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Biogenic Vaterite Calcium Carbonate-Silver/Poly(Vinyl Alcohol) Film
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98-99% Hydrolyzed PVA

Vaterite CaCO,-Ag microspheres

ABSTRACT: Vaterite, a spherical polymorph of CaCOj3, shows potential as a carrier for the stable and controlled release of silver
nanoparticles (AgNPs), preventing their aggregation or loss of efficacy during application. Furthermore, the embedding of CaCO;—
Ag in a poly(vinyl alcohol) (PVA) matrix helps effectively encapsulate and protect the CaCO;—Ag microspheres and provides
mechanical stability for better contact with the wound surface. This article focuses on the fabrication of an antimicrobial and
biocompatible absorbent film embedded with precipitated biogenic vaterite CaCO;—Ag microspheres. The impact of vaterite
CaCO;—Ag on the physical, chemical, nanomechanical, biocompatibility, and antimicrobial properties of the PVA films was
investigated. The morphology study revealed a bilayer film structure with an inactive and active surface containing homogeneously
distributed vaterite CaCO;—Ag. The X-ray photoelectron spectroscopy (XPS) analysis of the spin—orbit splitting in the Ag 3d;,, and
Ag 3d;/, peaks indicated the presence of both metallic and ionic states of silver in vaterite CaCO;—Ag prior to its incorporation into
the PVA polymer matrix. However, upon embedding in the PVA matrix, a subsequent transformation to solely ionic states was
observed. The nanomechanical properties of PVA improved, and the reduced modulus and hardness increased to 14.62 + 5.23 and
0.64 + 0.29 GPa, respectively. The films demonstrate a significant activity toward Gram-negative Escherichia coli bacteria. The release
of AgNPs was studied in both open and closed systems at pH 6, mimicking the pH environment of the wound, and it demonstrated
a dependency on the type of capping agent used for synthesis and loading of AgNPs. The results further revealed the
biocompatibility of the prepared films with human dermal fibroblast cells at a concentration of <5 mg/mL, making them applicable
and functional for wound dressing applications.

1. INTRODUCTION nanoparticles such as zinc,* silver,™® gold,7 and coppers_10 asa
Biocompatible absorbent materials derived from the combina- potential solution to solve the global antibiotic resistance.'"
tion of inorganic and organic components are highly desirable to Despite the various proposed and adopted antibacterial
be employed in biomedical, food industry, and pharmaceutical mechanisms of metal nanoparticles, their explicit mechanisms
applications due to their high water absorption capacity, are still dubious and unclear. However, as metal nanoparticles do
biodegradability, and mechanical stability. However, their ability not bind to a specific receptor in the bacterial cell, the bacteria
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to hold a large quantity of water may facilitate bacterial growth are unable to develop any resistance. 2

and consequently increase the chance of infection.! Diseases
derived from bacterial infections are a serious human health
threat, specifically in Carbapenem-Resistant Enterobacteriaceae
(CRE) bacteria groups, which nearly become resistant to all
available antibiotics.” Therefore, simply incorporating the
antibiotic drugs into an absorbent film is not an ideal option
due to the emergence of antibiotic resistance in pathogenic
microbes. An alternative and more effective way is to use metal
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For wound dressing application, Shalmun et al."® incorpo-
rated ZnO within a sodium alginate (SA)/poly(vinyl alcohol)-
(PVA) film as a potential biomaterial and showed that the
prepared films have antimicrobial activity against Staphylococcus
aureus and Escherichia coli bacteria. In another study, Jin et al."*
produced a nanofibrous scaffold consisting of poly(r-lactic
acid)-co-poly(e-caprolactone) loaded with AgNP films and
showed that human skin fibroblasts cultured on the scaffolds
possess better cell proliferation with 0.25 wt % AgNPs having
antibacterial activity against both Gram-positive and Gram-
negative bacteria.

Silver remains the best option among the widely used metal
nanoparticles due to its superior antimicrobial, anti-inflamma-
tory, and antioxidative properties as well as ease of
preparation.'” Silver-loaded wound dressing films have already
established a presence in the market,'°™"® but researchers and
scientists continue to search for new and innovative
combinations between silver and different polymer matrices.
The results of these efforts have been highly encouraging and
hold great promise for the future of wound care treatments. The
use of silver in wound dressings provides excellent antimicrobial
properties and helps prevent the growth of harmful bacteria. By
incorporation of new materials and techniques, the potential for
even more effective wound dressings is on the horizon. Recently,
Ueda et al."” reported the preparation of calcite calcium
carbonate powders loaded with AgNPs by ultrasonic spray-
pyrolysis (USSP) of calcium acetate in silver colloid in an
attempt to serve as a novel antibacterial inorganic filler material
and showed that calcium carbonate could facilitate the effective
release of Ag" ions for over 28 days. However, a more eco-
friendly and sustainable way to obtain calcium carbonate
powders with desirable polymorphs would be from discarded
eggshells proposed in this research. Eggshells comprise more
than 97 wt % biogenic calcium carbonates in calcite polymorph
structures.”® However, due to its cubic structure, the calcite
polymorph is unsuitable as a delivery vehicle. The calcite
structure of eggshell calcium carbonate with a cubical
morphology may transform into a spherical vaterite polymorph
structure by precipitation. The precipitation technique offers
control over the formation of vaterite CaCO; microspheres,
with the potential to adjust process parameters such as pH and
salt molar concentration. These adjustments enable the
attainment of the desired particle size, morphology, and
formation of specific polymorphs.”"”** The vaterite CaCO5 can
serve as a delivery vehicle due to its spherical morphology and
high biocompatibility. The advantage of CaCO;—Ag in
biomedical applications lies in its potential to provide the
controlled and stable release of silver nanoparticles, enhancing
antimicrobial efficacy while maintaining biocompatibility.”***

Wound dressing materials are engineered to aid natural
healing by guarding the wounds against external contaminants.
However, the ideal wound dressing must have several crucial
properties to ensure efficient healing and patient comfort. These
properties include biocompatibility, allowing for harm-free
integration with the patient’s skin and body; high water
absorption capacity, to effectively manage excess fluid and
prevent infection; biodegradability, to reduce waste and
minimize harm to the environment; mechanical stability, to
withstand physical stress and provide adequate protection; and
finally, antimicrobial activities, to prevent the growth of harmful
bacteria and other microorganisms.ZS’26 Therefore, the material
properties of polymeric films must meet certain requirements.
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Various natural or synthetic biocompatible polymers were
embedded with nanoparticles and have been reported so far for
skin tissue engineering scaffolds such as poly(acrylic acid)
(PAA),” chitosan,”**’ poly(i-lactic acid),*® collagen,®" hyalur-
onic acid (HA),’” gelatin,> polycaprolactone (PCL),**
PVA,>>3% etc. Out of these, PVA is the most studied
macromolecule for biomedical applications due to its level of
biodegradability, mechanical properties, and excellent bio-
compatibility.””*" Jinag et al.,* for instance, have demonstrated
that the PVA hydrogel has a similar microstructure to the
porcine liver and therefore is a promising biomaterial suitable for
tissue-mimicking, vascular cell culturing, and vascular implant-
ing. In a similar study, Augustine et al.*’ prepared a PVA
membrane containing green synthesized AgNPs for wound
dressing applications. They showed that the obtained
membranes possess good mechanical strength, excellent exudate
uptake capacity, antibacterial activity against both Gram-
negative and Gram-positive bacteria, blood compatibility, and
cytocompatibility. More recently, Guo et al.*' incorporated
AgNPs into PVA blended with chitosan for wound dressing and
showed that the hydrogel films have remarkable mechanical
stability and resist external damage. It also exhibits effective
antibacterial properties against S. aureus and E. coli and
demonstrates good biocompatibility without any cytotoxicity.

