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Purpose: This study aimed to synthesize bioactive dental adhesives using Camellia sinensis (green tea) extracts (GTE) incorporated
into innovative semipermeable nanocapsules as active ingredient to stabilize the bond to human dentin.

Methods: Nanocapsules and all components of the experimental adhesives were synthesized individually, and the success of the
synthesis was verified. Experimental adhesives with varying GTE levels and the current gold-standard adhesive were tested for shear
bond strength (SBS) after 24-hours and 6-month aging. Bond morphology was characterized by SEM, nano-IR imaging, and
fractography. The composition of the nanocapsules was evaluated using Fourier-transform infrared spectroscopy and high-
performance liquid-chromatography. Phenol release was evaluated using spectrophotometry. Statistical analyses included ANOVA,
Tukey HSD, Games-Howell, Kruskal-Wallis, Mann—Whitney-U, multiple #-tests, and Weibull analysis.

Results: The incorporation and release of polyphenols from the experimental adhesives is confirmed. A similar or slightly higher SBS
was measured in the control adhesive. Aging does not have a significant impact on SBS, but the bonding reliability of the experimental
adhesives remained stable over time, while the reliability of the gold-standard adhesive experienced a decline.

Conclusion: The integration of GTE-nanocapsules into an experimental adhesive proved to be a promising concept for maintaining
bond strength and reliability during aging. In addition, the used combination of vibrational spectroscopy and high spatial resolution of
atomic force microscopy proved to be helpful in closing a nano-analytical diagnostic gap in the molecular spectroscopy of dental
nanomaterials.
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Introduction

The exponential growth observed in the development of nanoparticles over the last two decades has also resulted in new
approaches to tackle a range of issues in medicine and dentistry. According to the International Union of Pure and Applied
Chemistry (IUPAC), a nanocapsule is defined as a hollow nanoparticle composed of a solid shell surrounding a core-forming
space available to entrap substances.! A wide range of biodegradable materials can be used to construct this solid shell,
including lipids (such as cholesterol, phosphatidylcholine, and phosphatidylserine), metals (such as silver, iron oxide, zinc
oxide, aluminum oxide, copper oxide, and gold), and natural and synthetic polymers (eg, poly[lactic-co-glycolic] acid (PLGA)
and polylactic acid (PLA)).? Due to these characteristics, nanocapsules offer a wide range of benefits in the medical field. So
far, they have been successfully employed to improve food products, such as in supporting food preservation® or improving the
stability of degradable compounds,* and to develop self-healing materials® and drug delivery. The latter is based on their
capacity to encapsulate poorly soluble drugs,® improve protection against intracellular and extracellular degradation in
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comparison to unencapsulated pharmaceuticals,” and alter blood circulation and tissue distribution of the active agents.® In
addition, they have proven successful in several medical fields, including oncology,” and in immunology.'’

As the idea of nanocapsules was proposed by Richard P. Feynman more than 60 years ago,'' the development of new
methodologies aimed at enhancing the durability of the capsules and their capacity for targeted drug release continues. In
this line of events, Hitchcock et al proposed a method for integrating oil-based agents into metal shells, thereby reducing
the leakage of the filled substance and controlling its release via ultrasound.'” Dentistry has also implemented
nanotechnology and uses the new possibilities of targeted drug release from nanocapsules. As such, the use of ionic
liquids (ILs), organic salts with a low melting point and antibacterial properties,'® has become established in dentistry as
an alternative to conventional pharmaceutical salts. This is due to the tendency of pharmaceutical salts to undergo crystal
polymorphism in pharmaceutical compounds, a process that ILs do not undergo.'* The design of dental resin infiltrants
with drug delivery systems incorporating ILs represents a promising approach for enhancing materials used in restorative
and micro-invasive dental treatments.'> Another benefit of nanocapsules used in modern dental materials is their ability
to provide graded release through diffusion or erosion.'® Priyadarshini et al applied this effect to deliver Chlorhexidine
(CHX), a proven dental antibacterial agent,'” in the form of polymer-coated nanoscales capsules to demineralized dentin
substrates through dentin tubules to ensure a more extended release of the drug and a higher persistence.'®

One of the critical effects of CHX is the inhibition of a variety of matrix metalloproteinases (MMPs), which contribute,
together with cysteine cathepsin, to collagen enzymolysis.'® Collagen enzymolysis is one of the primary factors compromising
the stability of the bond, along with the degradation of the hybrid layer at the adhesive-dentin interface caused by adhesive
hydrolysis and the formation of secondary caries.'” MMPs are a group of calcium- and zinc-dependent, host-derived enzymes,*
which are trapped between the collagen fibrils during dentinogenesis.>' A large number of MMPs can be found all over the
human body. However, in the dental tissue, the gelatinase MMP-2 and MMP-9,%? stromelysin MMP-3,> enamylesin MMP-20,**
cysteine cathepsin,”> MMP-14 and the collagenase MMP-8° are particularly abundant. Research shows these MMPs are mainly
released by polymorphonuclear leukocytes, macrophages,”” and dentin-forming odontoblasts.?® In the dentinal environment,
these enzymes play a major role in the development of intra- and intertubular dentin® and dentin maturation® but also in the
development of dentin caries®® and the breakdown of collagen, mainly type I collagen.>’ MMPs are able to deteriorate the dentin
organic matrix after demineralization, which leads to hydrolysis and, therefore, a weakening of the dentin bonding strength.*
Studies show that an acidic environment, eg, provided by a 37 wt.% phosphoric acid gel in an etch and rinse approach, is able to
activate MMP secretion but will denature the enzymes due to its relatively strong pH.>* Due to their acidic monomer groups,
modern self-etch adhesives will also activate these MMPs. Yet, they cannot denature these activated enzymes due to their pH
being around 1 or 2 and, therefore, much milder.>* Due to this contrast in their ability to denature enzymes, etch-and-rinse and
self-etch systems influence the degree of MMP activity remaining in the hybrid layer differently resulting in the usage of a self-
etch approach to conduct this study as it allows an isolated evaluation of the effects of GTE as an MMP inhibitor without
interference from other factors such as phosphoric acid. However, it is not only the activity of the host-derived proteinases that
has a negative impact on the bond strength; insufficient infiltration after etching also appears to be a cause of denaturation and,
thus, loss of bonding.*> Counteracting this impact on bond strength has been a core question in dentistry for some time, as too
strong self-etch adhesives can dissolve calcium phosphate from the hydroxyapatite of the tooth structure in an etch-and-rinse-like
manner, leaving the exposed calcium to weaken the interface integrity due to a lack of rinsing. Mild self-etch adhesives have
proven effective in reducing the imbalance of deep demineralization and infiltration by creating a more shallow demineralized
area.’® In the matter of MMPs, it seems impossible to entirely banish them from the areas to be bonded, leaving researchers with
only one option: alleviating their effects.

