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Abstract

:

The introduction of three-dimensional printing (3DP) has created exciting possibilities for the fabrication of dosage forms, paving the way for personalized medicine. In this study, oral dosage forms of two drug concentrations, namely 2.50% and 5.00%, were fabricated via stereolithography (SLA) using a novel photopolymerizable resin formulation based on a monomer mixture that, to date, has not been reported in the literature, with paracetamol and aspirin selected as model drugs. In order to produce the dosage forms, the ratio of poly(ethylene glycol) diacrylate (PEGDA) to poly(caprolactone) triol was varied with diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure TPO) utilized as the photoinitiator. The fabrication of 28 dosages in one print process was possible and the printed dosage forms were characterized for their drug release properties. It was established that both drugs displayed a sustained release over a 24-h period. The physical properties were also investigated, illustrating that SLA affords accurate printing of dosages with some statistically significant differences observed from the targeted dimensional range, indicating an area for future process improvement. The work presented in this paper demonstrates that SLA has the ability to produce small, individualized batches which may be tailored to meet patients’ specific needs or provide for the localized production of pharmaceutical dosage forms.
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1. Introduction


Three-dimensional printing (3DP) is an additive manufacturing (AM) process which involves the fabrication of an object or structure from a digital form by the deposition or binding of materials layer-by-layer [1,2,3,4]. Over the last few decades, 3DP has received extraordinary attention, particularly for its use within both the biomedical and pharmaceutical sectors. The introduction of 3DP has led to a potential shift in the way in which drug dosage forms may be manufactured. Further, with an ever-ageing population and the growing understanding of pharmacogenomics, there is an increased requirement for personalized medicine to be optimized. 3DP can facilitate the fabrication of dosage forms of complex geometries [5,6,7] with immediate [8,9,10,11,12] or modified [8,9,11,12] drug release profiles, some of which may contain multiple drugs [9,13,14,15]. These characteristics allow greater flexibility in the manufacturing of dosage forms, which would not otherwise be possible utilizing conventional manufacturing technologies [16,17], thus permitting the change from the current “one size fits all” approach [18]. This may revolutionize the production of personalized medicines [19,20] which will be of particular benefit in the treatment of patients who are known to have a pharmacogenetic polymorphism or are currently being treated with drugs which have narrow therapeutic indices [21].



Currently, there are numerous AM technologies available on the market, such as stereolithography (SLA), fused filament fabrication (FFF), and selective laser sintering (SLS) among others, many of which have been explored as potential fabrication approaches for drug delivery. For example, SLA has been investigated by Martinez and researchers [22] who examined the ability SLA offers in the fabrication of controlled release dosage forms and found that by modifying the water content in the formulation it was possible to alter the rate at which the drug was released. In a follow up study, Martinez et al. [6] explored the effect of geometry on drug release from dosage forms with their results indicating that out of all the geometric parameters examined the surface area to volume ratio had the greatest impact regarding drug release kinetics. Meanwhile, Fuenmayor and co-workers [23] evaluated the considerations that material choice plays in the FFF of dosage forms. Further to this, they compared FFF to direct compression (DC) and found that the manufacturing method utilized determined the drug release properties with FFF dosage forms taking considerably longer to release the active drug than that of DC, demonstrating the potential FFF has to offer for extended/modified release applications. In addition to this, Fuenmayor et al. [12] further compared FFF to two alternative manufacturing techniques, DC and injection molding, to conclude that through the manipulation of the printing parameters it was possible to alter the drug release characteristics, which would not be possible in the other two techniques they explored. Furthermore, Fina et al. [8] conducted a study to evaluate if the alternative AM technique SLS could potentially be exploited in the fabrication of oral dosage forms using pharmaceutical grade excipients. From their study, the authors [8] deduced that SLS has the capacity to yield personalized dosage forms and with careful selection of excipients it is possible to fabricate dosage forms of either immediate-release or modified-release. In addition to this study, Fina and researchers [10] built on their knowledge of the SLS process by fabricating orally disintegrating dosage forms that had increased drug release properties which were dictated by an adjustment of the printing parameters with accelerated release observed in a faster laser scanning speed, illustrating that the manipulation of printing parameters is not just limited to the FFF technique. All of the aforementioned studies and AM techniques employed highlight the current possibilities available to be exploited in both the area of drug delivery and personalized medicine.



However, the most remarkable use of 3DP in drug delivery to date is the first U.S. Food and Drug Administration (FDA) approved 3D printed medicine, Spritam® (levetiracetam), which is a rapidly disintegrating oral medicine [3,24]. The innovative technology employees a powder-based method of 3DP allowing dosage forms to be fabricated in various strengths, namely 250, 500, 750, and 1000 mg, [25] illustrating the potential benefits that it offers in terms of drug delivery with the possibility of manufacturing bespoke drug formulations which may be dependent on the patient’s specific needs, further proving that it may offer the flexibility to prepare small batch sizes of personalized dosage forms [15,26,27].



The purpose of this study was to evaluate the possibility of fabricating drug dosage forms utilizing the AM technique of stereolithography. The stereolithography process was successful in the fabrication of the tablets with the tablets being characterized by a variety of testing procedures. Fourier transform infrared (FTIR) spectroscopic analysis was used to determine the chemical structure of the printed dosages and also evaluate the extent of the reaction, while thermal characterization assessed if the active drug was dissolved within the photopolymer solution. Furthermore, the tablets were analyzed for their dimensional accuracy, weight variation, and drug release kinetics with paracetamol and aspirin being selected as the model drugs for the study. Scanning electron microscopy (SEM) was also utilized to investigate the structure of the tablets.




2. Materials and Methods


2.1. Materials


Poly(ethylene glycol) diacrylate (PEGDA, average Mw 700, Batch number: MKBW9043V), paracetamol (acetaminophen, Batch number: MKCD6375), aspirin (acetylsalicylic acid, Batch number: SLBV2290), methanol and 2-propanol were purchased from Sigma Aldrich, Wicklow, Ireland). Poly(caprolactone) Triol, (PCL Triol), Capa™ 3031 (average Mw 300, Lot number: WBY 000428) was received as a gift from Perstorp UK Ltd., Cheshire, UK. Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure TPO, Batch number: 50019766) was also received as a gift from BASF, (Ludwigshafen, Germany). All salts required in the preparation of the dissolution media were also procured from Sigma Aldrich (Wicklow, Ireland). All materials were used as received unless otherwise stated.




2.2. Stereolithography


2.2.1. Preparation of Photopolymer Formulations


The photopolymer formulations were prepared as outlined in Table 1. The PEGDA and PCL Triol were added together and mixed for a duration of 2 h, after which the photoinitiator, Irgacure TPO, was added at a concentration of 1.00% (w/w). The solution was mixed thoroughly for a duration of 8 h to ensure that the photoinitiator had completely dissolved. Paracetamol or aspirin was then added to the solution at a concentration of 2.50% (w/w) or 5.00% (w/w) as shown in Table 1 with the solution constantly mixed until complete dissolution of the drug. All mixing of solutions was carried out using a magnetic stirrer and mixed at room temperature. In addition to this, all formulations were protected from light at all stages of production, mixing, and storage by the use of amber Duran bottles. Prior to printing, the prepared respective photopolymer solution was loaded into the printing tray.




2.2.2. Stereolithographic Printing


All stereolithographic printing was conducted by utilization of a Formlabs Form 2 SLA 3D printer (Formlabs Inc., Somerville, MA, USA) which is equipped with 405 nm wavelength light source. The SLA printer has the capabilities of fabricating objects with a resolution that allows for a layer thickness of 25, 50, or 100 µm. The design for the 3D printed oral dosage form Figure 1 was designed in SolidWorks 2017 (Dassault Systèmes, Waltham, MA, USA) and exported as a stereolithography file (STL) to the 3D printer software (PreForm Software version 2.15.1). In order to print using the formulated photopolymer resin, “Open Mode” was enabled on the printer, which deactivates the dispensing of resin and the resin heating and wiping capabilities.





