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ABSTRACT: Retaining the hemocompatibility, supporting cell growth, and
exhibiting anti-inflammatory and antioxidant properties, while having antimicro-
bial activity, particularly against multidrug-resistant bacteria (MDR), remain a
challenge when designing aerogels for biomedical applications. Here, we report
that our synthesized alginate-based aerogels containing either 7.5 or 11.25 ug of
lipoic acid-capped silver nanoparticles (AgNPs) showed improved hemocompat-
ibility properties while retaining their antimicrobial effect against MDR
Acinetobacter baumannii and the reference strain Escherichia coli, relative to a
commercial dressing and polymyxin B, used as a reference. The differences in
terms of the microstructure and nature of the silver, used as the bioactive agent,
between our synthesized aerogels and the commercial dressing used as a reference
allowed us to improve several biological properties in our aerogels with respect to
the reference commercial material. Our aerogels showed significantly higher
antioxidant capacity, in terms of nmol of Trolox equivalent antioxidant capacity per mg of aerogel, than the commercial dressing. All
our synthesized aerogels showed anti-inflammatory activity, expressed as nmol of indomethacin equivalent anti-inflammatory activity
per mg of aerogel, while this property was not found in the commercial dressing material. Finally, our aerogels were highly
hemocompatible (less than 1% hemolysis ratio); however, the commercial material showed a 20% hemolysis rate. Therefore, our
alginate-based aerogels with lipoic acid-capped AgNPs hold promise for biomedical applications.

1. INTRODUCTION of antibiotic-resistant bacteria associated with multidrug
resistance (MDR) is a growing problem in healthcare
institutions due to persistent nosocomial infections.” An
example of this healthcare concern is Acinetobacter baumannii
(A. baumannii); this bacterium evolved from a harmless
epithelial bacterium to an MDR bacterium frequently
associated with pernicious wound healing infections."’
Immunocompromised patients with bacteremia, which, in
some cases, develops from infected wounds, may evolve into
pneumonia, septicemia, and urinary tract infections. Infections
with MDR bacteria often lead to complications, including
delayed wound healing, skin graft failure, sepsis, and
amputation.'' Furthermore, A. baumannii is resistant to

Aerogels are used as wound dressings and delivery systems for
antibacterial agents'~ and are used regularly to reduce wound
exposure to the environment to prevent bacterial infection,
compress the wound, and stop bleeding. However, available
topical products are not always indicated or suitable for all
patients, especially those with comorbidities such as cancer,
diabetes, hypertension, or vascular disease.”® Furthermore,
among the many aerogels options, from simple materials such
as nonadherent dressings to modern options such as foam,
hydrocolloid, alginate, or negative pressure aerogels, gauze
remains one of the most widely used materials for traditional
wound care.”® However, the use of conventional gauze as a
dressing for second-intention healing of postsurgical wounds

tends to cause more pain than other types of occlusive Received: August 23, 2023
dressings since it involves frequent dressing changes.7 Addi- Revised: ~ December 21, 2023
tionally, limited results from controlled clinical trials suggest a Accepted: December 25, 2023

lack of effectiveness concerning evidence.”” Therefore, there is Published: January 3, 2024

still a need for further research on degradable biomaterials as
delivery systems. Moreover, the elimination and management
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metal salts, which limits treatment options and increases
mortality. Its clinical relevance ranks first on the list of six
priority pathogens (ESKAPE) of the Infectious Diseases
Society of America.”””'* Additionally, cancer patients and
end-stage patients with multiorgan failure are more likely to
develop chronic nonhealing wounds.”'®> Management of
chronic nonhealing wounds will be palliative to improve the
patient’s quality of life and control bleeding, odor, pain,
exudate, and superficial infection.'®'”

Active ingredients with antimicrobial effects can be
incorporated into dressings, such as silver nanoparticles
(AgNPs), for release into the wound.®'® Alginate, a
polysaccharide obtained from brown algae, has been approved
for biomedical use in drug delivery and tissue engineering due
to its biocompatibility and biodegradability.'” Alginate aerogels
can absorb large volumes of exudate and form a gel that
concentrates in the wound area.”””' Additionally, calcium
alginate aerogels are used as topical hemostatic agents to stop
bleeding from malignant wounds. Calcium alginate dressings
are recommended to reduce moist peeling because of
treatment with radiotherapy and cetuximab, as an early
application in head and neck cancer, or they can be
impregnated with AgNPs to treat wounds with beneficial
effects related to the control of exudates and the sustained
release of antimicrobial agents.””** Electrospinning-based
alginate-AgNP dressings have a gauze-like structure, showing
antibacterial and hemostatic activity.”* Furthermore, AgNPs
coated with a-lipoic acid (ALA), an antioxidant compound,
have shown reduced toxicity and anti-inflammatory activity
compared to uncoated AgNPs.”> Therefore, while AgNPs
decrease bacterial growth, virulence, and biofilm-related gene
expression of A. baumanni from wound infections,”® ALA can
be administered to reduce the inflammatory state, while AgNPs
can control bacterial infections in wounds. However, alginate-
based dressings have poor structural stability.27 Therefore,
strategies like plasticization have been used to reduce
intermolecular attractive forces between polymer chains and
improve the structural stability of alginate-based aerogels.”**’
Moreover, the transdermal delivery of ALA in a poly(ethylene
glycol)-plasticized aerogel is improved.”® Thus, alginate
aerogels can be designed to control bleeding, exudate, and
superficial infection and to deliver molecules. Previous works
have reported on dressings with silver nanoclusters and have
evaluated the synergistic effects between alginate and silver;’"
however, the goal of our work was to provide a material with
improved features of hemocompatibility, antioxidant, and anti-
inflammatory properties that also possess antimicrobial activity
against the MDR A. baumannii. Based on the above
information, we have designed aerogels made up of alginate
to contain and deliver silver nanoparticles, which are coated
with a-lipoic acid (AgNP-ALA). Alginate has the role of
containing AgNP-ALA. AgNPs are the vehicle for ALA to be
delivered since AgNPs are functionalized with ALA. To reduce
the intermolecular attraction forces between polymers chains,
and therefore increase the handling and stability to aqueous
medium of our alginate-based aerogels, we added poly-
(ethylene glycol) methyl ether methacrylate (PEGMA) as a
plasticizer.”' AgNPs-ALA possesses the capacity to neutralize,
or scavenge, free radicals like reactive oxygen species, ROS, a
defense mechanism against an invading microbe and NO°®, a
pro-inflammatory mediator.>> Both, ROS and NO®, have
detrimental effects on wound healing when produced and
released at high levels during pathological conditions. There-
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fore, our aerogels containing lipoic acid-capped AgNPs would
enhance wound healing given their free radical scavenging and
antimicrobial properties. The proposed aerogels have anti-
microbial activity against the MDR A. baumannii and improved
features of hemocompatibility, antioxidant, and anti-inflamma-
tory capacities compared to a commercial material, which
demonstrates their potential application in biomedicine.

