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Abstract 
The versatility afforded by emerging additive manufacturing technologies (e.g., 3D printing and precision drop-on-demand deposition) has enabled the rapid and agile production of personalized medicine. The on-demand customization capabilities of these technologies provide novel avenues for point-of-care or distributed pharmaceutical manufacturing and compounding applications. Quality by design principles were used to investigate the production of solid tablet dosage forms for narrow therapeutic index (warfarin), selective serotonin reuptake inhibitor (citalopram), and medical countermeasure (doxycycline) drugs. We examined critical material attributes , critical process parameters, and critical quality attributes for the semisolid extrusion of pharmaceutical tablet excipients and drop-on-demand active pharmaceutical ingredient (API) ink dosing. Detailed investigations optimized the API ink formulation – specifically fluid properties relative to the tablet semisolid excipient, excipient temperature and physical state (i.e., solid vs liquid), and solidification time – allowing for API and excipient mixing and redistribution. Personalized drug dosages, adjusted doses, and tapered regimens were manufactured, demonstrating accurate API quantity and required production content uniformity, as specified by the U.S. Pharmacopeia. Atline API ink verification and inline drop counting control strategies were employed and confirmed by post-production quantification measurements to properly maintain tablet-to-tablet quality assurance. 
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Introduction 
The emergence of innovative technologies and developments in existing technologies have advanced pharmaceutical manufacturing processes, control strategies, and drug product formulations.1, 2 These advancements cover the spectrum from Industry 4.0 concepts such as integrated and autonomous systems, artificial intelligence or adaptive learning, and digital twins3, 4 to additive manufacturing, 2D and 3D printing, and microdispensing or material jetting.5-7 Many of these emerging technologies have progressed during, and in the shadow of, the COVID-19 pandemic, which highlighted the critical need for robust supply chains, a networked production infrastructure, and distribution avenues of medicine. Advanced manufacturing schemes seek to not only improve the quality of medicine but provide an agile and resilient production paradigm to avoid drug shortages and delayed response to public health emergencies. One component of this responsive paradigm is the expansion of distributed and point-of-care (POC) pharmaceutical manufacturing facilities,8-10 as well as compounded drug outsourcing facilities11 – a relatively new category of compounders (as defined by the United States [U.S.] Food and Drug Administration [FDA]).12 
Distributed manufacturing (DM) refers to a decentralization of manufacturing across numerous facilities, all operating under an overarching pharmaceutical quality system (PQS) or within their own.13 POC facilities take this a step further, with placement in close proximity to patients where produced drugs will be administered, further reducing lead time. Portable on demand or pharmacy on demand facilities that can be relocated as needed have also been introduced.14 These varieties would operate under approved current good manufacturing practice (CGMP) standards. Traditional compounding facilities and outsourcing facilities provide support for specific patient needs at pharmacies, hospitals, and related health care facilities. It is important to note that these areas operate under differing regulations and requirements as established across the U.S. by the Federal Food, Drug, and Cosmetic Act of 1938, FDA Modernization Act of 1997, and Drug Quality and Security Act of 2013 and operate together to support diverse needs across the health care system. 
As pharmaceutical manufacturing and compounding improve production agility, avenues for personalized medicine, pediatric or special dosing, drug shortage mitigation, and small(er) batch clinical trial production have evolved.15-18 Additive manufacturing technologies demonstrate appealing capabilities for on-demand production of customizable drug products.19-22 The overarching area of additive manufacturing and 3D printing covers quite a few technologies, such as fused deposition modelling (FDM), semisolid extrusion (SSE), drop-on-demand (DoD) or inkjet printing (IJP), direct powder extrusion (DPE), selective laser sintering (SLS), and more; many of which have found application in pharmaceutical production.21-24 These methods exhibit a range of benefits and limitations for pharmaceutical production, which are dependent on the active pharmaceutical ingredient (API) or bulk drug substance (BDS) incorporated, as well as the patient needs and delivery/dissolution properties. Delivery mechanisms often include vehicles such as tablets, orodispersible films, and other related solid dosage forms. However, capsule filling and single-dose liquid vials also present options to rapid printing or production avenues. Numerous reviews across the additive manufacturing of pharmaceuticals field are available, providing further details.5, 16, 21, 22, 25, 26 Here, we focused on an additive manufacturing process decoupling the production of the solid tablet form (i.e., without drug or active ingredient), from the precision DoD deposition of formulated API ink to create a complete API-dosed tablet.26, 27                
In line with our previous work27 and accordance with the FDA’s adoption,28-30 we employed a quality by design (QbD) approach to investigate the production of personalized medicine in tablet dosage forms. QbD generally focuses on a detailed understanding of the processes involved and final product, all with an analysis of the associated risks and appropriate control measures for risk mitigation. Detailed definitions for the QbD framework can be found in the International Conference on Harmonization (ICH) Quality Guidelines.28 We investigated a manufacturing workflow comprised of API ink creation, API microdispensing, and personalized tablet dose production. Critical material attributes (CMAs), critical process parameters (CPPs) and critical quality attributes (CQAs) for a pharmaceutical operation combining the tablet production and API dosing were identified and examined. 
We built upon the risk assessment (based on cause-and-effect analysis)31, 32 and control measures (i.e., atline API ink verification and inline drop counting) developed in our previous work.27 Here, we focused on tablet production with a semisolid pharmaceutical excipient and the interactions associated with DoD API dosing. CMAs and CPPs, including API ink formulation, tablet state during API dosing (i.e., solid vs liquid), and the solidification time were examined, ultimately evaluating their impact on the final tablet product CQAs. Process performance was predominantly characterized in terms of the tablet dose CQA; however, following process optimization, content uniformity and dissolution attributes were also measured. Personalized and customizable tablet dosages were manufactured for a number of relevant drug categories, including narrow therapeutic index (NTI) drugs – requiring dose precision,33 selective serotonin reuptake inhibitors (SSRIs) – drugs amendable to personalized tapering,34 and medical countermeasures (MCMs) – for emergency response.35 The produced tablets met relevant API quantity and content uniformity metrics defined by the U.S. Pharmacopeia (USP).36   
Methods
Materials and Sample Preparation. Citalopram hydrobromide (HBr) [biopharmaceutical classification system (BCS) Class II], warfarin sodium (BCS Class I), doxycycline (BCS Class I), dimethyl sulfoxide (DMSO), ethanol (EtOH), propylene glycol (PG), and phosphate buffered saline (PBS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The digestible semisolids Gelucire 48/16 (polyoxyl-32 stearate) and Gelucire 50/13 (stearoyl polyoxyl-32 glycerides), and sustained release excipient Compritrol 888 ATO (glyceryl dibehenate) were provided as samples from Gattefossé USA (Paramus, NJ, USA) and used as the bulk tablet component. API inks of specific concentrations were gravimetrically produced by dissolution of purchased API powders in an appropriate solvent or solvent mixture. The properties of the ink composition played an important role and details are provided below. Warfarin sodium was dissolved in deionized water and citalopram HBr was dissolved in a 2:3:5 (v/v/v) mixture of deionized water:EtOH:PG, both at 200 mg/mL. Doxycycline ink was dissolved in DMSO at concentrations ranging from 100 mg/mL to 25 mg/mL, depending on targeted dose ranges. DMSO presented appealing printability and ethanol aided in solubility, both of which are classified by the U.S. FDA as Class 3 residual solvents. Class 3 residual levels less than 50 mg per day are accepted – well above the mass of solvents employed in this study. Class 3 is the safest category with further specifications in ICH and USP documentation (ICH Q3C Impurities: Residual Solvents and USP <467> Residual Solvents).