2.3. Spectroscopic Analysis of Photoinitiator


2.3.1. UV/Vis Spectrophotometry


The UV/Vis spectra of the photoinitiator, Irgacure TPO was measured on a UV/Vis spectrophotometer (Shimadzu UV-1280, Milton Keynes, UK). The spectra were recorded for three different concentrations of the photoinitiator, 0.10%, 0.50%, and 1.00%, in two different solvents, methanol and 2-propanol, by conducting a wavelength scan ranging from 450–325 nm with the spectrophotometer being blanked with the respective solvent prior to the analysis being conducted.




2.3.2. Fourier Transform Infrared Spectrometry


Fourier transform infrared (FTIR) spectroscopy was carried out by the utilization of a Spectrum One FTIR spectrometer (Perkin Elmer, Dublin, Ireland) which incorporates a universal Attenuated Total Reflectance (ATR) sampling accessory. All data was recorded at ambient temperature, in the spectral range 4000–650 cm−1, utilizing 16 scans per cycle at 4 cm−1 resolution and a fixed compression force of 80 N. Subsequent analysis was carried out on the Spectrum software.





2.4. Thermal Characterization


The printed dosage forms were characterized by the utilization of differential scanning calorimetry (DSC), DSC 2920 Differential Scanning Calorimeter (TA Instruments). Samples of between 6.0–8.0 mg were weighed out using a Sartorius analytical balance with a resolution of 1 × 10 −5 g and placed in non-hermetic aluminum pans, which were crimped prior to testing with an empty crimped aluminum pan being used as the reference pan. Calorimetry scans were carried out by heating each sample at a rate of 10 °C/min from −20 °C to 200 °C.



However, for the thermal characterization of paracetamol, the second heating cycle was also evaluated in order to ascertain what polymorph the paracetamol existed in.



All DSC scans were carried out under a 30 mL/min flow of nitrogen. Prior to conducting the characterization, the DSC was calibrated using indium as standard.




2.5. Tablet Characterization


In order to evaluate the dimensional accuracy that the SLA printing process affords printed dosage forms (n = 10) were measured for their length, width and height using digital calipers with Figure 1 showing the anticipated measurements that should be obtained from the printed dosage form. A two-way ANOVA was used to analyze the variance between tablet dimensions with the Dunnett’s multiple comparisons test used determine the significant difference between expected dimensions and printed dosage forms with differences being considered significant when p ≤ 0.05. Furthermore, the printed dosage forms were analyzed for their uniformity of weight to evaluate the consistency of the printing process with ten tablets taken and measured on a Sartorius analytical balance with a resolution of 1 × 10 −5 g.




2.6. Dissolution Analysis


Drug dissolution profiles for the printed dosage forms were obtained by utilization of a Distek dissolution system 2100B with a Distek temperature control system TCS 0200B (Distek Inc., North Brunswick, NJ, USA) according to USP dissolution apparatus I. The dosage forms were investigated in 0.2 M hydrochloric acid, pH 1.2 with 900 mL of media used per vessel. All testing was conducted at 37 ± 0.5 °C with the stir rate being 50 RPM. At pre-determined time intervals, 5 mL was withdrawn from each vessel and replaced with pre-heated dissolution media. The withdrawn samples were filtered through 0.45 µm filters with drug release being determined at 243.2 nm for paracetamol and 233.2 nm for aspirin by performing UV spectroscopy on a Shimadzu UV-1280 UV-VIS spectrophotometer (Shimadzu, Milton Keynes, UK). Drug dissolution studies were conducted in sextuplicate with the average percentage of drug release as a function of time being determined. A two-way ANOVA with multiple comparisons among subgroups was performed using a Bonferroni post-hoc test to differentiate drug release curves with differences being considered significant when p ≤ 0.05.




2.7. Scanning Electron Microscopy


Surface and cross-section images at a range of magnifications of the printed dosage forms were taken by with a Mira SEM (Tescan, Oxford Instruments, Cambridge, UK). The samples were placed on aluminum stubs using double-sided conductive carbon tape which were then sputter-coated with gold using an SCD 005 sputter coater (Bal-Tec, Balzers, Liechtenstein) for 110 s at 0.1 mBar vacuum prior to observation. All images were generated using an accelerating voltage of 20 kV and were recorded at magnifications of 300, 500 and 1000×.




2.8. Statistical Analysis


Data handling and analysis were performed using GraphPad Prism (GraphPad Prism version 8.0.1 for Windows, GraphPad Software, San Diego, CA, USA). All test data was inputted into the software with the mean and standard deviations calculated for the replicate data sets. All data were assessed for normality of distribution after which the relevant statistical analysis was performed with differences being considered significant when p ≤ 0.05. All data in figures are presented as mean with error bars representing standard deviation unless otherwise stated.





3. Results and Discussion


3.1. Stereolithographic Printing Process


The dosage forms in this study were fabricated utilizing the AM technique of SLA. SLA is a method in which objects may be fabricated or produced by using focused ultraviolet (UV) light and photocurable materials to produce solid 3D forms due to a photopolymerization reaction occurring. Photopolymerization is the use of light in order to initiate a polymerization reaction, thus resulting in the conversion of a liquid monomer to a solid polymer through a chemical reaction taking place [28]. The polymerization reaction is initiated by the addition of light-sensitive compounds called photoinitiators, which become active under the appropriate wavelengths, creating free radicals due to the conversion of the absorbed light energy [29]. These free radicals are then consumed in the reaction converting the liquid monomer into a solid-state, which may be referred to as a crosslinked hydrogel [28,29]. The photoinitiator used within this study is Irgacure TPO, a Norrish Type 1, photoinitiator which is a single-molecule and undergoes photocleavage into radical fragments when exposed to light from an appropriate wavelength as illustrated in Figure 2 [30,31].



In order to fabricate the drug dosage forms, it was necessary to prepare the photopolymer solutions to be loaded into the SLA 3D printer which was carried out by altering the ratio of PCL Triol to PEGDA in the formulation with the ratios being chosen based on previous experimentation work in our lab and on the rheological profiling of existing formulations.



PCL Triol is a biodegradable, semi-crystalline, aliphatic polyester, with low molecular weight and melting point which has been investigated to a great extent as a biomaterial as well as in drug delivery applications [32,33,34]. One reason for this is the degradation products of PCL being naturally occurring metabolites in the human body with sutures composed of PCL being approved by the US Food and Drug Administration (FDA) [35]. Further to this, low molecular weight PCL Triols have been investigated for their potential to act as plasticizers [33,36,37] with Kanis et al. [34] indicating that it is the three hydroxyl groups present which allow it to act as a plasticizer. Furthermore, PCL Triols due to their nature do not possess photopolymerizable terminal groups and therefore cannot crosslink on their own which is why PCL derivatives have been developed [38,39,40]. Like PCL Triol, poly(ethylene glycol) (PEG) itself cannot crosslink [41] and has also been investigated for use as a plasticizer [42,43] and in drug delivery applications [11,44,45,46]. Martinez et al. [22] conducted a study in which they added PEG 300 to the resin formulation and due to its inability to crosslink it would allow for a reduction in the intermolecular forces between the polymer chains, resulting in greater drug release.



Poly(ethylene glycol) (PEG) is a well-established synthetic polymeric material with PEG based hydrogels being well documented within the literature [29,47,48,49,50] owing to the exceptional properties they afford, such as being nontoxic, biocompatible, and having notable tunability, in addition to being approved by the FDA for use in a variety clinical uses [51,52]. PEGDA has been shown to be a beneficial polymer in drug delivery applications and was investigated by McAvoy et al. [53] to evaluate its potential to fabricate implants via UV polymerization in the release of both small and large drug molecules with the former being released at a greater rate than that of the latter. This indicates that by the careful selection of drugs it may be feasible to manipulate and control the rate at which they are released from the fabricated dosage form.