This work aims to produce antimicrobial and biocompatible
polymer films embedded with precipitated biogenic vaterite
CaCO;—Ag for wound dressing applications. The embedded
PVA films were characterized with respect to their spectro-
scopic, structural, thermal, mechanical, morphological, anti-
microbial, and cytotoxicity properties. Embedding vaterite
CaCO;—Ag in PVA macromolecules maintains the AgNPs’
stability and functionality and protects them from environ-
mental exposure. The combination of vaterite CaCOj; as a
carrier and stabilizer for AgNPs, along with the mechanical
stability, controlled release capability, biocompatibility, and high
water absorption capacity offered by the PVA film, contributes
to the overall effectiveness of using these materials for advanced
wound healing.

2. EXPERIMENTAL DETAILS

2.1. Materials. Chicken eggshell wastes were obtained from
a local bakery shop near the Suranree University of Technology
(SUT) in Thailand, Nakhon Ratchasima. The eggshells were
washed with water and boiled for 6 h at 100 °C to remove the
eggshell membranes and organic residues. The eggshells were
ground to a fine powder after being dried at 60 °C for 24 h. Silver
nitrate (99.0%, ACS reagent), sodium carbonate (powder,
99.5%, ACS reagent), sodium carboxymethyl cellulose (CMC,
average M,, of 90,000 g mol™', powder), and poly(sodium 4-
styrenesulfonate) (PSS, average M,, of 70,000 g mol™", powder)
were obtained from Sigma-Aldrich. Poly(vinyl alcohol) (PVA,
98—99% hydrolyzed, high molecular weight) was purchased
from Alfa Aesar. Nitric acid 65% (AR grade, M,, of 63.01 g
mol™") was purchased from ANaPURE.

2.2. One-Pot Synthesis of Vaterite CaCO;—Ag Micro-
spheres. The polyelectrolyte solution was prepared at ambient
temperature by dissolving 0.5 g of CMC or PSS in 20 mL of
deionized (DI) water. After the complete dissolution of
polyelectrolyte, 0.01 M silver nitrate solution was prepared
separately in S mL of DI water. The stable silver colloid was
prepared by adding 0.01 M silver nitrate solution to the
polyelectrolyte solution under stirring at ambient temperature.
The calcium nitrate solution was obtained from eggshell
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powders, as described in our recent publication.”” The calcium
nitrate molar concentration was adjusted, and the pH was
altered to about neutral by adding 0.1 molar sodium hydroxide
solution. The same molar concentration of the sodium
carbonate solution was also prepared accordingly. An equal
volume of calcium nitrate and sodium carbonate solution was
rapidly added and mixed within the silver colloid/polyelec-
trolyte suspension with stirring for 30 s at ambient temperature.
The resulting suspension was centrifuged at S000 rpm for S min
to remove the polyelectrolyte solution and unreacted AgNPs.
The obtained microspheres were washed, centrifuged 3 times,
and dried in a vacuum oven at 40 °C for 24 h. The resulting
vaterite calcium carbonate-AgNPs were designated as CaCO;—
Ag-CMC when CMC was used as the capping agent and
reducing agent and as CaCO;—Ag-PSS when PSS was used. The
AgNP loading efficiency (LE) and vaterite CaCO; loading
capacity (LC) were calculated using the following equations

mp

LE (%) = " x 100

my (1
LC (%) = 22 x 100

My (2)

Here, mp or practical mass represents the mass of silver (mg/g)
loaded in CaCO;—Ag-CMC or CaCO;—Ag-PSS (determined
by digesting the microspheres in nitric acid and tested using
-nductively coupled plasma—optical emission spectrometry
(ICP-OES)), my is the theoretical mass of silver (mg/g)
loaded in CaCO;—Ag-CMC or CaCO;—Ag-PSS, and my is the
mass of vaterite CaCOj.

Furthermore, the yield was calculated by dividing the practical
mass of CaCO;—Ag-CMC or CaCO;—Ag-PSS microspheres
produced for each batch by the theoretical mass of CaCO;—Ag-
CMC or CaCO;—Ag-PSS.

2.3. Preparation of Vaterite CaCO;—Ag Microsphere-
Embedded PVA Film. Antimicrobial absorbent PVA films
were prepared by using the solvent casting method. Briefly, PVA
powders (S wt %/v) were dissolved in distilled water at 75 °C
under vigorous stirring for 6 h. Afterward, the solution was
degassed using an ultrasonic bath for S min. The 7.5% w/w
CaCO;—Ag-CMC or CaCO;—Ag-PSS microspheres (with
respect to PVA wt %) were dispersed in 1 mL of distilled
water using a magnetic stirrer for 30 min. Afterward, the 1 mL
suspension was added to the PVA solution under mild stirring
for another 1 h. The suspension was poured into a glass Petri
dish, and film drying was carried out in a hot air oven at 40 °C for
48 h. The films obtained were denoted as PVA/CaCO;—Ag-
CMC and PVA/CaCO;—Ag-PSS, representing the embedding
of CaCO;—Ag-CMC and CaCO;—Ag-PSS in PVA, respectively.

2.4. Characterization. 2.4.1. Scanning Electron Micros-
copy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS).
The morphology and size of vaterite CaCO;—Ag microspheres
were observed through a field emission scanning electron
microscope (FE-SEM) (JEOL JSM 7800F Tokyo, Japan)
coupled with energy-dispersive X-ray spectroscopy (EDX).
The samples were coated with gold before SEM measurements.
The statistical image processing was performed in three stages:
(1) the microsphere dimensions were measured through Digi
Mizer software (Media Cybernetics, Rockville, MD), (2) size
distribution (PSD) determination using software Minitab 17.2.0
(Minitab Ltd., Coventry, U.K.) to obtain the mean diameter
(D,,) and their respective histograms, and (3) the elemental
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composition of the vaterite CaCO;—Ag microspheres by ESX in
the mapping mode.

