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ABSTRACT

While drug delivery is one of the more established branches in biomedical research,
challenges remain in finding the optimum material to introduce the drug to its target location. To
solve this challenge, it is important to consider biocompatibility, ability of drug to adhere to the
material and release kinetics of material. Gelatin is one of the most commonly used
biocompatible biomaterials as it is hydrolyzed collagen which is the most abundant form of
protein found in tissues. Gelatin also contains amino acid sequences such as RGD that assist with
cell adhesion. By using specific reagents, gelatin nanoparticles can be synthesized to be
positively or negatively charged and on mixing gelatin nanoparticles of opposite charges it is
possible to create a viscous hydrogel. The purpose of this thesis is to show that the hydrogel
formed is capable of being molded into desirable shapes and structures.
Gelatin nanoparticles from porcine skin (Gel A) and bovine skin (Gel B) were
synthesized using a two-step desolvation method. The synthesized particles were then analyzed
using dynamic light scattering (DLS) to determine particle size and zeta potential. Gel A and Gel
B are lyophilized to determine the yield of gelatin nanoparticles. On determining concentrations,
Gel A and Gel B are mixed to aggregate and form larger particles. Binding kinetics on mixing
Gel A and Gel B is analyzed using DLS over a period of 20 minutes while using starting sizes of
Gel A and Gel B as comparison. The storage modulus, loss modulus and tan (𝛿) were determined
for Gel A+B mixed in different ratios by using a rheometer. Nanoparticles of each sample were
imaged using scattering electron microscopy (SEM) after lyophilizing each sample in a circular
mold. Stability of structure formed with hybrid hydrogel was tested by dehydrating Gel A+B in a
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square mold and then rehydrating the structure formed to show that the hydrogel maintains the
shape.
The resulting hydrogel formed from mixing oppositely charged gelatin nanoparticles can
take the shape of the mold it was introduced to and was able to retain the shape when subjected
external factors. Data collected suggests that viscous hydrogel made from oppositely charged
nanoparticles will make a better alternative to pure gelatin for drug delivery because of its ability
to conform to a desired shape along with its biocompatible nature.
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Chapter 1
Introduction

Gelatin as a Biomaterial
Biomaterials are synthetic or natural material that are used in the medical field to either directly
replace a tissue or organ, or to help proliferate the growth of tissues. One of the most important
aspects of a biomaterial is its compatibility with the tissue that it is being introduced to, so as to
avoid any kind of rejection from the host tissue, resulting in a reaction that could harm the body
of the individual being treated. Another characteristic of a biomaterial is its ability to degrade in
the body without the formation of any harmful substances. Considering these two important
aspects of biomaterials, it is most obvious that natural biomaterials are often preferred over
synthetic biomaterials especially when talking about tissue regeneration.
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Figure 1. Classification of biomaterials