The model drugs, paracetamol and aspirin, were found to easily dissolve in their respective photopolymer solutions with the colors of both solutions being clear and the 3DP dosage forms displaying the same color as in Figure 3a,b. Although the concentrations of the model drugs were low the authors selected these concentrations based on previously published contributions with Goyanes et al. [20] fabricating topical drug delivery systems with the incorporation of 2.00% w/w salicylic acid the primary metabolite of aspirin. In addition to this, Wang et al. [41] and Martinez et al. [6] both fabricated dosage forms with the loading of paracetamol being 5.90% w/w and 4.00% w/w respectively. While the concentrations utilized do not have immediate clinical relevance, the formulations are intended to demonstrate the capability of the AM technique for bespoke batch production within a clinical setting. Despite this, the authors do believe that drug concentration could be increased, with Martinez et al. [54] incorporating 10.00% w/w of both model drugs used in this study, in addition to four other model drugs, to fabricate a multi-layered polypill via SLA. However, the effect on the increased drug concentration and thus decreased polymer concentration would need to be tested in order to identify how it would affect the printing process, curing process and drug release mechanism. Paracetamol and aspirin were identified as model drugs for this work, in part because of the difference in pKa values, 9.5 and 3.5 respectively [55,56], of the two active ingredients. A rectangular shape was selected as the geometry to be printed, as shown in Figure 3. However, 3DP has the capabilities of fabricating dosage forms of varied and complex shapes which has been demonstrated by Martinez et al. [6] who evaluated the role that geometry plays in drug release from printed dosage forms.



As can be observed in Figure 3a, it was possible to fabricate 28 tablets in one single print illustrating the potential the 3DP affords in the area of personalized medicine specifically if the patient requires one dosage per day meaning that it is possible to fabricate a month’s supply in one print. This finding has the possibility to revolutionize how pharmaceuticals are fabricated, and in particular when developing drug delivery methods for the treatment of rare diseases, as there is little to no waste from the printing process. Furthermore, through the manipulation of the dimensional design parameters of the dosage form, it may also be feasible to fabricate an amount greater than what was achieved in this study, 28 dosage forms, which would be advantageous if the patient was required to take more than one dose per day.




3.2. Spectroscopic Analysis of Photoinitiator


This study utilized Irgacure TPO which is a highly efficient photoinitiator that is used in the initiation of free radical polymerization [57] with McDermott et al. [58] reporting that it absorbs radiation in the region of 420–340 nm, making it ideal for use in the SLA process as the wavelength utilized by the SLA printer is 405 nm, as reported by Dizon et al. [59]. The UV/Vis spectra of the photoinitiator Irgacure TPO was measured at three different concentrations, namely 0.10%, 0.50%, and 1.00%, and in two different solvents, 2-propanol and methanol, to establish if the photoinitiator has the capabilities of absorbing in the operating range of the SLA printer. As can be observed in the spectra, as shown in Figure 4a,b, all three concentrations in both solvents absorb in the desired range, 405 nm. In both solvents, the TPO at a concentration of 0.10% showed a rather low absorption at 405 nm when compared to the other two concentrations, 0.50% and 1.00%. Furthermore, Arikawa et al. [60] evaluated a number of photoinitiators and light curing units and concluded that both TPO and the violet-LED light was the most optimum in the polymerization of a mixture of bisphenol A-glycidyl methacrylate (Bis-GMA) and triethylene glycol dimethacrylate (TEGDMA).



Despite only a slight variance being apparent in the absorbance value between the concentrations, 0.50% and 1.00%, the latter concentration was selected for the study conducted. The rationale for selecting this concentration, 1.00%, is owing to the fact that if there is insufficient photoinitiator incorporated in the formulation this may result in surface cure problems. However, on the other hand, if too high a concentration is selected, high levels of surface crosslinking may occur which will prevent the UV light used in the printing process from effectively penetrating to the lower layers which may result in inadequate curing. Although the loading of 1.00% may seem high there are a number of publications in the literature utilizing higher concentrations. In a publication by Steyrer and researchers [61], they illustrated the possibility of using a concentration loading of 1.18 wt% of Omnirad TPO-L (Ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate) in the fabrication of 3D printed part on a 405 nm Digital Light Processing (DLP) printer, and although it may not be the same process used in this study it does, however, rely on a similar technology using UV light to cure the photopolymer. In addition to this, a concentration in excess of what is proposed in this study was utilized by Asikainen et al. [62] in which they assessed lidocaine drug release from photo-crosslinkable PCL scaffolds fabricated by SLA technology.



However, the photoinitiator used in the studies by Steyrer and co-workers [61] and Asikainen and researchers [62] was an acylphosphine oxide derivative similar to that of Irgacure TPO used in this study. Furthermore, Bausch & Lomb Incorporated. filed a patent in 2010 utilizing a 1.50 wt.% of Lucirin TPO, now called Irgacure TPO, in the formulation of contact lenses [63]. In addition to this, Martinez et al. [6] also carried out a study, to explore the role that geometry plays in the release of drugs from printed tablets, using the same photoinitiator that is to be used within this study at a concentration of 2.00% w/w. Additionally, both the photoinitiator, Irgacure TPO, and SLA printer, Formlabs Form 2, used in this study were also exploited in a study by Duan et al. [64], albeit that the concentration of photoinitiator was higher in their study.




3.3. Fourier Transform Infrared Spectroscopy


The printed dosage forms were characterized in order to evaluate the efficiency of the SLA printing process as the IR spectral changes that occurred during the photopolymerization process could be evaluated. This evaluation is possible as the alterations, peak shifts, which occur in the spectra are indicative that bonding has occurred between the individual constituents present in the photopolymer solution, therefore suggesting that crosslinking has occurred within the samples [57].



The double bond acrylate groups present at the end of the PEG chain in the PEGDA molecule is what gives rise for the polymer to undergo free radical polymerization in the presence of the TPO photoinitiator resulting in the fabrication of the dosage form. The UV light of the SLA printer activates the TPO, resulting in the TPO decomposing to generate two radicals, as previously shown in Figure 2. The free radicals are then available to react with the PEGDA monomer in the photopolymer solution resulting in the opening of the C=C bond present in the PEGDA monomer thus allowing a polymer network to be formed [65]. From conducting FTIR analysis of PEGDA (data not shown) the acrylate groups, C-H bending of the CH2=CH–C=O and C–O–C stretching at 811 cm−1 and 1189 cm−1 respectively were identified with similar findings being reported elsewhere [66,67,68].



Figure 5a shows the results obtained from FTIR analysis of the paracetamol loaded dosage forms with the spectra for the aspirin samples being displayed in Figure 5b. The FTIR spectra of all printed samples, paracetamol and aspirin, were similar to one another, however, due to the higher ratio of PCL Triol present within the composition, there was over-saturation of the notable peaks of PCL Triol (data not shown) found in printed samples.



As already stated, the higher ratio of PCL Triol within the photopolymer solution resulted in the spectra predominantly appearing as PCL Triol, with the broad peak ranging from 3394.19 to 3369.64 cm−1 in the samples being indicative of the free hydroxyl group (–OH) of the PCL Triol while the strong peak ranging from 1729.63 to 1726.05 cm−1 is characteristic of the stretching carbonyl (C=O) group of the molecule. It can also be observed that when both the 2.50% Para Resin and 2.50% Asp Resin is compared to their respective printed dosages there is the disappearance of peaks at 811 cm−1, and 1189 cm−1 with similar findings being reported by Killion et al. [69] and Burke et al. [66,67] reporting that polymerization of a PEGDA derivative, PEGDMA, had occurred upon disappearance of the aforementioned peaks. This finding indicates that the SLA process undertaken within this study may be beneficial within the area of personalized medicine owing to its ability to cure the photopolymer solution and produce dosage forms of not only different active ingredients but also at different drug loading concentrations.




3.4. Thermal Characterization


The study of the thermal properties of the stereolithographic printed tablets and materials used in the fabrication of such tablets was evaluated by the utilization of DSC. Figure 6 shows the DSC thermograms of the materials used in the fabrication of the printed dosage forms. It can be observed that the photoinitiator, TPO, demonstrates a peak a melting peak around 92 °C, which corresponds to the melting point that is found in the materials technical data sheet [70]. The DSC of PEGDA displays an endotherm which is clearly identifiable at 14 °C, which is similar to what Martinez and researchers [22] found, establishing the melting point of PEGDA to be ca. 10 °C from the research that they conducted.



