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Abstract

The demand for innovative biodegradable implants has stimulated the development of
new manufacturing technologies. Implants made of biodegradable magnesium alloys
demonstrate satisfactory biocompatibility; however, the characteristics of their biodegradation
in body tissues, particularly in bone tissue, still require further investigation.

Objective - to investigate tissue reactions around magnesium alloy implants during the
course of their biodegradation in rabbit femoral bones.

Materials and methods. In an experimental rabbit model, a tunnel defect was created in
the distal epiphysis of the femur, into which pins made of MZZ-P or MZZ-MB magnesium alloys
were implanted. After 8 and 16 weeks, histological sections were examined to assess tissue
reactions around the pins, including connective tissue responses, osteogenesis, and implant
biodegradation within the bone.

Results. Degradation of MZZ-P and MZZ-MB magnesium alloys in the femoral bone was
observed, accompanied by elimination of inorganic material against the background of an
inflammatory reaction. At 2 and 4 weeks, the signs of reactive connective tissue complex
formation around both types of implants were similar, while osteogenesis had only begun. The
dynamics of local osteogenesis at 8 and 16 weeks around MZZ-P and MZZ-MB implants depended
on the microenvironment determined by the level of implant biodegradation. MZZ-P degraded
less intensively; however, this did not result in enhanced osteogenesis compared with MZZ-MB. At
16 weeks, the specific density of bone tissue did not differ significantly between the groups
(35.7 + 7.6 % and 41.6 + 1.2 %, respectively; p = 0.12). Osteogenesis significantly progressed
between weeks 2 and 16, increasing 2.6-fold and 2.2-fold, respectively (p < 0.001).

Conclusions. Around both MZZ-P and MZZ-MB implants in the femoral bone, an increase
in the number of bone trabeculae occurred during alloy biodegradation. Implant characteristics
(chemical composition and biodegradation rate) had less influence on osteogenesis than the
time factor.
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Introduction

In the modern world, an increasing number of biotechnological and bioengineering
approaches aimed at tissue and organ regeneration are being developed [1]. This trend is
particularly evident in the field of traumatology and orthopedics due to the sharp increase in
the number of victims resulting from military conflicts and civilian industrial injuries.
Throughout the development of traumatology and orthopedics, considerable efforts have been
directed toward the search for effective methods of osteosynthesis [2] and the introduction of
novel materials for implant manufacturing [3].

Historically, plates and screws made of medical-grade stainless steel and titanium alloys
have been considered the gold standard of treatment [4]. These devices allow rapid
restoration of the function of the injured limb [5]. However, the long-term success of surgery
using conventional fixation devices remains challenging because of several drawbacks,
including infectious complications, bone lysis at implant insertion sites caused by the
significant difference in elastic modulus between the fixation device and bone tissue, leading
to the “stress-shielding” effect that negatively affects blood supply around the fracture site [6],
the risk of implant migration, and the need for repeated surgical intervention for implant
removal [7,8].

To address problems at the interface of materials science and bioengineering, the use of
biodegradable materials for bone fixation has been proposed [9]. Among the novel materials,
magnesium alloys [10] have emerged as an innovative alternative to traditional metallic and
inert polymer implants [11], intended for the fixation of bone fragments during fracture
consolidation followed by gradual degradation [12]. Magnesium-based fixation devices
demonstrate excellent biocompatibility and mechanical strength [13], while the structure of
these materials promotes osseointegration [14], thereby minimizing adverse postoperative
reactions [15]. Magnesium alloys exhibit sufficient mechanical strength combined with an
adequate degradation rate in experimental animal models [16] and contribute to effective
bone tissue regeneration. Furthermore, during biodegradation, the material decomposes into
safe components that may subsequently be eliminated from the body without adverse effects
[17]. The principal advantage of magnesium alloy implants is the elimination of the need for
secondary surgery to remove fixation devices [18, 19].

