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Active biomedical materials are designed to heal and restore the functions of people
recovering after injuries or diseases. They are used to repair or replace a specific biolog-
ical function of dysfunctional tissues (Figure 1). They are synthetic or natural materials,
such as metals and their alloys, ceramics, composites, or polymers. They must meet sev-
eral criteria, such as having good mechanical properties, excellent biocompatibility, high
corrosion resistance, good tribological properties, and non-toxicity. The modification of ex-
isting biomedical materials and the development of new biomedical materials are effective
strategies for improving material performance.

Figure 1. Applications of biomedical materials in different areas. Reprinted from Ref. [1].

This Special Issue, “Active Biomedical Materials and Their Applications”, provides
updated information on the synthesis and properties of different materials, namely ceram-
ics, polymers, nanoparticles, and composites, and their applications. It collects seven novel
studies and four review articles. Experts from different research fields share their ideas and
report their findings on these topics.

In the study by Tian, X. et al. (contribution 1), an injectable bioactive and a degradable
calcium sulfate/hydroxyapatite (CaS/HA) cement was developed for the augmentation of
fenestrated pedicle screws in an osteoporotic spine [2]. The results showed that CaS/HA
augmentation was effective in enhancing the pull-out force of the fenestrated pedicle screws
in osteoporotic vertebrae in comparison with non-augmented screws. This technique
allowed for adequate cement distribution and the interdigitation ability of the CaS/HA
cement in the trabecular bone.
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In the review by Liu, D. et al. (contribution 2), an overview of currently used biodegrad-
able bone cements, such as calcium phosphates, calcium sulfates, and organic–inorganic
composites, was described [3]. The degradation mechanism and the clinical performance
of the biodegradable cements were discussed in detail.

In the review by Itzhaki, E. et al. (contribution 3), the synthesis and characterization
of proteinoid polymers and the nanocapsules containing synergistic drugs, cannabinoids,
and TRAIL for cancer theranostics were summarized [4]. Proteinoids are random polymers
composed of amino acids synthesized using stepwise thermal polymerization. The in vitro
and in vivo studies of the latest findings in this area were discussed.

In the review by Sousa, A.B. et al. (contribution 4), the authors discussed the potential
applications of specialized pro-resolving mediators (SPMs) in the development of new im-
munomodulatory biomaterials [5]. These mediators are a family of endogenous molecules
that include lipoxins, resolvins, protectins, maresins, Cysteinyl-SPMs, and n-3 docosapen-
taenoic acid-derived SPMs. SPMs have important anti-inflammatory and pro-resolutive
actions, such as decreasing the recruitment of polymorphonuclear leukocytes, inducing the
recruitment of anti-inflammatory macrophages, and increasing macrophage clearance of
apoptotic cells through a process known as efferocytosis.

In the study by de Araujo, M.M. et al. (contribution 5), the authors develop solid lipid-
polymer hybrid nanoparticles (SLPHNs) as topical delivery systems for small interfering
RNA (siRNA) molecules [6]. Their findings showed that the developed SLPHN–0.25%
polyethyleneimine was a promising nanoplatform for the cutaneous delivery of siRNA, as
it favored the ability of siRNA to penetrate the skin through the stratum corneum barrier
and kept it in the epidermis.

In the study by Tărăboant,ă, I. et al. (contribution 6), a light-activated microhybrid
composite resin incorporated with green silver nanoparticles was developed to improve the
antibacterial activity and surface hardness of the resin composite [7]. The authors reported
that the resin composite loaded with silver nanoparticles inhibited the Streptococcus mutans
activity, but there was no improvement in surface hardness.

In the study by Lin, C.J. et al. (contribution 7), an ultrasonic-assisted digestion of a
formic acid decellularized extracellular matrix (UdECM) hydrogel was developed for dia-
betic wound treatment [8]. The wound-healing effect of the UdECM hydrogel incorporated
with rat platelet-rich plasma (R-PRP) and sacchachitin nanofibers (SCNFs) on diabetic
wounds was examined using an animal model. The results showed that the UdECM/SC/R-
PRP group improved diabetic wound healing and the recovery of diabetic wounds in
normal tissue.

In the study by Chauvin, A. et al. (contribution 8), a hydroxyapatite-based coating on
zirconia was designed [9]. The zirconia was coated with polyethyleneimine-hydroxyapatite
(PEI-HAp) followed by thermal treatment. The results showed that the adhesion of hydrox-
yapatite on zirconia was improved.

In the study by Sung, P. et al. (contribution 9), a network structure of anatase- and
rutile-type TiO2 with CuO fine particles was formed on titanium when it was subjected to
H2O2-Cu(OAc)2-heat treatments [10]. The results showed that the coated layer exhibited
good antibacterial activity against E. coli and S. aureus when subjected to visible-light
irradiation. This was due to the generation of reactive oxygen species and hydroxyl free
radicals (·OH) under visible-light irradiation.

In the study by Soto ER et al. (contribution 10), they developed a new drug delivery
system, yeast particles for the encapsulation of fungicides, tetraconazole (TET), and pro-
thioconazole (PRO), with a high payload-loading capacity, encapsulation efficiency, and
encapsulation stability [11]. The activity of the yeast particles in encapsulated PRO on
azole-resistant C. albicans strains was enhanced compared to unencapsulated PRO.

In the review by Abdalla, M.M. et al. (contribution 11), the authors provided a
comprehensive review of the applications of strontium compounds in dentistry [12]. Their
comprehensive summary elucidated the uses and benefits of strontium, the mechanisms of
its biological interactions, and its applications in dentistry.
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In summary, the articles included in this Special Issue, “Active Biomedical Materials
and Their Applications”, report new data and contribute to recent developments in biomed-
ical materials. Hopefully, these contributions will both practically benefit the readership
and encourage further research in the field of biomedical materials.

I extend my gratitude to the authors, the reviewers, and the MDPI JFB editors and
their team for their invaluable contributions.

Conflicts of Interest: The author declares no conflicts of interest.
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Fenestrated Pedicle Screws in Osteoporotic Vertebrae:
A Biomechanical Cadaver Study

Xinggui Tian 1,2 , Deepak B. Raina 3 , Corina Vater 1,2 , David Kilian 2 , Tilman Ahlfeld 2 , Ivan Platzek 4,
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Technische Universität Dresden, 01307 Dresden, Germany
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Abstract: Cement augmentation of pedicle screws is one of the most promising approaches to enhance
the anchoring of screws in the osteoporotic spine. To date, there is no ideal cement for pedicle screw
augmentation. The purpose of this study was to investigate whether an injectable, bioactive, and
degradable calcium sulfate/hydroxyapatite (CaS/HA) cement could increase the maximum pull-
out force of pedicle screws in osteoporotic vertebrae. Herein, 17 osteoporotic thoracic and lumbar
vertebrae were obtained from a single fresh-frozen human cadaver and instrumented with fenestrated
pedicle screws. The right screw in each vertebra was augmented with CaS/HA cement and the
un-augmented left side served as a paired control. The cement distribution, interdigitation ability,
and cement leakage were evaluated using radiographs. Furthermore, pull-out testing was used
to evaluate the immediate mechanical effect of CaS/HA augmentation on the pedicle screws. The
CaS/HA cement presented good distribution and interdigitation ability without leakage into the
spinal canal. Augmentation significantly enhanced the maximum pull-out force of the pedicle screw
in which the augmented side was 39.0% higher than the pedicle-screw-alone side. Therefore, the
novel biodegradable biphasic CaS/HA cement could be a promising material for pedicle screw
augmentation in the osteoporotic spine.

Keywords: biomaterial; biomechanical; calcium sulfate/hydroxyapatite; cement; osteoporosis;
pedicle screw augmentation

1. Introduction

Osteoporosis is the most common age-related bone disease. Over 200 million people
worldwide suffer from osteoporosis [1]. The prevalence of osteoporosis has been continu-
ously escalating with increasingly elderly populations, with more than 70% of people over
the age of 80 being affected [2]. With increased life expectancy, improved quality of life,
and the desire to maintain physical activity in older adults, the need for spinal surgery in
elderly patients suffering from osteoporosis has increased accordingly [3]. The prevalence
of osteoporosis in men older than 50 and postmenopausal women when undergoing spinal
surgery was reported as 14.5% and 51.3%, respectively, by Xie et al. [4]. Pedicle screws

J. Funct. Biomater. 2022, 13, 269. https://doi.org/10.3390/jfb13040269 https://www.mdpi.com/journal/jfb4
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are the most commonly used implants to achieve posterior fixation of the lumbar and
thoracic spine. The key to an adequate base for a stable fixation is the bony purchase of the
pedicle screws in the pedicle and trabecular bone of the vertebral body [5]. The specific
morphology of the trabecular meshwork affects the mechanical grasp of the screw and,
therefore, influences the screw integration at the bone–metal interface [6]. In osteoporotic
vertebrae, bone-metal osteointegration is significantly reduced which often leads to the
loosening of the screw [6] with a rate of up to 62% [7].

Over the past few decades, numerous techniques have been developed to improve the
anchorage of pedicle screws in order to reduce the risk of screw failure. These techniques
primarily suggested larger outer diameters or an extended length of screws, screws with
different thread profiles, a cylindrical or conical core shape, expanding screws, bi-cortical
pedicle screws, coated pedicle screws, or cement augmentation screws [8,9]. The cement-
augmented pedicle screw technique is considered one of the most promising approaches for
the improvement of screw fixation. A recent meta-analysis showed that screw augmentation
significantly reduced the loosening rate by a factor of 10 (non-augmentation screws vs.
augmentation screws: 22.5% vs. 2.2%) [10]. To date, polymethyl methacrylate (PMMA) is
the only material that has been clinically approved by the FDA to augment pedicle screw
fixation. Due to its high viscosity and injectability, PMMA is advantageous for augmenting
pedicle screws in the osteoporotic bone with a high stability. However, PMMA also has
some drawbacks limiting its clinical application. PMMA is a rather stiff, high-strength
epoxy resin with a higher mechanical strength than osteoporotic bone. This biomechanical
mismatch leads to a shielding effect on the adjacent vertebrae or disc [11]. The strong
exothermic reaction during PMMA polymerization can further damage the surrounding
already-fragile bone, which weakens the fixation between the bone and cement and can
finally lead to aseptic loosening [1]. Most importantly, due to its non-degradability and lack
of bioactivity, PMMA neither forms a stable bio-bonding with the bone nor induces bone
ingrowth or osseointegration [12]. Due to its non-resorbability, a chronic inflammatory
response may occur, further compromising the strength and integrity of the implant [13].
PMMA excessively adheres to the screws, making it difficult to remove the screw during
revision surgery [12]. In addition, its monomer component methyl methacrylate (MMA) is
known to be toxic to healthy organs [9]. These PMMA-associated drawbacks have created
a need for bioactive or bioresorbable functionalized cements to achieve better pedicle screw
augmentation in osteoporotic bone. Calcium phosphate [9] as well as calcium sulfate
cements [14] with high biodegradability were developed as PMMA-replacing alternative
candidates for pedicle screw augmentation. However, the long curing time of calcium
phosphate cements [15] and the rapid degradation rate of calcium sulfate cements [16] limit
their clinical application.

In this study, we aim to show that a recently established injectable calcium sul-
fate/hydroxyapatite (CaS/HA) biomaterial, which has been approved for human use
both in Europe and North America [17], may meet the requirements of pedicle screw
augmentation for improved efficacy. The CaS/HA cement is a powder-based biomaterial
that forms a paste when mixed with the liquid phase, with proper biocompatibility [18]. It
can be injected for about 5 min, molded for up to 9 min after mixing, and is transformed
into a solid mass approximately 15 min after initiating the mixing procedure [19]. The
compressive strength of the material is higher compared to cancellous bone [20]. Clinical
studies have shown that CaS/HA cement as a substitute for PMMA has achieved good
clinical results in the treatment of osteoporotic vertebral fractures through percutaneous
vertebroplasty [21,22], providing strong evidence that CaS/HA cement can be used to treat
osteoporotic spinal diseases. Previous preclinical studies have shown that CaS/HA can
enhance screw anchorage in native or synthetic bones [23,24]. Our latest study also showed
that CaS/HA-enhanced lag-screw anchorage with high extraction forces is comparable
to PMMA in cadaveric femoral heads as well as in patients undergoing treatment for
intertrochanteric fractures [25]. In addition, CaS/HA cement is a degradable material that
can serve as a scaffold for new bone ingrowth in order to achieve better osseointegration.
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Its isothermal setting reaction will be compatible with surrounding tissues as it does not
lead to thermally induced necrosis [25]. Thus, the purpose of this study was to investigate
whether degradable CaS/HA cement could be used for pedicle screw augmentation in
osteoporotic vertebrae.

We hypothesized that CaS/HA cement could strengthen the interface between the pedi-
cle screw and the vertebral trabecular bone with the potential to increase the pull-out force
of the pedicle screw in the osteoporotic vertebrae in a preliminary proof-of-principle study.

2. Materials and Methods

2.1. Methodology

A male human cadaver was used in this study as a model of osteoporotic vertebrae
to test the hypothesis that the CaS/HA cement could augment the pedicle screws with
a potential improvement of the immediate anchorage in the osteoporotic vertebrae. The
computed tomography (CT) scan was performed to measure the Hounsfield Units (HU).
The fenestrated pedicle screws were implanted into the osteoporotic vertebrae, in which
the right side of the vertebra was augmented with the CaS/HA cement and the left side
of the vertebra was not augmented. During the procedure, the C-arm X-ray was used to
evaluate cement distribution and cement leakage. After the pedicle screw augmentation,
the specimens were embedded in epoxy resin for pull-out testing to evaluate the pull-out
force. The maximum pull-out force was used to quantify the effect of cement augmentation
by comparison with the non-augmented side. (Figure 1).

 

Figure 1. Flow chart summarizing the methodology. After the specimens’ acquisition, computed
tomography (CT) scan was performed to determine that the specimen met the experimental criteria
and to determine the parameters of the pedicle screws. Pedicle screws were implanted and augmented
with CaS/HA cement, and then a pull-out experiment was performed to evaluate the effect of the
augmentation. Abbreviations: HU: Hounsfield units; CaS/HA: calcium sulfate/hydroxyapatite.

2.2. Specimen Preparation

A total of 17 vertebrae (12 thoracic and 5 lumbar) were obtained from a fresh-frozen
cadaver of an 81-year-old male (Institute of Anatomy, University Hospital Carl Gustav
Carus at Technische Universität Dresden, Dresden, Germany). All soft tissues on the verte-
bral body were completely removed and CT scans of all vertebral bodies were performed
(Department of Radiology, University Hospital Carl Gustav Carus at Technische Universität
Dresden). The diameter of the pedicle and the length of the vertebral body were measured
to determine the respective size of each pedicle screw. The radiodensity in Hounsfield Units
(HU) of the vertebral body, screw trajectory, and augmentation area were also measured
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using AGFA HealthCare software (AGFA; Mortsel, Belgium). The HU of vertebral bodies
was measured according to a method described by Li et al. [26], and the HU of screw
trajectory was measured using a method previously described by Zhang et al. [27]. In
addition, a circular area with a diameter of 8 mm at the front end of the screw trajectory
was defined as the ROI of the potentially augmented area in this study.

2.3. Pedicle Screw Implantation

The cortex and hyperplastic osteophytes of the lamina were removed with a rongeur,
so that the polyaxial tulip-head of the pedicle screw could be rotated freely to prevent
it from blocking the pedicle screw. A pilot hole was made by an awl oriented forward
and inward along the pedicle axis. Then we checked the hole with a probe to ensure
that the pedicle was not damaged. Each hole was tapped using a 4.5 mm tap, then each
fenestrated pedicle screw (uCentum, Ulrich Medical, Ulm, Germany) was implanted with
a ratchet screwdriver using a free-hand technique until the hub of the screw had been
firmly fixed on the posterior cortex. Because the trajectory of the screw during implantation
affects the required extraction force later, the classical trajectory of passing the center of the
pedicle parallel to the superior and inferior endplates was adopted in this study [28]. All
instrumentation was completed by one experienced spine surgeon. The specimens were
stored in sealed vacuum bags at −20 ◦C until further preparation and testing.

2.4. CaS/HA Cement Preparation and Augmentation Procedure

According to the preparation protocol, the CaS/HA cement (Cerament, Bone Support
AB, Lund, Sweden), which consists of a premixed powder of 60 weight% (wt%) CaS and
40 wt% HA, was mixed with iohexol (1 g CaS/HA:0.43 mL iohexol) in a 6-well plate for
30 s. The CaS/HA slurry was then transferred into the syringe used for injection. This
process allowed the cement to cure for 4 min prior to injection [17,19]. During this period,
the syringe was connected to the tail of the fenestrated pedicle screw through a special
metal tube. Then the CaS/HA paste was injected into the right-side screws. A total of 1 mL
CaS/HA paste was used for each thoracic vertebra and 2 mL was used for each lumbar
vertebra. During injection, C-arm fluoroscopy radiographs were taken to evaluate cement
distribution, interdigitation ability, and cement leakage. The CaS/HA cement was allowed
to harden at room temperature for 24 h before mechanical testing.

2.5. Mechanical Testing

A customized metal container was used to hold the vertebra, while a band was used to
fix the vertebra by insertion through the spinal canal. The vertebrae were then embedded
in epoxy resin (Yachticon, Norderstedt, Germany) with the embedded line of each vertebra
under the pedicle to avoid interference with mechanical testing (Figure 2A,B). This process
required setting overnight at room temperature to obtain an exact, stable fixation. For the
pull-out test, the customized container was fixed on the bottom of the testing machine
(Z010, Zwick-Roell, Ulm, Germany) with a titanium rod. In this position, it could be freely
adjusted in the sagittal plain of the pedicle to ensure that the implantation direction of each
pedicle screw was consistent with the direction of the piston of the machine. In this case,
the pedicle screw was securely attached to the piston with a nut. In addition to the pull-out
force along the longitudinal axis of the screw, this procedure should avoid interference
with additional forces in order to allow reliable quantification of the shear stability of
the screw-bone interface (Figure 2C,D). The screws were pulled out at a displacement of
10 mm/min using a custom-made jig on the universal testing machine in displacement-
controlled mode (Figure 2E). To avoid any biased tendency in the results by the test order,
the tests were alternated between right (cement-augmented) and left (non-augmented)
sides. The pull-out strength of a pedicle screw was defined as the point at which the force
peaks in the force-displacement diagram in newtons (N). Stiffness was defined as the slope
in the linear region of the force-displacement curve.
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.
Figure 2. Photographs of vertebra fixation and biomechanical testing process. (A) Lateral view and
(B) anterior view of a vertebra (*) fixed in the customized metal container (black #) filled with epoxy
resin (white #); (C) lateral view; and (D) anterior view of the mechanical testing process of pedicle
screws; and (E) the picture of pedicle screws being successfully pulled out from the vertebra. Red
arrows indicate the pedicle screws; blue arrows indicate the fixed band; green arrows indicate the
piston of the testing machine.

2.6. Statistics

Data were presented as mean ± standard deviation (SD). Statistical analysis was
performed by using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). Signifi-
cant differences between the groups were evaluated using the paired t-test. The level of
significance was chosen at p < 0.05 (*).

2.7. Ethical Approval

This study involved cadaveric specimens voluntarily donated by a donor to the
Institute of Anatomy, University Hospital Carl Gustav Carus at Technische Universität
Dresden for the advancement of science. This study has been carried out in accordance with
the Code of Ethics of the World Medical Association (WMA Statement on Organ and Tissue
Donation) and the local ethics policy of Dresden University Hospital for experiments.

3. Results

3.1. Specimen Preparation

For this cadaveric study, all thoracic and lumbar vertebrae from one cadaveric donor
were collected. The T7 height was reduced which may have suffered a previous osteo-
porotic vertebral compression fracture, without previous cement-related surgical treatment.
The applied individual, vertebra-specific pedicle screw sizes are listed in Table 1. The
radiodensity of all vertebral bodies was below 150 HU while the HU values of all vertebral
bodies except T3 (138) were also detected as lower than 135 (Figure 3A). No significant
difference was detected comparing the HU of the pedicle screw trajectory between the
potentially cement-augmented (right) side and the un-augmented (left) side (Figure 3B) and
the HU between the potential augmented area and contralateral relative area (Figure 3C).
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Table 1. The individual, vertebra-specific pedicle screw sizes defined according to CT scan measure-
ment results.

Location
Size (d/l) in

mm
Location

Size (d/l) in
mm

Location
Size (d/l) in

mm

T1 6/30 T7 6/45 L1 7/50
T2 5/35 T8 6/50 L2 7/50
T3 5/40 T9 6/50 L3 7/50
T4 5/40 T10 7/45 L4 7/45
T5 5/45 T11 7/45 L5 7/40
T6 6/45 T12 7/50

The screw sizes were defined by diameter “d” and length “l” (in mm).

Figure 3. Quantification of radiodensity in CT scans: (A) Radiodensity in Hounsfield units (HU) for
all vertebral bodies T1–T12 and L1–L5; (B) Radiodensity values (in HU) of pedicle screw trajectory
comparing augmented screw side and only screw side; and (C) the HU between the potential
augmented area and contralateral area. Data are presented as mean ± SD. The two horizontal
dotted lines in panel A represent the critical values for diagnosing osteoporosis by HU in previous
literature [29].

3.2. Pedicle Screw Implantation

All pedicle screws were successfully implanted into the vertebrae. After pedicle screw
implantation, X-ray images were taken in order to demonstrate that the placement of all
pedicle screws was accurate, and that no pedicle or vertebral body was damaged during
the operation (Figure 4).

 

Figure 4. The anteroposterior X-ray images of all vertebrae after the fenestrated pedicle screw
implantation prior to augmentation with CaS/HA material. “L” and “R” indicate the left and right
side; T1–T12 and L1–L5 indicate the thoracic and lumbar position of the vertebrae.
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3.3. Trajectories of Augmented and non-Augmented Pedicle Screws

The CaS/HA cement was completely and successfully injected in all vertebrae (1 mL
in the thoracic vertebrae and 2 mL in the lumbar vertebrae) under fluoroscopic guidance.
After cement injection, X-ray images demonstrated that the CaS/HA cement was evenly
distributed around the anterior hole of the fenestrated pedicle screws both in the coronal
plane from the anteroposterior radiograph and in the sagittal plane from the lateral ra-
diograph in all vertebrae. No obvious cement leakage was seen into the spinal canal. In
addition, the irregular shape of the cement edges also indicated the adequate cement-bone
interdigitation ability in the trabecular bone (Figure 5).

 

Figure 5. The anteroposterior radiograph and the lateral radiograph of the fenestrated pedicle screws
augmented with CaS/HA cement. “L” and “R” indicate the left and right side; T1–T12 and L1–L5
indicate the thoracic and lumbar position of the vertebrae.

Further visual observation of the vertebral appearance after cement injection revealed
that the cement was exposed in the superior endplate plane of four vertebrae (T1, T3, T5,
and T9) and in the inferior endplate plane of three vertebrae (T7, L3, and L5) (Figure 6).
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Figure 6. Photographs of the appearance of all the vertebrae after cement injection. Green arrows
indicate the CaS/HA cement. T1–T12 and L1–L5 indicate the thoracic and lumbar position of
the vertebrae.

3.4. CaS/HA Augmentation Leads to an Increased Pull-Out Force

All specimens were stabilized in the customized metal container to minimize vari-
ation. Regarding the maximum pull-out force, the determined force for the augmented
screw was higher than the pull-out force of the pedicle screw without augmentation
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among 14 vertebrae. Whereas test outliers on the unenhanced side of T3 may be due to
the destruction of the trabecular microstructure of the pedicle and vertebral body, cement
augmentation significantly increased its pull-out resistance although the pedicle trabecular
microarchitecture on the augmented side was also destroyed from the analysis of CT scans
(Dragonfly, ORS Inc., Montreal, QC, Canada) (Supplementary Materials, Figure S1A). The
maximum pull-out force of the screw on the contralateral side of three vertebrae was
slightly higher than on the augmentation side. Each individual pull-out force of the aug-
mentation side was lower than the corresponding pedicle screw-alone side occurring in
the thoracic spine (T1, T7, and T11). From the analysis of the CT scans, it was found that
the reason for these undesired results may be related to the microfracture of the right
part of the vertebral body at T7 and T11 and the obvious cortical bone hyperplasia of the
left pedicle at T1 detected by comparison with the right side (Supplementary Materials,
Figure S1B–D). In the lumbar spine, all the pull-out force figures of the augmentation
sides were higher than the pedicle screw-alone side (Figure 7A). In general, the maxi-
mum pull-out force on the augmentation side was significantly higher compared to the
screw-only side (non-augmentation screws vs. augmentation screws: 288.5 ± 105.6 N vs.
401.1 ± 114.6 N) (Figure 7B). The maximal pull-out force was significantly increased by
CaS/HA augmentation both in the thoracic (non-augmentation screws vs. augmentation
screws: 278.8 ± 122.2 N vs. 359.5 ± 83.5 N) and lumbar (non-augmentation screws vs. aug-
mentation screws: 311.8 ± 50.5 N vs. 500.8± 125.6 N) (Figure 7C,D). Overall, the maximum
pull-out force of the augmented side was 39.0% higher than the pedicle screw-alone side
(overall: 39.0%, thoracic: 28.9%, lumbar: 60.6%). The mechanical analysis of vertebral bone
showed that the mean stiffness of the cement-augmented screw side was not statistically
different to the screw-only side, including the thoracic and lumbar (Figure 7E–H).

Figure 7. (A–D) The maximum pull-out force in N for screws pulled out from the cement-augmented
screw side and screw-only side; (A,B) overall comparison; (C) comparison for thoracic vertebrae;
and (D) lumbar comparison of screw only vs. augmented screw. (E–H) Stiffness in N/mm of
vertebrae comparison between the cement-augmented screw side and screw-only side; (E,F) overall;
(G) thoracic; and (H) lumbar comparison. Data are presented as mean ± SD, * p < 0.05.

Pedicle screw failure occurred at the screw-bone interface in both the screw-alone and
the augmented screw sides. After testing, 10 specimens could be retrieved from the epoxy
resin while the other vertebrae were damaged during removal of the osteoporotic vertebral
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body from the container due to the tight adhesion of the vertebral body and the epoxy resin.
The vertebral cross-section photographs along the midline of the pedicle demonstrated
that the cement was evenly distributed within the trabecular network in the vertebral body,
which densified the loose architecture of the osteoporotic vertebral body. At the screw
trajectory area, a local cavity was formed inside the vertebrae after screw extraction at the
screw-only side; cement was still filled within the screw trajectory at the augmented side
(Figure 8A,B). After testing, the threads of the augmented screws were filled with cement,
but only little trabecular or bone marrow tissue filled the threads of the screws without
augmentation (Figure 8C).

 

Figure 8. Representative specimens of vertebrae and fenestrated pedicle screws after pull-out testing.
(A) The top section; and (B) the bottom section of vertebra L2 after axial cross-section along the
midline of the pedicle. The red area of irregular shape indicates the CaS/HA cement-augmented
area, while the rectangular area marked by the green dashed lines indicates the rough zone of the
pedicle screw trajectory. “L” and “R” indicate the respective orientations. (C) A pair of pedicle
screws (6.5/30 mm) from T1 after the pull-out experiment. Red arrows indicate remnants of CaS/HA
cement; green arrows indicate remnants of the trabecular bone tissue.

4. Discussion

In this study, we described the novel application of a recently established CaS/HA
biomaterial cement for the augmentation of pedicle screws in the osteoporotic spine. By
injecting CaS/HA cement into the internal channel of the fenestrated pedicle screws, the
cement can be evenly distributed into the screw threads and into the surrounding trabecular
in order to strengthen the interlocking effect at the bone-screw interface (Figures 5 and 8).
Biomechanical testing demonstrated that the described method of injectable CaS/HA ce-
ment improved the maximum pull-out force of fenestrated pedicle screws in osteoporotic
vertebrae (Figure 7). The hypothesis that CaS/HA cement can enhance the interface
between the pedicle screw and the osteoporotic bone and support the immediate anchor-
ing of the pedicle screw in the osteoporotic vertebrae of the thoracic and lumbar spine
was verified.

Anchoring of pedicle screws in the spine with poor bone quality remains challenging.
The success of a pedicle screw instrumentation depends on the implant design as well as
on the quality of the bone which could provide adequate compression between the threads
and surrounding bone; this proves to be a critical aspect of fixation stability [30]. Previous
studies found that there is a significant linear correlation between bone mineral density
(BMD) and failure cycle and fatigue loads [31]; it is also suggested that for a BMD of thoracic
and lumbar less than 80 mg/cm3, the stability of the pedicle screws may be insufficient so
that additional stabilization should be considered [31]. Dual energy X-ray absorptiometry
(DEXA) is the current “gold standard” for BMD measurement and osteoporosis screening.
Osteoporosis is defined by the World Health Organization as ≥2.5 standard deviations
below the mean BMD, as measured by DEXA [1]. However, DEXA measurements of BMD
are affected by lumbar degenerative changes, scoliosis, compression fractures, and cannot
distinguish between cortical and cancellous bone [26]. Some studies have found that the
detection of BMD based on the measured HU value not only has a certain linear correlation
with the BMD assessed by DEXA and quantitative computed tomography, but can also
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be used for the auxiliary diagnosis of osteoporosis by passing the above shortcomings of
the DEXA method [26]. Two recent studies suggested that using HU for the diagnosis of
osteoporosis aiming for high sensitivity may set a cutoff value of 150 HU, while aiming for
a more balanced sensitivity-specificity ratio may require a cutoff value of 135 HU [29,32].
The HU of all vertebral bodies in this study met the diagnostic criteria for osteoporosis. In
addition, DEXA can only measure the overall BMD of the vertebrae without the ability to
determine the BMD of the screw trajectory. The HU value of the screw trajectory can be
used for pedicle screw stability prediction [27]. There were no significant differences in the
HU values of the trajectories nor in the potential augmentation area of the augmented-screw
side and the contralateral area of the screw-only side. This consolidates that the difference
in the pull-out force was exclusively mediated by the augmentation effect of the cement.

At present, pedicle screw augmentation techniques mainly include prefilling with
cement prior to solid screw insertion and fenestrated pedicle screws injected with cement
through the inner channel, but the biomechanical testing results of PMMA augmentation
are controversial [33]. Compared to traditional solid pedicle screws, the extraction force
of the fenestrated pedicle screw with PMMA augmentation is either increased, equal, or
even decreased [33]. However, here the cannulated screw has the advantages of a shorter
surgery time and a reduced risk of cement leakage [9,33]. In this study, the commercially
available, fenestrated standard pedicle screws with the same size for each vertebra were
used for CaS/HA cement augmentation. The optimal amount of cement used for proper
screw fixation is also controversial and numerous studies on PMMA recommend 1 mL in
the thoracic spine and 1.5–3 mL in the lumbar spine [5,16,33]. With reference to the amount
of PMMA, 1 mL of CaS/HA cement in the thoracic spine and 2 mL in the lumbar spine
were used in this study. The CaS/HA cement was evenly distributed in the anterior end
of fenestrated pedicle screws both in the coronal and sagittal plane and it significantly
enhanced the pull-out force of the pedicle screw without spinal canal leakage. The exposure
of the CaS/HA cement in the endplate is due to the tight junction between the annulus
fibrosus and the cartilage endplate or the marginal bone of the vertebral body resulting
in damage of the cartilage endplate during specimen preparation. These results proved
that the CaS/HA cement augmented fenestrated pedicle screw is an effective technique
and confirmed that a dosing volume of 1 mL cement in the thoracic spine and 2 mL in
the lumbar spine is effective. However, the biomechanical evaluation and comparison
of screw implantation between the two techniques as well as the correlation of cement
volume and mechanical properties is worth further investigation. The CaS/HA cement
overall showed a 39% increase in the maximum pull-out force, which was lower than that of
PMMA (50–100% [16,34]), but the increase in the lumbar vertebrae was 60.6% in this range,
which may be related to vertebrae structure and bone cement amount. Due to the relatively
small size of the thoracic vertebrae, the amount of cement that can be accommodated is
limited, resulting in a limited increase in the pull-out resistance of the thoracic spine, which
may also be related to the overall smaller force level of the thoracic spine [33]. The larger
trabecular area of the lumbar vertebrae allows high doses of bone cement to be injected,
which further leads to higher maximum pull-out forces. From a clinical point of view, the
lumbar bears more stress than the thoracic because there is no sternum and ribs to share
stress, and the higher pull-out resistance obtained may potentially reduce the risk of screw
failure. The biomechanical relationship between cement volume and region needs to be
further explored in another independent controlled trial. After the pull-out experiment,
we observed that the CaS/HA cement was still evenly filled in the trabecular bone and
between the threads of the screw, which confirms the good distribution and interdigitation
ability of the CaS/HA cement [12]. This is another important reason why the cement
enhances pull-out strength by filling the gap between the bony trabeculae and the thread
of the screw in osteoporotic vertebrae [35]. This interface failure of CaS/HA cement occurs
at the screw/bone interface, which is different from the failure modality of the PMMA
composite/bone interface, indicating that the shear and tensile strength of CaS/HA, like
calcium phosphate cement, are lower than those of cancellous bone [8,34].
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Biphasic CaS/HA biomaterials have different rates of degradation, as the CaS phase is
rapidly absorbed within 6–8 weeks in vivo while the HA phase persists for 9–12 months,
integrating with new bone ingrowth over time [36]. The undesired degradation rates (too
rapid or too slow) of single-phase degradable cement or the non-degradable nature of
PMMA fail to match the bone ingrowth speed. Due to the lack of intrinsic osteoinductive
cytokines, the functionalization of biomaterials with osteopromotive molecules is a promis-
ing option in bone tissue engineering [17], especially in the osteoporotic bone. Our previous
studies have shown that CaS/HA materials can be used to locally co-deliver rhBMP-2 and
zoledronic acid (ZA) to promote femoral defect repair [17] and bone regeneration in the
osteoporotic femoral neck canal [37,38]. This is due to the fact that rhBMP-2 is physically
entrapped in the resorbable CaS phase of the carrier for rapid release, whereas ZA is
chemically bound to HA for long-term action [39]. Furthermore, Raina et al. showed that
local co-delivery of rhBMP-2 and ZA by CaS/HA significantly enhanced screw anchor-
ing [40]. Our recent data even indicates that the osteoporosis drug ZA seeks peri-implant
HA particles and biologically activates them to induce significantly more new cancellous
bone formation around the implant in an osteoporotic animal model of implant integration.
All these data demonstrate that the suggested workflow is a promising option for the
future usage of CaS/HA cement alone or after functionalization with osteo-regenerative
molecules to enhance pedicle screw anchorage in patients with osteoporotic vertebrae.
Further studies are warranted to elucidate whether this approach could aid in the reduction
of pedicle screw failure and reduce the number of reoperations.

5. Limitations

Besides a successful outcome of the study, certain technical limitations need to be
considered: the damaged cartilage endplate during specimen preparation due to the tight
connection between the endplate and intervertebral disc in this study may affect the quan-
tification of absolute pull-out force results. The anatomical variation of the pedicle in the
available cadaveric vertebrae may also influence the biomechanical results. However, these
limitations are not expected to affect a pairwise side-to-side comparison of individual
vertebrae since specimen handling did not influence the morphology and macroscopic
anatomy of the bone specimens [33]. Another limitation is that the axial pull-out test used
in this study cannot fully simulate a physiological fatigue load situation, even though it is
considered a standard test method for the fixing strength of screws [41]. The relationship
between cement volume and biomechanics requires further exploration in another inde-
pendent controlled trial. In addition, this experiment was a preliminary proof-of-concept
study with a very limited sample size; a large sample size trial would be useful to further
confirm our results.

6. Conclusions

This study demonstrates a novel application of the recently established injectable,
biodegradable biphasic CaS/HA cement for augmentation of fenestrated pedicle screws
in osteoporotic spine. In a cadaveric model, the CaS/HA augmentation was proven as an
effective technique which significantly enhanced the required pull-out force of fenestrated
pedicle screws in osteoporotic vertebrae in comparison with non-augmented screws. The
technique allowed adequate cement distribution and interdigital ability to the surrounding
trabecular bone. In addition, the CaS/HA material has been approved for clinical utilization,
which could allow for an easier translation to the clinical application of this technique. In
conclusion, this biodegradable biphasic CaS/HA cement could be a promising material for
pedicle screw augmentation in the osteoporotic spine.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb13040269/s1, Figure S1: CT scans of vertebrae with (A) outlier
(T3) and (B-D) suboptimal pull-out test results (T1, T7, T11). “L” and “R” indicate the left and right
side. The white rectangular areas indicate the potential cortical bone hyperplasia of the left pedicle in
T1 and the potential microfracture areas inT3, T7 and T11.
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Abstract: Bone cements such as polymethyl methacrylate and calcium phosphates have been widely
used for the reconstruction of bone. Despite their remarkable clinical success, the low degradation
rate of these materials hampers a broader clinical use. Matching the degradation rate of the materials
with neo bone formation remains a challenge for bone-repairing materials. Moreover, questions
such as the mechanism of degradation and how the composition of the materials contribute to
the degradation property remain unanswered. Therefore, the review provides an overview of
currently used biodegradable bone cements such as calcium phosphates (CaP), calcium sulfates and
organic-inorganic composites. The possible degradation mechanism and clinical performance of the
biodegradable cements are summarized. This paper reviews up-to-date research and applications of
biodegradable cements, hoping to provide researchers in the field with inspirations and references.

Keywords: biomaterials; biodegradable bone cements; calcium phosphates; calcium sulfates;
bone regeneration

1. Introduction

Bone defects may be caused by severe trauma, tumors and systemic disease [1–3].
Every year, numerous patients in the world undergo bone reconstruction treatment because
of congenital defects, tumor resection and bone defects caused by fracture [4]. Currently,
autologous bone graft is the gold standard for the treatment of bone defects [5]. However,
its main disadvantages include a lack of supply, pain, infection and other complications [6].
Allogeneic bone transplantation is an alternative method, but there are many postoperative
complications [7,8]. Therefore, artificial bone-repairing materials are promising for the
repair of bone defects. Currently, most implants are made of metallic biomaterials. The
most commonly used metals for medical applications are titanium and titanium alloys as
well as stainless steel and cobalt–chromium–molybdenum alloys [9]. For example, Ti6Al4V
and NiTi alloys are known for their high wear resistance, ductility and high hardness. Some
researchers have incorporated new elements in the alloys to address their biological toxicity
and excessive modulus of elasticity [10]. However, metal implants still cannot be used
for filling irregular orthopedic wounds and are hardly degradable, requiring secondary
surgical removal. In addition, the composition of metal implants differs greatly from that
of the human body, so there is still a necessity to develop implant materials that are more
compatible with human tissue and degradable.

Bone cement, as a kind of bone-filling material, has been applied in the orthopedic
field. It is of great significance for filling and repairing the irregular orthopedic trauma site
and is widely used in various orthopedic and dental implant fixations [11,12]. However,
the most commonly used bone cements such as polymethylmethacrylate (PMMA) are
nondegradable. The poor biodegradability may cause many complications, such as in-
tramedullary hypertension and pulmonary embolism [13,14]. Therefore, the development
of bone cement with good biodegradability is essential for their biomedical applications.
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Biodegradable materials are the second generation of biomaterials, which play an
indispensable role in tissue repair and regeneration [15–17]. From 2015 to 2024, the global
orthopedic biomedical materials market increased from $4.3 billion to 46.5 billion [18]. Or-
thopedic biodegradable materials provide support, osteoconductivity and osteoinduction
at the implantation site, and some of them also assist in the completion of bone tissue repair.
They are gradually degraded in the organism through dissolution, enzymatic digestion,
and cellular phagocytosis at a certain degradation rate during the formation of new bone.
The degradation products of the materials produce either no host response or a slight host
response to the organism, and in some cases, promote the bone repair. The degradation
products are continuously absorbed or excreted from the tissue as it grows in, and the re-
paired bone tissue completely replaces the implanted material, leaving no residual material
in the body when the bone repair is completed.

According to the development status of biomaterials, biodegradable materials mainly
consist of biodegradable polymers, biodegradable metal materials and biodegradable
cements/ceramics (Figure 1). After implanting the materials into the defect site, the
newly formed tissue grows into the implant’s interior, and some biomolecules and ions
produced during the degradation can interact with the bone injury microenvironment
to promote the regeneration of bone tissue. Simultaneously, the mechanical properties
of the implant gradually decrease, and the biological stress of the body transfers to the
new bone tissue, which prevents the stress-shielding effect and stimulates bone tissue
regeneration [19,20]. However, there are some shortcomings in biodegradable bone cements,
such as the mechanical strength of bone cements weakened during biodegradation, high
price and inconvenient production, which all need to be continuously improved in the
future [21].

 
Figure 1. The classification of biodegradable materials used for bone defect repair [19].

A large number of examples have revealed the application prospect of degradable bone
cements in the biomedical field for many years [11,19]. The subject itself has matured into
an important research topic, and has achieved promising results in vitro and in vivo, which
has aroused more and more interest from researchers [22,23]. In this review, we summarize
the recent progress in biodegradable bone cements. Different types of biodegradable
bone cements were introduced, and the mechanism of bone cements’ degradation was
analyzed. Finally, the clinical application of biodegradable bone cements was summarized.
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Most of the previous studies summarized the mechanical properties and osteogenic ability
of biological bone cement, but we focused on another important property of biological
bone cement—degradability. In this review, we put forward our views on possible future
directions for biodegradable bone cement research, including translating these products
from laboratory to clinical. We believe that understanding the degradation process of
different bone cements and optimizing the controllability of their biodegradation are the
development trends of biological bone cements. This is because the biological bone cement
can achieve its maximum effectiveness only when the rate of degradation matches the rate
of new bone formation. It is expected that this timely review will provide a comprehensive
and strong knowledge base for degradable bone cements [24].

2. Categories of Biodegradable Bone Cements

Bone cements are self-setting bone substitute materials, which are generally composed
of powder and liquid phases [25]. In the last couple of decades, bone cements have been
extensively applied in the repair and regeneration of tissue engineering due to their good
biocompatibility, biodegradability and excellent osteogenesis [19,26]. To date, the most
commonly used biodegradable bone cements mainly include calcium phosphate cements
(CPCs), calcium sulfate cements and other composite bone cements [11]. The biggest
advantage of biodegradable bone cements is that they are gradually degraded by chemical
dissolution and cell absorption after implantation in the bone defect and finally replaced
by the newly formed bone tissue [27].

2.1. Calcium Phosphate Cements

Calcium phosphate cements consist of an aqueous solution and one or several calcium
phosphates [28]. Despite many formulations and compositions proposed, they can be
classified into three groups according to their end products: apatite (HA, Ca5(PO4)3OH),
brushite (DCPD, CaHPO4· 2H2O) and monetite (DCPA, CaHPO4) [29,30]. The degradability
of these three bone cements will be described below.

2.1.1. Apatite Cements

There are two different reaction paths for the setting of apatite cements [31]. The first
is based on an acid–base reaction, where one acidic and one alkaline calcium phosphate
source react to form a neutral product. Tetracalcium phosphate (TTCP) is the most fre-
quently applied alkaline calcium phosphate source. The mixture of TTCP with an acidic
calcium phosphate source (DCPA or DCPD) produces the precipitation of HA (Equation (1))
(Figure 2) [32].

2 CaHPO4 + 2 Ca4(PO4)2O → Ca10(PO4)6(OH)2 (1)

The second type of reaction is a simple hydration reaction. Calcium-deficient HA
(CDHA) is prepared via the hydrolysis (Equation (2)) of a single CaP compound (Figure 2),
such as α-Ca3(PO4)2 (α-TCP), which is applied in most clinical products.

3 α-Ca3(PO4)2 + H2O → Ca9(HPO4)(PO4)5(OH) (2)
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Figure 2. Classification of calcium phosphate cements, with examples of the most common formula-
tions. Reprinted (adapted) with permission from [33]. 2012, Elsevier Ltd.

Apatite cements are generally degraded through chemical dissolution and active
degradation mediated by cellular activity, and the active degradation is dominant. Due to
the limited degradation of cellular activity, HA is the least soluble and most stable of the
different CPCs [34,35]. Many experiments indicated that apatite cements showed only slight
degradation and new bone regeneration after being implanted in vivo for several months
or even several years. The slow degradation of apatite not only hinders the regeneration of
new bone, but also severely limits its clinical application.

2.1.2. Brushite Cements

Brushite cements are prepared using an acid–base reaction. The components of acid–
base reactions are usually composed of an acidic phosphorus source and basic calcium
source [36]. Many formulations have been reported in the research. The most commonly
applied formulation is monocalcium phosphate monohydrate (MCPM) (Figure 2) and
β-tricalcium phosphate (β-TCP) (Equation (3)) [37,38].

Ca(H2PO4)2· H2O + β-Ca3(PO4)2 + 7 H2O → 4 CaHPO4· 2 H2O (3)

Under physiological conditions, the dissolution rate of brushite cements is almost
three times that of HA cements [31]. However, compared with the regeneration rate of
bone, the degradation rate of brushite cements is still slightly slower. Flautre et al. studied
a brushite cement applied in non-load-bearing defects [39]. After 6 months, the newly
formed bone was not obviously increased and approximately half of the bone defect was still
occupied by undegraded cement. Britta et al. prevented the formation of HA precipitate by
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adjusting the liquid–solid ratio, but the cements with two different powder-to-liquid ratios
displayed only slight degradation after 10 months [20]. Maenz et al. used poly(l-lactide-co-
glycolide) acid (PLGA) nanofibers to enhance the mechanical property of brushite cements.
Although the addition of PLGA fiber promoted bone regeneration, the brushite cement still
retained a large volume after 3 months. When brushite cements are used in bone defect
repair operations, its good degradation and replacement via regenerative bone is preferred.
Ideally, the biodegradation rate of brushite cements should be in line with the newly formed
bone to allow the newly formed bone to gradually restore its mechanical properties.

Therefore, an urgent problem to be solved for brushite cement is to improve the
degradation rate. At present, there are several methods to improve the degradation rate
of brushite cements: (i) changing the powder-to-liquid ratio, (ii) improving porosity and
(iii) inhibiting phase conversion [11]. These parameters could be adjusted in such a way
that the biodegradation rate is line with the rate of bone formation. The most commonly
used method is to introduce different pore sizes into bone cement to improve the local
metabolism and the degradation rate of cement. Real et al. used an acid-based reaction
between NaH2PO4 and NaHCO3 to fabricate CO2 bubbles into CPCs [40]. At 3 months,
while the control CPCs still maintained their integrity, macroporous CPCs were almost
completely degraded [41]. Additionally, Félix-Lanao et al. studied the effect of PLGA
porogens on CPCs degradation [42]. They found that relatively low PLGA porogens were
applied (e.g., 10–20 wt.%), being able still to promote CPC degradation and accelerate
bone regeneration [43]. These two studies demonstrate that increasing porosity is effective
to promote CPC degradation. Modulating the porosity can adjust the degradation rate
of CPCs to match the rate of new bone formation, which will greatly contribute to the
expansion of cements’ use. Besides improving porosity, preventing brushite cements
from recrystallizing to form apatite is also an important way to increase the degradation
rate [44]. Apelt et al. and Theiss et al. incorporate Mg2+ into the brushite cement to prevent
phase conversion [30,45]. In a study, Grover et al. used brushite CPCs modified with
pyrophosphate to inhibit phase conversion, causing a broader resorption and promoting
new bone regeneration compared with the control group [46]. They proposed an innovative
method to optimize the degradation performance of brushite cement. These two studies
improved the degradation performance of brushite cement from the source of its slow
degradation, enabling brushite cement to enhance its degradation performance while
retaining its osteogenic ability and biocompatibility.

2.1.3. Monetite Cements

Monetite is the anhydrous form of brushite. Monetite cements can be obtained by
adjusting the reaction conditions of brushite cements. For example, setting brushite cements
in excessively low pH conditions, in water-deficient environments, or in the presence of
metallic ions, favoring monetite formation [47]. Another way of fabricating monetite
cements is via the thermal dehydration of already-set brushite cements (Equation (4)):

CaHPO4· 2 H2O → CaHPO4 + 2 H2O (4)

The degradation mechanism of monetite cements is the same as that of brushite,
mainly divided into active absorption and via passive dissolution [48]. In a comparison
between monetite cements and autologous grafts on grounds of bone healing efficiency,
histomorphometry results indicated that 42% of the monetite cements were resorbed and
that the newly formed bone within the implant occupied 43% of its volume [49]. This
indicated that monetite cement resorption can offer a good balance between implant
degradation and new bone regeneration on the premise of maintaining mechanical stability,
an advantage that separated monetite from brushite and HA.

As a biodegradable bone cement with the potential to replace brushite cements, mon-
etite cements have a very broad application prospect. Compared with brushite cements,
it was found that monetite cements resorb at a faster rate than brushite in vivo. The main
reason responsible for the higher resorption rate lies in that monetite is not transformed
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into apatite as readily as brushite [50]. Sheikh et al. designed monetite grafts of differing
physical form by autoclaving and dry heating (under vacuum). Upon implantation for
3 months, both types of monetite cements showed complete resorption and no monetite
converted into apatite [51]. Moreover, Tamimi et al. implanted monetite granules synthe-
sized via autoclaving into alveolar bone defects. After six months, the amount of resorbed
monetite (74%) and regenerated bone (60%) was obviously higher in comparison with the
hydroxyapatite group and no apatite formation was observed in patients [52]. The monetite
is an excellent calcium phosphate cement, and its advantage is that it will not recrystallize
to form apatite and has a fast degradation rate. It has great research value as a substitute
material for brushite.

2.2. Calcium Sulfate Cements

Calcium sulfate (CaSO4), also referred to as gypsum, is the first synthetic scaffold used
for bone regeneration [53–55]. The application of calcium sulfate as a filler in bone defects
was reported in 1892 [56]. In 1996, Wright Medical Company optimized the form and size
of calcium sulfate cements and developed the bone repair product of Osteoset® to promote
the application of calcium sulfate in the orthopedic field. It has excellent biocompatibility
and biodegradability; and the degradative products even cause no tissue inflammatory
reaction [57].

The promotion of bone repair via calcium sulfate cements was first confirmed in
animal experiments. Lillo and Peltier applied calcium sulfate cements to fill bone defects
in a canine model and reported that calcium sulfate cements obviously promote bone
regeneration covered by periosteum [58]. Radentz and Collings used calcium sulfate as
plugging agents to promote bone defect repair in intrabony defects of a canine model [59].
Histological results showed that bone in the calcium sulfate-filled defects had a denser
trabecular pattern. In 2001, Kelly et al. used calcium sulfate cements to repair bone defects
caused by benign bone tumors, trauma and periprosthetic bone loss [60]. The percentage
of bone regeneration and replacement of the calcium sulfate cements was 80% of the
original defect size after 2 months. Calcium sulfate cements have also been applied in the
management of acute traumatic defects. Yu et al. used injectable calcium sulfate cements to
fill impacted metaphyseal defects in 31 patients with tibial plateau fractures [53]. The result
showed that calcium sulfate cements improved the safety and stability of early knee motion.
The advantage of calcium sulfate cement is that it is biocompatible and safe because it does
not cause inflammation when implanted in the body.

However, the rapid degradation of calcium sulfate does not match the bone formation
process, which limits its clinical application [61]. It is reported that calcium sulfate cement
generally takes 4–6 weeks to completely degrade under the condition of good blood vessels.
However, the degradation time of calcium sulfate was prolonged to 6–10 weeks in the poorly
vascularized bone defect. In addition, it has been reported that osteoporosis can accelerate
the degradation of calcium sulfate [62]. In normal rat caudal vertebra defects, calcium
sulfate degraded about 80% in 4 weeks and almost completely dissolved in 8 weeks [63]. In
the case of osteoporosis, calcium sulfate in the defects of coccygeal vertebra is completely
degraded after 4 weeks. Rechenberg et al. found that calcium sulfate cements were already
completely resorbed at 8 weeks in a drill hole model of sheep [64]. In order to match the
rate of calcium sulfate degradation with the rate of new bone growth, many researchers
combine calcium sulfate with other substances to reduce the porosity of calcium sulfate
or steam treatment [65]. In short, reducing the degradation rate of calcium sulfate to be
in line with the newly formed bone will be the next development direction of calcium
sulfate cements.

2.3. Organic-Inorganic Composites

In order to further improve the properties of bone cement in various aspects, re-
searchers often add organic components to the inorganic phase. Because of the addition
of organic components, the degradation performance of composite bone cement becomes
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more complicated. The degradation rate of the composites mainly depends on the proper-
ties of the inorganic components in the composites [66]. However, the addition of organic
components can accelerate or delay the degradation of bone cement to some extent. There-
fore, adjusting the degradation rate of bone cement by adding organic components will be
the future development direction for the personalized treatment of bone defects.

At present, the organic components added in composite bone cement can be divided
into natural polymers and synthetic polymers [67]. Natural polymers mainly include
gelatin, sodium alginate, silk fibroin and chitosan; the synthetic polymer is mainly com-
posed of Polycaprolactone (PCL), Poly (Lactic Acid) (PLA), PLGA, and so on [68]. These
polymers are often added into bone cement in different ways (polymer chain, microspheres)
to regulate the degradation rate to meet the corresponding clinical needs. Habraken et al.
added gelatin microspheres into CPCs to study their effect on the degradation of bone
cement in vitro [69]. The results showed that the degradation curve of CPCs incorporated
with gelatin microspheres decreased linearly, and the mass loss was about 5% at 3 months.
Guo et al. prepared CPC/PLGA composites to explore in vivo degradation and mechanical
property changes. They found that CPC/PLGA composites degraded significantly faster
than the CPC group and lost 10% more weight at 12 weeks than CPC group [70].

In general, the addition of polymers enriches the types of biodegradable bone cement
and improves its degradability and provides a good method for the clinical customization
of personalized biodegradable bone cement.

