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Abstract
Objectives: This study investigated the hemolytic activity of a geranylgeraniol (GGOH)/
clindamycin (CDM)-loaded composite hydrogel developed as a potential preventive 
measure for medication-related osteonecrosis of the jaw associated with bisphosphonate 
(MRONJ-B).

Methods: The surface and structural properties of the drug-loaded hydrogel were char-
acterized using stereomicroscopy, scanning electron microscopy, confocal fluorescence 
microscopy, and micro-computed tomography. The hemolytic activity of the drug-free 
(control) and drug-loaded hydrogels was comparatively assessed using three in vitro 
models: washed red blood cells (RBCs), diluted whole blood, and clotted whole blood, 
to evaluate the impact of the plasma and fibrin matrix on the hemolytic potential of the 
materials.

Results: The results showed that the drug-loaded hydrogel exhibited an average pore 
size of 38±24 μm, with a porosity of 84±4.3% and an interconnectivity of 99.9±0.1%. 
The control hydrogel demonstrated minimal hemolysis (<0.5%) in all test models. While 
the drug-loaded hydrogel exhibited increased hemolysis (>5%) in both washed RBC and 
diluted whole blood models, the presence of natural fibrin formation and platelet lysate 
significantly mitigated the hydrogel's hemolytic activity. Notably, platelet lysate encap-
sulation provided superior RBC protection compared to natural fibrin within the clotted 
whole blood model. Histological analysis of the drug-loaded hydrogel in ex vivo cultures 
with clotted whole blood did not reveal significant RBC toxicity.

Conclusions: These findings suggested that the drug-loaded composite hydrogel may be 
suitable for further in vivo investigations of its biocompatibility and efficacy in preventing 
MRONJ-B.
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Introduction
	 Medication-related osteonecrosis of the jaw 
(MRONJ) associated with bisphosphonates (MRONJ-B) 
is a condition characterized by necrotic exposed bone in 
the maxillofacial region that does not heal after 8 weeks 
in patients who are receiving or have previously received 
bisphosphonates (BP) and have no history of radiation 
therapy in the craniofacial region.(1) Recently, dual pro-
longed releases of geranylgeraniol (GGOH) and clinda-
mycin (CDM) from composite drug carriers, developed 
for the potential prevention of MRONJ-B, were reported. 
These composite hydrogels were primarily composed of 
carboxymethyl chitosan (CMCS) and amine-function-
alized mesoporous silica, Mobil Composition of Matter 
No. 41 (NMCM-41) nanoparticles.(2,3) The biological 
properties, including in vitro and in vivo biocompatibility, 
the ability to reverse the cytotoxicity of zoledronic acid 
(ZA), and antibacterial activity, of these dual drug-loaded 
hydrogels have also been reported.(2,3) Several studies 
have supported the application of GGOH in reversing 
angiogenesis inhibition(4) and local toxicity(5) of BP. In 
addition, GGOH may be a potential drug for MRONJ-B 
prevention due to its ability to maintain a population of 
viable mesenchymal stem cells (MSCs) with osteogenic 
efficacy against BP.(6,7) CDM, a widely used antibacterial 
drug for odontogenic infections, is particularly effective 
against oral streptococci and strictly anaerobic bacte-
ria(8), and helps control oral bacterial infections, which 
are identified as an important part of the etiopathogenesis 
of MRONJ-B.(9) The in vitro data suggest that implanta-
tion of these GGOH/CDM-releasing NMCM-41/CMCS 
composite hydrogels into bony extraction sockets may 
help prevent MRONJ-B in high-risk patients. 
	 Although CMCS exhibits high biocompatibility(10-13), 
studies have demonstrated that MCM-41 nanoparticles can 
induce hemolysis exceeding 5% at concentrations ranging 
from 100 to 500 μg/mL.(14-16) Furthermore, GGOH has 
been reported to cause significant hemolysis, exceeding 
20%, at concentrations above 500 mg/mL.(17) This raised 
concern about the hemocompatibility of these recently 
developed GGOH/CDM-releasing NMCM-41/CMCS 
composite hydrogels, which warrant blood compatibility 
assessment before the animal and clinical studies
	 As with intravascular medical devices, hemocom-
patibility is also important for the local application of 
blood-contacting extravascular devices, such as implanted  

