fabrication: Optical images of the 30 degree
master mold (during fabrication) show the arrangement of the needles, secured by
heat-shrink tubing and epoxy (A.i). The sub-millimeter tip lengths of the master
mold show the clamping process adequately defines our master mold tip lengths
under a millimeter, while showing fairly uniform tip lengths (A.ii). 30 degree, silk
MN devices are shown in B, with a brightfield microscope image of a single MN
with an approximate length of 650 µm (B.i). An optical image of the whole silk
MN device is shown in B.ii.
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Figure 8. Sewing Needle Size: Brightfield images of an individual sewing needle
shows a diameter of 0.6 mm (A.i) and an approximate tip size of 40 µm (A.ii).
These dimensions are important in that the needle diameter defines the MN
spacing (the needles are maximally packed to lower gap sizes) and the tip size
relates to the MN’s ability to pierce the skin. SEM images of a silk sewing needle
based MN device show the round conical shaped show the base of the MN having
a diameter of approximately 300 µm (B.i) and a spacing ranging from 300 to 500
µm (B.ii). The conical shape does not vary between MNs, however the MN
diameters do vary due to variances in the sizes of the sewing needles.
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SEM and brightfield microscope images were used to view the MN structures on
the silk MN patches. 45 degree bit, silk MN devices were imaged with a SEM
(Figure 9) to show the conical shaped MNs that have an approximate base
diameter of 400 µm (Figure 9 A). A zoomed in image of a single MN shows a tip
size around 15 µm, which was deemed to be sharp enough for proper piercing of
the skin, later verified through skin tests (Figure 9 B). Brightfield images of a 30
degree bit, silk MN device show the spacing between MN to be 0.9 mm in one
direction (Figure 10 A) and 0.35 mm in the other (Figure 10 B).
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Figure 9. Scanning Electron Microscope Images of 45 Degree Silk Microneedles:
Silk MN, made with 45 degree bits master molds, were imaged to show the
conical shaped tips with a base of about 400 µm (A). These shapes are relatively
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uniform due to the uniformity among the drill bits used to fabricate the molds.
The rough surface of the MNs can be attributed to the rough surface of the drill
bits. A zoomed in image of a single MN shows a tip size around 15 µm (B).
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Figure 10. 30 Degree Bit Microneedle Spacing: Brightfield images of the silk MN
(shown from an aerial view) show the spacing between MN to be 0.9 mm in one
direction (A) and 0.35 mm in the other (B). These dimensions are defined by the
diameters of the drill bits used to fabricate the master mold and thus the gaps
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between the MN are the smallest they can be, limited by the diameter of the bits.
The difference in the two spacing dimensions are due to the grid-like packing of
the drill bits which forms when optimally packing the circular shaped drill bits.
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The MN master molds were shown to be simple to fabricate, without the need of
any special equipment. Sewing needle molds, although low in cost, proved to not
produce as small of features as the more expensive bits. Master molds from both
materials were shown to result in tip sizes on par with those fabricated through
previous micromachining techniques, with the drill bits producing as small of a
tip size. The MN spacing, a feature that can only be altered by using smaller steel
needles, produced a range of needle densities equal to or higher than those
produced through previous micromachining techniques (Table 2). The total
process takes about 10 days: with the longest steps being 3 days for each epoxy
curing step and 3 days for silk MN drying after casting.
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Table 2. Microneedle Dimensions: The master molds produced offer different
dimensions based on the different materials used. Microneedle length, tip size and
density impact its ability to pierce the skin and deliver drugs in a pain-free
manner. The Microneedle length was defined by the researcher, while the tip size
and density depended on the material used to fabricate the master mold. No
differences were noted between these dimensions for the 30 and 45 degree drill
bits.
Master Mold Type

Length (µm)

Approximate Tip Density (tips/cm2)
Size (µm)

Sewing Needle
Drill Bits
Micro-machined [42]

800
650
700

40
15
15

340
163
178
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3. Microneedle Drug Delivery In Vitro
3.1.

Loading and Coating Introduction

Silk MN can be used to pierce the skin, which opens its use as a form of
transdermal drug delivery. Drug can diffuse into the skin through the punctures
made by the MN tips and enter into the body. Drug can be incorporated into the
MN device in two formats, loading the drug into the body of the MN device, or
coating the surface of the MN. Coating of drug onto a MN patch can be affected
by the method in which it is performed. Previous studies have shown that dipping
the MN devices into a reservoir of solution can coat the MN tips with drug [20].
Properties of the coating solution can also affect the drug coating. Increasing the
viscosity of the solution has been shown to increasing the thickness of the coating
layer [53]. The use of surfactants such as Lutrol F-68 NF, have been used to
increase the coating solution viscosity [54]. Additional coatings can be applied to
increase the amount of drug coated [55].

3.2.

Objective

In this research we aim to further investigate the drug delivery ability of silk MN
in vitro. Previous work has shown that model drugs can be delivered into human
cadaver skin, and we aimed to build on this data, further optimizing the process
and analysis of the incorporation of the drug in and onto the silk MN as well as
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the release of those drugs into skin. We investigate how investigate drug release
into human cadaver skin (or porcine skin, a commonly used analog) and how to
best quantify that release. We also investigate solutions used in coating silk MN
with drug to help understand and optimize the coating of drug onto silk MN.

3.3.

Materials and Methods

3.3.1. Drug Loading
Drug can be loaded into the silk MN device by mixing the drug into aqueous silk
solution. This drug and silk mixture can be casted into the PDMS negative molds
as described above in section 2.2.4. After the silk has completely dried, the
patches can be removed from the PDMS mold. Any coloration from the drug will
color the silk MN (see Figure 6 B.iv).

