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Abstract

Terminal, or postprocessing, sterilization of composite biomaterials is crucial for their use in
wound healing and tissue-engineered devices. Recent research has focused on optimizing
traditional biomaterial formulations to create better products for commercial and academic use
which incorporate hydrophobic compounds or secondary gel networks. To use a hydrogel in a
clinical setting, terminal sterilization is necessary to ensure patient safety. Lyophilization, gamma-
irradiation, and ethylene oxide treatment all have negative consequences when applied to alginate
scaffolds for clinical use. Here, we aim to find alternative terminal sterilization methods for
alginate and alginate-based composite hydrogels which maintain the structure of composite
alginate networks for use in biomedical applications. A thorough investigation of the effect of
common sterilization methods on swollen alginate-based hydrogels has not been reported and
therefore, this work examines autoclaving, ethanol washing, and ultraviolet light as sterilization
techniques for alginate and alginate/Pluronic® F68 composite hydrogels. Preservation of structural
integrity is evaluated using shear rheology and analysis of water retention, and efficacy of
sterilization is determined via bacterial persistence within the hydrogel. Results indicate that
ethanol sterilization is the best method of those investigated because ethanol washing results in
minimal effects on mechanical properties and water retention and eliminates bacterial persistence.
Furthermore, this study suggests that ethanol treatment is an efficacious method for terminally
sterilizing interpenetrating networks or other composite hydrogel systems.
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INTRODUCTION

Commercialization of novel hydrogel wound dressing formulations is critical for the
translational potential of these systems. Currently, commercially available wound dressings
are commonly hydrogel-based, which are lyophilized to remove all water before packaging.
The lyophilized hydrogel matrix is re-swollen upon application to the wound.! Hydrogel-
based wound dressings are clinically successful due to their high water retention and ability
to remove excess wound exudate. Recent advances in wound dressing technology suggest
that these hydrogels could make excellent drug delivery mechanisms, delivering local
antibiotics or other compounds, such as oxygen, to healing wounds.2=8 Alginate is a natural
polymer often used in hydrogel-based wound dressing formulations (e.g., Kaltostat®,
Sorbsan®, SeaSorb®, Tegaderm™) due to its low cost, ease of manipulation, elasticity, and
water retention.%-14 The material properties of alginate hydrogels can be tailored to a given
application (e.g., creating gels with Young’s moduli ranging from 0.05 to 100 kPa) by
altering the crosslinking density, polymer concentration, and ratio of mannuronate:
guluronate monomers in the alginate polymer.415-18

In order to create wound dressings and other clinically desirable alginate hydrogels, it is
highly desirable to expand the range of material properties accessible with alginate-based
materials using alternative approaches. For example, creating interpenetrating networks
(IPNs) or semi-IPNs of alginate and other polymers has been explored as a means to better
control rheology and gelation behavior of alginate-based biomaterials.1® The grafting of
hydrophobic chains onto alginate polymers to create hydrophobically-modified alginate
(HMA\) has been studied by our group®20 and others?1-24 as a way to enhance mechanical
robustness and improve solubility of hydrophobic drugs within alginate matrices. Studies on
composite hydrogels of alginate, surfactants (e.g., Pluronic® F68 (F68)), and
perfluorocarbons (PFCs) to determine the applicability of these formulations for cell
encapsulation and protein or drug delivery have been reported.19:25-28 Use of surfactant
additives in biomedical device formulations allows tuning of the matrix properties and can
affect protein or drug solubility within the hydrogel.28 When a surfactant, such as F68, is
incorporated at concentrations above its critical micelle concentration (CMC), hydrophobic
compounds (i.e., proteins, peptides, or small molecules) can be successfully integrated into
aqueous hydrogel matrices for applications in delivery of therapeutic agents.2%-31