Gelatin is a biopolymer that is formed from hydrolyzing collagen from various animal species,
most commonly porcine and bovine species. Since gelatin is synthesized from naturally found
proteins, it is highly favored for tissue regeneration. Gelatin is also available in abundance and
can easily be synthesized to cater to the need. Since collagen is found in naturally in the bodies
of living organisms, gelatin degradation does not cause the formation of toxic substances.
However, due to the nature of gelatin, it is only favorable in situations that require drug delivery
and is seldom helpful when it comes to using biomaterials for structural regeneration such as in
case of regeneration of bones (osteocytes). Gelatin is naturally polyampholyte which means it
contains cationic and anionic groups. The two types (Type A and Type B) can be synthesized
based on whether the hydrolysis is acidic or basic, thus making Type A positively charged and
Type B negatively charged.
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Gelatin Nanoparticles – Medical Applications and Shortcomings
Gelatin in its polymeric chain form is too bulky to be able to target the cells that are
present deep within the tissue. Gelatin nanoparticles are however the optimum model for the
delivery of drugs to cells for a variety of reasons. The size of the gelatin nanoparticles makes
them more soluble and like the polymeric gelatin chain, they are biocompatible, biodegradable
and have low immunogenicity. Gelatin nanoparticles have a high affinity for drugs and are often
used for the regulated release of these drugs in vivo in a variety of ways such as liberation from
degradation of the gelatin, natural diffusion through the pores and release due to surface erosion
of the gelatin. In addition, gelatin nanoparticles have the ability to pass through the blood-brain
barrier, thus making them excellent candidates for delivering drugs to target and destroying brain
tumor cells. Due to all of these characteristics, gelatin nanoparticles are widely used in cancer
therapy, tissue engineering devices, therapeutics, tissue scaffolds and drug delivery systems.
Gelatin nanoparticles are versatile in the method of their synthesis as well and can be synthesized
through the desolvation method, microemulsion, coacervation, nanoprecipitation and solvent
evaporation. The type of gelatin nanoparticles that are required in the relevant application can be
synthesized by manipulating the chemical and physical structure of the polymeric chain gelatin.
Gelatin nanoparticles are hence synthesized to be either positively or negatively charged by
making the medium in which they are synthesized acid or basic, respectively. In a lot of ways,
gelatin nanoparticles seem like the ideal mode for drug delivery systems however they do have a
few shortcomings such as low batch-to-batch reproducibility. For this reason, it is difficult to
synthesize large yields with similar properties during every trial of gelatin nanoparticle synthesis.
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Gelatin Nanoparticles as Building Blocks for Hydrogels
Gelatin nanoparticles are significantly superior to microparticles due their size, solubility,
packing power and drug delivery mechanisms. They are widely used for the delivery of drugs in
vivo and for cancer therapy due to their small sizes and affinity for drugs of small molecular
weight. Nanoparticle solutions of the same charge repel each other and stabilize the system to
form a non-viscous solution. It is this non-viscous and low molecular weight of the gelatin
nanoparticles that allows to penetrate the tissues and target the desired area. The applications of
gelatin nanoparticles can be widened when mixing of oppositely charged nanoparticles is
considered. On mixing nanoparticles of opposite charges, the two types of nanoparticles will
neutralize and aggregate to form a hydrogel of higher viscosity. This method of physical crosslinking is preferred over chemical cross-linking because it can achieve hydrogel formation,
sustained drug release and cell attachment. The physical cross-linking of the gelatin
nanoparticles is dependent on the electrostatic forces, magnetic forces, hydrophobic interactions
and steric hindrance out of which electrostatic forces are the most prevalent in this case and
which causes the nanoparticles to aggregate and assemble into a hydrogel of higher viscosity.
The higher viscosity hydrogels can be used to inject drugs or even form shape specific scaffolds
to hold and release drugs. Because these hydrogels cannot penetrate deep into the tissue as much
as nanoparticle solutions of the same charge can, they can be used in topical applications in cases
like wound healing. This also means that these bulkier nanoparticle gels would not be effective
in applications such as cancer therapy. One of the applications that the hydrogels can focus on is
the proliferation of tissue formation. The hydrogels formed from mixing oppositely charged
nanoparticles can be incubated with growth factors that can direct the growth of cells and
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formation of tissue such as blood vessel and skin cell epithelial proliferation using Vascular
Endothelial Growth Factor (VEGF) and Keratinocyte Growth Factor (KGF) respectively.

Experimental Significances and Objectives
The goal of this project is to address some of the shortcomings of gelatin nanoparticle synthesis
and to demonstrate the potential of using oppositely charged gelatin nanoparticles as building
blocks for hydrogels that can be used for topical applications of growth factors for tissue
proliferation. These goals can be achieved through the completion of three specific aims:
Specific aim 1: To optimize the protocol for synthesis of gelatin nanoparticles to increase
reproducibility.
Specific aim 2: To determine whether ratio in which Gel A and Gel B are mixed has a
significant effect on rehological properties of formed hydrogel.
Specific aim 3: To demonstrate the moldability of resulting hydrogel.
By completing these specific aims, I can address the current problems with using gelatin
nanoparticle

technology

for

drug

delivery

in

medical

research

and

industry.
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Chapter 2
Materials and Methods

Materials
Gelatin from porcine skin (Gel A) and gelatin from bovine skin (Gel B) were both
purchased from Sigma-Aldrich (St. Louis, MO). Acetone used for desolvation was purchased
from Alfa Aesar (Ward Hill, MA). 25% glutaraldehyde solution was purchased from SigmaAldrich (St. Louis, MO). Glycine powder was purchased from Fisher Science Education
(Nazareth, PA). Sodium hydroxide pellets were purchased from Ricca Chemical Company
(Arlington, TX). Sodium chloride powder was purchased from GFS Chemicals Inc. (Columbus,
OH). DiH2O was acquired from Dr. William Hancock’s laboratory.

