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Abstract

:

In this work, highly monodisperse porous alginate films from bubble bursting were formed on a glass substrate at ambient temperature, by a T-shaped microfluidic junction device method using polyethylene glycol (PEG) stearate and phospholipid as precursors in some cases. Various polymer solution concentrations and feeding liquid flow rates were applied for the generation of monodisperse microbubbles, followed by the conversion of the bubbles to porous film structures on glass substrates. In order to compare the physical properties of polymeric solutions, the effects of alginate, PEG stearate (surfactant), and phospholipid concentrations on the flowability of the liquid in a T-shaped microfluidic junction device were studied. To tailor microbubble diameter and size distribution, a method for controlling the thinning process of the bubbles’ shell was also explored. In order to control pore size, shape, and surface as well as internal structure morphologies in the scalable forming of alginate polymeric films, the effect of the feeding liquid’s flow rate and concentrations of PEG-stearate and phospholipid was also studied. Digital microscopy images revealed that the as-formed alginate films at the flow rate of 100 µL·min−1 and the N2 gas pressure of 0.8 bar have highly monodisperse microbubbles with a polydispersity index (PDI) of approximately 6.5%. SEM captures also revealed that the as-formed alginate films with high PDI value have similar monodisperse porous surface and internal structure morphologies, with the exception that the as-formed alginate films with the help of phospholipids were mainly formed under our experimental environment. From the Fourier-transform infrared spectroscopy (FTIR), Differential scanning calorimetry (DSC) and X-ray diffraction (XRD) measurements, we concluded that no chemical composition changes, thermal influence, and crystal structural modifications were observed due to the T-shaped microfluidic junction device technique. The method used in this work could expand and enhance the use of alginate porous films in a wide range of bioengineering applications, especially in tissue engineering and drug delivery, such as studying release behaviors to different internal and surface morphologies.
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1. Introduction


There are various strategies for the production of highly ordered biodegradable and biocompatible porous film structures for tissue engineering and drug delivery applications. Therefore, it is of interest to produce highly monodisperse porous films having the desired porosity that brings about a suitable platform to immobilize biomolecules and cells, and to load drugs in different morphologies [1,2]. Polymeric scaffolds and film structures like alginate-based porous films have many unique advantages for tissue engineering and drug delivery systems, like biodegradable film drug carrier treatments [3]. For instance, a couple of significant advantages could include the controlled release to its target field at the suitable period of time and the desired amount of drug loading ability to provide a larger surface area of application [4]. Additionally, in most porous film structures, control of the porosity of the polymeric films plays an important role in either allowing cells to be seeded within the film surfaces in larger pores or inhibiting cell infiltration in smaller pores [5]. A substantial amount of film porosity is often necessary to allow for cellular activities and interactions, including cell signaling [6]. Porous film structures with a larger pore size distribution and various pore geometries would therefore benefit from a highly ordered architecture that enhances its mechanical properties and resistance to compressive stresses compared to porous films with a low polydispersity index (PDI) [7].



Various traditional technologies that produce porous structures in biomedical applications, including electrospraying [8,9], freeze drying, and particle leaching, have demonstrated success in film formation; however, a wide pore size distribution was obtained which is not suitable for biomedical applications [4]. An alternative emerging technology, bioprinting, has demonstrated the ability to control pore size and distribution and the microarchitectural features in biofilms, forming engineered tissues with structure and function similar to native tissues; however, this can only be achieved in microscale and the methods are time consuming [10,11]. Thus, we believed that microfluidic techniques including a T-shaped microfluidic junction device, when compared to the others, could overcome the previous application limitations, such as lack of pore size, shape, and surface control in the scalable formation of polymeric films [7,12,13,14,15]. For example, Elsayed et al. almost obtained good control over the pore structure of the resultant films by embedding designed nanoparticles using a T-junction technique [15]. This could expand their bioengineering applications, in particular when drug delivery necessary for eye disease treatments is desired. Furthermore, this could provide a chance for the use of a wide category of polymers (i.e., naturally derived polymers) that lose their internal structure as a result of harsh processing [4].



