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Abstract

Polyphenols, natural compounds abundant in phenolic structures, have received widespread 
attention due to their antioxidant, anti-inflammatory, antibacterial, and anticancer properties, 
making them valuable for biomedical applications. However, the green synthesis of 
polyphenol-based materials with economical and environmentally friendly strategies is of great 
significance. In this study, multifunctional wound dressing was achieved by introducing 
polyphenol-based materials of copper phosphate-tannic acid with flower-like structure (Cu-TA 
NFs) which shows the reactive oxygen species scavenging performance. This strategy endowed 
the electrospun wound dressing, composed of poly(caprolactone)-coated gum arabic –poly 
(vinyl alcohol) nanofibers (GPP), the antibacterial and antibiofilm properties. Our research 
demonstrates that GPP/Cu-TA NFs are effective against Staphylococcus aureus, Escherichia 
coli, and Pseudomonas aeruginosa. Furthermore, the developed GPP/Cu-TA NFs showed 
excellent hemo- and biocompatibility. These results suggest that the synergistic properties of this 
multifunctional polyphenol platform (GPP/Cu-TA NFs) make it a promising candidate for further 
development of wound dressing materials.

Keywords: tannic acid; poly(caprolactone); gum arabic, poly(vinyl alcohol); template-free synthesis; 
nanofiber composite; bioinspired material; wound dressing

1. Introduction
Wound healing and its therapeutic complications have become a crucial healthcare issue, 
resulting in burdensome economic challenges worldwide. Wounds can be the result of burns, 
surgeries, abrasions, trauma, and superficial incisions. Chronic wounds can be created by 
inappropriate treatments or health issues such as diabetes and vascular diseases.1 In such 
wounds, the normal regeneration stages of damaged tissue, including hemostasis, 
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inflammation, proliferation, and remodeling, that re-establish the normal cellular and 
extracellular composition of the skin, do not occur expectably.22 In addition, the presence of 
pathogenic bacteria such as Staphylococcus aureus, Escherichia coli, and Pseudomonas 
aeruginosa, concurrently with the lack of proper immune function, can inhibit normal wound 
healing.3 Bacterial infection is a major concern for wound healing and the treatment with 
antibiotics has been widely used as the gold-standard protocol in clinical wound care.4,5 
However, the improper and excessive use of antibiotics has been leading to the appearance of 
a great number of multidrug-resistant (MDR) bacteria.6 In view of this challenge, it is necessary 
to develop new antibacterial methods to effectively address the issues of MDR local infections. 
On the other hand, the difficulty in controlling bacteria is also attributed to biofilm formation, 
as the relevant studies report that 65% of all bacterial infections present the production of 
bacterial biofilms.7 Biofilms consist of bacterial aggregates with extracellular polymeric 
matrices that attach to the living surface and wound tissue. This matrix acts as a barrier with 
high resistance against conventional antibiotics.8 Therefore, infection control has become a 
research hotspot in the wound healing context. Correspondingly, considerable efforts have been 
made to develop new antibacterial nanomaterials, including metal and metal oxide 
nanoparticles9, carbon-based nanomaterials10, nanozymes11, metal-organic frameworks12, and 
peptide nanomaterials.13 However, since the nanomaterials come into direct contact with the 
wound tissue, the biological safety of those used in wound healing must be considered before 
any application.14 Skin irritation and allergy are the most commonly reported transdermal 
toxicities, attributed to the release of ions and surface coatings which are influenced by factors 
such as particle size, shape, surface charge, stability, and concentration of nanomaterials.15 
Hence, designing functional materials meeting the biological safety criteria exhibits notable 
potential for wound healing areas.
Recently, natural molecules have gained great attention in biomaterials due to their potent 
antioxidative and biocompatibility properties.16 Among them, polyphenols are a group of 
heterogeneous chemical compounds found in plant tissues with a wide range of biological 
functions such as photosynthesis and pigmentation.17 Tannic acid (TA) is a natural polyphenol 
compound derived from various plants, composed of a central glucose molecule linked to five 
digalloyl ester groups. TA contains multiple phenolic groups, which provide interaction 
binding sites facilitating the organization of constituent particles in the fabrication of functional 
nanomaterials and bioinspired surface engineering applications.18 The catechol groups endow 
TA antioxidant, antibacterial, hemostatic, and anti-inflammatory properties that are beneficial 
for promoting wound healing.19 
Carbonyl, phenolic, hydroxyl, and aromatic benzene units of TA have the potential to 
chemically and physically interact with a variety of organic and inorganic compounds. Notably, 
the phenolic hydroxyl groups of TA contribute lone pair electrons, facilitating binding with 
metal ions like Cu2+, Mn2+, Zn2+, Fe3+, Cr3+, and Co3+. These coordination bonds linking the 
metal ions with the phenolic hydroxyl groups of TA exhibit significant strength and stability. 
Moreover, TA as an amphiphilic compound can interact with a wide range of materials through 
hydrophobic interactions, hydrogen bonding, electrostatic interactions, and coordinative 
bonding. 17 The active chelating sites of TA not only facilitate the localization and conjugation 
of TA-complex but also protect the antioxidant and reactive oxygen species (ROS) scavenging 
properties from being inactivated.20  
Accordingly, in recent years, researchers have focused on applications of TA-based functional 
materials with synergistic properties for an effective wound dressing capable of accelerating 
wound healing and possessing antimicrobial properties.21,22