2. MATERIALS AND METHODS

2.1. Materials. Reagents used for this research were
purchased from Sigma-Aldrich, Mexico. Aerogels were
synthesized by adding PEGMA Mn ~500 (Cat. no. 447943)
to alginic acid sodium salt—with a molecular weight of
120,000—190,000 g/mol and a mannuronic acid/guluronic
acid ratio (M/G) of 1.56 (Cat. no. 180947) and calcium
chloride (CaCl,). Commercial AgNPs, functionalized with a-
lipoic acid (AgNPs-ALA), (Cat. no. 807370) were incorpo-
rated into the aerogel mix solution. To evaluate the antioxidant
and anti-inflammatory activities, the following reagents were
used: sodium persulfate (KPS) (Cat. no. 216224); 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS**) (Cat.
no. 11684302001); (+)-6-Hydroxy-2,S,7,8-tetramethylchro-
mane-2-carboxylic acid (Trolox) (Cat. no.238813); sodium
nitroprusside (SNP) dihydrate (Cat. no.71778); and Griess 1X
Reagent (Cat. no. G4410). Furthermore, to evaluate aerogel
biocompatibility using resazurin (GoldBio, Cat. no. R-110),
the HFF1 fibroblast cells (Cat. no. SCRC-1041) from the
American Type Culture Collection (ATCC) were grown in D-
MEM F12 medium (Cat. no. D6434), supplemented with 10%
fetal bovine serum (Cat. no. F2442) and 1% antibiotic/
antimycotic (Cat. no. A5955), and trypsin/EDTA (Cat. no.
59417C), all obtained from Sigma-Aldrich, Mexico. For
bactericidal assays, Escherichia coli (ATCC 25922) and a
clinical isolate of Acinetobacter baumanii strain were donated by
Centro de Investigacion Biomédica de Occidente, Instituto
Mexicano del Seguro Social (CIBO, IMSS) diluted in saline
solution (0.85% NaCl, MERCK 1.06404.0500). Bacterial
growth was maintained with MH agar plates (BD-BIOXON
Cat. no. 211667), blood agar (BD, Cat. no. 220150), tryptic
soy broth (BD-BACTO, Cat. no. 211825) with glycerol
(Sigma-Aldrich, Mexico, Cat. no. G2025), while the antibiotics
gentamycin (Cat. no. G1264), polymyxin B (Cat. no. P4932),
trimethoprim (Cat. no. 92131), and tobramycin (Cat. no.
T4014) were obtained from Sigma-Aldrich, Mexico, and
ampicillin (Cat. no. 10045) was obtained from Fluka. Finally,
CVS Health Sterile Antimicrobial Silver Alginate Dressing was
used as a commercial control (CD, commercial dressing).

2.2. Synthesis of Aerogels. Aerogels were prepared from
sodium alginate solution 3% (w/v) mixed with PEGMA to
obtain final concentrations of 1.5% (w/v) and 0.375% (v/v),
respectively. The alginate solution was cross-linked with
calcium ions by adding chloride calcium solution 1.5% (w/v)
in equal parts (v/v). The solution was then stirred to obtain a
homogenized Ca-Alg-PEGMA solution,?”** Aerogels were
prepared with concentrations of AgNPs higher than 0.025
ug/mL, as has been reported.”® The AgNPs-ALA concen-
trations of 0.025 and 0.0375 pig/mL were incorporated into the
Ca-Alg-PEGMA solution. The final concentrations were 7.5 g
(7.5 NP) and 11.25 pg (11.25 NP) per aerogel. A sample of
0.6 mL of each solution was poured onto 24-well plates and
frozen for 48 h, followed by freeze-drying (Labconco
FreeZone, 1L) for 24 h (Figure 1).

https://doi.org/10.1021/acsomega.3c06114
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Figure 1. Schematic representation of the preparation process of
alginate-based aerogels with a-lipoic acid-capped silver nanoparticles
(AgNP-ALA). (1) PEGMA was added to a sodium alginate solution
to final concentrations of 0.375% (v/v) and 1.5% (w/v), respectively.
(2) CaCl, was added dropwise to the Alg-PEGMA mixture to a final
concentration of 0.75% (w/v), while stirring. (3) AgNP-ALAs were
added to the already cross-linked Alg-PEGMA solution to obtain a
final concentration of 7.5 and 11.25 ug per aerogel. (4) The Alg-
PEGMA-AgNP-ALA mixture was poured into polystyrene molds,
frozen at —20 °C for 48 h, and then () freeze-dried for 24 h to obtain
porous alginate-based aerogels with AgNP-ALA (6). Image by
authors.

