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e São Carlos Chemistry Institute, USP, Av. Trabalhador Sancarlense – Parque Arnold Shcimidt, 13566-590. São Carlos, São Paulo, Brazil

A R T I C L E  I N F O

Keywords:
Biocompatible materials
Pedicled flaps
Rhizophora mangle
Tannins
Metal-organic frameworks
Alginates
Hydrogels

A B S T R A C T

Skin flaps are widely used in plastic and reconstructive surgery. However, inadequate blood perfusion during flap 
mobilization can trigger an ischemic process that may lead to tissue necrosis in the absence of effective man
agement of the inflammatory process. In this context, the search for new biocompatible strategies to ensure the 
viability of ischemic skin flaps (ISFs) remains necessary. Therefore, this study evaluated novel alginate-ZIF-8 
(ALG-ZIF-8) hydrogel systems with Rhizophora mangle (R. mangle) extract and tannic acid (TA) to assess their 
potential in preventing necrosis in ISF. Twenty-two male Wistar rats underwent the surgical creation of ISF and 
were divided into four groups: 0.9% saline (negative control - NegC), placebo alginate hydrogel (pALGgel), ALG- 
ZIF-8 hydrogel system with 5% TA (ALGzTA), and finally, ALG-ZIF-8 hydrogel system with 5% R. mangle 
(ALGzRm). Flap outcomes were evaluated through macroscopic observation, followed by morphometric analysis 
of viable and necrotic areas, and histomorphometric analysis of fibroblasts, blood vessels, and leukocytes, using 
ImageJ and PrimeCam 5.1 software. Statistical analysis was performed using IBM SPSS software (version 27). 
The results suggest that the formulations produced divergent outcomes by differentially modulating inflamma
tory and angiogenic responses. The ALGzRm formulation tended to show a protective profile, associated with a 
significant reduction in leukocyte infiltration (p < 0.001), while the ALGzTA formulation was linked to a 
detrimental response, including exacerbated inflammation and a pathologically high blood vessel count (p =
0.015). In conclusion, findings suggest that the ALGzRm-gel has a potential for tissue repair, mediated by the 
modulation of inflammatory and angiogenic responses.

Introduction

The skin is the largest organ of the human body by weight and 

surface area [1,2], composed primarily of the epidermis, an outer 
epithelial layer, and the dermis, a deep layer consisting mainly of con
nective tissue [3]. Below the dermis lies the hypodermis, a subcutaneous 
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420. Recife, Pernambuco, Brazil.

E-mail addresses: bianca.barreto@ufpe.br (B.R.S. Barreto), eduardo.carvalholira@ufpe.br (E.C. Lira), severino.alvesjr@ufpe.br (S.A. Júnior), luzia.abilio@ufpe.br
(L.A. da Silva), yuri.albuquerque@ufpe.br (Y.J.A. Silva), widarlane.angela@ufpe.br (W.Â.S. Alves), madson.silva@ufpe.br (M.M.N. da Silva), rosallyne.chagas@ 
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tissue composed mostly of adipose tissue pads [4]. Skin flaps (or cuta
neous flaps) are skin segments transferred from a donor site to a recip
ient site, maintaining their necessary blood supply through a pedicle to 
ensure the flap's survival [5,6]. This procedure is frequently used in 
plastic and reconstructive surgery [7,8]. However, complications can 
occur during the transfer of these flaps, notably a lack of blood perfusion 
and subsequent ischemia, which characterizes an ischemic skin flap 
(ISF). The failure to effectively manage this inflammatory process can 
result in tissue necrosis [8,9]. Therefore, maintaining blood supply is an 
essential factor for ensuring the viability and survival of ISFs [5]. To 
address the challenge of ISF necrosis, various therapeutic strategies have 
been explored to enhance flap viability. These include pharmacological 
interventions such as vasodilators (e.g., nitroglycerin) to improve 
perfusion [68,69], anticoagulants to prevent microthrombosis [70], and 
antioxidants or reactive oxygen species (ROS) scavengers to counteract 
ischemia-reperfusion injury [71]. Additionally, approaches aimed at 
promoting angiogenesis, including cell-based therapies and modulation 
of pathways involving nitric oxide (NO), have been investigated [72]. 
Despite extensive existing research, new biocompatible approaches are 
still needed [5,10].

In response to this demand, the use of biomaterials has emerged as a 
promising alternative, defined as engineered substances designed to 
interact with living systems to direct therapeutic or diagnostic proced
ures [11]. Its diverse applications include drug and protein delivery 
systems, as well as aid in wound healing [12,13]. An example of such a 
biomaterial is the extract of Rhizophora mangle (R. mangle, or red 
mangrove), a subtropical and tropical plant that is the most abundant 
vegetation in Brazilian mangroves [14,15]. R. mangle has been widely 
used in folk medicine for its pharmacological properties, which are 
attributed to its constituent compounds, including tannins and fla
vonoids—two types of polyphenols which belong to distinct structural 
classes [16]. Tannins are larger, non-flavonoid polyphenols, generally 
subdivided into hydrolyzable and non-hydrolyzable types based on their 
core structure and linkages [73–75]. Flavonoids, in contrast, are 
water-soluble compounds featuring a specific two-benzene-ring struc
ture [73,76]. Together, these compounds provide R. mangle with 
anti-inflammatory, antioxidant, antimicrobial, and antibacterial prop
erties [17,18], and also regulate tissue regeneration through angiogen
esis and increased fibroblast proliferation [8,19]. Among the plant's 
polyphenolic compounds, tannic acid (TA) is the hydrolysable tannin 
with the simplest structure [18,20]. TA is known to possess beneficial 
chemical properties and functional capabilities, including biocompati
bility [21], antioxidant, antimicrobial, and antiviral activity [59], and 
the ability to modulate growth factors and inflammatory cytokines, 
among others [19,22].