3.3.2. Drug Coating
Drug coating was done with either silk (0.5-3% silk w/v) or water based
formulations. Previously coating was performed by dipping the MN patch into a
reservoir of drug solution and the amount of drug coated was quantified by
measuring the mass added to the MN patch (see Figure 11). An alternative
technique was used to conserve the amount of drug needed for coating and to
simplify the drug quantification. The dried silk MN patches were first completely
wetted by pipetting di-H2O onto the patch and then removed via a micropipette
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being careful not to damage the tips. After the tips have been wet, a fixed volume
with a known concentration of drug was added to center of the patch and evenly
spreads across the wet surface. This method allows for a known volume (and
therefore known quantity of drug) to be coated. The coated patches were air dried
for at least 3 hr before use and were covered with foil in the cases where
fluorescent drugs were used. 30 degree bit, silk MN devices were sputter coated
and imaged under the SEM to observe differences in the surface morphology
before and after coating the MN with silk solution (Figure 12).
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Figure 11. Dip Coating: Dip coating can be done by submerging the MN device
into a reservoir of drug coating solution as shown above. Dip coating adequately
coating the MN device with drug, however, requires a large amount of drug
coating solution.
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Figure 12. Scanning Electron Microscope of Silk Coatings: 30 degree bit, silk MN
are shown with (Coated) and without (Uncoated) silk coatings. Zoomed in images
of the MNs show no change in tip sizes. This illustrates that silk coatings can be
used without worries of drastically altering the tip sizes and changing its ability to
pierce the skin. Silk coatings can also be used to smooth out the rough surface of
the MN patch.
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3.3.3. Drug Coating Quantification
3.3.3.1.

Mass Balance

Drug that has been coated onto a silk MN device can be quantified by looking at
the mass of drug coating solution added. The coating solution was made with a
known drug concentration (i.e. 1 mg/ml). The mass of the uncoated MN patch
was measured and then coated with the drug solution and then the mass was
measured again in order to calculate the mass of aqueous coating solution added.
A standard curve was generated by measuring the masses of known volumes of
drug coating solution to create a relationship between the measured mass and
volume added. With the volume known, the amount of drug was calculated using
the known concentration of the coating solution.

3.3.3.2.

Spectroscopic Assessment

A spectroscopic technique was also used quantify the amount of drug loaded
and/or coated onto a silk MN device when using a fluorescent or fluorescently
labeled drug. The silk MN device was placed into a 1 ml glass vial and then
dissolved in 9.3 M LiBr overnight at 60OC. Dried silk without any drug (made of
the same silk solution as the MN devices) was also dissolved overnight at 60OC in
9.3 M LiBr (with the silk and LiBr ratio the same as for the MN and LiBr) to be
used to make a standard. At the same time, a small volume of drug coating
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solution was placed in the same 60OC for the same amount of time (this is so that
any potential degradation of the drug due to the heat will be accommodated in the
standard. A series dilution of the coating solution in the dissolved silk and LiBr
solution was prepared (the series should cover the range of expected drug values
in the dissolved MN solutions. The samples (the dissolved MN and LiBr
solutions) and the standards (known amounts of drug in dissolved silk and LiBr
solution) were loaded in a clear, 96-well plate and measure the fluorescence at the
wavelength for your particular drug. Using the values obtained from the
standards, a standard curve was created to relate the emission values to drug
concentration and used to calculate the drug concentrations of our samples.
Measuring the volumes of the solutions, the drug amounts were calculated.

Additionally spectroscopic measurements of drug coated MN was also done by
first washing the remaining drug by placing the MN in a 12 well plate with 1 ml
of di-H2O three times (collecting the washes) and finally performing the LiBr
dissolution as described above. The drug quantities can be measured for these
washes and LiBr solution and summed to get a total drug quantity.

3.3.4. In Vitro Skin Tests
Skin tests were performed to assess the ability of the MN devices to puncture
through skin, and release drug in vitro. Skin tests were performed with either
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porcine skin (purchased from a local food store Somerville, MA) (Figure 13 i) or
human cadaver skin (Anatomy Gift Registry Hanover, MD) (see Figure 13 ii). A
pre-soaked, wooden block, with a raised platform, was used as a backing for the
skin to be stretched over, and nailed in place and placed in a dish of warm water,
to prevent it from dehydrating. MN devices can be placed onto the skin (see
Figure 13 iii) and a damp paper towel can be placed on top to hydrate the skin. A
2 kg weight is placed onto the MN devices to apply a force to insert them into the
skin for a determined amount of time, typically ranging between 2 and 16 hours
(see Figure 13 iv). Plastic wrap and a plastic cover can be placed over the set up
to keep a humid environment (Figure 13 v). After the drug is allowed to release
into the skin, the weight can be removed and the patches can be removed off the
skin and the skin sites where the patches were placed can be removed for
imaging.
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Figure 13. Skin Test Set Up: Porcine skin (i) or human cadaver skin (ii) were used
to test the skin piercing ability of the MN devices in vitro. The skin was stretched
over a wooden block and nailed in place. The block was placed in a dish of warm
water and the MN patches placed onto the surface of the skin (no pressure applied
here) (iii). A damp paper towel and a 2 kg weight was placed on top of the skin
applying pressure onto the MN patches, pushing them into the skin (iv). The setup
was covered with plastic wrap and enclosed to maintain a humid environment (v).
The MN patches were allowed stay on the skin for a period of time, ranging
between 1 and 16 hours, allowing for drug release into the skin.
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3.3.4.1.

Fluorescence Imaging

Fluorescent imaging of skin sites where drugs were delivered were used to assess
the puncturing of the skin and of the drug diffusion into the skin. A skin freezing
set up was put together by using a medium size glass beaker (200 ml), half filled
with Isopropanol (IPA, Thermo Fischer Scientific). This beaker was placed in a
larger dish containing liquid nitrogen to lower the temperature of the IPA to
approximately -196OC. Optimal Cutting Temperature (OCT) embedding
compound (Tissue-TEK) was poured into a plastic disposable bucket,
approximately 3/4 full and placed inside the cold IPA and will start to freeze.
Samples are best inserted into partially frozen OCT compound (for proper
alignment).

After removing the drug loaded and/or coated MN devices were placed onto the
skin and drug was released (see section 3.2.4), the devices were removed and the
skin site was cut from the larger skin piece. The excised skin samples were
aligned vertically and frozen in OCT compound in the set up above. The OCT
compound was allowed to freeze completely and stored at -20OC. The frozen
samples were sectioned using a cryostat (Leica Microsystems) to 20 µm thick
sections and placed onto a glass slide. Sectioning was done at -20OC. The sections
were viewed under a fluorescent microscope (Leica Microsystems).

3.4.

Results and Discussion
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Drug loading and/or coating were performed using either RhdB or OvalbuminTexas Red conjugate (OVA-TR) (Invitrogen) due to their fluorescence, allowing
for drug diffusion into the skin to be visualized. Coating was originally performed
by dipping the MN patch into a reservoir of drug coating solution, but this method
was replaced by coating via pipette (see section 3.2.2). The pipette method is not
only faster but requires much less coating solution (as less as 100 µl as opposed to
3000 µl), proving to be more cost effective.