Gelatin Nanoparticle Synthesis
The gelatin nanoparticles were synthesized using the two-step desolvation method. This
protocol was adjusted to increase reproducibility.
GNP A Synthesis
1.5 g of Gel A was dissolved in 25 mL of DiH2O at 500 C. In order to precipitate high
molecular weight gelatin, 25 mL of acetone was added to the dissolved Gel A solution and
allowed to sit for five minutes. Precipitated high molecular gelatin can be seen on the inner
surface of the glass flask. The remaining solution was collected in a 50 mL tube and was
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centrifuged for 25 seconds in order to collect the remaining high molecular weight gelatin
present in the supernatant. After the supernatant was discarded, the high molecular weight
gelatin in the centrifuge tube as well as the glass flask was redissolved in 25 mL of water at 500
C for 20 minutes. Once high molecular weight gelatin was dissolved in water, the pH of the
resulting gelatin solution needed to be adjusted to obtain an optimum environment to ensure the
formation of positively charged Gel A nanoparticle solution. 1.8 mL of 1 M HCl was added to
the resulting solution in order to obtain a pH ~1.5. pH was measured using a calibrated pH meter.
The 1.5 pH gelatin solution was left to stir at a rate of 540 while 75 mL of acetone was dropped
in the center of the solution at the rate of 2 mL/min. Once the solution turned milky white, 200
µL of glutaraldehyde was added to the continuously stirring solution. The glutaraldehyde
initiates cross-linking of the solution. The solution is left stirring for at least 16 hours in order to
completely cross-link. After solution was left to cross-link for 16 hours or more, 12.5 mL of 0.1
M glycine was added, and solution was left to stir for another hour. The glycine functioned to
suppress the free aldehyde groups that were formed during cross-linking. The gelatin
nanoparticle solution was then ready for the isolation process.

GNP B Synthesis
The process for synthesizing Gel B nanoparticle solution is almost identical to that of
synthesizing Gel A nanoparticle. The resulting nanoparticle solution should be negatively
charged; therefore, we want to make sure that pH is basic before we drop acetone and begin
cross-linking. After redissolving high molecular weight gelatin, 6.92 mL of 0.1 M NaOH was
added to the gelatin solution to obtain a pH of 11.5. Only 60 mL of acetone is added to the
stirring solution at the rate of 2 mL/min until the solution turns milky white. In order to begin
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cross-linking, 100 µL of glutaraldehyde was added and solution was again left to stir for a
minimum of 16 hours.

Figure 2. Schematic of two-step desolvation process (Tse, 2017)

Isolation of gelatin nanoparticles
In order to obtain pure gelatin nanoparticle solution, the gelatin nanoparticles were
isolated in the following manner. 2 mL centrifuge tubes were filled with GNP solution and were
centrifuged at 9000 G for 20 minutes (zeroth wash). Once centrifuged, the supernatant was
discarded, and the precipitate was re-dispersed in 500 µL of 70% acetone and centrifuged again
at 9000 G for 20 minutes (first wash). After centrifuging, the supernatant was discarded. This
process was carried out two more times (second and third wash). After the last wash, precipitate
was redispersed in DiH2O. Final solution is left in shaker at 370 C overnight to evaporate
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remaining acetone. The pH of solution is changed to 7 in order to carry out Dynamic Light
Scattering to analyze particle sizes and overall charge.

Characterization of Particle Size, Zeta Potential and Concentration of Nanoparticles
Concentration of Nanoparticle Solution
The concentration and subsequent yield of the nanoparticle solution was determined
through lyophilization of 1 mL of nanoparticle solution. After lyophilization the contents of the
centrifuge tube were weighed using the digital balance. The concentration was multiplied by
final volume to obtain yield.
Dynamic Light Scattering
The particle size and zeta potential of the gelatin nanoparticle solutions were determined
using Dynamic Light Scattering (DLS) techniques with the Malvern Zetasizer. 1% and 10%
samples of GNP A and B were prepared and introduced to the Zetasizer in disposable plastic
cuvettes.

