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ABSTRACT
The overexpression of any protein could lead to a dramatic imbalance in the fragile homeostatic
environment within the human body. Therefore, it is important to develop novel protein blockers to
control the overexpressed proteins and drug delivery systems to deliver protein blockers. Nucleic acid
aptamers are an emerging class of protein blockers with high binding specificity and affinity unrivaled by
traditional antibodies. After binding to their target proteins, aptamers can inhibit the bioactivity of the
proteins. The purpose of this thesis was to demonstrate that aptamer-functionalized microneedles can be
applied to release aptamers to block the bioactivity of proteins using vascular endothelial growth factor
(VEGF) and its aptamer as a model.
Polymer microneedle arrays were fabricated by casting a 3:1 PVA/PVP over PDMS molds.
Needle height and tip radius measurements determined from SEM images were verified using optical
profilometry and brightfield imaging techniques. Surface plasmon resonance (SPR) was utilized to
compute the dissociation constant (KD) of the anti-VEGF aptamer. Aptamer degradation in M200 + 0.5%
FBS growth media was visually represented using gel electrophoresis. A dissolution trend was obtained
by inserting polymer microneedle arrays into an agarose gel skin mimic for defined time intervals.
Mechanical testing, performed on the Instron 5960, quantified the compressive failure force, indicated by
a distinct change in the compressive load. Aptamer distribution was predicted using diffusion kinetics and
tracked using a FAM-modified aptamer. An endothelial cell tube formation assay expressed the level of
VEGF sequestration by aptamer. Total tube length, measured with ImageJ software, was used to quantify
cell growth and angiogenesis inhibition.
The application potential of biomaterial devices has intensified from the successful encapsulation
of aptamer in polymer microneedle arrays. The aptamer displayed exceptional durability throughout the
heat intensive fabrication process, withstanding conformational changes and functionality. Data suggests
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that this aptamer sequence can successfully sequester VEGF protein and inhibit tube formation, indicating
the ability to disrupt angiogenesis.
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Introduction
The Role of VEGF Overexpression in Disease Progression
Proteins are fundamental biomolecules in the human body. Proteins are required to perform
nearly every function within a cell and are vital for the structure, function and maintenance of human
tissues. Each protein is a unique polymer composition of the 20 different amino acid monomers, thus each
protein assumes a unique function in the human body ranging from essential growth factors to
immunogenic antibodies.1 The overexpression of any protein could lead to a dramatic imbalance in the
fragile homeostatic environment within the human body. This perturbation can result in the onset of
diseases related to function of the overexpressed protein. For instance, vascular endothelial growth factor
(VEGF) is a critical regulatory component in the formation of new blood vessels and maintenance of
existing vasculature.2 The overexpression of VEGF proteins has been shown to result in the development
and progression of malignant tumors and psoriatic lesions, among dozens of other diseases.3,4
Cancerous Tumor Proliferation
Blood vessels are essential for suppling oxygen-rich and nutrient-rich blood to the different layers
of human skin. Angiogenesis, the formation of new blood vessels from pre-existing vasculature, plays a
prominent role in wound healing in the human body and in vivo studies have shown the angiogenic
enhancing properties of VEGF protein.3,5 Under normal conditions, VEGF protein expression is regulated
by the inactivation of VEGF gene transcription, VEGF inhibitors, and decoy receptors. However, certain
foreign stimuli invoke the uncontrollable upregulation of VEGF leading to the abnormal growth of
vasculature and the subsequent unregulated tissue growth.6 As a result, the majority of human cancers are
believed to be caused by the overexpression of VEGF resulting in high-density vasculature capable of
causing tumor-inducing cell proliferation.3
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Figure 1: Illustration of proliferation methods for (a) avascular and (b) vascular co-option tumor initiation. (Adapted
from Yancopoulos, 2000)2

Figure 1 demonstrates the two primary proliferation methods of tumors.2 Method (a) depicts an
avascular tumor that can be effectively treated with surgical removal of the tumorous mass or anti-VEGF
antibodies. This tumor initially forms between blood vessels, however as cell proliferation occurs
angiogenic factors are released. These factors stimulate the development of neovasculature surrounding
the tumor, providing the oxygen and nutrients the tumor cells requires to rapidly proliferate and
metastasize. Method (b) showcases a highly invasive tumor that grows along pre-existing vasculature
rather than promoting the construction of unnecessary vessels, this tumor often cannot be removed
because the blood vessels supplying the tumor are also vital to the function of the surrounding tissue. This
type of tumor can sometimes still be treated using anti-VEGF antibodies because the treatment may
suffocate the tumor without the vessel regressing.3
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Psoriasis
Psoriasis is an autoimmune disease that impacts the skin and joints through both the inflammatory
and angiogenic pathways.4,7 Psoriasis leads to keratinocyte hyperplasia which causes regions of painfully
irritating region of the skin. These regions are most common in plaque psoriasis and can be characterized
by the layers of dead skin resembling an extreme callus. Once again, VEGF serves a pivotal role in the
onset and progression of psoriasis. Overexpression of VEGF is capable of initiating a viscous cycle of
protein consumption and release, resulting in the expansion of the diseased region.4

Therapeutic Treatment of Malignant Tumors and Psoriasis
Since the discovery of the prominent role of proteins in the progression and onset of disease,
researchers have been in search of the most effective candidates to block the bioactivity of proteins.
Among the most promising and effective protein inhibitors for the last 30 years has been protein
antibodies.8 Innovative developments in the manufacturing processes of protein antibodies has allowed
for production of monoclonal antibodies with greater affinity and specificity for their target molecule. 8,9
These antibodies can be designed to inhibit the function of their target molecule via blocking, targeting, or
signaling mechanisms. Based on the disease pathology of cancerous tumors and psoriasis, the molecule
blocking style would likely be the most effective design.10,11 However, there are two options to block the
action of the target molecule. The molecule itself can be bound to and sequestered, or the receptor site can
be occupied by an inactive molecule.8 Despite the overarching success of monoclonal antibodies, the
current technology has reached several key limitations, including large production cost and uncertainty of
the in vivo inhibition mode.12 Consequently, the interest in developing antibody mimics has continued to
grow over the last few decades.
The initial connection between tumor growth and angiogenesis factors dates all the way back to
1939, however it was not until 1971 that the idea for cancer treatment using angiogenesis inhibition and
1989 that the VEGF molecule was discovered.13 Shortly after the discovery of the VEGF protein,
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monoclonal antibodies were generated and experimental testing reduced the four viable options to a single
ideal antibody. Subsequent animal studies demonstrated the therapeutic effects of the anti-VEGF antibody
of the inhibition of tumor growth and ischemia.13 Decades later, the humanized antibody was shown to
improve the survival rate of colorectal cancer patients when used in combination with traditional
chemotherapeutics. Figure 2 depicts an antibody-drug conjugate interacting with cell receptors, passing
through the cell wall, and releasing the therapeutic drug resulting in apoptosis. Figure 2 is an example of
using antibodies to improve the effectiveness of chemotherapeutics, especially if the cell contains specific
receptors not found elsewhere in the body.

