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Abstract 
Distributed and point-of-care (POC) manufacturing facilities enable an agile pharmaceutical production paradigm that can respond to localized needs, providing personalized and precision medicine. These capabilities are critical for narrow therapeutic index drugs and pediatric or geriatric dosing, among other specialized needs. Advanced additive manufacturing, 3D printing, and drop-on-demand (DoD) dispensing technologies have begun expanding into pharmaceutical production. We employed a quality by design (QbD) approach to identify critical quality attributes (CQAs), critical material attributes (CMAs), and critical process parameters (CPPs) of a POC pharmaceutical manufacturing paradigm. This theoretical framework encompasses the production of active pharmaceutical ingredient (API) ‘inks’ at a centralized facility, which are distributed to POC sites for DoD dispensing into/onto delivery vehicles (e.g., orodispersible films, capsules, single liquid dose vials). Focusing on the POC dispensing/dosing processes, QbD considerations and cause-and-effect analyses identified the dispensed API quantity and solid state form (CQAs), as well as nozzle diameter, system pressure channel, and number of drops dispensed (CPPs) for detailed investigation. Final assay quantification and content uniformity CQAs were measured from demonstrative levothyroxine sodium single-dose liquid vials of glycerin/water, meeting standard acceptance values. Each POC facility is unlikely to maintain full quality control laboratory capabilities, requiring development of appropriate atline or inline methods to ensure quality control. We developed control strategies, including, atline UV-Vis verification of the API ink prior to dispensing, inline drop counting during dispensing, intermediate atline dispensed volume checks, and offline batch confirmation by LC-MS/MS following production.   
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Introduction 
Technological advancements in recent years have initiated an evolution from traditional pre-defined dose mass production of medicines at centralized manufacturing facilities to a model that incorporates distributed and point-of-care manufacturing for precision medicine.1 The need for a paradigm based on advanced manufacturing to provide rapid, agile, and resilient production and distribution was underscored by the COVID-19 pandemic. The emergence of this area was recently reported on by the U.S. National Academies of Sciences, Engineering, and Medicine (NASEM) in “Innovations in Pharmaceutical Manufacturing on the Horizon”.2, 3 The report noted recent innovations in distributed manufacturing (DM), and the potential for highly portable manufacturing units to enable point-of-care (POC) manufacturing. The NASEM report subsequently initiated a U.S. Food and Drug Administration (FDA) workshop for stakeholder engagement on the regulatory framework for distributed and POC pharmaceutical manufacturing and resulting discussion papers out of the Center for Drug Evaluation and Research’s Framework for Regulatory Advanced Manufacturing Evaluation.4, 5 In this framework, distributed manufacturing generally encompasses multiple decentralized facilities and locations. Each DM facility may operate within a centralized facility’s pharmaceutical quality system or its own; and maintains similar good manufacturing practice (GMP) standards to a traditional facility. Such a network of manufacturing sites enables rapid response to local demand. Point-of-care manufacturing takes this decentralization one step further by distributing production to the administration or dispensing sites (e.g., pharmacies, hospitals, or other health care facilities). Contrary to DM facilities, POC manufacturing facilities will have alternative GMP standards, be operated by the end user, and produce small batches down to single dose allotments. The agility afforded by these sites enables personalized precision dosages/therapies for individuals. Though DM sites may include a quality control laboratory, POC sites would likely not, necessitating the development of methods for inline (i.e., measurements directly in the process) and/or streamlined atline (i.e., measurements of extracted sample in close proximity to production) analytics to ensure offline external quality control specifications.  
The past rise in mass production of active pharmaceutical ingredients (API) has generally led to the manufacture of discrete dosage levels, diminishing production for individualized dosing.6 This rigid scheme can be problematic for pediatric, geriatric, and other patient populations that have requirements outside the typical bounds of the general population.7 Discrete dosage levels also present difficulties for drugs with narrow therapeutic indices (NTI) or pharmacokinetic/pharmacodynamic variability.8 Advancements in additive manufacturing technologies such as 3D printing for pharmaceutical production have demonstrated significant potential for realizing POC personalized medicine and precision dosing capabilities.1, 8, 9 Various 3D printing methods have been explored, including, fused filament fabrication or hot melt extrusion, stereolithography, binder jet printing, inkjet printing, selective laser sintering, and bioprinting.10-12 Recent reviews provide more general and in cases, in-depth, descriptions for 3D printing of medicines13, 14 and non-destructive analyses of 3D printed medicines.15 Here, we focused on a category of additive manufacturing that encompasses inkjet and related drop-on-demand (DoD) printing techniques/platforms for precision deposition of pharmaceuticals.16 These methods often employ precision dispensing – which include solvent-based solutions,17 pharmaceutical melts,18 or even particle suspensions19 – of drug compounds onto/into delivery vehicles such as orodispersible films (ODFs), placebo tablets, or capsules. DoD printing techniques have also been developed to directly manufacture mini-tablets from a melt-based solution of molten excipient.20   
[bookmark: _Hlk146109595]In recent years, industry has developed economical, rapid, and precise DoD non-contact microdispensing platforms based on acoustic21 or pressure pulse22 technologies, used for high-throughput liquid handling, reaction monitoring, biological screening,23 generating tumor spheroids,22 and even coupled with mass spectrometry for single drop chemical detection.24 These technologies can be directly applied to DM/POC manufacturing avenues. Developing the measurement science to enable POC manufacturing of medicines using microdispensing technologies for rapid response and personalized medicine is at an inflection point. We present a quality by design (QbD) approach, with risk and variability assessment, to the investigation of DoD production of narrow therapeutic index compounds for POC manufacturing. The U.S. FDA has adopted the use of QbD principles and published a series of guidance documents and review articles to aid in its implementation for drug development and manufacture.25-27 QbD is defined in the International Conference on Harmonization (ICH) Quality Guidelines as, “A systematic approach to development that begins with predefined objectives and emphasizes product and process understanding and process control, based on sound science and quality risk management.”25 The employed QbD-based analysis identified critical quality attributes (CQAs), critical process parameters (CPPs), critical material attributes (CMAs), and established their relationships across three main pharmaceutical production unit operations – stock drug ink creation, drug deposition, and delivery vehicle considerations (e.g., ODFs, capsule, tablet, or liquid dose). Cause-and-effect or risk assessment analyses using Ishikawa diagrams illuminated the main sources of variability in both product and process components of the DoD manufacturing.28 Here, we focused on the POC dispensing and targeted dosing of the overall framework. We specifically investigated the CQA, dispensed/deposited API quantity (or concentration), and its dependence on CPPs including the nozzle diameter, system pressure channel, and number of drops dispensed. The CQA solid state form was also investigated, though dependent on the final state of the API in/on a delivery vehicle (i.e., solid state form was not relevant for liquid-based delivery). A number of delivery platforms were also demonstrated, and we manufactured single-dose liquid vials of levothyroxine sodium in a glycerin/water mixture for final assay quantification and content uniformity CQAs. The framework developed by this study defined multiple control strategies based on atline UV-Vis verification of API inks and inline real-time drop counting measurements to minimize risk from CMAs and CPPs.