Naturally derived polymers such as hyaluronic acid, chitosan, and alginate are characterized by highly organized chemical structures [16] that can add additional desirable features to their therapeutic use, making them widely used in biomedical applications [17]. Attention has been paid to the use of such naturally derived materials in wound dressings and enzyme, protein, or drug delivery, as well as film structures for tissue engineering or disease treatments [3]. There is therefore a need to understand how to formulate effective porous film structures from biocompatible and cost-friendly naturally derived polymers and surfactants [2]. Sodium alginate (SA) is a biodegradable polymer derived from marine brown algae; its simplest fundamental unit is related to cellulose and the structural configuration is best represented by (1,4)-β-D mannuronate and (1,3)-α-l-guluronate residues [18]. It has been widely used in biomedical applications due to its characteristics such as the carboxylic groups contained in every repeating unit of its structure that has α and β configurations which improve its biocompatibility [1]. Moreover, alginate holds great interest as a potential biopolymer film or coating component due to its unique colloidal properties, which include thickening, stabilizing, emulsion stabilizing, suspending, gel producing, and film forming [19]. Polyethylene glycol (PEG) stearate, as a surfactant material, is a widely used hydrophilic polymer, because of its bonding structure which indicates the influential effect of the hydroxyl end groups on the chemical and physical properties of these molecules [20]. Moreover, PEG stearate is one of the suitable surfactant materials for use in various applications in tissue engineering and drug delivery systems [7]. In order to produce porous film structures, phospholipids are also widely used hydrophilic polymer materials due to their amphiphilic structure which allows them to self-assemble into bilayer or micelle structures when coming into contact with aqueous solutions [21]. Phospholipids are also able to affect the fluidity and stability of the feeding liquid’s characteristics and, consequently, the diameter and size distribution of microbubbles which could change the surface and internal morphologies of the porous film structures [22].



In the present work, the aim of this study was to investigate factors such as the effects of polymeric solution concentrations, the surfactant and phospholipid used, and the feeding liquid’s flow rate in influencing the generation of microbubbles using a T-shaped microfluidic junction device technique, and the subsequent production of porous alginate-based film structures in order to reach the optimal size and polydispersity index value of the bubbles and a highly monodisperse porous film morphology for use in tissue engineering and drug delivery systems. The high-speed camera and digital microscopy observation of the microbubbles generated using the T-shaped microfluidic junction device was done to observe the bubble formation mechanism and the bubble structure produced. The porous film structures obtained were studied using SEM, FTIR, XRD, and DSC to characterize the changes in pore size and size distribution of pore structures present in the films produced.




2. Materials and Methods


2.1. Materials


Sodium alginate, polyethyleneglycol-40 stearate (PEG-40S, with a density of 1300 kg·m−3), and phospholipid powders were purchased from Sigma-Aldrich (Poole, UK). Nitrogen gas was procured from Asal Gas (99.5% purity, Izmir, Turkey). Distilled water was obtained from a Millipore device (Direct-Q3-UV, Merck, Kenilworth, NJ, USA).




2.2. Preparation of Polymer Solutions


Polymer solutions of several different concentrations were prepared, ranging from 0.5 to 2 wt % in the present work, as shown in Table 1. To prepare a homogenous solution, sodium alginate powder was initially dissolved in distilled water followed by the addition of the polyethyleneglycol-40 stearate and phospholipids under continuous stirring for 3 h.




2.3. Characterization of Precursor Materials and Polymer Solutions


The precursor material characterization was done through FTIR, XRD, SEM, DSC and TGA. The details for all these processes are described in Microstructural Characterization. The surface tension and contact angle measurements were performed using a One Attension Theta Lite (Biolin Scientific, Gothenburg, Sweden). The solution viscosity was determined by Oswalt’s U-tube viscometer. A 25 mL densitometer (ISOLAB Laborgeräte GmbH, Eschau, Germany) was used to measure the density of each of the alginate, alginate–PEG-40S, and alginate–PEG-40S–phospholipid solutions at ambient temperature. To ensure the accuracy of the measurements, the average values were reported. All the measurements were conducted at ambient temperature.




