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Electrospinning is a process for fabricating nonwoven fibrous materials of versatile composition and form that has shown enormous promise as medical wound dressings, tissue engineered scaffolds, and for pharmaceutical delivery. However, pharmaceutical application and clinical translation of electrospun fibers requires a scalable process to control mass deposition and uniformity in the finished materials. Here, we show that free-surface electrospinning using a stationary wire electrode can generate fiber materials with high productivity and controllable deposition to achieve uniform area density (basis weight) that is relevant for scalable pharmaceutical dosage form production. Using a production-scale instrument, we performed statistically designed optimization experiments to identify a combination of parameters that improved productivity up to 13 g/h. By combining this optimization with process controls for dynamic movement of the electrospinning substrate, we also demonstrate the production of uniform and high area density materials of 50–120 G per square meter. We verified our process by fabricating a triple drug solid dosage form at a high area target density (100 g/m2) that largely showed less than a 10% coefficient of variation in mass or drug content. The process developed here provides a general approach for optimizing different material compositions for high productivity and uniformity, and advances the use of free-surface electrospinning for manufacturing fiber-based biomedical materials.
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INTRODUCTION
Nonwoven textiles have shown broad applicability for biomedical research. Electrospinning is one notable nonwoven fabrication method that is especially promising due to the versatility of composition and form of the finished materials. Physiochemically diverse pharmaceutical actives and excipients can be formulated into a wide-range of polymer materials (Blakney et al., 2013; Chou et al., 2015; Blakney et al., 2016; Carson et al., 2016; Stoddard et al., 2016; Blakney et al., 2017). In addition, the electrospinning process allows for tuning of fiber size and alignment as well as bulk material properties such as microstructure, topography, and mechanics (Deitzel et al., 2001; Sill and von Recum, 2008; Chou et al., 2015; Wang et al., 2016; Chen et al., 2018; Feng et al., 2019; Xue et al., 2019). The ability to control the composition and form of electrospun materials is advantageous as these properties can significantly affect their performance, which has attracted their use in a variety of pharmaceutical and clinical applications (Sill and von Recum, 2008; Persano et al., 2013; Stoddard et al., 2016; Feng et al., 2019; Xue et al., 2019).
Despite the adaptability of electrospinning, a scalable process that is sufficiently productive and produces uniform materials at controllable densities is needed for clinical translation (Stoddard et al., 2016; Tuin et al., 2016; LeCorre-Bordes et al., 2017). Laboratory-scale electrospinning is commonly performed using a single charged needle with low-throughput of 1–100 mg/h and yields a relatively small area of low-density uniform material (Huang et al., 2019). Several innovations in fabricating polymer fibers by electrospinning have emerged over the decades, but scalable production has been limited to only a few processes with commercial instruments (dos Santos et al., 2020). Multi-needle and needless electrospinning lead the field in production- and industrial-scale instruments. Free-surface electrospinning has several advantages over multi-needle modalities and improves material throughput by promoting formation of numerous polymer jets from a charged surface like a wire or cylinder (Krogstad and Woodrow, 2014). Industrial free-surface electrospinning instruments are capable of productivity rates up to 300 g/h (Huang et al., 2019). Free-surface electrospinning has also shown the capacity to produce materials composed of protein solutions relevant to food packaging and healthcare applications (Basel Bazbouz et al., 2018; Botelho Moreira et al., 2019). However, all scalable electrospinning processes to date yield materials with low area density or basis weight in the range of 0.02–10 g/m2 (gsm) (Stoddard et al., 2016; Tuin et al., 2016; Huang et al., 2019). For clinical applications, low density electrospun materials may increase the required dose and affect performance of the finished product. As such, a singular scalable process that is productive and allows for precise control of area density and uniformity is highly desirable for clinical translation of electrospun materials.
Here, we establish a process for fabricating uniform and high area density electrospun fiber materials by free-surface electrospinning using an oscillating carriage for solution entrainment onto a stationary wire electrode. Using this free-surface electrospinning modality, we performed statistically designed screening experiments that identified individual and combined factors that contribute to fiber throughput and deposition. We also implemented a process for dynamic movement of the collection substrate to control material density and uniformity. Finally, we verified our process and control optimizations by fabricating a triple drug solid dosage form at a high area target density that we assessed for throughput and dose uniformity. By combining our optimization with process controls, we show the ability to produce high area density materials of 50–120 G per square meter and obtain productivity of up to 13 g/h on a production-scale instrument. We also successfully demonstrate co-formulation of physicochemically diverse drugs into a single fiber-dosage at a target 100 g/m2 with low coefficient of variation in mass or drug content. The process developed here yields the highest basis weight electrospun fibers for drug delivery to our best knowledge (Stoddard and Chen, 2016; Tuin et al., 2016; Zhang et al., 2017; Huang et al., 2019) and provides a general approach for optimization of any material composition for high productivity and uniformity.
