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Abstract

Effective management of non-compressible hemorrhage remains a significant challenge in the 
field of biomaterials development. Although fluffy fiber sponges with strong hemostatic 
properties and excellent biocompatibility have been a promising solution, their fabrication has 
been rather complicated. This study presents a facile in situ deprotonation-induced direct 
electrospinning approach that enables the fabrication of three-dimensional Gelatin/Eudragit 
S100 (3D Gel/ES)-based fiber sponges. These sponges are equipped with multiple hemostatic-
enhancing moieties to address non-compressible bleeding. The generated 3D sponges exhibit a 
fluffy texture composed of continuous and interconnected fibers. Results demonstrate a 
remarkable compressibility, exceptional porosity (>90%), excellent water absorption 
capabilities (>2000%), very low hemolytic rate (<0.1%), and non-cytotoxic characteristics (cell 
viability >85%). Furthermore, their hemostatic response has been improved, especially by the 
incorporation of CaCO3. Consequently, activating the intrinsic pathway of the coagulation 
cascade, along with the adhesion, enrichment, and activation properties of erythrocytes and 
platelets. In vivo analyses of hybrid fiber sponges confirm their superior hemostatic capabilities 
compared to traditional gauze and commercial sponge materials. This fabrication strategy is 
anticipated to open a new avenue for the development of next-generation advanced hemostatic 
3D fiber sponge, specifically targeting rapid and effective hemostasis in mild-to-moderate 
bleeding.
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1. Introduction

Uncontrollable blood loss resulting from traumatic injuries, surgical interventions, or other 
forms of bodily harm can pose significant health risks and can even be fatal in severe cases.[1,2] 
Traditional methods to restore hemostasis after uncontrollable blood loss, such as suturing 
blood vessels or applying sterile cotton gauze, often fall short when rapid and effective control 
of hemorrhage is required. Particularly in emergency circumstances where time is of the essence, 
a delayed action is futile.[3] This challenge underscores the urgent need for the development of 
advanced hemostatic agents to facilitate quicker blood clotting and minimize blood loss. Ideally, 
hemostatic solutions should improve performance through efficiency, speed, convenience, and 
design, be affordable, and lightweight. Thereby broadening their accessibility and usability in 
medical settings.[4,5] Furthermore, excellent biocompatibility is essential to ensure safe 
interaction with tissues, while easy degradation without further intervention is crucial for a 
seamless healing process.[6–8] Over the years, different forms of hemostatic agents composed 
of both organic and inorganic components, such as particles,[9,10] powders,[11,12] 
hydrogels,[13,14] sealants,[15,16] nanofibers,[17,18] sponges,[19–21] and foams,[22,23] have 
been developed. Many of these solutions are already available on the market.[24,25] Each type 
of hemostatic agent offers distinct advantages over others. However, higher raw material costs, 
ineffectiveness in managing severe bleeding, and the intricate, multi-step preparation processes 
limit their wider adoption.

Significant progress has been made recently in the development of nanofiber hemostatic 
materials. Leveraging their outstanding characteristics, including a high aspect ratio, which 
enhances interactions with biological systems and facilitates cell adhesion.[26,27] Furthermore, 
their close resemblance to natural fibrin fibers is crucial in aiding the capture of blood cells, 
platelets, and various coagulation factors, which are necessary for effective clot formation.[28] 
Among the vast array of nanofiber materials, functionalized natural or synthetic polymer-based 
electrospun nanofibers stand out as exceptional candidates for hemostatic membranes.[29,30] 
Fabricated through the simple electrospinning process,[31–33] these nanofibers possess a 
unique combination of properties that make them highly effective in promoting blood clotting 
and wound healing. Their extensive surface area-to-volume ratio significantly boosts their 
capability to effectively encapsulate and distribute hemostatic bioactive molecules. Intrinsic 
high porosity and interconnected pores enable rapid blood absorption, thereby expediting the 
clotting process.[34,35] For instance, Sasmal et al. fabricated electrospun nanofibers 
encapsulating an antifibrinolytic agent (tranexamic acid) and a chitosan polymer known for its 
antibacterial and hemostatic properties. The in vitro findings highlight the importance of 
chitosan in promoting hemostasis and establish that tranexamic acid plays a supportive role in 
the clotting process.[34] Moreover, a recent study has found that gelatin nanofibers infused with 
calcium ions, which are prepared using the electrospinning technique, exhibit shorter clotting 
times compared to commercially available hemostatic sponges and gauzes.[29] Nevertheless, 
the hemostatic electrospun membranes mentioned above possess a two-dimensional (2D) sheet-
like configuration composed of densely arranged fiber layers with small thicknesses and 
inadequate porosity, resulting from the manner in which fibers are deposited during the 
electrospinning process. This unavoidable characteristic hinders their effectiveness in managing 
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deep bleeding, irregularly shaped, non-compressible wounds, surgery involving internal organs, 
and punctured wound hemorrhage.[36] 

One of the most effective strategies for managing non-compressible hemorrhage is the use of a 
sponge-like, porous hemostatic agent with significant blood absorption capability. Additionally, 
its compressible design allows for necessary conformation and generation of targeted 
compression at the bleeding site.[17,37] The generation of three-dimensional (3D) electrospun 
nanofiber sponges represents a significant innovation in developing the next generation of 
hemostatic materials. The reports on the potential application of such structures for achieving 
rapid hemostatic action have been somewhat limited till recently.[38,39] One of the reasons 
could be the challenges and intricacies associated with the fabrication of electrospun 3D 
nanofiber hemostatic sponges. Although the electrospun 3D fiber sponges have lately been 
developed for rapid hemostasis, the fabrication method involves a complicated electrospinning 
setup, necessitating a chamber with controlled humidity, an extra high-voltage generator, and a 
special collector system.[40,41]

Recently, we demonstrated a cationic polyelectrolyte derived from polymethacrylate-based 
copolymers as an ideal functional additive for preparing protonated polymer blends. Here, the 
facile fabrication of fluffy, nanofiber, sponge-like macrostructures via in situ protonation-
induced electrospinning was established.[42] The present study introduces a versatile and 
straightforward approach for the fabrication of anionic 3D fiber sponges without the need for 
additional electrospinning components to enable fluffy morphology. The induction of 3D 
morphology was facilitated by the addition of deprotonated carboxylate-equipped anionic 
polyelectrolyte, resulting in a hybrid fiber sponge composed of Gel/ES containing calcium ions 
(Ca2+). To enhance the hemostatic effect, inorganic additives, including hydroxyapatite (HA) 
and CaCO3, were employed as different sources of Ca2+, which are recognized as a coagulation 
factor IV in the coagulation pathway and are necessary for various stages of the coagulation 
process.[29] The collective properties of the resulting novel 3D Gel/ES hybrid sponge, 
functionalized with deprotonated carboxyl groups, were evaluated through comprehensive 
physicochemical characterizations and compared with those of a pristine 3D sponge. In vitro 
studies of erythrocyte/platelet adhesion, coagulation activation pathways, and whole blood 
clotting capacity were conducted to evaluate their hemostatic effects. Finally, in this proof-of-
concept study, we assessed the hemostatic capacity of 3D hybrid fiber sponges utilizing well-
established animal models, specifically the tail amputation and liver injury model in rats. These 
models were selected for their relevance in simulating real-life injury scenarios, allowing us to 
evaluate the immediate and effective response of the fabricated sponges in promoting 
hemostasis. 

2. Experimental section

2.1. Materials

Gelatin (Gel, type B with Bloom ~ 225 g), hydroxyapatite, nanopowder with <200 nm particle 
size (HA, ≥97%), and sodium hydroxide (NaOH) were purchased from Sigma Aldrich. A 
copolymer based on methyl methacrylate and methacrylic acid, Eudragit® S 100 (ES, Mw = 
125,000 g mol-1), was provided by Evonik GmbH (Darmstadt, Germany).  Calcium carbonate 
(CaCO3, 98.5%), methanol (99.9%), and formic acid (FA, 95%) were obtained from Carl Roth. 
1, 1, 1, 3, 3, 3-hexafluoro-2-propanol (HFIP, 99 %) was purchased by Fluorochem Ltd. 
(CHEMPUR). 
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2.2. Preparation of 3D fiber sponges via deprotonated carboxylate-assisted direct 
electrospinning.

