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Abstract

The delivery of multiple growth factors (GFs) at controllable release rates is an important
unsolved problem in tissue engineering. This paper introduces a multiple GF-releasing hydrogel
system based on hybridization between complementary DNA strands.

The hydrogel was made of 4-arm PEG crosslinked by bioactive peptides. A small fraction
of PEG arms was modified with single stranded oligonucleotides, which were complementary to
other single stranded oligonucleotides attached to bovine serum albumin (BSA, an analogous
model of a growth factor). Several bioconjugation methods were used to covalently bond the
oligonucleotides to PEG and to BSA. These methods were confirmed by UV-VIS absorption
spectra and by various surface-based assays with fluorescence microscopy. Hydrogel formation
was confirmed by rheometry. When BSA conjugated with a DNA strand was loaded in a PEG
hydrogel conjugated with the complimentary DNA strand, BSA was released over several days
at rates corresponding to the DNA-DNA binding affinity. Since the affinities between short DNA
sequences can be easily calculated and custom synthesis of DNA is cheap and readily available,
this approach may enable multiple growth factor release at any desirable rate. It is hoped this

novel concept of drug delivery will contribute significantly to advances in tissue engineering.
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1. Introduction

Tissue Engineering is an interdisciplinary field that applies principles of engineering and
life sciences toward the development of biological substitutes that restore, maintain, or improve
tissue function or a whole organ (Langer and Vacanti, 1993). Simply, it has the potential to save
or improve many lives. One important aspect of tissue engineering is the local delivery of growth
factors at the site of damaged tissue at controlled rates.

To better enhance and regulate various cell functions, scientists have isolated naturally
occurring molecules called growth factors (GF) which, when administered in conjunction with
stem cells, have profound enhancing effects on the developing tissue (Chen et al., 2010). GFs
work by interacting with specific cell surface receptors. They aggregate on the surfaces of, and
are then internalized by cells, where they trigger a cascade of biochemical reactions leading to
the activation of certain cellular functions. These functions may include growth, differentiation,
secretion, and apoptosis (programmed cell death) (Ito, 1998).

At present, there is a lack of suitable methods for delivering the appropriate dose of GFs
to the site of tissue injury in the body (Kasemkijwattana et al., 2000). To effectively promote and
regulate cell processes, a delivery method must enable the GFs to reach the site of injury without
degradation and then remain at the site long enough to exert their action (Chen et al., 2009).

To address such shortcomings, new research combines controlled drug delivery
techniques and tissue engineering motives into a promising new field. So-called affinity-based
drug delivery systems utilize interactions between the drug and the delivery system to control
drug loading and release rates (Wang and von Recum, 2011). Such systems can achieve
prolonged bioavailability both through prolonging release rates and by providing protection for a

bioactive agent that would otherwise be metabolized (Tayalia and Mooney, 2009; Biondi et al.,
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2008). Although presently used primarily for pharmaceuticals, drug delivery system principles
could also be used to solve some of the major logistical problems preventing the prevalent use of
GFs in tissue engineering applications. Success has been achieved to some extent. One study
tested the gradual release of TGF-B; (Transforming Growth Factor-;—necessary for cartilage
regeneration) embedded in poly(lactic-co-glycolic acid) (PLGA) microspheres incorporated into
a polyethylene glycol (PEG) hydrogel. The study showed relatively linear release kinetics with a
slight initial burst release and near 100% release after 20 days (DeFail et al., 2006).

While individual GFs specialize in performing one desired action, effective tissue
engineering often requires the combination of multiple GFs at specific times and proportions.
Thus, controlled delivery of various combinations of GFs is a promising approach for future
improvements in tissue engineering (Bourque et al., 1993; Bostrom et al., 1995; Yu et al., 2002).
For example, Vascular Endothelial Growth Factor (VEGF) and Angiopoietinl (Angl), are two
GFs prevalent in current research. While VEGF induces formation of capillaries by inducing cell
proliferation, Angl promotes the maturation of new vessels by preventing permeability and
signaling the creation of pericytes (Chiu and Radisic, 2010). Healthy vasculature requires both
these aspects to function properly.