Among the materials used for wound dressing, nanofiber-based structures present desired 
properties such as exudate absorption, high flexibility, oxygen permeability, and large surface 
area for wound healing.23 Various methods of nanofiber fabrication, including melt blowing24, 
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phase separation25, self-assembly26,27, and electrospinning28, exist, among which, 
electrospinning is a simple and practical method for producing micro- to nanofibers. The 
resulting fibers could be utilized in a variety of biomedical applications including tissue 
engineering scaffolds29,30, drug delivery31, and wound dressing.32 Electrospun nanofiber wound 
dressings reveal similar structure and biological characteristics to the native extracellular 
matrix, which provides an ideal environment for cell adhesion, migration, and differentiation. 
Multiple types of natural, synthetic, and mixed polymers can be utilized for the electrospinning 
of non-woven nanofibers.33 Natural polymers such as chitosan, silk, gum arabic (GA), collagen, 
hyaluronic acid, and dextran are biodegradable and biocompatible; nevertheless, their low cost-
effectiveness, weak processability, and poor mechanical properties limit their application as 
wound dressing materials. Hence, synthetic polymers such as poly (L-lactic acid), poly(lactic-
co-glycolic acid), poly(vinyl alcohol) (PVA), poly(caprolactone) (PCL), and natural polymers 
are usually used together to suppress the shortcoming of individual natural polymers and create 
a suitable wound dressing with enhanced wound healing capabilities.34,35

Nanoflowers (NFs), also referred to as three-dimensional hierarchical structures, are organic-
inorganic hybrid nanostructures with a flower-like morphology that are synthesized using a 
bioinspired method. These porous structures have a large surface area and excellent stability 
that makes NFs useful in different applications, including biosensors, catalysis, and drug 
delivery.36 The inorganic component of NFs is mainly composed of metal (Cu, Zn, Ca, Mn, 
and Co) phosphates, and various organic components like enzymes, proteins, polysaccharides, 
biosurfactants, DNA, and RNA.37

Inspired by the multiple functions of TA in plants, we designed innovative organic-inorganic 
NFs through the self-assembly of TA and copper phosphate (Cu-TA). In the following sections, 
we characterized the chemical structure and ROS scavenging of Cu-TA NFs. Besides, Cu-TA 
NFs were further loaded on the wound dressing that contains both natural and synthetic 
electrospun nanofibers facilitating the application of such hybrid NF-design systems. Hence, 
the main objective of this study is to employ the synergistic effect of Cu-TA NFs and 
electrospun GA/PVA nanofibers coated with PCL for the designation of antibacterial and anti-
biofilm wound dressing systems. 

2. Materials and Methods

2.1 Materials
Poly(vinyl alcohol) (PVA, Mw = 85,000-124,000 g/mol, 87-89 % hydrolyzed), 
poly(caprolactone) (PCL, Mw = 80,000 g/mol), 3-(4,5-dimethylthiazol-2-yl)2,5-
diphenyltetrazolium bromide (MTT), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), and crystal violet were supplied from Sigma-
Aldrich (Saint Louis, MO, USA). Gum arabic (GA), chloroform (99.00 - 99.40%), nutrient 
broth, nutrient agar, dimethyl sulfoxide (DMSO), N–N dimethylformamide (DMF, 99.80%), 
disodium hydrogen phosphate (Na2HPO4), potassium dihydrogen phosphate (KH2PO4), 
sodium chloride (NaCl), potassium chloride (KCl), potassium bromide (KBr), potassium 
persulfate (K2S2O8), were purchased from Merck (Darmstadt, Germany). Tannic acid (TA) was 
obtained from Alfa Aesar (Haverhill, MA, USA). Isopropanol, Dulbecco's modified Eagle 
medium (DMEM), and phosphate buffered saline (PBS) were purchased from Carlo Erba 
(Milan, Italy). Fetal bovine serum (FBS) and penicillin/streptomycin were obtained from 
Euroclone (Pero, Italy). Formaldehyde was obtained from MML-Medical (Ulf, the 
Netherlands) as the product BiopSafe®. All the chemicals were utilized as supplied without 
additional purification and all solutions were prepared using deionized (DI) water. 
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2.2 Synthesis of Tannic Acid Nanoflowers
To synthesize Cu-TA NFs, 1 mL of a CuSO4 aqueous solution (120 mM) was mixed with 100 
mL of PBS (10 mM, pH 7.4) containing 3.0 mg TA and left to incubate for 72 h at ambient 
temperature (25 ± 2°C) under static conditions. The solution changed from transparent to 
opaque, indicating the process of nucleation and growth of NFs. Subsequently, the dark green 
precipitate was collected through centrifugation (2,856 × g, 3 min) (centrifuge from Alliance 
Bio Expertise MF-20R, Guipry, France), washed with DI water three times, and dried at 70°C. 

2.3 Preparation of GA/PVA/PCL Nanofiber Sheet
Nanofiber composite composed of GA, PVA, and PCL was prepared utilizing a combination 
of electrospinning and coating techniques according to the method by Eghbalifam et al. 38 In 
brief, 348.0 mg GA (in 3 mL DI water) and 366.0 mg PVA (in 3 mL DMF, at 90ᵒC) were 
dissolved separately until homogeneous solutions were formed. Then, the produced solutions 
were mixed and electrospinning was done. The nanofibers were collected on an aluminum foil 
wrapped around a cylindrical collector. The electrospinning parameters including a feeding 
rate of 0.5 mL/h, an applied electric voltage of 18.0 kV, a tip-to-collector distance of 150 mm, 
a rotation speed of the cylindrical collector at 500 rpm, and an electrospinning working time 
of 12 h were determined through preliminary experiments. Subsequently, the nanocomposite 
was immersed in the PCL solution (186.0 mg in chloroform) and placed in the oven at 50°C to 
remove the residual solvent. Upon drying, the coated sheets were peeled off the aluminum foil 
for further characterization.

2.4 Loading Cu-TA NFs on GA/PVA/PCL Nanofiber Sheet
To deposit Cu-TA NFs onto a GPP nanofiber composite, an adsorption procedure was used. 
Initially, in order to disperse of Cu-TA NFs in isopropanol, they were sonicated for 30 min. 
Next, the GPP nanofiber composite was immersed in the solution and shaken for 1 h. Based on 
the pre-tests, three different amounts of Cu-TA NFs (0, 10, and 20 wt %) were selected.