MATERIALS AND METHODS
Materials
Polymers polyvinyl alcohol (PVA, 87%–90% hydrolyzed, Mw = 30,000–70,000, Sigma Aldrich), polyethylene oxide (PEO, Mw = 400,000, Scientific Polymer Products, Inc.,), polylactic-co-glycolic acid (PLGA, 50:50 L:G, carboxylate terminated, inherent viscosity = 0.55–0.75 dl/g, Lactel Absorbable Polymers), and poly-l-lactic acid (PLLA, ester terminated, inherent viscosity = 0.90–1.20 fl/g, Lactel Absorbable Polymers) were electrospun with either deionized water, hexofluoroisopropanol (HFIP), or a mixture of chloroform and 2,2,2-trifluoroethanol (2,2,2-TFE)/HFIP (Oakwood Chemical) and collected onto industrial brown waxed paper (24″ × 1,500′, 30 lb) as the electrospinning substrate. Antiretroviral (ARV) agents were purified as described in Jiang, et al. from tablets of Selzentry® (300 mg, ViiV Healthcare), Insentress® (400 mg, Merck), and Intelence® (200 mg, Janssen) for maraviroc (MVC), raltegravir (RAL), and etravirine (ETR), respectively (Jiang et al., 2015). Sieved Tenofovir (TFV, Particle Sciences, gift from CONRAD) was used as obtained. Dimethyl sulfoxide (DMSO, BDH/VWR Analytical), acetonitrile (HPLC grade, Sigma-Aldrich), and potassium monophosphate (Fisher Chemical) were used for quantification.
Polymer Formulation and Characterization
Unless otherwise specified, PVA/PEO was formulated at 84:14 (w/w) PVA and PEO and 17.4% (w/v) in deionized water. Polymers were mixed using a stand mixer (Eurostar 20 digital, IKA) at 1,000 RPM for 10 min, then 100 RPM overnight. PLGA fibers were electrospun from a 15% (w/v) PLGA solution in HFIP and mixed with a stir bar overnight. For drug loaded formulations, each agent was homogenized (T25 digital Ultra-Turrax, IKA) into the solvent prior to addition of polymer, at the specified loading percentage.
Free-Surface Electrospinning
All electrospinning was conducted using a Elmarco Nanospider (Liberec, Czech Republic) with an oscillating carriage electrospinning electrode. In this method, fibrous materials are generated from a polymer solution that is coated onto a wire electrode by an oscillating carriage. The carriage holds a reservoir filled with the polymer solution and coats the wire through an interchangeable orifice in which the wire passes through. Solid fibers are formed from this solution by an applied voltage gradient across the wire electrode and collection electrode. The collection electrode is covered by the collection substrate to allow for simple collection of the material. This substrate can undergo dynamic movement during the electrospinning process.
Unless specified, solutions were coated onto the wire electrode through a 0.7 mm orifice at a rate of 350 mm/s. Additionally, the collection electrode was maintained at a distance of 200 cm, and electrospun across a 100 kV voltage difference. Chamber humidity was controlled at approximately 10% using compressed air. Waxed paper was used as the collection substrate. Under static electrospinning conditions, the collection substrate remined stationary. Under dynamic electrospinning conditions, the collection substrate was translated at a rate of 155 mm/min. This movement oscillates over a defined distance, labeled to start (marker 1) and end (marker 2) directly above the wire electrospinning electrode, and continuously pass over this defined distance. A single pass is defined when the first marker labeled on the collection substrate and aligned directly above the wire electrode (Material direction (MD) axis = 0), is translated until the second marker, at specified dynamic path length (DPL) away from the first marker, is aligned with MD = 0. The next pass is performed with the reversed movement of the collection substrate until the first marker has returned to the starting position. Electrospinning was conducted until the center fiber mass reached a target basis weight of 100 gsm. This target was determined through periodic sampling of the center-most 4 × 4 cm fiber section, which was removed, weighed, and replaced for further electrospinning. Additional electrospinning time or pass number was then determined by linear interpolation.
Throughput, Mass Distribution Analysis, and Simulations
Throughput was measured by the mass of the fibers collected on the pre-weighed substrate divided over time. Samples of the fiber mats were collected with a 1 cm arch punch tool (7.85 × 10−5 m2) at specified locations and weighed with a microbalance (Meddler Toledo). The value σs is determined from gaussian line fitting from n = 5 samples which were collected across the carriage direction (CD) averaged at both edges. To determine gaussian line fits across the material direction (MD) of the fiber mat, statically spun materials were sampled. Using these gaussian line fits, simulations were created to model dynamic electrospinning conditions, where the electrospinning substate translates to increase the collected surface area of fibers. In addition to gaussian line fit equations, simulations also accounted for the electrospinning substrate winding rate and approximate fiber deposition per pass. Simulations of mass deposition and correlations to measured mass deposition were conducted using MATLAB (MathWorks Inc, Natick, MA, USA, version R2019b).
Quantification of Drug Content Using HPLC
Fiber samples were dissolved in DMSO at a concentration of 1 mg fiber/ml. Samples of the solutions were filtered with 0.22 µm syringe filters (Millex Durapore, Millipore) prior to quantification. High-performance liquid chromatography (HPLC, Shimadzu Prominence) was then used to measure the concentrations of the three drugs in tandem with a diode array detector (Shimadzu Prominence SPD-20A). Samples were analyzed at 35°C at a flow rate of 1 ml/min, and a gradient of 38%–73% acetonitrile (ACN) and 25 mM monopotassium phosphate in water (KH2PO4 buffer) was used as the mobile phase. Specifically, the mobile phases begin at a ratio of 62:38 KH2PO4 buffer/ACN, then ACN increases to 73% of the mobile phase over 8 min, and then is returned to 38% by the end of the 20 min sample run. A C18 column (5 μm, 100 Å, 250 × 4.6 mm, Phenomenex Kinetex) is used as the stationary phase. Detection wavelengths and approximate retention times were 193 nm and 4.3 min for MVC, 300 nm and 7.1 min for RAL, and 234 nm and 15.3 min for ETR.