Magnesium alloys are considered among the most promising biodegradable materials for
fracture osteosynthesis [20, 21]. However, despite the aforementioned advantages, issues
related to unpredictable degradation kinetics [22], mechanical strength, and biocompatibility
still impose certain limitations on their implantation [14]. The degradation rate and
osteogenic properties are difficult to control, which may adversely affect bone integration
following implantation [23]. For a more comprehensive understanding of these issues, it is
necessary to evaluate how innovative magnesium alloy materials can address the most
common challenges and to identify potential obstacles to their clinical application depending
on their composition, particularly alloying with magnesium diboride [24].

Objective - to investigate tissue reactions around magnesium alloy implants during the
course of their biodegradation in rabbits.

Materials and methods

Bioethics. All animal procedures were performed in accordance with the bioethical
standards of the EU Directive 2010/63/EU “On the protection of animals used for scientific
purposes” and were approved by the Commission on Bioethical Expertise and Ethics of
Scientific Research (Protocol No. 195 of the Bioethics Committee of Bogomolets National
Medical University).

Cell and Organ Transplantology. 2026; 14(1):e2026141189
https://doi.org/10.22494 /cot.v14-1.189



https://doi.org/10.22494/cot.v14-1.189

Characteristics of the implant. In this study, the magnesium alloy was produced using
the spark plasma sintering (SPS) method on a KCE-FCT HP D 25-SD system (FCT Systeme
GmbH, Germany). A powder mixture of ZK61 with 10 wt. % MgB, was placed into a graphite
mold with a diameter of 20 mm. To prevent powder adhesion to the mold, the walls were
insulated with 0.5 mm graphite foil. The sintering regime included preliminary compaction of
the powder mixture to improve electrical conductivity. The sintering cycle involved heating to
600 °C at a rate of 100 °C/min under a pressing force of 16 kN. The holding time at the
isothermal temperature was 10 min. Cooling occurred under residual pressure.

The incorporation of MgB, additives into the powder alloy composition promoted the
formation of a denser and more stable passive layer on the alloy surface upon contact with the
biological environment. Such a layer hindered further magnesium dissolution.

Animal model. A tunnel defect 2 mm in diameter and 13 mm in length was created at the
level of the distal femoral epiphysis in 16 male rabbits (mean body weight 2.25 kg, age 10-12
months) [25]. Immediately after defect creation, a sterile MZZ-P pin (magnesium ZK61) was
implanted into the epiphysis of the left femur, whereas an MZZ-MB pin (magnesium with 8 wt.
% MgB;) was implanted into the right femur. All animal manipulations were performed under
intraperitoneal anesthesia with thiopental sodium at a dose of 50 mg/kg (Arterium, Ukraine).
At 2, 4, 8, and 16 weeks, four animals at each time point were euthanized by administration of
a lethal dose of anesthesia, and bone samples were collected for histological examination.

Histological examination. Bone samples were fixed in a 10 % formalin solution
(Chimlaborreactiv, Ukraine). Demineralization was performed in a 7 % EDTA solution (Thermo
Fisher Scientific, USA). After dehydration in graded alcohols, the samples were embedded in
paraffin Surgipath Paraplast Regular (Leica, Germany) [26]. Sections 10 pm thick were
prepared using a Thermo Microm HM 360 microtome (Thermo Fisher Scientific, USA) and
stained with hematoxylin and eosin.

Histological specimens were examined using a BX51 light microscope, and images were
captured with a C3040ZO0OM digital camera using DP-Soft 3.2 software (all - Olympus, Japan).
Bone tissue density ( %) around the tunnel defect was measured within a distance of up to
500 pm from the canal perimeter using the Image] 1.46 image analysis system (64-bit Java
1.8.0_172; Wayne Rasband, NIH, USA). For this purpose, a mask composed of multiple
microphotographs from each sample was generated, enabling the evaluation of 1/2 to 3/4 of
the defect perimeter.

