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Antibacterial properties of natural cinnamon-alginate
fibrous patches produced by modified nozzle-pressurized
spinning

Dear Editor,
Alginate (Alg) is of particular interest as a natural bio-

material due to its unique gelling properties and water
absorption capacity. Despite these advantages, the trans-
formation of Alg into commercially value-added products
still faces many challenges.1 Our recent study investi-
gates an advanced spinning technology for the facile and
large-scale production of small-structure Alg antibacterial
natural patches incorporated with Ceylon cinnamon.
In this work, nozzle-pressurized spinning (NPS)2 func-

tioned as a jet generation apparatus (Figure S1) spinning
Na-Alg jets into a Ca2+-riched coagulation bath. Ca2+
combined with Alg chains in the cross-linked “egg-box”
model to form Alg fibers. Na-Alg solutions were generally
significantly viscous even at a relatively low concentra-
tion (< 5wt%), exhibiting a pronounced solid-like behavior.
The high pressure applied in NPS effectively mitigates
these viscous effects, facilitating Na-Alg jet formation.
Additionally, given the significant production efficiency
of NPS, this strategy stands out as a promising approach
for the scaling up of Alg fiber production, compared with
prevailing methods like electrospinning and wet spinning.
Figure 1A illustrates amarked alteration in themorphol-

ogy of the obtained Alg products correlating with changes
in Na-Alg/H2O solution concentration in NPS. As the con-
centration increased, the Alg morphology evolved from
a thin film to a ribbon-like structure, ultimately obtain-
ing a filamentous form at the concentration of 3.0 wt%.
The rapid increase of solution viscosity with its increasing
concentration is a remarkable feature of Na-Alg/H2O solu-
tion, accompanied by a significant reduction in its fluidity.3
Thereby, the morphology of the resulting Alg products
varied. Meeting the critical rheological properties is the
key to producing Alg fibers with well-defined filamentous
structures (Figure 1A). Weighing the synergistic effect of
solution properties and system parameters, we success-
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fully producedAlg fiberswith an average diameter of 10 µm
using 3.2 wt% Na-Alg/H2O solution.
Following the established correlation betweenAlg prod-

ucts and solution properties/processing parameters, Cey-
lon cinnamon (grounded cinnamon, GC; supplied by
HDDES Extracts [PVT] Ltd) was incorporated into Alg
fibers using NPS to generate Alg-GC fibrous patches, with
weight ratios of GC of 1%, 2%, and 4% (Alg-GC1, Alg-
GC2, and, Alg-GC4). The potential of the resulting Alg-GC
fibrous patches as a biomaterial candidatewas evaluated in
terms of in-vitro cell viability and antibacterial properties.
Indirect cytotoxicity tests of pure Alg fibers and Alg-

GC patches were performed by WST-1 assay according
to ISO10993-5 standard for medical devices.4 The results
proved that Alg is a biocompatible biomaterial and fibrous
Alg and Alg-GC patches maintain the same cell-friendly
nature (Figure 1B). The pure Alg fibrous patches showed
94 ± 2.8% cell viability compared to the negative control.
Positive control that interacted with dimethyl sulfoxide
showed 31± 7.8% cell viability and it is proven that the L929
cell line is not immortal. Additionally, whenGCwas added
to Alg fibrous patches, no cytotoxicity was observed at any
concentration values. The cytotoxicity limit is defined by
ISO standard as below 70% cell viability. Alg-GC1, Alg-
GC2, and Alg-GC4 sample groups all showed above 70%
cell viability compared to the negative control. Thus, it
was determined that the Alg, Alg-GC1, Alg-GC2, and Alg-
GC4 have cell-friendly features and significant potential in
biomedical applications.
The antibacterial activity of pure Alg and Alg-GC