2.5 Characterization of Nanoflowers and GA/PVA/PCL Nanofiber Sheet
Structural morphology and electron elemental mapping analysis of Cu-TA NFs and GPP-Cu-
TA NF composite were conducted by a field emission scanning electron microscopy (FE-SEM 
MIRA2, TESCAN, Brno, Czech Republic). The X-ray diffraction (XRD) data of Cu-TA NFs 
were obtained by a PANalytical X'Pert Pro instrument (Eindhoven, The Netherlands) with a 
copper target (Cu Kα) radiation of 1.5406 Å. Pattern was recorded at diffraction angle from 5 
to 80° and a scanning step of 0.02°. Fourier transform infrared (FTIR) spectroscopic analysis 
was carried out using Spectrum 100 (PerkinElmer, Waltham, MA, USA) in the wavenumber 
range of 400–4000 cm−1 at room temperature with standard KBr pellets. X-ray photoelectron 
spectroscopy (XPS) measurements were performed using a PHI 5600 Multi-Technique 
apparatus (Chanhassen, MN, USA). Spectra were acquired with an X-ray Al-monochromatized 
source (hν 1486.6 eV), a pass energy of 23.50 eV and using a neutralizer to avoid sample 
charging39. Spectra were calibrated by setting the C1s component of adventitious carbon at a 
binding energy of 284.8 eV. Deconvolution of Cu 2p signal was performed using a 19.9 eV 
spin-orbit splitting after a Shirley background subtraction. 

2.6 Total Antioxidant Activity Measurement (ABTS & DPPH)
The ROS-scavenging activity of Cu-TA NFs and GPP-Cu-TA NFs (10 or 20%) were examined 
using ABTS and DPPH assays. The ABTS assay was performed following to the protocol of 
the total antioxidant capacity assay reported by Ferrari et al.40. In brief, 7 mM of aqueous 
solution of ABTS was incubated with 2.45 mM K2S2O8 in darkness at room temperature to 
produce stable ABTS• +. Subsequently, the solution was diluted (approximately 1:49, v/v) and 
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adjusted to attain an absorbance of 0.700 ± 0.100 at 734 nm before the test. Following this, 50 
μL samples were mixed with 1 mL ABTS solution and allowed to react for 10 minutes at room 
temperature in the dark. The ABTS radical scavenging activity of GPP, GPP/Cu-TA NFs (10 
or 20%) was assessed by adding 1 cm × 1 cm piece of each sample in 1 mL of ABTS solution. 
The absorbance was recorded at 734 nm after a 10-min incubation at room temperature using 
a UV–vis spectrophotometer, model Lambda 25 (PerkinElmer, Wellesley, MA, USA).

The capacity of the Cu-TA NFs to scavenge ABTS• + was estimated based on the percentage 
(%) of inhibition:

ABTS• + radical scavenging activity (%) = 1 ―  𝐴𝑠

𝐴0
× 100 (1)

Here, As represents the sample absorbance, A0 refers the absorbance of ABTS solution. The 
DPPH assay was also performed to evaluate antioxidative ability. Briefly, a freshly prepared 
DPPH solution at a concentration of 0.058 mM in ethanol and various concentrations of Cu-
TA NFs were prepared separately. Next, 3900 μL DPPH solution was mixed with 100 μL of 
Cu-TA NFs or with a 1 cm × 1 cm piece of GPP, GPP/Cu-TA NFs (10 or 20%) samples and 
incubated in dark at room temperature for 1 h. Then, corresponding absorbance at 517 nm was 
measured and the percentage of DPPH scavenging effect was calculated. 

2.7 Antibacterial Assay

The antibacterial properties of GPP-Cu-TA NFs against pathogenic microorganisms, S. aureus 
(Gram-positive), E. coli, and P. aeruginosa (both Gram-negative), were evaluated using the 
agar diffusion method. Each microorganism was spread on nutrient agar plates with swabs from 
0.5 McFarland turbidity standard microbial suspensions which corresponds to an optical 
density (OD) between 0.08 and 0.1 at 600 nm, approximately equivalent to 1.5 × 108 CFU/mL. 
The samples were placed in the center of each plate and incubated at 37°C for 24 h. The 
inhibition zones around the samples were then measured in five directions and the average was 
calculated.

2.8 Biofilm Inhibition 
The antibiofilm activity of GPP/Cu-TA NFs was assessed using crystal violet staining test 
against S. aureus, E. coli, and P. aeruginosa bacteria. The composite was sterilized with 
ethanol (99%, v/v) and ultraviolet radiation after been placed in 96-well plates. Each well was 
filled with 180 µL sterile culture medium and 20 µL bacteria solution (106 CFU/mL). The plates 
were incubated at 37°C for 24 h to allow the formation of the biofilm. On the following day, 
100 µL of 0.1% (wt) crystal violet was used to stain the wells after the contents were slowly 
removed and three times rinsed with sterile PBS. After 15-30 min, the wells were washed again 
with sterile PBS three times and dried. Subsequently, 100 µL of ethanol (99%, v/v) was added 
to each well to dissolve the crystal violet absorbed by the biofilms. The absorbance of the 
mixed solution was assessed at 595 nm using an microplate reader. The biofilm inhibition was 
then calculated using the following equation:

Biofilm inhibition (%) = (
ODcontrol ODsample

ODcontrol
) ×  100 (2)

For the control, wells without GPP/Cu-TA NFs were tested.