Pin biodegradation was evaluated visually and microscopically using a semi-quantitative
4-point scoring system: 0 - intact; 1 - degradation up to 25 %; 2 - degradation up to 50 %; 3 -
degradation of 75 % or more; 4 - complete degradation (absence of large fragments). At this
stage of pin degradation, a fine-crystalline amorphous mass was detected within bone
lacunae. The dynamics of inorganic mass accumulation were assessed using the following
scoring system: 0 - absent; 1 - small focal accumulations; 2 - large or several accumulations;
3 - multiple accumulations of crystalline material (including beyond the defect perimeter).

Statistical analysis. Statistical analysis was performed using StatPlus (version 7.0)
software (AnalystSoft Inc., USA) and the RStudio development environment (version
2026.01.0+392) (Posit Software, USA). Data distribution normality was assessed using the
Shapiro-Wilk test. Differences between groups and the effect of time were evaluated using
two-way analysis of variance (two-way ANOVA). Associations between variables were
analyzed using Spearman’s nonparametric correlation and linear regression analysis. Data are
presented as mean * standard error of the mean (Mean + SEM). A value of p < 0.05 was
considered statistically significant.

Cell and Organ Transplantology. 2026; 14(1):e2026141189
https://doi.org/10.22494 /cot.v14-1.189



https://doi.org/10.22494/cot.v14-1.189

Results and discussion

Macroscopically, the implantation sites of the pins demonstrated signs of edema at the
first observation time point; however, no edema was observed at later stages. Based on
microscopic examination of femoral bone samples at the implantation site, the mean specific
density of bone tissue was measured and compared with the dynamics of pin biodegradation.
Pin degradation accompanied by the appearance of fine-crystalline material (hereafter
referred to as implant derivatives) was detected. An analysis was performed to evaluate the
relationship between the intensity of pin degradation and the type of magnesium alloy
(Fig. 1).

The results of two-way analysis of variance (two-way ANOVA) indicated that the group
factor showed a pronounced tendency toward differences in implant degradation intensity,
particularly for implants manufactured from MZZ-MB (p = 0.05). The dynamics of implant
degradation significantly progressed between weeks 2 and 16 (p = 0.004). Microscopically,
degradation of MZZ-MB implants was somewhat greater than that of MZZ-P implants;
however, the overall characteristics of this process were similar for both implant types
(p=0.91).
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Fig. 1. Dynamics of pin degradation (A) and detection of fine-crystalline derivatives (B) in the
rabbit femoral bones.

The hypothesis of a linear relationship between pin degradation and time was evaluated.
The degree of metallic pin degradation and local alloy dissolution with the release of its
derivatives positively correlated with time (rho = 0.48, p = 0.01 and rho = 0.55, p < 0.001,
respectively). Linear regression models including the time factor (experimental period) and
the semi-quantitative scoring scale demonstrated a linear pattern of pin degradation (§ = 0.06,
95 % CI 0.0-0.12; p = 0.05) and detection of its derivatives in bone samples (§ = 0.07, 95 % CI
0.02-0.12; p=0.01).

Histological examination at 2, 4, 8, and 16 weeks after implantation of MZZ-P and MZZ-
MB pins demonstrated that, as degradation progressed and fine-crystalline magnesium alloy
derivatives appeared, signs of an inflammatory response and foci of connective tissue complex
(capsule) formation with characteristic temporal dynamics were observed. Two weeks after
implantation, a thin layer of newly formed connective tissue was detected along almost the
entire perimeter of the tunnel defect. This tissue was characterized by inflammatory
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infiltration, newly formed thin-walled blood vessels, fibroblasts, and a moderate amount of
collagen fibers.

Variability in the condition of the connective tissue capsule around the implant, both in
terms of volume and intensity of inflammatory infiltration, depended on the local
microenvironment. In areas where the implant was in close contact with bone trabeculae over
a considerable distance, regions of the capsule with small thickness, minimal signs of cellular
inflammatory infiltration, and higher collagen density were observed. In contrast, areas
contacting foci of red bone marrow were substantially thicker and demonstrated pronounced
inflammatory infiltration, increased density of newly formed microvessels, and,
simultaneously, a lower content of collagen fibers. In these regions, slightly greater
degradation of MZZ-MB implants compared with MZZ-P implants was noted. A greater
number and larger areas containing metallic implant derivatives, particularly in the MZZ-MB
group, were also observed (Fig. 1).

