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A B S T R A C T

Metal particles can be welded without significant heating due to severe plastic deformation caused by high 
pressure torsion. This process has been used to consolidate metallic particles and incorporate ceramic materials 
into a metallic matrix. The present study demonstrates for the first time that this technique can also be used to 
incorporate pharmaceuticals into a metallic matrix. In addition, it shows that embedding pharmaceuticals in a 
biodegradable metal matrix enables the creation of composites with drug delivery capabilities. The results ob
tained here indicate the successful incorporation of ofloxacin, amphotericin B, and diclofenac sodium into a 
continuous magnesium matrix. The antifungal and antibacterial activities of the different composites are eval
uated along with their drug release kinetics. A new class of biomaterials, biodegradable metals with integrated 
drug delivery functionality, is introduced in this study.

1. Introduction

Biodegradable metals have attracted much attention for their ability 
to create temporary structural implants. These implants could play a 
structural role, such as in stents [1] and orthopedic applications [2], 
allowing tissue regeneration while the material undergoes continuous 
corrosion. The by-products must be non-toxic and should be absorbed 
and eliminated by the body. Metallic materials are good candidates 
because of their high strength and toughness. Some metals, such as ti
tanium and stainless steel, form stable oxide coatings on their surfaces 
that prevent continuous corrosion and make them suitable for perma
nent implantation. In contrast, metals such as magnesium, iron, and zinc 
form less stable oxide layers in physiological environments, which can 
lead to ongoing corrosion [3].

To improve the performance of biodegradable metals, extensive ef
forts have been made to understand the influence of alloying elements 
[4,5] and structural features [6–9] on their mechanical properties and 
corrosion behavior. Additionally, there is growing interest in the 
development of hybrid materials. For instance, bioactive particles can be 

incorporated into biodegradable metal matrices [10–13], or bioactive 
material coatings can be deposited on the metal surface [14–17], 
improving their functionality and performance in biomedical 
applications.

High-Pressure Torsion (HPT) has proven to be a powerful processing 
technique for improving the performance of biodegradable metals. For 
example, this technique produces grain refinement that can improve the 
strength and reduce the corrosion rate of magnesium and its alloys 
[18–20]. In addition, it has been known for nearly 90 years that metallic 
materials can “self-weld” under compressive and torsional shear stresses 
[21]. Therefore, HPT has been used not only to blend biodegradable 
metals such as Mg/Fe [22] and Mg/Zn [23–25], but also to consolidate 
biodegradable metals with bioactive particles to form hybrid materials 
[26–28]. This processing technique has also been used to consolidate 
inert metal particles with proteins [29].

The incorporation of different materials dispersed into a metallic 
matrix is usually achieved by melting the metal or by high temperature 
extrusion. A key advantage of HPT processing is its ability to consolidate 
metallic particles without the need for heating, which allows for the 
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inclusion of temperature-sensitive materials. This capability could make 
the incorporation of temperature-sensitive pharmaceuticals into a 
biodegradable metal matrix possible, leading to implants with drug 
delivery capabilities. The drug delivery capabilities of magnetic poly
mers [30,31] and metals nanoparticles [32] are well documented. This 
study aims to evaluate the potential of HPT for consolidating magnesium 
matrix composites with various pharmaceuticals, including antibiotics, 
antifungals, and anti-inflammatories. Implants loaded with active 
pharmaceutical ingredients provide precise drug delivery to the target 
site while maintaining optimal drug concentrations. This approach in
creases drug delivery efficiency, reduces dosing frequency, and im
proves patient compliance, ultimately leading to significantly better 
clinical outcomes. In addition, controlled and localized drug release 
plays a critical role in minimizing side effects that could otherwise 
compromise implant integration and lead to failure [33,34].

2. Experimental procedure

The materials used in this study were commercial grade magnesium 
particles, commercial grade magnesium, magnesium alloy ZK60, phar
maceuticals, and BSA (Bovine serum albumin). The pharmaceuticals 
used were ofloxacin (antibacterial), amphotericin B (antifungal), and 
diclofenac sodium (anti-inflammatory). The samples were prepared by 
mixing the metallic particles with different drugs or BSA protein. The 
process is shown schematically in Fig. 1. The raw materials were first 
hand-mixed in pre-determined proportions and then pressed at 
approximately 400 MPa to produce 8 mm diameter, 1.2 mm thick discs 
(precompacts). Heterogeneity in phase distribution was not visibly 
observed in any of the precompacts. Sixteen discs were processed by 
HPT at room temperature using a quasi-constrained setup, operating at a 
nominal pressure of 4 GPa and a rotational speed of 1 rpm. The pro
cessed discs had 8 mm diameter and 0.7 mm thickness. The first batch of 
samples was produced mixing pure magnesium particles with 5 wt% 
diclofenac sodium, 5 wt% ofloxacin and 5 wt% BSA. The amount of 
pharmaceuticals was reduced in other samples, including the samples 