In every affinity-based release system, there is a carrier molecule onto which the drug (or
in this case, GF) is loaded and a release mechanism which controls the rate of release. Gel
networks (hydrogels) have been used for decades as carriers for controlled delivery of drugs, and
more recently peptides, proteins, and GFs. They possess many ideal properties including their
mechanical strength, controlled degradability, and biocompatibility (Costa et al., 2011).
Hydrogels have an added advantage for protein delivery because they do not alter proteins’

natural 3-D conformations, which are essential for their biological functions. Other polymeric
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delivery vehicles require organic solvents for fabrication and drug loading, which often denature
and deactivate proteins. Hydrogels are frequently used in an injectable formulation which allows
them to be minimally invasive yet effective. Once injected, hydrogels may also serve as
advantageous cellular scaffolds because of their similarity to soft tissue, low interfacial tension,
and allowance of nutrient exchange between cells and their surroundings (Crompton et al.,
2007). Further modifications can be made to hydrogels or GFs to alter their release kinetics. For
example, heparin, a molecule better known as a blood anti-coagulant, can strongly bind to a
range of growth factors, such as VEGF, basic fibroblast growth factor (bFGF), bone
morphogenetic proteins (BMPs), and epithelial growth factor (EGF) (Capila and Linhardt, 2002).
When incorporated into a hydrogel matrix via electrostatic attraction, heparin retards the GF
release rates proportional to the affinity to GFs, making them more adapted to tissue engineering
applications (Jeon et at 2011). One major limitation of most affinity-based release systems is that
the release rate is fixed by the affinity between the growth factors and the ‘capture’ molecules
and cannot be modulated based on the biochemical need of the damaged tissue.

This paper introduces a novel affinity-based hydrogel system with which the release rates
of multiple growth factors can be tuned as desired. This model of multi-growth factor release
draws on the specific binding between two complementary strands of deoxyribosenucleic acid
(DNA), called hybridization. DNA hybridization and the formation of DNA double-helixes
occur through hydrogen bonding between complementary nucleotide bases (adenine (A) binds to
thymine (T), cytosine (C) binds to guanine (G). This physical attraction is balanced by the
electrostatic repulsion between negative charges on the phosphate backbone of DNA strands and
the presence of counterions; thus, the strands of DNA can be pulled apart relatively easily

through mechanical force, low salt concentration, high pH, or high temperatures (Clausen-
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Schaumann et al., 2000). Additionally, there exist three hydrogen bonds between G and C bases
and only two between A and T bases. Therefore, the binding strength between two
complementary strands of DNA molecules depends on both the percentage of GC bonds and the
overall strand length (Chalikian et al., 1999), which can be accurately calculated by the Nearest
Neighbor Model (Santalucia, 1998).

DNA hybridization, when combined with well-established solid phase custom synthesis
of oligonucleotides, has enabled the fabrication of delicate nanostructures, biosensors and bio-
diagnostics (Pinheiro et al., 2011 and Nam et al., 2003). In this research, the affinity between
complementary oligonucleotides, which can be tailored to specific lengths and sequences, was
used to control the release rates of a model protein from a PEG hydrogel. By crosslinking the
PEG hydrogel with a peptide proven to induce cell adhesion and proliferation, this construct can

serve as a bioactive scaffold for cell growth and as a controlled release device for growth factors.

2. Materials and Methods

Statement of Purpose Schematic 1
Basic Design

The ultimate aim of the project

Key:
2 HT DNA LT DNA

was to produce and test a multi-growth
factor releasing hydrogel. The hydrogel - N
was modified with oligonucleotides and
BSA (analogous to a GF) prior to
crosslinking in a well plate (Schematic 1). The release profile of the hydrogel was determined by

measuring the concentration of BSA in the buffer above the hydrogel in the well. However, in

order to reach this stage, we had to complete a series of other tests to confirm the validity of our
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idea and the methods we proposed to use to create it. The methods for these confirmations along

with the methods used to synthesize the release system are outlined below.

