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Abstract: Injectable polymers offer great benefits compared to other types of implants; however,
they tend to suffer from increased mechanical wear and may need a replacement implant to restore
these mechanical properties. The purpose of this experiment is to investigate an injectable hydrogel’s
self-healing ability to augment itself to a previously molded implant. This was accomplished by
performing a tensile strength test to examine potential diminishing mechanical properties with
increasing time, as well as dye penetration tests to examine the formation of interfacial bonds
between healed areas of hydrogels. There were several time points in between injections that were
explored, from O min between injections all the way up to 48 h in between injections. The tests
showed no statistical differences of the increased injection times compared to the single injection for
the tensile test. However, our results showed an increase of mechanical breaks at self-healed joints,
as well as a linear regression test showed a decrease in dye diffusion rate as time between injections
increase. These results show that the hydrogel has strong self-healing abilities, and as time between
injections increase, they mechanical properties will slowly decrease. Based on this, the tests can be
applied to other injectable implants and a noninvasive solution to a worn-down implant, as well as
show scientific backing to a possibly unique and beneficial self-healing property.

Keywords: hydrogel; self-healing; injectable hydrogel; PVA; color analysis; multiple injections;
augmented injections

1. Introduction

Injectable polymers, and more specifically injectable hydrogels, are being increasingly
researched in the biomedical field. These therapeutics can cover a large portion of different
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procedures, from immunotherapy [1], to orthopedics [2,3], ophthalmic applications [4] and even
tissue engineering [5,6] Despite there being a lot of research into this new injectable therapeutic,
there is only a limited number of FDA-approved products [4]. As of 2020, there have been 28
approved clinical injectable hydrogel products, with an additional 31 of these devices being in
clinical trials [7]. These FDA approved products serve as up-to-date technologies to combat the
possible downsides that come with surgically implanted therapeutics.

Traditional surgically-implanted biomedical devices have been a reliable solution to many
diseases, illnesses, and injuries; however, they do have their disadvantages, such as requiring
invasive implantation procedures, longer hospitalization times, prolonged rehabilitations, blood
transfusions, and heavier anesthesia use [2,3]. In contrast, injectable polymers have the potential to
relieve these disadvantages associated with their surgically implanted counterparts, as they are
significantly less invasive. Injectable polymers have been shown to reduce morbidity in tissue
engineering applications by being minimally invasive [5]. For bone tissue engineering, injectable
hydrogels can promote healing based off their composition, their ability to manipulate and transfer
drugs or cells, and they promote cellular responses while they transition from liquid to gel [3].
Another tissue engineering application is for wound healing, where researchers could use the
multifunctionality of injectable hydrogels to promote angiogenesis and proliferation of cells [6]. In
the immunotherapy field, injectable hydrogels have advantages over their surgical counterparts by
reaching anywhere a needle can go, minimizing tissue damage and inflammatory responses, can flow
into the desired space, and form an implant, and generally can be implanted with less technical
expertise compared to surgeries [8]. However, a common issue with injectable hydrogels is that they
typically require compromising mechanical properties to achieve their injectable properties. This is
furthermore exacerbated by the mechanical wear and their reduced durability compared to surgically
implanted materials [9].

Self-healing hydrogels offer an attractive trait by counteracting the increased wear experienced
due to their reduced mechanical properties. These self-healing hydrogels are able to mimic the
self-healing properties seen physiologically, they can be more preserved in the body even after being
subjected to natural wear and tear, as well as allowing for multiple injections to act as one implant to
replenish diminished therapeutic [9]. Self-healing hydrogels are able to repair itself when damaged,
which allows the implant to have a longer lifetime in the patient, as well as save the patient money
by limiting extractions of worn-out implants [10]. Injectable self-healing hydrogels have been used
as an emerging technology in tissue engineering by repairing cranial bone, cartilage tissue, neural
systems, and for wound healing applications [9,11,12]. Their main benefit over non-injectable and
non-healable materials is their ability to heal irregular tissue damage [13]. For skin wound healing,
self-healing injectable hydrogels are being researched due to traditional hydrogels being broken
down, which would cause an inflammatory response and hurt wound healing progress [14]. Also,
these self-healing injectable hydrogels are a promising research topic for wound dressings for they
are able to recover mechanically to the rapid changing needs of wounds, as well as increase the usage
time without compromising the anti-inflammatory and angiogenisis abilities of typical wound
dressings [12]. Lastly, for drug delivery, self-healing hyrdogels have been shown to have increased
control over drug release, as well as been shown to better protect the cells and drugs encapslated
inside the hydrogel [15]. While there has been increased research in this topic, there has been a lack
of practical use and only been looked at from a mainly research and academic point of view [15].