biomaterials and the aforementioned GGOH/CDM- 
releasing NMCM-41/CMCS composite hydrogels. Blood 
is a complex biological fluid composed of approximately  
55% plasma, 44% red blood cells (RBCs), and 1%  
leukocytes and platelets. To prevent the excessive activa-
tion and destruction of blood components, newly developed  
medical devices must not elicit harmful interactions with 
blood components, especially RBCs, which are the most 
abundant blood cells. RBCs are highly susceptible to  
hemolysis due to shear stress, osmotic pressure fluctua-
tions, and drug-induced oxidative stress.(18) Hemolysis 
can have a negative impact on tissue healing, resulting in 
delayed or non-healing tissues.(19) For example, hemolytic 
RBCs release hemoglobin and heme into surrounding 
healing tissues. Heme, a damage-associated molecular 
pattern (DAMP) derived from ruptured RBCs, exerts 
potent pro-inflammatory and pro-thrombotic effects.(20) 
It also triggers excessive activation of platelets, endo-
thelial cells, and immune cells and changes the func-
tional properties of plasma proteins.(20) Heme-mediated  
immune dysregulation may exacerbate infection-associated  
diseases, such as MRONJ-B. Hemoglobin and heme  
possess oxidative properties. Specifically, heme has been 
demonstrated to oxidize low-density lipoprotein, a process 
that can subsequently trigger the activation of toll-like 
receptors 2 and 4, leading to the stimulation of patho-
genic innate immune cells.(21,22) Moreover, hemolysis 
also induces the formation of erythrophagocytes, which 
negatively regulate inflammation and immunity, and may 
modulate disease-specific outcomes.(19) Damaged RBCs 
may also impair oxygen delivery to tissues.(23) Since the 
correlation between in vitro hemolysis and in vivo toxicity  
has been reported(24), in vitro hemolysis assays are 
thus crucial for initial biomaterial-blood compatibility  
assessment, preventing poor tissue healing and potentially  
severe acute toxic reactions when tested in vivo.(25) 
	 To evaluate the potential for in vivo biocompatibi- 
lity and MRONJ prevention of the novel, in-house  
developed GGOH/CDM-loaded composite hydrogel, 
it was imperative to first assess its possible hemolytic  
activity. This study was thus conducted to determine the in 
vitro hemolytic potential of the drug-releasing hydrogel. 
Furthermore, the influence of biologically relevant factors, 
such as plasma, fibrin matrix, and platelet lysate (PL) gel 
encapsulation, on its hemolytic activity was investigated. 
The study hypotheses were that the drug-loaded hydro-
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gel exhibited acceptable hemolytic activity and that the 
plasma, fibrin matrix and PL gel affected the hemolytic 
activity of the drug-loaded hydrogel.

Materials and Methods

Materials
	 Water-soluble CMCS (Mw=3.0×105 Da, degree 
of substitution (DS)=0.9) and NMCM-41 mesoporous 
silica nanoparticles were directly prepared in our  
laboratory, according to the method described in the  
literature.(2) Clindamycin hydrochloride (MW=479.46 g/
mol) and GGOH (MW=290.48 g/mol) were supplied by 
Sigma-Aldrich Corporation. All analytical-grade chemi-
cals were used as received without further purification. 
	 The Blood Bank at Thammasat University Hospital 
kindly provided expired leukocyte-poor pooled platelet  
concentrate (LPPC) and buffy coat samples. Healthy  
volunteers provided whole blood samples. This study 
was ethically approved by the Ethics Review Sub-Com- 
mittee for Research Involving Human Research Subjects 
of Thammasat University No. 3 (COA No. 068/2564), the 
Institutional Biosafety Committee of Thammasat Univer-
sity (057/2564). 

Preparation of composite hydrogels
	 A composite hydrogel used in the present study was 
NMCM-41/CMCS composite hydrogel that was initially  
fabricated in a disc form with a dimension of 4 mm  
diameter x 2 mm thickness) and then loaded with 240 
mg CDM and 120 µg GGOH per specimen (coded as 
drug-loaded hydrogel). Both drug-loaded and drug-free 
(coded as control hydrogel) hydrogels were prepared in 
our laboratory using the method described in a previous 
report.(2) All specimens were UV-sterilized for 1 h before 
being tested. 

Preparation of hydrogels encapsulated with human 
PL gel
	 The PL was prepared from LPPC containing  
approximately 1-1.5x106 platelets/µL that were subjected 
to 3 freeze-thaw cycles at 37°C and -80°C. To initiate 
gelation and form PL gel, 147 µL of PL was mixed with 
3 µL of 1 M CaCl2. Subsequently, 30 µL of the mixture 
was dropped onto each pre-wet hydrogel (4 mm diameter 
x 2 mm thickness). The PL gel-encapsulated hydrogels 

were then incubated at 37°C for 45 min to allow complete 
gelation. The PL gel-encapsulated drug-loaded hydrogel 
was coded as PL-drug-loaded hydrogel.