Figure 2: Schematic of the action mechanism of antibody-drug conjugates (ADCs) attacking cancer cells. (Adapted from
Chen, 2017)14
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Evaluation of the Benefits and Drawbacks of DNA Aptamers
DNA aptamers are often referred to as the nucleic acid equivalent of protein antibodies due to
their inherit ability to bind to a various molecules in a wide range of sizes and types.15 Nucleic acid
aptamers have attracted a great deal of attention as a potential antibody substitute since the systematic
evolution of ligands by exponential enrichment (SELEX) process was developed nearly simultaneously
by Dr. Larry Gold and Dr. Andrew Ellington in 1990.16,17 The SELEX process utilizes the evolutionary
mechanisms of variation, selection and replication to rapidly isolate and amplify nucleotide sequences
that possess a high affinity and specificity for a target molecule. 18 SELEX uses a specific target molecule
and massive library (~ 1015) of easily amplified oligonucleotides to rapidly determine which sequences
are capable of binding with high specificity and affinity. A handful of viable sequences will bind strongly
enough to avoid the partition stage, however this process can be repeated in succession to obtain a large
quantity of a single ideal sequence, or a few highly competitive sequences. The key aspect of this process
that antibodies cannot replicate is that binding affinity is highly dependent on the conformation of the
oligonucleotides.18 The SELEX process drastically increases the value of nucleic acid aptamers as an
antibody mimic due to their easily automated and comparatively inexpensive production.19 Figure 3
showcases the iterative and cyclical SELEX process, specifically the intial use of a massive
oligonucleotide library and the competitive binding of the protein of interest.
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Figure 3: Schematic of a single round of the RNA SELEX process. (Adapted from Zeng, 2017)20

At this stage, one of the primary uses of nucleic acid aptamers is to replace the use of expensive
antibodies in research diagnostics. Aptamers can be used more effectively in biochemical assays, such as
Western blots and ELISA protocols, because their increased binding affinity and specificity allows for
more precise identification and measurement of proteins.21 Due to the order of magnitude size decrease of
the aptamers compared to traditional antibodies, aptamers have also been used in biosensors applications
in order to increase the surface density of ligands, as well as retained sensitivity through multiple usages.
The most exciting uses of nucleic acid aptamer are the potential therapeutic treatments. The
binding characteristics of aptamers makes them more suitable for inhibition of target molecules than
antibodies. Aptamers may serve dual-functionality as therapeutics, one sequence and conformation may
allow aptamer ligands to bind to certain protein and enzymes inhibiting their physiological function,
while other sequences and conformations may mimic an activating ligand and result in enzyme activation.
Figure 4 demonstrates the simplistic process of aptamer folding and binding resulting in blocked cell
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receptors. Aptamer-conjugated nanoparticles are emerging as a promising therapeutic biomaterial
application. The significant size difference between aptamer-conjugated nanoparticles and antibodyconjugated nanoparticles could ultimately make the difference between a drug that cannot be delivery
effectively and one that is capable of curing the disease.21 One of the largest benefits for using aptamers
instead of antibodies for therapeutic use is the lack of an immune response to the treatment. The body
often does not recognize aptamers as a foreign pathogen and in many cases antibody are mistaken for
foreign proteins that invoke an immune response.

Figure 4: Aptamer folding and binding mechanisms for therapeutic cancer treatment. (Adapted from Sun, 2014)22

However, aptamers are not without their own flaws. Endonuclease and exonuclease enzymes
rapidly degrade the oligonucleotides in blood; this limits the applicability of aptamers in systemic drug
delivery systems. Possible solutions include end-strand modifications and localized delivery of aptamer
therapeutics. The incredibly low molecular weight and size of the aptamers makes the ligands susceptible
to renal filtration, an issue potentially resolved through conjugation to larger molecules.23 Since aptamers
are still a relatively new and expanding technology methods for controlling the action duration in vivo
have yet to be developed, due to the high binding affinity and specificity these methods may be
challenging to develop compared to those of antibodies. Conformational changes under different
physiological conditions are also a primary concern for researchers investigating the therapeutic use of
nucleic acid aptamers.
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Evaluation of the Benefits and Drawbacks of Microneedle Injection
For decades hypodermic needle injection has been the gold standard for systemic drug delivery,
however this injection method is not well equipped to adjust to the development of pharmaceuticals for
localized delivery. Additionally, hypodermic needle injection poses a number of challenges to the
globalization of medical treatment, specifically 7 key concerns outlined for the vaccination of developing
countries.24 Several of these primary barriers relate to the general method of hypodermic needle injection,
including lack of trained professionals, lack of necessary infrastructure and supply chain, disposal of
biohazardous sharps waste, patient discomfort and pain, and overall cost. Microneedle arrays have
emerged as the leading substitute for hypodermic needle injection, especially for the use of localized
transdermal drug delivery.25 Microneedle arrays address many of the barriers created by use of
hypodermic needle injection and provide a convenient, minimally invasive treatment method.
Microneedle arrays function as a hybrid between traditional needle injection and transdermal
patches. Microneedle arrays form microchannels through the stratum corneum allowing larger,
hydrophobic molecules to diffuse through the initial skin barrier and more easily reach the epidermal
layer of the skin where it can be absorbed into microcirculation. Five primary strategies for the delivery of
therapeutic via microneedle injection currently exist. Each strategy addresses and neglects different
drawbacks of hypodermic needle injection.
Primary Drug Delivery Strategies and Microneedle Types
Figure 5 demonstrates the stages of application for each microneedle administration strategy.
Method A illustrates a two-step process commonly referred to as the “poke with patch” method. This
strategy utilizes a solid, metallic or ceramic microneedle array to be temporarily inserted into the body to
produce the desired microchannels. A transdermal drug delivery patch or ointment is subsequently
applied to complete the treatment.26 Assuming proper design and manufacturing, this strategy eliminates
any concern due to lack of trained professionals, lack of necessary infrastructure and supply chain, and
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patient discomfort and pain. The insertion depth of the microneedle array is too shallow to trigger a nerve
response, allowing for a pain-free and safe self-administration. However, solid microneedles pose an
inherent risk of needle tips breaking or dislodging while in the skin.25
Methods B and D closely mimic Method A, therefore posing the same inherent risks, while
resolving the same issues. Method B simplifies the two-step “poke with patch” strategy to a single step,
using identical microneedles to the solid design in Method A, these structures are coated with drugs to
allow for drug delivery and diffusion during microneedle insertion.25 Method D requires unique hollow
microneedles that serve as a hybrid between solid microneedles and hypodermic needles. The key
difference of Method D is the channel through each microneedle that allows the device to be utilized as a
substitute tip for a drug-loaded syringe.