2.1. General Materials

All chemicals were Table 1: Oligonucleotide Label Key
purchased from Sigma Aldrich High Melting Temperature | HTA GGC TGT GGC CGG TCG
Strands (HT) HTB  CGA CCG GCC ACA GCC
(St. Louis, MO) unless otherwise |y \iiting Temperature | LTA ~ AAA GAT AAG TAA CAA
. : Strands LTB  TTG TTA CTT ATC TTT
stated. All oligonucleotides were Ll

*All strands contain a thiol group at the end of the sequence

thiol modified and ordered from Integrated DNA Technologies (Coralville, 1A). Table 1 is the
list of oligonucleotides and their designated labels that was used in this research.

4-arm, maleimide functionalized polyethylene glycol (PEG-MAL) was purchased from
JenKem Technologies. Sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate

>90% (Sulfo-SMCC) was purchased from Thermo Scientific

2.2. Exploratory study of DNA melting temperatures: HT and LT strands

0.5uM solutions of HT and LT DNA were created at room temperature (RT) containing
both complementary strands. The solutions were heated gradually from 30-80°C in a feedback
controlled heating unit that was connected to the UV-Vis spectrometer to slowly increase the
percentage of unbound single strands and likewise increase the UV absorption of the solution.
The solutions’ absorption at 260nm light was recorded at regular time intervals throughout the

heating process.

2.3. Preparation of the Hydrogel Drug-Release System
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The hydrogel drug-release system was synthesized in the series of conjugations outlined

in the following sections.

2.3.1. Modifying FITC-Bovine Serum Albumin with sulfo-SMCC

Fluorescein isothionate labeled bovine serum albumin (FITC-BSA) was mixed with
sulfo-SMCC in a molar ratio of 1:10 in the conjugation buffer (100 mM phosphate buffer, 100
mM NaCl, 5 mM EDTA, pH = 7.2) and incubated for 30 min at room temperature (RT)
protected from the light. For the removal of unreacted sulfo-SMCC, 700ul of the mixture was
added to a Zeba Spin Column (Molecular Weight Cutoff (MWCQO) = 40 kDa) and centrifuged

according to the company’s specifications.

2.3.2. Deprotection of DNA-dithiol (DNA-S-S-CH6-OH) to form thiolated DNA (DNA-SH)

HT-A and LT-A DNAs were added to a 500uL. 50mM DL-dithiothreitol (DTT) solution
in the conjugation buffer for 1 hour at RT to cleave dithiol protection on DNA and expose active
thiol groups. Excess DTT molecules were removed using the Illustra NAP-5 Gravity-Flow

Columns (GE Healthcare, Piscataway, New Jersey) and the company’s provided protocol.

2.3.3. Protein-SMCC + DNA-SH

The deprotected HT-A and LT-A concentrations were calculated by measuring the
solutions absorbance at 260 nm and converting the value using the data provided by Integrated
DNA Technologies. Sulfo-SMCC modified FITC-BSA concentration was calculated in a similar
manner using its absorbance at 494 nm. The BSA and DNA solutions were mixed in a molar

ratio of 1:10 (BSA:DNA) in the conjugation buffer. This was completed for both HT-A and LT-
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A DNA samples. The mixtures reacted at room temperature for at least one hour before they
were added to the 1mL Spectra/Por Float-A-Lyzer G2 dialysis device (Spectrumlabs, Rancho
Dominguez, CA). The samples were dialyzed against standard phosphate buffered saline (PBS)
for a minimum of 3 days and the dialysis buffer was changed once a day. To ensure maximum
removal of unreacted DNA, the samples were loaded into 40kMWCO Zeba Spin Columns and

centrifuged according to the company’s specifications directly before use.