Structural characterization of hydrogels and PL 
gel-encapsulated hydrogels
	 The pore structure and microstructural morpho- 
logy of hydrated samples were also examined by using 
a stereomicroscope, X-ray microcomputer tomography 
(µCT), confocal fluorescence microscopy, and scanning 
electron microscopy (SEM). For visual observation under 
the stereomicroscope, the encapsulated hydrogels were 
prepared within the PL gel mixed with food-grade purple 
coloring (Food color violet color, Best odour Co., Ltd). 
The samples were then visualized under a stereomicro-
scope (Euromex, Arnhem, The Netherlands). 
	 For the µCT examination, drug-loaded hydrogel and 
PL-drug-loaded hydrogel specimens were fully hydrated 
in distilled water overnight and stained with 0.2% Lugol’s 
iodine solution (a mixture of one part iodine and two 
parts potassium iodide in water) for 24 h and scanned in a 
container filled with distilled water using a µCT SkyScan 
1275 (Bruker µCT, Kontich, Belgium) under the follow-
ing parameters: pixel size=8 µm, source voltage=40 kV, 
source current=80 µA, no filter, and rotation step=0.2°. 
Two- and three-dimensional visualizations of the hydrogel 
were obtained using DataViewer and CTVox, respec-
tively. Adaptive thresholding and 3D despeckling were 
employed to segment dense material from voids. Porosity 
analysis was conducted using CTAn software. Intercon-
nectivity was calculated as the ratio of open pore volume 
to total pore volume. Total porosity and interconnectivity 
were determined from analyses of the middle region of 
the hydrogel specimen. 
	 Autofluorescence of the fibrin matrix within the PL 
gel was used to visualize the presence of the PL gel in the 
porous space of the drug-loaded hydrogel specimen. The 
PL-drug-loaded hydrogel was prepared, and scanning was 
performed using the Nikon C2plus confocal microscopy 
(Nikon Corporation, Tokyo, Japan). The specimens were 
captured using a 20× objective in two channels (green and 
blue), and the autofluorescence images were then merged. 
For SEM analysis, samples were exposed to a series of 
washes with increasing ethanol concentrations of 20%, 
50%, 70%, and 100%. The samples were then left to  
dehydrate completely at 37°C overnight. Finally, the  
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samples were sputter-coated with gold for 6 min using 
a sputtering coating machine (Smart Coater, JEOL Ltd., 
Tokyo, Japan) and subjected to SEM analysis using 
JEOL NeoScope JCM-6000 scanning electron micro-
scope. (JEOL Ltd., Tokyo, Japan). The average pore sizes 
were also measured directly from their SEM images using  
ImageJ with 50 pores per image (n=3).

RBC hemolysis test
	 In the present study, the hemolysis test was performed 
using three different models with RBCs and three different 
blood compositions (Figure 1). These models included 
(1) washed RBCs, i.e., the tested sample immersed in 
1% washed RBCs in phosphate-buffered saline (PBS, pH 
7.0), (2) diluted fresh whole blood, i.e., the tested sample 
immersed in 1% fresh whole blood consisting of similar 
compositions to the whole blood with 1:100 dilution, 
and (3) clotted fresh whole blood, i.e., the tested sample 
encapsulated in a clotted blood with the presence of fibrin 
matrix. The total volume for each test was maintained at 
600 µL for each tested hydrogel.
	 For washed RBCs and diluted whole blood hemoly-
sis tests, 3 mL of whole blood was collected into a 3-mL 
VACUETTE Coagulation sodium citrate 3.2% tube. RBC 
suspensions were prepared by centrifuging freshly drawn 
blood samples at 1700× g for 5 min. The supernatant was 
removed and replaced with 2 mL of PBS. This washing 
procedure was repeated thrice until the supernatant was vi-
sually clear. The final RBC pellet was resuspended in PBS 
to a concentration of 1%. For experiments using diluted 
fresh whole blood, the washing procedure was omitted, 
but subsequent experimental steps remained unchanged. 
In the clotted blood model, fresh whole blood was used 
without any additional processing steps.
	 Following 3 h incubation at 37°C of the tested  
hydrogels with the RBCs, the supernatants were collected 
by centrifuging at 2000 g for 5 min, and the absorbance 
at 540 nm was then measured using a microplate spectro-
photometer Varioskan® Flash Spectral Scanning Multi-
mode Reader (Thermo Scientific, Waltham, MA, USA). In 
some experiments, the remaining RBCs were smeared and  
observed under a light microscope. The mean percentage 
of spherocytes was quantified across four microscopic 
fields per group. Meanwhile, the RBCs adhered to the 
hydrogels were prepared for SEM analysis, as described 
below. The positive control was prepared by disrupting 

the RBC membrane with sterile deionized (DI) water, 
while the negative control consisted of RBCs incubated 
in PBS. The hemolysis was calculated using the following 
equation:

Hemolysis (%) = × 100
ODtest – ODneg
ODpost – ODneg

Figure 1: Schematic diagram showing the three different hemo-
lysis models used in the present study. (A), Washed RBCs model 
consisting of 1% washed RBCs in PBS: (B), Diluted fresh whole 
blood model containing 1% fresh whole blood, which consisted of 
1% RBCs with 5% human plasm in PBS: (C), Clotted fresh whole 
blood consisting of undiluted RBCs and other blood cells within 
fibrin network and plasma.

Morphological characteristics of the remaining RBCs 
on the hydrogel surface
	 SEM was used to observe morphological features 
of the remaining RBCs adhering to the hydrogel surface 
after the hemolysis test. The samples were fixed in 10% 
formalin for 24 h before dehydration and processing and 
subsequently examined by SEM, as described above.