This context provides one of the baselines for this study’s hypothesis, as encapsulated polyphenols — known for their
MMP-inhibitory and collagen-stabilizing properties — may counteract enzymatic degradation of the adhesive
morphology.

Compounds found in Camellia sinensis, commonly known as tea, have caught researchers’ interest in this particular
matter. Tea, which is shown to be, aside from water, the second most consumed beverage on the planet,37 has been known for
its positive effects on the human body for centuries.®® Especially the manufacturing of green tea aims at the preservation of
catechins, a subgroup of polyphenols and the predominant group of substances in this beverage, due to its way of plucking,
steaming, rolling, and high-temperature air drying.*” It is suggested that polyphenols are likely to fulfill specific roles in the
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medical treatment of diseased under three distinctive general characteristics: Their ability to form complexes with metal ions,
exhibit antioxidant and free radical scavenging activities, and bind with various other molecules, including macromolecules
like proteins and polysaccharides.”® Additionally, they have been proven to inhibit several pathogenic factors of Streptococcus
mutans at both the transcriptional and enzymatic level responsible for caries.*” This makes them an essential compound in
general medicine and dentistry and conducts the reason why these compounds were used in this study instead of other MMP
inhibitors. Additionally, the polyphenols found in Camellia sinensis also exhibit a collagen crosslinking effect, further
enhancing their value in application.*'

Various research has been conducted over recent years to identify the most effective method for applying polyphenols
to dentin. This has resulted in the development of two primary approaches. The first approach combines the active agent
with an aqueous*” or ethanol** solution and applies it as an additional step during the bonding protocol. This approach
has shown positive effects on the retention of the SBS over time** but is more time-consuming and, therefore, less user-
friendly. An alternative approach is adding the active agent to the bonding agents, eliminating the extra step in
pretreatment.**® Although this approach appears favorable regarding user-friendliness and time-saving, incorporating
additional components into an existing system may impact its properties, such as bond strength.*’

The present study aimed to investigate the potential of combining the effects of polyphenols with new drug delivery and
release opportunities by incorporating them into permeable nanocapsules as part of an experimental adhesive. Therefore,
experimental adhesives with different capsule concentrations were synthesized and tested for their ability to prevent
deterioration in the bonding of composite materials to dentin due to aging and hydrolysis. The hypotheses tested state that
the addition of encapsulated polyphenols to experimental adhesives hindered hydrolytic degradation by up to 6 months
compared to the current gold standard adhesive, with the effect depending on the concentration of the active ingredient.

Materials and Methods

Three experimental mild two-step self-etch adhesives were synthesized and compared to a gold-standard adhesive that
served as a positive control. The bond strength was determined using a standardized shear-bond strength test (SBS) and
followed by fractographic analysis. In addition, representative specimens were also analyzed using scanning electron
microscopy (SEM) and nano-IR imaging. The experimental adhesives are in the following referred to as A1-3 (Table 1),
with Al defining the experimental adhesive containing no green tea extract (GTE) infused nanocapsules. Al served as
the basis for the production of the experimental adhesives A2 and A3, with 1 wt% of GTE-nanocapsules being infused
into adhesive A2 and 2 wt% into adhesive A3. The adhesive, Clearfil SE Bond (Kuraray Noritake Dental Inc. Kurashiki,
Japan), will be referred to as CSE and served as the gold-standard control group. Clearfil SE Primer (Kuraray Noritake
Dental Inc. Kurashiki, Japan) was used as primer for all adhesives to allow for direct comparison. Evaluation of the bond
strength and morphology of the adhesive-dentin interface was conducted in an initial state (24h post-polymerization and

Table 1 Chemical Composition of the Analyzed Composite and Adhesives

Name Components LOT No
AF Ormocer, 84 wt%, Ba-Al-Si-glass 2111693
CSE Primer | 10-MDP, HEMA, DM, Initiators 5P0431
CSE Bond 10-MDP, bis-GMA, Hema, DM, Initiators 6P0885

Bis-GMA, HEMA, TEGDMA, polyacrylic Acid, Cq, Ethyl 4-dimethylaminobenzoate

Al Bis-GMA, HEMA, TEGDMA, polyacrylic Acid, Cq, Ethyl 4-dimethylaminobenzoate
A2 Bis-GMA, HEMA, TEGDMA, polyacrylic Acid, Cq, Ethyl 4-dimethylaminobenzoate, Iwt% GTE-nano-capsules
A3 Bis-GMA, HEMA, TEGDMA, polyacrylic Acid, Cq, Ethyl 4-dimethylaminobenzoate, 2 wt% GTE-nano-capsules

Abbreviations: AF, Admira Fusion x-tra; Ba-Al-Si-glass, barium-aluminum-silicate-glass; CSE, Clearfil SE; 10-MDP, |0-methacryloyloxydecyl-dihydrogenphosphate;
HEMA, 2-hydroxyethyldimethylacrylate; DM, dimethylacrylate; bis-GMA, bisphenol-A-diglycidyl-methacrylate; TEGDMA, triethylene-glycol-dimethacrylate; Cq,
camphorquinone; ormocer, organically modified ceramic; GTE, green tea extract.
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immersion in distilled water at 37°C in the dark) and after an aging process (6 months under identical conditions and
replacement of the immersion medium each week).

