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We live in unprecedented times. Technology and manufacturing capabilities world-
wide are rapidly expanding as new devices, substances, and materials are developed to
fulfill the needs of different areas of interest, including medicine. Functional biomaterials
have flooded the medical field in multiple domains with numerous applications, from
replacing tissues and organs to consolidating regional physiology by promoting bone
mineralization, balancing regional flora, and facilitating regeneration [1–3].

Polydimethylsiloxane (PDMS) is a widely used polymer with excellent biocompat-
ibility, stability, and mechanical properties. Miranda et al. have presented an excellent
review of recent applications of PDMS, a walkthrough of the properties and manufacturing
process of this polymer, as well as the various medical applications of this substance found
in recent literature, such as its use as a blood analogue, in implant coatings, or in replicating
the cardiovascular system [4]. The authors also considered the microfabrication process
of PDMS, which was thoroughly described, and further provided the best methods to
characterize this compound and test its properties according to manufacturing standards.
Auliya et al. have tested PDMS for its potential use as a vitreous substitute in the human
eye [5]. In this study, compounds with viscosities of 1.15 Pa.s, 1.17 Pa.s, and 1.81 Pa.s
were created, and the authors evaluated the physical properties of the mentioned samples.
Furthermore, in vitro tests were performed to measure the toxicity of this material using
the Hen’s Egg Test Chorioallantoic Membrane method for the first time. Ultimately, it was
shown that PDMS is safe and may replace the vitreous humor in human eyes—a very
encouraging finding.

Titanium–nickel alloys have long been used in medical devices and implants, with
papers going back to the 1980s citing the use of TiNi alloys, especially in the dental field [6].
However, recent advances in the manufacturing process have led to the development
of porous TiNi alloys through self-propagating high-temperature synthesis, a material
able to sustain the attachment and growth of human cells with great biocompatibility
while maintaining excellent mechanical properties [7]. Topolnitskiy et al. have tested
the performance of these types of implants in the repair of the chest wall after resection
for malignant tumors [8]. The authors concluded that the material is safe and has good
functional properties using one-stop surgery.

Stimulation of the body’s regenerative properties is essential in healing after implant
placement, and using appropriate substances is essential in favoring the acceptance of
the newly introduced biomaterials. Bleyan et al. have shown that osseodensification may
be used as a predictor for immediate implant placement using allografts or alloplasts as
fillers [9]. They also proposed a new classification of the molar socket that takes into consid-
eration the septum width before instrumentation and can be applied to estimate the impact
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on implant stability; according to the authors, S-IV sockets have less than 2 mm of initial
septum width and are counterindications for septum expansion with osseodensification.
The study of Srisomboon et al. assessed the restorative properties of silver diamine nitrate
(SDN) and fluoride (SDF) on dentin remineralization while accounting for their cytotoxicity
to dental pulp [10]. The authors proposed SDN as a more cost-effective alternative and
developed a study to measure its effectiveness compared to SDF. SDF was shown to be
more efficient than SDN in increasing apatite formation while showing similar cytotoxic
effects on dental pulp cells. However, both compounds showed comparable precipitation
of silver salts in the demineralized dentin, occluding the dentinal tubules; therefore, SDN
was proposed as a potential material for caries control.

On a similar topic, Covaci et al. tested various calcium-based materials in deep carious
lesions to assess their potential in maintaining dental pulp vitality [11]. The study revealed
that self-setting calcium hydroxide was superior in the preservation of dental pulp vitality
compared to resin-modified, calcium-releasing compounds. In addition, the pH of the
compound was shown to be a factor that can affect the dental pulp and trigger inflammation
or necrosis. These results advance the knowledge base on the biomaterials used in direct
pulp capping, as the ideal material is still being sought.

Controlling the local environment around implants, prostheses, or other medical
devices is key to preventing adverse reactions such as inflammation, infection, or various
immune responses. In their study, Chanachai et al. prepared an adhesive containing
monocalcium phosphate monohydrate (MCPM) and nisin to be used in fixed orthodontic
treatment [12]. The material is strong enough to prevent bracket debonding and releases
calcium phosphate, encouraging mineralization and buffering the local acidity while
showing antibacterial properties. After a thoughtful interpretation of their results, the
authors have proposed updated models of their developed compound that might have
increased effectiveness in all these regards.

Moreover, the importance of biocompatibility and molecular interaction is underlined
by Tizu et al. in their paper, where they elaborate on the interaction between two different
polymeric nanoparticles and oral cells, more specifically, stem cells of keratinocyte as well
as human exfoliated deciduous teeth [13]. The authors demonstrate the baseline for the
polymer’s uptake and note various significant parameters of the process. The findings are
very relevant in terms of developing novel methods for tissue regeneration with reduced
toxicity and high efficacy.

This Special Issue showed that the research field of functional biomaterials is of
tremendous interest and importance, with rapid evolution and numerous applications. For
medical usage of new biomaterials, it is required that safety and biocompatibility standards
are met alongside the demonstration of the superior physical and chemical properties of
the compounds. Adequate integration of biomaterials in complex biological environments
that are thoroughly regulated by a wide array of physiological mechanisms will always
represent a challenge for future developers of compounds, alloys, and substances. In the
very first editorial of this Journal, the Founding Editor-in-Chief recognized the incredible
potential of the area of biomaterials, the increasing scientific interest, as well as the multi-
disciplinarity involved in the development of this field [14]. It is our hope that our Special
Issue will help advance the current knowledge of the medical applications of functional
biomaterials and that it represents a proper forum for the intersection and cooperation
of the scientific and technological communities, as Prof. Francesco Puoci intended for
this Journal.
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Abstract: In this study, we assessed the outcomes after surgical treatment of thoracic post-excision
defects in 15 patients, using TiNi knitted surgical meshes and customized artificial TiNi-based
ribs. Methods: Eight patients were diagnosed with advanced non-small cell lung cancer (NSCLC)
invading the chest wall, of which five patients were T3N0M0, two were T3N1M0, and one was
T3N2M0. Squamous cell carcinoma was identified in three of these patients and adenocarcinoma
in five. In two cases, chest wall resection and repair were performed for metastases of kidney
cancer after radical nephrectomy. Three-dimensional CT reconstruction and X-ray scans were
used to plan the surgery and customize the reinforcing TiNi-based implants. All patients received
TiNi-based devices and were prospectively followed for a few years. Results: So far, there have
been no lethal outcomes, and all implanted devices were consistent in follow-up examinations.
Immediate complications were noted in three cases (ejection of air through the pleural drains,
paroxysm of atrial fibrillation, and pleuritis), which were conservatively managed. In the long
term, no complications, aftereffects, or instability of the thoracic cage were observed. Conclusion:
TiNi-based devices used for extensive thoracic lesion repair in this context are promising and
reliable biomaterials that demonstrate good functional, clinical, and cosmetic outcomes.

Keywords: non-small cell lung cancer (NSCLC); thoracic lesion; chest wall reconstruction; TiNi
artificial rib; TiNi mesh implant

1. Introduction

Primary malignant tumors of the chest wall are rare. More often, a secondary lesion
is observed in the form of a tumor of the chest wall structures in lung/breast cancer, or
malignant tumor of the mediastinum, or as a result of metastatic kidney, prostate, or
thyroid cancer [1–4].

Despite the significant progress made in various areas of oncosurgery, the surgical
stage in treating chest wall tumors occupies the leading position [3–7]. Radical surgical
intervention for chest wall tumors is typically accompanied by the lesion of osteochondral
structures and the appearance of complex post-resection defects, which result in functional
and aesthetic impairment. Progressive surgical and intensive care technologies have
enabled extended combination surgeries in which not only the tumor-affected chest
wall fragment, but also the adjacent anatomical structures involved are excised as a
single piece [3,7]. After extensive resection of the chest wall, it is vitally important that
it is simultaneously repaired, including restoring the osteochondral framework and
the integrity of the integumentary tissues as well as maintaining the anatomical and
physiological volume of the mediastinum and the pleural cavities.

J. Funct. Biomater. 2021, 12, 60. https://doi.org/10.3390/jfb12040060 https://www.mdpi.com/journal/jfb4
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Despite the improved surgical techniques including modern implants, the recon-
struction of extensive thoracic defects, regardless of etiology, is still challenging even for
high-skilled surgeons. A variety of techniques for surgical treatment of post-excision
thoracic defects indicates that there is no versatility of the proposed methods. All of them
are have certain disadvantages and risks. This requires thorough planning, input from
other specialists, customization, and a multidisciplinary approach. To date, the global
clinical practice dictates an attitude towards reconstructive procedures, which suggested
a tolerable postoperative complication rate. The mainstay of chest wall surgical treatment
clearly shows that to eliminate an extensive post-excision defect of the integumentary soft
tissues, it is recommended to adhere to the use of non-free skin/fatty tissue, skin/muscle,
and muscle flaps, as well as the greater omentum on a pedicle [1,3,8–10]. However, to
reconstruct the sternocostal framework, the use of synthetic materials and implants comes
to the fore. Biomaterials most often applied for these purposes are meshes and sheets
made of vicryl, mersilene, teflon, polycaproamide, polypropylene, polytetrafluoroethy-
lene, titanium, stainless steel, or combinations thereof [11–17]. Noted disadvantages of
these implants include secondary wound infections in up to 6% of cases [18], inadequate
thoracic cage rigidity, respiratory dysfunction, and seroma, which often leads to revision
surgery and the removal of an inconsistent device. There are published reports on the
use of sternal and costal endografts made from fluorine- or carbon-containing materials,
and of vascular grafts [12,13]. The concerns typically encountered when considering
these surgical procedures are related to late complications, side effects, and inadequate
follow-up and physical rehabilitation, stemming from the incomplete restoration of the
framework of the thoracic cage.

Some studies report that osteosynthesis using Ti plates (Synthes MatrixRib, Stratos
system) can be considered an attractive alternative in reconstruction of chest wall de-
fects [19,20]. Such an approach is believed to eliminate paradoxical movement of the
chest wall and facilitate normal chest wall mechanics [21]. Titanium and its nontreated
surfaces are known to be bioinert to a certain degree [22,23], allowing tissue integration
and compatibility with CT scanning. The use of Ti rib systems seems to supplement
surgical options when using the biomaterials mentioned above. Moreover, reports have
appeared in recent years on the reconstruction of complex post-excision chest wall lesions
using customized titanium 3D-printed constructs of various designs [14–17]. However,
even in the simple breathing cycle, the implanted device may suffer from complex loading,
including tension, bending, and torsion. Of course, a good device used for rib-plasty
should mimic the anisotropic compliance of the chest wall and should demonstrate a
tolerant long-term stress-strain behavior without impairment of the mechanical character-
istics at higher loads. Considering a Ti-based device, especially in the case of a long or
sophisticated implant, the mechanical characteristics of which differ from that shown by
the rib to be substituted, we can assume that there is a noncoincidence in the context of
elastic moduli, which would result in eventual implant-induced complications like pain,
rejection, failure, fibrosis, and inflammation. Moreover, crucial issues and limitations
regarding 3D-printed devices, such as cost, reproducibility of the microstructure and
properties, and scalability of the fabrication processes to mass production levels, still
remain.

In this regard, there has been a search for an adequate technique in plasty of this
type of lesions. Obviously, the suggestion of a superior surgical option using ad hoc,
versatile, and affordable devices strives to reduce the specific obstacles faced by existing
procedures, making the latter routine and increasing the success rate even for low-skilled
surgeons.

Porous and solid TiNi-based implants and their successful deployment in surgical
treatments have encouraged insights for immediate and delayed rib-plasty in cancer
patients. Experimental and clinical studies with promising results have demonstrated
successful integration of TiNi implants with the formation of regenerated tissues, which
anatomically and physiologically restore the injured area [24–30]. Recently, porous SHS-
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TiNi alloys have been reported [31] to have some features that significantly distinguish
them from those manufactured by other methods of powder metallurgy. It happens that
the porous compound formation during the SHS reaction is accompanied by the genesis of
bio-active nonmetallics and nanocrystalline, corrosion-proof, and amorphous superficial
layers concealing the pore walls [32], which are of great interest for clinical applications.
Moreover, the rheological similarity between the viscoelastic artificial TiNi sandwich and
the rib imparts additional working benefits to this biomaterial. The distinctive feature of
porous TiNi is conditioned by the lowest elastic modulus similar to that demonstrated by
the bone tissue, whereas a rheological resemblance in terms of stress-strain allows the
artificial rib to be congruentially deformed without rupture and delamination, passing
through a million cycles, as studied in [30]. The rough hydrophilic surface of porous
SHS-TiNi was reported to sustain cell adhesion, growth, and proliferation via a system of
interconnected macro-/micropores and grooves [33–35]. A number of clinical cases have
been published, describing the successful elimination of chest wall skeletal defects through
the use of TiNi implants in the surgical treatment of malignant chest wall tumors [36–38].

Here, we report our clinical experience based on 15 patients in the combined use of
TiNi devices in anterior chest wall reconstructions following mid/large thoracic excisions
and evaluate the outcomes of surgical treatment of chest wall malignant tumors. The
novel aspect of this work is that the surgical method of post-excision defect repair was
performed using a proprietary approach and customized TiNi-based implants. This
can be disseminated and recommended as a routine surgical procedure with negligible
complications and higher success rates.

2. Materials and Methods

Between May 2013 and December 2020, 15 patients (4 female and 11 male) with
malignant tumors or tumor-like mass of the chest wall, invading the osteochondral struc-
tures, underwent surgery. The mean patient age was 60 years (range 26 to 73 years).
Prior to surgery, the diagnostic standard of testing established for the specific disease
was followed. The postoperative follow-up protocol for all patients included computed
tomography (CT) of the chest with intravenous contrast, and magnetic resonance tomog-
raphy for tumors located in the superior thoracic aperture and for tumors suspected
of invading the spine. After multiplanar reconstruction of the patient’s CT scans, an
anatomical 3D model of the area was created that was used to plan the resection and
reconstruction stages of the upcoming surgery and to customize the sizes/shapes of the
TiNi-based implants.

The morphological variants of the primary and secondary chest wall tumors identi-
fied once the surgical specimens were examined and verified are summarized in Table 1.
In the majority of cases (53.3%), the chest wall tumors were classified as advanced NSCLC
with invasion of the chest wall; five patients were staged T3N0M0, two were T3N1M0, and
one was T3N2M0. Of the cases of NSCLC with chest wall invasion, the tumor was verified
to be squamous cell carcinoma in three patients (37.5%) and adenocarcinoma in five
(62.5%). Upon examination, five patients were found to have paracancerous inflammatory
complications of lung cancer. In two cases, chest wall resection and simultaneous repair
were performed for isolated metastases of renal cell cancer detected 18 and 24 months
after radical nephrectomy. In one patient, the chest wall tumor was considered to be
an isolated metastasis of adenocarcinoma of the lung into the anterolateral section of
the left fourth rib 12 months after an extended right lower lobectomy. The patient had
previously been treated with surgery and adjuvant chemotherapy complying with the
standard EP regimen. In one case, a patient with breast cancer had undergone a radical
right mastectomy and chemoradiotherapy, which was complicated by osteomyelitis of
the sternum and ribs. After a series of curative surgical procedures, she developed an
extensive chest wall defect combined with a ventral hernia and instability of the thoracic
cage. At the final stage, once the inflammatory process had been addressed, the plastic
correction procedure of the complications was performed.
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Table 1. Patient distribution by morphological form of chest wall tumor.

Morphological Type
No. of Patients

Abs. %

* NSCLC with invasion into the chest wall 8 53.3
Metastasis of renal cancer 2 13.3

Metastasis of NSCLC after radical lower lobectomy 1 6.7
Breast cancer 1 6.7

Plasmacytoma 1 6.7
Fibrous dysplasia 2 13.3

Total 15 100

* NSCLC-non small cell lung cancer.

In a complete physical examination of 14 (93.3%) of the patients, one or more con-
comitant diseases were identified (Table 2).

Table 2. Concomitant diseases in patients included in this cohort study.

Concomitant Diseases
No. of Patients

Abs. %

Chronic obstructive pulmonary disease 9 64.3
Chronic nonspecific lung disease 1 7.1

Coronary artery disease 2 14.3
Abnormal cardiac rhythm 2 14.3
Type 2 diabetes mellitus 2 14.3

Obesity 2 14.3
Gastric and duodenal ulcer disease 1 7.1

To evaluate the postoperative status of each patient, the Charlson comorbidity index
was used, with a mean score of four points. The physical status of patients by the
American Society of Anesthesiologists classification was determined to be ASA II in 60%
of the cases and ASA III in the remainder.

At the surgical stage of treatment, the sternal body and xiphoid process and the
anterior sections of left ribs 5–9 and right ribs 5–7 were excised in one case; anterolateral
sections of four ribs were excised in two cases, three ribs in five cases, and two ribs in
five cases; and of the latter five cases, posterolateral sections of ribs were excised in two
cases and the anterolateral section of one rib was excised in two cases. Besides resecting
anatomical structures of the chest wall, one case had an atypical resection of the upper
lobe of a lung, eight had extended upper lobectomies, and one had a left pneumonectomy.
In one case, when fibrous dysplasia with osteolysis of the lateral section of the left third
rib was resected, a video-assisted subtotal resection was performed with simultaneous
reconstruction. The area of the post-resection sternocostal defect varied from 36 to 576
cm2; the mean was 133 cm2.

Autologous tissues and proprietary TiNi-based implants were used for chest wall
reconstruction in all cases. Soft tissues were plastically reconstructed using a distant flap
of the pectoralis major, the abdominal external oblique, or the latissimus dorsi. Depending
on the size and location of the osteochondral defect indicated, thoracic cage anatomical
rigidity was recovered by customized TiNi-based implants (Figure 1). A mesh depicted in
Figure 1 is a low-profile implant made of a 100 μm superelastic TiNi wire using a knitting
technology (Jersey knit). A double-layer mesh is the folded (two-ply) mesh applied in the
case of a large excision defect. A strip is a flattened mesh sleeve (3.5 cm wide) implant
made of a 100 μm superelastic TiNi wire using a circular knitting technology. A rib
prosthesis (artificial rib) is a 6 mm thick customized sandwich consisting of a medullary
wrought superelastic TiNi plate (2 mm thick) between cortical plates of porous SHS-TiNi
secured together by a 150 μm superelastic TiNi wire wrapped around the device along its
entire length.
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b c 

a  
Figure 1. TiNi-based implants used in thoracic defect repairs: (a) customized artificial rib using a
3D-printed template, (b) knitted TiNi mesh, and (c) strip-flattened mesh sleeve.

In the early postoperative period, chest X-rays were taken to determine the position of
the implants and identify any pathological changes. A chest CT with image reconstruction
was performed three months post-surgery and at subsequent time points to evaluate the
success or complications/aftereffects and to check the integrity of the thoracic cage. As a
valid indicator of device consistency, functional outcomes, and patient status, we resorted
to the Enneking modified scoring system (physical function, social role, pain, emotional
acceptance, dexterity, etc.) [39].

3. Results and Discussion

Our surgical treatment of chest wall tumors accords well, in all cases, with an
approach on the reconstruction procedure of a post-excision defect in the sternocostal
framework reported in [1,3,6–13]. Artificial rib constructs for thoracic osteosynthesis pre-
pared pursuant to a 3D model were a proper fit when the defect was being reconstructed
and did not require any intraoperative correction (Figure 1), and thus the surgery time was
shortened, as indicated in Table 1. Additionally, the latter provides an overview on the
variants of chest wall resection, surgical/post-surgical features, and early complications
determined case by case. The one-step surgery was more effective, and a good cosmetic
effect was achieved. Options for the combined plasty of post-excision chest wall defects
are summarized in Tables 3 and 4.
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Table 4. Options used for combined plasty of chest wall defects.

No. Mesh Type Reinforcing Constituent Type Soft Tissue Flap Paradoxic Respiration

1 SL PS LT –
2 SL PS Muscle –
3 DL PS Muscle –
4 DL AR Muscle –
5 DL 2 AR LT –
6 DL 3 strips Muscle Yes
7 DL – Muscle –
8 DL AR Muscle –
9 DL PS LT –

10 DL 3 AR Muscle –
11 DL – LT –
12 DL 2 AR LT –
13 DL 2 AR LT –
14 DL 2 AR LT –
15 DL 3 AR Muscle –

Note. PS–pericostal sutures; SL–single-layer TiNi mesh; DL–double-layer TiNi mesh; AR–TiNi artificial rib,
LT–local tissues.

Table 5. Summary of the surgical repair options in plasty of chest wall defects using TiNi-based im-
plants.

Repair Option
No. of Patients

Abs. %

Mesh + local tissues 1 6.7
Mesh + thoracodorsal flap 1 6.7

Double-layer mesh + local tissues 2 13.3
Double-layer mesh + pectoral flap 2 13.3

Double-layer mesh + strip (3 pcs) + pectoral flap 1 6.7
Double-layer mesh + rib prosthesis (1 pcs) + pectoral flap 2 13.3
Double-layer mesh + rib prosthesis (2 pcs) + local tissues 4 26.7
Double-layer mesh + rib prosthesis (3 pcs) + pectoral flap,

external abdominal oblique muscle flap 2 13.3

Total 15 100

In eight patients with limited chest wall defects, mesh was used in combination
with local tissues; a distant musculofascial flap was included as needed. In these cases,
the mesh implant was draped and stitched circumferentially (along the perimeter of
the defect) pursuant to the ‘tent’ method, having a tension that prevented pathological
mobility of the repaired area. In three of eight cases, the area of the osteal chest lesion
and thoracotomy coincided with the resection of lung tissue. Therefore, to rejoin the
flawed ribs after thoracotomy, lobectomy, or pneumonectomy, a block pulley suture with
polyester thread was used, and the threads in turn additionally reinforced the area of
the reconstructed defect, as seen in Figure 2. In one patient with NSCLC, after extended
combined upper right lobectomy with resection of ribs 2, 3, and 4, double-layer mesh with
three strips placed between the folded layers was used. Extensive post-excisional chest
wall lesions were repaired by combining double-layer mesh and artificial rib(s) placed
in the surgical wound atop the double-layer mesh implant, complying with our original
technique, as depicted in Figures 3 and 4.

The postsurgical period went smoothly for all of the patients. Patients were extu-
bated in the operating room or within the first postoperative hours. No clinical signs of
respiratory failure were observed. The patients became active within days of surgery.
In the majority (93.3%) of cases, the surgical wound healed by first intention. In the
intraoperative and postoperative periods, there were no lethal outcomes. Postoperative
complications developed in three (20%) patients after simultaneous chest wall recon-
struction and extended lobectomy for NSCLC. Analysis of postoperative complications
indicated isolated cases of prolonged air ejection through the pleural drains, a paroxysm
of atrial fibrillation, and pleuritis in combination with seroma of the subflap space, all of
which were successfully managed conservatively.

10



J. Funct. Biomater. 2021, 12, 60

 

Figure 2. Combined left pneumonectomy followed by resection and repair of the chest wall. The
ribs were fixed with pericostal sutures, and the thoracic wall defect was repaired using a knitted
TiNi mesh implant.

   
(a) (b) (c) 

Figure 3. Patient XX, 48 y.o., with anterior chest wall metastatic mass invading ribs on the right from renal cell carcinoma:
presurgical (a) axial CT thoracic scan and (b) 3D reconstruction of the chest osteochondral frame, (c) intraoperative view of
the pectoralis major/minor to be excised together with anterior segments of three ribs (3rd–5th).

   
(a) (b) (c) 

Figure 4. Patient XX, 48 y.o., intraoperative view of the large post-excision defect repaired by the double-layer TiNi knitted
mesh implant stretched and sutured circumferentially (a), followed by the reinforcing artificial TiNi ribs is placed atop (b)
and concealed with a prepared muscle flap (c), and the surgical wound is then draped with the cellulocutaneous flap.
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In follow-up radiology examinations, no signs of movement of the artificial ribs
relative to the initial position were detected in all cases. X-ray scans indicated that the
implants were well incorporated into the host tissues, whereas thoracic cage distortion
was negligible (Figure 5). In follow-up checks, and thus far, as a valid indicator of device
consistency, functional outcomes, and patient status, we resorted to the Enneking modified
scoring system (physical function, social role, pain, emotional acceptance, dexterity, etc.).
On a five-point scale, with zero being the lowest, the functional result corresponded
to excellent/good in 14 (93.3%) of the patients. The treatment outcome in the case of
chest wall reconstruction with an area of 98 cm2 using TiNi knitted mesh and strips only
was assessed as satisfactory. In this case, in the early post-surgical period, moderate
pathological flotation of the plastically reconstructed chest area was noted that regressed
in less than three months. An analysis of the given cases indicated that the defect could
be considered yet sizeable to opt for at least one artificial rib that in combination with the
knitted mesh would provide an optimal framework for the thoracic cage.

   
(a) (b) (c) 

Figure 5. Patient XX, 48 y.o., intraoperative view of the large post-excision defect repaired by the double-layer TiNi knitted
mesh implant stretched and sutured circumferentially (a), followed by the reinforcing artificial TiNi ribs is placed atop (b)
and concealed with a prepared muscle flap (c), and the surgical wound is then draped with the cellulocutaneous flap.

We believe that in the reconstructive stage of eliminating a post-excisional thoracic
defect, there is no need to take special steps to form the parietal pleura, and moreover
this is not always possible when the tumor that was excised was malignant. In this case,
the TiNi mesh implant, particularly in the double-layer format, deserves special attention
as it successfully plays the pivotal role of a barrier membrane. The single-layer mesh
implant is seen to be initially used (in two cases) because we did not have enough clinical
experience yet, having no opportunity to evaluate all pros and cons. Further, to play it safe
against possible risks and complications, we opted for the double-layer mesh. It is clear
from general concepts that a thicker interface may contribute to the higher biointegration
level in vivo, excluding the migration of customized artificial TiNi ribs with simultaneous
maintenance of interlayer micro-motions of the composite structure. At the same time,
it is necessary to maintain the chest framework while preserving the anatomical and
physiological volume of the chest cavity in all cases, particularly when there are extensive
thoracic defects. In limited defects, it is sufficient to use a mesh implant as the reinforcing
element, and the implant can be supplemented with pericostal sutures. Extensive post-
resection defects, however, require the artificial TiNi rib(s) as the reinforcing construct.
Additionally, a multidisciplinary approach needs to include input from thoracic and
plastic surgeons, as well as the clinical oncologist and anesthesiologist. Nevertheless, the
number of rib prostheses in any given case is preoperatively chosen on an individual basis
subject to the patient’s anatomical features and the location of the defect. To restore the
integumentary tissues of the chest, non-free skin/fatty tissue, skin/muscle, and muscle
flaps, which have a good track record, should be used. Although the whole procedure
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was not performed following a standard, it addresses a prerequisite to improving surgical
guidelines and for inclusion in the list of designated standard procedures.

