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Abstract This study aimed to exploit two invasive 
plant species to develop a novel, multifunctional, bio-
active wound dressing based on a microporous cel-
lulosic sponge (CS) from Gleditsia triacanthos pods 
and functionalizing them with Phytolacca americana 
fruit extract. The CS was functionalized, lyophi-
lized, and characterized by Attenuated total reflec-
tance–Fourier transform infrared spectroscopy, X-ray 

diffraction, scanning electron microscopy, contact 
angle, water absorption, and retention capacity. In 
addition, two parameters were evaluated in temporal 
dynamics: controlled release of phenolic compounds 
and antioxidant activities. The hemolytic index, blood 
clotting kinetics, lactate dehydrogenase release, and 
wound scratch assays proved their hemo- and bio-
compatibility, as well as their ability to promote cell 
proliferation and migration promoting-activity and to 
inhibit microbial growth. Furthermore, the obtained 
spongious material exhibited an anti-inflammatory 
effect by modulating the macrophages’ secretion pro-
file of IL-6 and IL-10. In conclusion, the microporous 
cellulosic sponge obtained from G. triacanthos could 
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be used as a vehicle to ensure the controlled release 
of bioactive principles with pro-wound healing activi-
ties extracted from invasive plants.

Graphical abstract: 
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Abbreviations 
ATCC   American Type Culture 

Collection
ATR–FTIR  Attenuated total reflectance–

Fourier transform infrared 
spectroscopy

CFU  Colony forming unit
CS  Microporous cellulosic 

sponge
COX-2  Cyclooxygenase-2
Cr.I  Degree of crystallinity
DI  Deionized water
DIBOA-glucoside  4-Hydroxy-3-oxo-3,4-dihy-

dro-2H-1,4-benzoxazin-2-yl 
β-D-glucopyranoside

DMEM  Dulbeccoʼs modified eagle 
medium

DPPH  2,2-Diphenyl-1-picrylhydra-
zyl

FRAP  Ferric reducing antioxidant 
power

GAE  Gallic acid equivalent
HESI  Heated electrospray 

ionization
IL  Interleukin
LDH  Lactate dehydrogenase
MRSA  Methicillin-Resistant Staphy‑

lococcus aureus
MTT  ([3-(4,5-Dimethylthiazol-

2yl)]-2,5-diphenyltetrazolium 
bromide)

FCS  Functionalized microporous 
cellulosic sponge

PBS  Phosphate-buffer solution
PWM  Pokeweed mitogen
RT  Retention time
SEM  Scanning electron 

microscopy
UHPLC–ESI–HRMS  Ultra-high-performance 

liquid chromatography–elec-
trospray ionization–high 
resolution mass spectrometry
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ROS  Reactive oxygen species
TPC  Total phenolic content
TPTZ  2,4,6-Tripyridin-2-yl-1,3,5-

triazine
TE  Trolox equivalent
TIC  Total ion current
TNF  Tumor necrosis factor
vDIA  Variable data-independent 

analysis
XRD  X-ray diffraction

Introduction

Currently, wound management poses significant eco-
nomic and clinical challenges, which explain the con-
siderable interest in wound healing research and the 
development of more efficient therapeutic approaches. 
The wound healing could be impaired or delayed 
by the development of microbial biofilms, hyper or 
chronic inflammation, accumulation of free radicals 
(especially reactive oxygen species), and decreased 
mitogenic activity, inhibiting progression to prolifera-
tion and re-epithelialization (Shedoeva et al. 2019).

Along with technological progress, different 
wound dressings, such as hydrogels, hydrocolloids, 
alginates, tissue adhesives, porous adhesive films, 
and dressings containing silver and/or collagen, have 
been obtained (Dhivya et al. 2015). Many recent stud-
ies showed cellulose materials are appropriate for 
biomedical purposes due to their high biocompat-
ibility (Dowsett and Newton 2005; Vartiainen et  al. 
2011; Alexandrescu et  al. 2013; Rees et  al. 2015). 
Being one of the most widespread compounds in 
nature, cellulose can be extracted from a wide range 
of sources (Moon et al. 2011; Fernandes et al. 2013), 
which mainly include plants and vegetal food waste, 
such as rice straw (Jianan et al. 1996), cannabis (Vir-
tanen et  al. 2012), cotton (Reddy and Yang 2009), 
wood (Cara et al. 2006), potato tubers (Abe and Yano 
2009), banana peels (Phirom-on and Apiraksakorn 
2022), pineapple (Fareez et al. 2018), etc. The perfor-
mance characteristics of cellulose, such as its molec-
ular chain length (degree of polymerization), size, 
degree of crystallinity, and thermal stability, depend 
on the plant source species, as well as the extraction 
method, including pre-treatment, post-treatment, and 
disintegration steps (Siqueira et al. 2010; Jeong et al. 
2015; Lee et al. 2015; Trache et al. 2016). Although 

bacterial and vegetal cellulose’s chemical structure 
is similar, bacterial cellulose has a higher degree of 
crystallinity (> 80%) (Long et al. 2018).

Cellulose has a high chemical reactivity, allowing 
to obtain different derivatives, many of them multi-
functional, using flexible preparation and numerous 
modification methods. The three main ways to mod-
ify cellulosic materials are: (i) adding active princi-
ples to the cellulose solution/suspension (Gawryla 
et al. 2009); (ii) depositing coatings on the cellulose 
gel surface using a sol–gel method; (iii) modifying 
the surfaces of cellulose aerogels by using a silane-
type coupling agent and/or atomic layer deposition 
(Long et al. 2018).

Different cellulose materials have been reported, 
including nanofibrils bacterial cellulose, wood-
derived cellulose (Martínez Ávila et  al. 2014; Basu 
et  al. 2018); nanofibers created by electrospinning, 
isolated from pineapple (Mahdavi et al. 2016; Souza 
et al. 2018); nanofibers (Di et al. 2017); nanocrystals 
derived from cotton (Catalán et  al. 2015); nanorods 
derived from grass (Zhao et  al. 2017); cellulose/
nanosilver composite materials (Ye et al. 2016); cel-
lulose/chitosan composite sponge (Liu et  al. 2021); 
hierarchical porous cellulose sponge (Liu et al. 2022); 
carboxymethyl cellulose sponge (Paprskářová et  al. 
2021). Cellulose was intensively studied as a releas-
ing active principles system for topical applications. 
The studies were generally carried out on com-
mercial (carboxymethyl cellulose, hydroxyethylcel-
lulose, ethylcellulose, cellulose acetate) or bacte-
rial cellulose and not extracted from various plant 
matrices. Cellulose extracted from plant matrices has 
numerous applications for solving organic pollution 
(Han et  al. 2016) and less often for topical applica-
tions. The functionalization was made with synthetic 
compounds with an antimicrobial effect (antibiotic), 
inorganic derivatives (Ag nanoparticles, silver sul-
fadiazine, ZnO nanoparticles) (Naseri-Nosar and 
Ziora 2018), and natural compounds such as cur-
cumin (Bajpai et  al. 2015, 2017), polyphenols from 
Calendula officinalis (Gustaite et al. 2015), polyphe-
nols from Camellia sinensis (Shao et al. 2020), apple 
polyphenols (Lin et al. 2022) or larch bark polyphe-
nols (Nie et  al. 2022). The matrices functionalized 
with these compounds have in their composition two 
polymers that use cellulose in the form of microcrys-
tals or CMC. Most of the cellulose-based materials 
with therapeutic applications were accomplished in 
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the form of strongly hydrophilic films, an essential 
characteristic for the exudate adsorption from wounds 
(Bajpai et al. 2015, 2017; Shao et al. 2020).

Invasive plants, which pose significant risks to bio-
diversity, the structure and functions of ecosystems, 
and the conservation of protected areas, could rep-
resent a cheap, readily available source of cellulose 
and active principles offering alternative and almost 
unlimited therapeutic options and, at the same time 
helping to limit their uncontrolled spread (Holloran 
2006; Kumar Rai and Singh 2020). Among the inva-
sive species, Phytolacca americana contains toxic 
compounds, especially in leaves and roots, that could 
cause pokeweed poisoning after oral administration. 
Symptoms include stomach burning, nausea, vomit-
ing, and diarrhea (Ravikiran et  al. 2011). However, 
the fruits are less toxic due to phytolaccatoxin and 
related triterpenes (Hamissou and Kurdmongkoltham 
2015). As a result of their anti-inflammatory, anti-
tumoral, and antimicrobial activity, P. americana 
extracts are used in folk medicine from Central and 
South America for treating inflammation, syphilis-
associated pain, and other diseases (Gomes et  al. 
2008; Ravikiran et  al. 2011). In addition, according 
to Patra et  al. (2014), the crude extract of P. ameri‑
cana contains active substances that can inhibit the 
bacterial growth responsible for various oral diseases 
(Patra et al. 2014).

