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Abstract

:

Different reaction control methods for producing nano/microstructures of poly(butyl cyanoacrylate) (PBCA) have been studied, focusing on pH and monomer-to-initiator ratios. However, these methods often require multiple steps and reagents. In the synthesis of PBCA microparticles using three versions of micromixers designed with HH geometry and varying numbers of channels (4, 10, and 15), different synthesis formulations were investigated by varying monomer concentrations. PBCA microparticles synthesized with 19.2% (w/w) n-butyl cyanoacrylate (n-BCA) monomer, a residence time of 0.06 s, a flow rate of 78 mL·min−1, and a phase ratio of 45/55 (W/O), exhibited an average diameter of 642.2 nm as determined by dynamic light scattering (DLS) analysis. In contrast, PBCA microparticles synthesized with 5.0% (w/w) n-BCA monomer, the same residence time of 0.06 s, a flow rate of 39 mL·min−1, and a phase ratio of 20/80 (W/O), exhibited an average diameter of 74.73 µm according to laser diffraction particle size analysis. Polymer formation was confirmed by Fourier-transform infrared (FTIR) spectroscopy in both formulation and process conditions. These results indicate that the parameters for the production of microparticles with different monomer concentrations in the microfluidic system with HH geometry and 15 channels can be optimized for potential applications in cosmetics and pharmaceutical ingredients.
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1. Introduction


Microencapsulation has gained prominence as a technology possessing various advantages, given that it not only increases stability but can also promote the controlled release of these active ingredients and ensure safety in transdermal administration on the skin [1]. The literature documents the use of various materials, including polymers, liposomes, proteins, and polysaccharides, characterized by specific physicochemical and mechanical properties. When microstructured, these materials can mitigate the impact of external factors through the employment of delivery systems as carriers, a strategy long utilized in the cosmetic industry [2]. Microparticles and microspheres are micrometer-scale particles (1–1000 μm in diameter) composed of a polymeric material, also known as the shell material, which encapsulates the active ingredient, referred to as the core. This core can consist of liquids, solids, or gases and may be mononuclear, multinuclear, or matrix-structured [1,3].



Different methods are used for microencapsulation through chemical processes, including emulsion polymerization, suspension polymerization, and interfacial polymerization, among others. The microencapsulation process is not uniform across all materials and applications. The selection of the most suitable technique depends on various factors, including the application of the microsystem, the required particle size, the physical and chemical properties of the core, the properties of the shell material, the desired controlled release mechanism, and other relevant parameters. Therefore, to produce an encapsulated product, it is essential to consider and combine all these formulations and process characteristics [1].



Interfacial polymerization involves highly reactive monomers or monomers and initiators/catalysts dissolved into two immiscible solvents. When these solutions come into contact, polymerization occurs at the interface. This polymerization reaction is controlled by chemical kinetics, through direct contact with the monomers [4]. The polymer formation occurs due to the rapid polymerization, given the low solubility between phases. During the reaction of the monomers, two solutions diffuse towards the already formed polymer at the interface, resulting in an increase in the thickness of the interfacial film. This increased thickness creates a barrier that hinders further diffusion. The thickness of the film can vary depending on the availability of monomers for the reaction [4,5,6].



Several factors can influence the polymerization process such as the solubility of the phases, the concentration of the monomers and initiator, the reactivity of the monomers, the solvents, the additives, and the temperature [4,5,6]. The polymerization procedure occurring during the miniemulsion process is well-suited for the formation of nanocapsules. The choice of monomers/polymers and their specific chemical reactions favors the formation of nanocapsules with either hydrophobic or hydrophilic cores. This technique enables the production of capsules with tailored properties, suitable for a wide range of applications [7,8].