To carry out direct electrospinning of the 3D fiber sponge, the ES solution was prepared by 
dissolving ES in alkaline methanol to prepare a deprotonated spinning solution. For comparison, 
a 2D nanofiber membrane was also fabricated using a 20 wt% ES solution dissolved in 
methanol/DMF (2:3) binary solvent. To fabricate the 3D Gel/ES-based sponge, two distinct 
solutions were intended for blend electrospinning. The ES solution was prepared in alkaline 
methanol, while the Gel was prepared separately by dissolving appropriate amounts in HFIP. 

To secure the structural integrity of 3D architecture, we chose a Gel-to-ES blending ratio of 3:2 
by weight, as established in our previous research.[32]  The resulting blend solution displayed 
a notably high viscosity with visible phase separation, which could be attributed to the ES 
solution's highly alkaline nature. To address this issue, several drops of FA were added to the 
solution (> pH 11). The mixture was then stirred for at least two hours to ensure the formation 
of a homogeneous solution, which is essential for successful electrospinning. To electrospun 
hybrid 3D Gel/ES sponges, Gel/ES blend solutions were incorporated with different inorganic 
additives (HA and CaCO3). Each spinning solution was loaded into a 5 mL syringe with a 21G 
needle. Electrospinning was performed with the nozzle positioned vertically at room 
temperature and humidity ( 22–25 °C and 30–45%, respectively). After electrospinning, the 3D 
Gel-based nanofiber sponges were subjected to thermal crosslinking in the air at 150 °C for 5 
h, rendering them insoluble in water.[40]  Table 1 provides details of the sample names, solvents 
used to dissolve the polymers, and electrospinning parameters. 

Table 1. Details of the fiber membrane and sponge materials: composition of the solutions, and 
parameters of the electrospinning process. 
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Sample 
name

Polymer 
concentration 

(%, w/w)
Solvent Inorganic 

additives      
(%, w/w)

Flow 
rate 
(mL 
h-1)

Tip-to-
collector 
distance 

(cm)

High 
voltage 

(kV)

2D ES 20 methanol/DMF - 0.6 15 18

3D ES

ES alkaline 
methanol (0.6 M 

NaOH)
-

3D 
Gel/ES -

Gel HFIP

3D 
Gel/ES-
HA ES

15

HA 10

1 30 16
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2.3. Characterization

Scanning electron microscopy (SEM).  A Jeol JSM-IT100 (Japan/Zeiss, Germany) SEM was 
used to analyze the morphology of electrospun 2D and 3D fiber samples. Before imaging, the 
samples were coated with gold using a sputter coater (Cressington Sputter Coater 108 Auto) to 
enhance the signal-to-noise ratio during the imaging process. The acceleration voltage used in 
the SEM was between 10-15 kV. Selected magnifications were documented. 

Attenuated Total Reflectance (ATR)- Fourier Transform Infrared Spectroscopy (FTIR). 
Fabricated samples were analyzed with infrared spectroscopy to observe a change in the 
deprotonation state of the carboxylic group and the presence of functional groups corresponding 
to various constituents within fiber compositions. The electrospun fibers were pressed on the 
diamond embedded in the ATR stage of the PerkinElmer Frontier™ spectrometer using a knob 
fixture. To measure the absorbance in the infrared range, they were scanned from 4000-600 cm-

1 at a scanning resolution of 2 cm-1. 

Thermogravimetric Analysis. The thermal behavior of electrospun fiber samples and their mass 
degradation properties in response to increasing temperature were characterized using TGA 
4000, PerkinElmer. Briefly, ~10 mg of nanofibers were weighed in a ceramic crucible and 
subjected to controlled temperature increment from 30-700 °C at the rate of 10 °C min-1.

Zeta potential. Zeta potential assessments were conducted using the Malvern Zetasizer NanoS 
from Malvern Instruments, which is equipped with a HeNe laser (λ= 633 nm) operating at P= 
4 mW. A sample weighing 10 mg was ground using a pestle in an agate mortar. The sample 
was then dispersed in 10 mL of ethanol via ultrasonication. Measurements were taken at 25 °C 
after allowing for 120 s of equilibration. Three measurements were performed for each sample, 
with 15 repetitions for each measurement. Cuvettes identified as DTS1070 were utilized.

Evaluation of Porosity and Water Absorption Capacity. The porosity of electrospun 2D and 3D 
samples was measured following the procedure described in our previous article with slight 
modifications.[42] Initially, the weight of the pycnometer filled with cyclohexane was recorded 
as W1. Subsequently, the dry samples, designated as Ws, were immersed and sonicated for 5 
min at 25 °C until the pores were filled with cyclohexane. The pycnometer was then refilled 
with cyclohexane, and the total weight was recorded as W2. Finally, following the samples’ 
removal, the residual cyclohexane’s weight within the pycnometer was measured and denoted 
as W3. All measurements were carried out 3 times, and the porosity of the samples was 
calculated according to the following equation:

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =
𝑊2 𝑊3 𝑊𝑠

𝑊1 𝑊3
  × 100 (1)

To quantitatively evaluate the water absorption capacity, each dry sample was weighed (Ms) 
and then submerged in deionized (DI) water. At different time points, the samples were 
retrieved and weighed (M1). The absorption capacity was calculated according to the following 
equation:

3D 
Gel/ES-
CaCO3

alkaline 
methanol (0.6 M 

NaOH)
CaCO3 10
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𝑊𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (%) =
𝑊𝑠 𝑊1

𝑊1
  × 100 (2)

Contact angle. The surface wettability of the samples, expressed by the contact angle, was 
measured on a Goniometer OCA 35 with a tilting unit TBU 90E (DataPhysics Instruments, 
Germany), attached to a camera iDS UI-3360CP-M-GL R2. Water droplets with a volume of 5 
µL were deposited. Average contact angles with standard deviations at various intervals are 
shown in Figure S1, Supporting Information.

In vitro degradation properties. The in vitro degradation study of the prepared samples was 
conducted under simulated physiological conditions. Pre-weighed samples (Ws) were immersed 
in 20 mL of simulated body fluid (SBF, pH 7.4) containing lysozyme (20 U/mL) and shaken at 
150 rpm and 37 °C.  At 1, 2, 4, 7, 14, and 21 days, the samples were removed, rinsed with 
deionized water, and dried for weighing (W1). 3 parallel samples were set up in each group. The 
relative weight (%) of each sample, both before and after degradation, was determined using 
the following equation to quantify the degradation

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑟𝑎𝑡𝑒 =
𝑊𝑠 𝑊1

𝑊1
 (3)

2.4. Evaluation of biocompatibility

Hemocompatibility. The hemocompatibility of the prepared samples was evaluated using a 
hemolysis assay, conducted in accordance with our previously published reports, with minor 
modifications.[28,32] Fresh whole blood from Wistar rats was diluted with PBS in a volume 
ratio of 1:2. Then, the red blood cells (RBCs) were isolated from plasma using centrifugation 
at 500x g for 10 min and washed five times with phosphate buffer saline (PBS). Each sample 
(10 mg) was preheated in 4.5 mL normal saline at 37 °C for 24 h. For the hemolysis test, 0.2 
mL of the diluted RBCs suspension (around 5 × 108 cells per mL) was added to 0.8 mL of the 
above extracts. The RBCs suspension dispersed in PBS was selected as a negative control, and 
the RBCs suspension dispersed in DI was used as a positive control. All the suspensions were 
centrifuged at 10,000x g for 3 min after incubating at 37 °C for 1 h. The absorbance of the 
resulting supernatant was measured at 540 nm using a microplate reader (Synergy HTX, BioTek, 
Winooski, VT, USA). Four replicates were performed for each group. The hemolysis rate was 
calculated according to the following equation:

𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 (%) =
𝐴𝑠 𝐴𝑛 

𝐴𝑝 𝐴𝑛
  × 100 (4)

where As, An, and Ap denote the absorbance values of the sample, negative control, and positive 
control, respectively.