Instrumentation. Drop-on-Demand Dispenser. A benchtop DoD liquid handler (Immediate Drop-On-Demand Technology, I.DOT S, Dispendix GmbH, Stuttgart, Germany) dispensed precise volumes of pharmaceutical inks into or onto delivery vehicles (e.g., tablets, orodispersible films, capsules, etc.), yielding specific API dosages. The dispenser was configured in a microtiter plate arrayed format. A 96-well source plate (8 rows x 12 columns), each source well with nozzle orifice diameter of Φ 100 µm (S.100 plates, Dispendix GmbH), contained the API ink(s) for dispensing (Figure 1(a)). The API ink was ejected downward toward a target plate housing a delivery vehicle for dosing, in this case an array of tablets. A single row of eight pressure heads sealed against each source row in succession, ejecting drops using microsecond gas pressure pulses (Figures 1(a) and 1(b)). Dispensed bursts were on the order of 50 nL each and ejected at 100 Hz, though system parameters could be altered to change these. System calibration was based on liquid classes, specific to each API ink. Drop detection and counting sensors (i.e., light emitting diode [LED] – photodiode) were integrated at each source location, enabling feedback and quality assurance of dispensed quantities (Figures 1(a) and 1(b)).27 The microdispensing system was previously calibrated for aqueous- and DMSO-based inks. A new “liquid class” (as defined in the I.DOT software) was created, defined, and calibrated for the water:EtOH:PG citalopram HBr pharmaceutical ink. The specific 2:3:5 (v/v/v) water:EtOH:PG mixture was incorporated due to the high solubility of citalopram HBr as demonstrated in the literature.19 The general process involved adjusting the pressure pulse magnitude through a range of values and enumerating the ejected drops to completely dispense a defined quantity (using a calibrated pipette). Each pressure level was measured in triplicate to provide a complete calibration curve for operation. Lastly, a custom heated aluminum plate was incorporated into the target housing to maintain tablets in a liquid state. This will be discussed more below.
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Figure 1. (a) Photograph of the API dispensing system, identifying the pressure heads (×8), API ink source plate, inline LED/photodiode drop detection, API deposition (×6 active nozzles), and semisolid tablets held by the delivery vehicle target plate. (b) Schematic representation of a single nozzle with approximate tablet dimensions and ‘Base’ / ‘Apex’ labels for conical geometry. Photographs of (c) the empty tablet mold and (d) full of API-dosed tablets. Scale: tablet diameters are approximately 8 mm.  
Tablet Production. A few avenues were used for base tablet production, all effectually by semisolid extrusion (SSE). The raw Gelucire excipients were provided in pellet form and subsequently melted by heating to 75 °C. In the simplest case, 55 µL of the liquid excipient was mechanically pipetted into the array-formatted (standard 96-well plate geometry) tablet mold made from polydimethylsiloxane (PDMS) (Figure 1(c)). Alternatives employed an automated single-channel robot liquid handler (OT-2, Opentrons, Long Island City, NY, USA) or repurposed dual-head inkjet printer customized with a pneumatically driven and heated cartridge reservoir (PiXDRO LP50, SUSS MicroTec SE, Garching, Germany). The semisolid Gelucire exhibited a translucent appearance when liquid, which became an opaque white color upon cooling and solidification (Figure S1). The tablet mold generated conical shaped tablets (Figure 1(inset)), roughly 8 mm across the base and 3 mm high. In the context of this study, the two variations of Gelucire performed similarly, the main difference was the rate of solidification. 
 UV-Vis Spectroscopy. A microdrop ultraviolet-visible (UV-Vis) spectrophotometer (Nanophotometer, Implen GmbH, Munich, Germany) collected API absorption spectra of both pharmaceutical ink formulations and manufactured tablets (tablets were first dissolved in PBS and vortexed). The microdrop spectrophotometer enabled two pathlengths (i.e., effective dilution factors) of 0.67 mm (dilution factor 15×) and 0.07 mm (dilution factor 140×), corresponding to microdrop volume ranges of 0.3 µL to 2 µL. Absorption spectra were collected from 200 nm to 650 nm with nanometer resolution. The compact footprint (20cm × 20cm × 12cm), approximately 2.5 s analysis, and touchscreen operation provided a standalone format for rapid atline API ink verification.
Support Instrumentation. Further analytical characterization was carried out using a range of instrumentation. API compounds and tablet excipients were chemically characterized by Raman spectroscopy and mass spectrometry. Raman spectra were collected for the solid state form of APIs prior to ink formulation. A THz Raman spectrometer (i.e., low frequency Raman spectrometer) measured crystal formation of APIs and the semisolid Gelucire tablet materials. The Kaiser RXN Raman microprobe system (Endress and Houser Optical Analysis, Greenwood, IN, USA) with 853-nm laser (Ondax, Monrovia, CA, USA) was used for sample characterization and not part of a potential distributed or point-of-care framework. Mass spectra were collected by a chromatography-free direct analysis in real time mass spectrometry (DART-MS) system with a time-of-flight analyzer (AccuTOF, JEOL USA, Peabody, MA, USA). API inks and dissolved semisolid Gelucire excipients were analyzed with helium ionization gas in positive ion mode. The API ink ejection and impingement (or submersion) onto (or into) tablets were captured by high speed visualization at 12000 frames/s using a FASTCAM Nova camera (Model S6, 800K-M-32GB, Photron USA, Inc., San Diego, CA, USA). Additional lighting was supplied by an adjustable gooseneck fiber optic light source. Video images were captured and cropped using the Photron FASTCAM Viewer (PFV) software. Manufactured tablets were also imaged by scanning electron microscope (JSM-7800F SEM, JEOL USA, Peabody, MA, USA) with electron beam energy of 1.5 keV. Preliminary dissolution studies were conducted with USP apparatus 2 (paddle) at 50 rpm, in 250 mL PBS buffer held at 37°C by a temperature-controlled water bath (Dissolution Tester DT 126 Light, Erweka GmbH, Langen, Germany). Time-point samples were withdrawn from the vessel (3 replicate 1 mL samples) and measured by UV-Vis spectroscopy. PBS buffer at temperature replenished the extracted volumes of each dissolution vessel. 