2.3. Microscopic and Spectroscopic Characterization.
The structures of the surfaces of aerogels and commercial
dressing were imaged via a scanning electron microscopy
(SEM) instrument EVO/MAL1S ZEISS at 15 kV accelerating
voltage and variable pressure. The chemical composition of the
aerogels was analyzed by energy-dispersive X-ray (EDX)
microanalysis and an FT-IR spectrophotometer (Agilent
Cary 630, ATR cell) from 500 to 4000 cm™". X-ray computed
tomography (4CT) imaging was performed with a SkyScan
2211. The high-resolution nano-CT scanner (Bruker, Belgium)
was equipped with a 190 kV/50 uA™" mA tungsten X-ray
source and an 1l-megapixel (4032 X 2670) X-ray-sensitive
CCD detector. Samples were scanned using 110 kV
accelerating voltage and target current of 250 yA, using a 0.5
um copper source target, with full 360 sample rotation (0.20
increment) and an exposure time of 1500 ms per frame and
pixel size of 1 um. Reconstruction was performed using
Bruker’s NRecon software version 1.7. Subsequent 3D
morphometric analyses were conducted using Bruker’s CTAn
software version 1.20.

2.4. Determination of Antioxidant Activity. ABTS®*
was produced due to the reaction between an ABTS stock
solution with 0.87 mM potassium persulfate (KPS) in a 1:1
ratio. The ABTS/KPS solution was left in a dark place at 22 °C
for 18 h before use. The ABTS®*" solution was diluted with
distilled water until an absorbance of 0.70 + 0.2 at 734 nm was
obtained. The aerogels and commercial dressing were cut into
6 pieces and immersed in 900 yL of ABTS®". After 6 min of
incubation in the darkness, 200 L were transferred to a 96-
well plate, and absorbance was recorded at 734 nm (Epoch,
BioTek).” The percentage of inhibition was calculated by the
formula
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was prepared using Trolox at different concentrations (0—120
nmol/mL) prepared with absolute ethanol.””** The inhibition
of ABTS®" by the aerogels was compared against the Trolox
standard, and the results were expressed in terms of nanomoles
of Trolox equivalent antioxidant capacity (TEAC) per mg of
aerogel.

2.5. Determination of Anti-Inflammatory Activity.
The SNP assay was adapted to determine the anti-
inflammatory activit7y, related to the NO® scavenging capacity
of the aerogels.”®*” The aerogels and commercial dressing
were cut into 6 pieces, immersed in 1200 yL of 2.5 mM SNP,
and incubated for 1 h in light. A sample of 100 uL of each
condition was transferred to a 96-well plate, and 100 yL of 1X
Griess Reagent was added and incubated for 15 min in dark
conditions at 22 °C. The NO® scavenging was determined by
the absorbance at a wavelength of 540 nm (Epoch, BioTek)
using the following formula

Abs

control

Abs

control

Abs

sample

X 100

NO® scavening, % =

where Abs_,,, is the absorbance of 1X Griess Reagent with
SNP and Abs,,, is the absorbance of 1X Griess Reagent with
SNP and the aerogel. A reference curve was obtained using
indomethacin at different concentrations (50—200 nmol
mL™") prepared with absolute methanol. The NO® scavenging
effect determined from each aerogel was compared to the
values obtained from the indomethacin curve. The results were
expressed in terms of nanomoles of indomethacin equivalent
anti-inflammatory capacity (IEAC) per mg of aerogel.

2.6. Hemocompatibility. The aerogels and commercial
dressing were put into contact with blood from healthy donors
to determine the compatibility in terms of hemoglobin
release.”® The blood was collected in a BD vacutainer with
sodium citrate. The aerogels were first incubated for 30 min at
37 °C with 500 mL of 1X PBS. Subsequently, 20 mL of blood
was added to the aerogels, water was used as the positive
control, and 1X PBS was used as the negative control instead
of aerogels. After incubating the samples for 60 min at 37 °C,
they were centrifuged at 700g for 10 min at 22 °C. A 200 mL
portion of each sample was transferred to a 96-well plate to
read absorbance at a wavelength of 540 nm (Epoch, BioTek).
The percentage of hemolysis was calculated via the following
equation

Abs

- Absnegative control

— Abs

'sample

X 100

hemolysis, %

S positive control negative control

The blood sampling was approved by the Bioethics
Committee of the Center for Scientific Research and Higher
Education at Ensenada (CICESE) (CBE/PRES-O/004).

2.7. Cell Viability. HFF1 fibroblast cells were used to
analyze the biocompatibility of aerogels. This effect was
determined via the conversion of resazurin to resorufin. Cells
were grown in D-MEM F12 medium supplemented with 10%
FBS and 1% antibiotic/antimycotic. The cells were maintained
in a T2S flask at 37 °C in a 5% CO, atmosphere. Once
confluent, the monolayer was enzymatically detached for 1 min
at 37 °C with 500 uL of trypsin/EDTA and D-MEM F12

https://doi.org/10.1021/acsomega.3c06114
ACS Omega 2024, 9, 2350—-2361


https://pubs.acs.org/doi/10.1021/acsomega.3c06114?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06114?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06114?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06114?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 2. Morphological characterization of alginate-based aerogels with a-lipoic acid-capped silver nanoparticles (AgNP-ALA). The
morphological characteristics of aerogels did not change as AgNP-ALA was added into biocomposites. Semispherical and interconnected pores
are visible in our synthesized aerogels. The commercial dressing shows a fibrous, nonwoven, microstructure. Alg: calcium alginate-PEGMA aerogel.
7.5 NP: calcium alginate-PEGMA aerogel containing 7.5 pug of AGNP-ALAs per aerogel. 11.25 NP: calcium alginate-PEGMA aerogel 11.25 ug of
AgNP-ALAs per aerogel. CD: commercial silver alginate dressing. Scale bars: 10 mm for pictures and 100 ym for SEM images. Photographs were

provided by authors.