Figure 5: Illustration of the mechanism of (A) solid, (B) coated, (C) dissolvable, (D) hollow, and (E) hydrogel-forming.
(Larrañeta, 2016)25

Methods C and E are drastically different from the previous three methods. These innate
differences all for these methods to address every major barrier to hypodermic needle injection for
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transdermal drug delivery and global medical treatment. Methods C and E use microneedles designed to
dissolve or swell, respectively, upon injection. These microneedles are constructed using casting
techniques and biodegradable polymers that significantly reduce their cost compared to the metal or
ceramic versions used for Methods A, B and D.24 Much like all properly designed microneedle, these
types eliminate any concern due to lack of trained professionals, lack of necessary infrastructure and
supply chain, and patient discomfort and pain. However, due to the water-soluble nature of the polymer
microneedle structures no risk of injury, infection, or disease transmission due to biohazardous sharps
remains.

Experimental Significance and Objectives
The overall goal of this study is to demonstrate the importance of improving regulatory methods
and treatments for overexpressed vascular endothelial growth factors (VEGF) to both the scientific
community and the public. By utilizing emerging technologies in the fields of biomaterial research and
biochemical interaction studies, this goal can be accomplished by completing three unique specific aims
in succession.
Specific Aim #1: Illustrate the in vitro efficacy of DNA aptamer sequestration of overexpressed VEGF
protein
Specific Aim #2: Validate the insertion potential of polymer microneedle arrays via mechanical,
dissolution and mouse cadaver skin insertion
Specific Aim #3: Demonstrate the successful encapsulation and retained bio-viability of DNA aptamer in
polymer microneedle arrays
In combination, these specific aims will address major issues restricting the innovative use of
DNA aptamers to treat the overexpression of VEGF and other proteins. Additionally, this experiment will
demonstrate progressive improvement upon the existing gold standard of treatment options and drugdelivery methods for diseases caused by overexpression of proteins, specifically VEGF.
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Materials and Methods
Materials
All DNA aptamer sequences were purchased from Integrated DNA Technologies (Coralville, IA).
Polycarbonate microneedle master structures were purchased from Micropoint Technologies Pte
(Singapore). Polyvinylpyrrolidone (PVP, 10 kDa), polyvinyl alcohol (PVA, 10 kDa), sodium acetate,
sodium hydroxide, and Tween-20 were purchased from Sigma Aldrich (St. Louis, MO). Phosphatre
buffer solution (PBS), tetramethylethylenediamine (TEMED), tris-borate-EDTA (TBE) buffer,
methylene-diacrylamide, agarose, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC),
N-hydroxysulfosuccinimide (NHS), and fetal bovine serum (FBS) were obtained from Fisher Scientific
(Pittsburgh, PA). Recombinant human vascular endothelial growth factor-165 (VEGF, MW = 38.2 kDa)
was obtained from Peprotech (Rocky Hill, NJ). Medium 200 (M200), low serum growth supplement
(LSGS), human umbilical vein endothelial cells (HUVEC), trypsin-EDTA, Geltrex LDEV-Free Reduced
Growth Factor Basement Membrane Extract, and Calcein AM were purchased from Gibco (Grand Island,
NY). SYBR Safe DNA Gel Stain was purchased from Invitrogen (Carlsbad, CA). EmbryoMax 0.1%
Gelatin Solution was purchased from Millipore Corp. (Darmstadt, Germany). NaOH solutions were
purchased from Acros Organics (Fair Lawn, NJ). Sylgard 184 Silicone Elastomer was obtained from Dow
Corning Corp. (Midland, MI). Finally, DI H2O was acquired from the neighboring lab of Dr. William
Hancock.