Addition polymerization occurs through the reaction of monomer and the reactive site on the chain growth of the polymer when new monomers are added. The addition of a unit of monomer to the growing chain regenerates the reactive site and the process of polymerization continues repeatedly. Monomers with double or triple bonds are used in addition polymerization [9,10]. The addition polymerization reaction takes place in three steps. During the step of chain initiation, the polymerization reaction is usually started when an initiator creates a reactive site. This initiator can be a cation (cationic polymerization), an anion (anionic polymerization), a radical (free radical polymerization), and an organometallic complex (coordination polymerization) [9,10]. During the chain propagation step, the link between the monomers or repeating units and the molecular chain occurs, increasing the length of the chain. Finally, during the chain termination stage, the chain’s growth stops due to the neutralizing of the reactive center [9,10].



Anionic polymerization involves an active center that carries a negative ion (anion), so the chain reaction occurs through an anionic reaction. Anionic polymerization happens quickly, and the polymerization of its termination stage cannot occur through direct combination, but does so through disproportion, by the addition of other reagents to end the chain growth process and control the average molecular weight [9,11]. Generally, ion chain repetition structures have high reactivity, and the ability to combine even at low temperatures and pressures. The polymerization process speed provides for the formation of linear polymer chains [9,11]. Among the materials for the preparation of polymeric nanocarriers, n-butyl cyanoacrylate (n-BCA) is a low-toxic monomer that due to its biodegradability has been one of the most studied materials in the class of alkyl cyanoacrylate [12]. n-BCA has high reactivity and when the polymerization process forms PBCA [13,14,15].



Among the various areas for its application, PBCA is used to encapsulate pharmaceuticals, bioactive agents, and agents with antibacterial action, among others. The formation of PBCA may occur through different routes, either by miniemulsion [16], interfacial [16,17], or anionic polymerization [17,18]. These mechanisms are derived from polymerization by addition and the polymerization process follows the steps of initiation, reversible propagation, and reversible termination (Figure 1) [12,19,20]. Recently, studies have shown that molar masses below 10,000 g·mol−1 can be obtained by anionic polymerization in a miniemulsion, which indicates that this route can help control the reaction, although the pH variation can increase the molecular weight or favor the agglomeration of the nanoparticles [12].



Musyanovych and Landfester obtained PCBA nanocapsules containing DNA attained by the anionic polymerization process in a two-stage miniemulsion which was prepared by ultrasonication with pH 7.4 buffered followed by the addition of n-BCA dropwise. They noted that adding the monomer slowly allowed the polymerization to occur at the interface of droplets formed by the PBCA shell. In addition, they reported that the use of surfactant in high concentration contributed to the formation of shorter chains [21]. Hansali and collaborators also used the anionic polymerization process in miniemulsion, although some parameters differed from those of the authors mentioned above. The polymerization took place by the phase inversion process in pH 2 (to achieve emulsification control before starting the polymerization step) with the addition of the aqueous phase using a metering pump drop by drop, and the NaOH solution was added to start the polymerization. The results show that the increase in the water addition rate influenced the size of the particle diameter [22]. Duan and collaborators conducted a co-encapsulation study of doxorubicin hydrochloride (hydrophilic) and hydrophobic curcumin in PBCA nanoparticles using emulsion polymerization for the interfacial polymerization process. Doxorubicin hydrochloride was added directly to the aqueous phase and curcumin to the alcohol solution 10 min after the beginning of the polymerization process. The authors indicated that this was meant to co-encapsulate both assets in a single system [17]. Microfluidics has stood out for its diversity of applications in pharmaceutical, chemical, and analytical chemistry, as well as biochemical analyses and others.



Microfluidic devices are not a miniature version of a process on a macro scale since many physical characteristics can be different, such as surface tension and diffusion, and the surface area/volume ratio does not simply follow a large linear scale for small devices [23,24,25,26]. In addition, the presence of laminar flow conditions may vary according to the structure of the device, from the size of fluid passage channels to its geometry. Microfluidic methods can be divided into monophasic continuous (mixture of one or more miscible solvents and components by diffusion in laminar flow) and segmented multiphase flow (interaction between two immiscible fluids, being these divided in a continuous phase and a dispersed phase) [23,24,25,26,27,28].