Combining GNP A and GNP B to form Aggregates
Once the concentrations, sizes and charges of the prepared nanoparticle solutions are
determined, the nanoparticle solutions are mixed together to form a more viscous hydrogel. In
order to understand the characteristics of the hydrogel and the effect of variables on aggregation,
the hydrogel was subjected to several experiments.
Aggregation Kinetics
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The first experiment was carried out to quantitively assess the aggregation of the oppositely
charged gelatin nanoparticles. This experiment was carried out by introducing a mixture of GNP
A+B into the Zetasizer and running DLS over a fixed period and taking average particle size
readings in intervals of about 2-3 minutes. 4 mL of 1 mg/mL stock solution was prepared for
both GNP A and GNP B. As a control, the sizes of pure GNP A and pure GNP B were measured
for a period of 5 minutes each to make sure there were no significant differences in average size
for each time point. Next, GNP A and GNP B were introduced into the same cuvette to observe
aggregation in the particles. In order to understand if ratio played a key role in the aggregation of
the nanoparticles, this experiment was carried out on hydrogels formed with different ratios of
GNP A to GNP B. The different ratios and the preparation methods were as follows:
Table 1. Preparation of GNP A+B in different ratios

Ratio

Amount of GNP A

Amount of GNP B

1:1

500 µL

500 µL

1:2

333 µL

666 µL

1:3

250 µL

750 µL

2:1

666 µL

333 µL

3:1

750 µL

250 µL

The timer was started as soon as GNP A and GNP B were introduced to the cuvette.
Measurements were made in intervals of 2-3 minutes for about 12 minutes for each ratio.
Visualizing Aggregation Under Microscope
Concentrations used for DLS to observe aggregation kinetics was extremely low. In order to
visualize aggregation of GNP A and GNP B under a microscope, first 20 µL of pure GNP A and
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GNP B were observed and imaged under 40x magnification. Then 40 µL each of GNP A and
GNP B were mixed together (1:1), observed and imaged at 30 seconds, 4 minutes, 7 minutes and
10 minutes. At 11 minutes, solution was disturbed by stirring to trigger further aggregation.
Aggregation was imaged.
Aggregation Kinetics in Different Ionic Strengths
The driving force for the aggregation between GNP A and GNP B is the electrostatic interaction
between the two types of nanoparticles. In order to understand and the study the effect of
electrostatic interaction, aggregation kinetics were recorded for a mixture of GNP A and GNP B
in 1:1 ratio in solutions of different ionic strengths using NaCl solutions of different
concentrations. 1 mM, 10 mM and 100 mM solutions of NaCl were prepared as follows:
Table 2. Preparation of NaCl solutions of different ionic strengths

Concentration

Method of Preparation

100 mM

Dissolve 0.05844 g of NaCl in 10 mL of DiH2O to obtain 100 mM NaCl
solution. Transfer 1 mL to centrifuge tube for experimental purposes.

10 mM

Add 0.1 mL of 100 mM NaCl solution to 0.9 mL of DiH2O to obtain 10 mM
solution of NaCl.

1 mM

Add 0.01 mL of 100 mM NaCl solution to 0.99 mL of DiH2O to obtain 1 mM
solution of NaCl.

For DLS, 250 µL of GNP A (1 mg/mL) was mixed with 250 µL of GNP B (1 mg/mL) in 500 µL
of ionic solution. Measurements were carried out in similar fashion as aggregation kinetics
carried out in non-ionic environment.
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Rheology of Hydrogel
An important aspect of hydrogels are the rheological characteristics. It is important to
understand rheological properties to understand what best way these hydrogels can be
implemented in the medical applications. A frequency sweep was performed for mixture of
hydrogels in different ratios. This was done to see if the ratio in which particles were mixed
would significantly affect the properties of the hydrogel.
The rheometer to be used for performing the frequency sweep required hydrogel that was
at least 15 w/v% in order to get good results. Minimum volume required was 80 µL. Stock
solutions of 500 µL of GNP A and GNP B of 15 w/v% were prepared (75 mg in 500 µL).
Amounts used will vary according to the concentration of the sample of GNP A and GNP B
being used. The following table outlines the process of preparing samples for frequency sweep:
Table 3. Preparation of 15 w/v% stock solutions