Ex vivo cultures of hydrogel-embedded clotted fresh 
whole blood and histological analysis
	 Each pre-wet hydrogel was incubated with 600 µL of 
fresh whole blood in end-cutting inverted 1.5 mL micro-
tubes for 1 h to allow complete blood clotting. Cell culture 
medium (α-minimum essential medium (Gibco Life Tech-
nologies Ltd, Paisley, UK) containing 10% fetal bovine 
serum supplemented with 200 U/mL penicillin, 200 μg/
mL streptomycin, 2 mM L-glutamine (all from Gibco) was 
added to overflow the microtubes, and incubation con-
tinued for an additional 1 h and 24 h in a 37°C incubator 
with a humidified atmosphere of 5% CO2. Clotted fresh 
whole blood samples without hydrogels were also used 
for comparison. At the end of each time point, the clots 
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were fixed with 10% formalin for 48 h and transferred to 
5% formalin until processed into histological samples. 
Paraffin sections were cut at a 5-µm thickness, stained 
with hematoxylin and eosin (H&E), and observed under 
the Nikon C2plus microscope (Nikon Corporation, Tokyo, 
Japan) using both brightfield and phase contrast modes. 
Clotted fresh whole blood samples without hydrogels 
were used for comparison.

Statistical analyses
	 Unless otherwise noted, the studies were carried out 
at least in triplicate, and the results were reported as the 
mean ± standard deviation (SD) based on three separate 
experiments. Statistical differences were analyzed using 
one-way Analysis of Variance (ANOVA) followed by post 
hoc Bonferroni tests (SPSS software version 26; SPSS, 
Inc., Chicago, IL). A p-value of 0.05 or less was consi- 
dered statistically significant.
 
Results and Discussion

Characterization of the hydrogels
	 The microstructure of the drug-loaded hydrogel is 
shown in Figure 2. Stereomicroscopic analysis revealed a 
porous structure and an irregular surface of the drug-loaded  
hydrogel (Figures 2A and 2B). The fluorescence images  
obtained from the autofluorescence of CMCS in the blue 
channel revealed the ultrastructure of non-processed  
samples, which revealed the porous structure of the 
drug-loaded hydrogels (Figures 2C and 2D). SEM  
micrographs in Figures 2E and 2F further demonstrated an 
interconnected network of pores within the hydrogel, with 
mesoporous silica nanoparticle agglomerates dispersing 
throughout the CMCS matrix surface. Measured directly 
from the SEM images, the average pore size was approx-
imately 38±24 μm. Most pore size fell within a range 
between 20 μm and 40 μm (Figure 2G). In Figure 2H, 
the 3D uCT image confirmed the porous structures of the  
hydrogel with porosity of 84±4.3% and interconnectivity 
of 99.9±0.1%. The microstructure of the control (drug-
free) hydrogel was similar to that of the drug-loaded  
hydrogel.
	 Given the interaction between the hydrogel and 
RBCs, the highly porous structure of the hydrogel, char-
acterized by interconnected pores exceeding 5 μm in  
diameter, facilitated the diffusion of RBCs throughout 

its extensive surface area. This intimate contact between 
RBCs and the hydrogel microstructures positively raises 
the potential for contact-induced hemolysis, warranting 
further investigation into the hemolytic activity of the 
material.
 
Characterization of PL-encapsulated drug-loaded  
hydrogels
	 A previous study has demonstrated that GGOH could 
induce hemolysis in vitro. It is, therefore, plausible that, 
besides potential contact-induced hemolysis, GGOH  
released from the drug-loaded hydrogel, as previously  
reported(3), might contribute to the hemolytic activity of 
the hydrogel. Our earlier work suggested a role for fibrin 
gel in the controlled release of GGOH from hydrogels.(2) 
To mitigate this hemolytic effect, encapsulation within 
a fibrin-containing PL gel was employed in the present 
study.
	 Following the encapsulation of drug-loaded hydro-
gels within the PL gel mixed with purple food coloring,  
direct observation under a stereomicroscope showed 
that the PL-drug-loaded hydrogel surface exhibited  
reduced porosity and roughness due to the spreading of the  
purple PL gel into the pores and across the entire surface 
(Figure 3A). Cross-sectional images of the hydrogels 
also supported these observations. The PL-drug-loaded 
hydrogel showed significant penetration of the purple 
PL gel throughout the material, highlighting the effec-
tive infiltration and distribution of the PL gel within the  
hydrogel (Figure 3A).  
	 A confocal fluorescence microscopy analysis of the 
PL-drug-loaded hydrogel in Figure 3B demonstrated 
the formation of PL-derived fibrin within the hydrogel 
pores. The porous structure of the hydrogel displayed blue  
autofluorescence in the blue channel, whereas the PL gel 
containing fibrin exhibited notable green autofluorescence 
observed in a green channel within the pore structure  
(Figure 3B). This observation suggested the integration of 
PL gel coating throughout the surface and internal pores 
of the hydrogel. In Figure 3C, SEM images reveal pore 
structure and microstructural morphology of the PL-drug-
loaded hydrogel. The PL gel, characterized by a fine mesh-
like structure of fibrin fibers, infiltrated into the pores of 
the hydrogel, as shown in Figure 3C. This suggested that 
the fibrinous PL gel could fill the material cavities. The 
formation of the fibrin network of PL gel occurred within 
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the porous structure of the hydrogel was consistent with 
the pore size analysis of the PL-encapsulated drug-loaded 
hydrogel (Figure 3D), which indicated a reduction in the 
average pore size compared with that of the non-PL-incap-
sulated hydrogel. This is likely due to a reduction in the 
number of smaller pores, resulting in a population of pores 
with a more uniform size distribution, as shown in Figure 
3C. Pore size analysis revealed that both drug-loaded 
hydrogel and PL-drug-loaded hydrogel had median pore 
sizes within 20-40 μm (Figure 3D). However, the average 
pore size of the drug-loaded hydrogel was approximately  
62±24 μm, compared with that of 38±24 μm of the  
PL-drug-loaded hydrogel. An increase in the fibrin-filled 
pores in the PL-drug-loaded hydrogel was clearly evident 