Statistical Analysis
Planning and analysis for the statistically designed optimization experiments was conducted using StatEase Design-Expert (Minneapolis, MN, USA, version 9.0.4.1). Linear and gaussian line fits, as well as determinations of statistical significance were made using GraphPad Prism (San Diego, CA, USA, version 9). Significant differences were determined using repeated measured two-way ANOVA, or repeated measures one-way ANOVA for overall drug loading comparisons, with Geisser-Greenhouse correction and with Tukey’s multiple comparisons test.
RESULTS
Assessment of Electrospinning Parameters on Fiber Throughput and Distribution
Free-surface electrospinning is amenable to scale-up, but the process has been used primarily in low-basis weight coatings for industrial filtration. Therefore, we first set out to optimize processing parameters for free-surface electrospinning that would achieve the high basis weight and uniformity required for pharmaceutical manufacturing of biomedical materials. Design of experiments (DOE) was used to efficiently identify process and solution parameters that would significantly affect fiber yield and distribution (Figure 1A). Factor inputs included polymer concentration (0.174–0.196 g/ml) and drug loading of a model agent tenofovir (0–28.57%, or 0–10 M). We also investigated the effect of four process variables: carriage speed coating the polymer solution onto the charged stationary wire (125–250 mm/s), distance between the charged electrospinning wire and oppositely charged electrospinning substrate (180–220 mm), applied electric field (0.35–0.45 kV/mm), and size of the orifice out of which the polymer solution flows onto the charged wire (0.6–0.8 mm). The specific polymer formulation used for parameter optimization was composed of PVA and PEO at a ratio of 84:14, which was determined independently via hill-climbing optimization (Skiena, 2008).
[image: Figure 1]FIGURE 1 | Design of experiments (DOE) is employed to assess free-surface electrospinning parameters. Parameter diagram for the (A) DOE investigated settings adjusted for (B) free-surface electrospinning, and (C) investigated for responses in fiber production. (D) An image of the charged wire shows the liquid polymer jets which form the collected solid fibers.
Electrospinning experiments with the specified factor input settings were performed on an Elmarco Nanospider (Figure 1B). The location of the collected material was defined with respect to the carriage direction (CD) and the material direction (MD) of the instrument. CD is defined as the axis parallel to the wire electrospinning electrode, where the carriage translates across to re-coat the wire with polymer electrospinning solutions (Figure 1B). MD is perpendicular to the CD-axis and defined as the direction in which the electrospinning substrate translates. We determined that a scalable method for producing medical materials will require dense and uniform accumulation of material within a reasonable time frame. As such, we focused on fiber throughput (units of g/m2, or gsm) and fiber distribution measured along the CD-axis (σs, in cm) (Figures 1C,D).
Carriage speed, polymer concentration, orifice size, and electric field all significantly impact fiber throughput (Figure 2A; Supplementary Figure S1A). Indeed, low polymer concentration, high carriage speed, high orifice size and high electric field yielded the greatest throughput of 12.9 g/h. Fiber distribution was most significantly affected by carriage speed, electric field, and electrode distance (Figure 2B; Supplementary Figure S1B). With a high carriage speed, high electrode distance, and low electric field, the greatest σs value of 5.11 cm was achieved. Several two-factor interactions showed significant effects on the throughput and distribution response outputs (Supplementary Tables S1, S2). Throughput significantly increased with the interaction of increased drug loading and decreased polymer concentration (Figure 2C), decreased polymer concentration and a higher carriage speed (Figure 2D), as well as a higher carriage speed and larger orifice (Figure 2E). Several two-factor interactions were found to significantly effect σs (Supplementary Figure S1B; Supplementary Table S2). The σs value increased with interactions between low polymer concentration and high carriage speed (Figure 2F), as well as a decreased electric field and larger electrode distance (Figure 2G). We conclude that the optimal electrospinning parameters for our experiment would have a lower polymer concentration (0.174 g/ml), higher carriage speed (250 mm/s), an electrode distance of 200 mm, an applied 100 kV voltage difference, and an orifice size of 0.7 mm. Since the electric field had opposing impacts on throughput and distribution, we opted to use a higher electric field to prioritize productivity, and compensate for deposition consistency by controlling substrate movement.
[image: Figure 2]FIGURE 2 | Electrospinning settings and the interaction of parameters control fiber throughput and distribution patterns. Plots of the mean effect from all factors on (A) throughput and (B) σS. Significant factors with t-values greater than the Bonferroni limit are highlighted in green and plotted with solid lines. The significant factor interactions that impact throughput are additionally shown in the contour plots for (C) drug loading vs. polymer concentration (D) polymer concentration vs. carriage speed, and (E) carriage speed vs. orifice size. Contour plots for the interactions that most impact σs are shown as (F) polymer concentration vs. carriage speed, and (G) electric field vs. electrode distance.