Data Processing and Evaluation of Uncertainty. Linear least squares calibration uncertainty. API quantity (or dose) per tablet was calculated from manually created calibration curves in solution form. Tablets were dissolved in PBS and quantified using characteristic UV-Vis spectroscopy peak intensities. Linear least squares calibration uncertainty was evaluated in accordance with Eurachem and NIST guidelines.37, 38 Additional details and equations can be found in the Supporting Information. 
Content Uniformity. Uniformity of tablet dosage units was evaluated in accordance with the USP guidelines for calculating the ‘acceptance value’.36 The uniformity acceptance value (AV) was calculated by, . Variables were defined as API quantities relative to the label specified dosage. Preliminary determinations of the AV were taken from n = 10 tablets, with  = mean API content across tablets (as % label dose),  is the tablet dose standard deviation, and k = 2.4 is an acceptability constant. The parameter M was based off the average tablet dose (with target dose of 100%), where: if 98.5 % ≤  ≤ 101.5 %, M = ; if  < 98.5 %, M = 98.5 %; and if  > 101.5 %, M = 101.5 %. The USP guidelines specified a required AV below 15 % for evaluation of the first 10 tablets. If the preliminary measurement yielded AV > 15 %, then 30 tablets can be evaluated in the same manner with an acceptability constant of k = 2.0. 

Data Availability. UV-Vis spectra, mass spectra, THz Raman spectra, select print log files, and extracted data files with calibration curves, quantification, and content uniformity evaluations are available on the NIST Public Data Repository: https://doi.org/10.18434/mds2-3661. Chemical characterization data from additional compounds investigated but not included in the manuscript can be found in the Dataset, i.e., levothyroxine sodium, fluoxetine hydrochloride (HCl), and oxycodone.