supplemented medium was added. Then, aerogels with
100,000 cells per well were placed into a 48 well-plate and
incubated for 24 h at 37 °C in a 5% CO, atmosphere. After 24
h of incubation, 500 #L of 10X resazurin diluted 1:2 solution
was added and incubated for 2 h under standard conditions.
Controls of our cell-free materials were included to prevent the
impact of chemical interactions with resazurin on the results.
The supernatant was transferred to a 96-well ELISA plate. The
absorbance was measured at 570 and 600 nm in an ELISA
plate reader (xMark Microplate Spectrophotometer, BioRad).
The resazurin-resorufin reduction percentage was determined
by the next formula

resazurin — resurafin reduction, %
_ [(117,216)(AS70 nm)] — [(80,586)(A600 nm)]
[(155,677) (4600 nm)] — [(14,652)(A’570 nm)]

X 100

where 117,216 = molar extinction coefficient of the oxidized
form of the dye 600 nm; 80,586 = molar extinction coefficient
of the oxidized form of the dye 570 nm; 155,677 = molar
extinction coefficient of the reduced form of the dye 570 nm;
14,652 = molar extinction coefficient of the reduced form of
the dye 600 nm.

Finally, cell survival was calculated against the positive
control (cells without treatment) using the following formula

percentage of reduction from each treatment

survival, % =
percentage of reduction of control

X 100

2.8. Bacterial Viability in PBS as a Vehicle for
Antibacterial Assays and the Antibiotic Disk Diffusion
Method. The bacterial viability of E. coli ATCC 25922 and
the MDR A. baumanii was determined by maintaining at
different times the strains in PBS as a vehicle for further assays.
Initially, a working aliquot from each strain was seeded on MH
agar and incubated for 18 h at 35.5 + 1.0 °C. Then, a
suspension of each bacterial strain was prepared, with 1.0 + 0.5
x 10° colony-forming units per mL (cfu/mL) in 1X PBS and
incubated at 0, 24, 48, 72, and 96 h at 25 + 3.0 °C. Bacterial
viability was determined using 100 pL of a bacterial suspension
at different incubation times, using the viable count assay. The
antibiotic susceptibility for both strains, E. coli and A.
baumannii, was determined by disk diffusion assay following
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The Clinical and Laboratory Standards Institute in the M02-
A10 document, with some modifications,® and considering
that A. baumanii was isolated from a hospital collection. Briefly,
a bacterial suspension was prepared in saline buffer, and the
inoculum density was adjusted to a standard turbidity
equivalent to the 0.5 McFarland standard; the bacterial
suspension was plated with a swab on a 90 mm plate with
MH agar. Once the suspension dried on the surface of the MH
agar, a 6 mm disk previously impregnated with 10 uL of
different antibiotics was distributed equidistantly on the plate.
The antibiotics analyzed were gentamicin (10 or 160 ug),
polymyxin B (20 g equivalent to 300 U), trimethoprim (5
ug), ampicillin (10 ug), and a mixture of gentamicin (10 ug)
with polymyxin B (20 ug equivalent to 300 U) or tobramycin
(10 pg) with polymyxin B (20 ug equivalent to 300 U). The
plates were then incubated for 20 h at 35.5 + 1.0 °C and the
zones of inhibition (ZOIs) were measured in mm. The same
protocol was followed for the analysis of E. coli. All assays were
performed in duplicate.

2.9. Bactericidal Effect of Aerogels on Bacterial
Strains. The bactericidal effect of the 7.25 NP and 11.5 NP
aerogels was determined by a dilution method, using E. coli
(ATCC, 25922) as the reference control and A. baumanii as an
MDR strain. Both strains were resuspended and maintained in
PBS for up to 96 h, as previously indicated in Section 2.8.
Previously, the original strains were grown on blood agar at 37
°C for 18 h. Then, working aliquots (WA) filled with
cryopreservation medium containing 10% glycerol and tryptic
soy broth were kept at —70 °C until use. Before each
bactericidal assay, one WA of each strain was spread on an MH
agar plate and incubated at 35.5 &+ 1.0 °C for 18 h. The assay
was started by resuspending the strains in 1 mL of 1X PBS ata
setting of 1.9 + 0.5 X 10® cfu/mL and each aerogel, i.e., Alg,
7.5 NP, 11.25 NP, and CD, was added individually to the
bacterial suspension. Polymyxin B at 2 ug (300 U) was used as
a control based on the previous susceptibility determination of
the A. baumanii strain. Finally, the bacterial viability was
determined by the plate dilution method after 0, 2, 24, 48, 72,
and 96 h of incubation of the bacterial suspension in PBS with
each aerogel at 25 + 3.0 °C. To do this, serial dilutions (107"
to 107*) of the bacterial suspension were seeded on duplicate
MH agar plates and incubated at 35.5 + 1.0 °C for 24 and 48
h. Colonies were counted after 48 h of incubation at 35.5 + 1.0
°C. All assays were performed in triplicate on three different
days.
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Figure 3. Morphometric characterization of alginate-based aerogels with a-lipoic acid-capped silver nanoparticles (AgNP-ALA). Alg: calcium
alginate-PEGMA aerogel. 11.25 NP: calcium alginate-PEGMA aerogel 11.25 ug AgNP-ALAs per aerogel. CD: commercial silver alginate dressing.
Three-dimensional reconstruction by yCT of aerogels. The pore structure separation distribution increased when AgNPs were incorporated into
the matrix. The pore structure thickness distribution was similar between our aerogels, but the CD pore thickness was higher. All three showed a
high percentage of interconnected pores that were tunnel-like and a low percentage of dead-end cavities.