3. The Mechanism of Degradability

It is known that degradable bone cements can fill and repair bone defects to promote
bone regeneration [71]. However, they will be gradually degraded as a foreign matter in
implanted bones after implantation into the human body. The degradation modes of bone
cements mainly include chemical dissolution and resorbing by the action of osteoclasts.
The chemical dissolution belongs to passive degradation (Figure 3), and resorbing to active
degradation [72,73].

Figure 3. Natural process of bone repair in the fracture zone [27].

3.1. Chemical Dissolution

The whole process of chemical dissolution involves physical and chemical changes
without the involvement of cells [74]. The degree and speed of chemical dissolution de-
pended on the composition, structures and the microenvironment of implant locations [37].

Among all biodegradable bone cements, the calcium sulfate cement is one of the most
completely and fastest degraded cements [75]. Despite various differences between calcium
sulfate hemihydrate (CSH) and calcium sulfate dihydrate (CSD), all calcium sulfates are
freely soluble in physiological conditions. As the degradation of calcium sulfates, the
calcium phosphate, a new phase, is formed after degradation. This phenomenon is not
only the competition of two processes of precipitation and dissolution, but also a good sign
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for cell adhesion [57]. It is precisely because the local calcium ion concentration increases
through the chemical dissolution of calcium sulfate that new bone formation is induced.

Compared with the apatite cement cements, brushite cements have been shown
to degrade to a much greater extent in vivo [76]. This is mainly due to their excellent
solubility at a physiological pH, which leads to degradation by chemical dissolution and
active resorption by cells. The rate of chemical dissolution of CPCs is determined by the
surface area, Ca/P ratio, the crystallinity and pH or perfusion with bodily liquids [11].
Dissolution occurs when brushite is placed in an environment that is under-saturated
in calcium and phosphate ions, and where calcium and phosphate ions would dissolve
directly. The process of dissolution stops once the solubility limit has been reached. Brushite
dissolution supersaturates the environment with respect to HA, ultimately resulting in
HA precipitation [37]. Because of the slow degradation rate of brushite cements, brushite
cements would recrystallize to form HA during the long degradation process, which
hinders its further dissolution. The resorption mechanism of monetite is the same as
brushite cement implants, which is mainly mediated via chemical dissolution and cell
absorption [24]. The only difference is that monetite cements dos not recrystallize to form
HA, which makes monetite cements degrade faster than brushite cements.

Hydroxyapatite is insoluble in water, but can be slightly dissolved after being soaked
in water for a long time [77]. Because of poorly solubility, apatite cements are primarily
resorbed via active resorption through osteoclasts [61]. As for some organic–inorganic
composites, they may be chemically degraded through the joint action of the active and
passive methods in vivo.

3.2. Resorbed by the Action of Osteoclasts

Another important degradation type is active degradation mediated by cells such
as osteoclasts, giant cells and macrophages [78]. The cements as implantation materials
cause the inflammatory response of body’s immune system, which can induce the immune
cells migration to the cements [79]. It has been reported that the degraded granules or
fragments of part-degradable bone cements may stimulate the immune response, promote
the secretion of inflammatory factors, such as IL-1 β, IL-6 and TNF-α, activate osteoclasts,
further increase the release of inflammatory factors and activate macrophages and giant
cells in bone marrow. Then the activated macrophages and giant cells will endocytose
and exocytose the dissolved substances into the microenvironment between granules and
cells to maintain the homeostasis of the bone environment [72]. Therefore, the cells of the
mononuclear phagocytic system play a critical role in the degradation of bone implantations.

Calcium sulfate cements do not cause inflammatory reactions in vivo, so the degrad-
able type mediated is not the main degradation type of calcium sulfate cements [57,80]. In
addition, histological staining revealed that no cells are involved in implant degradation in
calcium sulfate cement implants.

It is reported that the degradation of CPCs is mainly involved in giant cells and
osteoclasts (Figure 4). But the results in vivo showed that macrophages, not osteoclasts, play
an important role in the active resorption of brushite cements [45]. It has been suggested
that cement disintegration and phagocytosis play a critical role, showing that brushite
cement degradation may be a complicated process. If the larger cement particles were
produced in the degradation process and cannot be swallowed by macrophages, the foreign
matter giant cells would be responsible for degradation [81]. Sheraly et al. proved that
CPC implants can be resorbed by osteoclasts, and they successfully used gastrointestinal
proton pump inhibitors (PPIs) to delay osteoclast-mediated resorption of CPCs [82]. On
the basis of confirming that osteoclasts participate in CPC degradation, Christian et al.
quantitatively analyzed the rate of bone cement degradation involved by osteoclasts. They
analyzed the active absorption efficiency of bone cements by measuring tartrate-resistant
acid phosphatase (TRAP) activity and calcitonin receptor (CT-R) expression [76,83,84]. In
addition, the researchers indirectly affected the degradation of calcium phosphate cement
by adding different ions to the cement. Bernhardt et al. found an increased osteoclastic
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resorption of Cr3+-doped brushite cements compared to the non-incorporated brushite
cement [85,86]. They also found that Co2+ ions promoted the formation of osteoclasts
and accelerated the degradation of bone cement in vivo. Another study showed that Sr2+

substitution in apatite cement can effectively attenuate osteoclastic absorption and delayed
the absorption of the bone cement [87]. Some studies tried to use Mg2+ ions and Cu2+ to
regulate the formation or viability of osteoclasts to indirectly regulate the degradation of
bone cement [84].

 
Figure 4. Macrophage response to biomaterials depending on the size of the implanted materials [44].

The active degradation of bone cements by osteoclasts plays a key role in bone cements
degradation. The resorption activity of osteoclasts may be regulated by various active
substances, hormones and other factors, such as interleukin, the parathyroidal hormone,
calcitonin, nerve growth factor, etc. [88].

3.3. Recrystallized to Form Apatite

In addition to the above two degradation modes, a small part of the calcium phosphate
cement also has another degradation mode, recrystallizing, to form apatite (Figure 5). The
resorption of brushite cements has been displayed to be highly unpredictable with strong
dependence on many conditions [89]. One of the major conditions is phase transformation,
transforming to less soluble phases such as HA, affecting the rate of resorption [50]. After
the initial fast degradation of the cements, the remaining brushite is converted into insoluble
apatite. It has been found that after 6 months of in vivo implantation in sheep, brushite
cements completely transform into poor crystalline-carbonated apatite [90]. Many studies
on the degradation of brushite cements had found that certain organic matters (i.e., citrate
ions) could cause an obvious reduction in this energy barrier, and is probably involved in the
process of brushite to HA conversion in vivo. In other words, physiological inhibitors of HA
mineralization, such as pyrophosphate (in pyrophosphoric acid-based brushite cements),
acidic amino acids and magnesium ions, can be used to prevent brushite reprecipitation as
HA. For instance, Apelt et al. and Theiss et al. prevented phase transformation of brushite
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into insoluble phases by adding magnesium ions into the bone cement [45]. Another
method to avoid the transformation into HA in vivo is to reduce the free calcium ions,
which are essential for phase transformation. Schroter et al. increased the powder-to-liquid
rates of cements to reduce the porosity and avoided the transformation of brushite into
insoluble HA [27]. In brief, inhibiting brushite cements from transforming into insoluble
the HA phase can accelerate the degradation rate of brushite cements to some extent.

Figure 5. The fate of CaP biomaterials after implantation. (OCP: Octacalcium phosphate) [44].

4. Evaluation of Degradability

Ideally, CPCs are replaced with new bone formation in good time without a temporary
reduction in mechanical properties [27]. However, the degradation of CPCs varies with
their components and products. Therefore, different methods are required to evaluate the
degradation of cement from various aspects.

In vitro, immersion and weight loss methods are commonly used to predict the degra-
dation behavior of cements. In the measurements, the geometry and mass of the cements
are detected before and after immersion [22]. Chang et al. investigated the degradation of
magnesium phosphate/calcium silicate composite (MPC/CS) bone cements by submerging
the samples in a Tris–HCl buffer solution. After a period of time, the weight loss of each
sample was measured to assess the degradation of the bone cements in vitro [91]. The
addition of CS to MPC resulted in an increased rate of degradation. The critical aspect
of this method is to choose an immersion solution that better simulates the environment
in vivo. For example, simulated body fluids (SBF) are widely used because this composi-
tion is similar to that of body fluids. However, minerals will deposit on the surface of the
sample in SBF and thus affect the experiment results [23]. Tris–HCl, a pH 7 buffer solution,
can avoid the mineralization due to its pH-balancing ability [22]. Moreover, the study of
Rohanová et al. showed that unbuffered the Dulbecco’s Modified Eagle’s Medium (DMEM)
could be an appropriate solution for degradation experiment [92].

Evaluation of degradability in vivo is commonly performed on tissue sections. The
residual materials were observed on the stained sections, and the degradation of the
materials are evaluated by comparing the residuals with the initial implanted materials.
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In addition, materials and surrounding tissues are assessed qualitatively and quantita-
tively via image analysis systems such as Micro-CT (micro-computed tomography) and
SEM (scanning electron microscopy). Choll et al. established a model of osteoporosis
using rodents suffering from osteoporosis [62]. Each group was packed with CaSO4 or
CaSO4/CaPO4 cement to fill the tail defects. After 8 weeks, cement resorption profiles, bone
mineral density, average cortical thickness, average trabecular thickness, average trabecular
spacing and cements resorption profiles were evaluated via Micro-CT. Histologic sections
were performed on spines obtained after surgery and 8 weeks. The study concluded that
the pro-inflammatory and pro-osteolytic bone environments of osteoporotic disease may
lead to the altered osteoconductivity and accelerated resorption of both materials.

The Norian SRS®, an apatite-forming commercial cement, was studied in sheep with
non-loading defects in the humerus and femur [30,64]. Six months after implantation,
the tissue sections showed only material degradation and marginal new bone formation.
Penel et al. reported the degradation of brushite-forming cement in the femoral bone defects
of sheep [90]. In the analysis of the phase of cement specimens, there was no sign of brushite
detectable at 6 months or 12 months. However, a mixture of β-TCP and carbonated apatite
was found, suggesting that the DCPD phase converted into slow-degrading apatite in vivo.
However, the DCPD phase was transformed to slowly degraded apatite in vivo because
a mixture of β-TCP and carbonated apatite was found. The phase analysis verified the
unpredictability of the degradation of brushite cements.

In clinical settings, imaging observations and histopathological observations also play
important roles in the study of degradability to learn the patients’ prognosis. Hillmeier et al.
treated 33 patients with vertebral compression fractures via augmentation with calcium
phosphate bone cement in vertebroplasty [93]. Radiomorphometric evaluation showed
no significant difference in degeneration at 6 months postoperatively in comparison to
patients treated with PMMA. Libicher et al. investigated the degradation of calcium
phosphate bone cement in vertebral compression fractures in patients with osteoporosis
after vertebral osteoplasty [94]. After 1 year, the cement implant was evaluated via CT
for volume and the average degradation rate was 2 vol.%. This method exhibited high
accuracy for quantifying the amount of bone cements in the vertebral body. However, given
the low volume of patients in the research, the reliability of this approach necessitates more
study. Heo et al. studied 14 patients with osteoporotic compressive fractures managed
with vertebroplasty with brushite cements [95]. The injected CPCs exhibited unpredictable
and variable morphological changes observed via radiological evaluation. Half of the
implantation resulted in resorption, coagulation and fracturing. In addition, 78.6% of
participants showed post-treatment advancements in vertebral compression over time.
The compression has continued to progress for over 2 years. The results of this clinical
study suggested that this bone cement is not mechanically strong enough to be used
in vertebroplasty.

Furthermore, the degradation of CPCs cements in vivo can be evaluated by the change
in mechanical properties before and after cement implantation. The degradation of cements
accompanied with changes in mechanical properties [96]. The most widely studied me-
chanical performance of CPCs is the compressive strength [97]. Compared to cancellous
bone, apatite cements exhibit similar or greater compressive strength, which is typically
maintained in living organisms after implantation [27]. The new bone combined with the
slow degradation of CPCs results in the formation of bone cement/bone complexes with
sufficient mechanical strength and which may exceed that of intact bone trabeculae [98].
Nevertheless, the initial fast degradation of these cements may result in an unexpected
reduction in mechanical properties, which may lead to failure in clinical treatment [95].

5. Clinical Performance of Biodegradable Cement

The CPCs were invented a century ago and have been widely researched as bone
substitutes over the past 40 years [99]. A number of commercial products of calcium
phosphates are available nowadays. In clinical applications, CPC is primarily used to treat
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patients with non-weight-bearing bone fractures to promote the recovery of joint function
around the fracture. Transtemporal approaches to the petrous apex and CP (cerebellopon-
tine) angle are standard procedures in the armamentarium of the neurotologist. Recently,
calcium phosphate cement (hydroxyapatite) has been used to close cranial defects in several
medical centers, as part of an FDA-IDE (Food and Drug Administration-Investigational
Device Exemption) study in human subjects [100]. The results showed that apatite cement
had the potential to become a standard tool for the surgical management of the skull base
and temporal bone defects. Marcio et al. evaluated the efficacy and safety of HA as a highly
inlaid graft on intact skulls. In 166 BFOA (bi-fronto-orbital advancement) and 19 secondary
cranioplasty procedures with high inlay HA, only 1 patient had complications [101]. β-TCP
was also widely used clinically as a bone repair material for maxillary sinus elevation.
Suba et al. investigated the therapeutic effect of maxillary sinus elevation using β-TCP as
a bone graft [102]. The results showed no statistical difference in the new bone density,
microstructure of the osteo–graft material interface in the graft area between the β-TCP and
autologous bone groups after 6 months. Furthermore, β-TCP degradation was significantly
lower than that of the grafted autologous bone.

Apatite CPCs are used for the treatment of vertebroplasty or vertebroplasty due to
their high compressive strength in CPC bone cements [27]. Nakano et al. investigated the
treatment of apatite-forming CPC Biopex® and Biopex-R® in the clinical management of
osteoporotic vertebral compression fractures after vertebroplasty [103]. After follow-up
over 2 years, the clinical outcome was satisfactory, with maintained bone union and pain
relief in patients. The CT images displayed that new bone was forming at the bone–cement
interface and Biopex appears to be gradually degrade. Nevertheless, the degradation of
cements and newly formed new bone were unquantified. In a study by Gumpert et al. [100],
with the application of apatite cement KyphOS® in osteoporosis, a considerable slow
degradation was observed on CT scans [104]. The researchers indicated that the cement
was biocompatible and osseointegrated well, as demonstrated via biopsies performed one
and a half years later. In addition, the cement appeared to be gradually absorbed by the
multinucleated cells, while osteoblasts formed new bone. However, the authors noted that
the degradation of KyphOS was slow and may take several years. To our knowledge, there
are few clinical studies on brushite cement for osteoporotic compression fractures.

Although CPCs were promising materials for bone repair, their low mechanical
strength and high brittleness still limit their application in load-bearing situations [105].
Degradation that is too slow or too fast can prevent recovery, and adjusting the degradation
behavior to different clinical requirements remains a major challenge [106,107]. While
solving the above disadvantages, new commercial products need to be improved for more
availability in the following directions: (i) improving the injectability and porosity of CPCs
to optimize their osteoconductivity, (ii) using CPCs as drug carriers for the treatment of
orthopedic diseases or (iii) using open macroporous CPC blocks for tissue engineering [31].

6. Conclusions and Outlook

Since the last century, more and more bone cements have been developed for bone
regeneration. In addition to basic bone conduction and bone induction properties, these
scaffolds should also be biocompatible and have a biodegradation rate similar to the rate
of new bone formation to meet the time required for new bone to recover its mechanical
properties. For example, researchers isolated an anhydrous form of brushite called monetite.
In an experiment on the efficiency of bone healing with monetite, it was measured that 42%
of the monetite cements were resorbed and that the new bone formed within the implant
occupied 43% of its volume. This suggested a good balance between phosphate cement
reabsorption and new bone regeneration, which helped maintain the mechanical stability
of the bone defect. Biodegradable cements can be roughly divided into ceramic (calcium
phosphate and calcium sulfate), polymer and composite materials. The degradation of
implants in vivo depends on complex physicochemical reactions and cellular mechanisms.
After the slow dissolution and particle formation of the bone cements, phagocytosis and
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absorption by the recruited macrophages and osteoclasts lead to the biodegradation and
reabsorption of the bone cement scaffold in vivo. Although biodegradable bone cement has
many clinical applications, future research is required to further understand the degradation
process of different cements and optimize the controllability of biodegradation.

At present, there are still many urgent issues to be solved for biodegradable biomate-
rials. Basic research has been performed on the mechanical properties of biodegradable
materials used for load bearing bone defects, but the control of their biodegradable proper-
ties and the mechanism of degradation are still not well understood. The ideal bone cement
should provide an adhesion site for osteoprogenitor cells to deposit the bone matrix and
gradually mineralize into bone. For this purpose, the cement should be slowly absorbed,
allowing newly formed bone to penetrate and grow within the material. We think that
the future development direction of biodegradable materials for load bearing bone defects
should be the optimization of their controllability, which can be achieved by changing the
porosity of material, ion doping or the preparation of composite materials. In the future,
a variety of biomaterials that degrade at the same rate as new bone formation should be
developed to meet the needs of patients with load-bearing bone defects.
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Abstract: Proteinoids—simple polymers composed of amino acids—were suggested decades ago
by Fox and coworkers to form spontaneously by heat. These special polymers may self-assemble
in micrometer structures called proteinoid microspheres, presented as the protocells of life on earth.
Interest in proteinoids increased in recent years, in particular for nano-biomedicine. They were
produced by stepwise polymerization of 3–4 amino acids. Proteinoids based on the RGD motif
were prepared for targeting tumors. Nanocapsules form by heating proteinoids in an aqueous
solution and slowly cooling to room temperature. Proteinoid polymers and nanocapsules suit
many biomedical applications owing to their non-toxicity, biocompatibility and immune safety.
Drugs and/or imaging reagents for cancer diagnostic, therapeutic and theranostic applications were
encapsulated by dissolving them in aqueous proteinoid solutions. Here, recent in vitro and in vivo
studies are reviewed.

Keywords: proteinoid polymers; proteinoid nanocapsules; fluorescent nanocarriers; cancer theranostics;
RGD nanoparticles

1. Introduction

Proteinoids are random polymers composed of amino acids synthesized by stepwise
thermal polymerization. They were discovered and studied in the 1950s by Fox and cowork-
ers, who suggested that they formed spontaneously by high heat at the beginning of life on
Earth. Fox et al. demonstrated that proteinoids may self-assemble in spherical micrometer
structures, proteinoid microspheres, presented as the protocells of life [1–3]. This process
occurs at rather high temperature (170–180 ◦C, for instance) in an inert atmosphere without
a catalyst or a solvent. Lysine or aspartic/glutamic acid are critical, as they form cyclic
products which act as solvents [4]. Various proteinoids may be prepared by using natu-
ral and synthetic amino acids at different ratios. The special features of each proteinoid
influence the character of particles that are composed from it [5,6].

In early work by Rao and coworkers [7,8], an acidic proteinoid was prepared by
thermal condensation of seven natural amino acids, mainly Glu, Asp and Gly [7]. The
proteinoid was expected to be non-antigenic due to its low molecular weight (<10 kDa). The
acidic gastric irritating drug methotrexate was encapsulated in self-assembled microspheres
rather efficiently (~50% with ~10% loading) [8], conferring gastric (pH~1) stability (<10%
released in two hours) and thus improving the prospects of oral delivery. The spherical
microspheres were of uniform diameter (1–3 μm). Complete solubility in neutral blood pH
allowed release of most of the encapsulated drug within one hour.

During the last decade, Margel and coworkers produced proteinoids by bulk stepwise
polymerization of 3–4 amino acids without or with a biopolymer such as poly(L-lactic
acid) (PLLA) [9–14]. Nanocapsules (NCs) form spontaneously by heating proteinoids to
about 70 ◦C in an aqueous solution to completely dissolve the polymers, followed by slow
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cooling to room temperature. Different drugs and/or imaging reagents were encapsulated
by dissolution in the proteinoid solution, and covalent binding to the surface of the NCs
was achieved with or without a spacer arm. Proteinoid NCs suit many applications owing
to their non-toxicity, biocompatibility and immune safety [10,11]. Incorporation of the
tri-amino acid sequence arginine–glycine–aspartic acid (RGD) in the random proteinoid
backbone enables targeting of tumors.

Kwon, Park & Kim [15] demonstrated that proteinoids could also act as carriers of
a certain kind of drugs and be programmed to release them depending on the external
conditions. This is made possible by introducing a disulfide bond in the proteinoid that
lets it assemble in an aqueous phase. In an external environment which is reducing in
nature, the disulfide bond is cleaved, and the micelle is likely to be loosened. As a result,
the payload (drug) inside the micelle would be released.

Recent work by Adamatzky investigated the potential application of proteinoids in
the field of computing systems [16]. Proteinoids have the potential to be utilized in uncon-
ventional computing owing to their unique electrical properties. Such proteinoids were
also prepared by step-growth polymerization of amino acids in an aqueous environment.
These proteinoids swell into hollow microspheres that produce an endogenous burst of
electrical potential spikes and exhibit the capacity to alter patterns of their electrical activity
in response to illumination. By forming interconnected networks through pores and tubes,
proteinoid microspheres can enable programmable growth and have potential for creation
of intricate computing systems. This capacity for novel growth patterns and electrical
activity allows for the possibility of developing computing architectures that are more
versatile and efficient than traditional systems.

The present review article builds upon the foundation established by Kolitz-Domb
and Margel in 2018 [11] that focused primarily on the chemistry behind the preparation
of a few proteinoids and their nanocapsules (e.g., P(KF), P(EF) in the absence or presence
of PLLA), as well as their application in select fields such as cosmetics, agriculture and
theranostics using the cancer drug doxorubicin. This review describes mainly the syn-
thesis and characterization of P(RGD) polymers and nanocapsules containing synergistic
drugs, cannabinoids and TRAIL for cancer theranostics. The main focus is on P(RGD)
application in the realm of cancer research. Our aim is to provide an up-to-date in vitro
and in vivo survey of the latest findings in this rapidly evolving field, shedding light on
new developments and offering fresh insights into the potential of proteinoid nanocapsules
for cancer diagnostic, therapeutic and theranostic applications, including targeted drug
delivery systems.

2. Synthesis and Characterization of Proteinoids and NCs

2.1. Preparation of Proteinoids

Proteinoid chains were prepared by step-growth polymerization of amino acids at
high temperature (depending on the amino acids, e.g., 180 ◦C) in an inert atmosphere with
no solvent, initiator or catalyst [11,12]. A tri-functional amino acid—Glu/Asp/Lys—is an
essential component, providing a solvent by cyclization and serving as an initiator (see
Figure 1) [11]. Proteinoid preparation was recently reviewed [17]. Different proteinoid
polymers can be obtained due to the extensive range of both natural and synthetic amino
acids available (in most cases, the ratio between the monomers was 1:1). This review
presents several examples of proteinoid polymers that have been studied for the purpose
of cancer diagnostics, therapy and theranostics (see Table 1).
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Figure 1. Proteinoid formation by polymerization with heat in a cyclic form of Lys/Asp/Glu as
solvent [11].

Table 1. Various proteinoid polymers and their amino acid content a.

Proteinoid Polymer Amino Acid Content
Main Component of

Amino Acids a Segment

P(EF-PLLA)
L-glutamic acid
L-phenylalanine L-glutamic acid Poly-L-lactic acid

(PLLA)

P(KRHF)

L-lysine
L-arginine
L-histidine

L-phenylalanine

L-lysine PLLA

P(RGD)
D-arginine
L-glycine

L-aspartic acid
L-aspartic acid ——

a A tri-functional amino acid—Glu/Asp/Lys—is a main component, providing a solvent by cyclization and
serving as an initiator.

2.2. Preparation of Nanocapsules (NCs)

Hollow proteinoid NCs were produced by a self-assembly process in an aqueous
continuous phase [17]. In this process, the first step was to heat the aqueous phase contain-
ing the proteinoid to about 70–80 ◦C until a full dissolution of the polymer was observed,
followed by slow cooling to room temperature for precipitation and formation of proteinoid
NCs. The NCs form biocompatible carriers with a hydrophobic core and hydrophilic groups
on the surface. Various compounds were encapsulated during self-assembly, as presented
in Figure 2. Near infrared (NIR) fluorescent dyes were used for cancer diagnosis [12,17,18].
Recently, a synergistic combination of anti-cancer drugs was encapsulated [19] for person-
alized therapy.
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Figure 2. Self-assembly of proteinoid polymers; scribbled lines—polymer chains, dots—encapsulated
compound (dyes/drugs) [11].

2.3. Characterization of Proteinoids and NCs

Unexpectedly, the molecular weight of all proteinoids made in the Margel lab was high
(25–195 kDa) with a low polydispersity index (PDI of 1.01–1.27) [5]. These very unusual
results for stepwise polymerization may be explained by the high temperature, which
provides uniform long chains that resemble natural biopolymers. Self-assembled NCs were
spherical with a uniform distribution, as shown by dynamic light scattering (DLS) and
scanning electron microscopy (SEM) in Figure 3.

Figure 3. SEM image (A) and diameter histogram (B) of proteinoid nanocapsules (NCs) [19]. The
diameters of more than 200 NCs were measured with Analysis Auto image analysis software version
3.2 (Soft Imaging System GmbH, Münster, Germany).

3. Cancer Diagnostics and Therapy, towards Theranostic Applications

Over the past decade, various proteinoids and nanocapsules (NCs) were synthesized
in the Margel lab. In this section, we provide a brief overview of early applications, which
were previously discussed in Kolitz-Domb’s 2018 review [11] that focused on detection of
colorectal cancer (CRC). We then present new developments in cancer diagnostics and ther-
apy towards theranostic applications. Recently, theranostics, a field that combines therapy
and diagnostics, has gained considerable attention. Compared to targeted conjugates of
peptides with drugs/agents, theranostics offers significant advantages [20].

3.1. Colorectal Cancer (CRC) Diagnostics

The first application of proteinoids studied by Margel and coworkers aimed at early
specific detection of colorectal cancer (CRC) [14,17]. Indocyanine green (ICG), a fluorescent
dye in the NIR region, 700–1000 nm [21,22], that is FDA-approved was encapsulated
in biodegradable proteinoid NCs composed of Glu and Phe with PLLA [10,14]. Peanut
agglutinin (providing targeting) and anti-caci-nonembryonic antigen antibodies (termed
anti-CEA) were attached [23]. These as well as hollow P(EF-PLLA) NCs allowed specific
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detection of CRC tumors in chicken embryo tumor implants. The high signal in tumors
was attributed to receptor upregulation [14].

ICG encapsulation was optimized, and spherical particles were obtained with wet/dry
diameters of 145 ± 20/70 ± 15 nm. The encapsulation increased photo-stability significantly,
protecting the dye from light-induced bleaching. The NCs were non-toxic as expected, also
at a high concentration of 2.5 mg/mL. Interestingly, biodistribution in mice (after injection)
showed complete clearance after 24 h from various locations including the brain and bones
(Figure 4). This is useful for targeted biological applications. Specific detection of colon
tumors by the fluorescent NCs was demonstrated in chicken embryos and mice (Figure 5),
offering a significant advantage over invasive colonoscopy. The anti-CEA-conjugated NCs
specifically detected tumors in mice with a specific signal (reporting signal to noise ratios)
(Figure 5A). On the other hand, no signal was obtained with NCs attached to an anti-rabbit
non-selective antibody (see Figure 5B) [14].

Figure 4. Whole-body images of NIR fluorescent P(EF-PLLA) NCs after intravenous (IV) injection to
mice at (A) 5 min, (B) 20 min, (C) 1 h and (D) 24 h [14].

Figure 5. Specific targeting of colon tumors—P(EF-PLLA) NCs with anti-CEA (A) vs. IgG (B).

Fluorescent (left) and grayscale (right) images [14].

3.2. Cancer Therapy with Doxorubicin-Loaded NCs

Kiel et al. used proteinoid NCs to encapsulate the anticancer compound doxorubicin
(Dox) [10]. The NCs showed similar activity as the anticancer drug Doxil, comprising an-
other nanocarrier, a polyethylene glycol (PEG) lipid surface that prolongs blood circulation
and improves tumor uptake [24]. The side effects of Dox were avoided by sufficient encap-
sulation. Four basic L-amino acids were selected, along with PLLA; lysine was the main
monomer, enabling the synthesis. A series of P(KRHF-PLLA) proteinoids with varying
His/Phe ratios were prepared with very low PDI (1.01–1.03) and high molecular weight
(122–149 kDa).
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Particle diameter was optimized. A 2:3 His/Phe weight ratio produced the smallest
hollow particles (36.2 ± 6.9 nm). The corresponding Dox-loaded particles were 112 ± 15 nm
(by DLS). The nanometric diameter is important for cancer therapeutics, allowing particles
to cross biological barriers, penetrate cells and evade immunogenic systems [25]. The
NCs exhibited a narrow diameter distribution (PDI~1), an important characteristic for
biomedicine. Drug content was optimized at 15% Dox (compared to 12.5% in Doxil) [14].
Successful encapsulation was confirmed by FTIR (93 ± 12%) and XRD (amorphous vs.
crystalline phase). The diffractogram of free Dox shows clear peaks, indicating a crystalline
phase, while the proteinoid shows an amorphous pattern. The XRD pattern of Dox-loaded
NPs shows a reduction in peak number and intensity compared to free Dox, indicating a
phase transformation from crystalline to amorphous doxorubicin [10].

PEG was conjugated to enhance stability and prevent drug leakage [26]. PEGylated
Dox-loaded NCs were shown to be more stable when changing the environment, and the
release of the drug was confirmed to occur only in blood, while non-PEGylated NCs also
release it in serum and phosphate-buffered saline (PBS). This selective release becomes
important when considering long-term shelf life, ensuring release only upon exposure to
proteolytic enzymes and other blood ingredients.

An in vitro colorimetric assay (Figure 6) reveals a similar cytotoxic activity as free Dox
of NCs and even higher toxicity of PEGylated NCs toward glioblastoma and ductal and
colon carcinoma cells. The higher dose of loaded NCs, i.e., 0.05 mg/mL (drug loading: Dox
concentration of 8.3 μg/mL), exceeded free Dox as shown in Figure 6.

Figure 6. Viability of HCT116 colon carcinoma, ductal carcinoma and A172 glioblastoma cells 48 h
after treatment with Doxil vs. Dox-loaded P(KGHF-PLLA) NCs, measured by XTT assay [10]. The
cells were exposed to NCs at a concentration of 0.05 mg/mL, as well as to an equal quantity of
free Dox.

4. Cancer Theranostics

Proteinoid NCs may encapsulate other drugs such as Taxol and Temozolomide and
provide cancer theranostics by co-encapsulation of an anticancer drug and a NIR fluorescent
dye. Moreover, conjugation of suitable targeting agents such as TRAIL to PEGylated Dox-
loaded NCs is likely to enhance delivery and increase penetration rate [12].

4.1. RGD (ArgGlyAsp) for Specific Delivery to Tumors

The RGD motif was discovered in 1985 by Pierschbacher and Ruoslahti as the active
component in fibronectin [27]. This peptide has high affinity to αvβ3 integrin, which is
overexpressed in cancer cells and upregulated on the surface of growing blood vessels and
is thus attracted to areas of angiogenesis, affording integrin-targeted nanodrugs for tumor
imaging and treatment [28–30].
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Both cyclic and linear RGD peptides were conjugated to NCs for targeted delivery [31].
The optical activity, rotating polarized light to the left (L) or right (D), influences attachment
to cells. For example, replacing L-Asp with the D isomer yields an inactive peptide, while
D-Arg increases binding 10-fold [31,32]. However, recent studies of biomedical applications
do not emphasize this aspect [33–35].

Optimal RGD configuration offers significant improvement. Hadad and coworkers
recently prepared novel RGD proteinoid polymers and NCs [13]. Different configurations
were used to randomly achieve the RGD sequence in about 13% [36] of the proteinoid
backbone. Such P(RGD) proteinoid NCs may act both as a nanocarrier and as a targeting
system due to the RGD motif. This work suggests a rapid method for economic synthesis
of proteinoid NCs for therapeutic, diagnostic and theranostic cancer applications.

4.2. Preparation and Characterization of RGD Proteinoids

To determine optimal RGD configuration for targeted delivery, four proteinoid con-
figurations were synthesized: P(RD/RGDD/D). Asp serves as solvent and as a linker that
reduces the energy of polymerization. In contrast to previous publications, cross-linked
products were not obtained, and all four configurations were obtained with 100% yield and
were water soluble. The proteinoids had molecular weights of 67,660−69,066 Da, a very
low PDI [10–12] atypical of stepwise polymerization, which usually yields light polymers
with high PDI [37].

4.3. Self-Assembly and Characterization of P(RGD) NCs

Hollow P(RGD) NCs were formed by self-assembly of the crude proteinoid by heating
the solution and cooling slowly to room temperature. The diameters as determined by SEM
were all similar at 55 ± 13, 48 ± 9 and 42 ± 9 nm for RD and DD, RD, and DD, respectively,
and 45 ± 11 nm for P(RGD). ICG was successfully encapsulated with dry diameters of
141 ± 24 nm for RD and DD, 95 ± 13/87 ± 12 nm for RD/DD and 86 ± 11 nm for P(RGD).
The capsules thus swell considerably [38].

4.4. ICG Controlled Release

Drug release is commonly studied in vitro by incubation in serum or PBS [39]. ICG
release was evaluated in physiological conditions by incubating the NCs for 2.5 h at 37 ◦C.
The kinetics of ICG release from P(RDGD) NCs after treatment in serum/PBS is shown
in Figure 7. As expected, there is little release to PBS, while in serum, peptide bonds are
cleaved and ICG is significantly released.

Figure 7. Absorbance of ICG-loaded P(RDGD) NCs in human serum (A) vs. PBS (B) at 37 ◦C over
2.5 h [13].

4.5. Optimization of RGD Configuration

Angiogenesis, a cascade of cellular events in which new blood vessels are developed,
is essential in many conditions including psoriasis and cancer [40]. Human vascular en-
dothelial cells (HUVECs) interact with the environment using receptors known as integrins,
which regulate growth/repair of blood vessels [40]. The high affinity of RGD to αvβ3
integrin attracts it to angiogenesis areas [27,29,41–43].
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A scratch assay commonly employed for studying angiogenesis in vitro [39,44] was
applied to find the optimal NC configuration. Confocal images of HUVECs after short
(15 min) incubation with ICG-loaded NCs (Figure 8A–C) show clear accumulation in
the injured scratch zone (red). The strongest signal is exhibited by P(RGDD) NCs. The
fluorescence in the scratch zone (Figure 8D) clearly shows significantly higher intensity for
P(RDGD)-treated cells, in accordance with the high affinity of D-Arg to integrins expressed
on the cell membrane. Hence, cell attachment appears to be negatively affected by D-Asp.

Figure 8. Scratch test assay [13]. HUVEC after treatment with ICG-loaded P(RGD) NCs show lines of
nuclei with blue Hoechst dye (A) or red NCs (fluorescent, (B)) as well as in overlay images (C). Scale
bar 100 μm (I–IV for RDGD, RDGDD, RGD and RGDD). Quantification of fluorescence intensity of
scratch region images, analyzed by ImageJ 1.52a (D).

These results further suggest that the optical configuration directly influences the
biological activity [29,31]. P(RDGD) NCs with the strongest signal in the scratch zone are
hence the best candidates for targeted carrying of drugs to angiogenesis areas such as
wounds or tumors.

4.6. Engineering of NIR Fluorescent PEGylated P(RDGD) NCs

The NIR dye ICG was loaded within P(RDGD) NCs during self-assembly of the
proteinoid NCs. The dry diameter increased with ICG from 47 ± 9 to 95 ± 1 nm [37].
ICG-bearing NCs were PEGylated to improve stability. PEGylation was found to be
important for drug delivery, resulting in improved blood circulation, [45] phagocytosis
evasion [46] and better stability in serum [47]. The latter is critical for prevention of
dye/drug leakage [48,49]. On the other hand, antibodies may form which specifically
recognize and bind PEG [47]. The attachment of PEG (Mw 750 or 5000) to the ICG-
encapsulated P(RDGD) NCs was done by conjugation of NHS ester groups (NHS-PEG)
to the primary amine group of the NCs. The hydrodynamic diameter of the loaded NCs,
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93 ± 20 nm, increased following PEGylation with NHS-PEG, 750 or 5000 Da, to 177 ± 30
and 216 ± 25, respectively.

To evaluate the release of ICG, the NCs were incubated for 2.5 h in physiological
conditions (PBS or serum at 37 ◦C). The absorbance of ICG was measured by UV spec-
troscopy. The sustained release in serum probably results from proteases [12]. Clearly, after
incubation in serum, the absorbance of the NCs without PEG decreased significantly, by
40%, while there was a significantly lower decrease in absorbance with 5000 and 750 Da
PEG, 10% and 20%, respectively. This difference was attributed to the PEGylation, which
prevents biodegradation; the longer the PEG chain, the higher the stability of encapsulated
ICG [50]. The results clearly demonstrate the successful PEGylation as well as the major
effect of PEG on the rate of ICG release from P(RDGD) nanocapsules.

5. Application of P(RGD) NCs for Cancer Tumors

5.1. mCherry-Labeled Tumor in CAM Model

The well-known chick chorioallantois membrane (CAM) experiment is a simple, cost-
effective animal model that avoids animal suffering due to the use of embryonic tissue. The
highly vascularized membrane around the embryo allows grafting of tumor explants, [51]
enabling rapid in vivo studies with fewer mice required later.

A CAM window was exposed after incubation of fertile eggs, and implanted cells
began to grow on a ring made of plastic (Figure 9A). ICG-loaded P(RDGD) NCs with
or without PEG were injected IV (Figure 9B), and mammary carcinoma explants were
examined after 4/24 h (Figure 9C) [13].

Figure 9. Tumor on CAM (top view, (A)) and P(RDGD) NCs injected IV (B). Fluorescence from
implanted carcinoma cells with encapsulated ICG 4/24 h after the injection (C) [36].

The non-PEGylated NCs showed significantly higher fluorescence compared to the
PEGylated ones, indicating greater accumulation of ICG. This is in accord with the better
packing with PEG with fewer bonds that may be bio-degraded, which significantly slows
the release by preventing quick disassembly of the NCs at the tumor site.

5.2. mCherry-Labeled Tumor in Mouse Model

The targeting of the ICG-encapsulating P(RDGD) NCs toward tumors for a prolonged
duration (beyond 24 h) was evaluated in vivo using a xenograft model [36]. Balb/c mice
were injected with mouse carcinoma cells subcutaneously, inducing a xenograft. After
two weeks, the mice were treated IV with ICG or P(RDGD) NCs loaded with ICG (with or
without PEG) [13].
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The fluorescence of tumors harvested after 24/48/120 h (Figure 10) shows that
as time progresses, the NCs remain visible. This clearly indicates a targeted delivery
(Figure 10A–C). For ICG, the fluorescence rapidly decreases and after 24 h is absent in the
areas of the tumor (Figure 10D). The major role of PEG in stabilization is clearly seen; the
fluorescence increases with time, while without PEG, it decreases (Figure 10E).

Figure 10. Images of P(RDGD) NCs with encapsulated ICG with long (5000 Da, I) and short (750 Da,
II) PEG chains and without PEG (III) toward carcinoma tumors after (B–D) 24/48/120 h and ICG (IV)
after (A) 24/48 h. Tumor fluorescence intensity after NC treatment (E) [36].

The targeting of the NCs is affected by the PEG chain length. The migration toward
the tumor is reduced with the longer chain, indicating enhanced shielding [52]. After
120 h, the short PEGylated NCs were the most efficient. Recent studies [53,54] suggest that
small uncharged NCs may be ideal for targeted delivery, as they interact less with cells.
Accordingly, the short PEGylated NCs are smaller than the long PEGylated ones (177 ± 30
vs. 216 ± 25 nm) and essentially uncharged (5 ± 3 mV); without PEG, the charge is quite
significant (30 ± 7 mV).

5.3. In Vivo Anti-Tumor Therapy with Cannabidiol (CBD)

Polymeric and other NCs were developed to improve the antitumor activity of cannabi-
noids [55]. Lugasi and coworkers recently presented CBD-loaded NCs designed for tar-
geting human tumors [9]. P(RDGD) acidic proteinoids were prepared, and hollow/CBD-
loaded NCs were formed with 97 ± 4/86 ± 3 nm diameter.

HPLC confirmed successful loading, and drug loading analysis found complete encap-
sulation. After lyophilization with trehalose and prolonged storage, redispersed particles
retained their original diameter. Hollow NCs were found to be nontoxic, similar to CBD,
and reached the cytoplasm. However, encapsulated CBD showed high toxicity, indicating
efficient penetration and destruction of tumor cells.

A drug release study showed a high initial burst (about a third released in the initial
12 h) followed by gradual release (over 84 h). The acidic extracellular matrix in tumor
cells promises faster release. NCs were found in all organs that were examined in vivo
(Figure 11).
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Figure 11. Blood fluorescence (A) and biodistribution (B) of Cy7-conjugated P(RGD) NCs [9]. Using
the Maestro II in vivo imaging system, the fluorescence intensity of multiple organs was measured
in mice at 4, 24 and 96 h after injection, following which the mice were sacrificed and the organs
were harvested.

Figure 12 shows targeting, based on the high affinity of RGD to blood vessels and
tumor receptors, and treatment of breast cancer and CRC. The targeted delivery significantly
increased the efficacy, permitting lower CBD concentrations.

Figure 12. Tumor parameters in nude mouse xenograft model in HCT116 (A,B) and MCF7 (C,D) cells
after 14 days of bi/triweekly IV injection of PBS, CBD and P(RGD) NCs [9]. * Student’s t-test p < 0.05,
error bars: standard deviations.

5.4. Conjugation of TRAIL

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) belongs to
the TNF cytokine family, which induces apoptosis [56]. Hadad et al. recently conjugated
TRAIL to the surface of hollow P(RGD) NCs [11]. Encapsulation of Dox thereby allows
targeted dual cancer therapy.

Dox was encapsulated within P(RGD) NCs during the self-assembly process of the
proteinoids. The encapsulation and targeted delivery of the drug should reduce its side
effects such as cardiac damage and hair loss. TRAIL was protected from rapid enzyme
degradation by covalent conjugation [56].
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Polymers (Figure 13A) were self-assembled to form hollow (Figure 13D) and Dox-
loaded (Figure 13B) and PEGylated NCs (Figure 13C). TRAIL was conjugated directly
(Figure 13E) and indirectly using a spacer (Figure 13F). The NCs were characterized to
determine the optimal method of conjugation. SEM confirmed the preservation of the NCs
(shape and dimensions), and ELISA allowed quantitation of TRAIL binding.

Figure 13. Formation of P(RGD) NCs. (A) Polymers are self-assembled (B) with Dox and (C) PEGy-
lated or (D) conjugated to TRAIL (E) directly or (F) indirectly via PEG (3500 kDa) [12].

PEG was conjugated covalently to the NC surface, and its effect on Dox cytotoxicity
and TRAIL release in ovarian cancer (CAOV-3) cells was studied. The hollow NCs were non-
toxic, while all encapsulating/conjugated NPs were toxic and showed controlled release.
Moreover, in vitro experiments demonstrated that Dox/P(RGD) and TRAIL-P(RGD) NCs
were as effective as free Dox/TRAIL (viability of 2 and 9%), while PEGylation considerably
reduced the activity (to 20 and 41 %), allowing extended release over several days.

The TRAIL-conjugated drug-loaded NCs are promising for treatment of ovarian
cancer. Dox may be applied more safely, and TRAIL stability is increased, while retaining
the efficiency of both agents.

5.5. Fluorescent NCs Containing Synergistic Drugs

Recently, efficacy/safety of P(RGD) NCs with synergistic drugs targeting tumors was
assessed for cancer treatment [18]. Palbociclib (Pal), a CDK4/6 inhibitor, and Alpelisib
(Alp), a P13K inhibitor, were co-encapsulated (25 w% of each) with yields of 72% and 95%,
respectively. As the drugs have low solubility, different concentrations of Tween 80 were
added to the mixed cloudy suspension to obtain a clear solution for drug loading into
the NCs. Long-term stability, controlled release and cellular uptake, as well as synergistic
cytotoxicity and induced cell death are evident from in vitro experiments.

The hydrodynamic diameter of the hollow NCs, 34 ± 5 nm, decreased following
encapsulation of mixed drugs to 22 ± 3 nm. This may be explained by the presence of
part of the drugs on the surface of the NCs, preventing water molecules due to their
hydrophobic nature from being entrapped and adsorbed. To evaluate this hypothesis, zeta
potentials were measured at a pH of 7.5, yielding −6 ± 2 and −0.3 ± 0.8 mV for hollow
and drug-loaded NCs, respectively. The negative charge is attributed to aspartic acid on
the NC surface. Thus, the increase in the zeta potentials is due to the drug loading and the
physical interactions of the drugs with the NC surface, which mask the negative residue.

In vitro cell toxicity was determined by XTT assay on three human cancer cell lines—
HCT116 (colon carcinoma), MCF-7 (breast adenocarcinoma) and A549 (lung carcinoma)
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treated for 24, 48, 72 and 96 h with Cy7-P(RGD) hollow and Pal,Alp-loaded NCs. Cell
viability post treatment with the hollow NCs was not significantly different to untreated
cells (above 100%), hence the NCs are non-toxic. Treatment with Cy7-P(RGD)/Pal,Alp NCs
after 24, 48, 72 and 96 h demonstrated a gradual decrease in cell growth and cell death after
96 h. In contrast, free mixed drugs showed a decrease in cell viability already after 24 h.
These results demonstrate the controlled release of the drugs from the NCs compared to
the free drugs.

Very recently, NCs were examined in PDX models (colon, breast and gastric cancer)
and showed similar results to free drugs with reduced toxicity [57]. One example is the
RA-300 PDX model derived from a tumor biopsy of a 50-year-old male patient diagnosed
with CRC (well-differentiated adenocarcinoma, stage IV).

For the efficacy experiment, the free mixed drugs were administered orally (per os,
marked as PO) 5 days a week, whereas the NCs were administered IV and/or intraperi-
toneally (IP) 2 days per week. As IV injection can lead to damage/blockage of veins,
it is advisable to limit the volume and frequency of such injections [58]. Therefore, to
achieve the maximum amount of drug, three ways of administering the NCs were tested
(IV, IP, or both). IV/IP administration entailed injection twice a week. The vehicle group
received no drugs, whereas the free drug group received (PO) a total of 14 mg/week of
Pal and 3.5 mg/week of Alp. The three P(RGD)/Pal,Alp (50%) groups included IV (0.72
and 0.95 mg/week of Pal and Alp, respectively), IP (1.3 and 1.7 mg/week, respectively)
and IV + IP (2.0 and 2.6 mg/week, respectively), see Figure 14A.

The mice in the vehicle group were sacrificed on Day 14 post treatment due to excessive
tumor growth (>1500 mm3), while those treated with combined free drugs reached the
tumor volume endpoint 2–3 weeks later. Tumor growth (compared to Day 0) is shown in
Figure 14B. IV or IP administration led to a similar reduction (2.8-fold) in tumor growth
compared to vehicle-treated mice, even though the mice received higher IP doses (2.6-
fold). This observation is clinically important, as IP injections are simpler and can be
self-administered. Alternating IV and IP administration resulted in a 4-fold reduction
in tumor growth at Day 14 relative to the vehicle-treated group, whereas the free drugs
demonstrated a 7-fold reduction in tumor growth (Figure 14B). Notably, P(RGD)/Pal,Alp
(50%) administered IV + IP had a similar effect as the free drugs, although the doses were
lower by 7-fold for Pal and 1.3-fold for Alp.

The high concentrations of free drugs required to achieve a significant inhibitory
effect pose a main limitation due to treatment-related toxicity [59]. The most common
side effects in patients treated with these drugs include neutropenia, diarrhea, leukopenia
and fatigue [60,61]. We therefore evaluated the tolerability of the drug in each treatment
group by monitoring the body weight and white/red blood cells (WBC/RBC) (Figure 14C).
Treatment with free drugs was associated with a slight decrease in body weight, whereas
P(RGD)/Pal,Alp (50%) produced a stable body weight [58]. Reductions in blood count
parameters such as WBC and RBC, which are paramount in clinical assessment as they
increase the risk of infections and anemia, respectively, were more pronounced with free
drugs compared to P(RGD)/Pal,Alp (50%) (Figure 14C). Thus, the results suggest that
delivering the combination of drugs by NCs is safer.

There are several studies on the combination of Pal and Alp [59,62], and a clinical
study involving this potentially synergistic combination is ongoing [63]. However, to
our knowledge, this was the first study investigating this combination using a delivery
system that targets the tumor (Pal in combination with other drugs encapsulated in a
nanocarrier) [64]. The study provides preclinical in vivo PDX evidence which supports the
continued evaluation of P(RGD)Pal,Alp NCs.
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Figure 14. Treatment (14 days) by Pal + Alp and P(RGD) NCs inhibits tumor growth in a PDX colon
cancer model (vehicle and drugs administered PO 5 days a week, NCs IP or IV, (A)). Tumor growth
(B) and WBC/RBC at Day 14 (C). Data are means with standard errors. * p < 0.005 relative to control
(5 mice per group) [57].

6. Summary

Thermal step-growth polymerization of suitable amino acids yields a uniform batch
of protein-like high molecular weight polymers. Spherical NCs with narrow diameter
distribution obtained by self-assembly may encapsulate a variety of molecules including
drugs and/or imaging agents.

Proteinoid NCs have great advantages for biomedicine, including non-toxicity,
biodegradability, biocompatibility and non-immunogenicity [1–4,10]. Recent in vitro and
in vivo studies that are surveyed in this review report low cost and simple preparation of
such NCs from proteinoid polymers (P(EF-PLLA), P(KRHF-PLLA) and P(RGD)) for cancer
diagnostics, therapy and theranostics with reduced toxicity.

Amino acids and additives such as PLLA can be tailored for various applications,
e.g., diagnostics and therapy. Introducing PLLA into the proteinoid backbone resulted
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in a proteinoid that was stable and augmented the hydrophobic inner region, leading
to the formation of smaller, hollow NCs. Encapsulation of NIR ICG within NCs show
promising potential for in vivo diagnosis, due to low background auto-fluorescence and
ability to penetrate deep into biomatrices. Another NC used for therapy is P(KRHF-PLLA)
NCs which encapsulate Dox and show successful conjugation of PEG to improve their
stability and prevent drug leakage. These studies led us to investigate theranostic NCs
which co-encapsulate anti-cancer drugs and fluorescence dye as well as specific delivery to
tumors by using RGD NCs [12,13].

P(RGD) can serve a dual purpose as a drug carrier through drug encapsulation and
a targeting delivery system due to the presence of the RGD sequence on the proteinoid
shell. This holds promise for reduced side effects [18]. The delivery system enables targeted
transportation to the site of action, reducing the impact on essential tissues and minimizing
unwanted side effects [18,57]. In addition, the system shields drugs from rapid degradation
or clearance, amplifying their concentration in target tissues, and potentially allowing for
lower dose [57].

The terminal amines on the surface of the P(RGD) NCs can be used for conjugation of
bioactive compounds. Another potential therapeutic and targeted method was formed by
conjugating TRAIL to hollow P(RGD) NCs. The use of Dox/P(RGD) and TRAIL-P(RGD)
holds significant potential for targeted cancer therapy, including the possibility of dual
therapy that combines the benefits of reduced side effects of Dox and the increased stability
of TRAIL. Additionally, RGD proteinoids may have the potential to treat other medical
conditions beyond cancer.

The simple way of obtaining NCs which are stable over time enables encapsulating
various drugs and/or dyes. In vitro and in vivo experiments indicate that the NCs are
capable of penetrating various types of cells, being taken up by different kinds of cells such
as breast, colon, glioma and lung cancer cells, and even crossing the blood–brain barrier [9].
Proteinoid-based nanocarriers clearly hold great potential for diagnostic, therapeutic and
theranostic applications towards cancer and other indications. Very recent in vivo work in
our laboratories with mice illustrated that acidic proteinoid NCs are stable in the stomach,
efficiently cross the blood–brain barrier (BBB) and can be administered orally for cancer
targeting. Our main future efforts are to illustrate the use of these fluorescent and non-
fluorescent NCs for brain cancer theranostics.

Author Contributions: Conceptualization, E.I., N.M., S.M.S. and S.M.; methodology, E.I. and S.M.;
software, E.I.; validation, E.I. and N.M.; data curation, E.I. and N.M.; writing—original draft prepa-
ration, E.I., S.M. and Y.E.; writing—review and editing, E.I., S.M. and Y.E.; visualization, E.I. and
Y.E.; supervision, S.M.S and S.M.; project administration, S.M. and S.M.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fox, S.W.; Jungck, J.R.; Nakashima, T. From proteinoid microsphere to contemporary cell: Formation of internucleotide and
peptide bonds by proteinoid particles. Orig. Life 1974, 5, 227–237. [CrossRef]

2. Fox, S.W.; Mccauley, R.J.; Fukushim, T.; Windsor, C.R.; Montgome, P.O. Selective action in boundaries of particles of thermal
proteinoid. Fed. Proc. 1967, 26, 749.