Results and Discussion 
Process and Product Characterization. QbD principles were employed to focus the study of critical parameters impacting the process and final product, as well as guiding effective control strategies of high-risk aspects. Similar to our previous work, we considered a DoD pharmaceutical manufacturing process comprised of three main operations, specifically, 1) the stock API pharmaceutical ink formulation and production, 2) API deposition/dosing, and 3) delivery vehicle production (Figure 2(a)).27 Here, we focused solely on the production of tablet-based delivery. The overall workflow considered pharmaceutical ink formulation and production either at a more traditional manufacturing facility with GMP standards and documented pharmaceutical quality system (i.e., part of an approved drug product) or on-site in a compounding scenario – traditional or outsourcing facility (Figures S2(a) and S2(b)). The certified pharmaceutical ink, distributed to POC facilities, or formulated on-site, would be verified by spectroscopic techniques prior to use (e.g., UV-Vis, NIR, or Raman). This control strategy confirmed the status of the ink, put in place to eliminate production with degraded or otherwise out of specification inks. The following two pharmaceutical operations – API deposition and tablet production – were closely intertwined and completed at the POC. This work focused on the DoD deposition onto and into tablets composed of semisolid excipient materials (Figure 1). A series of individually-addressable pressure heads and source nozzles generated API ink bursts toward a target plate containing the delivery vehicle – in this instance, tablets. The platform included an array of LED-photodiodes for detection of discrete ink bursts for traceable monitoring and quantification of the number dispensed. Our previous work27 investigated this inline control strategy, thus we employed it here for dose confirmation. The delivery vehicle target (a PDMS tablet mold) held the arrayed format of conical tablets. 
An important aspect of a QbD approach to process and product design is the interplay and relationship between the input materials, process parameters, and output materials of a pharmaceutical operation or operations. Figure 2(b) displays a demonstrative functional relationship between the input material attributes (considering tablet materials and APIs), process parameters, and output material quality attributes (of a final product) for the combined tablet production/API dosing operations. A risk assessment was incorporated to identify the CMAs, CPPs, and CQAs – those parameters or properties with greatest impact on the final product quality (ICH guidelines Q8).28 This risk assessment was an expansion of previous assessments using cause-and-effect analysis and Ishikawa diagrams.27 The process parameters listed in italics in Figure 2(b) were investigated in detail previously.27 We now focused on those CMAs, CPPs, and CQAs, specific to the tablet production process and interplay with API deposition (i.e., tablet dosing) (those starred in Figure 2(b)). These included the pharmaceutical ink properties (e.g., the ink solvent density, specifically related to the tablet material properties) the tablet state during dosing (i.e., solid form or liquid form of the semisolid), and the post-printing solidification time (i.e., how long the tablet was maintained liquified before allowed to solidify). The CMAs and CPPs were investigated, and the final optimization employed to measure CQAs: API quantity (or dose) in individual tablets, production content uniformity (measured by the USP acceptance value), and tablet dissolution profiles. 

Figure 2. (a) Pharmaceutical production operations: 1. API ink creation, 2. API microdispensing, and 3. tablet (delivery vehicle) production. (b) The interplay between tablet production and API dosing is captured in the functional relationship between CMAs, CPPs, and CQAs. The API ink and semisolid excipient input materials were operated on to create personalized dose tablets. Italicized CPPs for the API deposition component were investigated in previous work.27 The CMAs, CPPs, and CQAs in red and labeled with an asterisk (*) were considered here. 


API Ink Production. Several API pharmaceutical inks were investigated, specifically to address various potential applications for POC manufacturing or compounding of personalized medicine. These included, 1) NTI drugs, which may require precise dosing specific to a patient, 2) SSRIs for depression and other drugs (e.g., opioids) that may require a personalized or customizable taper to wean off, and 3) MCMs, which may require a significant local increase in availability resulting from a public health emergency. Though a range of compounds were investigated, we focused the presented results and discussion on a compound from each category, specifically, the anticoagulant warfarin (NTI), the antidepressant citalopram (SSRI), and antibiotic doxycycline (MCM – used to prevent malaria). Representative mass, UV-Vis, and Raman spectra can be found in the Supporting Information (Figure S3). In line with our previous work, formulated API ink were verified by UV-Vis spectroscopy prior to production.27 Here, we updated this measurement to employ a microdrop spectrometer requiring only 0.3 µL to 2.0 µL of API ink. Though UV-Vis was used here, alternative non-destructive spectroscopic techniques such as near infrared (NIR) or Raman spectroscopy could also be incorporated.    


Tablet Production and API Deposition. The delivery vehicle or mechanism (e.g., single-dose liquid vials, capsules, tablets, orodispersible films, nasal aerosols, etc) plays an important role in the material attributes and process parameters with the greatest impact on the final product. Similarly, the specific API, patient, and therapeutic need will also influence which delivery avenue is best or most appropriate. Here, we focused exclusively on the production of tablet forms from semisolid excipient materials. The Compritrol extended-release excipient required slightly higher temperatures for melting (≈90 °C to 100 °C) and was not used for the remainder of this work. The digestible Gelucire lipid materials liquified at around 70 °C to 80 °C and exhibited ethylene oxide repeat units (C2OH4) in their mass spectra (Figures S4(a) and S4(b)). The THz Raman of each semisolid demonstrated similar vibration and rotational mode peaks, with the Gelucire 48/16 presenting a more intense lattice vibration peak in the low frequency range (Figure S4(c)). THz Raman was also employed to observe the solidification of the Gelucire material from an amorphous liquid to an amorphous solid to a crystalline solid (Figure S4(d)). The intense crystal lattice vibration peak in the 76 cm-1 to 77 cm-1 wavenumber range was used in studies discussed below. The two Gelucire variations performed similarly for most of the investigations presented here. The Gelucire 50/13 exhibited a significant increase in viscosity at a higher temperature during the cooling process, likely the appealing feature for its applicability to FDM 3D printing approaches. However, SSE was employed here with a mold to define geometry, for which we focused predominantly on the Gelucire 48/16 semisolid excipient, which was easier in tablet production (e.g., lower melting point made for easier handling and provided more time to dose with API). A conical tablet geometry was considered, though any relevant mold could be employed. The base tablets comprised of 55 µL of the semisolid material at approximately 75 °C, extruded into each well of the tablet mold (Figure 1). Base Gelucire 48/16 and 50/13 tablets (i.e., without API) were (65.8 ± 1.2) mg and (61.0 ± 2.0) mg (n = 10 each).