Synthesis of Green Tea Extract (GTE) — Nanocapsules

The method used for preparing nanocapsules in this study was the interfacial deposition technique, achieved by mixing
an organic and aqueous phase. The organic phase contains acetonitrile (Sigma-Aldrich Inc.), Miglyol® 810 N (I0I Oleo
GmbH, Witten, Germany), 1% hydroxyapatite crystallized at 1100°C for 2 hours, and green tea extract. The GTE was
manufactured by pulverizing 4 g of green tea leaves (Twinings of London, AB Food & Beverages Australia Pty. Ltd.,
Rowville, Victoria, Australia) which were then dissolved in 20 mL of 96% ethanol (Maraton 92 Impex SRL, Bucharest,
Romania). The extraction of the active components from green tea was conducted for 30 min. at room temperature
(23°C). After decanting the resulting extract was transferred to an Elmasonic P 70 H ultrasonic bath (Elma Schmidbauer
GmbH, Singen, Germany) set to 30°C for two 15-minute cycles followed by another 15-minute cycle at 60°C. To
conclude the process, the solution underwent centrifugation (Sigma 1-6, Sigma Laborzentrifugen GmbH, Osterode am
Harz, Germany) at 3000 rpm for 10 min. The liquid phase was then isolated and used to prepare dental adhesives. The
aqueous solution consisted of Poloxamer 407 (Sigma-Aldrich Inc.), green tea extract, and acetonitrile (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany). The organic solution was added to the aqueous phase and emulsified using an
Ultra-Turrax® T8 rotor-stator device for 10 minutes. Distilled water, equivalent to five times the volume of the emulsion,
was added to the emulsion under mild stirring. The mixture was stirred for 15 minutes at 9.000 rpm. By evaporation
under reduced pressure, the organic solvent and part of the water were removed to obtain a refined suspension. The final
diameter of the nanocapsules ranged between 200 and 350 nm. This method combines interfacial phenomena during
solvent diffusion and polymer precipitation, providing a regulated method to encapsulate active ingredients and form
nanocapsules. Figure 1 shows an illustration of the method described above.

Synthesis of Experimental Adhesives

The organic matrix consists of 97% by weight of a monomer mixture combined with various additives. Bis-GMA
oligomers (synthesized in the UBB) were incorporated along with diluting monomers such as TEGDMA (triethylene
glycol dimethacrylate) and HEMA (hydroxyethyldimethylacrylate). To create an acidic pH, polyacrylic acid was
included and dissolved entirely in HEMA. The photoinitiator system incorporates the polymerization accelerator ethyl-
4-dimethylaminobenzoate at 1 wt.% as well as the photosensitizer camphorquinone (CQ) at 0.5 wt.% of the monomer
mixture. As an UV stabilizer BHT (2,6-di-tert-butyl-4-methylphenol) was included. Additives, such as the UV stabilizer,

Organic phase:
solvent saturated with
water, polymer, oil

[ i . | : \
O/W ":5' ' g -
emulsion b _ ,J
Aqueous phase:

using a rotary evaporator

Figure | Preparation of nanocapsules by the interfacial deposition technique.
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antioxidant, photosensitizer, and the polymerization accelerator, inhibitor and initiator comprise 3% of the total weight.
To the prepared liquid, 1 wt.% and 2 wt.% nanocapsules containing green tea extract were added and mixed until
a homogeneous composition was achieved. The resulting adhesive with green tea nanocapsules has a pH of 4.

Fourier-Transformed Infrared Spectroscopy (FTIR)

Further investigation of the prepared adhesives and nanocapsules occurred by Fourier-transformed infrared spectroscopy
(FTIR). Compact discs with dimensions of 1x1 mm of the polymerized adhesives with nanocapsule as well as the
nanocapsules were used for scanning. Therefore, an FTIR 610 spectrometer (Jasco Corporation, Tokyo, Japan) fitted with
an ATR attachment (attenuated total reflectance) and featuring a horizontal ZnSe crystal (Jasco PRO400S) in the
4000-500 cm ' wave number range was employed. Spectral resolution was set to 4 cm ' while completing 100 scans for
each measurement at room temperature. The interpretation of the spectra was guided by B.C: Smith’s Infrared Spectral
Interpretation: A Systematical Approach, which served as a reference for identifying important functional groups.*®

High-Performance Liquid Chromatography Analysis

Organic acids, carbohydrates, and Individual phenolic compounds (phenolic acids and flavonoids) were analyzed using
a high-performance liquid chromatography (HPLC). Therefore, a Jasco Chromatograph (Jasco Corporation, Tokyo,
Japan) was fitted with an injection valve attached to a 20 uL sample loop (Rheodyne) and a UV/Vis detector. To operate
the HPLC system and collect and process the chromatographic data, the ChromPass Software was employed. The HPLC
analysis of individual phenolic compounds occurred by using the HPLC gradient analysis method defined by Filip et al.*’
Phenolic acids and flavonoids were separated at 22°C column temperature with UV detection set at 270 nm on the
Lichrosorb RP-C18 column (25 x 0.46 cm). A combination of 0.1% formic acid solution (Millipore ultrapure water) and
methanol (A, HPLC grade) was used for the mobile phase. The following method was conducted to implement a gradient
at a flow rate of 1 mL/min: linear gradient 10-25% A, 0—10min; linear gradient 25-30% A, 10-25 min; linear gradient
35-50% A, 25-50 min; isocratic 50% A, 50—70 min.

Spectrophotometrical Analysis (Folin-Ciocalteu Method)

To determine the total polyphenolic compounds (TPC) spectrophotometrically a Folin-Ciocalteu (FC) reagent was use
Therefore, 0.4 mL of methanolic sample extract and 2 mL of FC reagent (diluted 1:1) were shaken for 3 min followed by
including 1.6 mL of sodium carbonate solution (7.5%). The mixture was then raised to 10 mL using water. After incubation for

50,51
d.”™

10 minutes at 50°C, the solutions were allowed to cool, and the absorbance was recorded at 760 nm in contrast to a reagent blank
(1.6 mL sodium carbonate solution +2 mL FC reagent + 0.4 mL water). The samples’ absorbance of gallic acid (GAE) standards
were recorded. The TPC of each extract was quantified as mg gallic acid equivalent per 100 g dry weight (mg GAE/100 g).