2.4.2. X-ray Diffraction (XRD). The structural phase study of
the vaterite CaCO;—Ag microspheres was carried out by a
powder X-ray diffraction (XRD) analyzer in the 26 range of S—
80° using XRD (Model: Bruker D8 ADVANCE, MA) at a
voltage of 40 kV, a current of 40 mA, and a Cu Ka (1.5606 A)
radiation source. The molar percentages of vaterite and calcite
polymorphs were determined using the equations derived from
the research conducted by Kontoyannis et al.**

104

X,
—I5 = 7691 x =<
Y XV

(3)

where 7.691 is the proportionality constant of the calcite and
vaterite polymorph mixture, I'% represents the intensity of the
calcite diffraction plane (104), while I,''° represents the
intensity of the vaterite diffraction plane (110). X represents
the molar fraction of calcite, and Xy represents the molar fraction
of vaterite (X¢ + Xy = 1).

2.4.3. Attenuated Total Reflection (ATR) Spectroscopy. The
ATR spectra of vaterite CaCO;—Ag microspheres were
recorded from a Bruker Tensor 27 spectrophotometer at
ambient temperature. The samples were scanned over wave-
numbers ranging from 4000 to 650 cm™" with a resolution of 4
cm™". All of the spectra were collected after an average of 16
scans for each specimen. The active side of the films was
subjected to analysis.

2.4.4. X-ray Photoelectron Spectroscopy (XPS). The
oxidation state of samples was analyzed using X-ray photo-
electron spectroscopy (XPS), a PHIS000 VersaProbe II
(ULVAC-PHI, Japan) at the SUT-NANOTEC-SLRI Joint
Research Facility, Synchrotron Light Research Institute (SLRI),
Thailand. A monochromatized Al-Ka X-ray source (hy =
1486.6 €V) was utilized to excite the samples. The XPS spectra
were fitted by using PHI MultiPak XPS software with a
combination of Gaussian—Lorentzian lines. Shirley-type back-
ground was used to remove the background from the spectrum
before the peak fitting. The survey spectra were recorded with an
energy step of 1.000 eV and a pass energy of 1174 eV;
meanwhile, the high-resolution spectra were recorded with an
energy step of 0.05 eV and a pass energy of 46.95 eV. The C 1s
spectrum was used as the peak reference by marking the C—C/
C—H at 284.8 V.

2.4.5. Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC). The thermal analysis was carried
out using a TGA/DSC analyzer (STARe System Mettler
Toledo, Columbus, OH). The samples (5 mg) were heated from
30 to 700 °C at a heating rate of 10 °C min~"' under a nitrogen
flow with the rate of 20 mL min~". The degree of crystallinity
(X.) was calculated from the following formula®’

_AH, 1
AHp X,

(4)
where AH,, is the heat of melting of the PVA polymer, AH,,” is
the heat required for melting of the 100% crystalline PVA
polymer (138.60 J g™*),** and X, is the PVA polymer weight
fraction.

2.4.6. Nanoindentation. The nanomechanical measure-
ments were carried out with a NanoTest indenter (Micro
Materials, Wrexham, U.K.) platform 3 with a Berkovich
triangular diamond pyramid indenter followed by ASTM
E2546—07. A loading rate of 60 mN was held for 10 s before

https://doi.org/10.1021/acsomega.3c07135
ACS Omega 2024, 9, 955—-969


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

16

14
b 12 Mean 13.77 C < Mcan 8023
e StDev 3.21 13 StDev 33.19
g g
s 8 g1
5
= 6 =
4 5
2
0 - 0
6 9 12 15 18 2 0 30 60 9 120 150
Partick Diameter (um) Particle Diameter (nm)
16 fll
e 14 Mcan 337 10 Mcan 1186
12 StDev 029 Sthev 36.08
10 i
5 o
g 8 26
o 6 -
= 6 -4
4
4
2 :
0

24 27 30 33 36
Particle Diameter (um)

30 0

60 9% 120 150 180 210

Particle Diameter (nm)

Figure 1. (a) SEM image of vaterite CaCO;—Ag in the presence of CMC, (b) microsphere size distribution of vaterite CaCO;—Ag in the presence of
CMC, (c) AgNP size distribution of vaterite CaCO;—Ag in the presence of CMC, (d) SEM image of vaterite CaCO;—Ag in the presence of PSS (inset,
higher magnification), (e) microsphere size distribution of vaterite CaCO;—Ag in the presence of PSS, and (f) AgNP size distribution of vaterite

CaCO;—Ag in the presence of PSS.

the indenter was unloaded. Ten different indents were
performed on each sample in randomly selected locations to
obtain average hardness and reduced modulus values.

2.4.7. Cell Cytotoxicity Assay. The 3-(4,5-dimethylthiazol-2-
yl)-2,S-diphenyltetrazolium bromide (MTT) tetrazolium re-
duction cell survival assay was used to determine the effect of the
PVA polymer before and after embedding with CaCO;—Ag on
human dermal fibroblast (HDF) cell viability. The HDF cells
were purchased from American Type Culture Collection
(ATCC). Briefly, HDF cells were seeded on 96-well plates at
a7 x 10* cells/well density. The samples were disinfected by UV
light sterilization for 15 min. The culture medium (DMEM, 4.5
g/L glucose, SA) supplemented with 1% penicillin/streptomy-
cin was added to the samples and incubated overnight at 25 °C.
Cells were then treated with prepared samples in a 50 mg/mL
concentration for 24 h. Then, MTT solution was added to each
well and incubated at 37 °C in the dark for 4 h, the formazan
crystal was dissolved with DMSO, and the absorbance of the
formazan solution was read at 570 nm by using a microplate
reader (BMG Labtech, Ortenberg, Germany). The 50%
inhibitory concentration (ICg,) was obtained from the dose—
response curve of percent viability (Y) versus the concentration
tested (X) and calculated with a linear regression performed
using Microsoft Excel. All experiments were performed in
triplicates, and data were expressed as mean =+ standard
deviation. Statistical analysis was performed using Student’s ¢
test (SPSS version 26.0, SPSS Inc.) to compare means from two
independent sample groups. *p < 0.05, **p < 0.01, and ***p <
0.001 were considered statistically significant.

2.4.8. Disk-Diffusion Susceptibility Test. Antimicrobial
activities were investigated by the agar disc diffusion assay
followed by the procedure detailed by Weng et al.** with some
modifications. Melted sterilized plate count agar (90 mL) was
solidified in a Petri dish. E. coli (TISTR 527 was obtained from
Thailand Institute of Scientific and Technological Research)
cultured was spread on the agar surface using a sterile cotton-
tipped swap under aseptic conditions. Sterile discs were placed
on the spread plate, and then 10 uL of samples (10 mg/mL) or
film samples (6 mm in diameter) was added to the discs. After
incubation at 37 °C for 24 h, the growth inhibition zone was
measured with a ruler on a millimeter scale, including discs. Each
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sample was made in duplicate. A single colony of E. coli was
inoculated into 5 mL of tryptone soya broth and incubated at 37
°C for 24 h to obtain 10°—10” CFU before antimicrobial testing.
Whatman filter was punched to make discs (6 mm in diameter)
and sterilized by an autoclave for 15 min at 121 °C to obtain
sterile discs.