by uCT analysis (Figure 3E). The drug-loaded hydrogel 
encapsulated within PL gel experienced a decrease in total 
porosity values from 84±4.3% (of the starting drug-loaded  
hydrogel) to 41±6.9%, while the interconnectivity  
values before and after encapsulation were 99.9±0.1% and 
98±0.3%, respectively. The formation of PL-derived fibrin 
matrix within the presently studied drug-loaded hydrogel 
appeared to be similar to that derived from human plasma 
within the previously reported drug-loaded plasma-treated  
MCM-41/CMCS composite hydrogel.(2) This would  
reasonably allow the sufficient diffusion of oxygen/
nutrients and the capillary ingrowth to the implanted 
drug-loaded hydrogel at the tooth extraction site in vivo. 
	 In summary, these findings suggested that the  

Figure 2: Porous structure of the drug-loaded hydrogel. Surface morphology of the hydrogel under a stereomicroscope at low (A) and high 
(B) magnifications. Blue channel autofluorescence images at low (C) and high (D) magnifications. Representative SEM images at a low 
magnification revealing pore interconnectivity (E) and a high magnification showing the agglomeration of mesoporous silica nanoparticles 
(black arrows) on the hydrogel surface (F). The pore size distribution analysis is shown in (G). The data are presented as mean percent ± SD  
(n=3). (H) 3D uCT image of the drug-loaded hydrogel.
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encapsulation of the PL gel allowed it to penetrate into the 
pore structure of the drug-loaded hydrogel. This might act 
as a barrier to protect RBCs from direct contact with the 
hydrogel surface, thus potentially preventing RBC lysis.
 
Assessment of hemolytic activity of drug-loaded  
hydrogels in three different ex vivo models
	 To evaluate the hemolysis of the control (drug-free), 

drug-loaded, and PL-drug-loaded hydrogels, three differ-
ent models, i.e., washed RBCs, diluted fresh whole blood, 
and clotted fresh whole blood, were used. As shown in 
Figure 4A, the hemolysis rate of the control hydrogel 
exhibited minimal values in washed RBCs, diluted fresh 
whole blood, and clotted fresh whole blood, measuring 
0.27±0.32%, 0.11±0.19%, and 0.35±0.002%, respectively. 
These were much below the 2% threshold considered for 

Figure 3: Pore structure and microstructural morphology of PL-drug-loaded hydrogel. (A), Stereomicroscopic images of the PL-drug-loaded 
hydrogel demonstrated the purple PL gel (*) spreading into the pores, as seen in a cross-sectional aspect: (B), Autofluorescence images of 
the PL-drug-loaded hydrogel revealed the presence of green autofluorescence of fibrin within the PL gel and blue autofluorescence of the 
hydrogel porous structure: (C), SEM images revealed the pore structure and microstructural morphology of the PL-drug-loaded hydrogel: 
(D), A summary of pore size distribution analysis comparing PL-drug-loaded hydrogel with drug-loaded hydrogel. The data are presented 
as a mean percent±SD (n=3): (E), 2D uCT images of the drug-loaded and PL-drug-loaded hydrogels.
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non-hemolytic materials in all three models tested(26), 
indicating the excellent compatibility of the control  
hydrogel with RBCs. In contrast, the drug-loaded hydro-
gel demonstrated significantly increased hemolysis rates 
compared with the control hydrogel in the models using 
washed RBCs and diluted fresh whole blood, measuring 
5.45±1.63% and 8.43±4.72%, respectively. These values 
exceed the acceptable limit of 5% hemolysis(26), suggest-
ing potential RBC toxicity of the drug-loaded hydrogel. 
Interestingly, the hemolysis of the drug-loaded hydrogel 
in clotted fresh whole blood was significantly lower at 
3.98±1.04%, compared with the diluted fresh whole blood 
model (8.43±4.72%). After encapsulation with PL, the PL-
drug-loaded hydrogel demonstrated significantly reduced 
hemolysis rates compared with the drug-loaded hydrogel 
in all three models, measuring 1.41±0.16%, 3.13±0.30%, 
and 1.93±0.53%, respectively, well below the acceptable 
limit of 5% for hemocompatible materials. Moreover, the 
study found that the hemolysis of the PL-drug-loaded  
hydrogel was significantly different across the three  
models, with the highest rate observed in diluted fresh 
whole blood and the lowest in clotted fresh whole blood. 
	 The corresponding hemolysis images of RBCs in a 
diluted fresh whole blood model are displayed in Figure 
4B. The transparency of the supernatant in the control 
hydrogel was similar to that of the baseline hemolysis in 
the negative control group (PBS), whereas the red-color 
supernatant of the positive control, prepared using DI 
water indicated complete RBC lysis. Figure 4C shows 
the hemolysis images of RBCs in the clotted fresh whole 
blood model. Notably, both drug-loaded and PL-drug-
loaded hydrogels exhibited red discoloration in the super-
natant, which was lighter than that of the positive control, 
indicating partial RBC lysis.
	 The morphology of the remaining RBCs after the  
hemolysis test was also investigated using a phase-con-
trast microscope and SEM, and the results are shown 
in Figures 4D and 4E, respectively. In the drug-loaded 
hydrogel group, non-adherent RBCs exhibited a spherical 
morphology, characteristic of spherocytes (black arrows). 
No spherocytes were observed in the control group. How-
ever, quantitative analysis revealed that the drug-loaded  
hydrogel significantly increased the spherocyte per- 
centage to 17%. Conversely, in the PL-drug-loaded  
hydrogel group, this percentage was markedly reduced 
to approximately 0.8%, comparable to that in the con-