Hence, in this study, we sought to investigate an injectable poly(vinyl alcohol) (PVA)-based
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hydrogel’s self-healing ability to augment itself to previously molded samples. We investigated the
self-healing kinetics using both mechanical tensile testing, and interface development using
dye-diffusion tests and image analysis.

2. Materials and methods
2.1. Materials

PVA with a molecular weight of 145000 g:mol™ was obtained from EMD Millipore
Corporation (Billerica, MA). PEG with a molecular weight of 1000 g'mol™ and poly(vinyl
pyrrolidone) (PVP) with a molecular weight of 40000 g'mol ' was obtained from Spectrum
Chemical (New Brunswick, NJ) and added in small amounts to better stabilize the hydrogel network
through interchain hydrogen bonding. Deionized (DI) water was obtained on-site using a Millipore
Milli-Q system (Darmstadt, Germany). Barium Sulfate was obtained from Emprove through
MilliporeSigma (Burlington, MA) Calcein, research grade, was obtained from MP Biomedicals, LLC
(Solon, OH). Methylene Blue solution obtained from Sigma Life Sciences (St. Louis, Missouri).

2.2. Hydrogel preparation

Hydrogels were prepared using an adapted theta solution method previously described by
LaMastro [16]. Briefly, aqueous solutions of PVA and PVP were prepared in triplicate by autoclaving
the previously mentioned raw materials with DI water at 121 <C and 30 psi for 30 min, within 10
min after the first autoclave cycle, the solution was stirred manually by spatula to ensure complete
homogenization of the two polymers. Barium sulfate was then added as a radiocontrast agent and
mixed into the solution. PEG was added so that the final composition of the hydrogel was
approximately 12.4% PVA, 0.1% PVP, 61.7% DI water, 8.3% Barium Sulfate, and 17.5% PEG, and
the solution was again homogenized by manual stirring for 3 min. The polymers were allowed to
react and form physical crosslinks at room temperature for 3 h. After the reaction was complete,
supernatant was carefully removed, and the gel was autoclaved for a second cycle under the same
conditions. A second supernatant was removed after a brief period of cooling at room temperature.
For the visual studies, approximately 0.1 g of Methylene Blue solution or Calcein were added to
the 50 g portions of hydrogel after the final step. The hydrogel was autoclaved after the second
supernatant was removed, then the dyes were poured into the gels and stirred.

2.3. Injection mold process

3D printed ring molds were created with there being full ring molds and semi-circular ring
molds to make half samples. Full ring molds created a continuous ring of hydrogel and were
considered to be baseline samples. The half molds were made to represent worn implants, which
would then be subject to a second injection after a certain period to create a continuous ring from two
separate injections, with each half injection having a volume of (625 mm?®). The cross-sectional
dimensions of the ring mold are a 5 mm x5 mm square, and the outer diameter of the mold is 25 mm,
leading to a total volume of approximately 1250 mm?® of hydrogel for a full mold. Baseline samples
were fully injected into the full molds, then any excess hydrogel was removed from the mold and
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discarded. 15 min samples were prepared by putting a silicone mold, having the same volume as the
half mold (625 mm®) into the full mold to turn the previous full mold into a half mold, having the
same volume as the previously described half mold, and inject hydrogel into the remaining half of
the full mold and after 15 min the mold was removed, creating a 625 mm® half mold. Then the
second injection was done. The silicone mold was only used for this time point because the hydrogel
was too soft to be taken out of one mold and put into another while maintaining its shape, so this
allowed the hydrogel to sit in one full mold while still being able to give the same two semi-circular
injections. For the rest of the time points, the first injection would take place in the 3D printed
semi-circular mold, then moved into a full mold for a second injection. Since in this injected state the
hydrogel is liquid, they can be stamped into the mold to ensure that they take the shape of the mold
and remove any air pockets. Once each injection was complete, the sample inside its mold would be
wrapped in Parafilm and stored in a 6-well well plate that contained water, which was not in contact
with the samples, to keep the samples hydrated.