The behavior of these fluids in microfluidic channels is characterized by the dimensionless Reynolds number (Re), which provides a quantitative estimate of the likelihood of the fluid developing turbulence. The Re number is calculated using the relationship between the kinematic viscosity, the actual speed of the fluid, and the diameter of the channel, represented by the volume-area relationship [24,29]. Microfluidic systems are generally designed on a microscale to form mixtures using a micromixer and provide the interaction between components according to chemical reactions. Different types of micromixers are studied considering the characteristics of the reactions involved in the process [23,24,27].



Micromixers are divided into two categories: active and passive. In active micromixers, flow disturbances are created through interactions with external energy sources such as electric and magnetic fields or ultrasonic vibrations. In contrast, passive micromixers rely on the pumping of fluids within the micromixer, where mixing occurs through molecular diffusion and chaotic advection [24,27,30].



The geometry of passive micromixers is designed to increase the surface area between different fluids and enhance chaotic advection, while also reducing the diffusion path. Passive micromixers are classified based on their structural dimensions into two-dimensional (2D) and three-dimensional (3D) types. Common structural designs include serpentine, T-type, and zigzag configurations, among others [24,27,30]. When compared, passive 2D and 3D micromixers differ in mixing performance and surface area extension, both of which are better in 3D micromixers, although these models are more complex to manufacture than the 2D ones [30].



Division and recombination (SAR) are described as a typical mixing mechanism, also known as a sequential lamination micromixer. The sequential process in micromixers occurs through the steps of flow division, flow recombination, and flow rearrangement, throughout which the exponential increase in the fluid interface area reduces the path length and improves the mixture favoring speed and its homogeneity [24,30].



Currently, studies that report the usage of 3D serpentine/SAR structures are focused on the process of nanoprecipitation of polymers such as polycaprolactone (PCL) [31], and poly (D, L lactic-co-glycolic) (PLGA) [32,33]. Low-temperature co-fired ceramics (LTCC) are described in the literature as an adequate option for microfluidic devices as they show several advantages compared to other microfabrication technologies. The tapes are composed of vitroceramics, a glass frit binder that helps to reduce the processing temperature [34,35]. The possibility of making 3D structures using several layers of green ribbons is a characteristic of the utmost importance and the microfabrication of these ribbons follows three steps: standardization of the individual layers with all the details according to their usage needs; lamination of tapes under pressure and temperature and lastly sintering of laminated material [34,35].



Finally, in this research, we aimed to evaluate the impacts of the HH geometry micromixer manufactured in LTCC and used in a microfluidic system focusing on the formation of PBCA microparticles without the use of termination reagents through an anionic polymerization reaction in emulsion.




2. Materials and Methods


2.1. Materials


The following starting materials were used in this investigation: ethyl alcohol P.A (Química Moderna, São Paulo, Brazil), n-butyl cyanoacrylate (n-BCA) (Evobond, TongShen Enterprise CO., LTD, Taiwan), sorbitan monooleate (Span 80) (Croda, Campinas, Brazil), and caprylic/capric triglycerides (TGCC) (Mapric, São Paulo, Brazil).




2.2. Microfluidic System


2.2.1. Geometry HH


The geometry of the HH micromixer is given based on the SAR process, in which two fluids are mixed, then divided, and recombined during the diffusion process of the mixture. The HH micromixer geometry consists of an H-shaped segment, with each end of its structure connected to another H-shaped segment. The flow follows a 3D path [36]. The HH geometry was designed based on the model proposed elsewhere [36,37]. The micromixer geometry dimensions have a height of 630 µm and a width of 675 µm, with a hydraulic diameter of 652 µm and a volume of 47.65 mm3 in the 4-channel micromixer; the 10-channel micromixer has a height of 600 µm and width of 600 µm, with a hydraulic diameter of 1500 µm and a volume of 72.6 mm3; finally, the 15-channel micromixer has a height of 600 µm and width of 600 µm, with a hydraulic diameter of 2250 µm and a volume of 100.15 mm3. The geometries were designed as having two inputs and one output (Figure 2).