Dynamic Substrate Movement for Controlling Uniform Fiber Deposition
Free-surface electrospinning supports greater scalability of fiber production due to the higher density of fiber jets and adaptability for roll-to-roll processing. We took advantage of the ability to control the movement of the collection substrate along the MD axis to obtain high-basis weight and uniform materials. By controlling the residence time and substrate movement relative to the electrospinning wire, we could precisely tune fiber collection in specific areas. Figures 3A,B illustrate the difference in fiber deposition under electrospinning conditions with a static or dynamic collection substrate, respectively. We hypothesized that longer residence times achieved by repeated “passes” of the collection substrate across a specified dynamic path length (DPL) could increase the basis weight or accumulation of fibers across a larger area. Here, we define the DPL as the distance of the collection substrate that repeatedly and directly passes over the wire electrospinning electrode (Figure 3B). In addition to the polymer blend previously optimized for fiber throughput, we assessed a polymer solution composed of 15% (w/v) PLGA in HFIP. We selected this material for the differential use of an organic solvent, common use of HFIP with electrospinning, and the common use of PLGA in biomedical applications. We expect the use of these different polymer solutions illustrates the resulting differences in electrospinning, as well as the general application of these simulations as a tool to account for differences in fiber deposition.
[image: Figure 3]FIGURE 3 | Sensitivity of mass distribution to dynamic path length (DPL). Figures of (A) a static substrate (static run) shows the Gaussian distribution of fiber mass across the MD-axis and (B) the collection of fiber mass distribution under substrate movement (dynamic run). (C) Measurements of the surface density of static run fibers could be fit with a Gaussian model. The distribution of surface density for dynamic runs with DPLs of (E) 12 cm and (F) 16 cm was captured with simulated and measured data. (D) Simulated dynamic runs with a longer, 32 cm DPL demonstrate the production of larger areas of consistency. Experimental samples are plotted as average ±standard deviation and were measured across n = 1 sheet of material and n = 4–5 samples collected at CD = −8, −4, 0, 4, and 8 cm. QQ plots for (G) 12 cm and (H) 16 cm dynamic runs show linear relationships indicating similar distributions between simulated and experimental data, with lines representing the full theoretical distribution and with solid regions connecting the first and third quantiles of data.
Electrospun fibers collect with variable deposition along the MD and away from the electrospinning electrode, as seen under static electrospinning conditions (Figure 3A). For a fixed position on the CD-axis, electrospun fibers were found to deposit with a Gaussian distribution across the MD-axis, centered at the wire electrospinning electrode (MD = 0 cm). Simulating material deposition can therefore inform necessary electrospinning parameters needed to achieve defined areas with uniform fiber basis weight. Therefore, the resulting fiber basis weight (A, in gsm) as a function of MD position (xMD, in cm) under static conditions can be described by the following equation:
[image: image]
The maxima of fiber deposition is equivalent to the target fiber basis weight (Atarget), which we set to 100 gsm, and controlled for during electrospinning by periodic sampling of the centermost 4 × 4 cm square of material. Due to this method for controlling material deposition, samples with coordinates at the edge of this testing region (MD = ±2 cm, CD = ±2 cm) could not be accurately collected. We additionally maintained center coordinates during dynamic electrospinning such that the MD position of the mean basis weight (µ) is equal to zero. Most interestingly, we found that the standard deviation of this Gaussian fiber-mass distribution (σMD, in cm) – or the spread of fiber deposition across the MD-axis–varies based on the polymer formulation. Under static electrospinning conditions, the observed spread of fiber deposition was found to be smaller, or narrower, for PVA/PEO (σMD = 3.787 cm) than PLGA (σMD = 6.443 cm) (Figure 3C; Supplementary Table S3).
It might be hypothesized that a formulation with a larger σMD value, and therefore wider fiber distribution, may yield fiber mats with a larger region of uniform fiber deposition at the target basis weight under dynamic electrospinning conditions. However, fiber deposition simulations do not reproduce this expectation. Simulated data was produced using the equation below, where p is the pass number of the substrate above the wire electrode, DPL is defined as the difference of the starting position (lp,st) and the ending position (lp,ed) centered at MD = 0, rsub is the rate of substrate movement (155 mm/min), tstat is the time to 100 gsm determined from the static run, and k is the step in MD position away from the center of the wire electrode. With a shorter DPL such as 12 cm, the PVA/PEO formulation with the lower σMD indeed yields a fiber sheet with a smaller uniform area than the PLGA formulation (Figure 3D). However, DPLs approximately 16 cm and larger can be seen to have a larger uniform area for formulations with a lower σMD compared to higher σMD values (Figures 3E,F). This is because the target 100 gsm basis weight is controlled for in all materials at the center of the mat. Therefore, as the path becomes increasingly large, formulations with larger σMD values achieve the target basis weight at the center with fewer passes, and have a shorter electrospinning time for fibers to accumulate.
[image: image]
Differences in fiber distribution were also observed between different polyester formulations. Using another polyester, poly L-lactic acid (PLLA), we electrospun solutions with different polymer concentrations and organic solvent properties. PLLA electrospun under 16 cm dynamic run conditions differs in its fiber distribution (σMD = 8.813 cm) compared to PLGA spun under similar conditions (σMD = 9.277 cm) (Supplementary Figures S2A, S2B). Though both are polyesters, PLLA has a slightly narrower distribution, confirming our findings that polymer type influences fiber uniformity. Moreover, in agreement with our DOE, PLLA fiber uniformity, albeit in the MD direction rather than CD direction, is significantly affected by the incorporation of TFE as a cosolvent compared to HFIP (Supplementary Figures S2B vs. S2C) and by lowering the polymer concentration in solution from 15% w/v to 10% w/v (Supplementary Figures S2B vs. S2D). This potentiates the results of our DOE to inform scale-up in dynamic run settings for a variety of polymer types and illustrates the importance of compatible solvent selection.