Fabrication of Polymer Microneedle Array
Fabrication of PDMS Female Molds & Polymer Solution Preparation
Polymer microneedle arrays were fabricated following the previously established protocols with
minor modifications.27,28 The pyramidal microneedles were organized in a 10 x 10 grid across the array
with height, base and tip-to-tip spacing of 600 µm, 200 µm and 500 µm respectively. Sylgard 184 was
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cast over a polycarbonate microneedle array to create female PDMS molds. Specifically, a polycarbonate
microneedle array was secured to the bottom of a 30 mm petri dish before a 10:1 mixture of PDMS base
polymer and curing agent was poured over the structure. After placing the petri dish in a vacuum chamber
for 5 minutes to release any captured bubbles, the PDMS filled petri dish was cured at 37 °C overnight.
After curing for a minimum of 24 hours, the polycarbonate microneedle was carefully removed from the
PDMS to retrieve the initial polycarbonate master structure and obtain the resultant PDMS female mold.
A solution of PVA and PVP was prepared in a 3:1 ratio from powders with a molecular weight of
10 kDa. In order to obtain a homogenous solution, 3 g of PVA was added to deionized water and heated
to 90 °C in a water bath for 2 hours. The resultant PVA mixture was stirred on a Vortex mixer until
uniform. Once uniform, 1 g of PVP was added to the PVA mixture and heated to 90 °C for an additional 2
hours. The final 3:1 PVA:PVP mixture was thoroughly combined via a Vortex mixer.
Development of DNA Aptamer-loaded Microneedle
Polymer microneedle arrays were reproduced with extreme precision using the PDMS female
molds and a 20% w/v solution of 3:1 PVA:PVP. Totally 15 µL of polymer solution was cast onto the
inverse microneedle grid of the PDMS mold. Excess polymer that did not enter the microneedle was
removed and saved for later use. After 30 minutes of accelerated drying in a 80 °C oven, the microneedle
base plate cavity of the mold was filled with a 50% w/v solution of 3:1 PVA:PVP. The molds were then
stored in a chemical hood or a desiccator for a minimum of 48 hours to dehydrate the polymer solutions
and form the desired solid polymer microneedle.
To develop aptamer-loaded microneedles, the initial 20% (w/v) polymer solution contained the
desired aptamer concentration. Other procedure was the same as described above. To create the FAMlabeled DNA aptamer, 5 µL of 1 mM FAM-labeled DNA aptamer solution was combined with 10 µL of
30% w/v 3:1 PVA:PVP solution to achieve a final polymer solution of 20% w/v. To create the anti-VEGF
DNA aptamer, replace the FAM-labeled DNA aptamer with anti-VEGF DNA aptamer.
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Characterization of Anti-VEGF DNA Aptamer
Secondary Structure/Conformation
The anti-VEGF aptamer sequence (5’-CCCGTCTTCCAGACAAGAGTGCAGGG-3’) was
selected from Dr. Larry Gold’s 1998 US patent.29 The secondary structure of the anti-VEGF DNA
aptamer was predicted using Mfold web server offered through The RNA Institute at the University of
Albany.30 The software was used to mimic the conformation change of the anti-VEGF aptamer under
physiological conditions. Physiological conditions were set as 37 °C, 12 mM Na+, and 0.8 mM Mg2+.31
The structure with the lowest thermodynamic free energy state was chosen.
Binding Affinity & Aptamer Concentration Response
The dissociation constant (KD) of the anti-VEGF DNA aptamer was determined by surface
plasmon resonance spectroscopy (SPR) utilizing the SR7500DC dual channel system from Reichert
Technologies. A method previously reported within Dr. Wang’s lab was used to guide the SPR
preparation and data collection.32 Sensor chips, modified with carboxyl groups, were activated by a
solution of 0.05 g/mL EDC and 0.02 g/mL NHS using a flow rate 20 µL/min for 10 minute. VEGF-165
proteins were immobilized onto the sensor chip. VEGF was injected into the system at the same rate and
time as the EDC/NHS solution. A solution of PBS with 0.05% Tween-20 was used as the running buffer
for the system. Varying concentrations of anti-VEGF DNA aptamer solution were allowed to flow over
the sensor chip at a rate of 25 µL/min for 6 minutes to obtain the association data. Immediately after each
solution, the running buffer replaced the anti-VEGF DNA aptamer solution to obtain the dissociation
profile. Before the next aptamer solution could be run, the sensor chip was regenerated with a 30 mM
NaOH solution for 1 minute at a flow rate of 100 µL/min. Data collected with SPR Autolink Software
was processed and plotted using Microsoft Excel to view the association and dissociation profiles. The
data collected was normalized by subtracting out the reference channel allowing for a 1:1 biomolecular
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interaction model to be fit to the data. A kinetic analysis enabled the determination overall binding
affinity (KD).
Aptamer Degradation
A gel electrophoresis experiment was conducted to determine if any degradation occurred to the
anti-VEGF DNA aptamer during incubation in M200 + 0.5% FBS culture media. A mixture of 7.8 mL DI
H2O, 3 mL 40% poly-acrylamide, 1.2 mL 10x TBE buffer, 40 µL 10% APS, and 20 µL TEMED would
eventually be used to form the gel. The gel was formed following standard practices to ensure uniform
lanes throughout the gel after the 40 minute setting period. The solidified gel was transfer into the tank
before the tank was filled with 1x TBE buffer. Each of the first 4 wells was loaded with a unique sample
for direct comparison. The sample solutions were produced according to Table 1 and loaded into the
corresponding lane.
Table 1: Lane organization for gel electrophoresis protocol

Lane 1:
Modified
Aptamer
Modified Aptamer (10 µM)
Modified Aptamer in media (10 µM)

Lane 2:
Degraded
Modified
Aptamer

Lane 3:
Unmodified
Aptamer

Lane 4:
Degraded
Unmodified
Aptamer

1 µL
10 µL
1 µL

Unmodified Aptamer (10 µM)

10 µL

Unmodified Aptamer in media (10 µM)
1x PBS

9 µL

9 µL

Glycerol

2 µL

2 µL

2 µL

2 µL

Complimentary Sequence DNA

2 µL

2 µL

2 µL

2 µL

TOTAL

14 µL

14 µL

14 µL

14 µL

After running exposing the gel to an 80V potential and a 400 mA current for 45 minutes, the gel
is removed from the glass slides and the samples are stained using 1000:1 TBE:SYBRSafe solution.
Representative images were captured and fluorescent amplitude was measured using the CRI Maestro EX
In Vivo Imaging System.
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Characterization of Polymer Microneedle Arrays
Morphology
The geometry and morphology of the microneedle arrays were characterized and verified using a
number of methods. Brightfield microscopy on the Olympus IX73 was used to make the initial
assessment of each microneedle array in an effort to conserve funds and resources. The highest quality
microneedle arrays were further assessed using stereomicroscopy (Olympus MVX10), transmitted light
microscopy (Olympus BX61), and scanning electron microscopy (FEI NOVA NanoSEM 630 FESEM).
Additionally, an optical profilometer (Zygo Nexview 3D) was used to obtain a topographical image of a
single microneedle to verify the dimensions measured using all other microscopy methods.
Mechanical Testing
Blank microneedle arrays and anti-VEGF DNA aptamer-loaded microneedle arrays were both
evaluated for relevant mechanical properties. The key property that indicates skin insertion ability is axial
compression force. The Instron 5960 axial compression instrument was equipped with 10N load cell and
preset to a maximum extension of 600 µm, the height of the microneedles. A rate of compression of 1.1
mm/s was used to deliver an appropriate axial force to the tips of the microneedle array. Bluehill®
software was utilized for data acquisition and analysis. In addition to the stress-strain relationship
obtained through the software, the average force per microneedle was calculated based on fracture force
indicated on the stress-strain curve and the number of quality microneedles on the array. Based on
previous literature, the failure point was characterized as the final point before a discontinuity or plate
region occurred.33
Dissolution Testing
Dissolution testing was performed on blank microneedle arrays to obtain the order of magnitude
of the dissolution rate of the polymer. The dissolution testing utilized a 1% agarose gel as a skin mimic.
The 1% agarose hydrogel was made by adding 60 mg of agarose powder with 6 mL of 1x PBS. The

16
nonhomogeneous solution was heated to a boil and combined using a Vortex mixer. This process was
repeated for approximately 30 second to 2 minutes until the solution became homogenous and no agarose
particles could be seen in the solution. 66 µL of the 1 % agarose solution was cast into a cylindrical mold
and allowed to cool, forming an agarose disc 2 mm thick. The blank microneedle arrays were inserted in
triplicate for predetermined intervals (15, 30 and 45 seconds) and were instantly placed in an 80 °C oven
to prevent continued dissolution after removal. The microneedle arrays were imaged under an Olympus
IX73 microscope pre-insertion and post-insertion. Microneedle height measurements were obtained using
ImageJ software for all captured images. Pre-insertion and post-insertion measurements were analyzed
and compared.