Figure 7 displays the DSC thermograms for paracetamol (first and second heat cycles) and the two printed dosage forms which contain paracetamol. The DSC for paracetamol, (a) first heat cycle, shows a sharp endothermic peak at 169 °C with this melting point being in agreement with that which is found in the literature [5,71]. Furthermore, this melting point is indicative of paracetamol existing in its most stable form, that being the commercially marketed version, Form I (monoclinic) [72,73]. This is further confirmed upon observing the second heat cycle (b) as the melting point has shifted to a lower temperature of 159 °C with Sacchetti [72] noting similar results. Also, when the two heat cycles are compared, there is no cold crystallization peak noted in the first heat cycle, thus indicating that the paracetamol is present in its 100% crystalline form. However, upon observing the second heat cycle, it is apparent that the drug is 100% amorphous (Form II) with a glass transition temperature at 24 °C, with this finding been consistent with that of the literature [73,74]. Furthermore, the broad exothermal peak between 75 and 100 °C, with peak maxima around 80 °C, is typical of cold crystallization occurring with Rengarajan and Beiner [73] reporting results to support this. In addition to this, Rengarajan and Beiner [73] also indicate that the Form II crystals melt at 157 °C with the results of this study finding the onset to be at 155 °C with a maximum melt peak at 159 °C, which according to the literature the melting temperature ranges from 154 to 160 °C which is characteristic of Form II, orthorhombic paracetamol [71].



The overlaid DSC thermograms of aspirin and printed dosage forms containing aspirin can be observed in Figure 8. The DSC for aspirin shows two melt peaks with the first endothermic peak being sharp and present at 144 °C (onset temperature 137 °C) with similar results being reported in the literature [75,76,77]. However, the second endotherm was noted at 179 °C (onset temperature 177 °C) may be attributed to the degradation of aspirin. There are various publications within the literature, [78,79,80], indicating that thermal degradation/decomposition of aspirin occurs in two processes with the first process ranging from 160 to 260 °C. Furthermore, thermogravimetric analysis (TGA) studies conducted by Al-Maydama et al. [81] and de A. Silva et al. [82] deduced that the temperature of maximum degradation (TDTG) of aspirin occurred around 181 °C with further DSC studies conducted by de A. Silva et al. [82] confirming this result.



As can be observed in both Figure 7 and Figure 8, there was no endotherm observed for the dosages which contained either drug, paracetamol or aspirin, and either concentration, 2.50% or 5.00%, which is indicative of the active drug being entirely dissolved within the photopolymer solution. Similar results illustrating drug dissolution in the SLA photopolymer solution have been established with a number of publications [20,22,62] citing comparable findings.




3.5. Tablet Characterization


In order to evaluate the effectiveness of SLA as a suitable means of fabricating tablets to be utilized in the area of personalized medicine, both the dimensional accuracy of the printing process and uniformity of tablet weight were evaluated. The tablets were fabricated with a high degree of repeatability with respect to their physical dimensions and this was apparent due to the paracetamol and aspirin printed dosage forms producing results close to target dimensions: Length 25.00 mm, width 10.00 mm, and height 5.00 mm, as shown in Figure 9 and Table 2. However, some statistically significant differences were observed when the printed tablets were compared to that of their target dimensions. It was found that the 2.50% Para dosage forms displayed significant differences (p < 0.05) in both their length and width when compared to that of their target dimensions. In addition to this, significant differences (p < 0.0001) in both length and width were also observed for both the 2.50% Asp and 5.00% Asp dosage forms. Furthermore, there were no significant differences (p > 0.05) noted for the 5.00% Para dosage forms in their length and width when compared to that of the target dimension as well as no significant differences (p > 0.05) observed for any of the printed dosage forms irrespective of drug or drug loading in regard to the height of the fabricated dosage forms when compared to the expected dimension. The findings presented here are representative of what has previously been outlined in the literature. In two separate studies by Martinez et al. [22,54], the authors assessed the dimensional accuracy of SLA printing as a means of fabricating dosage forms for drug delivery and concluded it was achievable to produce prints with good uniformity in physical dimensions.



Further to the dimensional analysis being conducted, weight uniformity among the printed tablets was also evaluated with the results presented in Figure 10. Although the absolute weights of the two paracetamol formulations vary slightly from one another, all printed tablet weights ranged from 1324 to 1467 mg with no statistically significant difference (p > 0.05) between the two formulations regarding tablet weight observed. However, it was found that the absolute weights of the two aspirin formulations did exhibit some variation, with the printed tablet weights ranging from 1566 to 1918 mg and the differences in tablet weight being significant (p < 0.002).



In addition to comparing the printed dosage forms containing the same drugs, the tablets containing the same drug loadings, 2.50% or 5.00%, were also evaluated with respect to uniformity of weight. The printed dosage forms which contained a drug loading of 2.50% showed a significant difference in weight (p < 0.0001). Similarly, when the drug loading was 5.00% in the printed tablets they also showed a significant difference (p < 0.0001).



Overall, the weight uniformity of all the printed tablets, paracetamol and aspirin, ranges from a lower range of 1324 mg (paracetamol) to an upper range of 1918 mg (aspirin) with significant differences between some tablets being shown as previously outlined with the exception of significant differences between 2.50% Para and 5.00% Para.



These findings reported here of dimensional accuracy and weight uniformity as well as the observations reported in the literature [22,45,54,83,84,85,86] illustrate that AM and in particular the SLA process has the potential to be exploited in the fabrication of dosage forms for a variety of medical conditions. This is evident in the ability to print dosage forms comprised of various monomer(s)/photoinitiator(s)/drug concentrations and/or combinations of each which show excellent consistency in their dimensions with reference to the STL file that was imported into the software of the printer. Furthermore, the results obtained in this study indicate that it was feasible to fabricate a large batch of tablets in a single print, Figure 3a, with 28 dosage forms being produced. In addition to this finding, it should also be noted that a greater number of tablets could be attained through manipulation of the software which would be advantageous when treatment is required more than once per day.




3.6. Dissolution Analysis


Drug release studies were conducted for all of the printed dosage forms with the results shown in Figure 11. As can be observed both the paracetamol and aspirin loaded dosage forms exhibited sustained drug release which was maintained for the duration of the study, 24 h.



Looking at Figure 11, it can be observed that the printed paracetamol dosage forms displayed sustained release of the active drug over the 24 h testing period. It was found that the 2.50% Para exhibited a maximum release of 84.11% with the 5.00% loading achieving a release of 88.16% for the test duration. Over the test period it was found that upon comparison of the two different drug loadings there was statistical significance (p < 0.0001) up to the two hour time point after which no statistical significance (p > 0.05) was noted until the last and final time point, 24 h, (p < 0.002).



As with the paracetamol dosage forms, the aspirin dosage forms also exhibited a sustained rate of release from the 3DP matrices. However, there was a difference in the maximum release after 24 h with the 2.50% Asp having a maximum release rate of 95.85% after the 24 h period with the higher loading, 5.00% Asp, achieving a higher maximum release rate of 113.30% after the same time. However, although the 5.00% Asp dosage form released a greater amount of drug after 24 h, this is believed to have been due to the higher loading of the drug, and therefore less polymer within the polymer matrix. Furthermore, the rate at which aspirin was released from the printed dosage forms was not statistically significant (p > 0.05) for time points up to 4 h.



The results presented in this study differ from that reported by Wang and researchers [41] who describe that by altering the ratio of PEGDA to PEG it was possible to modulate drug release, of paracetamol and 4-amino salicylic acid, from the printed dosages with a low percentage of PEGDA (35%) showing faster release rates from that of their higher counterparts. The percentage of PEGDA which was utilized in this study was lower than what was used in the study by Wang et al. [41] with slower release rates been observed with a lower PEGDA content. It was found in the study by Wang and researchers [41] that at the 8 h (480 min) time point that close to 95% of paracetamol was released while at the same point in this study there was only 53% and 56% released from the 2.50% and 5.00% respective paracetamol loaded dosage forms. However, one explanation for this is the incorporation of PEG in the matrix of the dosage form as due to its hydrophilic nature and its inability to crosslink would allow for a reduction in the intermolecular forces between the polymer chains resulting in greater drug release [22]. Additionally, the results also conflict with what was presented by Vehse et al. [87] who incorporated various concentrations of aspirin into PEGDA matrices via a similar technology albeit a different wavelength, and found that more than 95% of aspirin was released within the first 3 h regardless of the drug loading concentration.