Cytocompatibility assay. Cytocompatibility assessments in vitro were conducted using L929 
fibroblast cells (Sigma Aldrich). The cells were cultured in a 75 cm² flask containing High 
Glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS) and 1% antibiotics. Incubation was carried out in a 5% CO₂ atmosphere at 37 °C. 
To detach the cells from the flask, they were first rinsed with PBS, followed by the addition of 
5 mL of a 0.05% trypsin solution. The flask was then placed in the incubator for a few minutes. 
Once the cells were harvested, 10 mL of culture medium was added, and the suspension was 
centrifuged at room temperature. The resulting pellet was resuspended in fresh culture medium 
to achieve the desired cell density. Cellular viability studies were performed to evaluate cellular 
responses to 2D membranes and 3D scaffolds, including cytotoxicity testing on extracts and 
morphological assessment of the cells.
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Cell Viability. Extracts for in vitro analysis were obtained by placing 8 mg of each sample in a 
24-well plate, following a previously established procedure. In summary, the samples were 
immersed in 2 mL of culture medium per well and incubated at 37 °C under gentle stirring for 
24 h. For reference, wells with and without samples were filled with the same medium. 
Meanwhile, L929 cells were seeded into a separate 48-well plate, with the number of wells 
corresponding to the sample extracts plus a control. The cell density was maintained at 1.5×10⁴ 
cells per well, and the plate was incubated for 24 h. After this period, the culture medium in the 
cell-seeded wells was replaced with undiluted (100%) extracts of each sample. The plate was 
then returned to the incubator for another 24 h. Subsequently, the extracts were removed, and 
each well was filled with 180 µL of PBS along with 20 µL of Presto Blue reagent. The plate 
was incubated again for 60 min before transferring 100 µL from each well to a 96-well plate. 
Fluorescence was measured using a Fluorescent Accent FL (Thermo Fisher Scientific) with 
excitation/emission filters set at 530/620 nm. The results were compared to the fluorescence of 
Presto Blue in blank samples, which exhibited no metabolic activity, and the control (Tissue 
Culture Plate, TCP), which represented 100% viability. The number of viable cells was 
determined based on extract studies and calibration curves. The calibration curve was 
established by cultivating cells on TCP for three days and assessing fluorescence intensity for 
known cell numbers (2.5, 5, 10, and 20×10³), measured using a TC20 automated cell counter 
(Bio-Rad).

Fibroblast Morphology. The morphology of fibroblasts after exposure to 100% extracts was 
analyzed using fluorescence microscopy. L929 cells were seeded at a density of 20×10⁴ cells 
per well in 400 µL of medium in a 48-well plate. After 24 h, the medium was replaced with 
extracts, and cultivation continued for another 24 h. Cells were then fixed with 3% 
formaldehyde for 20 min, followed by treatment with 0.01% Triton X-100 for 5 min to 
permeabilize the membranes. To visualize the cellular components, nuclei and cytoskeleton 
were stained for 30 min using a solution containing ActinGreen and NucBlue, which selectively 
bind to the cytoskeleton and nuclear DNA, respectively. Microscopic images were captured 
using a Leica AM TIRF MC at 100x and 400x magnification.

2.5. In-vitro hemostatic performance of electrospun 3D fiber sponges

In vitro dynamic whole-blood clotting assay. The dynamic whole-blood clotting assay was 
employed as described previously with slight modifications.[40] The prepared samples were 
cut into circles with a diameter of approximately 10 mm, placed in a culture dish, and pre-
warmed at 37 °C for 10 min. A volume of 50 μL of sodium citrate anticoagulated rat whole 
blood was dropped onto the surface of the samples. All the culture dishes were incubated at 
37 °C and 50 rpm to allow interaction between the blood and the materials. After 15 min, 10 
mL of DI was gently added to release unbound blood without disturbing the clot, and then 
incubated on a shaker table at 37 °C and 50 rpm for 5 min to collect the free erythrocytes.  The 
control group consisted of citrate-anticoagulated rat whole blood added to 10 mL of DI water. 
The absorbance of the hemoglobin solution was recorded at 540 nm using a microplate reader 
(Synergy HTX, BioTek, Winooski, VT, USA). Four replicates were performed for each group. 
The blood-clotting index (BCI) was calculated according to the following equation:

𝐵𝐶𝐼 (%) =
𝐴𝑠

𝐴𝑐   × 100 (5)

where As and Ac denote the absorbance values of the sample and control, respectively.
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The whole blood clotting time test was assessed according to the previous report with slight 
modifications.[40] Briefly, 0.5 mL of rat blood (containing 10% sodium citrate) was added to 
a polypropylene tube containing 5 mg of each sample, followed by 50 μL of CaCl2 (0.20 mol/L). 
The tube was inverted every 15 s to observe the blood fluidity and record the blood clotting 
time. The control group consisted of citrate-anticoagulated rat whole blood samples treated 
identically but without any material added. Four replicates were performed for each group.

RBC and platelet adhesion ability. 

The quantitative value of the samples’ RBC attachment capability was measured according to 
a previous study with slight modification.[20] RBC concentrates (200 μL) were added to a 
polypropylene tube containing 10 mg of each sample. After incubating at 37 °C for 1 h, the 
sample was rinsed three times with PBS to remove any unattached RBCs. To release 
hemoglobin, 2 mL of DI water was used to lyse the attached RBCs. Finally, 100 μL of lysed 
liquid was tested with a multifunctional microplate reader at 562 nm. A mixture of 50 µL RBCs 
suspension and DI water was used as a reference value for measurement. Five replicates were 
performed for each group. The percentage of RBCs adhering to the surface was calculated 
according to the following equation:

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑎𝑑ℎ𝑒𝑟𝑒𝑑 𝑅𝐵𝐶 (%) =
𝐴𝑠

𝐴𝑐   × 100 (6)

where As and Ac denote the absorbance values of the sample and control, respectively.

The adhesion of platelets to the sponges was measured using the lactate dehydrogenase (LDH) 
assay. First, 5 mg of each sample was placed into 2 mL microtubes and thoroughly wetted with 
100 μL of platelet-rich plasma (PRP). The samples were then incubated at 37 °C for 1 h. After 
incubation, they were washed three times with PBS to remove non-adherent platelets. To lyse 
the adhered platelets, 1 mL of 1% Triton X-100 in PBS was added, and the mixture was 
incubated at 37 °C for 1 h. Finally, LDH release was quantified using an LDH assay kit (Sigma-
Aldrich, USA) according to the manufacturer's instructions. A microtube containing 100 μL of 
PRP without any material served as the control. Five replicates were performed for each group. 
The percentage of platelets adhering to the surface was calculated according to the following 
equation:

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑎𝑑ℎ𝑒𝑟𝑒𝑑 𝑝𝑙𝑎𝑡𝑙𝑒𝑡 (%) =
𝐴𝑠

𝐴𝑐   × 100 (7)

where As and Ac denote the absorbance values of the sample and control, respectively.

SEM analysis of the interaction of 3D Gel/ES-based fiber sponges with platelets/RBCs. Citrate-
anticoagulated whole blood collected from rats was centrifuged to obtain PRP and RBC 
suspension. Samples (1 mg each) were placed in a 24-well plate and incubated with 200 μL of 
PRP and diluted RBC suspension at 37 °C for 30 min. Subsequently, the samples were 
thoroughly rinsed with PBS (pH 7.4) and fixed in 2.5% glutaraldehyde in PBS. After fixation, 
the samples were dehydrated through a graded ethanol series (55%, 65%, 75%, 85%, 95%, and 
100%) and then observed under SEM.

In vitro activated partial thromboplastin time (aPTT) and prothrombin time (PT). Fresh sodium 
citrate-anticoagulated rat blood was centrifuged at 3,500x g for 20 min at 4 °C to obtain platelet-
poor plasma (PPP) supernatant. Then, aPTT and PT were automatically determined using an 
automated coagulation analyzer (Coag Chrom 4000, Bio-Ksel, Poland). Each sample (10 mg) 
was mixed with PPP (1 mL) and incubated for 30 min at 37 °C. The sample-removed plasma 
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(50 μL) was mixed with aPTT reagent (Bio-Ksel, Poland) and incubated for 3 min at 37 °C. 
Subsequently, pre-warmed calcium chloride solution (50 μL, 0.025 mol L-1; Bio-Ksel, Poland) 
was added to the above mixture, and the time was immediately measured. For the PT assay, the 
plasma (1 mL) obtained following the above procedure was incubated with samples (10 mg) at 
37 °C for 30 min. Immediately after the addition of pre-warmed PT reagent (100 μL; Bio-Ksel, 
Poland) to the plasma, the time was measured, and the plasma clotting time was recorded as 
PT.  For the aPTT and PT assays, plasma without any added material served as the control. Four 
replicates of each material were analyzed.