2.4. Preparation of Alginate-Based Polymeric Microbubbles


The setup used in this work to achieve monodisperse microbubbles using a T-shaped microfluidic junction device is illustrated in Figure 1. Polymethyl methacrylate (PMMA) was used to produce the microfluidic platform by CNC machining. The T-shaped microfluidic junction device used in the present work consisted of inlet (15 cm) and outlet (5 cm) Teflon capillaries having an inner diameter (ID) of 200 µm. The nitrogen (N2) gas pressure to the vertical capillary from the gas cylinder was adjusted through a digital manometer according to the requirements to produce monodisperse bubbles. The flow of polymeric solution to the horizontal capillary was fed and controlled using a 10 mL disposable plastic syringe (BD) connected to a syringe pump (Harvard Pump 11, Elite, Harvard, Holliston, MA, USA).



Monodisperse bubble formation was achieved by inserting the polymeric solution at constant rate and gradual increase in the gas pressure so that it overcame the surface tension of the solution. The mix of both gas and polymer solution took place at the junction of the two inlet capillaries and microbubbles were produced at the gas–liquid interface. The monodispersed microbubbles produced by using a T-shaped microfluidic junction device and adjusting the polymer solution flow rate and gas pressure are shown in Figure 1. The resultant structures generated by the bubble bursting of microbubbles produced using a constant volume (10 mL) of polymer solution were collected on the glass slide at the outlet capillary and observed under an optical microscope.




2.5. Microstructural Characterization


The microbubbles produced were investigated through an optical microscope (Nikon, Eclipse LV 150N, Tokyo, Japan) fitted with a Clemex camera and a high-speed camera (Photron Fastcam SA8, San Diego, CA, USA). A JEOL (JSM-6390, Akishima, Japan) field emission scanning electron microscope (FE-SEM, JEOL Ltd., Akishima, Japan) was used to examine the porous film structures produced by microbubble bursting. Sputter-coating of samples were done (Edwards Sputter Coater S150B, Burgess Hill, UK) with gold for 2 min before observing through a scanning electron microscope with an accelerating voltage of 5 kV. The size variation of the microbubbles, the pore size of the porous films formed and the cross-sectional view of the porous films obtained were determined via ImageJ software (ImageJ 1.519, National Institutes of Health and the Laboratory for Optical and Computational Instrumentation (LOCI, University of Wisconsin), Madison, WI, USA).



The FTIR spectroscopy of pristine starting polymers and the prepared film was performed using a Bruker optics spectrophotometer (Tensor 37, Ettlingen, Germany). For each measurement, the spectra were obtained in the wave number ranging from 400 to 3500 cm−1. XRD spectra of the raw materials and the prepared film were done by a Bruker D8 Advance X-ray Diffractometer (Billerica, MA, USA), and CuKα radiation with a wavelength of 1.5406 Å was used. The scanning speed was 2θ/min. The diffraction intensity curves with 2θ from 5° to 60° were obtained. A differential scanning calorimetry instrument (Discovery DSC/250, Newcastle, UK) was used to measure the glass transition temperature of the processing materials and resultant films. For the DSC experiment, a weighed amount of samples was placed in a hermetically sealed aluminum pan heated to 250 °C with an increase of 10 °C/min.