The efficacy of any biomaterial is significantly impacted by the sterility of the material. For
in vivo applications, sterilization reduces the risk of infection and inflammation.
Lyophilization is commonly used to sterilize conventional alginate materials; for example,
those used in commercially available wound dressings (e.g., Kaltostat®). However,
lyophilization can damage hydrogel structure, impacting the final mechanical properties and
drug release dynamics of the hydrogel.3 This becomes an even greater concern for the more
complex alginate-based materials mentioned above, where lyophilization may destroy
microstructures that have self-assembled in an aqueous environment (e.g., F68 micelles
loaded with hydrophobic drugs, associations between hydrophobic chains in HMA gels, or
physical crosslinks in semi-IPNs). Gamma-irradiation and ethylene oxide gas have also been
used to sterilize hydrogels.32 However, alginate polymers have been shown to degrade when
exposed to gamma-irradiation.33 Additionally, residual ethylene oxide gas is potentially
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carcinogenic and toxic, so its use in clinical applications is of major concern.32 Thus, it is
desirable to explore terminal sterilization methods that can be applied to alginate gels in a
wet or swollen state that will preserve the complex network structures present within
composite or IPN alginate gels for clinical and biomedical applications.

Common terminal sterilization techniques, namely ultraviolet (UV) irradiation, treatment
with an ethanol wash, and autoclaving, are investigated in this work, focusing on the effects
on the mechanical properties of alginate and alginate/F68 hydrogels via shear rheometry and
equilibrium swelling. Sterilization efficacy is evaluated through measurement of bacterial
persistence within the hydrogel post-treatment. From a bioprocessing point of view, the
establishment of an effective terminal sterilization technique that does not significantly alter
the native properties of a biomaterial may decrease processing costs, reducing the need for
sterility throughout the process. Overall, this work investigates the ability to terminally
sterilize a composite alginate hydrogel, preserving the existence of any matrix additives
while maintaining the desired mechanical properties.

MATERIALS AND METHODS

Materials

Cell culture grade sodium alginate (lot#1353824,% G = 60, M, ~ 240 kDa determined from
intrinsic viscosity in 0.1 M sodium chloride), HEPES buffer, D(+) glucose, sulfuric acid,
sodium dichromate dehydrate, silver nitrate, and Escherichia coli (E. coli, DH5a with
chloramphenicol resistance) were obtained from Sigma Aldrich (St. Louis, MO). All
additional materials were obtained from Thermo-Fisher Scientific (Waltham, MA) unless
otherwise noted. A Thermo Scientific Barnstead NANOPure® Infinity water system was
used to purify all water to a resistivity of 18 MQ (nanopure water).

Hydrogel preparation

Alginate stock solutions at 1.5% weight by volume (w/v) were prepared using nanopure
water with the addition of glucose and HEPES buffer and stirred for 24 h. When applicable,
F68 was added during initial solution preparation. Hydrogels were formed by internal
crosslinking by adding CaEDTA and glucono-6-lactone (GDL) to the alginate solution as
previously described.28:34 In this work, the alginate stock solution was diluted to a final
concentration of 1% w/v alginate, 10 mA/HEPES buffer, and 0.1% wi/v glucose with a final
concentration of 50 mM for both the CaEDTA and GDL. Hydrogels were formed in 12-well
nontissue culture treated plates or Petri dishes (35 mm or 100 mm in diameter) and allowed
to crosslink for 24 h and stored within a humidified chamber at 25°C (=90% humidity).

Crosslinked hydrogels were subsequently soaked in a 0.1 M calcium chloride (CaCl>) (and

1% F68 when appropriate) for 48 h to ensure complete crosslinking. Before all treatments,
hydrogels were dipped in a large beaker of nanopure water five times to rinse off any
residual CaCl, from the surface of the hydrogel.
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Ethanol disinfection

Hydrogels were exposed to 250 mL of 70% (v/v) ethanol with 0.1 M CaCl; (containing 1%

F68 when appropriate) in nanopure water for 20 min. Following disinfection, the ethanol-
water mixture was discarded and the hydrogels were quickly submerged in 600 mL of
nanopure water to remove surface ethanol before analysis.