Sewing needle based, silk MN patches were loaded with 15 µg of RhdB per patch
and drug was released into human cadaver skin for 2 hr. The skin sites collected
for cryo-sectioning were imaged under a fluorescent microscope showing drug
release into the skin (Figure 14 A). Figure 14 A.i shows the stratum corneum on
the left side of the image and the brightness through the skin at its highest near the
surface (the puncture sites are not in view) Figure 14 A.ii shows the stratum
corneum on the bottom of the image, and the puncture site can be seen where the
fluorescence emitted from the released drug is more intense. Skin sites were also
removed and viewed under the SEM, showing the puncture sites surrounded by
red circles (Figure 14 B.i and Figure 14 B.ii). The silk MN patches are shown in
Figure 14 B.iii after being treated on the skin. Deformed MN tips and residual
skin can be seen. These images show a qualitative measure of drug release into
the skin and proof that the sewing needed based molds can produce silk MN
patches that can pierce through the stratum corneum.
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Figure 14. Sewing Needle Skin Test: Sewing needle based MN patches, loaded
with 15 µg of RhdB were placed onto human cadaver skin for 2 hours. The skin
sites were frozen, sectioned and imaged under a fluorescent microscope to see
drug release into the skin (A.i, A.ii). The fluorescent microscope images show the
most fluorescence at the site where the MN punctures the skin. A gradient of of
fluorescence can be seen as you travel away from the site of insertion , into the
skin. The skin sites were also removed and viewed under the SEM and the
puncture sites are shown with red circles (B.i). A zoomed in image of a puncture
site is shown in B.ii, illustrating that the MN device was able to create small
punctures in the stratum corneum. The silk MN device, after being treated onto
the skin is shown in B.iii, showing deformed MN tips. No MN tips appear to have
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broken off into the skin. Additional material can be seen on the tips that have
transferred from the skin to the MN.
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A skin test was performed with 45 degree bit, silk MN to further view the release
of RhdB into human cadaver skin. MN were fabricated in 3 groups (n=2): no
drug, loaded with 75 µg of drug and loaded with 75 µg and coated with 20 µg of
drug and drug was released for 2 hr. Figure 15 shows the skin, after removal of
the MN patches, visualizing the puncture sites and in the cases with drug, a red
coloration from the released drug. Visual inspection of all groups shows small
punctures where the MNs impact the skin. The coated group is also shown under
UV light to further show the release of drug at the points of the MN tips. Skin
sites were cryo-sectioned and imaged under the fluorescent microscope to show
drug that is sitting onto the skin’s surface as well as diffusion of drug into the skin
shown through increased areas of fluorescence at certain areas along the skin
corresponding to areas adjacent to where the MN punctured the skin (Figure 16).