Methods
Materials and Sample Preparation. Levothyroxine, levothyroxine sodium, warfarin sodium, acetaminophen (paracetamol), 3-acetamidophenol (metacetamol), propylene glycol, vegetable glycerin, and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). API inks were gravimetrically created in deionized water or DMSO in the range of 0.1 mg/mL to 20 mg/mL depending on compound and solubility in specific solvent. Inks dispensed onto solid substrates were allowed to dry under ambient conditions unless otherwise noted. Commercially available empty gelatin capsules (XPRS Nutra Size 5), placebo tablets (Zeebo Tablets – Pure Honest Placebo Tablets), orodispersible films (Patchology Little Helper All-Natural Supplement Strips), and repurposed single-dose vials (Systane Ultra Lubricant Eye Drops Vials and Teleflex Addipak Unit Dose 5 mL Solutions) were used for delivery mechanism demonstrations. ChromSolv grade methanol and water were obtained from Thermo-Fisher Scientific (Watham, MA, USA) and spiked with formic acid for liquid chromatography (LC) mobile phases. A 1 mg/mL tetracaine solution (Cayman Chemical, Ann Arbor, MI, USA) was diluted in ChromaSolv grade acetonitrile to a final concentration of 1 mg/L for use as an internal standard. Dispensed volume was also measured by disposable capillary-driven cartridges (5 µL and 20 µL models) designed for pipetting robotic liquid handlers (Checkit Go, Next Advance, Inc. Troy, NY, USA). 

Instrumentation. Drop-on-Demand Dispenser. A non-contact discrete drop-on-demand liquid handler (Immediate Drop-On-Demand Technology, I.DOT S, Dispendix GmbH, Stuttgart, Germany) provided precision API dispensing. Microsecond-duration gas pressure pulses (room air) ejected individual microdrops from a 96-well microtiter source plate (8 rows x 12 columns) vertically downward to a target surface or collector/vessel. Source plate wells with nozzle orifice diameters of Φ 100 µm or 60 µm (S.100 and S.60 plates, Dispendix GmbH) dispensed discrete 10 nL/drop to 50 nL/drop droplets depending on system parameters (i.e., pressure magnitude and pulse duration) at 100 Hz. Each source well (containing up to 80 µL for this model I.DOT) in the multiwell plate was individually addressable by one of the eight (8) pressure channels (arranged across the 8 rows of the 96-well source plate). The system enabled liquid classes to be defined and calibrated to ensure accurate dispensing. The platform’s built in drop detection notified users of source liquid depletion.    
Gravimetry. Ink solutions were created from commercial API powders gravimetrically, (AT21 comparator balance, Mettler Toledo, Columbus, OH, USA), Dispensed API inks and solvents were also quantified gravimetrically. Liquids were loaded into 96-well source plates and individual source wells were programmed to dispense specified volumes directly into weighing vessel(s).  Vessels were then manually transferred to an adjacent submicrogram balance (Mettler-Toledo Model UMT2, 0.1 μg resolution). Dispensed volumes were calculated from the balance mass measurements and liquid density. Evaporation during the dispensing period and vessel transfer resulted in a quantifiable bias in the mass measurements which was accounted for in calibration and calculations. 
UV-Vis Spectroscopy. An ultraviolet-visible (UV-Vis) spectrophotometer (UV-1800, Shimadzu Corporation, Kyoto, Japan) acquired absorption measurements of API solutions for quantification and verification. Samples of 100 µL were aliquoted into plastic cuvettes (CVD-UV1U series, Ocean Insight, Orlando, FL, USA) with 10 mm pathlength and scanned from 215 nm to 365 nm with a ‘fast’ scan speed and 0.5 nm or 1 nm sampling interval. Additional UV-Vis measurements, demonstrating small footprint atline platforms/capabilities were acquired from a portable handheld system (Jaz, Ocean Insights, Orlando, FL, USA) and quartz cuvettes (Strata Cells Inc, Atascadero CA, USA). UV-Vis spectra were acquired on a laptop, but the platform can be operated directly from the device and display screen in a standalone format.  
LC-MS/MS. Liquid chromatography tandem mass spectrometry (LC-MS/MS) measurements used a Thermo Scientific Ultimate 3000 liquid chromatograph, housing a Restek (Bellefonte, PA, USA) Raptor biphenyl column (2.7 μm × 2.1 mm × 150 mm), and a 4000 QTrap triple-quadrupole mass spectrometer (AB Sciex LLC, Framingham, MA, USA). Mobile phase gradient parameters, QTrap source parameters, compound retention times, associated transitions (quantifier and qualifier ions), and collision energies for LC-MS/MS of acetaminophen, levothyroxine, and the internal standard tetracaine are found in the Supporting Information (Tables S1-S3).  
THz Raman Spectroscopy. API solid state form, crystal polymorph or amorphous, was determined by Raman spectroscopy. THz Raman spectra (853 nm, Ondax, Monrovia, CA, USA) were measured by a Kaiser RXN Raman Microprobe (Endress+Hauser Optical Analysis, Greenwood, IN, USA) with a 10× Leica optical microscope objective.  

