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(57) Abstract: A method of providing therapeutic treatment by delivering therapeutic aptamers locally to a target site using microneedles
includes providing complementary sequence modified microneedles by reacting a complementary sequence (CS) with a polymer thereby
forming a covalent bond between the polymer and the CS, forming microneedle patches using an initial casting solution consisting of
the polymer, the therapeutic aptamer, and a covalent bond between a complementary sequence (CS) and the polymer, thereby loading
the therapeutic aptamer into the microneedles, each microneedle having a base, shaft and tip, physically binding the therapeutic aptamer
to the CS, inserting the microneedles into the tissue such that the tips and shafts are embedded into the target site and the bases are on a
surface of the target site, and sustained release of the aptamer to the target site due to dissociation of the aptamer from the CS over time.
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POLYMER MICRONEEDLE MEDIATED DRUG DELIVERY

REFERENCE TO RELATED APPLICATION
This application claims priority to 1.8, Provisional Patent Application Serial No.

62/725.348, filed August 31, 2018, the entire content of which is incorporated herein.

3 GOVERNMENT SUPPORT
This invention was made with govermment support under Grant Mo, HL122311
awarded by the National Institutes of Heslth, The Government has certain rights in the

invention.

10 FIELD OF THE INVENTION
The present invention relates to the delivery of therapeutic agents (growth factars,
nueleic acids, or other drugs) by polymer microneedles for treatment of heart disease and

skin or eye diseases.

15 BACKGROUND OF THE INVENTION
Approximately 8% of Americans aged 18 and older have coronary artery disease,
It is the leading cause of death in the United States. It is characterized by the narrowing of
the epicardial coronary arteries. While a variety of therapeutic agentis {e.g., growth factors,
nucleic acids and stemn cells) have been rigorously studied, their delivery into the diseased
20 heart remains a huge challenge. Intramyocardial injection has the following problems: 1)
the injection into the deep regions of heart is invasive; 2) it requires highly specialized
equipment and a higher skill level of operator; 3) it does not help the induction of
artericgenesis of the epieardial vessels that are the origin of the disease; and 4)
intramyocardial injection cannot provide a uniform distribution of therapeutic agents in
25 the diseased site. Alternatively, suturing an implant on the surface of the heart has also
been studied. However, this method is inherently associated with the problems including
1} the sutures can damage the surrounding normal heart tissues particularly because the
heart s a beating organ with eyclic expansion and shrinkage; and 2) suturing an implant
on the surface of a beating heart requires a very high skill level of operation, which is also

30 time-consuming with mere danger o a patient during the operation.
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For another example, approximately 2/3 of American men will experience hair loss
by the age of thirty five and 85% by the age of fifty. The major reason for hair loss is the
insufficient supply of nuirients to hair follicles owing to the shortage of blood flow in the
areas surrounding hair foilicles. Thus, the treatment of the scalp using angiogenic factors

S isaright solution. Indeed, the ability to increase the expression of VEGF has demonstrated
the effectiveness of promoting hair growth and preventing hair loss. However, oral

administration of pills {e.g., PriaPlex) to promote hair growth takes too long (e.g., one to

two years in general) for therapeutic effects. Moreover, the systemic drug distribution may
lead to unnecessary growth of blood vessels in other tissues with systernic side effects {e.g.,
14 induction of cancer). Aliernatively, VEGF can be administered locally to the bald area.

However, VEGF 15 a large biomolecule that cannot penetrate the dense scalp.

SUMMARY OF THE INVENTION

An embodiment of the present invention provides a method of providing
15 therapeutic treatment by delivering therapeutic aptamers locally fo a target site using
complementary sequence modified micronsedles. The complementary sequence modified
microneedles may be formed using an initial casting solution consisting of the polymer,
the therapeutic aptamer, and the covalent bond polymer-C$ between the complementary
sequence {CS) and the polymer. In this case, a complementary sequence is chemically
20 conjugated to the polymer matrix of the microneedles forming a covalent bond and s

acting as a binding site for the therapeutic aptamers.
In one example, the €S and polymer are first mixed together and reacted to forma
conjugate. Then the polymer--C8, aptamer, and polymer are added as the initial casting

solution. More polymer will be added afier the conjugate is formed. The polymer--U8

B
¥ 23

conjugate will only be a certain percentage of the total polymer amount,

in another example, the CS, polymer and aptamer all added together, Afler the
polymer-U8S conjugate ts formed, more polymer may be added.