Concentration of solution
GNP A

11.43 mg/mL

Amount of solution to obtain
75 mg
6.56 mL

GNP B

15.63 mg/mL

4.8 mL

After determining total volume required for each nanoparticle solution, the solutions were
separately run in the DNA concentrator, adding more solution to the centrifuge tube after each
run of the DNA concentrator. Concentrated solution was dissolved in DiH2O to obtain a final
volume of 500 µL. Minimum volume required by rheometer is 80 µL, and so 100 µL samples of
hydrogel mixed in various ratios were prepared using the following amounts:
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Table 4. Preparation of 15 w/v% A+B in different ratios

Ratio
1:2

Amount of 15 w/v% solution
of Gel A
33.3 µL

Amount of 15 w/v% solution
of Gel B
66.6 µL

1:3

25 µL

75 µL

2:1

66.6 µL

33.3 µL

3:1

75 µL

25 µL

Upon receiving data after the frequency sweep, a simple ANOVA test was performed to
observe if there was a statistical significance between the storage moduli and loss moduli of each
sample.
Inverted Vial Test

In order to visually see if there was a difference in the ability to flow between GNP A,
GNP B and GNP A+B, a simple inverted vial test was performed. Centrifuge tubes with 500 µL
of GNP A, GNP B and GNP A+B were inverted and imaged to show nanoparticle dispersions of
all three solutions to obtain a visual depiction of the changes occurring when oppositely charged
gelatin nanoparticles are mixed.

Introducing Hydrogel to Molds
After studying the rheological characteristics and effects of various factors on the
hydrogels, we attempted to mold the hydrogel into various shapes. Two types of molds were
designed using SolidWorks, the cookie-cutter mold and the solid mold. These two types of molds
were designed for two shapes; square and triangle, each having a total volume of 50 µL.
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Figure 3. 3D printed molds of shapes with volumes of 50 µL

The first attempt was made by using high concentration of hydrogel formed from mixing
GNP A and GNP B. Both nanoparticle solutions were concentrated using the DNA concentrator
to obtain a concentration of 35 mg/mL. Then 1 mL of each nanoparticle solution was mixed
together to form 2 mL solution with a total of 70 mg of nanoparticles (1:1 mixture). The resulting
solution was run in the DNA concentrator to evaporate excess water from the solution. After
running it in the DNA concentrator, 50 µL of resulting aggregate solution was injected in mold
with covered bottom. The hydrogel was injected into the solid mold using a pipette. The mold
was then left in the 370 C incubator to further evaporate excess water. After placing the mold in
the incubator overnight, the resulting structure was removed from the mold.
The next attempt was to use cookie-cutter molds and low concentrations of hydrogel to
create shapes. 10 mg/mL stock solution was prepared for GNP A and GNP B through the
methods previously outlined using DNA concentrator. After concentrating solution, the
concentrated GNP A and GNP B solution were mixed together to form a hydrogel with a total of
20 mg of nanoparticles (1:1 mixture). The resulting hydrogel solution was once again placed in
the DNA concentrator to allow evaporation of excess water. 50 µL of resulting hydrogel was
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injected to the square and triangle cookie-cutter molds. Hydrogel was injected into the molds
using a pipette. The molds were placed in the 370 C incubator. The results were analyzed.
The final attempt was made by creating hydrogel by mixing 27 g of GNP A with 13.8 g
of GNP B (~2:1). 1 mL of GNP A of 9 mg/mL concentration was mixed with 1 mL of GNP B of
4.6 mg/mL concentration. The mixed solution was centrifuged for 2 minutes at 3000 G in order
to obtain bulk hydrogel at the bottom of the tube. The supernatant was discarded. This process
was carried out three times to obtain a total nanoparticle mass of 40.8 g. After discarding the
supernatant, the hydrogel was introduced to cookie-cutter molds of different shapes (triangle,
square, and circle) with the help of a spatula. The molds were left to sit for a couple of minutes
and the hydrogel was removed from the molds by gentle tapping of the molds on the surface of
the table. The molded hydrogels were left to sit at room temperature overnight. The weights of
the molded hydrogels were measured immediately after being taken out of the mold and after
being left to sit at room temperature overnight.
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Chapter 3
Results and Discussions

Gelatin Nanoparticle Synthesis
After trial and error with the protocol for synthesis of gelatin nanoparticles, the protocol
mentioned in the Methods section was successful in providing reproducible results in terms of
average nanoparticle sizes and overall zeta potentials. Synthesis of good GNP B was more
successfully consistent when compared to synthesis of GNP A. Synthesis of GNP A required a
very narrow range of pH (~1.5) before cross-linking could take place. This pH was a critical
condition and even if slightly changed would not give good results for GNP A sizes. GNP B on
the other hand had a much wider pH range (between 10.5 and 11.5) and would more consistently
give good results in terms of nanoparticle sizes and charges.