UV irradiation

Hydrogels were exposed to UV irradiation at a dose of approximately 250 nm for 20 min per
side on a raised surface within a Forma class I11a/B3 biological safety cabinet (Thermo Fisher
Scientific, Waltham, MA) with a measured dose of 75 to 100 pW/cm?2. Hydrogels were
flipped using sterile tweezers and placed on new foil for the second 20 min. Absorption of
250 nm UV light by alginate and alginate/F68 solutions was used to estimate transmittance
of 250 nm UV light through alginate and alginate/F68 hydrogels. Absorption of both
solutions was measured as 0.481 using a UV-penetrable cuvette with a 1 cm path length.
Following traditional methods for determining transmittance, absorption (A) was converted
to transmittance ( 7) by 7=10C4). An absorption value of 0.0481 was used because the
hydrogels are approximately 1 mm thick, following the relationship between absorption and
path length given by the Beer-Lambert law. These calculations result in a transmittance of
7=0:895. Given that hydrogel samples were not perfectly uniform in thickness, an
approximate transmittance of 85-90% was assumed. This suggests that approximately 10—
15% of the 250 nm light was unable to pass through the hydrogel and aid in sterilization.

Autoclave sterilization

Two methods were used to autoclave the hydrogels: (1) a hydrogel was gently patted dry
with a Kimwipe® (Kimberly-Clark) and placed within a sterile autoclave bag (Fisherbrand®
Instant Sealing Sterilization Pouches, Thermo Fisher Scientific, Waltham, MA), or (2) a
hydrogel was placed in a glass crystallizing dish containing 250 mL of 0.1 M CaCl; (1%

F68) crosslinking solution to ensure that Ca2* ions do no leach out of the hydrogel during
treatment. The autoclave bags and the crystallizing dishes were sterilized on a liquid cycle
for 15 min at 250°C and 15 psi in a Tuttnauer® (69 Series) large capacity laboratory
autoclave.

Hydrogel swelling and water uptake

Hydrogel swelling studies were performed as previously reported.28:35 For each treatment
group (n=15), the hydrogels were removed from crosslinking solution and treated (ethanol
disinfection, UV irradiation, two autoclaving methods, or untreated). Following treatment,
hydrogels were weighed, lyophilized for 24 h using a Labconco FreeZone 6 freeze dry
system (Kansas City, MO), and reweighed to determine the wet and dry weights (or water
content) of the treated hydrogels. The mass of water in the hydrogels, or swelling ratio, was
calculated by dividing the difference in mass of a swollen hydrogel (/7 s) and mass of dry
polymer (/17,) in the hydrogel by the mass of dry polymer:

Swelling ratio = (mg’S - mp)/ iy 1)
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The relative swelling ratio was determined by dividing all treated samples by the control
(untreated) sample. The untreated 1% alginate swelling ratio was used for all alginate
samples and the untreated 1% alginate + 1% F68 swelling ratio was used for all of the 1%
alginate + 1% F68 samples. Therefore, the relative swelling ratio highlights the change in
swelling ratio resulting from the sterilization treatment. A two-tailed heteroscedastic
Student’s #test was used to determine the significance in the data (p < 0.05, 7= 15). Data
were plotted relative to each formulation (alginate and alginate/F68) and one standard
deviation is reported.

Rheological characterization

The mechanical properties of sterilized alginate hydrogels were measured by performing
small amplitude oscillatory shear rheology on disk-shaped hydrogels (7= 5). The change in
mechanical properties after sterilization was assessed relative to untreated alginate hydrogels
(control). Measurements were taken using a 40 mm parallel plate geometry on an AR-G2
stress-controlled rheometer (TA Instruments, New Castle, DE). An oscillatory frequency
sweep from 0.01 to 100 Hz at 25°C and at fixed stress of 1 Pa, determined from performing
a stress sweep, was used to measure the storage (G’) and loss (G”) moduli. A frequency of 1
Hz was chosen to determine statistical changes resulting from hydrogel treatment methods.
Statistical significance was determined at 1 Hz using a two-tailed heteroscedastic Student’s
Etest (p< 0.05).