Simulations proved to be a useful tool for predicting fiber deposition patterns of different polymer formulas, and especially the region in which mass deposition plateaus. We found experimental data to be highly correlated to simulated dynamic run data, with high correlation coefficient (r) (Supplementary Table S3). Additionally, in plotting experimental data versus the simulated data (Supplementary Figure S3), we found the relationship to be highly linear with coefficient of variation values also near to 1 (Supplementary Table S3). Quantile-quantile (QQ) plots also indicate that the distributions of simulated and experimental data are comparable, as seen by linear relationships of plotted quantile values individually comparing PVA/PEO and PLGA formulations under 12 or 16 cm dynamic run conditions (Figures 3G,H).
While we conclude these simple simulations can be predictive of actual material deposition, some discrepancies do exist between the theoretical and observed data. These differences may be due in part to the manual method of controlling electrospinning time to achieve the target basis weight, or from the underlying inconsistency of electrospun fiber deposition in this process format (Collins et al., 2012; Tuin et al., 2016). Root mean square error (RSME) measurements between the experimental and simulated results show that the error is relatively uniform between the tested formulations and dynamic path lengths, except for 16 cm dynamic run PLGA results which have comparatively lower error (Supplementary Table S3). Despite some error, formulation-specific simulations are a valuable tool to determine the required electrospinning parameters needed to achieve the desired area of material at the target basis weight. The methods are especially informative in ensuring sufficient production of drug dosages or devices, while minimizing material waste.
While fibers deposit with gaussian distribution across the MD axis, centered at the wire electrode, the same pattern is not observed across the CD axis. Fibers are generated across the length of the wire (Figure 1B), and therefore the deposition is relatively linear across this length when measured at fixed MD positions (Figure 4). Further, the linear deposition has a near-zero slope. For all linear line fits of mass deposition versus CD position at fixed MD positions, slopes do not significantly deviate from zero with the exception at MD = −4 cm for the PVA/PEO 16 cm dynamic run and for MD = −6 cm for the PLGA static run. Inconsistencies in this linear trend are especially observed for MD cross-sections furthest from the wire, as seen by low basis weight values for samples collected for MD = 6 or 8 cm at CD = 0 for PVA/PEO 16 cm dynamic run (Figure 4B). This is likely due to sampling outside of the uniform area, where mass deposition dramatically decreases (Figure 3E). Plots of fiber surface density across the CD-axis further illustrate the differences in spread between the two formulations under static conditions, as seen by the differences in the spread of y-intercept values (Figure 4A,C). Improved consistency under dynamic electrospinning conditions can also be observed as measured by the reduction in y-intercept range in comparison to statically electrospun materials (Figures 4A–D).
[image: Figure 4]FIGURE 4 | Fiber deposition is relatively linear across the CD-axis. Measured surface density from samples taken from the (A,B) optimized PVA/PEO formulation and (C,D) PLGA fiber mats, spun under (A,C) static and (B,D) 16 cm dynamic run conditions.
Drug Uniformity Across the Sampling Area
Pharmaceutical solid dosage-formulation and agent delivery is one promising application for electrospun biomaterials. Scalable methods of electrospinning would be required for the generation of multiple dosages across a single fiber mat. Furthermore, materials with high basis weight could deliver larger dosages within a smaller material area. We therefore sought to assess the uniformity and encapsulation efficiency of physicochemically diverse pharmaceutical agents within these high basis weight materials. Here, we use three different pharmaceutical agents as model drugs: maraviroc (MVC), raltegravir (RAL), and etravirine (ETR). These drugs are all antiretroviral agents, but have differences in water-solubility ranging from 0.011 mg/ml (National Center for Biotechnology Information, 2022b), 53.9 mg/ml (National Center for Biotechnology Information, 2022b), and 0.00397 mg/ml (John and Liang, 2014) for MVC, RAL, and ETR, respectively. These drugs also have a range of reported partition coefficients (logP) of 4.3 for MVC (National Center for Biotechnology Information, 2022a), 0.4 for RAL (National Center for Biotechnology Information, 2022b), and >5 for ETR (John and Liang, 2014). Therefore, we expect these agents to represent an interesting challenge for formulation consistency. We prioritized using the optimized PVA/PEO formulation, which are common excipients in many drug delivery systems and where drug dissolution is nearly instantaneous following contact with water. Each drug was loaded into the polymer solution at 5% (w/w), representing a total 15% (w/w) theoretical drug amount within the fibers. Since the target basis weight is 100 gsm, full encapsulation of drug is theoretically equivalent to 5 gsm for each ARV drug. Measurements of percent drug loading approximates drug basis weight but is not necessarily equivalent. We hypothesized that dynamic, free-surface electrospinning could yield multi-drug loaded materials that had uniform basis weight across a defined target area, determined through simulation, and therefore uniform drug basis weight from a single batch process.