2.4. Mechanical testing

The testing was done in a 37 <C warm room using a Shimazu EZ-SX mechanical tester with a
500N load cell. The samples would be taken out of the molds and their joints would be marked, if
applicable, as seen in Figure 1. The sample was rigged onto two shackle-like attachments that would
loop into the open circle of the ring mold. Then the sample would be pre-tested to 2 N and then
pulled at 200% strain/minute to failure. Once the sample broke, the max force, moduli for 5-10 N
and 10-15 N were calculated.

Figure 1. A diagram showing the tensile testing set up of a two-injection ring sample is
shown above. (A) Test sample/ring mold, (B) is the marked augmentation sites or
self-healed sites, (C) are shackle pins that keep the sample attached to the mechanical
tester, and (D) are the testing fixtures. The arrow above the testing fixture shows the
direction of force applied by the mechanical tester.
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2.5. Visual studies

First, the hydrogel was prepared as normal, but before they were used for testing, the hydrogel
was mixed with either Methylene Blue solution or Calcein, Research Grade. Once they were dyed,
they were used for this study. The injections were done in a 12-well well plate that contained water in
separate wells from the hydrogel to keep the samples hydrated. For the test, a yellow injection was
done in one plate, and a blue injection was done in a separate plate. Inside the injected plates were
two silicone molds that were made to cover half of the well, leaving two half-moon like pieces of
hydrogel. After a period of time, a second injection was done to the two older injections of the
opposite color (e.g., the first yellow injection would be paired with a fresh blue injection) and put
together in a new clean well, so there would be two adjacent wells containing two blue/yellow,
blue/yellow full wells, forming two samples to be tested at a time. To ensure there was no excess dye,
before any samples contacted each other, they were patted with a dry paper towel, then immediately
after were assembled to form the samples described previously.

While the samples sit, the well plate was covered, as well as some empty wells contained water
to prevent hydrogel drying. The well plate was set onto a ring stand and a phone with a time lapse
app was placed below it. A lamp was lighting the sample from below to allow for consistent lighting
throughout the time lapse. The time lapse would immediately take a picture, and then would take a
picture once every hour for 48 h. Once 48 h have passed, the time lapse was obtained and cut up so
each sample would have pictures that were created at every 5 h starting at 1 h after the second
injection. These pictures were then having their backgrounds colored in both blue and yellow. These
pictures were then run through an ImageJ macro program multiple times to obtain the total sample
area with the blue and yellow background, the blue area of the sample, and the yellow area of the
sample.

Analysis studies were done using ImageJ (Bethesda, Maryland) and the macro used was created
by Strock [17]. This was done through manually thresholding the colors for each sample and was
using the same threshold for each picture in the sample. To set the threshold, the initial image was
put into a color thresholding slider, where the program allows the user to control the RGB values that
the user would want to threshold. This threshold creates a new image which only has the color and
part of the sample that is desired. These slider options are then applied to each image of the sample.
To ensure that blue and yellow are successfully being threshold, the sliders were set to the initial
image and compared to the last image, where there should be no green included in either of the
thresholds. The reason the area of a blue background set of images and yellow set of images is due to
the images not being the exact same sizes, which allows for the areas of blue and yellow be
standardized and remove the effect of image size variation from the data analysis. Also, to properly
threshold the sample, the yellow background would be applied on the images where the blue was
threshold, so the background and yellow part of the sample can be removed in a single thresholding
process, and vice versa with the blue background and yellow sample.