2.9 Hemocompatibility Studies
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6

The hemocompatibility of GPP and GPP/Cu-TA NFs was assessed by determining the 
absorbance of released hemoglobin following the red blood cells (RBCs) lysis. For this assay, 
whole anti-coagulated fresh blood was obtained from healthy volunteers who have given their 
consent through an agreement proposed and accepted by a local ethic committee (9 March 
2010) whitin the context of "Centro di Risorse Biologiche". Hemolysis experiments were 
performed in compliance with the Guidelines of the European Community Council in 
accordance with the Nuremberg Code (Directive 2004/23/EC). Blood samples were collected 
into ethylenediaminetetraacetic acid test tubes and used within 2 h of collection. To isolate 
RBCs, 20 mL of PBS buffer was added to 10 mL of whole blood and the mixture was 
centrifuged at 1,500 × g for 6 min (centrifuge SL 8, Thermo Fisher Scientific, Osterode am 
Harz, Germany) after gentle mixing. Next, the supernatant was discarded and the same volume 
of fresh PBS was added to follow the same protocol. The procedure was repeated 5 times with 
1:2 ratio of the RBCs to the PBS. Then, RBCs were diluted in fresh PBS to achieve a final 
concentration of 5% (v/v). Dried GPP and GPP/Cu-TA NFs were mixed with this RBC final 
suspension and after incubating at room temperature for 15 min, 30 min, 2, 3, 4, 5, and 6 h, the 
samples were centrifuged at 850 × g for 7 min (centrifuge Z 216 MK, HERMLE Labortechnik 
GmbH, Wehingen, Germany). Following this, 150 µL of the supernatants were transferred to 
a 96-well plate and the absorbance of the samples was measured at 540 nm using a plate reader 
(Labsystems iEMS Reader MF9, Labsystems, Helsinki, Finland). The percentage of non-
hemolysis was calculated for each sample using the following equation: 

Non-hemolyzed RBCs (%) = 1-  
(As An)

( Ap An ) ×100 (3)

Here, As represents the sample absorbance, An refers the absorbance of negative control, and 
Ap indicates the absorbance of the positive control. For this assay, PBS and DI water were 
utilized as the negative and positive control, respectively.
To assess the morphological changes in RBCs following treatment with GPP and GPP/Cu-TA 
NFs, 0.5 mL of a 5% (v/v) RBC suspension was mixed with the samples and incubated at 37°C 
for 6 h. The resulting samples were then centrifuged at 850 × g for 7 min with the same 
centrifuge reported above and fixed in 4% formaldehyde at room temperature for 2 h. 
Subsequently, the treated RBCs underwent dehydration through sequential immersion in 
ethanol solutions of increasing concentrations (50, 60, 70, 80, 90, and 99.7%) for 5, 10, 15, 20, 
25, and 30 min, respectively. After dehydration, RBC suspensions were dropped onto 
coverslips, air-dried, sputter-coated with gold, and observed through SEM (model S-2500, 
Hitachi, Tokyo, Japan). A commercial gauze was used as reference material.

2.10 In vitro Cell Viability 

To evaluate in vitro cytotoxicity effect of the GPP/CuTA NF composite on mouse embryonic 
fibroblast (MEF) cells and human HaCaT keratinocytes, the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was performed. For experiments with fibroblasts, 
96-well culture plates were seeded with 1 × 104 MEF cells per well for each sample in DMEM 
containing 15% (v/v) FBS and 1% (v/v) penicillin/streptomycin in 5% CO2 at 37ºC. For tests 
with keratinocytes, 1.5 × 104 HaCaT cells were seeded per each well in DMEM containing 
10% (v/v) FBS in 5% CO2 at 37ºC. The control wells, containing culture medium without 
nanocomposites, resulting in 100% of cell viability for the two studied cell lines. The MTT 
assay was conducted with five replicates for each sample, and after 1, 3, 5, and 7 d of 
incubation, working with MEF cells, and 1, 3, and 4 d of incubation, in the case of HaCaT. In 
details, 150 μL of fresh medium containing MTT solution was added to each sample after 
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7

removal of the exhausted medium and incubated for 3 h at 37ºC to allow the production of 
formazan dye in the living cells. Then, DMSO was added to each well, and 100 μL of each 
sample was transferred to another 96-well plate. Finally, the cell viability of the samples was 
measured at a wavelength of 492 nm using the same microplate reader reported above. Cell 
viability was determined as the following:

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝐴𝑏𝑠492 (𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠)
𝐴𝑏𝑠492 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑒𝑙𝑙𝑠) × 100 (4)

2.11 Statistical Analysis

Experiments were performed at least in triplicate and the data are expressed as mean values 
and standard deviations. The relevant differences among the samples were evaluated using 
analysis of variance (ANOVA) and Tukey's honestly significant difference (HSD) post-hoc 
test (p < 0.05). The Statistica v. 8.0 software (StatSoft, Tulsa, OK, USA) was used for data 
processing.

 
3. Results and Discussion

3.1. Synthesis and Characterization of Cu-TA NFs

The schematic diagram illustrating the preparation of Cu-TA NFs is shown in Figure 1a. 
Flower-like nanostructures are formed by self-assembly of tannic acid-copper phosphate 
crystals during incubation. The formation of Cu-TA NFs self-assembly involves nucleation 
and growth stages. Initially, primary crystals of copper phosphate forming as copper ions 
interact with phosphate anions in the PBS solution. Then, TA binds to copper phosphate 
crystals through hydroxyl groups and copper ions interaction leading to the nucleation of 
nanopetals. Finally, nanopetals grow via Cu-TA complex and TA acting as a binding agent, 
resulting in the formation of porous carnation-like structure. 
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9

Figure 1. Preparation and characterization of the Cu-TA NFs. (a) Schematic illustration for the synthesis 
of Cu-TA NFs. (b) XRD pattern. (c) FTIR spectra of Cu3(PO4)2, Cu-TA NFs, and TA. (d) 
Representative SEM micrograph of Cu-TA NFs. (e) Size distribution histogram of Cu-TA NFs.