CPP: Tablet State – Solid vs Liquid. In the case of single-dose liquid vials or filling capsules, the physical state of the delivery may be predetermined. In the simplest solid dosage form implementation, we first considered API deposition directly onto a solid tablet surface. The distribution of API on the tablet was dependent on the API solvent properties (e.g., surface tension and volatility) and tablet surface properties. We employed high speed visualization to capture the dispensed API bursts impacting the tablet surface (Figure 3(a)). The deposition settings used here resulted in the ejection of discrete liquid bursts or jets that broke up into microdrops of various sizes before impacting the tablet. Figure 3(a) displays a series of still images of a DMSO-based API ink impinging a solid Gelucire tablet. The impact demonstrated splashing – the extent of which was a function of the total dose (i.e., volume dispensed), pressure pulse magnitude, and liquid/tablet surface interaction properties. A number of these property combinations were visualized by impinging different liquids (e.g., DMSO or water) onto surfaces such as glass and polished aluminum. The wetting interaction of DMSO impinging glass was still sufficient to yield ejection of secondary drops from the main deposit (Figure S5(a)). The high(er) surface tension and hydrophobic interaction between a water-based ink and polished aluminum demonstrated a much lower wettability, capture of a large, entrained gas bubble pinned at the surface, and exhibited secondary drop ejection from the deposit (Figure S5(b)). 
In general, the uncertainty of API loss due to such effects led to a focus on API ink encapsulation within liquid tablets. The tablet plate was heated to melt the tablets prior to API dosing. Figure 3(b) demonstrates the impingement and submersion of a DMSO-based API ink into a liquid tablet. The surface deformation created by the impacting ink entrained air bubbles into the viscous excipient material (Figures 3(b) and 3(c-ii)). The entrained air escaped during the solidification period as the tablet cooled (Figure 3(c-iii)); however the interplay between excipient and API solvent affected the final product, which we cover next. Future work will also consider alternative dispensing parameters to reduce ejection velocities and presumably air entrainment. 
The chemical characterizations provided below did not exhibit molecular degradation of the warfarin, citalopram, or doxycycline following the tablet production process (i.e., no additional absorbance or vibrational peaks, or mass spectral differences readily observed). However, the process of heating the tablets for API encapsulation may be detrimental to more labile APIs that are thermally sensitive. Similar hurdles must be considered for related tablet 3D printing and additive manufacturing schemes that require heated printheads.18, 20, 39 Alternative delivery mechanisms, including, capsules, orodispersible films, or single-dose liquid vials should be investigated for more labile or sensitive APIs. 
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Figure 3. High-speed visualization of (a) drop/jet impingement and splashing onto solid tablets and (b) jet impingement and submersion into liquid tablets. Images of (1024 × 576) pixels were acquired at 12000 frames/s by a FASTCAM Nova camera and cropped for display. (c) Photographic images of (i) liquid, (ii) API-dosed, and (iii) solidified tablets. Scale: tablet diameters are approximately 8 mm.
CMA: API Solvent Properties. As alluded to in the previous section, the properties of the API ink solvent critically impacted the tablet-API ink interaction. The main solvent component of the ink must enable API dissolution, proper printability, and unimpeded tablet dosing. Two common solvents that many APIs are soluble in, and exhibit preferable printing properties, DMSO and water, are displayed in Figure 4. DMSO- and water-based inks were colored with blue food coloring for visualization and initial tracking (the remainder of the tablets was comprised of the Gelucire semisolid excipient). The dissolved API was assumed to initially follow the solvent transport, which was verified and further described below. Figure 4(a) displays an image of six liquified tablets dosed with 10 µL of the DMSO-based blue ink. The insets show the solidified tablets and a schematic representation of the final location of the dye. The DMSO-based inks were miscible in the semisolid Gelucire excipients and for the formulations investigated here, denser. These properties led to the ink impingement, submersion, and entrainment of air bubbles visible in Figures 3(b). The higher density of the DMSO-based inks led to spatial distributions of the API concentrated at the apex of the tablet geometry (Figure 4(a) inset), though diffusion of the dye into the bulk of the tablet was visible. This effect will be discussed more below. Contrary to the DMSO-based inks, the aqueous inks were immiscible in the semisolid tablet materials – likely due to the stearate component (Figure 4(b)). In addition, the water (dyed component) was less dense than the Gelucire excipients (undyed component) and the ink initially remained on the surface (i.e., cone base of the conical shaped tablets – see Figure 1(b) schematic for labeling). Once the tablet mold was removed from the heated platen, the tablets cooled within minutes and solidified. The interaction between the tablet state (CPP) and API ink formulation (CMA) led to a more detailed investigation of the tablet solidification (CPP).   