Bacterial persistence

E. coli (DH5a with chloramphenicol resistance) was grown in Lysogeny broth (LB) and an
E. colistock solution in LB broth was made at a concentration of 10° cells/mL.
Concentrations were determined using optical density (OD) measurements at 600 nm on a
uQuant spectrophotometer (BioTek Instruments, Inc., Richmond, VVA) which were correlated
with the colony forming unit relationship determined for this strain (cells/mL = 5.5 x ODgqq
+ 0.04, data not shown). For each treatment group (n = 5), hydrogel samples were removed
from crosslinking solution, rinsed with 600 mL of nanopure water to remove surface
solution, and placed in sterile Petri dishes. Hydrogels were seeded with £. co/i through
soaking in 9.8 mL of LB containing £. co/i (108 cells/mL) for 20 min and then rinsed once
again in 600 mL of nanopure water by 20 repeated dunks in replenished fresh water. Given
that the pore size in alginate hydrogels ranges from 25 to 300 nm, bacterial infiltration into
the network was expected. Microscopy was used to confirm bacterial infiltration into the
hydrogel. Hydrogels were then treated with either an ethanol wash or UV irradiation as
previously described.

Following sterilization treatment, the samples were rinsed again with nanopure water by 20
repeated submersions, cut into 2.5 cm x 2.5 cm pieces to allow for bacteria release from the
gel using a sterile scalpel, and transferred to sterile test tubes. LB (10 mL) and 10 pL of
chloramphenicol (34 mg/mL) were added to each tube and the tubes were incubated (37°C,
250 rpm). £. coli concentration was measured after 15, 18, and 24 h to determine the
bacterial persistence within the hydrogel. The average cell density + one standard deviation
calculated from four hydrogels is reported for each time point. Statistical differences from
the untreated control were determined using a two-tailed homoscedastic Student’s #test (p <
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0.05, n=15). Statistical similarity to zero was determined using a one-tailed homoscedastic
Student’s #test (p=0.2, n=5).

Ethanol clearance

To measure the clearance of residual ethanol from hydrogels after sterilization, the
concentration of ethanol in each of the wash solutions used to treat the hydrogel was
quantified by the colorimetric reduction of chromium (V1) to chromium (1) by ethanol, as
described previously.! The reduction required the use of a modified form of the Jones’
reagent, which contains a silver nitrate catalyst: 4.5 mol/L sulfuric acid (pH = 4.5), 0.42
mol/L sodium dichromate dehydrate, and 14.7 mmol/L silver nitrate. For each sample group
(n=5), the hydrogels (made from 1.75 mL of alginate solution) were treated with 3 mL of

70% (v/v) ethanol with 0.1 M CaCl; (£1% F68) for 20 min. The amount of ethanol within

the hydrogels post-sterilization was determined by dissolution of the hydrogels in 3 mL 50
mM sodium citrate and quantification of ethanol content before any washes for mass balance
analysis later. A second set of hydrogels were washed three times with 3 mL soaks in
nanopure water. The first two washes were 5 min each and the third wash was 10 min. To
quantify the ethanol in each wash solution and in the dissolved hydrogels, the concentration
of ethanol in each wash solution or dissolved alginate solution was determined and
subtracted from the original content in the hydrogel. Briefly, 150 uL samples of wash
solution or dissolved were mixed with 50 puL of modified Jones’ reagent per well of a 96-
well plate (7= 3 for each sample and time point). After 30 s, the optical density at 590 nm
was measured with a uQuant microplate spectrophotometer. The amount of ethanol left in
the hydrogel after each wash was determined as an average of the optical densities for each
hydrogel and the average * one standard deviation for each group (n7=5) are reported.