In parallel, hydrogels have gained prominence in biomedical appli
cations. They consist of three-dimensional polymeric networks (either 
natural or synthetic) and are flexible, cross-linked, hydrophilic or 
amphiphilic materials capable of retaining large amounts of water or 
biological fluids [12,23], being remarkably versatile and are frequently 
studied and used, especially as controlled release systems [24,25]. 
Alginate (ALG) is an example of a linear anionic biopolymer commonly 
used in hydrogel form (ALGgel) [6], and widely analyzed in the litera
ture for possessing relevant properties such as biodegradability, 
biocompatibility, low toxicity, and moldability [26]. Other prominent 
controlled release systems include Metal-Organic Frameworks (MOFs), 
which are porous materials with a hybrid three-dimensional crystalline 
structure formed by metal ions as connectors and organic molecules as 
linkers [27,28]. Zeolitic Imidazolate Frameworks (ZIFs) are a subcate
gory of MOFs composed of zinc ions and imidazolates [29,30]. One such 
MOF is ZIF-8 (Zeolitic Imidazolate Framework-8), widely considered for 
biomedical applications as a drug carrier [31,32].

The materials R. mangle, TA, ALGgel, and ZIF-8 exhibit properties 
that may contribute to preventing necrosis in ISFs by promoting anti
oxidant, angiogenic, anti-inflammatory, and controlled drug release 
effects. Recent advancements suggest that combining hydrogels with 

MOFs like ZIF-8 can create delivery systems with synergistic advantages, 
which could potentially enhance compound stability and provide 
controlled release kinetics [64–67]. In the present study’s approach, the 
alginate forms the primary matrix while the incorporated ZIF-8 is 
intended to function as a drug delivery system (DDS), leveraging the 
distinct effects of both R. mangle and TA for optimized local delivery. 
Thus, this study aimed to evaluate the potential of novel alginate-ZIF-8 
hydrogel systems, enriched with either R. mangle extract or TA, to pre
vent tissue necrosis in a rat model.

Materials and methods

Study design

This is an in vivo experimental or interventional study.

Experiment performed

The animals were subjected to a surgical procedure to create an ISF, 
based on the division of the experimental groups (Box 1). Fig. 1 shows 
the experimental flowchart detailing the steps of the study.

Study location and period

The study was conducted through the Graduate Program in Mor
photechnology (PPGM), at the Department of Histology and Embryology 
of the Biosciences Center of the Federal University of Pernambuco (DHE 
– CB/UFPE). The biomaterials were obtained and prepared at the Mor
photechnology Laboratory (Lab Morfotec – DHE) and the Rare Earth 
Laboratory (BSTR) of the Department of Fundamental Chemistry (DQF) 
of the Exact and Natural Sciences Center (CCEN/UFPE). The experi
mental animals were acquired and housed at the Department of Physi
ology and Pharmacology Bioterium (DFF) of CB/UFPE. The surgical 
procedures, photography, and collection of tissue samples took place at 
the Neuroendocrinology and Metabolism Laboratory (DFF – CB/UFPE). 
Finally, the descriptive, morphometric, histomorphometric, and statis
tical analyses, as well as the histological preparation of the samples and 
the taking of photomicrographs, were performed at the Morpho
technology Laboratory (DHE – CB/UFPE).

Research materials

Experimental animals
The study began with 24 male Wistar rats from the same reproduc

tive line aging between 8 and 12 weeks and weighing 220–275 g, which 
were randomized into four groups (n = 6 per group). During the 
experimental period, two animals from different treatment groups were 
excluded from the study due to unforeseen complications. Therefore, the 
final analysis was conducted on a total of 22 animals, with the final 
number per group detailed in Box 1. The growing animals were kept in 
groups of up to 5 rats per cage in the bioterium. After the flaps were 
created, the rats were housed in individual cages with temperature 
control (22 ◦C ± 2 ◦C) and protection from stress and noise, in order to 
prevent cannibalism of necrotic areas among the animals. Day and night 
cycles (12/12 h) were maintained, with a standardized diet of industrial 
chow (Labina Purina Brasil®) and mineral water ad libitum, following 

Box 1 
– Experimental groups with their respective administered treatments and final 
number (n) of animals per group.

Group Final n Administration

NegC 6 0,9 % Saline
pALGgel 5 ALGgel
ALGzTA 5 ALG-ZIF-8 hydrogel system with 5 % TA (ALGzTA-gel)
ALGzRm 6 ALG-ZIF-8 hydrogel system with 5 % R. mangle (ALGzRm-gel)
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the method applied by Silva et al. [5]. The choice of Wistar rats was 
based on their common availability, low genetic variability, and easy 
handling, making them a well-validated model for this type of study 
[63].

Surgical procedure
To carry out the study, surgical procedures were performed on each 

animal dorsum to create the ISFs. According to Oliveira et al. [6], the 
width of the pedicle and the length of the flap are directly related to its 
viability. Thus, this work used the same skin flap model utilized by 
Oliveira [8]. and Silva et al. [5], presented by McFarlane, DeYoung, & 
Henry [33]. and adapted by Adamson et al. [34]. Necrosis in the 
McFarlane random-pattern flap model is triggered by the interruption of 
the direct blood supply, creating a zone of distal ischemia. The 3:1 
length-to-width ratio is specifically designed to exceed the pedicle's 
perfusion capacity, resulting in predictable necrosis at the flap's ex
tremity. This feature makes the model a standard for evaluating thera
peutic strategies aimed at improving flap viability [5,8,33].

At the beginning of the procedure, the animals were weighed and 
anesthetized with a solution of 30 mg ketamine and 15 mg/kg xylazine 
intraperitoneal injection, with periodic supplementation, if necessary, in 
accordance with the animal experimentation ethical principles. Next, 
trichotomy was performed on animals’ dorsal region, with a 3 cm wide 

base originating from the posterior prominences of the hip and 
extending 9 cm cranially, such that the occurrence of necrosis becomes 
predictable [5]. The surgical area was prepared using a 2 % chlorhexi
dine solution. Subsequently, an incision was made along the marked 
area, from the base to the extremities down to the superficial fascia, also 
called panniculus carnosus. Following flap elevation and hemostasis, the 
flap was sutured back onto the wound bed with 3–0 nylon thread. The 
animals were then sent to their cages for the experiment to begin.

Biomaterials

Plant material collection
R. mangle leaves were collected from the mangrove in the Itamaracá 

city, Vila Velha district, in the state of Pernambuco – Brazil, at 7◦ 40‘ 
south latitude and 34◦ 50′ west longitude. Green leaves with a healthy 
appearance, visually intact, and free from mechanical damage, pests, 
diseases, or altered color were selected. A voucher specimen was iden
tified under number UFP. 69.655.