The mitogenic properties of P. americana extracts 
due to compounds such as the pokeweed mitogen lec-
tin (PWM) isolated by saline extraction from poke-
weed roots (Bodger et  al. 1979; Bekeredjian-Ding 
et al. 2012) have been demonstrated since the 1960s 
by in  vitro (Farnes et  al. 1964) and in  vivo assays 
(Barker et al. 1966).

However, for P. americana plant extracts, a release 
system is needed to avoid hemolysis which occurs 
at high concentrations. In this study, we address this 
limitation by using a cellulose matrix extracted from 
another invasive species, G. triacanthos, to encap-
sulate and release of the active principles contained 
in the P. americana fruit extract. This could lead to 
a cost-effective, circular bioeconomy and ecological 
approach to stop the uncontrolled spread of these two 
invasive species.

In this context, the present study characterizes 
cellulosic spongious materials from G. triacanthos 
pods that were functionalized with active principles 
from P. americana fruit extract. The potential of this 

bioactive spongious material was established based 
on the in  vitro determination of the wound healing 
accelerating effect, cytocompatibility, hemocompat-
ibility, antimicrobial, antioxidant properties, and 
immunomodulatory activity.

Materials and methods

Materials

All chemicals ethanol (HPLC grade), formic acid 
(HPLC grade), methanol (HPLC grade), Folin–Cio-
calteu’s phenol reagent (2 M), sodium carbonate, gal-
lic acid, cinnamic acid, chlorogenic acid, vanillic acid, 
syringic acid, ellagic acid, pinostrombin, que]rcetin, 
myricetin, 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 
2,4,6-tripyridyl-s-triazine (TPTZ), toluene (99.8% 
purity), sodium hypochlorite (6–14%), NaOH, lignin 
and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid) were purchased from Sigma 
Aldrich (Germany).  AgNO3 (0.1 N) was purchased 
from Merck (Germany). All culture media (tryptone 
soy agar, Sabouraud agar, tryptone soy broth, Sab-
ouraud broth and Muller–Hilton agar) were purchased 
from Oxoid (UK). All chemicals used were analytical 
grade.

Plant material

G. triacanthos pods and P. americana fruits (spon-
taneous flora) were harvested from Râmnicu Vâlcea 
and Bucharest, Romania, in September 2019. The 
voucher specimens are stored in Botanical Garden’ 
Herbarium “Dimitrie Brândză” from the University 
of Bucharest (no. 40065 and no. 400712, respec-
tively), where their taxonomic affiliation was certified 
too. The G. triacanthos pods were manually separated 
from other vegetative organs, slightly cleaned, and 
dried at 25 °C, while fresh P. americana fruits were 
used for extraction (on the same day after harvest).
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Phenolic compounds from P. americana fruits—
extraction and chemical composition

Phenolic compounds extraction from P. americana 
fruits

An amount of 5  g of previously milled fresh fruits 
was weighed, ethanol was used as a solvent, and the 
ultrasound-assisted extraction method was applied 
to obtain the extract. The final volume of the extract 
was brought to 50  mL with the same solvent. The 
sonication was repeated (for 30  min) and after that, 
the extract was maintained at 25 °C for 20 days, then 
filtered and stored at − 20 °C until incorporation into 
cellulosic spongious material.

Total phenolic content (TPC)

The Folin–Ciocalteu method (Singleton and Rossi 
1965) was applied to establish the TPC content, which 
was expressed as milligram gallic acid equivalent/mL 
extract (mg  GAE/mL). Briefly, Folin–Ciocalteu rea-
gent (0.1 mL) was mixed with extract, distilled water 
(1.8  mL), and saturated solution sodium carbonate 
(0.1 mL). After homogenization (15 s, at vortex), the 
solutions were kept in the dark for 60 min. Under the 
same conditions, the standard curve was drawn for 
different concentrations of gallic acid  (R2 = 0.9985). 
The absorbance was measured at 765  nm using a 
FlexStation 3 UV–VIS (Molecular devices Company, 
Sunnyvale, CA, USA) Spectrophotometer for samples 
or standard solutions.

Ultra‑high‑performance liquid chromatography–
electrospray ionization–high resolution mass 
spectrometry (UHPLC–ESI–HRMS)

The quantitative analysis of phenolic compounds in 
the extract was performed using an UltiMate 3000 
UHPLC system coupled to a Q-Exactive Focus 
Hybrid Quadrupole-OrbiTrap mass spectrom-
eter equipped with heated electrospray ionization 
(HESI) probe (Thermo Scientific, Germany) set as 
described by Ciucure and Geană (2019). Separations 
was performed using a Kinetex (C18, 100 × 2.1 mm, 
1.7  µm, Phenomenex, USA) column and a binary 
solvent system (A: water with 0.1% formic acid and 
B: methanol with 0.1% formic acid). Also, a screen-
ing UHPLC–MS/MS analysis was done to identify 

specific compounds from P. americana fruit extract. 
Full scan data were acquired in negative mode cov-
ering a scan range of m/z 120–1800 at a resolving 
power of 70,000 FWHM at m/z 200, while vari-
able data-independent analysis  MS2 (vDIA) was per-
formed at the resolution of 35,000, isolation windows 
and scan set as follow: 120–305  m/z, 195–405  m/z, 
295–505  m/z, 395–1000  m/z and 1000–1800  m/z. 
Data processing were performed with Compound 
Discoverer v. 2.1 Software, following an untargeted 
metabolomics working template.

Microporous cellulosic sponge (CS) and 
functionalized microporous cellulosic sponge 
(FCS)—fabrication and characterization

The fabrication of CS and FCS

The cellulose extraction from 30 g Gleditsia triacan‑
thos pods was carried out as presented by Zhuo et al. 
(2017), evaluating the presence of lignin after each 
cycle (n = 10). The extractable compounds were solu-
bilized in toluene: ethanol (2:1, v:v) solution for 8 h 
at 90 ºC. A delignification cycle involved alternative 
reflux in the presence of sodium hypochlorite (70 ºC, 
heating on oil bath, 6  h) and NaOH 2% (90  ºC, 
2 h). After each cycle, the biomass was centrifuged, 
washed with deionized water, and the total lignin con-
tent was quantified. The protocol used for total lignin 
(hydroxycinnamic acid method using lignin for cali-
bration curve) content was done according to British 
Pharmacopoeia (Gaur et  al. 2009). The supernatant 
was titrated with  AgNO3 to highlight the removal of 
chloride anions from the obtained cellulose solution. 
The washed cellulosic spongious material (approx. 
2 g dry matter) was dispersed in the extract (4 mL) 
obtained previously, while for the control, ethanol 
(50%, 4  mL) was used. Then both were dispersed 
five times for ten minutes using IKA Ultra-Turax, fol-
lowed by 30  min of sonication and freeze-drying to 
obtain the CS and the FCS, respectively. The sche-
matic representation of the spongious materials fabri-
cation stages is presented in Fig. 1.

Attenuated total reflectance–Fourier transform 
infrared (ATR–FTIR)

The Cary 630 FTIR Spectrometer in ATR mode and 
Agilent MicroLab Software FTIR System (Agilent 
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Technologies, Inc., USA) were used to record the 
FTIR spectra for CS, FCS, and dry extract. 
4000–650  cm−1 was the selected measurement range, 
with 400 scans and a resolution of 4  cm−1.

X‑ray diffraction

The X-ray diffraction (XRD) pattern was recorded 
using a laboratory Rigaku SmartLab (Osaka, Japan) 
X-ray diffractometer with nominal power of 9  kW, 
which provides monochromatic X-rays with wave-
length, λ = 0.15418 nm. The XRD measurement was 
performed in grazing incidence configuration, for 
which the incidence angle of the source was kept at 
0.5°, while the detector moved from 5 to 70°. During 
the acquisition, a speed of 2.5°/min was used, while 
the scan step was 0.05°.