The XRD pattern of the Cu-TA NFs, presented in Figure 1b, was utilized to assess the 
crystallinity and phase purity of the synthesized products. The results of the XRD analysis 
indicate that the position and relative intensities of diffraction peaks closely match with those 
found in the standard Cu3(PO4)2·3H2O (JCPDS 00-022-0548), which confirms that the NFs 
were highly crystalline and well-formed.
The chemical structures of TA and Cu-TA NFs were assessed by FTIR spectroscopy (Figure 
1c). The FTIR spectrum of the Cu-TA NFs displays the characteristic peaks of TA and copper 
phosphate. The absorption peaks at 1150, 1050, and 990 cm−1 are due to the bending vibration 
of Cu-OH and stretching vibrations of P-O and P=O, respectively. The peaks at 564 and 635 
cm−1 are assigned to the bending vibration of bridging phosphorous such as O=P-O, confirming 
the presence of phosphate groups. TA displays a wide band of stretching vibration of OH 
groups at approximately 3000–3500 cm−1. In addition, an absorption band at about 1200 cm−1 
is observed, attributed to the bending vibration of OH groups. Furthermore, TA shows two 
peaks at 1365 and 1616 cm−1 which correspond to C-O stretching of the benzene ring and the 
C=C groups in the aromatic rings, respectively.41 In the Cu-TA NF spectrum, the shifted peaks 
and lower intensity of peaks at 648, 1315, and 1189 cm−1, compared to the same region in the 
TA spectrum, is attributed to combination of factors including the oxidation of polyphenols, as 
well as cation-π interactions such as coordination bonding between copper ions and phenolic 
hydroxyl groups, indicating distortion of TA due to the coordination of phenolic groups with 
copper ions.42,43

Figure 1d is related to the SEM micrograph of Cu-TA NFs, which show their flower-like 
structure. According to this Figure, the Cu-TA NFs exhibited a hierarchical carnation 
morphology assembled from hundreds of nanopetals with a mean size of 15.08 ± 3.12 µm. The 
size distribution histogram indicates uniform and a relatively narrow range of NFs (Figure 1e).
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10

Figure 2: Characterization of the synthesized Cu-TA NFs. (a) Representative SEM micrograph of a 
single Cu-TA NF. (b) EDX spectrum of Cu-TA NF and EDX mappings of the elements (c) C, (d) O, 
(e) P, and (f) Cu.

The shape, size, and the surface structure of Cu-TA NFs were characterized by SEM (Figure 
2). The EDX pattern of the NFs in Figure 2b confirmed the formation of TA-inorganic hybrid 
structure in the resultant product, as evidenced by the appearance of a C peak. Furthermore, 
the elemental mapping revealed uniform dispersion of C, O, P, and Cu throughout the Cu-TA 
NFs (Figure 2c, 2d, 2e, and 2f). 
To better study the elemental composition of the Cu-TA NFs and the coordination of the TA 
with the NFs, we leveraged on the XPS capability to reveal spectral shifts an elemental signal 
associated to elements in different chemical states of the elements.

Figure 3. Cu 2p3/2 core level XPS spectra of (a) NFs prepared without TA and (b) Cu-TA NFs. (c) TGA 
analysis of TA, Cu3(PO4)2, and Cu-TA NFs. 

The comparison of the Cu 2p3/2 spectra of NFs prepared without (Figure 3a) and with TA 
(Figure 3b) shows the effect of TA on the chemical state of Cu in NFs. A first inspection of the 
spectra reveals the appearance of two main components (Cu1, red line and Cu2, blue line) in 

(a)

(c)

(b)

Page 12 of 26

ACS Paragon Plus Environment

ACS Applied Bio Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

https://www.sciencedirect.com/science/article/pii/S138358662100575X#f0005


11

the spectrum of NFs prepared without TA and the appearance of a third component (Cu3, green 
area) in the signal of Cu-TA NFs. 
The deconvolution of the XPS spectrum of the Cu 2p3/2 core level region of the NFs without 
TA is reported in Figure 3a (the Cu 2p1/2 components are omitted for an easier figure reading). 
The main component at a binding energy of (934.1 ± 0.2) eV (Cu1) can be assigned to CuO 
while the second component at a binding energy of (936.2 ± 0.2) eV (Cu2) derives from the 
contribution of both Cu3(PO4)2 and Cu (OH)2. 44 The other three peaks at binding energies of 
(939.4 ± 0.2) eV, (942.6 ± 0.2) eV, and (944.5 ± 0.2) eV can be attributed to satellites peaks of 
Cu2+ further confirming the presence of CuO.45

Considering the Cu 2p3/2 core level region of the Cu-TA NFs (reported in Figure 3b), the 
deconvolution of the main signal needs an additional component Cu3 at a binding energy of 
(932.4 ± 0.2) eV. This component, not present in NFs prepared without TA, can be attributed 
to Cu2O44. 

The TA triggered variation in the chemical state of copper is attributable to the successful 
coordination of TA with the copper of the NF main structure. The presence of different 
oxidative states of copper and the changes in the Cu 2p3/2 signal due to the copper-TA 
interaction have been already observed by other groups as evidence of the coordination 
between copper and TA.42,46

Spectral changes after coordination with TA were observed also in the C1s and O1s core level 
regions (data not shown). However, since oxygen and carbon are always present as adventitious 
contaminants on air exposed surfaces, adventitious C1s and O1s components contribute to the 
spectra hampering spectra deconvolution.

The thermogravimetric curves of TA, Cu3(PO4)2, and Cu-TA NFs were also investigated, 
shown in Figure 3a. Overall, the mass loss of pure Cu NFs is lower than that of the Cu-TA NFs 
in the range of 50–700°C. The difference in value of the mass loss is calculated to be 18.67%. 
The thermal decomposition of Cu-TA NFs can be divided into three main steps. The initial 
degradation, occurring at temperatures up to 150°C, resulting in a 5% mass loss, attributed to 
the elimination of water. The major degradation of TA occurred at around 250°C and is 
attributed to the elimination of decarboxylation products of TA including carbon dioxide, 1,2,3-
benzenetriol, and 1,2-benzenediol.47 In the next step (350–750°C) of thermal degradation, 
aromatic compounds and carbon dioxide were released due to the degradation of phenolic 
molecules48. Additionally, the coordination of TA to Cu2+ enhanced its thermal stability. 