2.6. In vivo animal study 

All animal studies were approved by the Local Ethical Committee on Animal Testing in Olsztyn, 
Poland (Permit Number: 07/2025) and conducted in accordance with Directive 2010/63/EU of 
the European Parliament and of the Council on the protection of animals, the Animal Research: 
Reporting of In vivo Experiments (ARRIVE) guidelines, and national regulations. Male Wistar 
rats were obtained from the Centre for Experimental Medicine at the Medical University of 
Bialystok. The animals were housed under a 12-hour light/dark cycle in a temperature (22 ± 
2 °C) and humidity (55 ± 10%) controlled room. They were grouped into cages as appropriate 
and provided ad libitum access to sterilized tap water and standard chow. 

For the liver injury model, twenty rats weighing 180-200 g were randomly divided into gauze, 
commercial gelatin sponge (Medisponge, Eucare Pharmaceuticals, India), 3D Gel/ES-HA, and 
3D Gel/ES-CaCO3 fiber sponge (n = 5 for each group). The rats were anesthetized using 
isoflurane inhalation at an induction concentration of 4% and a maintenance concentration of 
2%. An abdominal incision was made to expose the liver. Before transecting the liver, 
commercially available sterile gauze pads were placed under the wound to collect blood. A 7.5 
mm long and 5 mm deep incision was made in the right lobe of the liver using a scalpel. A 1 
cm x 1 cm sample was then applied to the wound. The time taken for bleeding to cease was 
recorded, along with the total amount of blood lost after the incision. For the tail vein 
amputation model, twenty rats weighing 180-200 g were randomly divided into the same four 
groups (n = 5 for each group) and anesthetized as above. After that, 1 cm of each rat's tail was 
amputated. The tails were then placed on the respective experimental materials. Data on 
bleeding time and blood loss during the hemostasis process were recorded. At the end of the 
experiments, all animals were euthanized by exsanguination.

Statistical Analysis

Statistical analysis was performed to assess the significance of the data related to 
physicochemical characterization, and the biological studies are presented as mean values with 
standard deviations (SD). Statistical comparisons were conducted using GraphPad Prism 8.0.1 
software, with a significance level set at p < 0.05. Two-way ANOVA followed by Tukey’s 
multiple comparison test was applied where necessary. Statistical significance was categorized 
as follows: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

3. Results and Discussion

3.1. Fabrication and morphological analysis of electrospun 2D membrane and 3D 
sponges 
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Our recent study has demonstrated that by strategically blending cationic polyelectrolytes with 
support polymers dissolved in different solvents (non-acidic and acidic), it was possible to 
obtain a production of array of distinct nanofiber materials, i.e., conventional 2D membranes or 
advanced 3D sponges.[42] The presence of in situ protonated tertiary amine groups in cationic 
polyelectrolytes played a key role in the generation of porous 3D nanofiber structures. In the 
present study, we utilized the in situ deprotonation of anionic polyelectrolyte solutions to 
electrospun 3D fiber sponges for rapid hemostasis. Consequently, a macroporous fiber sponge 
containing carboxylate groups is obtained for assisting hemostasis. 

EudragitⓇ S100 (ES) is a synthetic polymer characterized by its pH-responsiveness. It is 
synthesized from a combination of methyl methacrylate and methacrylic acid in a 1:2 ratio. 
When electrospinning is performed with ES or a blended solution, it produces a fiber membrane 
in a 2D sheet-like form, suitable for application in various biomedical fields, especially drug 
delivery.[43] The electrospun fibers prepared from a methanol/DMF binary solvent system also 
exhibited a conventional 2D densely packed nanofibrous structure. (Figure 1a).



12

Figure 1. SEM micrographs of the fibers originating from solutions of ES in methanol/DMF 
with an inset showing a photograph of the resulting 2D membrane (a) and alkaline methanol 
(b). Photograph of 3D ES fiber sponge (c), and illustration of deprotonated carboxylate-assisted 
direct electrospinning of 3D ES fiber sponge compared to conventional electrospinning of a 2D 
ES membrane (d).  

By fine-tuning electrospinning parameters to minimize the formation of beaded fibers and 
encourage the buildup of loosely packed fibers, we successfully produced 3D ES fiber sponges 
using an alkaline spinning solution (Figure 1b and Movie S1, Supporting Information). The 
SEM micrograph revealed that the electrospun 3D ES sponge features a distinct arrangement of 
sparsely distributed fibers about 1 to 3 microns in diameter (Figure 1c). Notably, it exhibits 
significantly larger pore sizes than the 2D ES nanofiber membrane. In Figure 1d, the differences 
in 2D and 3D electrospun structures that arise due to the presence of non-deprotonated and 
deprotonated carboxyl (carboxylate) groups in ES are illustrated. When ES polymer is dissolved 
in alkaline methanol, the carboxyl groups undergo deprotonation, resulting in an increased 
density of negatively charged carboxylate groups along the polymer chain. During the 
electrospinning process, the charged groups are predominantly concentrated on or are present 
in close proximity to the outer surfaces of the nanofibers.[42,44] Such a distribution of charged 
groups generates substantial electrostatic repulsive forces between neighboring nanofibers, 
which play a crucial role in shaping the macrostructure of the resulting materials. As these 
repulsive forces act upon each fiber, they lead to the deposition of loosely packed fibers, 
ultimately facilitating the formation of a highly porous 3D architecture. The findings in this 
study reflect the observations in the previous study, where a similar 3D architecture was 
generated, albeit using the in situ protonation of tertiary amine groups.

ES is not typically considered a hemostatic material, and to improve its hemostatic performance, 
3D Gel/ES fiber sponges were prepared with and without different Ca2+ sources. By optimizing 
the blend ratio of hemostatic biopolymer (gelatin), anionic polyelectrolyte with high charge 
(Eudragit S100) density, and inorganic additives (HA and CaCO3), an effective 3D fiber sponge 
capable of enhancing hemostatic response was electrospun. The optical image and SEM 
analysis provide the macroscopic and microscopic visualization of the prepared 3D Gel/ES and 
its hybrid fiber sponge with HA and CaCO3, as shown in Figure 2. It is evident from the low 
magnification SEM micrographs (Figure 2 b, e, and h) that fibers showed a uniform beadless 
morphology, having highly porous and interconnected pores in all sponges. Figures 2f and 2i 
show distinctly the successful incorporation of HA and CaCO3, which are integrated into 3D 
Gel/ES-HA and 3D Gel/ES-CaCO3 fibers, respectively.
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Figure 2. Photographs and SEM micrographs of 3D Gel/ES-based fiber sponges. The left side 
of the figures shows the photographs of the 3D Gel/ES (a), 3D Gel/ES-HA (d), and 3D Gel/ES-
CaCO3 fiber sponges (g). The middle and right sides of the figure show the low- and high-
magnification SEM micrographs of the 3D Gel/ES (b and c), 3D Gel/ES-HA (e and f), and 3D 
Gel/ES-CaCO3 fiber sponges (h and i). 

