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Abstract:



The investigation of mineralization and demineralization processes is important for the understanding of many phenomena in daily life. Many crystalline materials are exposed to decay processes, resulting in lesions, cracks, and cavities. Historical artifacts, for example, often composed of calcium carbonate (CaCO3), are damaged by exposure to acid rain or temperature cycles. Another example for lesions in a crystalline material is dental caries, which lead to the loss of dental hard tissue, mainly composed of hydroxyapatite (HAp). The filling of such cavities and lesions, to avoid further mineral loss and enable or support the remineralization, is a major effort in both areas. Nevertheless, the investigation of the filling process of these materials into the cavities is difficult due to the non-transparency and crystallinity of the concerned materials. In order to address this problem, we present a transparent, inexpensive, and reusable test system for the investigation of infiltration and crystallization processes in situ, being able to deliver datasets that could potentially be used for quantitative evaluation of the infiltration process. This was achieved using a UV-lithography-based micro-comb test system (MCTS), combined with self-assembled monolayers (SAMs) to mimic the surface tension/wettability of different materials, like marble, sandstone, or human enamel. Moreover, the potential of this test system is illustrated by infiltration of a CaCO3 crystallization solution and a hydroxyapatite precursor (HApP) into the MCTS.
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1. Introduction


Crystallization processes in confined environments are essential for a wide range of fields, ranging from scaling in pipelines, to biomineralization, to the construction industry [1,2,3,4,5,6,7,8,9,10,11,12]. All of these processes are characterized by a hindered ion diffusion, locally higher supersaturation, and often heterogeneous crystallization. Therefore, crystallization is observed in areas where nucleation is unexpected under the applied conditions, like acute steps or pockets [13,14,15]. However, it is also commonly observed that crystallization is significantly slowed down in confinement or even completely inhibited [2,11,15,16,17,18,19].



In the case of concrete, calcium oxide links the already crystallized silicon dioxide to form a brittle but very hard material, like calcium silicate hydrate in cements [9]. In the early centuries such high-end materials were not available for architecture. Therefore, naturally-abundant materials like marble or sandstone were used to build monuments that are still impressive nowadays, like the Pantheon in Rome, the Acropolis in Athens, or the Cologne Cathedral.



Sandstones, like Pietra Serena (PS), are composed of a mixture of oxides and carbonates and are characterized by a relatively high porosity [20,21]. In addition, they are relatively soft and easy to handle, which is among the reasons why this material was often used in architecture. In comparison, marbles are materials containing varying degrees of carbonates, depending on the quarrying area, especially of calcium [22]. Carrara marble (CM) represents a class of rock with a carbonate content of over 80% and a generally lower porosity [20]. Due to the exquisite white color, CM was often used for statues and architecture, as well [22]. Over the centuries of their existence, historical monuments and artworks are exposed to many decay processes [22]. The porosity of the stones enables the infiltration of water, which can result in mechanical stress and, finally, in damage of the structural integrity of the stones due to thermal cycles and crystallization processes inside the pores. This also shows how important a better understanding of crystallization in confined environments is [23]. Additionally, chemical reactions—e.g., caused by acid rain—can lead to cracks and cavities, for example, due to the dissolution of CaCO3. To preserve historical artifacts by preventing further damage and restoring the integrity, several restoration formulations have been developed [24,25,26].



Similar problems related to acid-induced decay processes and subsequent mineral loss are a major challenge in dentistry—called dental caries. It is the most common chronic disease around the world affecting more than 95% of concerned adults [27,28]. Caries result from bacteria, which form a biofilm on the teeth. These bacteria metabolize carbohydrates and produce acids as by-products [29]. The acidic metabolites demineralize the dental hard tissues—enamel and dentin—mainly composed of hydroxyapatite (HAp), resulting in the formation of lesions in the range of nanometers to hundreds of microns [30,31,32]. Due to the enormous number of diseased individuals, several different treatments for refilling the cavities have been established. The developed filling materials range from cements [33,34,35] over (nano)ceramics [36,37] to peptide-amorphous calcium phosphate composites [38,39]. Nevertheless, the mode of action of many fillings is not completely understood.