3.1.2. ROS Scavenging Activity

Excessive expression and accumulation of ROS can disrupt signaling pathways in cells and 
induce damage to biomacromolecules, leading to various acute and chronic diseases. 
Consequently, the removal of free radicals by bioactive substances is crucial for living 
organisms.49 Therefore, we assessed the capability of Cu-TA NFs to serve as an effective 
scavenger of multiple radicals. DPPH and ABTS are commonly used nitrogen-free radicals 
employed as model molecules to evaluate the ROS scavenging capacity of biomaterials.

The scavenging mechanisms of DPPH˙ rely on capturing one or more hydrogen atoms from 
antioxidants. As this process occurs, its characteristic color gradually fades, leading to the 
disappearance of the absorption peak. The results show DPPH radical scavenging activity in 
the order of TA > Cu-TA NFs > Cu3(PO2)4. The superior DPPH radical scavenging activity of 
TA (Figure S1) can be attributed to the presence of free phenolic -OH groups, which can 
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directly provide hydrogen atoms to reduce DPPH. The presence of Cu-TA NFs leads to an 
increased scavenging rate at high concentrations. Meanwhile the absorbance of Cu-TA NFs 
becomes lower than that showed by Cu3(PO2)4, demonstrating that they have significantly 
better scavenging ability and clearance effect (Figure 4b). The original color of DPPH radical 
was purple which became yellow when it was reduced by an antioxidant. The findings from 
digital photos further support this conclusion with a noticeable discoloration in their DPPH 
solutions (Figure S2).

ABTS˙+ is a widely used and stable nitrogen-free radical with a distinct absorption peak at 
around 734 nm. The ability of different concentrations of NFs to scavenge ABTS˙+ was utilized 
to evaluate the antioxidant capacity of Cu-TA NFs. As depicted in Figure 4c, the absorbance 
of ABTS˙+ treated with the Cu-TA NFs decreased significantly, indicating their superior 
scavenging ability compared to Cu3(PO2)4. The Cu-TA NFs demonstrate a concentration-
dependent behavior in scavenging ABTS˙+ (Figure 4d). These results indicate the excellent 
ABTS˙+scavenging activity of Cu-TA NFs.

 

Figure. 4. Assessment of ROS scavenging capacity of Cu-TA NFs. (a) UV−vis spectra of DPPH treated 
with various concentrations of Cu-TA NFs (5, 25, 100, 200, 400, 600, and 800 µg/mL) for 60 min. (b) 
DPPH scavenging rate of Cu-TA at the different concentrations. (c) UV−vis spectra of ABTS˙+ 

incubated with different concentrations of Cu-TA NFs (5, 25, 50, 100, 200, and 400 µg/mL) for 10 min. 
(d) ABTS˙+scavenging rate of Cu-TA at the different tested concentrations. 

3.2 Characterization of GPP/Cu-TA NFs

(d)(c)

(a) (b)
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Optimized GA and PVA nanofibers were fabricated by electrospinning method and coated with 
PCL to improve their hydrophilicity and mechanical properties. The characterization results 
showed that PCL-coated GA/PVA can be used as wound dressing.38 Inspired by the high ROS 
scavenging activity, Cu-TA NFs were loaded on the GPP sheet (Figure 5a). To confirm the 
critical role of Cu-TA NFs in ROS activity, antibacterial, hemocompatibility, and cell viability 
properties, we have loaded two concentrations of Cu-TA NFs on GPP sheet. Figure 5b shows 
the GPP nanofibers with an average of 193 ± 68 nm. SEM micrographs of GPP sheets 
containing 10 or 20% Cu-TA NFs are displayed in Figure 5c and d. EDX analysis was used to 
verify the elemental composition of Cu-TA NFs dispersed loaded on GPP nanofibers. Figure 
5f shows that the presence of C, O, P, and Cu. Furthermore, the elemental mapping results in 
Figure 5g indicate elemental C was uniformly distributed throughout the nanofibers. The 
existence of C, O, P, and Cu can be ascribed to the incorporation of Cu-TA NF on the surface 
of GPP nanofibers. 
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Figure 5: Preparation and characterization of GPP/Cu-TA NFs. (a) Schematic illustration of dispersion 
Cu-TA NFs on GPP nanofiber sheet. (b) Representative SEM micrograph of GPP nanofiber sheet before 
and after (c) 10% Cu-TA NFs or (d) 20% Cu-TA NFs. (e) Representative SEM micrograph of GPP/Cu-
TA 10%, (f) relative EDX spectrum, and (g) relative EDX mappings of C, O, P, and Cu. 

Wound healing is a complex process that encompasses several stages, one of which includes 
the production of numerous free radicals. Previous studies have indicated that an 
overproduction of free radicals can disrupt the balance between oxidants and antioxidants, 
leading to tissue damage, increased infection risk, and delayed healing. Hence, enhancing 
antioxidant activity is a vital feature of effective wound dressings.53

Herein, we tested the ABTS and DPPH scavenging efficiency to evaluate the antioxidant 
capacity of GPP and GPP/Cu-TA NFs. The free radical scavenging rate increased with the 
concentration of loaded Cu-TA NFs, with an average of 65.5 and 91.8% of ABTS˙+ could be 
scavenged by GPP/Cu-TA NFs at 10 or 20%, respectively (Figure 7a and Figure S3a). The 
DPPH scavenging efficiency rate of GPP/Cu-TA NFs at 10 or 20% was higher than 48.7 and 
65.4%, respectively, significantly higher than that of GPP (5.1%) (Figure 7b and Figure S3b). 
As in the case of the ABTS assay, a similar trend was observed in this assay also. These data 
demonstrate that GPP/Cu-TA NFs exhibit strong antioxidant capacity and have great potential 
for application in wound healing as antioxidant dressings.