4. Conclusions

Our experience indicates that the suggested surgical approach and tactics using
one-step repair represent a promising technique even though the case is aggravated with
extensive chest wall lesions, which can be performed safely and be recommended as a
routine procedure with a high success rate. Combined TiNi-based implants seem to be
very good reinforcing biomaterials that enable reliable repair of thoracic post-excisional
defects of various sizes with good functional, clinical, and cosmetic outcomes.
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Abstract: The ideal positioning of immediate implants in molar extraction sockets often requires
the osteotomy to be in the interradicular septum, which can be challenging in some cases, with
traditional site preparation techniques. Patients who had undergone molar tooth extraction and
immediate implant placement at five different centers, and followed up between August 2015
and September 2020, were evaluated. Inclusion criteria were use of the osseodensification tech-
nique for implant site preparation. The primary outcome was septum width measurement pre-
instrumentation and osteotomy diameter post expansion. Clinical outcomes, such as implant
insertion torque (ISQ) and implant survival rate, were also collected. A total of 131 patients, who re-
ceived 145 immediate implants, were included. The mean overall septum width at baseline was 3.3
mm and the mean osteotomy diameter post instrumentation was 4.65 mm. A total of ten implants
failed: seven within the healing period and three after loading; resulting in a cumulative implant
survival rate of 93.1%. This retrospective study showed that osseodensification is a predictable
method for immediate implant placement with interradicular septum expansion in molar extraction
sockets. Furthermore, it allowed the introduction of a new molar socket classification. In the future,
well-designed controlled clinical studies are needed to confirm these results and further explore the
potential advantages of this technique.

Keywords: osseodensification; immediate implant placement; septum expansion; osteotomy; os-
seointegration

1. Introduction

Immediate implant placement (IIP) into fresh extraction sockets has aroused interest
since it was initially described [1] and has been considered a predictable therapeutic
approach for both anterior and posterior sites, with survival rates comparable to implants
placed in healed ridges [2–5]. An 11-year retrospective study of 300 implants immedi-
ately placed in molar extraction sockets reported an overall survival rate of 97.3% [6].
Furthermore, a systematic review [7] of outcomes following immediate molar implant
placement demonstrated a survival rate of 98%, with no significant differences between
maxilla and mandible. More recently, another systematic review and meta-analysis [8] of
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immediate implants in molar extraction sites demonstrated success rates of 93.3% after 1
year of follow-up.

This treatment alternative offers several advantages in comparison to the classic
delayed approach, namely a single surgical intervention, with a reduction in overall
treatment time and, therefore, increased patient satisfaction [9,10]. However, its success
was reported to be influenced by several factors, including the need for atraumatic extrac-
tion to preserve favorable socket anatomy, as well as the effect of site instrumentation to
achieve an adequate initial implant stability [9]. Implant primary stability and adequate
insertion torque are considered critical aspects for successful IIP [5,6,11,12]. Several chal-
lenges have been described in achieving initial stabilization in molar extraction sockets.
These include the width of the extraction socket, poor bone quality, inadequate interradic-
ular bone septum width, and anatomical limitations beyond the apex of the roots, such
as the inferior alveolar canal in the mandible or the maxillary sinus in the maxilla [13].
Thus, flapless tooth extraction with minimal trauma and gentle separation of the roots
is essential to preserve a favorable anatomy and to allow the placement of the implant
within the socket itself, when needed [10,14]. In addition, implant primary stability
and insertion torque is related to the density of the bone pre and post site preparation.
Bone density is known to have a direct effect on implant stability, as the denser the bone
surrounding the osteotomy walls, the higher the insertion torque and the ISQ values [15].
Both these parameters are influenced by the drilling protocol [16,17], so enhancing the
bone density during osteotomy preparation may improve clinical success, especially in
the maxilla, due to its typically lower bone density compared to the mandible [18].

Smith and Tarnow [14] classified molar sockets based on the amount of interradicular
septal bone in relation to implant placement into three types: Type A sockets have
sufficient septal bone bulk to circumferentially contain the implant. Type B sockets have
enough septal bone bulk to stabilize the implant, but not fully surround it. On the
other hand, Type C sockets have insufficient septal bone to stabilize the implant without
engaging the socket walls, so this would either indicate the placement of ultra-wide
diameter implants or a delayed placement approach. According to several authors [19–
21], immediate implant placement in molar extraction sockets using ultra-wide implants
demonstrates a predictable outcome, with reduced bone loss and stable soft and hard
tissue conditions. However, in a systematic review [7] conducted in 2016, ultra-wide
implants (>6–9 mm) were found to have a significantly higher failure rate than implants
of 4 to 6 mm diameter. More recently, Ragucci et al. [8] also recommended the use
of implants of <5 mm diameter for immediate placement in molar extraction sockets.
Therefore, implant placement in the interradicular septum is usually considered the best
option for an immediate molar implant, not only in terms of correct 3D positioning, but
also regarding implant survival [10].

Recently, a novel non-subtractive surgical technique for implant site preparation
termed osseodensification (OD) was introduced [22]. Contrary to traditional extractive
drilling protocols, it preserves bone and enhances its plasticity, utilizing specially de-
signed burs that rotate in a non-cutting (counter-clockwise) direction to gradually expand
the osteotomy, while simultaneously compacting bone into its trabecular spaces, increas-
ing the density of the site [22–25]. Furthermore, OD was shown to enhance implant
primary stability, due to the compaction auto-grafting and the associated spring-back
effect [22,26]; increasing bone-to-implant contact (BIC) upon implant placement [24,25].
These autografted bone particles in the trabecular spaces act as nucleation for faster
bone formation around the implant, potentially shortening the healing time [23–25,27].
Large-animal histological studies have demonstrated that this high stability at the day of
surgery is maintained throughout the implant healing process, regardless of the implant
macro- or micro-geometry [24,25,27]. In a recent multicenter controlled clinical trial, OD
also demonstrated significantly higher insertion torque and ISQ values compared to
conventional subtractive drilling for all implant dimensions, with the exception of short
implants, regardless of the jaw and area operated, and irrespective of the evaluation
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period [28]. Osseodensification’s ability to plastically expand trabecular bone with com-
paction autografting, to facilitate implant placement with sufficient stability and adequate
healing in sites with less than optimum bone quantity and quality, was documented in
both in vivo and clinical data [23,29]. Trisi et al. [23] was able to demonstrate, in a large
animal histological study, the predictability of placing a 5-mm implant in 5-mm wide
ridge in sheep iliac crest with adequate healing. Koutouzis and Huwais [29] confirmed
his findings in a clinical controlled study that demonstrated a 93% success rate for 38
implants placed in plastically expanded alveolar ridges via osseodensification in 21 pa-
tients. In addition to ridge plastic expansion, osseodensification has also been reported
to enhance dental implant’s short and long-term success rate, regardless of their macro-
or micro-geometry, in several clinical scenarios, including immediate loading [30–32], as
well as to facilitate implant placement in conjunction with crestal sinus graft, with a high
success rate [33–35].

The aim of the present multicenter retrospective study was to assess the effectiveness
of interradicular septum expansion with osseodensification site preparation for immediate
implant placement in molar extraction sockets.

2. Materials and Methods

This retrospective analysis followed the World Medical Association Declaration of
Helsinki and the directives given by the Egas Moniz Ethics Commission (CEEM) at Egas
Moniz Cooperativa de Ensino Superior, Monte de Caparica, Portugal, which does not
require ethical approval for retrospective clinical studies.

An informed consent form was signed by all patients included in the study, both
for the clinical procedure and follow-up appointments. All treatment steps and data
collection were part of the routine procedures at the centers, and no extra measures were
taken for the purpose of the study. All examiners were blind, since a random case number
was allocated to the extracted data, ensuring patient anonymity and data protection. The
study was structured following the STROBE statement [36].

2.1. Selection Criteria and Surgical Technique

Patients who had undergone molar tooth extraction and immediate implant place-
ment with osseodensification at five different centers (S.B., J.G., S.H., C.S., Z.M.), followed
up between August 2015 and September 2020, were evaluated. Inclusion criteria included
patients with molar extraction sockets that had an interradicular septum of at least 2.5 mm
width, use of the osseodensification technique for implant site preparation, and follow-up
of a minimum of 12 months after loading with a definitive implant-supported restoration.
Exclusion criteria comprised an initial septum width <2.5 mm, history of radiotherapy,
bisphosphonate medication, active periodontal disease, uncontrolled diabetes, heavy
smoking (>20 cigarettes/day), and local acute apical abscess. All patients had a cone
beam computed tomography (CBCT) prior to surgical procedure.

All interventions were performed by experienced surgeons, who followed stan-
dardized surgical technique. After local anesthesia with articaine (4%) and epinephrine
(1:200,000), flapless tooth extraction, as atraumatic as possible, was performed after sepa-
ration of the roots with a long thin diamond bur, in order to preserve the interradicular
bone and the general socket anatomy. The socket was then thoroughly curetted to detach
any granulation tissue that could potentially impair healing.

Septum width was directly measured post molar extraction. Measurement was
recorded at the narrowest width of the septum. Implant site preparation started with
a pilot drill, in clockwise motion, in the center of the septum, until 1 mm deeper than
the planned implant length. Densah® Burs (Versah, LLC, Jackson, MI, USA) were then
sequentially used in OD mode (counterclockwise, drilling speed 800–1500 rpm, with
copious irrigation) in small increments to gradually expand the osteotomy, until reaching
the desired width for the planned implant diameter (Figure 1).
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 A B 

Figure 1. Clinical examples of interradicular septum expansion after implant site preparation with
osseodensification ((A). Mandibular first molar; (B). Maxillary second molar).

Osteotomy diameter as a reflection of septum width expansion was then directly
measured and recorded after site instrumentation. Although each center used the implant
company of their choice, all implants placed were conical, bone-level, and with internal
connection (Table 1). After implant placement at the adequate depth, the gaps were
filled with allograft or alloplastic, depending on each center’s preference and either a
customized or a large stock sealing healing abutment was placed, with no attempt to
coronally advance the flaps for primary intention healing. The insertion torque value
was registered, and implant stability was measured using resonance frequency analysis,
immediately after implant insertion (primary stability) and after healing, before final
impression (secondary stability).

Table 1. Overview of implants included in the retrospective analysis.

Implant Company Number of Implants Placed Number of Implants Failed

Dentium 35 1

Adin 35 3

Megagen 26 1

Neobiotech 21 2

Zimmer 14 3

Paltop 6 0

IDI 5 0

Nobel Biocare 3 0

Total 145 10

The osseointegration period varied according to the decision of each clinician, based
on the records mentioned above and on bone quantity and quality, with a minimum of
3 months. Despite not following a standardized medication protocol, all patients were
prescribed post-operative antibiotics for 7–10 days, based on each center’s preference.
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2.2. Variables and Statistics

Data regarding patient characteristics (age and gender); tooth location; date of
surgical and restorative procedure; septum width before and after site preparation and
expansion; insertion torque and ISQ at baseline and after osseointegration; implant
width and length; time of loading; osseointegration success rate; and final follow-up
appointment were collected from the patients’ clinical files. The primary outcome was
septum width measurement pre-instrumentation and osteotomy diameter post expansion.
Descriptive statistics were conducted using IBM® SPSS® Statistics software (SPSS for Mac,
Version 26.0. SPSS Inc. Chicago, IL, USA). A Kaplan–Meier curve was used to analyze the
survival rate of implants placed. This curve was adjusted to 12 months, because it was
the minimum follow-up common to all implants.

3. Results

A total of 131 patients, 90 women and 41 men, with a mean age of 52 years (range
27–80), who received 145 immediate implants in molar extraction sockets, were in-
cluded (Figure 2). The mean follow-up of the included patients was 36 months (range
12–60 months). Reasons for tooth extraction were endodontic treatment failure, root
fracture, or non-restorable teeth. No extracted teeth sockets for periodontal reasons were
included.

 

Immediate molar implants 
assessed for eligibility 

(n = 437) 
Cases excluded due to follow-up 

of less than 12 months after 
loading  
(n = 254) 

Implants placed immediately 
after molar tooth extraction 

with a minimum of 12 
months follow-up after 

loading 
(n = 183) 

Incomplete record 
(n = 38) 

Implants included 
(n = 145) 

Figure 2. Flowchart representative of implants included in the retrospective analysis.

A total of 87 implants were placed in the mandible (72 in first molar sites and 15 in
second molar sites) and 58 in the maxilla (53 in first molar sites and 5 in second molar
sites), as shown in Figure 3. Maxillary sockets had higher mean values of interradicular
septum width compared to those in the mandibular, as described in Figure 4.
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Figure 3. Number of implants placed, according to tooth position.

Figure 4. Mean septum width before instrumentation and osteotomy diameter post-expansion
with osseodensification.

The mean overall septum width at baseline was 3.3 mm, and the mean osteotomy
diameter post instrumentation was 4.65 mm after expansion with osseodensification
(Figure 5).

Implant stability was measured by both insertion torque (ITV) and ISQ values. ITV
was higher in the mandible (mean 46.72 N cm; range 30–60 N cm) than in the maxilla
(mean 41.12 N cm; range 20–60 N cm), with an overall mean value of 44.48 ± 8.2 N cm
(Figure 6).
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Figure 5. Mean overall septum width at baseline and osteotomy diameter post-expansion
with osseodensification.

Figure 6. Insertion torque value (ITV) of implants placed.

Only 6.2% of the implants had an ITV <3 5 N cm, while 35.9% had an ITV ≥ 50 N cm.
Mean ISQ was 72.8 (range 60–82) at baseline on the day of surgery (ISQS) and 78.9 (range
70–88) after the osseointegration period, before final impression (ISQR), as described in
Table 2. Implant diameter ranged from 4.2 to 6.4 mm, and length ranged from 10 to 13
mm, depending on the implant system used in each center. A total of ten implants (four
in the mandible and six in the maxilla) failed (Table 3): seven within the healing period
before final impression and three after loading, resulting in a survival rate of 93.1%. Only
two centers included smoker patients (n = 6), who did not experience implant failure;
therefore, no correlation could be assessed between smoking and implant failure. The
Kaplan–Meier estimator predicted a 93.1% survival rate at 12 months follow-up (Figure
7).
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Table 2. Mean ISQ measurement on day of surgery and in restorative phase after
osseointegration period.

ISQS ISQR

Maxilla
Mean 71.47 77.26

N 58 54
Std. Deviation 4.231 3.004

Mandible
Mean 73.72 79.88

N 87 84
Std. Deviation 4.358 3.730

Total
Mean 72.82 78.86

N 145 138
Std. Deviation 4.434 3.684

ISQS–ISQ in day of surgery; ISQR–ISQ in restorative phase.

Table 3. Description of failed implants.

Implant Company Diameter ITV ISQ Septum Pre Septum Post Timing of Failure

Neobiotech 5 55 76 3.5 4.8 After

Neobiotech 5 35 65 3.4 4.8 Before

Dentium 5 40 68 2.8 4.5 Before

Zimmer 5.2 20 63 5 5.5 Before

Zimmer 5 20 62 4 5.5 Before

Zimmer 4.7 30 60 2.5 4.5 After

Megagen 5.0 30 70 3.5 4.8 After

Adin 4.3 50 75 3 4.5 Before

Adin 5 45 70 3 4.5 Before

Adin 4.3 50 74 2.5 3.8 Before

Mean 4.85 37.5 68.3 3.32 4.7

Figure 7. Kaplan–Meier survival curve for survival estimate.
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4. Discussion

According to a recent systematic review and meta-analysis [8], the suggested ap-
proach for IIP in molar extraction sockets includes a flapless procedure, a one-stage
implant placement, grafting the gap, and the use of implants with <5 mm diameter.
Flapless surgery may not only contribute to decreased operative time, but also to faster
healing, reduction of peri-implant tissue collapse, less postoperative complications, and
improved patient comfort [8]. This approach was followed by all centers in this study,
except for the implant diameter. In fact, 64.2% of the implants placed by all centers had
a diameter ≥ 5 mm. The mean overall septum width at baseline was 3.3 mm and the
mean implant diameter of all implants placed was 4.96 mm, which demonstrates the
potential of the osseodensification technique to preserve the bony housing and expand
the septum; thus, allowing predictably placing wider diameter implants compared to the
conventional osteotomy technique.

Walker et al. [11] assessed the relationship between insertion torque values and
clinical outcomes and reported an implant survival rate in immediate molar implants
of 86%, when insertion torque was low, and 90% to 96% when IT was medium to high,
respectively. This tendency was also observed in our study, since four out of the nine
implants that had an insertion torque < 35 N cm failed. Moreover, the mean insertion
torque of the implants that failed (n = 10) was 37.5, while the mean insertion torque of the
successful implants (n = 135) was 45. Regarding ISQ, implants that ended up failing had
lower mean ISQ values (68.3) on the day of surgery, compared to implants successfully
integrated and loaded (73.2). In a recently published multicenter controlled clinical
trial [28], OD drilling demonstrated significantly higher IT and temporal ISQ values
relative to more conventional subtractive drilling techniques for all implant dimensions,
with the exception of short implants. Therefore, we may assume that the implant survival
would probably be lower with a traditional drilling protocol.

All sockets evaluated in this retrospective analysis were grafted with either allograft
or alloplast (Novabone®). Bone grafting of the remaining socket voids adjacent to an
immediate implant is not essential for osseointegration to occur, especially if the outer
walls of the socket are intact [10,37,38]. However, its combination with a customized
healing abutment, acting as a prosthetic socket seal device minimizes the amount of ridge
contour change after tooth extraction and IIP, thereby contributing to better esthetics and
restorative contour [10,38], as observed in this study (Figure 8).

Pre-operative CBCT is an essential and effective diagnostic method to evaluate socket
anatomy and to define the most suitable treatment approach for each case, as well as min-
imizing the risk of damaging vital structures [39]. Historically, a minimum 3 mm width
of interradicular septal bone (ISB) was deemed important to achieve initial stabilization
of an immediate molar implant [40]. In this study, twenty-three extraction sockets had an
ISB width of 2.5 mm and one had 2.8 mm. Nevertheless, the osseodensification technique
used for implant site preparation allowed adequate septum expansion of all these sites,
to create osteotomies diameters in a range of 3.5–4.5 mm, thereby providing adequate
implant stability upon insertion. Moreover, since it pushes bone in a both lateral and
apical direction, instead of removing it, osseodensification also predictably allows sinus
elevation using a crestal approach in maxillary molar sockets with reduced residual bone
height below the sinus floor [33].
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Figure 8. Representative clinical case with 3-year clinical and radiographic follow-up. (a) CBCT of maxillary left first
molar showing periapical infection with extensive bone loss buccally and palatally. (b) Root section for tooth extraction as
atraumatic as possible. (c) Septum preservation after extraction. (d,e) Initial osteotomy depth at 10 mm. (f) Implant site
preparation, optimized with osseodensification. (g,h) Implant placed in the expanded septum. (i) Allograft placed in the
root sockets to fill the extraction socket. (j–l) Adequate implant stability allowed for the placement of a fully contoured
customized socket sealing healing abutment out of occlusion. (m) Healing after 3 months, with contour maintenance.
(n,o) ISQ measurement after osseointegration period. (p–r) Clinical and radiographic follow-up after 3 years.
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Traditionally, Smith and Tarnow classification type B sockets [14] with narrow septa
are commonly managed by clinicians through the placement of an immediate implant into
the palatal root socket of maxillary molars or into one of the two mandibular molar root
sockets [41]. However, this may lead to potential food impaction and tissue inflammation,
due to poor emergence profile of the restoration. Furthermore, Smith et al. [42] observed,
in a retrospective study of 300 implants, that there is a direct correlation between the
horizontal implant–tooth distance and the incidence of adjacent tooth decay. Therefore,
immediate implant placement in the mesial or distal molar root sockets may significantly
increase the risk of decay in the furthest tooth. Accordingly, the ideal implant positioning
in molar sockets will most often require the osteotomy to be in the septum. Osseodensi-
fication may facilitate the preservation and the expansion of the interradicular septum,
thus enhancing the ability to predictably place implants with adequate stability in both
type B and C sockets, as shown in this study (Figure 9).

The traditional classification of molar extraction sockets by Smith and Tarnow [14] is
based on the amount of interradicular septal bone remaining post instrumentation around
immediately placed implants, but it does not take into account the specific measure-
ment of the septum width pre-instrumentation nor pre-implant placement. Furthermore,
the specific type of the socket in this classification is dependent on the diameter of the
implant placed. Therefore, the authors of the present study propose a new diagnos-
tic classification that is based on the initial septal bone width prior to site preparation
and implant placement, which would allow adequate treatment planning. The new
classification (Figure 10) includes four categories: S-I: septum initial width >4 mm; S-II:
septum initial width = 3–4 mm; S-III: septum initial width = 2–3 mm; and S-IV: septum
initial width < 2 mm/no septal bone. The relevance of this new diagnostic classification
is related to the fact that, with osseodensification instrumentation, and due to bone preser-
vation and plastic expansion, it is possible to convert type B sockets into type A, and type
C into type B [14], as was observed in this study. According to our classification, only S-IV
sockets represent an exclusion criterium for septum expansion with osseodensification.
This would either indicate the placement of ultra-wide implants or a delayed placement
approach. In fact, our results showed that osseodensification allowed immediate implant
placement in the first three categories (S-I, S-II, and S-III) of this new classification, with
adequate implant stability.
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Figure 9. Representative clinical case with 4-year clinical and radiographic follow-up. (a) Initial radiograph with 4 mm
of residual alveolar bone height. (a) Clinical situation at baseline. (b) Occlusal view after gentle tooth extraction with
maintenance of interradicular septum. (c–h) Septum expansion after sequential instrumentation with osseodensification.
(d) Radiograph of densifying bur VT1525 (2.0) in interradicular septum. (i,j) ISQ measurement after implant placement
(primary stability). (k–m) Grafting of the gap and socket sealing with large healing abutment. (n) ISQ measurement after
osseointegration period (secondary stability). (o) Contour maintenance after healing. (p,q) Clinical and radiographic
follow-up after 4 years.
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Figure 10. New molar socket classification according to the initial interradicular septum width. (SI—septum width > 4 mm;
SII—septum width = 3–4 mm; SIII—septum width = 2–3 mm; SIV—septum width < 2 mm/no septal bone).

5. Conclusions

This up-to-5-year follow-up retrospective study showed that osseodensification is
a viable and predictable method for interradicular septum expansion and immediate
implant placement with adequate stability in molar extraction sockets. Furthermore, it
allowed the introduction of a new molar socket classification, based on the available
septum width prior to instrumentation. In the future, well-designed controlled clinical
studies are needed to confirm these results and further explore the potential advantages
of this site preparation technique.
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Abstract: Enamel demineralization around orthodontic adhesive is a common esthetic concern dur-
ing orthodontic treatment. The aim of this study was to prepare orthodontic adhesives containing
monocalcium phosphate monohydrate (MCPM) and nisin to enable mineralizing and antibacterial
actions. The physicomechanical properties and the inhibition of S. mutans growth of the adhesives
with added MCPM (5, 10 wt %) and nisin (5, 10 wt %) were examined. Transbond XT (Trans)
was used as the commercial comparison. The adhesive containing a low level of MCPM showed
significantly higher monomer conversion (42–62%) than Trans (38%) (p < 0.05). Materials with
additives showed lower monomer conversion (p < 0.05), biaxial flexural strength (p < 0.05), and
shear bond strength to enamel than those of a control. Additives increased water sorption and
solubility of the experimental materials. The addition of MCPM encouraged Ca and P ion release,
and the precipitation of calcium phosphate at the bonding interface. The growth of S. mutans in
all the groups was comparable (p > 0.05). In conclusion, experimental orthodontic adhesives with
additives showed comparable conversion but lesser mechanical properties than the commercial
material. The materials showed no antibacterial action, but exhibited ion release and calcium
phosphate precipitation. These properties may promote remineralization of the demineralized
enamel.

Keywords: orthodontic adhesives; monocalcium phosphate monohydrate; nisin; monomer conver-
sion; water sorption; water solubility; biaxial flexural strength; shear bond strength; ion release;
calcium phosphate precipitation; antibacterial; Streptococcus mutans

1. Introduction

The most common complication during fixed orthodontic treatment is white spot
lesions around the bracket base. The prevalence is approximately 25–30%, which can vary
depending on detection criteria across studies [1]. The lesions are associated with loss of
balance between mineral loss (demineralization) and gain (remineralization) from the acid
produced by a dysbiotic biofilm around the fixed appliances [2]. This results in the net
demineralization of enamel and subsurface porosities, which appears as whitish lesions.
If the lesions are left untreated, carious lesions may progress and become uncleanable
cavities causing severe infection and pain that require the intervention of orthodontic
treatment. The most commonly used orthodontic adhesive is resin-based composite
due to its excellent optical properties and strong adhesion to enamel. The peripheral
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area of the adhesive excesses promotes plaque retention around the appliances [3,4].
The main limitation of the current resin composite orthodontic adhesives is the lack of
remineralizing and antibacterial properties. This may lead to the continuation of tooth
demineralization and the progression of carious lesions.

Various ion-releasing fillers such as fluoride compounds [5], bioactive glass [6], or
nanoparticles of calcium phosphate [7] have been added into the resin composite-based
orthodontic adhesives to enhance the remineralizing action of the materials. However,
strong clinical evidence to support their benefits is limited. Calcium and phosphate
ions are essential to enable a suitable saturated condition for the precipitation of hydrox-
yapatite (Ca10(PO4)6OH2), which is the main inorganic structure in tooth minerals [8].
Materials with the ability to promote apatite formation are expected to enable bottom-up
or top-down remineralization in the demineralized tooth structure. Previous studies
have incorporated monocalcium phosphate monohydrate (MCPM; 10–40 wt %) into
dental composites to promote mineralizing actions for the materials [9–13]. MCPM is a
commercially available calcium phosphate compound with excellent ion-releasing and
hydroxyapatite formation abilities [14]. Previous studies showed that an increase in
MCPM (from 10 to 40 wt %) reduced the flexural strength of the composite [15]. Hence, a
low level of MCPM may be required to minimize the negative effects on the physical or
mechanical properties of the materials.