with amphotericin, in order to improve consolidation and dispersion. 
Also, the magnesium alloy ZK60 was used in place of pure magnesium in 
selected samples in order to reduce the corrosion rate of the composite. 
The processed discs were then characterized for structural and me
chanical properties and evaluated for drug release behavior.

Samples examined by scanning electron microscopy (SEM) and en
ergy dispersive spectroscopy (EDS) were ground and polished using 
standard metallographic procedures prior to analysis. Electron- 
transparent, nanometer-thick lamellae were also extracted from the 
disc of a Mg-5 % ofloxacin composite using a focused ion beam (FIB) 
milling apparatus and analyzed by transmission electron microscopy 
(TEM). The amphotericin and ofloxacin pure pharmaceuticals and disks 
of Mg-5 % ofloxacin and Mg-2.5 % amphotericin were characterized 
using Fourier transform infrared spectroscopy (FTIR). These tests were 
performed on a Bruker Alpha spectrometer using an attenuated total 
reflectance (ATR) mode and a diamond crystal as the reflecting element. 
Spectra were collected with a resolution of 4 cm− 1 and 128 scans. Plane 
strain compression tests [35] were used to evaluate the stress-strain 
relationship in selected samples.

Kirby-Bauer assay was used to evaluate the antimicrobial activity of 
selected composites, in accordance with the Clinical and Laboratory 
Institute (CLSI) [36]. All the microorganisms employed were originated 
from the American Type Culture Collection (ATCC™) and provided by 
the Microbiology Reference Laboratory of the Oswaldo Cruz Foundation 
(FIOCRUZ™; Rio de Janeiro, RJ, Brazil). The antifungal activity was 
determined against Candida albicans ATCC 10231, using discs func
tionalized with amphotericin B, and the antibacterial effect was deter
mined against Staphylococcus aureus ATCC 29213 to the discs 
functionalized with ofloxacin. According to ATCC™ specifications, 
C. albicans 10231 is resistant to anidulafungin, voriconazole, itracona
zole and fluconazole.

To evaluate the activity of disks containing ofloxacin (Sigma- 
Aldrich™; St. Louis, USA), Mueller-Hinton agar plates (Kasvi™; São José 
dos Pinhais, Brazil) were initially inoculated over their entire surface 
with swabs soaked in an inoculum of S. aureus at 108 CFU/mL prepared 
in sterile saline (0.85 % NaCl; Synth™; Diadema Brazil). After inocu
lation, the plates were dried in an incubator at 37 ◦C for 15 min and then 
circles of 8 mm in diameter were cut from the surface of the medium. 
The wells formed were filled with 100 μL of sterile saline (0.85 % NaCl) 
and the disks were added inside. Next, the plates were incubated for 24 h 
at 37 ◦C and the inhibition zone was determined with the aid of a 
millimeter ruler. Discs without the antimicrobial were included as a 
negative control and the experiment was carried out in triplicate [36]. 
The discs functionalized with amphotericin B (Sigma-Aldrich™; St. 
Louis, USA) were tested against C. albicans. An inoculum containing 106 

CFU/mL of this yeast used to seed the surface of Sabouraud-dextrose 
agar (Kasvi™; São José dos Pinhais, Brazil). After drying for 15 min at 
37 ◦C in an incubator, wells were cut on the surface of the agar, filled 
with saline (NaCl 0.85 %), and the discs were inserted. After incubation 
at 37 ◦C for 48 h, the inhibition zones were measured. The experiment 
was performed in triplicate and discs without antifungal agent were 
used as negative control [37].Finally, the inhibition zones between the 
antimicrobial-containing discs and the control discs were compared 
using the Student’s t-test in GraphPad Prism™ version 8, being consid
ered p-value less than 0.05 to a significantly difference.