Figure 6: Assessment of ROS scavenging capacity of GPP/Cu-TA. UV−vis spectra of (a) ABTS˙+ 
incubated with GPP, GPP/Cu-TA (10%), and GPP/Cu-TA (20%) for 10 min. (b) DPPH treated with 
GPP, GPP/Cu-TA (10%), GPP/Cu-TA (20%) for 60 min. 

3.3. Antibacterial Effect

A suitable wound dressing not only serves as a barrier against external bacterial infections but 
also possesses inherent antimicrobial abilities, making it significantly more effective in 
preventing infection.50 Hence, possessing antibacterial properties is crucial for its clinical 
application as a wound dressing. The antibacterial activities of GPP loaded with different 
percentages of Cu-TA NFs were assessed using the inhibition zone method against S. aureus, 
E. coli, and P. aeruginosa. It was found that the GPP/Cu-TA NFs sheet exhibits a comparable 
inhibitory effect on both Gram-negative and Gram-positive bacteria. Previous studies have 

(b)(a)
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shown the antibacterial properties of TA to be similar against a range of bacteria, including S. 
aureus, E. coli, and P. aeruginosa, suggesting the potential for its broad-spectrum antibacterial 
activity. 51

As illustrated in Figure 7a compared with the control group, the inhibitory effect of the 
GPP/Cu-TA NFs was positively correlated with the Cu-TA NFs percentage. We could observe 
dose-dependent manner of NFs because the antibacterial performances of the GPP nanosheet 
increased when the concentration of Cu-TA NFs was increased from 10 to 20%. The inhibitory 
zone's average diameter was roughly 18.2 mm for GPP/Cu-TA NFs (20%) sheet in the S. 
aureus cultured agar plate, around 16.4 mm in the E. coli, and 14 mm in the P. aeruginosa, 
thereby indicating a higher inhibitory effect on S. aureus. The diameters of the bacteriostatic 
zone were increased from 13.4 to 18.2 mm with increasing the Cu-TA NFs percentage from 10 
to 20%. The Gram-positive bacteria (S. aureus) are more sensitive to TA than the Gram-
negative bacteria (E. coli and P. aeruginosa) which can may be due to the strong diffusion of 
TA from Cu-TA NFs. It has been reported that TA effectively eliminates bacteria through 
multiple mechanisms, including interactions with biomolecules and metal ions within bacterial 
cells, enhanced permeability of the cell membrane, destabilization of the cytoplasmic 
membrane, and alteration of the protein-to-lipid ratios within the membrane. It was shown that 
the hydroxyphenyl group was of great importance against bacterial groups.52 

Bacterial biofilms are cluster of multiple cells where bacteria are embedded within a matrix of 
self-produced polymers.54 The process of biofilm formation includes four stages of adhesion, 
microcolony formation, biofilm maturation, and detachment or dispersion. This matrix usually 
shows higher resistance to antimicrobials than cultures grown in suspension (planktonic 
bacteria). This is due to the low penetration and accumulation of antimicrobials in the biofilm, 
as well as conditions within the biofilm environment that inactivate antimicrobials.55 In 
addition to the protection provided by the matrix, bacteria in biofilms can become hidden from 
the immune system, causing local tissue damage and eventually leading to acute infections. 
They can adapt to adverse environmental conditions and nutrient limitations. Moreover, by 
deactivating antimicrobial agents and reducing cellular function requirements, biofilms 
increase bacterial resistance to antimicrobial treatment. In biofilm-type infections, the immune 
system is unable to eliminate the pathogenic biofilm, making these infections persistent and 
difficult to treat with antimicrobial agents. Consequently, biofilm-related diseases are 
challenging for the immune system to combat effectively.56
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Figure 7: Antibacterial activity of GPP/Cu-TA NFs. (a) Antibacterial test of using inhibition zone 
method against S. aureus, E. coli, and P. aeruginosa after 24 h of incubation. Effect of control, GPP, 
GPP/Cu-TA (10%), and GPP-Cu-TA (20%) on the biofilm inhibition of (b) S. aureus, (c) E. coli, and 
(d) P. aeruginosa. 

Due to the inherent resilience of biofilm-associated infections, there is a clear need for new 
antimicrobial agents that specifically target this issue. The ability of GPP/Cu-TA NF sheets to 
inhibit biofilm formation were assessed using cultures of S. aureus, E. coli, and P. aeruginosa 
incubated for 24 h. Then, the biofilm was quantified with crystal violet. Cu-TA NFs 
significantly inhibit the growth of S. aureus, E. coli, and P. aeruginosa in a dose-dependent 
effect, as shown in Figure 7. As demonstrated, GPP/Cu-TA (20%) NF sheets inhibited biofilm 
formation by 47, 41, and 38% for S. aureus, E. coli, and P. aeruginosa, respectively (Figure 
7b, 7c, and 7d). TA has been recognized for antimicrobial properties and it has been reported 
to inhibit biofilm formation in highly infection S. aureus. 57,58 The findings show that Cu-TA 
NFs interact with and penetrate to extracellular polymeric substances of the biofilm, 
eliminating the inner residing bacteria that impede normal bacterial functions and as a result 
have a breakdown of the biofilm structure. 