Product and Process Design and Understanding. Quality by design emphasizes understanding the product and process to ultimately ensure a safe and effective clinical outcome for the patient. We employed these QbD principles to identify areas contributing to product or process variability and develop appropriate manufacturing control strategies. The DoD pharmaceutical manufacturing of NTI drugs comprised of a series of three main unit operations, including 1) stock API ink production, 2) API deposition, and 3) delivery mechanism production (Figure 1(inset)). In the context of our proposed POC pharmaceutical manufacturing framework, the API ink production took place at a centralized manufacturing site with rigorous GMP standards, extensive analytical characterization and quality control capabilities, and pharmaceutical quality system. Future works will focus on API formulations and inclusion of additives, preservatives, and other components to control solubility, oxidation, etc. The API ink and certification from the centralized location would then be distributed to various POC manufacturing sites, where the remaining steps for personalized dose deposition and delivery mechanisms are conducted (Figure 1). The ultimate goal of POC pharmaceutical manufacturing focuses on the final product safety and efficacy, however, here, we focused on the associated processes involved in the dispensing and dosing production. 
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Figure 1. (a) Schematic representation of overall POC manufacturing for personalized medicine framework and (b) the presented POC manufacturing processes – 1. API ink production at a centralized manufacturing facility, 2. API deposition onsite by drop-on-demand dispensing, and 3. Delivery vehicle and mechanism considerations (orodispersible films, single-dose liquid, capsules, tablets, etc.). 

The quality attributes of each unit operation were a function of the input materials and process parameters (Figure S1). The sequential nature of the overall production defined here results in the quality attributes of a preceding process becoming the input material attributes of the next process. CQAs, CPPs, and CMAs were identified, and their relationships established for each – and between each – pharmaceutical unit operation. This identification took into account definitions from the ICH guidelines Q8 and subsequent documentation, specifically, a CPP is “a process parameter whose variability has an impact on a CQA and therefore should be monitored or controlled to ensure the process produces the desired quality”25 and a CMA is “a physical, chemical, biological, or microbiological property or characteristic of an input material that should be within an appropriate limit, range, or distribution to ensure the desired quality of output material.”26 The CQAs for each unit, defined as “a physical, chemical, biological, or microbiological property or characteristic that should be within an appropriate limit, range, or distribution to ensure the desired product quality,”25 described the output material or final product as a function of the input materials with associated CMAs and the operations CPPs, CQAs = f (CPP1, CPP2, ...CPPn, CMA1, CMA2, ...CMAn). The functional relationship (Figures S1) was tabulated as displayed in Table 1. Here, we focus on the manufacturing process development. In the presented context, the final drug product – though critical – will not be a “new” product, but a personalized dosing of an existing product (with all its associated regulatory documentation and approvals).  

Table 1. Main manufacturing processes or unit operations for a drop-on-demand POC production framework with input material attributes, process parameters, and quality attributes. Critical parameters and attributes are labeled in italics with an asterisk. 

	
	Input Material Attributes
	Process Parameters
	Quality Attributes

	API Ink Production
	API purity 
API solubility
API stability 
Solvent surface tension
Solvent viscosity

	Gravimetric weight (scale calibration)
Pipetting uncertainty (calibration, user, tip size, fixed vs adjustable pipette)
	API ink concentration *
API ink solvent
API ink form (solution or suspension)

	API Deposition
	API ink concentration
Solvent surface tension
Solvent viscosity
Co-crystal (excipients, fillers, etc.)
	System calibration (pressure/time calibration)
Nozzle orifice size *
Pressure channel *
Print source well
Print target location
# Drops printed *
	API quantity/concentration *
Residual solvent
Solid state form (crystal polymorph, amorphous) *

	Delivery Mechanism
	API quantity
Solid state form
Residual solvent
	Dependent on method:
Tablets
Capsules
Single-Dose Liquid 
Orodispersible Films
	Integrity and appearance 
Identification
Assay (quantity) *
Content uniformity *
Dissolution
Degradation products
Residual solvent