The lower release rates established in this study may be attributed to the higher PCL Triol content of the resin composition used in the formulation, with the PCL Triol influencing drug release due to the hydrophobic nature it affords. Asikainen et al. [62] noted that an increase in hydrophobic networks will result in slower drug release. Furthermore, the addition of low molecular weight molecules added to polymer matrices have been reported to have the ability to modulate drug release due to a reduction in the polymer-polymer interactions as a result of the plasticization effect [32,36,37]. Kanis et al. [34] conducted a study evaluating the effect of PCL Triol content imparted on drug release from a poly(ethylene-co-methyl acrylate) matrix and found that by increasing the amount of PCL Triol resulted in a lower amount of drug being released from the matrix. Therefore, it could be possible to control and manipulate the rate at which drug is released from the dosage form by adjusting the ratio of PCL Triol to PEGDA in the formulation, which would be advantageous if immediate release was a requirement of the dosage form.




3.7. Scanning Electron Microscopy


Scanning electron microscopy (SEM) images of selected paracetamol and aspirin printed dosage forms are presented in Figure 12a–d.



From observing the images on the surface of the paracetamol loaded dosage forms, Figure 12a, it can be seen that there are no visible voids present indicative of the photopolymer resin curing to a high degree which was further confirmed via FTIR analysis, with the disappearance of the peaks at 811 cm−1 and 1189 cm−1 associated with polymerization occurring [67]. However, in the images displaying the cross-section of the 2.50% Para dosage form, Figure 12b, it appears that there are notable crystals present which may be TPO and/or paracetamol, suggesting that some of the crystals may not have dissolved in their entirety in the photopolymer solution.



The images obtained for the aspirin dosage forms however, Figure 12c,d, appear different to those of the paracetamol dosage forms. The image showing the surface of the 2.50% Asp dosage form, Figure 12c, the surface appears coarse in comparison to that of the paracetamol dosage form which may be as a result of undissolved TPO and/or aspirin settling on the surface of the print with further analysis that is beyond the scope of this work being required to ascertain this finding. In the cross-sectional images of the 2.50% Asp dosage forms, Figure 12d, the layering of the printing process/laser pass can be observed which demonstrates that polymerization of resin occurred with the binding of the resin in a layer-by-layer fashion as would be expected in the SLA process. However, in addition to this, in the 2.50% Asp dosage form there is evidence of voids present, indicating that incomplete curing may have occurred in these areas. Furthermore, there was also particles observed in the 2.50% Asp dosage form which may be present as a result of the TPO and/or aspirin not fully dissolving into the photopolymer solution.



The results found from conducting SEM demonstrate that SLA has the potential to fabricate dosage forms from photocurable resins, with little to no voids being observed on the surface of the dosage forms being indicative of a high level of curing. However, upon closer inspection and viewing the cross-sectional images of the dosage forms, it was found that there may have been incomplete dissolution or agglomeration occurring due to the inhomogeneous distribution of either drug and/or photoinitiator within the resin as crystals were noted. This may be a potential drawback to SLA as an AM technique for drug delivery applications with these findings requiring further investigation in order to elucidate if the observed particles are that of drug and/or photoinitiator.





4. Conclusions


The results which are laid out in this paper, like many others in the area of 3DP, illustrate the promising potential the technology offers with respect to dosage form production. The present study harnessed the polymerization of photocurable polymers to fabricate 28 drug dosage forms in one single print cycle, exploiting the additive manufacturing technique of stereolithography for bulk manufacture. The study also highlighted that the incorporation of the different drugs, paracetamol and aspirin, may have had an impact on the overall dimensions of the printed dosage forms, with statistically significant differences observed from their target dimensions. This finding indicates that this is an area which can be further investigated and improved upon in future work to advance the AM technique of SLA in relation to fabrication of personalized dosage forms. In addition to this, significant differences were noted in the mean tablet weight between the paracetamol and aspirin dosage forms, with the aspirin based device having a greater tablet weight which correlated with greater drug release than that of the paracetamol dosage forms. Additionally, as the drug loading was increased, there was also a greater release of active, paracetamol or aspirin, noted indicating that with specific drug loadings it may be possible to formulate patient-specific dosage forms, and that with fine-tuning it may be possible to further modulate drug release. The results presented here demonstrate that 3DP for drug delivery can provide opportunities for bespoke treatment of patients coupled to batch manufacturing. Future work to progress the SLA tablet printing approach must focus on elucidating the differences between traditional tableting, commercially available tablets based on additive manufacturing, and the photocurable polymer formulations described herein. Particular focus is needed on tablet physical properties such as hardness and friability, toxicity related to residual unreacted monomers or solvents, and the stability/shelf-life of photocurable formulations prior to printing.







Author Contributions


Conceptualization, A.V.H. and J.G.L.; Methodology, A.V.H., E.F. and J.G.L.; Validation, A.V.H.; Formal analysis, A.V.H.; Investigation, A.V.H.; Resources, A.V.H., P.D. and J.G.L.; Data curation, A.V.H.; Writing—original draft preparation, A.V.H.; Writing—review and editing, A.V.H. and J.G.L.; Visualization A.V.H. and J.G.L.; Supervision, P.D., L.M.G., C.L.H. and J.G.L.; Project administration P.D. and J.G.L.; Funding acquisition, L.M.G., C.L.H. and J.G.L.




Funding


This publication has emanated from research conducted with the financial support of Athlone Institute of Technology under the Presidents Seed Fund, Enterprise Ireland funding under the Technology Gateway program, grant number TG-2017-0114 and Science Foundation Ireland (SFI) under Grant Number 16/RC/3918.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Conner, B.P.; Manogharan, G.P.; Martof, A.N.; Rodomsky, L.M.; Rodomsky, C.M.; Jordan, D.C.; Limperos, J.W. Making sense of 3-D printing: Creating a map of additive manufacturing products and services. Addit. Manuf. 2014, 1–4, 64–76. [Google Scholar] [CrossRef]

	



Gross, B.C.; Erkal, J.L.; Lockwood, S.Y.; Chen, C.; Spence, D.M. Evaluation of 3D Printing and Its Potential Impact on Biotechnology and the Chemical Sciences. Anal. Chem. 2014, 86, 3240–3253. [Google Scholar] [CrossRef] [PubMed]

	



Prasad, L.K.; Smyth, H. 3D Printing technologies for drug delivery: A review. Drug Dev. Ind. Pharm. 2016, 42, 1019–1031. [Google Scholar] [CrossRef] [PubMed]

	



Pollack, S.; Venkatesh, C.; Neff, M.; Healy, A.V.; Hu, G.; Fuenmayor, E.A.; Lyons, J.G.; Major, I.; Devine, D.M. Polymer-Based Additive Manufacturing: Historical Developments, Process Types and Material Considerations. In Polymer-Based Additive Manufacturing; Devine, D.M., Ed.; Springer International Publishing: Cham, Switzerland, 2019; pp. 1–22. [Google Scholar]

	



Goyanes, A.; Robles Martinez, P.; Buanz, A.; Basit, A.W.; Gaisford, S. Effect of geometry on drug release from 3D printed tablets. Int. J. Pharm. 2015, 494, 657–663. [Google Scholar] [CrossRef]

	



Martinez, P.R.; Goyanes, A.; Basit, A.W.; Gaisford, S. Influence of Geometry on the Drug Release Profiles of Stereolithographic (SLA) 3D-Printed Tablets. AAPS PharmSciTech 2018, 19, 3355–3361. [Google Scholar] [CrossRef]

	



Fuenmayor, E.A.; Healy, A.V.; Dalton, M.; Major, I. Customised Interventions Utilising Additive Manufacturing. In Polymer-Based Additive Manufacturing; Devine, D.M., Ed.; Springer International Publishing: Cham, Switzerland, 2019; pp. 143–160. [Google Scholar]

	



Fina, F.; Goyanes, A.; Gaisford, S.; Basit, A.W. Selective laser sintering (SLS) 3D printing of medicines. Int. J. Pharm. 2017, 529, 285–293. [Google Scholar] [CrossRef]

	