The investigation of the infiltration behavior of new filling materials in dental lesions, as well as in pores and cracks in historical artifacts, is a great challenge. Furthermore, the investigation of the underlying mechanism of the interactions with the substrates (stones and teeth) is crucial for the development and validation of the filling methods and materials. In both cases, the production of suitable tests systems (TSs) is complex and time consuming. The stone samples need to be aged artificially to create controlled and reproducible cavities and damage. This is usually achieved by multiple cycles of thermal shock or hot-cold cycling, purposeful infiltration of soluble salts, or treatment with acids [40,41,42]. For the dental TSs, the usage of artificial tooth lesions, made of bovine or human teeth, is the state of the art [39,43,44]. Therefore, the teeth need to be embedded in a polymer matrix, polished afterwards and etched with acids [39,44,45]. Both tooth and stone TSs, need to be replaced after each experiment, resulting in a high consumption of the TSs. Apart from the sophisticated preparation of the TSs, it is difficult to obtain an insight into the lesions due to the crystallinity of the TSs and non-transparency to visible light. The investigation of infiltration depth and crystallization processes of fillers with light microscopy or scattering techniques is hindered.



In this paper, we present the fabrication of a UV-lithography-based, transparent, inexpensive, and reusable micro-comb test system (MCTS) for the investigation of infiltration and crystallization processes in situ by using common methods, like optical light microscopy (LM). The lesions of the MCTSs were varied from 10 µm to 100 µm in width. In addition, the surface tension/wetting properties of PS and CM were imitated, as well as human enamel, by using a mixture of different thiols in self-assembled monolayers (SAMs). Furthermore, we investigated the infiltration and crystallization of CaCO3 and HAp in the MCTSs using an infiltration setup.




2. Materials and Methods


2.1. Materials


Poly(acrylic acid) sodium salt (PAA, Mw = 8000 g/mol, 45 wt % in water, Mw = 15,000 g/mol, 35 wt % in water), calcium chloride dihydrate (CaCl2·2H2O, ≥99%), 2-Amino-2-(hydroxylmethyl)-1,3-propanediol (Tris, ≥99,9%), 2-Propanol (iPrOH, p.a.), and 11-mercapto-1-undecanol (MUO, 97%) were purchased from Sigma Aldrich (Taufkirchen, Germany). Disodium hydrogen phosphate (Na2HPO4, ≥98%) and ethanol (EtOH, p.a.) were purchased from Carl Roth (Karlsruhe, Germany). Potassium chloride (KCl, 99.5%), sodium hydrogen carbonate (NaHCO3, p.a.), and sodium hydroxide solution (NaOH, 0.1 N) were obtained from Merck Chemicals (Darmstadt, Germany). 1-Dodecanethiol (DDT, ≥98%) and poly(acrylic acid) (PAA, Mw = 2000 g/mol, 63 wt % in water) were purchased from Acros Organics (Geel, Belgium). The photoresist SU-8 3050 and photo developer mr-Dev 600 were purchased from Micro Resist Technology (Berlin, Germany). All chemicals were used without further purification. All experiments were carried out using double-deionized water (18.2 MΩ) using a Milli-Q Direct 8 machine from Merck Millipore (Darmstadt, Germany).




2.2. UV-Lithopgraphy of the Micro-Comb Test System (MCTS)


For the production of the MCTSs, 1 mL of photoresist was spin-coated onto a 2.5 × 2.5 cm2 glass slide with a defined coating program (500 rpm for 10 s with a ramp-up of 100 rpm/s and then 30 s at 1400 rpm with a ramp-up of 300 rpm/s). The coated layer was heated for 45 min at 95 °C, covered with the lithography mask and exposed to UV-light (λ = 365 nm) for 7 min. Afterwards, the substrate was heated for 1 min at 65 °C and 5 min at 95 °C. The resin was placed in the photo developer and was ultrasonicated for 15 min. The structured resin was lifted off the glass, washed with iPrOH and dried with a nitrogen stream. To receive a straight infiltration border at the open end of the channels, the comb-teeth were cut to the same size using a microtome.