R. mangle aqueous extract
The aqueous extract of R. mangle was obtained at the Lab Morfotec 

(DHE – CB/UFPE). The extract was prepared by infusion (40 ◦C for 10 
min) from 500 g of previously dried leaves (at 35 ◦C for 72 h), which 

Fig. 1. – Experimental flowchart.
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were ground to 0.177 mm in a Pulverisette 14 Classic Fine knife mill 
(Fritsch). The material was filtered and stored at 5 ◦C. The phyto
chemical characterization descriptions of this extract can be found in the 
works of Oliveira [8]. and Sá et al. [15].

Tannic acid
TA in a water-soluble powder form was commercially purchased 

(Dinâmica® brand) and stored at room temperature in the Morpho
technology Laboratory (DHE – CB/UFPE). At the BSTR Laboratory (DQF 
– CCEN/UFPE), the TA was diluted to 5 % and incorporated into the 
ALG-ZIF-8 hydrogel system.

ZIF-8
The ZIF-8 synthesis was based on the methodologies described by 

Silva [30]. and Hoseinpour and Shariatinia [35], and modified. The 
preparation took place at the BSTR Laboratory. Two solutions were 
prepared differently before being mixed. For the first solution, 1.340 g of 
zinc nitrate hexahydrate (Zn(NO₃)₂•6H₂O) from Dinâmica® was 
weighed and placed under agitation with 80 mL of methanol until the 
metal was completely dissolved. For the second solution, 0.334 g of the 
2-methylimidazole (2-MeIM) ligand from Sigma-Aldrich® was weighed 
and placed under agitation with 80 mL of methanol until completely 
dissolved. After dissolution, the ligand was added to the metal and kept 
under agitation for 10 min, then left to rest for 24 h. The resulting so
lution was separated and washed. Three centrifugations were performed 
at 3248 g and 5000 RPM for 15 min, where the supernatant was dis
carded and the material was resuspended in methanol, then again left to 
rest for 24 h. The yield of the preparation was 0.0296 g, equivalent to 
8.86 % of the ligand used. Two other preparations were created seeking 
to increase the yield, without changes in the preparation method. In the 
second preparation, the first solution contained ~2.512 g of Zn 
(NO₃)₂•6H₂O diluted in 150 mL of methanol, while the second solution 
contained ~0.626 g of 2-MeIM diluted in 150 mL of methanol. In the 
third preparation, the first solution had 1.468 g of Zn(NO₃)₂•6H₂O 
diluted in 100 mL of methanol, while the second solution had 1.620 g of 
Zn(NO₃)₂•6H₂O diluted in 100 mL of methanol. The yields of the second 
and third preparations were 0.0456 g (equivalent to 7.28 % of the 
ligand) and 0.376 g (equivalent to 25.6 % of the ligand), respectively.

ALGgel
The formulation containing the ALG hydrocolloid was based on and 

adapted from the methodology described in the work of Diniz et al. [36], 
where commercially acquired reagents were used without purification: 
24 g of ALG from Sigma-Aldrich®, 0.2 g of 1-ethyl-3-(3-dimethylamino
propyl)carbodiimide (EDC) from Sigma-Aldrich®, and 0.06 g of 
N-hydroxysuccinimide (NHS) from Alfa Aesar®; for 200 mL of ultrapure 
water from a Milli-Q Direct-Q Type I system from Merck®. In a beaker, a 
solution containing a concentration equivalent to 12 % (w/v) of ALG in 
water was created, along with EDC and NHS, which act as coupling 
agents to control the hydrogel's cross-linking rate. The solution 
remained under mechanical stirring for 2 h at room temperature. At the 
end of the stirring period, the hydrogel was stored in a refrigerator.

ALG-ZIF-8 hydrogel system with 5 % TA
For this study, only a single TA concentration was tested, with was 

set at 5 % based on Guimarães [51]. The formulation containing 5 % TA 
in the ALG-ZIF-8 hydrogel system was based on and adapted from the 
methodology described by Diniz et al. [36], where commercially ac
quired reagents were used without purification: 12 g of ALG from Sig
ma-Aldrich®, 0.2 g of EDC from Sigma-Aldrich®, 0.06 g of NHS from 
Alfa Aesar®, 0.05 g of ZIF-8, and 5 g of TA; for 100 mL of ultrapure water 
from a Milli-Q Direct-Q Type I system from Merck®. In a beaker, a so
lution was created containing a concentration equivalent to 12 % (w/v) 
ALG, 5 % (w/v) TA, and 0.05 % (w/v) ZIF-8 in water, along with EDC 
and NHS, which act as coupling agents to control the hydrogel's 
cross-linking rate. The solution remained under mechanical stirring for 2 

h at room temperature. At the end of the stirring period, the hydrogel 
was stored under refrigeration.

ALG-ZIF-8 hydrogel system with 5 % R. mangle
The concentration (5 %) of R. mangle was based on a dose-response 

study conducted by Silva et al. [5]. The formulation containing 5 % 
R. mangle in the ALG-ZIF-8 hydrogel system was based on and adapted 
from the methodology described in the work of Diniz et al. [36], where 
commercially acquired reagents were used without purification: 12 g of 
ALG from Sigma-Aldrich®, 0.2 g of EDC from Sigma-Aldrich®, 0.06 g of 
NHS from Alfa Aesar®, and 0.05 g of ZIF-8; for 5 mL of R. mangle extract 
and 95 mL of ultrapure water from a Milli-Q Direct-Q Type I system from 
Merck®. In a beaker, a solution was created containing a concentration 
equivalent to 12 % (w/v) of ALG, 5 % (v/v) of R. mangle, and 0.05 % 
(w/v) of ZIF-8 in water, along with EDC and NHS, which act as coupling 
agents to control the hydrogel's cross-linking rate. The solution 
remained under mechanical stirring for 2 h at room temperature. At the 
end of the stirring period, the hydrogel was stored in a refrigerator.