Gross changes in hydrogel structure

Hydrogels for visual inspection of macroscopic structural changes (discussed below and
shown in Figure 1) were prepared as described above, but cast in a mold designed for wound
dressing formation. This mold contains a piece of cotton gauze (CVS® Pharmacy) centered
in the space. Liquid alginate fills the mold and holds the gauze in place as the alginate gels
via the release of Ca?* from CaEDTA by GDL. Following hydrogel formation, sections of a
large hydrogel were cut into 2-inch square sections. The untreated sample was not treated in
any way and the ethanol soaked and autoclaved samples were treated as described above.
The lyophilized sample was freeze dried for 36 h in a Labconco® FreeZone 6 freeze dry
system to observationally show the destruction to the hydrogel network following the
lyophilization procedure.

RESULTS AND DISCUSSION

For the development of a composite alginate hydrogel for drug delivery or wound healing,
changes in mechanical properties can indicate a change in network architecture as well as a
change in mechanical robustness. Here, our discussion of the data assumes that the control
alginate hydrogel has the ideal properties for the application of interest and therefore a
terminal sterilization technique should not change these properties. Visually, Figure 1 shows
the macroscopic changes in an alginate hydrogel after various sterilization techniques,
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indicating that autoclaving causes the hydrogel to shrink and lyophilization causes physical
destruction of the hydrogel matrix.

Mechanical properties

Decrease in water retention.—Measuring the water retention yields information on
changes in the network architecture through changes in the swelling ratio.36:37 Changes in
the swelling ratio (or water reuptake) following a terminal sterilization treatment indicate
that the treatment affected the network architecture and crosslinking density. A decrease in
the swelling ratio negatively impacts the performance of the hydrogel as a wound dressing
(decreases the ability to take up wound exudate) and affects the loading capacity (i.e., of a
drug) of the hydrogel.28 Results indicate that both autoclaving protocols lead to significant
water loss (Figure 2), while washing with ethanol and UV irradiation do not significantly
alter the water content of the hydrogel. The relative swelling ratio shows that the presence of
F68 does not alter how the treatments affect water retention within the hydrogel, even
though alginate/F68 composite hydrogels contained ~20% less water than alginate
hydrogels, which is consistent with previously reported results.28

Rheological characterization.—The water loss and disruption of hydrogel structure
after autoclaving (Figure 2) translates to a significant change in the mechanical properties
(Figures 3 and 4). The average storage and loss moduli are reported in Figure 3 and error in
these measurements at 1 Hz is depicted in Figure 4. Evaluation of the change in shear
modulus due to sterilization treatment methods suggests that the methods used maintain
similar frequency dependence to the untreated control. Representative data showing the
average storage and loss moduli for samples containing 1% F68 are shown in Figure 3(a).
Data is similar for alginate samples without F68 (full sets of data are not shown). Shear
rheology also indicates that autoclaving hydrogels is not a recommended method for
terminal sterilization [Figure 3(b)]. All treated hydrogels remain as elastic gels with G’
fairly independent of frequency and roughly an order of magnitude higher than G” across
the frequency range investigated (0.01-100 Hz).

Figure 3 shows that autoclaving while submerged in 0.1A7CaCl, increases both G’ and G”,
indicating an increase in both the stiffness and viscous response regardless of the presence of
F68.28 Furthermore, the increase in modulus for the sample submerged in 0.1M CaCl;, also
suggests that the increase is due to a change in network structure and not water loss alone
(Figure 2). Similarly, autoclaving in an autoclave bag was found to be significantly different
from the untreated hydrogel, while an ethanol wash and UV irradiation were similar to the
untreated hydrogel across all frequencies (data not shown). Further analysis of G” [Figure
4(a)] and G” [Figure 4(b)] at a frequency of 1 Hz shows that terminal sterilization by
autoclaving significantly increases G” and G”. Additionally, washing with 70% ethanol or
UV irradiation did not significantly alter the mechanical properties at 1 Hz regardless of F68
incorporation.