Each microneedle may include a base, shaft and tip. The therapeutic aptamer may
physically bind to the CS. When the microneedles are inserted into the tissue such that the
30 tips and shafts are embedded into the target site and the bases are on a surface of the target
stte, the aptamers may be sustainably released to the target site due to dissociation of the
aptamier from the CS over time. The sustained release of the aptamers s due to the

hybridization kinetics between the therapeutic aptamer and CS.  The degree of
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hybridization can be controlled by modifving the number of base pairs of the CS and
aptamer duplex. The dissociation may take place prior to, during or after dissolution or
degradation of the microneedles. The aptamer may be further released by dissolution or
degradation of the microneedles.

In one example, the C8 13 an azide-modified C8, the polymer is hyaluronice acid
functionalized with methacrvlate and DBCO (mHA-DBCO), and the covalent bond is
mHA--CS8. The DBCO moiety is no longer present after the reaction with azide.

In another example, the C8 is an azide-modified T8, the polymer is hyaluronic acid
functionalized with DBCO (HA-DBCO), and the covalent bond is HA--CS.

Diepending on the method of moelding the wicroneedles, the gptamer may be loaded
into the tips, shafls or bases of the microneedies. The term “loaded” or “loading” means
that the aptmer is present in and forms the part of the tips, shafis or bases of the
microneedles. The target site may be heart tissue, skin or eye or other tissue locations
suitable for the microneedle freatment.

Another embodiment of the present invention provides a method of providing
therapeutic treatment by delivering protein locally to a target site using aptamer-
functionalized microneedles, The aptamer-functionalized microneedles may be formed
using an initial casting solution consisting of the polymer, the protein and the covalent
bond between the polymer and the aptamer. The protein may physically bind to the
aptamer. When the microneedles are inserted into the tissue such that the tips and shafis
are embedded into the target site and the bases are on a surface of the target site, the protein
may be released to the target site due to dissociation of the protetn from the aptamer for
an extended period of time, The dissociation may take place prior to, during or after
dissolution or degradation of the microneedlzs.

The protein release profile is mainly governed by the aptamer-protein binding
strength {affinity). The binding effect is also affected by the protein concentration,
aptamer concentration, and the ion concerdration. These concentrations will change over
time causing protein dissoeiation. The protein is constantly binding and re-binding with
the aptamer. An aptamer with a high affinity will be able to hold on to the protein for a
longer time than a lower affinity aptamer. The aptamer is "anchored” to the microneedle
to provide a high local concentration of binding sites of the protein, providing a "slow"

profein releage.
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The disseciation may take place prior to, during or after dissolution or degradation
of the microneedles. The crosslinked, aptamer-functionalized polymer may also be
gradually hydrolyzed andfor dissolved in the body, which may facilitate the release

kinetics of loaded proteins. The term “loaded” or “loading™ means that the protein is

S5 present in and forms the part of the tips, shafls or bases of the microneedies.

In one example, the polymer is the hyaluronic acid functionalized with
methacrvlate and DBCO (inHA-DBCO), the aptamer s azide-modified DNA aptamer and
the covalent bond s formed through DBCG-azide click chemistry to form an mHA~Apt
conjugate.

19 In another example, the polymer is the hyaluronic acid functionalized with DRCO
{(HA-DBCQ), the aptamer is azide-modified DNA aptamer and the covalent bond is
formed through DBCO-azide click chemistry to form an HA--Apt conjugate.

Angther embodiment of the present invention provides a method of providing
therapeutic treatment by delivering protein to a target site locally using protein-loaded

15  microneedies. The protein-loaded microneedles may be formed using an initial casting
solution consisting of the polymer, the protein and aptamer-functionalized nanoparticles.
The protein may physically bond to the aptamer of the aptamer-functionalized
nanoparticles. When the protein-loaded microneedles are inserted the microneedles into
the target site such that the tips and shatts of the microneedles are embedded into the tarpet

20 site and the bases of the microneedles are on g surface of the farget site, the protein may

be slowly released to the target site due to dissociation of the protein from the aptamer

over time. The dissociation may take place prior to, during or after dissclution or
degradation of the microneedles. The protein cay also be further released by dissolution

or degradation of the microneedies.

b
A

In an example, the polymer used in this method iz polyvinylpyrrolidone/polyvinyl
alcohol (PVA/RVP).