2.2.2. Fabrication of the Microfluidic Device


The microfluidic device was manufactured through a process that included layer cutting, thick film deposition, lamination, sintering, and dicing (Figure 3). Layers with microchannel geometries were fabricated using a diode-pumped IR laser, model U-15 1064 nm Ultrafast Laser Maker (RMI Laser, LLC, Lafayette, CO, USA), and a prototyping machine equipped with an UV laser (length of 355 nm), LPKF Protolaser® U3 (LPKF Laser & Electronics AG, Garbsen, Germany) [31]. The thermocompression lamination process was conducted using a uniaxial laminator under specific conditions. A sequential lamination scheme was employed, utilizing 11.8 MPa of pressure at 70 °C with a hydraulic press (model MA098/A30, Marconi, Piracicaba, São Paulo, Brazil). The lamination procedure lasted 20 min, involving rotation of the device by 90 degrees after the initial 10 min, followed by another 10 min of lamination. In this sequential lamination approach, layers with identical microchannel cut designs were laminated together to form individual blocks. Subsequently, all these blocks were laminated together to produce the final integrated device [31].




2.2.3. Microfluidic System


The microfluidic system was composed of two high-pressure dual-piston pumps (HF Series Pump—SSI, PA, USA), one for continuous phase (oil) feeding and the other for dispersed phase (aqueous) feeding. The microfluidic device containing the micromixer is attached to the manifold, which has two inputs and one output (Figure 4).





2.3. Synthesis of Microparticles of PBCA


The formulation for the composition of the microcapsule synthesis emulsion was adapted from the methodologies [19,21,22], since the emulsion adopted was the water-in-oil one (W/O). The aqueous dispersed phase contained deionized water, ethyl alcohol, and the continuous oily phase contained caprylic/capric triglycerides, n-BCA, and Span 80 (which was tested in both phases), as described in Table 1.



Phase proportion was determined from an exploratory test of the formulation based on the literature, as well as the flow of both phases. The initial flow was 10 to 150 mL·min−1 [38,39,40,41].




2.4. Characterization of the Microcapsules


2.4.1. Dynamic Light Scattering (DLS)


Particle size and zeta potential of the PBCA microparticles was measured by dynamic light scattering (DLS), a technique which uses Nano Particle Analyzer—Particulate Systems. The disposable bucket with volume of ~0.9 mL was used to measure the size at the temperature of 25 °C and a backscattering angle of 165°. The sample amount was dispersed in water, centrifuged and the supernatants were analyzed in a triplicate method [13,42].




2.4.2. Particle Size Distribution


The size of the microparticles was measured by a laser beam diffraction technique using the Coulter LS230 equipment and the Beckman Coulter brand, MI, USA, specifically a Small Volume module. The samples were placed over an oily medium directly in the equipment. The values of the average volumetric diameter d(4.3) and the polydispersion of the polymeric microparticles was obtained after the accumulated reading and sequential recordings which lasted 60 s [43]. The value of the span distribution range was calculated using the (Equation (1)).


  S p a n = ( ( d 90 − d 10 ) ) / d 50  



(1)







Span distribution range. Legend: in which d90, d50 and d10 are corresponding to 90, 50 and 10% of the microparticles presented.




2.4.3. Scanning Electron Microscopy (SEM)


The morphology of the PBCA microparticle samples was evaluated by SEM-FEG, considering the FEI brand model Quanta 3D. The samples were dispersed in water, centrifuged for 20 min at 13,000 rpm, and deposited in aluminum stubs with carbon ribbon. Afterward, the samples were coated in gold/palladium (Au/Pd) for approximately 120 s and observed at an accelerating voltage of 20 kV [44].




2.4.4. Fourier Transformation Infrared Spectroscopy (FTIR)


FTIR spectra of n-BCA in TGCC and PBCA microparticles were recorded on a Nicolet iS50 FT-IR spectrometer (Thermo Scientific, WI, USA) with a resolution of 4 cm−1 in transmission mode. A total of 128 scans were recorded in the range of 4000 to 400 cm−1. The sample was analyzed in liquid form after the process, without any dilution, washing, or centrifugation, and directly in the equipment accessory [17].