Risk Assessment. With the identification of process parameters and material attributes, we evaluated the variability or risk associated with each. This aids in identifying which CMAs and CPPs potentially influence the product or process CQAs. Numerous risk assessment methods and tools (or software) may be employed, for example, failure mode effect analysis, fault tree analysis, hazard analysis and critical control points, or cause-and-effect analysis.29 Cause-and-effect or Ishikawa diagrams were used here to establish the main areas of risk or sources of variability in the product or process. Similar analyses have also been applied to the propagation of measurement uncertainty.28 Figure 2 displays an Ishikawa diagram for a hypothetical orodispersible film product based on the POC manufacturing described in Figure 1. The main branches of the fishbone represent the main pharmaceutical unit operations in the POC manufacturing of the medicine. In addition to an overall product, cause-and-effect analysis was completed for individual unit operations (e.g., API deposition, Figure S2) or supporting measurements (e.g., API quantification, Figure S3).  Scientific knowledge, prior experience, consensus, and metrological questions of interest established the high-risk parameters and variables for investigation. These are labeled in Table 1 by italics and an asterisk (*). The resulting investigations informed and directed the implementation of a series of control strategies to minimize risk and variability.  
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Figure 2. Demonstrative cause-and-effect or Ishikawa diagram for identifying high risk or high variability components from a hypothetical orodispersible film production. 

Data Processing, Statistical Tests, and Evaluation of Uncertainty. Two-tailed homoscedastic Student’s t-tests were used for pairwise comparison of API ink measurements to verify change or degradation of ink prior to dispensing. An f-test was employed to check/confirm equality of the samples’ variances. Boxplots were used to display and compare certain measurement distributions. The boxplots represent the median (central horizontal line), lower and upper quartiles (box extent), 1.5× interquartile range (whisker extent). The whiskers correspond to about 99.3 % coverage assuming the data were normal distributed. Outliers were defined as any values beyond this limit. Confidence intervals of 95 % around the distribution median were also used, corresponding to the median ± 1.57× (interquartile range)/, where n is the number of measurements. 

Content Uniformity Tests. The United States Pharmacopeia (USP) provides details for calculation of an acceptance value to determine the uniformity of dosage units.30 The acceptance value (AV) measured the drug content relative to the label claimed dosage. Thirty (30) individual drug units were selected for testing. From these, an initial ten (10) units were assayed (i.e., quantification of the API) and an AV calculated by, . Here,  is the mean API content as a percentage of the label value, s is the sample standard deviation , n is the number of samples (i.e., 10 initially), and k is the acceptability constant (k = 2.4 when testing 10 units and k = 2.0 if testing all 30 is needed). The target content per dosage unit was 100%, defining the parameter, M, given the following conditions: if 98.5 % ≤  ≤ 101.5 %, M = ; if  < 98.5 %, M = 98.5 %; and if  > 101.5 %, M = 101.5 %. The AV was calculated for the first 10 units and must fall below 15 %. If the initial AV was greater than 15 %, the full 30 drug units were included in the AV calculation.    
 
Linear least squares calibration uncertainty. Standard Eurachem and NIST guidelines were followed for evaluating API quantification uncertainty from linear least squares calibration.31, 32 Manually created (i.e., gravimetry and pipetting) calibration curves in the form, I = mc + b,  comprised of n unweighted data points (ci, Ii). Here, c represented the standard concentration and I the measurement intensity (e.g., peak area for UV-Vis, mass for gravimetry, or peak area/internal standard area for LC-MS/MS). The standard uncertainty of p DoD dispensed samples (unknowns) due to measurement response variability was evaluated by  . Here, co is the predicted concentration of the DoD dispensed sample,  is the average concentration of the curve, S is the root mean square error, m is the curve slope, and , where ci is the concentration of the ith calibration point. The related standard uncertainty due to reference calibration point variability was estimated by, .31, 32 Generally, the uncertainty due to variability in the system response outweighed the variability due to reference standard concentrations. 

Data Availability. UV-Vis spectra, THz Raman spectra, LC-MS/MS peak areas, select print log files, and extracted data files are available on the NIST Public Data Repository: https://doi.org/10.18434/mds2-3112. 

Results and Discussion 

API Ink Production. The API ink concentration, solvent, and form produced at the centralized manufacturing site was a clear CQA that directly affects CMAs and CQAs of subsequent processes. Within the proposed framework, confining the initial API ink production to a centralized facility (or in some cases a distributed facility) places the critical component under a more traditional pharmaceutical quality system (PQS).33 The existing PQS and control strategies enable rigorous characterization capabilities and standard quality assurance/quality control procedures to minimize the risk and uncertainty surrounding API ink production. Delivery and distribution of API ink would also fall under existing protocols.  