Morphology of CS and FCS

The morphological features of CS and FCS were 
acquired using a Nova NanoSEM 630 Scanning 
Electron Microscope (FEI Company, Hillsboro, OR, 
USA) using an accelerating voltage of 10 kx. For the 
SEM images, all samples were coat-sputtered with 
Au to ensure the conductivity of the sample.

Surface wettability

Static (equilibrium) CAs were carried out at 25  °C, 
and a drop shape analysis instrument, model DSA100 
(Krüss GmbH, Hamburg, Germany), was used. 
The analysis was performed according to Stan et  al. 
(2020).

Water absorption and retention properties

The method was adapted after Ngadaonye et  al. 
(2013). Briefly, 0.1  g CS or FCS was submerged in 
phosphate buffer solution (PBS) (pH 7.4, 37  °C, for 
15 min). The PBS excess was taken away with filter 
paper, and the material’s wet mass was determined. 
Then, the swelling ratio (%) for CS and FCS was cal-
culated according to Ngadaonye et al. (2013).

For fluid retention tests, the samples (CS and FCS) 
were taken in PBS for 24 h at 37 °C, and the excess 
solution was removed with filter paper. The samples 
were maintained at 37  °C and weighed at different 
time points (1, 2, 3, 4, 5, 6, 12, 24, and 48 h) (Lu et al. 
2016). Finally, the equation applied was done accord-
ing to Marinas et al. (2020).

In vitro release studies for phenolic compounds 
and their antioxidant activity

The FCS were immersed in PBS for five days at 37 °C 
in dark glass vessels containing 1 mL PBS to analyze 
phenolic compounds’ release kinetics. The release 
studies were conducted by replacing the medium with 
fresh PBS at each sampling time point (at 2, 4, 6, 24, 
48, and 72  h). The release of the active principles 
was quantified by Folin–Ciocalteu, 2,2-Diphenyl-
1-picrylhydrazyl (DPPH), and Ferric Reducing Anti-
oxidant Power (FRAP) methods with a FlexStation 3 
UV–VIS Spectrophotometer (molecular devices com-
pany, Sunnyvale, CA, USA). Total phenolic content 
was determined according to 2.2.2.

DPPH assay

A previously reported method with slight changes 
was applied (Madhu et  al. 2013). The reaction mix-
ture consisted of 100  µL of sample and 100  µL 
DPPH solution, incubated for 30  min in the dark. 
The absorbance was measured at 517 nm. A Trolox 
solution (0–200 μM concentrations) was used for the 
standard curve  (R2 = 0.9982). The antioxidant activ-
ity was expressed as mM TE (Trolox Equivalent)/g 
material.

FRAP assay

The FRAP method was performed according to Benzie 
and Strain (1996) with some modifications (Thaipong 
et al. 2006). The FRAP reagent was prepared as follows: 
300 mM acetate buffer (pH 3.6), 10 mM 2,4,6-tripyri-
din-2-yl-1,3,5-triazine (TPTZ) stock solution in 40 mM 
HCl and 20 mM  FeCl3 solution in water were mixed in 
10:1:1 (v:v:v) ratio. The FRAP reagent was freshly pre-
pared and kept at 37 °C. Over 15 µL sample or standard 
solution, 285  µL FRAP reagent was added and incu-
bated for 30 min at 37 °C in the dark. The absorbance 
at λ = 593 nm was read. The standard curve was linear 

Fig. 1  Obtaining microporous cellulosic sponge (CS) and 
functionalized microporous cellulosic sponge (FCS)—sche-
matic description

◂
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between 0 and 250  μM Trolox  (R2 = 0.9968). Results 
were expressed as millimolar TE/g material.

Antimicrobial activity

Sterilization of CS and FCS

The CS and FCS were sterilized by irradiation, the 
doses absorbed by the samples ranging between D 
min = 33.2 ± 1.6 kGy and D max = 35.7 ± 1.6 kGy. The 
used dosimetry system consisted in ethanol chloro-
benzene (ECB) mixture. Gamma irradiation (Co-60) 
was performed for around 12 h at a dose greater than 
25  kGy using SVST Co-60/B irradiator (Institute of 
Isotopes Co. Ltd. Budapest, Hungary). The sterility 
verification was done at 10% CS in peptone water and 
maintained at 37 °C for 24 h, and 100 µL was inocu-
lated on tryptone soy agar and Sabouraud agar. Finally, 
the Petri plates were incubated at 30 °C for 72 h for the 
enumeration of aerobic and mesophilic microorganisms 
and seven days for fungi.

Evaluation of the antimicrobial activity

The following strains were used: Escherichia coli 
ATCC 11229; Staphylococcus aureus ATCC 6538; 
Enterococcus faecium DMS 13590, Pseudomonas aer‑
uginosa ATCC 27853; Candida parapsilosis ATCC 
22019 and Candida albicans ATCC 10231 as well as 
clinical, multi-drug resistant isolates, i.e., Staphylococ‑
cus aureus, Pseudomonas aeruginosa, Acinetobacter 
baumannii and Enterobacter cloacae, from the micro-
bial collection of Microbiology Laboratory from Fac-
ulty of Biology, University of Bucharest (Ong et  al. 
2008). The CS and FCS samples were submerged with 
microbial suspension  (104 CFU/mL) and vortexed. The 
viable cell counts (CFU/mL) were determined on solid 
media (Muller–Hinton agar for bacteria and Sabouraud 
for yeasts) at initial (around 10 min) and one-day con-
tact times. The method was adapted from SR EN ISO 
11737-1 (2006) Sterilization of medical devices—
Microbiological methods—Part 1: Determination of a 
population of microorganisms on products. The loga-
rithmic reduction of microbial growth was calculated as 
follows:

(1)Recovery rate =
lg
(

CFUsample

)

lg
(

CFUcontrolstrain

)

Assessment of the anti-inflammatory effect and 
biocompatibility

Cytotoxicity and cell proliferation

Hep-2 (Human Epithelial Cell Line, ATCC) and RAW 
264.7 (macrophage-like, Abelson leukemia virus-trans-
formed cell line derived from BALB/c mice, ATCC) 
cells were cultured in Gibco Dulbeccoʼs Modified 
Eagle Medium (DMEM) supplemented with 10% fetal 
bovine serum and Penicillin–Streptomycin (100 U/mL) 
and Amphotericin B (25  µg/mL). CS and FCS were 
weighted in sterile saline buffer. The tested concentra-
tions were 25, 50, 150, 250 and 500  µg material/mL. 
Cytotoxicity was assessed using the Cytotoxicity Detec-
tion Kit (Sigma–Aldrich) based on the measurement of 
the LDH released from damaged cells. Cell proliferation 
was analyzed with the Cell Proliferation Kit I (MTT, 
Sigma–Aldrich) (Serbezeanu et al. 2019).

Pro‑wound healing activity

Using a previously described method, the standard Hep-2 
cell line, recommended for routine testing of biomateri-
als cytocompatibility, was used to test the new materi-
als effect on wound healing (Muniandy et al. 2018). The 
Hep-2 cell line is also recommended for the scratch assay 
(Takumi-Tanimukai et al. 2022) because these cells eas-
ily form a confluent monolayer. The CS and FCS were 
tested at 100 µg/mL concentration, for which they show 
the highest level of biocompatibility. Image analysis was 
performed using the Image J software.

Immunomodulatory activity

The RAW 264.7 cells  (105 cells/well) were stimu-
lated with E. coli  (106 CFUs/well) or with E. coli 
supplemented with CS/FCS (100  µg/mL). After 2  h 
of stimulation, supernatants were taken and analyzed 
for IL-6 and IL-10 production using ELISA kits 
(Invitrogen).

Hemocompatibility

The hemolysis test was made according to Jiang 
et  al. (2011) with few modifications. A 4  mL vol-
ume of whole bovine blood treated with 10% citric 
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acid dextrose (CDA) was diluted with 5 mL of 0.9% 
PBS. An amount of 10  mg CS and FCS respec-
tively, was incubated in PBS for 30  min at 37  °C. 
After adding diluted blood (0.05 mL) to each sam-
ple the tubes were incubated for 60  min at 37  °C. 
Positive and negative controls were performed by 
adding 0.05 mL of bovine blood to 0.5 mL of dis-
tilled water (negative control) and PBS (positive 
control), respectively. All tubes were centrifuged for 
5  min. The absorbance (A) of the supernatant was 
measured at 545  nm. Hemolysis was calculated as 
follows (Reshmi et al. 2018):

For the blood clotting tests, a 5  μL volume of 
bovine blood was spotted over 10  mg of material. 
The blood was allowed to coagulate on the sub-
strates for 60  min, and the free hemoglobin con-
centration was measured at 10  min. To measure 
the concentration of free hemoglobin lysis, the 
substrates were immersed in 500  μL of deionized 
water (DI). The substrates were gently shaken and 
left in DI water for 5 min to lyse free hemoglobin. 
The absorbance was measured at a wavelength 
of 540  nm. The absorbance value increases with 
the concentration of free hemoglobin (Smith et  al. 
2010).