3.2. Physicochemical characteristics

The fabrication of the 3D ES fiber sponge was largely facilitated by the carboxylate functional 
group in ES. ES polymer was solubilized in an alkaline solution to achieve the deprotonation 
of carboxylic acid. ATR-FTIR, along with other analyses, was used to verify the presence of 
carboxylate (COO−) in the prepared nanofiber sponge. As observed from the absorbance 
recorded in Figure 3a, the difference in the peak corresponding to the vibration mode of C=O 
is quite visible. 2D ES nanofibers show a single νC=O vibration absorption peak at 1720 cm−1, 
whereas the 3D ES nanofibers demonstrate absorption peaks associated with asymmetrical and 
symmetrical vibration modes of carboxylate (COO−) at 1680 and 1360 cm−1, respectively.[45–
47] The O-H absorbance peaks (~3500 cm−1) derived from carboxylic groups, although varying 
in intensity, are found within both samples.[47,48] Similarly, other absorbance bands associated 
with methylene (~2960 cm-1), methyl (~2850 cm−1), and alkene (~1600 cm−1) groups have not 
changed much between the two types of nanofibers.[49,50] In the fingerprint region, the 
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absorbance spectrum of 3D nanofibers shows a deforming vibration mode of COO− at 800 and 
725 cm-1.[51,52]

Figure 3b shows the measured infrared spectra of 3D fiber sponges composed of blended Gel 
and ES, and their further functionalization with HA and CaCO3. Similar to the 3D ES sample, 
a broad O-H absorbance band (~3350 cm−1) overlapping with an amine absorbance peak 
associated with gelatin was observed. Further, methyl vibration peaks were observed in all 
samples along with the carbonyl and alkene vibration bands. Asymmetrical and symmetrical 
vibration modes of carboxylate were observed in all samples, similar to those of the 3D ES fiber 
sponge.[45,46] Additionally, the ν2 vibration absorbance peak (1060 cm−1 ) due to the presence 
of tetrahedral PO4

3− could be observed in 3D Gel/ES-HA.[53,54] Contrastingly, two carbonate 
vibration peaks (845 cm−1 (out-of-plane vibration) and 760 cm−1 (in-plane vibration)), 
associated with calcite (CaCO3 polymorph), were observed in the 3D Gel/ES-CaCO3 fiber 
sponge, confirming the presence of CaCO3.[55] No other significant differences were 
noticeable from the infrared spectroscopy analysis of the fibers. 

Figure 3. ATR-FTIR spectra of the electrospun materials: Comparison of 2D ES membrane 
and 3D ES sponge with a close-up view on the carboxylate region. Important regions and peaks 
are highlighted and labeled (a), and a compilation of spectra of 3D Gel/ES, 3D Gel/ES-HA, and 
3D Gel/ES-CaCO3 fiber sponges (b). Thermogravimetric analysis of the electrospun materials 
with mass loss during heating in comparison to the different fiber compositions (c). 

The measured thermal properties of the samples, as well as the differences in their 
decomposition behavior, can be seen in Figure 3c. All samples show some degree of weight 
loss during the heating program within the dehydration range. Between 80-100 °C, dehydration-
associated weight loss could be observed, especially in 3D fiber sponges. Among the 3D fiber 
samples, 3D Gel/ES exhibited the maximum dehydration-associated weight loss. All the 
samples show a multi-step weight loss, presumably due to the presence of multiple components 
and their oxidation and pyrolysis occurring at different temperature ranges. [56,57] The effect 
is quite prominent in the 3D Gel/ES fiber sponges, showing multiple steps after the degradation 
onset temperature. The 2D ES fiber membrane has the highest onset temperature at 422 °C, 
compared to the 3D Gel/ES, which has the lowest onset temperature at 242 °C. Inclusion of 
gelatin in nanofibers lowered their decomposition temperatures. However, with the addition of 
inorganic particles, the onset temperature rose again slightly. [58,59] The exact onset, end 
temperatures, and weight loss values are presented in Table S1, Supporting Information. There 
was a reduction in total weight loss at the end of the temperature program with the addition of 
inorganic particles to the fibers. The changes in compactness of fiber sponges seem to play a 
role in governing the transfer of heat within the sponges, which leads to varying thermal 
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behavior. 2D ES fiber samples, being more compact than 3D fibers, can dissipate thermal 
energy marginally better.[60]

The collective properties that can enhance the hemostatic performance of pristine and inorganic 
particle-functionalized 3D Gel/ES fiber sponges, including porosity, water absorption ratio, and 
surface charge potential, were evaluated and compared with a 3D ES sponge and a 2D ES fiber 
membrane. Figure 4a shows the porosity of different fiber samples. Compared to conventional 
2D ES membranes, which consist of densely packed fibers with only surface-level pores, all 3D 
fiber sponges exhibited over 93% porosity due to their fluffy macrostructure, formed by loosely 
packed fiber layers that create significantly larger pores in all directions. The increased porosity 
of the 3D fiber sponge results in a higher specific surface area, which improves its ability to 
absorb water from the blood and concentrate clotting factors quickly.[39,40] Figure 4b presents 
a comparative analysis of water absorption capacities between the 2D membrane and the 3D 
sponges over different periods. The results showed that 3D fiber sponges have an impressive 
water absorption capacity of over 2000%, thanks to their abundant deprotonated carboxylate 
functional groups and interconnected, macroporous structure, reaching an absorption level that 
is 3-4 times greater than that of 2D nanofiber membranes within the initial 30 s. This rapid 
absorption highlights the sponge's superior hydrophilic properties (inset of Figure 4b and Figure 
S1, Supporting Information), underscoring the advantages of electrospun 3D structures in the 
rapid absorption of wound exudate and acceleration of hemostasis. The zeta potential of the 
prepared samples was assessed to determine their surface charges, as earlier research has 
established that this potential is one of the essential hemostatic stimulations.[21] The zeta 
potentials were determined by measuring electrophoretic mobility and, with that, based on 
ideally spherical shapes. The analysis was helpful in comparing the determined zeta potentials 
of the samples relative to one another. For the 2D ES sample, a zeta potential of approximately 
+10 mV is observed. In contrast, all 3D sponges show negative zeta potentials ranging from 
around -25 mV to around -40 mV. For the 3D fiber samples, the introduction of negative charges 
by means of deprotonated carboxylate can be concluded (Figure 4c). Consequently, electrostatic 
repulsion between the fibers, which leads to loosely packed fibers at the macroscale as well as 
3D structures seen macroscopically, is indicated. Beneficially, hemostatic responsive materials 
with a negative zeta potential can activate FXII by absorbing the plasma protein factor XII 
(FXII). It leads to the initiation of the intrinsic blood coagulation pathway through FXI 
activation, besides influencing various vascular responses by triggering the plasma contact 
system.[61,62] Therefore, an effective activation of coagulation factors can be expected from 
the 3D fiber sponge, particularly 3D Gel/ES-based sponges.

Biomaterials intended for use in the human body must exhibit excellent biodegradability to 
ensure safe and good integration with biological systems. To demonstrate the biodegradation 
characteristics of the prepared samples, they were subjected to SBF containing lysozyme for 21 
days.[63] As shown in Figure 4d, both the 2D ES membrane and the 3D ES sponge exhibited 
complete degradation within 1 day. This rapid disintegration can be attributed to the inherent 
solubility of ES in dissolution media with a pH above 7.[43] Conversely, the weight of 3D 
Gel/ES-based fiber sponges declined progressively throughout the experimental period, 
ultimately by over 65%. The comparatively delayed degradation rate observed in the 3D Gel/ES 
fiber sponges relative to the 2D and 3D ES samples can be attributed to thermal crosslinking. 
All these findings clearly indicate that the 3D Gel/ES fiber sponges exhibit outstanding 
biodegradability. In addition to surface properties, structural and mechanical behaviors are 
another important design consideration for hemostatic performance materials. Especially, 
sponge-like, porous hemostatic agents are distinguished by their ability to return to their original 
shape after being compressed. It allows them to effectively cover the entire wound surface and 
apply the necessary pressure, which aids in achieving hemostasis.[37] When compressed 
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repeatedly, the fabricated fiber sponge, possessing a distinctive fluffy architecture, can regain 
its shape, showing good elasticity, as seen in the example of the 3D Gel/ES sponge. (Figure 4e 
and Movie S2, Supporting Information).

Figure 4. Characterization of electrospun 2D membrane and 3D sponges regarding the porosity 
(a), water absorption capacity at 30 s (pattern fill) and 180 s (gradient fill) with insets showing 
water droplets at the samples 30 s after deposit (b), and zeta potential measurements (c), in vitro 
biodegradation in SBF (d). The 3D Gel/ES fiber sponge can be effortlessly returned to its 
original state after compression (e). 