Characterization of Particle Size, Zeta Potential and Concentration of Nanoparticles
The average sizes of GNP A ranged between 215 nm and 480 nm (Table 5), which was a
comparatively much wider range as compared to GNP B which ranged between 167 nm and 232
nm (Table 6). Zeta potentials were consistently positive for GNP A (Table 5) and consistently
negative for GNP B (Table 6).
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Table 5. Average nanoparticle sizes and zeta potential of synthesized GNP A

Table 6. Average nanoparticle sizes and zeta potential of synthesized GNP B

Average GNP A sizes were however consistently larger than average GNP B sizes
(Figure 2 (A)). When combining data from multiple samples, particle sizes for GNP A averaged
at 357 nm and particle sizes for GNP B averaged at 199 nm. These results were like the trend
seen by Wang et al. Overall charge of GNP B was much more negative than the magnitude of
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charge of GNP A (Figure 2 (B)) and averaged at -30.533 mV while charge of GNP A averaged at
+8.55 mV.

Figure 4. Average nanoparticle size distribution (A), and zeta potential (B) for GNP A and GNP B
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Combining Type A and Type B Nanoparticles to form Aggregates
The particle sizes for pure GNP A and GNP B remained consistent for a period of 20
minutes (Figure 3). The mixed hydrogel increased size rapidly and consistently. The particle
sizes were much larger than the average size of GNP A which indicates aggregation taking place.
Particle sized continued to increase for the whole 20 minutes that measurements were being
taken for.

Figure 5. Aggregation Kinetics in 1:1 Ratio

When imaged under a microscope, GNP A and GNP B were barely visible. Figure 4. (A)
shows some aggregates of GNP A since sample being observed was about a week old. On
mixing GNP A and GNP B, instant aggregation is observed as early as 30 seconds (Figure 4.
(C)). There is gradual aggregation in images at 4 minutes, and 7 minutes (Figure 4. (D), (E)).
After disturbing the mixture by further stirring, there is a trigger and larger aggregates are
instantly formed at 11 minutes (Figure 4. (F)). It is interesting to note that these aggregations are
easily visible to the naked eye as well.
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Figure 6. Microscope images for aggregation

After carrying out aggregation kinetics for hydrogels mixed in different ratios (A:B) with
various samples, the trends are similar. Particle sizes do not seem to change much for ratios of
1:2 and 1:3 (Figure 5.). There is steady increase in particle sizes for ratio of 1:1 which is
consistent with trend observed in Figure 3. However, there is a rapid increase in particle sizes for
ratios 2:1 and 3:1 and particle sizes reach almost 3000 nm. After about 9 minutes, the particles
sizes for ratios 2:1 and 3:1 stop increasing and remain relatively consistent. For reference, the
particle sizes of GNP A and GNP B were 460 nm and 198 nm respectively for the data displayed
in Figure 5. The zeta potentials of GNP A and GNP B were +6.78 mV and -34.1 mV
respectively.
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Figure 7. Aggregation Kinetics for Nanoparticle Solution Mixed in Different Ratios