To evaluate the drug release behavior of the prepared materials, 
discs of Mg-diclofenac sodium and magnesium alloy ZK60-diclofenac 
sodium were immersed in Hank’s solution (Sigma Aldrich H4891) 
with 0.35 gL-1 sodium bicarbonate to stabilize the pH. During various 
time intervals, the solution was collected. These aliquots were trans
ferred to quartz cuvettes and analyzed using a Shimadzu UV-2600 
spectrometer with a resolution of 1 cm− 1, and the absorbance at 276 
nm was used as the reference for diclofenac sodium. The drug concen
tration in the aliquots was determined using a previously obtained 
calibration curve with an R2 value of 0.999, according to the Beer- 
Lambert law.

Fig. 1. Illustration of the process used to mix and consolidate biodegradable 
particles with drugs.
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A disc of Mg-2 % diclofenac sodium composite was analyzed using X- 
ray tomography (XRT) after 24 h of immersion in Hank’s solution. Im
aging was performed with a ZEISS Xradia 610 Versa 3D X-ray micro
scope (Carl Zeiss AG, Germany) to evaluate the disc’s integrity and 
visualize the three-dimensional spatial distribution of different phases, 
including corrosion products and the matrix. The X-ray tube voltage and 
current were set to 60 kV and 110 μA, respectively. Each tomographic 
scan consisted of approximately 2000 radiographs acquired over a full 
360◦ rotation, with an exposure time of 4 s per image, totaling 2 h 22 
min of scanning. The relative positioning of the X-ray source, sample, 
and detector, combined with a 0.4 × objective, resulted in a pixel size of 
3.33 μm. Image analysis and visualization were performed using Avizo 
Software (Thermo Fisher Scientific Inc., USA).

3. Results

3.1. Consolidation

The consolidation of the metallic particles and incorporation of the 
pharmaceuticals were evaluated by microstructural observation and 
conventional mechanical testing. Fig. 2 shows SEM images of Mg- 
diclofenac sodium, Mg-ofloxacin and Mg-BSA composites processed 
after 10 turns of HPT (N = 10). The low magnification images at the top 
of Fig. 2 reveal the successful consolidation of the particles and the 
formation of a continuous metallic matrix with dispersed phases. 
However, the morphology of the phases varies. The BSA-containing 
composite is characterized by long, thin phases. Higher magnification 

images and EDS mapping show that these thin dark phases are rich in 
carbon and oxygen, confirming the presence of BSA. This morphology is 
not ideal, as the long continuous interface between the magnesium 
matrix and the protein can serve as preferential pathways for crack and 
corrosion propagation. Better phase dispersion was achieved in the Mg- 
based composites. A continuous magnesium matrix with discontinuous 
dispersion of other phases is observed in these cases. A higher- 
magnification SEM image and EDS mapping of the Mg-diclofenac so
dium composite, shown in Fig. 2, reveal that the dark phase is devoid of 
magnesium and is instead enriched in carbon and sodium, consistent 
with the chemical composition of diclofenac sodium.

The grain structure in the metallic matrix and the interface between 
the metallic matrix and the pharmaceutical phase were characterized 
using TEM. An electron-transparent lamella was extracted from the 
interface between the phases in the Mg-5 % ofloxacin composite using 
FIB. Fig. 3 presents representative images of the interface between 
magnesium and ofloxacin, along with the selected area electron 
diffraction (SAED) pattern and compositional mapping. A poly
crystalline structure with an average grain size of about 200 nm is 
observed in the metallic matrix. Such a small grain size confirms that the 
severe plastic deformation route effectively refines the grain structure of 
the metallic material in addition to consolidating the particles. No 
crystal structure was identified in the pharmaceutical phase and the 
SAED pattern confirms that this phase is amorphous. The composition 
maps show a clear separation between the metallic matrix and the 
pharmaceutical phase. This suggests that there was no mixing or reac
tion between the different materials.

Fig. 2. Scanning electron microscopy images of Mg-diclofenac sodium, Mg-ofloxacin and Mg-bovine serum albumin (BSA) composites.
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The consolidation was further assessed by mechanical testing 
through plane strain compression. Fig. 4 shows the stress-strain curves 
obtained by testing pure magnesium, Mg-BSA, and Mg-diclofenac so
dium composites consolidated by high pressure torsion. The results are 
compared to bulk pure magnesium processed by HPT [35]. Samples 
consolidated from particles show increased strength compared to bulk 
magnesium, confirming good consolidation. The strength of the Mg-BSA 
composite is slightly lower than that of Mg-diclofenac sodium, sug
gesting that the long and thin dispersion of the protein may compromise 
the strength due to the increased interface between the different phases. 
In contrast, the higher strength observed in the particle consolidated 
samples is attributed to the presence of second phases, including mag
nesium oxide, dispersed in the matrix, which promotes grain refinement.