Various antibacterial fillers were incorporated into the adhesives, such as chlorhexi-
dine [16] to promote the antibacterial actions of the materials. The concerns with chlorhex-
idine are the risk of causing a severe allergic reaction [17,18] and the development of
antibiotic resistance [19,20], which is a current global health threat. Nisin is the antimi-
crobial cationic peptide produced from the Lactococcus and Streptococcus species. It has
been approved for use as a biological preservative due to its nontoxicity and its antimi-
crobial actions. Nisin also demonstrated strong broad-spectrum antimicrobial activity,
low tendency to be resistant to bacteria, and low toxicity to human cells at the bacterici-
dal concentration [21]. The proposed antibacterial actions of nisin are mainly from the
interaction between anionic phospholipids in the bacterial cell membrane, leading to
bacterial cell lysis [22,23]. Previous studies demonstrated that the addition of nisin into
experimental dentin bonding agents inhibited the growth of both S. mutans monospecific
biofilm and saliva-derived multispecies biofilm [24,25]. The addition of nisin also showed
no detrimental effects on the bond strength and degree of monomer conversion of the
materials. The use of nisin in orthodontic adhesives has not yet been investigated.

The aim of the current study was, therefore, to prepare new orthodontic adhesives
containing MCPM (at a low concentration of 5 or 10 wt %) and nisin, and to test their
physicochemical properties. We tested the effect of rising MCPM and nisin concentrations
on the degree of monomer conversion, biaxial flexural strength and modulus, water
sorption and solubility, shear bond strength to enamel, calcium phosphate precipitation,
and the growth of S. mutans. The first hypothesis was that the additives should not exhibit
significant effects on the tested properties of the materials. The second hypothesis was
that the properties of the experimental adhesives tested in the current study should not
be significantly different to those of the commercial material.

2. Materials and Methods

2.1. Materials and Methods

The liquid phase contained 70 wt % urethane dimethacrylate (UDMA, Sigma-Aldrich,
St. Louis, MO, USA), 25 wt % triethylene glycol dimethacrylate (TEGMDA, Sigma-Aldrich,
St. Louis, MO, USA), 4 wt % 2-hydroxyethyl methacrylate (HEMA, Sigma-Aldrich, St.
Louis, MO, USA), and 1 wt % camphorquinone (CQ, Sigma-Aldrich, St. Louis, MO, USA).
The powder phase contained silanated boroaluminosilicate glass (particle diameter of 0.7
and 7 μm, Esstech, Essington, PA, USA), monocalcium phosphate monohydrate (MCPM,
a particle diameter of 10 μm, Old Bethpage, NY, USA), and nisin (Nisin Z, Handary, Evere,
Belgium). The formulations of experimental orthodontic adhesives are presented in Table 1.
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Table 1. Composition of powder phase (wt %) of experimental orthodontic adhesives.

Formulations
Boroaluminosilicate

Glass (7 μm)
Boroaluminosilicate

Glass (0.7 μm)
MCPM Nisin

M10N10 40 40 10 10
M10N5 42.5 42.5 10 5
M5N10 42.5 42.5 5 10
M5N5 45 45 5 5
M0N0 50 50 0 0

The composite paste was prepared by mixing powder and liquid phase using a
powder to liquid ratio of 3:1. The mixed composites were placed into a composite
syringe (MIXPAC 1 mL syringe, Sulzer Mixpac AG, Haag, Switzerland). The commercial
orthodontic adhesive (Transbond XT, 3M ESPE, St. Paul, MN, USA) was used as the
commercial control (Table 2).

Table 2. Composition of commercial orthodontic adhesive (Transbond XT, 3M ESPE, St. Paul, MN, USA). Actual composition
is protected as a trade secret of the manufacturer.

Composition Amount (wt %)

Silane-treated quartz 70–80
Bisphenol A diglycidyl ether dimethacrylate (Bis-GMA) 10–20
Bisphenol A bis (2-hydroxyethyl ether) dimethacrylate 5–10

Silane treated silica <2
Diphenyliodonium hexafluorophosphate <1

2.2. Degree of Monomer Conversion

Composites (n = 5) were placed in the metal circlip (1 mm in thickness and 10 mm
in diameter, Springmaster Ltd., Redditch, UK) on the diamond of a Fourier-transform
infrared spectroscope (FTIR, Nicolet iS5, Thermo Fisher Scientific, Waltham, MA, USA)
equipped with attenuated total reflection (ATR, iD7 ATR, Thermo Fisher Scientific,
Waltham, MA, USA). Composites were covered with an acetate sheet. Then, specimens
were light-cured for 20 s using an LED light-curing unit (irradiance of 1200 mW/cm2,
SmartLite Focus Pen Style, DENTSPLY Sirona, York, PA, USA). FTIR spectra in the region
of 700–4000 cm−1 from the bottom of the specimens before and after curing were recorded.
The degree of monomer conversion (DC, %) was then obtained using the following
equation [12].

Dc =
100(ΔA0 − ΔAt)

ΔA0
(1)

where ΔA0 and ΔAt are the absorbance of the C–O peak (1320 cm−1) [26] above the
baseline at 1335 cm−1 before and after curing at time t, respectively.

2.3. Biaxial Flexural Strength (BFS) and Biaxial Flexural Modulus (BFM)

Disc specimens were prepared (n = 8). Composites were placed into a metal circlip
(10 mm in diameter and 1 mm in thickness), and covered with an acetate sheet and glass
slides on top and bottom surfaces. They were cured by an LED light-curing unit for 20 s
on both sides using circular motions. Specimens were left for 24 h at 25 ± 1 ◦C to allow for
the completion of polymerization. Then, they were immersed in 10 mL of deionized water
and incubated at 37 ◦C for 24 h. Biaxial flexural strength (BFS) testing was conducted
using a ball-on-ring testing jig under a mechanical testing frame (AGSX, Shimadzu,
Kyoto, Japan). The test was performed using a 500 N load cell with a crosshead speed
of 1 mm/min. The force was applied until the specimen failed. BFS (Pa) was calculated
using the following equation [11].

BFS =
F
d2

{
(1 + a)

[
0.485 ln

( r
d

)
+ 0.52

]
+ 0.48

}
(2)
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where F is the failure load (N), d is the thickness of the sample (m), r is the radius of
circular support (mm), and a is Poison’s ratio (0.3). Additionally, the biaxial flexural
modulus (BFM, Pa) was calculated using the following equation:

BFM =

(
ΔH

ΔWc

)
×
(
βcd2

q3

)
(3)

where ΔH
ΔWc

is the rate of change of the load with regard to the central deflection or gradient
of force versus the displacement curve (N/m), βc is the center deflection junction (0.5024),
and q is the ratio of the support radius to the radius of the disc.

2.4. Water Sorption and Solubility

Assessment of the water sorption and solubility of the materials was performed
according to BS EN ISO 4049:2019, Dentistry—polymer-based restorative materials [27].
Disc specimens were prepared (n = 6) and placed in a desiccator at 37 ± 1 ◦C for 22 h.
Specimens were transferred to a desiccator and placed in an incubator with controlled
temperature at 37 ± 1 ◦C for 22 h. Then, specimens were removed from the first desiccator
and transferred to the second desiccator (25 ± 1 ◦C) for 2 h. The weight of specimens was
measured using a four-figure balance. These steps were repeated until a constant mass or
m1 was obtained [27].

Specimens were then placed in 10 mL of deionized water at 37 ± 1 ◦C for up
to 4 weeks. The specimen mass was then recorded until a constant mass (m2) was
obtained. Specimens were then reconditioned following the steps described above for m1.
Reconditioning was performed until a constant mass (m3) was obtained. Water sorption
(WSP, g/m3) and water solubility (WSL, g/m3) were calculated using the following
equations.

WSP =
m2 − m3

V
(4)

WSL =
m1 − m3

V
(5)

where m1 is the conditioned mass of the specimen (g), m2 is the mass of the specimen
after immersion in water for 4 weeks (g), m3 is the reconditioned mass of the specimen
after immersion in water (g), and v is the volume of the specimen (m3).

2.5. Enamel Shear Bond Strength

Collecting extracted teeth was approved by the Ethics Review Subcommittee Board
for Human Research Involving Sciences, Thammasat University, No. 3 (Faculty of Health
Sciences and Science and Technology, date of issue: 11 November 2020). The thirty
extracted premolars with no visible caries or noncarious lesions were collected at Tham-
masat University Hospital, Pathum Thani, Thailand. Teeth were kept in 0.1% thymol
solution at room temperature for less than 30 days prior to the test.

Teeth (n = 5) were cleaned and assessed for defects under a stereomicroscope. The
root was cut at 2 mm under the cervical line. The buccal surface was then cleaned
with pumice and water for 15 s. The surface was etched with 37% phosphoric acid
(TransbondTM XT etching gel; 3M Unitek, Monrovia, CA, USA) for 15 s, followed by
rinsing with water for 15 s and air-drying with a three-way syringe. The etched surface
was applied with a primer (TransbondTM XT Light Cure Orthodontic Primer; 3M Unitek,
Monrovia, CA, USA) for 10 s and air-dried. Experimental and commercial adhesives were
then placed onto the tooth surface. Premolar brackets (GEMINI MBT 0.022 Twin, 3M
Unitek, Monrovia, CA, USA) were placed on the adhesive. Excess adhesive was removed.
Then, the specimen was light-cured using an LED light-curing unit for 10 s on each side
(mesial and distal) of the bracket. Specimens were embedded in a self-cure acrylic resin
in a PVC tube (Figure 1A).
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Figure 1. (A) Orthodontic bracket attached parallel to the buccal surface of a tooth. (B) Blade of SBS
testing jig positioned at the interface between bracket and tooth surface.

Specimens from each group were immersed in artificial saliva for 24 h. Then, speci-
mens were subjected to thermocycling between 5 and 55 ◦C for 500 cycles according to
PD ISO/TS 11405:2015 (Dentistry—Testing of adhesion to tooth structure) [28]. Immer-
sion time in each bath and dwell time were 30 and 10 s, respectively. Then, specimens
were placed in a shear bond strength testing jig (Figure 1B). The knife-edge chisel was
positioned at the interface between tooth and bracket. The jig was placed under the
mechanical testing frame (AGSX, Shimadzu, Kyoto, Japan). Shear bond strength (SBS)
testing was conducted using a 500 N load cell and a crosshead speed of 1 mm/min.
Maximal load (F, Newton) before the debonding of the bracket was recorded. SBS (Pa)
was then calculated using the following equation [29].

SBS =
F
A

(6)

where A is the area of the bonding surface of the bracket (m2). Then, the adhesive remnant
index was analyzed by examining the residual adhesive on the bracket under a stereomi-
croscope (10x magnification). The classification of the ARI index was as follows [30,31].

(1) Score 0: no adhesive remained on the enamel.
(2) Score 1: less than 50% of the adhesive remained on the enamel surface.
(3) Score 2: more than 50% of the adhesive remained on the enamel surface.
(4) Score 3: all adhesive remained on the enamel surface.

2.6. Calcium Phosphate Precipitation

The specimen was prepared according to Section 2.5 (n = 1). The specimens were
immersed in 10 mL of artificial saliva and incubated at 37 ◦C for 24 h. Then, the bracket
was debonded. The bonding interface of the detached bracket was sputter-coated with
Au using a sputter-coating machine (Quoram Q150R ES®, East Sussex, UK) with a current
of 23 mA for 45 s. The surface was then examined under a scanning electron microscope
(SEM, JSM, 7800F, JEOL Ltd., Tokyo, Japan) to investigate the calcium phosphate precipi-
tation. Additionally, energy dispersive X-ray analysis (EDX, -sight 6650 detector, Oxford
Instruments, Abingdon, UK) was employed to analyze the elemental composition of the
precipitation using a magnification of 1000–5000× and a beam voltage set at 10 kV [12].
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2.7. Ion Release

The storage solution from the water sorption and solubility test (n = 3) at 4 weeks
was collected for assessing the concentration of Ca and P ions. The collected solution
was mixed with 3 vol % nitric acid. The standard calibration was performed using the
instrument calibration standards. The ion concentration of Ca and P ions in the mixed
solution was analyzed using inductively coupled plasma atomic emission spectroscopy
(ICP-OES, Optima 8300, PerkinElmer, Waltham, MA, USA) [32]. The result was analyzed
using Syngistix TM for ICL software version 2.0 (PerkinElmer, Waltham, MA, USA).

2.8. Fluence to S. mutans Growth

Streptococcus mutans (ATCC 25175) was inoculated in Mueller Hinton (MH) broth
(BD Difco™ Mueller Hinton Broth, Thermo Fisher Scientific Inc., Göteborg, Sweden)
using a 1:2 volume ratio of inoculum to broth. Tubes were incubated for 24 h at 37
◦C in air enriched with 5% CO2. The suspension of S. mutans was then adjusted by
spectrophotometry at optical density (OD) of 600 nm. The concentration of bacterial
suspension was diluted until the bacterial concentration of 2.5 × 105 cell/mL had been
obtained.

Disc specimens were prepared (n = 3) and sterilized under UV irradiation for 30 min
on the bottom and top surfaces [33]. Then, they were immersed in the tube containing
the mixture between 2 mL of Mueller Hinton Broth and 1 mL of the suspension of S.
mutans. The tube without a disc specimen was used as the control. Tubes were incubated
at the controlled temperature of 37 ◦C in air enriched with 5% CO2 for 48 h. Then, discs
were removed. The suspension was vortexed for 30 s, followed by serial dilution until a
bacterial concentration of 1 × 10−6 CFU/mL had been obtained. The suspension (200 μL)
was then plated on the Mitis Salivarius agar. Plates were then incubated for 48 h at 37 ◦C
under 5% CO2 atmosphere. Colony-forming units (log CFU/mL) [34] were then counted
under microscope and image analysis (ImageJ, National Institutes of Health, Bethesda,
MD, USA).

2.9. Statistical Analysis

Numerical results reported in the study are mean and SD. Data were analyzed
using Prism version 9.2 for macOS (GraphPad Software, San Diego, CA, USA). Data
normality was analyzed using the Shapiro–Wilk test. For normally distributed results,
one-way ANOVA followed by Tukey’s post hoc multiple-comparison test were performed.
Additionally, the Kruskal–Wallis test followed by multiple comparisons using the Dunn
test was employed for non-normally distributed results. A chi-squared test was used
to evaluate the ARI scores among the adhesive subgroups. Statistical significance was
set at p = 0.05. The sample size used in each test was calculated using G*Power 3.1
software (University of Dusseldorf, Dusseldorf, Germany) using the results in published
studies [9,12,35] and a pilot study. The result indicated that the sample size in each test
gave power >0.95 at alpha = 0.05. Additionally, the effects of increasing MCPM and nisin
concentrations on the tested properties were assessed using factorial analysis [11].

3. Results

3.1. Degree of Monomer Conversion

The highest and lowest monomer conversions were obtained from M0N0 (62.2 ±
0.4%) and Trans (37.9 ± 1.0%), respectively (Figure 2). The conversion of M0N0 was
significantly higher than that of M10N10 (38.6 ± 0.4%), M10N5 (39.3 ± 1.4%), M5N10
(41.7 ± 0.7%), and M5N5 (41.6 ± 0.8%) (p < 0.05). The conversion of M5N5 and M5N10
was significantly higher than that of Trans, M10N10, and M10N5 (p < 0.05). Factorial
analysis indicated that the increase in MCPM level from 5 to 10 wt % reduced the degree
of monomer conversion by 4 ± 2%, while the effect from rising nisin was negligible.
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Figure 2. Degree of monomer conversion of all materials after light curing for 40 s. Error bars are
SD (n = 5). Lines indicate p value.

3.2. Biaxial Flexural Strength (BFS) and Modulus (BFM)

The highest and lowest BFS were detected with M0N0 (220.0 ± 16.7 MPa) and
M10N10 (109.3 ± 7.4 MPa), respectively (Figure 3A). The BFS of M0N0 was comparable to
that of Trans (202.1 ± 19.2 MPa) (p = 0.0607). The BFS of Trans and M0N0 was significantly
higher than that of M10N10, M10N5 (136.8 ± 11.5 MPa), M5N10 (109.3 ± 5.3 MPa), and
M5N5 (145.0 ± 6.8 MPa) (p < 0.05).

Figure 3. (A) Biaxial flexural strength and (B) biaxial flexural modulus of all materials after immersion in deionized water
for 24 h. Error bars are SD (n = 8). Lines indicate p < 0.05.
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For BFM (Figure 3B), M0N0 exhibited the highest BFM (7.4 ± 0.5 GPa). The BFM
of M0N0 was also similar to that of Trans (6.9 ± 0.6 GPa) (p = 0.0607). The BFM of both
Trans and M0N0 was significantly higher than that of M10N10 (2.9 ± 0.3 GPa), M10N5
(4.4 ± 0.2 GPa), M5N10 (2.9 ± 0.5 GPa), and M5N5 (5.0 ± 0.4 MPa) (p < 0.05).

Factorial analysis showed that the increase in nisin level reduced BFS and BFM by
22 ± 4% and 37 ± 9%, respectively. The effect of increasing the MCPM level was minimal.

3.3. Water Sorption (WSP) and Water Solubility (WSL)

The highest and lowest WSP were detected with M10N10 (234 ± 4 μg/mm3) and
Trans (12 ± 2 μg/mm3), respectively (Figure 4A). The WSP of M10N10 was signifi-
cantly higher than that of M10N5 (178 ± 1 μg/mm3), M5N10 (193 ± 2 μg/mm3), M5N5
(134 ± 3 μg/mm3), M0N0 (22 ± 2 μg/mm3), and Trans (p < 0.01). Additionally, the WSP
of all groups were significantly different from each other (p < 0.01). Factorial analysis
indicated that the increase in MCPM and nisin enhanced WSP by 17 ± 14% and 23 ± 19%,
respectively.

Figure 4. (A) Water sorption and (B) water solubility of materials upon immersion in deionized water for 4 weeks. Error
bars are SD (n = 6). Lines indicate p < 0.05.

The highest and lowest WSL were detected with M10N10 (217.6 ± 1.9 μg/mm3)
and M0N0 (0.7 ± 1.1 μg/mm3), respectively (Figure 4B). M10N10 showed significantly
higher WSL than that of N10N5 (128.4 ± 1.4 μg/mm3), M5N10 (187.5 ± 1.1 μg/mm3),
M5N5 (100.9 ± 1.0 μg/mm3), M0N0, and Trans (2.0 ± 1.5 μg/mm3) (p < 0.01). Factorial
analysis indicated that the increase in MCPM and nisin enhanced WSP by 13 ± 11% and
48 ± 40%, respectively.

3.4. Enamel Shear Bond Strength (SBS) and Adhesive Remnant Index (ARI) Score

The highest and lowest SBS were obtained from M0N0 (32 ± 3 MPa) and M5N10
(14 ± 6 MPa) (Figure 5). The SBS of M0N0 was significantly higher than that of M10N10
(19 ± 8 MPa) (p = 0.0455). Additionally, the SBS of M5N10 was significantly lower than
that of M5N5 (29 ± 3 MPa), M0N0, and Trans (31 ± 8 MPa) (p < 0.01). The increase in
nisin level reduced SBS by 19 ± 15%, while the increase in MCPM showed a negligible
effect.
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Figure 5. Enamel shear bond strength of all materials. Error bars are SD (n = 5). Lines indicate
p < 0.05.

The distribution of the ARI score (Figure 6) among each group was significantly
different (p < 0.05). The most common ARI scores observed for the experimental materials
were 1 and 2. A score of 3 on the ARI index was only detected for Trans.

Figure 6. (A) Percentage of ARI score observed after SBS testing. Example of ARI score observed
from randomly selected materials; (B) score 1, (C) score 2, and (D) score 3.
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3.5. Calcium Phosphate Precipitation

The surface of the debonded brackets from the randomly selected specimens of
M10N10, M10N5, M5N10, and M5N5 showed rod-shaped precipitation on the adhesives
(Figure 7). EDX showed that the observed precipitate contained Ca and P (Figure 8). No
precipitation was detected on the adhesive of M0N0 and Trans.

Figure 7. Surface of adhesives of representative specimen after debonding from enamel. Precipitates (arrows) were observed
on M10N10, M10N5, M5N10, and M5N5. Precipitation was not detected on M0N0 and Trans.

Figure 8. Example of EDX result obtained from precipitate detected on a representative specimen of M10N5.

3.6. Ion Release

The levels of Ca and P in M0N0 and Trans were under the detectable levels (<0.13 ppm).
The highest and lowest Ca ion concentrations were detected in M10N10 (39.3 ± 0.6 ppm)
and M5N5 (10.2 ± 0.8 ppm), respectively (Figure 9). The Ca ion concentration in M10N10
was significantly higher than that in M10N5 (30.8 ± 0.3 ppm), M5N10 (13.4 ± 0.4 ppm),
and M5N5 (p < 0.05). Similarly, the highest and lowest P ion concentrations were ob-
tained from M10N10 (80.3 ± 0.7 ppm) and M5N5 (20.2 ± 0.9 ppm), respectively. M10N10
showed significantly higher P ion concentration than M10N5 (62.8 ± 0.9 ppm), M5N10
(27.9 ± 0.3 ppm), and M5N5 (p < 0.05).
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Figure 9. (A) Calcium and (B) phosphorus in storage solution at 4 weeks. Error bars are SD (n = 3). Lines indicate p values.

Additionally, factorial analysis showed that the increase in MCPM from 5 to 10 wt %
increased Ca and P ion release by 199 ± 12% and 200 ± 9%, respectively. Furthermore, the
increase in nisin also increased Ca and P ion release by 30 ± 6% and 33 ± 3%, respectively.

3.7. Influence on S. mutans Growth

The lowest and highest Log CFU/mL were detected with F5 (3.47 ± 0.42 Log
CFU/mL) and F1 (3.21 ± 0.24 Log CFU/mL), respectively (Figure 10). Bacterial colonies of
each group were numbered as follows. F2 (3.49 ± 0.27 Log CFU/mL), F3 (3.46 ± 0.24 Log CFU/mL),
F4 (3.22 ± 0.24 Log CFU/mL), and Trans (3.35 ± 0.24 Log CFU/mL). However, no sta-
tistically significant difference was detected between groups (p > 0.05). The increase in
MCPM and nisin also showed a negligible effect on the growth of S. mutans.

Figure 10. Mean of Log CFU/mL of all experimental groups. Error bars are SD (n = 3). Lines
indicate p > 0.05.
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4. Discussion

Experimental orthodontic adhesives containing MCPM and nisin were prepared.
The effects of increasing MCPM and nisin from 5 to 10 wt % on the physical or mechanical
properties and influence on the growth of S. mutans were assessed. The increase in the
levels of the additives affected the degree of monomer conversion, water sorption and
solubility, biaxial flexural strength and modulus, shear bond strength, and the ion release
of the materials. Hence, the first hypothesis was rejected. The second hypothesis was
also rejected, as the monomer conversion, biaxial flexural strength and modulus, water
sorption and solubility, and ion release obtained from the experimental materials were
not comparable to those of the commercial materials. The current study is an in vitro
study. Hence, further in vivo or in situ experiments should be conducted to confirm the
beneficial effects of the experimental orthodontic adhesives.

4.1. Degree of Monomer Conversion

A high degree of monomer conversion of orthodontic adhesives may help in reduc-
ing the risk of uncured monomer elution. Released monomers could be detected even
after long-term immersion for up to 52 weeks [36]. Eluted monomers from orthodontic
adhesives are slightly toxic to human gingival fibroblasts [37]. Additionally, the detection
of BPA from commercial adhesives was reported, which could be due to impurities during
Bis-GMA synthesis. Hence, UDMA was used as the base monomer in the experimental ad-
hesives in the current study to avoid BPA-induced estrogenic activities [38]. Furthermore,
Bis-GMA may promote sugar transport and the accumulation of intracellular polysaccha-
rides in S. mutans, which may increase the cariogenicity of dental biofilm [39]. However,
a study showed that UDMA also enhanced the tolerance of oxidative stress to S. mutans
and favored biofilm development at the early stage [40].

The monomer conversion of Trans was comparable to that reported in the published
study (~43%) [41]. The DC of the experimental adhesives was comparable to or higher
than that of Trans. However, the minimal requirement for the DC of orthodontic adhesives
has not yet been established. The degree of monomer conversion of the experimental
materials without additive was within the range of that reported for restorative resin
composites (~50–70%) [42]. The higher DC of M0N0 compared with Trans could be due
to the differences in base monomers used in the materials. The use of low glass transition
(Tg) temperature monomers could enhance the degree of monomer conversion for the
polymer [43]. The Tg of UDMA (−35 ◦C) was lower than that of Bis-GMA (−8 ◦C) [44].
The additives significantly reduced the degree of monomer conversion of the materials by
almost 20%. The addition of MCPM and nisin may increase in refractive index mismatch
within the composites. This could potentially reduce light penetration into the bottom of
the specimens. Additives also generally reduce the light intensity inside the specimen.
This may have been because additives increased the refractive index mismatch in the
adhesive [12,45,46]. This may consequently reduce light penetration in the material to the
bottom surface of the adhesive.

4.2. Biaxial Flexural Strength and Modulus

The strength of orthodontic adhesive should be sufficiently high to ensure that the
material can withstand the applied forces without bracket debonding. There is no stan-
dard requirement for resin composite orthodontic adhesives. The most relevant standard
is BS ISO 4049: dentistry—polymer-based restorative materials for luting materials. Resin-
based luting materials that require external energy for polymerization should exhibit
flexural strength higher than 50 Mpa [27]. Experimental adhesives in all formations
showed higher flexural strength than that required by the standard (109–220 Mpa), which
may indicate that the materials would pass the requirement. However, a limitation of
the current study is that the flexural strength testing was biaxial flexural strength testing,
while the testing required by BS ISO 4049 is a three-point bending test. Advantages of the
biaxial flexural test compared with the three-point bending test include smaller specimens,
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low technique sensitivity for specimen preparation, and low risk of undesirable failure at
the edges of specimens due to flaws (edge failures) [47]. The 2017 guideline for material
testing from the Academy of Dental Materials also indicated that the result from the
biaxial flexural strength test was correlated with the results from the three-point bending
test but with lower variation [48,49].

The mechanical properties of materials can be influenced by various factors, such as
the composition of monomers, filler loading, and the type of filler [50,51]. The replacement
of silane-treated glass fillers by hydrophilic and nonsilanized fillers led to a reduction in
mechanical properties, which was in accordance with previous studies [15,52–54]. The
lack of silanation may, however, reduce filler–matrix interaction, which could encourage
crack propagation during strength testing [53,55]. Additives were not silanized to facilitate
the reaction with water or release from the adhesives.