3.4. Hemocompatibility Studies

Hemocompatibility is a crucial parameter for successful clinical application of materials in 
direct contact with blood. Hemolysis, the rupture of the RBCs, is a measure to evaluate the 
hemocompatibility of biomaterials.59 In accordance with ASTM F756-00 standard, the tested 
samples can be classified into three groups based on their hemolytic index: (a) materials with 
hemolysis values higher than 5%, (b) the those exhibiting slight hemolysis with hemolysis 
values ranging between 2 and 5%, and (c) non-hemolytic materials, demonstrating hemolysis 
values below 2%.60 The in vitro hemolysis assay was conducted to assess the RBC lysing effect 
of the GPP, GPP/Cu-TA (10%), and GPP/Cu-TA (20%) at different time intervals (Figure 7a). 
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In addition, after the centrifugation of the GPP, GPP/Cu-TA (10%), and GPP/Cu-TA (20%) 
treated RBCs, no samples showed any hemolysis macroscopically (Figure 7b). By contrast, the 
supernatant was completely transparent red in the positive group (using DI water), revealing 
complete hemolysis of the RBCs. The results demonstrated that neither GPP nor GPP/Cu-TA 
(10%), and GPP/Cu-TA (20%) showed obvious hemolysis. Moreover, increasing the Cu-TA 
concentration from 10 to 20% does not result in a higher hemolysis ratio for GPP/Cu-TA which 
means this material is suitable for being used as biomedical materials. In addition, to evaluate 
blood lysis, SEM imaging was employed to assess the possible impact of GPP, GPP/Cu-TA 
(10%), and GPP/Cu-TA (20%) on the morphological change of the RBCs, as shown in Figure 
7c. The RBCs maintained the spherical shape, although, few cells with a star-shaped 
morphology were observed in SEM images of all samples. The findings indicated that the 
GPP/Cu-TA did not induce notable changes in the morphology of RBCs after 6 h of treatment.

Figure 8: Hemocompatibility of GPP/Cu-TA NFs. (a) Non-hemolyzed ratio of gauze, GPP, GPP/Cu-
TA (10%), and GPP/Cu-TA (20%). (b) Assessment of morphological change of the RBCs after 6 h of 
exposure to GPP, GPP/Cu-TA NFs (10%), and GPP/Cu-TA NFs (20%) by representative SEM 
micrographs. (c) Representative photographs of RBC supernatants dispersed in water, PBS, GPP, 
GPP/Cu-TA (10%), and GPP/Cu-TA (20%).

3.5. Cytocompatibility studies

Biocompatibility is an essential factor in the application of electrospun nanofibers in clinical 
wound dressing. Hence, cell viability was evaluated using MTT assay after a culture of 1, 3, 5, 
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and 7 days for fibroblasts. Generally, the type, shape, size, and surface properties of 
nanomaterials, as well as the method by which they are incorporated into the sheet, influence 
their toxicity. Figure 8a summarizes the toxicity profiles of the GPP/Cu-TA NF sheet in 
fibroblast cells. The results indicated that GPP/Cu-TA NF samples, not only had a 
biocompatible effect but also enhanced cell proliferation over time. This clearly demonstrates 
that GPP and Cu-TA NFs promote cell adhesion and growth, as well as showing evidence of 
Cu-TA NFs are comparable to that of the GPP with cell viabilities exceeding 90%. This shows 
that the Cu-TA NF concentration used in the composites have no significant difference in cell 
viability and did not affect the biocompatibility of fibroblasts. Ghuglot et al.61 investigated 
cytotoxicity effect of Cu nanoparticles on fibroblast cell viability and the results showed that 
these nanostructures are not toxic. Du et al.55 demonstrated that the incorporating of TA into 
hydrogels, not only enhances cell affinity, but also increases cell adhesion and proliferation 
and our study aligns with these findings. Considering keratinocytes, cell viability was assessed 
after 1, 3, and 4 days of incubation. Figure 8b shows all the results obtained, expressed as 
percentage of cell viability with respect to the control (untreated cells). It was noticed that 
working with GPP alone and GPP/Cu-TA NFs at the two investigated concentrations, during 
all the period of treatment resulted in biocompatibility of more than 80%, indicating good 
biocompatibility of the tested electrospun sheets for these cells. Therefore, it is possible to 
conclude that GPP/Cu-TA NFs revealed to be cytocompatible at both tested concentration of 
NFs. 

Figure 9: Evaluation of cell viability (a) 1, 3, 5, and 7 days of incubation with fibroblast cells and (b) 1, 
3, and 4 days of incubation with keratinocyte cells exposed to control, GPP, GPP-Cu-TA (10%), and 
GPP-Cu-TA (20%).

4. Conclusion

We used an ecofriendly and simple procedure to create a novel hybrid nanoflower using tannic 
acid and copper ions as organic and inorganic components, respectively. Facile template-free 
synthesis endows 3D hierarchical flower-like morphology and porous structure. We loaded 
these Cu-TA NFs on poly(caprolactone)-coated gum arabic/poly (vinyl alcohol) sheets with 
different biological properties. Antibacterial experiments confirmed the effect of that GPP/Cu-
TA NF sheets on a broad spectrum of bacteria, both Gram positive and negative, and 

(a) (b)
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established antibiotic resistant biofilms. Overall, the study presents proof-of-concept evidence 
for the synthesis and utilization of Cu-TA nanoflowers that open a new avenue as potential 
material for infection and inflammatory conditions. 

Supporting Information

The Supporting Information is available free of charge 

at

Figure S1: UV−vis spectra of (a) ABTS˙+ incubated with different concentrations of TA (5, 25, 
50, µg/mL) for 10 min. (b) DPPH treated with various concentrations of TA (3, 5, 50, 75, and 
100 µg/mL) for 60 min; Figure S2: Digital photo of changing the color of DPPH solutions with 
increasing the concentration of Cu-TA NFs from 0 to 800 µg/mL; Figure S3: Assessment of 
ROS scavenging capacity of Cu-TA NFs. (a) DPPH scavenging rate of GPP sheet. (b) ABTS˙+ 
scavenging rate of GPP sheet.
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