52

Figure 15. 45 Degree Microneedle Skin Test: Human cadaver skin was fixed to a
wooden block and MN patches were placed onto the skin, and pressed into the
skin with a 2 kg weight for a period of 2 hr. Three groups of MN patches were
used: MN patches without drug, with drug (RhdB) loaded (75 µg) and with drug
(RhdB) loaded (75 µg) and coated (25 µg). The optical image shows the skin
sample, after the 2 hr release and after the removal of the MN devices. A red
coloration can be seen due to the released drug, specifically with the loaded and
coated MN patches. No coloration is seen with the no drug group, and very littler
coloration is seen with the loaded group. MN imprints can be seen in all MN sites,
showing that the MN tips impacted the skin. A zoomed in image of the skin where
the loaded and coated MNs were placed, are shown under UV light in order to
better show the released drug.
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Figure 16. 45 Degree Microneedle Skin Imaging: Sectioned skin samples from the
loaded and coated group were frozen and sectioned via a cryostat in order to view
the skin under a fluorescent microscope. The images both show a high level of
fluorescence at the surface of the skin. This is caused by the coated drug that
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simply transferred over to the skin. Beneath the surface of the skin (moving
downwards for the top image and moving upwards for the bottom image), are
areas of increased fluorescence. These areas are adjacent to where the MNs were
inserted and drug was able to diffuse into the skin rather than simply stay at the
surface.
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Drug coating formulations were investigated to probe differences between water
and silk based formulations. MN were prepared with no drug loaded and were
coated with drug (OVA-TR) in either a water based or 1.5% silk based
formulation (n=4). Drug coating quantification was performed in 2 methods: mass
balance (see section 3.2.3.1) and spectroscopically (see section 3.2.3.2), noting a
difference in each measurement (Figure 17). Each method has its benefits and
drawbacks over the other. Mass balance can accurately measure the coated drug
before use of the MN patches on the skin, however cannot accurately measure the
coating mass after use of the MN due to skin particulates that add mass of the
used patch. The spectroscopic method requires the MN devices to be dissolved in
LiBr, for which is not known if the LiBr will affect a certain drug or the
measurement of a certain fluorescent molecule (it did not hinder measurements on
the OVA-TR). Additionally, measuring the fluorescence requires the MN and
coating to be dissolved completely and a non-uniform mixture can result in false
fluorescence readings. Optical images of the dissolved silk MN in LiBr for both
the water and silk based formulations show an aggregation of coloring in the
water based formulation (Figure 18). The non-uniformity of the dissolved MN
solution posed issues when measuring the fluorescence, not allowing
quantification of used silk MN patches coated by the water based formulations.
MN patches (n=2) were placed onto the skin for 16 hr and skin sections show
puncture skins and drug diffusion into the skin for both water (Figure 19 A) and
silk based (Figure 19 B) formulations. Qualitative images show that both water
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and silk based formulations can be used to deliver drug into the skin, however
without the ability to look at the quantitative measure of drug release, it is
difficult to compare water based formulations, therefore further water based
formulations were not used.
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Figure 17. H2O and Silk Based Coating Quantification: Quantification of the
amount of drug coated, either via a water based formulation (A) or a 1.5% silk
based formulation (B), was done in two methods: mass balance and
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spectroscopically, to determine the method for proper coating quantification and
for the proper coating formulation (n=4). Both methods are expected to calculate
the same values, however the water based formulation shows a difference in
calculated quantifications. Error bars are standard deviations and the * denotes a
statistical difference in groups according to a Student’s T-test, with a p < 0.05.
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Figure 18. H2O Based Coating Aggregation: Optical images of the H2O coated
and 1.5% silk coated MN devices, dissolved in LiBr to show the difference in
coloration. A zoomed in image shows drug aggregation. The inability for the
water based coating formulations to properly dissolve in LiBr make it not possible
to make spectroscopic drug quantifications on MN patches that have been coated
with water based formulations.
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Figure 19. H2O and Silk Based Coating Microscope Images: 30 degree, silk MN
were coated with drug (OVA-TR, 1 mg/ml) in either a water (A) or 1.5% silk (B)
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based formulation and drug was allowed to release into porcine skin for 3 hr
before being frozen and sectioned. Skin sections for both formulations show the
MN puncture site in the skin and released drug. Illustrating that before
formulations can be used to deliver drug into porcine skin in vitro.
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Drug coating formulations were also made with varying concentrations of silk
(0.5%, 1.5%, and 3%). MN patches were coated and either placed onto porcine
skin (treated) or left off of the skin (untreated), to serve as a baseline, for 16 hr
(n=4). Drug quantification was done spectroscopically and its accuracy is verified
by comparing the drug quantity obtained for untreated MN with that expected
from coating. The drug remaining on each group is shown in Figure 20 B. No
difference was seen between different silk formulations due to the similar rate
they diffuse into the skin. Drug quantification was done spectroscopically with
additional wash steps to observe if the LiBr dissolution is necessary in quantifying
the coated drug. The measured drug quantities measured for each step are shown
in Figure 21. For the untreated samples, we see that most of the drug is washed
off the MN patches in the water washes, However we see that for the treated MN
patches, a high amount of the drug is measured in the LiBr dissolution step. A
possible explanation could be that the use of the MN devices on to the skin
hydrates the silk patch and drug is allowed to diffuse into and get trapped into the
silk. This poses the problem that the silk MNs do not optimally deliver the coated
drug and some drug will be lost in the silk matrix.
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Figure 20. Varying Silk Coatings Skin Test: A skin test was performed with 30
degree bit, silk MN patches coated with drug (OVA-TR, 20 µg) in silk based
formulations: 0.5% w/v, 1.5% w/v, and 3% w/v. An optical image shows the
coated MN placed onto the skin (A). the MN patches were left on the skin for 16
hr for drug to release into the skin. Drug quantification on the amount of drug on
the MN devices that were treated (placed onto the skin) and untreated (not placed
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onto the skin) is shown in B. Statistically significant release of drug was noted
within each group but no difference in drug release was noticed between groups.
Error bars are standard deviations and * denotes a statistical difference between
groups according to a Student T-test, p < 0.05.
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Figure 21. Coating Quantification Via Wash: 30 degree bit, silk MN patches
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coated with drug (OVA-TR, 1 mg/ml) in silk based formulations: 0.5% w/v, 1.5%
w/v, and 3% w/v and placed onto the skin for 16 hr for drug to release into the
skin. Spectroscopic quantification of the amount of drug coated was done, by first
washing the MN patches (n=4) in di-H2O three times and finally dissolving the
devices in LiBr. The washes and final dissolved patches were collected and read
in a plate reader to measure the amount of fluorescence as a measure of the
amount of drug washed off the patches in each wash and the remainder left on the
patch. Quantification for untreated (not placed onto the skin) (A) devices and
treated (placed onto the skin) devices (B) show the amounts of drug quantified in
each step. The initial wash step was able to collect the majority of the drug for the
untreated patches with little left on the patch. Drug was still found in the patch for
the treated patches (seen in the fluorescence of the LiBr measurements). Error
bars are standard deviations and * denotes a statistical difference between groups
according to a Student T-test, p < 0.05.
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A comparative skin test was performed to look for differences between different
MN molds that were used in MN fabrication. MN devices were made from
previous micromaching techniques [42] (cut to an approximate size similar to the
30 and 45 degree molds), 30 degree, 45 degree and sewing needle molds were
fabricated (n=2) and coated with 25 µg of drug (OVA-TR) in a 1.5% silk
formulation (the sewing needles which are roughly 1/3 of the area of the other
patches was coated with 8.5 µg of drug). Figure 22 shows the amounts of drug
released in 3 hr into porcine skin. The previously fabricated silk MN patches
proved to deliver more drug than those fabricated through bench-top made molds,
showing bench-top fabrication is does not produce more MN more effective in
delivering drug into the skin. The 30 degree bit based MN proved to deliver more
drug than the 45 degree bit based MN. A possible explanation could be that the
narrower MN more easily penetrates the skin, displacing less skin (causing less
resistance from the skin) allowing more drug to be delivered. A high variance in
the data collected can also account for the lack of statistical differences between
groups. The MN patch areas, number of tips per patch and MN spacing, for the
different groups of MN are shown in Table 3. Comparisons can be made with the
machined MN and the drill bit MN (30 and 45 degree) because of similar patch
areas, tip lengths and number of tips. The largest MN spacing is noticed in the
machined MN group, which also shows the largest amount of drug release.
Additionally the 30 degree drill bit MN devices have a larger MN spacing as well
as a larger drug release. This can be explained in that the more space in between
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the MN tips there is, the more space is available for displaced skin. When the MN
are inserted into the skin, the surrounding skin is pushed to the sides, and the less
space there is for this displacement, the more of a resistive force there is.
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Figure 22. Microneedle Skin Release Comparison: MN devices were made from
previous micromachining techniques, 30 degree, 45 degree and sewing needle
master molds (n=2). MN patches were coated with 25 µg of drug (OVA-TR) in a
1.5% silk formulation (the sewing needles which are roughly 1/3 of the area of the
other patches was coated with 8.5 µg of drug). A 3 hr release into porcine skin
showed varying amounts of drug released. Error bars are standard deviations and
** denotes a difference between groups according to a Student T-test, p < 0.10.
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Table 3. Microneedle Spacing: MN devices were made from previous
micromachining techniques, 30 degree, 45 degree and sewing needle master
molds. The areas of each silk MN patch, number of tips and spacing between the
MN are compared in order to illicit information on the impact of the MN spacing
on the drug release in vitro (see Figure 22).
Microneedle Type

Machined
30 Degree Drill Bits
45 Degree Drill Bits
Sewing Needle

Patch

Area Number

of Spacing between MN

(mm2)

tips

(µm)

70
71
71
24

121
128
128
80

890
390
340
270
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4. Microneedle Drug Delivery In Vivo
4.1.