Experimental groups

The animals were randomized into four experimental groups. The 
designation for each group, number of animals, and specific substance 
administered are detailed in Box 1. All groups, except for the NegC 
group, underwent 7 days of topical treatment with their respective 
hydrogel. Afterward, the animals were euthanized for descriptive, 
morphometric and histomorphometric analysis of the ISFs. The 7-day 
treatment period allows for clear demarcation of necrotic and viable 
tissue, a standard practice in the field [5,59–61]. The study was designed 
in accordance with the 3Rs principle (Replacement, Reduction, and 
Refinement) for the ethical use of experimental animals, as endorsed by 
international guidelines from the OECD [57,58]. Specifically, adhering 
to the Reduction principle, the sample size of n = 5–6 per group was 
chosen as the minimum number required to achieve statistically robust 
results while minimizing animal use. This number is consistent with 
similar published studies in the field, which have demonstrated its suf
ficiency for detecting significant differences [59–62].

Descriptive analysis of ISFs

At the 7-day endpoint, viable and necrotic areas were macroscopi
cally differentiated. The viable tissue was characterized by its color, 
texture, hair and scab, while the necrotic tissue was identified by its 
color, texture and hair.

Morphometric and histomorphometric analyses

At the end of the 7-day post-operative period, the flaps were exam
ined. The necrotic area was macroscopically delineated, and viable tis
sue was differentiated from necrotic tissue based on texture, color, and 
hair growth. Additionally, the flaps were photographed, and the images 
were analyzed for digital measurement using ImageJ software to 
calculate the percentage of both the necrotic and viable areas relative to 
the total flap area. Subsequently, the transition zone between the viable 
and necrotic tissue from each animal was excised and stored for histo
logical preparation. The resulting histological slides were photomicro
graphed at 20x magnification with PrimeCam 5.1 software and 
examined. For analysis, five photomicrographs were captured from a 
specific region of each sample, just above the superficial fascia 
bordering the necrotic area. In these images, fibroblasts, blood vessels, 
and leukocytes were counted in five fields per animal using ImageJ 
software. All animals were euthanized with an anesthetic overdose 
following tissue collection.
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Statistical analysis

The data were analyzed descriptively by the statistical measures: 
mean, standard deviation (mean ± SD), median, and percentiles 25 and 
75 (median (P25; P75)). For comparison between groups, the Student's t- 
test was used with the Kruskal-Wallis test, and in the case of a significant 
difference, multiple comparison tests (between pairs of groups) by 
Conover [37]. were obtained. The choice of the Kruskal-Wallis test was 
due to the sample size in each group being less than 8 cases per group, or 
the rejection of data normality in at least one of the groups. The 
normality was verified using the Shapiro-Wilk test [38]. The significance 
level for all statistical tests was set at 5 % (p < 0.05). A power calculation 
revealed a statistical power of 85.2 %, based on the main variables 
(viable area, leukocyte, and blood vessel counts) and a 5 % significance 
level, calculated using G*Power software (version 3.1.9.4). The data 
were entered into an EXCEL spreadsheet and the program used to obtain 
the statistical calculations was IBM SPSS version 27.

Results

Obtaining the hydrogels

Fig. 2 shows the three hydrogel formulations that were obtained. The 
ALGgel (Fig. 2a) presented a translucent coloration and a semi-fluid 
consistency. Meanwhile, the ALGzTA-gel (Fig. 2b) showed a brown 
color and a thicker consistency compared to the pure hydrogel. The 
ALGzRm-gel (Fig. 2c) presented a slightly brownish coloration, tending 
towards beige, with a more translucent appearance and a more fluid 
texture when compared to the other formulations.

Descriptive analysis of ISFs

The qualitative macroscopic findings for both the viable and necrotic 
areas of the flaps are summarized in Table 1. In the viable area, a soft 
texture was consistently observed across all experimental groups. In 
terms of color, the pALGgel group was distinct, showing a light red 
appearance in the majority of animals, while the NegC, ALGzTA, and 
ALGzRm groups all presented a light beige color. A key difference was 
noted in hair regrowth, which was present in the control groups (NegC 
and pALGgel) but absent in the treatment groups (ALGzTA and 
ALGzRm). Regarding scab formation, a scab was present in the NegC, 
pALGgel, and ALGzRm groups, but was notably absent in most animals 

of the ALGzTA group. The necrotic areas showed uniform characteristics 
across all groups, consistently presenting as black, hard, and with a 
complete absence of hair.

Morphometric analysis

At the end of the procedure, the flaps from each group were photo
graphed and analyzed. It was observed that the necrotic area had a dark 
coloration, hardened texture, irregular surface, and absence of hair 
growth, while the viable area presented a light-red color, soft texture, 
and the beginning of hair growth (Fig. 3).

Table 2 presents the descriptive statistics for the viable area/total 
area and necrotic area/total area variables. Although no significant 
difference was observed between the groups, the ALGzTA group notably 
had the lowest mean and median percentage of viable area relative to 
the total area (58.92 % and 71.98 %, respectively). Among the other 
groups, the ALGzRm group showed the highest mean viable area (87.48 
%; median 92.45 %), followed by the NegC group (82.68 %; median 
84.73 %) and the pALGgel group (81.07 %; median 81.87 %). Regarding 
the percentage of necrotic area relative to the total area, the highest 
mean and median were also recorded in the ALGzTA group (41.08 % and 
28.04 %, respectively). In contrast, the ALGzRm group had the lowest 
mean necrosis (12.52 %; median 7.55 %), followed by the NegC (17.32 
%; median 15.27 %) and pALGgel groups (18.93 %; median 18.13 %). 
Graph 1 highlights the mean percentages of viable and necrotic areas 
relative to the total area for each experimental group, providing a 
graphical comparison between the groups. Notably, two of the animals 
in the ALGzRm group showed total flap viability, with no occurrence of 
necrosis, after the 7-day experimental period, as shown in the repre
sentative example in Fig. 3d

Histomorphometric analysis

After obtaining the histological slides, five fields were photographed 
from each sample for fibroblast, blood vessel and leukocytes counting. 
Fig. 4 shows a representative field for each experimental group.