2.3. Surface Modification Using Self-Assembled Monolayers (SAMs)


All substrates (glass platelets and MCTSs) were rinsed with water and iPrOH, then coated with 5 nm chromium to facilitate the adhesion of the 20 nm gold layer. Both layers were deposited by thermal evaporation. The substrates were modified with freshly-prepared thiol solutions or mixtures of DDT and MUO (5 mM in EtOH each) by incubating for 12 h (Figure 1D). After washing the samples with iPrOH and drying with a nitrogen stream, contact angles where measured statically. A drop of 10 µL water was manually deposited on the surface. Drop deposition and spreading was recorded via video. For analysis, the video was replayed and stopped 5 s after drop deposition to measure the contact angle θ. The measurements where repeated 5 times to calculate the average and the standard deviation.


Figure 1. (A) LM image of a micro-comb test system (MCTS) (scale 1000 µm). (B) Schematic drawing of the infiltration setup with all compounds numbered: (1) metal frame; (2) top glass platelet; (3) inlet for solutions; (4) screws; (5) MCTS; (6) bottom glass platelet; (7) reservoir for infiltration solution; and (8) acrylic glass base plate. (C) Schematic image of a homogenous, hydroxyl-terminated self-assembled monolayer (SAM) on a gold surface (top) and a mixed SAM with 70% hydroxyl-terminated and 30% methyl-terminated thiols (bottom). (D) Contact angle measurements of SAM-modified, gold-coated substrates with different mixtures of MUO and DDT. The blue triangle symbolizes the pure MUO-SAM to mimic the wettability of PS. The red triangle symbolizes the thiol mixture 70/30 (v/v) to mimic the wettability of enamel and CM. The black line is the expected guideline for other mixtures.
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2.4. Synthesis and Infiltration of the CaCO3 Crystallization Solution


The solution was adapted from Wolf et al. [46]. For the CaCO3 crystallization solution, a stock solution of 9.9 mM CaCl2 and 10 µg/mL PAA (Mw = 2000 g/mol) was prepared and the pH was adjusted to 9.1. 1.04 mL NaHCO3 (100 mM) were added dropwise to 10 mL of the stock solution while stirring, and the pH was adjusted to 9. The solution became slightly turbid. The freshly prepared CaCO3 crystallization solution was infiltrated into the MCTS using the infiltration setup (Figure 1C).




2.5. Synthesis and Mineralization of the Hydroxyapatite Precursor (HApP)


The HApP was synthesized as described by Wang et al. [47]. In summary, 10 mL of a CaCl2 solution (40 mM) were added slowly to 10 mL of a stirred PAA-sodium salt solution (400 mg/L). Afterwards, 10 mL Na2HPO4-solution (20 mM) was added to the turbid solution. The mixture was stirred for 10 min, then centrifuged for 10 min at 1000 rpm and washed with 30 mL water. The washing steps were repeated three times in total. Prior to infiltration, the HApP was concentrated by centrifugation for 10 min at 1000 rpm.



The freshly prepared HApP was used for infiltration experiments. The infiltrated MCTS were incubated in a remineralization solution (1.5 mM CaCl2, 0.9 mM Na2HPO4, 130 mM KCl, 60 mM Tris with different pH values, ranging from 7.4 to 11) as described by Kirkham et al. [45] for seven days. Prior to the investigation of the results using LM, PLM, SEM, and PXRD, the top glass platelet was removed, the sample was carefully cleaned with water to eliminate soluble salts, and air-dried.