Autoclaving in CaCl, resulted in an 82% increase in G” and 53% increase in G” relative to
the untreated control at 1 Hz. With the addition of F68 to create a composite hydrogel,
autoclaving in CaCls, resulted in a 74% increase in G” and 72% increase in G” relative to the
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untreated alginate/F68 composite at 1 Hz. Similarly, autoclaving in an autoclave bag (dry)
results in a 189% increase in G’ and 123% increase in G” relative to the untreated alginate
hydrogel (59% and 41% respectively for the alginate/F68 composite).

Analysis of bacterial persistence

Both autoclaving treatments were not evaluated for this analysis because (1) autoclaving
guarantees terminal sterilization and (2) this work concluded that autoclaving is not a
feasible method due to significant changes in the mechanical properties. Further analysis of
both ethanol sterilization and UV irradiation were performed to determine the effectiveness
of these methods through exposure to £ coli. Hydrogels were submerged in bacterial
solutions before treatment and the bacterial persistence within the material was measured
and reported (Figure 5). The addition of 1% F68 had no statistically significant effect on the
bacterial growth results for untreated and ethanol disinfected samples (Figure 5). The
ethanol wash was an effective sterilization treatment because all data were statistically
similar to zero (p = 0.99), indicating that no bacteria remained within the hydrogel
regardless of F68 concentration (Figure 5).

The UV irradiation treatment was not as effective as the ethanol treatment and the average of
six samples was not statistically similar to zero, which would have indicated complete
sterilization. Instead, UV-irradiated results suggested that results for each individual sample
varied, as noted by the large errors bars. For UV-irradiated samples, the standard deviation
was greater than 66% of the actual measured value. This large error is indicative of a
heterogeneous sample population. The large observed variability is due in part to alginate
absorption in the UV (transmittance of 250 nm light through 1 mm thick 1% alginate
hydrogels + 1% F68 was measured as 85-90%). It is important to note that the transmittance
of a hydrogel is dependent upon the absorption of light at a specific wavelength by the
material and the thickness of the material. Any increase in hydrogel thickness will decrease
the transmittance and therefore limit the effectiveness of the UV-treatment. These challenges
limit the overall application of UV-irradiation as a recommendable sterilization option.

While UV-irradiated alginate/F68 hydrogels were statistically different from their untreated
control (o< 0.05, n=15), the UV-irradiated alginate hydrogels were not statistically different
than their untreated control. After 24 h, UV irradiated alginate hydrogels exhibited 45% less
E. colilmL than the untreated alginate hydrogels. While this is some improvement, clinical
applications require complete removal of all contamination.

Unlike the UV-irradiated hydrogels, all ethanol washed samples had no detectable bacteria
residing within the hydrogel as noted by the lack of error bars on the samples (zero cells/mL,
n=>5). Results agree with previously reported data which showed that ethanol-treated N-
isopropylacrylamide—based hydrogels did not show any measurable growth of £, colil

Results suggest that a 20-min ethanol wash is sufficient to remove bacterial contamination
from 1.5 mm thick hydrogels, while the UV-irradiation is not consistently effective at
eliminating bacterial persistence. The effectiveness of UV-irradiation is highly dependent
upon the source of power and UV dosage, and for these experiments, the use of a biological
safety cabinet was not sufficient for eliminating the bacteria within the hydrogel.
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Therefore, ethanol disinfection is the best method for terminal sterilization of alginate or
composite alginate hydrogels when compared to the other methods investigated. Further
optimization of these procedures would be necessary for thicker hydrogels or hydrogels with
soluble components for clinical implementation. Packaging options which store the hydrogel
in a small amount ethanol may be an alternative to soaking the samples before packaging.
However, the use of ethanol is a cost-effective practice that is accessible to clinicians,
hydrogel manufacturers, and research laboratories. Ethanol can also be used in areas with
limited resources, such as triage centers in third-world countries or the battlefield, increasing
the applicability of complex, yet effective treatments in difficult situations.