In Vivo Drug Delivery Introduction

MNs have been previously shown to delivery drug into the skin not only in vitro,
but also in vivo. The skin has been shown to be a prime target for vaccine delivery
due to the presence of dendratic and langerhan cells [56]. Antigens presented in
the skin to these cells can result in an immune response. MNs have been shown to
delivery influenza vaccine and illicit an immune response in a mouse model [57].
In some cases, MN administration has shown to offer a stronger immune response
over traditional intramuscular vaccine injections [13]. Studies have shown that a
higher immune response to a model antigen, Ovalbumin (OVA) (Invitrogen),
were observed through a MN application rather than through an intra-muscular
injection [58]. Human studies using MN for influenza vaccine administration
have proved to be safe [59]. An immune response was detected through the
measure of Immunoglobulin G (IgG).

4.2.

Objective

In this study, we aimed to test the ability of silk based MN patches to deliver an
antigen, and measure a response in an animal model. For this we use a model
drug, OVA, in that it is commonly used for MN drug delivery [58]. The animal
model that was used was a rat model. Small rodents have been previously used for
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MN drug delivery, and rats were deemed appropriate due to their large size (large
enough for proper placement of the large silk MN patch) as well as their thicker
skin (compared to a mouse model) that would better hold the MN tips into the
skin.

4.3.

Materials and Methods

4.3.1. Use of Silk Microneedles on Rats
Silk MN patches were fabricated according to previous micromachining
techniques (see reference [42]) resulting in a 20 by 20 array of conical MN, with a
length of 700 µm. Experimental groups consisted of control silk MN patches
with no drug, silk MN patches loaded with 500 µg of OVA, patches loaded with
500 µg and coated with 1 mg of OVA, and patches loaded with 500 µg, coated
with 1 mg of OVA and coated again with 700 µg of OVA in a silk based
formulation. Adult, female, Sprague Dawley rats (Charles River Company) were
used to test silk based MN OVA delivery and were caged separately (n=5 per
group).

Animals were placed into a large anesthesia box (Charles River Company) and
anesthetized via Isoflurane inhalation. Once the animal was anesthetized, it was
removed from the anesthesia box and placed onto the table, with continual
anesthesia applied via a face mask. The back of the rat, near the upper shoulders,
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was shaved using hair clippers and hair removal cream (Nair ™ Hair Removal
Cream) was applied for 5 minutes and wiped off (See Figure 23 A). The shaved
area (approximately 10 cm by 15 cm) was cleaned with ethanol. A silk MN patch
was placed onto a 5 cm by 5 cm piece of adhesive bandaging (Tegraderm ™) and
the patch was pressed onto the skin by pinching the skin and patch together with
the thumb and index finger (See Figure 23 B). The edges of the adhesive were
pressed to seal and then the animal was allowed to regain consciousness under a
heat lamp before being returned to its cage (See Figure 24).
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Figure 23. Shaved Site of Microneedle Application on Rats: The optical images
show an anesthetized, adult, female rat with its hair removed off the upper back
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(A). This area was used for MN application to reduce the ability of the rat the
scratch at the applied MN patch. The silk patches were applied with adhesive
bandaging and pinched into the skin with the thumb and index finger to insure
MN penetration into the skin (B).
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Figure 24. Rat with Microneedle Patch Applied onto the Back: An optical image
shows the adult, female rat awake after application of silk MN patch. The animals
did not seem to have any mobility issues after MN application.
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4.3.2. Serum Sample Collection and Analysis
Blood samples were collected from the major vein via tail bleeds at 7 and 22
weeks post MN application and spun at 13400 RPM for 10 min to collect the
blood serum (samples were stored at -20OC when not in use). IgG was measured
via Antibody Titer ELISA as described. A series dilution was done for the
collected blood serum at dilutions of 1/1000, 1/5000, 1/25000, 1/125000 and
1/625000. A Nunc Maxisorp Clear Bottom 96-well plate was coated with antigen
(0.05 M Carbonate Buffer, pH 9.5 and OVA, final concentration of 5 µg/ml) and
incubated at 4OC overnight. The plate was washed 3 times with Phosphate
Buffered Saline (PBS)-Tween (0.01%), coated with 200 µl of 1% Bovine Serum
Albumin (BSA) (Sigma Aldrich) and incubated at room temperature for 2 hours.
The plates were washed 3 times with PBS-Tween (0.01%), serum samples were
added to the wells and incubated overnight at 4OC. The plates were again washed
3 times and Biotinylated Anit-Rat Whole Molecule IgG (Sigma Aldrich) (final
concentration 5µg/ml). The plates were allowed to incubate for 2 hours at room
temperature. The plate was again washed 3 times and Streptavidin−Peroxidase
Polymer (Streptavidin-HRP) (Sigma Aldrich) (1:200 dilution in PBS-Tween,
0.05%) and allowed to incubate at room temperature for 1 hour. The plate was
washed 3 times and 100 µl of 3,3′,5,5′-Tetramethylbenzidine (TMB) (Sigma
Aldrich) was added. After 5-10 minutes, 100 µl of 2N H2SO4 was added and the
absorbance at 450 nm was read in a plate reader.
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4.4.

Results and Discussion

The rat’s immune response to the administered drug, OVA, was seen through the
qualitative measure of IgG in the animal’s blood serum, collected at 7 and 22
weeks post MN application (n=5, except for the control group at 7 weeks, n=3).
The absorbance values were plotted as a function of the different serum dilutions
(See Figure 25). At 7 weeks, we see an increase in the IgG measure for the OVA
administered groups compared to the control (no drug) group. We see the highest
measure of IgG in the group that was loaded, and double coated (500 µg, coated
with 1 mg of OVA and coated again with 700 µg of OVA) well as a increased
measure for the loaded and single coated group (500 µg, coated with 1 mg of
OVA). A low increase in IgG is seen in the loaded only group. The differences
between these groups can be explained through the fact that the coated and double
coated group had a larger total amount of drug. Similar results are seen from
blood serum collected at 22 weeks (Figure 25 B).