Figure 4. Images of liquid semisolid tablets dosed with (a) DMSO- and (b) water-based blue dye API inks. Insets display the solidified tablets and schematic representation of the API (i.e., blue dye in this case) spatial location. Scale: tablet diameters are approximately 8 mm.

CPP: Solidification Time. The relative timescales for tablet solidification, ink solvent evaporation or redistribution, and API diffusion impacted the final tablet integrity and API spatial distribution. Preliminary investigations into API ink formulation (i.e., main solvent composition) demonstrated the differences in spatial distribution and dispersion of the ink during the initial minutes of solidification (Figure 4). Initial solidification of the excipient materials (Gelucire 48/16 and 50/13) took on the order of minutes. For the high(er) vapor pressure water-based inks (H2O vapor pressure: 3.2 kPa at 25 °C), the water component had evaporated on a similar timescale to the tablet solidification. However, the DMSO was not sufficiently evaporated (DMSO vapor pressure: 0.08 kPa at 25 °C) or redistributed on the timescale of tablet solidification. We investigated the duration the tablets were left in a liquified state (i.e., heated) prior to solidification – the solidification delay. Figure 5(a) displays the peak absorbance intensity (UV-Vis ≈ 207 nm) for DMSO from dissolved tablets as a function of the solidification delay. The horizontal line in Figure 5(a) represents the DMSO intensity for control samples consisting of dissolved blank tablets and manually added 10 µL DMSO (i.e., an effective maximum). Tablets allowed to solidify directly following production (i.e., 0-minute delay) exhibited lower levels of DMSO due to losses when removing the tablet from the mold (see tablet apex Figures 5(a) inset and 6(a) inset). This took the form of DMSO ink residue remaining in the mold well (Figure S6), generally resulting from insufficient DMSO evaporation or mixing of DMSO and semisolid tablet material prior to solidification. 
Delaying solidification led to diffusive mixing of the DMSO ink and semisolid tablet materials, improving the structural integrity and yielding an increased DMSO intensity in the measurement of dissolved tablets (Figure 5(a)). A maximum DMSO signal was observed for a delay time of around 45 minutes. Further increases to the delay time resulted in a gradual decrease in DMSO content, attributed to evaporative losses. The redistribution and evaporation of DMSO was further investigated spatially by THz Raman spectroscopy line scans down the conical slope of the tablets. Figure 5(b) displays the spectra for the pure semisolid excipient (Gelucire 48/16) and pure DMSO. Line scans were acquired starting at the tablet apex and moving toward the base edge (Figure 5(b) inset). Representative peaks of 76 cm-1 (Gelucire excipient) and 674 cm-1 (DMSO) were monitored and rotated 360°, generating 2D images of the distribution (rough approximation of radial symmetry). Figure 5(c) displays the approximate distribution of Gelucire and DMSO immediately following production (pure Gelucire tablet for reference displayed in Figure S7). Confirming the prior observations, the DMSO initially sank through the Gelucire excipient and concentrated at the tablet apex. The semisolid excipient solidified around the still liquid DMSO. Any remaining liquid DMSO in the tablet rapidly evaporated under the SEM vacuum during attempts to visualize – Figure 5(c-iii). This residual DMSO left voids and crevasses in the tablet apex region (Figure 5(c-iii)). Alternatively, allowing appropriate mixing and evaporation of the DMSO-based ink and semisolid excipient during a lengthy solidification delay, significantly reduced the spatial concentration of DMSO at the apex (Figure 5(d)) and yielded much smoother and robust tablets (Figure 5(d-iii)) without the voids seen in Figure 5(c-iii). Similar results were demonstrated for the Gelucire 50/13 semisolid excipient (Figure S8).      
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Figure 5. (a) Residual DMSO from tablets dosed with 10 µL of DMSO ink as a function of the time remaining at elevated temperatures in liquid state (i.e., solidification delay). Datapoints and uncertainty represent the average and standard deviation of UV-Vis peak intensity for triplicate measurements from triplicate tablets at each setting (i.e., nine total measurements). Horizontal line represents the DMSO peak intensity for triplicate blank tablets dissolved in PBS followed by addition of 10 µL DMSO. (b) Representative THz Raman spectra for the semisolid tablet material and DMSO with peaks identified for monitoring through line scans. Inset displays the direction of laser interrogation and line down the slope for the line scans. Rotated line scan results exhibit the distribution of (i) Gelucire and (ii) DMSO for (c) 0-min and (d) 120-min solidification delays, with (iii) corresponding SEM images (scale bar: 1 mm).   