trol group. Additionally, RBCs with a "shooting target"  
appearance, characterized by a dark center surrounded by 
a white ring and a dark outer peripheral rim, consistent 
with target cells (green arrows), were also observed. Blue 
arrows indicate hollow RBC membrane remnants devoid 
of cytoplasmic content. SEM analysis revealed that RBCs 
exhibited a spherical morphology on the surface of the 
drug-loaded hydrogel, in contrast to the normal biconcave 
disc-shaped RBCs observed on the control hydrogel sur-
face (Figure 4E). Notably, RBCs treated with the PL-drug-
loaded hydrogel primarily displayed a normal biconcave 
morphology, although some macrocytes were observed, 
and the incidence of altered RBC shapes was significant-
ly reduced (Figure 4D). These findings supported the 
hemolysis-protective ability of PL encapsulation for the 
drug-loaded hydrogel.
	 It is important to note that a small number of RBCs 
observed in all groups, including the control PBS group, 
exhibited echinocytic characteristics, characterized by 
uniformly distributed, short projections extending from 
their surface (yellow arrows). Echinocytosis is often 
considered an in vitro artifact, potentially arising from  
sample preparation or storage conditions.(27) Alterations 
in RBC plasma membrane integrity can increase mem-
brane permeability, leading to cell swelling, spherocytosis, 
and ultimately, hemolysis.(28,29) Therefore, spherocytic 
morphology may be one of the key characteristics of 
hemolysis.(30) 
	 The control hydrogel, primarily composed of CMCS, 
previously considered a non-hemolytic material(31-33), 
exhibited minimal hemolysis, far below the 2% thresh-
old, eliciting hemolysis about 1-1.5%. Unlike the control 
hydrogel, the drug-loaded hydrogel released significant 
levels of CDM and GGOH during the first 24 h(3), which 
likely caused high hemolysis activity of the drug-loaded 
hydrogel. Exposure to CDM (up to 100 µg/mL) for 3 h 
caused very low hemolysis of less than 0.1% (data not 
shown). During the first 24 h, the cumulative release of 
CDM of the present drug-loaded hydrogel was approx-
imately 149 µg/mL.(3) This released CDM amount was 
unlikely to cause hemolysis of the drug-loaded hydrogel  
tested. Moreover, CDM is also not known to cause  
hemolysis in vivo.(34) In contrast to CDM, GGOH presented  
evidence of hemolysis. GGOH at an extremely high 
concentration of 1.725 mM showed a significantly high  
hemolysis percentage of 26.4%.(17) Moreover, GGOH 
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at 100 µM induced 1% hemolysis and co-treatment with 
CDM at 100 µg/mL did not further induce hemolysis (data 
not shown). Within the cells, GGOH is converted into 
geranylgeranyl pyrophosphate (GGPP), which, in turn, 
activates the enzyme GGTase-I, which plays a role in the 
geranylgeranylation of Rac1. Activated Rac1 stimulates 
NADPH oxidase and subsequently generates reactive 
oxygen species (ROS).(35) The increased ROS production 
leads to oxidative stress, damaging the cell membrane and 
causing cell dysfunction and stiffness, ultimately contri- 
buting to increased hemolysis.(36) It is thus likely that the 
high hemolysis activity of the drug-loaded hydrogel is a 
result of the burst release of GGOH, particularly at the 
material surface. 
	 The finding that the hemolysis of the PL-drug-loaded 
hydrogel differed significantly across the three models 
suggested the involvement of PL-derived fibrin matrix 
and plasma mediators in GGOH-induced hemolysis 
of the drug-loaded hydrogel. Fibrin formation within 
GGOH-loaded hydrogels has been reported to decrease 
GGOH release by reducing the exposed hydrogel surface  
area and interacting with released GGOH molecules.(2)  
Given that GGOH-induced hemolysis might induce  
oxidative stress in RBCs, human plasma might contribute 
to anti-hemolysis through plasma oxidation-counteracting 
molecules. These include α1-Microglobulin (A1M) and 
albumin, which bind to heme and neutralize ROS(37,38), 
thereby protecting against oxidative damage and reducing 
hemolysis. Moreover, in clotted fresh whole blood, the he-
molysis of the PL-drug-loaded hydrogel was significantly 
lower than that of the drug-loaded hydrogel, indicating 
that encapsulating the drug-loaded hydrogel with PL gel 
provided superior protection against hemolysis compared 
with plasma-derived fibrin spontaneously formed in the 
clotted fresh whole blood. The presence of certain biomol-
ecules in PL might help prevent hemolysis. Insulin-like 
growth factor (IGF-1) present in PL increases the activity 
of glutathione peroxidase (GPX), a crucial antioxidant 
enzyme.(39) PL also contains antioxidant biomolecules, 
including superoxide dismutase, glutathione peroxidase, 
and catalase.(40) Whether PL-mediated reduction of GG-
OH-induced hemolysis of drug-loaded hydrogels has 
clinical significance warrants further investigation.
	 According to International organization for standard-
ization (ISO) standards, devices that have direct contact 