2.3.4. 4-arm PEG-MAL modification with DNA and BSA charging

HT-B and LT-B DNAs were deprotected with DTT using the same protocol used earlier
for the complementary strands. PEG-MAL was pre-mixed with either HT-B or LT-B DNA to
achieve 1ImM PEG-MAL and 15uM DNA. 200ul PEG hydrogels were created in a 48 well plate.
The DNA modified PEG-MAL was allowed to react with the complementary DNA modified
BSA prior to crosslinking. Finally, 2mM RGD crosslinker peptide (containing a cysteine group
on each end) was added. The gels were allowed to release into 2ml of PBS solution at 37°C. The
PBS was collected and replaced in the time intervals of 30 min, 1 hour, 2 hours, 4 hours, 8 hours,

and 24 hours, continuing once a day over four days.

2.3.5. Theoretical Confirmation of Protein Releasing Hydrogel

According to separate calculations, the average pore size, or distance between PEG
strands is large enough to allow uninhibited diffusion of the BSA out of the gel. Therefore, the
pore size of the hydrogel should not have a significant deterring effect on the overall release rate

of the BSA.
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2.4. Confirmation of Thiol formation on a Glass Surface

To prepare thiolated glass surfaces, the discs were first washed with piranha solution (3:1
sulfuric acid : hydrogen peroxide) to remove any organic residues and create hydroxyl groups on
the surface. After thorough rinsing with water, the disks were immersed in a 5% MPTES in
methanol supplemented with 1%, water, and 1 mM acetic acid. They were left to react for one
hour at RT, rinsed again, and baked at 120°C for 15 min to finalize the chemistry. To confirm the
formation of thiols, 20 nm gold nanoparticle solution (7 x 10*/mL) was added to the surface and
incubated overnight at RT. After thorough rinsing with water, the presence of gold nanoparticles

on the surface was measured by absorption around 525 nm.

2.4.1. Confirmation of DNA immobilization on PEG-MAL coated glass

Once the glass surfaces were confirmed to have thiol groups, they were immersed in a
PEG-MAL solution to add a hydrogel coating. After reacting for 1 hour at room temperature,
three experimental groups were created, each given a different DNA treatment. Sample 1
received fluorescently-labeled DNA-SH. Sample 2 received fluorescently-labeled DNA (no
thiol). Sample 3 received fluorescently-labeled DNA-SH and 6-mercaptohexanoic acid (MHA)
whose concentration was 1000 times greater than the DNA concentration. Sample 4 consisted of
(unmodified glass) to which fluorescently-labeled DNA-SH was added. All DNAs were labeled
with red fluorescence (Cy5) for fluorescent detection of DNA on the surface. All samples were
allowed to react for 2 hours at room temperature. Fluorescence microscopy was used to detect
the red fluorescence. Images were analyzed with ImageJ. For each image, a histogram was
created for the intensity of the pixels and the mean intensity value was recorded along with the

standard deviation.
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2.4.2. Confirmation of DNA-DNA Hybridization on a Glass Surface

The binding between PEG-DNA and BSA-DNA through DNA hybridization was
confirmed by a similar surface-based method. In this case, non-fluorescently labeled DNA (HT-
B or LT-B) was immobilized on a PEG-MAL modified glass surface, followed by the addition of
BSA-DNA (HT-A-or LT-A). As controls, a mixture of HT-A and FITC-BSA (non-conjugated),
FITC-BSA alone, and FITC-BSA conjugated with non-complementary DNA were also tested.
The samples reacted for one hour at room temperature and were rinsed with PBS right before
their fluorescence was measured to prevent excessive loss of BSA and DNA. Fluorescent

microscopy was used for quantitative analysis of the surface bound BSA.

2.5. Rheology of PEG-MAL Hydrogels

All rheological measurements were made using an ARG2 (TA Instrument, New Castle,
DE) with a conical geometry (1 cm in diameter and 1° cone angle). PEG-MAL was mixed with
the peptide crosslinker in a ratio of 1 to 2. The mixture with the total volume of 50 uL. was
placed on the stage. Mineral oil was added around the sample and the geometry to avoid the
evaporation of water. For each sample, the following series of measurements were performed:
the gelation by covalent crosslinker was monitored for 30 minutes at 10 rad/s. Then, the
frequency sweep was done between 0.1 and 100 rad/s at 25 °C. All experiments were performed

under the linear viscoelasticity regime.