2.4.9. Release Studies of AgNPs from the CaCO;—Ag/PVA.
The release of AgNPs from CaCO;—Ag-CMC, CaCO;—Ag-
PSS, PVA/CaCO;—Ag-CMC, and PVA/CaCO; Ag-PSS films
was conducted based on the techniques reported by Ferreira et
al.*® with slight modifications. The release of AgNPs in both
closed-like and open-like systems was investigated under slightly
acidic pH (pH 6, acetate buffer). In the closed-like conditions,
the samples were incubated in the corresponding buffer
solutions at 37 °C with a concentration of 2 mg/mL. At various
time intervals (1, 6, 12, 24, and 48 h), an aliquot equal to 5% of
the volume was collected for silver quantification using ICP-
OES. The collected aliquots were then replaced with an equal
volume of fresh buffer to maintain the same final volume. In the
open-like conditions, both films and powders were incubated in
the respective buffer at 37 °C with a concentration of 2 mg/mL.
Like the closed-like conditions, at various time intervals (1, 6, 12,
24, and 48 h), an aliquot equal to 75% of the total volume was
collected for silver quantification using ICP-OES. The collected
aliquots were replaced with an equivalent amount of fresh buffer
to maintain the final volume. All experiments were carried out in
triplicate.

2.4.10. Water Absorption-Erosion. The films’ water
absorption and erosion properties were measured in an aqueous
salt solution of phosphate buffer (PBS) at a pH of 7.4. The films
with a specific size (1.5 cm X 1.5 cm) were weighed (W;) and
immersed in the PBS for 24 h. The films were withdrawn from
the solution, washed several times with water, weighed, and
recorded as W, (the surface of all of the films was dried with
tissue paper before recording the W,). Finally, the films were
dried in a hot air oven for 8 h at 60 °C, and their weight was
recorded as W;. The percentages of water sorption and erosion
of the films were calculated according to the following equations
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Figure 2. (a) SEM image of vaterite CaCO;—Ag microspheres in the presence of CMC, (b) Ca EDS image mapping, (c) silver EDS mapping image,
(d) SEM image of vaterite CaCO;—Ag microspheres in the presence of PSS, (e) Ca EDS mapping image, and (f) silver mapping image.

Table 1. Yield, Size, Loading Efficiency (LE), Loading Capacity (LC), and Mass of AgNPs (mg/g) of CaCO;—CMC and CaCO;—
Ag-PSS Microspheres

sample yield (%) LE (%) LC (%) Ag (mg/g) size of microspheres (ym)
CaCO;—Ag-CMC 91.29 + 3.57 22.94 £ 0.53 14 +0.03 13.77 £ 0.32 13.77 £ 3.21
CaCO;—Ag-PSS 82.51 + 8.51 31.71 + 1.51 1.94 + 0.09 19.02 + 091 3.37 £0.29

Figure 3. (a) Cross-sectional SEM image of PVA/CaCO;—Ag-PSS, (b) higher magnification of image (a), (c) SEM surface image of PVA/CaCO;—
Ag-PSS, (d) cross-section SEM image of PVA/CaCO;—Ag-CMC, (e) higher magnification of image (d), and (f) SEM surface image of PVA/CaCO;—
Ag-CMC.

. (W, — Wy) colloid (Figure 2b). Using PSS as a reducing agent and stabilizer

water absorption (%) = |———| X 100 narrowed the particle size distribution (PSD) and their mean
3 ) diameter (D,,) in comparison with using CMC. The particle

diameters of CaCOj; and AgNPs vs their percentages are plotted

water erosion (%) = [ (W - W) % 100 as histograms and shown in Figure 1. The histogram of CaCO;—

(6) Ag-CMC in Figure 1b shows that the maximum size distribution
is in the range of 12—18 ym with a D, of 13.2 ym. The range
significantly decreased to 3—3.6 um with a D, of 3.3 ym with

3. RESULTS AND DISCUSSION switching of the reducing agent and stabilizer to PSS in CaCO;—

3.1. Morphological Study. SEM analysis was performed to Ag-PSS, as shown in Figure le. Additionally, Table 1 illustrates
observe the morphological characteristics of the precipitated that a higher AgNP loading efficiency (LE) and vaterite CaCO;
vaterite CaCO;—Ag with two different reducing agents and loading capacity (LC) were achieved in CaCO;—Ag-PSS in
stabilizers (i.e, CMC and PSS). As illustrated in Figure 1a, by comparison to CaCO;—Ag-CMC, attributed to the smaller

1

precipitation in the Ag-CMC colloid, larger spherical-shaped particle size and higher surface-area-to-volume ratio. However,
CaCOj; microspheres and smaller AgNPs were observed the yield was lower, possibly because of some loss during the
compared to precipitation of calcium carbonate in the Ag-PSS product washing process due to their smaller sizes. However,
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higher values for PSD and D, were observed for AgNPs in
CaCO;—Ag-PSS (i.e, PSD of 60—180 nm, D,, of 118.6 nm)
compared to CaCO;—Ag-CMC (PSD of 40—120 nm, D,, of 80
nm). Figure 2 shows the energy-dispersive X-ray spectroscopy
(EDS) mapping images of the vaterite CaCO; microspheres
loaded with AgNPs precipitating in silver colloids reduced by
PSS and CMC polyelectrolytes. The AgNPs loaded homoge-
neously on vaterite CaCO; microspheres (Figure 2d) in the
CMC polyelectrolyte. However, as shown in Figure 2f, AgNPs
showed slight agglomeration at some vaterite CaCO; micro-
spheres. Furthermore, EDS weight percentage (wt %) elemental
analysis revealed that the average wt % of silver atom loaded in
vaterite CaCOj; microspheres in the presence of CMC was
higher (16.64 + 0.92 wt %) than in the vaterite CaCO,
microspheres in the presence of PSS (14.37 + 2.30 wt %).

Cryogenic cross-section and surface SEM analyses were
performed to observe the morphological characteristics of the
PVA film after embedding with vaterite CaCO;—Ag micro-
spheres. As illustrated in Figure 3 for PVA/CaCO;—Ag-PSS and
PVA/CaCO;—Ag-CMC, the cross-sectional image shows a
bilayer structure film possessing active and inactive layers with a
total thickness of 96.4 + 30.1 um. The active layer with a
thickness of 12.6 + 2.8 um contains vaterite CaCO;—Ag
microspheres, and the inactive layer with a thickness of 90.2 +
32.8 pm consists of only the PVA polymer matrix. The bilayer
formation occurred from the sedimentation of vaterite CaCO;—
Ag microspheres in the PVA polymer matrix, arising due to their
large contact surface area and high correlation energy during the
drying process.”” The advantage of the bilayer structure is that
the inactive layer would serve as an extra structural supporting
and water absorbency layer for the active layer, while the active
layer interacts with the environment containing microorgan-
isms.