To standardize the test and account for error, every initial image would have assumed 0% green
area, and if this value was not zero, the non-zero initial value would be subtracted from the rest of
the time lapsed images, for example, if the initial image for the 1% 1 h samples was 3% green, then
that 3% would be subtracted from the 5 h, 10 h, etc. percentages. To further standardize the samples,
the percentage of blue/yellow at a particular time point would be divided by the initial percentage of
blue/yellow to remove any error from blue or yellow gel area variation from the data collection.

AIMS Materials Science Volume 10, Issue 2, 301-312.
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These ratios would be subtracted from 2, since the blue and yellow initial areas after the
standardization would be 100% each, then this value would be divided by two to get the percent of
green in the sample. This was done for each image in a sample, and the thresholds would change
between samples based off blue and yellow saturation in the hydrogels, but they would be kept the
same within the sample to get accurate changes in green throughout the timelapse.

2.6. Statistical analysis

The linear regression tests and the multiple comparison ANOVA analysis tests were all
performed in GraphPad Prism 9 (San Diego, California).

3. Results
3.1. Mechanical testing

To assess the strength of the hydrogels self-healing properties with previously injected hydrogel
pieces over time, a mechanical tensile strength test was performed to obtain the hydrogels breaking
strength. An example of the data received during the tensile test can be seen in Figure 2. The
resultant averages and standard deviations of the tensile tests based on time in between injections can
be seen in Figure 3. The time point with the highest average breaking force was the full, single
injected ring mold, with an average breaking force of 36.26 £16.71 N, and the lowest being the 24 h
in between injections, with an average breaking force of 25.73 £8.27 N. However, an ANOVA
multiple comparison test showed no significant difference between any of the time points.

40
35
30
25

20

Force (N)

15

10

0 20 40 60 80 100
Displacement (mm)

Figure 2. Tensile testing of healed PVA hydrogels.
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Force vs Time Between Injections
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Figure 3. Breaking force of self-healed hydrogels. Baseline samples represent control
samples made from a single continuous injection, while all other samples comprise of
samples made of two injections with variable time in between injections. Data is

presented in a mean =SD format.

The locations upon where the hydrogel broke was recorded in Table 1. The lowest percentage of
samples that broke at the self-healed site was the Omin injection samples, with a percentage of 24%.
This percentage increased as time between injections increased, with the highest percentage of
breakage at the self-healed site occurring at 48 h, with a percentage of 67%.

Table 1. Hydrogel breaking point location.

Sample Samples that broke at joint Total samples tested % Samples that broke at joint
Simultaneous - 43 -

0 min 8 34 24%

15 min 10 24 42%

30 min 11 27 41%

1h 10 16 63%

24 h 3 6 50%

48 h 4 6 67%

3.2. Visual analysis

Table 2 shows examples of the samples tested and how the amount of green area can change

AIMS Materials Science
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with respect to time. The y-axis in the table shows the time between the first injection and the second
injection, and the x-axis is the amount of time that sample had to set. The amount of time the
hydrogel had to set had its green area calculated after every 5 h, as well as at 48 h, and the max time
that was analyzed for the set hydrogel was at 48 h. Table 3 shows an example of how the area of
green was determined. The 0 h time point shows the initial threshold of the blue and yellow areas of
the hydrogel samples, as well as the original image it was taken from. The 48 h time point shows
how the thresholding program is able to eliminate the green area growth from the sample. Also, it
shows the percent of blue and yellow initially compared to their percentages after 48 h.

Table 2. Visual progression of dye diffusion through healed interface.

5h 10h 20 h

Rows represents samples with differing amounts of times between injections of separately-dyed hydrogel,
while columns show the time-laps of each of those gels over 48 h.

AIMS Materials Science Volume 10, Issue 2, 301-312.
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Table 3. Quantitative analysis of dye penetration.

Time Original image “Blue” analysis “Yellow” analysis

Oh

52%

48 h

100% 36% 43%

A linear regression test was performed on the slopes of the average percentage of green as time
between injections increased, with respect to time (Figure 4) and the results can be seen in Table 4.
There was no significant difference between the 24 h and 48 h groups, as well as the 0 h.and 1 h
groups. The 0 h and 1 hour groups were statistically different from the 24 h group and the 48 h
group.