MCPM is highly soluble in water (solubility of 18 g/L), which can readily react
with water to release essential ions for promoting mineral precipitation [56]. A previous
study incorporated the high level of MCPM (10–20 wt %) to enhance the remineralizing
effects of resin composites [11,15]. However, the use of such an MCPM level significantly
reduced the strength of the material. Therefore, the MCPM level in the current study was
reduced to 5–10 wt %. The reduction in MCPM level showed acceptable results, as the
increase in MCPM from 5 to 10 wt % showed a negligible effect on the biaxial flexural
strength of the material. The level of nisin used in experimental dual-cured composites in
a pilot study (4–8 wt %) [12] showed no antibacterial actions. Hence, the level of nisin in
the current study was increased to 5–10 wt %. The limitation of the current study was that
the nisin powder contains ~90 wt % of NaCl. Hence, both MCPM and nisin fillers may
significantly promote water sorption that could plasticize and reduce the rigidity of the
polymer network of the adhesives [12,57]. This may, consequently, reduce the strength
and modulus of elasticity of the materials.

The effect of nisin on strength reduction was more significant than that of MCPM.
This could be due to NaCl in the nisin filler. Additionally, the dissolution of the nisin
filler may also leave voids or defects inside the material, which could act as a crack
initiator, reducing the strength of the materials. It was proposed that MCPM may be
disproportionated and reprecipitated with a different phase of calcium phosphates [58],
such as dicalcium phosphates [59]. The new calcium phosphate precipitation may help
fill the voids and prevent crack propagation and failure of the composites [10]. Future
work should focus on the long-term mechanical properties (>6 months) to ensure the
sufficient durability of the materials.

4.3. Water Sorption and Solubility

Resin-based materials can absorb water into the polymer network upon exposure to
the oral fluids. Water may plasticize and reduce the rigidity of the polymer networks or
cause hydrolytic degradation of the materials [57]. However, it was demonstrated that
the absorption of water could promote hygroscopic expansion, which may subsequently
help to relieve the polymerization shrinkage stress of the materials [60,61]. Additionally,
water is also essential to enable the release of reactive components from rigid resin-
based materials.

The maximum level of water sorption and water solubility of the resin-based mate-
rials indicated by the BS ISO 4049 was 40 μg/mm3 and 7.5 μg/mm3, respectively [27].
This indicated that the experimental adhesive with no additives (M0N0) would pass
the standard. The additives enhanced water sorption from 22.2 to 233.9 μg/mm3 and
water solubility from 0.8 to 217.6 μg/mm3, due primarily to the hydrophilicity of MCPM
and nisin, as was expected. The effect of increasing nisin on water sorption and water
solubility was greater than the effect from increasing MCPM. This could be due to the
high level of NaCl contained in the nisin powder.

Water solubility may be associated with the loss of components from the materials
upon water immersion. Increase in nisin concentration exhibited a greater effect on the
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water solubility of the adhesives compared with the increase in MCPM concentration.
This could be due to the high solubility of nisin and NaCl. Additionally, MCPM may react
with water and reprecipitate as calcium phosphate apatite in the materials, which may
compensate for the weight loss of the specimens [9]. It can be speculated that the reduction
of mass could also be due to leaching out of the unreacted monomers or degradation of
the polymer network. It was demonstrated that ester groups in methacrylate monomers
were susceptible to hydrolytic and enzymatic degradation [62]. The excessive water
dissolution could compromise the physical and mechanical properties of the materials.
Hence, the level of MCPM and nisin should be reduced and optimized in future work to
ensure that the materials would pass the standard.

4.4. Enamel Shear Bond Strength (SBS)

The sufficient bond strength of the orthodontic adhesives to enamel is crucial to
ensure the retention of brackets, allowing the transferred forces from the archwire for
orthodontic movement. Additionally, high bond strength may help ensure that the
brackets can withstand long-term masticatory forces during the long period of orthodontic
treatment, which can be up to 3–5 years [63,64].

The SBS of experimental adhesives in the current study was within the acceptable
range reported in the published studies (8–40 MPa) [65,66]. It should be mentioned that
the minimum SBS to the enamel of the orthodontic adhesives is not yet specified by the
ISO standard. However, the minimum clinically acceptable SBS is ~8 MPa [63]. The
addition of hydrophilic additives reduced the SBS of the experimental material, as was
expected. The main reason could be the lack of silanation and the increase in water
sorption by MCPM and nisin. The negative effect on SBS of the increase in nisin was more
evident than the effect from increasing MCPM. This could be due to NaCl contained in
nisin promoting excessive water sorption, thereby reducing the strength of adhesives.

The adhesive remnant index (ARI score) is commonly used to determine the re-
maining adhesive on the tooth surface after debonding. In general, a higher ARI score
indicates strong interaction or high bond strength between the adhesive and the enamel
surface [67]. The concern of a high ARI score is that excessive bond strength of material
to the enamel may lead to the destruction of the enamel surface during debonding [68].
This may cause esthetic problems and increase plaque retention, thereby increasing the
risk of caries formation.

A minimum requirement of the ARI score has not yet been specified in an ISO
standard. It was expected that the adhesives that exhibited an ARI score of 0 or 1 may
provide sufficient bond strength with a low risk of enamel fracture during detachment of
brackets [69]. However, this may require additional clinical time to remove the adhesive
and clean the enamel surfaces. The most common ARI score of experimental orthodontic
adhesive in the current study was 1. Additionally, no enamel breakage was detected in
the specimens. This may suggest a low risk of enamel breakdown during debonding in
clinical applications. The ARI scores of the experimental adhesives were also in accordance
with those observed for commercial orthodontic adhesives in published studies [65,68].
Future work should assess the SBS using long-term thermocycling (5000–10,000 cycles)
to determine the strength in accelerated ageing. Additionally, it may be interesting to
test SBS under acidic challenge to assess the buffering effects of MCPM on the SBS of the
materials.

4.5. Calcium Phosphate Precipitation

Ion-releasing orthodontic adhesives should promote essential ions that could pro-
mote mineral precipitation to prevent dental caries [34]. It was suggested that the assess-
ment of the apatite forming ability of the materials in phosphate solution could be a simple
method for initial screening the mineralizing ability of the materials [70,71]. The addition
of MCPM at 5 or 10 wt % enabled the formation of calcium phosphate precipitation at the
interface of orthodontic adhesives in the current study. This finding was consistent with
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the composites containing a similar level of MCPM in the previously published study [12].
This was beneficial in terms of physical/mechanical properties as the use of a low level of
MCPM may not exhibit detrimental effects on the strength of the adhesives. The elemental
analysis by EDX demonstrated that the Ca/P ratio of the precipitation was ~1, which
may suggest that the mineral precipitation could be dicalcium phosphates (brushite),
which is the early phase of hydroxyapatite formation [56]. The test was assessed at an
early time (24 h). Hence, future work should determine the calcium phosphate apatite
formation at a late time (up to 4 weeks). Additionally, the remineralizing effects on the
in vitro demineralized enamel should be assessed to confirm the remineralizing effects of
the experimental orthodontic adhesives.

4.6. Ion Release

The ability of materials to release ions was expected to the enhance remineralizing
actions of materials [58,72]. Calcium and phosphate ions are essential to encourage the
saturated condition for the precipitation of calcium phosphate apatites such as dicalcium
phosphate or hydroxyapatite [73]. Additionally, the release of ions also helps buffer the
acidic condition during caries attack [74,75]. However, the minimum level of Ca and P
ions that can provide clinical remineralizing effects are not concluded.

MCPM contains a low Ca/P ratio (0.5), which suggests that the material can be
readily reacted with water and release calcium and phosphate ions. The addition of
MCPM in the experimental orthodontic adhesives resulted in the release of Ca and P ions,
which was in agreement with the result in a published study [76]. The increase in MCPM
level from 5 to 10 wt % enhanced the Ca and P release, as was expected. The increase in
nisin also promoted the release of Ca and P ions. A possible mechanism could be that
nisin encouraged water sorption, thus enhancing the dissolution of MCPM. A limitation
of the current study is that the measurement was not performed at different time intervals,
so determining the release over time was not possible. Future works should assess the
ions released at different time points, or their release in acidic conditions to mimic the
cariogenic challenge.

4.7. Antibacterial Action on S. mutans

The colonization of biofilm around the excess orthodontic adhesives could increase
the risk of developing white spot lesions around the brackets [77,78]. Meticulous oral
hygiene and various additional oral health care products [79,80] are essential to help
control plaque accumulation during fixed orthodontic treatments. However, the success
of the interventions relies upon the favorable compliance of patients. The aim of adding
antibacterial agents into orthodontic adhesives was, therefore, to help inhibit the bacterial
growth, which could subsequently reduce the risk of demineralization [81].

The limitation of the current study showed that the addition of nisin into the experi-
mental orthodontic adhesives failed to demonstrate the inhibitory effects on S. mutans. A
possible explanation is that the concentration of nisin used in the current study (5–10 wt %)
was too low to exhibit the significant benefit. It should be mentioned that previous studies
showed that the addition of nisin in commercial dentin bonding agents for ~3–5 wt %
promoted the antibacterial action of the materials [24,25]. The dentin bonding agents
usually contain a high level of low-molecular-weight and hydrophilic monomers. The
highly flexible polymer network in the dentin bonding agent may therefore encourage the
diffusion and release of nisin from the material. Although the current study incorporated
a higher level of nisin, the rigid polymer network of orthodontic adhesive may limit the
diffusion and release of nisin. A study indicated that the concentration of nisin that can
inhibit the growth of S. mutans was 10 μg/mL [82]. A limitation of the current study
was that the concentration of released nisin was not analyzed. Hence, the release kinetic
of nisin using HPLC should be included in future work. This would help to optimize
the required concentration of nisin. Additionally, ultrapure nisin (concentration of nisin
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>95 wt %) should be used in future work to increase the concentration of nisin in the
materials.

5. Conclusions

Ion-releasing and antibacterial experimental orthodontic adhesives containing MCPM
and nisin were prepared. The additives showed minimal effect on the degree of monomer
conversion but reduced the mechanical properties of the materials. However, the strength
was still within the acceptable level required by the ISO standard. The additives also
increased the water sorption/solubility of the materials. The addition of Nisin demon-
strated no inhibition effect on the growth of S. mutans. The addition of MCPM promoted
ion release and calcium phosphate precipitation for the adhesive. This was expected to
promote the remineralizing properties of the materials.
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Abstract: Polydimethylsiloxane (PDMS) is an elastomer with excellent optical, electrical and me-
chanical properties, which makes it well-suited for several engineering applications. Due to its
biocompatibility, PDMS is widely used for biomedical purposes. This widespread use has also led to
the massification of the soft-lithography technique, introduced for facilitating the rapid prototyping
of micro and nanostructures using elastomeric materials, most notably PDMS. This technique has
allowed advances in microfluidic, electronic and biomedical fields. In this review, an overview of the
properties of PDMS and some of its commonly used treatments, aiming at the suitability to those
fields’ needs, are presented. Applications such as microchips in the biomedical field, replication of
cardiovascular flow and medical implants are also reviewed.

Keywords: polydimethylsiloxane; PDMS properties; PDMS applications; microfluidics;
biomedical engineering

1. Introduction

Polydimethylsiloxane (PDMS) is an elastomeric polymer with interesting properties
for biomedical applications, including physiological indifference, excellent resistance to
biodegradation, biocompatibility, chemical stability, gas permeability, good mechanical
properties, excellent optical transparency and simple fabrication by replica moulding [1–5].
Due to these characteristics, PDMS has been widely used in micropumps [6], catheter sur-
faces [7], dressings and bandages [8], microvalves [9], optical systems [10,11], in the in vitro
study of diseases [12,13], in implants [14,15], in microfluidics and photonics [16–19]. More-
over, soft-lithography technology has driven the use of PDMS in microelectromechanical
systems (MEMS) applications and in microfluidic components [17,18,20]. Soft-lithography
techniques such as micro-contact printing, replica moulding, micro-transfer moulding,
micro-moulding in capillaries and solvent-assisted micro-moulding usually require the use
of PDMS to create an elastomeric stamp or mould that incorporates nano- and microstruc-
tures for the transfer of patterns onto a subsequent substrate [18,21].

MEMS are approaches that use electronic and mechanical technologies to deal with
biomedical problems on the micro-scale [22]. MEMS-based devices have been widely used
in the biomedical area for applications such as diagnostics and therapeutics. These systems
can be microsensors or microtransducers, and are helpful in areas such as physics, me-
chanics, electronics and biomedicals, as they can provide very precise and fast results [23].
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The investigation and improvement of already existing MEMS are more and more common.
As they are increasingly commercialized, the necessity to find processes and materials that
enable mass production while reducing cost has emerged [21]. MEMS are traditionally
silicon-based and the pursuit for a more biologically friendly material is needed. Polymers
allow rapid prototyping and mass production techniques as well as having a lower cost in
relation to silicon, making them particularly attractive for the development of MEMS [21].
Photolithography is the most commonly used technique in microfabrication, however,
this method is expensive [24]. With the introduction of polymers in microsystems, new
manufacturing techniques have been studied, such as soft-lithography, which can be a
cheaper method comparatively to photolithography, even when a costly mould is needed
for patterning; once a mould is created, it can be reused several times [20]. Additionally,
there are alternatives which are attempting to reduce the cost of the moulds, relying on
cleanroom less approaches [25]. Candidate polymers for the production of MEMS are poly-
carbonate (PC), polymethylmethacrylate (PMMA), polyvinylchloride (PVC), polyethylene
(PE) and PDMS [21].

Additionally, PDMS is the most commonly used material in the manufacturing of
microfluidic devices, which are an important technology for the development of systems
such as drug delivery, DNA sequencing, clinical diagnostics, point of care testing and
chemical synthesis [26]. The used materials in these systems should be biocompatible,
optically transparent and provide fast prototyping and low fabrication cost [27], features
found in PDMS.

In addition to applications in microfluidics, PDMS has been widely used in the fab-
rication of biomodels (flow phantom) for the in vitro hemodynamic study of diseases
such as aneurysms and stenosis [28–31]. The biomodels developed in PDMS allow good
replicability of the lumen of the arteries and good transparency, being ideal for the applica-
tion of optical techniques of micro particle image velocimetry (micro-PIV), particle image
velocimetry (PIV), particle tracking velocimetry (PTV) and non-evasive techniques [32–34].
These experimental tests have provided a greater understanding of these pathologies,
validated numerical techniques and tested medical devices such as stents [35–37].

PDMS has also been investigated in the field of medical implants [38–42]. These types
of implants are usually made with titanium or its alloys; however, such materials do
not allow a good osseointegration [39]. In order to overcome this limitation, PDMS has
been studied to produce coatings with microscale features that help the bonding between
the implant and the bone. The main characteristics for its use in implants are its high
biocompatibility, excellent resistance to biodegradation and flexibility, which makes PDMS
one of the most successful polymers in implanted devices, presenting only mild foreign
body reactions [43–45]. Common applications include cardiac pacemakers, cuff and book
electrodes in the PNS, cochlear implants, bladder and pain controllers and planar electrode
arrays in the CNS [45,46].

In this review, research on PDMS properties, their fabrication processes and their
characterization methods are reported. Moreover, their use in MEMS applications, mi-
crofluidics, medical implants and hemodynamic studies is investigated. Written in a
concise, but complete manner, we believe that this manuscript joins together the main
advantages, disadvantages and challenges of PMDS when biomedical applications are
needed and, therefore, can be extremely useful for researchers looking to learn about this
biomaterial and its applicability in this biomedical field.

2. PDMS Properties

Silicon, glass and polymers are the typical materials used for micro devices fabrication:
silicon, because of its thermal conductivity and the availability of advanced fabrication
technologies; glass, mainly due to its transparency; polymers, because of its low cost, opti-
cal transparency and flexibility. Compared to glass and silicon, PDMS turns out to be the
most promising elastomer, because the other two materials have a high manufacturing cost,
require greater labour intensity and are rigid in nature. The variable elasticity of PDMS
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in medical applications is also favourable; its modulus of elasticity is 1–3 MPa (compared
to ~50 GPa of glass) [2,47]. PDMS is also chemically inert, thermally stable, permeable to
gases, simple to handle and manipulate, exhibits isotropic and homogeneous properties
and can replicate submicron features to develop microstructures [19,21,48]. Additionally,
this elastomer is optically transparent, can work as a thermal and electrical insulator
and degrades quickly in the natural environment [49]. PDMS presents a hyperelastic
behaviour, which is the ability of a material to undergo large deformations before rup-
ture [50]. This characteristic is also found in biological tissues and, for that reason, PDMS
is a well-suited material to mimic, for example, blood vessels [49]. Another characteristic of
this elastomer is its biocompatibility, which means that PDMS is compatible with biologic
tissues [49]. PDMS presents a transmittance up to 90% for the wavelength from 390 nm to
780 nm [51–53] and, due to this characteristic, PDMS-based microsystems allow the direct
observation of the mimicked blood flow inside the mimicked vessels and the integration of
optical detection systems, hence playing an important role in this field.

With the purpose of extending the lifespan of a chip, PDMS is used to embed or
encapsulate electronic components by casting. Due to its thermal and electrical insulation
capability, PDMS protects the components from environmental factors and mechanical
shock within a large temperature range (−50–200 ◦C) [23,48]. In Table 1, some physical
properties of PDMS are listed.

Table 1. Typical properties of cured PDMS.

Property (Unity) Result References

Transmittance at range 390 nm to 780 nm (%) 75–92 [54,55]
Index of refraction 1.4 [56]

Thermal conductivity (W/m·K) 0.2–0.27 [57,58]
Specific heat (kJ/kg·K) 1.46 [56]

Dielectric strength (kV/mm) 19 [57]
Dielectric constant 2.3–2.8 [56]

Electrical conductivity (ohm·m) 4 × 1013 [56]
Volume resistivity (ohm·cm) 2.9 × 1014 [57]

Young’s modulus [kPa] 360–870 [59]
Poisson ratio 0.5 [60]

Tensile strength (MPa) 2.24–6.7 [56,57]
Hardness [Shore A] 41–43 [55,61]

Viscosity (Pa·s) 3.5 [57]
Hydrophobicity—contact angle (◦) ~108◦ ± 7◦ [62]

Melting Point (◦C) −49.9 to −40 [63]

Despite these advantages, PDMS has some properties that can present a limitation in
some applications. Due to its CH3 groups, PDMS presents a hydrophobic surface (contact
angle with water ~108◦ ± 7◦) [62,64,65], often limiting its application in solutions composed
of biological samples [66]. Additionally, PDMS tends to swell when combined with certain
reagents [17,48]. In some applications, the absorption of small molecules flowing through
the channels makes it difficult to quantitatively analyse experiments in proteomic drug
discovery and cell culture [67,68]. In microchannels, the hydrophobicity of PDMS generates
complications that include impedance to the flow of polar liquids, which makes it difficult
to wet its surface with aqueous solvents [49]. On the other hand, much effort has been
made to make the PDMS surface hydrophilic and resistant to protein adsorption [19,69–73].

Strategies employed in attempting to solve PDMS hydrophobicity include surface
activation methods such as: oxygen plasma; UV/ozone treatments; corona discharges,
which are widely used for PDMS surface oxidation to promote microchannel wettability.
The main benefits of these methods are the short treatment time and easy operation;
however, the PDMS surface recovers its hydrophobicity when in contact with air within a
few minutes [74–76]. The hydrophilic treatments and some examples are discussed further
in Section 5.
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Another method is physisorption, which is a simple and efficient approach that
relies on surface hydrophobic or electrostatic interactions. This method includes the
following techniques: layer-by-layer deposition; non-ionic surfactants; charged polymers.
The disadvantages are the lack of covalent bonds between PDMS and surface modifiers,
which lead to the loss of modifiers quickly through desorption [77–79].

In order to improve the difficulties encountered in physisorption, chemical mod-
ification methods allow for maintaining a long-term stability of the modified surface.
These methods include: chemical vapor deposition, surface segregation and self-assembled
monolayers, silanization, and polymer brushes via grafting methods [1,62,80–82].

Adding waxes such as paraffin or beeswax to PDMS has been demonstrated to poten-
tially increase the corrosion resistance, hydrophobicity and thermal and optical properties
of PDMS, which is useful in applications such as sensors, wearable devices and superhy-
drophobic coating [83].

Although the methods listed above have been successful in improving the hydrophilic-
ity of the PDMS surface, they have some limitations, such as chemical instability, the need
for specific equipment, limited manufacturing process for large scale and some meth-
ods cause loss of transparency, loss of mechanical properties and do not provide the
hydrophilic surface for a long period of time [62]. Considering these facts, the work of
Gökaltun et al. [84] presents a simplified method of easy manufacture, which uses copoly-
mers composed of poly(ethylene glycol) and PDMS segments (PDMS-PEG) to reduce
the hydrophobicity of PDMS without changing its transparency, biocompatibility and
mechanical properties, with a durability of 20 months.

3. PDMS Manufacturing Process

Sylgard® 184 Silicone Elastomer Kit is the most used commercial PDMS. It consists
of a monomer and a curing agent, which are usually combined at a weight ratio of 10:1.
The compound is mixed and then degassed with a desiccator in order to prevent the
formation of micro-bubbles. The PDMS solution is poured over the master mould and then
cured in the oven [23]. The curing time depends on the temperature of the oven and on the
size of the PDMS sample. The higher the hardening temperature, the less time it will take
for the PDMS to cure. After the curing process, the piece is taken out of the mould [57].
Note that, for very specific applications and complex geometries, it is usually advised to
perform the curing process at room temperature for at least 48 h [55,85]. In Table 2 are
listed curing times and temperatures recommended by the manufacturer.

Table 2. Recommended curing times and temperatures to produce PDMS samples [57].

Temperature (◦C) Time

25 48 h
100 35 min
125 20 min
150 10 min

The monomer and the curing agent can be mixed at a different ratio besides the
10:1 [86] and, as a consequence, some properties change, namely, mechanical [87], optical [88]
and gas permeability [89]. Mixing at a higher ratio of cure agent results in a faster hardening
time, in a less sticky cured PDMS and in a more fragile PDMS sample. In contrast, mixing
with less cure agent results in a longer hardening time, in a stickier cured PDMS and in
better mechanical properties. Khanafer et al. [87] found that elastic modulus increases as
the mixing ratios increase up to 9:1, after which the elastic modulus starts to decrease as
the mixing ratio continues to increase.
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4. Methods to Characterize PDMS

A wide range of tests are performed to characterize elastomers. Some common tests
are scanning electron microscopy, gravimetry, goniometry, nanoindentation, tensile test,
X-ray photoelectron spectroscopy and Fourier Transform infrared spectroscopy [21]:

• Scanning electron microscopy (SEM) allows thickness measurement and qualitative
characterization of PDMS samples [18,42,90–92];

• Gravimetry is a method based on gravitational techniques to quantify changes in
PDMS sample weight. For example, this method is useful when it is needed to verify
if there was or not degradation of the PDMS after chemical immersion [93];

• In order to obtain information on surface hydrophilicity, a goniometry test is per-
formed. Micro water droplets are dropped on the PDMS surface and then the contact
angle is measured. This technique allows for verification of if there was or not a change
in the wettability of the PDMS after certain treatments [19,39,42,94];

• Nanoindentation offers the possibility of studying mechanical properties of the outer-
most layer of PDMS, which is susceptible to destruction due to different treatments,
such as UV irradiation [95];

• Tensile testing allows Young Modulus measurement of PDMS. The Young Modulus
can be affected by treatments that may be applied to PDMS, by hardening temperature
and time, and by the mixing ratio used to fabricate the PDMS samples [42,96,97];

• X-ray photoelectron spectroscopy (XPS) is a technique based on the photoelectric
effect, which allows identification of the elemental composition of the material. This
method is useful when it is needed to verify if any changes in surface composition
occurred after the PDMS received any treatment [38,39,98];

• Fourier Transform infrared spectroscopy (FTIR) is a method used to obtain the infrared
spectrum of absorption or transmission of the PDMS sample. This technique allows
examination of the effect of some treatment on the cross-linking of PDMS [38,42,99].

5. PDMS Microfabrication

PDMS is patterned through commonly used microfabrication techniques, such as
soft-lithography and spin coating. However, especially due to its hydrophobic nature,
some of the techniques must be employed alongside with hydrophilic treatments, such
as oxygen plasma. Soft-lithography, which is a group of techniques that use patterned
elastomers as stamp, mould or mask to generate micropatterns, was developed to allow
processing elastomers [100]. However, the fabrication of the most microfluidic devices
still relies on photolithography for fabricating SU-8 masters that usually serve as the
PDMS mould [20]. Photolithography is a microfabrication technique used to process
photoresists, commonly employed in CMOS microelectronics fabrication [101]. The soft-
lithography can be performed in several types, such as microcontact printing (μCP), replica
moulding (REM), micro-transfer moulding (μTM), micro-moulding in capillaries (MIMIC),
solvent-assisted micro-moulding (SAMIM), phase-shift photolithography, cast moulding,
embossing and injection. Some of these techniques are briefly described below [100]:

1. Microcontact printing: uses the relief pattern on the surface of a PDMS stamp to
form patterns of self-assembled monolayers (SAMs) on the surfaces of substrates
by contact;

2. Replica moulding: replicates the relief pattern on the surface of a PDMS mould by
using this structure as a mould for forming structures in a second UV-curable (or
thermally curable) prepolymer;

3. Micro-transfer moulding: a thin layer of liquid prepolymer is applied to the patterned
surface of a PDMS mould. It is then placed in contact with the surface of a substrate
and the liquid prepolymer is cured to a solid. After peeling off the mould, a patterned
micro-structure is left on the surface of the substrate;

4. Micro-moulding in capillaries: a PDMS mould is placed on the surface of a substrate
to form a network of empty channels between them. The channels are filled with a
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low viscosity prepolymer, which is then cured to a solid. The mould is removed and a
patterned micro-structure is left on the surface of the substrate;

5. Solvent-assisted micro-moulding: a PDMS mould is wetted with a solvent, and it is
placed in contact with a substrate (typically an organic polymer). The solvent starts to
dissolve the substrate into a fluid or gel that is moulded against the relief structures in
the mould. When the fluid solidifies, it forms a pattern relief structure complementary
to that in the surface of the mould.

The soft-lithography process begins with the preparation of the elastomeric stamp
or the mould by cast moulding. Most of the time, cast moulding implies the use of
photolithographic techniques to fabricate the master. PDMS is the most widely used
elastomer for this process because of its outstanding properties: low interfacial free energy,
it does not swell with humidity, good thermal stability, optical transparency, isotropy and
homogeneity [100].

Additionally, spin coating is a common microfabrication method for producing poly-
mer films of controlled and uniform thickness. In this process, a liquid film is spread by
centrifugal force onto a rotating substrate. This technique is commonly used for deposition
of polymer resist layers in the photolithographic processing of a master mould. It is formu-
lation dependent: increased amounts of cross-linker agent in the formulation decrease film
thickness [21,102].