The preliminary analysis of delaying tablet solidification focused on the DMSO component of the ink due to the strong resulting signals for both UV-Vis and Raman spectroscopy measurements. Next, we verified the results translated to the API component of the pharmaceutical inks. Figure 6(a) displays tablets dosed with a DMSO-based red ink for visualization, confirming the relative locations and diffusive mixing of the dye. DMSO losses were also observed as the tablets allowed to solidify immediately were removed from the mold (Figure 6(a) inset). A DMSO-based pharmaceutical ink of the antibiotic doxycycline was used to create 1 mg tablets. Figure 6(c) demonstrates the peak intensity of the doxycycline from dissolved tablets as a function of solidification delay. Similar to the pure DMSO results, without a delay, the spatial separation between portions of the tablet and API ink led to losses during removal from the mold. As the delay time allowed more mixing, the losses decreased, again up to approximately 45-minute delay settings. Delays longer than 45 minutes led to minimal change in the doxycycline signal, but again demonstrated the reduction of DMSO through evaporation (Figure 6(c)).  
	A mirror study was conducted with water-based red ink (Figure 6(b)). The lower density of water kept the ink on the tablet surface (cone base) for tablets allowed to immediately solidify. However, given the high(er) vapor pressure, the water evaporated prior to the 15-minute delay time point. All remaining timepoints exhibited a redistribution of the red dye molecules, first as a settling to the tablet apex, followed by diffusive mixing throughout the tablet. To confirm the result of these transport processes on the API, water-based pharmaceutical warfarin sodium ink was used to produce 2 mg tablets. The properties of the water-based ink yielded consistent warfarin intensity for all solidification delay times, demonstrating no losses during removal from the mold (Figure 6(d)). Raman measurements of the tablets from increasing solidification time further established the transport of the warfarin from at/near the base surface for 0-minute delays to encapsulated within the tablets for delays beyond (Figure S9). The investigation of a number of CMAs and CPPs impacting the coupled tablet production and API dosing processes provided the understanding necessary for precision production of personalized drug doses. Next, we demonstrated several potential personalized or customized applications, measuring the resulting API doses and content uniformity CQAs.    

[image: ]
Figure 6. Photographs of base, apex, and side views for tablets dosed with (a) DMSO-based and (b) water-based inks of red dye as a function of the solidification delay time. Scale: tablets are approximately 8 mm in diameter. UV-Vis spectroscopy peak intensities for (c) doxycycline from DMSO-based ink and (d) warfarin from water-based ink as a function of solidification time. Horizontal lines display the peak intensity for blank tablets dissolved in PBS and then dosed with (c) 1 mg doxycycline or (d) 2 mg warfarin. Data points and uncertainty represented  by average and standard deviation (often smaller than datapoint) of triplicate measurements from triplicate tablets at each point. 


CQAs: API Quantity (Dosage), Content Uniformity & Dissolution. We investigated the API dose and content uniformity for a few personalized tablet production scenarios. We first considered the production of 1 mg and 2 mg dose tablets of the NTI drug, warfarin.40 Blank tablets were created from the semisolid excipient and then appropriately dosed with API as described thus far in this study. Figure 7(a) displays a schematic representation of the on-demand production process. Alternatively, personalized warfarin dose tablets of 3 mg and 5 mg were created by on-demand dose adjustment of existing 2 mg tablets. In this scenario, 2 mg warfarin tablets were previously produced and available for further on-demand customization (Figure 7(b)). The 2 mg warfarin tablets were arrayed in the same style tablet mold described above. The mold was placed onto a custom delivery vehicle target plate (Figure 1) with incorporated film heaters to remelt the tablets for dose adjustments. 
The customization parameters, API deposition parameters with inline feedback drop counting, and the final product CQAs are listed in Figure 7(c). As introduced above and investigated in previous work,27 the inline drop counting control strategy provided a real-time confirmation of each individual ‘unit’ dose – in this case each tablet. The LED/photodiode counting was processed to provide a dispense report for each print. In addition, the platform was supplied with a number of potential corrective actions for missed drops, API ink depletion, and related.27 Figure 7(c) displays a few of the outputs provided in the dispense report. The dose quantification in Figure 7(c) represents the standard deviation of ten tablets. The uncertainty due to the linear least squares calibration was on the order of 0.1 mg to 0.13 mg, depending on dose (calibration curves: Figure S10). Uncertainty resulting from linear least squares could also be reduced with improved processing methods (e.g., derivative spectrophotometry)41  or advanced methods with automation (e.g., liquid chromatography and tandem mass spectrometry).27 Figure 7(d) displays boxplots of ten tablets from each customization, quantified and normalized as a percent of the label dose. The ten tablet averages were all within 4 % of the label dose and content uniformity acceptance values all below the USP requirement of 15 % (values reported in Figure 7(c)). 

Figure 7. Schematic representations of on-demand (a) personalized tablet dose production and (b) personalized dose adjustments to existing tablets. Inset: tablet image. (c) Tablet production dosages, customization, deposition parameters, in-line drop-counting results, and product CQAs. (d) Boxplot distributions of four tablet production demonstrations, with quantification of 10 tablets normalized by label dose. Tablet doses displayed as open circles (○),10-tablet mean displayed as an ‘×’, and outliers represented by stars (). The central horizonal line, box extent and whisker extent represent the median, lower and upper quartiles, and 1.5× interquartile range. Triangles represent 95% confidence intervals around the distribution median.  