The patches remained on the animals for an unknown amount of time and had
already been removed by the animals within 3 days. Future studies are required
for further characterization of the immune response from silk MN administered
drug in vivo. Improper cleaning of the hair removal cream results in skin irritation
that can potentially impact the immune response, and also increases the likelihood
that the animals will bite and scratch the area, removing the MN patch.
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Figure 25. Immune Response to Ovalbumin In Vivo: IgG was measured via
ELISA from blood serum collected at 7 and 22 weeks post silk MN
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administration shown through the absorbance values (450 nm) as a function of the
blood serum dilution. Experimental groups consist of silk MN loaded with drug
(500 µg), loaded (500 µg) and coated (1 mg) with drug and loaded (500 µg), a
first coating of drug (1mg) and a second coating of drug in a silk formulation (700
µg). Error bars are standard deviations and the * denotes a statistical difference in
groups according to a Student’s T-test, with a p < 0.05.
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5. Conclusions and Moving Forwards
We show that the fabrication of silk MN devices for drug delivery can be done
completely on the bench-top, without the need of any special machinery or
facilities. Previous techniques for fabricating silk based MN had required the use
of a clean room or machine shop as well as complicated and expensive
machinery. This alternative fabrication process opens more opportunities for MN
devices to be fabricated at other facilities at a low cost and in a simpler manner.
Although this current fabrication technique can be used to produce small MN
features, the ability to specify the MN dimensions, specifically the tip size, length
and spacing, are not designated by the research but by the material dimensions. If
different MN dimensions are required, appropriate materials would need to be
ordered or custom fabricated.

Future work can be done to further optimize the fabrication process to allow for
faster or easier fabrication of MN master molds. Arranging the individual needles
can prove to be a long process which could potentially be improved through the
use of thicker, flatter needles that will stand flat against a surface. This will also
aid in the scenario where needles can be fixed together while not perfectly being
parallel, resulting in smaller MN. Additionally, a quick curing epoxy may save
time during fabrication, since the current epoxy takes 3 days to cure. Smaller tips
can also be made from inexpensive (i.e. sewing) needles through sharpening of
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duller tips. A sharpening apparatus could allow the user to make sharper tips
without increasing the cost of materials through purchasing more expensive, sharp
tip needles.

We investigated the in vitro drug release with bench-top fabricated silk MNs. The
ability to both load and coat the MN with drug offers the ability for additional
drug to be delivered than through just one technique. Further characterization of
how the tips change, as well as how well the MN penetrate the skin, as a function
of the of drug volume coated. Understanding the maximum amount of drug that
can be coated onto a single patch will allow for maximal drug delivery. Multiple
layers of coatings can be used to increase the amount of drug incorporated onto
the silk MN. The most coatings that are layered onto the MN, the more drug that
can be incorporated, however too many layer may alter the MN geometries.

MN dimensions have an impact on the ability of the MNs to pierce the skin.
Further investigations into the impact of smaller and thinner silk MN can
potentially make MN patches that deliver more drug. When the MN is inserted
into the skin, the skin is displaced to the sides to allow room for the MN tip. This
skin displacement results in a resistive force that can push the MN out of the skin.
Thinner MN will displace less skin, resulting in less resistance from the skin.
Further studies would need to investigate how thin silk MN can be fabricated,
while still having the mechanical strength to pierce the skin.
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Drug quantification of the silk MN patches requires more optimization. The
spectroscopic method used here uses LiBr to dissolve the patches, but it is not
unknown if it also affects the fluorescence measurements. Additionally this
method would not work when investigating a non-fluorescent drug product. An
alternative method that could quantify the amount of drug on/in a MN patch
before and after use that can quantify any drug is needed.

One factor that needs to be addressed is the variability of skin thickness. Different
areas of the body, as well as different genders and races will have different skin
thicknesses that can vary how well drug can be delivered [60]. Further studies on
the dependence of the area of skin where the MN is administered, on the drug
release is still needed.

We investigated the in vivo drug release with machine shop fabricated silk MNs
in rats. An immune response in noticed in antigen loaded and/or coated MN
patches over patches without drug. Coating drug seems to increase the immune
response, however further studies with a constant drug quantity is need for proper
comparisons. Additional in vivo studies need to look at the mechanism of how the
silk MN illicit an immune response in the skin. Studies looking at how immune
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cells interact with the silk MN and delivered antigen will provide a clearer
understanding of what is happening at the site of MN application.

5.1.

Silk Design Specifications

Silk provides a good biomaterial suitable for both the body of the MN as well as
part of the coating formulation. Silk has a potential for its uses for both short term
and long term transdermal drug release. Silk MN coated with drug has been
shown to delivery drug on a short timescale, with the majority of the release
shown within a few hours. Silk proves valuable for this coating formulation in its
potential to stabilize the drug product encased in the coating. This stabilization
can potentially allow for the MN device, which can be made from any material
coated with a drug in a silk based formulation, to be stored at room temperature
over long periods of time. This stabilization of drug provided by the silk materials
can increase the breadth of a drug’s use and increase the shelf life. Further
research is needed to look at the release of drug from a silk coated MN device as a
function of time.