On observing aggregation kinetics for hydrogels mixed in different ratios, there is larger
and more rapid aggregation when there is more GNP A present with respect to GNP B. This is
hypothesized to be due to the difference in particle sizes. GNP B was much more negative than
GNP A. By increasing ratio of GNP A to GNP B, there is increase in positive charge from GNP
A thus causing neutralization of more charged particles which eventually leads to aggregation.
This is potentially an evidence that electrostatic force is the driving force in physical crosslinking.
Aggregation Kinetics in Different Ionic Strengths
According to Figure 6, particle sizes increased steadily when mixed in 1 mM solution of
NaCl. There was almost no difference in trend when compared to aggregation in pure DiH2O.
Increase in particle size was much slower in a 10 mM solution of NaCl. Average particle size
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was much lower than particle size in 1 mM NaCl solution at 10 minutes. There was virtually no
increase in particle sizes for hydrogel mixed in a 100 mM NaCl solution. Average particle size
for 100 mM NaCl solution sample was in between particle sizes of GNP A and GNP B,
indicating lack of aggregation in ionic solution. These trends are similar to observations made by
Wang et al. DLS data from aggregation kinetics carried out for hydrogels mixed in different
ratios and hydrogels in solutions of different ionic strengths confirm the importance of
electrostatic force in physical cross-linking of gelatin nanoparticles.

Figure 8. Aggregation of gelatin nanoparticles A+B in different ionic strengths

Rheology of Hydrogels
Figure 7. shows the frequency sweep data for hydrogels in 1:2, 1:3, 2:1, and 3:1 ratios.
Storage modulus and loss modulus when plotted against varying angular frequency shows
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general trend of G’ being greater than G”, thus characterizing the mixture of GNP A+B as a gel,
a viscoelastic material. Storage moduli and loss moduli of each sample overlaps one another and
visually it doesn’t look like there is a significant difference in the rheological properties of each
sample.
Statistic observations were made using a simple ANOVA test using Excel. For storage
modulus, SS between groups was 7.03E+08 and SS within groups was 1.24E+11. For loss
modulus, SS between groups was 6242724 and SS within groups was 6.36E+10. In both cases,
SS within groups was much greater than SS between groups. This is indication that there
probably is no significant difference in viscoelastic properties between the hydrogels formed
from mixing GNP A and GNP B in different ratios. In addition, the p values for both
measurements was high (>0.05).

Figure 9. Frequency sweep for hydrogels mixed in different ratios

Inverted Vial Test
Figure 8. shows the dispersions for 0.5 mg of pure GNP A, GNP B and mixture of GNP
A+B in 0.5 mL (1 w/v%) immediately after inverting the centrifuge tubes. GNP A and GNP B
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flowed down to the top of the centrifuge tube however GNP A+B stayed at the bottom of the
centrifuge tube. GNP A+B was much less flowable as compared to pure GNP A and GNP B.
This confirms the increase in viscosity when oppositely charged nanoparticles are mixed with
each other. As the solid content increased, the mixture became less flowable.

Figure 10. Nanosphere dispersions of 10 mg of Gel A, Gel B and Gel A+B after inverted vial test

Morphology of Molded Hydrogel
Figure 9. shows the hydrogel of 70 mg GNP A+B packed in a solid square mold. The
hydrogel was not stable enough in the shape to be peeled out of the mold. After being placed in
the 370 C incubator, the molded hydrogel shrunk in size due to evaporation of water but retained
the square shape. Dried molded hydrogel was stable when hydrated and maintained its shape.
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Figure 11. Hydrogel in square mold, A) 75 µg of Gel A+B injected into mold B) Hydrogel in mold after being left
in 37 degrees incubator overnight C) Molded hydrogel outside of mold

Figure 10. shows a total of 20 mg of GNP A+B that was injected into cookie-cutter molds
of triangle and square shape. The injected hydrogel was not very viscous and was unable to
conform to the shape of the mold. When gently tapped on the table, the hydrogel dropped out of
the mold but formed no specific shape. Particles weren’t tightly packed, and the electrostatic
forces were not strong enough to hold the shape of the mold. Since the particles were also
injected using a pipette, excess water was present which possibly contributed to failure to mold
into shape.

Figure 12. 20 mg of Gel A+B in triangle and square cookie-cutter mold

Figure 11. depicts the final attempt of molding hydrogel to specific shapes. (A) shows the
hydrogel being packed into the cookie-cutter molds of triangle, square and circular shape. (B)
shows the molded hydrogel pieces after they were removed from the cookie-cutter molds after
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gentle tapping on the table. Immediately after being removed from the molds, the hydrogel
maintained the shapes very well and could easily be transferred using tweezers without
deforming the molded hydrogel.