2.5. Statistical Analysis


The data were collected adopting a significance level of 5% (α = 0.05) and presented as mean and standard deviation (SD). The statistical analysis was performed using Minitab® statistical software (version 21.1.0) (PA, USA). To assess normality, the Kolmorov-Smirnov test was applied. The Two-tailed Student’s t-test was used to compare paired results between two groups of parametric samples. The difference in effect between samples was evaluated by one-way analysis of variance (ANOVA) followed by post-test Tukey’s test for multiple comparisons.





3. Results and Discussion


3.1. Influence of Channel Number in Micromixer


Previous studies have demonstrated the capability of producing emulsions and polymeric microparticles using microfluidic devices in LTCC. These studies utilized various ingredients and explored different total flow parameters to optimize the process [45,46]. However, the production mechanisms described in these reports, which involved forming polymers in their samples, differ from our investigation. Our study aimed to synthesize and produce PBCA microparticles within an emulsion.



In accordance with the work of Nimafar et al. and Kruss et al., microfluidic devices with 4, 10, and 15 channels were fabricated using LTCC to produce PBCA microparticles within an emulsion [36,37]. The parameters were initially tested in the micromixer with 4 channel sections, with total flow rates ranging from 10 to 150 mL·min−1. The residence time was calculated based on the flow rates described in Table 2.



Samples were produced from the PBCA_MP_1 formulation in the 4-channel HH micromixer, and only those that remained stable after 24 h were collected at flow rates ranging from 25 to 150 mL∙min−1. These samples were aliquoted and centrifuged to separate their oily phases, and the supernatant was dispersed in water to analyze the average diameter size of PBCA microparticles using DLS analysis. The results of the samples with total flow rates ranging from 25 to 150 mL∙min−1 are illustrated in Figure 5.



Statistically, the particle sizes shared similarities among 25 and 70; 70 and 150; and 100 and 150 mL·min−1. Only at the flow rate of 50 mL·min−1 was possible to notice a significant difference in the average particle sizes among the samples. SEM images (Figure 6) revealed that microparticle agglomeration might occur depending on the collection flow rate. As demonstrated by the SEM photomicrographs, flow rates above 70 mL·min−1 did not exhibit microparticle agglomeration, indicating that the particles remained more dispersed under these conditions.



To evaluate the impact of the number of channels, versions of the HH micromixer containing 10 and 15 channels were tested using the same PBCA_MP_1 formulation. Adjustments to the flow rates were made considering the channel area, as shown in Table 2. The samples appeared uniform after 24 h of collection in both the 10-channel and 15-channel HH micromixers. DLS results indicated that, for a residence time of 0.08 s, the average particle size was 719.9 ± 33.64 nm in the 10-channel HH micromixer with a flow rate of 53 mL·min−1, and 642.2 ± 4.0 nm in the 15-channel HH micromixer with a flow rate of 78 mL·min−1 (p-value 0.003). For a residence time of 0.06 s, the average particle size was 586.5 ± 11.31 nm in the 10-channel HH micromixer with a flow rate of 75 mL·min−1, and 751.1 ± 5.57 nm in the 15-channel HH micromixer with a flow rate of 109 mL·min−1 (p-value 0.000).



These results suggest that the particles were smaller and more uniform in the 15-channel micromixer with a residence time of 0.08 s compared to the 10-channel micromixer with the same residence time. However, with a shorter residence time of 0.06 s, the 15-channel micromixer produced larger and more variable-sized particles than the 10-channel micromixer. This indicates that increasing the number of channels and adjusting the residence time significantly impacts the size and uniformity of the microparticles produced, as observed in the SEM images (Figure 7). This occurs since the residence time is related to the repetition of channel units; as the number of channels increases, the emulsion follows a longer path inside the mixer. This longer path enhances the mixing process and provides more time for the polymerization reaction to occur [24,47].