Specimen Preparation for Shear Bond Strength (SBS) Testing

A total of 40 human third molars, extracted no longer than three months and continuously stored in 0.2% sodium azide
water (Merck KGaA, Darmstadt, Germany) at room temperature, were used for specimen preparation (ethical approval
KB 20/032). The teeth were cut horizontally at the enamel-cementum junction and above the pulp chamber, ensuring the
cut was made as centrally as possible between the pulp chamber and the enamel-dentin junction to separate the roots
from the crown and expose mid-coronal dentin. A third, now vertically performed cut was made, dividing each tooth into
four specimens. All cutting was performed using a water-cooled, low-speed diamond saw (IsoMet, Buehler, Lake Bluff,
IL, USA). Immediately after cutting, the segments were embedded in a methyl methacrylate polymer (Technovit 4004,
Kulzer, Hanau, Germany) using a stainless-steel cylinder with a 16 mm diameter to allow the dentin surface to
protuberate. The prepared specimens were then randomly divided into eight groups (n=20) based on the adhesive system
used (CSE, Al, A2, A3) and the storage duration prior to testing (24h or 6 months). Specifically, groups 1 to 4 included
CSE, Al, A2, and A3 tested after 24 hours, respectively, while groups 5 to 8 consisted of the same adhesives tested after
6 months. Prior to bonding, the tooth surface was ground under running water with 600-grit silicon carbide grinding
paper (Leco, St. Joseph, MI, USA) for 20 seconds to create a clinically similar smear layer. CSE Primer was applied as
recommended by the manufacturer (applied for 20 seconds and gently dried with air) using single-use microbrushes.
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Following priming, the adhesives were applied using the same technique based on the guidelines for CSE. The adhesive
was added using a fresh microbrush and gently dried by airflow until no movement was visible. Finally, a 10-second light
curing phase was conducted using a violet-blue LED LCU (Bluephase® Style Ivoclar Vivadent, Schaan, Liechtenstein)
with a light-emitting window of 10 mm? and a mean irradiance of 1366.6 £+ 3.8 mW/cm? A spectrophotometer
(Managing Accurate Resin Curing, Bluelight Analytics Inc., Halifax, Canada) was used to determine irradiance, radiant
exposure, and spectral distribution (n=3). This device was used for all light-curing steps conducted in this study.
Following priming and bonding, a cylindrical resin-based composite (RBC) structure, having an approximate height of
3 mm and a circular area of approximately 4.52 mm? (the exact area was determined for each specimen in microscopic
evaluation), was attached to the conditioned area. Therefore, all specimens were fixed into a matrix holder (Ultradent
Products, South Jordan, UT, USA). The RBC (AF, Admira Fusion x-tra VOCO GmbH, Cuxhaven, Germany) was then
applied using a cylindrical split mold (Ultradent Products, South Jordan, UT, USA).

Shear Bond Strength Testing

A universal testing machine (Z2.5, Zwick/Roell, Ulm, Germany) was loaded with the specimen and used for conducting
SBS tests at a crosshead speed of 0.5 mm/min until failure. The maximum load upon failure was measured and divided
by the bonding area measured via light microscopy to calculate the SBS. [SO-29022°% was used with a straight edge
rather than a notched edge chisel to carry out these tests.

Fractographic Analysis

To perform fractographic analysis all fractured specimens were examined on both surfaces (dentin and composite)
microscopically (Stemi 508, Carl Zeiss Microscopy GmbH, Géttingen, Germany), photographed using a camera setup
(Axicom color 305, Carl Zeiss Microscopy GmbH, Gottingen, Germany) and interpreted using the AxioVision software
(Carl Zeiss Microscopy GmbH, Goéttingen, Germany). Fracture modes were classified as adhesive failure (fracture line
only in the adhesive layer) and cohesive failure (fracture line in the adhesive layer and dentin or composite). The
adhesive failure was additionally divided into an adhesive failure of the adhesive layer, meaning it detached entirely from
one of the substrates (dentin or composite), and a mixed failure, in which the adhesive layer remained partially bonded to
the composite and partially to the dentin.

SEM Evaluation

Eight additional human third molars were randomly selected according to the abovementioned criteria and split into two
groups (n=4) according to their designated aging condition of either 24h or 6 months. To conduct a sandwich technique,
a tooth was cut horizontally at the dentin-cement junction and above the pulp chamber, followed by the aforementioned
grinding, priming, and adhesive application. For each of the eight dentin specimens, sourced from the four teeth of one
condition, one of the four adhesives was applied to the surface oriented coronally, and a different adhesive to the surface
oriented apically. This method ensured that each adhesive was used twice, once on a coronal and once on an apical
surface, across all eight specimens. The RBC was placed between the two tooth halves and evenly distributed by
applying pressure. Polymerization occurred from each side of the tooth for 40 seconds to ensure the RBC was entirely
cured. After preparation, the specimens were stored according to their designated aging condition for 24 hours or 6
months in distilled water and a dark environment at 37°C. After aging was completed, the tooth was cut vertically and
wet-finished using an automatic polishing machine (EXAKT Advance Technologies GmbH, Norderstedt, Germany) with
different grain-sized silicon carbide abrasive papers (P1200, P2500, P4000), followed by polishing with diamond sprays
(6 um, 3 um, 1 pum; DP-Spray, Struers GmbH, Puch, Austria) and a polishing cloth (DP-Pan, 200 mm, Struers GmbH).
After rinsing and air drying, the specimens underwent a 30-second demineralization process in a 6 mol/L hydrochloric
acid solution (Sigma-Aldrich Co., St. Louis, MO, USA), followed by 10 minutes of deproteinization in a 12% sodium
hydroxide solution (Sigma-Aldrich). Pure ethanol concentrations were used to ensure dehydration in an ascending order,
starting at 25% ethanol in water for 20 minutes, followed by 50% ethanol (20 minutes), 75% ethanol (30 minutes), 95%
ethanol (30 minutes), and ending at >99.8% ethanol for 60 minutes. All specimens were sputtered with gold prior to
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observation of the adhesive thickness using an electron microscope (Zeiss Supra 55 VP, Carl Zeiss AG, Oberkochen,
Germany) at a magnification rate of 1000x at 10 kV.

In addition to the SEM evaluation of the bonding morphology, further SEM evaluation of the adhesives was
performed to verify uniform distribution of the nanocapsules.