Table 3 presents the descriptive statistics for fibroblast, blood vessel, 
and leukocyte counts per field for each group. Regarding the fibroblast 
count per field, no statistically significant difference was found between 
the groups (p = 0.192). The ALGzTA group showed the highest mean 
(542.68; median 499.00), while the pALGgel group had the lowest 
(392.96; median 387.00). The NegC and ALGzRm groups exhibited 

Fig. 2. – Obtained hydrogel formulations. a. ALGgel. b. ALGzTA gel. c. ALGzRm gel.
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similar means (434.07 and 431.27, respectively) and medians (398.50 
and 422.50, respectively). For the number of blood vessels per field, a 
significant difference was identified between the groups (p = 0.015). 
The highest mean was observed in the ALGzTA group (39.16; median 
40.00), followed by the NegC (36.30; median 28.50), ALGzRm (30.17; 
median 26.50), and pALGgel groups, which had the lowest mean (22.36; 
median 20.00). As for the leukocyte count per field, the difference be
tween the groups was also significant (p < 0.001). The pALGgel group 
exhibited the highest mean (160.04; median 83.00), whereas the 
ALGzRm group had the lowest (33.07; median 29.00). The NegC and 
ALGzTA groups had mean counts of 100.27 and 106.52, with medians of 
81.50 and 94.00, respectively.

Graphs 2, 3, and 4 provide a visual representation of the histo
morphometry data presented in Table 3, facilitating comparison be
tween evaluated groups. Graph 2 shows the mean fibroblast count per 
field, highlighting that the ALGzTA group had the highest mean 
(542.68), followed by the NegC (434.07), ALGzRm (431.27), with the 
pALGgel group having the lowest mean (392.96). Graph 3 displays the 
mean blood vessel count per field, with the ALGzTA group again 

Table 1 
– Descriptive analysis of the ISF qualitative variables by experimental group.

Qualitative variable

Viable area Necrotic area

Group Color Texture Hair Scab Color Texture Hair

NegC Light beige Soft Regrowth Presence Black Hard Absence
pALGgel Light red* Soft regrowth Presence Black Hard Absence*
ALGzTA Light beige Soft Absence Absence* Black Hard Absence
ALGzRm Light beige Soft Absence Presence* Black* Hard* Absence*

(*) Most part of the group (4 or more animals).

Fig. 3. – Macroscopic analysis of the animals' skin flaps (one specimen per group). a. NegC group. b. pALGgel group. c. ALGzTA group. d. ALGzRm group.

Table 2 
– Descriptive statistics of viable and necrotic area percentages relative to the 
total area, per experimental group.

Variable

Group n Viable area/total area ( %) Necrotic area/total area ( %)
Mean ± SD Mean ± SD
Median (P25; P75) Median (P25; P75)

NegC 6 82,68 ± 7,83 17,32 ± 7,83
​ ​ 84,73 (75,21; 89,31) 15,27 (10,69; 24,79)
pALGgel 5 81,07 ± 2,68 18,93 ± 2,64
​ ​ 81,87 (78,27; 83,47) 18,13 (16,53; 21,66)
ALGzTA 5 58,92 ± 27,37 41,08 ± 27,40
​ ​ 71,96 (29,31; 82,00) 28,04 (18,05; 70,78)
ALGzRm 6 87,48 ± 14,47 12,52 ± 14,45
​ ​ 92,45 (70,04; 100,00) 7,55 (0,00; 29,95)
P-value ​ p(1) = 0214 p(1) = 0214

(1) Kruskal-Wallis Test.
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showing the highest mean (39.16), followed by the NegC (36.30) and 
ALGzRm (30.17) groups, while the pALGgel group had the lowest mean 
at 22.36. Graph 4 presents the mean leukocyte count per field, with the 
pALGgel group showing the highest mean (160.04), followed by the 
ALGzTA (106.52) and NegC (100.27) groups, ending with the ALGzRm 
group, which had the lowest mean of 33.07.

Discussion

The viability of skin flaps, a frequent procedure in plastic and 
reconstructive surgery, is constantly threatened by the risk of tissue 
necrosis in ISFs. This clinical challenge drives the search for new ther
apeutic strategies, with a special interest in naturally derived com
pounds. Previous studies have demonstrated the beneficial effect of 
R. mangle extract on the viability of ISFs [5,8]. Additionally, the pio
neering study by Marinho [19]. combined R. mangle with TA in a cream 
base for wound treatment, showing favorable healing potential. Simi
larly, the study by Silva et al. [5]. applied the R. mangle extract in a 
hydrogel form, which also yielded a positive result. In this context, 
natural polymer-based hydrogels stand out as promising vehicles, given 

their similarity to biological tissues and their capacity to act as 
controlled release systems for bioactive compounds [23,25]. Building 
upon the potential of hydrogel vehicles, recent advancements highlight 
the combination of hydrogels with MOFs like ZIF-8 to create more so
phisticated delivery platforms. Such composite systems have suggested 
benefits including controlled and sustained release kinetics [64], 
enhanced compound stability and bioavailability [64,65], and the po
tential for multifunctionality by modulating the local microenvironment 
[66], with MOFs appearing to remain stable and functional when 
embedded within the hydrogel matrix [67]. Therefore, the present study 
evaluated the potential of different ALG-ZIF-8 hydrogel systems in 
preventing tissue necrosis in ISFs, using ALGgel as the primary matrix, 
and incorporating ZIF-8 as a DDS, aiming to enhance the effects of 
R. mangle and TA.

The morphometric analysis in the present study demonstrated clear 
trends regarding the potential of the different hydrogel formulations to 
influence necrosis prevention. Although differences were observed in 
the means, there was no statistically significant difference between the 
groups (p = 0.214), which may be attributed to high data variability. 
Accordingly, the results suggest that treatment with ALGzRm-gel was 

Fig. 4. – Representative histological fields of the experimental groups (20x magnification, H&E stained). a. NegC group. b. pALGgel group. c. ALGzTA group. d. 
ALGzRm group. Solid arrows in A, C, and D indicate fibroblasts. Open arrows in B, C, and D indicate blood vessels. Arrowheads in A and B indicate leukocytes.