Statistical analysis

Data were expressed as means ± SD determined by 
triplicate analysis. The GraphPad Prism v9 soft-
ware was used for statistical analysis. Ordinary 
two-way ANOVA with two-stage linear step-up 
procedure with individual variances method was 
assessed for comparison between CS and FCS (for 
water retention, phenols release, antioxidant activ-
ity, antimicrobial activity, hemolysis, blood clot-
ting, wound closure, LDH release, cell proliferation, 
and cell migration). For immunomodulatory activ-
ity, the results were analyzed using ordinary two-
way ANOVA with main effects by Tukey’s multiple 
comparisons assay for each comparison between 
native cells stimulated with E. coli and CS or FCS. 
The significant level was set to p-values < 0.05.

(2)Hemolysis =
Asample − Acontrol (−)

Acontrol (+) − Acontrol (−)

× 100

Results and discussion

Chemical characterization of P. americana fruit 
extract

The quantification of TPC was done using the cali-
bration curve for gallic acid, obtaining a content of 
477.86 ± 6.19 μg TPC (GAE, gallic acid equivalents)/
mL extract.

The main phenolic acids quantified in the alcoholic 
extract of P. americana fruits were cinnamic acid 
(1019.98 µg/L), chlorogenic acid (283.65 µg/L), van-
illic acid (104.28  µg/L), syringic acid (99.31  µg/L) 
and ellagic acid (73.99  µg/L), while pinostrombin 
(156.80 µg/L), quercetin (64.36 µg/L) and myricetin 
(43.26 µg/L) were the most abundant flavonoids. The 
concentrations of phenolic acids, flavonoids, and fla-
vonoid heterosides are shown in Table S1.

The screening UHPLC–Q–Orbitrap HRMS analy-
sis allowed to identify many bioactive compounds 
and their metabolites present in the P. americana 
extract, which are also responsible for antioxidant 
activity. In addition, data processing using Compound 
Discoverer Software allowed the identification of 
the compounds found in the extract by searching in 
online libraries and databases, such as Chemspider, 
mzCloud, MzVault and mass list matches (Hohrenk 
et al. 2020).

Chemical compounds such as phenolic acids, fla-
vonoids, isoflavones, anthocyanidin derivatives and 
gibberellin plant hormones, but also organic acids 
and vitamins, could be identified in P. americana 
fruit extract. Table  1 shows the molecular formula 
and the retention time of the main identified com-
pounds based on the mass-to-charge ratio (m/z) and 
MS/MS fragment formed during ESI in negative 
mode. Most identified compounds showed antimicro-
bial and anti-inflammatory properties (Bailly 2021), 
and anti-allergic effects (Chen et al. 2022), suggesting 
their efficacy in the treating skin health problems.

Attempts were made to identify the saponins in the 
extract obtained from P. americana fruits based on a 
UHPLC–ESI–HRMS analysis. The total ion current 
(TIC) chromatogram of the P. americana fruit extract 
in the negative ion mode, covering a scan range 
between 120 and 1800 m/z, is shown in Fig. S1. The 
extracted chromatograms of the main saponin com-
pounds identified in the P. americana extract using a 
5  ppm mass accuracy window are presented in Fig. 



10322 Cellulose (2023) 30:10313–10339

1 3
Vol:. (1234567890)

S2. The retention times, precursor ion mass, and frag-
ment ion data of these compounds are summarized in 
Table 2.

Thus, nine esculentosides (A, B, H, M, S, R, L, G, 
and F) were identified in P. americana fruit extract, 
from which A, B, and H, were the most abundant. 
Esculentoside compounds show strong anti-inflam-
matory (Wei et al. 2015; Saleri et al. 2017), anti-aller-
gic (Ci et  al. 2015), anti-cancer (Saleri et  al. 2017; 
Bailly and Vergoten 2020), antifungal and antiviral, 

including against SARS-COV-2 (Zeng et  al. 2021) 
effects. In addition, the antifungal saponins phyto-
laccoside F and phytolaccasaponin N-5, but also 
phytolaccagenin, widely used to treat inflammatory 
conditions (Wei et al. 2015), as well as triterpene gly-
cosides (desholothurin and holothurinoside) which 
have considerable antitumor and antiviral activities 
(Bordbar et  al. 2011) were also identified in the P. 
americana fruit extract. Phytolaccagenin, desholo-
thurin and holothurinoside, are biologically-active 

Table 1  The chemical compounds identification in P. americana fruit extract based on UHPLC–ESI–HRMS analysis combined 
with data processing using compound discoverer software

R.T.–retention time

Compound name Formula R.T. (min) Exact mass Accurate 
mass 
[M‐H]−

Experimental 
adduct ion 
(m/z)

MS2 fragments (m/z)

Azelaic acid C9H16O4 9.82 188.10486 187.0976 187.0969 165.0546, 135.0348, 147.0349, 
068.0737

Suberic acid C8H14O4 9.00 174.08921 173.0820 173.0812 137.0231, 130.0860, 92.9266
Quercetin-3-O-glucoside 

(isoquercetin)
C21H20O12 9.44 464.09548 463.0882 463.0881 300.0273, 165.0546, 289.9205, 

135.0439
Delphinidin-3-O-glucoside C21H20O12 9.47 464.09548 463.0882 463.0881 165.0547, 147.0440, 135.0439
Cyanidin-5-O-glucoside C21H20O11 9.84 448.10056 447.0933 447.0934 329.1031, 284.0325, 163.0392
3′,5-Dihydroxy-3,4′,7-

trimethoxyflavone
C18  H16  O7 9.79 344.0896 343.0823 343.0825 165.0546, 147.0440, 135.0439

7-Hydroxy-2′,4′,5′-
trimethoxyisoflavone

C18H16O6 10.18 328.09469 327.0874 327.0877 165.0390, 162.0311, 147.0440, 
165.0546

Taxiphyllin C14H17NO7 8.36 311.1005 310.0932 310.0931 121.0282, 147.0440, 159.0441, 
269.0819

Afrormosin C17H14O5 8.71 298.08412 297.0769 297.0767 137.0231
Saponarin C27H30O15 9.28 594.1584 593.1511 593.1517 284.0328, 297.0770, 304.9143
Gibberellin A36 C20H26O6 13.32 362.17294 361.1657 361.1666 137.0232
Gibberellin A19 C20H26O6 18.51 362.17294 361.1657 361.167 325.1842, 183.0112, 96.9586
(−)-Usnic acid C18H16O7 9.05 344.0896 343.0823 343.0821 163.0390, 137.0232, 92.9266
DIBOA-glucoside C14H17NO9 7.09 343.09033 342.0831 342.0833 180.0292, 152.0341
9-Demethylmunduserone C18H16O6 9.87 328.09469 327.0874 327.0876 165.0546, 147.0440, 135.0439
Pregna-4,9(11)-diene-3,20-di-

one
C21H28O2 17.46 312.20893 311.2017 311.2018 96.9587, 149.0960, 183.0112, 

265.1478
[6]-Gingerol C17H26O4 18.51 294.18311 293.1759 293.1794 183.0112, 96.9586
(−)-Medicarpin C16H14O4 8.24 270.08921 269.0820 269.0823 121.0281, 162.8380, 160.8409, 

159.0440
Citric acid C6H8O7 0.94 192.027 191.0197 191.0186 191.0186, 111.0073, 87.0073
(−)Threo-iso(homo)2citrate C8H12O7 5.83 220.0583 219.0510 219.0504 162.8380, 160.8409, 111.0074, 

72.9916
Dihomocitrate C8H12O7 6.72 220.0583 219.0510 219.0507 11.0074, 162.8380, 160.8409, 

87.0073
Pantothenic acid (vitamin  B5) C9H17NO5 5.75 219.11067 218.1034 218.1028 152.0341, 146.9599, 144.8685, 

92.9266
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surfactants in plants, acting as bacterial growth inhib-
itors (Chen et al. 2022).