3. Fox, S.W. The proteinoid theory of the origin of life and competing ideas. Am. Biol. Teach 1974, 36, 161–172. [CrossRef]
4. Harada, K.; Fox, S.W. The thermal condensation of glutamic acid and glycine to linear peptides. J. Am. Chem. Soc. 1958, 80,

2694–2697. [CrossRef]
5. Matsuno, K. Electrical excitability of proteinoid microspheres composed of basic and acidic proteinoids. Biosystems 1984, 17,

11–14. [CrossRef]
6. Przybylski, A.T. Excitable cell made of thermal proteinoids. Biosystems 1985, 17, 281–288. [CrossRef]

50



J. Funct. Biomater. 2023, 14, 215

7. Kumar, A.B.M.; Jayakumar, R.; Rao, P.K. Synthesis and aggregational behavior of acidic proteinoid. Sci. Polym. Chem. 1996, 34,
2915–2924. [CrossRef]

8. Kumar, A.B.M.; Rao, P.K. Preparation and characterization of pH-sensitive proteinoid microspheres for the oral delivery of
methotrexate. Biomaterials 1998, 19, 725–732. [CrossRef]

9. Lugasi, L.; Grinberg, I.; Margel, S. Targeted delivery of CBD-loaded poly(RGD) proteinoid nanoparticles for antitumor therapy.
J. Nanomed. Nanotech. 2020, 18, 552.

10. Kiel, S.; Kolitz-Domb, M.; Corem-Salkmon, E.; Margel, S. Engineered doxorubicin delivery system using proteinoid-poly(L-lactic
acid) polymeric nanoparticles of narrow size distribution and high molecular weight for cancer treatment. Int. J. Nanotechnol.
Nanomed. 2017, 2, 1–11.

11. Kolitz-Domb, M.; Margel, S. Recent advances of novel proteinoids and proteinoid nanoparticles and their applications in
biomedicine and industrial uses. Isr. J. Chem. 2018, 58, 1277–1285. [CrossRef]

12. Hadad, E.; Rudnick-Glick, S.; Ithaki, E.; Avivi, M.Y.; Grinberg, I.; Elias, Y.; Margel, S. Engineering of doxorubicin-encapsulating
and TRAIL-conjugated poly(RGD) proteinoid nanocapsules for drug delivery applications. Polymers 2020, 12, 2996. [CrossRef]
[PubMed]

13. Hadad, E.; Rudnick-Glick, S.; Grinberg, I.; Kolitz-Domb, M.; Chill, J.H.; Margel, S. Synthesis and characterization of Poly(RGD)
proteinoid polymers and NIR fluorescent nanoparticles of optimal D, L-configuration for drug-delivery applications— in vitro
study. ACS Omega 2020, 5, 23568–23577. [CrossRef] [PubMed]

14. Kolitz-Domb, M.; Grinberg, I.; Corem-Salkmon, E.; Margel, S. Engineering of near infrared fluorescent proteinoid-poly(L-lactic
acid) particles for in vivo colon cancer detection. J. Nanobiotechnol. 2014, 12, 30. [CrossRef] [PubMed]

15. Kwon, K.; Park, D.; Kim, J.C. Disulfide proteinoid micelles responsive to reduction. J. Dispers. Sci. Technol. 2018, 40, 1413–1422.
[CrossRef]

16. Adamatzky, A. Towards proteinoid computers. hypothesis paper. Biosystems 2021, 208, 104480. [CrossRef]
17. Sharma, S.; Mougoyannis, P.; Tarabella, G.; Adamatzky, A. A review on the protocols for the synthesis of proteinoids. arXiv 2022,

arXiv:2212.02261.
18. Fox, S.W.; Harada, K. Thermal copolymerization of amino acids in the presence of phosphoric acid. Arch. Biochem. Biophys. 1960,

86, 281–285. [CrossRef]
19. Itzhaki, E.; Hadad, E.; Moskovits, N.; Stemmer, S.M.; Margel, S. Tumor-targeted fluorescent proteinoid nanocapsules encapsulating

synergistic drugs for personalized cancer therapy. Pharmaceuticals 2021, 6, 648. [CrossRef]
20. Das, P.; Ganguly, S.; Margel, S.; Gedanken, A. Tailor made magnetic nanolights: Fabrication to cancer theranostics applications.

Nanoscale Adv. 2021, 3, 6762. [CrossRef]
21. Van den Bos, J.; Wieringa, F.P.; Bouvy, N.D.; Stassen, L.P.S. Optimizing the image of fluorescence cholangiography using ICG: A

systematic review and ex vivo experiments. Surg. Endosc. 2018, 32, 4820–4832. [CrossRef] [PubMed]
22. Bhavane, R.; Starosolski, Z.; Stupin, I.; Ghaghada, K.B.; Annapragada, A. NIR-II fluorescence imaging using indocyanine green

nanoparticles. Sci. Rep. 2018, 81, 14455. [CrossRef] [PubMed]
23. Lwin, T.M.; Murakami, T.; Miyake, K.; Yazaki, P.J.; Shivley, J.E.; Hoffman, R.M.; Bouvet, M. Tumor-specific labeling of pancreatic

cancer using a humanized anti-CEA antibody conjugated to a near-infrared fluorophore. Ann. Surg. Oncol. 2018, 25, 1079–1085.
[CrossRef]

24. Makwana, V.; Karanjia, J.; Haselhorst, T.; Anoopkumar-Dukie, S.; Rudrawar, S. Liposomal doxorubicin as targeted delivery
platform: Current trends in surface functionalization. Int. J. Pharm. 2021, 593, 120117. [CrossRef]

25. Neun, B.W.; Barenholz, Y.; Szebeni, J.; Dobrovolskaia, M.A. Understanding the role of anti-PEG antibodies in the complement
activation by Doxil in vitro. Molecules 2018, 23, 1700. [CrossRef] [PubMed]

26. Bavli, Y.; Winkler, I.; Chen, B.M.; Roffler, S.; Cohen, R.; Szebeni, J.; Barenholz, Y. Doxebo (doxorubicin-free Doxil-like liposomes)
is safe to use as a pre-treatment to prevent infusion reactions to PEGylated nanodrugs. J. Control. Release 2019, 306, 138–148.
[CrossRef]

27. Pierschbacher, M.D.; Ruoslahti, E. Cell attachment activity of fibronectin can be duplicated by small synthetic fragments of the
Molecule. Nature 1984, 309, 30–33. [CrossRef] [PubMed]

28. Temming, K.; Schiffelers, R.M.; Molema, G.; Kok, R.J. RGD-based strategies for selective delivery of therapeutics and imaging
agents to the tumour vasculature. Drug Resist. Updat. 2005, 8, 381–402. [CrossRef]

29. Ruoslahti, E. RGD and other recognition sequences for integrins. Annu. Rev. Cell Dev. Biol. 1996, 12, 697–715. [CrossRef]
30. Ruoslahti, E.; Pierschbacher, M. New perspectives in cell adhesion: RGD and integrins. Science 1987, 238, 491–497. [CrossRef]
31. Asati, S.; Pandey, V.; Soni, V. RGD Peptide as a targeting moiety for theranostic purpose: An update study. Int. J. Pept. Res. Ther.

2018, 25, 49–65. [CrossRef]
32. Kieffer, B.; Mer, G.; Mann, A.; Lefèvre, J.F. Structural studies of two antiaggregant RGDW peptides by 1H and 13C NMR.

Int. J. Pept. Protein Res. 1994, 44, 70–79. [CrossRef]
33. Zeng, C.; Shang, W.; Wang, K.; Chi, C.; Jia, X.; Feng, C.; Yang, D.; Ye, J.; Fang, C.; Tian, J. Intraoperative identification of liver

cancer microfoci using a targeted near-infrared fluorescent probe for imaging-guided surgery. Sci. Rep. 2016, 6, 21959. [CrossRef]
34. Oddo, L.; Paradossi, G.; Cerroni, B.; Ben-Harush, C.; Ariel, E.; Di Meco, F.; Ram, Z.; Grossman, R. In vivo biodistribution of

engineered lipid microbubbles in rodents. ACS Omega 2019, 4, 13371–13381. [CrossRef]

51



J. Funct. Biomater. 2023, 14, 215

35. Xie, J.; Yan, C.; Yan, Y.; Chen, L.; Song, L.; Zang, F.; An, Y.; Teng, G.; Gu, N.; Zhang, Y. Multi-modal Mn–Zn ferrite nanocrystals for
magnetically-induced cancer targeted hyperthermia: A comparison of passive and active targeting effects. Nanoscale 2016, 8,
16902–16915. [CrossRef] [PubMed]

36. Hadad, E.; Rudnick-Glick, S.; Grinberg, I.; Yehuda, R.; Margel, S. Engineering of NIR fluorescent PEGylated poly(RGD) proteinoid
polymers and nanoparticles for drug delivery applications in chicken embryo and mouse models. RSC Adv. 2020, 10, 34364–34372.
[CrossRef]

37. Bossion, A.; Heifferon, K.V.; Meabe, L.; Zivic, N.; Taton, D.; Hedrick, J.L.; Long, T.E.; Sardon, H. Opportunities for organocatalysis
in polymer synthesis via step-growth methods. Prog. Polym. Sci. 2019, 90, 164–210. [CrossRef]

38. Kim, S.J.; Bae, P.K.; Chung, B.H. Self-assembled levan nanoparticles for targeted breast cancer imaging. Chem. Commun. 2015, 51,
107–110. [CrossRef] [PubMed]

39. Kim, T.H.; Chen, Y.; Mount, C.W.; Gombotz, W.R.; Li, X.; Pun, S.H. Evaluation of temperature-sensitive, indocyanine green-
encapsulating micelles for noninvasive near-infrared tumor imaging. Pharm. Res. 2010, 27, 1900–1913. [CrossRef]

40. Nowak-Sliwinska, P.; Alitalo, K.; Allen, E.; Anisimov, A.; Aplin, A.C.; Auerbach, R.; Augustin, H.G.; Bates, D.O.; van Beijnum, J.R.;
Bender, R.H.F.; et al. Consensus guidelines for the use and interpretation of angiogenesis assays. Angiogenes 2018, 213, 425–532.
[CrossRef]

41. Mezu-Ndubuisi, O.J.; Maheshwari, A. The role of integrins in inflammation and angiogenesis. Pediatr. Res. 2020, 897, 1619–1626.
[CrossRef]

42. Liu, Y.; Ran, R.; Chen, J.; Kuang, Q.; Tang, J.; Mei, L.; Zhang, Q.; Gao, H.; Zhang, Z.; He, Q. Paclitaxel loaded liposomes decorated
with a multifunctional tandem peptide for glioma targeting. Biomaterials 2014, 35, 4835–4847. [CrossRef]

43. Yin, H.Q.; Mai, D.S.; Gan, F.; Chen, X.J. One-step synthesis of linear and cyclic RGD conjugated gold nanoparticles for tumour
targeting and imaging. RSC Adv. 2014, 4, 9078–9085. [CrossRef]

44. Baek, A.; Kim, Y.; Lee, J.W.; Lee, S.C.; Cho, S.R. Effect of polydeoxyribonucleotide on angiogenesis and wound healing in an
in vitro model of osteoarthritis. Cell Transplant. 2018, 27, 1623–1633. [CrossRef]

45. Kazunori, K.; Glenn, S.; Masayuki, Y.; Teruo, O.; Yasuhisa, S. Block copolymer micelles as vehicles for drug delivery. J. Control.
Release 1993, 24, 119–132. [CrossRef]

46. Aggarwal, P.; Hall, J.B.; McLeland, C.B.; Dobrovolskaia, M.A.; McNeil, S.E. Nanoparticle interaction with plasma proteins as it
relates to particle biodistribution, biocompatibility and therapeutic efficacy. Adv. Drug Deliv. Rev. 2009, 61, 428. [CrossRef]

47. Peng, C.; Zheng, L.; Chen, Q.; Shen, M.; Guo, R.; Wang, H.; Cao, X.; Zhang, G.; Shi, X. PEGylated dendrimer-entrapped gold
nanoparticles for in vivo blood pool and tumor imaging by computed tomography. Biomaterials 2012, 33, 1107–1119. [CrossRef]

48. Klymchenko, A.S.; Liu, F.; Collot, M.; Anton, N. Dye-loaded nanoemulsions: Biomimetic fluorescent nanocarriers for bioimaging
and nanomedicine. Adv. Healthc. Mater. 2021, 10, 2001289. [CrossRef]

49. Thi, T.T.H.; Pilkington, E.H.; Nguyen, D.H.; Lee, J.S.; Park, K.D.; Truong, N.P. The importance of poly(ethylene glycol) alternatives
for overcoming PEG immunogenicity in drug delivery and bioconjugation. Polymers 2020, 12, 298.

50. Proulx, S.T.; Luciani, P.; Derzsi, S.; Rinderknecht, M.; Mumprecht, V.; Leroux, J.C.; Detmar, M. Quantitative imaging of lymphatic
function with liposomal indocyanine green. Cancer Res. 2010, 70, 7053–7062. [CrossRef]

51. Kue, C.S.; Tan, K.Y.; Lam, M.L.; Lee, H.B. Chick embryo chorioallantoic membrane (CAM): An alternative predictive model in
acute toxicological studies for anti-cancer drugs. Exp. Anim. 2015, 64, 129. [CrossRef]

52. Ge, Z.; Chen, Q.; Osada, K.; Liu, X.; Tockary, T.A.; Uchida, S.; Dirisala, A.; Ishii, T.; Nomoto, T.; Toh, K.; et al. Targeted gene delivery
by polyplex micelles with crowded PEG palisade and cRGD moiety for systemic treatment of pancreatic tumors. Biomaterials
2014, 35, 3416–3426. [CrossRef]

53. Vu, M.N.; Kelly, H.G.; Wheatley, A.K.; Peng, S.; Pilkington, E.H.; Veldhuis, N.A.; Davis, T.P.; Kent, S.J.; Truong, N.P. Cellular
interactions of liposomes and PISA nanoparticles during human blood flow in a microvascular network. Small 2020, 16, 2002861.
[CrossRef] [PubMed]

54. Zhao, J.; Lu, H.; Wong, S.; Lu, M.; Xiao, P.; Stenzel, M.H. Influence of nanoparticle shapes on cellular uptake of paclitaxel loaded
nanoparticles in 2D and 3D cancer models. Polym. Chem. 2017, 8, 3317–3326. [CrossRef]

55. Martin-Banderas, L.; Muñoz-Rubio, I.; Prados, J.; Álvarez-Fuentes, J.; Calderón-Montaño, J.M.; López-Lázaro, M.; Arias, J.L.; Leiva,
M.C.; Holgado, M.A.; Fernández-Arévalo, M. In vitro and in vivo evaluation of Δ9-tetrahidrocannabinol/PLGA nanoparticles
for cancer chemotherapy. Int. J. Pharm. 2015, 487, 205–212. [CrossRef]

56. Kruyt, F.A.E. TRAIL and cancer therapy. Cancer Lett. 2008, 263, 14–25. [CrossRef] [PubMed]
57. Itzhaki, E.; Chausky-Barzakh, E.; Atkins, A.; Bareket-Samish, A.; Stemmer, S.M.; Moskovits, N.; Margel, S. Tumor-targeted

poly(ArgGlyAsp) nanocapsules for personalized cancer therapy-In vivo study. Adv. Ther. 2023, 1–34. [CrossRef]
58. Turner, P.V.; Brabb, T.; Pekow, C.; Vasbinder, M.A. Administration of substances to laboratory animals: Routes of administration

and factors to consider. J. Am. Assoc. Lab. Anim. Sci. 2011, 50, 600. [PubMed]
59. Nur Husna, S.M.; Tan, H.-T.T.; Mohamud, R.; Dyhl-Polk, A.; Wong, K.K. Inhibitors targeting CDK4/6, PARP and PI3K in breast

cancer: A review. Ther. Adv. Med. Oncol. 2018, 10, 1–21. [CrossRef] [PubMed]
60. Sarkisian, S.; Markosian, C.; Ali, Z.; Rizvi, M. Palbociclib-induced pneumonitis: A case report and review of the literature. Cureus

2020, 12, e8929. [CrossRef]
61. Anonymous. Alpelisib Palbociclib HPLC Report; Faculty of Life Sciences, Bar-Ilan University: Ramat Gan, Israel, 2019;

pp. 6–7, 18–19.

52



J. Funct. Biomater. 2023, 14, 215

62. Bardia, A.; Chandarlapaty, S.; Linden, H.M.; Ulaner, G.A.; Gosselin, A.; Cartot-Cotton, S.; Cohen, P.; Doroumian, S.;
Paux, G.; Celanovic, M.; et al. AMEERA-1 phase 1/2 study of amcenestrant, SAR439859, in postmenopausal women with
ER-positive/HER2-negative advanced breast cancer. Nat. Commun. 2022, 13, 4116. [CrossRef] [PubMed]

63. Ji, Y.; Liu, X.; Li, J.; Xie, X.; Huang, M.; Jiang, J.; Liao, Y.P.; Donahue, T.; Meng, H. Use of ratiometrically designed nanocarrier
targeting CDK4/6 and autophagy pathways for effective pancreatic cancer treatment. Nat. Commun. 2020, 11, 4249. [CrossRef]
[PubMed]

64. Moskovits, N.; Peretz, I.; Chausky, E.; Itzhaki, E.; Shmuel, N.; Meerson, R.; Tarasenko, N.; Kaufman, A.; Stemmer, A.; Yaffe, R.; et al.
Palbociclib in combination with sunitinib exerts a synergistic anti-cancer effect in patient-derived xenograft models of various
human cancers types. Cancer Lett. 2022, 536, 215665. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

53



Citation: Sousa, A.B.; Barbosa, J.N.

The Use of Specialized Pro-Resolving

Mediators in Biomaterial-Based

Immunomodulation. J. Funct.

Biomater. 2023, 14, 223. https://

doi.org/10.3390/jfb14040223

Academic Editor: Christie Ying

Kei Lung

Received: 23 February 2023

Revised: 12 April 2023

Accepted: 13 April 2023

Published: 15 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of 

Functional

Biomaterials

Review

The Use of Specialized Pro-Resolving Mediators in
Biomaterial-Based Immunomodulation

Ana Beatriz Sousa 1,2,3 and Judite N. Barbosa 1,2,3,*

1 i3S—Instituto de Inovação e Investigação em Saúde, Universidade do Porto, Rua Alfredo Allen, 208,
4200-125 Porto, Portugal

2 INEB—Instituto de Engenharia Biomédica, Rua Alfredo Allen, 208, 4200-125 Porto, Portugal
3 ICBAS—Instituto de Ciências Biomédicas Abel Salazar, Universidade do Porto, Rua de Jorge Viterbo Ferreira,

228, 4050-313 Porto, Portugal
* Correspondence: judite@ineb.up.pt; Tel.: +351-22-0428105

Abstract: The implantation of a biomaterial will lead to the immediate onset of an acute inflammatory
response, which is of key importance in shaping the quality of the repair process. However, the
return to homeostasis is critical to prevent a chronic inflammatory response that may impair the
healing process. The resolution of the inflammatory response is now recognized as an active and
highly regulated process, being described as specialized immunoresolvents that have a fundamental
role in the termination of the acute inflammatory response. These mediators collectively coined
as specialized pro-resolving mediators (SPMs) are a family of endogenous molecules that include
lipoxins (Lx), resolvins (Rv), protectins (PD), maresins (Mar), Cysteinyl-SPMs (Cys-SPMs) and
n-3 docosapentaenoic acid-derived SPMs (n-3 DPA-derived SPMs). SPMs have important anti-
inflammatory and pro-resolutive actions such as decreasing the recruitment of polymorphonuclear
leukocytes (PMNs), inducing the recruitment of anti-inflammatory macrophages, and increasing
macrophage clearance of apoptotic cells through a process known as efferocytosis. Over the last
years, the trend in biomaterials research has shifted towards the engineering of materials that are
able to modulate the inflammatory response and thus stimulate appropriate immune responses, the
so-called immunomodulatory biomaterials. These materials should be able to modulate the host
immune response with the aim of creating a pro-regenerative microenvironment. In this review, we
explore the potential of using of SPMs in the development of new immunomodulatory biomaterials
and we propose insights for future research in this field.

Keywords: acute inflammation; resolution of inflammation; specialized pro-resolution mediators
(SPMs); immunomodulatory biomaterials

1. The Acute Inflammatory Response to Biomaterials and Its Resolution

Implanted biomaterials will be recognized by the host immune system as a foreign
body, triggering an immediate set of biological responses, leading ultimately to the develop-
ment of an inflammatory and fibrotic reaction that is known as the Foreign Body Reaction
(FBR) that presents a major challenge in the development and application of biomaterials
and medical devices [1–3].

The FBR can be subdivided into different and sequential phases, starting with inter-
actions between blood and the biomaterial leading to protein adsorption at the surface of
the implant, followed by an acute inflammatory response that if persistent will lead to a
chronic inflammation that will ultimately cause the formation of a fibrous capsule. We will
herein focus on the onset of the inflammatory response, the acute inflammatory reaction as
well as on its resolution.

The acute inflammatory reaction is of short duration and typically lasts from minutes
to a few days. There are available in the literature extensive reviews on the different phases
of the inflammatory response to biomaterials [1,4–8]. We will address general aspects
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of the acute response. The acute inflammatory response is mainly characterized by the
formation of edema, through the exudation of fluid and proteins from plasma, together
with the migration of leukocytes to the implant site [1]. The implantation of a biomaterial
causes injury in the cells surrounding the implant site. This will lead to two different
effects. Firstly and almost immediately, blood proteins adsorb to the biomaterial surface
causing the activation of the coagulation cascade, the triggering of the complement sys-
tem, and the activation and recruitment of inflammatory cells. Secondly, the injured cells
will have an important role in the further recruitment of inflammatory cells through the
release of DAMPs (Danger-associated molecular patterns), also known as danger signals or
alarmins [8,9]. Polymorphonuclear leukocytes (PMNs) are the predominant inflammatory
cell type in an acute response and the first ones to arrive at the implant site. PMNs will
secrete ROS (Reactive oxygen species) and proteolytic enzymes that can corrode the surface
of the biomaterial. Upon activation, PMNs also secrete interleukin (IL)-8 that will activate
and recruit additional PMNs to the implant site. PMNs will also act as chemoattractants for
monocytes and macrophages and for immature dendritic cells and lymphocytes through
the production of the chemokines MCP-1 (Monocyte chemoattractant protein)-1 and MIP
(Macrophage inflammatory protein)-1β. After two days, PMNs will disappear from the
implant site, and the macrophage will be the dominant inflammatory cell [6,8,10]. At the
implant site, macrophages can either polarize into M1 classically activated macrophages
that will produce pro-inflammatory cytokines and release enzymes and ROS in an attempt
to degrade the material or can polarize into M2 alternatively activated macrophages that
will synthesize anti-inflammatory cytokines and growth factors that will facilitate tissue
repair [11,12]. It is important to clarify that the M1/M2 macrophage phenotypic polariza-
tion is in fact a continuum of activation between these two phenotypes [12]. Additionally,
M2 macrophages can be divided into different sub-groups that express different surface
markers and have different associated functions: M2a, M2b, M2c, M2d, and M2eff. Among
these sub-groups, M2a macrophages are the most associated with tissue repair and regener-
ation and interestingly M2eff macrophages are induced by efferocytosis, a process that is
prompted by SPMs as described in this review [13].

The termination of an inflammatory response was considered for many years to be due
to the passive disappearance of the pro-inflammatory stimuli. It is now widely accepted
that the resolution of an inflammatory response is an active and endogenous process that
has the key role of preventing excessive and /or continued inflammation that would lead
to a chronic state [14]. After an acute inflammatory response, the goal is to return to
homeostasis in a complex process that involves a large number of molecules and cells of
the immune system.

During an acute inflammatory response, cyclooxygenase-2 (COX-2) increases and
leads to the production of pro-inflammatory mediators, such as leukotrienes (LTs) and
prostaglandins (PGs) from arachidonic acid in phospholipidic membranes. Either these
pro-inflammatory mediators can perpetuate the inflammatory response leading to a chronic
state, or through the prostaglandin subtypes, PGE2 and PGD2 a change in the production
of arachidonic acid-derived molecules is stimulated and anti-inflammatory mediators will
be produced [15].

Therefore, the resolution of an inflammatory response can be explained in a simplistic
way as a molecular switch of the lipid mediators from the production of pro-inflammatory
mediators, such as LTs and PGs, to anti-inflammatory mediators originating from the
same precursor. These anti-inflammatory mediators are collectively called specialized
pro-resolving mediators (SPMs) [16].

SPMs are a group of lipidic molecules that have the ability to reduce inflammation
through the activation of resolution pathways. In 1984 Serhan et al. [17] reported the
isolation of the first SPM, lipoxin. Currently, this group of molecules, listed in Table 1,
includes lipoxins (Lx), resolvins (Rv), protectins (PD), maresins (Mar), Cysteinyl-SPMs (Cys-
SPMs) and n-3 docosapentaenoic acid (DPA)-derived SPMs (n-3 DPA-derived SPMs) [18].
SPMs are synthesized in the local inflammatory microenvironment at the onset of acute
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inflammation to compensate for the various pro-inflammatory mediators. Inflammation is
a natural and important response of the host to injury and therefore SPMs will not block the
process. When the immune system has performed its purpose SPMs will down-regulate
the inflammatory response and ultimately lead to its resolution [19–21].

Table 1. Specialized pro-resolving mediators (SPMs) family.

SPM(s) Subtypes Precursor

Lipoxins LxA4 and LxB4 Arachidonic acid

Resolvins

E-series Resolvins
(RvE1–RvE4)

D-series Resolvins
(RvD1–RvD6)

Eicosapentaenoic acid
Docosahexaenoic acid

Protectins
Protectin D1/Neuroprotectin

D1
PDX

Docosahexaenoic acid

Maresins Mar1 and Mar2 Docosahexaenoic acid

Cysteinyl-SPMs
MCTR1–MCTR3
PCTR1–PCTR3
RCTR1–RCTR3

Docosahexaenoic acid

n-3 DPA-derived SPMs

(RvD1, RvD2, RvD5)n-3DPA
(PD1, PD2)n-3DPA

(Mar1–Mar3)n-3DPA
RvT1–RvT4

n-3 Docosapentaenoic acid

A generalized decrease of pro-inflammatory cytokines together with the phagocy-
tosis of apoptotic PMNs and the removal of inflammatory debris are indicators of the
resolution of the inflammatory response. SPMs will also facilitate tissue repair and regen-
eration through the decrease of pro-inflammatory mediators. When the resolution of an
inflammatory response fails fibrosis and chronic inflammation will take place [22,23].

2. Mediators of the Resolution of the Inflammatory Response

Specialized pro-resolving mediators (SPMs) have a dual role since they have the
ability to contain an acute inflammatory response and promote its resolution. SPMs are
produced from dietary ω-3 polyunsaturated fatty acids (PUFAs) through the action of
different enzymes. PUFAs are fundamental components of membrane phospholipids, and
among other functions, they act as a precursor pool for lipid mediators since their main
components include eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [24].
The different subtypes of SPMs are derived from arachidonic acid, EPA, DHA, and n-3
docosapentaenoic acid (DPA) as presented in Figure 1 [25–27].

Figure 1. Specialized pro-resolving lipid mediators (SPMs) are produced from essential fatty acids. In
the initiation of an inflammatory response, pro-inflammatory mediators such as prostaglandins and
leukotrienes will induce the recruitment of inflammatory cells and the production of pro-inflammatory
mediators. Afterward, a switch to the production of lipoxins will lead to the onset of the resolution of
the inflammatory response.
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2.1. Lipoxins (Lx)

The designation lipoxin is an acronym for “lipoxygenase interaction products”. There
are two different Lx: LxA4 and LxB4. Lx can be synthesized by the lipoxygenation of
arachidonic acid in epithelial cells, PMNs, and monocytes or through platelet/leukocyte
interactions [19,28]. Lx is able to inhibit PMNs recruitment and activation by reducing
vascular permeability; they also cause the non-phlogistic recruitment of monocytes, without
degranulation or release of ROS, allowing the phagocytosis of apoptotic inflammatory cells
as PMNs [29–33]. Interestingly, Lx also induces an increased release of transforming growth
factor β1 (TGF-β1) by macrophages together with a decrease in IL-8 and MCP-1 [34]. Lx
also has an effect on macrophage polarization from an M1 pro-inflammatory phenotype
toward an M2 anti-inflammatory phenotype [31]. It has also been suggested that Lx can
have anti-fibrotic properties [35].

2.2. Resolvins (Rv)

The label resolvins derive from “resolution-phase interaction products”. There are
D-series resolvins (RvD1–RvD6) and E-series resolvins (RvE1–RvE4). Rv participates in
different functions in the process of inflammation resolution as the regulation of the pro-
duction of ROS and of different cytokines; the decrease of PMNs recruitment; promote the
phagocytosis of apoptotic PMNs and promote debris clearance. Taken together, these effects
will decrease the intensity of the response and facilitate tissue repair [29,36]. Additionally, it
has been described that RvD1 promotes macrophage polarization to M2 anti-inflammatory
phenotype [36,37] and that RvD4 decreases the release of neutrophil extracellular traps
(NETs) [38].

2.3. Protectins (PD)

The name protectins were proposed for their general anti-inflammatory and protective
actions. Protectin D1 (PD1) or neuroprotectin D1 (NPD1) and protectin X (PDX) were
identified. In the case of PD1, if it is of neural origin, the designation NPD1 is used
whereas the term PD1 is used to indicate its peripheral actions [39]. PD1/NPD1 decreases
PMNs influx and strengthen the removal of apoptotic PMNs by macrophages [40]. NPD1
exhibits neuroprotective effects in the retina and in the central nervous system [41]. It has
been reported that PD1 promotes M2 macrophage polarization and inhibits macrophage
TNF (tumor necrosis factor)-α expression [42]. It is described that PDX has general anti-
inflammatory and pro-resolving effects, and regulates inflammatory cell infiltration, namely
PMNs [43]. Additionally, PDX causes a decrease in the expression of MIP-2 and MCP-1 in
macrophages [44]

2.4. Maresins (Mar)

The term maresins come from “macrophage mediators in resolving inflammation”.
Mar is produced by macrophages and has homeostatic functions. Mar1 and Mar2 have
been identified. Maresins inhibit PMN influx and ROS production [45] and are powerful
stimulators of macrophage efferocytosis leading to the clearance of apoptotic PMNs by
macrophages [41,46]. Mar promotes the polarization of macrophages to an M2-phenotype [47].
Mar-1 activates leucine-rich repeat-containing G protein-coupled receptor 6 (LGR6), which
is present in different tissues and promotes tissue repair and regeneration [48]. Additionally,
Mar stimulated tissue regeneration in a planaria model [49].

2.5. Cysteinyl-SPMs (Cys-SPMs)

A new group of peptide-lipid conjugated SPMs was recently identified. This group
includes three types of molecules: the resolvin conjugates in tissue regeneration (RCTRs);
the protectin conjugates in tissue regeneration (PCTRs) and the maresin conjugates in tissue
regeneration (MCTRs). It is reported that this group of SPMs presents anti-inflammatory
and pro-resolving effects as well as regenerative properties [50]. It has also been reported
its ability to stimulate tissue repair in a planaria model [51]. MCTRs have the ability to
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induce macrophage efferocytosis and to modulate macrophage polarization towards an
M2 phenotype [25].

2.6. n-3 DPA-Derived SPMS

This new group of SPMs is derived from n-3 docosapentaenoic acid (DPA) and is gen-
erally designated as n-3 DPA-Derived SPMs. This group includes RvDn-3DPA, MaRn-3DPA,
PDn-3DPA, and 13-series resolvins (RvTs) [39]. The n-3 DPA-derived SPMs also have impor-
tant anti-inflammatory and pro-resolutive actions [27,52].

Taking together the actions of the different SPMs described above, we can conclude
that they exert rather interesting effects on the cells of the immune system (Figure 2).
SPMs influence inflammatory cell recruitment and activation; regulate inflammatory cell
apoptosis and have an effect on immune cell polarization. It is therefore of key importance
to explore possible applications of these molecules in a therapeutic context to ensure
an effective return to tissue homeostasis and to prevent fibrosis after an inflammatory
response [24]. We will follow this review by exploring the potential of SPMs application in
different medical conditions and in the field of biomaterial-based immunomodulation.

Figure 2. Specialized pro-resolving lipid mediators (SPMs) main actions. In an inflammatory response
prostaglandins and leukotrienes will induce the recruitment of polymorphonuclear leukocytes
(PMNs) that will produce high levels of IL (interleukin)-8 causing further recruitment of PMNs. PMNs
will also produce MCP-1 (monocyte chemoattractant protein-1) and MIP (macrophage inflammatory
protein)-1β causing the recruitment of monocytes/macrophages (Mϕ), that will polarize into M1 pro-
inflammatory macrophages, causing tissue damage. SPMs will cause a decrease in PMN recruitment,
a decrease in the production of IL-8, and an increase in IL-10 secretion. SPMs will also lead to
macrophage polarization towards an M2 anti-inflammatory phenotype and will induce macrophage
efferocytosis. SPMs will cause the return to homeostasis and tissue repair.
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3. The Potential of SPMs in Medical Applications

Deficiencies in the resolution of inflammatory responses may lead to the development
of chronic immune disorders. Furthermore, SPMs have an important potential in preventing
and treating chronic inflammation and immune conditions [53]. The inflammatory response
is in essence a protective reaction. Nevertheless, when exacerbated or when perpetuated
in time can lead to tissue or organ damage or disease. The paradigm that inflammatory
conditions occur due to the excessive production of pro-inflammatory mediators has
changed. In fact, there is growing evidence that an inaccurate resolution of the inflammatory
reaction, or an imbalance between pro-inflammatory mediators and SPMs are key factors
in the emergence and advance of inflammatory conditions and several human diseases [54].
Therefore, the use of SPMs in the treatment of immune disorders appears as a rather
promising approach.

Reports in the literature suggest that a deficient activity or production of SPMs is
related to the pathogenesis of different inflammatory disorders. For example, an imbalance
between pro-inflammatory mediators and SPMs was observed in inflammatory bowel
disease [55]. In an evaluation of the lipidome of cerebrospinal fluid of Alzheimer’s disease
patients, a decrease in the levels of SPMs was observed [56]. In the respiratory tracts of
patients with chronic obstructive pulmonary disease or asthma, lower levels of LxA4 and
PD1 were detected in comparison with healthy individuals [57]. It is also described that
low serum levels of SPMs can be related to the development of hypertension [58]. Inter-
estingly, it has also been suggested that SPMs are interesting candidates in the prevention
of the cytokine storm in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
patients [59].

Due to the growing evidence of the important role of SPMs, researchers have already
started to explore the use of several different pro-resolving agents to treat inflammatory
diseases. In an animal model of periodontal disease, the topical application of RvD1 in
the tissues leads to an improvement in the condition of the disease causing a decrease in
bone loss, and a decrease in the infiltration of PMNs [20,60]. In atherosclerosis, the process
of macrophage efferocytosis is important to mitigate plaque progression. Since SPMs are
known to induce macrophage efferocytosis, they appear as potential candidates to treat
atherosclerotic plaques. In fact, RvD1, RvD2, and Mar1 were used in an animal model
with established atherosclerosis and induced the decrease of several markers of plaque
progression [61,62]. In an animal model of angiotensin-induced cardiac inflammation, the
administration of RvD1 was demonstrated to have cardioprotective effects inhibiting car-
diac remodeling and hypertension [63]. In rheumatoid arthritis, characterized by persistent
joint inflammation, the administration of RvD1 was investigated using an animal model of
this disease. The results obtained suggest that RvD1 led to a reduction of joint inflammation
and consequently cartilage protection [64]. In an Alzheimer’s disease murine model, the
administration of combined LxA4 and RvD1 leads to a decrease in inflammation [65]. Also,
in an in vivo rat model of Parkinson’s disease, RvD2 caused a recovery of neuronal damage
through the decreased expression of pro-inflammatory mediators [66,67]. It is currently
accepted that inflammation is an important factor in the pathology of depressive disorders
and that anti-inflammatory agents may have anti-depressive effects. It has been recently
reviewed that intracranial infusions of different resolvins in rodent models of depression
caused anti-depressive effects [68].

The use of SPMs is already being evaluated in clinical trials. The use of RvE1 is being
assessed for topical application in ocular lesions [69]. The application of LxA4 analogs is
under study for the treatment of infantile eczema and for the treatment of asthma [70,71].

This section clearly illustrates that the potential for SPMs application is vast. We have
depicted some interesting examples to elucidate the possible range of applications.

4. SPMs in Biomaterial-Based Immunomodulation

The advent of tissue engineering and regenerative medicine led to the development of
new biomaterials with the capability of enhancing tissue repair and regeneration. The recog-
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nition of the key importance of the immune system in tissue healing moved researchers
to the development of a new class of biomaterials that present the ability to modulate
inflammatory responses—the immunomodulatory biomaterials. Ideally, these biomaterials
will control the host immune response to provide a favorable microenvironment able to pro-
mote tissue repair [72,73]. Immunomodulatory biomaterials have an interesting potential
to modulate the FBR and therefore promote implant integration and function [74]. The ma-
jority of the immunomodulatory biomaterial-based strategies are focused on macrophages
because they are highly plastic cells that can exhibit different phenotypes ranging from
pro-inflammatory to anti-inflammatory [75,76]. Additionally, macrophages are important
coordinators of tissue repair and regeneration [77].

Different strategies can be used to develop biomaterials with immunomodulatory
properties such as (i) Changing the chemical properties of the material; (ii) tuning the
physical characteristics of the biomaterial; (iii) incorporating bioactive molecules in the
biomaterial either pro- or anti-inflammatory molecules or growth factors; (iv) combining
biomaterials with cell therapies and (v) develop biomaterials derived from the extracellular
matrix (ECM) of tissues or using ECM components [73,78–81].

Biomaterial-based immunomodulation through the use of SPMs is in our opinion a
promising tool for the development of new and powerful immunomodulatory biomaterials.
The acknowledgment of the active nature of the resolution of an inflammatory response,
together with the understanding of the important effects of SPMs provides a new paradigm
to address inflammatory conditions, improve implant integration and facilitate the return
to tissue homeostasis [82], as represented in Figure 3. There are already some interesting
and encouraging studies reported in the literature that combine the application of different
types of SPMs with biomaterials, which we describe in the following paragraphs and are
summarized in Table 2.

Figure 3. Foreign body response to biomaterials. (A) Implanted biomaterials will be considered a
foreign body by the host immune system. Briefly, polymorphonuclear leukocytes (PMNs) will be the
first immune cells to arrive at the implant site, followed by monocytes/macrophages that will polarize
towards a pro-inflammatory M1 phenotype. Fibroblasts will be activated and will secrete collagen
leading to the formation of a fibrous capsule around the implanted biomaterial. The implant will be
isolated from the surrounding tissues and its function will be impaired. (B) An immunomodulatory
biomaterial, for example, loaded with specialized pro-resolving lipid mediators (SPMs), will cause a
decrease in inflammatory cell recruitment and will lead to macrophage polarization towards an M2
anti-inflammatory phenotype. This will enable implant integration as well as tissue repair.

Regarding the use of lipoxins, Wang et al. [83] have developed a polyisocyanopeptide
hydrogel loaded with the antimicrobial agent doxycycline and LxA4 for periodontal treat-
ment. When applied in a dog model, this hydrogel leads to the decrease of sub-gingival
bacterial loading and to the decrease in the levels of the pro-inflammatory cytokine IL-8.
Reis et al. [84] produced poly-lactic-co-glycolic acid (PLGA) microparticles loaded with
LxA4 for the treatment of skin ulcers. When tested in a rat model of skin lesion the micropar-
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ticles caused a reduction of inflammatory cell numbers, promoted the closure of the wound,
reduced the levels of IL-1β and TNF-α, and increased the levels of TGF-β. Sun et al. [85]
developed calcium carbonate nanoparticles loaded with a LxA4 agonist for the treatment
of endometriosis. They observed an enhancement in macrophage efferocytosis as well as a
decrease in the levels of pro-inflammatory cytokines.

We have used LxA4 and RvD1 to dampen the inflammatory response to implanted
3D chitosan (Ch) scaffolds [86]. After implanting the Ch scaffolds in a rodent air-pouch
model, we performed local administration of either LxA4 or RvD1 every 12 h for 3 days.
We were able to observe a shift in the macrophage polarization profile towards M2, as
well as a general decrease in the levels of pro-inflammatory cytokines. Afterward, we
incorporated RvD1 in the Ch scaffolds [87]. This biomaterial was evaluated in a rodent air-
pouch model and caused a decrease in the recruitment of inflammatory cells together with
higher numbers of M2 macrophages and lower numbers of M1 macrophages and a general
decrease in the levels of pro-inflammatory cytokines. We have also tested the scaffolds in a
rat femoral critical size defect model and concluded that RvD1 contributed to the formation
of new bone with improved trabecular thickness [88]. Some other authors have explored
the use of resolvins in biomaterial-based immunomodulation. Sok et al. [89] developed a
poly(ethylene) glycol (PEG)-based hydrogel to release aspirin-triggered (AT) RvD1 and IL-
10 in a murine model of dorsal skinfold window chamber. They observed an enhancement
in the recruitment of anti-inflammatory myeloid cells with the combined delivery of AT-
RvD1 and IL-10. In another study using the same in vivo model [90], the authors tested
PLGA scaffolds loaded with AT-RvD1 and reported a decrease in the recruitment of PMN
leukocytes together with an increase of M2 macrophages. Shi et al. [91] developed a
polycaprolactone vascular graft loaded with AT-RvD1, and in an in vivo model where they
performed the replacement of the rat abdominal aorta by a vascular graft, concluded that
the presence of AT-RvD1 in the graft decreased PMN recruitment and activation and caused
an increase in the number of M2 macrophages. Yin et al. [92] with the aim of improving bone
tissue repair through the control of inflammation during the healing process developed a
gold nanocage loaded with RvD1 to induce M2 macrophage polarization. They were able to
observe an increase in macrophage polarization towards M2 phenotype both in vitro using
a macrophage cell line and in vivo in a mouse femoral defect model. Lu et al. [93] designed a
catechol-chitosan hydrogel incorporated with acetalized cyclodextrin nanoparticles loaded
with RvE1 for the treatment of chronic wounds. When tested in vitro with a macrophage cell
line an increase in the production of the anti-inflammatory cytokine IL-10 was observed. In a
rat wound healing model, the hydrogel stimulated the closure of the wound. Jiang et al. [94]
investigated the effect of RvD1 in bone regeneration using a rat calvarial defect model. They
produced collagen scaffolds impregnated with a pluronic hydrogel with and without the
incorporation of RvD1. The results obtained suggest that RvD1 improved bone formation
and vascularization. The authors suggest that this effect was due to the ability of RvD1
to control the inflammatory microenvironment although they did not study the effects on
immune cells or on immune mediators.

As to the use of maresins, Miranda et al. [95] produced polylactic acid nanoparticles
incorporated with Mar2 for intestinal mucosal wound repair. They observed in a biopsy-
wounding model that the administration of the nanoparticles promoted mucosal repair
and reduced the number of infiltrating immune cells.

We are certain that this is just the first group of studies combining the use of bio-
materials and SPMs. The promising and interesting results yielded in these reports will
cause increased attention in this area of research. Additionally, there are yet several sub-
types of SPMs with powerful anti-inflammatory and pro-resolutive actions that remain to
be explored.
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Table 2. SPMs are used in biomaterial-based immunomodulation.

Specialized
Pro-Resolving

Mediators (SPMs)
Biomaterial Immunomodulatory Outcome Reference

LxA4 Polyisocyanopeptide hydrogel Decreased levels of IL-8 [82]

LxA4 Poly-lactic-co-glycolic acid
microparticles

Reduced numbers of inflammatory cells
Reduced levels of IL-1β and TNF-α

Increased levels of TGF-β
[83]

LxA4 agonist Calcium carbonate nanoparticles
Enhanced macrophages efferocytosis
Decreased levels of pro-inflammatory

cytokines
[84]

RvD1 Chitosan scaffolds
Higher numbers of M2 macrophages
Lower numbers of M1 macrophages

Decrease in pro-inflammatory cytokines
[86]

RvD1 Poly(ethylene) glycol-based
hydrogel

Decreased recruitment of PMN
leukocytes Increased numbers of

M2 macrophages
[88]

RvD1 Polycaprolactone vascular graft Decreased PMN recruitment
Increased numbers of M2 macrophages [89]

RvD1 Gold nanocage Increased numbers of M2 macrophages [91]

RvE1 Catechol-chitosan hydrogel Increased production of IL-10 [92]

Mar2 Polylactic acid nanoparticles Reduced numbers of infiltrating
immune cells [94]

SPMs are challenging to work with because they are unstable molecules and have
a diminutive biological half-life that was observed both in in vitro and in in vivo studies.
One possibility to overcome this limitation is the development of more stable analogs. It is
reported in the literature for example the development of an oxidation-resistant metabolic
stable analog of the n-3 DPA-derived protectin D1 [96]; the production of lipoxin A4
stable analogs [97]; and also of analogs for resolvin D1 [98]. Alternatively, in a previous
work of ours with chitosan scaffolds incorporated with RvD1 [87] we used lyophilization,
which resulted in higher RvD1 activity since this procedure is a lipid stabilizer and is
reported to increase the stability of different pharmaceutical formulations. In a different
study conducted by de Prinse et al. [99], another solution was explored, SPMs-loaded
micelles were developed to address the challenge of the long-term use of these molecules.
These micelles were revealed to be non-cytotoxic and their potential use in vivo must now
be explored.

5. Conclusions and Future Perspectives

SPMs have an essential role in the resolution of an inflammatory acute reaction and
in the return to homeostasis. SPMs have important modulatory effects in different cells of
the immune system, and although their actions are broad, it is possible to summarize in
three key functions the main effects of this family of pro-resolutive molecules:

(i). SPMs can inhibit the recruitment and activation of immune cells. These molecules
have an important role for example in the recruitment of PMNs to the inflammatory
site and can decrease the production of pro-inflammatory cytokines by inflamma-
tory cells.

(ii). SPMs have an important effect on the modulation of the polarization of immune cells.
For example, these molecules induce the polarization of macrophages towards an M2
anti-inflammatory phenotype.

(iii). SPMs regulate macrophage phagocytic capacity, leading to increased elimination of
apoptotic immune cells by macrophages in a process called efferocytosis.
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Taking into consideration these important effects, we believe that SPMs represent a
rather promising strategy to stop an inflammatory response and mitigate the potential
undesired side effects such as tissue damage or fibrosis. Moreover, SPMs seem to be ad-
vantageous in comparison with other anti-inflammatory or immunosuppressive molecules
because they will promote the resolution of an inflammatory reaction without the unwanted
immunosuppressive side effect. Additionally, SPMs will not suppress the positive effects of
an inflammatory reaction in terms of host response against pathogens and in the promotion
of tissue repair and return to homeostasis.

The potential action of SPMs must be thoroughly evaluated. In our opinion, research
efforts should be made to clarify several different aspects. In the following part of the
manuscript, we list some important research lines that are in our opinion worth exploring:

1. Extend the studies already carried out to all SPMs and address possible new applica-
tions: SPMs represent a large family of lipidic molecules, and many of them were not
tested in biomaterial-based applications. In Section 4, where we performed a review
of the SPMs used for biomaterial-based immunomodulation we were only able to find
research works using LxA4, RvD1, RvE1, and Mar2. Many other SPMs still need to
be explored.

2. Explore the potential synergic effect of SPMs: The combination of more than one
SPM within a biomaterial could have interesting synergic effects. In Section 3, we
discuss the use of combined LxA4 and RvD1 in an animal model of Alzheimer’s
disease that caused a significant decrease in the inflammatory response. Therefore,
the combination of different SPMs should be addressed.

3. Investigate the potential of protectins: The application of protectins in the devel-
opment of new functional biomaterials is clearly underexplored. More specifically,
neuroprotectins that have been identified as having neuroprotective effects could rep-
resent an advance in the development of biomaterials for neuroscience applications.

4. Understand the regenerative capacity of the cysteinyl-SPMs: The recently identified
subclass of SPMs, the cysteinyl-SPMs, includes the resolvin, protectin, and maresin
conjugates in tissue regeneration. It is reported that this group of molecules besides
having pro-resolutive actions have regenerative properties. Since we are seeking ideal
biomaterials for tissue engineering and regenerative medicine, these molecules appear
as ideal candidates for the development of new biomaterials with immunomodula-
tory properties.

A comprehensive understanding of the biological actions of SPMs will provide key
information for the regulation of inflammation, its resolution, and the return to homeostasis.
We are certain that the application of SPMs in the development of new biomaterials will be
a milestone in the field of immuno-engineering.
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63



J. Funct. Biomater. 2023, 14, 223

Neuroprotectin; TNF: tumor necrosis factor; RCTRs: Resolvin conjugates in tissue regeneration; PC-
TRs: Protectin conjugates in tissue regeneration; MCTRs: Maresin conjugates in tissue regeneration;
SARS-CoV 2: Severe acute respiratory syndrome coronavirus 2; PLGA: Poly-lactic-co-glycolic acid;
Ch: Chitosan; PEG: Poly(ethylene) glycol; AT: Aspirin-triggered.
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Abstract: Small interfering RNA (siRNA) molecules have limited transfection efficiency and stability,
necessitating the use of delivery systems to be effective in gene knockdown therapies. In this regard,
lipid–polymeric nanocarriers have emerged as a promising class of nanoparticles for siRNA delivery,
particularly for topical applications. We proposed the use of solid lipid–polymer hybrid nanoparticles
(SLPHNs) as topical delivery systems for siRNA. This approach was evaluated by assessing the
ability of SLPHNs–siRNA complexes to internalize siRNA molecules and both to penetrate skin layers
in vitro and induce gene knocking down in a skin cell line. The SLPHNs were formed by a specific
composition of solid lipids, a surfactant polymer as a dispersive agent, and a cationic polymer as a
complexing agent for siRNA. The optimized nanocarriers exhibited a spherical shape with a smooth
surface. The average diameter of the nanoparticles was found to be 200 nm, and the zeta potential
was measured to be +20 mV. Furthermore, these nanocarriers demonstrated excellent stability when
stored at 4 ◦C over a period of 90 days. In vitro and in vivo permeation studies showed that SLPHNs
increased the cutaneous penetration of fluorescent-labeled siRNA, which reached deeper skin layers.
Efficacy studies were conducted on keratinocytes and fibroblasts, showing that SLPHNs maintained
cell viability and high cellular uptake. Furthermore, SLPHNs complexed with siRNA against Firefly
luciferase (siLuc) reduced luciferase expression, proving the efficacy of this nanocarrier in providing
adequate intracellular release of siRNA for silencing specific genes. Based on these results, the
developed carriers are promising siRNA delivery systems for skin disease therapy.

Keywords: solid lipid–polymer hybrid nanoparticles; siRNA; nucleic acid; gene silencing; topical
delivery; skin penetration

1. Introduction

The use of RNA interference (RNAi) is a promising therapeutic approach to modulate
or inhibit endogenous gene expression [1–5] through synthetic small interfering nucleic
acid (siRNA) therapeutics [6,7]. RNAi is mediated by double-stranded siRNA molecules
consisting of 21–27 base pairs and has demonstrated a remarkable ability to effectively
suppress the expression of specific genes [8]. However, one of the major challenges in siRNA
therapy is the effective transfer of (naked) nucleic acid across cell membranes due to the
anionic charge of this molecule as well as its poor stability in biological environments [9–11].

The administration route is another issue that must be considered for the success of
the siRNA clinical approach. Topical administration of siRNA targeting genes involved
in several skin disorders offers a fresh and innovative therapeutic strategy for addressing
inherited skin conditions, viral infections, skin cancer, and atopic dermatitis [10,12,13].
However, the clinical application of siRNA into the skin is limited by the efficient barrier
properties of the skin provided by the stratum corneum (SC) [14]. To surmount the inherent
obstacles associated with the delivery of siRNA to the skin, nanoparticles have been
devised [2,12–17]. Through these nanotechnologies, high penetration rates of siRNA into
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the skin can be achieved by multiple pathways, including intercellular, transcellular, and
appendage pathways. For instance, lipid nanoparticles can interact with intercellular lipids
in the SC, which is the outermost layer of the skin, and disrupt the organization of the
SC lipids, creating temporary gaps that allow siRNA penetration. This pathway involves
siRNA release from the nanoparticles and its diffusion among corneocytes (flat, dead skin
cells) through the lipid-rich intercellular spaces. siRNA can also penetrate corneocytes
via a transcellular route. Cellular uptake of siRNA-loaded nanoparticles occurs through
endocytosis or other internalization mechanisms. Once inside the cells, nanoparticles can
release their cargo (siRNA) into the cytoplasm, where silencing of target genes takes place.
Moreover, skin appendages such as hair follicles and sweat glands provide an alternate
route for penetration. siRNA carried by nanoparticles can enter hair follicles or sweat ducts
and then travel through the surrounding skin layers to reach the target cells [2].

Several nanotechnology platforms have been studied for topical delivery of siRNA, in-
cluding nanostructured delivery systems that can be produced using different compounds.
Among them, polyethylenimine (PEI) has shown remarkable efficacy in delivering siRNA
due to its amino groups that can be protonated at physiological pH and its strong buffering
capacity [18,19]. Nevertheless, the formation of PEI/siRNA complexes frequently leads
to elevated cytotoxicity [12,20]. Thus, the clinical application of siRNA requires the use of
effective and biodegradable delivery systems that simultaneously exhibit low cytotoxicity.
In the present work, we developed a solid lipid–polymer hybrid nanoparticle (SLPHN) for
the effective delivery of siRNA. The SLPHNs combine appropriate siRNA delivery charac-
teristics of PEI and solid lipid nanoparticles (SLN), which have high biocompatibility and
bioavailability, controlled drug release, physical stability, and protection of incorporated
labile drugs from degradation, while their production process is easily scalable [21–24].

Our optimized SLPHNs consist of Compritol® 888 ATO as a structural lipid, PEI as a
cationic agent, and poloxamer 188 as a surfactant. Several combinations of these compo-
nents were investigated in order to select the best composition that provided small particles
of homogeneous sizes (polydispersity index) and positive charge surface (zeta potential).
Then, the optimized SLPHN samples were characterized regarding their physicochem-
ical properties by DLS, NTA, and AFM. The efficiency of the siRNA–SLPHN complex,
siRNA release ability, cytotoxicity, and cellular internalization in a human immortalized
keratinocyte cell line (HaCaT) and a mouse embryo fibroblast cell line (NIH/3T3) were
also evaluated. Furthermore, in vitro skin penetration and silencing efficiency studies were
carried out.