Linear Regression of Green Percentages of Different Second Injection Times versus Setting Time

.20
0.20 (m @ Ohrs

8 i
= 24hr

0.154 48hr

0.10=

0.05=

Percent of Green (In Decimal Form)

Time (hr)

Figure 4. Scatter plot of dye diffusion with linear regression lines.
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Table 4. Best fit line statistics.

Time between injections Best-fit slopes Standard error slopes Confidence intervals (95%)
Oh 0.003004 0.0001729 0.002658 to 0.003350
1h 0.004291 0.0005392 0.003166 to 0.005415
24 h 0.002055 0.0001683 0.001704 to 0.002406
48 h 0.002291 0.0001697 0.001949 to 0.002633

4. Discussion

To assess PVA hydrogels self-healing ability to augment to older injected samples, mechanical
tensile strength tests were performed to obtain the hydrogel’s breaking strength. For these tests, there
was a downwards trend in the breaking forces of the samples as time increased between injections,
however there was no significant difference observed (Figure 3). To further analyze the mechanical
impact of increasing time between molds, break location was also observed, and there was also an
increase in the percentage of samples that would break at the interface between the two injections as
time between injections increased (Table 1). The increase in breaking at the self-healed site
combined with the lower breaking forces at increased times showed that there was a weaker interface
and strength at self-healed interfaces when the time increased between injections.

To support this hypothesis, dye diffusion tests were performed to visually assess this diffusion
rate. For the visual test, several papers have used dyed samples to visually demonstrate successful
self-healing, where the diffusion of dyes from different samples in contact would producing a new
color combined color, was used to indicate successful interface formation and thus showing
successful self-healing ability [10,12,18,19]. These methods were implemented here as well, with the
added quantification of the dye mixing for improved evaluation, and used the dye diffusion as a
metric for measuring self-healing, for dye permeability and interface has been shown to be
influenced by self-healing [20].

Using a linear regression test, there was no significant difference of the 24 h group and the 48 h
group, as well as no significant difference between the 0 h and 1 h group. However, there was a
significant difference between the 0 h/1 h groups and the 24 h/48 h groups (Table 4). This
demonstrates that there is a difference in the diffusion rate of the samples depending on the time
between injections. This also supports why there is an increase in breaking points at the joining sites
on the later time points, for there is a weaker interaction between the two injections. This weaker
interaction is also seen in the tensile strength test, for there is a downward trend in the breaking
forces of the increased time between injections. These three tests show a decrease in mechanical
properties of the self-healed hydrogel compared to a single piece of hydrogel.

The reason for this weaker interface and mechanical properties likely is caused by the bond
orientation as the hydrogel becomes more solid, where it would look to become more stable
structurally. When the time between injections decrease, there is less time for the bonds of the initial
implant to become structurally stable, allowing those bonds to happen more frequently with the
second injection, which is a liquid and can bond more readily to the older implant. The more bonds
that can form at the interface of the two injections, the greater the interface strength and mechanical
strength of the full augmented implant.

The results of this experiment could provide some deeper insight and practical use for other
injectable implants. Hydrogel implants have been shown to be able to be worn down overtime, and
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thus there is a need to investigate ways of repairing or augmenting these implants using non-invasive
means [9]. These studies, using PVA-based hydrogels as a representative injectable formulation,
showed that additional injections could be performed to augment previously implanted materials
with minimal decrease of the mechanical strength of the implant.

5. Conclusions

The purpose of these studies was to examine the ability of injectable hydrogels to self-heal by
augmenting a new injection with a previous implant and look at how the combined implant’s
mechanical properties would change as a function of time. The results from these studies
demonstrated that the hydrogel tested had a strong ability to self-heal with augmented material with
minimal decrease in mechanical performance. Future implications of this test could expand to other
hydrogels or injectable implants that are worn down, for this could allow for investigation of
implants that can receive augmentation injections or implants with having minimal mechanical
degradation in a minimally invasive manner.
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