BRIEF DESCRIPTION OF THE INVENTION
Figure 1A is a scarming electron microscopy image of a microneedle array with
3¢ inset for a single microneedle showing examination of micreneedle morphology;
Figure 1B is a bright-field microscopy image of the microneedle array showing

examination of microneedle morphology:
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Figare 1C is images and a graph showing microneedle mechanics during

compression testing;

Figure 1D is imsges and a graph showing the dissolution kinetics of the

microneedles;

5 Figure 2A is a schematic showing the mechanism of protein delivery using
aptamers;
Figure 2B 15 a schematic showing the mechanism of delivery of therapeutic
aptaners psing a complementary sequence;
Figure 2C is a schematic showing the mechanism of protein delivery using
10 aptamers and delivery of therapeutic aptamers using a complementary sequence at the
same time; '
Figure 3A 15 g flowchart showing a method of making polymer microneedle

patches in accordance with an embodiment of the present invention;

Figure 3B is a flowchart showing a method of incorporation of therapeutic
1§ aptamers into microngedies;
Figure 3C is a flowchart showing a method of incorporation of aptamer-
functionalized nanoparticles and proteing inio microneedles for protein delivery;
Figure 4A is a flowchart showing a method of incorporation of therapeutic
aplamers into complementary sequence modified microneedles;
28 Figure 4B a flowehart showing a methed of incorporation of proteins into aptamer-
functionalized microneedles for protein delivery;
Figure 5A is a bright-field image of a microneedle array and the imset is a
fluorescent image of microneedles loaded with nanoparticles;

Figure 5B is an image of nanoparticle deposition after microneedle insertion into a

3
10!

fissue phantom;
Figures 6A-6D) are images showing examination of protein-loaded microneedles;
Figures 7A-7D are timages showing examination of hair growth treatment using
VEGFE-loaded microneedies; and
Figures 8A-8B are images showing examination of micronegdle insertion into the

33 mouse heart.

DETAILED DESCRIPTION OF THE INVENTION
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The present invention provides a plurality of methods for delivering aptamers or
proteins to a target site locally for treatment. The target site may be heart, skin or eye, or
any other tissues that are suitable for this treatment method. The present invention alse
provides methods for fabricating the microneedles used for each different method for

5 delivering aptamers or protein. Each method will be described in detail below.

ERES A A

Ll Prepmration of mold

In this example, pyramidal master structures were obtained from Micropoint

10 Technologies Pte, Lid., Singapore. Fach microneedle array consisted of 100 (10 x 1)
pyramidal microneedles with a height, base, and tip-to-tip distance of 600 wrm, 200 um,

and 300 um, respectively. Female microneedles molds were made by casting PDMS inio

the master structures and allowing the FDMS solution to cure overnight at 37°C.

15 1.2 Genersl procedure of making microneedie patches

In this example, the polymer microneedle arrays can be fabricated. Polyvinyl
alcohol (PYA) and polyvinylpyrrolidone (PVP) are used to fabricate the microneedle
areay, In brief, 3 g of polyviny! alcohol (PV A, Sigma Aldrich 10K) is mixed with 4 mL of
water and heated to 90°C for 2 hours. 1 g of polyvinylpyrrolidone (PVPE, Sigma Aldrich

20 10K} is added into the PVA solution and the mixture is heated at 90°C for another 2 hours,
5 pL of'the PVA/PVP sohsiion (20 % wiv} is cast into the PDMS mold to fabricate polvmer
microneedles. The PDMS mold is placed in a vacuum chamber for 2 minutes and
centrifuged for 10 minutes at 3000 RCF {relative cenirifugal force). Excess polymer may
be removed and the process may be repeated 3 times to ensure all the microneedle cavities

25 are full. Afier the microneedles are dried for a half-hour, 50 uL of the PVA/PVE solution
{50 % wiv} is cast on the top of the microneedle array as a base plate and dried for 48 hours

to form the final mucroneedle array. This method is summarized in Figure 3A.

1.3 Mothod 1 for deliveryof therapsuiic

aptamer

30 This method includes the steps of preparing a mold using the method described
above in 1.1 and then making polymer microneedles for delivery of therapeutic aptamers

by casting a solution consisted of the polymer and the aptamer, as shown in Figure 3B,
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In an example, the microneedie patches for delivery of therapeutic aptamer can be
made using the procedure as described in 1.2, except that the initial casting solution of

PVA/PYP was replaced with PYA/PVP and aptamers.

This method includes the steps of preparing a mold using the method described

above in L1 and then making polymer microneedles for delivery of protein by casting a

solution consisted of the polymer, the aptamer-functionalized nanoparticles and aptamer-
bound protein, as shown in Figure 3C.