2. Materials and Methods

2.1. Materials

Compritol® 888 ATO (glyceryl behenate) was kindly supplied by Gattefossé (Paramount,
NJ, USA) and Cremer Oleo GmbH & Co.KG (Hamburg, Germany). Tris(hydroxymethyl)ami-
nomethane (Tris–HCl) was purchased from Merck KGaA (Darmstadt, Germany), and
branched polyethylenimine (PEI) (25 kDa) and poloxamer 188 were purchased from Sigma
Aldrich Co. (St. Louis, MO, USA). UltraPure™ Agarose was purchased from Invitrogen
(Carlsbad, CA, USA). The heparin used in this study was obtained from Blausiegel (Cotia,
SP, Brazil). Loading buffer (6× DNA loading dye #R0611) was acquired from Thermo
Scientific (Rockford, IL, USA). Fetal bovine serum (FBS) and Opti-MEM™ media were
obtained from Gibco (Grand Island, NY, USA), and Dulbecco’s modified Eagle’s medium
(DMEM) and antibiotic-antimycotic cell culture solutions were obtained from Sigma Aldrich
Co (St. Louis, MO, USA). Silencer™ Negative Control siRNA (siRNA), Silencer™ FAM
(carboxyfluorescein)-labeled, and Alexa-fluor® 647-labeled siRNA were purchased from
Ambion® (Austin, TX, USA). Mouse Fibroblast cells (BALB/NIH/3T3 strain clone A31 and
HaCaT cells) were obtained from the Rio de Janeiro cell bank (Rio de Janeiro, RJ, Brazil).
LipofectamineTM 2000 and Prolong™ Gold antifade reagent with DAPI were obtained from
Life Technologies (Paisley, U.K.). The pCMV-Luc vector, which expresses Firefly luciferase
(FL), was obtained from PlasmidFactory (Bielefeld, Germany). The pGL4.74 (hRluc/TK)
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vector, which expresses Renilla luciferase (RL), and Dual Luciferase were obtained from
Sigma Aldrich (Darmstadt, Germany). The Reporter Assay System kit was acquired from
Promega (Fitchburg, WI, USA).

2.2. SLPHNs Preparation

SLPHNs were prepared by hot emulsion high shear homogenization followed by
sonication methods. Briefly, the lipid matrix containing Compritol® 888 ATO and Tris–HCl
buffer (100 mM, pH 6.5) as aqueous phase, PEI, and poloxamer 188 were heated separately
to 75 ◦C. The mixture of aqueous phase and the oily phase was dispersed under high
shear homogenization at 30,000 rpm for 2.5 min by Ultra-turrax (IKA T10 basic, Staufen,
Germany) and then by ultrasonic processing for 5 min (Sonics VCX 750, Newtown, PA,
USA, 13 mm probe and 40% amplitude). SLPHNs were formed after cooling the dispersion
to 25 ◦C. In order to optimize the average size and polydispersity index (PdI), SLPHN
samples were prepared using varying concentrations (%) of Compritol® 888 ATO, PEI, and
poloxamer.

2.3. Characterization of SLPHNs
2.3.1. Particle Size, Zeta Potential, Nanoparticle Concentration, and Morphology

Nanoparticles were analyzed by dynamic light scattering (DLS) in NanoSize ZS
(Malvern Instruments, Malvern, U.K.) using the DTS Nano software v5.03. The colloidal
solutions were loaded into disposable plastic cuvettes and examined using backscattering
light at a 90◦ angle. Size and distribution were measured in triplicate and expressed as
Z-average diameter and PdI. The zeta potential of nanoparticles was also determined by
observing their electrophoretic mobility in an electric field using the same equipment.

Nanoparticle tracking analysis (NTA) was determined using a NanoSight LM20
(NanoSight, Amesbury, U.K.). The samples were appropriately diluted and introduced into
the sample chamber using sterile syringes. All measurements were carried out at room
temperature.

The size and morphology of SLPHNs were determined by atomic force microscopy
(AFM). Nanocarrier samples were prepared by depositing dilute particle dispersions on a
freshly cleaved mica plate and drying with argon. Images were obtained using a Shimadzu
Scanning Probe Microscope SPM-9600 model (Kyoto, Japan) equipped with a 100 μm tripod
scanner and pyramidal cantilevers with silicon probes (force constant: 10–130 N/m) at a
resonance frequency of 204–497 kHz. All measurements were performed in intermittent-
contact mode at a scan speed of approximately 1 Hz to avoid damage to the sample surface.

2.3.2. Physical Stability of SLPHNs

The physical stability of SLPHNs (n = 3) was assessed for 90 days under various
conditions according to the Drug Stability FDA Guidelines [25]. These conditions included
a low temperature of 4 ◦C and a high temperature of 30 ◦C with a relative humidity of
approximately 75%. The evaluation of physical stability was based on monitoring the mean
Z-average diameter and zeta potential of the formulations using DLS analysis.

2.4. Electrophoretic Mobility Shift Assay
2.4.1. Evaluation of siRNA Binding and Polyanion Competition

The ability of siRNA to bind to SLPHNs was studied using an agarose gel assay [15,26].
For this, free siRNA and SLPHNs (1:4 v/v) with and without siRNA (10 μM) were prepared
and incubated for 30 min. Electrophoresis was carried out in 2% agarose gel at 100 V for
20 min in Tris–acetate–EDTA (TAE) buffer (pH 8.0) after the addition of loading buffer
(Bromophenol blue (0.25% w/v), xylene cyanol FF (0.25% w/v), Orange G (0.25% w/v), Tris–
HCl pH 7.5 (10 mmol/L), ethylenediamine tetra-acetic acid (10 mmol/L), and saccharose
(0.65% w/v)). The siRNA mobility shift was observed and photographed under UV light
after addition of ethidium bromide (5 mg/mL) to the gel. Image acquisition was performed
using the Quantity One software v.4.6.6.
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To assess the stability of siRNA after decomplexation from SLPHNs, a polyanion
competition assay was performed using heparin as a competitor [26,27]. Briefly, siRNAs–
SLPHNs were prepared as previously described, and 10 μL of heparin (5000 IU/mL) was
added. The samples were subjected to electrophoresis on agarose gels after incubation at
37 ◦C for 1 h using the same conditions described above.

2.4.2. Serum Stability Study

The protective effect of SLPHNs against siRNA degradation was evaluated by in-
cubating siRNA–SLPHN samples with 25% fetal bovine serum (FBS) for 24 h at 37 ◦C.
Simultaneously, free siRNA and Lipofectamine™–siRNA samples were also incubated with
25% FBS at 37 ◦C for 24 h, serving as negative and positive controls, respectively. Following
incubation, all samples were further treated with 10 μL of heparin (5000 IU/mL) for 1 h
to ensure complete release of siRNA from the formulations [28]. The remaining percent-
age of intact siRNA was then analyzed using agarose gel electrophoresis as described in
Section 2.4.1.

2.5. In Vitro Skin Penetration Study

In vitro permeation studies were conducted following the protocol outlined in OECD
Guideline 428 [29]. Porcine ear skin was used as the biological membrane, and FAM-labeled
siRNA [30] was employed in the study. Vertical Franz diffusion cells with a diffusion area
of 0.68 cm2 were utilized. Each cell was filled with 3 mL of 100 mM phosphate buffer
(pH 7.4 ± 0.2) at a temperature of 32 ◦C. The cells were maintained under continuous stir-
ring at 400 rpm throughout the experiment. The dermatomized porcine ear skins (500 μm)
were mounted in a Franz diffusion cell with SC facing the donor compartment, where
100 μL of the samples (naked siRNA–FAM and siRNA–FAM–SLPHN–0.25%) were applied.
After 24 h of permeation, the skins were carefully removed from the Franz diffusion cell,
and the surface was thoroughly washed with distilled water to eliminate any excess formu-
lation. Subsequently, the skins were frozen in Tissue-Tek® (Pelco International, Redding,
CA, USA) embedding compound with acetone at −30 ◦C. A cryostat microtome (Leica,
Wetzlar, Germany) was used to section the skin into 20 μm thick slices at a temperature
of −20 ◦C, and slices were mounted on glass slides. The fluorescence intensity and depth
of FAM-labeled siRNA within the skin were examined using fluorescence microscopy
(Axioskop 2 plus, Carl Zeiss, Gottingen, Germany) along 640 nm and 730 nm band-pass
excitation and emission filters. Images analysis was performed using the AxioVision soft-
ware v.4. Due to skin auto-fluorescence, skin sections treated with PBS were used as a
control. Consistent sensitivity and exposure settings were applied to all samples during
the fluorescence microscopy analysis.

2.6. Cellular Studies
2.6.1. Cell Culture Conditions

Non-tumorigenic keratinocytes (HaCaT) and murine fibroblasts (NIH/3T3) were
individually cultured in Dulbelco’s modified Eagle’s medium (DMEM) rich in glucose
supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% (v/v) of an antibi-
otic solution containing 10,000 IU penicillin, 10 mg streptomycin, and 25 μg amphotericin
B/mL. Cells were incubated at 37 ◦C in a humidified incubator (95% relative humidity)
with 5% CO2 atmosphere.

2.6.2. Cellular Viability

For the relative viability assay of HaCaT and NIH/3T3 cells, the resazurin assay
was employed after 24 h of incubation. When the cells reached approximately 80%
confluence, they were harvested from T-flasks using 0.05% (v/v) trypsin. Subsequently,
5 × 104 cells/well for HaCaT cells and 1 × 104 for NIH/3T3 cells were seeded onto 96-well
plates and incubated at 37 ◦C and 5% CO2 atmosphere for 24 h to allow for cell attach-
ment. Once the cells were attached, the culture medium was replaced with formulations
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containing SLPHN–0.15 PEI and SLPHN–0.25% PEI, along with various nanoparticle
concentrations ranging from 1.59 × 1010 to 52.4 × 1010 particles/mL.

After an additional 24 h of incubation, the cells were washed with PBS, and resazurin
solution (0.025 mg/mL) was added to each well. Following 4 h of incubation, fluorescence
was measured using a Biotek plate reader (Synergy model) with an excitation wavelength
set at 540 and emission at 590 nm. Untreated cells served as the negative control, and three
repeated measurements were performed for each sample. The results were expressed as a
percentage of cell viability.

2.6.3. Cellular Internalization by Flow Cytometry

The cellular uptake of Alexa Fluor® 647-labeled siRNA (siRNA Alexa Fluor® 647) medi-
ated by SLPHN was quantified by flow cytometry. HaCaT and NIH/3T3 cells were seeded
onto 12-well tissue culture plates at a density of 3 × 105 cells/well and 1.25 × 105 cells/well,
respectively. After 24 h, 100 μL of naked siRNA Alexa Fluor® 647 (40 pmol/well) (free
siRNA) or siRNA complexed with SLPHNs was added to the cells and incubated for 24 h
at 37 ◦C with 5% CO2. After this period, cells were washed twice with PBS buffer and
trypsinized, and cell uptake was assessed by flow cytometry using a Facscanto BD FACSCal-
ibur™ Cytometer equipped with 3 lasers (488, 633, and 405 nm) and a 660/10 nm emission
filter for Alexa Fluor® 647. Propidium iodide (50 μg/mL) was used as an indicator of cell
viability. Untreated cells (siRNA control) and cells treated with Lipofectamine™–siRNA
were used as controls; 10,000 events were collected per analyzed sample.

2.6.4. Intracellular Localization of SLPHNs by Confocal Microscopy

In vitro cellular localization of siRNA–SLPHNs was investigated by confocal mi-
croscopy using a LEICA—TCS SP2 microscope (Leica, Heidelberg, Germany). For this, a
siRNA-labeled Alexa Fluor® 647 was used in the formulation samples (siRNA–SLPHNs),
and naked siRNA (free siRNA) was used as a negative control. HaCaT and NIH/3T3 cells
were seeded onto coverslips (previously treated with glutaraldehyde) at 3 × 105 cells/well
and 1.25 × 105 cells/well, respectively, in 12-well plates to guarantee 60–80% confluence.
After 24 h, 100 μL of the siRNA Alexa Fluor® 647 (40 pmol/well) naked or complexed with
SLPHNs was added to the cells and incubated for 24 h. Cells were washed with PBS twice
and fixed overnight with a 1% formaldehyde solution in PBS. After fixation, cells were
washed twice with PBS and mounted on glass cover slides using Prolong™ Gold containing
the blue fluorescent stain 4’,6-diamidino-2-phenylindole (DAPI) for nucleus labeling. Cells
treated with Lipofectamine™–siRNA were used as a positive control. Finally, confocal
images of the cells were taken using a 63× oil-immersion objective under emission filters
of 350/470 and 660/10 nm, suitable for DAPI and siRNA Alexa Fluor® 647, respectively.

2.6.5. In Vitro Silencing Efficiency of siRNA–SLPHNs

In the luciferase reporter assay, HaCaT cells (1 × 106 cells) were transfected with reporter
vectors containing Firefly luciferase (pCMV-Luc) and Renilla luciferase (pGL4.74 hRluc/TK)
using Lipofectamine™ 2000 in antibiotic-free medium. After 24 h, transfected cells were
seeded onto 96-well plates at a density of 5 × 104 cells/well. Once cells reached approx-
imately 70% confluence, they were treated with SLPHN (containing 0.15 and 0.25% PEI)
or Lipofectamine™ 2000. Both complexed with 50 pmol of siRNA per well. The siRNA
used targeted Firefly luciferase (siLuc) or nonspecific siRNA (ns-siRNA). Cells were then
incubated for an additional 24 h, washed with PBS, and maintained in fresh medium for
another 24 h at 37 ◦C in a 5% CO2 atmosphere.

Following incubation, cells were lysed with Passive Lysis Buffer (Promega) using
200 μL per well. To measure luciferase activity, 10 μL of cell lysates and 50 μL of Luciferase
Assay Reagent were added to a white 96-well plate. The luminescence was immediately
measured using a plate reader, with an initial mixing period of 2 s, followed by lumines-
cence measurements at 0.5 s intervals for 5 s. Subsequently, 50 μL of Stop & Glo Reagent
was added to each well, and luminescence measurements were repeated.
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To obtain normalized data, the Firefly luciferase luminescence was divided by the
Renilla luciferase luminescence using the formula (Firefly luminescence AUC 5 s/Renilla
luminescence AUC 5 s) [28,31].

2.7. Statistics

Results are presented as mean ± standard error of the mean (SD). One-way analysis
of variance (ANOVA) followed by Tukey’s multiple comparison test was used as statistical
analysis to compare all groups studied. Significance levels were reported as * p < 0.05,
** p < 0.01, and *** p < 0.001. All statistical analyses were conducted using GraphPad Prism
software v.8.4.

3. Results and Discussion

SLPHNs have been shown to be novel nanocarriers for topical and transdermal drug
delivery. They have a dual advantage over other lipid nanoparticles due to their vesicular
and particulate nature, the high biocompatibility of lipids [32,33], and the structural contri-
bution of PEI molecules. This study demonstrated the successful preparation of SLPHNs
and their effective utilization as nanocarriers for the delivery of siRNA to the skin.

3.1. Preparation and DLS Characterization of SLPHNs
3.1.1. SLPHNs Preparation

A hot emulsion high shear homogenization followed by the sonication method was
used to prepare the SLPHNs developed in this study. We selected Compritol® 888 ATO,
poloxamer 188, and PEI as SLPHN components due to their favorable characteristics for
topical application and ease of formation of nanoscale delivery systems. PEI was incorpo-
rated into the systems to form complexes with nucleic acid by non-covalent bonds [34]. To
assess the influence of each component of the SLPHNs on particle sizes and polydispersity
index, 15 different samples were prepared with different concentrations of Compritol® 888,
PEI, and poloxamer 188 (Table 1).

Table 1. Physicochemical characteristics of SLPHNs in different compositions (n = 3).

Samples PEI %
Compritol®

888 ATO %

Poloxamer
188%

Aqueous
Phase %

Size ± SD (nm) PdI 1 ± SD 3 ZP 2 ± SD 3

(mV)

F1 0.00 2.00 1.50 96.50 143.20 ± 20.79 0.34 ± 0.03 −8.33 ± 7.88
F2 1.00 1.00 1.50 96.50 182.80 ± 13.45 0.37 ± 0.03 38.75 ± 2.14
F3 1.00 2.00 1.50 95.50 219.35 ± 8.84 0.42 ± 0.00 36.60 ± 0.28
F4 1.00 3.00 1.50 94.50 236.35 ± 14.24 0.43 ± 0.09 36.83 ± 1.56
F5 1.00 4.00 1.50 93.50 250.95 ± 59.25 0.45 ± 0.07 37.18 ± 1.74
F6 1.00 5.00 1.50 92.50 267.55 ± 43.18 0.44 ± 0.02 38.63 ± 3.21
F7 1.00 2.00 0.50 96.50 977.05 ± 67.81 0.39 ± 0.08 36.70 ± 0.85
F8 1.00 2.00 3.00 94.00 201.90 ± 0.42 0.36 ± 0.03 30.85 ± 0.78
F9 1.00 2.00 5.00 92.00 111.30 ± 15.41 0.37 ± 0.01 30.13 ± 0.66

F10 0.10 2.00 1.50 96.40 174.20 ± 1.68 0.23 ± 0.02 4.46 ± 0.75
F11 0.15 2.00 1.50 96.35 164.03 ± 4.74 0.27 ± 0.05 11.50 ± 1.15
F12 0.20 2.00 1.50 96.30 162.70 ± 11.01 0.38 ± 0.04 20.90 ± 2.87
F13 0.25 2.00 1.50 96.25 175.15 ± 17.71 0.29 ± 0.12 27.18 ± 1.55
F14 0.50 2.00 1.50 96.00 180.93 ± 5.85 0.48 ± 0.05 34.10 ± 3.55
F15 0.75 2.00 1.50 95.75 212.68 ± 15.85 0.46 ± 0.02 32.38 ± 3.53

1 PdI: polydispersity index; 2 ZP: zeta potential; 3 SD: standard deviation.

3.1.2. Effect of Compritol and Poloxamer on Nanoparticle Composition

First, the influence of different amounts of Compritol® 888 (1 to 5%) on particle
size and surface charge of the SLPHNs was evaluated. For that purpose, the amount
of poloxamer 188 and PEI concentration were fixed at 1.5 and 1% (w/w) in the samples
(F2 to F6). Particle size and polydispersity index (PdI) increased proportionally with the
addition of Compritol® 888, perhaps due to the macroscopically observed high viscosity
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of the lipid phase, which contributed to the increase in superficial tension, leading to the
formation of larger nanoparticles. Ribeiro and coworkers reached a similar result when
they used a factorial design to investigate the role of each excipient in the desired responses
(size, zeta potential, and PdI) in natural lipid-based nanocarriers [35,36]. Our findings
are also consistent with those of Yalcin et al. when the authors optimized gemcitabine
hydrochloride-loaded LPHNs based on an experimental approach. The study employed
PLGA, soya phosphatidylcholine, and DSE-PEG as independent variables (components). It
was observed that as the lipid/polymer ratio increased from low to high levels, there was a
noticeable upward trend in particle size values [37].

Compritol® 888 is composed of different esters of behenic acid with glycerol (15–23%
monoglycerides, 40–60% diglycerides, 21–35% triglycerides) [38]. This lipid composition
is regarded as a safe and biocompatible excipient that is widely used for the preparation
of lipid nanocarriers because of various advantages, such as sustained release, better
lymphatic targeting, and chemical stability, resulting in a suitable ability to load lipophilic
and/or hydrophilic drugs [38,39]. It is noteworthy that lipid carriers containing Compritol®

exhibit a platelet-like shape, which allows them to easily slide between corneocytes after
penetrating the intercellular lipids of the skin. This unique shape provides these carriers
with adhesiveness and promotes skin hydration properties [40]. In terms of nanocarrier
characteristics, Wang et al. prepared LPHNs using six types of solid lipids and observed
that glycerides showed superior colloidal properties in terms of smaller particle size and
narrower size distribution than fatty acids [41].

Based on our findings (Table 1), 2% Compritol® 888 was selected and then combined
with poloxamer 188 at four concentrations (0.5, 1.5, 3, and 5% w/w, samples F7 to F9).
Thus, particle size decreased with increasing surfactant concentration, possibly due to a
reduction in interfacial tension [24,42]. Furthermore, it has been reported that the presence
of a surfactant such as poloxamer increases particle stability by covering the particle surface
and preventing particle agglomeration [43].

3.1.3. Influence of Branched PEI-Coated Nanoparticles

The F3 formulation containing Compritol® 888 (2% w/w) and Poloxamer 188 (1.5%
w/w) was selected for evaluation of PEI influence on particle size and PdI. Particle size and
PdI of samples F10 to F15 increased with increasing PEI concentration. Similar results were
previously reported when PEI was incorporated on both PLGA (poly (lactic-acid coglycol))
and PEG (polyethylene glycol)-based nanoparticles [44,45].

Furthermore, the zeta potential of the nanoparticles changed from negative in the
particles without PEI (F1) to positive in the SLPHNs (F2 to F15). This positive surface
charge of the particles is a result of the alignment of the PEI on the nanoparticle surface. The
positively charged particle surface can facilitate particle adherence to negatively charged
cellular membranes. This interaction promotes and enhances intracellular uptake of the
particles [18,46]. Taking this into account, the SLPHNs consisting of Compritol® 888
(2% w/w), poloxamer 188 (1.5% w/w), and PEI concentrations of 0.15% (F11) and 0.25%
w/w (F13) were selected for further physicochemical characterization and in vitro studies.

3.2. Nanoparticle Tracking Analysis (NTA) and Morphology of SLPHN

Increasing the PEI concentration from 0.15% to 0.25% had no influence on particle con-
centration, which was similar for SLPHNs–0.15% PEI and SLPHNs–0.25% PEI (2.54 × 1013

to 2.62 × 1013 particles/mL, respectively). Also, a non-significant difference was observed
between particle size determined by NTA and that determined by DLS. These were relevant
parameters and important findings for the next in vitro studies since the recommended
metric is the number of particles/volume.

As expected, the AFM images showed spherical particles with smooth surfaces
(Figure 1). The chemically homogeneous lipid allows for the formation of perfect crystals
that have a well-defined platelet-like pattern of the β-modification. Spherical lipid nanopar-
ticles can be obtained with a combination of heterogeneous surfactants and heterogeneous
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lipids [47,48]. The morphology of nanoparticles is typically influenced by the composi-
tion of the lipid matrix and can manifest as a spheroidal, anisometric, or flat shape [46].
The specific shape that the nanoparticle assume is determined by both their size and the
polymorphic shape of the lipid used in the formulation [43].

 

Figure 1. 3D size distribution profile obtained by AFM (a,b) and NTA 3D (c,d) topographic image of
SLPHN 0.15% PEI (a,c) and SLPHN 0.25% PEI (b,d).

The average diameter of 58 nm and 67.51 nm determined by AFM for SLPHNs–0.15%
PEI and SLPHNs–0.25% PEI, respectively, is smaller than the diameter values determined by
DLS and NTA, which were in the order of 170 nm approximately. In general, this difference
is related to the principles of each technique. On the one hand, the size values obtained
by the DLS and NTA techniques are calculated using the Stokes–Einstein equation, which
considers the hydrodynamic diameter of the particles composed by the particle diameter
and its stabilization layer formed by the presence of the surfactant used [49]. Indeed,
NTA is a technique that provides information about the concentration of nanoparticles
and measures their size based on the analysis of light scattering and Brownian motion of
individual nanoparticles [47,50]. With AFM, on the other hand, the microscope allows for
the measurement of the diameter of nanoparticles without the stabilization layer [51].

3.3. Physical Stability Studies

Monitoring changes in zeta potential, particle size, appearance, and viscosity over an
extended storage period allows assessment of the physical properties of lipid nanoparticles.
External parameters such as temperature appear to be of primary importance for long-
term stability [23]. Here, the physical stability properties of SLPHN–0.0%, –0.15%, and
–0.25% PEI were assessed over a period of 90 days. When particle sizes were compared,
SLPHN–0.25% PEI samples exhibited physical stability at both low temperatures (4 ◦C)
and accelerated conditions (30 ◦C), as shown in Figure 2a,c. When lower amounts of
PEI (0.15%) were inserted into the SLPHN, a progressive increase in particle size was
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observed throughout the experimental period, demonstrating the instability of the samples
in these experimental conditions. These results could be related to the amount of PEI
molecules on the nanoparticles, which presumably changes the structural conformation
of the nanoparticles over the days. We believe that a PEI of 0.25% favors the stability of
the formulation by a combination of steric hindrance and electrostatic repulsion and is,
therefore, more stable over long periods than SLPHNs with less PEI. Also, the changes
in the zeta potential of the SLPHNs–0.25% PEI were not significant over 90 days under
experimental conditions (Figure 2b,d). Previously, our research group has demonstrated
that polymers such as PEI can also act as a stabilizing agent in lipid-based nanoparticle
systems and modify the surface charge [12,14,15,52].

Figure 2. Physical stability data based on particle size (nm) (a,c) and zeta potential (mV) (b,d) of
SLPHNs in the absence (SLPHN 0.0) and presence of PEI (SLPHN 0.15 and SLPHN 0.25) over 90 days
at 4 ◦C (top, a,b) and 30 ◦C (bottom, c,d). * p < 0.05; ** p < 0.01; *** p < 0.001 compared to day 1 of
each formulation. One-way ANOVA (95% confidence interval) and Tukey’s test.

Another contribution to the long-term stability of solid lipid nanoparticles is the pres-
ence of poloxamer 188, which, because of its nonionic nature, stabilizes the nanoparticles by
forming a coat on their surfaces [53]. Therefore, we attributed the physical stability of the
SLPHN observed in this work to the SLPHN composition (lipid, polymer, and surfactant)
and their relative ratios.

3.4. siRNA Binding and Stability of the SLPHNs–siRNA Complex

Figure 3 summarizes the ability of SLPHNs to complex siRNA and the consequent in-
hibition of its electrophoretic migration. In contrast, the siRNA Control (free siRNA), which
has a negative charge, migrated through the gel, whereas positively charged complexes
remained at the top of the gel (SLPHN 0.15% PEI and SLPHN 0.25% PEI). The presence
of PEI in SLPHNs was crucial to complex siRNA, as SLPHNs lacking PEI did not form
complexes with siRNA (Figure 3a). Complex formation leads to the electroneutralization of
the negative charge of siRNA, which is interesting for stronger cellular internalization and
endosomal escape. The complexation of siRNA by PEI has been previously demonstrated
in studies using liquid crystalline systems [12,14,15,26,52], providing a positive surface
charge to nanoparticles and thus promoting electrostatic interactions between nanoparticles
and siRNA.
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Figure 3. Electrophoretic mobility of siRNA after complexation with SLPHN without PEI, SLPHN
with 0.15% PEI, and SLPHN with 0.25% PEI in the absence of heparin (a) and in the presence of
heparin (b) and evaluation of the stability of siRNA under serum conditions (c). The siRNA control
refers to free siRNA without FBS treatment, and siRNA-FBS refers to free siRNA after FBS treatment.

After determining that SLPHNs formulated with PEI successfully complexed siRNA,
heparin (5000 IU/mL) was added to the complexes, and a polyanion competition between
siRNA and heparin for PEI amine groups was observed, suggesting dissociation of the
siRNA–SLPHNs complex (Figure 3b). Generally, for effective delivery of intact siRNA, it is
important that the complexes remain stable during the delivery process. However, it is also
necessary for siRNA to be released into the cytosol to achieve gene silencing [54]. Polyan-
ions, such as heparin, can disassemble gene complexes, facilitating the release of siRNA
from the complexes [55]. In this study, the siRNA released from SLPHNs demonstrated
a similar migration distance as the siRNA control, indicating that SLPHNs can readily
release the siRNA without causing its degradation. This finding confirms the successful
preservation of siRNA integrity during the release process from SLPHNs.

3.5. Protection of siRNA in SLPHN from Serum Degradation

The ability to resist nuclease degradation is crucial for successful siRNA delivery, both
in vitro and especially in vivo [1,56,57]. In addition to us, several authors have successfully
submitted their developed nanocarriers to 50% FBS to mimic serum conditions [58]. Fur-
thermore, evaluation of the interplay between SLPHNs and serum proteins can provide
important guidelines for predicting their performance in biological systems [59].

After a 24 h exposure to serum (Figure 3c), free siRNA (10 μM) was not stable in the
presence of 25% FBS and underwent complete degradation. This finding highlights the
susceptibility of free siRNA to degradation in the presence of serum, emphasizing the need
for protective delivery systems to ensure its stability and effectiveness. In contrast, the
siRNA complexed with SLPHNs or Lipofectamine™ was released intact after the heparin
polyanion assay, proving that SLPHNs protect siRNA from serum degradation.
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3.6. In Vitro Skin Penetration Study

Next, we evaluated the delivery of siRNA into the skin by the SLPHNs. The pen-
etration of siRNA into the skin is challenging because of its negative charge and high
molecular weight. Additionally, the SC, which serves as a highly efficient barrier, controls
the penetration of molecules and microorganisms through the skin [60]. To overcome this
barrier and facilitate the delivery of siRNA into the deeper layers of the skin, nanoparticles
have been extensively investigated as topical or transdermal formulations [2,61].

The in vitro siRNA penetration of SLPHN–0.25% PEI was evaluated using vertical
diffusion cells and porcine ear skin as a biological membrane, which is a suitable alternative
when barrier integrity is assured [30]. Figure 4 shows that naked siRNA displayed weak
or no fluorescence on the skin surface. However, when the skin was treated with siRNA–
SLPHN 0.25% PEI, a prominent green fluorescence signal was observed throughout the
tissue, including the viable epidermis and dermis, indicating the presence of fluorescein-
labeled siRNA. This observation suggests that the siRNA–SLPHN formulation allowed
effective transport of siRNA across the stratum corneum, enabling the genetic material to
be retained throughout the skin.

 

Figure 4. Distribution of labeled siRNA under light microscopy of in vitro penetration studies 24 h
after application of naked FAM-siRNA (free siRNA) and FAM-siRNA–SLPHN–0.25% PEI (complexed
siRNA) to untreated skin. The microscopic sections were visualized (Axioskop 2 plus microscope) at
640 nm and 730 nm band-pass excitation and emission filters, respectively, through a 10× objective.
The formulation baths were tested in triplicate, and representative images are shown. EP: epidermis
including stratum corneum, DE: dermis.

According to this finding, the enhanced penetration of siRNA into the deeper skin
layers facilitated by SLPHNs is due to the combination of two factors. First, the positive
charge of SLPHN increases the interaction of this nanocarrier with the skin surface, and
second, the occlusion caused by solid lipid nanoparticles on the stratum corneum surface
increases its permeability [62]. The interaction of these two factors may have further
contributed to weakening the skin barrier and thus enhanced the skin penetration of siRNA.

3.7. Cellular Studies
3.7.1. Cell Viability Study

The cell viability of SLPHNs was evaluated by the resazurin reduction assay to ver-
ify their action on representative skin cells (keratinocytes (HaCaT) and fibroblasts cells
(NIH/3T3)) to determine the appropriate nanoparticle concentration for the next in vitro
studies. The concentration of nanoparticles used in this experiment was determined from
the NTA results (described in Section 3.1.1), assuming that the exposure dose of the particles,
expressed in number per volume, is the best dose measure [63].

Figure 5 shows the potential cytotoxicity of SLPHNs–0.15 PEI and SLPHNs–0.25%
PEI after 24 h of treatment in HaCaT and NIH/3T3 cells. Overall, total lipid content or
PEI concentration in SLPHNs applied to NIH/3T3 cells promoted a crucial toxicity factor
causing cell toxicity. However, when SLPHNs were applied in a series of dilutions, this
effect was less prominent, suggesting a dose-dependent cytotoxicity of SLPHNs.
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Figure 5. Cell viability of NIH/3T3 and HaCaT cells treated with different concentrations of SLPHN
0.15% PEI (a) and SLPHN 0.25% PEI (b) and cell viability of naked siRNA, siRNA–SLPHN–0.15%
PEI and siRNA–SLPHN–0.25% PEI in NIH/3T3 and HaCaT cells (c). One-way ANOVA followed
by Tukey’s post-test was used as statistical analysis. ** p < 0.01; *** p < 0.001 compared to the lowest
particle concentration (× 1010 particles/mL) in each group.

In fact, all SLPHNs tested on HaCaT did not present a cytotoxic effect, but a cytotoxic
effect on NIH/3T3 cells was observed with 25.4 × 1010 particles/mL for SLPHN–0.15% PEI
and 13.1 × 1010 particles/mL for SLPHN–0.25% PEI (Figure 5a,b). These results suggest
that NIH/3T3 cells were more susceptible to both the physical effect of sedimentation of
low-density nanoparticles on the cell membrane and the chemical effect of their composi-
tion [64] compared with HaCaT cells, mainly because PEI can be cytotoxic at certain concen-
trations [26]. These findings are consistent with the findings of Lee and coworkers (2002)
regarding phototoxicity [65]. Finally, cell viability above 80% was achieved in HaCaT and
NIH/3T3 cells when using SLPHNs at approximately 6 × 1010 and 3 × 1010 particles/mL,
respectively (Figure 5c). Under these conditions, both SLPHN formulations did not present
cytotoxicity when complexed with siRNA.

3.7.2. Cellular Uptake

The ability of SLPHNs to promote cellular uptake of siRNA was assessed by quan-
titative flow cytometry, which quantifies siRNA Alexa Fluor® 647 within the cell after
incubation of HaCaT and NIH/3T3 cells with different preparations. Figure 6 shows that
siRNA cell internalization is above 85% for all tested SLPHNs, regardless of the cell line.
For instance, the percentage of cells containing siRNA Alexa Fluor® 647 was 92.93 ± 2.71%
for SLPHN–0.15% and 85.37 ± 3.94% for SLPHN–0.25% in HaCaT cells (Figure 6b) and
99.70 ± 0.20% for SLPHN–0.15% and 99.93 ± 0.06% for SLPHN–0.25% in NIH/3T3 cells
(Figure 6d). Notably, naked siRNA did not have a significant internalization (p < 0.001).

79



J. Funct. Biomater. 2023, 14, 374

Figure 6. Representative plot obtained by flow cytometry (a,c) and cellular uptake/viability (b,d)
in total cells using HaCaT and NIH/3T3 cells and siRNA Alexa Fluor® 647 at a concentration of
40 pmol/well. Results represent the mean ± SD (n = 3). One-way ANOVA followed by Tukey’s
post-test was used as statistical analysis. *** p < 0.001 compared with the Lipofectamine group.

In fact, the strategy of releasing siRNA from SLPHN–0.15% PEI, SLPHNs–0.25% PEI,
and Lipofectamine™ resulted in 5-fold higher fluorescence (p < 0.001) compared with
naked siRNA. These findings suggest that the developed SLPHNs associated with PEI
promote cell internalization through endocytosis due to their opposite charge to the cell
membrane [55], allowing transfection of siRNA, a molecule that has limited cell penetration
due to its hydrophilicity, high molecular weight, and negative charge [66,67].

3.7.3. Intracellular Localization by Confocal Microscopy

The intracellular localization of siRNA–SLPHN in HaCaT and NIH/3T3 cells was
performed by confocal microscopy. siRNA–SLPHNs were efficiently internalized by the
cells and showed cytoplasmic localization (Figure 7). In this study, we used the siRNA–
LipofectamineTM 2000® as a positive control of transfection [14].

The presence and distribution of siRNA Alexa® 647 red fluorescence around the DAPI-
stained nucleus (blue) can be visualized in the merged images (Figure 7), evidencing the
cell-wide distribution of siRNA–SLPHNs and siRNA–Lipofectamine™ in the cytoplasm
of both NIH/3T3 and HaCaT cells. Stronger red fluorescence intensity was observed for
siRNA Alexa® 647 in keratinocyte cells (HaCaT) compared to fibroblast cells (NIH/3T3)
in all tested samples. On the other hand, naked Alexa® 647 siRNA exhibited minimal red
fluorescence, indicating that there was no significant cellular uptake of free siRNA.
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Figure 7. Cellular transfection in NIH/3T3 and HaCaT cells treated with free siRNA labeled with
Alexa Fluor® 647, Lipofectamine™, and SLPHNs. The cell nucleus was stained with DAPI (blue),
and siRNA Alexa® complexed with the internalized nanostructures was stained red.

3.7.4. In Vitro Silencing Efficiency of siRNA–SLPHN

The in vitro silencing study was performed in HaCaT cells stably expressing Firefly
luciferase. The Renilla luciferase assay is commonly used to monitor transfection and
silencing efficiency [28,31,68]. The silencing of genes expressing luciferase is measured by
the ability of luciferase to convert chemical energy to light energy by catalyzing biological
reactions using luciferin as a substrate. Thus, firefly luciferase activity in cells treated with
Firefly luciferase-specific siRNA (siLuc) and nonspecific siRNA (ns-siRNA) was normalized
by Renilla luciferase activity.

As demonstrated in the previous section, naked siRNA is unable to penetrate the cell
membrane and reach the cytoplasm of HaCaT cells, so this sample was not used in this
study. Figure 8 summarizes the silencing effect of anti-luciferase siRNA complexed with
SLPHN and Lipofectamine™. All tested SLPHN samples demonstrated effective delivery
of siLuc to HaCaT cells. Moreover, these formulations exhibited a significant reduction
in Firefly luciferase expression in comparison to cells that were treated with ns-siRNA
(p < 0.05).

Cells treated with siLuc–SLPHN and 0.25% PEI showed a 1.67-fold and 2.06-fold
reduction in Firefly luciferase expression than Lipofectamine™ and SLPHN–0.15% PEI,
respectively. SLPHN–0.25% PEI has a greater cationic charge, as shown by the zeta potential
(Table 1), which allows a greater amount of siRNA to be complexed and increases cellular
uptake (Figure 7). It is importante also to consider the contribution of the PEI interaction
with particle components, mainly due to its interaction with poloxamer, being part of
its constitution. The interaction of PEI with the poloxamer molecule was previously
described [69], suggesting an interaction between protonated PEI amines and free electrons
of the oxygen atoms of poloxamer.
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Figure 8. Percentage of inhibition of Firefly luciferase activity normalized by Renilla luciferase
after treatment of HaCaT cells with siLuc (siRNA luciferase) and ns-siRNA (nonspecific siRNA)
(100 pmol/1 × 105 cells) complexed with SLPHNs (0.15% and 0.25% PEI) and Lipofectamine™.
*** p < 0.001 and * p < 0.05 compared to cells treated with siLuc–Lipofectamine™ complex
(100 pmol/1 × 105 cells), (n = 3).

All these characteristics resulted in greater silencing efficiency. By measuring luciferase
activity, it is possible to determine whether the therapeutic genes carried by the nanopar-
ticles are successfully delivered and expressed in the target cells, providing quantitative
information about treatment efficacy. Therefore, we believe that before selecting a suit-
able inflammatory gene target, an appropriate luciferase assay must be conducted as a
proof-of-concept silencing experiment.

Considering the data obtained in this work, we believe that the SLPHNs we devel-
oped stand out compared to several other lipid-based nanoparticles carrying siRNA for
topical delivery [2] because of their favorable features, such as the biocompatibility of the
components. The simple and reproducible preparation method favors the transfer of the
production of these nanoparticles from the laboratory scale to the industrial scale. To our
knowledge, this is the first time SLPHNs composed of Compritol®/PEI/poloxamer for
topical delivery of nucleic acids have been reported, and they were found to be highly
effective in complexing with siRNA and facilitating its release into the cytoplasm, leading
to a therapeutic effect in vitro.

4. Conclusions

Novel and non-cytotoxic SLPHNs for siRNA delivery and topical application were
successfully designed. The optimized SLPHN formulation exhibited a particle size of less
than 200 nm and positive zeta potential. These particles remained stable when stored at
4 ◦C for a period of 90 days. This delivery system efficiently bound siRNA and showed
high cellular transfection and cytoplasmic localization. Furthermore, the siRNA–SLPHNs
released the specific siRNAs, reduced luciferase expression in HaCaT cells, and demon-
strated significant knockdown of Firefly luciferase reporter expression. Moreover, the
in vitro penetration assay demonstrated that SLPHN favored the penetration of siRNA into
the epidermis, where several pathological processes of skin diseases occur.

Our findings demonstrate that the developed SLPHN–0.25% PEI is a promising
nanoplatform for the cutaneous delivery of siRNA as it favored skin penetration of siRNA
through the SC barrier and kept it in the epidermis, which is the desirable skin layer for
topical application. The system also prevents transdermal delivery of siRNA, ensuring the
safety of SLPHN as a carrier system of siRNA for topical delivery. In addition, SLPHNs–
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0.25% PEI formed stable siRNA complexes that efficiently transfected cells and promoted
gene knockdown in vitro.
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Citation: Tărăboant,ă, I.; Burlec, A.F.;

Stoleriu, S.; Corciovă, A.; Fifere, A.;

Batir-Marin, D.; Hăncianu, M.;
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Abstract: The aim of the study was to evaluate the antibacterial activity and surface hardness of
a light-activated microhybrid composite resin modified with green silver nanoparticles (AgNPs).
AgNPs were synthesized using an Equisetum sylvaticum extract and characterized through different
methods such as UV-Vis, EDX, and FTIR. The obtained AgNPs were mixed with a microhybrid
composite resin (Herculite XRV, Kerr Corp., Orange, CA, USA) in different concentrations: 0% (group
A-control); 0.5% (group B); 1% (group C); and 1.5% (group D). A total of 120 composite resin disk-
shaped samples were obtained and divided into 4 groups (n = 30) according to AgNP concentration.
Each group was then divided into 2 subgroups: subgroup 1—samples were not soaked in 0.01 M
NaOH solution; and subgroup 2—samples were soaked in 0.01 M NaOH solution. The antibacterial
activity against Streptococcus mutans was determined using a direct contact test. A digital electronic
hardness tester was used to determine the composite resin’s Vickers surface hardness (VH). Statistical
analysis was performed using the Mann–Whitney U and Kruskal–Wallis nonparametric tests with a
confidence level of 95%. Groups C and D showed higher antibacterial activity against S. mutans when
compared to the control group (p < 0.05). No significant differences were recorded between VH values
(p > 0.05). The use of AgNPs synthesized from Equisetum sylvaticum as a composite resin filler in 1% wt.
and 1.5% wt. reduced the activity of Streptococcus mutans. Soaking of the experimental composite
resin decreased the antibacterial efficacy. The loading of a microhybrid composite resin with AgNPs
in concentrations of 0.5% wt., 1% wt., and 1.5% wt. did not influence the surface hardness.

Keywords: AgNPs; Equisetum sylvaticum; Streptococcus mutans; microhybrid composite resin;
Vickers hardness

1. Introduction

The oral cavity is a conducive environment for development and multiplication of
pathogenic microorganisms [1]. Some oral pathogens are associated with the development
of carious or periodontal disease [2]. One of the common causes of direct restorations
failure is the occurrence of secondary caries due to the adhesion of the bacterial biofilm to
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the tooth surfaces or to restorative materials [1]. In the absence of an adequate treatment,
dental caries and periodontal diseases can evolve into systemic diseases such as infectious
endocarditis or respiratory diseases [3,4]. Pathogenic microorganisms form the bacterial
biofilm that attaches to dental surfaces, to the surrounding tissues, or to the surface of
restorative materials [5]. Then it is important for dental materials used for direct restorations
to have antimicrobial properties [1]. Some of the mostly used antibacterial components
are: monomer MDPB (12-methacryloyloxydodecyl pyridinium bromide), antibiotics, silver
nanoparticles (AgNPs), chlorhexidine digluconate (CHX), ursolic acid, or chitosan [1,4].

Silver, initially used in the form of silver nitrate (AgNO3) and later in combination
with fluoride (AgF), has been used in oral care for a long time, becoming widespread in
the 19th century as a component of dental amalgams. In the middle of the 20th century,
when polymer resin appeared on the market, its popularity decreased [6]. In recent years,
as a result of developments in the nanotechnology field, the use of silver in the form of
nanoparticles smaller than 100 nm has been highlighted in various industries such as
pharmaceuticals, healthcare, information technology, and cosmetics [7–9]. The estimates
show continuous growth of the silver nanoparticle market in the following years [9]. The
use of AgNPs as antimicrobial agents incorporated into the inorganic component of direct
dental restorative materials has become very popular due to the prolonged antimicrobial
effect, the reduction of biofilm colonization potential [10], and the reduced volatility [1].
The antimicrobial effect of AgNPs relies on the silver content (ranging between 10,000 and
15,000 silver atoms) and on increased surface/volume ratio [11]. A perfect explanation for
AgNPs’s mechanism of action is not known, but due to their small size, they interact with
the peptidoglycan cell wall, increasing membrane permeability, resulting in cell death [10].
According to Gudkov et al. [12], the antimicrobial efficacy of AgNPs is manifested by at
least 5 mechanisms, such as the destruction of the cell wall and cytoplasmic components as
a result of binding to the cell envelope, inactivation of respiratory chain dehydrogenases,
inhibition of ATP synthesis and production of oxidative stress [13,14], exerting a genotoxic
activity, blocking the potential of cell multiplication, and a photocatalytic effect [12]. At the
same time, such nanoparticles block the multiplication potential of the bacterial DNA by
condensing it [13,14] and disrupting the enzymatic activity by attacking thiol groups [15].

Previous studies have demonstrated that the use of AgNPs in direct dental restorative
materials offers bacteriostatic or bactericidal effects on oral bacteria such as Streptococcus mutans
or Lactobacillus acidophilus [16,17], increased biocompatibility [10], and reduced cytotoxicity and
immunological response [12]. Synthesis of AgNPs can be achieved by chemical, physical, and
biological methods [18]. At this time, the synthesis of AgNPs using plant extracts is preferred
due to increased accessibility and improved biological properties [19]. The Equisetum genus
from the Equisetaceae family, also known as “horsetail”, is found in Europe, North, Central, and
South America and is used in the treatment of lung, kidney, or gastrointestinal ailments [20].
Species from this genus contain several bioactive compounds such as flavonoids, quercetin
glycosides, phenolic acids, campesterol, phytosterols, alkaloids, and isofucosterol [21,22].
Nonetheless, a small number of studies that focus on species of the Equisetum genus can be
found in the existing literature [19].

Consequently, the aim of this study was to assess the surface hardness and antibacterial
efficacy against S. mutans of a microhybrid composite resin loaded with AgNPs obtained
from an ethanolic extract of Equisetum sylvaticum. The null hypothesis was that there are no
differences in hardness and antibacterial effect against S. mutans of the new experimental
microhybrid composite resin when comparing to an unmodified composite material.

2. Materials and Methods

This study was performed in accordance with the Declaration of Helsinki and complied
with all the rules imposed by the Ethics Commission of “Grigore T. Popa” University of
Medicine and Pharmacy Ias, i (no. 291/10.04.2023).

A schematic representation of the study protocol is shown in Figure 1.
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Figure 1. Schematic representation of the study protocol.

2.1. Synthesis of AgNPs and Optimization and Characterization

Initially, the Equisetum sylvaticum extract was obtained. Ten grams of dried and finely
crushed plant material were mixed with 100 mL of water in an ultrasonic bath at 30 ◦C
for 30 min. Afterwards, the mixture was filtered through Whatman no. 1 filter paper. The
extract was stored at 4 ◦C in a dark place until further use.

The extract was used as a source of reducing agent and AgNO3 as a precursor, the
reaction being conducted at room temperature by magnetic stirring. For the optimization
of synthesis, four parameters were taken into consideration: AgNO3 concentration, pH,
extract:AgNO3 volume ratio, and reaction time. After establishing the reaction conditions,
the colloidal solution containing AgNPs was centrifuged at 10,000 rpm for 30 min. To
remove unwanted impurities, the obtained AgNPs were redispersed in water, centrifuged,
and separated, with the operation being repeated twice. The purified AgNPs were dried
and stored for further experiments.

To confirm the formation of AgNPs, the reaction mixture’s color change (extract:
AgNO3) was monitored, and then the solution was examined using a UV-Vis spectropho-
tometer (Jasco V530, Jasco Inc., Tokyo, Japan) in the 400–500 nm range at various intervals.

Fourier transform infrared spectroscopy (FTIR) spectra were obtained by analyzing the
pellet containing extract and AgNPs, respectively, in potassium bromide over the 4000–310 cm−1

spectral range using a Bruker Vertex 70 spectrophotometer (Bruker Corp. Berlin, Germany).
Qualitative analysis of AgNPs was performed using a Quanta 200 environmental scanning
electron microscope (ESEM) with energy dispersive X-ray spectroscopy (EDX). A Delsa Nano
submicron particle size analyzer (Beckman Coulter, Brea, CA, USA) was used to measure the
average diameter and the zeta potential value.

Transmission electron microscopy (TEM) studies were carried out with a Hitachi High-
Tech HT7700 transmission electron microscope (Hitachi, Tokyo, Japan) that operated at a
100 kV accelerating voltage in high-contrast mode. The sample preparation methodology
was as follows: a drop (10 μL) was placed on carbon-coated copper grids with 300-mesh
size, and then the solvent was allowed to evaporate at room temperature.

2.2. Composite Resin Sample Preparation

To determine the sample size, G* Power software (Heinrich-Heine Universitat Dussel-
dorf, Dusseldorf, Germany) was used with an effect size set to 0.35, considered a medium
effect according to Cohen’s classification, an alpha value of 0.05, and a power of 0.80. The
results obtained indicate the use of a total of 96 samples.

For sample preparation, Herculite XRV microhybrid composite resin (Kerr Corp.,
Orange, CA, USA) was used. The used composite material is composed of a resin matrix
based on BisGMA, TEGDMA, and UDMA monomers and barium/silicium fillers in 79%
wt., with an average size of 0.6 μm. A Kern PCB high-precision scale (Kern&Sohn GmbH,
Balingen, Germany) was used to weigh the materials. The synthesized AgNPs were
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incorporated into the composite material in different concentrations of 0% wt., 0.5% wt.,
1% wt., and 1.5% wt. The incorporation of AgNPs was performed in sterile containers
devoid of light, and for the homogenization process, a magnetic stirrer set at 200 rpm was
used for 20 min.

A total of 120 disk-shaped samples of 2 mm height and 5 mm width were divided into
4 groups according to loading level of composite resin with the synthetized AgNPs: group A
(n = 30)—0% AgNP load (control); group B (n = 30)—0.5% AgNP load; group C (n = 30)—1%
AgNP load; and group D (n = 30)—1.5% AgNP load. Each group was further divided into
2 subgroups: subgroup 1—samples were not soaked in 0.01 M NaOH solution; subgroup
2—samples were soaked in 0.01 M NaOH solution. The samples were prepared at an ambient
temperature of 23–25 ◦C, humidity conditions of 65–75%, and low lighting. To obtain the
samples, the microhybrid composite resin was inserted into a cylindrical acrylic mold and
covered on both sides with 2 celluloid strips and 2 glass plates. A constant pressure was
applied with a 500 g weight for 30 s to remove air voids and obtain a smooth surface. The
photoactivation of the material was performed for 40 s using a Bluephase 20i light-curing
lamp (Ivoclar, Vivadent, Schaan, Lichtenstein) with a wavelength between 285 and 515 nm
and a light intensity of 1200 mW/cm2. A Bluephase Meter II radiometer (Ivoclar, Vivadent,
Schaan, Lichtenstein) was used to measure the light intensity for each light activation. The
samples were finished and polished using a SofLex finishing and polishing system (Batch
No. NC11346, 3M ESPE, St. Paul, MN, USA). The system consists of two spiral wheels (beige
and white) made of thermoplastic elastomer impregnated with aluminum oxide particles.
Finishing was performed for 1 min (30 s for each wheel) under a continuous water jet at a
conventional speed of 20,000 rpm. Afterwards, the samples were sterilized in an autoclave
(Dr. Mayer GmbH, Kempten, Germany) and stored in physiological serum at a constant
temperature of 37 ◦C in an incubator (Biobase BJPXH30II, Biodusty, Shandong, China). Then,
the samples were soaked for 7 days in a 0.1 M NaOH solution at a constant temperature of
60 ◦C, according to a protocol described by Prakki et al. [22]. The solution pH was 13, and it
was checked every 24 h using a portable pH meter (Thermo Scientific Eutech pH 5+, Vernon
Hills, IL, USA).

2.3. Antibacterial Analysis

The analysis of antimicrobial efficacy against S. mutans (ATCC®25175™) was per-
formed using a direct contact test [23]. The bacterial suspension, with a content of
1.5 × 108 bacteria/1 mL, was cultured in a brain–heart infusion (BHI) broth with a concen-
tration of 0.5 McFarland. The McFarland suspension was subsequently diluted 103 times to
a final concentration of 1.5 × 105 to reduce the number of bacterial colonies and facilitate
their visual quantification. A 0.01 mL volume of bacterial suspension was applied to the
surfaces of sterile composite resin discs, after which the samples were placed in test tubes
containing 0.5 mL of BHI and incubated for 12 h in an incubator (Biobase BJPXH30II,
Biodusty, Jinan, China) at 37 ◦C in a 5% CO2 atmosphere. Afterwards, 0.01 mL of liquid
was collected from each culture medium and applied to a 5% sheep blood agar plate.
After the incubation period, the colony-forming units (CFUs) were calculated using the
following formula:

CFU =
Number of colonies × Dilution factor

Volume of culture plate

This assay was performed in triplicate.