3. Results

3.1. DNA melting experiments
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As a first step toward a controlled release system based on DNA hybridization, the
affinity between the complementary strands, in terms of “melting temperature”, was measured
for both “HT” (high melting temperature) and “LT” (low melting temperature) pairs (Table 1).
Melting temperature of DNA can be measured by monitoring the absorption at 260 nm as a

function of temperature. Due to the effects _
Figure 1

0.60 =

of  hypochromism  (ultraviolet light

absorption of a polynucleotide s i

DNA: LTA-LTB
T, = 44.43 /

0.50 —

considerably less than the sum of the

DNA: HTA - HTB
T,.= 65.98

absorptions of its constituent single strands

0.45 —

Absorption at 260 nm

(Tinoco, 1960)), the DNA strands will —
show higher absorptions at higher
0.35 T T T T T a
30 40 50 60 70 80
temperatures (when more DNA are in their Temperature (deg. Celcius)

dissociated state of two single strands). Furthermore, the data can be fitted with a sigmoidal
curve whose inflection point is defined as the melting temperature(Tr,). Figure 1 shows the
melting transitions for both HTA-HTB (Tm = 65.9 °C) and LTA-LTB (Tm = 44.4 °C). This
clearly demonstrates there was binding between complementary strands, and as expected, HT
pairs showed a much higher melting temperature than LT pairs.

Knowing melting temperatures for the strands provides insight into the ideal temperature
range for the release mechanism performance. In a temperature range of 50-55°C, a large
percentage of the LT strands will be in an unbound state, while most of the HT strand will
remain bound. This will produce a more significant difference in release rates for BSA molecules

attached to different strands.
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It can be noted that the absolute value of UV absorption at 260nm of the LT solution was
higher than that of the HT solution. This can be explained by the differing physical properties

between the strands (i.e. one naturally absorbs more light than the other).

3.2. Confirmation of DNA-BSA Conjugation Chemistry

In order to utilize DNA hybridization for controlled protein release, proteins need to be
covalently modified with DNA strands. For this a heterobifunctional crosslinker, sulfo-SMCC,
which can bind to the amine groups on proteins and to the thiol groups on thiolated DNA strands,
was used. Figure 2 shows the UV-VIS absorption spectra, confirming the successful covalent
conjugation of DNA to FITC-modified BSA (FITC-BSA).

When FITC-BSA was modified with

105 Flgu re 2 —— BSA-DNA non-conjugated
— Dioentar DNA through sulfo-SMCC followed by
dialysis to remove unreacted DNA, there were
two distinct absorption peaks, one at 494 nm
oo which corresponds to FITC, and the other at
- 260 nm which is a characteristic peak of DNA
3°° “ 5°° * bases (red). When FITC-BSA and DNA were

mixed without sulfo-SMCC and dialyzed in the same manner, the DNA peak at 260 nm did not
appear (green). The difference between the two spectra is clearly shown in the DNA peak of the
differential spectrum (blue). This indicates the successful DNA conjugation to FITC-BSA. Using
the extinction coefficients provided by the vendors, it was determined that an average of 2.0

DNA strands was conjugated to each FITC-BSA.



3.3. DNA immobilization on PEG-MAL coated glass

Although it was demonstrated that both HT
and LT pairs hybridize in their free forms (Figure
1), it remains to be shown whether this binding
would take place when one strand is covalently
attached to PEG molecules and the other to a
protein. To test this binding, a series of surface
chemistries were performed (Schematic 2).

The first step was to create thiols on a glass
surface through silane chemistry. Clean glass
coverslip was treated with mercaptopropyl
trimethoxy silane (MPTES). The presence of thiols
on the glass was confirmed by immersing the glass
in a gold nanoparticle (20 nm) solution. Due to the

binding between gold and thiol, the glass that was
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Schematic 2
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Schematic 2 shows the series of chemical conjugations
necessary to create the release mechanism. The actual
release system will not be fixed on a glass surface and thus
will not have the silane layer as well.

treated with MPTES would be coated with gold nanoparticles. The presence of gold

nanoparticles was confirmed by the characteristic absorption band of gold nanoparticles around

520 nm (Red), which arises from the collective oscillation of the surface electrons (Figure 3).