B.R.S. Barreto et al.                                                                                                                                                                                                                            Injury 57 (2026) 113043 

7 



associated with the most favorable outcomes. As detailed in Table 2 and 
illustrated in Graph 1, the ALGzRm group achieved the highest mean 
flap viability (87.48 %). This trend was also evident in the macroscopic 
analysis, where animals in this group presented flaps with an excellent 
appearance, including two cases of complete absence of necrosis 
(Fig. 3d). These observations may be related to the well-known prop
erties of the R. mangle extract, such as its antioxidant, anti- 
inflammatory, healing, and angiogenic effects [43,44]. The findings of 
this study are consistent with previous studies that have demonstrated 
the therapeutic potential of the extract in different formulations, such as 
creams, films, and hydrogels [8,14,45]. They also align with the work of 
Silva et al. [5], whose results showed decreased necrosis with a 5 % 
R. mangle hydrogel, a trend similarly observed in the present study, 
though not statistically significant for the primary endpoint.

Furthermore, the favorable trends observed in the ALGzRm group 

may be partly attributed to the presence of ZIF-8 in the tested formu
lation. In the study by Silva et al. [5], a mean necrosis of 34.25 % was 
reported in the group that tested a xanthan gum hydrogel with 5 % 
R. mangle extract. In contrast, this value is substantially higher than that 
found in the present study for the ALGzRm group (12.52 %), which used 
the same extract concentration. This difference raises the hypothesis 
that the inclusion of ZIF-8 could potentially enhance the therapeutic 
effects of the R. mangle extract, possibly by acting as a DDS and opti
mizing the formulation. This also suggests a potential synergistic effect 
within the ALGzRm-gel, where the ALG-ZIF-8 hydrogel system likely 
contributed to the outcomes observed. Likewise, ZIF-8 properties as a 
porous and biocompatible carrier [46]. might have contributed to a 
more sustained local action, which could explain the significantly 
improved histological findings related to reduced inflammation and 
controlled angiogenesis observed in this group.

In contrast, the ALGzTA-gel demonstrated an apparently detrimental 
effect, resulting in the highest mean necrosis among all groups (41.08 
%), while the NegC and pALGgel groups showed intermediate and 
similar results. This macroscopic observation is corroborated by the 
histomorphometric findings (Table 3), which indicate an intense in
flammatory process in this group, further confirmed by the highest mean 
blood vessel count (39.16; p = 0.015) and a high mean leukocyte count 
(106.52; p < 0.001), both of which were statistically significant (Graph 
2), also indicating a process of exacerbated angiogenesis. One hypoth
esis to explain this negative outcome is the dual behavior of tannins and 
other polyphenols [47]. Although it is an antioxidant at low concen
trations, at higher concentrations TA can become pro-oxidant, 
increasing ROS generation and inducing cellular damage [48–50].

The results from the NegC and pALGgel groups provide context for 
the other findings. The NegC group, treated with saline, presented a 
necrotic area of 17.32 %, a value lower than those observed in the 
control groups of Oliveira [8]. and Silva et al. [5]. (48.88 % and 50.66 %, 
respectively). Meanwhile, the pALGgel (placebo) group had an 18.93 % 
necrotic area, a more favorable result than that of the group in Silva et 
al., which was treated with a xanthan gum hydrogel + placebo (37.44 
%). However, a comparison of NegC and pALGgel groups shows that the 
placebo alone was not able to improve flap viability relative to the 
negative control.

The histomorphometric analysis performed in this study aids in un
derstanding the events observed in the macroscopic results. This anal
ysis relevance is corroborated by Marinho [19], whose work highlighted 

Table 3 
– Statistics of fibroblast, blood vessel, and leukocyte counts per field, for each 
experimental group.

Variable

Fibroblasts/field Blood vessel/ 
field

Leukocyte/field

Group n Mean ± SD Mean ± SD Mean ± SD
Median (P25; P75) Median (P25; 

P75)
Median (P25; P75)

NegC 30 434,07 ± 159,38 36,30 ± 49,94 
(AB)

100,27 ± 73,71 (A)

​ ​ 398,50 (327,25; 
516,00)

28,50 (15,50; 
40,25)

81,50 (55,50; 
117,75)

pALGgel 25 392,96 ± 124,34 22,36 ± 15,94 (A) 160,04 ± 179,37 
(A)

​ ​ 387,00 (294,00; 
501,50)

20,00 (6,50; 
35,00)

83,00 (26,00; 
228,50)

ALGzTA 25 542,68 ± 259,56 39,16 ± 19,27 (B) 106,52 ± 70,99 (A)

​ ​ 499,00 (396,50; 
646,00)

40,00 (18,50; 
53,50)

94,00 (70,50; 
122,50)

ALGzRm 30 431,27 ± 119,31 30,17 ± 15,19 (A) 33,07 ± 24,73 (B)

​ ​ 422,50 (313,75; 
531,75)

26,50 (17,75; 
39,75)

29,00 (16,00; 
39,75)

P-value ​ p(1) = 0192 p(1) = 0015* p(1) < 0001*

(*) Significant difference at 5,0 % level.
(1) Kruskal-Wallis test with Conover’s multiple comparisons test.
Note: Groups that do not share a common letter in parentheses are significantly 
different.

Graph 1. – Mean percentages of the viable and necrotic areas relative to the total area, per experimental group. Note how the viable area predominates in the 
ALGzRm group, whereas the ALGzTA group exhibits a higher proportion of necrotic area.
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histomorphometry as crucial for measuring the tissue repair degree. 
Although the necrotic areas of NegC and pALGgel groups were smaller 
than those reported by Oliveira [8]. and Silva et al. [5], and the pALGgel 
group's necrotic area was lower than the observed in Silva et al. placebo, 
the resulting histomorphometry is consistent with a pattern of repair 
failure in both groups. Both NegC and pALGgel exhibited an intense 
inflammatory process, supported by high mean leukocyte counts 
(100.27 and 160.04, respectively), with placebo group showing the 
highest mean of the entire study, accompanied by pathological angio
genesis, a process often driven by oxidative stress that tends to persist in 
an uncontrolled and unresolved manner (mean blood vessel counts of 
36.30 and 22.36, respectively) [52].