Characterization of microporous cellulosic sponge 
(CS) and functionalized microporous cellulosic 
sponge (FCS)

Table 2  Identification of triterpenoid saponins in P. americana fruits based on UHPLC–ESI–HRMS analysis combined with data 
processing using Compound Discoverer Software

R.T.–retention time

Compound name Formula R.T. (min) Exact mass Accurate 
mass 
[M‐H]−

Experimental 
adduct ion 
(m/z)

MS2 fragments (m/z)

Esculentoside A C42H66O16 10.80 826.4350 825.4277 825. 4280 825.4283, 663.3755, 531.3327
Esculentoside B C36H56O11 13.63 664.3822 663.3749 663.3759 304.9142, 242.9433, 232.9145
Esculentoside H C48H76O21 10.82 988.4879 987.4806 987.4802 824.4279, 663.3751, 531.3326
Esculentoside M C48H74O22 11.15 1002.4671 1001.4593 1001.4603 825. 4293
Esculentoside S C42H66O15 12.97 810.4401 663.3744 809.4323 809.4332, 647.3807, 515.3379
Esculentoside R C54H86O24 12.26 1118.5509 1163.5480 1163.5480 1153.5200, 955.4910
Esculentoside L C48H76O20 12.97 972.4929 971.4856 971.4865 809.4336, 647.3808, 515.3379
Esculentoside G C48H74O21 10.29 986.4722 985.4644 985.4659 832.4130, 643.3490, 529.3173, 

329.1033
Phytolaccoside F C48H76O19 13.07 956.4981 955.4908 955.4903 809.4338, 647.3807, 515.3376
Phytolaccasaponin N-5 C54H86O25 11.33 1134.5457 1133.5384 1133.5387 971.4862,
Phytolaccagenin C31H48O7 14.37 532.3400 531.3327 531.3331 531.3331
Desholothurin C54H86O24 13.07 1118.5509 1117.5436 1117.5441 955.4918, 809.4338, 1153.5212
Holothurinoside C60H96O29 10.98 1280.6037 1279.5964 1279.5968 1279.5968, 1023.4577, 987.4810, 

825.4286

Fig. 2  FTIR spectra of microporous cellulosic sponge (CS) and functionalized microporous cellulosic sponge (FCS)
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Pods from different vegetables have high cellulose, 
hemicellulose, and lignin content. In our previous 
studies, we extracted cellulose (Marinas et  al. 2020) 
and obtained microfibers. In this study, the pods’ 
powder was submitted to ten cycles of delignification 
to remove the extractable substances, hemicellulose, 
and lignin. After extraction, the lyophilized cellu-
losic spongious material (15.33 ± 2.52% from total 
pods powder) was characterized and compared with 
the nanocellulose functionalized with phenolic com-
pounds extracted from P. americana fruits (Fig. 1).

The ATR–FTIR spectra of the studied materi-
als, CS and FCS, are presented in Fig.  2. Accord-
ing to Garside and Wyeth (2003), the absence 
of the C=O band observed in both spectra (at ∼ 
1735   cm−1) shows the complete hemicellulose 
removal. The lack of bands at ∼ 1505   cm−1 and ∼ 
1595   cm−1 (aromatic C=C vibrations in the plane) 
and 1263   cm−1 (C–O–C specific to etheric bonds) 
highlights the successful removal of lignin. The gly-
cosidic ether bands C–O–C (∼ 1160  cm−1) are spe-
cific for the presence of cellulose. The band from 
∼ 2900   cm−1, detected in all samples, corresponds 
to the C–H stretching vibration from the organic 
content (Garside and Wyeth 2003). The OH group 
specific to primary alcohols comes from the etha-
nol solvent, tested at a similar concentration to that 
used to obtain the P. americana fruit extract.

According to the literature data (Edelmann et al. 
2001; Fernández and Agosin 2007), the bands in 
the region 1680–900   cm−1 are specific to phenolic 
compounds from the extract. The specific aromatic 
C–H vibrations are attributed to the wavenumbers 
between 670–900  cm−1 and 950–1225  cm−1 (Laghi 
et al. 2011). Also, the wavenumber 902  cm−1 can be 
attributed to the saponoside components in the com-
position of P. americana fruit extract (Hajimoham-
madi et  al. 2016). The presence of fruits-specific 
beta-cyanides can be identified at the wave num-
bers 3274   cm−1 (range O–H and N–H), 1712   cm−1 
(range C=O), and 1516   cm−1 (range C=C) (Qin 
et  al. 2020).  Table  S2 gives the main absorption 
bands and their assignments for CS, FCS and dry 
extract.

Further, structural features of the investigated 
sample were assessed using X-ray diffraction. In 
Fig.  3 is presented the experimental XRD pat-
tern (black line), which exhibits a main diffraction 
peak located at 22.3°, accompanied by broad dif-
fraction features at ~ 15°, 16.5°, 28.4° and 34.2°. 
Besides, diffraction peaks with small intensity can 
be observed.

The broad features were assigned as different (hkl) 
reflections of cellulose  Iβ, according to the.cif file 
(Nishiyama et al. 2002; French 2014) (see blue lines 
that corresponds to the main reflections of  Iβ), with 
2θ = 13.80°, 14.28°, 14.82°, 16.66°, 18.69°, 20.25°, 

Fig. 3  Experimental XRD 
pattern (black line) and 
the Rietveld fit (red line) 
with the fitting parameters. 
Theoretical positions of 
(hkl) reflections of Nishiy-
ama cellulose are displayed 
to confirm the cellulose 
 Iβ diffraction peaks. The 
input model (olive line) was 
proposed based on Nishiy-
ama cellulose (66.7%) and 
amorphous part (33.3%)
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20.59°, 22.97°, 27.98°, 29.14°, 29.84°, 30.63°, 
31.80°, 33.84°, 34.13°, 34.54°, 34.87°, 36.62°, 37.24° 
and 38.18°). In addition, unidentified sharp diffrac-
tion peaks could be given by the presence of phenolic 
compounds, specific to the fruit extract. For instance, 
Rathi et  al. (2019) showed that the cinnamic acid 
presents a couple of diffraction peaks in the range of 
10–35°, this being the main phenolic acid quantified 
in the alcoholic extract of P. americana fruits.

A key structural parameter for cellulose is the crys-
tallinity degree (index), which is closely related to the 
rigidity/flexibility of cellulose fibers. For instance, 
Gümüskaya et  al. (2003) showed that the rigidity 
and flexibility are closely related by the crystallinity 
degree given by hemicelluloses and lignin (Carrión-
Prieto et al. 2019). The degree of crystallinity (Cr.I) 
was evaluated using the empirical equation proposed 
by Segal et al. (1959) through the following equation:

where I200 represents the peak intensity correspond-
ing to the crystalline domain and Iam to the minimum 
intensity between (110) and (200) located at 18.4°. 
Accordingly, a degree of crystallinity of 66.7% has 
been obtained.

Another central structural aspect is related to the 
size of the crystalline domains, since the different 
crystallite sizes affect the thermal degradation tem-
perature of natural fibers (Poletto et al. 2013). One of 
the most common ways to evaluate the crystal quality 
is based on the Scherrer’s equation on the (200) main 
reflection that gives the correlation between the size 
of the crystalline domains and the Full Width at Half 
Maximum (FWHM) (Patterson 1939):

where k is a shape factor usually taken as 0.93, λ is the 
wavelength of the incident X-ray beam (0.15418 nm), 
β is the Full Width at Half Maximum (FWHM) of the 
diffraction peak in radians and θ is the angular posi-
tion. Based on the pseudo-Voigt fit of the (200) cel-
lulose reflection, the FWHM is 2.8°, which implies 
a mean crystallite size of 3.3  nm. Further insights 
related to the mean crystallite size and the lattice 
strain were gained using the Whole Powder Pattern 
Fitting (Rietveld) method using PDXL: Integrated 