The glass that had not been treated with MPTES did not show the absorption band (Blue).
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—— Figure 3 Using the thiols created by the
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the PEG covalently attached to glass, while still a large amount of maleimides would remain
unreacted. Using these unreacted maleimides on the glass surface, thiol-containing DNA
molecules could be immobilized through the same chemical process. In this case, the thiolated
DNA molecules were further labeled with red fluorescence (Cy5) used for visualization of
surface immobilized DNA. As expected, PEG-MAL coating on glass enabled the
immobilization of thiol-containing DNA (Figure 4A). The DNA that did not have a thiol (Figure

4B), and the thiol-containing DNA mixed with a large excess of 6-mercaptohexanoic acid

Fig 4.

Sample 1 (A) has the most clear evidence of fluorescence. While Sample 4 (D) appears
to showsome fluorescence, the lack of individual particlesand the red color outside of
the glassdisc, makes it more likely that it had unusually high background and very little
DNA. Samples 2 and 3 (B and C respectively) showed almost no fluorescence atall.
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(MHA) (Figure 4C), resulted in minimal immobilization of DNA on PEG-MAL coated glass.
This proves that DNA molecules were immobilized on glass exclusively through the binding
between thiol and maleimide. When the DNA was added to the plain glass without PEG-MAL
coating, there was significant non-specific adsorption (Figure 4D). This proves that the presence
of PEG-MAL in the former three groups reduced the non-specific adsorption by blocking DNA’s
interaction with the glass. Overall, the fluorescence signal from the first case was significantly

higher than those of the rest (Figure 5).

3.4 Confirmation of DNA-DNA Hybridization after conjugation

In order to prove that the DNA molecules conjugated to PEG can hybridize with their
complementary strands conjugated to FITC-BSA in free molecular form, HTA-modified FITC-
BSA was added to HTB-modified PEG-MAL-coated glass, and the fluorescence from FITC was
measured by fluorescence microscopy (Figure 6A). For the surface to have green fluorescence,
the surface has to have a single stranded DNA immobilized through PEG-MAL on thiolated

glass surface, and the FITC-BSA has to be conjugated with the complementary DNA. This group
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Group 1 samples (A) appeared to have the greatest fluorescence, with a bright é’lb A
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a couple dots of fluorescence, but otherwise the glass discswere indistinguishable Q\"f
fromthe background. Group 3 samples (C) showed an unusual blotchy pattern of &

fluorescence that was insignificant in the plate reader results.
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showed considerably higher fluorescence compared to three control groups. One control group
consisted of HTB-modified PEG-MAL coated glass and received a mixture of complementary
HTA and FITC-BSA. However, the two were not conjugated (Figure 6B). Another consisted of
the same glass sample but received only FITC-BSA (Figure 6C). The final control received
HTA-modified FITC-BSA, but the glass surface was modified with LTB, a non-complementary
strand of DNA (Figure 6D).

Unfortunately, there were high background signals in all samples measured by the plate
reader (which were filtered out of the images in Figure 6). Consequently, the results in Figure 7
are not a true representation of the amount of FITC-BSA on the surface, but non-specific noise
associated with the long exposure time during fluorescence imaging. Regardless, these results
prove that DNA molecules conjugated to PEG can effectively hybridize with their
complementary strands even when conjugated to BSA. This proves that the conjugation
chemistries identified above can be used to control the protein release rates within a hydrogel

environment.

3.5. Rheology of PEG-MAL Hydrogels

storage modulus (PEG-DNA)
loss modulus (PEG-DNA)
storage modulus (PEG)

loss modulus (PEG)

Figure 8 shows the shear moduli of Figure 8

LN 2

the PEG hydrogels as a function of time

measured by a rheometer. The rheometer

applied an incremental oscillatory shear on

Modulus (Pa)

the material and decomposed its response

into in-phase (G’, storage modulus) and
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components. Conventionally, Polymeric solutions are considered gels when G’ is larger than G”.
When 4-arm PEG-MAL (2% w/v) was mixed with the peptide crosslinker at 1:2 molar ratio, the
mixture rapidly formed a hydrogel and the gelation process was completed within 15 minutes.
This is not shown by the figure to the right because there was a small delay from the time the
polymer and crosslinker were mixed to the time the measurement began.