3. Results


3.1. Physical Properties of Alginate-Based Polymeric Solutions


The viscosity and surface tension of the different polymeric solutions have greater impact on micro bubbling [14]. By increasing the concentration of polymers, the viscosity also increases, as shown in Table 2. Viscosity differs with the variation in concentration of alginate solutions [23]. Controlling the viscosity of the solution is important, because solutions with higher viscosities have an impact on the bubble bursting process [15]. An increase in PEG-40S concentration results in a decrease of surface tension while keeping the polymer concentration constant (Table 2). The surface tension of the microbubbles (shell) is another key parameter to consider because bubbles with higher surface tension cause faster film drainage [24]. The surface tension is directly related to contact angle. The surfaces having a contact angle less than 90° are hydrophilic in nature. The contact angle of solutions of different concentrations was measured and is presented in Table 2. Table 2 shows that a higher amount of alginate in the polymer solutions clearly increased surface tension and contact angle values. In contrast, an increased concentration of PEG-40S in the polymer solutions resulted in a decrease in the contact angle and surface tension values obtained (Table 2). Gaudio et al. indicated that the surface tension of the alginate solution increased linearly when increasing the concentration of polymer, which provides a description in order to determine the polymer solution’s viscosity in the nozzle [25]. In addition, Sun et al. showed that greater PEG-40S proportions in the sodium alginate polymer solution caused the contact angle of the solution to decrease, which enhanced the hydrophilicity of the polymer solution [26].




3.2. Production of Alginate-Based Microbubbles by Using a T-Shaped Microfluidic Junction Device


The solution was fed at a constant rate (100 µL·min−1) through a syringe pump and the pressure of N2 gas was adjusted up to 0.8 bar until the surface tension of the solution was overcome to produce continuous monodispersed microbubbles. The mix of both gas and polymer solution took place at the junction of the two inlet capillaries and microbubbles were produced at the liquid–gas interface, as shown in Figure 1. Monodispersed microbubbles were produced by using a T-shaped microfluidic junction device. The prime function of this device was to produce monodisperse microbubbles by using two main processing variables, namely, flow rate and gas pressure. To produce a desired microbubble size, shear forces on the solutions within the capillaries were reduced by selecting the lower flow rate, as shown in Figure 2. The physicochemical properties of the solutions, particularly the alginate solutions, may be affected by decreasing the capillary diameter or increasing the length of the microfluidic channels and increasing the flow rate, resulting in increased intensity of the shear forces to which the solutions are subjected [27].




3.3. Effect of Polymer Solution Flow Rate on Alginate-Based Porous Film Structures


In order to evaluate the effect of the polymer solution’s flow rate on the alginate-based porous films, the bubble bursting was investigated at different flow rates (100, 50, and 25 µL·min−1) with the constant polymeric concentration of sodium alginate (1%) and PEG-40S (0.25%) and gas pressure (0.8 bar). The digital microscope images captured are represented in Figure 2 and show the diameter and polydispersity index (PDI) values of the bubbles obtained. They show variations in diameter and PDI values in the microbubbles produced at different flow rates. The results revealed that the flow rate of the polymeric solution at 100 µL/min was better for producing controlled-size and highly monodispersed microbubbles. The mean diameter and PDI values of the microbubbles obtained at 100, 50, and 25 µL·min−1 flow rates were approximately 170, 210, and 220 µm and 6.55%, 6.63%, and 8.25%, respectively.



Figure 3 shows the digital microscopic images of microbubbles with variations in diameter and PDI values while keeping the flow rate constant at 100 µL·min−1 and varying the concentrations of alginate, PEG-40S, and phospholipid. With the concentration of %1 alginate–%0.25 PEG-40S, the mean diameter and PDI were 170 µm and 6.55%, respectively. By changing the concentration to %1 alginate–%0.5 PEG-40S, the mean diameter and PDI values changed to 172 µm and 2.48%, respectively. With the polymeric solution concentration of %1 alginate–%0.25 PEG-40S–%0.25 phospholipid, the mean diameter and PDI of the microbubbles obtained changed to 120 µm and 2.22%, respectively, showing promising results. The mean diameter and PDI ratio of the resultant 0.5 wt % PEG-40S-added and 0.25 wt % PEG-40S–phospholipid-added alginate-based microbubbles collected (Figure 3) were in the desired range and smaller than for the microbubbles seen in Figure 2.