10 In an example, the procedure as shown in 1.2 can be used except that the initial

casting solution of PVA/PVP is replaced with PVA/PVP, aptamer-functionalized

nanoparticles and aptamer-bound proteins such that incorporation of aptamer-
functionalized nanoparticles and profeins info microneedies is achieved for protein
delivery.

15

2.1 Brepunation of mold

A mold may be prepared using the method described in 1.1,

20 2.2 Proceduss of making micronsedies S delivery of protein or therapeutic aptameys

Two examples will be given to describe how the microneedies are fabricated for

delivery of protein and thergpeutic aptamers.

Example 1

In this example, the polymer microneedles are fabricated by casting 20 pL of
mHA-DBCO (1 wt %) dissolved in a solution containing N°, N”-methylenebis {(acrylamide)

{1 wt %) and Irgacure 2959 (0.1 wi %), The microneedle mold is placed in a vacuum
chamber for 10 minutes and then centrifuged for 10 minutes at 3000 RCF (relative

30 centrifugal force). Excess polymer may be removed and the process may be repeated three
times to ensure all the microneedle cavities are full. After drying, the microneedle molds

are exposed to UV light (363 nm) for 2 minutes to initiate crosshinking. Then, 100 yL of
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HA (4 wt %) is cast to form the microneedle shafis followed by the casting of PVA/PVP

to form the microneedle base,

.23, Methed 2 for delivery of theraportic sptamer

5 An azide-modified complementary sequence (CS) that is capable of physically
binding to the therapeutic aptamer, is reacted with mHA-DBCO. The reaction resulising
covalent bond between the polymer gnd complementary sequence to form a comjugate (Le.,
mHA--(8}. The above procedure as shown in 2.2.1 may be used except that the initial
casting solution consists of mHA-DBCO, mHA--CS, and therapeutic aptamer. The

10 microneedles are modified by the €S and the aptamers used as therapeutic agents are

incorporated into the C8 modified microneedles.

2.2.3. Method 2 for protein delivery

A DNA aptamer that is capable of physically binding to the protein, was reacted
15 with mHA-DBCQO. This reaction resulted in a covalent bond between the polymer and the

aptamer o form mHA--Apt. The above procedure as shown in 2.2.1 can be used except

the initial casting solution is consisted of mHA-DBCO, mHA--Apt, and protein.

2.2 4. Combined method

20 Combination of 2.2.2 and 223 ¢an be used in combination for delivery of

therapeutic aptamers and proteins.

22,5 Ueneral provedurs of misking sulvronsedie paichey

25 The polymer microneedles can be fabricated by casting 25 L of HA-Azide (0.05%)
and 25 uL of HA-DBCO (0.05%) The microneedle mold is placed in a vacuum chamber
for 10 minutes and then centrifuged for 10 minutes at 3000 RCF (relative centrifugal force}.
Excess polymer may be removed and the process may be repeated three times to snsure
ail the microneedle cavities are fudl. Then, 100 uL of HA (4 wt %) was cast to form the

30 microncedle shafis followed by the casting of PVA/PVP to form the micreneedle base,

2.2.6 Method 2 for delivary of therapeutic aptamers
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An azide-modified complementary sequence (C8) that is capable of physically
binding to the therapeutic aptamer, was reacted with HA-DBCO. It resulted in a covalent
bond between the polymer and C8 (HA--CS). The above procedure, as shown in 2.2.5,

was used except the initial casting solution consisted of HA-DBCO, HA-CS, and a

(¥4

therapeutic aptamer.  Incorporation of aptamers used as therapeutic agents into

complernentary sequence modified microneedios is achioved.

Azide-modifed DNA aptamer that is capable of physically binding to the protein, is

10 reacted with HA-DBCO. The reaction results inta covalent bond between the polymer and
aptamer (HA- -Apt). The above procedure as shown 1n 2.2.5 can be wsed except the initial
casting solution is consisted of HA-DBCO, HA--Apt, and protein. Incorporation of and

proteins inlo aptamer-functionalized microneedles 15 achieved for protein delivery.

15 2.2.8 Combined method

Combination of 2.2.6 and 2.2.7 can be used in combination for delivery of

therapeutic aptamers and proteins.

¥ “

A ore seneral description of the mechundsm underbving method 1 sad msthed 2

20 According to method 1, aptamers are applied o functionalize nanoparticles.

Aptamer functionalized nanoparticles will then be mixed with the target protein to enable
binding. During the mixing and incubation of the solution, aptamers will bind to the
proteins. During this procedure, polymers can be crosslinked or not crossiinked. Then the
solution will be cast onto the PEMS mold.