Nano-IR sSSNOM Imaging

Sub-diffraction nano-IR imaging of tooth samples was performed using a scattering scanning near-field optical micro-
scope (IR-neaSCOPE-+s, attocube systems AG, Germany). Deep Class I cavities were prepared in four additional teeth
and restored with the adhesives described above. After storage in distilled water at 37°C for 24 hours, the tooth was cut in
half, and the exposed surface was ground and polished similarly to the procedure described above. The sample surface
was scanned with a 20 nm radius AFM tip (Pt/Ir-coated, ARROW-NCPt from NanoAndMore GmbH, Germany),
providing topographic information. The tip was illuminated at a specific wavenumber using a quantum cascade laser
(MIRCAT, Daylight Solutions), which simultaneously acted as a light-concentrating antenna, allowing nanofocused
optical probing of the sample. The AFM operated in tapping mode (approx. 60 nm amplitude), modulating the near-field
interaction between the tip and sample. An asymmetric Michelson interferometer, paired with lock-in detection at
a higher harmonic of the tapping frequency (~250 kHz), enabled background-free nano-IR absorption and reflectivity
mapping of the sample area, achieving spatial resolution dictated by the AFM tip, independent of the laser wavelength.

Statistical Analysis

Data analysis took place using SPSS (IBM SPSS Statistics, Version 29, International Business Machines Corporation,
NY, USA). It focused on the effect of bonding agent and storage time on shear bond strength. Shapiro—Wilk tests were
conducted to verify normal distribution, followed by Levene’s test to determine equality of variances. In the case of
a normal distribution, a one-way ANOVA with Tukey HSD and Games-Howell posthoc tests were done to determine
whether the means of a dependent variable differs across more than two independent samples. In the case of a not-normal
distribution, a Kruskal-Wallis-Test was performed. Using a series of Student’s t-tests, the influence of aging on each
adhesive was identified. A two-way ANOVA was performed to gain information about the influence of each variable
(concentration of GTE and aging). Results from each test were considered significant for p<0.05 (95% confidence level).
Weibull analyses were conducted for each adhesive and aging condition to determine the bond strength’s reliability.
A series of tests containing the Shapiro—Wilk test, Levene's test, Mann—Whitney-U- and Kruskal-Wallis-Test was later
conducted for datasets excluding the specimens with cohesive failures determined in the fractographic analysis.

Ethics Statement

The research study was performed in accordance with the principles stated in the Declaration of Helsinki. The protocol of
the study has been approved by the ethics committee of the Ludwig-Maximilians University Munich (LMU), Germany,
and received the Project No: 22-0472 KB; The chairman of the Ethics Committee was Prof. Dr. R. M. Huber; The
LMU’s ethics committee confirms that there is no obligation to advise for the above research project by the ethics
committee, and the work with anonymized extracted teeth was allowed. At the request of the treating dentists, the
patients gave their verbal consent for the anonymous collection and use of their extracted teeth for research purposes.

Results

Fourier-Transformed Infrared Spectroscopy (FTIR)

Figure 2 shows the FTIR spectra for the prepared nanocapsules individually (NC) and embedded into the adhesive
(Adhesive NC). The interaction of their chemical bonds with the infrared beam causes specific vibrations, such as
stretching and bending, which result in characteristic absorption bands described in Table 2. The peak at 1717 cm ™' can
be assigned to the polyphenols present in the capsules. However, since it represents the saturated C=O stretching
vibration, this assignment is not exclusively applicable to polyphenols, as it also belongs to the photoinitiator or the
monomers.
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Figure 2 FTIR spectra of the nanocapsules (NC) evaluated individually and embedded in the synthesized adhesive.
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High-Performance Liquid Chromatography Analysis (HPLC)

The results of the HPLC analysis are shown in Figure 3, summarizing the chromatograms of the used standards of

flavonoids and phenolic acids in comparison to the values measured in the green tea extract before incorporation into the

nanocapsules and the nanocapsules infused with the green tea extract. The mass of catechins identified by HPLC within

the green tea extract and the nanocapsule with green tea extract is displayed in Table 3. Catechin is shown to be the

dominant polyphenol both in the green tea extract and the capsule infused with it.

Spectrophotometrically Analysis (Folin-Ciocalteu Method)

The total polyphenolic content measured spectrophotometrically was quantified as mg gallic acid equivalent per 100

g dry weight (mg GAE/100 g) and gave a content of 45.711 mg/g in the nanocapsules with green tea extract and

3.35 mg/g in the experimental adhesive with 2% nanocapsules with green tea extract.

Table 2 Absorption Bands Assignment

Wavenumber (cm™') | Assignment Compound

3423 O-H stretching -OH from in water and aromatic phenolic compound
2938, 2825 C—H stretch -CH,/-CHj; groups

1717 Saturated C=0O stretch | Polyphenols

1507 C—H bending Epoxy

1451 CHs-O CHj; umbrella mode

1249 C-O stretch Phenols

1159 C-O-C asymmetric Ethers

1055 C-O stretch Alcohols, aromatic phenols
933 O-H out of plane Carboxylic acids

812 C-H bending Benzene ring

747 C-H bend out of plan Alkene

546 PO,>" bend Hydroxyapatite
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Figure 3 HPLC chromatograms of standards of flavonoids and phenolic acids, green tea extract, and the nanocapsules infused with the green tea extract.

Shear Bond Strength

In Table 4, the SBS and Weibull statistics are summarized. The Shapiro—Wilk test revealed a normal distribution for the
control group (CSE) and the experimental adhesive A2 across both aging conditions, while Al and A3 demonstrated
non-normal distributions. Consequently, both a one-way ANOVA and a Kruskal-Wallis-Test were applied. Levene’s test
confirmed the homogeneity of variances across the aging conditions. For the 24-hour immersion, the Tukey HSD
indicated significant differences between CSE and A1 (p = 0.010) and between CSE and A3 (p = 0.006). No significant
differences were observed among the experimental adhesives. After six months, CSE exhibited significantly higher
values in comparison to A3 (p = 0.002) and A2 (p = 0.025), but not Al (p = 0.116), while Al, A 2, and A3 remained
statistically indistinct from one another. The Kruskal-Wallis test corroborated a significant variation across adhesives for
the 24-hour (p = 0.002) and six-month (p = 0.006) data sets. Student’s t-tests revealed no statistically significant effect of
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Table 3 Mass of Compounds Identified by HPLC