Regarding the fibroblast count, there was no statistical difference 
between the groups. While fibroblasts are known regulators of wound 
healing and extracellular matrix production [8,53,54], the lack of sig
nificant variation in this study is consistent with previous reports [5,8], 
and thus suggests that differences in fibroblast numbers were not the 
primary driver of the observed flap outcomes. Furthermore, in line with 
Silva et al., the present study found no evidence of stimulated fibroblast 

proliferation by using formulations containing R. mangle.
The blood vessel count, which reflects the process of angiogenesis, 

revealed a significant difference between the groups (p = 0.015), as did 
the leukocyte count (p < 0.001). Thus, a combined analysis of these two 
variables offers a cellular-level explanation for the macroscopic results 
previously discussed. The inflammatory response in ALGzTA group is 
validated by the high leukocyte and blood vessel counts, which are 
directly associated with pathological angiogenesis, thereby justifying 
the extensive necrosis. In contrast, the favorable outcome observed in 
ALGzRm group is due to its potent anti-inflammatory action, confirmed 
by this study's lowest leukocyte count along with a physiological and 
controlled angiogenesis, likely contributing to the higher mean flap 
viability seen in this group.

The choice of 5 % TA concentration was based on Guimarães study 
[51], who used this same concentration in two formulations (a base 
gel-cream and an aqueous solution) to evaluate the TA photoprotective 
effect and to study its fluorescence, permeation, and cutaneous retention 
in vitro. The use of TA in formulations for cutaneous wound treatment 
was also investigated by Marinho [19], who, however, used a lower 

Graph 2. – Mean fibroblast count per experimental group.

Graph 3. – Mean blood vessel count per experimental group.
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concentration of 2.5 % TA in combination with 2.5 % R. mangle extract 
to treat cutaneous wounds. It is relevant to note that, in Marinho's study, 
the approach combining 2.5 % TA concentration with R. mangle extract 
achieved a positive healing outcome. Meanwhile, the results from 
Guimarães demonstrated that, without an effective delivery system, TA 
was retained in the epidermis, failing to reach the deeper layers of the 
skin. In the present study formulation, however, the presence of ZIF-8 as 
a DDS likely facilitated TA permeation through the epidermis, effec
tively delivering what appeared to be a high and pro-oxidant dose 
directly to the ischemic tissue. This suggests that the combined action of 
TA with the ALG-ZIF-8 delivery platform in the ALGzTA-gel may have 
synergistically led to the observed detrimental effects, and would 
explain the intense inflammatory response and fibroblast proliferation. 
Indeed, the angiogenesis observed in the ALGzTA group aligns with the 
characteristics of a pathological process [52], which, combined with the 
chronic inflammation and fibrosis, likely culminated in tissue death 
rather than repair. This fact raises the hypothesis that the safe thera
peutic concentration for TA is below 5 %, and possibly closer to the 2.5 
% used by Marinho. Furthermore, it cannot be ruled out that the 
R. mangle extract present in that formulation may have contributed to 
attenuating the TA pro-oxidant potential. Thus, the need for future 
dose-response studies becomes evident to determine the ideal and safe 
concentration of TA for this application, as well as in vitro assays to 
directly evaluate its oxidative stress potential at different concentra
tions. Additionally, studies evaluating TA use to prevent necrosis in ISFs 
were not found in the literature, limiting a comparative discussion of the 
findings. However, the successful use of R. mangle, which contains tan
nins in its composition [8,15,16], justifies the interest in investigating 
TA in isolation to improve ISFs viability.

These results represent an advancement over previous works. Silva et 
al. [5], for example, observed a pro-angiogenic trend with R. mangle but 
without statistical significance or a leukocyte count, limiting a more 
complete interpretation of the phenomenon. Oliveira [8], who evalu
ated both variables, found no significant difference for either of them. In 
light of this, the statistically significant results of this work for blood 
vessel and leukocyte counts indicate a positive biological response eli
cited by the ALGzRm formulation and elucidate that controlling 
inflammation is a critical aspect of the angiogenic response quality, 
which may contribute to improved ISF viability.

This study utilized the McFarlane skin flap model adapted by 
Adamson et al. [33,34], specifically employing the commonly used 3 cm 
x 9 cm caudally based modification. This version, derived from 

McFarlane's original model and its variations [39–42], is a 
well-established standard for investigating ISF necrosis prevention in 
Wistar rats [5,8]. The macroscopic criteria used in this study for dis
tinguishing viable from necrotic area was detailed in Table 1 and align 
with those employed by other studies [5,59–61,77,78]. This consistency 
in assessment standards supports the reliable differentiation between 
tissue outcomes observed in the present study and allows for comparison 
across similar flap viability investigations.

The choice to use male rats, contrasting Silva et al. [5], who used 
females, is a notable methodological difference that may have contrib
uted to clarify this study's results. Findings in the literature show that 
hormones such as estrogen, progesterone, and estradiol are critical 
mediators that influence wound healing, angiogenesis, and collagen 
remodeling [55,56]. According to Silva et al. [5], the estrous cycle in 
females may have introduced hormonal variability during the ISFs 
healing in their study. In this regard, the choice to use male rats in this 
work, similar to Oliveira [8], represents a methodological advantage, 
ensuring that the observed outcomes more directly reflect the tested 
formulations efficacy without interference of hormonal fluctuations.

Some limitations of the present study should be acknowledged. First, 
a functional assessment of flap perfusion was not performed. Future 
research would benefit from incorporating techniques like Laser Doppler 
imaging to dynamically measure blood flow. Additionally, the study did 
not include a preliminary in vitro component. Future investigations are 
therefore suggested to assess the effects of R. mangle and TA on cell lines 
– such as HUVECs for angiogenic potential, and fibroblasts (NIH/3T3) or 
keratinocytes (HaCaT) for cytotoxicity and proliferation – as an impor
tant preliminary step to optimize formulations before further in vivo 
testing. Furthermore, blinding could only be employed during the his
tomorphometric and statistical analyses. To better minimize potential 
bias, future similar studies should aim to implement a more compre
hensive double-blinding protocol, including during treatments 
application.