Khaled, S.A.; Burley, J.C.; Alexander, M.R.; Yang, J.; Roberts, C.J. 3D printing of five-in-one dose combination polypill with defined immediate and sustained release profiles. J. Control. Release 2015, 217, 308–314. [Google Scholar] [CrossRef]

	



Fina, F.; Madla, C.M.; Goyanes, A.; Zhang, J.; Gaisford, S.; Basit, A.W. Fabricating 3D printed orally disintegrating printlets using selective laser sintering. Int. J. Pharm. 2018, 541, 101–107. [Google Scholar] [CrossRef]

	



Khaled, S.A.; Burley, J.C.; Alexander, M.R.; Yang, J.; Roberts, C.J. 3D printing of tablets containing multiple drugs with defined release profiles. Int. J. Pharm. 2015, 494, 643–650. [Google Scholar] [CrossRef]

	



Fuenmayor, E.; Forde, M.; Healy, A.V.; Devine, D.M.; Lyons, J.G.; McConville, C.; Major, I. Comparison of fused-filament fabrication to direct compression and injection molding in the manufacture of oral tablets. Int. J. Pharm. 2019, 558, 328–340. [Google Scholar] [CrossRef]

	



Goyanes, A.; Buanz, A.B.M.; Basit, A.W.; Gaisford, S. Fused-filament 3D printing (3DP) for fabrication of tablets. Int. J. Pharm. 2014, 476, 88–92. [Google Scholar] [CrossRef] [PubMed]

	



Gioumouxouzis, C.I.; Katsamenis, O.L.; Bouropoulos, N.; Fatouros, D.G. 3D printed oral solid dosage forms containing hydrochlorothiazide for controlled drug delivery. J. Drug Deliv. Sci. Technol. 2017, 40, 164–171. [Google Scholar] [CrossRef]

	



Khaled, S.A.; Burley, J.C.; Alexander, M.R.; Roberts, C.J.; Yang, J. Desktop 3D printing of controlled release pharmaceutical bilayer tablets. Int. J. Pharm. 2014, 461, 105–111. [Google Scholar] [CrossRef] [PubMed]

	



Goyanes, A.; Wang, J.; Buanz, A.; Martínez-Pacheco, R.; Telford, R.; Gaisford, S.; Basit, A.W. 3D Printing of Medicines: Engineering Novel Oral Devices with Unique Design and Drug Release Characteristics. Mol. Pharm. 2015, 12, 4077–4084. [Google Scholar] [CrossRef]

	



Norman, J.; Madurawe, R.D.; Moore, C.M.V.; Khan, M.A.; Khairuzzaman, A. A new chapter in pharmaceutical manufacturing: 3D-printed drug products. Adv. Drug Deliv. Rev. 2017, 108, 39–50. [Google Scholar] [CrossRef]

	



Trenfield, S.J.; Awad, A.; Goyanes, A.; Gaisford, S.; Basit, A.W. 3D Printing Pharmaceuticals: Drug Development to Frontline Care. Trends Pharmacol. Sci. 2018, 1–12. [Google Scholar] [CrossRef]

	



Verstraete, G.; Samaro, A.; Grymonpré, W.; Vanhoorne, V.; Van Snick, B.; Boone, M.N.; Hellemans, T.; Van Hoorebeke, L.; Remon, J.P.; Vervaet, C. 3D printing of high drug loaded dosage forms using thermoplastic polyurethanes. Int. J. Pharm. 2018, 536, 318–325. [Google Scholar] [CrossRef]

	



Goyanes, A.; Det-Amornrat, U.; Wang, J.; Basit, A.W.; Gaisford, S. 3D scanning and 3D printing as innovative technologies for fabricating personalized topical drug delivery systems. J. Control. Release 2016, 234, 41–48. [Google Scholar] [CrossRef]

	



Afsana; Jain, V.; Haider, N.; Jain, K. 3D Printing in Personalized Drug Delivery. Curr. Pharm. Des. 2019, 24, 5062–5071. [Google Scholar] [CrossRef]

	



Martinez, P.R.; Goyanes, A.; Basit, A.W.; Gaisford, S. Fabrication of drug-loaded hydrogels with stereolithographic 3D printing. Int. J. Pharm. 2017, 532, 313–317. [Google Scholar] [CrossRef]

	



Fuenmayor, E.; Forde, M.; Healy, A.; Devine, D.; Lyons, J.; McConville, C.; Major, I. Material Considerations for Fused-Filament Fabrication of Solid Dosage Forms. Pharmaceutics 2018, 10, 44. [Google Scholar] [CrossRef] [PubMed]

	



Boetker, J.; Water, J.J.; Aho, J.; Arnfast, L.; Bohr, A.; Rantanen, J. Modifying release characteristics from 3D printed drug-eluting products. Eur. J. Pharm. Sci. 2016, 90, 47–52. [Google Scholar] [CrossRef]

	



Goole, J.; Amighi, K. 3D printing in pharmaceutics: A new tool for designing customized drug delivery systems. Int. J. Pharm. 2016, 499, 376–394. [Google Scholar] [CrossRef] [PubMed]

	



Zema, L.; Melocchi, A.; Maroni, A.; Gazzaniga, A. Three-Dimensional Printing of Medicinal Products and the Challenge of Personalized Therapy; Elsevier Inc.: Amsterdam, The Netherlands, 2017; Volume 106, ISBN 3902503246. [Google Scholar]

	



Preis, M.; Öblom, H. 3D-Printed Drugs for Children—Are We Ready Yet? AAPS PharmSciTech 2017, 18, 303–308. [Google Scholar] [CrossRef] [PubMed]

	



McDermott, S.; Walsh, J.E.; Howard, R.G. A novel application of UV-LEDs in the contact lens manufacturing process. In Proceedings of the Opto-Ireland 2005: Optical Sensing and Spectroscopy, Dublin, Ireland, 3 June 2005; Volume 5826, p. 119. [Google Scholar]

	



Geever, T.; Killion, J.; Grehan, L.; Geever, L.M.; Chadwick, E.; Higginbotham, C. Effect of Photoinitiator Concentration on the Properties of Polyethylene Glycol Based Hydrogels for Potential Regenerative Medicine Applications. Adv. Environ. Biol. Adv. Environ. Biol 2014, 8, 7–17. [Google Scholar]

	



Bernauer, U.; Chaudhry, Q.; Coenraads, P.; Degen, G.; Dusinska, M.; Gawkrodger, D.; Lilienblum, W.; Luch, A.; Nielsen, E.; Platzek, T.; et al. Scientific Committee on Consumer Safety Trimethylbenzoyl Diphenylphosphine Oxide (TPO); European Commission: Luxembourg, 2014. [Google Scholar]

	



Ligon, S.C.; Liska, R.; Stampfl, J.; Gurr, M.; Mülhaupt, R. Polymers for 3D Printing and Customized Additive Manufacturing. Chem. Rev. 2017, 117, 10212–10290. [Google Scholar] [CrossRef]

	



Meier, M.M.; Kanis, L.A.; de Lima, J.C.; Pires, A.T.N.; Soldi, V. Poly(caprolactone triol) as plasticizer agent for cellulose acetate films: Influence of the preparation procedure and plasticizer content on the physico-chemical properties. Polym. Adv. Technol. 2004, 15, 593–600. [Google Scholar] [CrossRef]

	



Wessler, K.; Nishida, M.H.; Da Silva, J.; Pezzin, A.P.T.; Pezzin, S.H. Thermal properties and morphology of poly(3-hydroxybutyrate-co-3- hydroxyvalerate) with poly(caprolactone triol) mixtures. Macromol. Symp. 2006, 245–246, 161–165. [Google Scholar] [CrossRef]

	



Kanis, L.A.; Soldi, V. Poly(ethylene-co-methyl acrylate)/poly(caprolactone) triol blends for drug delivery systems: Characterization and drug release. Quim. Nova 2012, 35, 297–300. [Google Scholar] [CrossRef]

	



Li, Z.; Li, J. Control of hyperbranched structure of polycaprolactone/ poly(ethylene glycol) polyurethane block copolymers by glycerol and their hydrogels for potential cell delivery. J. Phys. Chem. B 2013, 117, 14763–14774. [Google Scholar] [CrossRef]