with circulating blood should undergo hemolysis testing.(26)  
Similarly, American society for testing and materials 
(ASTM) standards recommend a 5% hemolysis threshold as 
the acceptable limit for blood-contacting biomaterials.(41)  
This 5% limit specifically applies to direct contact with 
circulating blood devices such as endovascular grafts or 
pacemaker leads, which can potentially cause systemic 
hemolysis. In contrast, hydrogels are classified as extra-
vascular implant devices that primarily interact with tissue 
rather than blood. As a result, they may cause localized 
hemolysis, for which no specific hemolysis threshold has 
been established. Assuming a normal hemoglobin concen-
tration of 15 g/dL (or 150 mg/mL), a 1% hemolysis would 
release approximately 1.5 mg/mL of hemoglobin. Hemo-
globin at 2 mg/mL can induce pro-inflammatory cytokine 
expression in macrophages(42), while hemoglobin at 1 mg/
mL also significantly disrupts mitochondrial function and 
microvascular endothelial barriers.(43) This can lead to  
increased macrophage apoptosis, chronic inflammation, 
tissue damage, and delayed wound healing.(19) These  
in  vitro studies suggested that 1% hemolysis might poten- 
tially have detrimental effects on wound healing. The 
clinical significance of 1% hemolysis on wound healing 
remains unclear. In vivo data are essential to establish 
the safe hemolysis threshold for extravascular medical 
devices.
	 To evaluate the potential hemolytic effects of the 
drug-loaded hydrogel intended for placement in extraction 
sockets, a three-dimensional whole blood clot model 
was employed. This approach offers several advantages,  
including its physiological relevance and its capacity 
to capture the intricate interactions within the clot. By 
accurately replicating the complex three-dimensional 
structure and physiological conditions of a blood clot, 
this model enables the assessment of hemolytic potential 
within a more realistic environment, encompassing the 
interactions between blood cells, platelets, and the fibrin 
network. Due to the absence of a standardized protocol 
for analyzing hemolysis in whole blood clots, a previ-
ously published protocol was adapted to suit its specific  
needs.(44,45) This three-dimensional clotted whole blood 
model mimics in vivo conditions for local tissue implan-
tation and may, therefore, be beneficial for hemolysis 
assessment of extravascular medical devices.
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Figure 4: Hemolysis test of the control (drug-free), drug-loaded, and PL-drug-loaded hydrogels. Three different hemolysis models,  
using washed RBCs, diluted fresh whole blood, and clotted fresh whole blood, were conducted as described in the Materials and Methods.  
(A) Hemolysis percentages were determined for control, drug-loaded, and PL-drug-releasing hydrogels in washed RBCs, diluted fresh 
whole blood, and clotted fresh whole blood models. Data are presented as mean percentage±SD (n=6), with *p<0.05 indicating statis-
tical significance. Visual inspection was performed on microcentrifuge tubes containing diluted fresh whole blood (B) and clotted fresh 
whole blood (C) samples. These samples were exposed to composite hydrogel, DI water (positive control), and PBS (negative control). 
The presence of red discoloration in the supernatant, indicating RBCs lysis. (D) RBC morphology of blood smears, which were prepared 
from the remaining RBCs in the diluted fresh whole blood model examined under a light microscope. Various RBC morphologies were 
observed, including normal biconcave RBCs (red arrows), spherocytes (black arrows), target cells (green arrows), ghost cell (blue arrows), 
and echinocytes (yellow arrows). Spherocyte percentages are reported as mean±SD (n=4). Distinct uppercase letters denote statistically 
significant differences among mean spherocyte percentages (p<0.05). (E) SEM imaging of adherent RBC morphology to the drug-loaded 
and PL-drug-loaded hydrogels in the diluted fresh whole blood model.
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Histological analysis of ex vivo culture of clotted fresh 
whole blood with drug-loaded hydrogel
	 After 1 h incubation of ex vivo cultures of clotted fresh 
whole blood individually with control and drug-loaded  
hydrogels, H&E staining revealed three distinct zones 
in both groups (Figure 5). The material zone exhibited a 
porous structure with interconnected channels, facilitating 
the penetration of blood components. An edematous zone 
was observed, characterized by loose tissue containing 
fibrin fibers and scattered inflammatory cell infiltrates. 
Finally, a hemorrhagic zone included collections of RBCs 
which were observed at the peripheral areas of the fibrin 
layer. Some RBCs were also seen within the peripheral 
pores of the hydrogel (arrow heads) and forming clusters 
or aggregates at the material periphery (arrows). These 
three zones were still observed at 24 h of incubation,  
although a decrease in the edematous zone was noted. 
H&E images of clotted whole blood cultured without  
hydrogel served as controls, demonstrating the character-
istic features of the ex vivo culture.
	 Figure 6 demonstrates the high magnification of 
H&E images of the ex vivo cultures, highlighting RBCs 
morphology and fibrin network within a pore-structured 
hydrogel. The results showed that normal RBCs shape 
and size as well as the fibrin matrix containing poten- 
tially activated platelets were observed in both hydrogels, 
comparable to those seen in the control clotted blood  
(no hydrogel group). Additionally, fibrin fibers were also 
able to adhere to the surface of both hydrogels and fully fill 
the pore spaces. These findings suggested that in ex vivo 
clotted blood culture, the drug-loaded hydrogel appeared 
hemocompatible, compared to both control hydrogel and 
clotted blood. The fibrin layer adhering to the scaffold 
surface likely reduced burst drug release and prevented 
direct contact between RBCs and the hydrogel pore sur-
face, mechanisms that may inhibit toxicity to RBCs. As a 
result, the RBCs remained intact and retained their normal 
morphology, as shown in Figure 6. This was consistent 
with the hemolysis results, which showed that the clotted 
fresh whole blood model had a lower hemolysis percent-
age for the drug-loaded hydrogel than both washed RBCs 
and diluted fresh whole blood models. 
	 The present study has some limitations that should 
be acknowledged. The 3-h hemolysis incubation, while 
standard, may not fully capture the long-term, dose-time- 
dependent hemolytic activity of released GGOH observed 