Inhibition Efficiency of Anti-VEGF DNA Aptamer in Solution
Cell Culture
75 cm2 cell culture first were first coated with 0.1% gelatin solution to improve the adhesion of
human umbilical vein endothelial cells (HUVECs). HUVECs were cultured and allowed to proliferate to
approximately 80% confluency in 10 mL of 50:1 M200:LSGS growth media. Once this confluency target
was reached, the growth media was removed and 5 mL of M200 + 0.5% FBS culture media containing
0.05% trypsin-EDTA was added to the cell culture flask containing the HUVECs to cause cell
detachment. The flask was incubated at 37 ⁰C for 5 minutes with regular monitored under the Olympus
IX73 microscope to ensure the majority of the cells have detached and are floating in the culture media.
An additional 5 mL of M200 + 0.5% FBS was added to the cell culture flask before all 10 mL of solution
containing HUVECs was transferred to a 15 mL centrifuge tube. The solution was gently centrifuged at
0.2 RCF for 7 minutes to generate a cell pellet without damaging or fusing the cells. The supernatant
solution was carefully removed to avoid wasting cells. 1 mL of M200 + 0.5% FBS culture media was
added to the cell pellet and mixed gently using a micropipette. Viable cells were counted using a
hemocytometer. HUVECS were re-suspended in M200 + 0.5% FBS culture media at 2.0 × 105 cells/mL.
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The cells were reseeded in a new 75 cm2 cell culture flask containing a final volume of 10 mL of 50:1
M200:LSGS growth media. Reseeding occurred until Passage 8 when the cells were considered to
experience significant reduction in proliferation and tube formation ability.
Plating
The Geltrex solution was removed from the -20 °C freezer and allowed to thaw at 4 °C for a
minimum of 8 hours. The bottom of each well of a 48-well cell culture plate was coated with 80 µL of
Geltrex solution and the entire plate was incubated at 37 ⁰C for 30 minutes. After the Geltrex solidified,
each well of the cell culture plate was washed with 200 µL of DPBS and the plate was incubated at 37 ⁰C
for 30 minutes. The DPBS solution is carefully removed without disrupting the Geltrex at the bottom of
each well.
200 µL of the re-suspended HUVECs were added to the Geltrex-coated wells to achieve a final
cell count of approximately 40,000 HUVECs. The plate was incubated at 37 ⁰C for 30 minutes to allow
for complete cell attachment. The M200 + 0.5% FBS culture media was removed and replaced with
M200 culture media containing anti-VEGF DNA aptamer and VEGF at a mole ratio of 1:1, 10:1, 100:1 or
1000:1. The negative control was established to be a sample well containing no VEGF-165 proteins or
anti-VEGF DNA aptamers, while the positive control was established as a sample well containing VEGF
165 proteins without anti-VEGF DNA aptamer. An additional sample control was established to confirm
this specific anti-VEGF DNA aptamer is the direct cause of any inhibition. This sample control was
M200 + 0.5% FBS culture media containing a scrambled anti-VEGF aptamer. To allow for endothelial
tube formation, the HUVECS were incubated at 37 ⁰C in 5% CO2 and 95 % relative humidity for 6 hours.
Tube Analysis
With 30 minutes remaining in the incubation period, HUVECs were stained with 2 µg/mL
Calcein AM for the remainder of the incubation. Upon completion of the 6 hour incubation, each well
was imaged using an Olympus IX73 as an inverted fluorescence microscope. The Angiogenesis Analyzer
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plugin for Image J was utilized as a guide to quantify the total tube length.34 The Angiogenesis Analyzer
tube tracking was analyzed to ensure complete coverage of tubes formed, manual measurement was used
to compensate for the missing coverage. The inhibition efficiency of the anti-VEGF DNA aptamer was
calculated using the following equation:
𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =

𝑇+ − 𝑇𝑠
𝑇+ − 𝑇−

where T+, T-, and Ts represent the total tube length of the positive control, negative control, and sample,
respectively.

Anti-VEGF DNA Aptamer Delivery in Skin Mimic
An agarose hydrogel was used as a tissue phantom to observe the diffusion profile of FAMlabeled anti-VEGF DNA aptamer through the skin. The agarose solution was obtained following the same
procedure found above in the “Aptamer Degradation” section of this paper. 66 µL of the agarose solution
was cast into a 24-well transwell insert and cured at 4 °C for 30 minutes. A microneedle array loaded with
FAM-labeled DNA aptamer was inserted into the agarose hydrogel and the transwell insert was placed in
a well containing 560 µL of PBS for 20 minutes. The agarose hydrogel in the transwell insert and the
resultant solution remaining in the well were imaged using the CRI Maestro EX In Vivo Imaging System.
An exposure time of 25 ms and 100 ms were chosen for the agarose hydrogel transwell insert and the well
solution, respectively. A longer exposure time was used the image the well solution because the FAMlabeled anti-VEGF DNA aptamer was substantially more dilute in the well than in the agarose hydrogel
transwell insert. The 24-well plate was incubated at 37 ⁰C in an atmosphere with 95% relative humidity
and 5 % CO2. To obtain a basic aptamer delivery profile, the plates were imaged hourly for 6 hours.