(3)Cr.I =
I200 − Iam

I200
× 100

(4)� =
k�

� cos �

X-ray powder diffraction software developed by 
Rigaku corporation (https:// www. rigaku. com/ techn 
iques/ rietv eld- analy sis). After publication of the 
crystal structure of  Iβ by Nishiyama et  al. (2002), 
the Rietveld method was applied by a number of 
researchers (Thygesen et al. 2005; Driemeier and Cal-
ligaris 2011; Driemeier 2014; Duchemin 2017). Here, 
the pattern fitting is performed over a broad angular 
range, based on information about the crystal system 
and lattice constants (Rietveld 1967, 1969). Thus, it 
requires to have a reasonable initial approximation 
of some parameters, including peak shape, unit cell 
dimensions, or coordinates of all atoms in the crys-
tal structure, to resolve a real structure (Pecharsky 
and Zavalij 2008; French 2020). In Fig. 3, an initial 
model (olive line) was proposed in the assumption of 
two well-defined phases: (1) crystalline Nishiyama 
cellulose  Iβ with theoretical positions displayed with 
blue lines and (2) amorphous state with crystallinity 
index of 67.7%, contributing to background. In this 
framework, the Rietveld method includes the smaller 
peaks that are lost in what appears to be background 
or amorphous scattering (French 2020). Extensive 
reports were published related to the shape of the 
amorphous scattering in cellulose. So far, in the lit-
erature is no standard model for amorphous cellulose 
and common peak functions such as Gauss, Lorentz 
and Voigt functions do not fit the amorphous pro-
file well. It was shown that the amorphous contribu-
tion to the diffraction pattern is more complex than 
a simple shape. For instance, (Thygesen et al. 2005) 
used a 10-parameter Chebychev polynomial function 
that included background. A new peak deconvolu-
tion method was proposed to analyze cellulose XRD 
data with the amorphous Fourier model function in 
conjunction with standard Voigt functions represent-
ing the crystalline peaks (Yao et al. 2020). Concomi-
tantly, del Cerro et  al. used nine Gaussian functions 
to represent the amorphous fraction (del Cerro et al. 
2020). In this work, the Rietveld refinement using 
PDXL: Integrated X-ray powder diffraction com-
mercial software was used to refine the amorphous 
XRD scattering, as well as the entire XRD pattern. In 
fact, it implies fitting of the experimental data with a 
theoretical profile, ycalc

i
 with the following expression 

(Pecharsky and Zavalij 2008):

(5)

ycalci = A(2�)
∑

n
sn
∑

h
Pn,hIn,h�n

(

2�i − 2�h − T
(

2�i
))

+ yb
(

2�i
)

https://www.rigaku.com/techniques/rietveld-analysis
https://www.rigaku.com/techniques/rietveld-analysis
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Here, sn is the scale factor, 2�h the Bragg angle, 
A(2�) the absorption and irradiation correction, Pn,h 
the preferred orientation correction, In,h the inte-
grated intensity function, T

(

2�i
)

 the angular correc-
tion, and yb(2�i) the background function. During 
the refinement, the background was modelled with a 
B-spline function, the peak shift with the shift axial 
displacement model, the peak shapes using pseudo-
Voigt fits, while the preferred orientation with the 
March–Dollase function. One can notice that the 
initial approximation fits adequately the amorphous 

intensity of the experimental data  (Iam), as well as 
the (110) and (200) reflections. This fact clearly 
indicates that the calculated crystallization index 
by Eq. (3) was successfully incorporated in the ini-
tial approximation. On the other hand, the initial 
approximation fails in the description of the second-
ary reflections located at higher 2θ angles. In addi-
tion, the Rietveld refinement considers the actual 
main crystalline parameters, such as the unit cell 
parameters, mean crystallite size, lattice strain or 
preferential orientation. The observed discrepancies 

Fig. 4  The SEM images of the reference CS surface (a 
100  K × magnification, inset A—pore size histogram; b 
500 × magnification, inset B—fibers size histogram) and the 

FCS surface (c 100 K × magnification, inset C—pore size his-
togram; d 500 × magnification, inset D—fibers size histogram)
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between the initial approximation and experimental 
data result from either preferential orientation along 
(200) or due to a non-negligible strain in the cel-
lulose lattice, reflected in the relative intensities of 
the reflections related to the (200) and shift of the 
diffraction peaks, respectively. The shift between 
the initial approximation and the experimental data, 
Δθ is evidenced using black arrows, indicating that 
the actual interplanar distance of (110) and (200) 
atomic planes is slightly expanded, probably due 
to a non-negligible tensile lattice strain. By means 
of the Rietveld refinement, the diffraction feature 
positions are well-described, as well as the relative 
intensities of the secondary diffraction peaks (i.e,. 
others than (200)). During the least squares fit, four 
numerical figures of merit (FOMʼs) were used: reli-
ability factor  (Rp), the weighted parameter  (Rwp), 
the expected profile residual, Re and the goodness 
of the fit, χ2, showing the reliability of the fit. For 
the present fit, the following FOM’s were obtained: 
 Rp = 3.60%,  Rwp = 4.83%,  Re = 2.98% and χ2 = 2.62.

The discrepancies between Rietveld and experi-
mental data reside in: (1) the presence of the crys-
talline phase, ascribed to the cinnamic acid, as 
well as (2) unresolved overlapped diffraction peaks 
due to the presence of the amorphous phase. In 
fact, Rietveld analysis proves the existence of the 
type  Iβ cellulose with monoclinic symmetry in 
the investigated sample, with lattice unit param-
eters a = 7.784 Å, b = 8.201 Å, c = 10.38 Å nm with 
γ = 90°. Based on the Rietveld fit, a mean crystallite 
size of 2.6 nm was obtained, and at the same time, 
a tensile lattice strain of 1.6%. At the same time, 
the Scherrer equation gave a mean crystallite size 
of 3.3 nm, both values being typically for cellulose 
(Thygesen et al. 2005).

Figure 4 shows the morphologies of microporous 
cellulosic sponge (CS—a and b) and functionalized 
microporous cellulosic sponge (FCS—c and d). In 
the insets are illustrated the histograms of the pore 
diameter (Fig. 4A and C) and the nanofibersʼ diam-
eter (Fig.  4B and D). The SEM images show two 
areas in both samples: microporous material and a 
smaller area that presents cellulose nanofibers. The 
size distribution of the CS (Fig.  4a, b) and FCS 
(Fig. 4c, d) was obtained by measuring around 150 
nanofibers, and the histograms’ layout was best fit-
ted with the Gauss function.

The SEM analysis for CS showed that the pore 
diameter (Fig.  4A) ranged from 1.13 to 10.42  µm, 
and the cellulose fibers size (Fig. 4B) varied from 9 
to 114 nm. The highest percentage of cellulose pores 
was found between the 1.51 and 4.22 µm size having 
a mean size of 3.66 ± 2.02  µm and for the cellulose 
fibers size was found a 10–36 nm size range, with the 
mean size of 25.1 ± 16.8 nm. Thus, the small crystal-
lites led to nanofibers with higher diameters of differ-
ent values. In the case of FCS, it was observed that 
the impregnation of the extract produced an increase 
in pore and fiber sizes compared with the control sam-
ple (CS) and ranged from 1.53 to 13.32 µm (Fig. 4C) 
and from 16 to 163 nm (Fig.  4D), respectively. The 
highest percentage of cellulose pores was found to be 
within the 1.95–5.08  µm size range, having a mean 
size of 4.16 ± 1.97  µm, and for the cellulose fibers 
size was found a 26–71 nm range, with the mean size 
57.9 ± 28.2 nm.

The CS and FCS obtained in this work are com-
parable to other porous materials obtained from plant 
(or bacterial) raw materials with similar microscopic 
features (Liu et al. 2021) and water absorption capac-
ity (Bian et  al. 2022). Regarding biological activity, 
some studies reported absorbent cellulose sponges 
with similar applications (Paprskářová et  al. 2021; 
Bian et  al. 2022), biocompatible aerogels (Zhang 

Fig.5  The PBS retention capacity of CS and FCS over 
time (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, 
*****p < 0.00001) The unpaired t-test—Holm-Šídák revealed 
significant differences between CS and FCS for 1 h (p < 0.05), 
2  h (p < 0.000001), 3  h (p < 0.001), 6  h (p > 0.01), 12  h 
(p < 0.00001) and 24 h (p < 0.0001)
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et  al. 2023) or as carriers of active principles (Liu 
et al. 2022).

The spongious material wettability is given by 
its microscopic characteristics, namely the surface 
roughness, the surface energy of the materials and 
the thin surface coatings. Contact angle measure-
ments investigated the hydrophilicity characteristics 
of the synthesized structures (Supplement Informa-
tion: video files). The cellulosic spongious materials 
showed a super hydrophilic behavior (CA ~ 0°), the 
water droplets being instantly absorbed in the case 
of FCS, while for the CS, the absorption rate was 
1920 ms/μL.