3.2. Influence of Formulation Concentration Variation


Musyanovych and Landfester reported that different monomer concentrations affect the surface structure of capsules, with higher concentrations resulting in a thicker shell. Based on the previously mentioned study, various monomer concentrations were tested [21]. Additionally, it was considered that the emulsifier might cause uncontrolled polymerization by interacting with the monomer [22]. Therefore, it was decided to add the emulsifier into the aqueous phase. Micelles act at the interface of emulsion phases, serving as a point of connection between the monomer in the oil phase and the initiator in the aqueous phase. Sorbitan monooleate, a non-ionic emulsifier with a hydrophilic-lipophilic balance (HLB) of 4, was chosen as it is suitable for oil-in-water emulsions [22,48]. Thus, samples PBCA_MP_2 and PBCA_MP_3 were tested in the flow rate of 78 mL·min−1 in the 15-channel HH micromixer, which, as described in the previous section, presented a more homogeneous particle diameter, being the emulsifier added into the aqueous phase.



PBCA_MP_2 exhibited phase separation after collection, dividing into three distinct parts: oil in the upper phase, emulsion in the middle, and water at the bottom of the vial. The same phenomenon was observed for PBCA_MP_3. However, after 24 h, these samples developed a suspended and flocculated appearance, indicating that the reaction still occurred despite the lack of homogeneous emulsion formation. This instability may be attributed to the change in emulsifier addition from the oil phase to the aqueous phase. The emulsifier concentration may have been insufficient to stabilize the emulsion, as noted in previous studies [22,48]. Despite varying concentrations and maintaining the emulsifier in the same phase, stability was not achieved.



At another total flow rate, 39 mL·min−1, the same sample conditions were evaluated with a residence time of 0.15 s. Both samples were homogeneous upon collection, and after 24 h, they did not show phase separation as observed at the flow rate of 78 mL·min−1. However, it was noted that the samples coalesced, indicating that the emulsifier in the aqueous phase was still insufficient to maintain the stability of the emulsion and the formation of microparticles. Under these process conditions, the residence time minimized phase separation, but it was not enough to prevent sample coalescence.



The monomer concentration promotes an increase in encapsulation efficiency but a decrease in the concentration of the encapsulated substance. For cosmetic applications, studies have typically not employed high concentrations of n-BCA [17,21,49]. Therefore, assays were conducted using 5% (w/w) of n-BCA, with a flow rate of 39 mL·min−1, which allowed the collection of homogeneous samples. Thus, for process and formulation parameters, a strategy was adopted to adjust the proportion between the continuous and dispersed phases of the emulsion. This involved expanding the range of the continuous phase proportion and reducing the dispersed phase to enhance the interaction of the emulsifier with the oily phase, which has a greater affinity for the emulsifier’s structure [50]. This was done while maintaining the initiator-to-monomer ratio and the emulsifier concentration, which could affect the polymerization reaction rate, as previously mentioned.




3.3. Influence of Phase Proportion


Formulations PBCA_MP_4 and PBCA_MP_5 were tested with varying phase proportions. PBCA_MP_4 showed slight phase separation at the bottom of the vial after 24 h. The particle size was analyzed using Coulter in an oily medium, as the samples did not exhibit sufficient stability in water for DLS analysis. The average particle diameter was 48.87 ± 5.63 µm with a span of 1.94. When observed under SEM (Figure 8), these samples exhibited aggregation, which hindered a clearer visualization of the particle formation.



Sample PBCA_MP_5 exhibited homogeneity without phase separation after 24 h. This experiment was analyzed using a laser diffraction particle size analysis and showed particle size of 74.73 ± 17.3 µm with span of 2.77. In Figure 9, the formation of the microparticles was more visible compared to the previous sample, although aggregation was still present. The perspective from this result suggests that by reducing the emulsifier concentration in the aqueous phase and increasing it in the oily phase, the hydrophobic nature of the surfactant facilitates stable emulsion formation, even after 24 h. However, these samples continued to exhibit a higher amount of surfactant, likely contributing to the observed aggregation.



Despite variations in formation, statistically, there was no difference in the size obtained for PBCA_MP_4 and PBCA_MP_5 (p-value 0.364). This suggested that the formulation influenced the formation, maintaining consistent size profiles delivered by the micromixer. In contrast to other methodologies aimed at producing nanocapsules or nanoparticles, the present methodology utilized emulsion polymerization in a microfluidic system for microparticle production. Other methodologies often employ different approaches to achieve controlled polymerization of n-BCA. Additionally, these methods typically involve multiple preparation steps such as emulsion, mini-emulsion, evaporation, washing, and purification, with synthesis times extending beyond 24 h in some cases [13,21,49,51].