Inhibition Efficiency of Anti-VEGF DNA Aptamer-loaded Microneedle Arrays
Cell Culture
75 cm2 cell culture first were first coated with 0.1% gelatin solution to improve the adhesion of
human umbilical vein endothelial cells (HUVECs). HUVECs were cultured and allowed to proliferate to
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approximately 80% confluency in 10 mL of 50:1 M200:LSGS growth media. Once this confluency target
was reached, the growth media was removed and 5 mL of M200 + 0.5% FBS culture media containing
0.05% trypsin-EDTA was added to the cell culture flask containing the HUVECs to cause cell
detachment. The flask was incubated at 37 ⁰C for 5 minutes with regular monitored under the Olympus
IX73 microscope to ensure the majority of the cells have detached and are floating in the culture media.
An additional 5 mL of M200 + 0.5% FBS was added to the cell culture flask before all 10 mL of solution
containing HUVECs was transferred to a 15 mL centrifuge tube. The solution was gently centrifuged at
0.2 RCF for 7 minutes to generate a cell pellet without damaging or fusing the cells. The supernatant
solution was carefully removed to avoid wasting cells. 1 mL of M200 + 0.5% FBS culture media was
added to the cell pellet and mixed gently using a micropipette. Viable cells were counted using a
hemocytometer. HUVECS were re-suspended in M200 + 0.5% FBS culture media at 2.0 × 105 cells/mL.
The cells were reseeded in a new 75 cm2 cell culture flask containing a final volume of 10 mL of 50:1
M200:LSGS growth media. Reseeding occurred until Passage 8 when the cells were considered to
experience significant reduction in proliferation and tube formation ability.
Plating
The Geltrex solution was removed from the -20 °C freezer and allowed to thaw at 4 °C for a
minimum of 8 hours. The bottom of each well of a 24-well cell culture plate was coated with 160 µL of
Geltrex solution and the entire plate was incubated at 37 ⁰C for 30 minutes. After the Geltrex solidified,
each well of the cell culture plate was washed with 200 µL of DPBS and the plate was incubated at 37 ⁰C
for 30 minutes. The DPBS solution is carefully removed without disrupting the Geltrex at the bottom of
each well. Transwell inserts were prepared by casting 66 µL of the agarose solution into a 24-well
transwell insert and curing at 4 °C for 30 minutes. Prior to the complete solidification of the agarose
hydrogel, 7 ng of VEGF 165 protein is rapidly mixed with the agarose solution. The agarose hydrogel is
now a skin mimic containing a key protein found in human skin.
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400 µL of re-suspended HUVECs were added to the Geltrex-coated wells to achieve a final cell
count of approximately 80,000 HUVECs. The plate was incubated at 37 ⁰C for 30 minutes to allow for
complete cell attachment. The trypsin contaminated culture media was removed and replaced with M200
+ 0.5% FBS culture media. The negative control and positive control remained consistent with the
information found above in the “Inhibition Efficiency of anti-VEGF DNA Aptamer in Solution” section
of this paper. Microneedles containing a scrambled anti-VEGF DNA aptamer were used as an additional
control.
Tube Analysis
With 30 minutes remaining in the incubation period, HUVECs were stained with 2 µg/mL
Calcein AM for the remainder of the incubation. Between 4-6 hour incubation, each well was imaged
using an Olympus IX73 as an inverted fluorescence microscope. The Angiogenesis Analyzer plugin for
Image J was utilized as a guide to quantify the total tube length.34 The Angiogenesis Analyzer tube
tracking was analyzed to ensure complete coverage of tubes formed, manual measurement was used to
compensate for the missing coverage. The inhibition efficiency of the anti-VEGF DNA aptamer was
calculated using the following equation:
𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =

𝑇+ − 𝑇𝑠
𝑇+ − 𝑇−

where T+, T-, and Ts represent the total tube length of the positive control, negative control, and
sample, respectively.
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Results & Discussion
Fabrication of Polymer Microneedle
Fabrication of PDMS Female Molds & Polymer Solution Preparation
The commercially produced Sylgard 184 has proven to be capable of forming exact replicates of
any polycarbonate or polymer microneedle desired. Some complications with this process include damage
to the PDMS mold, damage to the polycarbonate master template and damage to the cast polymer
microneedle. All of this damage is believed to be due to insufficient curing and drying time.
All occasions when the PDMS molds were compromised a specific region of polycarbonate
needles possessed adhesive properties to the PDMS only observed when the PDMS is not fully cured.
Additionally, this region was observed to be more gel like than the typical rubbery texture of the PDMS
female molds, indicating the PDMS was did not properly set in this region. When protocol was followed
and documented correctly, no such failures were observed.
Bent tips have been observed in polycarbonate master templates from their first use in PDMS
casting up to their fifth use in casting. This variation can be attributed to a number of different human
error sources. The most probable cause is inconsistency within the removal process. Several other factors
may play a role in this bent tip phenomena, including variability in the base polymer:curing agent ratios,
minute differences in removal techniques, and the initial quality of the polycarbonate structure. While
unlikely, PDMS polymer ratios could affect the properties in a way that makes the polycarbonate master
templates more difficult to remove. Furthermore, removal techniques are difficult to outline in detail,
resulting in inconsistent techniques between lab members. Each unique technique may result in higher
stresses placed on different point of the microneedle array. A specific stress may be large enough to bend
the tip of a microneedle, while having a negligible effect on the sturdier base regions of the pyramidal
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microneedles. Therefore, the location of the applied stress may be critical to retrieving non-deformed
microneedle tips.
Due to the outsourcing of the polycarbonate microneedle arrays, we have no control on the
quality or consistency of these structures. Due to the large variation in tip diameter between different
batches, we have reason to believe quality and consistency are quite variable. We have received
polycarbonate arrays with tip diameters ranging from 5 µm to over 30 µm, which is quite large variation
on the microscale. Additionally, the lab has received a shipment of polycarbonate microneedle arrays that
do not meet the design specifications, indicating inconsistency within the manufacturing process. One can
begin to speculate what other properties of the polycarbonate master templates varies significantly
between different structures and batches.
Blank Microneedle
Blank microneedles were utilized for multiple purposes throughout the experimentation,
including initial troubleshooting of method protocols and control for therapeutic systems. Blank polymer
microneedles were able to replicate the appearance of the polycarbonate microneedle with high precision.
Table 2 depicts the mean values of key measurements for any microneedle array. A comparison can be
drawn between the initial master structures and the polymer microneedles. Additionally, variation is
quantified on a basic level through the standard deviation of the measurements.
Table 2: Mean experimental values of microneedle morphologies

Needle Height (μm) Tip-to-Tip Distance (µm) Base Length (µm) Needle Diameter (µm)
Master Template

541.6 ± 14.3

497.4 ± 2.1

200.5 ± 17.3

13.3 ± 2.5

PVA:PVP Array

544.2 ± 15.7

484.3 ± 14.2

191.1 ± 14.9

10.0 ± 1.4

Microscopy imagery of microneedles arrays often leads to an incorrect representation of these
structures and the inability to foresee the potential applications and usefulness of these microneedles
arrays. A macroscopic new of a polycarbonate master template can be seen in Figure 6. The holistic view

23
of the microneedle array properly illustrates the organization of a large number of microneedles and
generates a more accurate imagination of microneedle size and applications.