25 The microneedles fabricated according to method 2 may be used to deliver protein
or therapeutic aptamers., which are shown in Figures 2A and 2B.

First, the microneedles fabricated using method 2 may be used to delivery aptamers

which are used as therapeutic agents. In this case, a complementary sequence is
chemically conjugated to the polymer matrix of the microneedles gs the binders of the
30 aptamers. Then, the aptamers are physically bound to the complementary sequence. Over
time, the aptamers can be released from the complementary sequence and delivered to a
target site when the microneedles are inserted imto the target site. The release of the

aplamers is a sustained release due to the hybndization of the aptamer to the
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cornplementary sequence (dissociation of the aptamer from the complementary sequence).
The degree of hybridization can be conirolled by modifying the number of base paies of
the CS and aptamer duplex. The aptamers can be released prior to dissclution or
degradation of the microngedies,

5 Second, the microneedles fabricated using method 2 may be used to deliver protein,
in this case, the aptamers gre chemically conjuzated with the polymer muatrix of the
microneedies such as a hyaluronic acid. The aptamers in this case are immobilized. The
microneedles in this case are said to be aptamer-functiosalized. The aptamer-

functionalized polymer will be mixed with the target protein to enable binding. During

10 the mixing and incubation of the solution, aptamers will bind to the target protein. During
this procedure, polymers will be crosslinked. Over time, proteins are dissociated from the
aptamers for slow protein release. The protein release profile is mainly governed by the
aptamer-protein binding strength (affinity). The binding effect is also affected by the
protein concentration, aptamer concentration, and the ion concentration. These

15 concemrations will change over time causing protein dissociation. The protein is
constanily binding and re-binding with the aptamer. An aptamer with a high affinity will
be able 1o hold on to the protein for a longer timethan a lower affinity aptamer. The aptamer
is "anchored"” o the microngedle to provide a high local concentration of binding sites of
the protein, providing a "slow" protein release. The crosslinked, aptamer-functionalized

20 polymer is also gradually hydrolvzed and/or dissolved in the body, which may facilitate
the release kinetics of loaded proteins.

In some embodiments, the tips, the shafts and the bases of the microneedle are
crosslinked. Afier microneedie tips are inserted inside the target diseased site, with time,

the crosslinked matrix will be gradually degraded and/or dissoived in the body. The

25 degradation and dissolution depends on enzymatic hydrolysis and swelling of the
microneedle tips. Preferably, only the tips of the microneedles are crosslinked. Thus, right
after the microneedles are inserted into the target site, the tips will remain at the application
site and the bases/shafis of microneedies will be removed/dissolved after the insertion of
the microneedles.

30 Figure 2C is 3 schematic diagram showing the mechanisms in Figures 2A and 2B

combined to deliver therapeutic aptaners and protein.
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Below 15 an example of using hyaluronic acid to make microneedles and using

aptamer-functionalized microneedles to deliver therapeutic agents, for example VEGF,

Different polymers may be used to realize the same goal.

a.

g
h.

Hyaluronic acid will be functionalized with chemical moicties for crosslinking
and aptamer conjugation.

Hyaluronic acid will be reacted with the aptamer; resulting in aptamer-
functionalized hyaluronic acid.

Hyaluronic acid functionalized with aptamer will be mixed with the farget
protein (VEGF).

After incubating with VEGF for a certain period of time, the solution will be
cast onto the PDMS mold. Then vacuum and centrifugation will be applied to
push the solution to the tips.

Next, hyaluronic acid will be crosslinked in the tips.

Hyaluronic acid, without any chemical modifications, will be added to fabricate
the remaining micronsedle shaft and base plate.

After drying, a microneedie patch will be obtained.

The patch wiil be inserted in the skin, resulting in the deposition of the tip in
the skin. The tip contains the crosslinked, aptamer-functionahized hysluronic
and VEGF,

Since the micronesdle shaft and base plate are composed of hyalwronic geid,
they will dissolve upon contact with the bodily fluids,

Crosslinked hyaluronic acid will be gradually hydrolyzed and dissolved in the
body to slowly release drugs after the microneedle insertion. This window of

time is much longer than that in step 1.