API Deposition. The CMAs input into the API dispensing operation were generally defined by ink production, however solvent properties (e.g., surface tension and viscosity) must also be considered. The solvent choice for inks balanced ideal dispensing properties with API solubility and potential toxicity of residual solvent. In general, we employed water-based solutions, though DMSO-based solutions were also investigated due to high solubilities of APIs and well characterized dispensing properties. The U.S. FDA classifies DMSO as a Class 3 residual solvent, the safest category, for which amounts of less than 50 mg per day is acceptable without justification (ICH Q3C Impurities: Residual Solvents and USP <467> Residual Solvents). Here, daily dosages yielded far less than 50 mg residual DMSO. The CQAs for API deposition with the greatest impact on the final product were determined to be the API quantity (dosage) and solid state form (solubility, dissolution, stability, and bioavailability). The precise and accurate dispensing of API was critical to dosing for pediatric, geriatric, and narrow therapeutic index medicines. The criticality of solid state form depended on the specific API of interest and the delivery mechanism (e.g., solid orodispersible film vs single-dose liquid). 
CQA: API Quantity (Dosage). Here, we focused on investigating the CPPs, specifically, pressure channel, system calibration, nozzle orifice size, and number of drops dispensed, of API dispensing that have the potential to influence the CQAs. Dispensed liquids were quantified gravimetrically by submicrogram balance and chemically by UV-Vis spectroscopy and LC-MS/MS. We examined levothyroxine and warfarin as representative narrow therapeutic range index drugs,34, 35 which treat hypothyroidism (i.e., underactive thyroid gland) and act as an anticoagulant (i.e., prevent blood clots), respectively. Though not a narrow therapeutic index drug, the pain reliever and fever reducer,  acetaminophen (paracetamol: PCM) was also studied as a demonstrative “control” drug that has been extensively characterized and covered in the literature, with known UV-Vis spectrum and polymorph THz Raman spectra.36, 37 Figure 3(a) presents the UV-Vis spectra for increasing concentrations of API. Calibration curves were produced by manual sample handling (i.e., pipetting) from API ink stock solutions and displayed in Figure 3(b) as blue circles. Integrated absorbance across the active response wavelength ranges was used (in contrast to a peak absorbance intensity). Low-volume (and cost-effective) plastic cuvettes were used here, though high-quality quartz cuvettes may yield more sensitive measurements. The API dose from DoD dispensed inks was quantified (Table S4) and verified from the manually developed calibration curves (Figures 3 and S4). DoD dispensed API samples are displayed pink squares. All DoD dispensed samples from levothyroxine, warfarin, and acetaminophen were measured within the 95% confidence intervals of the manually produced calibration curves. 
Quantified API and associated uncertainty (Table S4) for this method were a direct function of the calibration curve creation, as clearly identified in the cause-and-effect diagram for risk assessment (Figure S3). This was demonstrated in the quantification uncertainty for levothyroxine relative to warfarin. The levothyroxine calibration curve was created by volumetric (i.e., pipetting) serial dilution of the API solution. Alternatively, the warfarin curve was created with gravimetric (i.e., volume determination by solvent weight) serial dilution. The improvement in quantification uncertainty was visually observed in the 95 % confidence intervals (Figure 3) and linear least squares uncertainty (Table S4). Alternative UV-Vis signal processing methods such as derivative spectrophotometry may also improve quantification uncertainty, but were beyond the scope of this work.38 Similarly, the analytical technique played a role in the quantification variability. UV-Vis measurements required manual manipulation of cuvettes and sample handling. LC-MS/MS measurements employed automated sample handling and more sensitive and specific chemical detection (Figure S4 and Table S4).   
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Figure 3. UV-Vis spectra and calibration curves for (a) levothyroxine and (b) warfarin. Filled blue circle data points and pink square data points represent the manual calibration points and DoD dispensed samples. Solid and dotted lines represent the linear calibration curve and 95 % confidence intervals. (c-i) Relative standard error (RSE) of gravimetry measurements as a function of increasing dispensed volumes and (c-ii) associated calibration curve. Number of dispensed drops for each target volume (inset). 

Gravimetric methods have long been used to measure the mass of liquid droplets dispensed by DoD techniques.39-41 Platforms with sufficient space have housed a submicrogram balance within the overall system footprint and dispensed directly into a vessel on the balance. The platform investigated here did not have sufficient space for the balance, therefore, we dispensed into vessel(s) and manually transferred them to the submicrogram balance (approximately 1 m away). Transfer evaporation of water was estimated to be 11 µg/measurement, based on average times for transfer (i.e., average 22 s ± 1 s transfer from 5 measurements) and a measured evaporation rate (i.e., 0.5 µg/s ± 0.1 µg/s from 3 min evaporation periods from 10 µL, 100µL, and 200 µL samples, using gravimetry). The measurements were taken in an environmentally controlled laboratory (21°C / 22 % RH). Figure 3(c) displays the mass measurements of water as a function of dispensed volume. The appropriate dispensed volume for each drug will be dependent on the stock concentration and therefore the API’s solubility. Figure 3(c) also demonstrated the dispensed relative standard error (RSE) as a function of dispensed volume. In the range of volumes less than 100 nL, only a few drops were dispensed (Figure 3(c-i) inset) and elevated RSE’s were observed. This regime also exhibited a slight deviation from linear (Figure 3(c-ii) inset). 
 Next, we considered the impact the CPP, volume dispensed (and the directly linked, number of drops dispensed), exhibited on the gravimetric and chemical quantification (operation CQA). The DoD platform used discrete pressure pulses and a feedback loop for dispensing. In a steady-state regime – roughly 500 nL to 50 µL – the dispenser generated relatively stable drop sizes with a drop volume relative standard deviation across that range of 1 % (Figure 4(a-i)). This range also corresponded to volumes requiring on the order of 10s of drops or greater. One viable alternative for applications requiring these small volumes was a reduction in the nozzle orifice diameter. Reducing the nozzle diameter from 100 µm to 60 µm inherently reduced the drop size and increased the number of drops dispensed for a given volume (Figure 4(a-i) and tabulated in Table S5). The smaller nozzle diameter achieved the drop size steady state at lower dispensed volumes and with the increase in drops dispensed, experienced a reduction in the RSE (Figure 4(a-ii)). 
The gravimetric accuracy in the volume printed was also directly compared with chemical quantification of acetaminophen (PCM) by LC-MS/MS. Seven different volumes of PCM were dispensed in triplicate, the solvent (i.e., water) allowed to evaporate, and then diluted with variable amounts of LC-MS/MS solvent (i.e., acetonitrile with internal standard) to yield the same concentration (Table S6). These samples were quantified by LC-MS/MS and all fell within the 95 % confidence intervals of the calibration (Figure 4(b-ii)). However, Figure 4(b-i) displays samples that resulted from the dispensing of on the order of single-digit drops diverged from the expected concentration. This trend was further confirmed with UV-Vis quantification of warfarin with both 100 µm to 60 µm nozzle source plates (Table S7). Figure 4(c) demonstrates similar results with large variability in the concentration (standard deviations in Figure 4(c-i) and RSE’s in Figure 4(c-ii)) for low dispensed volumes and drop number. Like the gravimetry data, reducing the nozzle orifice led to increased drops for equivalent volume, which drastically reduced the variability in similar volume measurements (Figure 4(c)) and a more linear low volume range (Figure S5).  
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Figure 4. (a) Gravimetric measurements of dispensed water as a function of target volume and source well orifice size, displaying (i) mass per drop and (ii) relative standard error. (b-i) Accuracy in volume dispensed as the target volume increased for gravimetric mass and LC-MS/MS concentration measurements. (b-ii) Corresponding LC-MS/MS calibration curve and DoD dispensed samples for acetaminophen (paracetamol: PCM). (c) UV-Vis concentration measurements (i) and relative standard error (ii) for an increasing dispensed volume. Data points and uncertainty represented by the average and standard deviation of replicate measurements. Error bars were often smaller than the data point. 