The hydrophobic nature of PDMS brings, in some cases, limitations in the micro-
fabrication processes. There are applications, such as cell culture, immunoassay and
biomolecule separation, where the modification of the hydrophobic surface of native
PDMS to a hydrophilic surface is indispensable. For example, when endothelial cell
seeding is needed, hydrophilic modification of the PDMS surface is indispensable for a
successful seeding [103]. However, it is important that the hydrophilic treatment does
not affect its transparency, as transparency is a key property that makes PDMS the ma-
terial of choice for certain applications. Oxygen plasma is the most employed treatment
that leads to an increase in PDMS surface hydrophilicity because of its short treatment
time, its easy operation and that it does not affect the PDMS transparency [21,65,104,105].
However, this treatment is also known for losing its effects within minutes after expo-
sure to air. For this reason, a variety of well-studied treatments have emerged for this
purpose [19,69–73]. Additionally, some articles reported that oxygen plasma may dam-
age PDMS surface [62,106] and, therefore, Shin et al. reported three different treatments
that do not require oxygen plasma pre-treatment, including Teflon coating, commercially
available water-repellents and perfluorodecyltrichlorosilane (FDTS) [107]. The authors
showed that the Teflon and the water-repellent decreased the hydrophobicity of PDMS
with great chemical stability and without significantly affecting its transparency. UV/ozone
treatments and corona discharge are also commonly employed hydrophilic treatments;
however, as with oxygen plasma treatment, PDMS quickly recovers its hydrophobicity [62].
There have been efforts to improve some of these treatments; however, the best way to
achieve an effective and long-lasting treatment seems to be the combination of a surface
activation with a covalent surface functionalization [19,106]. For example, Zhao et al. [108]
proposed a method where PDMS is firstly activated by oxygen plasma treatment and then it
is coated with a zwitterionic poly(methacrylate) copolymer (PMGT). This method allowed
for decreasing the water contact angle (WCA) of native PDMS from 108◦ to 30◦, with a
duration of at least 200 h. Further, Zhou et al. [19] suggest a combination of gas-phase with
wet chemical methods in order to achieve a better surface stability in a shorter treatment
time. Examples of these treatments are the combination of UV or plasma treatment and
silanization, the combination of UV or plasma treatment and graft polymerization and the
combination of plasma treatment and layer-by-layer (LBL) assembly.

Sterilization is a required procedure for most biomedical applications. In some cases,
this process must be done alongside the microfabrication process. There are three mainly
used sterilization methods: cleaning with ethanol, ultraviolet light exposure and the
steam autoclave procedure. Sterilization does not significantly affect PDMS hydropho-
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bicity. However, steam autoclaving increases the storage modulus and ultimate tensile
stress [21,109–114].

6. PDMS Applications

6.1. PDMS-Based Microchip

Microfluidic devices have been widely studied and developed and, in order to take
them to the market, they must be low-cost and capable of mass production. The use of
PDMS to fabricate these devices makes it possible to achieve those goals. Nowadays,
there are a variety of PDMS-based microchips that have been developed, most of them
alongside glass [115–121]. The combination of PDMS and glass has been employed with
great results. In Figure 1 is presented a schematic illustration of the fabrication of a
glass/PDMS microchip. For example, Schöning et al. [116] developed a PDMS/glass
separation microchip, based on typical semiconductor-compatible production methods,
and which provides a simplification of the electrophoresis-based biosensor set-up.

 
Figure 1. Schematic illustration of the fabrication for glass/PDMS microchip: (a) PDMS layer
fabricated by replica moulding; (b) part of SPE channel in PDMS layer was cut off; (c) PDMS layer
was sealed with the thin glass cover slip; (d) MISPE monolithic capillary column was coupled with
glass/PDMS chip to form the final chip. A, B, C, D: holes, E: sample reservoir, F: buffer reservoir,
G: sample waste reservoir, H: buffer waste reservoir, I: separation channel, J: SPE channel, K: MISPE
monolithic capillary column and L: epoxy glue. Reprinted with permission from reference [115].
Copyright 2020 Elsevier.

Temperature gradient generation is a commonly used process in microfluidics.
Ha et al. [122] presented a PDMS microchip that allows temperature gradient generation
using sound waves as a heating mechanism. The use of PDMS allowed the fabrication of a
transparent, dynamic, inexpensive and easy-to-fabricate system.

The hydrophobic nature of PDMS usually brings issues to the microchips.
Qiang Niu et al. [120] developed a PDMS/glass microchip for PCR; however, the team
came across the formation of bubbles on the PDMS surface during the sample loading.
To overcome this, they implemented an irreversible bonding and sealing between the glass
and PDMS. Additionally, protein adsorption occurred on the chip surface, which was
overcome by treating the surface with BSA (Bovine Serum Albumin). Table 3 presents a list
of PDMS-based microchips, as well as the motivations that led the authors to use PDMS in
their devices.
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Table 3. Applications of PDMS-based microchips and respective motivations for using PDMS.

Application PDMS Preparation Motivations for Using PDMS Reference

On-line sample pre-treatment and
contactless conductivity detection

Mixing ratio—10:1, w/w
Degassing time—20 min

Curing temperature—80 ◦C
Curing time—30 min

Oxygen plasma treatment for 1–2 min

Low-cost, easy manufacture,
suitability for mass production,

transparency and elasticity.
[115]

Genetic analysis by functional
integration of polymerase chain
reaction (PCR) and capillary gel

electrophoresis (CGE)

Mixing ratio—10:1, w/w
Degassing time—15 min

Curing temperature—65 ◦C
Curing time—1 h

Post-curing temperature—135 ◦C
Post-curing time—15 min

Hydrophilic treatment with HCl solution at 25 ◦C for 4 h

Low-cost, suitability for microscale
moulding, high reproducibility on

a micrometre scale, high gas
permeability, low thermal

conductivity and transparency.

[118]

Polymerase chain reaction (PCR)
Mixing ratio—10:1, w/w

Curing temperature—95 ◦C
Curing time—30 min

Low thermal conductivity, simple
fabrication, low-cost, disposability,

biocompatibility,
irreversible bonding with glass

and transparency.

[120]

Electrophoresis device for
continuous on-line in vivo

monitoring of micro
dialysis samples

Mixing ratio—10.5:1.5, w/w
5 mm-thick layer curing temperature—90 ◦C

5 mm-thick layer curing time—25–30 min
1 mm-thick layer curing temperature–90 ◦C
1 mm-thick layer curing time—15–18 min

Post-curing temperature—85 ◦C
Post-curing time—overnight

Easy manufacture, good
reproductivity and transparency. [121]

Generation of temperature
gradient Mixing ratio—10:1, w/w

Low-cost, transparency, easy
manufacture and low
thermal conductivity

[122]

6.2. PDMS Biomodels for Hemodynamic Studies

As mentioned above, PDMS can be very useful in the fabrication of microchips that
allow analysing samples. Reports on the use of this material for the replication of car-
diovascular flow are also found in the literature. This type of application allows a better
understanding and study of cardiovascular diseases, such as aneurysms.

An aneurysm is characterized by artery wall weakness, which can lead to artery
rupture and, consequently, to death. Hemodynamic studies have been done to understand
aneurysms; however, they cannot explain the mechanical effects on the expansion of the
aneurysm walls [49]. To understand these mechanical effects, studies were conducted
where an intercranial aneurysm model was developed using PDMS to simulate the mechan-
ical behaviour of blood vessels [49,123]. PDMS is a well-suited material for this purpose due
to its hyperelastic behaviour, which is very similar to that of blood vessels, and the ability
to make circular microchannels. Another advantage of using PDMS is that it is transparent,
which facilitates monitoring of the blood flow. Additionally, recent studies show that is
possible to seed a culture of endothelial cells on the microchannels’ walls, which allows
the creation of a very similar environment to that found in microcirculation [90,124,125].
Lima et al. [126] proposed a microfluidic device containing rectangular microchannels in
PDMS, where in vitro blood flow measurements were conducted by means of a confocal
micro-PIV system. The authors demonstrated that, by using soft-lithography, it is possible
to produce precise and reproductible rectangular microchannels and to perform detailed
blood flow studies. The same authors have performed a similar study, this time by using
circular PDMS microchannels [127]. Although there are already several studies using circu-
lar microchannels [127–130], the majority of the PDMS microchannels used to study in vitro
blood flow phenomena have rectangular cross sections. Hence, by using rectangular PDMS
microchannels, several research works have been performed on different kinds of constric-
tions to study the deformability behaviour of blood cells [131–136] and air bubbles [137,138].
Cell deformability is a biomarker which can be used to distinguish between healthy and
diseased cells. Microfluidic models have been developed in order to better understand and,
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consequently, diagnose diseases such as malaria [139,140], cancer [141,142] and end-stage
kidney disease [143]. Most studies aim to better understand red blood cells (RBC); however,
Rodrigues et al. [144] developed a novel integrative microfluidic device which is capable
of assessing the deformation index of both white blood cells (WBC) and RBC. The same
author also presented a microfluidic tool to study the hemocompatibility of nanoparticles
synthesized for theragnostic applications [145]. Additionally, by using microchannels hav-
ing bifurcations and confluences, several studies have been carried out to better understand
the influence of these complex geometries on blood flow behaviour [146–152].

Rectangular microchannels are the most common geometry obtained by soft-lithography.
However, this kind of geometry can lead to some erratic measurements because the shear
stress imposed on the cell is different and, consequently, the pressure build-up in the
channel is not the same as if it were built-up in a circular section [124]. Hence, studies have
been conducted to establish methods that allow the construction of circular microchannels
of PDMS. For example, Fiddes et al. [124] proposed a method which begins by fabricating
rectangular microchannels using soft-lithography techniques, followed by the introduc-
tion of a stream gas and a solution of the silicone oligomer in an organic solvent. Then,
through the polymerization of the oligomer and the removal of the solvent, the authors
demonstrated the ability to control the shape and the diameter of the microchannel’s cross-
section. Additionally, Choi et al. [90] showed that, combining soft-lithography techniques
with the reflow phenomenon of a positive photoresist, it is possible to generate circular
PDMS microfluidic channels. In Figure 2 are presented some examples of biomodels for
hemodynamic studies.

 
(a) 

 
(b) 

 
(c) 

Figure 2. Example of PDMS biomodels for hemodynamic studies: (a) rectangular PDMS microchannel
to study in vitro blood and ensemble velocity profiles (U) obtained in the middle plane by means of a
confocal micro-PIV system (adapted from [126]); (b) schematic diagram of the blood collection and
cells deformability tests in PDMS microfluidic device (from [143]); (c) circular PDMS microchannels
to study in vitro blood behavior (adapted from [152]).
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It is important to notice that, despite the ability to mimic the cardiovascular vessels
behaviour through PDMS microchannels, there would always be missing points. For that
reason, it is of great importance to combine the PDMS micro devices with well-suited
measurement techniques. Rodrigues et al. [123] proposed the use of the Digital Image
Correlation (DIC) method, which proved to be suitable to study small displacements
happening in in vitro models. A summary of the advantages and limitations of some of the
methods used to fabricate microchannels is presented in Table 4.

Table 4. Advantages and limitations of techniques used to fabricate microchannels.

Geometry Method Advantages Limitations Application Reference

Rectangular Soft lithography

Generation of precise,
reproducible and versatile

microchannels;
Precise control of

experimental parameters and
accurate measurements;
Inexpensive, simple and

rapid method.

Different geometry from
in vivo microvessels;

Difficulties in achieving stable
cell seeding at the corners of

the channel.

Integration of confocal
micro-PIV with a

PDMS microchannel to
obtain blood

velocity profiles

[126]

Circular

Wire casting technique

Simple and
inexpensive method;

Possibility of fabricating
microchannels with
different diameters;

No need for a clean room or
specialized equipment.

It is not possible to generate
well-defined complex

structures, such
as bifurcations.

In vitro
hemodynamic studies [127]

Partially cured PDMS
combined with

thermal air
expansion molding

Inexpensive and
simple method;

Possibility of
fabricating multiple

diameters of circular channel
from 100 μm to 500 μm and

different cross-sections.

It can be hard to fabricate a
perfect circular channel.

Evaluate the clotting
events in pathological

vessels and testing
device for antiplatelet

and anticoagulant
therapeutics

[128]

Combination of soft
lithography with the

reflow phenomenon of
a positive

photoresist

Simple and efficient method;
Possibility of fabricating

microchannels with multiple
diameters (from 100 μm to

400 μm) and various
channel designs.

It can be hard to control the
thickness of the photoresist,

leading to a difficulty in
generate perfect

circular channels;
Bonding the two semi-circular

channels perfectly can be
challenging.

This method allows
endothelial cells

culture, making this
project suitable for
drug screening and
chemical/biological

diagnostics

[90]

Reshaping
rectangular

microchannels through
polymerization of the

liquid silicone
oligomer around a

gas steam

Ability of controlling the
diameter from 40 μm to

100 μm;
Possibility of fabricating

constrictions.

Relatively complex and
expensive method;

Difficulty in controlling the
exact diameter of the channel.

Mimic in vivo systems
for cell flow studies [124]

6.3. PDMS-Based Blood Analogues

Blood analogues are fluids commonly used to perform hemodynamic experiments
due mainly to safety problems related to the use of real blood in these experiments. Initially,
blood analogues were simple fluids composed by mixtures of glycerol and water or by
xanthan gum diluted in glycerine and/or water [153,154]. However, by using these kinds
of blood analogues, it is not possible to study different kinds of flow phenomena that
happen at the micro scale level, such as the cell-free layer, plasma skimming and cell
margination [101,155,156]. These microcirculation phenomena do not happen by using
blood analogue fluids without solid elements, such as microparticles and microcapsules.
Hence, during the past years, several works have been developing different kinds of
particulate blood analogue fluids containing microparticles with varying stiffness, shape
and size for biomedical applications [157–166].
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Due to its unique mechanical properties, PDMS has also been used to produce flexible
microparticles to be used in blood analogue fluids. Recently, Muñoz-Sánchez et al. [167]
proposed a flow-focusing technique to produce flexible PDMS microparticles for biomedical
applications (Figure 3). The PDMS microparticles were produced by using different kinds
of ratios (base/curing agent), and rheological measurements performed with a ratio of
6:4 have demonstrated the ability to reproduce the steady shear viscosity curve of ovine
RBCs suspended in Dextran 40 [167–169]. Although it is possible to produce flexible PDMS
microparticles with a high degree of monodispersity by using the flow-focusing technique,
the production rate is relatively low. In order to overcome this limitation, Choi et al. [170]
and Lopez et al. [171] have proposed a simple emulsification technique to obtain a mass
production of PDMS microparticles. More recently, Carneiro et al. [172] have developed
another method, based on a multi-stage membrane emulsification process, to obtain high
throughput production of PDMS microparticles. The development of blood analogue fluids
with PDMS microparticles that mimic the behaviour of RBCs is still at an early stage of
development. The most critical challenges that need to be solved are the mass production
of monodisperse PDMS microparticles, stiffness, aggregation and fast agglomeration of
the PDMS particles within microchannels with complex geometries, such as constrictions
and bifurcations.

 
(a) (b) 

Figure 3. Flexible PDMS microparticles to be used in blood analogue fluids for biomedical applica-
tions, produced by (a) a two-syringe membrane emulsification technique (adapted from [171]); (b) a
flow-focusing technique (adapted from [173]).

6.4. PDMS-Based Coatings for Medical Implants

PDMS has been widely studied to integrate medical implants, especially due to
its biocompatibility. Such implants are usually fabricated with biomedical grade metals
(e.g., tantalum, zirconium, niobium), as well as titanium and its alloys [174]. However, these
present some limitations concerning blood compatibility, bone conductivity and bioactiv-
ity [38]. When developing an implant, some important aspects should be taken in consid-
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eration: biocompatibility, osseointegration, corrosion resistance and micro-invasiveness.
Osseointegration is related to the effective linkage between the metal and the bone. A weak
bonding can lead to the formation of biofilms on implants, which can cause infections.
Recent studies have demonstrated that the surface modification of implants, in order to
achieve nano-/microscale features, brings great advantages concerning osseointegration [39].

The creation of microscale features on ceramics or polymers is simpler than on metal.
Considering the fact that PDMS allows the fabrication of hydrophobic and smooth sur-
faces has led to their use for developing coatings that help in the osseointegration of
implants [38–42]. Rossi de Aguiar et al. [38] studied a sol-gel coating based on PDMS for
metallic surfaces such as titanium and stainless steel. The authors demonstrated that the
hydrophobic nature of PDMS allows the formation of an anti-biofouling surface, preventing
the bacterial adhesion. Additionally, Tran et al. [39] developed a coating that involved the
hydrolysis and co-condensation of PDMS and tantalum (Ta) ethoxide to produce tantalum
oxide. This PDMS hybrid material has biocompatibility and corrosion resistance properties,
which allowed a great osseointegration. The integration of nanoparticles, such as CuO,
has been proven to improve the antibacterial characteristic of PDMS-based coatings, as
demonstrated by Tavakoli et al. [42]. Table 5 comprises a list of some PDMS-based coatings
that have been developed in the past years.

Table 5. Developments and applications of PDMS-based coatings.

Application PDMS Preparation Motivation for Using PDMS Reference

Urethanes PDMS-based hybrid
coating for metallic dental implants

Hybrid urethanesil (PDMSUr) synthesized by ring
opening polymerization of a bis(cyclic carbonate)

derived from PDMS.
Curing temperature—60 ◦C

Curing time—24 h

Create hydrophobic and smooth
surfaces, with less adhesion of bacteria,
capable of adhering to tissue cells such

as fibroblasts and osteoblasts.

[38]

Tantalum oxide-PDMS hybrid
coating for medical implants

Modified sol-gel synthesis method, Tantalum
oxide-PDMS solutions (10%, v/v).

Curing temperature—room temperature
Curing time—15 min

Medical grade PDMS has functional
groups to bind to reactive surfaces such

as activated metals or polymers.
Ability to create

micrometer-thick coatings.

[39]

Bioactive CaO-SiO2-PDMS coatings

Sol-gel dip-coating method.
The produced coatings were kept at room

temperature for 24 h for gelation.
Curing temperature—150 ◦C

Curing time—24 h

Mechanical properties and
elasticity of PDMS [40]

PDMS-based coating for a bladder
volume monitoring sensor

Mixing ratio—10:2 (w/w)
Curing temperature—80 ◦C

Curing time—2 h

Biocompatibility, 10:2 ratio to increase
tensile strength and improve

Young’s modulus
[41]

CuO-PDMS-SiO2 coatings
Mixing ratio—10:1 (w/w)

Curing temperature—150 ◦C
Curing time—90 min

Improved biocompatibility, corrosion
resistance and antibacterial property [42]

7. Conclusions and Further Perspectives

Microchips for biomedical applications are devices that allow monitoring and analysis
of samples. The use of PDMS in these devices offers great advantages such as optical
transparency, being easy-to-manufacture and having a low-cost, which are important
requirements when fabricating microchips. Additionally, the permeability to gases is a
unique advantage to culture living cells in closed microchannels, a task that is extremely
complex to achieve in glass microchannels. However, the hydrophobic nature of PDMS
brings some limitations during the fabrication and flow transport phenomena, especially
for biological applications. Developments of treatments that contradict the hydrophobic
property have been made and these limitations are easily overcome by applying simple and
fast hydrophilic treatments to PDMS. The lack of industrial processes to manufacture PDMS
is still an issue. There are already methods that allow good replications of microfabricated
PDMS; however, they are far from an industrial scale.
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Replication of the cardiovascular system using PDMS microchannels is on a good path
to be an application well-suited for the study of cardiovascular diseases. The hyper-elastic
behaviour and transparency are great advantages that make PDMS the chosen material in
these types of applications. Herein, the hydrophobic nature of PDMS can be a limitation as
well, in the blood flow itself but also when it is intended to grow endothelial cell cultures
on its walls.

Additionally, PDMS plays an important role in medical implant applications, espe-
cially due to its biocompatibility and hydrophobic nature. These characteristics allow the
production of antibacterial coatings for implants, which is a requirement when develop-
ing implants. PDMS also allows the production of smooth surfaces through processes of
microfabrication that help in the osseointegration of the implant in the body. Although
PDMS coatings are already available on the market, there are more developments that can
be made to increase their features and durability.

It is interesting to note that the hydrophobic nature of PDMS can be a limitation in
some applications, such as microchips and microchannel fabrication, but a great advantage
in others, such as in implant coatings, solar panels and face masks.

In summary, PDMS opens a wide range of possibilities to make great developments in
biomedical applications. With regards to further work, it is important to continue studying
more methods to produce PDMS-based devices on a larger scale which would further
enable these devices to reach the market. Additionally, the currently available PDMS
hydrophilic treatments need further developments and improvements as, most of the time,
they do not last long. Hence, it is important to develop new methods or improve the
existing ones in order to achieve a higher permanent hydrophilic feature for PDMS.
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Abstract: Polydimethylsiloxane (PDMS) is one of the most superior materials and has been used
as a substitute for vitreous humor in the human eye. In previous research, we have succeeded in
producing PDMS with low and medium viscosity using octamethylcyclotetrasiloxane (D4) monomer
with a low grade of 96%. Both have good physical properties and are comparable to commercial
product PDMS and PDMS synthesized using D4 monomer with a high grade of 98%. An improvement
of the synthesis process is needed to ensure that PDMS synthesized from a low-grade D4 monomer
under specific synthesis conditions can repeatedly produce high-quality PDMS. Apart from good
physical properties, the PDMS as a substitute for vitreous humor must also be safe and not cause
other disturbances to the eyes. Here, we reported the process of synthesizing and characterizing
the physical properties of low- and medium-viscosity PDMS using a low-grade D4 monomer. We
also reported for the first time the in vitro toxicity test using the Hen’s Egg Test Chorioallantoic
Membrane (HET-CAM) test method. We have succeeded in obtaining PDMS with viscosities of
1.15 Pa.s, 1.17 Pa.s, and 1.81 Pa.s. All samples have good physical properties such as refractive index,
surface tension, and functional groups that are similar to commercial PDMS. The HET-CAM test
results showed that all samples did not show signs of irritation indicating that samples were non-toxic.
From the results of this study, it can be concluded that PDMS synthesized from a low-grade D4
monomer under specific synthesis conditions by the ROP method is very safe and has the potential
to be developed as a substitute for vitreous humor in human eyes.

Keywords: HET-CAM; high surface tension; low-grade D4; polydimethylsiloxane; toxicity

1. Introduction

Polydimethylsiloxane (PDMS) is one of the most superior materials and is commonly
used to replace the vitreous humor damaged in the human eye through vitreoretinal surgery.
Low-viscosity PDMS are preferred in vitreoretinal surgery because they are easier and
faster to inject and expel than high-viscosity PDMS. However, PDMS with low viscosity
also has a weakness in the form of a higher possibility of emulsification than PDMS with
high viscosity [1]. Impurities are one of the main reasons for emulsification [2,3]. These
impurities are thought to cause ocular toxicity by spreading to the surrounding eye tissue.
Medium-viscosity PDMS is present as a new type of PDMS that offers advantages where
the material is easier to inject than PDMS with high viscosity and has a lower emulsification
tendency than other types of PDMS [4].

PDMS is synthesized from the octamethylcyclotetrasiloxane (D4) monomer. According
to the European Chemical Agency (ECHA), D4 monomer is a toxic substance [5]. Several
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studies reported that D4 monomer has been shown to cause severe inflammation in rabbit
and human eyes by penetrating ocular tissue [5–7]. D4 monomer caused acute ocular
toxicity in the form of severe corneal edema and opacification [6]. Therefore, products
produced from D4 monomer may contain hazardous and toxic substances. PDMS as a
vitreous substitute will be used in human eyes and it must be non-toxic. For this reason, it
is necessary to test the toxicity of PDMS to ensure the safety of using PDMS as a substitute
for vitreous.

Various tests to replace rabbits in detecting potential chemical irritants have been
developed [8]. One of them is the chicken egg chorioallantoic membrane (CAM) developed
to detect a chemical test called the Hen’s Egg Test Chorioallantoic Membrane (HET-CAM)
assay [9]. The existence of the HET-CAM test can be an initial test for eye irritation tests so
that the use of animals in toxicological tests can be reduced [8]. CAM is a complete set of
arteries, capillaries, and veins. CAM is technically easy to learn. Changes in vascular injury
in the form of bleeding, lysis, and coagulation respond to certain irritant chemicals [10].
Previous studies have reported a good correlation between in vitro tests with HET-CAM
and in vivo tests with the Draize method. The HET-CAM test has advantages over other
tests due to its speed, simplicity, convenience, and relatively low cost [11].

Previous studies have reported that the synthesis of PDMS using low-grade D4
monomer has been successfully carried out by the ring-opening polymerization (ROP)
method and produced low-viscosity PDMS with properties similar to commercial products
and PDMS synthesized using high-grade D4 monomer [12]. Medium viscosity PDMS has
also been successfully synthesized using the same monomer by optimizing the synthesis
parameters [13]. However, it is necessary to improve the synthesis process by repeating the
synthesis to ensure that the PDMS synthesized from a low-grade D4 monomer under these
synthesis conditions has high-quality PDMS. In addition, further information, especially
the level of toxicity of PDMS synthesized from low-grade D4 monomer, is also unknown.
The test is essential considering that PDMS will be used in the human body to guarantee
its safety. Our study focuses on how to produce high-quality PDMS from low-grade D4
monomer in the terms of its viscosity, refractive index, surface tension, material content,
and safety suitable for use as a vitreous substitute. The synthesis process is an important
part of achieving this goal. Here, we reported the synthesis and its physical characterization
of low and medium-viscosity PDMS using a low-grade D4 monomer. We also reported
for the first time the in vitro toxicity test of these PDMS samples using the HET-CAM test
method to obtain information safety and toxicity level of all PDMS samples.

2. Materials and Methods

The low viscosity and medium viscosity of PDMS were synthesized by the ROP
method. ROP is a chain-growth polymerization with the end of the polymer chain acts as a
reactive center. The mechanism of ROP in the synthesis of PDMS is based on the cleavage
of Si-O in the monomer used. D4 monomer with a high grade of 98% was also used as a
comparison for low viscosity PDMS using D4 monomer with a low grade of 96%. The ROP
mechanism requires an initiator assisted by providing heat treatment.