Silk has potential for MN devices on a long term release with its show
degradation in the skin. Drug coatings onto MN devices releases too quickly for a
long term release. Water vapor treatments can potentially be used to slow the
release of drug from the silk material. More research can be done on adjusting the
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silk based formulation, including but not limited to water annealing or altering the
boil time, to adjust the rate at which the silk will dissolve in the skin. For
prolonged release, a slower release of the drug from the silk coating solution
would be necessary. Further characterization of how different layers of coating
will affect the immune response can offer more complex drug release profiles.
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6. Appendix A: Microneedle Applicator Device
More work is needed on the application of the MN patches to the skin. For these
in vitro tests the patches were placed by hand and pressed into the skin via a 2 kg
weight. An automated application device would allow for consistent application.
Preliminary designs for a spring-loaded applicator were designed in SolidWorks
(Dassault Systèmes SolidWorks Corp.) to apply a force to impact the silk MN into
the skin. The first design iteration (see Figure 23 and Figure 24) was designed to
impact the MN onto the skin; however, the plastic material used to design the
applicator proved to be incapable of withstanding the tension of the spring
(McMaster Carr) and was unable apply the necessary force. An updated design
(see Figure 25 and Figure 26) was able to impact the silk MN onto the skin.
However, there was difficulty keeping the MN patch imbedded in the skin.
Adhesive bandages (Tegraderm) were used to allow for the impacted MN to
remain in the skin, however in our in vitro tests was unable to properly adhere to
the porcine skin (see Figure 27). Further work in needed to develop an applicator
device that can not only impact the MN into the skin, but allow for the MN to
remain in the skin.
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Figure 26. First Applicator Design: The first applicator design was made in
SolidWorks and designed with a spring that is used to accelerate a flat stage to
impact the MN into the skin. The device consists of three parts: a spring, an outer
casing and a stage and shaft. The handle connected to the shaft is screwed on or
off allowing for easy assembly and disassembly of the device. The outer casing
features two raised platforms that can be used to latch the handle on, holding the
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spring in a compressed state until it is ready to be released, where upon it will
accelerate the stage towards the end of the casing.
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Figure 27. First Applicator Optical Images: Optical images of the applicator
device are shown to illustrate the compact size. The prototype was designed in
SolidWorks (see Figure 23) and constructed via a lathe.
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Figure 28. Second Applicator Design: A larger prototype was designed in
SolidWorks to provide a studier applicator that could withstand higher forces
designed to impact a MN patch into the skin. The device consists of an outer
casing and a stage connected to a shaft. A spring (not shown) would wrap around
the shaft and when inserted into the casing, the stage can be pulled back, via the
handle, compressing the spring. Raised platforms on the back of the case are used
to latch the handle, holding the spring in a compressed state, until it is released
and the spring can accelerate the stage forwards.
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Figure 29. Second Applicator Optical Images: Optical images of the second
applicator design are shown to illustrate the larger size. This prototype was
designed in SolidWorks (see Figure 25) and fabricated via a 3D printer system.

92

7. References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

15.
16.
17.

El-Laboudi, A., et al., Use of Microneedle Array Devices for Continuous Glucose
Monitoring: A Review. Diabetes Tecnology & Therapeutics, 2013. 15(1): p. 101115.
Bariya, S.H., et al., Microneedles: an emerging transdermal drug delivery
system. J Pharm Pharmacol, 2012. 64(1): p. 11-29.
Henry, S., et al., Microfabricated microneedles: a novel approach to transdermal
drug delivery. Journal of Pharmaceutical Sciences, 1998. 88(9): p. 922-925.
Fukushima, K., et al., Two-layered dissolving microneedles for percutaneous
delivery of peptide/protein drugs in rats. Pharm Res, 2011. 28(1): p. 7-21.
Martanto, W., Microinjection Into Skin Using Microneedles. ProQuest
Dissertations and Theses, 2005. Georgia Institute of Technology(Doctoral
dissertation).
Shetty, S., Investigation of geometrical effects on microneedle reliability for
transdermal applications. Graduate School Theses and Dissertations, 2005.
University of South Florida.
Anatomy of the Skin. B. Braun Wound Care 2013; Available from:
http://www.woundcare-bbraun.com/cps/rde/xchg/om-woundcare-enint/hs.xsl/7360.html.
Silpi, C., B. Manish, and T. Kumar, Microneedles In Transdermal Drug
Delivery: An Unique Painless Option. International Research Journal Of
Pharmacy, 2011. 2(4): p. 6.
Sullivan, S.P., N. Murthy, and M.R. Prausnitz, Minimally Invasive Protein
Delivery with Rapidly Dissolving Polymer Microneedles. Advanced Materials,
2008. 20(5): p. 933-938.
Phale, M. and D. Korgaonkar, MEMS: a new drug delivery system. Journal of
Pharmacy Research, 2009. 2(9): p. 2.
Prausnitz, M.R. and R. Langer, Transdermal drug delivery. Nature
Biotechnology, 2008. 26(11): p. 1261-1268.
Bharkatiya, M. and R. Nema, Skin penetration enhancement techniques. J Young
Pharmacists, 2009. 1(2): p. 110-115.
Kim, Y.C., et al., Formulation and coating of microneedles with inactivated
influenza virus to improve vaccine stability and immunogenicity. J Control
Release, 2010. 142(2): p. 187-95.
Torrisi, B.M., Liquid loaded microneedles for the intradermal delivery of
botulinum toxin for Primary Focal Hyperhidrosis. ProQuest Dissertations and
Theses, 2012. Cardiff School of Pharmacy and Pharmaceutical
Sciences(Doctoral dissertation).
Shivanand, P., P. Binal, and D. Viral, Microneedles: Progress in Developing
New Technology for Painless Drug Delivery. Journal of Pharmacy Research,
2009. 2(9): p. 3.
Gupta, J., et al., Kinetics of skin resealing after insertion of microneedles in
human subjects. J Control Release, 2011. 154(2): p. 148-55.
Birchall, J.C., et al., Microneedles in clinical practice--an exploratory study into
the opinions of healthcare professionals and the public. Pharm Res, 2011. 28(1):
p. 95-106.

93
18.