Phenolic Compounds | Green Tea Extract | Nanocapsule with
(GTE) [mglg] GTE [ug/g]

Gallic Acid 1.408 = 0.11 90.7 £ 0.77

Catechin 4.586 + 0.38 9489 £ 891

Vanillic Acid 0.036 + 0.005 100.5 £ 11.03

Caffeic Acid 36.665 + 3.94 26.8 + 3.04

p-Coumaric acid 8.438 + 0.93 96.7 + 0.89

Ferulic Acid 0.280 + 0.08 1509.1 + 98.2

Rutin 1.144 £ 0.11 90.7 £ 7.62

Table 4 SBS in MPa (Mean * Standard Deviation), Along with the
95% Confidence Interval for the Weibull Modulus, Provided in
Parentheses. The Different Superscript Numbers (" ?) Indicate
a Statistically Significant Difference in SBS Between Materials
Under Similar Aging Conditions

Adhesive 24h 6 months
SBS | m R? SBS | m R?

CSE 122" | 28 097 | 113" | 21 0.90
(5.0) | @5;3.1) 45 | (1.7; 24

Al 7.12 2.0 095 | 79" | 15 0.85
@5 | (1.7;22) 54 | (1.2 1.8)

A2 822 | 14 096 | 6.9% 1.4 0.92
6.1y | (1.3; 1e) 1) | (.2 1e)

A3 6.9 1.5 097 | 5.7° 12 0.97
(53) | (1.3; 1.6) 49) | (1.1;1.3)

aging on any adhesive (eg, CSE p = 0.273). A two-way ANOVA further confirmed the non-significant influence of aging
(p = 0.412; np? = 0.004) but identified a significant effect of adhesive type on SBS values (p < 0.001; np* = 0.158).
Regarding the Weibull modulus, significant differences were established when the 95% confidence intervals did not
intersect. For the 24-hour immersion period, the Weibull modulus decreased significantly in the sequence CSE > Al >
(A2, A3). After six months, significant differences were observed only between CSE and both A2 and A3. The aging
process had a negative impact on the Weibull modulus in CSE, whereas it remained stable in the experimental adhesives.

Since cohesive failure does not reflect bond strength, a statistical analysis was conducted, including only adhesive
fractures (Table 5). Data of adhesive fractured specimens was normally distributed in all adhesives with 24 hours of
storage (Shapiro—Wilk test: CSE: p=0.807; Al: p=0.754; A2: p=0.251; A3: p=0.498), while only in two adhesives (CSE:
p=0.935 and A2: p=0.052) at 6-month immersion. (Al: p=0.024 and A3: p=0.022).

Given the differing sample sizes in each group, due to the elimination of the cohesive fractured specimens, Kruskal—
Wallis and Mann—Whitney-U tests were employed. Within both aging conditions, only CSE-A3 (p=0.040) at 24h
immersion differed significantly from each other (Table 6), while aging showed no effect (Mann—Whitney-U test:
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Table 5 SBS in MPa (Mean * Standard Deviation), Along with the 95%
Confidence Interval for the Weibull Modulus, Which is Provided in Parentheses
for Exclusive Adhesive Fractures. The Different Superscript Numbers (" ?)
Indicate a Statistically Significant Difference in the Data Set of SBS Between
Materials Under Similar Aging Conditions

Adhesive 24h 6 months
n SBS m R? n SBS m R?

CSE 9 82! 3.6 098 |12 |90 1.9 0.87
(26) | G.1;4.0 (37) | (14,24

Al 14 | 54" |22 096 | 17 |62 1.6 0.8l
(25 | 0;25) (39) | (1.2;2.0)

A2 13 |59 |14 095 | 18 | 68 1.3 0.91
(38) | (1.2 Le) (43) | (I.1; 1.5)

A3 15 | 4.6 1.8 095 | 18 | 47 1.3 0.97
27) | (1.5;20) (38) | (1.2 1.4

Table 6 Statistical Significance
Tested with a Kruskal-Wallis-Test
Comparing the Ranks of Each
Adhesive in Both Aging
Conditions with Adhesive Failure

24h 6 months

CSE- Al | p=0248 | p =078l

CSE-A2 | p=0507 | p= 1000

CSE- A3 | p=0.040 | p =0.066

Al-A2 | p=1.000 | p=1.000

Al -A3 | p=1.000 | p=1.000

A2-A3 | p=1000 | p=1000

CSE: U = 46,000, Z = —0.569, p = 0.602; Al: U = 107,000, Z = —0.476, p = 0.645; A2: U = 102,000, Z = —0.601, p =
0.560; A3: U = 121,000, Z = —0.506, p = 0.630) using the exact sampling distribution of U.>

With 24h immersion, the reliability (m) decreases in sequence CSE > Al > (A2, A3), while after aging, it becomes
statistically the same for all adhesives. Aging decreased reliability in CSE and A3 and maintained it in A1 and A2.

Fractographic Analysis

The most prevalent failure mode was the adhesive failure, observed in 116 out of 160 specimens, representing a total of
72.5%. When the 24-hour aging condition is considered in isolation, adhesive remains the predominant fracture mode
(63.8%), although it is lower than the total. The CSE control group, at 55%, is the only group in which cohesive failures
occurred as the primary fracture mode. Adhesive failures increased from 63.8% after 24 hours to 81.25% with aging. In
adhesive fractures in which the adhesive partially adhered to the dentin and partially to the composite, which was defined
as adhesive mixed failure, the adhesive predominantly adhered to the composite for the experimental adhesives and to the
dentin for CSE. The exact distribution of the failure modes can be found in Figure 4.
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Figure 4 Fracture modes after 24h and 6 months and distribution of localization of the adhesive remains after 24h and 6 months.

SEM Analysis

Representatively, Figure 5 presents SEM images taken at 6 months, showing the dentin-composite interface for adhesives
Al and A3. Both adhesives display resin tag formation, though A3 appears to form a thicker adhesive layer. Figure 6
shows distinct capsular structures featuring a central core presumably embedded into a hydroxyapatite nanocrystal. An
evenly distribution of the nanocapsules throughout the matrix with no signs of aggregation can be observed, suggesting

a successful dispersion.