Using simulated data, we selected a DPL of 20 cm to create a minimum, proof-of-concept 4 cm MD by 20 cm CD area of fiber uniformity (Figure 5A). The measured mass distribution across multiple replicate fiber sheets correlates to simulated 20 cm dynamic run results (Run 1: Pearson r = 0.976; Run 2: r = 0.981; Run 3: r = 0.971) (Figure 5A). This electrospinning method also proved to be capable of efficiently formulating the three agents into a solid dosage-form, with an average loading efficiency across all measured samples of 82% for MVC, 71% for RAL, and 97% for ETR (Figure 5B). Although highly efficient, specific drug loading is significantly different for the three agents. These differences indicate that hydrophobic drugs formulate more efficiently in this particular formulation. In the predicted uniform area, there is also no significant variation in fiber mass or specific drug loading dependent on location [ex. Center (MD = 0, CD = 0 cm) versus corner (MD = 2, CD = 10 cm)], as determined by comparing averaged replicate values of coordinate defined replicate samples (all p > 0.16). This can also be visually observed as even fiber deposition across this center region of the fiber mat (Supplementary Figure S4). Therefore, dynamic free-surface electrospinning can produce uniform drug-loaded materials at the target 100 gsm basis weight.
[image: Figure 5]FIGURE 5 | Optimized drug-loaded PVA/PEO fibers deposit without location-based defects in the simulated uniform area, and with efficient loading of various physiochemically diverse drugs. Plots of (A) fiber basis weight and simulated data. Multi-drug consistency across the material is shown for (B) drug loading in the uniform region across all replicates (n = 3 fiber mats, n = 9 samples). Representative maps (run 3) of linearly interpolated (C) mass, and the co-formulated drugs (D) MVC, (E) RAL, and (F) ETR show fiber and drug basis weight across a representative 20cm dynamically spun fiber mat. Statistical significance is represented by **: p < 0.01 and ****: p < 0.0001.
Representative maps of fiber and drug basis weight distribution are shown for a region encompassing the defined target area and surrounding region within 10% of the simulated target 100 gsm basis weight (Figures 5C–F, all distribution maps are shown in Supplementary Figure S5). Some differences in fiber basis weight and drug loading can be observed for each measurement, however these maps show an overall homogeneity in fiber mass and in each drug across each fiber sheet (Figures 5C–F). While some regions of low drug basis weight may be due to overall reduced mass (Supplementary Figures S5A–D), mass is not the only driver of drug variation. In some locations, lower drug loading appears to be independent of overall mass deposition (Supplementary Figures S5E–F). Further, some maps indicate lower drug loading across all samples from sheet (Supplementary Figure S5D). However, all measured differences are minimal as determined by a coefficient of variation (CV) of less than 10% for all measurements in the representative fiber mat, and less than 15% for drug measurements in all other replicates (Table 1). These data show the capabilities of the electrospinning process to generate multiple, uniform and high basis weight solid dosage-forms from a single process.
TABLE 1 | Mass and drug loading averages across a fiber sheet and between fiber sheet replicates.
[image: Table 1]As a proof-of-concept approach to create fiber formulations for sustained drug release, we electrospun MVC, RAL, and ETR at 5% (w/w) each in PLGA. In agreement with simulated and experimental data of PVA/PEO fibers, we used a 20 cm dynamic run to generate a fiber mat with a minimum 4 cm MD by 20 cm CD area of uniform fiber surface density (Supplementary Figure S6A). Unlike the PVA/PEO formulations, polyester formulations were observed to undergo throughput decay, potentially due to the evaporation of solvent in the solution reservoir, known as solution aging. Polyester fibers were also observed to accumulate on the electrospinning carriage during the run, which impeded the ability to reach 100 gsm. As such, we chose 50 gsm as the target basis weight and posit that two mats of controlled surface density could be layered to achieve a higher 100 gsm target. We found that the surface drug distribution of MVC, RAL, and ETR mirrored closely that of the fiber distribution in the MD direction (Supplementary Figure S6B). PLGA fiber uniformity was slightly offset from the 0 cm MD position, likely due to substrate alignment. All three drugs were encapsulated with high efficiency in this uniform region, with an average loading efficiency of 95%, 85%, and 99% for MVC, RAL, and ETR, respectively (Supplementary Figure S6C). This preliminary data on PLGA demonstrates a strong premise for further optimization of high basis weight, uniform, and sustained release solid dosage forms using this fabrication method.
DISCUSSION
To address known shortcomings of electrospinning in application to biomaterial manufacturing, we aim to demonstrate capability for productive fabrication of high basis weight production and uniform materials. Throughput and uniformity are known challenges for electrospinning, potentially due to heterogeneous collection of surface charge, which generates repulsive forces at regions of the material surface (Collins et al., 2012). Low throughput also increases the time and associated cost for material fabrication, thereby limiting the practical clinical translatability of the electrospinning method (Stoddard et al., 2016).