The ROP process for the synthesis of PDMS consists of initiation, propagation, and
termination. The use of an initiator in the form of potassium hydroxide (KOH) which is a
strong base will result in an anionic ROP mechanism. A number of KOH with a certain
concentration will initiate and form an anion, which represents the active center in the
propagation reaction. At the initiation process, the OH ion from KOH donates a pair of
electrons to one of the silicon atoms (Si) of the D4 siloxane and binds. As the result, the
electron pairs that form siloxane bonds in the monomer ring break from the cyclic chain
into a linear chain. The oxygen that gets a pair of electrons with a negative charge will bind
to the molecule in the second cyclic monomer, and so on. Termination of the chain occurs
due to the use of the end-capping agents, which in this study used disiloxane in the form
of hexamethyldisiloxane (MM).
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The low viscosity of PDMS using a low grade of D4 monomer coded as Sample A,
while low viscosity of PDMS using a high grade of D4 monomer coded as Sample B.
Medium viscosity of PDMS coded as Sample C. The synthesis begins with setting the synthe-
sis temperature, then mixing 7.8 mL D4 and 3 mL MM (for volume ratio of D4:MM = 26:10)
or 8.9 mL D4 and 1.9 mL MM (for volume ratio of D4:MM = 46:10). After that, a KOH
solution with a certain concentration is added. The mixture of these materials is stirred for
the specified time to form a gel. Synthesis conditions of all samples are listed in Table 1.

Table 1. Synthesis parameters of the samples.

Condition A B C

Purity of D4 (%) 96 98 96
Ratio of D4:MM 26:10 26:10 46:10

Synthesis Temperature (◦C) 190 150 190
KOH Concentration (M) 2 0.6 2

Time of Polymerization (minute) 50 16 50

The purification process was carried out by diluting the sample with chloroform. After
that, milli-Q water was added. Then the samples are stored until the mixture separates
into a liquid and gel phase. Both of them are separated. The pH of the liquid solution was
checked to produce a neutral pH value. This purification process was repeated three times.
Furthermore, stirring by heating is carried out to remove the chloroform.

PDMS samples were characterized to measure viscosity, refractive index, surface
tension, and detect a functional group of the sample. The HET-CAM toxicity test was
carried out using seven-day-old fertile white leghorn eggs weighing between 50–60 g.
Eggs were tested for test materials (samples A, B, and, C), positive control (1% sodium
dodecyl sulfate (SDS)), and negative control (0.9% NaCl). Each substance was tested on
three eggs. After that, the eggs will be incubated at a temperature of 38.3 ± 0.2 ◦C for
10 days. The eggs that have been selected would be disinfected. The shells were removed
to expose the membrane of the egg. The membranes were tested against the test material,
positive control, and negative control. Observations were made for 300 s by recording the
appearance time of each observed endpoint at time intervals of 0 s, 10 s, 30 s, 60 s, 180 s,
and 300 s. The evaluation was carried out based on the percentage of the occurrence of the
endpoint in the form of hemorrhage, lysis, and coagulation and given a value or scoring as
shown in Table 2. The score value is adjusted to the standard reported by the Interagency
Coordinating Committee on the Validation of Alternative Methods (ICCVAM) [14].

Table 2. Scoring scheme to irritant tests with the Hen’s Egg Test Chorioallantoic Membrane (HET-
CAM) method.

Area of the Endpoint (%) Score

0–10 0
10–30 1
30–60 2
60–100 3

3. Results

3.1. PDMS Properties

Table 3 shows the characteristics of viscosity (η), yield, refractive index (n), additional
diopters, and surface tension (γ) of all samples. The viscosity value of sample A has a slight
difference from sample B. However, both of them are still in the range of low viscosity
type. Sample A and sample B are categorized as low viscosity. Meanwhile, sample C has a
medium viscosity. All samples have a transparent appearance, as shown in Figure 1.
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Table 3. Polydimethylsiloxane (PDMS) characteristics of η, yield, n, additional diopters, and γ.

Sample
η

(Pa.s)
Yield
(%)

n Additional Diopters
γ

(mN/m)

A 1.15 67.37 1.4040 3.410 21
B 1.17 54.59 1.3993 3.179 19
C 1.81 71.31 1.4048 3.449 21.5

   

(a) (b) (c) 

Figure 1. PDMS of (a) sample A; (b) sample B; and (c) sample C.

3.2. IR Spectra of PDMS

Functional groups of all samples have been identified and listed in Table 4. Compared
with commercial PDMS, all of the samples have slight differences in wavenumber. Never-
theless, the transmittance peaks of all samples show the same spectra and indicate that all
of them have the same functional group as the commercial. The infrared (IR) spectra of the
samples and commercial are shown in Figure 2.

Table 4. Functional group of all samples and commercial PDMS.

No Functional Group
Wavenumber (cm−1)

Commercial [13] A B C

1 Si-O-Si 500,
703

523,
700

551,
695

519,
701

2 Si-C stretching and CH3 rocking 792,
871

803,
864

807,
863

799,
864

3 Si-O-Si stretching 1112,
1023

1023
1099

1023,
1075

1019,
1093

4 CH3 symmetric deformation of
Si-CH3

1263 1261 1261 1260

5 CH3 asymmetric deformation of
Si-CH3

1412 1413 1412 1412

6 OH
1600,
3643–
3828

1600,
3595–
3823

1600,
3643–
3828

1602,
3593–
3828

7 Si-C 1945,
2052

1945,
2052

1945,
2052

1945,
2052

8 CH 2500,
2663

2500,
2663

2500,
2663

2500,
2663

9 CH stretching of CH3
2906,
2972

2906,
2963

2906,
2964

2906,
2964
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Figure 2. IR spectra of (a) sample A; (b) sample B; (c) sample C; and (d) commercial.

3.3. In Vitro Toxicity Test

The result scores of all samples and reference substances are shown in Figure 3.
A significant change happens in the positive control group from 10 s until 300 s. The
samples, comparison substances, and negative control did not show a significant change.
More complete scoring results for hemorrhage, lysis and coagulation can be seen in Supple-
mentary Materials of Figures S1–S3. Micro images of a blood vessel in the HET-CAM test
are shown in Figure 4. Blood vessel damage was seen significantly in the positive control
group, while the samples, reference substances, and negative control, did not damage the
blood vessel. Detail figures of blood vessel micro images can be seen in Supplementary
Materials of Figures S4–S8.

 
(a) 

Figure 3. Cont.
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(b) 

 
(c) 

Figure 3. Endpoint score of (a) hemorrhage, (b) lysis, and (c) coagulation.

 0 s 300 s 

(a) 

  

(b) 

  

Figure 4. Cont.
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(c) 

  

(d) 

  

(e) 

  

Figure 4. Vessels of sodium dodecyl sulfate (SDS) (a), sample A (b), sample B (c), sample C (d), and
NaCl (e) from 0 s and 300 s.

4. Discussion

PDMS has been successfully synthesized using a low-grade D4 monomer with differ-
ent synthesis conditions from PDMS synthesized using a high-grade D4 monomer. Sample
A synthesized with higher synthesis temperature and KOH concentration compared to
sample B. In addition, the time of polymerization of sample A is also longer than sample B.
However, simply by changing the volume ratio of D4 and MM used from 26:10 to 46:10,
medium viscosity of PDMS can be produced from the same purity monomer.

Using a low grade of D4 monomer gives some excellent properties, especially for
surface tension and yield value of the samples. The high surface tension of sample A and
sample C will reduce the possibility of emulsification. However, these samples are still
easy to use in vitreoretinal surgery due to their viscosity. The yield value of the samples
will affect the number of products produced. The higher the yield values of the samples,
the better the production effectiveness. Samples from a low grade of D4 monomer have
a higher refractive index than the sample from a high grade of D4 monomer. However,
the additional diopters are still in the range of allowable values (+3.0D until +3.5D) [15].
Moreover, sample A and sample C have the appearance as transparent as sample B, as
shown in Figure 1.

The IR spectra of all samples showed that all the samples had similar transmittance
peaks to commercial but with different intensities. The sample with higher viscosity has
lower peak intensity. However, the sample with similar viscosity using a low-grade D4
monomer had higher intensity than sample using a high-grade D4 monomer. The main
functional groups of PDMS were found in all samples without any impurities. The FTIR
result confirmed that all the samples were PDMS.

The low grade of D4 monomer has successfully produced the good quality of low
viscosity and medium viscosity of PDMS. However, if the safety of PDMS is not guaranteed,
it will be nothing. For this reason, the toxicological test must be carried out before it is used
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in the human eyes. Chorioallantoic Membrane (CAM) is a complete tissue in the hen’s
eggs and consists of arteries, veins, and capillaries. CAM has a similar reaction process
as in rabbit eyes (Draize test), especially in conjunctiva tissue, when it is exposed to an
irritating substance. Hen embryos have been used in various fields of medical research
since the 20th century. The egg that was used in this test is the fertile white egg. The egg
was chosen based on the vascular condition during candling CAM process [11]. Based on
interlaboratory validity, which was conducted by Hagino in 1999, the HET-CAM method
can provide an alternative method to evaluate potential irritation of chemicals to the
eye. CAM test evaluates vascular reactions and damage of the CAM in the presence of
macroscopic changes such as hemorrhage, lysis, and coagulation. Previous studies showed
that HET-CAM and in vivo eye irritation tests have a good correlation [16].

Compared with other alternative tests, the HET-CAM test has some good points, such
as could be carried out for all types of chemical substance (liquid or powder), applied with
the similar condition of in vivo test, easy to access for research, not expensive, not need
complicated animal room facility, and simple method [10,16]. However, the HET-CAM test
is not suitable for red-pigmented samples. To maintain objectivity in the evaluation process
of potential eye irritation, the HET-CAM test requires the use of a reference substance. In
addition, the HET-CAM test also needs an experienced investigator [16].

Evaluation of potential irritants of the test substance is spelled out with the scoring
system. A scoring system has gradually been developed by selecting various criteria
to obtain the most consistent correlation with the variation in the concentration of the
preparation being tested.

In vitro toxicity test showed that all types of damage occur in positive control. Hem-
orrhage occurred in all groups starting at 10 s. Lysis occurred from the 30 s. Meanwhile,
coagulation occurred from the 60 s. A hemorrhage is a condition when blood comes out
of damaged blood vessels. Lysis is when the integrity of the cell membrane is broken
or damaged and causes cell organelle to come out. Coagulation is a condition when the
blood freezes. Samples were non-irritant through the HET-CAM test. Based on HET-
CAM test evaluation, negative control (NaCl 0.9%) was non-irritant, positive control (1%
SDS) was a strong irritant, and all PDMS samples get zero (0) score that indicated as
non-irritant substances.

Several studies have shown that the low viscosity of PDMS has a higher emulsification
tendency than other viscosities. This is influenced by low surface tension and impurities [3].
Both cause ocular toxicity by spreading to the eye tissue. In this study, we successfully
repeated the synthesis of low and medium viscosity PDMS with high surface tension.
In vitro toxicity tests showed that low-viscosity PDMS from low-grade D4 monomers
did not cause irritation, as did PDMS synthesized from high-grade D4 monomers. The
results of the PDMS toxicity test with medium viscosity also showed that this PDMS is a
non-irritating substance. These results prove that samples with high surface tension values
have low emulsification tendencies and reduce sample toxicity. In addition, the use of
low-grade D4 monomers can produce high-quality PDMS as well as PDMS synthesized
using high-grade D4 monomers.

The result of in vitro toxicity test by the HET-CAM test method is appropriate with the
other in vitro toxicity test results. Romano et al. explained that the cytotoxic effect of low
viscosity of PDMS, with different purification levels, was not found in human retinal cells
(ARPE-19 and BALB 3T3) [5]. Moreover, these in vitro toxicity test results are also suitable
within in vivo toxicity tests in rabbit eyes. Mackiewicz et al. explained that low viscosity
(1000 mPa.s) and medium viscosity (3000 mPa.s) of PDMS show no signs of inflammation
or hyperemia after 3 months tested into rabbit eyes [17].

5. Conclusions

We have successfully synthesized low- and medium-viscosity PDMS materials using
a low-grade D4 monomer and characterized the physical properties, including the in vitro
toxicity test by the HET-CAM test method. The characterization of physical properties
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showed that the refractive index, surface tension, and functional groups of all PDMS
samples were very similar to commercial PDMS and PDMS synthesized using a high-grade
D4 monomer. The addition of diopters of PDMS samples is also within the allowed normal
range. The results of the in vitro toxicity test using the HET-CAM method showed that
PDMS with low and medium viscosity was a non-irritant substance indicating that all
samples were non-toxic. These results proved that the use of low-grade D4 monomer can
produce high-quality PDMS, is safe, and has the potential to be developed as a substitute
for vitreous humor in the human eye.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb13010003/s1, Figure S1. Hemorrhage score of (a) egg 1, (b) egg 2,
and (c) egg 3, Figure S2. Lysis score of (a) egg 1, (b) egg 2 and (c) egg 3, Figure S3. Coagulation
score of (a) egg 1, (b) egg 2 and (c) egg 3, Figure S4. Vessels of positive control, Figure S5. Vessels of
sample A, Figure S6. Vessels of sample B, Figure S7. Vessels of sample C. Figure S8. Vessels of the
negative control.
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Abstract: Silver diamine nitrate (SDN) is expected to help control caries similar to silver diamine
fluoride (SDF). The aim of this study was to determine the mineral precipitation in demineralized
dentin and the cytotoxicity of SDN and SDF to dental pulp cells. Demineralized dentin specimens
were prepared, and SDF, SDN, or water (control) was applied. The specimens were then remineralized
in simulated body fluid for 2 weeks. The mineral precipitation in the specimens was examined
using FTIR-ATR, SEM-EDX, and synchrotron radiation X-ray tomographic microscopy (SRXTM).
Additionally, the cytotoxicity of SDF and SDN to human dental pulp stem cells was analyzed using an
MTT assay. The increase in FTIR spectra attributable to apatite formation in demineralized dentin in
the SDF group was significantly higher compared to the SDN and control groups (p < 0.05). Dentinal
tubule occlusion by the precipitation of silver salts was detected in both SDF and SDN groups.
The mineral density as shown in SRXTM images and cytotoxicity of both SDN and SDF groups were
comparable (p > 0.05). In conclusion, SDF demonstrated superior in vitro apatite formation compared
to SDN. However, the degree of mineral precipitation and cytotoxic effects of both were similar.

Keywords: silver diamine nitrate; silver diamine fluoride; dental caries; tooth demineralization;
tooth remineralization; cytotoxicity test; dental pulp; synchrotron; X-ray microtomography

1. Introduction

Untreated dental caries represent the most common preventable chronic disease
affecting people of all ages worldwide [1]. A study showed that at least 1 in 5 adults in
the U.S. population have untreated caries [2]. Current cost-effective cavity management
consists of delaying irreversible surgical treatment and promoting remineralization to
arrest the progression of lesions [3]. Low-invasive methods are also suitable for patients
with special needs or with limited cooperation. The most common non-invasive materials
for controlling dental caries are professionally applied fluoride materials such as silver
diamine fluoride (SDF) [4] and NaF varnish [5]. The use of SDF is a cost-effective method
of arresting dental caries [6,7]. It was demonstrated that biannual application of SDF led to
a higher level of prevention of caries progression than NaF varnish [8].

There are four main anti-caries effects from SDF. The first is direct antibacterial action
from the silver ion of SDF [9]. The second effect is the precipitation of silver phosphate or
silver chloride [10], which can potentially enhance lesion hardness and act as a protective
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layer against dental biofilm. The third action is the formation of low-soluble and acid-
resistant fluorohydroxyapatite, which can increase resistance to caries for the tooth surface.
The fourth action is the ability to preserve collagen in dentin, which is essential for mineral
precipitation. Silver ion was shown to reduce the degradation of collagen, which acts as
a template for mineral precipitation [11]. The SDF solution can be rapidly adsorbed into
dentin. The concern was that the high level of reactive ions in SDF could induce cytotoxic
effects on the dentin–pulp complex. It was demonstrated that reactive ions such as Ag ion
could diffuse into dentin up to 5–40 μm [12]. It was reported that the toxic effects of Ag and
F ions are depleted glutathione and increased oxidative stress or lipid peroxidation [13].
This leads to reduced antioxidant properties, resulting in cell death and inflammation.
Additionally, it was reported that the cytotoxic action of hydroxyapatite disc treated with
SDF persisted even after 77 days of water rinsing [14]. A study also proposed applying
glutathione with SDF to promote antioxidant functions and decrease the toxic effects from
SDF on dental pulp cells [13].

An alternative silver solution for controlling caries is silver nitrate (AgNO3). An in vitro
study showed that the application of AgNO3 or AgF increased the mineral density of dem-
ineralized enamel and dentin [15]. The increased mineralization was believed to be mainly
due to the deposition of silver ions. Additionally, many studies have demonstrated that
the use AgNO3 in combination with NaF varnish had comparable effectiveness in caries
prevention compared to SDF [16–19]. This method may be more feasible, with a lower cost,
compared to SDF, since AgNO3 solution and NaF varnish are already available in many
countries [20]. However, the concern with AgNO3 is the delay in mineral induction time,
which may affect remineralization in dentin [21]. SDF contains diamine groups, which may
enable the formation of NH4OH, which could potentially help promote suitable pH and
conditions for mineral formation and enhance antibacterial action [22,23]. The addition of
diamine groups to stabilize silver ions in AgNO3 nitrate solution, forming silver diamine
nitrate (SDN), is expected to help enhance the mineral precipitation of the solution.

Although SDF is considered a cost-effective intervention for controlling caries, the cost
of the materials can vary across regions. Additionally, SDF may still not be available
in some countries [24]. The cost of SDF in the U.S. was approximately USD 30–52 per
application [6]. From the manufacturer’s point of view, the cost of an alternative silver
solution such as silver diamine nitrate (SDN) is expected to be lower than that of SDF
due to the lack of fluoride components. This would help reduce the economic burden
for cavity prevention programs [25]. Currently, in vitro assessment of the remineralizing
effects of SDN is limited. The aim of the current study was, therefore, to compare the
mineral precipitation in demineralized dentin and the cytotoxicity of pulp cells between
silver diamine nitrate (SDN) and silver diamine fluoride (SDF). It was expected that SDN
would encourage mineral precipitation similar to SDF, and that the cytotoxic effects of SDN
on dental pulp cells would be comparable with those of SDF. The null hypothesis was that
the in vitro mineral precipitation and relative cell viability between SDF and SDN would
not be significantly different.

2. Materials and Methods

2.1. Specimen Preparation for Remineralizing Studies

Extracted human third permanent molars of comparable size and with no visible cavi-
tated carious lesions were collected from the Department of Oral Health Care, Thammasat
University Hospital, Pathum Thani, Thailand. The use of human teeth was approved
by the Ethics Review Sub-Committee for Research Involving Human Research Subjects
at Thammasat University (approval number: 150/2562). The teeth were stored for less
than 30 days in 0.1% thymol solution (M-Dent, Faculty of Dentistry, Mahidol University,
Bangkok, Thailand) at 23 ◦C prior to the experiment.

Specimen preparation was performed according to the protocol used in the previous
study [26]. Briefly, the teeth were embedded in self-curing acrylic resin (n = 7). The crown of
each tooth was sectioned horizontally and perpendicular to dentinal tubules. The diamond
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blade of the cutting machine (Accutom 50, Struers, Cleveland, OH, USA) was positioned at
~2 mm below the occlusal surface. The obtained dentin slices (2.0 ± 0.1 mm thick) were
then polished with microfine 4000-grit abrasive paper in a polishing machine (Tegramin,
Struers, Cleveland, OH, USA). Then, the specimens were cleaned in an ultrasonic bath for
5 min. Each dentin slice was cut into 3 pieces using a greater taper medium-fine diamond
bur to produce a total of 21 dentin specimens.

The specimens were demineralized in 17% ethylenediamine tetraacetic acid (EDTA;
Faculty of Dentistry, Chulalongkorn University, Bangkok, Thailand) for 72 h to produce
completely demineralized layers (depth of ~500 μm) [27,28]. Then, 25 μL of silver di-
amine nitrate (SDN) solution (48% SDN; Dentalife, Victoria, Australia), SDF (38% SDF,
TopamineTM; Dentalife, Victoria, Australia), or deionized water (control group) was applied
to specimens from each tooth (n = 7/group) for 30 s. The specimens were then cleaned
with water from a triple syringe for 10 s, and immersed in simulated body fluid (SBF; BS
ISO 23317:2014) (Table 1) [29]. SBF contains the same phosphate concentration as blood
plasma or body fluid (pH = 7.40) (Table 2) [30,31]. SBF was expected to mimic the envi-
ronment where the solution was adsorbed into the dentin and exposed to dentinal fluid.
The specimens were incubated at 37 ◦C for up to 2 weeks without replacing the solution.

Table 1. Chemicals used to prepare SBF in the current study. All chemicals were purchased from
Sigma Aldrich (St. Louis, MO, USA).

Order Chemical Amount (g)

1 NaCl 8.035
2 NaHCO3 0.355
3 KCl 0.225
4 K2HPO4·3H2O 0.231
5 MgCl2·6H2O 0.311
6 HCl (1 M) 38
7 CaCl2·2H2O 0.386
8 Na2SO4 0.072
9 Tris, NH2C(CH2OH)3 6.118

Table 2. Concentration (10−3 mol) of ions in SBF and blood plasma.

Ion SBF (pH 7.4) Blood Plasma (pH 7.2–7.4)

Na+ 142.0 142.0
K+ 5.0 5.0

Mg2+ 1.5 1.5
Ca2+ 2.5 2.5
Cl− 147.8 103.0

HCO3
− 4.2 27.0

HPO4
2− 1.0 1.0

SO4
2− 0.5 0.5

2.2. Assessment of Apatite Precipitation Using FTIR and SEM-EDX

Apatite formation on the demineralized dentin was examined using a Fourier trans-
form infrared spectrometer equipped with attenuated total reflection (FTIR-ATR; Nicolet
iS5, Thermo Fisher Scientific, Waltham, MA, USA) (n = 7) [26,32–35]. FTIR spectra in the
region of 700–4000 cm−1 (resolution of 8 cm−1 with 12 repetitions) were recorded from
the bottom surface of the specimen. The FTIR spectra of specimens were recorded after
demineralization, then after remineralizing in SBF for 1 day, 1 week, and 2 weeks.

The ratio of FTIR area attributed to hydroxyapatite (1024 cm−1, PO4
3− stretch) [36]

over the peak representing type I collagen in dentin (1636 cm–1, C=O stretch of amide I) [37]
was obtained using OMNIC Series software (Thermo Fisher Scientific, Waltham, MA,
USA). The mineral/matrix ratio (Abs1024/Abs1636) was then calculated. An increase in
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the Abs1024/Abs1636 ratio was expected to relate to an increase in mineral precipitation
(remineralization) in demineralized dentin [26].

A representative specimen from each group was then selected to assess the mineral
precipitation on the surface. The specimens were coated with gold in a sputter-coating
machine (Q150R ES, Quorum Technologies, East Sussex, UK) using a 23 mA current for
45 s. A dispersive X-ray spectrometer (EDX, X-Max 20, Oxford Instruments, Abingdon,
UK) was employed to analyze the elemental composition of precipitation on the specimens.
The EDX spectrum was obtained from the precipitate using magnification of 20,000× and
beam voltage of 5 kV. Data were then analyzed using INCA software version 5.05 (ETS,
Stuttgart, Germany).

2.3. Assessment of Mineral Precipitation Using Synchrotron-Based X-ray Tomography (SRXTM)

Representative specimens (n = 3) at 2 weeks were selected and blotted dry (n = 3).
The mineral density in the demineralized area was examined by a synchrotron X-ray
source, Beamline 1.2 W X-ray imaging and tomographic microscopy (XTM), according to
the method used in a previous study [26]. The synchrotron X-ray radiation originated from
a 2.2-Tesla multipole wiggler at the Siam Photon Source operated at 1.2 GV. By using a
polychromatic X-ray beam with a distance from source to sample of 32 m, the experiments
were executed at a mean energy of 14 kV. Representative specimens were mounted on the
stage. Then, X-ray radiographs were collected from 0◦ to 180◦ with an angular increment
of 0.2◦. The collected X-ray radiographs were then analyzed using Octopus Reconstruction
software (TESCAN, Gent, Belgium) [38] to produce reconstruction images. After obtaining
the reconstruction images, the degree of mineral precipitation was calculated by using
Octopus Analysis software. In this case, 200 reconstruction images (or 288 μm) were chosen
and averaged by 3 random areas (~10 × 10 μm). The reconstruction images were computed
by using Drishti software [39] to produce the 3D tomographic reconstruction.

2.4. Cytotoxicity Test

Human dental pulp stem cells (hDPSCs) were obtained from Lonza (PT-5025, Group
AG, Basel, Switzerland). Cells were maintained in Dental Pulp Stem Cell Basal Medium
supplemented with Dental Pulp Stem Cell Growth Supplement, L-glutamine, ascorbic
acid, and gentamycin/amphotericin-B (all from Lonza) at 37 ◦C enriched with 5% CO2.
For the experiment, hDPSCs at passage 3 were switched to culture in Dulbecco’s Modified
Eagle Medium (Sigma-Aldrich, St. Louis, MO, USA) with 10% fetal bovine serum and 1%
penicillin/streptomycin and seeded in a 96-well plate with a cell density of 5,000 cells/well.
The cells were then treated with 25 μL of SDF or SDN. Cells with no treatment were used as
the control. The cells were cultured at 37 ◦C enriched with 5% CO2 for 3 days. Then, an MTT
viability assay was performed. DPSCs were incubated with 0.2% 3-(4,5 dimethylthiazolyl)-
2,5-di-phenyltetrazolium bromide (MTT) solution (Sigma-Aldrich, St. Louis, MO, USA) at
37 ◦C for 4 h. The reaction was paused using 200 μL of dimethylsulfoxide (Sigma-Aldrich,
St. Louis, MO, USA) and 25 μL glycine buffer (Research Organics, Cleveland, OH, USA).
The color of the end product was quantified using absorbance at 620 nm [40,41] under a
spectrophotometer (Sunrise Absorbance Microplate Reader, Tecan Group Ltd., Männedorf,
Switzerland). The results were expressed as relative optical density (OD) at 620 nm using
the following equation:

Relative OD =
OD of test group

OD of control
× 100 (1)

2.5. Statistical Analysis

Data were analyzed using Prism 9 for macOS (GraphPad Software, San Diego, CA,
USA). The normality of data was initially examined using the Shapiro–Wilk test. Changes
in Abs1024/Abs1636 for the same group upon immersion time were compared using one-way
repeated ANOVA followed by Tukey’s multiple comparisons. Differences in Abs1024/Abs1636
and mineral density were determined using one-way ANOVA followed by Tukey’s mul-
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tiple comparisons. Additionally, the unpaired t-test was used to compare relative OD
values between SDF and SDN groups. All p-values below 0.05 are considered statistically
significant. A post hoc power analysis was performed using G*Power version 3.1.9.6
(University of Dusseldorf, Dusseldorf, Germany). The effect size [42] of each experiment
was calculated from the results obtained from the previous study [26], demonstrating that
the sample size used in each test exhibited power > 0.95 at alpha = 0.05.