3.3. In vitro hemocompatibility and cytocompatibility 

For any new hemostatic material intended for direct contact with wounds, it is crucial that the 
material presents blood biocompatibility and non-cytotoxic characteristics. According to ISO 
10993-4, hemolysis tests are essential for assessing blood compatibility. Hemolysis refers to 
the process in which erythrocytes break apart, leading to the release of their contents into the 
plasma. Figure 5a displays the hemolysis rates for each sample group, with PBS serving as the 
negative control, showing a 0% hemolysis rate, and distilled water serving as the positive 
control, exhibiting a 100% hemolysis rate. The results showed that the hemolysis rate of all 
samples was remarkably low, quantified at less than 0.1%, which is well within the acceptable 
toxicity threshold of 5%. Additionally, the photograph (inset of Figure 5a) indicates that the 
supernatant for all sample groups, including the negative control, appeared nearly colorless and 
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transparent. In contrast, the positive control exhibited a bright red coloration. These results 
confirmed that all the fabricated fiber samples had excellent blood compatibility in the 
hemolytic assay. 

Figure 5. Hemocompatibility and cytocompatibility of the electrospun samples. Hemolysis 
ratio and photograph of RBCs treated with 2D fiber membrane and 3D fiber sponges (a).  (1: 
PBS, 2: DI water, 3: Gauze, 4: Commercial sponge, 5: 2D ES, 6: 3D ES, 7: 3D Gel/ES, 8: 3D 
Gel/ES-HA, and 9: 3D Gel/ES-CaCO3). Viability of L929 cells treated with 2D fiber membrane 
and 3D fiber sponges (b). Fluorescence microscopy images of L929 fibroblast morphology for 
2D fiber membrane and 3D fiber sponges in comparison to TCP as a control: merged nucleus 
and actin (top), actin skeleton in green (middle), and cellular nucleus in blue (bottom) (c).    

Ensuring the noncytotoxic nature of biomaterials is another critical requirement, as outlined in 
the International Organization for Standardization (ISO) 10993-1. It provides essential 
guidelines for the biological evaluation of medical devices. To assess cytotoxicity, L929 
fibroblasts were exposed to extracts from 2D ES, 3D ES, 3D Gel/ES, 3D Gel/ES-HA, and 3D 
Gel/ES-CaCO₃, and their viability was evaluated using the Presto Blue assay after 24 h, with 
TCP serving as the control (Figure 5b). The results demonstrated that extracts from 2D ES and 
3D Gel/ES exhibited higher cell viability compared to 3D ES and 3D Gel/ES with inorganic 
particles. All extract concentrations were classified as noncytotoxic, as cell viability exceeded 
70% relative to TCP. Statistical analysis using two-way ANOVA with Tukey’s multiple 
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comparisons revealed significant differences between 2D ES and both 3D Gel/ES and 3D 
Gel/ES-HA at full-strength (100%) extract concentrations (p < 0.001) (Fig. 5b). L929 
fibroblasts, a type of adherent connective tissue cell responsible for extracellular matrix 
production, displayed similar morphology and distribution in contact with extracts from the 
tested samples compared to the control group after 24 h of incubation. Their shape and 
spreading behavior closely resembled that of cells cultured on TCP (Fig. 5c). The fibroblasts 
maintained well-defined intercellular interactions, extended filopodia and lamellipodia, and 
adhered effectively to the surface, indicating strong cell-material interaction.

3.4. In vitro hemostatic performance

To assess the hemostatic properties of the prepared samples, in vitro experiments on dynamic 
whole blood coagulation were performed. Medical gauze and a commercial sponge were chosen 
as control materials for effective comparison. According to Figure 6a, the leachates from the 
control samples and those from the 2D and 3D electrospun (ES) samples exhibited a red hue, 
indicating ineffective hemostasis. However, the leachates from the 3D Gel/ES-based sponges 
remained nearly transparent, signifying a superior capacity to coagulate blood. These results are 
consistent with the findings of the BCI (Figure 6b). The BCI was determined by measuring the 
absorbance value of the hemoglobin solution obtained from uncoagulated RBCs. In this 
assessment, a lower BCI value signifies a more rapid clotting rate, indicating superior 
hemostatic efficiency of the materials under investigation. The observed BCI for the various 
sample groups was as follows: 2D ES at 90.01 ± 1.5%, 3D ES at 74.01 ± 1.15%, 3D Gel/ES at 
11.44 ± 0.69%, 3D Gel/ES-Ha at 13.35 ± 0.26%, and 3D Gel/ES-CaCO3 at 10.18 ± 0.34%. 
These BCI values clearly demonstrate that the 3D Gel/ES-based sponge achieved a significantly 
faster clotting rate than the control (whole blood without any material; 100 ± 3.19%), gauze 
(92.46 ± 3.68%), and the commercial sponge (73.67 ± 3.96%). Moreover, the 2D and 3D ES 
samples also showed slower rates of clot formation and elevated BCI values, as they lacked the 
active hemostatic gelatin component. Therefore, the 2D ES and 3D ES samples were excluded 
from further evaluation in terms of coagulation function.

The coagulation performance of 3D Gel/ES-based sponges was additionally verified through 
an in vitro assay measuring blood clotting time, as illustrated in Figures 6c and d. The control 
group, consisting of whole blood without any material, exhibited a clotting time of 285 ± 36.97 
s. All tested materials showed significantly shorter clotting times compared to the control. The 
coagulation time for the 3D Gel/ES fiber sponge was measured at 112.5 ± 17.07 s, comparable 
to gauze (110 ± 14.14 s) and quicker than a commercial sponge (155 ± 1.57 s). The reason for 
the shorter time could be that the 3D Gel/ES fiber sponge has a unique fluffy fiber structure, 
which dramatically increases surface area, and its superhydrophilic nature favors quick blood 
absorption to concentrate the blood cells.[40] Besides, the incorporation of different inorganic 
agents containing Ca2+ considerably improved the coagulation ability of 3D Gel/ES sponges, 
with clotting times of 60 ± 8.16 s for 3D Gel/ES-HA and 52 ± 9.57 s for 3D Gel/ES-CaCO3 
sponges, respectively. Thus, the obtained results demonstrate the efficiency of 3D Gel/ES 
hybrid fiber sponges. Essentially, promoting blood coagulation through their 3D physical 
structure, rapid blood water absorption, accumulation, and concentration of RBCs and platelets, 
as well as the faster activation of coagulation factors. A key characteristic contributing to this 
enhanced coagulation capability is the synergistic effect of the functional carboxylate groups 
present on the sponge surfaces and the inorganic agents incorporated into the 3D matrix. The 
high negative surface potential created by deprotonated carboxylate groups absorbs blood 
components such as fibrinogen and coagulation factors.[62] Simultaneously, the incorporated 
inorganic agents help to establish an elevated concentration of Ca2+, which is critical in various 
coagulation pathways.[9,64] 
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Figure 6. In vitro hemostatic performance of different electrospun samples. Photographs of a 
dynamic whole-blood coagulation process (a) and the corresponding BCI values of samples (b). 
In vitro whole-blood clotting time of samples (c), and photographs of blood clotting time 
measurement (1: Control, 2: Gauze, 3: Commercial sponge, 4: 3D Gel/ES fiber sponge, 5: 3D 
Gel/ES-HA fiber sponge, and 6: 3D Gel/ES-CaCO3 fiber sponge).     