Figure 6: Macroscopic image of a polycarbonate microneedle array.

DNA Aptamer-loaded Microneedle
Aptamer was loaded into polymer microneedles for localized delivery to the body. Under most
circumstances, only a fraction of the microneedles will dissolve in the skin and none of the polymer base
will dissolve and enter the body. As a result, it is crucial that therapeutic aptamers are localized to the
microneedles rather than the base in order to fully delivery the encapsulated dose. Figure 7 demonstrates
the ability of the fabrication protocol to achieve this key aspect. A fluorescently labeled aptamer can be
seen loaded mostly into the microneedles rather than in the base polymer. The green fluorescence seen in
the regions between the microneedles in the foreground of Figure 8 is a result of a small amount of
aptamer located in these regions in addition to the focus plane located at the back row of microneedles. A
quick look at the intensity of fluorescence in the microneedles as compared to the spacing regions indicate
a thin deposit of aptamer.
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Figure 7: Fluorescence image of FAM-labeled DNA aptamer encapsulated in polymer microneedles. Scale bar = 200 µm.

Characterization of Anti-VEGF DNA Aptamer
Secondary Structure/Conformation
The secondary structure or conformation of an aptamer sequence is what allows specific
sequences to disrupt the function of cells and proteins. Based on the MFold software, the structure shown
below was the most favorable under the biological conditions established. The ΔG value was determined
to be lower than other conformations indicating that this structure is the most thermodynamically
favorable. Figure 8 provides a table of information about the anti-VEGF aptamer as well as a schematic of
protein functionalization via folding and protein inhibition via sequestration.

Figure 8: Recreation of predicted secondary structure for primary nucleotide sequence.
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Binding Affinity & Aptamer Concentration Response
Surface plasmon resonance (SPR) was utilized to determine the binding relationship between
VEGF and the anti-VEGF aptamer. Figure 9 depicts the relationship between varying aptamer
concentration and the binding response. Additionally, the scrambled aptamer sequence seen in Figure 9
demonstrates the importance of aptamer conformation to binding affinity. At the same aptamer
concentration that yielded the maximum response, the scrambled aptamer sequence showed no binding to
the immobilized VEGF. Each curve begins to dissociate at exactly 6 minutes because the solution passing
across the chip shifted from an aptamer solution to a NaOH dissociation buffer.

Figure 9: Analysis of aptamer binding kinetics to immobilized VEGF protein.

The binding affinity (KD) was computed by utilizing the maximum response for each different
anti-VEGF aptamer concertation. Figure 10 showcases the relationship between the equilibrium response
and anti-VEGF aptamer concentration. A trendline was plotted to fit the dataset and calculate the
dissociation constant.
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Figure 10: Relationship between equilibrium SPR response and aptamer concentration.

Figure 10 was generated by utilizing the equilibrium response (Req) of the varying aptamer
concentrations. The Langmuir equation and the appropriate assumptions were utilized to solve for the
dissociation constant.35 The linear plot of inverse equilibrium response versus inverse aptamer
concentration results in a dissociation constant (KD) of 104.09 nM. Since a small dissociation constant
means the ligand binds more tightly to the receptor, it is clear that the anti-VEGF aptamer has a high
potential to sequester free VEGF.
Aptamer Degradation
One of the major drawbacks of aptamers is their tendency to be degraded into individual
nucleotides by endonuclease and exonuclease enzymes. Modifications are often made to improve the
likelihood that functionalized aptamers reach their target destination prior to degradations. Figure 11
demonstrates the stability of a modified aptamer sequence versus the stability of the base aptamer
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sequence. Lanes 1 and 2 were loaded with the basic aptamer sequence, while lanes 3 and 4 were loaded
with an aptamer sequence with end modifications. Lanes 1 and 2 represent 10 pmol of aptamer suspended
in PBS, while lanes 3 and 4 represent 10 pmol of aptamer subjected to 6 hours of degradation in M200
culture media supplemented with 0.5% fetal bovine serum. No significant degradation was observed from
decreased fluorescence intensity or changes in DNA migration through the PAGE gel. As a result, the
modifications are not necessary to completed the desired experiments, while they may still be necessary
for human application.

Figure 11: Lanes of aptamer from gel electrophoresis experiment.

Characterization of Polymer Microneedle Arrays
Morphology
Microneedle geometry plays a prominent role in the insertion ability and mechanical properties.
Microscopy imaging is key to characterizing a successfully fabricated microneedle array and rejecting the
failed attempts. Figure 12 utilized a scanning electron microscope (SEM) to capture an ultra-high
resolution image of the microneedles. The SEM image shows that the microneedles in array formation
appear uniform and provides a general scale for the size of the microneedles, additionally an inset
amplifies a single microneedle to showcase the near flawless fabrication.
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Figure 12: SEM side-view image of polymer microneedle array. Array scale bar: 500 um, inset scale bar: 100 μm.

Optical profilometry was used to verify the results of the SEM and brightfield microscopy.
Optical profilometry generates a colorful topographic image with a color spectrum scale. Based on the
color shown, the height of a single microneedle can be determined. As shown in Figure 13, the color scale
exceeds 500 µm indicating that the microneedle reaches a height of greater than 500 µm above the base
polymer layer. The disadvantage of optical profilometry is the inability to handle sharp inclines, as seen at
the corners of the microneedles the optical profilometer becomes sensitive and generates artifacts.

29

Figure 13: Optical profilometry rendering of a single polymer microneedle.

Mechanical Testing
Mechanical properties are important to all biomaterial systems. Specifically, microneedle arrays
must have compressive strength great enough to penetrate the stratum corneum, the dense diffusion
barrier of the skin. Microneedles must exceed the penetration force of the skin in order to properly create
microchannels and delivery the therapeutics housed within the structure. Figure 14 displays the effect of a
10 N load cell compressing the microneedles simultaneously. Prior to compression testing, the
microneedles mirror the SEM and optical profilometry figures with defined microneedle tips and now
signs of wears. After compression testing, the microneedle are visibly compromised. The microneedle tips
have been subject to failure by bending and no longer resemble the pristine fabricated microneedles.

30

Figure 14: Transmitted light microscopy image take prior to and after compressive testing. Scale bar: 200 µm.

Figure 15 illustrates the force applied to the polymer microneedle array. The fracture force of the
microneedle array is indicated by the sharp decline in applied force, which occurs at approximately 175
µm. In addition to demonstrating the mechanical properties of the PVA/PVP microneedle array, Figure 15
indicates that no significant change in compressive properties occurs when aptamer is encapsulated within
the microneedle array. In fact both the aptamer-loaded and blank microneedle possess force/needle values
of approximately 53 mN at tip fracture.