patches was evaluated to determine their activity to inhibit
biofilm formation. Escherichia coli (ATCC, #25922) and
Staphylococcus aureus (ATCC, #29213) bacteria strains
were used. Additionally, bacteria adhering to the sur-
face were fixed in place and visualized. All Alg-GC
patches exhibited statistically significant antibacterial
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F IGURE 1 (A) The viscosity profile of sodium alginate solutions and the structures of corresponding alginate products. (Sodium
alginate aqueous solutions with a concentration of higher than 4.0 wt% are excessively viscous to be measured). (B) Cell cytotoxicity results of
pure alginate (Alg) and Ceylon cinnamon-alginate fibrous samples with 1%, 2%, and 4% (w/w) of grounded cinnamon (GC), (Alg-GC1,
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Alg-GC2, and Alg-GC4, respectively). (C) Antibacterial test results of pure alginate (Alg) and Ceylon cinnamon-alginate fibrous samples with
1%, 2%, and 4% (w/w) of grounded cinnamon (GC), (Alg-GC1, Alg-GC2, and Alg-GC4, respectively) against Gram-negative E. coli (ATCC
25922) and Gram-positive S. aureus (ATCC 29213) bacteria species. (*, ***, and **** indicate the statistically significant difference p ˂ 0.05, p ˂
0.005, p ˂ 0.0001, respectively). (D) Scanning electron micrographs of fibrous patches with adhered E. coli and S. aureus bacteria species on
pure alginate (Alg) and Ceylon cinnamon-alginate fibrous samples with 1%, 2%, and 4% (w/w) of grounded cinnamon (GC), (Alg-GC1,
Alg-GC2, and Alg-GC4, respectively). Yellow arrows indicate E. coli and red arrows indicate S. aureus bacteria species. (Scale bar = 10 µm).

activity against the Alg patch for E. coli. It was deter-
mined thatAlg-GCpatches showed antibacterial activity at
all concentrations without any cytotoxic response. Alg-GC
sample groups showed less bacterial adhesion than the Alg
sample group for both E. coli and S. aureus bacteria species
as is shown in Figure 1C. Alg-GC2 and Alg-GC4 sample
groups showed log 2 and log 3 decrease in biofilm for-
mation against E. coli bacteria, respectively. Additionally,
Alg-GC1, Alg-GC2, and Alg-GC4 sample groups exhibited
a statistically significant decrease in biofilm formation ofE.
coli compared to the Alg patch (*p ˂ 0.05 and ***p ˂ 0.005).
Moreover, statistically significant antibacterial activity was
also determined for S. aureus bacteria species for all three
Alg-GC patches compared to the Alg patch (*p ˂ 0.05, ***p ˂
0.005, and ****p ˂ 0.0001). The number of adhered bacteria
decreased up to log 3 for GC-loaded fibrous Alg patches.
The antibacterial activity of these fibrous patches was also
evaluated by micrographs. Alg, Alg-GC1, Alg-GC2, and
Alg-GC4 fibrous patches were subjected to a biological fix-
ation procedure after 24 h incubation with Gram-negative
E. coli (ATCC 25922) and Gram-positive S. aureus (ATCC
29213) bacteria species, separately (Figure 1D), which
showed similar results with the biofilm formation deter-
mination tests. Cinnamon and its derivatives are important
antibacterial agent candidateswith different strategies that
inhibit bacterial cell division, ATPase activity, quorum
sensing contact, membrane porins or alter bacterial cell
membrane permeability.5 The synergistic effect of these
features is used to create common solutions to the dif-
ferences in the membrane structures of Gram-negative
and Gram-positive bacteria. According to the antibacterial
activity results of E. coli and S. aureus, Alg-GC4 showed
tremendous potential as an antibacterial wound dress-
ing candidate with high antibacterial activity against both
Gram-negative andGram-positive bacteria species andhigh
cell compatibility.
In summary, the features of precise control and fas-

cinating efficiency of NPS make it a promising strategy
to scale up Alg fiber patch manufacturing with low-cost
and facile behavior. Ceylon cinnamon was loaded into
these Alg fiber structures. The antibacterial test results
showed that these natural patches exhibited a notable
inhibitory effect on bacterial growth, with the antibacterial
efficacy demonstrating a distinct dose dependence against

both Gram-positive and Gram-negative bacteria species.
It was determined that increasing cinnamon concentra-
tions increased the antibacterial activity. Additionally, the
cytotoxicity test results exhibited significant cell activity
of Alg and cinnamon-Alg fibrous patches, highlighting its
potential as a sustainable biocompatible biomaterial.
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