Deliverv of Therapentic Agenty £ Heart Uising Microneedles

The microneedles fabricated using the methods of the present invention can be used

to deliver therapeutic agents into the heart for treatment of heart diseases. Any therapeutic

agents including aptamers, proteins, siRNA, microRNA, small drugs, or their

combinations, ete. can be delivered using this method. Any microneedles that can be used

to deliver agents, including but not are limited to the microneedles fabricated using the

method of the present invention, can be used for microneedle heart therapy.,
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In one embodiment, polymer microneedles are microneedles functionalized with
DONA or RNA aplamers as the binding sites for the target proteins {growth factors,

cytokines, peptides) and used fo control the release of proteins.

The microneedles fabricated using the methods of the present invention can be used
to deliver therapeutic agents into the skin or eye.
In one example, the microneedles can be lpaded with vascular endothelial growth
factor (VEGF) and would be a great aption for the Jocal delivery of VEGF for promotion
16 of hair growth.

In this embodiment, microngedles are fabricated with aptamer-functionalized

polymer as the binding sites for the VEGF, The aptamer-functionalized polymer
microneedles are inserted locally into the target tissue, e.g., scalp tissue. VEGF will release
locally at the target site over time due o dissociation from the aptamers. The tips of the
15 microneedles will remain at the application site and degrade or dissolve over time. The
base/shaft of the micronecedles will be removed/dissolved after the insertion of the

micronsedles upon the contact with bodily fluids.

20 The microneedles of the present invention may be used for creating polymer
microneedles capable of delivering DNA aptamers locally to inhibit the function of
vascular endothelial growth factor (VEGE). Adter the microneedles are inserted into the
target site, the aptamers will be released over time due to the dissociation from the
complementary sequence, generating a sustained release of anti-VEGF aptamer. Onee in

25 contact with a physiological solution, the crosslinked polymer microneedles will gradually
dissolve, generating a local concentration of anti-VEGF aptamer in the swrrounding local
microenvironment. Aptamer in a tissue phantom reduces VEGF-mediated endothelial cell
tube formation. Thus, aptamer-loaded polymer microneedies in accordance with the
present invention held great potential as a therapeutic tool for the treatment of human

30 diseases resulting from protein overexpression,

Characterization of Microneedies
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According to an embodiment of the present invention, the microneedles may be an

array of microneedles. The microneedle array may consist of 3 x § 1o 200 x 200
microneedles. A preferred range depends on the size of sach microneedle and varies for
different applications. For example, the microneedle array may consist of 10 x 19

5 microncedles for skin treatment and 30 x 30 microneedles for heart wealment, The
microneedles may take the form of pyramidal structures with a pointed upper end and a
square hase that is larger than the pointed upper end. The microneedies may take the form

of conical structures with a pointed upper end and a circular base larger than the pointed
upper end. The height of the microneedles may be in the range of 50 um ~ 2000 wm for

10 skin treatment and 50 pm — 30000 pm for heart treatment. The width or diameier of the

base to the height ratio may be between 1:2 and 1:10. The tip-to-tip distance of the

microneedies may be in the range of 100 ~ 2000 pm.
Figure 1A shows a scanning electron microscopy image of a microneedle arrgy.
Inset is a single microneedle. Figure 1B shows a bright-field microscopy image of the
15  microneedle array.
Figure SA is a bright-field image of the microneedies loaded with nanoparticles.
Inset is a fluorescent image of a microneedle loaded with nanoparticles. Figure 5B shows
nanoparticle deposition after the microneedies are inserted into a tissue phantom.
Figure 6A 1s g bright-field image of protein-loaded microneedle array. The protein
20 is bovine serum albumin (BSA), Insetis a fluorescent image of a microneedle loaded with
labelled-BSA. Figure 6B 18 2 fluorescent image of mouse skin after the treatment using
protein-loaded microneedles. Figure 6C is g cross-seetional image of mouse skin treated
with microneedles showing DAPY and labelled BSA. This image shows that the stratum

corneum was successfully disrupted, enabling BSA transport into the epiderns. Figure

]
L

613 is a confocal microscopy image of the rmicroneedle treated skin, depth is spproximately

30 po.

dle Arravs
As mechanical strength is important to microneedles in real applications, we
30 examined whether the presence of aptamers in the microneedie matrix would cause any
effect on the mechsnical strength of microneedles. The mechanical strength of
microncedles with and without anti-VEGF DNA aptamer was evaluated using an axial

compression instrument (Instron 5960, Norwood, MA). A movable head equipped with a
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10N load cell was preset to a maximum extension of 600 um and a compression rate of