Furthermore, the surface analysis (Figure 3c) revealed the
distribution of vaterite CaCO;—Ag-PSS microspheres across the
active layer in the PVA matrix. However, CaCO;—Ag-CMC is
less distributive in the PVA matrix due to the size of
microspheres or differences in the interactions between the
CMC and the PVA matrix. Figure 4 shows the cross-sectional
and surface EDS mapping images of the PVA/CaCO;—Ag-
CMC and PVA/CaCO;—PSS films. The EDS elemental analysis
revealed that the average weight percentage (wt %) of silver
atoms on the surface of PVA/CaCO;—Ag-CMC was 1.04 +
0.05 wt %, while in the cross section, it was 0.80 + 0.315 wt %. In
contrast, in PVA/CaCO;—Ag-PSS, the average wt % of silver
atoms in the cross-sectional analysis was notably lower at 0.71 +
0.20 wt % compared to the surface analysis, where it measured
1.02 + 0.005 wt %. The observed discrepancy could be
attributed to a nonequivalence effect, which might be influenced
by various factors including matrix effects, heterogeneous
distribution of particles, and other potential interactions
between the sample and the analytical technique.

3.2. Structural Study. The XRD fingerprints of the PVA
polymer film, CaCO;—Ag-CMC, CaCO;—Ag-PSS, PVA/
CaCO;—Ag-PSS, and PVA/CaCO;—Ag-CMC films are shown
in Figure SA. The XRD pattern of the neat PVA polymer film, as
illustrated in Figure SAj,a, shows a sharp peak at 26 = 20°
corresponding to the crystalline domain of PVA chains.*®
According to the XRD results shown in Figure SA,b, the
fingerprint of vaterite CaCO;—Ag precipitated in the presence
of silver colloid and CMC shows distinct peaks at 20 values of
19.5, 21, 25, 27.2, 29.5, 32.8, 34.1, 43.9, 49, 50.1, and 55.8°,
confirming the dominant vaterite polymorph over the calcite
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Ag Lal

Figure 4. (a) Cross-section SEM image of vaterite CaCO;—Ag
microspheres in the presence of PSS, (b) Ca EDS image mapping, (c)
silver EDS mapping image, (d) active surface SEM image of vaterite
CaCO;—Ag microspheres in the presence of PSS, (e) Ca EDS mapping
image, and (f) silver mapping image, (g) cross-section SEM image of
PCC microspheres in the presence of CMC, (h) Ca EDS image
mapping, (i) silver EDS mapping image, (j) active surface SEM image
of vaterite CaCO;—Ag microspheres in the presence of CMC, (k) Ca
EDS mapping image, and (1) silver mapping image.

polymorphs. However, as shown in Figure 5A,c, using PSS as a
reducing agent and stabilizer, the characteristic calcite XRD peak
at 20 of 29.5° disappears, indicating the sole formation of a
vaterite polymorph crystal structure and the absence of calcite
polymorphs. It is worth mentioning that the shoulder peak at 26
of 34.1° indicates the vaterite polymorphs loaded with AgNPs.
As shown in Figure 5A,d,e, after embedding the vaterite
CaCO;—Ag in the PVA polymer matrix, the shoulder peak at 20
of 34.1° disappeared due to the coating properties of the PVA
polymer matrix covering the microspheres. Furthermore, as
shown in Figure 5A,e, the intensity of the characteristic calcite
peak at 20 of 29.1° increased slightly, indicating the semi-
conversion of vaterite to a calcite polymorph structure after
embedding into the PVA polymer matrix. However, the vaterite
polymorph is still the only structure, as shown in Figure 5A,d,
without a calcite peak. Furthermore, the calcite and vaterite mole
percentages were calculated based on the reflection peaks at 104
(20 of 29.5°) for calcite and 110 (20 of 29.5°) for vaterite as
suggested by Kontoyannis et al.** The findings indicate that
CaCO;—Ag-CMC has a vaterite polymorph composition of 90.7
mol %. However, after being embedded in a PVA polymer
matrix, the vaterite content slightly decreases to 86.1 mol %,
suggesting a minor shift toward the calcite polymorph. On the
other hand, the data reveals that the polymorph composition of
CaCO;—Ag-PSS remains entirely vaterite even after embedding
in the PVA polymer matrix.

Figure 5B also shows the infrared spectra of the PVA film,
CaCO;—Ag-CMC, CaCO;—Ag-PSS, PVA/CaCO;—Ag-PSS,
and PVA/CaCO;—Ag-CMC. The spectrum of the neat PVA
shows a broadband at 3268 cm™" due to the hydroxyl functional
groups. The bands at 2910 and 2942 cm™ are due to the
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Figure 5. (A) XRD fingerprints and (B) ATR spectra of (a) PVA, (b) PVA/CaCO;—Ag-CMC, (c) PVA/CaCO;—Ag-PSS, (d) CaCO;—Ag-CMC,
and (e) CaCO;—Ag-PSS. Ag 3d XPS deconvolution scans of (C) CaCO;—Ag-PSS, (D) CaCO;—Ag-CMC, (E) PVA/CaCO;—Ag-PSS, and (F) PVA/
CaCO;—Ag-CMC.

stretching vibrations of CH and CH, groups and the bands at Furthermore, the bands at 1089 and 840 cm™ are attributed to
1329 and 1420 cm™' are attributed to their deformation C—0 and C—C stretching vibrations, respectively. The spectra
vibration. The band at 1712 cm™" is the characteristic peak of the of CaCO;—Ag-CMC and CaCO;—Ag-PSS show four vibra-
carbonyl group from the acetate groups of poly(vinyl acetate).*’ tional modes of carbonate ions at 1395 cm™' assigned to
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Figure 6. (A) TGA and (B) DTG plots of (a) PVA, (b) CaCO;—Ag-CMC, (c) CaCO;—Ag-PSS, (d) PVA/CaCO;—Ag-CMC, and (e) PVA/CaCO;—
Ag-PSS. (C) DSC thermograms of (a) PVA, (b) PVA/CaCO;—Ag-PSS, and (c) PVA/CaCO;—Ag-CMC. (D) Load—displacement curves for (a)

PVA, (b) PVA/CaCO,—Ag-PSS, and (c) PVA/CaCO;—Ag-CMC.

asymmetric stretching, at 1014 cm™" attributed to symmetric

stretching, at 872 cm™" assigned to out-of-plane bending, and at
713 cm™! ascribed to in-plane bending vibrations and one
vibrational mode of AgNPs at $52—582 cm™".*> CaCO,—Ag-
PSS and CaCO;—Ag-CMC microspheres (7.5 wt %) in the PVA
polymer matrix lead to the shift of some peaks and change of
relative intensities. The intensity of the hydroxyl peaks at 3268
cm™' and the carbonyl group at 1712 cm™' decreased
significantly, indicating the intermolecular interaction between
PVA macromolecular chains and calcium carbonate micro-
spheres. Hence, we can conclude that the integration of vaterite
CaCO;—Ag microspheres into the PVA polymer matrix is not
solely characterized by physical entrapment. Instead, this
integration leads to a uniform distribution of particles
throughout the matrix.