3. Results

3.1. Assessment of Apatite Precipitation Using FTIR and SEM-EDX

The FTIR spectra of the representative specimens at each time point are presented
in Figure 1. A reduced phosphate peak (1024 cm–1) after demineralization was observed
in all groups. The Abs1024/Abs1636 ratio of the control group at 0 h (0.22 ± 0.06) was
significantly higher than that of specimens at 24 h (0.11 ± 0.04) (p = 0.0285), 168 h
(0.10 ± 0.03) (p = 0.0148), and 336 h (0.11 ± 0.03) (p = 0.0377) (Figure 2). The mean
Abs1024/Abs1636 ratio of the SDF group increased from 0.20 ± 0.10 at 0 h to 0.30 ± 0.16 at
336 h. The Abs1024/Abs1636 ratio of the SDN group at 0 h was 0.32 ± 0.15, which was
gradually reduced to 0.25 ± 0.22 at 336 h. However, changes in the Abs1024/Abs1636 ratio
for the SDF and SND groups at each time point were not significantly different (p > 0.05).
Additionally, the ratio between SDF, SDN, and control groups at each time point was
comparable (p > 0.05).

The difference in Abs1024/Abs1636 of the SDF group at 336 h compared with 0 h
(0.10 ± 0.09) was significantly higher than that of the SDN (−0.07 ± 0.12) (p = 0.0140) and
control (−0.11 ± 0.08) (p = 0.0026) groups (Figure 3). Additionally, the difference in the
ratio was not significantly different between the SDN and control groups (p = 0.7175).

SEM images of the representative specimen of the control group show patent dentinal
tubules (Figure 4A). SEM images of the SDN (Figure 4B) and SDF (Figure 4C) groups
show crystals occluding dentinal tubules. The EDX results indicate that the precipitation
observed in the SDN and SDF groups mainly contained Ag and Cl (Figure 4D).

Figure 1. FTIR spectra of representative specimen from (A) SDN, (B) SDF, and (C) control groups at
each time point.
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p 

Figure 2. Abs1024/Abs1636 ratio of demineralized dentin specimens before and after immersing in
simulated body fluid for 336 h (2 weeks). Error bars represent SD (n = 7), lines indicate p-values.

Figure 3. Box plots of differences in Abs1024/Abs1636 after 2 weeks compared with initial value
(336 vs. 0 h). Boxes represent first quartile (Q1) to third quartile (Q3), horizontal lines in box represent
median, and whiskers represent maximum and minimum values (n = 7). Lines indicate p < 0.05.
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Figure 4. (A–C) SEM images at low and high magnification of representative specimen from each
group after 2 weeks. Precipitation of crystals (arrows) occluding dentinal tubules was observed in
SDN and SDF groups. (D) EDX result shows that crystals mainly contained Ag and Cl.

3.2. Assessment of Mineral Precipitation Using Synchrotron-Based X-ray Tomography (SRXTM)

The SRXTM images of representative specimens of the SDN (Figure 5A, Video S1) and
SDF (Figure 5B, Video S2) groups show multiple radiodense areas throughout the depth of
the radiolucent area (~200 μm). No radiodense areas were detected in the specimen from
the control group (Figure 5C, Video S3).

Figure 5. SRXTM images of representative specimen from each group after immersion in simulated
body fluid for 2 weeks. (A,B) Mineral precipitation (arrows) was detected in SDN and SDF groups.
(C) No precipitation was detected in control group. Three-dimensional images of specimens are
provided in the Supplementary Materials (Videos S1–S3).

3.3. Cell Viability

The relative OD of the SDF group (92 ± 8%) was higher than that of the SDN group
(88 ± 10%). However, the results were not significantly different (p = 0.5579).
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4. Discussion

The aim of the current study was to compare the remineralizing and cytotoxic ef-
fects of silver diamine nitrate (SDN) and silver diamine fluoride (SDF). The increased
Abs1024/Abs1636 ratio of the SDF group was significantly higher than that of the SDN and
control groups. However, the mineral precipitation, as seen in SRXTM images, and the
cytotoxicity of the SDN and SDF groups were comparable. Hence, the null hypothesis of
the current study was partially rejected. It should be mentioned that study was an in vitro
study; thus, the clinical relevance should be interpreted with caution.

The FTIR-ATR results of the current study indicate that the increase in peaks repre-
senting apatite formation was greater in the SDF group than the SDN group. This could
be due to the effects of fluoride. It was demonstrated that fluoride can act as a catalyst
for phosphate and calcium ion addition into the crystal lattice, thus promoting the growth
of apatite crystals [43]. This may have subsequently promoted mineral apatite formation
in the SDF specimen. Additionally, it was reported that the incorporation of fluoride into
the lattice of remnant crystals promoted crystal transformation and reduced the solubility
of apatite [44]. This study aimed to assess mineralization when the solution penetrates
into the dentin and is exposed to dentinal fluid. However, it should be mentioned that a
protocol for preparing simulated dentinal fluid has not yet been established. We speculated
that the inorganic components of dentinal fluid would be similar to other types of body
fluid [45]. Simulated body fluid (SBF) was therefore selected as the storage solution in the
current study.

A high level of fluoride from SDF was expected to encourage the formation of low-
soluble fluorohydroxyapatite (FHA) in the demineralized dentin. It is known that the
precipitation of FHA after SDF application is not easily detected. This is in agreement with
the current study, because the EDX failed to detect fluoride on the specimens. This could be
due to the low sensitivity of EDX to detect small amounts of fluoride. Hence, the use of an
alternative technique such as XRD, XPS, SAX/WAX, or Raman microcopy may be needed in
future work to confirm the formation of fluorohydroxyapatite. Additionally, the application
of SDF may encourage the precipitation of CaF2, which can act as a fluoride reservoir [46,47].
However, CaF2 globules were not detected in the SEM images of specimens. This could be
due to the rapid washout of water-soluble CaF2 during rinsing with water [47,48].

The SEM images showed substantial mineral crystals occluding the patent dentinal
tubules on the surface of specimens from the SDF and SDN groups. EDX showed that the
crystals mainly contained Ag and Cl, indicating the formation of silver chloride salts. It is
believed that Ag ions of SDF and SDN react with ions in the environment, producing silver
phosphate (solubility of 6.4 × 10−3 g/100 mL) and silver oxide (1.3 × 10−3 g/100 mL),
which are highly soluble. Then, the silver compounds may readily react with chloride
in the environment, forming lower-soluble silver chloride (8.9 × 10−5 g/100 mL) [47,49].
The formation of silver chloride caused a black/metallic appearance on the tooth surface
after SDF application. The formation of silver salts increased the hardness of dentin and
blocked dentinal tubules, thus reducing the irritation on the pulp–dentin complex [9,47].

The use of synchrotron radiation X-ray tomographic microscopy (SRXTM) enabled 3D
visualization of mineral precipitation at a higher resolution (pixel size ~1.44 μm) compared
with conventional micro-CT (pixel size ~8 μm) [50]. The more radiodense areas in SRXTM
images were expected to be silver salts [26]. The degree of mineral precipitation was similar
in the SDN and SDF groups. This may be due to a comparable concentration of silver ions
contained in both (25 ppm). However, the limitation of SRXTM is the risk of overestimating
mineral density due to the high radiopacity of silver [51]. Additionally, the density of
mineral crystals per volume may be affected by the dehydration and shrinkage of dem-
ineralized dentin layers. It should be mentioned that particles with a diameter smaller
than the minimum resolution of the SRXTM (1.44 μm) were not detected in the images.
This may lead to underestimation of the mineral density of small nanosized crystals such
as hydroxyapatite in specimens [52].
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The SDF solution can be rapidly adsorbed into dentin. Thus, the concern with applying
SDF in deep cavities is the risk of toxic effects on dental pulp cells, leading to pulpal pain
and inflammation. It has been shown that SDF reduces pulpal-like cell viability via the
depletion of glutathione [13]. The use of high-molecular weight nitrate molecules in the
solution was expected to lower the reactivity of the reactive ions, which could potentially
reduce the toxic effects on pulp cells. However, the relative OD values of SDF and SDN
groups were comparable. This could be due to the similar concentrations of silver ions
in SDF and SDN in the current study. BS EN ISO 10993–5: 2009 (Biological evaluation of
medical devices Part 5: Tests for in vitro cytotoxicity) states that a reduction in cell viability
by more than 30% is considered a cytotoxic effect [53]. The current study demonstrated
that cell viability was reduced after treatment with SDF and SDN by approximately 8%
and 13%, respectively.

The limitation of the current study was that the cells were treated with a single concen-
tration of SDF or SDN, which may not represent the clinical situation. The concentration
of the solution may be reduced or diluted upon penetration through dentin. It was re-
ported that the concentration of silver ions in dentin was reduced from 1.7 to 0.3 wt %
at 20 μm depth [12]. The actual concentration of ions at the pulpal region may be much
lower than that used in the current study. Hence, a more relevant model, such as a dentin
penetration test, which contains a dentin barrier over the pulp cells, should be used in
future studies [54]. Additionally, future work could examine the remineralizing effects of
SDN or AgNO3 combined with NaF [17,18]. This could help provide alternative options
for materials to control caries when SDF is not available.

5. Conclusions

In this study, we compared the in vitro remineralizing action between silver diamine
nitrate (SDN) and silver diamine fluoride (SDF). The use of SDF provided a superior
increase in apatite formation compared with SDN. However, the precipitation of silver
salts occluding dentinal tubules in demineralized dentin observed with SDF and SDN was
comparable. Additionally, the cytotoxic effects on dental pulp cells with SDN were not
significantly different compared to SDF. SDN may be considered as an alternative material
to control caries. However, more clinical studies are needed to confirm the anti-cavity
action of the material.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jfb13010016/s1, Video S1: Representative specimen of control
group shows no mineral precipitation. Videos S2 and S3: Representative specimens of SDN and SDF
groups, respectively. Mineral precipitation is indicated in green.
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Abstract: Dental pulp vitality preservation in dental caries treatment is a major goal in odontotherapy.
The main objective of this study was to compare dental pulp tissue responses to vital therapies in
deep carious lesions, using different calcium-based materials. An ambispective study was conducted
on 47 patients. Ninety-five teeth with deep carious lesions were treated. Among them, 25 (26.32%)
were diagnosed with pulpal exposures and treated by direct pulp capping. Indirect pulp capping
was applied when pulp exposure was absent (n = 70; 73.68%). Fifty teeth (52.63%) were treated
with TheraCal LC (prospective study), 31 teeth (32.63%) with Calcimol LC, and 14 teeth (14.74%)
with Life Kerr AC (retrospective study). The results show that the survival rate for dental pulp
was 100% for Life Kerr AC, 92% for TheraCal LC, and 83.87% for Calcimol LC, without significant
differences. Apparently, self-setting calcium hydroxide material provided better dental pulp response
than the two light-cured materials, regardless of their composition, that is, either calcium -hydroxide
or calcium silicate-based. We will need a significant number of long-term clinical studies with the
highest levels of evidence to determine the most adequate biomaterials for vital pulp therapies.

Keywords: pulp capping; dental; calcium hydroxide; silicates

1. Introduction

Dental pulp vitality preservation in dental caries treatment is a major goal in odon-
totherapy. Both modern dentistry and extended histological research conclude and accept
that nothing can replace the dental pulp, generating the same benefits for the tooth and the
periodontium [1].

Dental caries is a disease caused by multiple factors and involves interactions of three
factors: the body of the host, represented primarily by the teeth and the saliva; the diet,
determined by the availability of fermentable carbohydrates; and the microbiota, which are
acid-producing bacteria [2].

Depending on their position, depth, or extension, caries generates major difficulties in
achieving the correct technique of classic treatment. Sometimes, the occult evolution (by
the interproximal position) in the absence of a careful clinical/radiological exam, makes
pathology detection impossible before the irreversible pulp disease. Rapidly progressive or
slowly progressive lesions inevitably converge toward pulp damage, so, in both situations,
the treatment must be rapid, complex, and rigorous [3].
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Ever since the mid-1970s, studies have indicated that the pulp tissue can tolerate
different dental restorative materials as long as bacteria and their toxins can be excluded
from the pulp tissue [4]. This is the goal of direct/indirect capping.

Calcium hydroxide was introduced in dentistry in 1921 and has been considered
the “gold standard” of direct pulp-capping materials for many years. [5] This material
is considered to have excellent antibacterial properties [6], and one of the studies found
a complete reduction of the micro-organisms that are frequently associated with pulp
infections after only one hour of contact with calcium hydroxide [7]. More than that,
calcium hydroxide has one of the best clinical success rates and long-term follow-up rates
as a pulp-capping agent after different periods, even after 10 years [8].

But calcium hydroxide is not infallible. The self-cure formulations are highly soluble
and can dissolve in time [9], but it has been noticed that by the time the calcium hydroxide
disappears because it dissolves, new bridges of detin are formed [8,10]. It provides a poor
seal [11] and has no inherent adhesive qualities. Another concern about this material would
be the appearance of “tunnel defects” in reparative dentin formed underneath calcium
hydroxide pulp caps [12].

MTA is primarily composed of calcium oxide in dicalcium silicate, tricalcium silicate,
and tricalcium aluminate form. Bismuth oxide can be added for its radiopacity effect [13].
MTA is considered a silicate cement rather than an oxide mixture, and so its biocompatibil-
ity is based on its reaction products [14]. It is important to note that the primary reaction
product of MTA with water is calcium hydroxide [15], and so calcium hydroxide’s forma-
tion is actually the one that provides MTA’s biocompatibility, so they are rather similar.
However, a significant difference would be the fact that MTA provides some seal to tooth
structure [16].

An important downside to MTA manipulation and clinical use is the prolonged setting
time; some products need more than 2 h [17]. This implies that pulp capping with MTA is
clinically possible either using a quick-setting liner to protect the MTA during permanent
restoration placement or performing a two-step procedure.

The main objective of the present study was to compare the clinical and biological
effects of different calcium-based pulp-capping materials on dental pulp responses to vital
therapies in deep carious lesions. The specific aim was to clinically assess and compare the
pulp vitality, following the above-mentioned therapies.

2. Materials and Methods

This ambispective clinical study was conducted in compliance with the research ethics
legislation currently in place in Romania. Informed consent was obtained from all subjects
involved in the study. The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Ethics Committee of Dunarea de Jos
University of Galati (no. 4842/20/02/2020). The study was conducted by the same
investigator (Antoanela Covaci).

2.1. Sample Selection

The medical files of patients who underwent direct or indirect pulp-capping therapies
in Dr. Antoanela Covaci’s private practice from February 2017 to May 2019 consisted of the
retrospective, control sample. Patients attending the private practice from 1 July 2020 to
20 December 2021 were included in the prospective study. Patients with direct/indirect
pulp cappings with three dentinogenesis-inducing materials, Theracal LC (Bisco Inc.,
Schaumburg, IL, USA), Calcimol LC (Voco GmbH, Cuxhaven, Germany), and Life Kerr AC
(Kerr, Orange, CA, USA), were selected to be included into the study.

Inclusion Criteria

The included patients met certain criteria, namely, thermal sensitivity response com-
patible with a diagnosis of tooth vitality and association of radiographic examination, a
reasonable state of health and oral hygiene, and no associated periodontal pathology. The
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included treatments had the same protocol: isolation of the operative field with cotton
rolls type 2 and cavity cleaned with neophaline. The hydrogen peroxide on sterilized
cotton pellets was used for hemostasis in case of accidental pulp exposure. Teeth in which
restorations were performed using self-etching adhesive systems such as Filltec, GC, Voco,
Beautifil, and Flow were included. Light-cured composite resins were used as restorative
materials in all the therapies.

2.2. Evaluation of the Clinical Procedures of Direct/Indirect Pulp Capping

Ninety-five direct/indirect pulp-capping therapies performed on 47 patients were
included and divided into three groups: the first group with 50 teeth was treated with
TheraCal LC (13 anterior teeth, 16 premolars, and 21 molars); the second group with
31 teeth was treated with Calcimol LC (12 anterior teeth, 9 premolars, and 10 molars), and
the third group with 14 teeth was treated with Life Kerr AC (1 anterior tooth and 13 molars).
The etiologies of the pulp exposures were different because of extensive carious lesions
and accidentally, at the moment of removal, of soft, infiltrated dentin; therefore, different
dimensions of the exposure sites were reported. In all clinical cases, the therapies were
performed with one of the above-mentioned biomaterials, followed by the placement of
direct resin or glass-ionomer restorations of the crowns. The permanent restorations were
performed at the appointment in which the direct/indirect pulp capping was performed.

2.3. Evaluation of the Teeth after Direct/Indirect Capping Therapy

One month, 3 months, and 6 months after treatment, clinical controls were performed.
During these periodical controls, qualitative tests were performed such as the pulp vitality
test, which included the vertical and horizontal percussion tests (see Figure 1).

 

Figure 1. Example of evaluation 6 months post-op: Clinical evaluation—marginal infiltration (a); pe-
riapical X-ray evaluation (b).

Therapies on teeth that remained asymptomatic, with normal sensitivity tests and no
other radiographic signs, such as periapical pathology, were considered as clinical successes.

2.4. Statistical Analysis

Data distributions were expressed as means, standard deviations (SD) and percent-
ages. Pearson’s chi-squared tests were used for categorical measures. When the expected
frequency of any cell in the table was <5, Fisher’s exact test was used

Statistical analyses were performed using Stata/IC 16 (StataCorp. 2019. Stata Statistical
Software: Release 16. StataCorp LLC.: College Station, TX, USA), and p-values < 0.05 were
considered statistically significant.

3. Results

The study included 47 urban patients (70.21% females; mean age 34.66 ± 11.15 years).
Ninety-five teeth, presenting deep carious lesions, were treated. Among them, 25 (26.32%)
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were diagnosed with pulpal exposures and treated by direct pulp capping. Indirect pulp
capping was performed when pulp exposure was absent. Fifty teeth (52.63%) were treated
with TheraCal LC (prospective study); 31 teeth (32.63%) were treated with Calcimol LC,
and 14 teeth (14.74%) were treated with Life Kerr AC (retrospective study). Regarding
direct pulp capping, 4 teeth were treated with Life Kerr AC, and 21 teeth were treated with
Theracal LC. Indirect pulp capping was applied as follows: 10 teeth with Life Kerr AC,
31 teeth with Calcimol, and 29 teeth with TheraCal LC.

Features of the 95 carious lesions treated and analyzed are presented in Table 1. The
prospective cohort comprised significantly more pulp exposures than the retrospective
cohort (Table 1).

Table 1. Characteristics of the carious lesions treated.

Retrospective Cohort
(n = 45)

Prospective Cohort
(n = 50) p

n % n %

Pulpal exposure
Yes 4 8.89 21 42

<0.001No 41 91.11 29 58
Capping material

TheraCal LC 0 0 50 100
<0.001Calcimol LC 31 68.89 0 0

Life Kerr AC 14 31.11 0 0
Affected teeth

Anterior 13 28.89 13 26
0.753Posterior 32 71.11 37 74

Lesion activity
Active 4 8.89 0 0

0.572Arrested 41 91.11 50 100

The results of tooth vitality preservation 6 months after treatment for the materials
taken into the study are presented in Table 2.

Table 2. Outcome assessment.

Capping Material
Vitality Preservation

p
No Yes

TheraCal LC 4 (8%) 46 (92%)
0.236Calcimol LC 5 (16.13%) 26 (83.87%)

Life Kerr AC 0 14 (100%)

4. Discussion

Taking into account the analysis of the results registered in the present study, we can
draw multiple conclusions.

Regarding the specific aim of the study, the rate of preservation of pulp vitality was
different for the three pulp-capping materials although the difference was not statistically
significant (see Table 2). Among the only 14 teeth (15% of 95 teeth analyzed) treated with
Life Kerr AC, none of them lost vitality after 6 months. For the other two materials, the
vitality of the treated teeth was lost in 8% of the cases treated with TheraCal LC and in
16.13% of the cases treated with Calcimol LC.

The above-mentioned results were not related to the position of the affected tooth
(anterior or posterior), and they seem not even related to the initial carious activity of the
treated lesion. All materials for pulp capping taken into the study (TheraCal LC, Calcimol
LC, and Life Kerr AC) are indicated to be used for pulp capping, although Calcimol LC is
recommended only for indirect pulp-capping treatments.
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At the time of cavity preparation, by getting close to pulp tissue or, even worse,
exposing it using rotary instruments, the pulp tissues can become inflamed or necrotized.
In this case, the clinician often makes the decision to perform an endodontic treatment. For
this reason, the materials indicated for pulp capping should act as a barrier and protect
the vitality of the entire pulp by covering the minimally exposed tissue and preventing
the need for further endodontic treatments. At the same time, the capping material used
should prompt a regenerative response from the host side [18].

TheraCal LC (Bisco Inc., Schaumburg, IL, USA) is a light-cured, resin–calcium silicate
matrix. This liner material is recommended for direct and indirect pulp capping. It contains
monomers of polymerizable methacrylate, Portland cement type III, polyethylene glycol
dimethacrylate, and barium zirconate [19].

Calcimol LC (Voco GmbH, Cuxhaven, Germany) is a light-cured, pulp-capping ma-
terial. This material represents a resin-modified calcium ion-releasing liner. In this mate-
rial, the calcium dihydroxide is embedded in a resin–polymethacrylate matrix: urethane
dimethacrylate, dimethylaminoethyl-methacrylate, and triethyleneglycol dimethacrylate
(TEGDMA) [20].

Life Kerr AC (Kerr GmbH, Karlsruhe, Germany) is a self-setting, calcium ion-releasing liner
and pulp-capping material. It contains calcium dihydroxide, N-ethyl-o(or p)-toluenesulphonamide,
zinc and calcium oxide, methyl salicylate, and 2,2-dimethylpropane-1,3-diol [21].

Light-curable, resin-modified calcium hydroxide materials, such as two of the materi-
als taken into the study, are TheraCal LC (Bisco) and Calcimol LC (Voco), largely used for
direct pulp capping. Compared to the conventional two-paste calcium hydroxide systems,
the third material taken into the study, Life Kerr (Kerr), the resin-modified versions have
several advantages, including ease of handling, light polymerization, and superior physi-
cal properties. They are also minimally affected by phosphoric acid and have low water
solubility, which means that they do not dissolve in time.

Despite the multiple advantages of the resin-modified calcium hydroxide liners, due to
the light-activated polymerization, we can say that there is a significant risk of free residual
monomers left at the pulp-capping site. It is known that unpolymerized monomers are toxic
to pulp cells [22]. For example, Calcimol LC was reported to present higher cytotoxicity to
MDPC-23 cells than another resin-free calcium hydroxide paste. However, the composite
resin is considered to present mild to no toxic effects to the odontoblast-like MDPC-23
cells if it is polymerized [23]. Another study shows that resin-modified calcium hydroxide
is not more cytotoxic than the control calcium hydroxide. When light resin-modified
pulp-capping materials with light-activated polymerization are sufficiently cured, with a
longer curing time, the cytotoxicity effect of the resin disappears. Meanwhile, in the time of
polymerization, OH− is released and can cause some cytotoxicity [24]. We noticed that a
mean rate of 70% conversion of the polymerization in the case of dimethacrylate monomers
does not mean the presence of 30% unreacted free monomers. It means that only 30% of the
methacrylate groups remains still active for polymerization, but among those, most of them
are already inside the polymer matrix. Overall, only a small percentage (9% of monomers)
can be considered free. (i.e., both methacrylate groups in one monomer are not cured), and
most of these free monomers are located inside the polymer matrix (cannot be released) [25].
There are some studies [26,27] that report that cytotoxicity was not observed in the MG63
cells treated with TheraCal LC, and after 5 days, the cells are organized as a confluent
monolayer as demonstrated by fluorescence microscopy observations. Theracal LC shows
biocompatibility on MG63 cells allowing physiological cell growth and differentiation.
Chemical and physical properties and Theracal LC biocompatibility observed in in vitro
studies still consider this cement as an efficient pulp-capping material for the vital pulp
therapy [27].

From a clinical point of view, there is a difference between the two resin-modified
pulp-capping materials taken into the study. Calcimol LC is easier to handle and more
tooth-colored compared to the opaque white of TheraCal LC. In addition, taking into
consideration the manufacturer’s indications, Calcimol LC can be used with or without
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dental adhesives [28,29]. Materials with new compositions are evaluated comprehensively
before their clinical application. There are recent studies that examined whether the lower
calcium ion-releasing ability, together with the cytotoxicity because of unpolymerized
resin monomers of resin-modified calcium ion-releasing liners, has an influence on its
biological and clinical performance [30]. The pH values evaluated in another study [31]
were slightly alkaline for TheraCal LC and Calcimol LC, compared to the control group.
The lower pH values registered were because the ions were dispersed through the different
dentine thicknesses that remained. This discovery contrasts with other studies [32,33].
Approaching a physiological pH within 60 days during this study may provide a positive
environment for pulpal cell viability and metabolic movement with the reparative dentine
development. TheraCal LC has been demonstrated to discharge higher Ca2+ ions right
after application and to make a natural pH, very close to the physiological one in the
first two months. Further clinical tests are required to measure the release of different
biologically active ions from TheraCal LC, which can contribute to the clinical success of
these materials in vital pulp therapies [31,32,34].

Another randomized systematic review study, analyzing long-term clinical and ra-
diographic evaluation of the effectiveness of direct pulp capping materials, showed that
multiple variables must be taken into consideration for an accurate interpretation of pulp-
capping material’s efficiency [35]. The aim of this review was to assess the effectiveness of
12 different direct pulp capping materials for dental pulp exposures. Long-term clinical and
paraclinical (X-rays) evaluations of the efficiency of different direct pulp-capping materials
used on teeth with pulp exposure were included. After a risk of bias assessment and data
acquisition and interpretation from 496 identified articles, only 15 met the eligibility criteria.
From all the studies that were included in those articles, a total of 1322 teeth were treated
with 12 different types of direct pulp-capping materials. However, the results were based
on the present studies, which were all judged to have a high risk of misinterpretation.
In this evaluation, many materials were studied, and some of them seemed to perform
better than calcium hydroxide materials, as for example Life Kerr (Kerr). However, unlike
calcium hydroxide, all the other materials were supported by only a small number of
studies. Therefore, more long-term clinical and radiographic studies with lower a risk of
bias are needed [35].

Although calcium hydroxide (as Life Kerr) has long been considered the gold standard
for direct pulp capping, it has some disadvantages: The high pH can irritate the dental pulp
and can cause the inflammation or the necrosis of the exposed pulp surface. The newly
formatted dentine can have tunnel-shaped defects, and the dissolution in time may lead to
failure of the long-term seal. All these disadvantages are probably responsible for the wide
differences in success rates, ranging from 52% to 100% [35–37].