2.10. Statistical Analysis. Data were analyzed with
GraphPad Prism version 8. Antioxidant activity, NO*®
scavenging, antimicrobial activity, cell viability, hemocompat-
ibility, and bactericidal assays are shown as the mean =+
standard deviation (SD) of at least three independent
experiments. Statistical analysis was performed by one-way
ANOVA with Tukey’s multiple comparisons posthoc test.
Blood coagulation assay is presented as mean =+ standard
deviation (SD) of at least three independent experiments.
Statistical analysis was performed by two-way ANOVA with
Sidak’s multiple comparisons posthoc test. The significance
criterion in the statistical analysis was set at p < 0.0S. Asterisks
indicate statistical difference *(p < 0.05), **(p < 0.01), ***(p
< 0.001) and ***%(p < 0.0001).

3. RESULTS AND DISCUSSION

3.1. Morphological and Physicochemical Character-
ization of Aerogels. The topography of aerogels directly
affects the behavior of cells in their orientation, migration, and
production of cytoskeletal elements.”” SEM was used to
analyze the microstructure of the external surface morphology
of the aerogels (Figure 2). The pore structure of our
synthesized aerogels revealed a highly porous and intercon-
nected architecture, whereas the commercial dressing had a
nonwoven fibrous matrix that is related to its electrospinning
synthesis. An interconnected and porous network enhances
cell seeding in the materials and leads to cell infiltration and
tissue growth.”' Since SEM does not provide quantitative
information on porosity, the distribution and interconnectivity
of pores within the sample were investigated by using X-ray
computed tomography (Figure 3). Computer-generated 3D
images allowed quantification of pore structure separation and
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thickness distribution. The structure separation analysis
indicated that Alg aerogels showed a pore size range
distribution of 0—100 um, with a higher percentage around
10 pm. The 11.25 NP aerogels showed a uniformly distributed
pore size distribution between 2 and 218 ym and a structural
separation of 110 + 63.21 um. The CD had a pore size range
distribution of 0—225 um, with a higher percentage around
30—39 um (12.6%) and a structure spacing of 132 + 75.77
pm. Pores smaller than 160 pm allow migration and
proliferation of dermal fibroblasts.*” Endothelial infiltration
promotes angiogenesis, and the diffusion of cellular nutrients
and waste products requires a minimum porosity of 30—40
um.* Pores between 160 and 200 ym promote the formation
of new vessels along aerogels.”*

Our aerogels had a similar structure thickness distribution:
at a 0.004 mm thickness, Alg (26.67%) and 11.25 NP
(27.19%) had the highest percentage, whereas CD had a broad
thickness distribution at 0.012 mm (28.68%). The thickness of
the Alg structure is 0.014 + 0.007 mm, 11.25 NP is 0.0165 +
0.009 mm, and CD is 0.011 + 0.006 mm. All of these
structures presented high percentages of open cavities 82.6%
for Alg, 92.9% for 11.25 NP, and 90.2% for CD, plotted as
open porosity, while the percentage of dead-end cavities was
less than 0.01% Alg, 0.16% 11.25 NP, and 0.04% CD,
represented as closed porosity. A highly porous structure with
thin walls was observed. These results confirm the SEM
micrographs, which show an extensive and interconnected
porous network throughout its structure. Thus, our aerogels
achieved the architecture required to provide biomechanical
support to grow cells and allow metabolite exchange.

To investigate the chemical interactions and to identify the
functional groups, aerogels were characterized by FT-IR
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Figure 4. Chemical characterization of alginate-based aerogels with a-lipoic acid-capped silver nanoparticles (AgNP-ALA). (a) FT-IR spectra show
the different alginate aerogels in the regions of 1000—1800 cm™ and 2800—3200 cm™. (b) EDX of 11.25 NP and CD aerogels shows their
elemental composition and the presence of Ag incorporated into the matrix. Alg: calcium alginate-PEGMA aerogel. 11.25 NP: calcium alginate-
PEGMA aerogel 11.25 pug AgNP-ALAs per aerogel. CD: commercial silver alginate dressing.
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Figure S. In vitro antioxidant and anti-inflammatory activity of alginate-based aerogels with a-lipoic acid-capped silver nanoparticles (AgNP-ALA).
Free radical scavenging activity is expressed as nanomoles of TEAC per mg of aerogel due to their capacity to inhibit ABTS®* oxidation. Anti-
inflammatory activity is expressed as Indomethacin equivalent anti-inflammatory capacity per milligram of aerogel, in terms of their capacity of
nitric oxide radical (NO®) scavenging. Data are presented as mean + SD, n = 3 per group, *p < 0.0S, **¥p < 0.001, ****p < 0.0001, by one-way
ANOVA and Tukey’s multiple comparison posthoc. Alg: calcium alginate-PEGMA aerogel, 7.5 NP: calcium alginate-PEGMA aerogel containing
7.5 ug AgNP-ALAs per aerogel. 11.25 NP: calcium alginate-PEGMA aerogel 11.25 ug AgNP-ALAs per aerogel. CD: commercial silver alginate
dressing. Control: blank (ABTS®** with water, for antioxidant activity; SNP with water, for NO® scavenging). Photographs by authors.