Shakeel, M., et al., Microneedle As A Novel Drug Delivery System: A Review.
International Research Journal Of Pharmacy, 2011. 2(2): p. 72-77.
19.
Arora, A., M.R. Prausnitz, and S. Mitragotri, Micro-scale devices for
transdermal drug delivery. Int J Pharm, 2008. 364(2): p. 227-36.
20.
Gill, H.S. and M.R. Prausnitz, Pocketed Microneedles for Drug Delivery to the
Skin. J Phys Chem Solids, 2008. 69(5-6): p. 1537-1541.
21.
Chu, L.Y., S.O. Choi, and M.R. Prausnitz, Fabrication of dissolving polymer
microneedles for controlled drug encapsulation and delivery: Bubble and
pedestal microneedle designs. J Pharm Sci, 2010. 99(10): p. 4228-38.
22.
Garland, M., et al., Microneedle arrays as medical devices for enhanced
transdermal drug delivery. Expert Reviews Medical Devices, 2011. 8(24): p. 459
– 482.
23.
Boehm, R.D., et al., Modification of microneedles using inkjet printing. AIP Adv,
2011. 1(2): p. 22139.
24.
Humrez, L., et al., Synthesis and characterisation of porous polymer
microneedles. Journal of Polymer Research, 2010. 18(5): p. 1043-1052.
25.
van der Maaden, K., W. Jiskoot, and J. Bouwstra, Microneedle technologies for
(trans)dermal drug and vaccine delivery. J Control Release, 2012. 161(2): p.
645-55.
26.
Sullivan, S.P., Polymer Microneedles For Transdermal Delivery Of
Biopharmaceuticals. ProQuest Dissertations and Theses, 2009. Georgia
Institute of Technology(Doctoral dissertation).
27.
Choi, C.K., et al., Curved Biodegradable Microneedles for Vascular Drug
Delivery. Small, 2012. 8(16): p. 2483-2488.
28.
Jin, C.Y., et al., Mass producible and biocompatible microneedle patch and
functional verification of its usefulness for transdermal drug delivery. Biomed
Microdevices, 2009. 11: p. 1195–1203.
29.
Noh, Y.-W., et al., In vitro characterization of the invasiveness of polymer
microneedle against skin. International Journal of Pharmaceutics, 2010. 397: p.
201-205.
30.
Boehm, R.D., et al., Indirect rapid prototyping of antibacterial acid anhydride
copolymer microneedles. Biofabrication, 2012. 4.
31.
Ke, C.-J., et al., Multidrug release based on microneedle arrays filled with pHresponsive PLGA hollow microspheres. Biomaterials, 2012. 33: p. 5156-5165.
32.
Sun, W., et al., Polyvinylpyrrolidone microneedles enable delivery of intact
proteins for diagnostic and therapeutic applications. Acta Biomaterialia, 2013.
9(8): p. 7767–7774.
33.
Kolli, C.S. and A.K. Banga, Characterization of Solid Maltose Microneedles and
their Use for Transdermal Delivery. Pharmaceutical Research, 2008. 25(1): p.
104-113.
34.
Donnelly, R.F., et al., Processing difficulties and instability of carbohydrate
microneedle arrays. Drug Development and Industrial Pharmacy, 2009. 35(10):
p. 1242–1254.
35.
Ito, Y., et al., Feasibility of microneedles for percutaneous absorption of insulin.
European Journal of Pharmaceutical Sciences, 2006. 29: p. 82-88.
36.
Ito, Y., et al., Self-dissolving microneedles for the percutaneous absorption of
EPO in mice. Journal of Drug Targeting, 2006. 14(5): p. 255-261.
37.
Lee, J.W., J.-H. Park, and M.R. Prausnitz, Dissolving microneedles for
transdermal drug delivery. Biomaterials, 2008. 29: p. 2113-2124.

94
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

57.

Raphael, A.P., et al., Targeted, Needle-Free Vaccinations in Skin using
Multilayered, Densely-Packed Dissolving Microprojection Arrays. Small, 2010.
6(16): p. 1785-1793.
Verbaan, F.J., et al., Assembled microneedle arrays enhance the transport of
compounds varying over a large range of molecular weight across human
dermatomed skin. Journal of Controlled Release, 2007. 117(2): p. 238–245.
Yan, G., et al., Evaluation needle length and density of microneedle arrays in the
pretreatment of skin for transdermal drug delivery. International Journal of
Pharmaceutics, 2010. 391(1–2): p. 7-12.
Khanna, P., et al., Microneedle-Based Automated Therapy for Diabetes Mellitus.
Journal of Diabetes Science and Technology, 2008. 2(6): p. 1122-1129.
Raja, W.K., et al., Transdermal Delivery Devices: Fabrication, Mechanics and
Drug Release from Silk. Small, 2013.
Altman, G.H., et al., Silk-based biomaterials. Biomaterials, 2003. 24: p. 401-416.
Omenetto, F.G. and D.L. Kaplan, A new route for silk. Nature Photonics, 2008. 2:
p. 641 - 643.
Rockwood, D.N., et al., Materials fabrication from Bombyx mori silk fibroin.
Nature Protocols, 2011. 6: p. 1612–1631.
Tsioris, K., et al., Fabrication of Silk Microneedles for Controlled-Release Drug
Delivery. Advanced Functional Materials, 2012. 22(2): p. 330-335.
Hines, D.J., Characterization & Mathematical Modeling of Silk Based Drug
Release Systems. ProQuest Dissertations and Theses, 2012. Tusts
University(Doctoral dissertation).
Mondia, J.P., et al., Rapid Nanoimprinting of Doped Silk Films for Enhanced
Fluorescent Emission. Advanced Materials, 2010. 22: p. 4596–4599.
Lu, S., et al., Stabilization of Enzymes in Silk Films. Biomacromolecules, 2009.
10(5): p. 1032–1042.
Zhang, J., et al., Stabilization of vaccines and antibiotics in silk and eliminating
the cold chain. Proceedings of the National Academy of Sciences, 2012. 109(30):
p. 11981-11986.
Jiang, C., et al., Mechanical Properties of Robust Ultrathin Silk Fibroin Films.
Advanced Functional Materials, 2007. 17(13): p. 2229-2237.
Cao, Y. and B. Wang, Biodegradation of Silk Biomaterials. International Journal
of Molecular Sciences, 2009. 10(1514-1524).
Gill, H.S. and M.R. Prausnitz, Coating formulations for microneedles. Pharm
Res, 2007. 24(7): p. 1369-80.
Kim, Y.C., J.H. Park, and M.R. Prausnitz, Microneedles for drug and vaccine
delivery. Adv Drug Deliv Rev, 2012. 64(14): p. 1547-68.
Zhu, Q., et al., Immunization by vaccine-coated microneedle arrays protects
against lethal influenza virus challenge. Proc Natl Acad Sci U S A, 2009.
106(19): p. 7968-73.
Zaric, M., et al., Skin Dendritic Cell Targeting via Microneedle Arrays Laden
with Antigen-Encapsulated Poly-d,l-lactide-co-Glycolide Nanoparticles Induces
Efficient Antitumor and Antiviral Immune Responses. ACS Nano, 2013. 7(3): p.
2042-2055.
Chen, X., et al., Rapid kinetics to peak serum antibodies is achieved following
influenza vaccination by dry-coated densely packed microprojections to skin. J
Control Release, 2012. 158(1): p. 78-84.

95
58.
59.
60.

Chen, M.C., et al., Fully embeddable chitosan microneedles as a sustained
release depot for intradermal vaccination. Biomaterials, 2013. 34(12): p. 307786.
Van Damme, P., et al., Safety and efficacy of a novel microneedle device for dose
sparing intradermal influenza vaccination in healthy adults. Vaccine, 2009.
27(3): p. 454-9.
Al-Qallaf, B. and D.B. Das, Optimizing microneedle arrays to increase skin
permeability for transdermal drug delivery. Ann N Y Acad Sci, 2009. 1161: p.
83-94.