3.5. RBC and platelet adhesion performances of the 3D Gel/ES-based fiber sponges

An essential step of physiological hemostasis is the aggregation and activation of blood 
components, which work together to form blood clots that serve as effective physical barriers. 
The adherence and stable aggregation of RBCs, which are vital for thrombus formation, play a 
significant role in initiating and maintaining the coagulation process.[65] Additionally, platelets 
are essential contributors to hemostasis and thrombosis, with their strong adhesion leading to 
both platelet aggregation and activation.[66] Therefore, we closely examined the surface 
adhesion and morphologies of erythrocytes and platelets on the 3D Gel/ES-based fiber sponges, 
comparing them to the control materials. Figure 7 illustrates both the qualitative and quantitative 
outcomes of these examinations. As shown in Figure 7a, all tested materials showed markedly 
lower erythrocyte adhesion compared to the control (100 ± 3.21%), which consisted of a 
mixture of RBC suspension and DI water without exposure to any test material. Among the 
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reference materials, gauze and commercial sponges showed a low adhesion rate of erythrocytes, 
with only 9.07 ± 0.32% and 9.66 ±0.54% adhesion, respectively. The 3D Gel/ES fiber sponge 
displayed a higher erythrocyte adhesion rate of 33.35 ± 2.41% compared to the control groups, 
indicating that the 3D Gel/ES sponge promoted adhesion. The improvement in capturing 
erythrocytes cannot be attributed solely to the increased blood contact area in the fabricated 
sponge's fluffy, interconnected porous structure.[40] It is also due to its high porosity, abundant 
negatively charged functional groups, deprotonated carboxylate-induced superhydrophilicity, 
and impressive blood absorbency, which contribute to its enhanced adhesion performance. 
Furthermore, a hybrid sponge with the inclusion of HA that has identical fiber structures with 
3D Gel/ES exhibited an increased RBC adhesion rate (58.22 ± 10.52%), suggesting that HA 
nanoparticles greatly promote RBC adhesion by releasing Ca2+ ions. A noteworthy observation 
is that a 3D Gel/ES-CaCO3 sponge incorporating another calcium-containing compound 
exhibited a remarkably high RBC adhesion ratio (83.96 ± 6.03%), significantly surpassing that 
of the 3D Gel/ES-HA. The enhanced adhesive properties can likely be attributed to the 
generation of a high-concentration calcium microenvironment, facilitated by a distinct release 
rate of Ca2+ ions from the CaCO3 compound. Despite both the CaCO3 and HA particles 
containing a similar mass percentage of approximately 40% calcium,[67] the different ionic 
release dynamics appear to significantly influence the overall RBC adhesion capabilities of the 
hybrid sponges. The adhesion behavior of RBCs to the 3D Gel/ES and its hybrid fiber sponges 
was also corroborated through SEM analysis (Figure 7d). The morphological analysis revealed 
the varying presence and distribution of adhered RBCs on fabricated sponges and control 
samples. Additionally, they confirmed the formation of a densely packed array of polyhedral 
erythrocytes, known as polyhedrocytes, which may play a crucial role in creating an 
impermeable barrier that can effectively stop bleeding.[19,68] In detail, limited numbers of 
erythrocytes adhered to the gauze and commercial sponge, while significantly greater numbers 
of RBCs were absorbed by the 3D electrospun sponges and trapped in the inner part of the 
loosely packed fibers of those sponges due to their fluffy and porous design. Moreover, a 
notable transformation in the shape of erythrocytes was observed; they exhibited a shift from 
their characteristic biconcave form to polyhedral shapes when interacting with the 3D fiber 
sponges. The transformation within the 3D Gel/ES-CaCO3 sponge exhibited most polyhedral 
erythrocytes and tightly aggregated, forming larger polygonal cell clusters. This behavior is 
intricately linked to erythrocyte activation and the contraction processes associated with blood 
clot formation.[69]
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Figure 7. The hemostatic mechanism of the 3D Gel/ES-based fiber sponges. The percentage of 
adhered erythrocytes (a) and platelets (b) on the surface of gauze, commercial sponge, 3D 
Gel/ES, 3D Gel/ES-HA, and 3D Gel/ES-CaCO3 fibers. aPTT values of each sample group (c). 
Representative SEM micrographs of RBC and platelet adhesion on the surface of gauze, 
commercial sponge, 3D Gel/ES, 3D Gel/ES-HA, and 3D Gel/ES-CaCO3 fibers (d).    

Regarding platelet adhesion, the fabricated sponges and control materials were incubated for 30 
min with PRP. To assess platelet counts, we employed the LDH assay. Higher levels of LDH 
indicate a greater degree of platelet adsorption onto the materials, which is illustrated in Figure 
7b. The adhesion of platelets to gauze, commercial sponge, and 3D Gel/ES fiber sponge 
exhibited a trend similar to the erythrocyte adhesion results observed with those samples.  All 
tested materials showed lower platelet adhesion compared to the control (100 ± 8.49), which 
consisted of PRP without any material. The gauze and commercial sponge demonstrated low 
platelet adhesion (22.21 ± 0.42% and 15.23 ± 0.36%), while the 3D Gel/ES fiber sponge showed 
a slightly enhanced interaction (40.06 ± 3.49 %), possibly due to its previously mentioned 
unique structural characteristics and surface chemistry. In the context of 3D Gel/ES hybrid fiber 
sponges, the presence of HA and CaCO3 has been shown to significantly improve platelet 
adhesion, as each of these inorganic additives effectively contributes to the activation of the 
coagulation cascade.[64] Principally, there was no significant difference in platelet adhesion 
between the fiber sponges containing HA (61.63 ± 2.73%) and those containing CaCO3 (63.33 
± 1.61%). In addition, the crucial function of platelets in coagulation involves three phases: 
adhesion, activation, and aggregation. Therefore, SEM analysis is particularly valuable for 
observing platelet activation and aggregation on the fibers of sponges. In general, platelet 
activation is directly linked to the size of the area containing platelets and the formation of 
pseudopodia. In Figure 7d, it is observed that small individual platelets with spherical areas and 
no pseudopodia were dispersed on the gauze and commercial sponge, indicating an inactivated 
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platelet state. Although the pseudopodia of the platelets were observed to be extended partially 
on 3D Gel/ES fibers, thereby facilitating the attachment of a larger number of platelets to the 
sponge, there was still the presence of inactivated platelets. The new emerging direct and non-
direct impact factors for changing platelets' physiological states within the 3D Gel/ES fiber 
sponge were its carboxylate-functionalization and a stable 3D nanofiber architecture possessing 
interconnected pores without compromising the functionality of the intrinsic nanofibers. In 
contrast, abundant platelet aggregates and substantial platelets with more extended and 
surrounded pseudopodia formations were observed within both 3D Gel/ES fiber sponges 
containing calcium compounds, a representative feature of activated platelets compared with 
other sample groups. It can be inferred that 3D hybrid fiber sponges releasing Ca2+ may result 
in a rise in free Ca2+, which enhances the expression of glycoprotein IIb/IIIa (a platelet surface 
receptor) and the binding of fibrinogen to platelets, and would synergistically accelerate platelet 
activation.[27] In parallel, the elevated negative charges of those sponges are advantageous for 
triggering the activation of clotting factors and the coagulation cascade, while the hydrophilic 
carboxylate groups are likely to damage platelets.[15,70] Moreover, the micrographs revealed 
that activated platelets, which aid in the conversion of soluble fibrinogen into insoluble fibrin 
monomer, began to build a “spider web-like fibrin network” of aggregation through the 
entanglement of pseudopodia, which was a vital sign of procoagulant.[15,19,20] 

The effects of the 3D Gel/ES-based fiber sponges on the extrinsic and intrinsic coagulation 
pathways were evaluated by measuring the PT and aPTT, respectively. As shown in Figure 7c, 
3D Gel/ES and 3D Gel/ES-HA fiber sponges showed a slight increase in aPPT values compared 
with the control group (plasma without any added material), while all remained within the 
normal range. There were no statistically significant differences in PT levels between all 
experimental groups and control groups (Figure S2, Supporting Information). These results 
indicated that the studied samples did not adsorb coagulation factors in PPP or had a minimal 
impact on the initiation of traditional intrinsic and extrinsic coagulation pathways and did not 
affect human coagulation factor activity. It is widely known that the intricate process of blood 
clotting is fundamentally reliant on the dynamic interplay of various components, primarily the 
activity of plasma coagulation factors, as well as the quantity and quality of functional platelets 
and erythrocytes.[71] Since there were no clear enhancements in the activation of plasma 
coagulation factors by 3D Gel/ES-HA, we assume that the procoagulation was a result of 3D 
Gel/ES-HA’s effects on erythrocytes and/or platelets, as well as an external coagulation cascade 
that accelerates fibrin synthesis.[19,71]  Interestingly, the clotting time of PPP treated with a 
3D Gel/ES hybrid sponge containing CaCO3 compound was significantly shortened (by 60%) 
compared to the control, indicating that 3D Gel/ES-CaCO3 could enhance the intrinsic 
coagulation pathway. Overall, activating the intrinsic pathway of the coagulation cascade, along 
with the adhesion, enrichment, and activation properties of erythrocytes and platelets, led to the 
best hemostatic performance in the 3D Gel/ES hybrid fiber sponges in vitro, particularly in the 
3D Gel/ES-CaCO3. This dynamic interaction illustrates the potential of these sponges as 
effective hemostatic agents in vivo.