To first assess the impact of free-surface electrospinning parameters on the production of high basis weight materials, we prioritized A) polymer concentration, B) drug loading, C) carriage speed, D) electrode distance, E) electric field, and F) orifice size (Figure 1). Polymer concentration significantly impacts fiber production as adequate polymer entanglement is required to form electrospun fibers and avoid electrospraying. However, high viscosity due to high polymer density can also prevent the ability for fibers to form, yet some viscosity is needed to retain polymer solution onto the wire electrode in our electrospinning configuration (Yu et al., 2011). Here, we found that a lower, 0.174 g/ml polymer concentration yielded greater fiber throughput. Drug loading is calculated from the total solid material mass, so increasing drug loading decreases the quantity of polymer available to entangle and form fibers. While drug concentration did not significantly affect either fiber throughput or distribution alone, the interaction between high drug loading and low polymer concentration contributed to greater fiber throughput (Figure 2C). This suggests that drug loading of the model agent TVF at ∼28% (w/w) did not disrupt polymer entanglement.
In the wire electrospinning-electrode configuration of the Nanospider, the size of the orifice controls the quantity of polymer solution which can coat the wire and the carriage replenishes this polymer coating. Therefore, both orifice and carriage speed affect the volume of solution available to electrospin. Increasing both parameters increased fiber throughput, as well as the interaction of these factors, while carriage speed alone increased the distribution of fibers. In a similar free-surface electrospinning configuration, the rate of rotation into a polymer bath to replenish the liquid polymer coating also showed significant impacts on productivity (Forward and Rutledge, 2012). This study additionally showed that greater applied potential also contributes to greater fiber productivity (Forward and Rutledge, 2012). We also observe greater throughput with a larger electric field, and confirm that the interaction between polymer concentration and electric field are likely significant, with t-values above the t-value limit (Supplementary Figure S1). Increased electric field decreases fiber distribution, which can be rationalized through greater focused attraction of the fibers towards the collection electrode. The distance of the collection electrode, and the interaction between low electric field and increased electrode distance, increases fiber distribution. This can be explained by considering fiber generation from a single jet as an inverted bell curve, with the Taylor Cone at the curve minima. When the substrate is further from the origin of the jet, the width of the distribution increases.
Using the ideal settings of the factors which significantly impacted the assessed outputs, we achieved a maximum fiber throughput rate of 12.9 g/h. Previous research with free-surface electrospinning has focused on fiber throughput as a measure of scalability. The free-surface electrospinning device used in this study, the Nanospider, has been described to achieve a production rate up to 278 g/h (Huang et al., 2019). Free-surface electrospinning has also been described to be capable of up to 1 kg/h production rates (Forward and Rutledge, 2012). However, we are using water as a solvent, which has lower productivity due to a slower evaporation rate compared to organic solvents (Vass et al., 2020). Despite this, aqueous solvents have benefits such as lower cost, compatibility with sensitive agents like biologics, and reduced toxicity from potential residual solvent (Vass et al., 2020). In a similar study using an aqueous solution of PVA and TFV, Krogstad and Woodrow (2014) report a throughput rate of up to 7.6 g/h with wire free-surface electrospinning, while traditional needle electrospinning could only achieve a throughput rate of up to 0.14 g/h. In another free-surface electrospinning study of an aqueous PVA solution, Bhattacharyya, et al. (2015) measured a maximum productivity of approximately 0.5 mg/min per cm of the electrode when characterizing the effect of rotation rate of the electrode on productivity. Our productivity is 8.6 mg/min per cm across a 25 cm wire electrode using our ideal settings. In another study, a yield of 0.0153 g/cm2/h was achieved using polyacrylonitrile dissolved in the organic solvent N,N-dimethylformamide, and electrospun from an open reservoir electrode (Ahmed, et al., 2020). Comparably for our approximately 16 by 16 cm collected fiber area under static conditions, our maximum yield here is 0.05 g/cm2/h. Therefore, our achieved throughput with an aqueous solvent shows acceptable scalable potential. While these optimized settings proved to be productive for these degradable polymers, electrospinning solutions composed of very different formulations, such as protein solutions, may need further assessment.
While production rate is important to characterize for scalability, our focus in this study was to assess the capability of electrospinning to achieve a defined region of high basis weight fiber deposition. The production of high basis weight materials is a challenge for electrospinning due to throughput decay. This reduction of productivity over time can be caused by solution aging, (Forward and Rutledge, 2012; Bhattacharyya et al., 2015; Vass et al., 2020), or by the buildup of residual charges on the collected material surface which can repel fibers (Collins et al., 2012). In a study by Forward and Rutledge (2012), solution aging limited electrospinning times to only 10 min. We achieved a target basis weight of 100 gsm and show that dynamic electrospinning can create materials with uniform regions of fibers which achieve this high surface density. In our experiments, the run was terminated once the target basis weight was achieved, so this achieved surface density does not represent a maximum limit of this electrospinning method. In the literature, free-surface electrospinning has been reported to achieve a basis weight range of only 0.002–10 gsm (Stoddard et al., 2016; Tuin et al., 2016; Huang et al., 2019). Electrospun materials are commonly characterized as having low basis weight (Yu et al., 2009; Matulevicius et al., 2014; Kadam et al., 2019), and reported values commonly only measure as high as approximately 25 gsm (Wang et al., 2014; Yu et al., 2014; Matulevicius et al., 2016; Opálková Šišková et al., 2020). This is with the exception of a study by Zhang et al. (2017), who report the use of 60 gsm electrospun, acrylonitrile-butadiene materials. Therefore, we present a strategy which yields the highest reported basis weight from electrospinning to our best knowledge. Our achieved basis weight is within the range of other non-woven fabrication methods like meltblowing, spunbond, and carding, which are capable of larger basis weights approximately 5–500, 10–800, or 10–2,000 gsm, respectively. However, electrospinning is also capable of nanosized features, which are approximately 10–100 times smaller than fiber diameters achieved with these alternative methods (Tuin et al., 2016).