in previous studies. Furthermore, the focus on RBC  
interactions may overlook potential critical effects on  
other vital cell types, such as platelets and immune cells. 
Finally, the inherent variability in PL composition intro-
duces a challenge for reproducibility in clinical applica-
tions.
 
Conclusions
	 The recently developed GGOH/CDM-releasing 
NMCM-41/CMCS composite hydrogel elicited vary-
ing degrees of hemolysis in three distinct experimental 
models (i.e., 5.45±1.63%, 8.43±4.72%, and 3.98±1.04% 
in models utilizing washed RBCs, diluted fresh whole 
blood, and clotted whole blood, respectively). The control,  
drug-free hydrogel, exhibited excellent compatibility 
with RBCs across all models, inducing hemolysis of less 
than 0.5%. Compared with the washed RBC model, an  
elevation in plasma proteins within the diluted fresh whole 
blood model exacerbated the hemolytic response of the 
dual drug-loaded hydrogel, potentially attributable to 
an augmented release of protein-bound GGOH into the 
surrounding environment. Conversely, the presence of 
a fibrin matrix within the PL encapsulation and within 
the ex vivo clotted whole blood model contributed to 
a diminished release of GGOH from the hydrogel and 
mitigated direct contact between RBCs and the hydrogel 
surface, thereby attenuating hemolysis. While encapsulat-
ing the hydrogel within a PL gel significantly suppressed 
hemolysis, providing superior RBC protection compared 
to that afforded by natural fibrin in clotted whole blood, 
histological analysis of the drug-loaded hydrogel revealed 
no significant toxicity to RBCs within the clotted whole 
blood culture. The present findings suggested that the 
dual drug-loaded composite hydrogel fulfilled the safety 
criteria prior to in vivo investigations of biocompatibility 
and preventive efficacy for MRONJ-B. 
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Figure 5: H&E staining of 1-h and 24-h ex vivo cultures of clotted human whole blood individually with control and drug-loaded hydrogels 
revealed the following three zones: The Material zone was composed of the hydrogel. The edematous zone was a loose area surrounding 
the material, containing scattered inflammatory cells and fibrin (marked as black asterisks). The hemorrhagic zone consisted of collections 
of RBCs, indicating hemorrhage, and was observed at the periphery of the sections. RBCs were also observed within the peripheral pores 
of the hydrogel (arrowheads) and formed clusters or aggregates at the material’s periphery (arrows).

Figure 6: Representative H&E histological images showed RBCs visualized under light microscopy, along with platelets and fibrin fibers 
visualized under phase-contrast microscopy within the hydrogel, appearing as purple or blue structures. These images were obtained after 
24 h of ex vivo cultures of clotted human whole blood, either with control or drug-loaded hydrogels. The clotted whole blood culture with 
no hydrogel, was used as a control.
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