To identify the valence state of AgNPs, a deconvolution X-ray
photoelectron spectroscopy (XPS) scan was conducted on Ag
3d for vaterite CaCO3;—Ag before and after embedding in the
PVA polymer matrix. The deconvolution XPS scan for silver ion
(Ag") and metallic silver (Ag®) reveals two spin—orbit splittings
of Ag 3d;,, and Ag 3d;,, peaks (Figure SC,D) with binding
energies (B.Es) of 367.80, 373.80 and 368.84, 374.84 eV for
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CaCO;—Ag-CMC and B.Es of 367.80, 373.80 and 368.99,
374.99 eV for CaCO;—Ag-PSS, respectively. These B.E values
indicated the presence of Ag" and Ag’ valence states before
embedding into the PVA polymer matrix.””>" The lower B.E
values suggested the presence of Ag" in addition to Ag’.’>>’
However, as shown in Figure SE,F, after embedding the vaterite
CaCO;—Ag in the PVA polymer matrix, only one spin—orbit
splitting of Ag 3d;/, and Ag 3d;,, peaks with B.Es of 367.80,
373.80 and of 367.82, 373.82 eV was observed for PVA/
CaCO;—Ag-PSS and PVA/CaCO;—Ag-CMC, respectively.
The sole presence of Ag’ is presumably due to the surface
oxidation of the AgNPs and their release during the embedding
in the PVA polymer matrix.’* Ag* ions are highly reactive and
can exert their antimicrobial effects at very low concentrations.
Their small size allows them to penetrate into microbial cells and
interfere with various cellular processes, leading to inhibition of
microbial growth and ultimately causing microbial death.*”
3.3. Thermal Behaviors. The thermal behavior of the PVA,
vaterite CaCO;—Ag, and their resulting films was characterized
using thermogravimetric-differential thermal analysis (TG-
DTG) methods. Even though wound dressings are used at
body temperature, understanding the behavior of PVA/
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CaCO;—Ag films across a broader temperature range can offer
insights into their overall thermal stability and potential
applications. For instance, wound dressing films often undergo
sterilization processes, which can involve exposure to elevated
temperatures, or in some cases, they may be subjected to
hyperthermal therapies, where localized heating is applied to
promote healing. As illustrated in Figure 6A,B, the neat PVA film
underwent two major weight loss stages, i.e., major degradation
onset at 253 °C and endset at 356 °C (76.5 wt loss %) and
second degradation onset at 396 °C and endset at 492 °C (13.5
wt lost %).”° The former was due to the decomposition of PVA
backbone chains, and the latter resulted from volatile saturated
and unsaturated aldehydes and ketones produced from the
major stage of degradation.”” Both CaCO,—Ag-PSS and
CaCO;—Ag-CMC underwent one step of thermal degradation
at onset temperatures of 700 and 687 °C to the endset
temperatures of 789 and 787 °C with equal wt loss % values of
36.4 and 36.5, respectively. The weight loss was due to the
decomposition of carbonate functional groups and, conse-
quently, the conversion of calcium carbonate to calcium oxide.®
Therefore, the incorporation of vaterite CaCO;—Ag in the PVA
film resulted in three main stages of degradation. The major
stage (64.5%), second stage (13.7%), and third stage (6.5%) of
weight losses for PVA/CaCO;—Ag-PSS were observed over the
onset and endset temperatures at 235 to 306, 399 to 483, and
655 to 720 °C, respectively. In PVA/CaCO;—Ag-CMC, the
major stage (64%) and second stage (10.1%) of degradation
occurred at onset temperatures of 239 and 303 and 411 and 481
°C, respectively. The final stage (7.1%) of degradation appeared
at the narrower temperature range of onset 691 °C and endset
736 °C in comparison to PVA/CaCO;—Ag-PSS. This could
indicate the better compatibility of CaCO;—Ag-CMC with the
PVA polymer matrix than CaCO;—Ag-PSS. The maximum
degradation temperature (T,,,,) of the neat PVA polymer film
was 289.7 °C, which slightly decreased upon embedding of
vaterite CaCO;—Ag to 282.5 °C (for PVA/CaCO;—Ag-PSS)
and to 279.7 °C (for PVA/CaCO;—Ag-CMC) (Table 2).

Table 2. Thermal Property Parameters

T, T, AH crystallinity T ax

sample name (°é) °C) (/g (X, %) (°C)

PVA 72 224 11.9 8.6 289.7
CaCO;—Ag-CMC n/a  n/a n/a n/a 777
CaCO;—Ag-PSS n/a  n/a n/a n/a 774

PVA/CaCO;—Ag-CMC n/a 226 27.1 21.2 279.7

PVA/CaCO;—Ag-PSS n/a 227 29.7 23.1 282.5

The DSC thermograms of PVA and its resulting vaterite
CaCO;—Ag-embedded films are shown in Figure 6C. The DSC
curve for the neat PVA polymer revealed the presence of a glass-
transition temperature (Tg) and melting temperature (T),) at 79
and 224 °C, respectively, due to its semicrystalline nature.
However, the DSC analysis of PVA/CaCO;—Ag-PSS and PVA/
CaCO;—Ag-CMC films revealed the absence of T, and a shift of
T, to higher temperatures. A disappearance of T, and change of
T,, after loading of vaterite CaCO;—Ag are due to the fully
crystalline nature of calcium carbonate and consequently the
change of amorphous—crystalline phases in the PVA polymer
matrix. The degree of crystallinity (X.) of PVA and its
composition with loaded vaterite CaCO;—Ag were calculated
and are summarized in Table 2. The X, of the PVA polymer
matrix was enhanced and increased to 23.1 and 21.2% in PVA/
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CaCO;—Ag-PSS and PVA/CaCO;—Ag-CMC, respectively.
Higher crystalline polymer films are known for their enhanced
gas barrier properties, attributed to the dense molecular
arrangement characteristic of crystalline polymorphs, which
reduces the permeability of gas molecules. Furthermore,
heightened crystallinity not only reinforces the mechanical
strength of the PVA wound dressing film but also contributes to
its structural integrity.>”

3.4. Nanomechanical Properties. To investigate the
nanomechanical properties, nanoindentation tests were con-
ducted on the neat PVA film and its compositions with CaCO;—
Ag-PSS and CaCO;—Ag-CMC. The reduced modulus (E,) and
hardness (H) of the prepared films were determined from the
load—displacement curves, presented in Figure 6D. The
embedding of both CaCO;—Ag-PSS and CaCO;—Ag-CMC in
PVA displaced the curves to lower penetration depths, which
indicated higher resistance to the penetration and therefore
improved deformability resistance of the PVA film against an
indenter. The penetration depth becomes minimal by
embedding CaCO;—Ag-CMC in the PVA polymer matrix;
thus, the PVA/CaCO;—Ag-CMC film showed the highest
hardness. The average values of reduced modulus and hardness
were calculated for the neat PVA polymer matrix, and PVA
embedded with CaCO;—Ag-CMC and CaCO;—Ag-PSS is
shown in Table 3. The nanomechanical properties of the