At 4 weeks, an increase in the maturity of the connective tissue capsule formed around
both MZZ-P and MZZ-MB implants was observed. In general, the newly formed connective
tissue demonstrated a microscopic increase in the number of fibroblast-lineage cells and
collagen fiber density. At the same time, the newly formed capsules were characterized by
structural homogeneity in terms of both the thickness of the identified regions and the cellular
density of the scar tissue. A substantial portion of the perimeter of the implantation track
consisted of a thin layer of dense fibrous tissue with weakly expressed signs of inflammatory
infiltration. However, local zones with more pronounced cellular inflammatory infiltration, a
relatively thick layer of regenerating connective tissue, and blood microvessels were
identified.

The volume of newly formed connective tissue and the intensity of inflammatory
infiltration depended on the degree of implant biodegradation. In particular, pins
manufactured from MZZ-MB underwent greater degradation, which was accompanied by
more pronounced tissue reactions and a larger amount of cellular detritus. In cases of
substantial implant degradation, the perimeter of the implantation track containing the
implant underwent marked structural changes. In other cases, where inflammation and
necrosis were less pronounced, signs of osteogenesis were observed. Microscopic
manifestations of reparative osteogenesis included the appearance of thin bone trabeculae, a
high density of osteoblasts along the trabecular perimeter, and close localization to the
implantation track. The pattern of trabecular formation was highly variable and differed not
only between samples within the groups but also depending on the tissue elements
surrounding the implant. Thus, osteogenesis along the implant perimeter was heterogeneous.

At 8 weeks, histological variability became even more pronounced. Despite the increased
osteogenic activity, confirmed by a greater specific density of newly formed bone tissue
around the implant (Table 1), several adverse effects were also observed. Microscopically, an
increased cellular inflammatory response to implant derivatives was detected, resulting in a
greater amount of cellular detritus compared with week 4. Osteogenesis around MZZ-P
implants was more homogeneous, whereas around MZZ-MB implants it differed substantially,
demonstrating greater heterogeneity and variability. MZZ-MB implants generally underwent
complete degradation or degradation exceeding 50 %. Reparative osteogenesis was
heterogeneous, with newly formed bone trabeculae detected at the border of the implantation
track; however, within the same sample, additional osteogenesis was also observed at some
distance from the implant. Thus, as implant degradation progressed, not only local but also
distant osteogenesis occurred.

At 16 weeks, fragments of pins manufactured from both MZZ-MB and MZZ-P were still
detectable, although they had undergone marked degradation, and some had completely
dissolved into a paste-like mass (Fig. 2). Foci of dead cells (cellular detritus and areas of
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necrosis) and inflammatory infiltration were still present; however, the number and specific
area of bone trabeculae were microscopically greater than at previous time points (p < 0.001)
(Table 1), with no significant differences detected between implant types (p = 0.12). It should
be noted that a similar trend was observed at the level of distantly located bone trabeculae.
This may indicate that elimination of implant derivatives is associated not only with
osteogenesis at the implant-tissue interface but also with distant osteogenesis.

To investigate the relationship between changes in bone tissue density and cellular
reactions, an association analysis was performed between the amount of bone tissue along the
perimeter of the pin implantation track and the experimental time point. A positive
correlation was established between the duration of the experiment and the mean percentage
of pin coverage by bone tissue (rho = 0.58; p < 0.001), indicating positive dynamics of
osteogenesis around the implant. Two-way analysis of variance demonstrated a significant
increase in bone tissue quantity throughout the experiment (p < 0.001); however, the
dynamics between the two groups did not differ significantly (p = 0.12), nor did the perimeter
of contact with bone trabeculae (p = 0.66) (Table 1).