analysis (Figure 4). The FT-IR spectra of Alg, 11.25 NP, and
CD showed their assignments of the characteristic vibrational
modes, with dotted lines. The alginate O—H bond is shown at
3208 cm™' of the Alg spectrum. When AgNPs-ALA are
incorporated into the alginate matrix, this peak appears
flattened in the 11.25 NP spectrum. The symmetric vibrations
of the COO™ group were found at 1404 cm™", which is present
in all three spectra as they are composed of alginate.”” Both
1078 and 1021 cm™' peaks are attributed to the stretching
vibration of the C—O—C bond of the ring of alginate
monomers.”> When there is a metal—carboxylate interaction,
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the vibrations are weakened,” as is shown in 11.25 NP and
CD spectra. The characteristic PEGMA peak at 2868 cm™
corresponds to the stretching of the C—H of the —CHj; group;
this peak is only expected in our Alg-PEGMA aerogels. The
1717 em™" peak is attributed to the C=O stretching from
PEGMA in the Alg aerogel spectrum, confirming the
incorporation of PEGMA in Ca-Alg-PEGMA.” To stabilize
the alginate egg-box model, the metal atom interacts with one
oxygen of its two adjacent C=0O groups in polyguluronic acid
chains.*” However, in this case, given that AgNPs are covered
by lipoic acid, the interactions between the nanoparticles and
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the polymeric matrix could be attributed to the carboxylate
groups of lipoic acid with calcium cations in the calcium
alginate network.*’

The similarity between the 11.25 NP and CD spectra is due
to the AgNPs interacting with the alginate monomers. The
elemental composition of the solids on the surface by EDX was
determined (Figure 4) for 11.25 NP and CD. Our aerogels
were obtained by mixing sodium alginate with calcium
chloride, so the EDX spectrum of 11.25 NP revealed the
peaks of the synthesis elements Ca, Na, Cl, and O, while the
CD spectrum only presents peaks of Ca, Cl, and O. Both
aerogels show a strong signal in the silver region at 3 keV,***
which confirms the results of the FT-IR of AgNPs’
incorporation into the calcium alginate matrix. The micro-
structure and surface chemistry play an important role in the
biological reactions of biomaterial surfaces;”>>! therefore, we
expect that properties such as antioxidant, anti-inflammatory,
antimicrobial activities, hemocompatibility, and blood clotting
will be influenced by those characteristics.

3.2. Antioxidant and Anti-Inflammatory Activities.
Excessive amounts of ROS can cause a cellular imbalance in
the reduction—oxidation reactions and disrupt normal bio-
logical functions, leading to oxidative stress, which generates
cell damage due to the oxidation of molecules, mutagenesis,
cell death, inflammation, and carcinogenesis.52 a-Lipoic acid is
a thiol antioxidant, the precursor of glutathione (GSH),
vitamin C, and E. In the reduced form it can react with free
radicals; therefore, it can regulate the inflammatory
response.””>* Moreover, PEGMA due to its C=C double
bond can also contribute to the radical scavenging properties
of our aerogels.’>*® To determine the antioxidant capacity of
our aerogels, they were placed in contact with the ABTS®"
solution, and the ability to inhibit the oxidation of the radical
was measured, at 734 nm.”> The antioxidant activity was
expressed as Trolox equivalent antioxidant capacity (TEAC),
determined by using as reference Trolox, a synthetic analog of
vitamin E (Figure 5).”” The antioxidant activity of aerogels
increased from 1 + 0.043 nmol TEAC/mg per aerogel in Alg
to 2.66 + 0.415 nmol de TEAC/mg per aerogel for 7.5 NP
(2.6-fold) and 3.33 + 0.25 nmol de TEAC/mg per aerogel for
11.25 NP (3.3-fold), while CD had 1.64 + 0.072 nmol TEAC/
mg per aerogel. Our AgNP-ALA-containing aerogels have an
increased antioxidant activity instead of the commercial
dressing, which has 13 times more silver than 11.25 NP
aerogels. Based on this, our aerogels exhibit a significant in
vitro behavior, which could be effective in neutralizing ROS
and pro-inflammatory molecules, to re-establish the positive
influence that low ROS levels can have as antibacterial and cell
signaling messenger, in the recruitment, migration, prolifer-
ation, and differentiation of cells. Inflammation is a
physiological process in response to harmful stimuli resulting
from pathogen infection, chemical irritation, and/or tissue
damage.”® During this process, severe molecules are released as
pro-inflammatory cytokines and free radicals. Nitric oxide
radical (NO®) is a pro-inflammatory mediator involved in
immunological processes such as fighting bacterial infections
and tumors or wound healing. When NO® is released at high
levels during pathological conditions, it triggers tissue
inflammation.””> NO® concentrations of 30—100 nM have
been related to a pro-tumorigenic state and identified as a poor
prognostic indicator.”> The anti-inflammatory activity was
determined by the capacity of the aerogels to scavenge NO°®,
donated by SNP.*” The amount of NO® was measured with
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the 1X Griess Reagent, which reacts with SNP to produce a
pink-colored solution with a wavelength of 540 nm (Figure 5).
All aerogels have activity related to NO® scavenging. The Alg
aerogel showed 18.22% of NO® scavenging, and it has been
previously reported that PEG has anti-inflammatory proper-
ties;®" therefore, this property can be attributed to the PEGMA
incorporation.” In the case of 7.5 and 11.25 NP, these showed
30.4 and 37.47% of NO® scavenging, respectively. Meanwhile,
the commercial dressing did not have the capacity to scavenge
the NO*® at all. Increased amounts of nitric oxide synthase and
superoxide dismutase have been reported in chronic wounds
during nonhealing processes. Thus, our results show that the
antioxidant and anti-inflammatory capacities of the aerogels
increase as the AgNP-ALA concentration increases. Acute
inflammation and oxidative stress can lead to chronic
inflammation; therefore, it is suitable to assume that AgNP-
ALA can modulate these processes with the combined radical
scavenging and anti-inflammatory activities of aerogels.