	



Duarte, M.A.T.; de Rezende Duek, E.A.; Motta, A.C. In vitro degradation of poly (L-co-D,L lactic acid) containing PCL-T. Polímeros Ciência e Tecnol. 2014, 24, 1–8. [Google Scholar] [CrossRef]

	



Meier, M.M.; Kanis, L.A.; Soldi, V. Characterization and drug-permeation profiles of microporous and dense cellulose acetate membranes: Influence of plasticizer and pore forming agent. Int. J. Pharm. 2004, 278, 99–110. [Google Scholar] [CrossRef] [PubMed]

	



Elomaa, L.; Teixeira, S.; Hakala, R.; Korhonen, H.; Grijpma, D.W.; Seppälä, J.V. Preparation of poly(ε-caprolactone)-based tissue engineering scaffolds by stereolithography. Acta Biomater. 2011, 7, 3850–3856. [Google Scholar] [CrossRef] [PubMed]

	



Chung, I.; Xie, D.; Puckett, A.D.; Mays, J.W. Syntheses and evaluation of biodegradable multifunctional polymer networks. Eur. Polym. J. 2003, 39, 1817–1822. [Google Scholar] [CrossRef]

	



La Gatta, A.; De Rosa, A.; Laurienzo, P.; Malinconico, M.; De Rosa, M.; Schiraldi, C. A novel injectable poly(ε-caprolactone)/calcium sulfate system for bone regeneration: Synthesis and characterization. Macromol. Biosci. 2005, 5, 1108–1117. [Google Scholar] [CrossRef]

	



Wang, J.; Goyanes, A.; Gaisford, S.; Basit, A.W. Stereolithographic (SLA) 3D Printing of Oral Modified-Release Dosage Forms. Int. J. Pharm. 2016, 503, 207–212. [Google Scholar] [CrossRef]

	



Pivsa-Art, W.; Fujii, K.; Nomura, K.; Aso, Y.; Ohara, H.; Yamane, H. The effect of poly(ethylene glycol) as plasticizer in blends of poly(lactic acid) and poly(butylene succinate). J. Appl. Polym. Sci. 2016, 133, 1–10. [Google Scholar] [CrossRef]

	



Li, D.; Jiang, Y.; Lv, S.; Liu, X.; Gu, J.; Chen, Q.; Zhang, Y. Preparation of plasticized poly (lactic acid) and its influence on the properties of composite materials. PLoS ONE 2018, 13, 1–15. [Google Scholar] [CrossRef]

	



Serra, T.; Ortiz-Hernandez, M.; Engel, E.; Planell, J.A.; Navarro, M. Relevance of PEG in PLA-based blends for tissue engineering 3D-printed scaffolds. Mater. Sci. Eng. C 2014, 38, 55–62. [Google Scholar] [CrossRef]

	



Kollamaram, G.; Croker, D.M.; Walker, G.M.; Goyanes, A.; Basit, A.W.; Gaisford, S. Low temperature fused deposition modeling (FDM) 3D printing of thermolabile drugs. Int. J. Pharm. 2018, 545, 144–152. [Google Scholar] [CrossRef]

	



Melocchi, A.; Parietti, F.; Loreti, G.; Maroni, A.; Gazzaniga, A.; Zema, L. 3D printing by fused deposition modeling (FDM) of a swellable/erodible capsular device for oral pulsatile release of drugs. J. Drug Deliv. Sci. Technol. 2015, 30, 360–367. [Google Scholar] [CrossRef]

	



Clark, E.A.; Alexander, M.R.; Irvine, D.J.; Roberts, C.J.; Wallace, M.J.; Sharpe, S.; Yoo, J.; Hague, R.J.M.; Tuck, C.J.; Wildman, R.D. 3D printing of tablets using inkjet with UV photoinitiation. Int. J. Pharm. 2017, 529, 523–530. [Google Scholar] [CrossRef]

	



Morris, V.B.; Nimbalkar, S.; Younesi, M.; McClellan, P.; Akkus, O. Mechanical Properties, Cytocompatibility and Manufacturability of Chitosan:PEGDA Hybrid-Gel Scaffolds by Stereolithography. Ann. Biomed. Eng. 2017, 45, 1–11. [Google Scholar] [CrossRef]

	



Killion, J.A.; Geever, L.M.; Devine, D.M.; Grehan, L.; Kennedy, J.E.; Higginbotham, C.L. Modulating the mechanical properties of photopolymerised polyethylene glycol–polypropylene glycol hydrogels for bone regeneration. J. Mater. Sci. 2012, 47, 6577–6585. [Google Scholar] [CrossRef]

	



Killion, J.A.; Kehoe, S.; Geever, L.M.; Devine, D.M.; Sheehan, E.; Boyd, D.; Higginbotham, C.L. Hydrogel/bioactive glass composites for bone regeneration applications: Synthesis and characterisation. Mater. Sci. Eng. C 2013, 33, 4203–4212. [Google Scholar] [CrossRef]

	



Browning, M.B.; Cereceres, S.N.; Luong, P.T.; Cosgriff-Hernandez, E.M. Determination of the in vivo degradation mechanism of PEGDA hydrogels. J. Biomed. Mater. Res. Part A 2014, 102, 4244–4251. [Google Scholar]

	



Zhong, C.; Wu, J.; Reinhart-King, C.A.; Chu, C.C. Synthesis, characterization and cytotoxicity of photo-crosslinked maleic chitosan-polyethylene glycol diacrylate hybrid hydrogels. Acta Biomater. 2010, 6, 3908–3918. [Google Scholar] [CrossRef]

	



McAvoy, K.; Jones, D.; Thakur, R.R.S. Synthesis and Characterisation of Photocrosslinked poly(ethylene glycol) diacrylate Implants for Sustained Ocular Drug Delivery. Pharm. Res. 2018, 35, 36. [Google Scholar] [CrossRef]

	



Robles-Martinez, P.; Xu, X.; Trenfield, S.J.; Awad, A.; Goyanes, A.; Telford, R.; Basit, A.W.; Gaisford, S. 3D Printing of a Multi-Layered Polypill Containing Six Drugs Using a Novel Stereolithographic Method. Pharmaceutics 2019, 11, 274. [Google Scholar] [CrossRef]

	



de Martino, M.; Chiarugi, A. Recent Advances in Pediatric Use of Oral Paracetamol in Fever and Pain Management. Pain Ther. 2015, 4, 149–168. [Google Scholar] [CrossRef]

	



Kanani, K.; Gatoulis, S.C.; Voelker, M. Influence of differing analgesic formulations of aspirin on pharmacokinetic parameters. Pharmaceutics 2015, 7, 188–198. [Google Scholar] [CrossRef]

	



McElroy, D.M.; Geever, L.M.; Higginbotham, C.L.; Devery, S.M. The Effect of Photoinitiator Concentration on the Physicochemical Properties of Hydrogel Contact Lenses. Appl. Mech. Mater. 2014, 679, 118–127. [Google Scholar] [CrossRef]

	



McDermott, S.L.; Walsh, J.E.; Howard, R.G. A comparison of the emission characteristics of UV-LEDs and fluorescent lamps for polymerisation applications. Opt. Laser Technol. 2008, 40, 487–493. [Google Scholar] [CrossRef]

	



Dizon, J.R.C.; Chen, Q.; Valino, A.D.; Advincula, R.C. Thermo-mechanical and swelling properties of three-dimensional-printed poly (ethylene glycol) diacrylate/silica nanocomposites. MRS Commun. 2018, 1–9. [Google Scholar] [CrossRef]

	



Arikawa, H.; Takahashi, H.; Kanie, T.; Ban, S. Effect of various visible light photoinitiators on the polymerization and color of light-activated resins. Dent. Mater. J. 2009, 28, 454–460. [Google Scholar] [CrossRef]

	



Steyrer, B.; Neubauer, P.; Liska, R.; Stampfl, J. Visible Light Photoinitiator for 3D-Printing of Tough Methacrylate Resins. Materials 2017, 10, 1445. [Google Scholar] [CrossRef]

	