The percentage of PBS absorption was almost sim-
ilar in case of CS (1463.51%) and FCS (1463.93%) 
materials, but the absorption capacity is very high, 
suggesting their usefulness in case of wounds with 
excess exudate (Abdelrahman and Newton 2011).

Statistically significant differences were observed 
in terms of fluid retention capacity between CS and 
FCS (Fig.  5). Thus, for the control, the retention 
became constant after 2  h, while for the functional-
ized spongious material the retention was slightly 
higher, becoming constant after 4 h. The water evap-
oration rate in the first 4  h was 23.15% evaporated 
PBS/h for FCS, while for the control, the rate was 
68.13% in the first 2 h.

The new spongious material retained a specific 
humidity when exposed to air in wear conditions for 
long periods. Thus, these dressings will be advan-
tageous for moderate and high exudate wounds. 
In addition, water loss could allow uptake of exu-
dates and edema fluid from the dressing through an 
upward-directed active process, as reported for some 
commercially available dressings (Kickhöfen et  al. 
1986; Ngadaonye et al. 2013).

The final materials presented a super hydrophilic 
surface with a relatively smooth surface that ensures 
good absorbency and fluid retention. In functional-
ized spongious material, the slower evaporation of 
fluids could be explained by hydrogen bonds forming 
between the mixture of phenols and hydroxyl cellu-
lose groups, which could challenge water evaporation 
(Fig.  5). The investigated samples show a wicking 
behavior. In addition, this phenomenon is well-known 
due to the spontaneous flow of the liquid in a porous 
substrate, the liquid being driven by the capillary 
forces. Absorption is the result of natural wetting in 
a capillary system. The molecular interactions at the 

interface between a liquid and a solid are based on the 
physics of wetting and absorption. Quick-drying and 
wetting are specific phenomena in the processing and 
use of textiles coming into contact with water or other 
liquids that the fibrous structures could absorb. These 
parameters are of the greatest interest in formulating 
new materials with a degree of comfort and perfor-
mance of clothing fabrics, hygiene products, medical 
swabs, etc. (Cotorobai et al. 2016).

To evaluate the release kinetics of the active prin-
ciples, the total content of phenolic compounds was 
determined by the Folin–Ciocalteu method and the 
antioxidant activity was evaluated in temporal dynam-
ics. The releasing profile of active principles varied 
considerably over time (Fig. 6a), in the first 48 h, the 
release was linear  (R2 = 0.9935) with a velocity of 
0.8941  μg  GAE/mL  xh. Although the active princi-
ples migration from the cellulose-based dressings was 
relatively short, after 48 h, the release of the incorpo-
rated extract remains constant. The results were sta-
tistically relevant (p < 0.0001).

The Folin–Ciocalteu method is an antioxidant 
assay based on electron transfer, which measures 
the reductive capacity of an antioxidant (Lamuela-
Raventós 2017). The antiradical properties of native 
cellulose has been previously described (Criado 
et  al. 2015). The cellulose sponge antioxidant activ-
ity could be attributed to the presence of the anomeric 
hydroxyl group, as previously mentioned (Mahmoud 
et al. 2022). However, the antioxidant effect of cellu-
lose sponge has been much lower compared to pure 
antioxidants or P. americana extract.

In both FRAP (Fig. 6b) and DPPH (Fig. 6c) assays, 
it was observed that a high concentration of phenolic 
compounds with antioxidant potential was released 
in the first release cycle, and then, was reducing 
overtime.

In the FRAP assay (Fig. 6b), it was observed that 
in the first 24 h, the highest concentration of antioxi-
dants was released, and a statistically significant dif-
ference being observed between FCS and CS after 
2 h, 4 h, 24 h (p < 0.01) and 12 h (p < 0.001).

The antioxidant activity measured by the DPPH 
assay is inversely proportional to the contact time, 
with a constant release value maintained after 24  h 
(Fig.  6c). A statistically significant difference was 
observed between FCS and CS after 2 h, 4 h, 12 h, 
48 h, 72 h (p < 0.0001) and 24 h (p < 0.01).
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Among the identified compounds, some of them 
have remarkable antioxidant activity, such as azelaic 
acid (Sieber and Hegel 2014), isoquercetin (Ma et al. 

2018), delphinidin3-O-glucoside (Sari et  al. 2019), 
cyanidin-3-O-glucoside (Olivas-Aguirre et  al. 2016), 
7-hydroxy-2′,4′,5′-trimethoxyisoflavone, afrormosin 

Fig. 6  Release capacity of 
phenolic compounds incor-
porated in FCS (p < 0.0001) 
(a) Antioxidant activity of 
cellulose functionalized 
with P. americana fruit 
extract as well as of the 
cellulose sponge control, 
by the FRAP assay (b) 
(comparisons between FCS 
and CS were statistically 
significant, p < 0.001 up to 
48 h) and DPPH assay (c) 
(comparisons between FCS 
and CS were statistically 
significant, p < 0.001)
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(Silva et  al. 2020), saponarin (Chung et  al. 2019), 
usnic acid (Cetin Cakmak and Gülçin 2019) and 
medicarpin (Kim et al. 2022).

The release of antioxidant compounds from the 
bioactive wound dressing could positively impact the 
healing process by limiting the ROS  (Reactive oxy-
gen species) release and, possibly contributing to the 
occurrence of an antimicrobial effect which will pre-
vent wound infection (Schafer and Werner 2008). In 
this context, we aimed to study the antioxidant poten-
tial and the kinetics of the active compounds release 
from the functionalized cellulose matrix and further 
correlated these effects with those of antimicrobial 
activity assay.

Microbiological control and antimicrobial activity

The degree of contamination showed that sterilization 
by gamma irradiation using the recommended doses 
ensured the sterility of the obtained products.

Regarding the antimicrobial activity, the active 
compounds released from the cellulose matrix inhib-
ited the MRSA strains growth by up to about 30%. 
A significant difference between CS and FCS was 

observed for MRSA (p < 0.0001) (Fig. S4), E. fae‑
cium (p < 0.0001), P. aeruginosa ATCC (p < 0.0.5) 
(Fig. S5), and C. parapsilosis (p < 0.01) (Fig. S3) 
strains (Fig.  7). The growth of A. baumannii strain 
was completely abolished (100%) by both CS and 
FCS after 15 min (considered 0 h) and 24 h of con-
tact. The calculation of CFU/mL suggested that the 
functionalized cellulose exhibited a more intense 
antimicrobial effect as compared to cellulose control.

This antimicrobial activity could be attributed to 
the presence of: (i) gibberellins, which are known 
for their antimicrobial properties against phytopatho-
gens and clinical pathogens (Ciucure et  al. 2022); 
(ii) azelaic acid, which is an important moiety for 
the management of acne, inhibiting the excess folli-
cular sebum and Propionibacterium acne growth and 
exhibiting anti-inflammatory and hyperproliferative 
activity, according to Kumar et al. (2020); (iii) medi-
carpin, which has been shown to exhibit anti-gono-
coccal activity (Williams et al. 2021).

The decrease of CFU/mL induced by CS has been 
observed in the case of some bacterial strains (S. 
aureus, P. aeruginosa, and E. cloacae) in the absence 
of the active compounds from P. americana. This 

Fig. 7  CFU/mL recovery rate at initial contact time (considered 15  min) and after 24  h incubation at 37  ºC for CS and FCS 
(*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001)
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effect could be due to the physical interaction of the 
spongious material with these bacterial cells, favoring 
the immobilization of the microbial cells on the mate-
rial surface, and not necessarily to the presence of a 
compound with an antimicrobial effect. In exchange, 
other species, such as E. coli (Liu and Yu 2012), C. 
albicans (Chambers et  al. 1993) and C. parapsilo‑
sis (Brexó et al. 2020) were found to produce cellu-
lases that could degrade the cellulose fibers from the 
sponge material, thus explaining the inconsistency of 
the CS antibacterial effect for some microbial species. 
However, in the case of the FCS, cellulase activity 
could be inhibited by the active principles (the phe-
nolic compounds) from the plant extract (Qin et  al. 
2016), explaining their antimicrobial effect (Marinas 
et al. 2021).