Figure 8(a) displays portions of the dispense report for production of ten, 2 mg tablets of the SSRI citalopram. The inline drop-counting measurement confirmed the complete dispense of 341 drops without misses for each of the tablets. Quantification of the citalopram dose within each of the ten tablets was verified by UV-Vis spectroscopy (Figure S10), with a mean and standard deviation across the tablets of 2.03 ± 0.05 mg (range: 98.9 % to 105.7 % label dose). The average content as a percentage of the label dose (i.e., 2 mg) was 101.4 %, with distribution displayed in Figure 8(b). The appropriate USP formula for content uniformity based on these values yielded a 5.7 % acceptance value, below the 15 % USP requirement. 
Further, some medications such as certain antidepressants, opioids, benzodiazepines, or blood pressure drugs may require appropriate tapering or weaning off, often to avoid withdrawal symptoms.42, 43 The presented framework for personalized medicine enables complete control over customizable taper regimens based on a physician’s prescription and adapted to the patient’s needs. Figure 8(c) demonstrates three different 10-day tapers from 2 mg citalopram to 0 mg citalopram tablets. The exhibited taper regimens included a linear decrease, a halving decrease (i.e., each day was 50 % the dose of the previous day), and a rapid logarithmic decrease (Figure S11). A wide range of alternative decay functions or multiple functions with intermediate leveling and regimen durations (e.g., weeks, months, and beyond) are possible to fit any individual needs and determination by a physician.      

Figure 8. (a) Demonstration of the 10-tablet production in-line drop-counting report, confirming dispense of all drops with no misses. Inset displays the 10-tablet average dose of citalopram. (b) Boxplot display of 10-tablet distribution quantified and normalized by label dose (i.e., 2 mg). Inset displays corresponding content uniformity acceptance value. Boxplot details defined in Figure 7 caption. (c) Quantified tablet doses for 10-day tapers starting at 2 mg following linear, halving, and logarithmic decays. Datapoints represent average tablet doses for replicate tablets. Solid lines and dotted lines represent functional fit and 95% confidence intervals. Inset displays linear, halving, and logarithmic decays (top-to-bottom) using dyed ink for visualization. 
	 
	Finally, a preliminary look at the solid dosage form dissolution profiles for two semisolid excipients was conducted. Citalopram release from tablets produced of Gelucire 48/16 and Gelucire 50/13 was measured by microdrop UV-Vis spectroscopy across a 5-hr period, sampling at (0, 5, 10, 15, 30, 45, 60, 90, 150, 210, and 300) minute timepoints. The USP monograph for citalopram tablet dissolution recommends a buffer with pH 1.5; this cursory study considered dissolution in a PBS buffer at pH 7.4 for a simple comparison of the two excipient compositions. Under these conditions, the Gelucire 48/16 dissolved quicker and more completely, releasing the citalopram (Figure 9). Gelucire 50/13 tablets exhibited slower dissolution that yielded a turbid solution with remaining particulate (Figure 9(inset)). The suspended particulate in extracted samples led to the increased variability in measurements (Figure 9(c)). Future studies will characterize dissolution for a variety of formulations, incorporating filtering prior to measurement for improved repeatability.   

Figure 9. (a) Citalopram tablet dissolution profiles for excipients Gelucire 48/16 and 50/13 (G-48/16 and G-50/13). Inset displays images of the solution turbidity from 300 min timepoint for both excipients. (b) Exemplary absorbance spectra for citalopram tablets of Gelucire 48/16 from each timepoint. (c) Average relative standard deviation of total measurements for each excipient. 

Conclusions 
The advancement of additive manufacturing technologies has enabled the evolution of new routes for pharmaceutical manufacturing and compounding at distributed, point-of-care, and outsourcing facilities. This paradigm shift requires sound measurement science and risk-based control strategies to ensure compliance with CGMP and related regulations (depending on the production scenario), as well as patient safety and an effective clinical outcome. We continued to investigate such a manufacturing or compounding framework by employing QbD principles. CMAs and CPPs impacting the interaction between tablet production and API dosing – ultimately impacting final tablet CQAs – were examined in detail. The relative fluid properties of the API ink formulation and tablet semisolid excipient (e.g., density, miscibility, volatility, etc.) determined the three-dimensional spatial distribution of the API and final tablet integrity. Further, adjusting the duration the API ink and semisolid excipient interact as liquids (i.e., solidification delay time) also influenced spatial distributions and residual solvent levels. Ongoing work is exploring the mass and volume limits for API dosing of semisolid tablets, for example the relative ratios of excipient-to-API ink that still yields robust tablets with appropriate integrity. Future work also seeks to investigate additional tablet formulations, potential API-excipient interactions, and API release profiles. Though personalized and point-of-care medicine will likely be produced in small batches for short-term use, stability and shelf-life studies are needed to define tablet lifetimes.     
The full production process implemented here incorporated API ink formulation, API dispensing, and tablet production. Though interacting during manufacturing, the initial decoupling of API ink and tablet production enabled control strategies aimed at each to be employed. In this study we relied on atline ink verification using microdrop UV-Vis spectroscopy to check API concentration and lack of compound degradation, along with inline drop counting to confirm the dispensed dose for each tablet to mitigate production risks. Alternative atline and inline technologies such as gravimetric weighing of printed tablets39, 44 or NIR spectroscopy18 have also be demonstrated for quality assurance. As the size and cost of portable Raman, other spectroscopic, and related non-destructive techniques reduces, a range of options for quality control are available.45 The optimized CMAs and CPPs, along with appropriate control strategies enabled on-demand production of personalized tablets of doxycycline, warfarin, and citalopram – all meeting dosage and content uniformity specifications. Variations on tablet customization and personalized taper decays were also demonstrated, providing opportunities for specific physician prescribed healthcare.  

Supporting Information
Additional experimental method details, data, figures, and images as noted in the text can be found in the online supporting information. 
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