3.2. Antimicrobial activity

The presence of the pharmaceuticals and the ability of the composite 
to degrade and release them were assessed. Thus, FTIR was used to 
evaluate the presence of antibacterial and antifungal pharmaceuticals in 

samples of Mg-5 % ofloxacin and Mg-2.5 % amphotericin B composites. 
Fig. 5a shows the absorbance spectrum of pure pharmaceuticals and the 
composites containing them. Both amphotericin B and ofloxacin exhibit 
absorption bands in the spectral region below 1600 cm− 1, and the 
composites show enhanced absorption in this region. However, the 
bands are less well defined in the composites due to the reduced volume 
of drugs present in them. The release of these drugs was evaluated by 
immersing the composites in media containing either fungi or bacteria. 
Thus, Fig. 5b shows images of the samples placed in plates containing 
S. aureus and C. albicans after 24 and 48 h of incubation, respectively. 
The Mg-2.5 % amphotericin B produced an inhibition halo of 23 ± 2 mm 
against C. albicans, which was significantly greater than that observed 
with discs not impregnated with antifungal agent (8 ± 0.6 mm; p-value 
<0.0001). The Mg-5 % ofloxacin, in turn, exhibits an inhibition halo of 
50 ± 6 mm against S. aureus, which is significantly larger than that 
observed in control discs (6 ± 0,2 mm; p-value <0.0001).

Fig. 3. Transmission electron microscopy images of the interface between the metallic matrix and the pharmaceutical phase in the Mg-5 % ofloxacin composite.
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3.3. Release of pharmaceutical

Initial attempts to evaluate drug release in Mg-diclofenac sodium 
composites indicated rapid corrosion of the samples. The Mg-5 % 
diclofenac sodium samples fragmented into multiple pieces after 24 h of 
immersion in Hank’s solution. As a result, samples with lower drug 
levels were prepared and showed improved corrosion resistance. 
Although the discs did not fracture, they show signs of significant 
corrosion. X-ray microtomography was used to evaluate the integrity of 
an Mg-2 % diclofenac sodium composite disc after 24 h of immersion in 
Hank’s solution. Fig. 6a and b shows representative plane-view and 
cross-sectional images of the disc, respectively. The image contrast re
fers to the varying X-ray attenuation values of the different phases 
present in the disc. Continuous areas of lower attenuation (darker areas) 
and higher attenuation (brighter areas) are clearly distinguished 
throughout the plane view of the disc, corresponding to corrosion 
products and bulk metal, respectively. The images were then segmented 
into these two distinct phases based on a user-defined gray level 

threshold. Fig. 6c shows 3D images of the disc, with the bulk metal 
rendered in blue and the corrosion product in yellow. Corrosion prod
ucts were observed not only on the surface of the discs but also within 
the interior. These products propagated along continuous surfaces, 
indicating a loss of integrity after 24 h of immersion. The corrosion 
product layers tended to align parallel to the disc surface, corresponding 
to the shear plane during HPT processing.

The analysis of the corrosion behavior of the Mg-diclofenac sodium 
composite suggested that corrosion propagates along the shear plane of 
HPT processing and this behavior is attributed to the alignment of the 
pharmaceutical phase to the shear plane during consolidation. In order 
to avoid the formation of such alignment a different procedure was 
adopted to produce the composites. A hole was made near the edges of 
discs of bulk magnesium, a mixture of magnesium particles with the 
pharmaceutical was introduced into this role and the sample was thus 
consolidated using high pressure torsion. This procedure granted sig
nificant improvement in corrosion resistance of the composite. Also, a 
sample of magnesium alloy ZK60 (Mg-5.5 % Zn-0.5 % Zr) was used 
instead of pure magnesium.

The ZK60-2 % diclofenac sodium composite exhibits good corrosion 
resistance even after 3 weeks of immersion in Hank’s solution. Fig. 7
shows the cross-section of the specimen, where a continuous metallic 
matrix is observed across most of the disc. Significant corrosion was 
confined to the edge portions, where the drug was introduced. Despite 
this localized corrosion, the disc maintained its overall integrity.

Drug release was evaluated by immersing the discs in Hank’s solu
tion. The amount of the pharmaceutical in the solution is plotted as a 
function of immersion time in Fig. 8. A rapid release is observed in the 
Mg-2 % diclofenac sodium prepared from the consolidation of particles 
showing rapid corrosion, while a gradual release is observed in the 
ZK60-2 % diclofenac sodium composite prepared using the hole in a bulk 
disc procedure. This confirms that the latter display controlled corrosion 
and release ability.