3.4. FTIR


Fourier transform infrared spectroscopy (FTIR) was employed to characterize the formation of PBCA via anionic polymerization, focusing on the absorption of specific frequencies that reflect the chemical structures involved. Pure monomer was added to TGCC in a 1:1 ratio to identify peaks indicating polymerization in the synthesized samples. However, it was observed that indicative peaks of polymer formation were also present in the monomer-oil sample alone. This occurrence suggests the possibility of pre-polymerization or polymerization initiation within the monomer-oil phase before the intended synthesis process [52]. The presence of polymer formation peaks in the monomer-oil sample suggests that n-BCA undergoes self-polymerization, resulting in the formation of a high molecular weight polymer. Subsequently, depolymerization may occur, followed by the production of a polymer with a lower molecular weight. This observation indicates a complex polymerization behavior of n-BCA, possibly influenced by conditions such as temperature, presence of initiators, or other factors affecting polymerization kinetics and outcomes. In the PBCA_MP_1 samples collected from the 4- and 10-channel HH micromixers, absorption peaks were observed at specific wavelengths: peaks around 3378 cm−1 indicate vibrations of the –OH groups; peaks around 1750 cm−1 correspond to carbonyl (C=O) groups; the absorption peak at approximately 2238 cm−1 corresponds to the nitrile (C≡N) group [53].



In Figure 10, the samples collected from the 15-channel HH micromixer have shown the same peaks corresponding to the formation of PBCA microparticles for all PBCA_MP_1 and PBCA_MP_5 samples, when compared to the corresponding peaks of hydroxyl, carbonyl, and nitrile groups.





4. Conclusions


PBCA microparticles were synthesized via anionic emulsion polymerization (W/O) using a microfluidic system, accomplished in a single step. The microfluidic device, featuring a 15-channel HH geometry, was fabricated and proved effective for microparticle production. Optimal results for PBCA microparticle formation were achieved with total flow rates of 39 and 78 mL·min−1. The addition of ethanol in a 1:1 ratio with the initiator facilitated the interfacial anionic polymerization reaction. Span 80 contributed to the stability of the microparticle suspension, with phase ratios of 45/55 (W/O) for samples containing 19.2% (w/w) n-BCA and 20/80 (W/O) for samples containing 5.0% (w/w) n-BCA. The microparticles exhibited a spherical shape in SEM photomicrographs, with average diameters of 642 nm in DLS analysis and 74.73 µm in laser diffraction particle size analysis. FTIR analyses confirmed their composition as PBCA polymer.