3.3. In Vitro Biocompatibility. The cytocompatibility of
the aerogels was determined in human fibroblasts after 24 h of
incubation. Fibroblast survival increased statistically signifi-
cantly when seeded into the aerogels. The used AgNP
concentration did not affect the cell viability as has been
reported with concentrations higher than 5 ug/mL of AgNPs
ALA-capped (Figure 6).”> The percentage of hemolysis below
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Figure 6. In vitro biocompatibility of alginate-based aerogels with a-
lipoic acid-capped silver nanoparticles (AgNP-ALA). Human
fibroblasts HFF-1 cell viability was determined by resazurin to
resorufin percentage after 24 h of incubation with the 11.25 NP
aerogel and is expressed as a percentage (%). Absorbance of
hemoglobin released from erythrocytes of blood samples incubated
with aerogels for 60 min at 37 °C is presented as a percentage. Data
are presented as mean + SD, n = 3 per group, *p < 0.05, ***p <
0.001, ****p < 0.0001, by one-way ANOVA and Tukey’s multiple
comparison posthoc. Alg: calcium alginate-PEGMA aerogel. 7.5 NP:
calcium alginate-PEGMA aerogel containing 7.5 ug AgNP-ALAs per
aerogel. 11.25 NP: calcium alginate-PEGMA aerogel 11.25 pug AgNP-
ALAs per aerogel. CD: commercial silver alginate dressing. Control
(+): cells without any treatment, control (—): cells with 50% DMSO;
(for survival assay). Control (+): water, control (—): PBS 1X; (for
hemolysis assay).

5% establishes one of the criteria to demonstrate the
hemocompatibility of biomaterials, according to ISO 10993-
1,*® indicating if the material can cause the lysis of erythrocytes
and the subsequent hemoglobin release. To prove the
hemocompatibility of aerogels, they were incubated with
blood from healthy volunteers. The percentage of hemolysis
was Alg 0.28%, 7.5 NP 0.47%, and 11.25 NP 0.51%, while the
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A) Bacterial load in PBS after incubation at 25+3.0°C (CFU/mL)
Strain
Oh 24h 48h 72h 96h
E. coli ATCC 25922 627,500 117,750 67,250 92,250 199,000
A. baumanii 1,007,500 930,000 1,162,500 1,080,000 1,107,500
B) Inhibition zone di t (mm)
Antibiotic disk Strain (average di ) Expected result
i for E. coli
A. baumanii . coll
: (ATCC 25922) (ATCC 25922)*
Gentamicin 10ug 6.0 (R) 203 19-27
Tobramycin 10 pg 6.7 (R) 193 18-26
Polymyxin 300U 15.8 (NA) 17.8 13-19
Ampicillin 10 pg 6.0 (R) 15.8 15-22
Trimethoprim 5 pg 6.0 (R) 27.0 2128
+ icin 10 pg with Polymyxin 300U 15.7 17.7 NA
+ Gentamicin 160ug 113 253 NA
+ Tobramycin 10 pg with Polymyxin 300U 16.3 18.7 NA
+ Tobramycin 160 pg 13.7 243 NA

+, NA: Not previously evaluated according to the CLSI (2016).
R: Resistant, according to Table 2B from CLSI, 2016.
*According to CLSI, 2016.

Figure 7. Disk diffusion test for A. baumanii and E. coli. (a) Bacterial viability on 1x PBS as a vehicle for the assays. (b) Antibiotic susceptibility disk
diffusion assay for MDR A. baumanii and the reference bacterium E. coli ATCC25922. Mueller Hinton Agar on the 90 mm plate was inoculated
with an adjusted suspension (turbidity equivalent to a 0.5 McFarland standard) The table shows the ZOI expressed by diameter in mm, when a
disk with antibiotic was placed on the surface. (c) Antibiotic disks and aerogels were placed on the surface of the previously inoculated medium,
and the amount of antibiotic, or mix of them, were deposited in each disk in 10 L of PBS, as diluent. The above representative photographs show
the ZOI after 20 h of incubation at 35.5 + 1 °C. Alg: calcium alginate-PEGMA aerogel. 7.5 NP: calcium alginate-PEGMA aerogel containing 7.5 ug
AgNP-ALAs per aerogel. 11.25 NP: calcium alginate-PEGMA aerogel 11.25 pg AgNP-ALAs per aerogel. CD: commercial silver alginate dressing.
Photographs by authors.

A) E. coli
1x107 =
| -e- PBS
1x10° = -+ Alg
1 -3 7.5NP
= 1x10°
§ i o 11.25NP
& 1x10t - -& CD
1 -~ Polymyxin B 2 pg/mL
1x10° =
1 1 1 T T T
0 2 24 48 72 96
Time, h
B) A. baumanii
1x107 =
] -o- PBS
1x10° = -+ Alg
1 -8 7.5NP
= 1x10°
£ . & 11.25NP
5 xaot -& CD
] -©- Polymyxin B 2 pg/mL
1x10° =1 \
1 &8

T 1 Ll Ll

24 48 72 96
Time, h

Figure 8. Bactericidal effect of alginate-based aerogels with a-lipoic acid-capped silver nanoparticles (AgNP-ALA). (a) Kinetics of bactericidal
effects of aerogels in E. coli for 96 h. (b) Kinetics of bactericidal effects of aerogels in A. baumanii for 96 h. Strains were incubated with PBS and
each of the aerogels to evaluate their bactericidal effect. After 24 h, an evident effect was observed in both strains when aerogels were used. Alg:
calcium alginate-PEGMA aerogel. 7.5 NP: calcium alginate-PEGMA aerogel containing 7.5 ug of AgNP-ALAs per aerogel. 11.25 NP: calcium
alginate-PEGMA aerogel 11.25 ug AgNP-ALAs per aerogel. CD: commercial silver alginate dressing. Polymyxin B as a positive control (2 ug
equivalent to 300 U), and PBS as a negative control or viability control. The bars show the standard deviation of three replicates on different days.
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CD had 21.77%, exceeding the 5% established as a high
hemocompatibility percentage (Figure 6). The size of AgNPs
has been related to cytotoxicity in erythrocytes. Below 50 nm,
AgNPs can produce oxidative stress and damage to the
membrane, resulting in hemolysis, while high AgNP concen-
trations such as 20 yg/mL can cause hemolysis of 12—70%.°"
Thus, our aerogels with 60 nm AgNPs are highly
hemocompatible regarding hemoglobin release. Topical
hemostatic agents such as calcium alginates are used for
minor bleeding; besides, they are available as a wound dressing
with or without silver.®” Agents such as calcium alginates are
readily available for minor bleeding as a wound dressing. Ion
calcium of the alginate is exchanged for sodium in the wound,
potentially triggering the coagulation cascade.” Alginate
dressings are hemostatic and should be used only for wounds
with moderate to heavy exudate. Although proved to be
effective hemostatic agents, modified alginate can more
efficiently control lethal bleeding.*®