4. Discussion

Experiments have shown that HPT allows the mixing of different 
metals [23–25,38,39] while also favoring the incorporation of ceramic 
phases [40], bioactive materials [26–28] and protein [29]. Welding at 
room temperature is achieved by severe shearing of the metallic 

Fig. 4. Stress vs. Strain curves obtained by plane strain compression tests in 
pure Mg and Mg-BSA and Mg-diclofenac Sodium composites consolidated by 
HPT. Data from the literature [35] for bulk magnesium is also shown 
for comparison.

Fig. 5. (a) FTIR absorbance curves of pure Mg and pure pharmaceuticals and the composites containing both and (b) photos of plates containing fungus and bacteria 
after 24 h immersion of pure magnesium and Mg-pharmaceuticals composites.
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particles, which breaks the oxide layer and promotes metallic bonding. 
This study shows that the same principle applies when drugs are mixed 
with metallic particles. If the drugs can withstand the high pressure and 
shear, they become embedded in the bulk metal matrix. Analysis of the 
phase morphology shows that the drugs tend to align with the shear 
plane. It is expected that the bonding between the pharmaceuticals and 
the metallic phase is not as strong as the bonding within the metallic 
phase. Therefore, the drug-metal interface may have a lower shear 
resistance, and therefore there will be preferential sliding between the 

metal and the drug, resulting in phase alignment. Such alignment can be 
detrimental to corrosion resistance, as demonstrated by the lack of 
integrity of the Mg-diclofenac sodium composite immersed in Hank’s 
solution for 1 day. This situation poses a challenge for the design of 
processing routes capable of avoiding the formation of continuous drug 
layers within the metallic matrix. In the present study, a solution is 
presented in which the drugs are mixed with metallic particles and 
incorporated into a hole of a bulk disk. In addition, further experiments 
should be carried out using biodegradable materials with higher 

Fig. 6. X-ray tomography images of Mg-2 % diclofenac sodium composite after 24 h of immersion in Hank’s solution. Representative plane-view image (a) and cross- 
sectional images (b) of the disc. Three-dimensional images of the disc, with the bulk metal rendered in blue and the corrosion product in yellow (c).

Fig. 7. Cross section images of a disc of ZK60-2 % diclofenac sodium composite after 2 weeks of immersion in Hank’s solution.
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corrosion resistance than magnesium. Zinc and iron may be suitable 
candidates, and recent experiments have shown that it is possible to 
incorporate hydroxyapatite and bioactive glass particles into a zinc 
matrix using HPT processing [26].

It is worth noting that solid state reaction has been reported during 
high pressure torsion processing. Mechanical mixing might take place 
between metals [41–43] and redox reaction has been reported between 
Nb2O5 with aluminum [44] and with magnesium [45]. Provided the 
number of rotations is large enough, typically in the range of hundreds, 
complete mixing in the atomic level can develop between different 
metallic materials [46,47]. Therefore, the number of rotations in the 
present experiments was limited to a maximum of 10 to avoid any re
action between the metallic phase and the drugs. Observation of the 
interface between the phases (Fig. 3) suggested that such reactions did 
not take place. In addition, the pharmaceutical activity was still 
retained, as shown by good antifungal and antimicrobial activity of the 
Mg amphotericin B and Mg ofloxacin composites.

5. Summary and conclusions

In this work, different drugs (ofloxacin, amphotericin B, and diclo
fenac sodium) and bovine serum albumin were mixed with particles of a 
biodegradable metal (magnesium) and consolidated at room tempera
ture using high-pressure torsion. The resulting biodegradable metal- 
drug composites exhibited a continuous metal matrix with a discontin
uous dispersion of the incorporated drugs. The severe plastic deforma
tion process refined the grain structure of the metal matrix, and the 
composites exhibited high mechanical strength. Effective drug release 
was confirmed by the formation of inhibition halos in bacterial and 
fungal culture plates for composites containing the antibiotic and anti
fungal agents, respectively. In contrast, no such antimicrobial activity 
was observed in pure magnesium. The rapid corrosion of the Mg- 
diclofenac sodium composite led to a fast release of diclofenac so
dium. However, modifying the processing route and replacing pure 
magnesium with the magnesium alloy ZK60 significantly improved 
corrosion resistance, enabling a more controlled release of diclofenac 
sodium over two weeks of immersion in Hank’s solution.
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