	In addition to the above investigated CPPs, the specific pressure channel used for dispensing may also affect dispensed quantity. The array format of this DoD platform incorporated a series of eight pressure channels, corresponding to the eight rows of a standard source plate. Dispensed volumes were gravimetrically measured for water across all eight pressure channels individually (Figure S6). The system enabled calibration (or re-calibration) of individual pressure channels to ensure accurate volume dispensing. Much as was observed above, reduced dispensed volumes led to larger inaccuracies as fewer drops were dispensed.  
CQA: Solid State Form. In addition to the critical drug dosage (CQA), the solid state form – specifically the crystalline polymorph or amorphous phase – will impact the physicochemical properties of the API. The role of solid state form was also dependent on the delivery platform for each API, whether that be solid tablets or orodispersible films vs a single-dose liquid vial or semi-solid gelatin capsules. The directed generation of specific crystalline polymorphs is a wide-ranging field that itself is dependent on the API concentration, solvent properties, surface properties, drying rate, environmental conditions, the presence of co-crystals or excipients, and more. For instance, PCM exhibits three crystalline polymorphs of varying stability (e.g., form I is thermodynamically stable, form II metastable, and form III highly unstable) and an amorphous phase.36 PCM dispensed by the DoD system resulted in predominantly amorphous or form I and form II crystalline polymorphs, differentiated by THz Raman spectroscopy (Figure S7). The nature of the arrayed DoD format enabled rapid combinatorial studies and investigations of various aspects. Machined aluminum substrates (used for demonstrative purposes) that exhibited wetting from both pure water and 60/40 (v/v) water/isopropyl alcohol inks yielded predominantly form I crystalline PCM. Alternatively, polished aluminum with protective covering resulted in a more hydrophobic surface that pinned dispensed liquids and gave form II crystalline PCM (Figure S8). The multi-well source plate also enabled seamless multi-component dispensing (i.e., different liquids from different sources onto the same location). Co-crystallization of PCM with metacetamol (MCM), a regioisomer of PCM, demonstrated templating effects for directed form II polymorph production.42 Varying the ratio of MCM to PCM from 20% to 45% in array format produced a transition from amorphous deposits to crystalline form II polymorph (Figure S9). 
	Warfarin, which is commonly manufactured as the warfarin sodium salt generated a single crystalline (clathrate) polymorph form and a stable amorphous form. As alluded to, the desired form depends on the delivery avenue. Typically, the crystalline form is incorporated into solid warfarin tablets, however, amorphous warfarin is preferred for liquid oral formulations. DoD dispensed warfarin sodium exhibited three main Raman signatures (Figure 5(a)). An aqueous warfarin sodium solution dispensed onto polished aluminum yielded an array of the amorphous form (Figure 5(b)). However, upon further inspection by microscopy and THz Raman spectroscopy, the amorphous warfarin deposits contained crystalline particles (Figure 5(c)). A recent study in the literature described the precipitation of warfarin from warfarin sodium oral solutions.43 This conversion was attributed to the protonation of the warfarin ion of the sodium salt in acidic pH formulations. The THz Raman signatures identified the crystalline warfarin sodium clathrate (WSC) of the bulk salt, warfarin sodium amorphous (WSA) form resulting from the dispensed solution, and a crystalline warfarin (W) precipitated form (Figure 5(a)). The identifications were confirmed against the literature Raman spectra and differentiable peaks at 1220 cm-1, 1574 cm-1, and 1612 cm-1 for the warfarin relative to no 1220 cm-1 and a peak at 1605 cm-1 for the sodium salts (crystalline and amorphous).43, 44 The THz range spectra enabled our differentiation of WSC and WSA.  
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Figure 5. (a) Normalized THz Raman spectra for warfarin, warfarin sodium clathrate (WSC), and warfarin sodium – amorphous (WSA). Inset displays traditional Raman shift range and highlights peaks for differentiation. (b) Image of DoD dispensed array of an aqueous solution of warfarin sodium. (c) THz Raman microscope images of samples corresponding to spectra in (a). Red circle signifies the measurement location.   