2.4. Vickers Hardness Evaluation

To determine the Vickers surface hardness on both surfaces of the samples, a digital
electronic hardness tester (Micro-Vickers Hardness System CV-400DMTM, CV Instruments
Namicon, Otopeni, Romania) equipped with special indentation tips and a software program
for measurement and evaluation were used. For each sample, 3 successive indentations were
made on both sides of the composite resin discs, respecting a distance of 1 mm between them.
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A dwell time of 30 s and a load of 50 g was applied to the determination tip. The criteria upon
which the indentations were accepted consisted of the existence of a uniform appearance,
no irregularities, and sharp, diagonal edges. To determine the hardness, the diagonal of
the indentation was measured, and the results were expressed in Vickers hardness numbers
(VHN), calculated based on the formula D = 1854.4 × F/d2 (N/mm2), where D is the Vickers
hardness value, F is the test force, and d is the length of the diagonal. The VHN values of each
sample resulted from the mean of the 3 determinations.

2.5. Statistical Analysis

Statistical analysis was performed using SPSS 29.0 software (IBM SPSS Inc., Chicago,
IL, USA). The Shapiro–Wilk test was used to test the normality of distribution and Levene’s
test was used to assess the homogeneity of variances. The nonparametric statistical tests
Mann-Whitney U and Kruskal–Wallis were used due to the heterogeneity of the variances
and large dispersion of the data, with a significance level of 0.05.

3. Results

3.1. Optimization of AgNP Synthesis and Physico-Chemical Characterization

Firstly, the synthesis was demonstrated by the color modification of the reaction mix-
ture (extract:AgNO3) from yellow to dark brown in 300 min and confirmed by comparing
the UV-Vis absorbance spectra of the extract, AgNO3 solution, and mixture (Figure 2). No
absorbance peak was observed for the extract or AgNO3 in the 400–500 nm range, but a
peak appeared at 440 nm for the mixture.

Figure 2. UV-Vis comparative spectra of the extract, AgNO3 solution, final mixture. Inset: color
modification: initial vs. final.

In the process of optimization, the extract concentration was maintained constant
(10 g%), but different AgNO3 concentrations were used (1 mM, 3 mM, and 5 mM)
(Figure 3A). It was observed that, in all three cases, the AgNPs peak appeared, but its
aspect was different: for 1 mM, the peak was large, while for 3 mM and 5 mM, the peak
appeared sharper and without a significant increase in the absorbance value. Therefore,
3 mM AgNO3 was used for further studies.
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Figure 3. Optimization of parameters for AgNP synthesis: (A) AgNO3 concentration; (B) extract:AgNO3

volume ratio; (C) pH; (D) time.

Several extract:AgNO3 volume ratios (9:1, 5:5, and 1:9) were examined using constant
extract (10 g%) and silver salt (3 mM) concentrations (Figure 3B). For the 9:1 and 5:5
extract:AgNO3 (v:v) ratios, no peak was observed, but the peak appeared at a 1:9 ratio;
hence, this proportion was considered optimum for synthesis.

When optimizing the pH required for the reaction, it was found that, at pH 2, the
synthesis was suppressed, while at pH values of 6 and 8, AgNPs were obtained. However,
at pH 8, the peak was lower compared to that obtained at pH 6. Consequently, the last
value was considered optimal for the synthesis (Figure 3C).

The optimal time required for synthesis was also examined. Initially, the reaction was
slow; the peak appeared after 240 min and increased up to 300 min, after which there was
no further significant increase, thus it can be considered that the synthesis was completed
in 300 min (Figure 3D).

Therefore, the optimal conditions considered for the AgNP synthesis were: 3 mM AgNO3
concentration, 1:9 (v/v) extract:AgNO3 ratio, a pH of 6, and a 300 min synthesis time.
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3.2. DLS Characterization, Zeta Potential, and EDX Analysis

The Zeta sizer showed an average hydrodynamic diameter of 136 nm with a poly-
dispersity index of 1.116 for the prepared AgNPs. The obtained Zeta potential value was
−23.99 (Figure 4A).

 
(A) 

 
(B) 

Figure 4. (A) Zeta potential; (B) EDX spectrum. 1—Zeta potential value.

The EDX qualitative analysis of the AgNPs pointed out the characteristic peak for
metallic silver at 3 keV (Figure 4B). The EDX quantitative analysis showed that the AgNPs
contained 74.75% silver, 11.56% carbon, 1.2% nitrogen, and 3.66% (m%) oxygen.

3.3. Transmission Electron Microscopy (TEM) Analysis

The morphology of the nanoparticles was studied with TEM microscopy after solvent
removal by evaporation at room temperature. TEM micrographs show nearly spherically
shaped nanoparticles with a uniform morphology distribution without the appearance
of edges, corners, or accentuation of an ovoid shape. In the dry state, the nanoparticles
highlight the dimensions of the metallic Ag core, with an average diameter of 25 nm
(Figure 5A). It seems that the vegetable extract effectively stabilizes the aqueous dispersion
of the nanoparticles, considering that, in the TEM images at high magnification, there is no
noticeable tendency for agglomeration after the removal of the solvent (Figure 5B).

 

Figure 5. TEM micrographs of AgNPs with different magnifications (A,B).

3.4. FTIR Analysis

In order to determine the functional groups that participate in the synthesis and
stabilization of AgNPs, FTIR spectra of the extract and AgNPs were recorded.

The extract spectrum showed significant absorbance bands at: 3442 cm−1, corre-
sponding to O-H stretching intermolecular hydrogen bonding from alcohols or phenol
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groups; 2925 cm−1 and 2356 cm−1, representing C–H stretching of CH3 and CH2 (alka-
nes); 1591 cm−1, corresponding to C=O, C–N (amide I), and COO– stretching vibrations;
1406 cm−1, C–O (amide) stretching vibrations and C–C stretching vibrations of phenyl
groups; COO symmetric stretching vibrations and CH2 bond vibrations; 1261 cm−1, C–O
stretching vibrations of alcohols, ethers, esters, and carboxylic acids; 1116 cm−1, C–O and
C–C stretching vibrations from carbohydrates (Figure 6).

Figure 6. Comparative FTIR spectra of extract and AgNPs.

3.5. Microbiological Assay

When analyzing the obtained mean CFU values in subgroups 1, it can be observed
that control subgroup A1 reached the highest number of colonies, at 237.8 ± 136.2, while
subgroup C1 recorded the lowest CFU value of 83.9 ± 38.2 (Table 1).

Table 1. Mean number and standard deviation (SD) of Streptococcus mutans colonies (CFU) on 5%
sheep blood agar.

Groups
Group A

(0% wt. AgNPs)
Group B

(0.5% wt. AgNPs)
Group C

(1% wt. AgNPs)
Group D

(1.5% wt. AgNPs)

CFU
Streptococcus mutans

-subgroups 1-
237.8 ± 136.2 145.3 ± 89.1 83.9 ± 38.2 91.7 ± 70.8

CFU
Streptococcus mutans
(samples soaked in

0.01 M NaOH solution)
-subgroups 2-

201.7 ± 112.3 169.8 ± 113.4 125.9 ± 88.1 142.2 ± 105.5

The statistical analysis showed significant differences between control subgroup A1
and subgroup C1, with a significance level of p = 0.012, and between control subgroup
A1 and subgroup D1, with a p value of 0.025. In subgroups 2, the peak was reached by
control subgroup A2, with a mean of 201.7 ± 112.3, and the lowest value was recorded by
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subgroup C2, with a value of 125.9 ± 88.1. The statistical analysis showed no significant
differences between the study subgroups and the control subgroup (p > 0.05).

3.6. Vickers Hardness Test Results

In subgroups 1, the highest value was recorded by subgroup C1 (Table 2), with a
mean VHN of 60.62 ± 0.32, and the samples in subgroup B1 recorded the lowest value
(59.88 ± 0.4). In subgroups 2, the peak was reached by subgroup D2 (58.8 ± 0.63), while
the lowest value was recorded by subgroup B2 (56.91 ± 0.59). Within both subgroups, no
statistically significant difference was recorded (p > 0.05).

Table 2. Mean Vickers hardness number (VHN) and standard deviation (SD) for each group recorded
at surface and at base.

Groups
VHN

-Subgroups 1-

VHN
(Samples Soaked in 0.01 M

NaOH Solution)
-Subgroups 2-

A 60.14 ± 0.22 57.33 ± 0.76

B 59.88 ± 0.40 56.91 ± 0.59

C 60.62 ± 0.32 57.97 ± 0.88

D 60.48 ± 0.66 58.80 ± 0.63

4. Discussion

The aim of the study was to evaluate the antibacterial efficiency and surface hardness
of a microhybrid composite resin loaded with silver nanoparticles, synthesized using an
Equisetum sylvaticum extract. Different parts of plants, such as leaves, fruit, or flowers,
were used for the green synthesis of AgNPs. The advantages of this technique are its low
cost, short synthesis time, and the possibility of processing at a large scale [1]. Species
from the Equisetum genus are perennial plants found in the wild flora of Romania and are
traditionally used as treatments against cardiovascular, neurodegenerative, or infectious
diseases [18]. AgNPs were synthesized using an eco-friendly method and further character-
ized by UV-Vis, EDX, FTIR spectroscopy, and TEM analysis. UV-Vis comparative spectra of
the AgNO3 extract solution and final mixture, as well as the color modification assessment
at two different moments, initial and final, were performed. Initially, no absorbance peak
was observed for the extract or AgNO3 in the 400–500 nm range, but a peak appeared at
440 nm for the mixture; thus, the modification of color and the appearance of the peak
can be explained by surface plasmon resonance. The peak corresponding to the colloidal
solution was large, indicating that the AgNPs solution was polydisperse. This is explained
by the variety of biomolecules found in the extract with different potentials to reduce Ag+,
which influences the nucleation and synthesis of AgNPs [24]. The negative Zeta potential
value demonstrates that biomolecules found on the AgNPs’ surfaces are negatively charged,
implying a repulsion between nanoparticles, with the colloidal solution being stable [25–27].
The results obtained by EDX analysis demonstrate the presence of metallic silver as well
as the presence of other elements that are found in the biomolecules responsible for the
capping of nanoparticles [28]. The comparative FTIR analysis showed that, in the case
of AgNPs, there were some shifts or disappearances of some bands. Moreover, the same
analysis highlighted that several groups of compounds are involved in the synthesis and
capping of AgNPs, with the functional groups belonging to classes of compounds such
as flavonoids, proteins, amino acids, sterols, carbohydrates, and phenols found in the
extract [29–31].

The green synthesized AgNPs were added in different concentrations (0%, 0.5%, 1%,
and 1.5%) by mixing in a commercial microhybrid composite resin. The obtained results
were consistent with the results of other studies that found antibacterial efficacy of AgNPs
against Streptococcus mutans in concentrations of 1% or more [32,33]. Unlike the study

95



J. Funct. Biomater. 2023, 14, 402

conducted by Jenabi et al., in which, by adding 0.5% AgNPs, the number of colonies was
significantly reduced, in our study there were no changes in CFU values for the same AgNP
concentration [34]. Other reports concluded that even lower concentrations of 0.025% or
0.05% AgNP can have antibacterial effects against S. mutans, but our study showed no
significant antibacterial effect for AgNPs concentrations lower than 1% [35]. This can be
explained by the different antibacterial capacities of the products according to the size,
shape, method of incorporation of the particles, or size of the samples [34]. Previous
studies have reported that smaller particles show a stronger bactericidal effect due to
higher surface/volume ratios [35,36].

Yassaei et al. consider a 1% concentration of AgNPs to be the maximum concentra-
tion that can be added to the composite resin, since higher concentrations can present
increased toxicity and alter the aesthetic properties. The same author considers that a
concentration of 1% is the maximum added AgNP concentration that can present antibacte-
rial activity and, at the same time, not affect the mechanical properties of the composite
material [33]. Nonetheless, other studies have used higher concentrations of AgNPs to test
the antibacterial and mechanical properties of experimental composites [37,38].

In our study, AgNPs loaded in a commercial composite resin in 1% and 1.5% concen-
trations showed an antibacterial effect against Streptococcus mutans, while the hardness of
the material showed no significant changes irrespective of AgNP concentration. These
conclusions agree with the results of a study conducted by Bapat et al. [39].

Silver-based nanoparticles are efficient antibacterial agents, and their effectiveness
increases as the surface/volume ratio increases [33]. Previous studies have demonstrated
an increased cytotoxic effect of silver oxide on pathogenic microorganisms such as gram-
positive or gram-negative bacteria, affecting their multiplication potential and adher-
ence [33,40]. Silver ions can interact with the peptidoglycan cell wall by damaging the
transmembrane transport of electrons; they can interfere with bacterial proteins and the
plasma membrane; or they can lyse the bacterial wall, leading to cell death [35,41,42].
An undesirable effect of silver is its increased toxicity, which limits its use in human
medicine [33], but its presentation in the form of nanoparticles considerably reduces the
toxicity and increases its antibacterial efficiency [41]. Therefore, in reduced quantities, silver
is a non-toxic metal to animal cells, but it can be very toxic to bacterial cells [42,43].

The discovery of materials with antibacterial potential has been one of the main
concerns of researchers in the past decades. Regarding silver nanoparticles, the studies
carried out in this direction reported an antibacterial efficiency of composites loaded with
0.5% and 1% AgNPs on Streptococcus mutans after 15 days, but when evaluated after
30 days, this effect was considerably reduced [44,45]. Antibacterial property maintenance
over time is necessary because composite resin restorations are long-term treatments.
In our study, the experimentally obtained composite material was soaked for 7 days in
a 0.01 M NaOH solution at a constant temperature of 60 ◦C, according to the protocol
described by Prakk et al. [22]. The results showed that the antibacterial efficiency of
the silver nanoparticles loaded in the composite resin at concentrations of 1% and 1.5%
was considerably reduced after soaking in 0.01 M NaOH solution; these findings agree
with the results of another previous study [46]. NaOH acts on the composite resin by
chemical degradation, accelerating the hydrolysis process [47]. The Vickers hardness of the
experimental composite resin was not affected by submersion in NaOH solution for 7 days.
Other studies have reported significant changes in physical and mechanical properties after
this aging procedure [47–49].

Nonetheless, one important limitation of the present in vitro study is the impossibility
of achieving a complex environment such as that of the oral cavity. The study may also be
limited by the use of Herculite XRV composite resin as a tested material due to the fact that it
was launched onto the market more than 25 years ago and, as resin-based materials evolved
in recent years, it has required improvements in its composition. Consequently, further
in vivo or other in vitro studies that replicate the oral environment conditions considering
the presence of saliva, variations of the salivary flow, enzyme activity, and thermal or pH
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variations are recommended to confirm the antibacterial potential and mechanical behavior
of the studied material.

5. Conclusions

The use of 1% wt. and 1.5% wt. silver nanoparticles synthesized from Equisetum
sylvaticum as a composite resin filler reduced the activity of Streptococcus mutans. Soaking
of the obtained experimental composite resin in a 0.01 M NaOH solution decreased the
antibacterial efficacy. The loading of a commercial microhybrid composite resin with silver
nanoparticles in concentrations of 0.5% wt., 1% wt., and 1.5% wt. did not influence the
surface hardness.
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Abstract: In this study, an ultrasound-assisted digestion method of a formic acid-decellularized
extracellular matrix (dECM) of porcine skin was developed and optimized to form UdECM hydrogels
for diabetic wound healing. Results demonstrated that ultrasonication improved the extraction rate
of collagen from dECM samples, preserved the collagen content of dECM, reduced residual cells,
and extracted greater DNA contents. Scanning electron microscope (SEM) analyses were performed,
which demonstrated the optimal porosity on the surface and density of the cross-section in the
hydrogel structure, which could control the release of growth factors embedded in UdECM hydrogels
at desirable rates to boost wound healing. A wound-healing study was conducted with six different
composite hydrogels, both empty materials and materials enriched with rat platelet-rich plasma
(R-PRP), sacchachitin nanofibers (SCNFs), and TEMPO-oxidized sacchachitin in diabetic rats. The
assessment based on scars stained with hematoxylin and eosin (H&E), Masson’s trichrome (MT),
and a cluster of differentiation 31 (CD31) staining showed that the UdECM/SC/R-PRP treatment
group had the most significant efficacy of promoting healing and even recovery of diabetic wounds to
normal tissues. UdECM/R-PRP and UdECM/SCNFs demonstrated better healing rates than UdECM
hydrogel scaffolds, which had only recovered 50% resemblance to normal skin. Treatment with both
UdECM/TEMPO 050 and UdECM/TEMPO 050/R-PRP hydrogel scaffolds was ranked last, with
even poorer efficacy than UdECM hydrogels. In summary, formulated UdECM and SCNF hydrogels
loaded with PRP showed synergistic effects of accelerating wound healing and ultimately stimulating
the wound to recover as functional tissues. This newly UdECM/SCNF composite hydrogel has
promising potential for healing and regenerating diabetic wounds.

Keywords: ultrasound; decellularized extracellular matrix; platelet-rich plasma; sacchachitin; wound
dressing; hydrogel

1. Introduction

Extracellular matrices (ECMs) obtained from decellularized tissues have emerged as
a highly promising approach for tissue engineering scaffolds and acellular regenerative strate-
gies [1–5]. Notably, decellularized (d)ECM can undergo enzymatic digestion to form inducible
hydrogels, facilitating minimally invasive delivery through injection to target tissues [6–9].
These degradable dECM hydrogels are prosurvival, immunomodulatory, and vascularized,
among a host of other pro-regenerative functions [2,10–12]. The most prevalent method to
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produce dECM hydrogels is via pepsin-mediated (stirred in pepsin with dilute hydrochlo-
ric acid) solubilization from the comminuted (powder) form of dECM (also called “ECM
digestion”) as reported by Freytes et al. (designated herein as the “Freytes method”) [6].
Another method involves the use of 0.5 M acetic acid instead of 0.1 M HCl as the base medium
for the pepsin enzyme (designated the “Voytik-Harbin method”) [13]. Alternatives include
an extraction process to solubilize and form ECM hydrogels from soft tissues (designated the
“Uriel method”) [14,15]. Recently, a new method was reported by Hussey et al. to prepare
hydrogels from ECM bioscaffolds by rapid ultrasonic (US) cavitation without acidic or alka-
line solutions, protease digestion, or chemical extraction and dialysis [16]. The US cavitation
method described herein claimed to produce marked improvements in rheological properties
and processing time over traditional enzymatic methods.

In order to obtain dECM for dECM hydrogels, a simple and effective decellularization
technique was developed and optimized to attain dECM from porcine skin in our previous
study [17]. dECM hydrogels were further fabricated by digesting the so-obtained dECM
powder with pepsin in various acidic solutions and then treatment with pH-controlled
neutralization and a temperature-controlled gelation procedure. The study on wound
healing in diabetic patients and the histological examinations demonstrated that the com-
bination of resultant dECM hydrogels and sacchachitin nanofibers (SCNFs) in composite
hydrogels effectively expedited the healing process of diabetic wounds. Additionally,
this synergistic approach stimulated the regeneration of hair follicles and sweat glands,
resulting in the restoration of fully functional tissues. Although formic acid-decellularized
pepsin-soluble ECM hydrogels were effective for treating diabetic wounds, the process
still was time-consuming and less effective for retaining collagen and glycosaminoglycan
(GAG). Overall, there is an unmet need to develop simple, effective, and optimized decel-
lularization techniques and fabrication to obtain dECM hydrogels from porcine skin for
wound-healing medical applications.

Studies have shown that US can increase collagen production by up to 124% and
significantly reduce extraction times compared to traditional pepsin isolation methods.
Further, the triple helix structure of collagen remains intact with US extraction. Finally,
because US can promote the dispersion of large enzyme aggregates and widen the contact
area with collagen fibers for hydrolysis, it further improves the digestion of enzyme
molecules only on the surface of collagen fibrils [18]. In conclusion, gentle US for collagen
extraction can optimize the extraction capacity without affecting the collagen content.

A previous study showed that SCNFs generated by NanoLyzer® and TEMPO-oxidation
possessed a gel-forming property to act as a biomaterial with ideal characteristics [19]. For
diabetic wound-healing applications, both mechanically disintegrated SCNFs (SCN5) and
TEMPO-oxidized sacchachitin nanofibers (T050SC; TEMPO 050) accelerated wound-healing
and formed nearly identical normal tissues. As for T050SC/H, it further boosted the growth
of sweat glands and hair follicles and had the ability to rebuild wounds into functional
tissues. Furthermore, multifunctional biomaterials based on SCNFs might have great
potential for future clinical applications. Some studies also showed that wound healing
can be accelerated with platelet-rich plasma (PRP), which is enriched from blood and
usually has 3–7 times the average platelet concentration of whole blood. After activation,
greater amounts of growth factors, such as platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), transforming growth factor (TGF)-β, and epidermal
growth factor (EGF), can be released. It not only stops bleeding but also inhibits cytokines
and inflammatory symptoms, promotes the formation of microvessels, and accelerates
the epithelialization of chronic wounds, thereby stimulating wound healing and tissue
regeneration [20,21].

In this study, we hypothesized that the combination of the acidic addition and ultra-
sonication could improve the preparation of dECM hydrogel. This approach aims to reduce
decellularization and fabrication time while increasing the extraction rate of collagen and
related glycosaminoglycans (GAGs). Furthermore, we incorporated SCNFs or TEMPO
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050 to form a composite hydrogel, which carried PRP and was expected to demonstrate
a synergistic wound-healing effect on diabetic wounds.

2. Materials and Methods

2.1. Materials

The protein marker was purchased from BioTools (New Taipei, Taiwan). Tetramethyl
ethylenediamine (TEMED), ammonium persulfate (APS),30% acrylamide/bis solution
(37.5:1), and glycine were purchased from Bio-Rad (Hercules, CA, USA). Sodium chloride
(NaCl) and sodium hydroxide (NaOH) were purchased from Showa Chemical (Tokyo,
Japan). Trypsin, pepsin, formic acid, 10% formaldehyde, papain, Trizma® base, L-cysteine
hydrochloride, sodium EDTA, sodium dodecyl sulfate (SDS), acetic acid, glycerol, bro-
mophenol blue, 2-mercaptoethanol, methanol, Coomassie blue R-250, and nicotinamide
(Vitamin B3) were bought from Sigma-Aldrich (St. Louis, MO, USA). The glycosamino-
glycan kit and hydroxyproline kit were obtained from Chondrex (Redmond, WA, USA).
Penicillin/streptomycin (PS) and phosphate-buffered saline (PBS) were obtained from
Corning (Corning, NY, USA). Triethanolamine (TEA) and hydrochloric acid (HCl) were
purchased from Merck (Darmstadt, Germany). Porcine type I collagen standard-FlexiCol®

was bought from Advanced BioMatrix (San Diego, CA, USA). SC (2% w/v hydrogel),
prepared by the mechanical disintegration of SCNFs in double-distilled (dd)H2O, was
previously reported [19]. Fetal bovine serum (FBS), minimum essential medium (MEM),
and a PicoGreen quantification kit were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Streptozotocin (STZ) was bought from ChemCruz® (Santa Cruz, CA, USA).
An anti-cluster of differentiation 31 (CD31) antibody was obtained from Abcam (Cam-
bridge, UK). Rat (R)-PRP was provided by the laboratory of Prof. Wu Yina, Department
of Medicine, Fu Jen University (New Taipei City, Taiwan). Fresh white-fur pigskin was
purchased from Wuxing Traditional Market (Taipei, Taiwan). Attane (isoflurane) was
supplied by Panion & BF Biotech (New Taipei City, Taiwan). A mouse TGF-β1 DuoSet
enzyme-linked immunosorbent assay (ELISA) (DY1679-05) and Mouse/Rat PDGF-AB
DuoSet ELISA (DY8460-05) were purchased from R&D Systems (Minneapolis, MN, USA).
A Quant-iT™ PicoGreen™ dsDNA assay kit (Molecular Probes, P7589) was provided by
Thermo Fisher Scientific.

2.2. Methods
2.2.1. Preparation of US-Assisted Pepsin-Solubilized dECM Hydrogels

Pretreatment of porcine skin to obtain dECM fragments followed the method devel-
oped by Hsieh et al. [17]. After ground dECM fragments were passed through a #40 screen,
250 mg of dECM plus 1 mg of pepsin (250 U/mg) were extracted in a 50 mL centrifuge tube
with 10 mL of 0.5 M acetic acid. US was performed to assist pepsin solubilization in a Q
Sonica (Q700) US breaker with a 1/8” probe immersed at the 4 cm position in the centrifuge
tube. The operational parameters were set with a 2 s on-time followed by a 3 s off-time.
The frequency and power settings were 24 kHz and 150 W, respectively. Over a duration of
5 min, the cumulative energy delivered amounted to 2300 J. After extraction, 1.0 M NaCl
was added to salt out for 12 h, then it was centrifuged to remove the supernatant, and the
precipitate was redissolved in 10 mL of a 0.5 M acetic acid solution. Afterward, the solution
was loaded onto a dialysis membrane with a molecular weight (MW) cutoff of 3000 and
subjected to dialysis against a 0.1 M acetic acid solution for a duration of 2 days. Finally,
ddH2O was added for the final dialysis until neutral, and the solution was lyophilized
to obtain UdECM. Then, 25, 50, and 75 mg of UdECM were weighed in 5 mL centrifuge
tubes, and 0.5 M acetic acid was added. After being completely dissolved, the pH value
was adjusted to neutral (pH 7.0) with 2 N NaOH to obtain UdECM hydrogels, which were
respectively designated UdECM25, UdECM50, and UdECM75.

102



J. Funct. Biomater. 2023, 14, 423

2.2.2. Biochemical Characterization of UdECM Hydrogels
Qualitative Analysis of Collagen

In order to characterize the collagen in the UdECM hydrogels, SDS-polyacrylamide gel
electrophoresis (PAGE) was conducted using 5% (w/v) polyacrylamide for the separating gel
and 4% (w/v) polyacrylamide for the stacking gel. UdECM hydrogels and porcine type I
collagen standard were prepared in 0.5 M Tris-HCl buffer (pH 6.8) containing 30% glycerol, 10%
SDS, 1% 2-mercaptoethanol, and 0.02% bromophenol blue. The samples were heated to 95 ◦C
for 5 min to ensure proper denaturation. Subsequently, 8 μL of a protein marker, 30 μL of the
standard, and 30 μL of hydrogels were loaded into the gel. The electrophoresis was conducted
at 85–100 V on vertical slab gels until the bromophenol blue front reached the bottom of the
gel. The polyacrylamide gels were stained for 2 h with 0.1% Coomassie blue R-250 in acetic
acid/methanol/water (2:5:5, v/v/v). The gels were then destained in a solution containing 7.5%
acetic acid/15% methanol. Following the staining process, the stained polyacrylamide gels were
recorded using an iPhone camera (Apple, Cupertino, CA, USA)

Quantitative Analysis of Collagen

Collagen contents in UdECM were determined with a Hydroxyproline assay kit (#6017,
Chondrex, Woodinville, WA, USA). Samples were prepared according to the instructions
with the assay kit as follows: UdECM hydrogels were hydrolyzed with 10 N hydrochloric
acid and reacted with chloramine-T for 20 min. Next, a p-dimethylaminobenzaldehyde
solution was added, and the resultant mixture was heated to 60 ◦C for 30 min. After
reacting, the absorbance value was measured at a wavelength of 530 nm, and the amount
of hydroxyproline was calculated by an automated imaging system and multifunctional
optical detector (Cytation 3™, Cell Imaging Multi-Mode Reader, BioTek, Winooski, VT,
USA). The total amount of collagen was calculated based on the following formula with
the so-obtained hydroxyproline level:

Hydroxyproline level
(

μg
mg

)
× 100

13.5
= Collagen level

(
μg
mg

)
(1)

DNA Quantitative Analysis

In order to quantify the amount of residue DNA in UdECM, the PicoGreen dsDNA
detection kit was used. Sample preparation was performed according to the manufacturer’s
instructions. Subsequently, the fluorescence intensity was measured using the Cytation
3 cell imaging multi-mode reader (BioTek) with an excitation wavelength of 480 nm and
an emission wavelength of 520 nm. To subtract the background fluorescence, the fluores-
cence of the DNA-free blank was conducted and subtracted from the fluorescence of the
experimental groups, ensuring accurate measurement of the sample’s fluorescence signal.

2.2.3. Physical Characterizations of UdECM Hydrogels
Rheological Studies of UdECM Hydrogels

We evaluated the rheological characteristics of different concentrations (25, 50, and
75 mg/mL) of UdECM (UdECM25, UdECM50, and UdECM75) at 25 and 37 ◦C as pre-
viously reported [22]. We tested the oscillatory shear stress by the same procedure as
previously reported [23], and the Amplitude Sweep program in the intelligent advanced
rheometer (MCR 102e Anton-Paar, St. Albans Hertfordshire, UK) was used to analyze the
UdECM25, UdECM50, and UdECM75 hydrogels, which yielded values for G′ (storage
modulus) and G′′ (loss modulus). The elastic modulus was measured by placing 0.3 mL of
a hydrogel sample on rheometer plates at 25 and 37 ◦C with a fixed amplitude frequency
of 1 Hz and a stress (strain) range of 0.1–100 Pa. Plotting G′ on the X-axis as and G′′ on
the Y-axis, the linear viscoelastic region (LVR) was obtained to numerically analyze the
colloidal stability of the sample.
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Morphological Observations

Freeze-dried UdECM25, UdECM50, UdECM75, and UdECM/SC sponges were mounted
with conductive carbon tape, which was sputter-coated with gold (Hitachi IB-2, Tokyo, Japan).
The images were assessed by Hitachi SU3500 scanning electron microscopy (SEM) at a 5 mm
working distance and an accelerating voltage of 2.5 kV. The surface morphology and internal
pores were observed for different concentrations of those UdECM hydrogels.

2.2.4. R-PRP Preparation and Determination of PDGF-AB and TGF-β1

In order to improve the ability of wound-healing, R-PRP provided by the laboratory
of Prof. Wu Yina of the Department of Medicine of Fu Jen University (New Taipei City,
Taiwan) was incorporated with composite hydrogels as an adjuvant for treatment of diabetic
wounds in animals. In this experiment, the commercially available enzyme immunosorbent
assay kits (#DY1679-05, DY8460-05, R&D Systems) were used in an ELISA to determine the
contents of PDGF-AB and TGF-β1 in R-PRP. The preparation method of the standard and
test product was based on the attached instructions. Furthermore, the automated imaging
system and multifunction optical detector (Cytation™ 3 Cell Imaging Multi-Mode Reader,
BioTek) measured the absorbance at a wavelength of 450 nm, and PDGF-AB and TGF-β1
contents were calculated. Each test had two replicates, and an average value was obtained.

2.2.5. In Vivo Studies of Diabetic Wound-Healing
Preparation of Wound Dressings for Animal Studies

Wound dressings were formulated in the proportions shown in Table 1. Formulation
A (5% UdECM hydrogel, UdECM50) contained 50 mg of UdECM completely dissolved in
1.0 mL of 0.5 M acetic acid, and the pH was adjusted to neutral (pH 7.0) with 0.2 N NaOH.
Formulation B (UdECM/PRP) had 800 pg of R-PRP added to 1.0 mL of formulation A and
evenly mixed; it was then placed in a refrigerator at 4 ◦C for later use. Formulation C
(UdECM/SCNF hydrogel) consisted of 50 mg of SCNFs dispersed in 1.0 mL of formulation
A and mixed until it had formed a hydrogel. Formulation D (UdECM/SCNF/R-PRP) had
800 pg of R-PRP added to 1.0 mL of formulation C and evenly mixed; it was then placed in
a refrigerator at 4 ◦C for later use. Formulation E (UdECM/TEMPO 050) had 50 mg Temp50
dispersed in 1.0 mL of formulation A and mixed until it had formed a hydrogel. Formulation
F (UdECM/TEMPO 050/PRP) had 800 pg of R-PRP added to 1.0 mL of formulation E and
evenly mixed; it was then placed in a refrigerator at 4 ◦C for later use.

Table 1. Formulations of wound dressings.

A B C D E F

Wound Dressing UdECM UdECM/PRP UdECM/SCNFs UdECM/SCNFs/PRP UdECM/TEMPO 050 UdECM/TEMPO 050/PRP

UdECM (mg) 50 50 50 50 50 50
SCNFs (mg) 50 50
TEMPO 050 (mg) 50 50
R-PRP (pg) 800 800 800

Abbreviations: UdECM, ultrasound-assisted pepsin-solubilized decellularized extracellular matrix; SCNFs,
sacchachitin nanofibers; TEMPO 050, TEMPO-oxidized sacchachitin nanofibers; R-PRP, rat platelet-rich plasma.

Laboratory Animals

This animal experiment and experimental protocol were approved by the Institutional
Animal Care and Use Committee of Taipei Medical University (Approval No.: LAC-2021-
0024) in compliance with the Taiwanese Animal Welfare Act. Sprague-Dawley (SD) male
rats at approximately 280–290 g and 8 weeks of age were purchased from BioLASCO
(Taipei, Taiwan). Experimental rats were kept at 22–25 ◦C and a humidity of 60–70% with
free intake of aseptic standard feed and drinking water under 12 h of automatic light
and dark control. The experimental animals were given sufficient time to acclimate to
the environment, allowing their physiological and psychological states to stabilize before
conducting the experiment.
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Evaluation of Induction of Type 1 Diabetes of the Animal Model

In this experiment, rats were raised for 1 week to achieve more than 300 g in weight,
and then 180 mg/kg of a 50% nicotinamide solution (nicotinamide, NAM, vitamin B3) was
given by an intraperitoneal (IP) injection. After 15 min, the animal model of type 1 diabetes
was established by an IP injection of streptozotocin (STZ) (65 mg/kg) dissolved in 0.1 M
citrate buffer (pH 4.5). Because STZ can cause large amounts of pancreatic insulin to be
released and lead to fatal hypoglycemia, it is important to pay attention to any adverse
effects and deaths over the next 24 h. The weight was measured, and blood glucose was
detected by ACCU-CHEK® (Performa #06870244, Roche, Basel, Switzerland) on days 3,
5, and 7 after induction. Rats exhibiting moderate hyperglycemia (i.e., blood glucose
concentration of >250 mg/dL) and typical symptoms of diabetes (eating more, drinking
more, frequent urination, and weight loss) were selected for the experiments [24].

Experimental Design and Surgical Methods

Following the protocol shown in Scheme 1, rats with successful induction of diabetes
were divided into six groups (n = 5 or 6) and IP injected with 10 mg/kg of Zoletil® to
anesthetize them. The back hair was removed, and an 8 mm tissue sampler was used to
create a wound. Each rat had four holes drilled into its back, and a silicone sheet was glued
with instant glue around the wound. Next, the silicone sheet was fixed onto the skin with
nylon thread sutures. Then, 0.28 g of different wound dressings (UdECM, UdECM/PRP,
UdECM/SCNFs, UdECM/SCNFs/PRP, UdECM/TEMPO 050, UdECM/TEMPO 050/PRP)
were placed on the wound, followed by breathable film fixation, and finally being dressed
in elastic bandages.

Scheme 1. Experimental schedule of the animal experiment of diabetic rats.

Analysis of Wound-Healing

After wound establishment, we changed the hydrogel dressings about every 3 days (on
days 3, 7, 10, 14, 16, and 20). Furthermore, we took images of the wound, monitored blood
glucose, and recorded the weight every day. ImageJ software (National Institutes of Health,
Bethesda, MD, USA) was used to calculate the wound area and assess wound healing.

Histopathological Biopsy Evaluation

On days 10 and 16 post-treatment, rats were euthanized with excess CO2. Then, the
skin of the wound was cut and fixed with 10% formaldehyde solution for 24 h. Paraffin-
embedding and sectioning treatment were entrusted to Toson Technology (Zhubei City,
Hsinchu County, Taiwan). Tissue sections were stained with hematoxylin and eosin (H&E)
and Masson’s trichrome (MT) stain to assess collagen regeneration and, with CD31 en-
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dothelial cell markers (Abcam, ab182981), to evaluate the degree of angiogenesis. After
sealing the film, skin tissue recovery was observed by light microscopy (BX43, Olympus,
Center Valley, PA, USA).

2.2.6. Statistical Analysis

Statistical analyses were performed using one-way analysis of variance (ANOVA)
along with Bartlett’s statistical correction. A significance level of p < 0.05 was considered to
indicate a statistically significant difference. The significance levels p < 0.05, p < 0.01, and
p < 0.005 were denoted by *, **, and ***, respectively.

3. Results and Discussion

3.1. Preparation and Characterization of UdECM Hydrogels
3.1.1. UdECM Process Development

dECM was decellularized with 30% formic acid and made into physically crosslinked
UdECM hydrogels with US. The collagen content was analyzed, and then rheology and
morphology were used to examine the UdECM colloidal type. In a previous experiment,
we found that dECM solubilized by citric acid at various concentrations was unable to
form UdECM hydrogels above 25 ◦C. Therefore, we solubilized dECM with acetic acid.
We sieved granular dECM through a #40 screen and dissolved it in 1 mg/mL pepsin
(250 U/mg in a 0.5 M acetic acid solution); also, the US setup illustrated in Figure 1A
was optimized to form UdECM hydrogels at 25 mg/mL dECM in a 0.5% acetic acid
solution. After US and neutralization, as shown in Figure 1B,C, the UdECM solution
could transform into UdECM hydrogels at room temperature. As reported previously, the
collagen fiber could self-assemble into bundled fibers that physically crosslink to form the
hydrogel at neutral pH [25]. Additionally, hydrolyzed collagen was also found to form
hydrogels when cooled to temperatures below 30 ◦C. The phenomenon is similar to the
thermomechanical properties of UdECM hydrogels treated by sonication [26]. Therefore,
this result demonstrated that the application of ultrasonication could effectively extract
collagen proteins and subsequently facilitate their self-assembly to form hydrogels.

 
Figure 1. (A) The 1/8” probe tip was dipped into the 4 cm position of the 50 mL centrifuge tube for
ultrasound (US) treatment. (B) US-assisted pepsin-solubilized decellularized extracellular matrix
(UdECM) was ground and sifted through a #40 mesh screen, then US processed into UdECM
hydrogels at low temperature. (C) Inversion of a UdECM hydrogel in a centrifuge tube to confirm
hydrogel formation.

106



J. Funct. Biomater. 2023, 14, 423

3.1.2. Qualitative and Qualitative Analysis of Collagen in UdECM

SDS-PAGE analysis was used to evaluate collagen qualities for three groups of UdECM
hydrogels (UdECM25: 25 mg/mL, UdECM50: 50 mg/mL, and UdECM75: 75 mg/mL), and
results are shown in Figure 2. Typically, after heating the UdECM with SDS to unfold and
linearize the protein structures by denaturation, type I collagen should show two different
α-chains (two α1-chains and one α2-chain), two different β-chains (with crosslinks between
two α1-chains or one α1-chain and one α2-chain), and a single γ-chain (with crosslinks
between three α-chains). Different combinations of α-chains (two α1-chains and one
α2-chain) comprised type I collagen fibers. As illustrated in Figure 2, the leftmost lane
A of SDS-PAGE is a protein marker with molecular weights of 245, 180, 135, 100, 75, and
63 kDa from top to bottom, while lane B is a type I collagen standard, and lanes C to E
are UdECM25, UdECM50, and UdECM75 collagen samples, respectively. In Figure 2, the
type I collagen standard and three UdECM collagen samples all showed a band at 245 kDa,
which represents the β-chain, and two bands at 135 kDa (α1 and α2) with the formula
[α1(I)]2[α2(I)]. This meant that the typical triple helix structure of collagen was similar
to the type I collagen standard and the three UdECM samples. In summary, US-treated
UdECM hydrogels were rich in type I collagen.

Figure 2. SDS-PAGE electrophoresis patterns. A, Marker; B, porcine type I collagen standard; C,
ultrasound-assisted pepsin-solubilized decellularized extracellular matrix at 25 mg/mL (UdECM25);
D, UdECM50; E, UdECM75.

Collagen in UdECM samples was quantitatively analyzed with a hydroxyproline assay
kit. Lyophilized-dried hydrogels of UdECM25, UdECM50, and UdECM75 were first hy-
drolyzed with a strong acid (10 N HCl), and we measured the total collagen content compared
to those for a dECMHCl hydrogel (25 mg/mL) (pepsin-mediated solubilization of dECM
in a dilute HCl solution) and fresh porcine skin tissue (porcine) as control groups [17]. Re-
sults showed that the total content of collagen for the control group, dECMHCl (25 mg/mL),
UdECM25, UdECM50, and UdECM75 were 715.4 ± 7.34, 556.01 ± 5.9, 668.0 ± 0.8, 721.0 ± 0.7,
and 757.0 ± 0.1 μg/mg dry weight, respectively. Collagen contents for the control group,
UdECM50, and UdECM75 were in a similar range of 700–750 μg/mg dry weight, followed
by the UdECM25 group with a collagen content of 650–700 μg/mg dry weight, while the
dECMHCl (25 mg/mL), extracted using pepsin solubilization in an HCl solution for two days,
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contained the least amount of collagen. This confirmed that US could produce cavitation
between the solvent and sample, thereby increasing the dispersion and contact area of the
collagen sample with enzymes in the extraction solvent. As a result, the extraction rate of
collagen from the dECM sample is improved by the addition of ultrasonication.

3.1.3. DNA Quantitative Analysis

DNA contents of those decellularized samples were measured compared to fresh
porcine skin tissue, which was the control group, by following a previously reported
procedure [17,27]. The results showed that following a 72 h decellularization process in
30% formic acid, the DNA contents of both dECM and UdECM were consistently reduced
to 46.49 ± 0.79 and 42.95 ± 0.73 ng/mg dry weight, respectively. In comparison, fresh
porcine skin soaked in PBS exhibited a much higher DNA content of 349.77 ± 8.33 ng/mg
dry weight, resulting in a removal efficiency of nearly 80%. With a residual DNA content
of less than the minimum allowance of 50 ng/mg dry weight, both dECM and UdECM
had reached the minimum standard for decellularization. Furthermore, US was able
to destroy residual cells to extract more DNA contents and reduce the DNA content of
46.49 ± 0.79 ng/mg dry weight for dECM to that of 42.95 ± 0.73 ng/mg dry weight for
UdECM with statistical significance.

3.2. Rheological Studies

The Amplitude Sweep program in the intelligent advanced rheometer (MCR 102e
Anton-Paar) was used to evaluate the rheological characteristics of these hydrogels, in-
cluding UdECM25, UdECM50, and UdECM75. Changes in G′ and G′′ in the range of
0.1–100 Pa were measured at 25 and 37 ◦C. If G′ > G′′, the sample shows a gel-like or solid
structure and can be termed a viscoelastic solid material. However, if G′′ > G′, the sample
displays fluid characteristics and can be termed a viscoelastic liquid. Results are presented
as the diagram in which the storage modulus, G′, and loss modulus, G′′, were respectively
plotted on a logarithmic scale as the X-axis and Y-axis. The limit of the linear viscoelastic
region (LVR) determined the stress range in which the test could be carried out without
destroying the sample structure. A wide LVR means that the hydrogel has good strength
with structural stability to resist high stress.

As shown by Figure 3A, when the temperature was 25 ◦C, G′′ for UdECM25 was
greater than G′, indicating a viscoelastic liquid state. However, at 37 ◦C, G′ surpassed
G′′, demonstrating a gel-like or solid structure. Nonetheless, the LVR was short, and the
hydrogel structure was not strong enough to withstand high stresses. On the contrary, both
UdECM50 (Figure 3B) and UdECM75 (Figure 3C) exhibited a gel-like or solid structure
throughout the temperature range from 25 to 37 ◦C. Moreover, the hydrogel strength
at 37 ◦C was higher than that at 25 ◦C, and the LVR was longer at 37 ◦C. These results
revealed that with higher dECM concentrations than 25 mg/mL, the gel-like structure
remained unchanged as the temperature increased from 25 to 37 ◦C as evidenced by
G′ >> G′′ being significantly greater than G′′. Importantly, it was observed that a higher
concentration of dECM contributed to a larger LVR and higher G, leading to a greater
stiffness and structure stability of the hydrogel. However, other rheologic properties,
including oscillatory deformation and steady shear deformation, were not evaluated in this
study and need to be further investigated.

To the present, the reason for US being capable of gelling dECM is still unclear. Based
on our research, it was assumed that collagen proteins were not the only self-assembling
molecules in the UdECM mixture. Interactions among various components dissolved in
UdECM might include other self-assembling molecules such as collagen, laminin, and
proteoglycans. The above results were similar to a reference that ECM subjected to US
could induce rapid hydrogelation below 25 ◦C [16].
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Figure 3. Viscoelasticity characterization of (A) ultrasound-assisted pepsin-solubilized decellular-
ized extracellular matrix at 25 mg/mL (UdECM25), (B) UdECM50 (50 mg/mL), and (C) UdECM75
(75 mg/mL). Representative graphs of the UdECM hydrogel gelation kinetic profiles at two tempera-
tures for three different concentrations of UdECM.

Morphological Studies

The UdECM25, UdECM50, and UdECM75 hydrogels were freeze-dried to form
a spongy matrix. Furthermore, the density, porosity, and cross-section were observed by
SEM. Figure 4 shows images of the surface (top) and cross-section (bottom) of (A) UdECM25,
(B) UdECM50, and (C) UdECM75 spongy matrices. SEM demonstrated that all three spongy
matrices were porous on the surface and had dense, rough, layered sheet structures on the
cross-section. The denser cross-section with a less-porous surface increased the concentra-
tion of UdECM in the spongy matrix. The optimal porosity and density of the cross-section
are critical to controlling the release of growth factors embedded in the UdECM hydrogels
at desirable rates to promote utmost wound healing.
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Figure 4. SEM images of the surface (top) and the middle section (bottom) of (A) ultrasound-assisted
pepsin-solubilized decellularized extracellular matrix at 25 mg/mL (UdECM25), (B) UdECM50, and
(C) UdECM75. Samples were imaged at 200× magnification (scale bars = 200 μm).

3.3. Contents of PDGF-AB and TGF-β1 in R-PRP

PRP, as a plasma product, was found in clinical applications to have large quantities
of autologous growth factors, which are released after activation. These autologous growth
factors play vital roles in cell growth and differentiation processes associated with wound
healing [28]. Among them, TGF-β, VEGF, and PDGF-AB have the highest concentrations and
can stimulate collagen synthesis, callus formation, and tissue regeneration. Thus, the PDGF-
AB and TGF-β contents in PRP were used as indicators of the bioactivity of R-PRP to promote
wound healing. After activation, the contents of PDGF-AB and TGF-β1 in R-PRP were
1103 ± 6.7 and 104 ± 5.0 ng/mL, while those for inactivated R-PRP were 30.2 and 23.3 ng/mL,
respectively [29]. In conclusion, activation of PRP can boost the release of PDGF-AB and TGF-
β1 growth factors from α-granules stored in platelet cells, and thus, the higher concentrations
of both can enhance the repair ability and reduce wound-healing times.

3.4. In Vivo Testing on Diabetic Animals

In diabetic animal experiments, 180 mg/kg of a 50% nicotinamide (Vitamin B3) solu-
tion was IP administered to rats in the various groups, and after 15 min, 65 mg/kg body
weight (BW) of STZ was IP injected to produce an animal model close to type 1 diabetes.
Figure 5 shows the blood glucose values and BWs on days zero, three, five, and seven
after injections of Vitamin B3 and STZ. BWs slightly decreased on the third day during the
induction period, and BWs were maintained at 300–400 g from the third to seventh days.
After the drug was given, blood glucose values sharply rose on the third day and reached
a peak on the seventh day. Because STZ can destroy β cells of animal islets, most of the
pancreatic islet β cells in the rats were destroyed, which resulted in insufficient insulin
secretion, and energy could not be converted after eating. Due to insufficient insulin,
glycogen could not be inhibited. As the BW decreased, the blood glucose value continued
to rise. Furthermore, these rats were found to have polyphagia, polydipsia, and frequent
urination. Therefore, this experiment successfully established a rat model of diabetes.
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Figure 5. Blood glucose levels and body weights of a rat model of vitamin B3/streptozotocin
(STZ)-induced diabetics. Values are presented as the mean ± SD (n = 13).

In order to explore the application of UdECM as a scaffold for diabetic wound healing,
an 8 mm tissue sampler was used to establish a wound on the back of diabetic rats, and
a silicone sheet was sutured near the wound to avoid false wound-healing and wound
measurement errors. Then six different hydrogel dressings of UdECM, UdECM/R-PRP,
UdECM/SCNFs, UdECM/SCNFs/R-PRP, UdECM/TEMPO 050, and UdECM/TEMPO
050/R-PRP were randomly assigned to each wound of diabetic rats. The hydrogel dressings
were changed on days 0, 3, 7, 10, 14, 16, and 20. Pictures were taken to record the wound
healing, and we continuously monitored blood glucose levels and BWs.

Figure 6 shows assessments of the wound area after 20 days of treatment by the
wound appearance, and healing profiles were also calculated using the ImageJ image-
processing analytical software. Figure 6A demonstrates that all wounds gradually healed
without redness or ulceration. Among them, the UdECM/SCNFs/R-PRP group had
completely healed by day 14, followed by the UdECM/SCNFs group (without R-PRP) that
had healed by day 16, and the other groups (UdECM, UdECM/R-PRP, UdECM/TEMPO
050 and UdECM/TEMPO 050/R-PRP) which had healed by day 20. UdECM, UdECM/R-
PRP, UdECM/TEMPO 050, and UdECM/TEMPO 050/R-PRP had effectively healed by
day 20, which indicated that UdECM itself was relatively rich in original proteins and
retained various cytokines after US, such as fibroblast growth factor and TGF, that could
effectively help tissues regenerate. Among them, UdECM/SCNFs/R-PRP-treated wounds
healed rapidly by the 14th day and revealed that its SC antibacterial efficacy was the same
as that of UdECM, which was a mixed wound dressing with an external antimicrobial
microenvironment and tissue growth factors.

As illustrated in Figure 6B, rapid healing began on day seven in all groups, and the
degree of wound-healing for UdECM/SCNFs/R-PRP was 58% ± 0.6% compared to day 0,
whereas that of UdECM/TEMPO 050/R-PRP was only 45% ± 0.1%, and there was a signif-
icant difference (p < 0.05) between these two groups. Furthermore, the UdECM/SCNFs/R-
PRP group showed wound-healing on day 10, which had reached nearly 90% (89% ± 0.7%),
whereas the UdECM/TEMPO 050/R-PRP group was only at 59% ± 0.7% healing (p < 0.005).
This indicates that SCNFs were more effective than TEMPO 050. UdECM and R-PRP with
rich growth factors can be combined to form homogeneous hydrogels to help enhance
therapeutic effects.

Blood glucose levels and BWs were monitored during the treatment period to ensure
that the rats continued to maintain diabetic disease patterns. As shown in Figure 7, during
the follow-up period, blood glucose levels of diabetic rats continually remained higher
than 350 mg/dL, and BWs remained at approximately 200 g, which confirmed that the rats
were still hyperglycemic during the experiment.
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Figure 6. Wound-healing studies (n = 5 or 6) in diabetic rats. Patterns of the healing process
vs. time (A) and the remaining wound area vs. time profiles (B) for six kinds of hydrogel
dressings including (a) ultrasound-assisted pepsin-solubilized decellularized extracellular matrix
(UdECM), (b) UdECM/rat platelet-rich plasma (R-PRP), (c) UdECM/sacchachitin nanofibers (SCNFs),
(d) UdECM/SCNFs/R-PRP, (e) UdECM/TEMPO 050, and (f) UdECM/TEMPO 050/R-PRP. Values
are presented as the mean ± SD (n = 5 or 6). * p < 0.05, ** p < 0.01 compared with UdECM/TEMPO
050/R-PRP group.

Figure 7. Determination of blood glucose levels and body weights in diabetic rats for 20 days. Values
are presented as the mean ± standard deviation (n = 9–13).

The wound-healing test on euthanized diabetic rats was conducted on days 10 and
16. After removal of UdECM, UdECM/R-PRP, UdECM/SCNFs, UdECM/SCNFs/R-PRP,
UdECM/TEMPO 050, and UdECM/TEMPO 050/R-PRP hydrogel scaffolds, skin tissues of the
wound area were sectioned and stained with H&E, MT, and platelet endothelial cell adhesion
molecule (CD31) for histopathological biopsies. H&E stain is a dual staining method for tissues
that visualizes the distribution of nuclei (purple) and intracellular proteins (red). MT staining is
used to observe the differential staining of collagen fibers and muscle fibers in connective tissue.
Black indicates the nucleus, red the cytoplasm, keratin, or muscle fibers, and blue indicates
collagen. CD31 is a surface marker for vascular endothelial cells, which are present in platelets,
neutrophils, monocytes, and endothelial cells. Further, CD31 is commonly used to understand
the distribution of neovascular growth.

Figure 8 illustrates H&E staining of skin tissues sampled on days 10 (Figure 8A) and
16 (Figure 8) after treatment with UdECM, UdECM/R-PRP, UdECM/SCNFs,
UdECM/SCNFs/R-PRP, UdECM/TEMPO 050, and UdECM/TEMPO 050/R-PRP hydro-
gel scaffolds. Figure 8A shows that the newly grown tissue was in a red-dotted frame,
and large numbers of cells were found to have accumulated around the wound in all
treatment groups by day 10. This indicates that the wounds were gradually healing.

112



J. Funct. Biomater. 2023, 14, 423

Figure 8B shows the great improvement in wound healing with insignificant inflammation
on day 16 in all treatment groups. As for dermal restoration, purple fibroblasts stained
with H&E were uniformly dispersed in the dermis, which represented the transition of
wound healing from the proliferation phase to the final tissue-remodeling stage. Compared
to UdECM, UdECM/TEMPO 050, and UdECM/TEMPO 050/R-PRP hydrogel treatment
groups, UdECM/R-PRP, UdECM/SCNFs, and UdECM/SCNFs/R-PRP treatment groups
showed regeneration of new skin tissues in the epidermal layer. Obviously, epithelial tissue
cells were neat, the blood vessel density of the wound had returned to normal, and the
presence of hair follicles and sweat glands hinted at the significantly better healing efficacy
of the latter three groups than the former three groups.