The physical properties of various concentrations of alginate, PEG-40S, and alginate–PEG-40S solutions were assessed by measuring the contact angle, surface tension, and viscosity of the solutions. Initially, microbubbles were produced from various concentrations of alginate polymer (0.5, 1, 2, 3 wt %) and PEG-40S (0.25, 0.5, 0.75 wt %), started from the lower concentrations to check the effect of concentration of PEG-40S and viscosity of sodium alginate on porous film formation, as shown in Table 2. Depending on the results of all these physical parameters, microbubble diameter range, and polydispersity index, the concentration of alginate and PEG-40S was selected as 1 and 0.25 wt %, respectively, and 0.25 wt % phospholipid was added to the alginate–PEG-40S solution.



PEG-40S imparts stability to the microbubbles before their bursting at the outer channel of the T-shaped microfluidic device and it indicates the bubble shell thickness [28]. In the collection environment, the bubble shell thickness is minimal and then the droplets undergo shrinkage until the film drainage is completed. The bubble diameter at bursting may be affected by inhibiting or accelerating the bubble shell drainage, which would control the diameter of microbubbles that is produced within the polymeric structure after bursting [29]. The size of the microbubbles has a direct relation to the duration of stability of the microbubbles before their bursting [30].




3.4. Effect of the PEG-40S on Alginate-Based Porous Films


The dual role of surfactant in film formation includes controlling the gas diffusion from the bubbles and preventing the agglomeration of nearby microbubbles. The stability of microbubbles is involved in the production of films with nearly uniform morphology and porosity [31]. It is also involved in regulating the thinning process of the microbubbles leading to the production of porous polymeric films with smooth morphology [32]. Moreover, higher sodium alginate and PEG-40S concentrations produce microbubble structures with bigger dimensions between pores.



The porous structures with controlled surfaces can be obtained by regulating the ratio of polymer and surfactant. However, higher polymer concentrations can inhibit the bursting of microbubbles and result in structures lacking the proposed porous morphology and size [23]. Phospholipid addition in polymeric systems allows the incorporation of higher polymer concentrations due to their unique feature to self-assemble around the inner gaseous core of the microbubble, providing a stronger shell to the microbubbles and enabling them to incorporate into other functional units [33]. Microbubbles prepared from different concentrations of alginate–PEG-40S but with or without phospholipids involved various bursting and shrinkage mechanisms, as described in Table 2. Furthermore, microbubbles containing 0.25 wt % phospholipids showed comparatively less shrinkage in microbubble size and produced more open pores, as compared to microbubbles produced without phospholipids, as seen in Figure 2.



In this selected polymeric system, PEG-40S as an emulsifier is involved in improving the phospholipid dispersion and intercepting the agglomeration of microbubbles which in turn control the polydispersity [33]. High surfactant concentration also helps in maintaining the monodispersity of microbubbles and alignment to a significant level. The control over the surface morphology of the porous film is important due to the impact of surface properties on the cellular functions, that is, cellular adhesion, differentiation, and proliferation [34].



In this study, a T-shaped microfluidic junction device was used to produce well-defined porous structures by adjusting the polymeric solution concentrations. The graphical presentation of the T-shape microfluidic device-based method is shown in Figure 1. This method provides good control over the bubbles’ thinning and bursting processes. Consequently, porous structures with regular surface morphology and pore size were produced by using the T-shaped microfluidic junction device without involving any post-processing treatment.