When PEG-MAL was premixed with either HTB or LTB (both DNA strands contained
free thiols) at 3% molar ratio, the resulting G’ dropped by an order of magnitude. In other words,
the addition of a small amount of single stranded DNA to the PEG before crosslinking caused the
resulting gel to be much weaker. A large decrease in the storage modulus such as this may have
been caused by some thiol-containing impurities in the DNA reacting with maleimide groups in
the gel. Since the degree of crosslinking is directly related to gel stiffness, it is expected that

DNA-modified PEG hydrogel would have much larger mesh sizes, which would result in much

faster BSA release rate. Regardless, G’

A storage modulus (PEG-DNA)
A loss modulus (PEG-DNA)

® storage modulus (PEG)
®
L}

Figure 9
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3.6 Release Study
Release of DNA-modified BSA from the DNA-modified PEG hydrogel was performed in

24-well plates. 200 uL PEG hydrogel was formed in each well and the FITC-BSA was released
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into 1.8 mL PBS. Each well contained 6.0 pg of BSA. The release of BSA out of PEG hydrogel
is mainly governed by the concentration-gradient driven diffusion. However, if the PEG and
BSA are modified with complementary DNA strands, the hybridization that would take place,
would slow down the overall diffusion process. Figure 10 is the summary of a BSA release
profile of all the groups that were tested in this research. Clearly, the complementary pairs, “HT
comp” (HTA on BSA/ HTB on PEG) and “LT comp” (LTA on BSA/ LTB on PEG), showed
much slower BSA release than the non-complementary pair, Noncomp (HTA on BSA/ LTB on
PEG). As predicted, “HT comp” had a significantly lower release rate than “LT comp” because
HT DNA pairs had a much higher

affinity (Figure 1). When DNA- | ]

modified BSA was released from non-
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modified PEG hydrogels (“HT alone”
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4. Discussions and Conclusions

The release study results shown in this paper were obtained at body temperature, 37°C,
which in retrospect was a significant drawback. According to Figure 1, at this temperature, both
HT and LT strands are primarily in the bound state. A more appropriate temperature would be

50°C where the majority of LT strands are unbound and the majority of HT strands are bound. If
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repeated at this temperature, the experiment would show a larger difference in the release rates of
“LT comp” and “HT comp.” A better long-term solution would be to synthesize and incorporate
new oligonucleotide strands for application at body temperature.

In order to improve this study, there are several experiments that can be conducted. The
release study outlined above only focused on the delivery of a single protein despite testing
release rates with different pairs of oligonucleotides. In a new experiment, two fluorescently-
labeled proteins (one green and one red) should be conjugated with different single strands of
oligonucleotides (one HT and one LT). Both could be loaded simultaneously into a hydrogel that
contains HT and LT complementary strands. This model would give a better idea of whether this
control-release concept is feasible for real-world applications.

Another limitation of this study is that it does not address whether the GF releasing
hydrogel system would perform well in vivo. Some initial stem cell studies were done in relation
to this study but not included in the paper. Human Mesenchymal Stem Cells were grown on
unmodified PEG-MAL hydrogels and, according to what was seen under a microscope, adhered
nicely to its surface. One future research opportunity would be to perform a similar adhesion
study on a fully loaded hydrogel over an extended period of time. By comparing cells on a GF
releasing gel with cells on an unmodified gel, it is possible to determine the extent to which the
release system affects the stem cell differentiation into bone, cartilage, or fat. Negligible effects
could indicate that the conjugated oligonucleotide strands on the surface of the GFs prevent them
from interacting with cells. Finally, it would be interesting to see if the release rates can be

modified further, by experimenting with different sized GFs.
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