Asikainen, S.; van Bochove, B.; Seppälä, J.V. Drug-releasing biopolymeric structures manufactured via stereolithography. Biomed. Phys. Eng. Express 2019, 5, 025008. [Google Scholar] [CrossRef]

	



Meng, R.F.; Mao, S.; Chapoy, L. Contact Lens. U.S. Patent 8461226, 11 June 2013. [Google Scholar]

	



Duan, A.; Li, Y.; Li, B.; Zhu, P. 3D-printable thermochromic acrylic resin with excellent mechanical performance. J. Appl. Polym. Sci. 2019, 137, 48277. [Google Scholar] [CrossRef]

	



Yang, W.; Yu, H.; Liang, W.; Wang, Y.; Liu, L. Rapid fabrication of hydrogel microstructures using UV-induced projection printing. Micromachines 2015, 6, 1903–1913. [Google Scholar] [CrossRef]

	



Burke, G.; Cao, Z.; Devine, D.M.; Major, I. Preparation of Biodegradable Polyethylene Glycol Dimethacrylate Hydrogels via Thiol-ene Chemistry. Polymers 2019, 11, 1339. [Google Scholar] [CrossRef]

	



Burke, G.; Barron, V.; Geever, T.; Geever, L.; Devine, D.M.; Higginbotham, C.L. Evaluation of the materials properties, stability and cell response of a range of PEGDMA hydrogels for tissue engineering applications. J. Mech. Behav. Biomed. Mater. 2019, 99, 1–10. [Google Scholar] [CrossRef]

	



Wu, Y.H.; Park, H.B.; Kai, T.; Freeman, B.D.; Kalika, D.S. Water uptake, transport and structure characterization in poly(ethylene glycol) diacrylate hydrogels. J. Memb. Sci. 2010, 347, 197–208. [Google Scholar] [CrossRef]

	



Killion, J.A.; Geever, L.M.; Devine, D.M.; Kennedy, J.E.; Higginbotham, C.L. Mechanical properties and thermal behaviour of PEGDMA hydrogels for potential bone regeneration application. J. Mech. Behav. Biomed. Mater. 2011, 4, 1219–1227. [Google Scholar] [CrossRef] [PubMed]

	



BASF. Irgacure® TPO-Technical Data Sheet; BASF SE: Ludwigshafen, Germany, 2015. [Google Scholar]

	



Burger, A.; Ramberger, R. On the polymorphism of pharmaceuticals and other molecular crystals. I. Mikrochim. Acta 1979, 72, 259–271. [Google Scholar] [CrossRef]

	



Sacchetti, M. Thermodynamic Analysis of DSC Data for Acetaminophen Polymorphs. J. Therm. Anal. Calorim. 2001, 63, 345–350. [Google Scholar] [CrossRef]

	



Trichy Rengarajan, G.; Beiner, M. Relaxation Behavior and Crystallization Kinetics of Amorphous Acetaminophen. Lett. Drug Des. Discov. 2006, 3, 723–730. [Google Scholar] [CrossRef]

	



Rengarajan, G.T.; Enke, D.; Beiner, M. Crystallization Behavior of Acetaminophen in Nanopores. Open Phys. Chem. J. 2007, 1, 18–24. [Google Scholar] [CrossRef]

	



Jain, H.; Khomane, K.S.; Bansal, A.K. Implication of microstructure on the mechanical behaviour of an aspirin–paracetamol eutectic mixture. CrystEngComm 2014, 16, 8471–8478. [Google Scholar] [CrossRef]

	



Kundu, S.P.; Amjad, F.M.; Sultana, S.; Sultan, Z. Study of Differential Scanning Calorimetry of complex of Magnesium Sulfate with Aspirin, Paracetamol and Naproxen. Banladesh Pharm. J. 2012, 15, 7–12. [Google Scholar]

	



Semalty, A.; Semalty, M.; Singh, D.; Rawat, M.S.M. Development and Characterization of Aspirin-Phospholipid Complex for Improved Drug Delivery. J. Pharm. Sci. 2010, 3, 940–947. [Google Scholar]

	



Tita, B.; Fulias, A.; Rusu, G.; Tita, D. Thermal Behaviour of Acetylsalicylic Acid-active Substance and Tablets Kinetic Study under Non-isothermal Conditions. Rev. Chim. 2009, 60, 419–423. [Google Scholar]

	



Tita, D.; Jurca, T.; Fulias, A.; Marian, E.; Tita, B. Compatibility study of the acetylsalicylic acid with different solid dosage forms excipients. J. Therm. Anal. Calorim. 2013, 112, 407–419. [Google Scholar] [CrossRef]

	



Campanella, L.; Micieli, V.; Tomassetti, M.; Vecchio, S. Kinetic investigation and predictive model for the isothermal degradation time in two commercial acetylsalicylic acid-based pharmaceutical tablet formulations. Thermochim. Acta 2011, 526, 151–156. [Google Scholar] [CrossRef]

	



Al-Maydama, H.M.; Abduljabbar, A.A.; Al-Maqtari, M.A.; Naji, K.M. Study of temperature and irradiation influence on the physicochemical properties of Aspirin. J. Mol. Struct. 2018, 1157, 364–373. [Google Scholar] [CrossRef]

	



de A. Silva, E.M.; de A. Melo, D.M.; de F. V. de Moura, M.; de Farias, R.F. An investigation about the solid state thermal degradation of acetylsalicylic acid: Polymer formation. Thermochim. Acta 2004, 414, 101–104. [Google Scholar] [CrossRef]

	



Goyanes, A.; Kobayashi, M.; Martínez-Pacheco, R.; Gaisford, S.; Basit, A.W. Fused-filament 3D printing of drug products: Microstructure analysis and drug release characteristics of PVA-based caplets. Int. J. Pharm. 2016, 514, 290–295. [Google Scholar] [CrossRef]

	



Beck, R.C.R.; Chaves, P.S.; Goyanes, A.; Vukosavljevic, B.; Buanz, A.; Windbergs, M.; Basit, A.W.; Gaisford, S. 3D printed tablets loaded with polymeric nanocapsules: An innovative approach to produce customized drug delivery systems. Int. J. Pharm. 2017, 528, 268–279. [Google Scholar] [CrossRef]

	



Zhang, J.; Yang, W.; Vo, A.Q.; Feng, X.; Ye, X.; Kim, D.W.; Repka, M.A. Hydroxypropyl methylcellulose-based controlled release dosage by melt extrusion and 3D printing: Structure and drug release correlation. Carbohydr. Polym. 2017, 177, 49–57. [Google Scholar] [CrossRef]

	



Goyanes, A.; Allahham, N.; Trenfield, S.J.; Stoyanov, E.; Gaisford, S.; Basit, A.W. Direct powder extrusion 3D printing: Fabrication of drug products using a novel single-step process. Int. J. Pharm. 2019, 567, 118471. [Google Scholar] [CrossRef]

	



Vehse, M.; Petersen, S.; Sternberg, K.; Schmitz, K.-P.; Seitz, H. Drug Delivery From Poly(ethylene glycol) Diacrylate Scaffolds Produced by DLC Based Micro-Stereolithography. Macromol. Symp. 2014, 346, 43–47. [Google Scholar] [CrossRef]








[image: Pharmaceutics 11 00645 g001 550] 





Figure 1. Computer-aided design (CAD) of the printed oral dosage form (length 25.00 mm, width 10.00 mm, height 5.00 mm). 
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Figure 2. Norrish Type 1 photocleavage of Irgacure TPO. 






Figure 2. Norrish Type 1 photocleavage of Irgacure TPO.



[image: Pharmaceutics 11 00645 g002]







[image: Pharmaceutics 11 00645 g003 550] 





Figure 3. (a) Complete batch of printed dosage forms fabricated via SLA 3D printing (n = 28) (b) single dosage form. 
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Figure 4. Absorbance spectra of photoinitiator at varying concentrations in (a) 2-propanol and (b) methanol. 
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Figure 5. FTIR spectra of (a) 2.50% Para (Resin), 2.50% Para dosage form and 5.00% Para dosage form (b) 2.50% Asp (Resin), 2.50% Asp dosage form and 5.00% Asp dosage form. 
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Figure 6. Overlaid DSC thermograms of starting materials. 
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