3.5. Scanning Electron Microscopy of the Resultant Film Structures


SEM representative micrographs of surface and cross-section morphology of the produced alginate-based porous polymeric films are shown in Figure 4 and Figure 5. The variations in morphology shown in the images indicate that concentration of polymers, flow rate, and gas pressure are important factors in the preparation of optimized alginate-based porous polymeric films. Figure 4 shows the surface morphology of porous films with various concentrations of PEG-40S and the addition of phospholipid with PEG-40S. The insets in Figure 4 show remarkable size differences in pore size between the samples obtained at 0.25 and 0.5 wt % PEG and the 0.25 wt % phospholipid solutions. Films having phospholipid with PEG-40S show better bubble production with a controlled polydispersity index. We produced alginate-based porous films with variations in thickness and pore size via a drying process of the multilayers of bubbles collected (Figure 5). Figure 5 shows the surface morphology, peeled layer view, and cross-sectional view and pore size analysis of alginate porous films with constant gas pressure and polymer solution’s feeding rate. When decreasing the feeding rate of the polymeric solutions from 100 to 25 µL·min−1, the porous film’s thickness decreased from 1.5 to 0.5 µm. In contrast, pore size increased between 1.70 µm ± 0.24 standard deviation (SD) and 3.25 µm ± 0.68 SD for these alginate-based porous films (Figure 5). Thus, alginate-based porous film structure with variations in thickness and pore size is more sensitive to flow rate of the polymeric solution, alleviating the need for precise thickness and pore size control. It can be seen that porous films have nearly smooth surface morphology with controlled pore sizes, which was the main theme of this work and which was achieved successfully. Moreover, the film structures were prepared using a T-shaped microfluidic junction device method after the formation of microbubbles occurred (Figure 1). The resultant bubbles were then guided down an exit channel placed at the bottom, and bubble clusters were collected at the channel exit. Upon impact with the dry substrate surface, the bubble was disrupted and released the N2 gas while the alginate-based polymeric material formed porous film structures in the course of water evaporation (Figure 1). This combination of film formation mechanisms generated porous film structures with different pore densities and polydispersity of the pore diameter (Figure 5).




3.6. FTIR Results of the Precursors Used and the Alginate-Based Porous Film Structures


In order to assess the molecular interaction of porous films, changes were monitored in the FTIR spectra of their component parts. Fourier-transform infrared spectra of the precursors, sodium alginate and PEG-40S, and of the resultant films of alginate–PEG-40S and alginate–PEG-40S–phospholipid were obtained, as shown in Figure 6. FTIR spectra of alginate showed major peaks and a strong band at 3435.09 cm−1 (C–H stretching), a medium sharp carboxyl salt peak at 1613 and 1415 cm−1 (asymmetric and symmetric COO– stretching, respectively), and then peaks at 1109.22 and 1029.25 cm−1 (C–O stretching). FTIR of PEG-40S showed a broader peak at 3430 cm−1 corresponding to the asymmetric stretching vibration of the functional group of O–H and a sharp peak at 2880 cm−1 (–CH2 stretching). At the same time, the triplet peaks of the C–O–C groups at 1150, 1110, and 1060 cm−1 were observed. The characteristic absorption peak at 958 cm−1 represents the groups of C–H. These results show similarity with the spectra already given in the literature [35,36,37]. Alginate–PEG-40S films or alginate–PEG-40S–phospholipid films show almost the same absorption peaks as pure alginate and PEG-40S, accompanied by some slight shifts. No other obvious new peaks were observed, which confirmed that there were no physical interactions and new bonds formed or strong chemical interactions occurring within the blend and porous films due to the use of the T-shaped microfluidic junction device.




3.7. Differential Scanning Calorimetry Results of the Precursors Used and the Alginate-Based Porous Film Structures


Sodium alginate exhibits an endothermic peak at 110 °C correlated with the loss of water associated with the hydrophilic groups of alginate described in Figure 7. The curve of pure PEG-40S had an endothermic peak at 48 °C starting from 36 °C, as shown in Figure 7. In the resultant film of alginate and PEG-40S, the peak is slightly shifted to a lower temperature due to the addition of PEG-40S and phospholipid to the sodium alginate and the peak area also decreases, as depicted in Figure 7. Simpliciano et al. showed that sodium alginate has an endothermic decay at 112 °C due to the removal of non-structural water, which provides information on the glass transition temperature (Tg) of sodium alginate polymers [38,39]. Tg is a very significant indication of molecular chain flexibility that could influence film drainage during the solidification process [40,41]. Therefore, we believed that it was necessary to investigate the Tg value influenced by PEG-40S and phospholipid proportions to explore the thermal properties of the porous films.