1.1 mm/s before delivering an axial force perpendicular to the microneedle array. The

applied force was measured from the point of contact until needie fallure, a poim

characterized by a discontinuity or platean observed using Bluehill® software, The tip

§  regions of the microncedles bent after a force normal to the microneedle arvay was applied
until a 300 um compressive force corresponding to ~5.6 N,

The resultant stress-strain relationship was plotted and the average fracture force

per microneedie was calculated from the maximal fracture force divided by the fotal

number of microngedles in the microneedle array. The stress-strain profiles show that the

10 PVP/PVA microneedies and the aptamer-loaded PVP/PVA microneedies had a fracture

force at 0.054 Nineedle and 0.053 N/needle, respectively, as seen in Figure 1C. Moreover,
these stress-strain profiles nearly overlapped, dernonstrating that the presence of aptamers
in the microneedles did not affect the mechanical strength of the microneedles.

The presence of anti-VEGF aptamer in the polymer mairix did not change the

15 apperent mechanical strength of the microneedles.

Examination of the Disselution of Migrensedie Arravs

To ensure adequate aptamer delivery, the microneedles need to be dissolvable or

degradable in agqueous solutions. Both PY A and PVP are highly hydrophilic. To determine

20 the dissolution of the polymer microneedles, 66 uL of agarose (1% in PBS) was cast into
a eylindrical meld and cooled fo form an agarose disk with dimensions of Smm x 2 mm in
radius and thickness, respectively. The PVA/PVP microneedle arrays were Inserted into

the agarose disk that was used herein as a tissue phantom. After a predetermined time

mterval (13, 30 or 45 seconds), the polymer microneedle arrays were removed and

b2
e

immediately placed in an 80 °C oven to dry the surface of the microneedies before
imaging. The microneedles were imaged under an Olympus MVX10 mictoscope (Center
Valley, PA) and quantified using Imagel. Within 15 s, the height of the microneedles
decreased by 70%, as shown in Figure 1D, After 30 s, the tip regions of the microneedles
virtually completely disappeared with only the microneedle bases remaining. These resuls
30 demonstrate that the aptamer-loaded PYA/PVP microneedles are highly dissolvable.
Figure 7A is an image of H &FE stained mouse skin after treatment with VEGF-
loaded microneedles. Figure 7B is an image of the dorsal region of the mouse after

treatment with VEGF-Joaded microneedles. Figure 7C s an image of H &F stained mouse
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skin after treatment with pure PVA/PVE microneedles {contrel). Figure 7D is an image of
the dorsal region of the mouse after treatroent with VEGF-loaded microneedies, The

VEGF-loaded microngedies were able to stimulate hair growth on the dorsal region of the

mice after 5 days. This is supported by the white-hair clearly visible in Figure 4B. Upon

5 further exanunation, the tissue collected from the VEGYF-loaded microneedle treated group

contained more hair follicles than the control group (Figure 4A and 4C), Thus, VEGF
delvered via microneedies can stimulate hair regrowth.

Figure 8A shows a fluorescent image of the mouse heart after microneedle

treatment, Figure 8B is an image of the outer boundary of the heart after microneedle

16 treatment, showing labelled-BSA was successfully deposited below the outer boundary of

the heart.
As will be clear to those of skill in the art, the embodimenis of the present invention
illustrated and discussed herein may be altered in various ways without departing from the

seope ot teaching of the present invention. Also, elements and aspects of one embodiment

k.
(5741

may be combined with clements and aspeets of another embodiment. 1t is the following

claims, including all equivalents, which define the scope of the invention.
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CLAIMS

1. A method of providing therapeutic freatment by delivering therapeutic
aptamers locally to a target site using microneedles, the method comprising the steps off
§ providing complementary sequence modified microneedles by:

reacting a complementary sequence {(CS) with a polymer thereby forming
a covalent bond between the polymer and the CS;

forming microneedle patches using an initial casting solution consisting of
the polymer, the conjogate and the therapeutic aptarner, thereby loading the

10 therapeutic aptamer indo the microneedles, sach microneedle having a base, shaft

and tip;

physically binding the therapeutic aptarer to the C§;

mserting the microncedles into the target site such that the tips and shafts
are embedded into the target site and the bases are on a surface of the target site:

15 and

sustained releaging the aptamer to the target site due to disseciation of the

aptamer from the CS over time.

2. The method of providing therapeutic treatment according to claim 1, further

28 comprising releasing the aptamer by dissolution or degradation of the microneedles.