The differences in the protocols of isolation and antiseptisation are an important factor
that must be taken into consideration for the accurate interpretation of different studies. In
another study with similar conditions of isolation and antiseptisation, a study in which
69 teeth were treated with calcium hydroxide, 57 received indirect pulp capping, with
53 (93.0%) showing a successful outcome and 4 (7.0%) an unsuccessful outcome [38]. This
result can explain the efficiency of 100% of calcium hydroxide that was analyzed in our
study and contributed to the smaller number of teeth (only 14) involved.

The limits of the study include the design and relatively small sample size. Because
of the restrictions imposed by COVID-19, patient recruitment availability was seriously
affected, and we could not provide similar sample sizes for the materials that were inves-
tigated. It is obvious that the retrospective component of the study relied mostly on the
accurate recordkeeping. However, considering that the same investigator was involved in
all treatments, we consider that the results of the study were less biased.

More than 20 types of biomaterials are effective in direct pulp capping. Until now, an
ideal pulpotomy material has not been established [39–41]. A greater number of long-term
clinical studies with highest levels of evidence (randomized control tests) are required to
determine the best composition biomaterial for direct or indirect pulp capping.
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5. Conclusions

Within the limits of the study, our results suggest a better preservation of dental pulp
vitality in the case of self-setting calcium hydroxide Life Kerr AC (Kerr) as compared to
resin-modified calcium-releasing TheraCal LC (Bisco) and Calcimol LC (Voco). Among
the two light-activated materials, TheraCal LC (Bisco) and Calcimol LC (Voco), TheraCal
LC seems to have a better potential in keeping pulp vitality, probably due to a better local
pH maintenance.

A greater number of long-term clinical studies with the highest levels of evidence are
needed to determine the most adequate biomaterials for vital pulp therapies. Moreover,
extensive research has to be carried out to improve dental materials in order to maintain
the dental pulp potential and facilitate its regeneration in the case of cavities aggression.
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Abstract: Polymeric nanoparticles have been introduced as a delivery vehicle for active compounds
in a broad range of medical applications due to their biocompatibility, stability, controlled release
of active compounds, and reduced toxicity. The oral route is the most used approach for delivery
of biologics to the body. The homeostasis and function of oral cavity tissues are dependent on the
activity of stem cells. The present work focuses, for the first time, on the interaction between two
types of polymeric nanoparticles, poly (lactic-co-glycolic acid) or PLGA and PLGA/chitosan, and
two stem cell populations, oral keratinocyte stem cells (OKSCs) and stem cells from human exfoliated
deciduous teeth (SHEDs). The main results show that statistical significance was observed in OKSCs
uptake when compared with normal keratinocytes and transit amplifying cells after 24 h of incuba-
tion with 5 and 10 μg/mL PLGA/chitosan. The CD117+ SHED subpopulation incorporated more
PLGA/chitosan nanoparticles than nonseparated SHED. The uptake for PLGA/chitosan particles
was better than for PLGA particles with longer incubation times, yielding better results in both
cell types. The present results demonstrate that nanoparticle uptake depends on stem cell type,
incubation time, particle concentration, and surface properties.

Keywords: PLGA nanoparticles; oral keratinocyte stem cells; human exfoliated deciduous teeth

1. Introduction

PLGA or poly (lactic-co-glycolic acid), a copolymer approved by the U.S. Food and
Drug Administration, is currently used in a broad range of applications in the medical field
as a delivery system for biologics due to its biologic properties such as biocompatibility
and biodegradability. Various therapeutic agents have been encapsulated within PLGA
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nanoparticles (PLGA-NP), as the polymeric matrix preserves the drugs and prevents degra-
dation [1,2]. Depending on the tissue or system, the internalization of PLGA nanoparticles
can be optimized by adjusting their size, charge, concentration, and incubation time.

In this context, oral delivery is a widely used approach for the delivery of biologics
to the body, with the oral cavity being the first component of the gastrointestinal tract [3].
However, the impact of PLGA nanoparticles on oral cells, and especially oral stem cell
populations, has received little attention. Therefore, their potential to act as a viable and
safe delivery mechanism for oral drug administration requires further research. PLGA-NP
efficiency as a carrier also depends on the oral microenvironment, which may impact the
rate of nanoparticle uptake and disintegration. It is thus important to measure a baseline
for which these nanoparticles are internalized by oral stem cell populations under in vitro,
tightly controlled, conditions.

It is well-established that maintaining oral mucosal architecture and homeostasis is
heavily dependent on the proper function of oral keratinocyte stem cells (OKSCs) [4]. Due
to their importance and potential roles in regenerative medicine, several attempts have
been made to isolate and characterize OKSCs. However, these cells are difficult to isolate,
mainly due to the lack of appropriate surface markers. Previously, our team successfully
isolated a pure subpopulation of OKSCs using two surface markers on α6β4 integrin and
CD71 and a magnetic method for cell sorting. In our previous studies, we also showed that
epithelial cells with the phenotype α6β4posCD71neg have important stem-cell attributes
and can be successfully expanded in vitro [5].

Mesenchymal stem cells (MSCs) are already routinely separated from dental tissues.
These cells are capable of, in appropriate conditions, differentiating into various cell types:
adipocytes, chondrocytes, osteoblast-like cells, etc. Dental MSCs play important roles in
tissue homeostasis, as they are able to repair damaged hard and soft oral structures, such as
dentine and periodontal ligament [6]. To date, several types of dental-tissue-derived MSCs
have been investigated: dental pulp stem cells (DPSCs), stem cells from human exfoliated
deciduous teeth (SHEDs), periodontal ligament stem cells (PDLSCs), progenitor cells from
dental follicles (SCDFs), and stem cells from apical papilla (SCAPs) [7,8]. Dental-derived
stem cells may be the best cell source for transplantation. However, various in vitro and
preclinical studies should be performed. It is well-known that the MSCs of stem cell
surface markers expression include CD105, CD146, CD90, etc. In our previous studies, we
successfully performed magnetic separation of DPSCs and SHEDs using a CD117 stem cell
marker. Our results demonstrate that CD117+ cells possess strong potential for pancreatic
differentiation in appropriate conditions, and may therefore have applications in future
pancreatic disorders therapy [9].

To the best of our knowledge, nanoparticle interaction with the oral environment,
particularly with oral mucosa, has been insufficiently explored. Our hypothesis in this
study was that nanoparticle cellular uptake depends on several variables, such as stem cell
type, length of incubation, concentration of nanoparticles, and particle surface properties.
In this context, the specific aim of the present work was to assess the interactions between
OKSCs, SHEDs, and PLGA nanoparticles with different attributes and to determine their
uptake parameters.

2. Materials and Methods

2.1. Materials

PLGA (or poly (lactic-co-glycolic) acid at 40–75 g/mol, used 50:50), chitosan (Chi)
(100–300 g/mol), polyvinyl alcohol (PVA) (31–50 g/mol) 87–89% hydrolyzed, fluores-
cein isothiocyanate (FITC), N-Boc-ethylenediamine, N,N-diisopropylethylamine (DI-
PEA),trifluoroacetic acid (TFA), 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5-
b]pyridinium 3-oxid hexafluorophosphate) (HATU), 4′,6′-diamidino-2-phenylindole
(DAPI), boric acid, and potassium iodine were acquired from Sigma-Aldrich (St. Louis,
MO, USA). HPLC-grade ethyl acetate, acetone, DCM, ethanol, and acetonitrile were
purchased from Mallinckrodt Baker (Pittsburgh, NJ, USA).
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2.2. PLGA-FITC Conjugation

The fluorescent nanoparticles were synthesized by covalently linking FITC to PLGA.
Briefly, PLGA (2 g) was dissolved in DCM (35 mL) at room temperature, and 48 mg N-Boc-
ethylenediamine, 100 mg HATU, and 0.15 mL DIPEA were added under gentle stirring.
After 10 h, the reaction was stopped by adding water (100 mL). PLGA-NH-Boc precipitate
was obtained.

2.3. Nanoparticle Synthesis

The polymeric nanoparticles of PLGA, PLGA-FITC, and PLGA/Chi were obtained
using an emulsion solvent evaporation method [10]. In short, PLGA and PLGA-FITC
(400 mg) were dissolved in ethyl acetate. The solution was then added to 2% (w/v) 120 mL
PVA aqueous solution. Ethyl acetate was further used for saturation of the aqueous phase.

The emulsion was mixed for 60 s and homogenized in a microfluidizer (M110P
apparatus, Microfluidics, Westwood, MA, USA) at 4 ◦C and 30,000 psi for a total of 3
times. Next, the solvent was evaporated using a rotary evaporator (Buchi Inc., New Castle,
DE, USA) for 1 h. In order to remove free PVA, the NPs suspension was then dialyzed
with 100 kDa cut-off membrane (Spectrum Laboratories, Rancho Dominguez, CA, USA)
for 48 h. Every 8 h, distilled water was replaced. The PLGA/Chi polymeric nanoparticle
synthesis followed the same protocol previously described, but the sample after dialysis
(10 mL) was mixed with 10 mL of 2 mg/mL Chi solution at pH 5 for 10 min. In the last
step, nanoparticles were combined 1:1 (w/w) with trehalose and lyophilized for 2 days at
−80 ◦C using a Labconco freeze dryer (Kansas City, MO, USA). NPs were stored at −20 ◦C.

2.4. Nanoparticle Characterization

NP characteristics such as size (diameter mean), polydispersity index (PDI), and zeta
potential were acquired using dynamic light scattering (DLS; Zetasizer Nano, Malvern
Instruments, Southborough, MA, USA). Working conditions were set as follows: sample
dilution 1:20 (v/v) in HPLC-grade water, pH = 5, and temperature 25 ◦C.

Nanoparticle morphology was observed using a transmission electron microscope (TEM;
JEM-1400 system, JEOL, Peabody, MA, USA). NPs were stained using 2% uranyl acetate; for
analysis, the nanoparticle suspension was placed on 400-mesh carbon-coated grids.

A colorimetric assay was used to quantify the PVA remaining after nanoparticle
dialysis [11]. In short, NPs powder was resuspended in 2 mL of 0.5 N NaOH and heated
for 15 min at 60 ◦C. The samples were neutralized using 0.9 mL of 1 N HCl, and distilled
water was added until a final volume of 5 mL. In the next step, 1.5 mL of distilled water,
0.5 0.05 M/0.15 M I2/KI, and 3 mL of 0.65 M boric acid completed a volume of 10 mL.
After 15 min of incubation at room temperature, the samples were measured using a
spectrophotometer (Fisher Scientific, Pittsburg, PA, USA) at 690 nm. The standard curve
for PVA was obtained using the same protocol for a concentration of 2.5–60 μg/mL.

2.5. Cell Culture

Isolation and separation of oral keratinocyte stem cells were performed following
a protocol developed by our team and described in detail in [12]. Deciduous teeth and
mucosa were supplied by patients undergoing routine deciduous tooth extraction at Dental
Faculty Hospital, Medical University, Sofia, Bulgaria. All patients participating in the
study signed an informed consent form following the decision of the Ethical Committee
of Medical University, Sofia’s Council of Medical Science (No. 4770\11.12.2018). Tissues
were thoroughly rinsed for blood and debris with PBS, followed by enzymatic dissociation
with 4 mg/mL dispase II (Sigma Aldrich, St. Louis, MO, USA) and 3 mg/mL collagenase
(Sigma Aldrich, St. Louis, MO, USA) for 2 h at room temperature. Epidermal sheets
were then removed from the dermal side, treated with trypsin 0.025% for 30 min, and
centrifuged. Primary keratinocytes were cultured in EpiLife culture medium (Cascade
Biologics, Portland, OR, USA) together with 1.2 mM of calcium and antibiotics—fungizone
and kanamycin. The pulp was accessed through the resorbed tooth root canal and extracted
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by sterile barbed broach. Pulps were collected in DMEM (Invitrogen, Eugene, OR, USA)
supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO, USA) and 1% antibiotic–
antimycotic (Sigma-Aldrich) in sterile containers up to 24 h after extraction at 4 ◦C. The pulp
was then digested in a PBS (Lonza, Verviers, Belgium) solution of 3 mg/mL collagenase
type I/4 mg/mL dispase II for 1 h at 37 ◦C. Pulps were seeded in 2 cm2 petri dishes
(Greiner Bio-One, Frickenhausen, Germany) containing DMEM supplemented with 1%
antibiotic–antimycotic and 20% FBS. Cell cultures from human exfoliated deciduous teeth
pulp (SHEDs) were incubated in humidified atmosphere of 5% CO2 and 95% air at 37 ◦C
for a period of 2 to 4 weeks. The medium was removed, and a fresh one was added every
second day until a monolayer of confluent cells was reached. Cells were observed using a
phase contrast microscope (Leica Microsystems GmbH, Germany). After reaching 60–70%
confluence, the cells were transferred to larger tissue culture flasks for further culturing.
Prior to magnetic separation, the cells were expanded for 3 passages.

2.6. Magnetic Separation

Primary keratinocyte cells were further subjected to magnetic separation based on two
markers expressed on the cell membrane surface: integrin α6β4 and CD71. In the first step
of the separation, the cells were incubated with integrin α6β4 antibody and IgG MicroBeads.
The obtained cell cocktail was placed in the magnetic field of a MACS Separator (Biotec
Inc., CA, USA). Cells expressing integrin α6β4 were retained in the working column and
represented the positive fraction. In the second step, this fraction was reacted with CD71
MicroBeads and subjected to the same procedure as the first isolation. Following magnetic
isolation, we obtained three cell subpopulations: α6β4negative postmitotic keratinocyte
cells, α6β4positive CD71positive transit amplifying cells, and α6β4 positive CD71negative
fraction oral keratinocyte stem cells. Cells were routinely grown at 37 ◦C in 5% CO2 in
flasks precoated with collagen IV at 20 μg/mL (Sigma) and passaged at 60% confluence.

SHEDs were further subjected to magnetic separation, as described above, based on
CD117 expression. The CD117+ cell fraction was routinely grown at 37 ◦C in 5% CO2,
passaged at 60% confluence, and seeded in 24-well plates (Sigma).

2.7. Immunofluorescence

OKSCs, transit amplifying cells, and postmitotic keratinocyte cells were cultured at
a density of 1 × 104 cells/well into four chamber slides (NalgeNuncInt, Naperville, IL,
USA). The cells were exposed to different concentrations of PLGA and PLGA/Chi NPs:
1, 5, and 10 μg/mL for various periods of time: 3, 12, and 24 h. Following NPs exposure,
each well was washed thoroughly 3–5 times with PBS and fixed in 4% paraformaldehyde,
and then reacted with saturated levels of DAPI (blue) used for staining cellular nuclei.
For visualization purposes, all NPs were previously conjugated with FITC (green). For
semiquantitative analysis, five high-power (20× magnification) fields were randomly
chosen for each slide. Cells with clearly defined staining were counted, and the count was
divided by the total number of cells in each field.

Nonseparated and CD117+ SHEDs seeded at a 1 × 104 cells/cm2 density into 24-
well plates were exposed to PLGA and PLGA/Chi NPs containing media at the same
conditions mentioned above. After the end of the exposure time, the media containing
nanoparticles was removed, cells were washed with PBS, and normal growth media without
nanoparticles were introduced. The immunofluorescence images of the nanoparticle treated
cells were acquired using an IN Cell Analyzer 6000 (GE Healthcare, Buckinghamshire,
UK). We photographed 25 fields in each well. The green fluorescence intensity of between
1.5 × 103 and 3 × 103 cells in each well was analyzed using image analysis software (IN
Cell Developer Toolbox 1.7, GE Healthcare). Cells showing values greater than 0.065 for
total cytoplasmic green fluorescence were counted and compared with the total number of
cells analyzed.
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2.8. Statistical Analysis

The results from twenty-five fields of view for each well are presented as means ± standard
deviations. Statistical analysis between different time groups and different concentration groups
was performed by using one-way analysis of variance (ANOVA) (SigmaPlot 13; Systat Software
GmbH, Erkrath, Germany). Statistical significance was accepted at p < 0.05.

3. Results

PLGA and PLGA/Chi polymeric nanoparticles were spherical in shape (Figure 1) and
measured 95 nm (PLGA NPs) to 132 nm (PLGA/Chi NPs) (Table 1). The size distribution
was narrow for PLGA NPs (PDI = 0.12), whereas PLGA/Chi NPs showed a wider distribu-
tion (PDI = 0.38). PLGA NPs had a negative zeta potential (−38 mV), whereas PLGA/Chi
NPs were positive (+76 mV) due to the presence of chitosan on the surface (Table 1). Both
particles were covered with a similar amount of PVA (25%).

 
Figure 1. TEM pictures of (A) PLGA and (B) PLGA/Chi nanoparticles.

Table 1. PLGA and PLGA/Chi polymeric nanoparticles’ characteristics.

Size
nm

PI
Zeta Potential

mV
PVA

%

PLGA 95 ± 2 0.11 ± 0.019 −38 ± 2 25.8 ± 0.5
PLGA/Chi 132 ± 4 0.38 ± 0.027 +76 ± 2 24.1 ± 0.8

Note: sample pH 5.5.

In the present study, three subpopulations of isolated keratinocytes and two subpopu-
lations of SHED were exposed to 1, 5, and 10 μg/mL of PLGA and PLGA/chitosan NPs for
various time intervals: 3, 12, and 24 h.

The percentage of cells containing fluorescent nanoparticles increased with exposure
time and concentration of nanoparticles, but the increase was not significant, with one
exception (Figure 2). A significant statistical difference was observed for OKSCs compared
with NKs and TA cells, when incubated with 5 and 10 μg/mL PLGA/chitosan after one
day of incubation (Figure 3A): for 5 μg/mL: 32.67 ± 2.08 vs. 9.67 ± 0.58 vs. 12.33 ± 1.53 for
OKSCs, TA, and NKs, respectively; and for 10 μg/mL: 27.67 ± 1.53 vs. 9.63 ± 1.53 vs. 10.52
vs. 1.53 for OKSCs, TA, and NKs, respectively (data presented as means ± SD; p < 0.05.
ANOVA, n = 5 independent experiments). Similarly, no statistical increases were detected
in keratinocyte cells incubated with PLGA NPs at concentrations of 1, 5, and 10 μg/mL for
3, 12, and 24 h (Figure 3B).
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Figure 2. Immunofluorescence: oral keratinocyte stem cells uptake of PLGA/chitosan nanoparticles
following 24 h exposure (blue DAPI staining was used for nuclei, while NPs are labelled with FITC
and appear in green): (A) ×20 magnification; (B) ×40 magnification; (C) 3D model; (D) NPs outside
cell membrane; nanoparticle concentration—5 μg/mL.

 

Figure 3. Uptake of polymeric nanoparticles by different oral keratinocyte cells at various NPs
concentrations and different time points. (A) PLGA/chitosan uptake by normal keratinocytes
(NKs), transit amplifying cells (TA), and oral keratinocyte stem cells (OKSCs); (B) PLGA uptake by
normal keratinocytes (NKs), transit amplifying cells (TAs), and oral keratinocyte stem cells (OKSCs).
Statistical significance was set at * p < 0.05 ANOVA; n = 5 independent experiments.
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The uptake of nanoparticles was monitored by immunofluorescence (Figure 4). Analy-
sis of the SHED cells uptake of PLGA (Figure 5A uptake graph) showed around 60% to
73% of nonseparated cells uptake of nanoparticles after 3 h of incubation. Over time, the
percentage of fluorescent cells increased to about 75% of the cells, and, until the end of
the incubation at 24 h, remained stable with one exception—the concentration of 1 μg/mL
dropped back to 64%. Most stable was the uptake of 5 μg/mL PLGA NPs after 3 h of
incubation at 73.37% ± 12.11%, 12 h of incubation at 74.67% ± 7.97%, and 24 of incubation
at 74.70% ± 5.00%.

Figure 4. Immunofluorescence: SHED uptake of PLGA and PLGA/chitosan nanoparticles following
24 h exposure (blue DAPI staining was used for nuclei, while NPs are labeled with FITC and appear
in green). (A) Normal SHED PLGA uptake; (B) CD117+ SHED PLGA uptake; (C) normal SHED
PLGA/chitosan uptake; (D) CD117+ SHED PLGA/chitosan uptake. Magnification ×20; nanoparticle
concentration 5 μg/mL.

A statistically significant difference was found in the CD117+ fraction uptake com-
pared with the same conditions for the nonseparated SHEDs. The percentage of cells uptake
for PLGA NPs remained stable around 95% throughout the entire incubation for all con-
centrations. Nonseparated SHEDs expressed similar uptake rates for the PLGA/chitosan
NPs (Figure 5B uptake graph). Between 66% and 75% of the cells showed green flu-
orescence. The uptake of 1 and 5 μg/mL PLGA/chitosan NPs dropped at 24 h com-
pared with 3 h of incubation, respectively, to 62.15% ± 9.43% from 66.35% ± 6.41% and
to 63.24% ± 14.6% from 75.45% ± 9.43%, as the uptake of 10 μg/mL increased from
70.40% ± 13.76% to 75.93% ± 10.17%. The CD117+ fraction showed 91.76% ± 5.35% at
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1 μg/mL; 90.67% ± 6.39% at 5 μg/mL and 96.10% ± 2.55% at 10 μg/mL after 3 h of incuba-
tion with PLGA/chitosan NPs. At the end of the incubation, the number of fluorescent cells
increased to 93.55% ± 3.10% at 1 μg/mL and 93.75% ± 4.67% at 5 μg/mL, and dropped
to 94.65% ± 3.26% at 10 μg/mL. Significantly more cells were showing NPs uptake from
CD117+ compared with the nonseparated SHEDs.

   

 
 

  

 
 

 

 

 
 

Figure 5. Uptake of polymeric nanoparticles by normal and CD117+ SHEDs at various NP concentra-
tions and different time points. (A) PLGA uptake by normal and CD117+ SHEDs; (B) PLGA/chitosan
uptake by normal and CD117+ SHEDs. Statistical significance was set at * p < 0.05 and ** p < 0.01
ANOVA; n = 5 independent experiments.

4. Discussion

One major challenge when addressing stem cell therapy is finding adequate scaffolds
or careers knowing that tissue regeneration requires an optimal combination of cells and
active molecule growth factors. Therefore, a wide range of organic and inorganic materials
are currently applied in various in vitro, preclinical, and clinical studies. A novel method
for active substances in tissue regeneration is the use of nanoparticles. Among these,
polymeric NPs have recently been introduced as drug delivery vehicles, as their application
has resulted in improved pharmaceutical bioavailability, enhanced efficacy, and reduced
toxicity [13]. Poly (d,l-lactide-coglycolide acid) (PLGA) is a widely investigated polymer
for NP synthesis [14]. It is able to improve the oral bioavailability of DNA and peptides [15].
Chitosan is another biocompatible nontoxic polymer. It is an N-deacetylated derivate of
chitin known for its ability to promote sustained release of various proteins, hydrophilic
and hydrophobic drugs, and DNA transfection [16]. Thus, PLGA nanoparticles are broadly
accepted drug carriers due to their biocompatibility and ability to provide sustained,
controlled, and targeted drug delivery.
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The body recognizes particles as foreign bodies, and the reticulo-endothelial system
(RES) eliminates them from the blood. Additional surface modification, i.e., PEGylation,
can increase PLGA nanoparticles’ half-life and prolong their circulation in the blood stream.

Passive transport and active endocytosis are well-known methods for cellular uptake
of nanoparticles. Two main types of endocytosis have been described in the literature:
nonspecific endocytosis and receptor-mediated endocytosis, which includes clathrinid-
mediated endocytosis and caveolae-mediated endocytosis [17]. The pathway of cellular
uptake depends on the surface characteristics and size of the nanoparticles. Preparation
conditions are of high importance for the biological applications of nanoparticles. Surface
charges of nanoparticles affect their cellular internalization. Positively charged nanopar-
ticles are expected to have more sustained cellular uptake due to the positively charged
surface of the nanoparticle and negatively charged cell membrane. PLGA nanoparticles are
known to have negative charges as well as the cell surface. The particles’ negative charge
can be shifted to neutral, or even positive, by surface modification, including PEGylation
(polyethylene glycol (PEG) or chitosan coating [18]. It is well-known that chitosan also
possesses absorption-enhancing properties and is able to accelerate cell uptake.

Within the past few years, mesenchymal stem cells have been widely discussed as a
potential cancer gene therapy vehicle [19]. The combination of stem cells and loaded parti-
cles may lead to even better results in anticancer therapy. In the present study, the cellular
uptake of fluorescent nanoparticles by OKSCs and SHEDs was identified by semiquantita-
tive immunofluorescence. PLGA and PLGA/chitosan nanoparticles were not loaded with
active molecules and drugs. The nanoparticles in the current experiment were spherical in
shape with a smooth surface. The aim was just to assess the differences in cellular uptake af-
ter stem cells’ incubation with various concentrations and durations of incubation time. We
included two different fractions of SHED cells in the experiment: nonseparated SHEDs and
a CD117+ fraction. CD117 is a well-known stem cell marker, previously applied in in vitro
studies for magnetic and fluorescent activated cell sorting. The marker is expressed in wide
range stem cell cultures. Our results revealed that 5 and 10 μg/mL PLGA uptake remained
stable in both cell fractions at the 3rd, 12th, and 24th hour of incubation. When these
concentrations are applied, the uptake is not time dependent. For the nonseparated SHEDs
incubated with 1 μg/mL PLGA, the uptake was significantly increased at the 12th hour of
incubation, whereas for the CD117+ fraction in the same conditions, the uptake decreased.
The same tendency was observed in cells incubated with 1 μg/mL PLGA/chitosan. In the
normal nonseparated SHED fraction, the uptake significantly decreased at the 12th hour of
incubation with 5 and 10 μg/mL PLGA/chitosan. The optimal PLGA and PLGA/chitosan
nanoparticles’ uptake for both SHED cell fractions occurred at a concentration of 1 μg/mL;
the optimal PLGA and PLGA/chitosan incubation time for nonseparated cells was 3 h, and
for the CD117+ cells, it was 12 h. Therefore, the cell uptake mechanism depends on the cell
fraction, incubation time, and surface properties of the nanoparticles.

The present study established, for the first time, a baseline for PLGA-NP uptake by
two subpopulations of oral stem cells, oral keratinocyte stem cells, and dental stem cells.
We report important uptake parameters such as particle size, particle chemical composition,
time, and concentration tailored for each studied cell population. However, more studies
are needed to certify these parameters, not only in an in vitro setting, but also in vivo.
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