Conclusion

In conclusion, this study highlights the potential of novel alginate- 
ZIF-8 hydrogel systems for modulating ischemic flap outcomes. The 
ALGzRm-gel formulation demonstrated promise for tissue repair, likely 
mediated by its ability to control the inflammatory response. 
Conversely, the ALGzTA-gel appeared detrimental, as evidenced by 
exacerbated inflammation and pathological angiogenesis. The ZIF-8 

Graph 4. – Mean leukocyte count per experimental group.
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delivery component likely played a key role in these distinct cellular 
responses. These findings underscore the translational potential of 
ALGzRm-gel as a platform for enhancing flap viability. Crucial future 
steps include investigating the dose-dependent effects of TA to deter
mine its therapeutic window for this application.
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[dissertation on the Internet]. Recife (PE): Universidade Federal de Pernambuco; 
2009.

[28] Tanaka S, Kimura Y, Fuku K, Ikenaga N, Nakagawa K. Zinc-imidazole-based metal- 
organic framework nanosheet membrane for H2/O2 separation. IOP Conf Ser 
Mater Sci Eng 2024;1318(1):012035.

[29] Tian Z, Yao X, Zhu Y. Simple synthesis of multifunctional zeolitic imidazolate 
frameworks-8/graphene oxide nanocrystals with controlled drug release and 
photothermal effect. Microporous Mesoporous Mater 2017;237:160–7.

[30] Silva YJA. Design de ZIF-8-90 bioconjugada para drug delivery no tratamento da 
tuberculose pulmonar [dissertation on the Internet]. Recife (PE): Universidade 
Federal de Pernambuco; 2019.

[31] Vasconcelos IB, da Silva TG, Militão GCG, Soares TA, Rodrigues NM, 
Rodrigues MO, et al. Cytotoxicity and slow release of the anti-cancer drug 
doxorubicin from ZIF-8. RSC Adv 2012;2(25):9437.

[32] Kaur H, Mohanta GC, Gupta V, Kukkar D, Tyagi S. Synthesis and characterization 
of ZIF-8 nanoparticles for controlled release of 6-mercaptopurine drug. J Drug 
Deliv Sci Technol 2017;41:106–12.

[33] McFarlane RM, DeYoung G, Henry RA. The design of a pedicle flap in the rat to 
study necrosis and its prevention. Plast Reconstr Surg 1965;35(2):177–82.

[34] Adamson JE, Horton CE, Crawford HH, Jr Ayers W. The effects of dimethyl 
sulfoxide on the experimental pedicle flap: a preliminary report. Plast Reconstr 
Surg 1966;37(2):105–10.

[35] Hoseinpour V, Shariatinia Z. Applications of zeolitic imidazolate framework-8 (ZIF- 
8) in bone tissue engineering: a review. Tissue Cell 2021;72:101588.

[36] Diniz FR, Maia RCAP, de Andrade LRM, Andrade LN, Chaud MV, da Silva C, et al. 
Silver nanoparticles-composing alginate/gelatine hydrogel improves wound 
healing In Vivo. Nanomaterials 2020;10(2):390.

[37] Conover WJ. Practical nonparametric statistics. 2nd ed. New York: John Wiley & 
Sons; 1980.

[38] Altman DG. Practical statistics for medical research. London: Chapman And Hall; 
1991.

[39] Lee JH, You HJ, Lee TY, Kang HJ. Current status of experimental animal skin flap 
models: ischemic preconditioning and molecular factors. Int J Mol Sci 2022;23(9): 
5234.

[40] Fan W, Liu Z, Chen J, Liu S, Chen T, Li Z, et al. Effect of memantine on the survival 
of an ischemic random skin flap and the underlying mechanism. Biomed 
Pharmacother 2021;143:112163.

[41] Luo Z, Bian Y, Zheng G, Wang H, Yan B, Su W, et al. Chemically modified sdf-1α 
mrna promotes random flap survival by activating the SDF-1α/CXCR4 Axis in Rats. 
Front Cell Dev Biol 2021;9:623959.

[42] Masaoka K, Asato H, Umekawa K, Imanishi M, Suzuki A. Value of remote ischaemic 
preconditioning in rat dorsal skin flaps and clamping time. J Plast Surg Hand Surg 
2016;50(2):107–10.

[43] Marrero E, Sánchez J, de Armas E, Escobar A, Melchor G, Abad MJ, et al. COX-2 
and sPLA2 inhibitory activity of aqueous extract and polyphenols of Rhizophora 
mangle (red mangrove). Fitoterapia 2006;77(4):313–5.

B.R.S. Barreto et al.                                                                                                                                                                                                                            Injury 57 (2026) 113043 

11 

http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0001
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0002
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0002
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0003
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0003
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0004
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0004
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0005
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0005
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0005
https://doi.org/10.54751/revistafoco.v16n1-033
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0007
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0007
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0008
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0008
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0008
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0009
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0009
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0009
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0010
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0010
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0010
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0011
https://doi.org/10.1007/978-1-4939-8856-3
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0013
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0013
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0014
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0014
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0014
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0015
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0015
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0015
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0015
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0016
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0016
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0016
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0017
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0017
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0017
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0018
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0018
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0019
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0019
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0019
https://doi.org/10.5216/ref.v5i3.5369
https://doi.org/10.5216/ref.v5i3.5369
https://revistas.ufg.br/REF/article/view/5369
https://revistas.ufg.br/REF/article/view/5369
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0021
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0021
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0022
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0022
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0022
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0023
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0023
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0024
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0024
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0025
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0025
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0026
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0026
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0026
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0027
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0027
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0027
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0028
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0028
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0028
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0029
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0029
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0029
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0030
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0030
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0030
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0031
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0031
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0031
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0032
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0032
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0032
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0033
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0033
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0034
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0034
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0034
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0035
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0035
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0036
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0036
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0036
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0037
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0037
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0038
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0038
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0039
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0039
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0039
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0040
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0040
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0040
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0041
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0041
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0041
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0042
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0042
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0042
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0043
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0043
http://refhub.elsevier.com/S0020-1383(26)00030-6/sbref0043


[44] Fernandez O, Capdevila JZ, Dalla G, Melchor G. Efficacy of Rhizophora mangle 
aqueous bark extract in the healing of open surgical wounds. Fitoterapia 2002;73 
(7–8):564–8.

[45] Santana ES, Leal LB, Silva LA, Barbosa ISF, Melo CML, Santos DKDN, et al. 
Association of Rhizophora mangle and ascorbic acid in hydrogels: evaluation of 
cytotoxic and immunomodulatory effects. Braz J Pharm Sci 2023;59:e20179.
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