Other studies concerning the control over electrospun fiber deposition have mostly focused on alterations to the electric field with collector design (Wu et al., 2007; Feltz et al., 2017; Wang et al., 2017; Creighton et al., 2020). Rather than modifying existing commercial electrospinning equipment to control fiber collection, we present a strategy to regulate the electrospinning process and yield predictable materials. We show that we could control the region of uniform fiber deposition by a simulation-determined DPL, which was dependent on the specific σMD parameter of the polymer formulation. Simulations used here proved to be a useful tool for determining the minimal run needed to collect the necessary area of uniform material. Methods which can minimize the total run length also minimize the waste of material, drug, and time needed to create the fiber mat. Therefore, the capability to simulate fiber deposition further supports the potential for scalable electrospinning.
We interestingly observed that ETR, which has the lowest water solubility (0.00397 mg/ml (John and Liang, 2014)), also had the highest drug loading (encapsulation efficiency ∼97%), and lowest dose variation between all samples (CV ∼6.5%) when electrospun in this aqueous solution (Figure 5B; Table 1) and in an organic solution (Supplementary Figure S5C). Hydrophilic drugs have shown poor compatibility with polymers, which has caused known complications for electrospun formulations (Chou et al., 2015; Carson et al., 2016). We therefore consider the >70% encapsulation of hydrophilic RAL to be reasonable. Further, depending on the application, significant differences in loading between drugs may not be a concern or could be accounted for depending on the required relative dosages or specific formulation.
According to United States Pharmacopeia (USP) standards, drug tablets or suppositories are acceptably uniform by content uniformity tests if 10 samples measure within a range of ±15% of the label claim and have a CV ≤ 6%, or if all but one in 30 samples falls outside the ±15% range, but all samples are within ±25%, and have a CV ≤ 7.8% (Kupiec et al., 2008). In Table 1 we compare error in drug loading to the full drug loaded into the material as a rigorous measurement of method efficiency, however the label claim refers to the quantity of drug intended for dosing (Kupiec et al., 2008). Although sampling quantities here do not meet the requirements for this assessment, comparisons to these standards can help determine if uniform dosing is possible with electrospun materials, and drug properties which may be the most conducive to uniformity. Across all collected samples, MVC and RAL are not congruent with USP standards, especially when considering dosing error with theoretical loading as the label claim. However, if drug loss is acceptable, and the label claim for MVC is defined as 4.1 gsm (0.32 mg per 1 cm diameter punch), the first and last runs could be considered acceptably uniform for MVC loading. RAL loading shows homogeneity per mat, but inconsistencies per run. Acceptable uniformity would require the label claim to be approximately 2.75 gsm (0.22 mg) RAL for the first run, but 4.25 gsm (0.33 mg) RAL in the second run. The most hydrophobic drug ETR does not exhibit these nonuniformity issues. Even when considering the label claim to be the theoretical loading (5 gsm), ETR dosing in samples across each individual sheet and cumulatively have error within ±15% for all but one sample (at 15.3% error), and a CV ≤ 7.62% (Table 1). Therefore, these electrospun materials do show the capability of uniform drug loading comparable to rigorous USP standards.
Although the error of drug encapsulation could be acceptable for some applications, a major shortcoming of this current method is inconsistency across multiple runs potentially due to the manual control over total fiber deposition. Electrospinning throughput rates could be effected by specific volume of polymer within the carriage and environmental factors like humidity (Collins et al., 2012). Further study into such factors could mitigate this error. Variability of hydrophilic drug loading could also be optimized in future studies. Alternative formulations should be assessed if a hydrophilic drug is the target agent for formulation. However, if multiple candidate drugs exist, the selection of a hydrophobic drug may intrinsically improve loading and uniformity in similar electrospun materials. Alternatively, the mapping and interpolation methods presented here could be used to mitigate these issues, as material area could be determined per dose by integrating these drug measurements.
Overall, this study provides in depth characterization of electrospinning parameter effects on throughput and distribution. Moreover, we show that dynamic electrospinning methods could be used to control fiber deposition, and to have a defined region with a uniform target basis weight of 100 gsm. This achieved basis weight is also more than 1.6 times greater than the highest reported surface density for electrospinning to our knowledge (Wang et al., 2014; Yu et al. 2014; Matulevicius et al., 2016; Zhang et al., 2017; Opálková Šišková et al., 2020). While such high-basis weight materials may be ideal for drug delivery, materials with such density may lack the required porosity for cell permeation into the depth of the material for applications like cell seeding (Annabi et al., 2010; Yu et al., 2011; Collins et al., 2012). Therefore, future alterations to this method, such as porogen loading, could make these electrospun materials further amendable to tissue scaffold relevant biomaterial fabrication. Our methods could also be employed to electrospin materials with other additives, such as graphene particles, as relevant to applications like sensors (Ginestra, et al., 2020). We believe this work presents proof-of-concept capabilities of the electrospinning process to manufacture medical materials. Future work could build upon these methods to further improve particular drug loading and consistency, as relevant to a specific application.
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CV. coefficient of variation. All values determined for just the =2 < MD < 2 uniform area (n = 9 per mat).
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