Figure 8. Hematoxylin and eosin (H&E)-stained images of ultrasound-assisted pepsin-solubilized decel-
lularized extracellular matrix (UdECM), UdECM/rat platelet-rich plasma (R-PRP), UdECM/sacchachitin
nanofibers (SCNFs), UdECM/SCNFs/R-PRP, UdECM/TEMPO 050 and UdECM/TEMPO 050/R-PRP
hydrogel-treated wounds on days 10 (A) and 16 (B). (4×, scale bar = 300 μm).

During the tissue-remodeling period, excess microvessels degenerated and became
atrophied, the vascular density of the wound gradually returned to normal, collagen tissue
was elongated and neatly arranged, and scars became flat and faded. To further assess
wound healing, MT staining was used to confirm collagen recovery in regenerated tis-
sues. As shown in Figure 9, MT staining for skin tissues sampled on days 10 (Figure 9A) and
16 (Figure 9B) are illustrated after treatment with UdECM, UdECM/R-PRP, UdECM/SCNFs,
UdECM/SCNFs/R-PRP, UdECM/TEMPO 050, and UdECM/TEMPO 050/R-PRP hydro-
gel scaffolds. In Figure 9A, newly grown tissue appeared inside the black dotted frame,
and there was a little collagen formed, which was irregularly arranged for the UdECM,
UdECM/R-PRP, UdECM/SCNFs, UdECM/TEMPO 050, and UdECM/TEMPO 050/R-
PRP treatment groups and which indicated that the wound had not completely healed.
Exceptionally, the UdECM/SCNFs/R-PRP group was the only arm that showed collagen
deposition and had gradually entered the tissue-repair phase.

Figure 9B illustrates MT three-color staining graphs for tissues sampled on day 16. From the
area inside the black dotted frame, it was found that all treatment groups had large amounts of
collagen deposition (blue-violet), but the UdECM, UdECM/SCNFs, UdECM/TEMPO 050, and
UdECM/TEMPO 050/R-PRP treatment groups exhibited irregular arrangements of collagen in
the dermal layer, which indicated that the tissues were still undergoing regeneration during
the tissue-remodeling period. Obviously, the UdECM/SCNFs/R-PRP and UdECM/R-PRP
hydrogel scaffolds demonstrated that the collagen in the dermal layer was neatly arranged and
densely uniform, while UdECM/SCNFs/R-PRP showed the best wound-healing effect, as the
tissue was completely repaired and remodeled by 16 days after treatment. Figure 9C illustrates
the quantification results of collagen in tissue sections by image analytical software. The collagen
content of the UdECM/SCNF/R-PRP treatment group had increasingly been deposited to 30%
from days 10 to 16, whereas those for UdECM, UdECM/R-PRP and UdECM/SCNFs had
moderately increased to 20–25%, and those for UdECM/TEMPO 050 and UdECM/TEMPO
050/R-PRP had slightly increased to less than 20%. This indicates that the use of collagen-rich
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UdECM could provide a good microenvironment for long-term wound repair. Furthermore,
UdECM with the addition of either SCNFs (UdECM/SCNFs) and/or R-PRP (UdECM/R-PRP,
UdECM/SCNFs/R-PRP) further synergistically enhanced diabetic wound-healing with greater
collagen deposition.

Figure 9. Masson’s trichrome (MT)-stained images of ultrasound-assisted pepsin-solubilized decellular-
ized extracellular matrix (UdECM), UdECM/rat platelet-rich plasma (R-PRP), UdECM/sacchachitin
nanofibers (SCNFs), UdECM/SCNFs/R-PRP, UdECM/TEMPO 050, and UdECM/TEMPO 050/R-PRP
hydrogel-treated wounds on days 10 (A) and 16 (B). (4×, scale bar = 300 μm). Quantitative collagen
deposition (C) based on MT staining of skin tissues sampled on days 10 and 16. *** p < 0.005 compared
to the UdECM group.

In immunohistochemical (IHC) staining, CD31 acts as the surface marker for vascular
endothelial cells and is mainly used to indicate the presence of endothelial cell tissues and
the distribution of neovascularization. As shown in Figure 10, CD31 was stained with
brown dots or strips and was found to be evenly distributed in the dermal layer of skin
tissues sampled on days 10 (Figure 10A) and 16 (Figure 10B). The brown dots or strips, as
highlighted by red triangles in the figure, were new microvessels. On day 10, there was a
large amount of CD31 expression in the UdECM/SCNFs/R-PRP group, which obviously
indicated the formation of many new blood vessels. Figure 10B shows that expression
in all groups significantly increased and was uniformly distributed from days 10 to 16.
Furthermore, IHC staining of CD31 for the UdECM/SCNF/R-PRP and UdECM/R-PRP
hydrogel treatment groups exhibited a more uniform and larger amount compared to the
UdECM, UdECM/TEMPO 050, and UdECM/TEMPO 050/R-PRP groups. This indicated
that more neovascularization had occurred in the dermis and also that excess microvessels
were degenerating and atrophying to normalize the density of blood vessels in the wound.
Thus, it was confirmed that the UdECM/SCNF/R-PRP and UdECM/R-PRP hydrogels
greatly promoted the regeneration of blood vessels and provided sufficient nutrients to
increase the ability of tissue repair and achieve wound healing.
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Figure 10. CD31 immunohistochemically stained (CD31) images of ultrasound-assisted pepsin-
solubilized decellularized extracellular matrix (UdECM), UdECM/rat platelet-rich plasma (R-
PRP), UdECM/sacchachitin nanofibers (SCNFs), UdECM/SCNFs/R-PRP, UdECM/TEMPO
050, and UdECM/TEMPO 050/R-PRP hydrogel-treated wounds on days 10 (A) and 16 (B).
(4×, scale bar = 300 μm).

In the comprehensive evaluation, wounds treated with different hydrogel scaffolds
were scored based on scarring and the results obtained from H&E, MT, and CD31 staining
on day 16. The detailed outcomes are presented in Table 2. The extent of wound healing was
assessed using a grading scale ranging from 1 to 5, depending on the level of tissue remod-
eling observed (5: closest to normal skin appearance after treatment; 1: least resemblance to
normal skin). The total score for normal skin was 20, indicating the highest level of recovery
and resemblance to normal skin. Results in Table 2 show that the UdECM/SCNFs/R-PRP
treatment group had the most significant efficacy for promoting the diabetic wound-healing
process with a total score of 18, which meant the recovery was closest to normal tissues,
followed by the UdECM/R-PRP and UdECM/SCNFs groups with similar total scores of
13–14. Additionally, UdECM hydrogel scaffolds with a total score of nine seemed to have
only recovered to a 50% resemblance of normal skin. Treatment with the UdECM/TEMPO
050 and UdECM/TEMPO 050/R-PRP hydrogel scaffolds that combined UdECM with
TEMPO 050, ranked the last with total scores of 5–7, which was even poorer than the
UdECM hydrogel.

Table 2. Overall assessment of the in vivo wound-healing study on day 16. The degree of wound
healing was graded from 1 to 5.

Wound Dressing Scarring H&E MT CD31 Sum

UdECM 1 2 4 2 9
UdECM/R-PRP 3 3 4 4 14
UdECM/SCNFs 3 4 3 3 13
UdECM/SCNFs/R-PRP 4 5 5 4 18
UdECM/TEMPO 050 1 1 2 1 5
UdECM/TEMPO 050/R-PRP 1 2 2 2 7

Abbreviations: UdECM, ultrasound-assisted pepsin-solubilized decellularized extracellular matrix; R-PRP, rat
platelet-rich plasma; SCNFs, sacchachitin nanofibers; TEMPO 050, TEMPO-oxidized sacchachitin nanofibers;
H&E, hematoxylin and eosin; MT, Masson trichrome; CD31, cluster of differentiation 31.

Several studies have demonstrated that ECM hydrogels effectively facilitate cell in-
filtration, with a particular emphasis on macrophages and progenitor cells. Furthermore,
these hydrogels also promote neovascularization and exhibit positive functional remodel-
ing, further highlighting their potential in tissue repair and regenerative applications [3].
This is the reason that UdECM hydrogels can moderately promote diabetic wound healing.
Further, composite hydrogels composed of UdECM with SCNFs (UdECM/SCNFs) or
R-PRP (UdECM/R-PRP) accelerated wound-healing faster than only UdECM hydrogels
(UdECM). The observed potential mechanism underlying UdECM/SCNF hydrogels’ ef-
ficacy may be attributed to two main factors: rapid re-epithelialization and normal ECM
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deposition. These hydrogels create a moist microenvironment that fosters enhanced cel-
lular movements, promoting an accelerated healing process. Furthermore, the inclusion
of SCNFs in the hydrogel formulation may contribute to a chemotactic effect on inflam-
matory cells, facilitating angiogenesis and promoting the formation of granulation tissue.
Ultimately, this synergistic effect leads to the formation of new tissue, thereby contributing
to the overall improvement in diabetic wound healing [30,31]. Obviously, combination
therapy of UdECM hydrogels with R-PRP (UdECM/R-PRP) accelerated diabetic wound-
healing because of greater amounts of growth factors, such as PDGF, VEGF, TGF-β, and
EGF, which can inhibit inflammatory symptoms and promote the formation of microvessels
and epithelialization of chronic wounds.

Obviously, UdECM/SCNFs/R-PRP showed the greatest potency for diabetic wound
healing. Notably, the diabetic wounds treated with UdECM/SCNF/R-PRP hydrogels
achieved complete healing within 14 days, which closely resembles the healing timeline
observed in our prior study where diabetic wounds were treated with aECMHCl,25/SC
hydrogels and also fully healed within 14 days [17]. These findings underscore the re-
markable therapeutic potential of UdECM/SCNF/R-PRP hydrogels and their efficacy in
promoting efficient diabetic wound closure. However, Hung et al. reported that skin
wounds covered with an SC membrane needed 21 days to heal [32]. This discrepancy might
be attributed to synergistic promotion by the composite hydrogel and the incorporation of
enriched amounts of several growth factors. Furthermore, compared to SC membranes, the
design of UdECM/SCNF/R-PRP hydrogels aims to create a moist environment that fosters
optimal wound-healing conditions. With a high moisture content exceeding 90% water,
UdECM/SCNFs/R-PRP hydrogels effectively contribute to impeding bacteria from access-
ing the wound site, acting as a protective barrier against potential infections. This unique
characteristic enhances the hydrogel’s ability to support the healing process and leads to
improved wound closure outcomes [33]. It was concluded that UdECM hydrogels could
be prepared by US digestion, which has the advantage of rapid and effective preparation
for type I collagen-rich hydrogels from formic acid-decellularized ECM (dECM). In in vivo
tests, UdECM/SC composite hydrogels loaded with PRP could heal diabetic wounds
in 14 days. In histopathological sections, UdECM/SCNFs/R-PRP effectively promoted
diabetic wound healing and angiogenesis. Overall, UdECM/SCNF/R-PRP hydrogels
controlled the release rate of platelet-derived growth factors and retained the antibacterial
ability of SC, thereby shortening wound-healing times.

4. Conclusions

In this study, ultrasound-assisted digestion of decellularized extracellular matrix
(UdECM) was successfully developed. Composite hydrogels composed of UdECM hydro-
gels and SCNF hydrogels or UdECM hydrogels incorporated with R-PRP improved diabetic
wound healing faster than UdECM hydrogels. UdECM/SCNFs/R-PRP demonstrated the
greatest enhancement of diabetic wound healing. In conclusion, UdECM hydrogels de-
veloped in this study combined with SCNF hydrogels and/or incorporated with R-PRP
became a convenient and effective hydrophilic dressing, which ultimately has a wide range
of applications for wound-healing and regenerative medicine.
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Abstract: Dental surgery needs a biocompatible implant design that can ensure both osseointegration
and soft tissue integration. This study aims to investigate the behavior of a hydroxyapatite-based
coating, specifically designed to be deposited onto a zirconia substrate that was intentionally made
porous through additive manufacturing for the purpose of reducing the cost of material. Layers
were made via sol–gel dip coating by immersing the porous substrates into solutions of hydrox-
yapatite that were mixed with polyethyleneimine to improve the adhesion of hydroxyapatite to
the substrate. The microstructure was determined by using X-ray diffraction, which showed the
adhesion of hydroxyapatite; and atomic force microscopy was used to highlight the homogene-
ity of the coating repartition. Thermogravimetric analysis, differential scanning calorimetry, and
Fourier transform infrared spectroscopy showed successful, selective removal of the polymer and
a preserved hydroxyapatite coating. Finally, scanning electron microscopy pictures of the printed
zirconia ceramics, which were obtained through the digital light processing additive manufacturing
method, revealed that the mixed coating leads to a thicker, more uniform layer in comparison with a
pure hydroxyapatite coating. Therefore, homogeneous coatings can be added to porous zirconia by
combining polyethyleneimine with hydroxyapatite. This result has implications for improving global
access to dental care.

Keywords: HAp; additive manufacturing; thermal properties; microscopy; sol–gel dip coating

1. Introduction

The last few decades have seen a growing demand for dental surgery as the population
increases and ages, and the market for dentistry implants is expected to significantly
increase [1]. The most notable current targets of improvement for dental reconstruction
are related to implant design and stability [2–10], material choice optimization [11–17],
osseointegration [9,10,18–20], biocompatibility [13,14,21–23], soft tissue integration [24–30],
and healing activity [31,32]. Titanium and zirconia are the most frequently used scaffolds.
Zirconia is the more stable candidate mechanically and chemically, and it also exhibits
aesthetic advantages (as it has the color of a tooth). Moreover, zirconia-based implants
can compete against titanium in terms of bacteria resistance [33,34]. Although zirconia is a
favored candidate, its biological inertness limits osseointegration [35,36]. Hydroxyapatite
(HAp), the main mineral constituent of dentine and tooth enamel, is commonly used as a
coating component, notably for overlaying titanium- or ceramic-based implants. HAp can
be successfully added to zirconia to improve dental reconstruction [36]. In brief, HAp has
a bone-like mineral composition, and it contributes to osseointegration when it dissolves.
The released calcium and phosphorous ions can be used by the surrounding tissues to
consolidate the dental implant [37].

Ideal HAp coatings for orthopedic implants are thin (<50 μm), have high cohesive
strength to prevent delamination, have a high hardness scale rating to reduce the wear,
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and are rough with sufficient porosity to promote the ingrowth of bone tissues [38–40].
Sol–gel coating [41], pulsed laser deposition [42], pulsed electrochemical deposition [43],
pulsed plasma deposition [44], atmospheric plasma spraying [45], and suspension plasma
spraying [46] are some examples of deposition techniques. Atmospheric plasma spraying is
the most common thermal spray process for fabricating HAp coatings due to its relatively
low cost and ability to coat large areas of complex shapes [40]. On the other hand, it was
reported that the design of thin coating via atmospheric plasma spraying leads to phase
decomposition and poor adhesion strength [38,40]. Moreover, this process could introduce
local heating, which can degrade HAp or induce phase transformation [36,47].

Sol–gel dip coating [48–50] is a low-temperature alternative that exhibits advantages in
terms of flexibility and biocompatibility. Some of its merits include a simple setup, flexibility
with irregularly shaped substrates, and easy control of both thickness and porosity. Because
it requires minimal consumption of materials, it is easy to coat a wide range of substrates
with bioactive and biocompatible materials [51]. The substrate is simply dipped into a
starting colloidal solution (the ‘sol’) and is then withdrawn at a constant speed to enable
solution drainage and instantaneous gelation. The thickness and morphology of coatings
can be adjusted by varying the substrate withdrawal speed and viscosity of the solution [50].

This present study considers a zirconia scaffold that is manufactured via additive
manufacturing (3D printing). This process can realize complex designs, which enables
precise control over porosity for the benefits of osseointegration [40] while reducing the
cost of materials. Unfortunately, some complications emerge with the coating of HAp,
especially regarding dewetting and the formation of a discontinuous layer. These issues
are, for the first time, investigated by blending a sol–gel solution with polyethyleneimine
(PEI). PEI is a versatile polymer that exists in a linear and branched form and can act as a
ligand with several molecules. It has attracted attention from the paper industry [52], from
the electronic domain [53], and in heat exchange membranes [54]. It is used biomedically
as a transfection agent for gene delivery [55] and stabilizer for HAP nanoparticles for drug
delivery [56]. On the other hand, PEI is not completely harmless to the human body: it is
cytotoxic at high concentrations and can cause cell apoptosis [55].

Therefore, several tests were attempted to remove the excess PEI. The first tests were
performed on HAp-coated wafers of silicon, which are less expensive than zirconia. Follow-
ing this procedure, thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), and Fourier transform infrared spectroscopy (FTIR) were performed on the an-
nealed materials to record the possible residual signatures of PEI. Then, the HAp coating
microstructure and morphology were characterized via X-ray diffraction (XRD) and atomic
force microscopy (AFM). Finally, the proper coating of HAp on zirconia porous ceramics
was verified using scanning electron microscopy (SEM). To the authors’ knowledge, this is
the first time that this strategy has been proposed for the coating of HAp, that is, combining
the design of porous zirconia scaffolds, which are made using digital light processing (DLP),
with an adapted deposition method based on mineral-organic interactions. Thus, the aim
of this study is to develop the PEI-HAp coating to improve the adhesion of hydroxyapatite
to zirconia.

2. Materials and Methods

2.1. Preparation of Zirconia Substrate

The preparation of printed supports was performed via digital light processing (DLP).
Its technology is similar to stereolithography, but it uses a UV projector as a light source,
which enables it to cure a complete layer of resin at a time. This process significantly
increases the rate of manufacturing. The practice of applying this technology to zirconia
ceramic printing has been widely presented in the literature, including for applications in
the dental industry [57–61]. The protocol followed in this study was reported by Snyder [62].
Oleic acid dispersant and ceramic powder were mixed in ethanol before the solvent was
removed. For the DLP method, a slurry, or semi-liquid mixture, must be created to make
the ceramic green body (GB). The GB is the ceramic body that results after printing. It is
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composed of ceramic particles that are held together by a cured polymer, and it must be
heat treated further to create a dense ceramic part.

The build plate descends into the slurry, and a UV light projector shines up from
below, projecting the curing layer image. After lifting, the build plate waits for resin to
refill, then returns to the vat with the adjusted layer thickness and cures the next layer. The
subsequent debinding process, the initial heating stage post-sintering, removes the polymer
binder, leaving ceramic particles in the body. Finally, the system undergoes sintering, with
the local temperature increased to 1500 ◦C.

2.2. HAp Solution

To prepare the HAp solution, 0.015 mol (2.494 g) of triethylphosphite (TEP, Thermo
Scientific Alfa Aesar, Ward Hill, MA, USA) was added to a mixed solution of 23.92 mL
ethanol and 1.08 mL deionized water. Then, 0.0251 mol (4.1102 g) of calcium nitrate
tetrahydrate (Ca(NO3)2·4H2O, Thermo Scientific Alfa Aesar, USA) was dissolved in 25 mL
ethanol. These solutions were mixed at room temperature for 3 days and aged at 37 ◦C for
1 day with continuous stirring to make the HAp sol. The theoretical concentration of the
final HAp sol was 0.05 M when it was assumed that all reactants completely reacted.

2.3. PEI-HAp Solution

First, 0.625 × 10−3 mol (500 mg) of branched PEI (Sigma Aldrich 408727, Saint Louis,
MO, USA, CAS number = 9002–98–6), was added to a solution of 50 mL of deionized water.
This solution was stirred at 80 ◦C for one minute. Then, this solution was mixed with HAp
solution under a ratio of 1:1 in a 10 mL plastic test tube.

2.4. PEI-HAp Coating on Zirconia

The PEI-HAp was coated with a laboratory dip-coating equipment. The dip-coating
rate was 0.25 mm/s and the experiments were performed thrice. The sol was dried for
5 min in the oven at 37 ◦C between each dipping step. The annealing was performed
after the coating was completed. The PEI-HAp-coated zirconia sample was oven-dried at
70 ◦C overnight and annealed at 230 ◦C for 1 h (to degrade the PEI) then at 800 ◦C for 1 h.
For both ramps, the heating rate was 5 ◦C/min. Before any characterization, the coating
adhesion was tested by sticking a piece of tape on the substrate, then removing it from
several angles to mimic tearing solicitations. Only samples without coating damage were
kept for investigation. An example is provided in Supplementary Materials (Figure S1).

2.5. Characterization of the PEI-HAp Coating

A Dimension 3100 SPM System along with a Digital Instrument Nanoscope IIIa was
used for the atomic force microscopy (AFM). This system was set to contact mode, applying
a constant force of 0.1 N/m. The measurement was performed with a resolution of 0.5 nm
and an accuracy of 1 nm.

Thermogravimetric analyses (TGAs) were carried out using a TGA Discovery instru-
ment from TA Instruments®, Guyancourt, France. The analyses were carried out under
nitrogen atmosphere at a 25 mL min−1 flow rate, in the temperature range of 30–800 ◦C
and a scanning rate of 10 K min−1 on 2 mg samples. The apparatus calibration procedure
included a baseline, mass, and temperature calibration. The temperature calibration was
performed using the Curie point of nickel as reference. The mass calibration was performed
using standard masses, and the calibration in mass loss was performed using calcium
oxalate as the reference.

The differential scanning calorimetry (DSC) experiments were conducted on a DSC
Q100 from TA Instruments®, Guyancourt, France. The experiments were conducted on
samples of 2 mg mass at 10 K/min, and under nitrogen atmosphere at a 50 mL min−1

flow rate. The calibration procedure includes a baseline with an empty furnace.
To calibrate the temperature and energy, a standard sample of indium (Tm = 156.60 ◦C
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and ΔHm = 28.38 J g−1 corresponding to melting temperature and enthalpy respectively)
was used.

The infrared spectroscopic details were recorded on a Thermo Fischer® (Montigny-le-
Bretonneux, France) Nicolet iS10 in transmission mode in the 425–4000 cm−1 range, with
a resolution of 4 cm−1. A background correction was performed prior to the experiment.
The analyses of IR spectra were performed using the apparatus Omnic 9.3. software.

The X-ray diffraction (XRD) analyses were performed using a Rigaku® Multiflex
Diffractometer (Austin, TX, USA). The Rigaku Multiflex consists of a 2 kW copper tube and a
θ/θ goniometer. The sample holder remains horizontal during the scan and therefore, there
is no need to use adhesive substances to mount samples on to a low background sample
holder plate. It is also configured in focusing geometry where a secondary monochromator
removes the scattered signal except that corresponding to Cu Kalpha wavelength. The
samples analyzed via XRD were under the form of powders that were obtained by heating
the HAp solutions at 80 ◦C to boil ethanol.

The scanning electron microscopy (SEM) pictures were acquired using a Hitachi®

(Schaumburg, IL, USA) S4700 field-emission SEM with a high-resolution digital processing
system. The work distance was in the order of 20 nm. The sample was fractured in liquid
nitrogen, then polished and fixed on the support with a conductive coating.

3. Results and Discussion

3.1. Coating Topography

The surface relief is an important element to validate the dip-coating experimental
conditions. A first glance at the impact of sol–gel deposition on the coating morphology is
provided on Figure 1. It shows images produced by AFM measurements of the coating,
which was made by mixing HAp with PEI after being overlayed onto the silica wafer
and annealed. The AFM probe provides a precise nanoscale measurement of the different
cliffs and clusters. Figure 1a provides the topography (the relief depth is ±125 nm on the
AFM picture) and Figure 1b provides the deflection signal. A bright point in each image
indicates a high value while a dark point indicates a low value. One can observe from the
topography images that slight agglomerations of brighter light are dispersed throughout
the sample. They are attributed to the coating domain with a higher thickness, while the
black parties should indicate the absence of coating in the probed area. One can consider,
despite slight irregularities, that the coating is fairly homogeneous. Moreover, one can
observe that the surface does not exhibit any cracks.

Figure 1. AFM picture of the silica wafer surface that was coated using HAp-PEI, then annealed:
(a) topography relief of the coating; (b) deflection signal related to the AFM measurement.
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3.2. Coating Characterization

To ensure that the annealing procedure did not damage or alter the microstructure
of the HAp coating, X-ray analyses were performed. The results were compared with
those obtained for pure HAp. These results are shown in Figure 2A for HAp alone and in
Figure 2B for the coating on the silica wafer. Thus, according to the spectra, the signature
of the coating is very similar to the one of the non-treated HAp and is in agreement with
the literature [63]. The peaks of the diffracting planes (200) and (111) are found between
2Theta = 2θ = 20◦ and 2θ = 25◦, with 2θ the angle of deviation between the incoming beam
and the reflected beam. The peaks of the highest intensity I are observed between 2θ = 25◦
and 2θ = 35◦. They characterize the diffracting planes (002), (210), (211), (112), (300), and
(202). Finally, the peaks corresponding to the diffracting planes (301), (212), and (310) are
recorded between 2θ = 35◦ and 2θ = 40◦. This reflects that the annealing did not degrade
the HAp coating.

 

 
Figure 2. XRD analyses on (A) synthesized hydroxyapatite; (B) the coating made from the mix of
HAp and PEI and deposited on the silica wafer.
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To check whether its composition and crystalline form was preserved after the anneal-
ing, it was necessary to track for possible singularities between the two spectra. The most
significant difference that can be observed lies in the peak situated around 2θ = 31◦, which is
characteristic of the presence of β-tricalcium phosphate (β-TCP) [64], one of the most used
and potent synthetic bone graft substitutes [65]. This corresponds to the rhombohedral
crystalline form of tricalcium phosphate (TCP) [66]. This is the densest TCP polymorph
but it is not a stable crystalline form at high temperatures, contrary to both monoclinic
α-TCP and hexagonal α’-TCP. The β-TCP peak is clearly visible in the non-treated HAp and
barely detectable in the coating. This suggests that the annealing performed up to 800 ◦C
partially or totally decomposes β-TCP. It is worth mentioning that there is no evidence of
the presence of α-TCP either. Since the removal or the transformation of β-TCP is expected
to impact the residual properties of the implant [67], different annealing procedures should
be evaluated to determine which one leads to the most interesting macroscopic behavior
regarding the targeted dental applications.

While previous results attest to the coating survival consecutive to the annealing
procedure, the removal of PEI, which is expected to degrade at about 300 ◦C, remains to be
verified. According to the TGA results, presented in Figure 3, the process of heating silicon
wafers coated with the HAp and PEI mix under a nitrogen atmosphere does not reveal
significant loss of mass from the ambient temperature up to 900 ◦C. Only above 600 ◦C could
some artefacts of measurements be observed, which are probably linked to the impact of
high temperature on the sensors. The absence of any degradation signature might indicate
that PEI was properly decomposed during the previous annealing step. Nevertheless, it is
worth mentioning that data collected from the literature do not necessarily agree concerning
the behaviour of HAp when submitted to a temperature ramp.

Figure 3. Evolution of the sample mass percentage as a function of temperature from thermo-
gravimetric analyses performed on the silica wafers that were coated by the mix of HAp and PEI,
then annealed.

According to Phuong et al. [68], the total weight loss of HAp when subjected to harsh
conditions, that is, heated under air up to 800 ◦C, is insignificant in comparison to what
has previously been reported by other authors [69–71], as the results of this study show
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HAp residue values that were close to 99.5% weight. This slight weight loss was essentially
attributed to the evaporation of residual water. On the other hand, the studies performed
by the aforementioned authors [69–71] reveal more significant traces of degradation of the
HAp structure. Lazić et al. [69] identified three stages of HAp degradation. Up to 200 ◦C,
the weight loss is imputed to water evaporation. From 200 to 650 ◦C, the decomposition
of hydrogen phosphate occurs, which can be combined with the loss of interstitial water.
Above 650 ◦C, reactions involving the decomposition of diphosphates take place. The
final loss of weight is estimated to be about 7%, but it is already higher than 3% at the
end of the first stage, which does not correspond to the results presented there, since it
suggests that a more significant amount of water is present in the material before the
TGA run. Jagadale et al. [70] reported an almost full HAp degradation into nano-porous
powders with a very prominent first stage, but they did not interpret the high-temperature
behaviour. Safarzadeh et al. [71] separated the degradation of carbonated Hap into two
stages. The first stage is essentially caused by the liberation of absorbed and lattice water,
which accounts for weight loss up to 12%. The second stage is less pronounced and was
assumed to be linked to the decomposition of carbonates.

These strong inconsistencies between reports in terms of interpretations and results
lead us to two possible assumptions regarding our results. First, it assumed that the sample
weight remains constant throughout the analysis, as could be expected from any scan
performed on HAp-coated silicon. In this case, annealing at 800 ◦C should have completely
removed PEI from the substrate. In addition, the absence of water loss below 200 ◦C can be
easily explained by the absence of residual water into the material, due to the annealing
step performed prior to analysis. Nevertheless, this is not the only case that could be
considered. The apparatus may not have detected degradation due to resolution issues. In
this latter case, the absence of weight loss would not prove that PEI effectively disappeared
during the annealing step that was performed before TGA. Although this interpretation
seems less likely, other characterisations were performed to consider additional elements.

The DSC results, shown in Figure 4, lead to similar interrogations. According to
the heat flow variations with temperature, there is no evidence of any transition in the
temperature range covered by the analysis. The events of interest for this analysis are the
PEI glass transition and its onset of decomposition. Typically, the glass transition of PEI is
expected to be around −25 ◦C [72], while the thermal decomposition has been reported
to start at about 250 ◦C [73]. However, the obtained DSC response is identical to the
signal obtained when performing the baseline step during the calibration procedure. This
observation is consistent with the results reported by Feng et al. [74] for a plasma-sprayed
Ti-6Al-4V/HAp composite. In this study, no calorimetric event was recorded before 700 ◦C,
that is, before the phase transformation of HAp. The absence of any characteristic thermal
event is also consistent with TGA results. Thus, it is reasonable to assume that there
is no residual PEI on the sol–gel dip coated support, due to the annealing procedure.
Nevertheless, it is worth reminding that the quantity of PEI mixed with HAp is very
small, as its role lies essentially in facilitating the adhesion of HAp on the support. Thus,
the detection of residual traces can be particularly challenging and possibly beyond the
resolution limits of both thermal analysis apparatuses.

Therefore, the results obtained from thermogravimetric and calorimetric investiga-
tions were complemented with infrared spectroscopy analyses. The resulting spectrum is
presented in Figure 5. The PEI infrared signature [75] is classically characterized by the
N–H stretching band at 3300 cm−1, the C–H stretching bands around 3000 cm−1, the C–H
stretching bands around 3000 cm−1, the bending vibration of the CH2 group at 1500 cm−1,
and the C–N stretching band around 1100 cm−1. No peak was recorded at these character-
istic wavenumbers. On the other hand, the obtained spectrum is in good agreement with
references from the literature describing the infrared signature of hydroxyapatite [76,77],
which confirms the adhesion of the coating, as shown in Figure 2. At about 1050 cm−1, a
main intense peak is recorded, which can be attributed to the asymmetric stretching vibra-
tion of phosphate P–O bonds. Around 1400 cm−1, one can find the broad signature of C–O
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bond asymmetric stretching from carbonate ions. The small peak above 1600 cm−1 belongs
to residual water according to Prekajski et al. [78]. Finally, the broad peak located between
3200 and 3600 cm−1 is linked to O–H bonds, but its intensity remains weak, probably due
to the strong annealing procedure performed prior to the material characterization. The
unambiguous infrared signature of hydroxyapatite indicates that the infrared spectroscopy
is adequate to investigate the composition of the coating. Due the absence of band charac-
teristics of PEI, one can think that the annealing treatment successfully removed any trace
of PEI.

Figure 4. Differential scanning calorimetry analyses performed on the silica wafers that were coated
by the mix of HAp and PEI, then annealed: evolution of the heat flow between sample and empty
furnace as a function of temperature.

Figure 5. Infrared spectrum analysis on the silica wafers that were coated by the mix of HAp and PEI.
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3.3. Coating Morphology on Printed Zirconia

The HAp coating was seemingly preserved after the removal of PEI. A conceptual
test was performed by comparing coatings of HAp alone and HAp mixed with PEI on
3D-printed zirconia. Zirconia is a commonly used material in dentistry implants, and its
compatibility with this HAp coating is a main requirement for future applications. SEM
pictures of both systems are presented in Figure 6. These describe the coating morphology
and adhesion for each case. The picture presented in Figure 6a was obtained after analysing
3D-printed zirconia coated with the HAp and PEI mixture. It shows the cross-section
between a coated and an uncoated part after the sample was cut in two. The coating is
clearly visible, and it apparently takes the form of the porous structure obtained by the
rapid prototyping procedure. It is not perfectly uniform, in comparison with reports from
literature regarding dense systems, for example the report by Jiang et al. [79]. However, a
clear improvement is noticeable when compared with the HAp coating alone (Figure 6b),
which exhibits a much-disorganised repartition of the coating with insulated portions of
HAp facing many wide empty spaces. Moreover, the bare-coated sample also exhibits a
craze that may indicate a more fragile structure in the absence of ligand polymer. Therefore,
a clear improvement of the coating adhesion is assessed when HAp is coupled with PEI
before being deposited. In other terms, HAp coating alone is not sustainable on 3D-printed
zirconia; thus, HAp-PEI is proposed as a coating instead. It is worth mentioning that the
HAp-PEI does not fully cover the surface of the substrate either. This could be related to the
quantity of material being too low. It is expected that a higher grafted quantity of material
would lead to a more continuous coating.

Figure 6. SEM pictures of coated porous zirconia ceramic obtained by additive manufacturing: (a) cross-
sectional view of HAp/PEI coating on zirconia annealed at 800 ◦C; (b) bare HAp on printed zirconia.
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3.4. Benefits and Drawbacks of DLP and Organic–Mineral Interactions for HAp Coating

The long-term objective behind this work is to facilitate the access to dental care
by proposing a protocol that is transferable to the industrial scale that compensates the
technological cost related to the scaffold design by the reduction in global content of matter.
Therefore, it is important to critically evaluate the properties of HAP coatings on DLP
porous substrates. The process also includes the mixing of HAp with PEI to improve the
homogeneity and the sustainability of the coating. This step, based on the interactions
between mineral and organic compounds, has been shown to be of value as it significantly
improves the continuity of the coating. In Table 1, the main characteristics of this HAp
coating are summarized and compared with others from the literature, either on plain or
porous scaffolding.

Table 1. Features of the designed coating procedure in comparison with other methodologies from
previous studies.

Methodology Objectives Results

Pulsed laser deposition [42]

- Controlled thickness
- Controlled transfer at a stoichiometric level of

the composition of the material
- Good adherence

- Coating morphology tailorable by varying the
incident energy

- Microhardness values of the hydroxyapatite
coating increase with the incident energy

- Good stoichiometry

Pulsed electrochemical
deposition

[43]

- Improved compositional control
- Coating uniformity
- Versatility
- Low-cost procedure

- High control in the amount, purity, and
homogeneity of the coating

- Morphology influenced by current density

Pulsed plasma deposition
[44]

- Improved tribological properties
- Wear resistance

- Design of coated spheres
- Sub-micrometric grain size distribution
- Low roughness
- Lower wear rate in comparison with uncoated

systems

Atmospheric plasma spraying
[45]

- Design of bioactive glass
- Improved bond strength by combining

bioactive glass with HAp

- Improvement of adhesion strength by thermal
treatment

- Coating properties influenced by the
amorphous/crystal ratio

Suspension plasma spraying
[46]

- Improved mechanical properties
- Uniform microstructure
- Low porosity
- Enhanced mechanical properties

Axial suspension plasma
spraying

[40]

- Improved adhesion strength
- Limited phase degradation

- Successful design of coatings with high adhesion
strength

- The lower solid load content and lower mean
solute particle size in the suspension was found to
be beneficial to achieve porous and rougher
coatings

In-situ sol–gel process
[41]

- Improved corrosion behaviour
- Improved in vitro activity

- Homogenous deposition
- Compact and crack-free coating
- Surface roughness, adhesion strength and

hydrophilicity are tailorable
- Good performances in terms of corrosion and

bioactivity

DLP + dip-coating
[this study]

- Rapid substrate design
- Design of a porous scaffold to facilitate the

osseointegration
- Reducing of the material cost

- Successful design of porous zirconia scaffold
- HAp alone does not adhere on the substrate
- Adhesion improved by PEI
- Sustainability of the coating post-annealing
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4. Conclusions

In this study, a dip-coating procedure effectively deposited PEI-HAp onto the surface
of 3D-printed zirconia. The coating of HAp on porous substrates is not uniform and
its adhesion is poor. The results are significantly better when HAp is mixed with PEI.
The adhesion of HAp mixed with PEI is possible on several surfaces including silica and
zirconia in the present case. A subsequent annealing procedure successfully removes PEI.
It does not damage the HAp coating.

The interest of this procedure lies in the relative conservation under high-temperature
annealing of the HAp structural integrity while destructing PEI. Consecutively to the
annealing, the hydroxyapatite signature is indeed clearly visible via X-ray diffraction and
infrared spectroscopy whereas the signature of the polyethyleneimine is not recorded by
TGA, DSC, or IR. Therefore, not only does PEI improve the adhesion of HAp, but it can
also be successfully removed without significantly damaging the HAp coating.

Several immediate conclusions result from this work:

• Zirconia substrate obtained via digital light processing (DLP) can be used as a scaffold
for coating deposition.

• The coating of HAp on porous substrates is not uniform and its adhesion is poor. The
results are significantly better when Hap is mixed with PEI.

• The adhesion of HAp mixed with PEI is possible on several surfaces including silicon
and zirconia in the present case.

• A subsequent annealing procedure successfully removes PEI. It does not damage the
HAp coating.

It is worth mentioning that the possibility of interactions between HAp and PEI
remains to be investigated. Future works should also consider further examination of the
removal of polyethyleneimine, adhesion tests, and toxicity controls.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb15010011/s1, Figure S1, Surface state consecutive to the removal
of a piece of tape stuck on the coating.

Author Contributions: Conceptualization, L.T.; validation, N.D.; investigation, A.C., M.-R.G., and
N.S.; original draft preparation, A.C.; writing—review and editing, N.D.; supervision, N.D. and L.T.;
project administration, N.D. and L.T.; funding acquisition and resources, N.D., L.T., and B.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was primarily supported by the Erasmus+/ICM program between the
University of Nebraska-Lincoln (USA) and the University of Rouen Normandy (France). The authors
are grateful for the University of Nebraska Collaboration Initiative Seed Grant, which supported
DLP acquisition.

Data Availability Statement: Data are available in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Londoño, J.J.; Ramos, A.M.; Correa, S.A.; Mesnard, M. Review of expandable dental implants. Brit. J. Oral Max. Surg. 2021, 59,
546–554. [CrossRef]

2. De Stefano, M.; Lanza, A.; Faia, E.; Ruggiero, A. A novel ultrashort dental implant design for the reduction of the bone
stress/strain: A comparative numerical investigation. Biomed. Eng. Adv. 2023, 5, 100077. [CrossRef]

3. Panchal, M.; Khare, S.; Khamkar, P.; Bhole, K.S. Dental implants: A review of types, design analysis, materials, additive
manufacturing methods, and future scope. Mater. Today Proc. 2022, 68, 1860–1867. [CrossRef]

4. Matsko, A.; França, R. Design, manufacturing, and clinical outcomes for additively manufactured titanium dental implants: A
systematic review. Dent. Rev. 2022, 2, 100041. [CrossRef]

5. Yin, S.; Zhang, W.; Tang, Y.; Yang, G.; Wu, X.; Lin, S.; Liu, X.; Cao, H.; Jiang, X. Preservation of alveolar ridge height through
mechanical memory: A novel dental implant design. Bioact. Mater. 2021, 6, 75–83. [CrossRef]

6. Moreira, A.; Madeira, S.; Buciumeanu, M.; Fialho, J.; Carvalho, A.; Silva, F.; Monteiro, F.J.; Caramês, J. Design and surface
characterization of micropatterned silica coatings for zirconia dental implants. J. Mech. Behav. Biomed. 2022, 126, 105060.
[CrossRef]

129



J. Funct. Biomater. 2024, 15, 11

7. Dantas, T.A.; Pinto, P.; Vaz, P.C.S.; Silva, F.S. Design and optimization of zirconia functional surfaces for dental implants
applications. Ceram. Int. 2020, 46, 16328–16336. [CrossRef]

8. Zanetti, E.M.; Pascoletti, G.; Cali, M.; Bignardi, G.; Franceschini, G. Clinical Assessment of Dental Implant Stability During
Follow-Up: What Is Actually Measured, and Perspectives. Biosensors 2018, 8, 68. [CrossRef]

9. Kittur, N.; Oak, R.; Dekate, D.; Jadhav, S.; Dhatrak, P. Dental implant stability and its measurements to improve osseointegration
at the bone-implant interface: A review. Mater. Today Proc. 2021, 43, 1064–1070. [CrossRef]

10. Qin, J.; Yang, D.; Maher, S.; Lima-Marques, L.; Zhou, Y.; Chen, Y.; Atkins, G.J.; Losic, D. Micro- and nano-structured 3D printed
titanium implants with a hydroxyapatite coating for improved osseointegration. J. Mater. Chem. B 2018, 6, 3136–3144. [CrossRef]

11. Olander, J.; Ruud, A.; Wennerberg, A.; Stenport, V.F. Wear particle release at the interface of dental implant components: Effects
of different material combinations. An in vitro study. Dent. Mater. 2022, 38, 508–516. [CrossRef] [PubMed]

12. Das, I.; Chattopadhyay, S.; Mahato, A.; Kundu, B.; De, G. Fabrication of a cubic zirconia nanocoating on a titanium dental implant
with excellent adhesion, hardness and biocompatibility. RSC Adv. 2016, 6, 59030–59038. [CrossRef]

13. Bose, S.; Koski, C.; Vu, A.A. Additive manufacturing of natural biopolymers and composites for bone tissue engineering. Mater.
Horiz. 2020, 7, 2011–2027. [CrossRef]

14. Zou, R.; Bi, L.; Huang, Y.; Wang, Y.; Wang, Y.; Li, L.; Liu, J.; Feng, L.; Jiang, X.; Deng, B. A biocompatible silicon nitride dental
implant material prepared by digital light processing technology. J. Mech. Behav. Biomed. 2023, 141, 105756. [CrossRef]

15. Hasan, J.; Bright, R.; Hayles, A.; Palms, D.; Zilm, P.; Barker, D.; Vasilev, K. Preventing peri-implantitis: The quest for a next
generation of titanium dental implants. ACS Biomater. Sci. Eng. 2022, 8, 4697–4737. [CrossRef]

16. Gallegos, S.I.; Parsaei, S.; Siddiqui, D.A.; Biguetti, C.C.; Palmer, K.L.; Rodrigues, D.C. Can dental cement composition affect
dental implant success? ACS Biomater. Sci. Eng. 2019, 5, 5116–5127. [CrossRef]

17. Milone, D.; Fiorillo, L.; Alberti, F.; Cervino, G.; Filardi, V.; Pistone, A.; Cicciù, M.; Risitano, G. Stress distribution and failure
analysis comparison between Zirconia and Titanium dental implants. Procedia Struct. Integr. 2022, 41, 680–691. [CrossRef]

18. Kitagawa, I.L.; Miyazaki, C.M.; Pitol-Palin, L.; Okamoto, R.; de Vasconcellos, L.M.R.; Constantiono, C.J.L.; Lisboa-Filho, P.N.
Titanium-based alloy surface modification with TiO2 and poly(sodium 4-styrenesulfonate) multilayers for dental implants. ACS
Appl. Bio Mater. 2021, 4, 3055–3066. [CrossRef] [PubMed]

19. Kim, W.-H.; Shin, Y.C.; Lee, S.-H.; Lee, S.-H.; Kang, M.S.; Lee, M.-S.; Lee, J.H.; Lee, J.-H.; Han, D.-W.; Kim, B. Dental implants with
electrochemical nanopattern formation to increase osseointegration. J. Ind. Eng. Chem. 2022, 116, 543–555. [CrossRef]

20. Wu, Y.; Feng, F.; Xin, H.; Li, K.; Tang, Z.; Guo, Y.; Qin, D.; An, B.; Diao, X.; Dou, C. Fracture strength and osseointegration of an
ultrafine-grained titanium mini dental implant after macromorphology optimization. ACS Biomater. Sci. Eng. 2019, 5, 4122–4130.
[CrossRef]

21. Gautam, C.; Joyner, J.; Gautam, A.; Rao, J.; Vajtai, R. Zirconia based dental ceramics: Structure, mechanical properties, biocompati-
bility and applications. Dalton Trans. 2016, 45, 19194–19215. [CrossRef] [PubMed]

22. Ma, M.; Zhao, M.; Deng, H.; Liu, Z.; Wang, L.; Ge, L. Facile and versatile strategy for fabrication of highly bacteriostatic and
biocompatible SLA-Ti surfaces with the regulation of Mg/Cu coimplantation ratio for dental implant applications. Colloids Surf.
B 2023, 223, 113180. [CrossRef] [PubMed]
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Abstract: Titanium with apatite-forming ability as well as antibacterial activity is useful as a compo-
nent of antibacterial dental implants. When Ti was subjected to hydrogen peroxide (H2O2), copper
acetate (Cu(OAc)2), and heat (H2O2-Cu(OAc)2-heat) treatments, a network structure of anatase
and rutile titanium dioxide (TiO2) and fine copper oxide (CuO) particles was formed on the Ti
surface. The resulting samples accumulated a dense and uniform apatite layer on the surface when
incubated in simulated body fluid and showed enhanced antibacterial activity against Escherichia
coli and Staphylococcus aureus under visible-light irradiation. Electron spin resonance spectra of
H2O2-Cu(OAc)2-heat-treated samples showed that hydroxyl radicals (·OH) were generated from the
samples, and the concentration of ·OH increased with increasing Cu concentration of the Cu(OAc)2

solution. The enhanced antibacterial activity of these samples under visible-light irradiation may
be attributable to the generation of ·OH from samples. These results suggest that Ti implants ob-
tained using H2O2-Cu(OAc)2-heat treatments and subjected to regular or on-demand visible-light
irradiation may provide a decreased risk of peri-implantitis.

Keywords: titanium; CuO; TiO2; apatite; antibacterial activity; photocatalytic activity

1. Introduction

With increases in the number of dental implants installed, peri-implant diseases have
become more common. Such diseases can be broadly classified into peri-implant mucositis
and peri-implantitis. Peri-implant mucositis, considered a precursor to peri-implantitis, is
defined as a reversible inflammation that is localized to the surrounding mucosal tissue
and does not involve bone resorption. On the other hand, peri-implantitis is defined as
an irreversible inflammation that involves soft tissue inflammation and bone resorption
around the implant [1]; prolonged peri-implantitis leads to implant failure. As assessed at
greater than 5 years after dental implant placement, the prevalence of peri-implantitis is
estimated to be 10% to 37% at the patient level and 7% to 27% at the implant level [2–7].
Classically, surgical treatment has been the main therapy for peri-implantitis; however,
in recent years, chemotherapy using antibiotics and anti-inflammatory drugs has been
employed to treat invasive and severe peri-implantitis [8,9]. However, surgical treatment is
itself highly invasive, and there are concerns about the emergence of drug-resistant bacteria
due to the use of antibiotics and anti-inflammatory drugs [10].

In recent years, there has been ongoing development of antimicrobial therapies using
micromaterials and nanomaterials. Titanium-based metal organic frameworks (Ti-MOFs)
have been investigated for use in therapeutic areas, including the treatment of bacterial
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infection, cancer, inflammation, and bone injury [11]; notably, MOF-loaded biohybrid
magnetic microrobots have been shown to achieve good dispersion and targeted mobility
with enhanced antibacterial efficiency [12]. Surface-modified nanomaterials also have been
proposed to achieve passive or active targeted antibacterial effects [13,14]. Furthermore,
materials that possess topographical features with high aspect ratios show bactericidal
activity [15,16]. However, it remains unclear whether any of these materials are effective in
treating peri-implantitis. The use of titanium dental implants with antibacterial activity
as well as osteoconductivity has been shown to reduce the risk of peri-implantitis. To
date, many surface treatments of Ti have been proposed to impart antibacterial activity as
well as osteoconductivity to this metal [17–25]. Orthopedic implants coated with silver-
containing hydroxyapatite [26] are employed clinically in Japan, but dental implants
with both antibacterial activity and osteoconductivity are not yet in clinical use. If TiO2
with visible-light-responsive photocatalytic antibacterial activity were generated on the
abutment of Ti dental implants, the risk of peri-implantitis might be reduced by regular or
on-demand visible-light exposure in the dental clinic. One candidate for the visible light
source is a light-emitting diode (LED) light used in teeth whitening, but this LED light has
been shown to exhibit difficulty in penetrating the gingiva and reaching the abutment of the
dental implants. Therefore, the visible light-responsive antibacterial activity of the dental
implants would be expected to be enhanced when the abutment is not completely covered
by periodontal tissue. In previous work, our laboratory has attempted to generate copper-
doped titanium dioxide (TiO2) on Ti by chemical and thermal treatments [27,28]. This
approach acknowledges that TiO2 generated by such strategies has been shown to bond to
living bone [29] and that Cu-doped TiO2 demonstrates visible-light-induced photocatalytic
antibacterial activity [30–32]. Some metals other than Cu, such as silver and zinc, also
exhibit antibacterial effects, but the visible-light-induced antibacterial effects cannot be
expected for Ag- or Zn-doped TiO2. In this context, we reported that Cu-doped TiO2
formed on Ti when Ti was subjected to (sequentially) immersion in a sodium hydroxide
solution, immersion in a Cu-containing aqueous solution, and heating at 600 ◦C for 1
h. Apatite was observed to accumulate on the surface of the resulting Ti within 7 days
of incubation in simulated body fluid (SBF) [27,28], and the resulting sample exhibited
antibacterial activity against Escherichia coli under visible-light irradiation [28]. However,
the apatite formed only on a part of the sample surface, indicating that the sample had
limited apatite-forming ability. Furthermore, the antibacterial activity of the sample was
not assessed against Gram-positive bacteria such as Staphylococcus aureus.

In the present study, we induced the formation of Cu-doped TiO2 on Ti by subjecting
the Ti to (sequentially) immersion in a hydrogen peroxide solution, immersion in a copper
acetate (Cu(OAc)2) solution, and thermal treatment. Previous work showed that a TiO2
layer is formed on Ti by sequential treatment with an aqueous NaOH solution, hot water,
and heat [29,33], but surface treatments involving immersion in a H2O2 solution also are
known to generate a TiO2 layer on Ti [34–38]. In that previous work, we found that the TiO2
layer (which forms on Ti following such treatment) accumulates apatite when the sample
is incubated in SBF [34,36–38]; this apatite permits bonding to living bone [35]. Therefore,
from the perspective of simplifying surface treatment, treatment with H2O2 solution was
employed to induce the formation of a TiO2 layer on Ti in the present study. Furthermore,
we used a Cu(OAc)2 solution for Cu doping into TiO2, a strategy that suppresses the
undesired dissolution of the TiO2 layer that otherwise results from immersion in acidic Cu-
containing solutions such as copper nitrate (Cu(NO3)2) [27]. We additionally evaluated the
resulting samples for surface structure, apatite-forming ability, and Cu release. Furthermore,
we investigated the generation by the samples of hydroxyl radicals (·OH), a reactive oxygen
species (ROS), and assessed the antibacterial activity of samples against S. aureus as well as
E. coli, both with and without visible-light irradiation.
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2. Materials and Methods

2.1. Sample Preparation

Commercially pure Ti (99.5%) (Test Materials Co., Ltd., Tokyo, Japan) was employed
in this study. The Ti was provided in the form of 8-mm diameter cylindrical rods, which
subsequently were sliced into 1.0-mm thick sections. Following slicing, the surfaces of
the disks were subjected to mechanical polishing using a diamond pad (No. 400; Maruto
Instrument Co., Ltd., Tokyo, Japan). The polished Ti disks were washed ultrasonically, for
10 min per cycle, once with acetone (99%; Nacalai Tesque, Inc., Kyoto, Japan) and then
twice with ultrapure water. The washed Ti disks were then dried at room temperature
and atmospheric pressure. Each dried Ti disk was immersed in 10 mL of a 30 vol% H2O2
aqueous solution (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) in an ECK-50ML-
R polypropylene tube (AS-ONE Corp., Osaka, Japan), and the tube then was heated at
80 ◦C for 1 h using a BW101 water bath (Yamato Scientific Co., Ltd., Tokyo, Japan). The
samples were removed from the H2O2 aqueous solution and immersed in Cu(OAc)2
aqueous solutions at various concentrations (1, 10, or 100 mM) in a polypropylene tube at
80 ◦C for 24 h using the water bath. After the Cu(OAc)2 treatment, the disk was removed
from the solution, washed with ultrapure water, and then dried at room temperature and
atmospheric pressure. Each Ti disk that had been treated sequentially with the H2O2 and
Cu(OAc)2 solutions was then heat-treated at 600 ◦C for 1 h using an FO101 electric furnace
(Yamato Scientific Co., Ltd.). Surface treatments and the sample designations are listed in
Table 1.

Table 1. Surface treatments and names of samples.

Surface Treatment Sample Name

None TI
H2O2 + heat HP

H2O2 + 1 mM Cu(OAc)2 + heat Cu1
H2O2 + 10 mM Cu(OAc)2 + heat Cu10

H2O2 + 100 mM Cu(OAc)2 + heat Cu100

2.2. Surface Analysis of Samples

Many of the experimental protocols and conditions described in Sections 2.2–2.6 are
essentially identical to those used in previous studies [28,39]. The surface morphology of
each sample was observed using a JSM-7900F field emission scanning electron microscope
(FE-SEM; JEOL, Tokyo, Japan). A mapping image of the sample was obtained using a JED-
2300 energy dispersive X-ray spectrometer (JEOL) attached to the FE-SEM. The crystalline
phase of the sample surface layer was identified using a MiniFlex600 X-ray diffractometer
(XRD; Rigaku Corporation, Tokyo, Japan) with Cu Kα radiation.