2.6. Instruments


The substrates were spin-coated using an OPTIcoat SB20+ from SSE (ATM Group, Degotec GmbH, Singen, Germany). The lithography mask was manufactured by Compugraphics Jena GmbH (Jena, Germany). The UV-lithography was performed using a MJB3 Mask Aligner from Süss MicroTec AG (Garching, Germany) with a mercury vapor lamp. A Leica EMFC6 microtome (Wetzlar, Germany) was used for the fine cutting of the MCTS. For the thermal evaporation of Cr and Au, a Tectra Minicoater (Frankfurt a. M., Germany) was used. A Zeiss Stemi 2000-C (Jena, Germany) stereomicroscope with an AVC 535 Color CCD camera was used for contact angle measurements. All (polarized-)light microscopy ((P)LM) images were recorded on a Zeiss Imager M2Mm with a Zeiss AxioCam MRc5. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were performed on a Hitachi TM 3000 instrument (Tokyo, Japan) coupled with a Quantax EDX detector from Bruker (Berlin, Germany). Powder X-ray diffraction (PXRD) measurements were performed with a D8 Discover X-Ray diffractometer (Cu, Kα) with a VANTEC-500 detector from Bruker (Karlsruhe, Germany).





3. Results and Discussion


3.1. The Micro-Comb Test System (MCTS) and the Surface Modification with Self-Assembled Monolayers (SAMs)


The investigation of the infiltration process is essential for the development of filling materials for dental applications and other restorative products as well. To facilitate this, a UV-lithography-based micro-comb test system (MCTS) was designed. The MCTSs are inexpensive, reusable, and transparent to visible light. The channels between the comb-teeth are varied from 10 to 100 µm in width and up to 10 mm in length to mimic the pores and lesions in the real systems. A gradient in the channel width was designed, as well, to investigate the influence of the lesion width on the infiltration behavior (Figure 1A). To ensure a uniform infiltration, the comb-teeth were cut to the same length using microtome cutting. It should be mentioned that this step is rather delicate due to the brittle epoxy resin and the high shearing forces perpendicular to the comb-teeth during the microtome cutting. It is desirable for the infiltration and mineralization experiments to produce MCTS with just a few microns in thickness to mime the confinement in real systems. The MCTS is placed into the newly-developed infiltration setup, shown in Figure 1B. To avoid spilling of the infiltration solution, the MCTS is closed and sealed with an upper and a bottom glass platelet ((2) and (6) in Figure 1B). This sandwich-like system is covered by a metal frame (1), which is fixed in place with four screws (4) to distribute the pressure evenly and seal the system completely. In the acrylic glass base plate (8), a reservoir (7) is provided for the infiltration solution in front of the MCTS channel entrance. The reservoir can be filled via the inlet (3) in the metal frame. Another advantage is that the reservoir enables an equal infiltration of all channels in the MCTS. The whole infiltration setup is transparent for visible light, which allows the analysis with LM and PLM in situ and in real time.



To determine the infiltration behavior of filling materials, the wettability of the substrate with the filler is a crucial factor. The MCTS is made of an epoxy resin, which results in different wetting properties than the highly hydrophilic calcium carbonate or phosphate surfaces. To overcome this problem, we modified the surface of the MCTSs as well as the upper and bottom glass platelets with self-assembled monolayers (SAMs). The formation of SAMs on gold surfaces using thiols is a well understood and robust system [48,49]. The structure of a SAM on a gold surface is shown in Figure 1C. The thiol groups bind with high affinity to the gold surface and stabilize the surface atoms [49]. The organic spacer, in this case a C11-alkane chain, provides a defined thickness of the monolayer and acts as a physical protection barrier for the surface. The terminal functional groups determine the surface properties like the wettability of the SAM-covered surface. By using a mixture of different functionalized thiols, like 11-mercapto-1-undecanol (MUO) and 1-dodecanethiol (DDT), mixed SAMs are available, resulting in an average of the surface properties (Figure 1C, bottom). The wettability of a surface with a liquid phase correlates to the contact angle θ [50]. The usage of different mixtures of MUO and DDT for the formation of SAMs results in different contact angles, as shown in Figure 1D. A SAM made of pure MUO yields a highly hydrophilic surface (θ = 26° ± 3°), which is nearly similar to the wettability of PS (θ = 33° ± 2°) [40], whereas pure DDT results in a SAM with a hydrophobic surface (θ = 104° ± 2°). The mixture of different volume ratios of MUO and DDT leads to a variety of contact angles between 26° and 104°. A ratio of 70:30 (v/v) of MUO:DDT results in a SAM with an contact angle of θ = 58° ± 3° which perfectly matches the wettability of healthy human enamel (57° < θ < 60°) [50,51] and is also in good accordance with CM (θ = 50° ± 4°) [40]. Prior to infiltration experiments all MCTSs and glass platelets are functionalized with SAMs to yield a material with similar wettability to the material to be imitated.