Figure 15: Applied compressive force per microneedle versus load cell extension.
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Dissolution Testing
Another important criterion for polymeric microneedle arrays is the rate at which the polymer
dissolves. Dissolution rate is directly correlated to the necessary administration time and will also impact
the release of therapeutics into the body. Figure 16 contains images taken after dissolution in a tissue
phantom at various time intervals. From left to right the images represent an undissolved microneedle, a
microneedle dissolved for 15 seconds, 30 seconds, and 45 seconds, respectively. The microneedles were
fully dissolved within one minute of insertion time in the tissue phantom. Rapid dissolution allows the
microneedle array to be administered for a shorter, more convenient time interval.

Figure 16: Representative images of each dissolution time. Left to right: 0, 15, 30 and 45 seconds, respectively.

From these interval-based images of dissolution, a graphical relationship was determined between
microneedle height and dissolution time. Figure 17 illustrates the rapid dissolution of PVA/PVP
microneedle when placed in the tissue phantom. Over 60% of the microneedle height was removed after
only 15 seconds of insertion, while the rate slowed substantially the microneedles were fully dissolved
within a minute. The graph does not indicate that the microneedles every fully dissolve, however the
polymer base begins to dissolve at the same rate as the microneedles. Since the microneedle height is
measured from this moving base, the height will level off at a certain point.
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Figure 17: Graphical relationship between microneedle height and dissolution time.

Inhibition Efficiency of Anti-VEGF DNA Aptamer in Solution
Figure 18 illustrates the effect of the anti-VEGF aptamer on the function of the VEGF protein.
The image labeled “Negative Control” demonstrates the biological response to the complete absence of
VEGF, while “Positive Control” demonstrates the necessity of VEGF to the formation of neovasculature
within the body. The bottom row of images showcase how increasing the aptamer:VEGF ratio impacts the
inhibition ability of the anti-VEGF aptamer. Additionally, the top right image illustrates that
conformation is key to the inhibition properties of any aptamer sequence. This image is taken from a well
that utilized scrambled aptamer, an aptamer with the same nucleotides in a different order.
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Figure 18: Representative images of the impact of anti-VEGF aptamer on tube formation.

A general trend can be observed in Figure 19, the inhibition efficiency increases as
aptamer:VEGF ratio increased. While the mean data point for 100:1 ratio is located at a higher inhibition
efficiency than a 100:1 ratio, it appears that between the 100:1 and 1000:1 ratios, the inhibition efficiency
reaches a maximum saturated value. Therefore any ratio larger than 100:1 should effectively inhibit the
function of VEGF by over 80% of the normal function. This inhibition is represented by an 80%
reduction in total tube length.

Figure 19: Relationship between inhibition efficiency and aptamer:VEGF ratio
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Anti-VEGF DNA Aptamer Delivery in Skin Mimic
Once the microneedle deposits the aptamer into the skin, it is vital that the aptamer is able to
diffuse through the densely packed skin cells and sequester the VEGF. Figure 20 visually demonstrates
the ability of the fluorescently labeled aptamer to travel through the skin mimic and transwell membrane
into the solution below. The fluorescence found in the media confirms that the aptamer is able to travel
through the skin mimic and membrane, indicating no significant impact will be made on inhibition. At the
initial time point, fluorescence is only detected within the skin mimic located in the transwell insert, while
the intensity in the media remains at zero. After 3 hours of incubation, the media displays a large amount
of fluorescence. After 6 hours, the fluorescence within the media appears to be at least the same intensity
as the skin mimic, however the volume is much larger indicating the majority of the aptamer was able to
diffuse during this time.

Figure 20: Release of fluorescently labeled aptamer from microneedle arrays

Inhibition Efficiency of Anti-VEGF DNA Aptamer-loaded Microneedle Arrays
As seen in the prior analysis of tub formation, the “Negative Control” depicts lone endothelial
cells without the formation of a tube network, while “Positive Control” shows an intricate network of
fluorescently stained tube formed in the presence of VEGF. Likewise, the scrambled aptamer
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demonstrated no impact on the biological response of the endothelial cells due to this aptamers inability to
inhibit VEGF function. Microneedle arrays were loaded with anti-VEGF aptamer and concentrations
designed to achieve aptamer:VEGF ratios of 10:1, 100:1 and 1000:1. When inspected visually, these
ratios appear to have inhibited VEGF function at increasing levels of efficiency. Collectively, these
images and the other results outlined in this paper demonstrate that aptamers can be loaded into polymeric
microneedle arrays while maintaining their bioavailability.

Figure 21: Representative images of the impact of aptamer-encapsulated microneedles on tube formation
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Future Applications
This honors thesis utilized VEGF and an anti-VEGF aptamer as a model protein-aptamer system.
The primary intent of these experiments was to demonstrate the capability of microneedle arrays to
effectively administer localized therapeutics. Due to the simplicity of this system, the aptamer sequence
can easily be substituted for any known inhibitory aptamer. This substitution will allow for other proteins
and biomacromolecules to be targeted in the same way that VEGF was targeted by this specific aptamer
sequence. This model system demonstrated the importance of localized delivery of therapeutics agents
and the efficacy of the microneedle delivery method.
In addition to the ability to customize this system to fit any protein-aptamer combination, the
ultimate goal of Dr. Wang’s lab is to control the release of aptamers from a polymeric microneedle array.
This thesis succeeded in proving that anti-VEGF aptamer could be encapsulated within a PVA/PVP
polymer and maintain the proper conformation required for inhibition of VEGF function. However, key
alterations are required in order to control the release of any aptamer sequence from a microneedle array.
First, the PVA/PVP polymer must be swapped out for a hydrogel material capable of being of
functionalization. Hydrogel materials contain functional groups that can be replaced with a binding site
for an aptamer sequence. Without the aptamer bound to the hydrogel, the aptamer is free to release
quickly into the body in a bolus type release. Another way to further control the release profile would be
to incorporate nanoparticles. Nanoparticles would drastically increase the size of the therapeutic slowing
the diffusion out of the hydrogel microneedle. Nanoparticle could also introduce a number of other
benefits. Nanoparticles can be designed to respond to specific stimuli allowing for more targeted and
localized release of therapeutics. In summary, numerous adjustments can be utilized to improve the use of
microneedle arrays to more effectively target unique biomacromolecules.
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