3.4. Viability of E. coli and A. baumanii in PBS and
Antibiotic Susceptibility Assays. Our first goal, when
analyzing the antibacterial effect of our aerogels, was to
demonstrate that both A. baumanii and the reference
bacterium E. coli could maintain their viability in 1X PBS, a
vehicle that is poor in nutrients. Our results demonstrated that
A. baumanii maintained the bacterial load in 1X PBS after 96 h
of incubation without significant changes (Figure 7A). In
contrast, the E. coli load decreased by 1 log 10 after 48 h of
incubation, although it remained viable and culturable (Figure
7A) when it is maintained in 1X PBS. The next step was to
investigate the antibiotic concentration required to obtain an
inhibition zone diameter comparable to that approved for a
reference bacterium (E. coli), based on the CLSI (2016).%*
According to the antibiotics evaluated here, A. baumanii
exposed to 300 U of polymyxin B produces an inhibition zone
diameter of 15.8 mm (Figure 7B). Given that the inhibition
zone diameter obtained with polymyxin B in the reference
strain E. coli ATCC 25922 was within the expected range for
this bacterium (CLSI, 2016), we chose this antibiotic
concentration as antibacterial control to compare it with the
antimicrobial effect of our aerogels. Likewise, when observing
that the inhibition zones in E. coli ATCC 25922 are within the
expected range for the other antibiotics, we can validate the
method, the antibiotics, and the reference strain (Figure 7B).
The disk diffusion assays showed that our aerogels and the
commercial dressing (used as a reference) have an antibacterial
effect against E. coli and A. baumanii (Figure 7C).

3.5. Bactericidal Effect of 7.5 NP and 11.25 NP
Alginate-Based Aerogels on E. coli and A. baumannii.
Once the experimental conditions were established, that is the
culture conditions and antibiotic concentration, our aerogels
were analyzed to investigate their antibiotic effect against the
MDR A. baumanii. After 24 h of incubation with both
concentrations of AgNPs-ALA, a reduction of 4Logl0 was
determined for both strains, E. coli and A. baumannii (Figure
8). The control polymyxin B concentration for the assays was 2
ug/mL equivalent to 300 U. The number of colony-forming
units per mL (cfu/mL) of E. coli after 2 h of incubation
decreased to the same values as those of CD. After 24 h, the
7.5 NP aerogel reached the same cfu/mL as that of the 11.25
NP and CD. These values were lower than those obtained with
polymyxin B (Figure 8A). However, the cfu/mL of the MDR
A. baumanii strain decreased after 24 h with no differences
between 7.5 NP, 11.25 NP, and CD (Figure 8B). Bacterial
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colonization of wound dressing materials is one of the
significant problems in wound healing therapy. The bacteria
colonization degree results from the specific microorganism
pathogenicity and virulence, in combination with the
immunological condition of the patient. In recent years, new
approaches have been developed to improve the antimicrobial
response, such as antibiotic combinations, bacteriophage
therapy, and antimicrobial NP-based formulations. Delivery
of AgNPs through aerogels, used for topical administration
against MDR bacteria, has been described to improve the
AgNPs’ antimicrobial activity.”> This nanostructured material
loaded with AgNPs demonstrates biocompatibility with the
epithelial human cell line, which also had a remarkable
antimicrobial effect on the MDR A. baumanii and E. coli
reference strain as well. These results position the AgNP-ALA
biocomposites with the potential to be used in nano-
therapeutics to treat MDR microbial infected wounds over
open injuries.

4. CONCLUSIONS

In this work, the effects of lipoic acid-capped AgNPs on
alginate-based aerogels were studied to investigate their
potential biomedical applications. The performance of our
aerogels was compared to that of a commercial dressing also
made of alginate and containing colloidal silver as the bioactive
compound. Based on our results and under the experimental
conditions used in this study, the differences in terms of the
microstructure and nature of the silver, used as the bioactive
agent, between our synthesized aerogels and the commercial
dressing used as a reference allowed us to improve several
biological properties in our aerogels with respect to the
reference commercial material. Our aerogels showed signifi-
cantly higher antioxidant capacity, in terms of nmol of TEAC/
mg aerogel, than the commercial dressing. All our synthesized
aerogels showed anti-inflammatory activity, expressed as nmol
of IEAC per mg of aerogel, while this property was not present
in the commercial dressing material. Finally, our aerogels were
highly hemocompatible (less than 1% hemolysis ratio);
however, the commercial material showed a 20% hemolysis
rate. Regarding antibacterial activity, our alginate-based
aerogels containing either 7.5 or 11.25 ug of AgNPs-ALA
per aerogel showed equivalent antimicrobial activity against the
MDR A. baumanii and E. coli reference strain, as well, relative
to the commercial dressing and polymyxin B. Therefore, our
results show the potential of alginate-based aerogels with lipoic
acid-capped AgNPs for biomedical applications and makes our
aerogels a good choice for further evaluations, such as
nanotherapeutics to treat MDR-infected wounds over open
injuries.
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