3.2. Infiltration of a MUO-Modified MCTS with a CaCO3 Crystallization Solution


To validate the newly-designed MCTS, the micro-comb and the glass platelets were modified, using a MUO-SAM (θ = 26° ± 3°) to mimic a realistic situation of a damaged PS sample (θ = 33° ± 2°), and infiltrated with a CaCO3 crystallization solution. For the infiltration experiments, the newly-developed infiltration setup was used (Figure 1B), which enables the investigation in situ using LM. Figure 2A shows a LM image where small CaCO3 particles are observable, which are transported into the channels by capillary forces after the crystallization solution was added to the dry comb channel system. The particles accumulate at the liquid-air boundary and form little CaCO3 islands (Figure 2A, red circle) although the liquid meniscus is not concave as expected for aqueous solutions in a hydrophilic capillary, which indicates perturbations in our present system. The particles are also present as non-crystalline agglomerations on the channel walls (Figure 2A, blue square) suggesting that our present test system is not yet perfectly tight due to the brittle nature of the photo resist used to manufacture the comb system clamped in between the two glass plates. However, the PLM image of the same area at the same time in Figure 2B proves the crystallinity of the CaCO3 particles as they show birefringence. Figure 2C,D are an overview LM (Figure 2C) and PLM (Figure 2D) image of the dried sample. These images show again the infiltrated, crystalline CaCO3 particle islands inside the channels. The channels of the MCTS are not completely filled due to the low mineral content of the crystallization solution and just one application cycle. To increase the mineral content in the channels, either the mineral content in the precursor solution needs to be increased or a multiple infiltration process should be applied. A second strategy would be the decreasing of the channel size and volume. By optimizing the MCTS, more complex systems, like multi-component fillers, will be infiltrated. Nevertheless, the potential and the operating principle of the modified MCTS, combined with an infiltration setup, is demonstrated descriptively.


Figure 2. (A) In situ LM image during the infiltration of the CaCO3 crystallization solution in a MUO-modified MCTS shows small CaCO3 particles at the liquid-air boundary. The red circle highlights the resulting CaCO3 islands and the blue square indicates non-crystalline aggregates on the channel walls (scale 50 µm); (B) PLM image of the area of (A) shows the crystallinity of the CaCO3 particles in green (scale 50 µm); (C) LM image after drying in air shows the CaCO3 particles inside the channels (scale 100 µm); and (D) PLM image of the area of (C) indicates the crystallinity of the particles in the channel system by their birefringence (scale 100 µm).
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3.3. Infiltration and Crystallization of a Hydroxyapatite Precursor (HApP)