Levothyroxine also demonstrated interesting crystallization and potential polymorphic forms depending on preparation. Both bulk levothyroxine and the levothyroxine sodium hydrate exhibited similar THz Raman spectra with a few peak shifts (Figure S10). However, crystallization from aqueous solutions of both levothyroxine and the sodium salt yielded the same THz spectrum, which differed from either bulk spectrum. Two levothyroxine polymorph forms were recently identified in the literature through crystallization from different solvents, specifically a 1:2 (v/v) mix of ammonia (30 % in water):methanol yielded triclinic form I and 1:2 (v/v) ammonia:acetonitrile yielded monoclinic form II.45 The differences in solubility of each polymorphic form may explain the documented claims of differences by patients switching brands of thyroxine.45, 46 Comparisons in the THz Raman spectra of these two crystalline forms enabled us to identify the DoD dispensed levothyroxine as the form I polymorph (Figure S10). These preliminary studies introduced the solid state form considerations relevant to POC pharmaceutical manufacturing. More detailed investigations into solid state form and the effects of various delivery vehicles and substrates will be a part of future work.

Delivery Mechanism. We investigated several delivery platforms to link the DoD API dispensing to final drug products. The particular API of interest is/will be a significant driver in determining the appropriate delivery vehicle. Single-dose vials on the order of 1 mL to 5 mL of liquid medicines provided a relatively simple and direct coupling with precision DoD API dispensing (Figure 6(a)). The API remained in solution, generally eliminating the need to control crystallization and polymorph formation. Semi-solid and gelatin formulations also maintain the API in a soluble form. Gelatin capsules (size 5) containing propylene glycol and water were dosed with API (photographed demonstrations added red dye for visibility) in array format matching commonly used 96-well plates (Figure 6(b)). Other potential delivery avenues incorporated solid vehicles such as fiber-based or sugar-based placebo tablets and orodispersible films (Figure S11). The large surface area of orodispersible films also enabled the unique ability to dispense a readable label, identifying the API and dosage with the incorporation of a dye (Figure S11). 
	Finally, we examined assay (quantity/dosage) and content uniformity CQAs of the final drug product, considering single-dose liquid vials of levothyroxine sodium (Figure 6(a)). Other final product quality attributes such as integrity and appearance, identity, and residual solvents were not strictly impacted by the main process variables and could be controlled in traditional manners, the pharmaceutical quality system, and control strategies. We produced 25 µg levothyroxine sodium dosage units containing a 60/40 (v/v) vegetable glycerin/water base liquid (25 µg/mL dose in 1 mL base liquid), similar to commercially available and FDA approved oral solutions (e.g., Tirosint-SOL).47 A UV-Vis spectroscopy levothyroxine sodium calibration curve was manually generated in 60/40 glycerol/water and used for quantification (Figure 6(a-iv)). Quantification and content uniformity of the first 10 doses was completed as described in the Methods section. The first 10 manufactured single-dose vials yielded a mean and standard deviation dosage of 23.9 ± 1.2 µg/mL, with uncertainty based on the linear least squares of 3.4 µg/mL for a single vial and 1.4 µg/mL for the average of all 10. The content uniformity of the production resulted in a USP Acceptance Value of 14.0 %, below the 15 % requirement for acceptance. The uncertainty or variability in quantification – and therefore content uniformity – may also be improved by employing more automated analytical methods such as LC-MS/MS, similar to demonstrated above (Figure 4(b-ii) and Table S4).  

[image: ]
Figure 6. (a) Demonstrative images of single-dose liquid vials (i) containing 60/40 vegetable glycerin/water base liquid, (ii) preparing for API loading, (iii) loaded with red-dyed API for visualization, and (iv) UV-Vis calibration curve for levothyroxine sodium single-dose products and precent label dosage (25 µg/mL) of first 10 doses. (b) Demonstrative images of (i) gelatin capsules (size 5) with 130 µL capacity (100 µL propylene glycol base liquid), (ii) loaded with red-dyed API for visualization, (iii) capped, and (iv) final product. 