Table 3. Average Hardness and Reduced Modulus Values for
PVA, PVA/CaCO;—Ag-CMC, and PVA/CaCO;—Ag-PSS

sample name hardness (GPa)  reduced modulus (GPa)

PVA 0.17 + 0.002 5.63 £ 0.06
PVA/CaCO;—Ag-PSS 0.46 + 0.09 11.77 + 1.39
PVA/CaCO;—Ag-CMC 0.64 + 0.29 14.62 + 5.23

prepared PVA films are vital as they act reciprocally with the
surrounding tissues chemically and mechanically. Therefore, the
microspheres’ release kinetics or antimicrobial properties may
alter based on their mechanical interactions.®® Overall, these
mechanical improvements enhance the wound dressing’s
compatibility with human skin, offering both durability and
comfort in its application.®"**

3.5. In Vitro Biocompatibility. The cytotoxicity assay is
essential for the products employed in the food industry and
biomedical applications. Therefore, the toxicity of the vaterite
CaCO;—Ag and their resulting films with the PVA polymer
matrix were analyzed using the MTT assay in the presence of a
human dermal fibroblast (HDF) cell culture. The obtained
results are presented in Table 4 and Figures 7 and 8.

Figure 7 highlights a significant finding, indicating that
precipitated eggshell particles (PESPs) exhibit a higher level of
cytocompatibility with human cells compared to that of ground
eggshell particles (ESPs). The PESP was precipitated without

Table 4. Cell Viability and ICgy Results

ICs, (mg/mL) cell viability (mg/mL)

sample name

ESP 45 nontoxic (<1)
PESP 84 nontoxic (<25)
CaCO;—Ag-CMC 23 nontoxic (<1)
CaCO;—Ag-PSS 17 nontoxic (<0.1)
PVA 459 nontoxic (<50)
PVA/CaCO;—Ag-CMC 84 nontoxic (<5)
PVA/CaCO;—Ag-PSS 63 nontoxic (<5)
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CMC and PSS. This observation underscores the efficacy of our
precipitation technique in enhancing the biocompatibility of
CaCO; derived from eggshells. However, we also noted that cell
biocompatibility diminishes with an increase in the concen-
tration of AgNPs in the samples. This is consistent with findings
reported by Satyavani et al,”* who observed dose-dependent
toxicity of AgNPs on the human epidermoid larynx carcinoma
cell line, leading to reduced cell viability at higher AgNP
concentrations.

Furthermore, we observed that CaCO;—Ag-CMC and
CaCO;—Ag-PSS are biocompatible with no signs of toxicity at
concentrations of <1 and 0.1 mg/mL, respectively. This
information is presented in Figure 8. It is important to note
that the neat PVA polymer matrix is biocompatible even at a
high concentration of 50 mg/mL. However, as demonstrated in
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Figure 8b,c, there is a slight decrease in cell cytocompatibility
when CaCO;—Ag-CMC and CaCO;—Ag-PSS microspheres are
incorporated into the PVA matrix. Nonetheless, both PVA/
CaCO;—Ag-CMC and PVA/CaCO;—Ag-PSS remain fully
biocompatible at concentrations <5 mg/mL.

Additional quantitative information is provided in Table 4,
where the half-maximal inhibitory concentration (ICy,) values
are presented. ICy, is a crucial parameter in pharmacology and
toxicology, representing the concentration of a substance
required to inhibit a particular biological or biochemical process
by 50%. In our study, ICs, values serve as a key metric for
assessing the biocompatibility of the materials under inves-
tigation.

Notably, PESP, with an IC, value of 84 mg/mlL, exhibits
approximately twice the viability with human fibroblast cells
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Figure 9. (A) Inhibition zones of (a) ESP (ground eggshell), (b) PESP (precipitated eggshell), (c) CaCO;—Ag-CMC powder, and (d) CaCO;—Ag-
PSS powder. (B) Inhibition zones of (a) neat PVA, (b) PVA/CaCO;—Ag-CMC, and (c) PVA/CaCO;—Ag-PSS. (C) Plot of average zone of

inhibition.

compared with ESP (45 mg/mL). This suggests that
precipitation increases viability by purifying the CaCO; from
eggshells, which may contain proteins and other compounds.
Furthermore, the toxicity decreases significantly after the
incorporation of CaCO;—Ag-CMC and CaCO;—Ag-PSS into
PVA, as reflected by the increase in ICy, values to 84 and 63 mg/
mL, respectively, from the original values of 23 and 17 mg/mL.
The ICs, values provide valuable insights into the relative safety
and compatibility of the materials with biological systems.
Higher ICy, values signify that a substance is less toxic and can
be considered more biocompatible.

3.6. Antimicrobial Activities. Antibacterial activities of
ground eggshell particles (ESPs), precipitated eggshell particles
(PESPs), CaCO;—Ag-CMC, CaCO;—Ag-PSS, neat PVA, PVA/
CaCO;—Ag-CMC, and PVA/CaCO;—Ag-PSS were examined
with E. coli bacterial strains. As shown in Figure 9, ESP, PESP,
and PVA film have no antibacterial activity against E. coli
bacteria. However, vaterite CaCO;—Ag and its incorporation
into the PVA polymer matrix showed antimicrobial activities.
The zones of inhibition for CaCO3;—Ag-CMC and CaCO;—Ag-
PSS onto E. coli disc were 2.50 + 0.24 and 2.75 + 0.25 mm,
respectively. The zones of inhibition slightly changed to 2.65 +
0.15 and 2.85 + 0.15 mm in PVA/CaCO;—Ag-CMC and PVA/
CaCO;—Ag-PSS, respectively. PVA might improve the adhesion
of the microspheres to the surface of the bacterial disc, allowing
for a more efficient transfer of the AgNPs and, subsequently, an
increased zone of inhibition. The obtained inhibition zones in
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our study are in accordance with a survey reported by Pencheva
et al,** higher than the reported data by Eghbalifam et al.,** and
lower than the reported data by Tripathi et al.°° Even though
both CaCO;—Ag-CMC and CaCO;—Ag-PSS are different in
size and distribution (as stated earlier in the morphology
section), almost similar antimicrobial properties were obtained
for both. This indicates that the sizes of loaded AgNPs and
vaterite CaCO;—Ag microspheres have not significantly affected
the films’ antimicrobial activities in this study.

3.7. Release Study of AgNPs. The AgNP release
experimental procedures were employed to examine the release
behavior of silver from the vaterite CaCO;—Ag microspheres
and also after their embedding in PVA polymer over time under
very acetic pH conditions. The release of AgNPs from vaterite
CaCO;—Ag was assessed under two different conditions, closed
and open conditions, in order to understand how the release of
AgNPs is affected by the surrounding environment and how
different factors may influence the controlled release process. In
the closed condition, the vaterite CaCO;—Ag microspheres
were confined, simulating a restricted environment, which might
mimic certain wound dressing applications. On the other hand,
the open-like condition aimed to represent a more unrestricted
environment, simulating scenarios where the vaterite-containing
materials are exposed to the surrounding medium without
confinement.