Hemocompatibility and biocompatibility

The hemolysis index for CS and FCS was below 5%, 
i.e., 2.68 ± 0.29% and 3.28 ± 0.72%, respectively. The 
presence of saponosides in the FCS conferred to the 
functionalized cellulose a higher degree of hemoly-
sis, although not statistically significant (p > 0.05), 
compared to the control. Although the complex pro-
cesses involved in the four phases of wound heal-
ing, i.e. hemostasis, inflammation, proliferation, and 
regeneration, have been well characterized histologi-
cally, the cellular and molecular pathways that con-
trol normal and pathological wound healing are not 
fully elucidated. It is well known that red blood cells 
hemolyze in contact with deionized water. Consider-
ing the hemolysis rate values obtained for the used 

samples, the proposed materials can be classified as 
medical devices with possible applications as wound 
dressings for open wounds, for which a hemolysis rate 
of less than 5% is allowed (Jiang et al. 2011; Reshmi 
et al. 2018).

The whole blood clotting kinetics is important 
for evaluating the long-term success of biomateri-
als in contact with blood. The results indicated that 
the blood coagulated after 20  min in the case of 
CS, while for FCS, the blood clotting occurred after 
30 min (Fig. 8). The delay in blood clotting may also 
be due to the slightly higher hemolysis index in the 
case of FCS. The differences between CS and FCS 
were not significant after 40 min (p > 0.05). However, 
the difference between CS and FCS was significant 
statistically after 10 min (p < 0.05), 20 min (p < 0.01), 
and 30 min (p < 0.01).

Cytotoxicity measured by the LDH assay on the 
Hep-2 cell line incubated with CS and FCS at differ-
ent concentrations of 25, 50, 100, 250, and 500  µg/
mL is shown in Fig.  9a. The highest biocompat-
ibility was for CS at 100 µg/µL, demonstrated by the 
increased cell proliferation rates (Fig. 9b, p < 0.0001) 
and similar LDH release with the control (p > 0.05). 
The results are correlated with those provided by the 
MTT method (Fig.  9b, c). It was observed that the 
plant extract significantly increases cell proliferation 
at 100 µg/mL (Fig. 9c, p < 0.001) while inhibiting the 
release of the LDH cytoplasmic enzyme, an indicator 
of disrupted membrane integrity.

Wound closure is a dynamic mechanical pro-
cess depending on the proliferation and migration of 
skin cells. Therefore, the cytocompatibility of novel 

Fig. 8  The concentration of 
free hemoglobin expressed 
as absorbance in the pres-
ence of CS and FCS for 
50 min of blood clotting
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spongious materials is compulsory to achieve optimal 
wound healing. The LDH cytotoxicity test provides 
multiple information on cell viability, allowing the 
selection of the appropriate concentration for future 
treatments, which in this case was 100 µg/mL.

Cell migration plays a vital role in wound healing 
(Muniandy et  al. 2018); thus, the monolayer scratch 
test was performed to observe the extract’s influ-
ence on cell migration and extrapolate it on wound 
closure. The wound scratch test is an in  vitro assay 
that mimics the cell migration process during wound 
healing, and the obtained results demonstrate that the 
materials positively impact the wound closure process 
(Agyare et al. 2011; Muniandy et al. 2018) at the opti-
mal concentration that ensures cell viability (100 µg/
mL). The values calculated according to the scratch 
coverage rate reached in 24 h are presented in Fig. 9d.

The migration analysis shows that, for CS, the 
treated cells showed a significant increase in migra-
tion by 15.39% (p < 0.05), compared to the control 
group, which is only 4.9%, while for FCS, cell migra-
tion increased to 26.33% (p < 0.001). Furthermore, 

a significant increase in migration was highlighted 
by comparing the functionalized spongious material 
with the non-functionalized one (p < 0.05).

A balanced inflammatory response provides the 
essential factors for wound healing and tissue regen-
eration during recovery (Eming et al. 2007).

In the present study, the FCS has significantly 
decreased the production of the pro-inflammatory 
cytokine IL-6 (p < 0.01) and stimulated the pro-
duction of the anti-inflammatory cytokine IL-10 
(p < 0.001) in the RAW macrophage cell line, in com-
parison with CS (Fig. 10a, b). In fact, macrophages’ 
enhanced pro-inflammatory cytokines (such as IL-6) 
production which can negatively affect tissue repair 
rate, impairing the normal functions and extracellu-
lar matrix production in injured tissues (Eming et al. 
2007; Albaayit et al. 2020). On the other part, IL-10 
is an anti-inflammatory cytokine produced by several 
cell types that inhibits IL-1, TNF-α, IL-6, IL-8, and 
COX-2 production by macrophages, thus protect-
ing cells and tissues from oxidative/nitrosative stress 
(Figueroa et al. 2015; Albaayit et al. 2016).

The compounds identified in P. americana fruit 
extract responsible for this anti-inflammatory effect 
are azelaic acid (Sieber and Hegel 2014), isoquer-
cetin (Ma et  al. 2018), delphinidin-3-O-glucoside 
(Sari et  al. 2019), cyanidin-3-O-glucoside (Olivas-
Aguirre et al. 2016), afrormosin (Ribeiro et al. 2018), 

Fig. 9  The comparative biocompatibility of CS vs. FCS: a 
Cell cytotoxicity measured by LDH test—Hep-2 cells co-cul-
tured in the presence of CS and FCS at different concentrations 
of 25, 50, 100, 250, and 500 µg/mL; b, c evaluation of cell pro-
liferation and d, e cell migration. Statistical analysis was per-
formed by reference to the control, represented by cells with-
out any treatment

◂

Fig. 10  Effects of the CS 
and FCS on IL-6 (a), and 
IL-10 (b) production in E. 
coli—activated RAW cells 
at 24 h post-treatment. The 
results shown in the graphs 
are mean ± SD. *Means 
significantly different from 
those of the E. coli—acti-
vated RAW control at 
p < 0.05; two-way ANOVA, 
n = 3
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saponarin (Min et al. 2021), usnic acid (Galanty et al. 
2021) and [6]-gingerol (Bhaskar et al. 2020).

Other studies have reported the anti-inflammatory 
activity of some of these compounds. For example, 
the isoflavonoid afrormosin, isolated from Amburana 
cearensis inhibited neutrophil degranulation and 
ROS production (Ribeiro et  al. 2018). According to 
Min et  al. (2021), saponarin significantly inhibits 
the degranulation of β-hexosaminidase, phospho-
rylation of signaling effectors, and the expression of 
inflammatory mediators (TNF-α, IL-4, IL-5, IL-6, 
IL-13, COX-2, and FcεRIα/γ) in RBL-2H3 (rat baso-
philic leukemia) cells stimulated with DNP-IgE and 
DNP-BSA.

The anti-inflammatory response triggered by 
the functionalized spongious materials represents a 
strong argument that they deserve further attention 
for developing novel bioactive dressings that would 
facilitate tissue healing and recovery.

Conclusions

The cellulose extracted from G. triacanthos pods 
was purified after ten cycles of delignification. The 
P. americana fruit extract (less toxic and known 
for the mitogenic effect) used for cellulosic spon-
gious material functionalization had a content of 
477.86 ± 6.19  μg TPC (GAE, gallic acid equiva-
lents)/mL extract, with the main compounds identi-
fied by UHPLC–ESI–HRMS being cinnamic acid 
(11,569.41  µg/L), chlorogenic acid (283.65  µg/L), 
pinostrombin (156.80  µg/L), and vanillic acid 
(104.28 µg/L). These compounds could promote tis-
sue regeneration by quenching ROS/RNS and reduc-
ing NF-κB mediated inflammation (Thangapazham 
et al. 2016).

The high hydrophilic character of micropo-
rous cellulosic sponge from G. triacanthos pods 
functionalized with the P. americana fruit extract 
ensures wound fluids absorption. In addition, the 
obtained material shows antimicrobial, antioxi-
dant and immunomodulatory properties, which 
are important for wound healing. Furthermore, the 
hemolysis rate of less than 5% is within legally 
acceptable limits. All these results suggest that 
FCS is an excellent candidate for developing bio-
active dressings that could ensure cell proliferation 
and migration, and simultaneously limit microbial 

contamination, excessive inflammation, and ROS 
release. All these effects could increase the skin 
wounds’ healing process. This option also repre-
sents a cost-effective and ecological approach to 
reduce the uncontrolled invasion of non-native 
plant species and exploit them for novel biomedical 
applications.
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