Figure 13. Gel A+B in square, triangle and circle mold (A), molded Gel A+B outside mold (B)

Figure 12. shows the three molded hydrogel pieces after being left overnight. The circular
and square hydrogel pieces managed to maintain the shape and structure but decreased in size.
This was due to evaporation of water. The triangle hydrogel piece apparently lost the most water
and lost its shape and structure.
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Summary of Results
The optimized protocol for synthesis of GNP A and GNP B gave reproducible results,
however synthesis of GNP A had to be done in a narrow pH range (~1.5), and diverting from this
pH would lead to poor results in particle sizes for GNP A. Average size of GNP A is always
greater than average size of GNP B and the overall zeta potential is much more negative for GNP
B as it is positive for GNP A. On observing binding kinetics for hydrogels created by mixing
GNP A and GNP B in different ratios, it is seen that there is no significant increase in particle
sizes when there is a higher amount of GNP B in the mixture but on increasing amount of GNP
A in mixture, the particle sizes increase rapidly. The ratio 2:1 seems to have the optimum results
for aggregation. On observing binding kinetics for hydrogel formation in solutions of varying
ionic strengths, it is observed that greater the interference of ions leads to failure of hydrogel
formation. Both these results confirm that electrostatic force is the driving force in physical
crosslinking of oppositely charged gelatin nanoparticles. Rheological study through strain sweep
shows that G’ is greater than G” thus characterizing the mixture as a gel. The ratio of mixing
GNP A and GNP B does not have a significant effect on the rheological properties of the formed
hydrogel. Mixture of GNP A+B is more viscous than GNP A and GNP B and viscosity increases
with increase in solid content. When mixed in 2:1 ratio (A:B), particle aggregates are bigger and
are capable of conforming to shapes of molds and retaining the shape according to the amount of
particles packed into the mold; higher amount of packed aggregates leads to higher stability of
molded hydrogel.
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Chapter 4
Future Applications
Gelatin nanoparticles of the same charge repel each other and can form a stable
dispersion and a non-viscous solution. Gelatin nanoparticles in this form can be used for small
molecule delivery in applications such as cancer therapy. The hydrogel formed from aggregation
of oppositely charged nanoparticles are more viscous and cannot attack small molecules. These
hydrogels could be used in topical application of drugs in processes such as wound healing.
Viscous hydrogels could potentially hold and release larger molecules such as growth factors to
direct wound healing through cell proliferation of blood cells and skin cells.
One way to approach this problem would be by using aptamers to deliver these growth
factors. Aptamers are short, single-stranded oligonucleotides that can be used to bind to larger
molecules with high affinity and specificity. Aptamers can be conjugated to similarly charged
gelatin nanoparticles that have been functionalized (eg:- modification with methacrylate). We
can observe the aptamer conjugation with gelatin nanoparticles in a number of ways.
Figure 13. shows the lanes of aptamer before and after conjugation with gelatin
nanoparticles after gel electrophoresis. Intensity for pure aptamer is much higher than intensity
for aptamer conjugated gelatin nanoparticles thus indicating that the molecular weight for
aptamer + GNP is much greater than molecule weight of aptamer alone.
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Figure 14. Lanes of aptamer obtained from gel electrophoresis

Aptamer conjugation can also be observed through DLS. Figure 14. shows the average
particle sizes of aptamer and aptamer + GNP. The average size has increased after aptamer
conjugation.

Figure 15. Size distribution intensity of GNP and GNP + Aptamer

The aptamer used in lab are highly negative in charge. GNP A is positive in charge. Once
conjugated with aptamer, the overall zeta potential becomes negative. Figure 15. depicts the
overall zeta potential of pure GNP A and GNP + Aptamer.
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Figure 16. Overall zeta potential of GNP and GNP + Aptamer

From the above data, we can confirm the ability to conjugate aptamers with gelatin
nanoparticles of similar charge. This has so far only been done with positively charged GNP A.
Since electrostatic force does not play a major role in aptamer conjugation, it is hypothesized that
this procedure can be carried out with negatively charged GNP B. Once conjugated with GNP B,
it is potentially possible to aggregate aptamer conjugated GNP A and GNP B. The resulting
hydrogel can be molded into the desired shape and will potentially be capable of using aptamer
technology to deliver growth factors such as Vascular Endothelial Growth Factor (VEGF) which
can direct proliferation of epithelial cells to form blood vessels and thus direct wound healing
through topical application on the injury.
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