Figure 5 Scanning electron microscope (SEM) pictures of the groups Al (A) and A3 (B).

GUMT | Mage 100KX EWT=000AV WO BAmm  SgwiA=SE2  Phote Ne = 443400ut 31 Oct 2034

Abbreviations: d, dentin; a, adhesive layer; ¢, composite; DT, dentin tubulus; RT, resin tag.
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Figure 6 Scanning electron microscope (SEM) picture of the produced nanocapsules.

Nano-IR sSSNOM Imaging

Figure 7 shows a representative nano-IR image of a 30x30 pm? area (400 x 400 pixels) capturing the resin composite (C) on
the left side of the image bounded by the experimental adhesive (A) to the dentin structure (D). A dentin tubule (DT)
thoroughly infiltrated with adhesive is also visible in the dentin area. The left image represents the topography of the measured
area, followed by nano-IR absorption and reflectivity images, both at a wavelength of 1030 cm™'. The selected wavelength
enables a clear distinction between the inorganic components - the silicate glass filler in the composite and the hydroxyapatite
in the tooth area - in contrast to the organic components - methacrylate polymer and collagen. The absorption image identified
the methacrylate in the organic matrix of the composite and the experimental adhesive, as well as the collagen in the dentin
structure, as areas of low absorption (blue). In addition, it also allows the delineation of the hybrid layer (HL), ie, the
interaction of the adhesive with the dentin structure, as an area of intermediate absorption between the adhesive and the tooth
structure. The image also demonstrates that the dentinal tubule (DT) was completely filled with the adhesive, showing good
infiltration of the experimental adhesive and the development of dentin tags able to strengthen the bond. The silicate glass

AFM Height

O N1 450 nm ONMEEN W 17rad min I ] max

Figure 7 nanolR chemical mapping of the tooth sample: topography, absorption, and reflectivity at 1030 cm™'.

Abbreviations: A, adhesive; C, composite; D, dentin; DT, dentin tubule; HL, hybrid layer.
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AFM Height
perimental adhesive

O N

Figure 8 Representative nanolR images for comparison between the reference adhesive CSE and the experimental adhesive A2.
Abbreviations: A, adhesive; C, composite; D, dentin; DT, dentin tubule; HL, hybrid layer.

fillers contained in the composite material are clearly distinguishable and are characterized by high absorption (grey-white) at
1030 cm ™', similar to hydroxyapatite (white) in dentin. The dentin area shows spots (strong absorption, red) due to
hypermineralization or precipitates that formed on the dentin surface. The described structures are conform with the AFM
and reflectivity images.

Following the same methodology, Figure 8 shows representative nano-IR images of 20x10 pm? areas (300 x 150 pixels),
measured comparatively in the reference adhesive CSE and the experimental adhesive A2. The adhesive A2 contains a lower
concentration of nanocapsules as A3 and therefore serves as a “worst-case” scenario, since A3 is supposed to perform similar
or slightly better. The characteristic features described above are clearly visible here, which indicates a good interaction of
both adhesives with the tooth structure and a well-developed hybrid layer as an interaction product.

Discussion

The phenolic compounds in green tea primarily consist of catechin derivatives, although smaller amounts of other
compounds, such as flavonols and phenolic acids, are also present. Flavonoids, a key group of phenolic compounds, are
classified into several subclasses: flavonols, anthocyanidins, flavones, isoflavones, flavanones, and flavanols. In addition
to flavonoids, phenolic acids represent another significant group, categorized into hydroxycinnamic and hydroxybenzoic
acids. Gallic acid, a relatively simple compound synonymously called 3,4,5-trihydroxybenzoic acid, serves as the
foundational structure for hydroxybenzoic acids and their derivatives, such as ellagic acid, which exhibit antioxidant
properties. Similarly, hydroxycinnamic acid derivatives are based on p-coumaric acid, characterized by an aromatic ring
with a hydroxy substitution and a propenoic acid group.>* One of the catechins, mainly found in the buds and first leaves
of green tea, is epigallocatechin gallate (EGCG), a flavonoid with excellent biocompatibility and low toxicity,”” as well
as anti-inflammatory, antioxidant, antifibrotic, anti-remodeling, and tissue-protective properties.’® Using data from
studies on the interactions of compounds found in GTE, other polyphenols such as epicatechin-3-gallate, gallocatechin,
and epicatechin’’ have been demonstrated to be less effective in inhibiting MMPs. However, they have been shown to
exert a synergistic effect in conjunction with EGCG.>® Considering these synergistic effects, the current study employed
not only EGCG but an extract comprising all the previously mentioned polyphenols, aiming to maximize the effect on
improving or alleviating the impact of aging on bond strength.’® It is hypothesized that the flavonoids present in green tea
can enhance the mechanical characteristics of collagen by enabling crosslinking even in an acidic milieu. Furthermore,
these compounds are highly reactive with proteins and can scavenge free radicals.*'***° EGCG has been demonstrated to
exert a considerable inhibitory effect on MMPs, thereby helping to preserve the integrity of the dentin matrix and
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maintain bonding strength.>>°' The most significant value of inhibition is thereby observed in the counteraction of the
activity of MMP-2 and -9.°>%* Although the precise inhibition process remains uncertain, an increasing body of evidence
suggests that this effect is likely achieved by stopping the activation of MMPs by suppressing the production of their
antecedents and activator proteins.®® Another beneficial effect shown by EGCG is the retainment of the bonding
durability through forming a bond with the resin present on the hybrid layer, thereby inhibiting the effects of MMPs
in an additional way.®> As far as the understanding of MMP deactivation remains limited, the process of MMP activation
is therefore better understood. A great variety of research proved the activating effect of acidity on the MMPs. The
activation of latent purified forms of human MMP-2, MMP-8, and MMP-9 has been confirmed in environments with
a pH of 4.5 or lower.>® As mild self-etch adhesives possess a pH of approximately two while bonding,*® thereby
activating MMPs, the objective of the present study was to counteract the self-limiting factors of adhesives by adding
green tea extract (GTE). In addition to targeting the MMP deactivating effect, the idea of using EGCG was also based on
the hypothesis that collagen itself is affected by polyphenols. Thus, EGCG plays an essential role in stabilizing the triple-
helical structure of collagen and, consequently, its resistance to collagenase,’® enhancement of the mechanical properties,
and resistance to enzymatic degradation of the collagen matrix through intra- and intermolecular crosslinking.®’
Incorporating GTE-filled nanocapsules into adhesives is a modern approach, utilizing the characteristics of established
MMP inhibitors and combining them with the new possibilities of distribution and release brought by nanotechnology.'®