Based on these results, there is a need to explore other emulsifiers, both hydrophilic and lipophilic, for use in both continuous and dispersed phases. This exploration aims to enhance the homogeneity of microparticle diameters. Furthermore, it is crucial to optimize monomer concentrations based on the active ingredients used and the intended applications of the microparticles. A significant challenge in this process lies in adjusting the residence time relative to the flow rate to achieve uniform microparticle sizes. This optimization is essential for ensuring consistent quality and performance in various applications.
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Figure 1. Design of two H segments which constitute the HH geometry micromixer, indicating the inlets for the aqueous phase (A) and the oil phase (B). Legend: 1. 2D scheme of the initial flow within the H-segment; 2. 3D scheme of the H-segment. Sources: Biorender and AutoCAD, the author herself. 
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Figure 2. Design of micromixers containing 4, 10, and 15 channels with HH geometry, featuring two inlets and one outlet for each micromixer. Legend: (A). Micromixer containing 4 channels; (B). Micromixer containing 10 channels; and (C). Micromixer containing 15 channels. Both the inlet and outlet of the micromixer are indicated by the arrow. Sources: (Autocad), author herself. 
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Figure 3. Microfluidic device fabrication steps and microfluidic device fabricated in LTCC. Sources: Biorender, author herself. 
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Figure 4. Layout of the microfluidic system and its components Sources: author herself. 
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Figure 5. Diameter of PBCA microparticles in different flow rates using the HH micromixer with 4 channels. Legends: A, B, C and D representing letters in Statistical Analysis. 
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Figure 6. SEM photomicrographs of the sample PBCA_MP_1. Legend: (A). Sample collected in flow rate 25 mL·min−1; (B). Sample collected in flow rate 50 mL·min−1; (C). Sample collected in flow rate 70 mL·min−1; (D). Sample collected in flow rate 100 mL·min−1; and (E). Sample collected in flow rate 150 mL·min−1. Magnitude 30.00 KX for samples of (A–C), and 15.00 KX for samples (D,E); (*) The asterisk indicates that the scale is in microns and has been rounded. 
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Figure 7. SEM photomicrographs of the sample PBCA_MP_1 collected in flow rates of 53, 75, 78 and 109 mL·min−1. Legend: (A). Sample collected in flow rate 53 mL·min−1 and (B). Sample collected in flow rate 78 mL·min−1 with residence time of 0.08 s. (C). Sample collected in flow rate 75 mL·min−1 and (D). Sample collected in flow rate 109 mL·min−1 with a residence time of 0.06 s. Magnitude 15.00 KX; (*) The asterisk indicates that the scale is in microns and has been rounded. 
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Figure 8. SEM photomicrograph of the sample PBCA_MP_4 collected in the flow rate of 39 mL∙min−1 with phase proportion of 30/70 (W/O). Legend: Magnitude 5.00 KX; (*) The asterisk indicates that the scale is in microns and has been rounded. 
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Figure 9. SEM photomicrograph of the sample PBCA_MP_5 collected at the flow rate of 39 mL∙min−1. Legend: Sample with magnitude 15.00 KX; (*) The asterisk indicates that the scale is in microns and has been rounded. 
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Figure 10. Spectrum of the PBCA_MP_1 and PBCA_MP_5 samples collected in different flow rates in the 15-channel micromixer. 
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Table 1. Description of formulation to produce emulsion containing microparticles of PBCA.






Table 1. Description of formulation to produce emulsion containing microparticles of PBCA.





	
Ingredients

	
Function

	
Formulation




	
PBCA_MP_1

	
PBCA_MP_2

	
PBCA_MP_3

	
PBCA_MP_4

	
PBCA_MP_5






	
Caprylic/capric triglycerides

	
oil phase vehicle

	
31.7

	
42.2

	
48.7

	
61.9

	
73.4




	
n-butyl cyanoacrylate

(n-BCA)

	
monomer

	
19.2

	
9.8

	
4.9

	
5.0

	
5.1




	
Span 80

	
emulsifier

	
0.7

	
0.8

	
0.8

	
0.8

	
0.8




	
Purified water

	
aqueous phase

vehicle

	
26.4

	
36.0

	
40.4

	
27.4

	
15.4




	
Ethyl alcohol P.A.

	
initiator

	
22.0

	
11.3

	
5.1

	
5.0

	
5.1








Legend: proportion 45/55 (W/O): PBCA_MP_1; PBCA_MP_2 and PBCA_MP_3; proportion 30/70 (W/O): PBCA_MP_4 and proportion 20/80 (W/O): PBCA_MP_5.













 





Table 2. Description of the test parameters in the microfluidic system.
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Micromixer Geometry

	
Nº of Channels

	
Total Flow

	
Residence Time




	
(mL·min−1)

	
(m³·s)

	
(s)






	
HH

	
4

	
10

	
1.67 × 10−7

	
0.29




	
25

	
4.17 × 10−7

	
0.11




	
50

	
8.33 × 10−7

	
0.06




	
70

	
1.17 × 10−6

	
0.04




	
100

	
1.67 × 10−6

	
0.03




	
150

	
2.50 × 10−6

	
0.02




	
10

	
53

	
8.91 × 10−7

	
0.08




	
75

	
1.25 × 10−6

	
0.06




	
15

	
39

	
6.50 × 10−7

	
0.15




	
78

	
1.30 × 10−6

	
0.08




	
109

	
1.82 × 10−6

	
0.06
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