Fig. 2. Microphotographs of histological sections of rabbit femoral bones 16 weeks after
implantation of MZZ-P (a) or MZZ-MB (b) pins into the femur: bone trabeculae along the defect
perimeter; the defect is replaced by scar tissue containing implant derivatives (arrow). Light
microscopy, hematoxylin and eosin staining, x40 magnification.

Table 1. Specific density of bone tissue around implants, %.

Group / Term Two-way
implant type 2 weeks 4 weeks 8 weeks 16 weeks ANOVA
MZZ-P 13.6 +1.9 32.6 +3.4 36.2 + 8.5 35.7+7.6 p1<0.001
MZZ-MB 19.1+0.9 29.9+2.8 21.7+45 41.6+1.2 p2=0.12
Mean value 16.3+1.31 31.3+2.10 |289+5.2 38.7 £ 3.7 p3=0.66
for implants

Note: p1 - time factor; p2 - group factor; p3 - interaction between time and group factors.

At the same time, a statistically significant inverse relationship was observed between
the amount of bone tissue and the presence of implant derivatives at 4 weeks (p = 0.02), with
a tendency toward such an association at 16 weeks (p = 0.07) (Table 2). These findings
indicate that tissue reactions around the implant, including reparative osteogenesis, represent
a complex and multifactorial phenomenon in injured bone, where the formation of lacunae
may occur but does not necessarily determine the outcome of regeneration, whereas rapid
implant degradation negatively affects bone tissue density
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Table 2. Results of the linear regression model evaluating bone tissue percentage and the
implant derivative factor.

Independent Regression SE 95 % CI t p-value
variable - % of coefficient, 3 LCL UCL
bone tissue
2 weeks 0.16 1.59 -4.26 4.58 | 0.10 0.93
4 weeks -8.90 2.72 -15.56 | -2.23 | -3.26 0.02
8 weeks 3.54 6.58 -12.55 | 19.64 | 0.54 0.61
16 weeks -21.41 9.71 -45.18 2.36 | -2.20 0.07

Thus, the development of biodegradable resorbable implants is of considerable
practical interest. Magnesium-containing alloys are promising materials for implant
manufacturing due to their temporary mechanical strength, resistance to organic compounds,
relatively slow degradation, and relatively non-toxic biocompatibility. In the present animal
study, the biodegradation dynamics of MZZ-MB and MZZ-P implants, differences in
degradation intensity, and tissue reactions to the appearance of implant derivatives were
demonstrated. We confirmed previously reported findings regarding the susceptibility of
magnesium-based alloys to accelerated and localized corrosion followed by implant
destruction [27-29].

The results indicate that the structural integrity of MZZ-MB and MZZ-P implants
exhibits relatively limited corrosion resistance over time, whereas reparative bone tissue
regeneration proved to be more prolonged than expected. Such discrepancies between these
two factors in damaged bone may become a substantial obstacle to successful bone healing.
Surface modification of magnesium alloys appears promising for improving biodegradation
characteristics, biocompatibility, and biomechanical properties of implants [30]. Overall, the
development of osteosynthesis implants based on advanced magnesium alloy manufacturing
technologies has considerable potential in traumatology and orthopedics because of their
favorable biomechanical characteristics and ability to degrade within tissues.

Conclusions

1. Implants made of magnesium MZZ-P and magnesium-borate alloy MZZ-MB undergo
progressive degradation in the bodies of experimental animals, with MZZ-MB degrading
relatively faster.

2. Around the implant, the initial development of a connective tissue capsule occurs,
while the amount of cancellous bone tissue increases dynamically between 2 and 16 weeks of
observation. An increase in the number of bone trabeculae around the implant was observed.

3. Faster biodegradation of the MZZ-MB implant compared with the MZZ-P implant did
not result in a significant increase in osteogenesis around the magnesium-borate-containing
pin. The time factor appeared to be a more significant determinant of osteogenesis than
modification of the magnesium implant with magnesium borate.
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