3.8. XRD Spectra of the Precursors Used and the Alginate-Based Porous Film Structures


The XRD analysis of the samples was performed to further assess the effect of mixing and flow conditions in the T-shaped microfluidic junction device used on the crystalline structure, as presented in Figure 8. The XRD patterns of sodium alginate over the 2θ range from 10° to 60° showed that sodium alginate has a crystalline structure with peaks at 7.67°, 13.48°, 22.59°, 28.96°, and 36.64°, as shown in Figure 8. The XRD diffraction patterns of pure PEG-40S are also depicted in Figure 8, having peaks at approximately 19°, 23°, 26°, and 37° in the wave pattern belonging to the PEG-40S crystal. The wide peak between 20° and 30° shows the diffraction patterns of alginate–PEG-40S and alginate–PEG-40S–phospholipid resultant films. The same peaks in alginate–PEG-40S film and alginate–PEG-40S–phospholipid films indicate that there is no destruction in the sodium alginate and PEG-40S crystal structure and that no chemical reaction occurs between the reaction materials, resulting in no new peaks. Compared to PEG-40S, the peaks at 19° and 23° disappear in both the sodium alginate–PEG-40S film and the sodium alginate–PEG-40S–phospholipid film, respectively. Moreover, the intensity of the diffraction peak presented lower values when combining PEG-40S and phospholipid into the sodium alginate matrix. Studies conducted by researchers have reported strong interactions between sodium alginate and the reinforcement polymer material, especially complexation caused by Ca2+ crosslinking [36,41,42,43]. Thus, the XRD patterns provide evidence of the impregnation of PEG-40S and phospholipid into the sodium alginate matrix.