Control Strategy. The investigation of CQAs and CPPs yielded a foundational understanding of the production process and aided in development of a control strategy. The control strategy defined acceptable parameter ranges and both atline and inline measurements for in-process control and verification. In the context of our risk assessment, the higher the risk of a specific CQA or CPP, the more control built in. Here, the main control strategy targeting the POC dispensing of medicine involved 1) atline UV-Vis measurement and verification of the API ink concentration and 2) inline drop counting (i.e., light barrier penetration) during dispensing, as displayed in Figure 1. We also considered potential control strategies, 3) atline (and occasional) dispensed volume verification and 4) offline batch production quality assurance (i.e., sent back to centralized laboratory). These control strategies and process analytical technology (PAT) tools focused on a liquid-based delivery vehicles such as gelatin capsules or single-dose liquid vials. Solid state delivery formulations such as tablets or ODFs must also consider aspects such as polymorphic form, requiring additional tools such as Raman or THz Raman. Recent reviews discuss a range of non-destructive PAT tools available for various application in printed medicines.15 
	The atline ink verification was intended to confirm the centralized manufacturing certificate and verify the label concentration. Nearly all the CQAs traced back to the starting ink concentration and solvent. Confirmation of the concentration also identified potential for API degradation or alteration. We first demonstrated atline API ink verification of levothyroxine sodium and warfarin sodium using a tabletop UV-Vis system. Baseline absorbance measurements were conducted for both API inks, followed by aliquoting replicate ink samples for the hypothetical distribution to POC facilities. Two individual levothyroxine ink samples were measured again after 1 day. Then one sample was heated on a hotplate at 80 °C for 15 minutes to actively alter the ink. After 1 week, the two levothyroxine samples were measured again (Figure 7(a)). The heated sample clearly demonstrated degradation and more importantly a deviation from the accepted API ink absorbance value. A similar demonstration was completed for the warfarin sodium API ink. However, in this case, the ink was not actively altered, but simply allowed to sit at room temperature for over 3 months. Again, quick replicate UV-Vis measurements of the API ink yielded a statistically significant (Student’s t-test at 5 % confidence level) change in the absorbance (Figure 7(a)). 
Similar to the solid state investigation results presented above, previous studies have explored the stability of warfarin sodium oral formulations, demonstrating a conversion from warfarin sodium in solution to a suspension of warfarin crystal particles.43, 44 Warfarin particles were visibly evident by the naked eye in the aged sample (Figure 7(inset)). Though these measurements were made with a relatively small benchtop UV-Vis system, smaller handheld systems are available that may even be incorporated with the dispensing platform. We used one such system with built in light source, spectrometer, and display screen to demonstrate ink verification of the warfarin degradation (Figure S12). 
The simplified API ink formulations employed here were used to focus on various aspects of the POC manufacture of pharmaceuticals. However, API ink formations may also include various excipients and additives to enhance stability and solubility, prevent precipitation, and control avenues of degradation. Advanced API ink formulation was beyond the scope of this work but remains a critical component of future work.
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Figure 7. Control strategies for a POC pharmaceutical manufacturing framework based on DoD dispensing of API. (a) UV-Vis verification of API ink, with demonstrations for levothyroxine sodium and warfarin sodium. Inset image displays fresh aqueous warfarin solution and aged aqueous warfarin suspension. Verifications of the mean measurement were made by Student’s t-test, where (ns) and (***) signify not significant or significant difference at the 0.05 level. Boxplots defined in the Methods section, with outliers (+), datapoints (o), and 95 % confidence intervals around the distribution’s median () displayed. (b) Schematic of inline drop counting and print log confirmation. (c) Performance check by dispensed volume confirmation based on capillary force. 

Verified API inks were then dispensed into/onto appropriate delivery vehicles. The dosage of the drug product was directly tied to the amount of API dispensed. Inline drop counting enabled critical real-time monitoring (and control) over the dispensed dosage (Figure 7(b)). The DoD system provided post-dispense log notes confirming the necessary drops were dispensed or if any of several potential errors occurred. This inline control strategy immediately identified issues with any specific manufactured dose. The system software created print logs for each dispense (Tables S8-S11). These logs documented the solvent liquid, source and target locations, number of drops counted, missed drops, target volume, dispensing energy, and a timestamp. In addition to monitoring and immediately identifying defective doses, under certain circumstances, the system allowed the user to correct the deficiency. For example, in instances of missing droplets due to API ink depletion, the source well was replenished, and a “Re-dispense Missed Droplets” was completed, specifically locating and dispensing only the undetected drop events (Table S8).   
	Thus far, the presented control strategies verified the ink concentration and confirmed drop dispensing. We then incorporated a simple atline dispensed volume measurement to verify system calibration (Figure 7(c) and Figure S13). This strategy was only employed on occasion as confirmation. Specified volumes were dispensed into each of the 8 wells and the well tab flipped up (Figure S13). Capillary action pulled the aqueous liquid into each capillary for measurement of dispensed volumes. Figure 7(c) corresponds to a column dispense of [3, 4, 5, 6, 3, 4, 5, 6] µL. Dispensed volumes fell within the volume check device manufacturer’s stated accuracy. Measurement of individual pressure channels allowed for specific channels to be recalibrated as needed. Finally, select doses from production batches or lots would be sent back to a centralized facility or testing laboratory for quality assurance by more traditional analytical instrumentation (e.g., LC-MS/MS). 
 

Conclusions 
The application of QbD principles and cause-and-effect analysis (Ishikawa diagrams) to a POC pharmaceutical manufacturing framework identified CQAs, CMAs, and CPPs impacting the final drug product. Within this framework, API inks were produced at centralized facilities and distributed to POC facilities for precision dispensing into delivery vehicles (e.g., single-dose liquid vials, gelatin capsules, etc.). This work focused on the POC dispensing and dosing component of the overall framework and introduced areas of future work. We investigated CPPs and resulting CQAs of the dispensing system and process, characterizing the optimal operating regimes and identifying control strategies to minimize risk and variability. The final manufacturing process incorporated an atline ink verification based on UV-Vis spectroscopy prior to dispensing and inline drop counting during dispensing. We also considered the integration of occasional atline dispensed volume checks using disposable devices and offline batch quality confirmation by LC-MS/MS. Future research will investigate the measurement science needed for advanced process analytical technologies that can be directly integrated into POC production machinery.  
We laid out a cursory framework for POC manufacturing of narrow therapeutic index drugs for precision personalized medicine, however, numerous questions remain. Ongoing and future work will consider release rates, stability, and shelf life of POC manufactured products, the effects of additional excipients, and capabilities to produce a full range of potential dosages – including DoD dispensing of API particle suspensions.19 As DM and POC facilities and production technologies continue to be developed, how they will comply with traditional GMP standards, if these sites will have independent PQSs, quality control uniformity across numerous POC sites, maintenance of production records, and sterility requirements will also have to be considered. In addition, operation of such POC sites will be left to the end users, introducing the potential need for safeguards to ensure only drug products meeting “approved” specifications can/will be manufactured.  
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Solid State Form: Warfarin
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