Dental caries was described as a second important system often affected by acid-caused mineral loss. The demineralization of dental hard tissue starts at the outer enamel layer, which is mainly composed of HAp. To mimic the surface wettability of human enamel, the MCTS and the glass platelets were modified using a thiol mixture of MUO and DDT in a 70:30 (v/v) ratio (Figure 1D, red triangle). To simulate real conditions, a hydroxyapatite precursor (HApP) was synthesized and used as a potential filling material. The synthesis of the HApP was described by Wang et al. [47]. We modified the synthesis by utilizing higher molecular weights of PAA (Mw = 8000 g/mol and 15,000 g/mol) to increase the complexation kinetics of the PAA [52]. The freshly-prepared HApP was infiltrated into a MCTS with a channel width of 50 µm using the infiltration setup shown in Figure 1B. The infiltrated MCTS was stored in a remineralization solution for seven days [45]. The LM image of an infiltrated MCTS shows the almost completely filled channels (dark areas in Figure 3A). The PLM image (Figure 3B) of the same area proves the crystallinity of the calcium phosphate (CaP) filling material. The SEM image in Figure 3C shows the successful infiltration and filling of several channels with a depth of at least 500 µm—the same dimension as deep human enamel lesions. The filling mineral has an unordered structure, made up of small particles, which fused together partially (Figure 3D). The PXRD of the mineralized HApP after incubation for seven days in the remineralization solution at pH 7.4 displays the crystallization to HAp (Figure 4). The broad reflexes indicate the presence of nano-crystalline hydroxyapatite, which was further confirmed by the calculation of the crystallite size of 26.3 nm utilizing the Scherrer equation [53,54].


Figure 3. (A) LM image of an HApP-infiltrated MCTS, after an incubation time of seven days in the remineralization solution showing CaP-filled channels (dark area, scale 50 µm); (B) PLM image of (A) shows the crystallinity of the CaP-filling material (blue) in the channels (scale 50 µm); (C) SEM overview image of several CaP-filled MCTS channels (scale 100 µm); and (D) SEM image shows the partially fused CaP particles in one channel (scale 10 µm).
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Figure 4. PXRD pattern of a crystallized HApP after incubation in the remineralization solution for seven days (pH 7.4).
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At the moment the system is limited to small lesions and cavities due to the straightforward synthesis procedure, the used photo resin and the spin coating program In the future we aim to increase the diversity of the MCTS and the precursor solutions as well. Furthermore, we want to adapt the system for more complex systems, like a mixture of fillers.





4. Conclusions


We have developed a new micro-comb test system (MCTS) for the investigation of the infiltration and crystallization behavior of filling materials for any kind of porous systems in situ. The MCTSs are inexpensive and reusable and provide a very significant advantage over natural-based test systems, like artificial tooth lesions or aged stone samples, because they are transparent and the infiltration processes can, consequently, be directly observed by optical microscopy. Therefore, the MCTS is suitable to visually investigate important infiltration processes into micrometer-sized pores. By modifying the surface of the epoxy resin-based MCTS with a self-assembled monolayer (SAM) of MUO or a mixed SAM, composed of 70% MUO and 30% DDT (v/v), we were able to mimic the wettability of Pietra Serena (PS), as well as Carrara marble (CM) and human enamel. Beyond that, all contact angles between 26° and 104° are available by the appropriate mixture (see Figure 1D). Moreover, we demonstrated the potential of this powerful and straightforward test system by infiltrating a CaCO3 crystallization solution and a hydroxyapatite precursor (HApP). It is possible to investigate the depth of infiltration and mineralization in situ and in real-time.



For focusing the complete filling of the MCTSs with the mineral precursors to realize a complete remineralization of human enamel lesions or cavities and pores in historical artifacts, we aim to increase the mineral content of the precursor solutions. Furthermore, the effect of a multiple-step infiltration will be investigated. A second part of further experiments will be the improvement of the MCTS by changing the production parameters to decrease the layer thickness and the channel sizes as well.



In the future, the possibility to vary the channel size of the MCTS and the surface properties by modification with different SAMs will enable the adaptation of the MCTS, combined with the infiltration setup, to several additional areas of applications, like micro-fissures in steel or high-performance plastics. Therefore, our developed MCTS provides a quantitative tool to observe and explain several important infiltration processes into different pores.
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