The composition of the surface layer was evaluated using a JPS-9010MC X-ray photo-
electron spectroscopy (XPS) instrument (JEOL). Monochromatic Mg Kα radiation (1253.6 eV)
at 10 kV and 10 mA was used as the X-ray source. The C 1s photoelectron peak at 285.0 eV
was used as a reference to calibrate the binding energy. The XPS peak was analyzed using
CasaXPS (version 2.3.24; Casa Software, Ltd., Devon, UK). The chemical state of Cu on
the samples was determined using a modified Auger parameter, which was calculated
as described previously [22]. We conducted background subtraction using the CasaXPS
software, following Shirley’s method [40] to calculate the integrated intensity of peaks. The
surface composition of the samples was calculated using CasaXPS while employing the
following relative sensitivity factors: C 1s (1.00), O 1s (2.93), P 2p (1.192), Ca 2p (5.07), Ti 2p
(7.81), and Cu 2p3/2 (16.73). The proportions of (Cu0 + Cu+) and Cu2+ at the sample surface
were calculated using the following equations [41]:

% (Cu0 + Cu+) = (A − (A1s/Bs) × B)/(A + B) × 100 (1)
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% (Cu2+) = B (1 + (A1s/Bs))/(A + B) × 100 (2)

where A is the total area of the Cu 2p3/2 peak, B is the area of the shake-up peak, and
A1s/Bs is the ratio of the Cu 2p3/2 peak/shake-up peak areas. In the present study, the
A1s/Bs ratio was fixed at the value of 1.89 expected for CuO.

2.3. Evaluation of In Vitro Apatite-Forming Ability of Sample

The apatite-forming ability of the samples was evaluated using an SBF [42,43] that
contained ions at concentrations (Na+, 142.0 mM; K+, 5.0 mM; Ca2+, 2.5 mM; Mg2+, 1.5 mM;
Cl−, 147.8 mM; HCO3

−, 4.2 mM; HPO4
2−: 1.0 mM; SO4

2−, 0.5 mM) nearly identical to those
found in human blood plasma. We prepared the SBF according to the ISO 23317:2014 [43]
protocol. All chemicals used for SBF formulation were purchased from Nacalai Tesque,
Inc. (Kyoto, Japan). A volume of 30 mL of the prepared SBF was dispensed into an ECK-
50ML-R centrifuge tube. The samples were immersed in the SBF at 36.5 ◦C for 7 days.
The samples were then removed from the SBF, gently rinsed with ultrapure water, and
dried at approximately 25 ◦C and atmospheric pressure. The lower surface of each sample
was observed using a VE8800 scanning electron microscope (SEM; Keyence Corp., Osaka,
Japan) and XRD.

2.4. Measurement of Cu Ion-Release Behavior of Sample

To investigate the Cu ion-release behavior of each sample, an aliquot (10 mL) of
phosphate-buffered saline (PBS; Catalog 166-23555; FUJIFILM Wako Pure Chemical Corp.,
Osaka, Japan) was dispensed into an ECK-50ML-R centrifuge tube. The sample (n = 3)
was immersed in PBS and the tube was maintained at 36.5 ◦C. The PBS was refreshed at
appropriate periods. The amounts of Cu ions (per time point and cumulative) released
from the samples were calculated at 1, 3, 7, 14, and 28 days based on the Cu concentrations
in the PBS, which were measured using an ICP-7000 inductively coupled plasma atomic
emission spectroscopy (ICP-AES) instrument (Shimadzu Corp., Kyoto, Japan). Figure 1
shows a schematic diagram of the Cu ion-release assay.

Figure 1. Schematic diagram of Cu ion-release assay. PBS, phosphate-buffered saline.

2.5. Evaluation of Antimicrobial Activity of Sample

The antibacterial activity of each sample was evaluated using strains of S. aureus
(NBRC1221355; obtained from the NITE Biological Resource Center, Chiba, Japan) and
E. coli (NBRC39725; also obtained from the NITE Biological Resource Center) according
to the method described in JIS R 1752:2020 [44]. This experiment was approved by the
Pathogenic Organisms Safety Management Committee of the Tokyo Medical and Dental
University (Approval No. M22022-002; Approval date: 25 April 2022). S. aureus and E.
coli were cultivated in soybean-casein digest (SCD) broth (Nissui Pharmaceutical Co., Ltd.,
Tokyo, Japan) or Luria–Bertani (LB) broth (MP Biomedicals, CA, USA), respectively, at 37 ◦C
for 24 h. The resulting S. aureus cells were pelleted and resuspended in PBS at a density
of 4.3 × 107 to 1.0 × 108 colony-forming units (CFU)/mL. Similarly, the resulting E. coli
cells were pelleted and resuspended in PBS at a density of 3.2 × 107 to 1.0 × 108 CFU/mL.
An antibacterial activity test was performed in quadruplicate (n = 4) for each sample, as
described below.

Briefly, the sample (a Ti disc) was placed on a Falcon® bacteriological petri dish
(Catalog No. 351029; Corning, Inc., Corning, NY, USA) with the sample surface facing
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upward; an aliquot (10 μL) of the test bacterial suspension then was dispensed onto the
sample. Subsequently, the sample surface was covered with plastic film (Catalog No.
JPG533090; A.R. Medicom Inc. (Asia), Ltd., Kobe, Japan) to ensure close contact. The
petri dish then was placed in a GB-2.0L gas barrier box (AS ONE Corp., Osaka, Japan). To
reduce the effects on the bacteria of increasing temperature and drying during visible-light
irradiation, pure water was dispensed into the bottom of the gas barrier box to maintain a
relative humidity exceeding 90%. A 460-nm LED lamp (Model SPA-10SW; Hayashi Clock
Industry Co., Ltd., Tokyo, Japan) was used as the light source. The distance from the lower
part of the lens to the sample surface was 10 cm; the irradiance and the irradiation period
were 250 W/m2 and 30 min, respectively. These irradiation parameters were defined based
on the distance that might be expected between a visible-light source and the abutment of
dental implants during dental treatment in the clinic. Following the visible-light irradiation,
bacteria adhering to the sample and plastic film were recovered by washing with 1 mL
of PBS. The resulting test bacterial suspension was subjected to 10-fold serial dilution in
PBS, and aliquots (100 μL) of the 10-fold and 100-fold dilutions were plated on SCD agar
(S. aureus) or LB agar (E. coli). After incubation at 37 ◦C for 24 h, the number of bacterial
colonies formed on the plate surface was counted. The number of viable bacteria was
calculated using the following formula:

N = Z × E × 10 (3)

where N, Z, and E are the viable bacterial count, arithmetic mean number of colonies, and
dilution factor, respectively.

2.6. Measurement of ROS Generated by Samples

It is difficult to directly measure ROS and free radicals at room temperature (approxi-
mately 25 ◦C). Instead, we employed electron spin resonance (ESR) using a spin-trapping
method to measure the ROS generated from samples irradiated with visible light. ESR
was conducted using a JES-FA-100 instrument (JEOL, Ltd.). The spin-trapping agent con-
sisted of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO; Labotech Co., Tokyo, Japan). The ESR
measurement was conducted under the following conditions: microwave power, 4.0 mW;
microwave frequency, 9428.954 MHz; magnetic width, 0.1 mT; field sweep width, ±5 mT;
field modulation frequency, 100 kHz; modulation width, 0.1 mT; time constant, 0.03 s; and
sweep time, 0.1 min. Each sample was placed in a well of a 24-well plate, and 300 mM
DMPO was dispensed at 500 μL/well. The samples immersed in the DMPO solution
were irradiated with visible light, using the same 460-nm LED lamp for 30 min under the
same conditions as those in the antibacterial property test. Subsequently, 200 μL of the
DMPO solution (in which the sample had been immersed) was removed from each well
and assessed for ROS using the ESR spectrometer. Hydroxyl radicals were quantified using
4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL; Sigma-Aldrich, St. Louis, MO,
USA) as the standard. The areas of DMPO-OH spectra were compared with that of a 2 μM
TEMPOL standard measured under identical settings to estimate the concentration of the
DMPO-OH adduct.

2.7. Statistical Analysis

Statistical analyses were performed using Microsoft Excel version 2209 (Microsoft,
Redmond, WA, USA). One-way analysis of variance followed by multiple-hypothesis tests
(Tukey’s honestly significant difference tests) was performed for comparisons between
more than two groups. p < 0.01 was considered statistically significant.

3. Results

XRD peaks attributable to anatase- and rutile-type TiO2 were observed for all samples
other than Sample TI; peaks attributable to copper oxide (CuO) were observed for samples
Cu1, Cu10, and Cu100 (Figure 2). As the Cu(OAc)2 concentration increased, the intensity
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ratio of the XRD peak of rutile-type TiO2 around 27.7◦ in 2θ to that of anatase-type TiO2
around 25.5◦ in 2θ also increased.

Figure 2. XRD patterns of samples. XRD: X-ray diffraction, TI: sample with no treatment, HP: sample
with H2O2 treatment, Cu1: sample with H2O2, 1 mM Cu(OAc)2, and heat treatment, Cu10: sample
with H2O2, 10 mM Cu(OAc)2, and heat treatment, Cu100: sample with H2O2, 100 mM Cu(OAc)2,
and heat treatment.

FE-SEM micrographs (Figure 3A) showed that a fine network structure formed on the
surface of the HP, Cu1, Cu10, and Cu100 samples and that fine particles formed on the Cu1,
Cu10, and Cu100 samples. At the macroscopic level, the HP sample exhibited a brown
color, while the Cu1, Cu10, and Cu100 samples exhibited a black color (insets in Figure 3A).
The EDS mapping images of the samples (Figure 3B) indicated that the fine particles that
formed on the Cu1, Cu10, and Cu100 samples were composed primarily of Cu and O.

In the XPS spectra of the Cu1, Cu10, and Cu100 samples, XPS peaks located in the
C 1s, Ti 2p, O 1s, and Cu 2p energy regions were detected on the surfaces of the samples.
The binding energy of the Ti 2p3/2 peak for the Cu1, Cu10, and Cu100 samples was
approximately 458.8 eV (Figure 4A), indicating that Ti existed primarily as TiO2 in these
samples [45,46]. The binding energies of the Cu 2p3/2 peaks for the Cu1, Cu10, and Cu100
samples were located at approximately 933.5, 933.7, and 933.7 eV, respectively (Figure 4B);
the modified Auger parameters for the Cu1, Cu10, and Cu100 samples were measured
at 1850.6, 1850.9, and 1850.7 eV, respectively. These results indicated that the Cu in these
samples existed primarily as Cu2+ [22,41]. The concentrations of Cu on the surfaces of the
Cu1, Cu10, and Cu100 samples were 6.8, 15.8, and 12.9 atomic%, respectively. For all three
of these samples, the proportions of (Cu0 + Cu+) and Cu2+ ranged from 19.2 to 26.5% and
73.5–80.8%, respectively (Table 2).
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Figure 3. FE-SEM micrographs with insets showing macroscopic appearance (A), and EDS elemental
mapping images (B) of samples. FE-SEM: field emission scanning electron microscope, EDS: energy
dispersive X-ray spectrometer, TI: sample with no treatment, HP: sample with H2O2 treatment, Cu1:
sample with H2O2, 1 mM Cu(OAc)2, and heat treatment, Cu10: sample with H2O2, 10 mM Cu(OAc)2,
and heat treatment, Cu100: sample with H2O2, 100 mM Cu(OAc)2, and heat treatment. The color bar
represents the intensity of EDS signal (black: low intensity, red or pink: high intensity).
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Figure 4. XPS narrow spectra in the Ti 2p (A) and Cu 2p (B) energy regions for the Cu1, Cu10, and
Cu100 samples. XPS: X-ray photoelectron spectroscopy, arb. u.: arbitrary unit, Cu1: sample with
H2O2, 1 mM Cu(OAc)2, and heat treatment, Cu10: sample with H2O2, 10 mM Cu(OAc)2, and heat
treatment, Cu100: sample with H2O2, 100 mM Cu(OAc)2, and heat treatment.

Table 2. Concentrations of Cu and proportions of Cu species at the surfaces of the Cu1, Cu10, and
Cu100 samples. at.%: atomic percent, Cu1: sample with H2O2, 1 mM Cu(OAc)2, and heat treatment,
Cu10: sample with H2O2, 10 mM Cu(OAc)2, and heat treatment, Cu100: sample with H2O2, 100 mM
Cu(OAc)2, and heat treatment.

Sample Concentration of Cu
(at.%)

Proportion of Cu Species (%)

Cu0 + Cu+ Cu2+

Cu1 6.8 20.1 79.9
Cu10 15.8 19.2 80.8

Cu100 12.9 26.5 73.5

SEM photographs and XRD patterns of samples following 7 days of incubation in SBF
are shown in Figure 5. The HP, Cu1, Cu10, and Cu100 samples accumulated dense and
uniform layers after a week of immersion in SBF, and XRD peaks attributable to apatite
were observed for these samples.

When samples were immersed in PBS for periods of up to 28 days, the concentration
of Cu eluted from the samples increased gradually (Figure 6). However, no statistically
significant differences were observed in the eluted Cu ion concentration when comparing
the samples at a given immersion time point.

With or without visible-light irradiation, the viable counts of S. aureus and E. coli did
not differ significantly when comparing between the HP and TI samples; in contrast, viable
counts for both bacterial species were decreased significantly, with and without irradiation,
in the Cu1, Cu10, and Cu100 samples (compared to the TI sample) (Figure 7). Notably,
among samples irradiated with visible light, the viable counts of E. coli in the Cu1, Cu10,
and Cu100 samples were decreased by more than two logs compared to similarly treated
TI and HP samples.
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Figure 5. SEM photographs (A) and XRD patterns (B) of samples after 7 days of incubation in SBF.
SEM: scanning electron microscope, TI: sample with no treatment, HP: sample with H2O2 treatment,
Cu1: sample with H2O2, 1 mM Cu(OAc)2, and heat treatment, Cu10: sample with H2O2, 10 mM
Cu(OAc)2, and heat treatment, Cu100: sample with H2O2, 100 mM Cu(OAc)2, and heat treatment,
SBF: simulated body fluid.
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Figure 6. Concentration of Cu eluted from samples into PBS when immersed in PBS for periods of
up to 28 days. Values are presented as arithmetic mean ± SD (n = 3). n.s. p ≥ 0.01 (one-way analysis
of variance followed by multiple-hypothesis tests (Tukey’s honestly significant difference tests)).
Cu1: sample with H2O2, 1 mM Cu(OAc)2, and heat treatment, Cu10: sample with H2O2, 10 mM
Cu(OAc)2, and heat treatment, Cu100: sample with H2O2, 100 mM Cu(OAc)2, and heat treatment,
PBS: phosphate-buffered saline, n.s.: not significant.

The ESR spectra of the Cu1, Cu10, and Cu100 samples, with or without visible-light
irradiation, exhibited two classes of ESR signals (Figure 8). The first showed hyperfine
coupling constants of aN = 1.49 and aH = 1.49 mT and was assigned to DMPO-OH, a spin
adduct of DMPO and ·OH; the second was an unknown signal. Notably, the intensity of
the DMPO-OH peaks was increased by irradiation with visible light. The concentration
of hydroxyl radicals (·OH) generated from the samples was elevated by irradiation with
visible light, and the ·OH concentrations were nominally higher in the Cu1, Cu10, and
Cu100 samples compared to the TI and HP samples (Table 3).

Table 3. Concentrations of hydroxyl radical (·OH) generated by samples with and without visible-
light irradiation. TI: sample with no treatment, HP: sample with H2O2 treatment, Cu1: sample with
H2O2, 1 mM Cu(OAc)2, and heat treatment, Cu10: sample with H2O2, 10 mM Cu(OAc)2, and heat
treatment, Cu100: sample with H2O2, 100 mM Cu(OAc)2, and heat treatment.

Sample

·OH Concentration (μM)

Without Visible-Light
Irradiation

With Visible-Light
Irradiation

TI 0.09 0.19
HP 0.21 0.51
Cu1 1.08 3.03
Cu10 1.44 3.23

Cu100 1.50 4.36
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Figure 7. Viable counts of S. aureus (A) and E. coli (B) in samples without and with visible-light
irradiation. Values are presented as arithmetic mean ± SD (n = 4). ** p < 0.01 vs. TI without
visible-light irradiation, ++ p < 0.01 vs. TI with visible-light irradiation (one-way analysis of variance
followed by multiple-hypothesis tests (Tukey’s honestly significant difference tests)). CFU: colony-
forming unit, TI: sample with no treatment, HP: sample with H2O2 treatment, Cu1: sample with
H2O2, 1 mM Cu(OAc)2, and heat treatment, Cu10: sample with H2O2, 10 mM Cu(Oac)2, and heat
treatment, Cu100: sample with H2O2, 100 mM Cu(OAc)2, and heat treatment.
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Figure 8. ESR spectra of samples without and with visible-light irradiation. ESR: electron spin
resonance, DMPO: 5,5-dimethyl-1-pyrroline-N-oxide, TI: sample with no treatment, HP: sample with
H2O2 treatment, Cu1: sample with H2O2, 1 mM Cu(OAc)2, and heat treatment, Cu10: sample with
H2O2, 10 mM Cu(OAc)2, and heat treatment, Cu100: sample with H2O2, 100 mM Cu(OAc)2, and
heat treatment.

4. Discussion

Following sequential exposure to H2O2, Cu(OAc)2, and heat (the procedure described
in the present work), the surface of the HP sample exhibited a fine network structure
consisting of anatase- and rutile-type TiO2 (Figures 2 and 3A). H2O2 has been reported to
react with Ti to form TiO2 on Ti as follows [38].

Ti + 2H2O2 → TiOOH + 1/2O2 + H3O+ (or H+) (4)

TiOOH + 1/2O2 + H3O+ → Ti(OH)4 (5)

Ti(OH)4 → TiO2 + 2H2O (6)

The TiO2 fine network structure formed by immersion in H2O2 solution remained even
after immersion in 100 mM Cu(OAc)2 solution, indicating that the undesired dissolution of
the TiO2 layer seen upon exposure to strongly acidic Cu solutions was avoided by using
a weakly acidic Cu(OAc)2 solution for Cu doping of the TiO2. We attribute the observed
increase in the intensity ratio of the TiO2 XRD peaks (ratio of rutile-type to anatase-type)
in the Cu1, Cu10, and Cu100 samples (Figure 2) to the enhancement of anatase-to-rutile
transformation by Cu doping of the TiO2 [47–51].

Figures 2–4 and Table 2 indicated that the small particles formed on the Cu1, Cu10,
and Cu100 samples are composed primarily of CuO. There are concerns about the stability
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and durability of small CuO particles [52], but we believe that the small CuO particles are
stable and chemically durable, given that the concentration of Cu released from samples
was less than 0.8 ppm, even after soaking in PBS for 28 days (Figure 6), and that the color
of samples remained black even after the soaking in PBS. Additionally, the data in Table 2
indicated that the Cu concentration on the sample surface does not increase linearly with
the Cu(OAc)2 concentration, instead showing saturation at about 16 atomic%. In contrast,
in our previous study on Ti subjected to NaOH-Cu(NO3)2-heat treatments [27], the Cu
concentration on the sample surface peaked at approximately 12 atomic%. Although
the mechanistic basis for this difference is unknown, the H2O2-Cu(OAc)2-heat treatment
proposed in the present work permits the doping of nominally greater levels of Cu onto
the sample surface than does the previous NaOH-Cu(NO3)2-heat treatments.

All samples other than the TI sample accumulated a dense and uniform surface apatite
layer during 7 days of incubation in SBF (Figure 4). Previous work [33] has shown that
the anatase- and rutile-type TiO2 on these sample surfaces (Figure 2) is responsible for the
apatite formation during immersion in SBF. The apatite-forming ability of the Cu1, Cu10,
and Cu100 samples appeared to be much higher than that seen previously in samples
prepared by NaOH-Cu(NO3)2-heat treatments [28]. Therefore, the technique described
here succeeded in forming Cu-doped TiO2 with increased apatite-forming ability on Ti.
Many factors affect the apatite-forming ability of TiO2, including the acidity and basicity
of Ti-OH groups [53–55], and the crystalline phase [33] and porosity [56] of TiO2. In
addition, the apatite-forming ability of metal-doped TiO2 on Ti is affected by the chemical
state of the doped metal [27]. To gain insight for the preparation of samples with higher
apatite-forming ability, it is necessary to identify the factor(s) responsible for the higher
apatite-forming ability of the present samples (compared to that of the previous samples).
However, we are not able to define the relevant factor(s), given the many differences
between the processes used in the present and previous work. Further study will be needed
to identify the factor(s) responsible for the higher apatite-forming ability of the present
samples. For clinical applications, samples prepared as in the present paper will need to be
evaluated in vivo for their bone-binding ability. We conjecture that samples prepared as
described here will form an apatite layer on their surface even in vivo, and that this apatite
layer will facilitate direct bonding to living bone [42].

The Cu1, Cu10, and Cu100 samples also showed antibacterial activity against S. aureus
and E. coli, even in the absence of visible-light irradiation (Figure 7). This activity may
reflect the combined effects of copper ions released from the sample (Figure 6), contact
between bacteria and small CuO particles present on the sample surface [57], and the
small amount of ·OH generated from the samples (Table 3). The antibacterial activity
of these samples was remarkably enhanced by visible-light irradiation. The generation
of ·OH from these samples (Figure 8 and Table 3) may be responsible for the enhanced
antibacterial activity of these samples following irradiation with visible light. Notably, the
improvement in the antibacterial activity following visible-light irradiation appeared to be
more pronounced against E. coli than against S. aureus (Figure 7B). This distinction may
reflect the fact that the peptidoglycan layer in E. coli, a Gram-negative bacterium, is thinner
than that that in S. aureus, a Gram-positive bacterium [58,59]. Given that ROS, including
·OH, can induce chronic inflammation, future in vivo studies will be needed to investigate
any inflammatory responses induced by ROS generated by the samples. However, we
conjecture that the inflammatory response(s) induced by ROS generated by the samples will
be limited, since the concentration of ·OH was low, and increased only when the sample
was irradiated with visible light (Table 3). The antibacterial activity of the samples against
other bacteria that cause peri-implantitis, such as Porphyromonas gingivalis, should also be
investigated in future studies.

In the ESR assessment, DMPO-OH peaks were observed for the Cu1, Cu10, and
Cu100 samples, even in the absence of visible-light irradiation (Figure 8). This observation
indicated that these samples generate ·OH even in the dark (Table 3). We hypothesize
that ·OH is generated when CuO particles present on the sample surface react with the
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reagent or water used in this experiment [60,61]. The unknown peaks in the ESR spectrum
of the sample may be attributable to carbon-centered radicals, such as methyl radicals [62].
These carbon-centered radicals may originate from carbon in reagents decomposed by CuO
particles present on the sample surface.

To the eye, the Cu1, Cu10, and Cu100 samples appeared black in color (inset pho-
tographs in Figure 3A). This black coloration presumably is attributable to the visible light
absorption of the CuO [31,63–68] formed on these samples by heat treatment. For CuO-
doped TiO2, it has been reported that CuO doping extends the tailing of the absorption
edge toward the visible region, resulting in band-gap narrowing [64–66]. In addition, the
precipitation of fine particles of CuO on the TiO2 surface (Figure 2) suggests that the visible-
light-responsive photocatalytic effect may have been induced by interfacial charge transfer
of electrons from TiO2 to CuO [31,67,68]. Although no clear UV-visible spectrum (which
would indicate narrowing of the band gap) was obtained for these samples, we speculate
that the Cu-doped TiO2 formed on Ti by this method exhibits visible-light-responsive
photocatalytic activity due to the interface charge transfer between CuO and TiO2; this
activity would result in the observed enhancement of antibacterial activity by visible-light
irradiation (Figure 7). Additionally, as shown in Figure 2, CuO small particles formed
sparsely on Ti substrate, making it difficult to obtain clear UV-visible spectra of the CuO
small particles themselves.

In the present study, we found that H2O2-Cu(OAc)2-heat treatments induced the lay-
ering of TiO2 with CuO fine particles; we further demonstrated that the TiO2 layer showed
apatite-forming ability during incubation in SBF and visible-light-enhanced antibacterial
activity. The novelty of our work is that we have succeeded in preparing titanium substrates
with CuO-supported TiO2 surfaces; these substrates exhibited excellent apatite-forming
ability and visible-light-enhanced antibacterial activity against both E. coli and S. aureus.
Previous work has shown that apatite-coated TiO2 powders show antibacterial activity
against E. coli and S. aureus when irradiated with black light or visible light [69], and
that TiO2 layers formed on Ti substrates by Au-sputtering and thermal oxidation show
antibacterial activity against E. coli when irradiated with visible light [70]. However, to the
best of our knowledge, surface-modified titanium substrates with similar functions have
not been reported to date. Future investigations will be needed to evaluate the toxicity
and bone-bonding ability of samples prepared as described here. Nonetheless, we hypoth-
esize that dental implants with Cu-doped TiO2 on the abutments may decrease the risk
of peri-implantitis when treated in the dental clinic by regular or on-demand irradiation
with visible light. Furthermore, if employed for devices that are partially exposed outside
the body (such as external fixators), materials with such surfaces are expected to exhibit
antibacterial properties when exposed to visible light.

5. Conclusions

A network structure of anatase- and rutile-type TiO2 with CuO fine particles was
generated when Ti was subjected to H2O2-Cu(OAc)2-heat treatments. Such surface-treated
Ti accumulated a dense and uniform surface layer of apatite when incubated for 7 days
in SBF, indicating enhanced apatite-forming ability compared to that previously reported
for Ti subjected to NaOH-Cu(NO3)2-heat treatments. Furthermore, samples prepared
as described here showed enhanced antibacterial activity against E. coli and S. aureus
when subjected to visible-light irradiation. The increased antibacterial activity of these
samples under visible-light irradiation may be attributable to the generation of ·OH by
the samples. Together, these results suggest that Ti implants with reduced risk of peri-
implantitis following on-demand visible-light irradiation can be obtained by the H2O2-
Cu(OAc)2-heat treatments described here.
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Abstract: Addressing the growing problem of antifungal resistance in medicine and agriculture
requires the development of new drugs and strategies to preserve the efficacy of existing fungicides.
One approach is to utilize delivery technologies. Yeast particles (YPs) are 3–5 μm porous, hollow mi-
crospheres, a byproduct of food-grade Saccharomyces cerevisiae yeast extract manufacturing processes
and an efficient and flexible drug delivery platform. Here, we report the use of YPs for encapsulation
of tetraconazole (TET) and prothioconazole (PRO) with high payload capacity and stability. The
YP PRO samples were active against both sensitive and azole-resistant strains of Candida albicans.
The higher efficacy of YP PRO versus free PRO is due to interactions between PRO and saponifiable
lipids in the YPs. Encapsulation of PRO in glucan lipid particles (GLPs), a highly purified form of
YPs that do not contain saponifiable lipids, did not result in enhanced PRO activity. We evaluated
the co-encapsulation of PRO with a mixture of the terpenes: geraniol, eugenol, and thymol. Samples
co-encapsulating PRO and terpenes in YPs or GLPs were active on both sensitive and azole-resistant
C. albicans. These approaches could lead to the development of more effective drug combinations
co-encapsulated in YPs for agricultural or GLPs for pharmaceutical applications.

Keywords: yeast particles; glucan lipid particles; azole fungicides; drug resistance; terpenes;
microencapsulation; biocide; controlled delivery

1. Introduction

Antifungal drug resistance poses great challenges to agriculture, as well as veteri-
nary and public health [1–7]. Species belonging to Candida, Aspergillus, Pneumocystis
and Cryptococcus are among the most common fungal pathogens exhibiting drug resis-
tance [4,5,8]. There are four classes of antifungals used to manage and prevent fungal infec-
tions: (1) polyenes, which bind ergosterol and produce membrane pores, (2) echinocandins
that inhibit the synthesis of β-1,3-glucan, (3) pyrimidine analogs, which inhibit synthesis
of DNA and RNA, and (4) azoles that function by inhibiting sterol 14 demethylase and
reducing ergosterol levels in the plasma membrane [9]. Of these groups, azoles are the
primary class of fungicides for the prevention and effective treatment of fungal diseases
in plants, animals, and humans, and they are also widely used in cosmetics and material
preservation [3,10]. The extensive use of azole fungicides across different fields is due to
the broad-spectrum range of fungal targets and relatively low cost. Unfortunately, the
widespread use of azole fungicides and the similarities in chemical structure and mech-
anism of action of agricultural and medical azoles increases the emergence of resistant
pathogenic strains with potential crossover of resistant strains from environment to clinical
settings [2,3].

Addressing the challenges of antifungal drug resistance requires efforts to optimize
sustainable agricultural practices that minimize the application of antifungals, mitigation
of antifungal leakage to the environment, development of novel antifungal agents, and
strategies of drug repurposing and combination therapies [2,5,11]. Given the prominent
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role of the azole class of fungicides for treatment of fungal diseases in many fields, one
main research focus should be to preserve this class of antifungals for continued use in all
areas [2,5].

The strategies to reverse resistance to azole fungicides can include combination thera-
pies with compounds that either elicit antifungal effects or increase the pathogen suscep-
tibility to the original antifungal drug. In this context, naturally occurring compounds
are a primary source of bioactive materials with the potential to be used as chemosen-
sitizers in combination therapies with existing antifungals [12]. For example, natural
lignin was shown to reverse resistance to fluconazole in C. albicans though alteration of
the glycolytic pathway [13], and terpenoids, the naturally occurring compounds that con-
stitute the primary component of essential oils, can enhance the activity of fluconazole
and other antifungal drugs against Candida strains [11,14]. The possibility of reversing
antifungal resistance can provide the opportunity to resurrect the efficacy of existing,
cost-effective drugs.

Yeast particles (YPs) are 3–5 μm porous, hollow particles derived from Baker’s yeast
(Saccharomyces cerevisiae). We have developed the use of YPs as an efficient and flexible plat-
form for the encapsulation of a wide range of small molecules and macromolecules within
the hollow cavity of the particles for drug delivery and agricultural applications [15–26]. In
this article, we present the results of the encapsulation of the agricultural azole fungicides
tetraconazole (TET) and prothioconazole (PRO). These compounds were encapsulated in
YPs with high efficiency (>90%) and high payload loading capacity (1:1 w/w). The YP-
encapsulated PRO samples (YP PRO) were active against both sensitive and azole-resistant
strains of C. albicans. The higher efficacy of YP PRO compared to unencapsulated PRO
is due to the synergy between PRO and saponifiable lipids co-encapsulated in the YPs.
These YPs are suitable for agricultural applications but cannot be used in most parenteral
pharmaceutical applications due to their potential immunogenic effects. A highly purified
form of YPs, glucan lipid particles (GLPs), were used to encapsulate PRO. The GLPs lack
the saponifiable lipids of YPs and samples of GLP PRO are not active against azole-resistant
C. albicans. The synergy of co-encapsulating a mixture of terpenes (geraniol, eugenol,
thymol, GET 2:1:2 weight ratio) and PRO in both GLP and YP were evaluated, resulting
in both GLP and YP samples being active against sensitive and azole-resistant C. albicans.
The development of these yeast-particle-encapsulated fungicides has potential applications
to target antifungal resistance in agriculture (YP fungicides) and pharmaceutical (GLP
fungicides) applications.

2. Materials and Methods

Yeast particles (YPs) were purchased from Biorigin (Louisville, KY, USA). Technical-
grade prothioconazole and tetraconazole were supplied from Sipcam Oxon (Lodi, Italy)
and Eden Research plc (Oxfordshire, England), respectively. Terpenes (eugenol, thymol,
and geraniol) were procured from Penta Manufacturing (Livingston, NJ, USA). All other
reagents and solvents were obtained from Fisher Scientific (Waltham, MA, USA) or Sigma
Aldrich (St. Louis, MO, USA). Yeast peptone dextrose (YPD) was prepared from DifcoTM

yeast extract, DifcoTM Bacto peptone and dextrose (all materials obtained from Fisher
Scientific) at a composition of 1% yeast extract, 2% peptone and 2% dextrose w/v.

2.1. Synthesis of Glucan Lipid Particles (GLPs)

The glucan lipid particles were prepared from YPs following the method previously
reported for glucan particles (GPs) [15] but without the washing steps with organic solvents
to avoid removal of non-saponifiable lipids. Yeast particles (100 g) are suspended in 1 L
of 1M NaOH and heated to 85 ◦C. The cell suspension is stirred vigorously for 1 h at
this temperature. The insoluble material containing the yeast cell walls is recovered by
centrifugation (14,000 rpm, 30′). The pellet is then suspended in 1 M NaOH, heated, and
stirred vigorously for 1 h at 85 ◦C. The suspension is allowed to cool to room temperature
(20–25 ◦C) and the extraction is continued for a further 16 h. The insoluble residue is recov-
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ered by centrifugation, suspended in 500 mL of water and the pH of the particle suspension
is brought to pH 4.5 with HCl. The insoluble residue is recovered by centrifugation and
washed three times with water. The resulting slurry is placed in glass trays and dried under
reduced pressure to produce a fine light-yellow powder.

2.2. YP Loading of Tetraconazole (YP TET)

Dry YPs were mixed with water (1 μL water/mg YP) for 12–18 h at 4 ◦C to obtain a
uniform hydrated YP sample. Then, TET was added at weight ratios of 1:1 or 3:1 TET:YP
and incubated at room temperature (20–25 ◦C) for a minimum of 24 h to allow for complete
TET loading.

2.3. YP or GLP Loading of Prothioconazole (YP PRO or GLP PRO)

Dry YPs or GLPs were mixed with water (0.5 μL water/mg YP) for 12–18 h at 4 ◦C to
obtain a uniform hydrated YP or GLP sample. Then, PRO was absorbed into YPs or GLPs
by swelling the particles with a solution of 400 mg PRO/mL in acetone (2.5 μL acetone
solution/mg YP or GLP) and incubated at room temperature (20–25 ◦C) for a minimum of
24 h to allow for complete PRO loading. The sample was dried under reduced pressure
to remove solvent. To maximize loading of PRO into the hollow cavity of the particles,
the hydration and absorption steps were repeated with 0.5 μL water/mg YP and 2 μL
acetone/mg YP.

2.4. YP or GLP Co-Encapsulation of Terpenes and Prothioconazole

Samples co-encapsulating a mixture of terpenes—geraniol, eugenol and thymol (2:1:2
geraniol:eugenol:thymol, GET212)—and PRO were prepared following the procedure described
above for YP PRO using the GET212 mixture as solvent for PRO (0.5 μL water/mg YP, 1.1 mg
GET212/mg YP, 0.055 mg PRO/mg GLP or YP).

2.5. Characterization of Payload Loading Efficiency

Samples of YP TET and YP PRO were stained with Nile red to qualitatively assess
loading inside the hollow cavity of the particles by fluorescence microscopy of the en-
capsulated fluorescent fungicide-Nile red complex. Microscopy images were collected
with an Olympus BX60 upright compound fluorescent microscope (ex 550 nm/em 570 nm,
Olympus, Tokyo, Japan). Samples of YP- or GLP-encapsulated payloads (5–10 mg YP or
GLP) were weighed, suspended in 1 mL of water, centrifuged at low speed (3000 rpm for
5 min) and the supernatant was collected. The pellets were extracted with a mixture of 10%
water and 90% methanol (PRO and GET) or 10% water and 90% acetone (TET samples).
The azole fungicides and terpenes were quantified in both supernatant (unencapsulated
payload) and extracted pellets (encapsulated) by HPLC operated with 32 KaratTM software
version 7.0 (Beckman Coulter, Inc., Brea, CA, USA), using a Waters Symmetry® C18 column
(3.5 μm, 4.6 × 150 mm), flow rate of 0.8 mL/min, injection volume of 10 μL, detection by
absorbance at 210 nm. The isocratic mobile phase conditions were acetonitrile:water 70:30
for quantification of samples containing only TET or PRO, and acetonitrile:water 60:30 for
mixtures containing PRO and terpenes. The quantification of each payload was performed
by measuring the peak area and interpolating the concentration using a calibration curve.

2.6. Payload Release from YPs or GLPs

Samples were suspended in water at a concentration of 10 mg PRO or TET/mL, and
a set of samples were prepared by 10-fold serial dilutions down to a concentration of
0.01 mg PRO or TET/mL. The samples were incubated at 23 ◦C and aliquots were collected
at predetermined times, centrifuged and the supernatant collected to measure payload
released from the particles by HPLC.
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2.7. Antifungal Activity Assays against Sensitive and Azole-Resistant Candida albicans Strains

The antifungal activity of YP TET, YP PRO and GLP PRO samples was evaluated using
an azole-sensitive C. albicans strain (wild-type, WT SC5134), and the two azole-resistant
strains ATCC 11651 and White 1. The strain White 1 is a fluconazole-resistant clinical isolate
from Professor Theodore White’s laboratory (University of Missouri Kansas City) [27]. The
antifungal activity was evaluated using a modified published microplate assay procedure
previously described for the antimicrobial activity of YP-encapsulated terpenes [18,28]. The
minimum inhibitory concentration (MIC) was determined as the concentration of fungicide
that inhibits fungal growth, as measured by absorbance (650 nm), by more than 75%.

2.8. Checkerboard Microplate Assays

To characterize and quantify the antifungal activity of PRO, GET and the drug combi-
nations over a range of concentrations, these compounds (unencapsulated or encapsulated
in different YPs) were tested in a checkerboard 96-well plate format. To perform the assay,
100 μL of YPD was added to each well, followed by 100 μL of PRO or YP PRO to Rows A-H
of column 1. Next, 1:1 serial dilution were performed from column 1 down to column 11,
finally removing 100 μL from column 11. The second drug (GET or YP GET) was added to
Row A of columns 1–12, and 1:1 serial dilution were performed from Row A down to Row
G, finally removing 100 μL from Row G. Diluted C. albicans cells (100 μL, 106 cells/mL)
were added to all wells of the plate except H12. Initial (t = 0) and final (t = 18 h, 37 ◦C)
absorbance readings were taken at 650 nm. The minimum inhibitory concentration was
determined as the concentration that inhibits fungal growth as measured by absorbance by
more than 75%. Heat maps of growth inhibition were generated using GraphPrism v 9.0.
Contour plots (2D) and synergy calculations using zero interaction potency (ZIP) synergy
scoring were generated using the SynergyFinder R online tool (https://synergyfinder.org,
accessed on 14 March 2024) [29,30].

2.9. Statistical Analysis

All experiments were conducted with a minimum of three replicates and the reported
data correspond to average values with standard deviation. For all two-group comparisons,
a two-tailed Student’s test was used.

3. Results

3.1. Yeast Particle Encapsulation of Azoles

Yeast particles (YPs) are hollow, porous microparticles (3–5 μm) derived from Baker’s
yeast [31]. The porous cell wall structure makes these particles excellent absorbent materi-
als. We have previously demonstrated the high loading capacity of terpene encapsulation
inside the hydrophobic cavity of YPs prepared by the passive diffusion of terpene through
the porous cell walls of YPs [18,19]. Here, two loading methods were used for the en-
capsulation of azole fungicides, and the selection of the method for each payload was
based on the physical state of the payload at room temperature (see Table 1 for chemical
properties relevant to the selection of loading method in YPs). The first method (Figure 1A)
is the solvent-free method previously used for encapsulation of terpenes [18,19]. This
approach requires only a minimum volume of water to hydrate the pores of YPs, and then a
payload with a high octanol/water partition coefficient (log P) that is a liquid or oil at room
temperature (e.g., TET) is loaded by passive diffusion into the hydrophobic cavity of the
particles. This is a very efficient method that does not require the use of organic solvents.
The second method (Figure 1B) requires hydration of the YPs in a minimum volume of
water followed by absorption of a highly concentrated solution of the payload in an organic
solvent (e.g., PRO in acetone at 400 mg/mL). A minor disadvantage of this second method
is the need to include steps for solvent removal.
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Table 1. Chemical structures of tetraconazole (TET) and prothioconazole (PRO) and their chemical
properties relevant for the selection of loading method in YPs: TET can be loaded following a
solvent-free method, and PRO can be loaded in YPs using acetone as the loading solvent.

Tetraconazole (TET) Prothioconazole (PRO)

Chemical structure

Log P 3.56 4.05
Melting point (◦C) 6 139–144
Solubility in water 150 mg/L 22 mg/L

Solubility in acetone - 440 mg/mL 1

1 All property values are from PubChem [32], except for the solubility of PRO in acetone (solubility value was
determined in our laboratory).

Figure 1. Schematics of two methods for loading of fungicides in yeast particles: (A) solvent-free
loading method and (B) loading of payload in an organic solvent.

Encapsulation of both fungicides was achieved with high efficiency, as determined
quantitatively by HPLC analysis and qualitatively by microscopic Nile red staining, which
allows for visualization of the payload loaded inside the hollow cavity of YPs (Figure 2). The
solvent-free loading method was also used to prepare hyper-loaded TET samples similar to
our previously reported hyper-loaded YP terpenes [18]. Samples with a 3:1 TET:YP ratio
were produced with >90% TET encapsulation efficiency (Supplementary Materials).

The process of sustained fungicide release from YPs is based on diffusion of the
payload of the particles and is a function of payload solubility in water. The encapsulation
stability of the samples was evaluated by incubation of YP TET or YP PRO samples diluted
at different fungicide concentrations in water. The results in Figure 3 show that YP TET
remains stably encapsulated at 1 mg TET/mL (>80% TET inside YPs after 24, no burst
release of TET in an emulsified form), but it is rapidly released upon dilution to 0.1 mg
TET/mL (~20% TET inside YPs after <1 h). PRO is less water soluble than TET, and PRO
remains stably encapsulated in YPs at 1 and 0.1 mg PRO/mL and releases the payload
upon dilution at 0.01 mg PRO/mL.
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Figure 2. Encapsulation efficiency and microscopy images showing Nile-red-stained fungicides
inside the cavity of YPs: (A) tetraconazole and (B) prothioconazole. Both compounds were loaded at
a target weight ratio of 1:1 fungicide:YP.
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Figure 3. Kinetics of free and YP-encapsulated TET (Tetraconazole (A)) and PRO (prothioconazole
(B)) released over time following dilution of YP fungicide samples in water at different fungicide
concentrations and incubation at 23 ◦C.

3.2. Antifungal Activity of YP Azoles

The antifungal activities of YP TET and YP PRO were evaluated in vitro against an
azole-sensitive (wild-type) and two azole-resistant (White 1 and ATCC 11651) C. albicans
strains. The results in Table 2 show that YP TET and YP PRO are more effective than the cor-
responding unencapsulated fungicide controls on both sensitive and azole-resistant strains.
The ratio of active concentrations (MIC 75%) between the unencapsulated and encapsulated
samples plotted in Figure 4 illustrates the enhanced effect of delivering the fungicides in
YPs. Samples of YP TET were ~2.5 to 8 times more effective than unencapsulated TET
(i.e., the MIC 75% of YP TET is ~2.5 to 8 times lower than MIC 75% of the unencapsulated
TET) and YP PRO samples were six times more effective than unencapsulated PRO on
sensitive C. albicans strain and 20–25 times more effective on azole-resistant strains.
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Table 2. In vitro antifungal activity of YP PRO 1:1, unencapsulated (free) PRO suspension, unencap-
sulated PRO mixed with empty YPs and negative empty YP control on a susceptible (wild-type) and
two azole-resistant Candida albicans strains. The MIC results represent the average of six replicate
experiments. Statistically significant results were obtained between the paired samples indicated
with letter superscripts (A p < 0.005; B–E p < 0.01; F–J p < 0.05).

Sample

Minimum Inhibitory Concentration (MIC 75%) in μg PRO/mL on
Wild-Type and Azole-Resistant Candida albicans Strains

Wild-Type White 1 ATCC 11651

YP TET 1:1 10 ± 6 B 18 ± 11 11 ± 6 F

Unencapsulated TET 44 ± 17 B 44 ± 26 60 ± 21 F

YP PRO 1:1 12 ± 4 C,D 19 ± 7 A,I,J 12 ± 5 G

Unencapsulated PRO 75 ± 28 C,H 375 ± 161 A,E,J 302 ± 108 G

Unencapsulated PRO + empty YP 87 ± 34 D,E 400 ± 137 A,E,J 302 ± 118

Empty YP Not active Not active Not active

Figure 4. Effect of YP encapsulation on antifungal activity of azole fungicides reported as the ratio of
the MIC 75% of unencapsulated and YP-encapsulated samples (statistically significant results were
obtained between the paired samples, * p < 0.1, ** p < 0.05).

The improvement of YP fungicides over unencapsulated fungicides on the azole-
sensitive strain is likely due to the delivery of a more homogeneous YP fungicide sus-
pension than the unencapsulated PRO powder suspension or TET oil mixture in YPD.
This effect was previously observed for YP-encapsulated terpenes, with the encapsulated
terpenes exhibiting a four-fold enhancement of antimicrobial activity compared to the
unencapsulated compounds [18].

The effect of YP encapsulation on azole-resistant strains is significantly higher for
PRO than for TET due to the strains not being highly resistant to unencapsulated TET.
Further efforts of this investigation were focused on the YP PRO samples. Empty YPs were
evaluated at the same YP concentrations as YP-PRO samples to confirm that the empty
particles lack fungicidal activity. Empty particles admixed with unencapsulated PRO were
also evaluated to determine if the enhanced effect on azole-strains can be obtained without
the need for PRO encapsulation in YPs. The admixed samples have similar MIC 75% values
as unencapsulated PRO for wild-type and White 1 strains and are only 2.5 times more
active against the ATCC 11651 strain.
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We hypothesized that the enhanced activity of YP PRO on azole-resistant strains
was due to the presence of saponifiable lipids in YPs that could improve solubilization of
PRO and uptake into the target pathogen. Improvement of physicochemical properties,
such as solubility of fungicides to increase interaction with pathogens is critical to the
development of novel fungicide formulations [33]. To confirm this hypothesis, PRO was
encapsulated in glucan lipid particles (GLPs). GLPs are a highly purified form of YPs that
retain non-saponifiable lipids necessary for the loading of hydrophobic payloads into the
hollow cavity of the particles but lack the saponifiable lipids of YPs that could improve
solubilization and release of hydrophobic payloads. Samples of GLP PRO were prepared
following the same procedure as with YPs, and encapsulation at a target 1:1 PRO:GLP ratio
was achieved with >90% efficiency (Supplementary Materials).

The C. albicans growth response curves (Figure 5) with unencapsulated PRO and
PRO encapsulated in YPs or GLPs show that encapsulation of PRO in GLPs inhibits PRO
activity on the wild-type strain compared to unencapsulated PRO or YP PRO, and that
GLP PRO has similar activity as unencapsulated PRO on azole-resistant/strains. These
results support the hypothesis that the saponifiable lipid fraction present in YPs is largely
responsible for enhancing the activity of PRO on azole-resistant strains.

Figure 5. Candida albicans growth response curves with unencapsulated PRO and PRO encapsulated
in YPs or GLPs.

The effect of YP PRO on azole-resistant strains requires further investigation on agri-
cultural fungal pathogens. The use of YPs is suitable for agricultural applications but is not
acceptable for parenteral pharmaceutical applications. The GLPs are suitable for pharmaceu-
tical development, but it will be necessary to improve the activity of GLP fungicide samples
by co-encapsulation with a sustained release agent to maximize formulation effectiveness.

We next focused on evaluating the possible synergy on azole-resistant strains by
co-encapsulation of PRO and terpenes in YPs and GLPs.

3.3. Evaluation of Synergy of Prothioconazole and Terpenes Encapsulated in Yeast Particles and
Glucan Lipid Particles against Azole-Resistant C. albicans

As previously published, the encapsulation of mixtures of the terpenes geraniol,
eugenol and thymol (GET 2:1:2 weigh ratio) in YPs has been successfully implemented to
develop and commercialize a fungicide product and mixtures of the terpenes geraniol and
thymol as a nematicide product for agricultural applications [19,34]. A potential benefit of
terpenes is that, given their generalized and multiple mechanisms of activity that evolved
over millennia as plant defense molecules, terpenes are extremely difficult to make resistant
to target pathogens. The combination of terpenes with antifungals (e.g., fluconazole) has
been shown to act synergistically to overcome antifungal resistance [11,13,14].

The synergistic effects of PRO and GET212 were evaluated by conducting checker-
board MIC assays with unencapsulated and YP-encapsulated samples on the C. albicans
strains. The heat maps in Figure 6 illustrate the inhibition activity of the different PRO and
GET212 concentrations evaluated in the checkerboard assay. The results indicate that the
YP PRO and YP GET212 samples are more potent (i.e., high % inhibition at low doses) than
unencapsulated samples on the three Candida strains.
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Figure 6. Heat maps showing effect of unencapsulated GET 212 and unencapsulated PRO (heat
maps (A–C)), and YP GET 212 and YP PRO (heat maps (D–F)) on growth inhibition of sensitive and
azole-resistant C. albicans strains.

To assess if there is a synergistic effect between PRO and GET, the inhibition response
from checkerboard assays was analyzed by ZIP synergy scoring generated using the Syn-
ergyFinder R online tool. The ZIP model captures interactions between two drugs by
comparing the change in the potency of the inhibition response curves between the in-
dividual drugs and their combinations. The 2D contour plots in Figure 7 show the ZIP
scoring values for the different free drug and YP-encapsulated drug checkerboard combi-
nations on the three C. albicans strains. The interaction between the drugs is antagonistic
for ZIP scores < −10, additive for score values between −10 and +10, and synergistic for
ZIP scores > +10. The analysis of these 2D contour plots indicates that the unencapsulated
PRO and GET212 primarily have an additive effect on wild-type C. albicans, and there is
a concentration range that shows synergy in both azole-resistant strains (2.4 to 39.9 μg
PRO/mL and 195.3 to 500 μg GET212/mL). The synergistic concentration range is at lower
concentrations of PRO (1.2 to 9.8 μg/mL) and GET212 (24.4 to 146.5 μg/mL) when encap-
sulated in YPs, and the encapsulated samples show synergy on all three Candida strains.
The improved synergy effect of YP-encapsulated samples compared to unencapsulated
compounds is due to the production of a more homogenous YP drug suspension. The effect
of YP encapsulation was also observed in the fungicidal results on wild-type C. albicans
(Table 2) and previous work on the development of hyper-loaded YP terpenes [18]. The
optimization of unencapsulated fungicide and terpenes will require a completely differ-
ent formulation approach to identify proper ratios, solvent and surfactant conditions to
produce a stable emulsion-based delivery system.

Next, we proceeded to prepare samples co-encapsulating PRO and GET212 at a ratio
of 20:1 GET212:PRO in both YP and GLPs. The selected ratio corresponds to the ratio of
the maximum YP PRO and YP GET212 concentrations showing synergy in the 2D contour
analysis shown in Figure 7.
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Figure 7. Two-dimensional contour plots showing synergy scores of unencapsulated GET212 and
PRO (top (A–C)), and YP GET212 and YP PRO (bottom (D–F)). ZIP synergy scoring and 2D contour
plots were generated using SynergyFinder R online tool (https://synergyfinder.org, accessed on
14 March 2024).

YP and GLP samples co-encapsulating PRO and GET212 were prepared using GET212
as a loading solvent for PRO (Figure 8A) at a target weight ratio of 0.055:1.1:1 PRO:GET212:YP
or GLP. The ratio of GET212:YP or GLP is the same that we have previously used to prepare
YP GET212 for the development of a fungicide product for agricultural applications [18,19].
The ratio of PRO:GET212 of 1:20 is based on the synergy calculations results described
above. Both payloads were efficiently encapsulated in GLPs and YPs (Figure 8B). YP and
GLP samples encapsulating PRO alone or in combination with GET212 were evaluated for
kinetics of PRO release. Unexpectedly, the results in Figure 8C show that the addition of
GET212 slows the release of PRO from both YP and GLP, even at a concentration 2× below
the maximum solubility of PRO in water.

The samples co-encapsulating PRO and GET212 were evaluated for antifungal activity
in microdilution assays. The results in Table 3 show that YP PRO and YP PRO GET212
have similar MIC 75% for PRO on sensitive and azole-resistant strains, but the activity
of YP PRO GET212 is achieved with samples encapsulating <5% w/w PRO compared
to the 50% w/w in YP PRO samples. Further, GLP PRO samples (1:1 PRO:GLP ratio)
require high PRO concentrations on all strains, but samples co-encapsulating PRO with
GET212 show improvement of PRO activity on sensitive and azole-resistant strains with
MIC 75% values, similar to those of YP PRO and YP PRO GET. The MIC 75% ratio of
unencapsulated and encapsulated PRO plotted in Figure 9 clearly illustrates a 20–40-fold
improvement of YP encapsulation over unencapsulated PRO on azole-resistant strains
and YP or GLP encapsulation in combination with terpenes (50–85-fold improvement).
Although the results in Figure 7C indicate that GET212 does not improve solubilization of
PRO, it is possible that GET212 released from the particles permeabilizes the C. albicans cell
membrane or wall, allowing for improved uptake of PRO.
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Figure 8. (A) Schematics of GET 212 and PRO co-encapsulation in YPs and GLPs, (B) GET212 and
PRO encapsulation efficiency in YPs and GLPs in samples prepared at 0.055:1.1:1 PRO:GET 212:YP or
GLP weight ratio, and (C) PRO release in water at 37 ◦C from control YP and GLP particles containing
only PRO and samples co-encapsulating PRO and GET; samples were diluted at 0.05 mg PRO/mL
(~2.3× higher concentration than maximum solubility of PRO in water) and at 0.01 mg PRO/mL
(~2.2× lower concentration than maximum solubility of PRO in water).

Table 3. In vitro antifungal activity of unencapsulated (free) PRO suspension, particles encapsulating
GET or PRO, and particles co-encapsulating both payloads at 0.055:1.1:1 PRO:GET212:particle weight
ratio on a susceptible (wild-type) and two azole-resistant C. albicans strains. The MIC results represent
the average of six replicate experiments. Statistically significant results were obtained between the
paired samples indicated with letter superscripts (A–J p < 0.005, K p < 0.01, L–P p < 0.05).