Figure 10A illustrates the release of silver ions from CaCO;—
Ag-CMC and CaCO;—Ag-PSS. It is evident that CaCO;—Ag-
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Figure 10. (A) Ag ions’ cumulative release from CaCO;—Ag-CMC and CaCO;—Ag-PSS microspheres at pH 6 at closed and open conditions. (B) Ag
ions’ cumulative release of PVA/CaCO;—Ag-CMC and PVA/CaCO;—Ag-PSS films at pH 6 at open conditions. (C) Water absorption and erosion of
PVA, PVA/CaCO;—Ag-PSS, and PVA/CaCO;—Ag-CMC films. (D) Optical image of the PVA/CaCO;—Ag-PSS film.

CMC exhibits a higher release compared to CaCO;—Ag-PSS in
both closed and open conditions. Under open conditions,
CaCO;—Ag-CMC displayed a rapid release of 29.9% (4.1 mg/g)
of Ag ions within the first hour, reaching a maximum of 88%
(12.1 mg/g) in 48 h. Conversely, under closed conditions, the
release was slower, with a maximum of 76.2% (10.5 mg/g)
released within 48 h. For CaCO;—Ag-PSS under open
conditions, the initial release was 12.7% (2.41 mg/g) at the
first hour, half of what was observed in CaCO;—Ag-CMC. The
maximum Ag release of 43.8% (8.3 mg/g) was observed after 48
h of incubation in the acetate buffer solution. The release profile
was quite similar under both closed and open conditions for
CaCO;—Ag-PSS. These results highlight the significance of
selecting the appropriate capping agent between CMC and PSS
for AgNPs. This knowledge can be leveraged in designing
tailored wound dressings, allowing for faster release rates in the
early hours with CMC or slower release rates with PSS as
desired.

The release of Ag ions from PVA/CaCO;—CMC and PVA/
CaCO;—Ag-PSS was investigated under open conditions, as
depicted in Figure 10B. The results show that 72.17% (9.9 mg/
g) and 39.32% (7.5 mg/g) Ag ions were released from PVA/
CaCO;—Ag-CMC and PVA/CaCO;—Ag-PSS, respectively,
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within 48 h. This indicates that the PSS capping agent delayed
the release of AgNPs, and the incorporation of vaterite CaCO;—
Ag into the PVA matrix further contributed to the slower release,
reducing the Ag-ion release by approximately 14% in CaCO;—
Ag-CMC and 2% in CaCO;—Ag-PSS.

3.8. Water Absorption and Erosion. The level of water
absorption and aqueous erosion in vaterite CaCO;—Ag-
embedded PVA films may customize the antimicrobial,
biocompatibility, and biodegradation rates of PVA films. The
water absorption and aqueous erosion percentages of the PVA
films were measured and are presented in Figure 10C. The
optical image of the PVA/CaCO;—Ag-PSS film is shown in
Figure 10D. The water absorption percentages for PVA, PVA/
CaCO;—Ag-PSS, and PVA/CaCO;—Ag-CMC were 937 + 188,
495 + 20, and 409 + 46%, respectively. The water absorption
capacities of PVA/CaCO;—Ag-PSS and PVA/CaCO;—Ag-
CMC were lower than neat PVA due to the internal bonding
possibility between PVA macromolecular chains and vaterite
CaCO;—Ag microspheres. This is in accordance with the ATR
results. It is interesting to note that PVA/CaCO;—Ag-CMC has
an even lower water absorption capacity than PVA/CaCO;—Ag-
PSS, probably due to its larger sizes of CaCO;—Ag-CMC
compared to CaCO3;—Ag-PSS. The water absorption capacity
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required for wound dressing films can vary widely based on
factors such as wound type, wound depth, patient condition, and
the specific phase of wound healing. For instance, dry wounds
may benefit from wound dressing films with lower water
absorption to provide some moisture without risking over-
hydration. Conversely, exuding wounds typically require wound
dressings with higher water absorbency due to the substantial
amount of fluid or exudate they produce.””®® The aqueous
erosion percentages for PVA, PVA/CaCO;—Ag-PSS, and PVA/
CaCO;—Ag-CMC were 31.6 = 8.1, 17.5 & 2.4, and 20 =+ 1.8%,
respectively. The erosion percentages in PVA/CaCO;—Ag-PSS
and PVA/CaCO;—Ag-CMC were lower than that of the neat
PVA polymer film. This might be derived from the
intermolecular interaction after embedding vaterite CaCO;—
Ag, which reduced the PVA erosion percentages. However,
PVA/CaCO;—Ag-PSS and PVA/CaCO;—Ag-CMC showed
roughly the same aqueous erosion percentage. Water erosion
can affect strength and elasticity, in which lower water erosion
can lead to a stronger and more flexible film during service as a
wound dressing.

4. CONCLUSIONS

This study underscores the potential of the vaterite polymorph
of CaCO;, as a carrier for the controlled and stable release of
AgNPs. Vaterite CaCO;—Ag microspheres were initially
obtained using different reducing and capping agents, CMC
and PSS. CMC-stabilized microspheres were larger, while PSS-
stabilized microspheres were smaller and showed a slower
release of AgNPs. By focusing on the development of an
absorbent film embedded with biogenic vaterite CaCO3;—Ag
microspheres, this research has shed light on various aspects,
including the impact on physical, chemical, and nanomechanical
properties of PVA films. The structural and spectroscopic
analyses highlighted the interplay between the metallic and ionic
states of silver within the vaterite CaCO;—Ag system as well as
the subsequent transformation upon integration into the PVA
matrix. Furthermore, the reduced modulus and hardness of
PVA/CaCO;—Ag films exhibited significant improvement to
14.62 + 5.23 and 0.64 + 0.29 GPa, respectively. Importantly, the
resulting films demonstrated antimicrobial activity against
Gram-negative E. coli bacteria, affirming their potential for
infection control. The investigation of AgNP release under
simulated wound pH 6 conditions revealed the influence of
capping agents and the PVA polymer on release behavior.
Moreover, the biocompatibility assessment with human dermal
fibroblast cells confirmed the safety of these films at <5 mg/mL
concentrations. However, further investigations, such as
immunogenicity assessments, are essential for future research
in this field. This study reveals the interrelation and the influence
of various properties, such as antimicrobial activity, crystallinity,
water absorption, Ag-ion release, mechanical properties, and cell
viabilities, in wound dressing films. For instance, crystallinity can
impact the film’s mechanical properties, including strength and
elasticity. The size of vaterite CaCO;—Ag microspheres can
influence water absorption and the loading efficiency (LE) of
AgNPs, both of which can affect cell viability. In essence,
incorporating vaterite CaCO;—Ag microspheres into PVA films
presents a versatile strategy, yielding wound dressings that are
antimicrobial, mechanically resilient, and biocompatible. The
study results emphasize the significant potential of the
developed films for wound dressing applications, as enhance-
ments in crystallinity, mechanical strength, antimicrobial
activity, thermal stability, and biocompatibility underline their
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effectiveness in addressing infection control and patient
comfort.
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