4. Conclusions


Highly monodispersed alginate-based microbubbles were successfully generated using a T-shaped microfluidic junction device in order to construct porous films. First, the porous films were prepared by regulating and varying a number of key parameters by polymeric solution concentration and feeding liquid’s flow rate. Alginate-based polymeric solutions with a handle of inert N2 gas successfully generated highly monodispersed microbubbles and, subsequently, porous film structures with varied surface morphologies (in particular, pore size and shape) were produced. Control of the microbubble thinning process was achieved by using surfactants and phospholipids, which generated alginate-based porous film structures with spherical shapes, by promoting an efficient bubble bursting process. Alginate-based polymeric films with a porous surface were grown on glass substrates. We compared the surface and internal structural morphologies of the alginate films as a function of alginate, PEG-40S, and phospholipid concentrations of the polymeric solution and feeding liquid’s flow rate in the range of 25–100 µL·min−1. The advanced electron microscopy indicated that the best highly monodispersed porous surface and uniform spherical internal structure were obtained for an alginate-based porous film formed at a feeding liquid’s flow rate of 100 µL·min−1 and a constant N2 gas pressure of 0.8 bar, and the best suitable polymeric solution used consisted of 1 wt % alginate and 0.25 wt % PEG-40S, respectively. The chemical and crystal structure as well as the thermal analysis confirmed that there was no damage to the T-shaped microfluidic junction device system used on the alginate-based porous film formation. Thus, this processing and forming system may have a potential to tailor the surface and internal structure features of porous films for further desired bioengineering applications, such as scaffolding and the treatment of eye diseases.
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Figure 1. Schematic representation showing the T-shaped microfluidic junction processing of an alginate-based porous film formation from bubble bursting used in this experimental work. 
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Figure 2. Changes of microbubble (mb) diameter and size distribution as a function of the feeding liquid’s flow rate at a constant N2 gas pressure of 0.8 bar. Data are presented as mean ± SD, n ≥ 100 microbubbles. 
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Figure 3. Effects of PEG-40S (surfactant) and phospholipid concentrations on the diameter and size distribution of the microbubbles obtained at a constant N2 gas pressure of 0.8 bar and feeding liquid’s flow rate of 100 µL·min−1 (phospholipid is denoted by Lipid). Data are presented as mean ± SD, n ≥ 100 microbubbles. 
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Figure 4. Changes of SEM morphologies of the alginate-based porous film structures formed as a function of PEG-40S (surfactant) and phospholipid concentrations at a constant N2 gas pressure of 0.8 bar and feeding liquid’s flow rate of 100 µL·min−1 (PEG-40S and phospholipid are denoted by PEG and lipid, respectively). Insets show an enlargement of the porous surface at 0.25% and 0.5% PEG samples, respectively. 
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Figure 5. (a–c) SEM morphologies, (d–f) peeled surface, and (g–i) cross-sectional SEM images of the alginate-based porous films formed at a constant N2 gas pressure of 0.8 bar in a range of various feeding liquid’s flow rates: (A) 100 µL·min−1, (B) 50 µL·min−1, and (C) 25 µL·min−1 (the polymeric solution consisted of 1 wt % alginate and 0.25 wt % PEG-40S in this experimental work). The data in the Pore size analysis graphs are presented as the mean values of standard deviation (SD) of 100 pores. 
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Figure 6. FTIR spectra of the pristine sodium alginate and PEG-40S used, and the resultant alginate–PEG and alginate–PEG–phospholipid porous films obtained (alginate, PEG-40S, alginate–PEG-40S, and alginate–PEG-40S and phospholipid are denoted by ALG, PEG, ALG–PEG, and ALG–PEG–Lipid, respectively). 
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Figure 7. DSC spectra of the pristine sodium alginate and PEG-40S used, and the resultant alginate– PEG-40S and alginate–PEG-40S–phospholipid porous films obtained (alginate, PEG-40S, alginate–PEG-40S, and alginate–PEG-40S and phospholipid are denoted by ALG, PEG, ALG–PEG, and ALG–PEG–Lipid, respectively). 
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Figure 8. X-ray diffraction patterns of the pristine sodium alginate and PEG-40S used, and the resultant alginate–PEG-40S and alginate–PEG-40S–phospholipid porous films obtained (alginate, PEG-40S, alginate–PEG-40S, and alginate–PEG-40S, and phospholipid are denoted by ALG, PEG, ALG–PEG, and ALG–PEG–Lipid, respectively). 
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Table 1. Composition of the alginate-based polymeric solutions used in this experimental work.
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	Solution ID
	Alginate Concentration

(% w/v)
	PEG-40S Concentration (% w/v)
	Phospholipid Concentration (% w/v)





	1
	0.5
	-
	-



	2
	1
	-
	-



	3
	2
	-
	-



	4
	3
	-
	-



	5
	0.5
	0.25
	-



	6
	1
	0.25
	-



	7
	2
	0.5
	-



	8
	3
	0.75
	-



	9
	1
	0.25
	0.25
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Table 2. Physical properties (e.g., contact angle, surface tension, and viscosity) of the alginate-based polymeric solutions used in order to construct porous film structures in this experimental work.
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	Solution ID
	Alginate

(% w/v)
	PEG-40S

(% w/v)
	Phospholipid

(% w/v)
	Contact Angle (θ)
	Surface Tension (mN/m)
	Viscosity (mPa·s)





	1
	0.5
	-
	-
	39.68
	68.69
	6.51



	2
	1
	-
	-
	48.03
	70.09
	16.94



	3
	2
	-
	-
	51.48
	72.1
	70.51



	4
	3
	-
	-
	42.91
	62.1
	159.4



	5
	0.5
	0.25
	-
	38.08
	48.3
	6.86



	6
	1
	0.25
	-
	46.27
	58.99
	16.85



	7
	2
	0.5
	-
	49.84
	56.73
	60.6



	8
	3
	0.75
	-
	34.23
	57.68
	155.72



	9
	1
	0.25
	0.25
	46.95
	49.6
	16.00
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