Sample

Dry Weight Composition
Minimum Inhibitory Concentration (MIC 75%) in μg/mL on

Wild-Type and Azole-Resistant Candida albicans Strains

%PRO %GET %YP
Wild-Type White 1 ATCC 11651

PRO GET PRO GET PRO GET

Free PRO 100 - - 78 ± 38
L,M,N - 500 ± 2

B,C,D,E - 417 ± 129
G -

YP GET - 52.4 47.6 - 330 ± 16 - 327 ± 17 - 327 ± 17

YP PRO 1:1 50 - 50 11 ± 4 A,M - 16 ± 1
A,D,K - 10 ± 5 H -

YP GET PRO 2.6 51 47.4 3.9 ± 0.1 L 82 ± 4 6 ± 2 B 121 ± 41 6 ± 2 G,I,P 121 ± 39

GLP PRO 50 - 50 200 ± 68
A,N,O - 175 ± 68

E,F,K - 333 ± 12
H,I,J,P -

GLP PRO GET 2.6 51 47.4 8 ± 1 O 164 ± 8 6 ± 2 C,F 121 ± 39 8 ± 6 J 173 ± 112

160



J. Funct. Biomater. 2024, 15, 203

En
ha
nc
em
en
t
Fa
ct
or

M
IC
un
en
ca
ps
ul
at
ed
/M
IC
YP
en
ca
ps
ul
at
ed

Figure 9. Effect of YP or GLP encapsulation on activity of prothioconazole, reported as the ratio
of the MIC 75% of unencapsulated PRO and YP- or GLP-encapsulated PRO samples. Statistically
significant results were obtained between the paired samples indicated with letter superscripts (A–E
p < 0.005, F–H p < 0.01, I–R p < 0.05).

4. Discussion

Yeast particles offer several advantages as delivery vehicles, such as high payload
loading capacity in the hollow cavity of the particles, payload protection from environmen-
tal stresses, biocompatibility, biodegradability, and possibility of controlled payload release.
Additionally, highly purified forms of YPs developed for pharmaceutical applications pro-
vide for receptor-mediated targeted delivery to macrophages and dendritic via interaction
of the of β-1,3-d glucan on the particle surface with cellular glucan receptors.

The encapsulation of hydrophobic payloads in YPs occurs by passive diffusion through
the YP shell into its hydrophobic interior. This has been previously demonstrated for
the efficient encapsulation of terpenes. Here, we show results of high payload loading
capacity following the same solvent-free loading method as terpenes for the fungicide
tetraconazole and the loading of prothioconazole using a suitable organic solvent for
loading in YPs by a diffusion method. The YP TET and YP PRO samples prepared at 1:1
PRO or TET:YP weight ratios can be used to generate stable YP suspensions at 150 g YP/L
of YP fungicide (15% w/v). These loading levels are higher than typical concentrations of
TET in commercial products (e.g., 11.6% TET in Eminent 125 from Isagro [35]). Commercial
PRO products like 4LSelect™ from Albaugh or Proline from Bayer Crop contain 41% TET
w/v [36]. Although the 15% PRO in a formulation at 150 g YP/L is lower than commercial
products, the preparation of YP PRO formulations has the advantages of eliminating the
use of surfactants, the potential targeting of azole-resistant strains and reduction in PRO
dosage by co-encapsulation with compounds like terpenes that exhibit a synergistic effect
with PRO.

The release of fungicide from YP is based on diffusion out of the particles and is a
function of the payload solubility in water. Both TET and PRO remain stably encapsulated
in YP fungicide aqueous suspensions above the maximum solubility of the fungicide in
water and release upon dilution below the maximum solubility of the fungicide in water
(Figure 3). This encapsulation stability and diffusion-based release process is similar to
the previously developed and commercialized YP terpene formulations for agricultural
applications and is the basis for sustained active release.

161



J. Funct. Biomater. 2024, 15, 203

The encapsulated TET and PRO samples exhibit slightly better activity than unen-
capsulated TET or PRO on azole-sensitive C. albicans and 5–20-fold better activity on
azole-resistant strains (Table 2, Figure 4). The reduction in MIC for both YP TET and YP
PRO on the azole-sensitive strain is likely due to delivering a more homogeneous fungicide
suspension in YPs than the unencapsulated samples. The effect on azole-resistant strains
was significantly higher (>10-fold enhancement) for PRO samples than TET, as none of the
C. albicans strains used in this study showed strong resistance to unencapsulated TET, and
further work evaluating the effect of YP encapsulation was focused on PRO samples. The
enhanced activity of PRO in YP PRO samples is likely due to the interaction of PRO with
saponifiable lipids in YPs that could improve PRO release from YPs and uptake into the
C. albicans strains. The effect of the saponifiable lipids in YPs was confirmed by encapsula-
tion of PRO in GLPs, a highly purified form of YPs that do not contain these saponifiable
lipids. The growth inhibition dose response curves (Figure 5) show reduced activity of GLP
PRO on both sensitive and azole-resistant strains compared to unencapsulated PRO or YP
PRO samples.

The use of GLPs is critical for encapsulation of hydrophobic payloads for pharma-
ceutical applications. To trigger PRO release from GLPs and potentially target PRO to
azole-resistant strains, we evaluated the combination of terpenes (GET212) with PRO. There
are several advantages of using terpenes as chemosensitizers for antifungal application,
such as (1) terpenes being natural compounds, (2) possessing antifungal activity but not at
low enough concentrations like antifungal drugs, and (3) the main functions of terpenes be-
ing to permeabilize the cell wall and disrupt the fungal stress response, which can result in
an additive or synergistic interaction with the primary antifungal drug [12]. Checkerboard
assays of unencapsulated PRO and GET212 or YP-encapsulated drugs indicate that there is
a synergistic effect between PRO and the GET212 terpene mixture at weight ratios from
10:1 to 20:1 GET212:PRO. Samples co-encapsulating GET212 and PRO at a 20:1 ratio in YPs
or GLPs are active on sensitive and azole-resistant strains. The combination of GET212 and
PRO offers the advantages of (1) ~10-fold reduction in the PRO weight content required
for encapsulation (50% in YP PRO, 5.5% in YP or GLP PRO GET) and (2) overcomes the
limitation of GLP PRO not being active due to the lack of saponifiable lipids, as the GET212
mixture improves PRO activity. The release kinetics results (Figure 8C) show that GET212
inhibited PRO release from YP or GLP PRO GET212 compared to YP or GLP PRO. These
results do not correlate with the improved activity of YP and GLP PRO GET on C. albicans.
It was expected that GET would improve PRO release from the particles and uptake by
the target strains. However, it is possible that both payloads do not have to release from
particles simultaneously to show synergy—a two-step mechanism could be taking place
with (1) GET releasing faster from particles and disrupting C. albicans cell wall membrane
and (2) PRO releasing slower and getting taken up by C. albicans due to a leaky membrane.

The methods developed to encapsulate PRO and TET in YPs or the combination
of PRO and GET212 in YP and GLPs could be used for other synergistic antimicrobial
hydrophobic drug combinations. The development of these materials is significant for
the use of antimicrobial YP and GLP compositions for agricultural and pharmaceutical
applications to combat the growing problem of drug-resistance.

5. Conclusions

Yeast particles can be used for the encapsulation of fungicides with high payload
loading capacity, encapsulation efficiency and encapsulation stability. The presence of
saponifiable lipids in YPs enhanced the activity of encapsulated PRO on azole-resistant
C. albicans strains (YP PRO is >10-fold more active than unencapsulated PRO). The com-
bination of PRO and terpenes (GET212) at a ratio of 20:1 GET212:PRO encapsulated in
YPs or GLPs shows synergistic activity on both sensitive and azole-resistant C. albicans
strains. These YP and GLP PRO GET212 combinations possess properties of interest for
the development of YP and GLP materials for the targeting of fungal drug resistance in
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agricultural and pharmaceutical applications. The methods presented in this paper can be
further investigated for other antimicrobial applications targeting drug resistance.

6. Patents

Hyperloaded Yeast Cell Wall Particle and Uses Thereof, G.R. Ostroff, E.R. Soto and F.
Rus. US Patent App. 63/346,012. 26 May 2022.
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Abstract: Divalent cations have captured the interest of researchers in biomedical and dental fields
due to their beneficial effects on bone formation. These metallic elements are similar to trace elements
found in human bone. Strontium is a divalent cation commonly found in various biomaterials. Since
strontium has a radius similar to calcium, it has been used to replace calcium in many calcium-
containing biomaterials. Strontium has the ability to inhibit bone resorption and increase bone
deposition, making it useful in the treatment of osteoporosis. Strontium has also been used as a
radiopacifier in dentistry and has been incorporated into a variety of dental materials to improve their
radiopacity. Furthermore, strontium has been shown to improve the antimicrobial and mechanical
properties of dental materials, promote enamel remineralization, alleviate dentin hypersensitivity,
and enhance dentin regeneration. The objective of this review is to provide a comprehensive review
of the applications of strontium in dentistry.

Keywords: strontium; dentistry; radiopacity; regeneration; hypersensitivity; antibacterial

1. Introduction

Strontium (Sr) belongs to group 2 of the periodic table and has two electrons in its
valence shell. It loses two electrons to become Sr2+, a divalent cation, after the formation of
strontium compounds. These compounds have been used in dental materials for a long
time. Strontium was discovered in Strontian, a village in Scotland, in 1790, and successfully
isolated in 1808 by Davy [1,2]. With an atomic number of 38 and atomic mass of 87, Sr is
classified as an alkaline earth metal in the periodic table, belonging to the same group as
calcium (Ca) [3]. It is widely available and constitutes approximately 0.02–0.03% of the
Earth’s crust. Due to strontium’s chemical similarity to Ca, fruits and vegetables absorb
it from the soil [4]. As a result, the Sr content in our diet reflects the level found in the
soil, albeit at a relatively low concentration compared to Ca. For every 1 mg of Sr, there
is 125 mg of Ca [5]. The ratio of Ca to Sr in bodily tissues and fluids mirrors that of the
dietary intake [6]. Although Sr is not considered an essential element from a biological
standpoint [4], it comprises about 320 mg of the human body and is found in trace amounts
in teeth [7]. Our daily intake of Sr ranges from 2.1 to 2.4 mg, primarily from food and water
sources [8].

In 1870, Papillon made a significant discovery regarding the biological role of Sr
through an in vitro study. After feeding Sr to a pigeon, the analysis demonstrated that it
can naturally incorporate into bone [9] through ion exchange with Ca [10,11]. The bone-
seeking property of Sr led to further investigations into its systemic effects, revealing that,
similarly to Ca, Sr has the ability to influence cardiac contractility, modulate parathyroid
secretions, trigger uterine contractions, and incorporate into tooth structure [12,13]. Despite
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the isomorphism of Sr hydroxyapatite and Ca hydroxyapatite, hydroxyapatite crystals
show a preference for Ca ions over Sr ions due to the Sr ion being bigger (1.13 Å) than
Ca (0.99 Å) [14]. Due to its similarity with Ca, Sr has been used as a substitute in many
Ca-containing compounds [14–16].

Interestingly, the benefits of Sr have expanded its applications in dentistry. Stron-
tium is commonly used as a radiopacifier in restorative materials [17], an antimicrobial
agent in combination with fluoride [18], and for alleviating dentin hypersensitivity when
incorporated in some dentifrices [19]. Furthermore, Sr has been found to stimulate the
osteo/odontogenic differentiation of mesenchymal stems cell and human dental pulp stem
cells [20,21]. In dental materials, Sr is incorporated in various formulations such as Sr oxide,
Sr carbonate, Sr chloride, Sr acetate, and Sr fluoride. It is also used as a substitute for Ca in
numerous biomaterials.

Considering the significant benefits of Sr in different dental and biomedical applica-
tions and the lack of literature reviews that discuss all the applications of strontium in
dentistry (Figure 1), this review aimed to provide a comprehensive overview of the uses
and benefits of strontium, the mechanisms of its biological interaction, and its applications
in dentistry.

Figure 1. Applications of strontium in dentistry.

2. Radiopacifying Properties of Strontium Compounds

Strontium compounds have been widely used to improve the radiopacity of various
materials. Ideally, dental materials should have sufficient radiopacity to be detected by
X-ray during dental inspection and distinguished from adjacent carious tooth structure [22].
According to ISO standards and ADA recommendations, the minimal radiopacity of a
1 mm material should be equivalent to 1 mm of aluminum [22,23]. Strontium, a heavy
metal with an atomic mass of 87.62 [3], has a higher density (Figure 2) and consequently
higher radiopacity when detected by X-ray [24].

Strontium also has a low systemic toxic effect [25], making it an appropriate element
for enhancing the radiopacity of many dental materials. Due to its similarity with Ca, Sr
has the capability to replace Ca in dental materials [25]. In the 1980s, a patent was filed
defining Sr as a radiopacifying agent in glass [26], which is utilized as a filler in dental
resin composite restorative materials. In addition, Sr was added to glass ionomer cement
to replace some of the Ca and act as a radiopacifying element. It is noteworthy that the
incorporation of Sr did not adversely affect the visual opacity of glass ionomer cement [22].
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Figure 2. Strontium properties and calcium replacement.

Similarly, incorporating Sr fluoride as a radiopacifying agent in MTA endodontic cement
and calcium silicate cement has been shown to significantly enhance radiopacity [24,27]. In
a study investigating the impact of incorporating Sr into Biodentine, it was observed that
higher radiopacity and compressive strength were achieved with a high fluoride + Sr bioglass
modification, although this modification also resulted in an extended setting time [28]. In
the context of dental adhesive systems, the inadequate opacity can make it challenging to
identify secondary caries radiographically. One study addressed this issue by adding Sr to
adhesive resin, which increased the resin’s opacity without significantly affecting the degree
of conversion or Young’s modulus [29]. Another study found that the radiopacity of glass
ceramics was enhanced with the addition of Sr, attributed to the precipitation of Sr fluorapatite
crystals in the structure, instead of calcium fluorapatite, due to the larger ion and higher atomic
mass of Sr2+ compared to Ca2+ in the apatite crystal [30]. Additionally, incorporating Sr
carbonate into calcium phosphate cement has been shown to significantly improve radiopacity
compared to using calcium phosphate alone [31].

3. Antimicrobial Effects of Strontium Compounds

Strontium compounds have demonstrated varying antibacterial effects against differ-
ent bacterial strains, making them suitable for enhancing the antimicrobial properties of
medical devices. These compounds can inhibit bacterial growth, impede the permeability
of the cytoplasmic membrane, and slow the replication of bacterial chromosomes and cell
metabolism [32,33]. In recent years, Sr has been incorporated into dental and orthopedic
biomaterials to minimize the risk of secondary caries in dental restorations [34]. It has also
been used in injectable bone cement for minimally invasive delivery of antimicrobials in
vertebral compression fractures, aiming to inhibit microbial contamination and prevent
implant-related infections [35]. Furthermore, Sr-coated implants have been explored for
the prevention of peri-implantitis [36].

In dental restorations, the antimicrobial function provided by the restorative material
is beneficial in reducing pulpal damage and improving durability of the restoration. Sr-
containing glass ionomers have been developed commercially, where Sr ions effectively
replace Ca in the composition. In this type of restoration, Sr can be used as a substitute for
Ca by incorporating SrO and SrF2 instead of CaO and CaF2 in the glass-forming mixture [22].
These components are usually insoluble in neutral environments, but in acidic conditions
due to oral bacteria, Sr ions are released in greater quantities, exerting antimicrobial effects
against bacterial pathogens [37].

Microbiological analysis of secondary caries biofilm has identified that Streptococcus
mutans and Actinomyces are dominant microflora, followed by porphyromonas gingivalis [38].
Glass ionomer cements containing Sr exhibited significant antibacterial activity against
Streptococcus mutans (ATCC 25175) and Actinomyces viscosus (ATCC 19246), with Sr contribut-
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ing particularly to the antibacterial activity against A. viscosus [33]. However, several inves-
tigated cements had no detectable antibacterial action against this species. The antibacterial
activity of Sr-substituted bioglass on Porphyromonas gingivalis and A. actinomycetemcomitans
was also investigated, and it was found that the antimicrobial activity increased consider-
ably as Sr substitution increased from 0% to 100% [39].

Furthermore, research on injectable Sr-releasing bone cements based on bioglass and
polyacrylic acid demonstrated a significant bactericidal effect on Staphylococcus aureus
(NCIMB6571) and Streptococcus faecalis (NCIMB775) [35]. However, Dabsie et al. found
that Sr has no inherent antibacterial properties, suggesting that its synergistic reaction with
fluoride may enhance the antibacterial activity of dental restorations [40]. The proposed
mechanism of antibacterial action of Sr could be due to interference with membrane stability,
cellular proteins, and enzymes, as well as the formation of reactive oxygen species that
cause severe cell damage [36]. It is also predicted that Sr facilitates fluoride entry by
disrupting microbial cell membranes, thereby boosting its effect. Furthermore, as a divalent
cation, Sr can alter the composition and structure of dental biofilm by interacting with
exopolysaccharides (EPS) [41]. In conclusion, there is no clear consensus on whether Sr has
an inhibitory effect on bacteria. However, it is suggested that the Sr2+ ion has a synergistic
effect with F- in inhibiting bacterial activity.

4. Enamel Remineralization with Strontium Compounds

The remineralization of enamel is a natural, spontaneous healing process primarily
based on the deposition of Ca and phosphate ions present in saliva, forming a new layer
on the demineralized enamel surface. Modern caries management strategies are designed
to prevent and halt the progression of caries [42]. The role of Sr in managing dental caries
has been investigated for decades. However, the published data have shown conflicting
results regarding whether Sr alone has a remineralizing effect or if its action is synergistic
when combined with fluoride [42–46]. The discrepancies in the findings may be attributed
to variations in the concentrations and compounds used. Epidemiological research has
linked Sr to a lower prevalence of caries [47].

A study conducted by Thuy et al. [48] showed that using a remineralization solution
with 10 ppm Sr resulted in the highest rate of mineral gain compared to other Sr concen-
trations. However, this study did not compare the mineralizing solutions with a control
solution without Sr. Similarly, Wang et al. [49] incorporated different Sr concentrations into
an acidic solution containing enamel samples and assessed the effect on enamel deminer-
alization. They found that Sr ions at a concentration of 10-2 M could reduce the erosive
acidic effect on enamel, leading to less reduction in enamel hardness and phosphorus ion
dissolvement compared to acidic solutions without the Sr ions. However, Yassen et al. [47]
explored the remineralizing potential of low concentrations of Sr (10, 15 ppm), and found
that Sr at a concentration of 10 ppm could remineralize enamel only when combined with
fluoride. The same study also suggested that F might be the major cause of remineralization.
The integration of fluoride and Sr was proposed to reduce apatite solubility and improve
crystallinity in enamel [50].

Another possibility is that carrying fluoride in an uncharged complex with Sr increases
the diffusion rate of fluoride through enamel [51]. Studies investigating the remineralizing
potential of different concentrations of F alone and in combination with 10 ppm Sr revealed
that the enamel remineralization was significantly enhanced with the incorporation of Sr at
0.1 and 0.05ppm F concentrations, suggesting a synergistic enhancement in remineralization
due to the interaction between Sr and fluoride [52]. Furthermore, toothpaste containing Sr
has been found to increase the Sr content in enamel and reduce enamel solubility, suggesting
that the positively charged Sr forms a layer on enamel known as the stern layer, which can
mitigate the effects of citric acid [53].

One study substituted Ca in nano-hydroxyapatite with Sr to address issues related to
large crystals, acid reactivity, and material strength. This substitution resulted in increased
crystallinity and reduced particle size, which facilitated diffusion through small carious
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lesions and white-spot areas, ultimately leading to improved enamel remineralization [54].
Similarly, Rajendran et al. [55] synthesized Sr-substituted nano-hydroxyapatite in a paste
form for better handling and observed enhanced enamel remineralization. Another inter-
esting study by Dai et al. [56] examined the effect of Sr-doped bioactive glass and fluoride
on apatite crystal formation during mineralization. The study demonstrated that Sr could
replace Ca in the hydroxyapatite crystal lattice, forming an Sr–hydroxyapatite that is bioac-
tive and can bond easily to bony tissues. The formation of two phases, Sr–hydroxyapatite
and Sr–fluorhydroxyapatite, was observed, which exhibited greater chemical stability and
resistance to dissolution. The study also noted that the larger radius of Sr compared to
Ca led to the formation of distorted crystals, but at the low Sr concentration used in their
study, this distortion was not observed. The presence of F further enhanced the stability of
the structure. The study by Dai et al. highlighted the potential formation and stability of
Sr–hydroxyapatite. However, it should be noted that in vitro models do not fully mimic
the oral environment. Future research is recommended to determine the exact effect of
Sr on remineralization and whether F plays a key role in the process or if Sr can enhance
remineralization on its own.

5. Managing Dentin Hypersensitivity with Strontium Compounds

Exposed dentinal tubules can cause patients to experience a sharp, short pain in response
to external factors such as thermal, chemical, or tactile stimuli. This phenomenon is known as
dentin hypersensitivity (DH) and affects nearly one-third of adults globally [57,58]. The use
of Sr compounds for managing DH dates back to 1956, when Pawlowska et al. [59] reported
the efficacy of a 25% Sr chloride solution in treating DH. They interpreted this result as an
indication that Sr salt has a special influence on both the nervous system and the hard tissues,
emphasizing its ability to “transform the soft surface” of carious teeth into a hard and smooth
structure. Since then, several studies have examined the effectiveness and mechanism of Sr in
the treatment of DH.

The hydrodynamic theory (shown in Figure 3) proposes a widely accepted explana-
tion for the mechanism of the DH pain mechanism. When adequate stimuli are applied
to exposed dentine, the inward or outward flow of dentinal fluids in the tubule net-
work increases, stimulating the baroreceptor nerve fibers in and around the dentine–pulp
interface [60]. Histological findings that correlate DH with the percentage of exposed denti-
nal tubules in sensitive teeth compared to sound teeth support this explanation [61]. To
manage DH symptoms, two methodologies are often used. The first is to properly occlude
the dentinal tubules to prevent intratubular fluid movement, which has the benefit of a
quick onset [62]. The second approach acts on desensitizing the nerve ending by modifying
the extracellular potassium concentration to reduce its excitability [63]. Two different
approaches have been used to evaluate the effectiveness of Sr in managing DH. The first
approach involves assessing the permeability and morphological changes of dentin in vitro.
The second approach involves evaluating the pain-relieving effect of Sr in vivo.

Figure 3. Hydrodynamic theory and mechanism of strontium’s effect on occluding dentinal tubules.

Many studies have investigated how Sr works to occlude dentinal tubules and man-
age DH (Table 1). As an alkaline earth metal element, Sr is expected to have a strong
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natural absorptive ability for calcified tissues, particularly dentine, due to its high organic
composition [64]. It induces precipitations into organic connective tissues, including the
odontoblastic processes, to form a sealing film that can occlude open dentinal tubules. This
inhibits dentinal fluid movement and helps alleviate DH [65]. Saeki et al. [66] confirmed
that Sr can occlude dentinal tubules, as a thick layer containing Sr reaching 20 μm into the
tubules was found. Abrasives were not used in the investigation, so the occlusion observed
was solely attributable to the impact of Sr. However, this dentinal occlusion was weak
and water-soluble, as the layer was undetectable after samples were immersed in DI water.
This may explain why Oberg et al. [67] reported that a 10% Sr chloride gel did not show
significant dentinal tubular occlusion compared to a negative control group. The analysis
was performed after intense rinsing with running distilled water for five minutes.

On the other hand, combining Sr with abrasives in dentifrices has produced a more
stable dentinal plug that resists acid and water abrasion, particularly in silica-based prod-
ucts. Olley et al. [68] reported that 8% Sr acetate-based dentifrice in silica base induced
dentine tubular occlusion that was resistant to erosive dietary intake with narrower den-
tine tubules. In contrast, the control paste (1450 ppm sodium fluoride in a silica base)
resulted in significantly more open dentinal tubules. Although many studies have found
that the occluding materials in theses dentifrices is primarily silica with a few Sr surface
deposits [69–72], the presence of Sr along with silica appears to be related to forming an
acid-resistant dentinal occlusion. However, many dentifrices may contain silica-based
abrasives and cannot induce dentinal occlusion. This may be due to the absence of sodium
lauryl sulfate (SLS) in Sr-based dentifrices, as SLS may compete with silica for attachment
to dentine [73].

It is interesting to note that Sr acetate has shown greater clinical effectiveness compared
to Sr chloride, and it is also compatible with fluoride and potassium nitrate [74]. However,
Dotta et al. [75] conducted a study using strontium carbonate and strontium-substituted
calcium carbonate nanoparticles instead of strontium acetate and compared them to calcium
carbonate. The hypothesis was that the use of Sr–carbonate nanoparticles would benefit
from both the effects of strontium on dentin mineralization and the abrasive properties
of carbonates. The study concluded that the performance of the strontium-containing
nanoparticles, in terms of tubule obliteration and resistance to acid attack, was better than
calcium carbonate and even better than the commercially available product Sensodyne®

Rapid Relief. The authors suggested that the selective binding of strontium carbonate and
strontium substituted calcium carbonate nanoparticles to the dentin surface is a better
explanation for these improved characteristics, rather than simply blocking the exposed
dentin tubules and desensitizing the pulp nerve.

Recently, Sr has been incorporated in bioactive glass formulations for the treatment of
DH. Bioactive glass is known for its ability to induce the formation of an apatite layer in the
presence of body fluid such as saliva [76,77]. It is primarily composed of specific proportions
of SiO2, Na2O, CaO, and P2O5 [78]. Xia et al. [79] used a toothpaste containing 10 wt. %
Sr-substituted Ca phosphate spheres (SCPSs) and found that after one day, the SCPSs had
penetrated the dentinal tubules and apatite crystallites had formed on dentin surfaces.
After 7 days, the dentin surfaces were completely covered by newly mineralized apatite,
and the exposed tubules were fully covered. This freshly mineralized layer consisted of
two layers: a porous layer with larger crystals on top and a thick layer beneath. While
the porous layer was easily susceptible to mechanical or chemical attacks, the thick layer
proved to be more stable [79]. In another study, Acevedo et al. [80] used fluoride varnish as
a carrier to apply Sr-incorporated bioactive glass powder on open dentinal tubules. This
approach aimed to achieve a synergistic effect in treating DH, resulting in a significant 90%
reduction of dentinal permeability.

The efficacy of Sr-containing agents for pain relief in DH is a topic of debate. Martins
et al. conducted a review of current clinical research and concluded that Sr is effective
only for relieving tactile sensitivity associated with DH [81]. On the other hand, several
other reviews (Table 2) have expressed doubts about the significance of Sr in treating
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DH [82–87]. However, a recent randomized clinical trial suggested the combination of pho-
tobiomodulation (PBM) with Sr can be effective in treating post-bleaching hypersensitivity.
Barros et al. [88] reported that over a one-week period, the combination of PBM and 8%
Sr acetate effectively reduced dentin sensitivity compared to imitation PBM + toothpaste
without an active ingredient, imitation PBM imitation + toothpaste with 8% Sr acetate, and
PBM + toothpaste without the active ingredient [89]. This suggests that the combination of
PBM and Sr may have potential in providing relief from dentin hypersensitivity, at least in
specific scenarios such as post-bleaching sensitivity.

Table 1. In vitro evaluation of Sr efficacy in dentinal tubule occlusion.

Study Intervention Outcomes of SEM Analysis

Kodaka et al., 2001 [69] Sr chloride-based
desensitizing toothpaste

91.45% dentinal occlusion after 2 weeks. The occluding material
contained artificial silica abrasive within the dentin sludge.

Arrais et al., 2003 [72] Sr chloride-based
desensitizing toothpaste

80.1% dentinal occlusion after 7 days. Deposition of crystal-like
structures within the dentinal tubules consisting of Ca carbonate,

the abrasive system of the dentifrice.

Banfield et al., 2004 [70]

Sr acetate-based
desensitizing toothpaste

Sr chloride-based
desensitizing toothpaste

90% dentinal occlusion immediately. The occluding material was
artificial silica abrasive.

>70% dentinal occlusion immediately. The occluding material was
artificial silica abrasive.

Oberg et al., 2009 [67] 10% Sr chloride gel
Open and partially obliterated dentin tubules like the no treatment

group. Only traces of Sr were detected in the peritubular dentin
deposits.

Saeki et al., 2016 [66]

Sr acetate-based
desensitizing toothpaste

Clear thin layer of silicon covered the dentine surface and openings
of dentine tubules.

10% Sr acetate solution
Thick Sr-containing layer reaching 20 μm into dentinal tubules.

After specimens were soaked in DI water, Sr-containing layer could
not be detected.

Sr chloride-based
desensitizing toothpaste

50.54% dentinal occlusion after 7 days. The occlusion material was
not reported.

Table 2. Systematic reviews evaluating the in vivo efficacy of Sr-containing agents in DH treatment.

Study Efficacy of Sr-Containing Agents in DH Treatment

Martins et al., 2020 [81] Sr was effective only for tactile stimulus relief.

Hu et al., 2019 [86] Similar effects of Sr compared to fluoride, placebo, and potassium-containing toothpastes.

Cruz et al., 2019 [87] Sr when not combined with potassium was no better than the negative control.

Hu et al., 2018 [85] Sr when not combined with potassium had no desensitizing activity.

Bae et al., 2015 [84] There was no statistically significant difference between Sr-containing toothpaste and placebo.

West et al., 2015 [83]

Sr acetate had equivocal pain-relieving effects when compared to arginine and was more effective
than fluoride control.

There is a lack of high-quality data supporting the use of Sr chloride salts for pain relief in dentine
hypersensitivity; additional research is needed to determine whether this salt is useful.

Karim et al., 2013 [82] There is inadequate evidence to state whether Sr salts per se are effective in reducing DH.

6. Dentin Regeneration with Strontium Compounds

The differentiation of human dental pulp stem cells (HDPSCs) into mature odontoblast-
like cells is essential for the process of dentin regeneration. Studies have shown that Sr
significantly promotes odontogenic differentiation of HDPSCs. However, there have been
few investigations on the odontogenic potential of Sr on HDPSCs. Huang et al. [21]
reported that Sr chloride elicited the odontogenic differentiation of HDPSCs by modulating
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the expression and secretion of dentin sialophosphoprotein (DSPP) and dentin matrix
protein 1 (DMP-1) in vitro via the CaSR pathway, which shares similarities with osteoblast
differentiation. Sr also enhances matrix production and mineralization. The mineralization
activity of HDPSCs was further explored using Sr-modified bioglass, where it was found
that the alkaline phosphatase activity increased in a dose-dependent manner compared to
the control bioglass, while cellular proliferation was inhibited by the Sr-modified bioglass.
However, the mechanism behind this inhibition remains unclear.

Abdalla et al. [20] reported that a calcium strontium silicate compound enhanced
HDPSC differentiation, setting time, and cytocompatibility compared to calcium silicate
alone. Another study conducted by Lee et al. [90] demonstrated an effective increase
in the expression levels of genes related to odontogenic differentiation of HDPSCs (col-
lagen type 1 alpha (COL1 A), DSPP, and DMP-1) when treated with a mesoporous bio-
glass doped with Sr ions (Sr–MBG) compared to non-Sr-containing MBG. Furthermore,
Mandakhbayar et al. [91] reported that a Sr-containing nano-bioactive cement (Sr–NBC)
enhanced odontogenic differentiation of HDPSCs in vitro and promoted better dentin
regeneration in vivo compared to Sr-free NBC. Another study by Basheer et al. [92], which
evaluated the effect of Sr-incorporated tetracalcium phosphate cement (STTCP) on HDPSC
mineralization potential, discovered that STTCP resulted in a similar improvement in the
mineralization and differentiation of HDPSCs to MTA. Considering the significant stimula-
tory effect of Sr on the odontogenic differentiation of HDPSCs, Sr should be considered in
dental biomaterials for pulp regeneration. The enhanced odontogenic differentiation of
HDPSCs by Sr is believed to occur through the regulation of Wnt/β-catenin signaling and
TGF-β pathways, as well as the regulation of BMP pathway [21].

7. Osteogenic Effect and Bone Repair Potential of Strontium Compounds

Bone is one of the key organs in the human body that plays vital roles, such as
providing a framework for the muscles, assisting with body movements, protecting the
internal organs from physical injuries, and most importantly in the production of blood
cells. However, several factors can affect the homeostasis of bone, such as orthopedic
trauma caused by accidents, osteoporosis, and other infection-related bone loss, such as
osteomyelitis and periodontal disease [93]. Periodontitis is a chronic inflammatory disease
that progressively affects the alveolar bone, periodontal ligament, and root cementum.
In addition to infection, osteoporosis has also been shown to intensify periodontal bone
loss. Although the body has an inherent mechanism to overcome bone defects through
endogenous regeneration, in some cases, the natural healing functions are not sufficient
to retain the original vitality of the bone [94,95]. Bone tissue engineering is a rapidly
growing field that aims to develop materials that can assist or enhance the osteoconductive,
osteoinductive, and osteogenic capacity at the site of the bone defect. However, the
mechanism of Sr upon osteogenic differentiation is not yet completely understood, and
many studies have tried to explore the possible pathways and mechanisms involved in Sr’s
effects [96].

The major components of the bone extracellular matrix (ECM) are collagen types I, III,
and V, as well as hydroxyapatite (HA). HA, also known as calcium apatite, contains Ca
minerals within the matrix. Sr is an important trace element found in the body and shares
similar chemical properties and structure to Ca. As a result, Sr can actively incorporate
into the crystal lattice of HA [97,98]. Initially, Sr was suggested as an adjunct for osteo-
porotic treatment by stimulating bone formation through osteoblasts and suppressing bone
resorption by inhibiting the osteoclasts. Although the mechanism by which Sr induced
the osteoblasts is not fully understood, the similarities between Ca and Sr suggest that Sr
also follows the Ca-sensing receptor (CaSR) pathway. When Sr binds to these receptors,
it activates a cascade of pathways, by phosphorylating the PI3K–Akt, Ras–MAPK, and
Wnt pathways to enhance the osteogenesis of the osteoblasts and mesenchymal stem cells
(MSCs) [99]. Sr also activates the Cn–NFATc pathway, where Sr induces calcineurin to
dephosphorylate NFATc (activated state). In the inactive state, this transcription factor
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remains in the cytoplasm, but upon activation, it is translocated inside the nucleus and
promotes the expression of ALP and Runx2 genes to induce osteogenesis [100]. The prolif-
erating osteoblasts then produces M-CSF, and RANKL ligands, which bind with RANK
to activate the cascade of signaling pathways, including MAPK, NF-κB, and PI3K–Akt, to
stimulate osteoclastogenesis, where osteoclast cells promote bone resorption (Figure 4).
The osteoprotegerin (OPG) receptor, belonging to the TNF superfamily, acts as a decoy
receptor for RANKL, reducing its interaction with RANK and consequently suppressing
osteoclastogenesis. Sr that binds to CaSR enhances the expression of OPG, which in turn
suppresses osteoclasts. Sr also inhibits bone resorption by enhancing the apoptosis of
mature osteoclasts [101].

Figure 4. The role of Sr in osteogenesis.

Due to their common origin from MSCs, there is always a dilemma in determining the
cell fate of endothelial cells and osteoblasts. In particular, aging disrupts the balance of dif-
ferentiation by favoring the differentiation of MSCs into the adipogenic lineage rather than
the osteogenic lineage. Increased levels of ROS accelerate the differentiation of MSCs into
adipocytes. The signaling pathway tightly regulates this cascade, with CCAAT/enhancer-
binding proteins (C/EBPs) and peroxisome proliferator-activated receptor γ (PPARγ)
promoting adipogenesis, while TAZ and Runx2 pathways drive osteogenesis. Sr enhances
the osteogenic differentiation of MSCs by exhibiting antioxidative properties, thereby
increasing osteogenic differentiation and reducing adipogenic differentiation [94,95].

Considering the significant effect of Sr on bone regeneration, it has garnered increased
attention in the field of dentistry. Periodontitis, a major cause of bone loss in the oral cavity,
has led to increased interest in Sr-releasing biomaterials. These biomaterials have been
proven to enhance the expression of ALP, bone matrix synthesis, and various osteogenic
genes such as osteocalcin (OCN), Runx2, bone sialoprotein (BSP), and bone morphogenic
protein (BMP) in pre-osteoblasts and osteoblasts [102]. Osteoblasts originate from bone
marrow mesenchymal stem cells (BMSCs), and thus the commitment of BMSCs and MSCs
located in the periodontal ligament to differentiate into osteoblasts plays a key role in bone
regeneration. Novel tissue engineering scaffolds have incorporated Sr into mineralizing
scaffolds to promote osteogenesis. This section discusses the Sr-incorporated biomaterials
that have demonstrated enhanced bone regeneration in osteoblasts, BMSCs, and PDL
stem cells.

The abundance of HA in the bone matrix has led to the widespread use of HA as
the primary material in most bone tissue engineering scaffolds. This is because HA can
mimic the extracellular matrix (ECM) of the bone. Derivatives of HA ceramics, including
α-tricalcium phosphate, biphasic calcium phosphate (BCP), and β-tricalcium phosphate
cement, have been shown to possess excellent biocompatibility and bioactivity [103]. How-
ever, these materials alone are not sufficient to stimulate an osteogenic effect on osteoblasts
or mesenchymal stem cells (MSCs). To overcome the limitations of HA-based synthetic
bioceramics, such as bioactive glass, Sr is incorporated into them to enhance the osteogenic
activity. Metal ions like magnesium (Mg), zinc (Zn), and Sr are naturally present as trace
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elements in the bone matrix. Sr can actively substitute Ca in the crystal lattice of HA,
thereby enhancing the solubility and degradability of the bioceramics. Sr-substituted bio-
ceramics have been developed in various forms, such as powders, granules, fibers, and
three-dimensional (3D) scaffolds.

Tsai et al. [104] developed a nanofiber using Sr-substituted HA. It is widely recognized
that cell interaction with nanofibers is more efficient compared to compact powder-based
fillings. The mesoporous structure and high surface area of the electrospun scaffold facili-
tate better cell absorption and attachment. The Sr-substituted hydroxyapatite nanofibers
(Sr-HNAFs) exhibited excellent drug loading efficiency and sustained release of the an-
timicrobial drug (tetracycline). Additionally, the Sr-HNAFs also enhanced the osteogenic
differentiation of MG63 osteoblast-like cells by increasing ALP activity. The alignment of the
nanofibers also influenced cellular behavior, with the aligned nanofibers of Sr-HA showing
higher osteoblast inductive efficacy compared to randomly substituted Sr-HNAFs [105,106].

While there are several biomaterials that incorporate Sr, the field of dentistry primarily
focuses on utilizing Sr-coated dental implant surfaces. Titanium (Ti) implants are consid-
ered the ideal scaffold materials for dental and orthopedic implants due to their excellent
mechanical properties and biocompatibility. By coating or incorporating Sr ions onto the
implant surface, the osseointegration of localized precursor cells can be enhanced.

8. Strontium and Implant Coatings

Titanium, its alloys, and zirconia are widely used biomaterials for orthopedic and
dental implants due to their excellent biocompatibility, mechanical properties, and corrosion
resistance [107]. However, these materials are biologically inert, which can lead to a
prolonged healing period after surgery. Achieving early osseointegration and implant
fixation is essential for ensuring long-term implant stability and reducing the duration of
clinical treatment.

Surface modification techniques have been developed to improve osseointegration and
accelerate the healing time for titanium and zirconia implants [108]. Various methods, such
as the sandblasted and acid-etched (SLA) process, sol–gel process, plasma spraying, and
chemical vapor deposition, have been employed for dental implant coating [109,110]. These
coating methods can induce morphological changes, such as increased surface roughness,
and modify the chemical composition by facilitating the formation of hydroxyapatite
formed on the implant surface.

Bioactive materials like hydroxyapatite and bioactive glass are frequently used to
modify the surfaces of titanium and zirconia implants. These materials exhibit remarkable
biocompatibility and bioactivity. Hydroxyapatite possesses a chemical composition and
structure similar to human bones and teeth, enabling it to form a strong chemical bond with
bone tissue cells [111–113]. The application of these coating materials can greatly enhance
the performance of titanium and zirconia implants.

The substitution of Ca with Sr in hydroxyapatite and bioactive glass implant coatings
has been found to enhance their physical, mechanical, and biological properties [114,115].
This substitution has been shown to improve the osseointegration and bone healing of these
coated implants [116,117]. In vitro studies have demonstrated that Sr-substituted hydroxya-
patite and bioactive glass coatings promote the proliferation and differentiation of osteoblast
cells, while also inhibiting the production and proliferation of osteoclasts [118,119]. In vivo
studies have shown that Sr-substituted hydroxyapatite and bioactive glass coatings enhance
new bone formation, implant fixation, and bone-to-implant contact during the healing
period [120–122] (Table 3).

Recently, bioactive Sr-functionalized coatings on titanium and zirconia implants
have been developed using two different techniques: micro-arc oxidation and magnetron
sputtering [123,124]. One example of such a coating is the nanoporous micro-arc oxidized
Sr–titanium (MAO-Sr-Ti) coating on titanium, which is fabricated through electrochemical
surface treatment [123]. In this process, titanium undergoes micro-arc oxidation, and then
Sr ions are incorporated into the surface through electrochemical treatment using a Sr
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dichloride solution. The resulting nanoporous structure increases stem cell adhesion, while
the MAO-Sr-Ti coating promotes the proliferation and differentiation of bone marrow-
derived mesenchymal stem cells. Furthermore, the coating facilitates early osseointegration
and the formation of new bone.

Another example of a Sr-functionalized coating is the development of a Sr–titanate
nanocoating on zirconia implants using magnetron sputtering [124]. In this process, the
zirconia surface is first treated by sandblasting and acid-etched with hydrofluoric acid
(SA-Zr). Then, Sr titanate is deposited onto the SA-Zr surface using magnetron sputtering.
The resulting nanocoating enhances the spreading and adhesion of pre-osteoblast cells.
It also promotes the proliferation and differentiation of osteoblasts, leading to improved
osseointegration compared to the surface treated with sandblasting and acid-etching alone.

Indeed, Sr has been proven to enhance bone growth and regeneration by increasing
the proliferation and differentiation of osteoblasts [125] (Figure 5). Additionally, Sr has
the ability to inhibit apoptosis in osteoblast cells. Furthermore, Sr has been found to
inhibit the formation and differentiation of osteoclast cells and promote their apoptosis,
leading to a reduction in bone resorption [126]. Therefore, the incorporation of Sr in
functionalized coating can significantly improve the biological properties of titanium and
zirconia implants.

Figure 5. Schematic diagram of strontium’s effect on bone formation.

Table 3. Sr-doped biomaterials and implants with enhanced osteogenic differentiation of BMSCs,
PDL stem cells, and osteoblasts.

Materials Material Characteristics Biological Characteristics Reference

Sr-incorporated HA
(SrHA)

- SrHA bone cement was
developed in an injectable
form

- Compressive strength was
73.4 MPa

- Favorable injectability (100%)
- Setting time (initial setting

time 240 s and final (420 s)
- Excellent radiopacity

- Excellent biocompatibility
- Promoted osteogenic

differentiation of PDL stem cells
and dental pulp stem cells
(DPSCs)

Dai et al., 2021 [127]

- Micro–nano hybrid surfaces
doped with different
concentrations of Sr
(Sr–mnHAP)

- Promoted attachment of BMSCs
to scaffold and enhanced
osteogenic differentiation
through upregulation of ALP
and OCN

- Promoted bone regeneration in
rats with calvaria defects and
enhanced vascularization

Jiang et al., 2022 [98]
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Table 3. Cont.

Materials Material Characteristics Biological Characteristics Reference

SrHA with natural and
synthetic polymers

- SrHA–SF biocomposite
nanospheres

- Mechanical strength was not
calculated

- Enhanced osteogenic property
of BMSCs

Wang et al., 2020 [97]

- SrHA nanofibers synthesized
with PVP, PCL, and PLLA

- Electrospun nanofibers showed
extensive cellular homing for
MG63 osteoblast-like cells

- Enhanced osteogenic activity of
MG63 cells

Tsai et al., 2018 [104]

Sr with bioactive glass - Sr-incorporated mesoporous
bioactive glass (Sr–BG)

- Periodontal defects were
created through bilateral
ovariectomy (OVX)

- The filled periodontal defects
with Sr–BG showed a 46.67%
increase in bone formation
when compared to BC scaffold
alone

- Increased expression of
epigenetic regulator Setd2 in
Sr–GB-induced bone formation

Jia et al., 2017 [94];
Zhang et al., 2014 [128]

Sr incorporation on
dental implants

- Calcium–strontium–zinc
phosphate coating on the Ti
implant

- Enhanced osteogenic-related
factors

- Polarized the macrophages
from M1 to M2 phase

- Effects on PDL stem cells have
not been explored

Zhao et al., 2021 [129]

- Sr-doped titanium via
sandblasted, large-grit, and
acid-etching Sr-SLA

- Improved osseointegration and
differentiation of BMSCs

- Reduced intracellular ROS level,
favorable for osteogenesis

- Inhibited adipogenic
differentiation

- Enhanced anti-inflammatory
properties

Zhou et al., 2019 [130];
Choi et al., 2018 [131]

- Ti implant releasing both Sr
and silver (Ag) ions

- Incorporation of Ag did not
affect the effect of Sr on
osteogenic property

- Ag exhibited antibacterial
property

Okuzu et al., 2021 [132]

- Strontium-functionalized
grade 4 Ti implants

- Sustained release of strontium

- Assessed on rabbit femur
model, showed increased
bone-to-impact contact

- No difference in % bone
formation

Offermanns et al., 2018
[133]

- Polyetheretherketone implant
decorated with Sr and
adiponectin

- Increased osteogenic activity of
MC3T3-E1 cells

- Adiponectin increased
osteogenic properties

- Sr and adiponectin had a
synergistic effect on osteogenic
property

Wang et al., 2019 [134]
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Table 3. Cont.

Materials Material Characteristics Biological Characteristics Reference

- Polybutylcyanoacrylate
(PBCA) loaded with Sr,
synthesized by emulsion
polymerization methods.

- Higher expression of bone
matrix deposition when treated
on porcine mandibular bone
block

- Increased osteogenic
differentiation of MSCs

Chang et al., 2021 [135]

Sr with hormone
- Parathyroid hormone (PTH)

and Sr-containing poloxamer
implant tablets

- PTH enhanced bone and
antiresorptive molecule; Sr
enhanced bone formation

- PTH alone promoted bone
formation in 4 weeks and
declined after 3 weeks

- Sr alone had no positive effects
on bone formation

- PTH + Sr showed significantly
higher bone formation

Goker et al., 2018 [136]

9. The Influence of Strontium on Mechanical Properties

The mechanical properties of dental materials are crucial for ensuring durability, func-
tionality, and biocompatibility in oral environments. They directly impact the long-term
success of dental treatments and patient comfort. The incorporation of strontium into dental
materials significantly enhances their mechanical properties through various mechanisms,
including grain refinement and structural modification [137,138]. Research has shown that
the inclusion of strontium in dental composites and adhesives can enhance their mechan-
ical properties, such as flexural strength and wear resistance [139]. This improvement is
attributed to the ability of strontium to reinforce the composite matrix and promote better
bonding between the filler and the resin matrix. Arepalli et al. [137] investigated the effects
of strontium substitution in bioactive glasses. Their study demonstrated that strontium
substitution led to enhanced bioactivity, biocompatibility, and mechanical behavior of
bioactive glasses. The incorporation of strontium improved the compressive strength and
fracture toughness, making the material more suitable for dental applications. Another
study investigated the mechanical properties of strontium ion-doped mesoporous bioactive
glass. Their findings revealed that the doping of strontium ions significantly improved
the compressive strength and elastic modulus of the mesoporous bioactive glass [140].
The Sr2+ in the glass phase serves as a network modifier, where it enhances the degree of
cross-linking compared to unmodified cements. This suggests that the inclusion of the
larger Sr2+ ion in the system amplifies the disturbance within the glass network. Conse-
quently, a decrease in interatomic spacing causes the densification of Sr-1. This then leads
to greater compactness within the glass structure, potentially contributing to an increase in
elastic moduli [137]. On the other hand, the incorporation of Sr into calcium silicate-based
materials did not favor the enhancement of the mechanical properties [141]. With the
addition of Sr and gradual increase in concentration, the calcium silicate network might
experience further loosening. This happens as the larger Sr2+ ions progressively replace the
smaller calcium ions, causing a linear increase in lattice constants. This leads to consider-
able disorganization and a weakening of network connectivity [142]. The incorporation
of strontium can have diverse effects on the mechanical properties of dental materials,
depending on its interaction with the material structure. Hence, while strontium plays
a crucial role in influencing the properties of dental materials, it is essential to carefully
evaluate the mechanical properties and assess the potentially positive or negative impact
of strontium on these properties.
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10. Immunomodulatory Potential of Strontium

The host immune response plays a crucial role in the process of bone formation and
homeostasis. This response involves a large number of cytokines, signaling molecules, and
specific proteins that have a substantial role in immunomodulation and osteogenesis [143,144].
Many immune cells modulate and influence inflammatory responses. Macrophages are among
the most effective cells in the immune system, as they play significant roles in the inflammatory
response to external biomaterials [145]. There are two phenotypes of macrophages: M1 and
M2. M1 macrophages have a pro-inflammatory effect, while M2 macrophages have anti-
inflammatory potential and promote cellular proliferation and tissue repair [146]. Sr has been
found to regulate the response of macrophages and suppress interleukin 6 (IL-6) [147].

Lee et al. [147] incorporated Ca and Sr in nanostructured titanium (Ti) surfaces and con-
cluded that the chemically modified Ti disks with divalent cations regulated the cell shape
of adherent macrophages and markedly upregulated the expression of the M2 macrophage
phenotype when combined with the nanostructured Ti surface. The effect of Sr and Ca ions
favored early wound healing by modulating the early M1 macrophage cells (after implanta-
tion of the nanostructured Ti implants). In another study, the immunoregulation potential of
Sr-modified Ti surfaces using a novel phase transited lysozyme (PTL) was evaluated [148].
The Sr-modified group exhibited greater osteogenesis and controlled inflammation at the
implant–tissue interface. Moreover, the expression levels of pro-inflammatory genes of
macrophages on Sr-modified Ti implants were lower than on Ti implants without Sr [148].
When macrophages are activated into the M1 subtype, it increases the expression levels
of pro-inflammatory factors, contributing to inflammation and foreign body reaction with
subsequent fibrosis. On the other hand, when macrophages are activated towards the
M2 subtype, they produce anti-inflammatory cytokines that promote healing and create
favorable conditions for new tissue formation [149].

In a study conducted by Zhang et al. [150], the effect of Sr-substituted submicrometer
bioactive glass (Sr–SBG) on macrophages was investigated. The interaction between Sr-SBG
and macrophages both in vitro and in vivo was examined using histological assessment.
Zhang et al. found that Sr–SBG enhanced osteogenesis and suppressed osteoclastogenesis.
They attributed this effect to the stimulation of macrophage polarization from M1 to M2
by Sr–SBG, creating more suitable conditions for osteogenesis compared to SBG alone.
Furthermore, the macrophages conditioned with Sr–SBG exhibited a significant decrease in
IL-6 cytokine levels compared to the SBG group. This decrease may have contributed to
the inhibition of osteoclastic activity. The inhibitory effect of Sr may be attributed to the
downregulation of tumor necrosis factor α (TNF α) and the suppressed effect of NFkB,
which hinders the differentiation of pre-osteoclasts.

Li et al. [151] developed a Sr–Cu borosilicate glass bone cement that could regulate
bone healing by modulating inflammation, enhancing vascularization, and improving
osteogenic differentiation of bone marrow-derived stem cells. They reported that the
sustained controlled release of Sr and Cu ions upregulated anti-inflammatory genes (IL-1Ra
and TGF-β1) while downregulating the expression of pro-inflammatory genes (IL-1β and
IL-6) in macrophages. Several other studies incorporated Sr in different biomaterials,
scaffolds, and coatings [129,131,152–160], and reported the same outcome, i.e., that Sr is
capable of modulating macrophage polarization, which significantly promotes osteogenesis
and suppresses osteoclastic activity. Interestingly, it can be theorized that the ability of Sr to
induce bone formation and inhibit bone resorption may arise from its effect on modulating
the macrophage inflammatory phenotypes.

11. Future Perspectives

Future research should focus on the regenerative potential of Sr and its role in alleviat-
ing reversible and irreversible pulp inflammation (pulpitis) by modulation of macrophages
to improve the success of vital pulp therapies and dentin regeneration. Furthermore, more
evidence is needed to validate the antimicrobial potential of strontium and its role in
arresting dental caries.
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The development of new bioactive strontium compounds such as strontium-based
mixed-oxide ceramics can enhance biological performance, such as antimicrobial and bone
regeneration properties [161,162].

12. Conclusions

The incorporation of strontium into dental biomaterials presents a significant ad-
vancement in the field of dentistry. Strontium enhances dental material visibility in radio-
graphic imaging, supporting accurate diagnosis and treatment. It also exhibits antimicrobial
properties that reduce secondary caries risk and improve restoration longevity. Its abil-
ity to promote enamel remineralization offers potential for managing dental caries and
strengthening tooth structure. Though mixed results exist, strontium compounds have
demonstrated effectiveness in addressing dentin hypersensitivity and potential for dentin
regeneration, highlighting their potential in vital pulp therapies and regenerative dentistry.
Strontium’s osteogenic effects make it promising for bone tissue engineering and dental
implant biomaterials, with studies showing improved osseointegration and accelerated
healing. Additionally, its immunomodulatory properties, particularly in macrophage polar-
ization, contribute to favorable bone regeneration and healing environments. Strontium’s
multifaceted benefits underscore its potential in advancing biomaterials that support tissue
regeneration and modulate host immune responses for improved treatment outcomes.
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