Ethanol clearance

To use ethanol as a terminal sterilization method, clearance of ethanol from the hydrogel is
necessary since residual ethanol may impact the biological system for which the hydrogel
was designed. Colorimetric data from the reduction of chromium (V1) to chromium (111) by
ethanol were fit to a standard curve to determine the ethanol concentration within the
hydrogel. The concentration of ethanol in each wash solution was used to determine the
amount of ethanol remaining in the hydrogels (Figure 6). This was achieved by using a mass
balance where the initial ethanol content was quantified and the amount released into the
wash solution was subtracted from the starting ethanol content within the hydrogel. Results
in Figure 6 indicate that less than 1% of the liquid in the hydrogel is ethanol after three 5-
min washes in water. Results reported in Figure 6 are consistent with ethanol clearance
studies that determined that N-isopropylacrylamide—based hydrogels contained negligible
levels of ethanol after three washes.

CONCLUSION

While effective sterilization is crucial for clinical utilization of tissue engineering devices,
maintaining the mechanical integrity of the hydrogel is also critical for proper wound
dressing performance. Lyophilization and gamma-irradiation as a terminal sterilization
method for IPNs or composite materials is not feasible due to significant negative effects on
mechanical function and polymer degradation. Although autoclaving guarantees terminal
sterilization, results clearly indicate that this method also comprises mechanical function.
UV irradiation did not significantly affect mechanical properties, yet it was not an effective
method for terminal sterilization of these 1 mm thick alginate and alginate/F68 composites.
Ultimately, we found an ethanol wash to be a practical, effective, low-cost method for
terminal sterilization of complex soft biomaterials.
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FIGURE 1.
Alginate hydrogels formed over gauze show the progression of the alginate network

structure following treatments with 70% ethanol for 20 min, autoclaving in an autoclave bag
on the liquid cycle and lyophilization. The ethanol-treated hydrogel is visually and texturally
similar to the untreated hydrogel while the autoclaved and lyophilized hydrogels have both
visual and structural defects.
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FIGURE 2.

Alginate

Alginate + F68

Relative swelling ratios for treated alginate and alginate/F68 composite hydrogels. Results
show significant water loss following autoclaving (in 0.1M CacCl, and in an autoclave bag,
dry) for both groups. (*) indicates a significant decrease in the swelling ratio as compared to
the untreated hydrogel in each group (p< 0.05, 7= 15). Numerical data labels indicate the
percent decrease in swelling from the appropriate untreated control for each formulation.
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FIGURE 3.
Storage (G’, closed symbols) and loss (G”, open symbols) moduli for alginate hydrogels. a)

Representative rheological data showing all samples for alginate + F68 hydrogels over the
entire frequency range. b) Rheological data indicates a significant increase in hydrogel
stiffness following autoclaving. Autoclaving the hydrogels while submerged in 0.1/ CaCl,
significantly increases the stiffness of the hydrogel formulation. A greater difference
between the G” values was measured over the frequency range of 0.01 to 100 Hz for
autoclaved hydrogels with F68 (*) and without F68 (A) compared to untreated hydrogels (O
and 0O0).
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FIGURE 4.
Average value and standard deviation of rheological samples at a frequency of 1 Hz. Results

show that autoclaving the alginate hydrogels significantly increased the storage (a) and loss
(b) moduli suggesting that autoclaving is not a preferred method for terminal sterilization.
(*) indicates a significant difference from the untreated alginate hydrogel and (**) indicates
a significant difference from the untreated alginate/F68 composite hydrogel (p< 0.05, n=
5).
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Bacterial persistence within treated alginate (closed) and alginate/F68 composite (open)

hydrogels. Ethanol washing removed all bacterial contamination in both hydrogel

formulations. In all cases, ethanol treated samples were statistically similar to zero, (p>
0.95, n=15). The large error bar associated with the UV irradiated samples results from high

amounts of variation in the treatment outcome. Some samples resulted in no bacterial

persistence, while others were very close to the control.
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Ethanol clearance from alginate (H) and alginate/F68 composite (O) hydrogels following

soak in 70% ethanol solution for 20 min and three subsequent 5-min washes in water.
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