3.6. In vivo hemostatic performance

The 3D Gel/ES hybrid fiber sponges demonstrated the shortest time for blood clotting in an in 
vitro assay, prompting further assessment of their hemostatic effectiveness in both the rat liver 
hemorrhage and tail amputation models (Figure 8a-c). As shown in Figures 8d and e, an in vivo 
hemostasis evaluation was conducted using a rat liver injury model.  There were no statistically 
significant differences in the body weight of rats among the experimental groups during the 
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study. The mean body weights were 192.0 ± 7.7 g for the gauze group, 189.6 ± 5.4 g for the 
commercial sponge group, 187.8 ± 6.5 g for the 3D Gel/ES-HA group, and 194.0 ± 3.5 g for 
the 3D Gel/ES-CaCO3 group. The in vivo hemostatic assessment of the 3D Gel/ES hybrid 
sponge samples demonstrated a strong correlation with the previously established in vitro 
hemostatic performance. In detail, the mean bleeding time for the gauze group was 153 ± 24 s, 
while the average blood loss was 138.74 ± 11.92 mg. The commercial gelatin sponge reduced 
clotting time by 10% and bleeding volume by 31%. Rats treated with the 3D Gel/ES-HA and 
3D Gel/ES-CaCO₃ fiber sponges exhibited significantly shorter bleeding times of 43 ± 6.78 and 
44 ± 7.7 s, respectively, with blood losses of 31.53 ± 17.64 and 26.37 ± 9.99 mg. These results 
corresponded to reductions in clotting time of 72% and 71% and decreases in blood volume of 
77% and 81% compared to the control gauze group. 
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Figure 8. In vivo hemostatic performance of the 3D Gel/ES hybrid sponges. Schematic diagram 
of hemostatic procedure for bleeding of the rat liver injury and tail amputation model (a). 
Photographs of the hemostatic effect of samples on the liver injury (b) and tail amputation (c). 
Hemostasis time and blood loss from bleeding of rat livers (d and e).  Hemostasis time and 
blood loss from bleeding of rat tails (f and g). 
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An additional in vivo study was performed using a rat tail amputation model (Figure 8f and g). 
Similarly to the liver injury model, no significant differences in body weight were observed 
among groups in the liver injury model. The mean body weights were 187.0 ± 4.4 g for the 
gauze group, 190.6 ± 6.3 g for the commercial sponge group, 193.0 ± 5.9 g for the 3D Gel/ES-
HA group, and 188.2 ± 3.8 g for the 3D Gel/ES-CaCO3 group. The gauze control group 
exhibited an average bleeding time of 339 ± 27.82 s and an average blood loss of 110 ± 19.73 
mg. The application of various hemostatic dressings significantly decreased both bleeding time 
and total blood loss. The 3D Gel/ES-HA sponge substantially shortened the bleeding time to an 
average of 90 ± 9.48 s while reducing blood loss to 31.32 ± 22.12 mg. The 3D Gel/ES-CaCO₃ 
fiber sponge further reduced the average hemostasis time to 66 ± 20.43 s, with blood loss 
decreasing to 19.43 ± 16.32 mg. Furthermore, the 3D Gel/ES hybrid sponges outperformed the 
commercial gelatin sponge, which had an average hemostasis time of 156 ± 15.29 s and a blood 
loss of 90.72 ± 17.7 mg. The collective findings from the in vivo study provide robust evidence 
that the 3D Gel/ES-CaCO3 fiber sponge effectively promotes hemostasis in mild-to-moderate 
bleeding models. Compared with recent studies on gelatin-based hemostatic sponges (Table S1, 
Supporting Information), Gel/ES hybrid fiber sponges prepared by a simple, one-step method 
have a considerable advantage in reducing hemostatic time and blood loss, thereby reinforcing 
the present study's innovation and practical value. Further studies, including femoral artery 
injury models, are warranted to evaluate its potential for managing severe and non-compressible 
hemorrhages. 

Based on comprehensive in vitro and in vivo evaluations of hemostatic performance, we 
hypothesized a synergistic hemostatic mechanism for the 3D Gel/ES hybrid fiber sponge, 
including physical interactions and enhanced coagulation stimulants. (Figure 9). When the 
superhydrophilic 3D sponge is applied to the bleeding site, its light and highly porous structure 
facilitates the rapid extraction of fluid from the blood. Simultaneously, continuous and 
interconnected fibers effectively promoted the aggregation of platelets and RBCs, allowing for 
the development of a preliminary bundle of sponge and blood cells. During this process, 
deprotonated carboxyl groups, as well as the Ca2+ released from the hybrid fibers, triggered 
coagulation factors via the intrinsic pathway, affecting their activating role on platelets and 
RBCs. 3D Gel/ES-CaCO3 fiber enabled plentiful RBCs to adhere and aggregate into 
polyhedrocytes. It facilitated substantial platelets exhibiting elongated and intricately structured 
pseudopodia, effectively synergizing to speed up platelet activation, forming tightly packed cell 
clusters. Ultimately, such a tight cluster of fiber sponge-platelets-polyhedrocytes may merge 
with an insoluble fibrin fiber network to form a thrombus, establishing a strongly stable 
hemostatic barrier in the short term.
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Figure 9. Schematic illustration of the hemostatic mechanisms of the 3D Gel/ES hybrid fiber 
sponge.

An extensive evaluation of the overall efficacy of deprotonated carboxylate-functionalized 3D 
hybrid fiber sponges as biodegradable implantable hemostatic agents tailored for managing 
visceral organ hemorrhages has been planned. This will include in vivo studies over a prolonged 
period to better understand their performance, longevity, and integration within biological 
systems. The long-term follow-up study aims to provide critical insights into the safety, 
biocompatibility, and potential clinical applications of these innovative hemostatic materials in 
surgical and trauma settings.

4. Conclusion

In this study, we present a successful development of a novel one-step electrospinning strategy 
for the fabrication of carboxylate-functionalized 3D Gel/ES-based sponges designed for rapid 
hemostasis. Particularly addressing the challenges in the development of hybrid multifunctional 
materials for effective hemorrhage control. Facilitated by the deprotonation of carboxyl groups 
in ES, electrospinning led to the generation of fluffy, highly porous, and interconnected fiber 
morphology. The fiber sponges obtained by exploiting electrostatic repulsion among fiber 
surfaces during electrospinning resulted in a substantial, interconnected porous architecture, 
superhydrophilicity, good elasticity, and a negative surface potential. Physicochemical analyses 
of generated fibers support their suitability as mechanically stable and physiologically effective 
hemostatic materials. Furthermore, functionalization of fibers using inorganic bioactive agents 
such as hydroxyapatite and CaCO3 improved their hemostatic effectiveness. Functionally, the 
formation of a stable blood clot within the 3D Gel/ES hybrid sponges is promoted by 
contributing to the activation of platelets and the enrichment of erythrocytes into a polyhedron. 
In vivo studies further confirmed their multifunctionality in hemostasis, which is synergistically 
powered by a rapid release rate of Ca2+ ions and an abundance of deprotonated carboxylate 
groups. As highlighted via rat tail amputation and liver injury model study, 3D Gel/ES-HA and 
3D Gel/ES-CaCO3 exerted a robust sealing effect on the bleeding site, with a short hemostasis 
time and less blood loss compared to commercial agents. The proposed strategy offers an 
effective, multifunctional platform for practical hemorrhage control in mild-to-moderate 
bleeding scenarios. The resulting 3D nanofiber sponges are well-suited for further optimization 
toward industrial scalability, presenting a clinically and commercially viable solution with 
strong translational potential. Future work will focus on evaluating their efficacy in additional 
bleeding models, as well as their safety, biocompatibility, and clinical applicability.
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•  A facile strategy for deprotonated carboxylate-assisted direct electrospinning of 
fluffy fiber sponge was reported for the first time.

• Deprotonated carboxylate simultaneously imparts three-dimensionality, 
superhydrophilicity, and highly negatively charged surfaces to fibrous matrices.

• Hybrid fiber could facilitate the adherence and aggregation of abundant blood 
cells, forming an impermeable barrier.

• 3D hybrid fiber sponge shows superior hemostasis performance than 
traditional alternatives.