3. The method of providing therapeutic treatment according to claim |,
wherein the CS is an azide-medified CS, the polymer s hvaluronic acid functionalized
with methacrylate and DBCO (mHA-DBCQO), and the covalent bond is nHA--CS,

25
4. The method of providing therapeutic freatment according to claim 1,
wherein the C8 is an azide-medified C8, the polymer is hyaluronic acid functionalized
with DBCO (HA-DBC(3, and the covalent bond is HA--CS.
36 3. The method of providing therapeutic freatment according to claim 1,

wherein the aptamer is Joaded into the tips, shafts or bases of the micronsedies.
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&. The method of providing therapeutic treatment according to claim 2,
wherein releasing the aptamer is by dissolution or degradation of the tips, shafts and hases

of the microneedies.

7. The method of providing therapeutic treatment according to claim 1,

wherein the target site is heart tissue, skin or eye.

g, The method of providing therapeutic treatment according to claim 1,

wherein the dissociation is controlied by the namber of complementary sequences.

q, A method of providing therapeutic treatment by delivering protein locally
to & target site using microneedles, the method comprising the steps off

providing aptamer-functionalized microneedles by:

reacting an aptamer with a polymer forming a covalent bond between the
polymer and the aptamer;

forming microneedle patches using an initigl casting solution consisting of
the polymer, the covalent bond and the protein, thereby loading the protein into the
microneedles, each microneedle including a tip, a shaft and a base;

physically binding the profein to the aptamer;

inserting the microneedles into the farget site such that the tips and shafts
are embedded into the target site and the bases are on a surface of the target site;
and

sustainably releasing the protein to the target site due fo dissociation of the

protein from the aptamer over time.

10, The method of providing therapeutic treatment according to claim 9,

further comprising releasing the protein by dissolution or degradation of the micronesedies,

11, The method of providing therapeutic trestment according to claim 9,
wherein the polymer is the hyaluronic acid functionalized with methacrylate and DBCO
(mHA-DBCO), the aptamer is azide-modified DNA aptamer and the covalent bond is
mHA~-Apt.
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12, The method of providing therapeutic treatment according to claim 9,
wheerein the polymer is the hyaluronic acid functionalized with DBCO (HA-DRCO), the

aptamer 1s azide-modified DNA aptamer and the covalent bond is HA--Apt.

|93

13, The method of providing therapeutic treatment according to claim 9,

wherein the aptamer is loaded into the tips, shafts or bases of the microneedies,

1S, The methed of providing therapeutic treatment according to claim 10,
wherein releasing the aptamer is by dissolution or degradation of the tips, shafis and bases

16 of the microneedies.

16, The method of providing therapeutic ireatment asccording to claim 9,

wherein the target site is heart tissue, skin or eye.

15 17. A method of providing therapeutic treatment by delivering protein to a
target site locally using microneedles, the method comprising the steps oft
providing protein-loaded microneedles by:
forming microneedie patches using an initial casting solution consisting of
the polymer, the protein and aptamer-functionalized nanoparticles, thereby loading
20 the protein into the microneedles, the protein physically bonded to an aptamer of
the aptamer-fonctionalized nanoparticles, each microngedie including a tip, & shaft
and a base;
inserting the microneedles into the target site such that the tips and shafts
are embedded into the target site and the bases are on g surface of the target site;
25 sustainably releasing the proteinto the target site due o dissociation of the

protein from the gptamer over time.

18. The method of providing therapeutic freatment according to claim 17,

further comprising releasing the protein by dissclution or degradation of the microneedles.

{9, The method of providing therapeutic treatment according to claim 17,

wherein the polymer is polyvinylpyrrolidone/polyvinyi alcohol (PVA/PVP.
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FIG. 1B
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Preparation
of
mold

Making polymer microneedies
for delivery of protein by
casting a solution of polymer,
aptamer-{unctionalized
nanoparticles and
aptamer-bound proteins

§3E {;0 3 @ i?i‘e'pz?ﬁm}

maold

¥

Making complementary sequence
madified nuicroneedles for delivery
of therapeutic aptamers by casting
a solution consisted of polymer, a
covalent bond between the polvmer
and {5, and therapeutic
aptamer

Preparation

Making aptamer-functionalized
micronsedies for protein delivery
by casting a solution consisted
of polymer, a covalent bond
between polymer and aptamer,
and protein

FI1G. 48
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FlG. 6A

FIG. 6C

FIG. 6D
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FIG 7B

FIG. 7D

FIG. 7C
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