In fact, HPLC proved that the implementation of GTE into the nanocapsules was successful. Additionally, spectro-
photometer analysis confirmed the release of polyphenols from both the capsule and the adhesive containing the capsules.
In addition, the experimental adhesives produced, although not yet optimized and in an early development phase, were
comparable in their bonding ability to the commercially available gold standard unanimously accepted today. The
quantitative determination of polyphenols using both HPLC and spectrophotometric methods enables the precise
optimization of experimental adhesives. These findings confirm their ability to create a strong bond and form
a uniform hybrid layer.

Applying the principle of collagen crosslinking described above to the present study should result in higher SBS due
to forming a stronger bond to the exposed human dentin. However, this effect was not seen as a direct improvement in
SBS values but somewhat indirectly through the stability of bond over time, as observed in the Weibull analysis — where
the values for the experimental adhesives remained respectively stable over time, while those for CSE showed a decrease.
As the experimental adhesives were not explicitly optimized for compatibility with the primer, this might explain the lack
of improvement in SBS values compared to CSE.

10-Methacryloyloxydecyl dihydrogen phosphate (MDP) monomers are known for their strong chemical affinity to
hydroxyapatite (HAP), the mineral component of dentin and enamel. MDP forms a stable calcium-phosphate complex
with HAP through ionic interactions, creating a durable bond that resists hydrolytic degradation. This bond helps to
improve adhesive longevity and contributes to a more stable hybrid layer over time by reducing the likelihood of
breakdown in moist environments.®® MDP monomers are present in the primer used for all adhesives and CSE. Although
the experimental adhesives lack MDP monomers, they demonstrate sufficient stability even after a 6-month aging period.
The findings of this study indicate that while MDP enhances bond durability through its strong affinity for hydro-
xyapatite, the structural integrity of the experimental adhesives remains acceptable over time. This can be attributed to
the polyphenols’ crosslinking interactions with the collagen matrix.

The Weibull modulus has been demonstrated to be a fundamental parameter in comparing the reliability of
mechanical properties in brittle materials. Therefore, a higher modulus points to a greater reliability and reduced
variability in the material’s performance, whereas a lower modulus reflects increased variation in bond strength results,
indicating reduced predictability over time.®* Considering only the experimental adhesives, the GTE-capsule-infused
adhesives initially show weaker performance compared to their unfilled counterpart Al after 24 hours; however, after
a six-month interval, their performance becomes comparable. When also taking CSE into account, it stands out with
significantly higher reliability than all experimental adhesives but undergoes a significant decrease due to aging. The only
experimental adhesive showing a small but significant decrease in reliability is A3, which may point to an upper limit for
incorporated nanocapsules, which, when exceeded, might weaken the bond strength and reliability, resulting in greater
scatter and inconsistency. The slightly lower SBS values may be attributed to the used primer not being fully

International Journal of Nanomedicine 2025:20 hetps: 9383



Richter-Mendau et al

synchronized to the experimental adhesives and the capsules’ composition. As the capsule shell is formed from polymers,
they might not be fully incorporated into the polymer matrix, creating potential fracture points. As the release of GTE
would still occur, its crosslinking characteristics are a possible explanation for the higher reliability. Further, all groups
were unaffected by aging.

A different explanation for the slightly higher SBS values of CSE can be found with the help of fractographic analysis, as
the inclusion of cohesive failures into statistics results in a distortion of data. By analyzing the data, it is conductible that
a higher SBS seems to be associated with a cohesive failure. This effect can be explained as an exact SBS can only be
calculated given an adhesive failure modulus. Cohesive failures in dentin or composite make it impossible to accurately
calculate the bonded surface area for SBS measurements, as the surface is uneven and, therefore, much larger.70 Consequently,
the calculated SBS values will be incorrectly larger because the force was divided by a significantly smaller area than the
fractography indicates. Moreover, the data indicates that while cohesive failure initially represents the dominant failure mode
(55%) in CSE, its occurrence declines to 40% after aging, indicating a reduction in cohesive failures over time. Considering
only adhesive failures, slight differences observed at 24h immersion, as those between CSE and A3, are no longer evident after
aging, making the experimental adhesives equal to the gold standard adhesive CSE. As previously discussed, EGCG proved to
strengthen the collagen helicase; the argument may explain the reduced amount of cohesive failures, particularly after a six-
month aging period in the GTE-capsule-infused adhesives. Additionally, excluding cohesive failures also revealed no
statistically significant impact of aging.

Incorporating unencapsulated GTE into an experimental adhesive comparable to a reference without GTE effectively
improved SBS and Weibull-modulus in a comparable study design. However, the amount used was 9.38% by weight,
significantly higher than the 3.05% by weight of GTE used in the nanocapsules in the present research. This provides a clear
indication that the GTE amount used should be increased accordingly for further optimization.*’ The smaller amount of GTE
used may be a reasonable explanation for the results mentioned above, as there may need to be more GTE present in the system
to realize the potential of its dentin-strengthening effects via crosslinking fully. It can be surmised that a greater initial quantity
of GTE should be present within the system to capitalize fully on its beneficial properties. Consequently, it may be feasible to
incorporate not only capsules but also unencapsulated GTE into the adhesive.

Conclusion

The integration of GTE into nanocapsules was successful and proven to be a promising concept for synthesizing modern
adhesives. Although the amount of GTE introduced was insufficient as it failed to improve the bond strength to the tooth
structure, the experimental adhesives demonstrated consistent reliability during aging compared to the gold standard
adhesive, which experienced a decline in this regard. Moreover, the innovative analytical tool used to nano-IR imaging
the interaction between adhesive and tooth substance proved to be helpful in closing a nano-analytical diagnostic gap in
the molecular spectroscopy of dental nanomaterials.
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