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[bookmark: _csop1du6b6u0]Abstract
To increase their stability, therapeutic (or monoclonal) antibodies (mAbs) are often formulated as solids by using a variety of drying techniques, e.g. freeze-drying, spray-drying, or spray freeze-drying. The addition of excipients is required to preserve stability of the protein during the drying process and subsequent storage of the resulting solid form. The addition of low molecular weight excipients, such as amino acids, to sugar based spray- and freeze-dried formulations has been suggested to improve the storage stability of proteins in the dried state. In this study sugars (sucrose, trehalose), amino acids (Gly, Ala, Pro, Ser, Val, Leu, Ile, Gln, His, Lys, Arg, Phe, Trp) and combinations thereof were investigated for their stabilizing effect during spray-drying and subsequent storage and for their reconstitution time reducing effect. Two IgG4 mAbs were used as model antibodies.
From an initial screening study, basic and small neutral amino acids, in combination with a sugar, such as sucrose or trehalose, showed reconstitution time reducing and stabilizing properties. Arg in particular displayed excellent reconstitution and stability enhancing properties. Moreover, Arg was the only amino acid providing stabilizing properties comparable to sucrose or trehalose. Previous work by the authors described a statistically substantiated comparison between the three basic amino acids in a sugar containing formulation, albeit limited to a single concentration level [5]. Therefore, a follow-up design of experiments (DoE) study was performed to determine the optimum trehalose/amino acid content required for an optimal protein stability and reconstitution time and to compare the effects of two basic amino acids, Lys and Arg, to those of two neutral amino acids, Gly and Pro. The conducted DoE covered a wide range of trehalose (30 - 120 mM) and amino acid (50 - 150 mM) concentrations. The concentration of trehalose was found to be the main contributor to a reduction in reconstitution time and an increase in stability. Here we show that the addition of amino acids such as Gly, Pro, and Lys does not improve stability nor does it reduce the reconstitution time. Of the tested amino acids, only Arg showed a marked reduction in reconstitution time and improvement in stability compared to a trehalose. Moreover, the properties displayed by Arg could justify its application as the main stabilizer in spray-dried mAb formulations, eliminating the need for a sugar matrix altogether. But the weight ratio of stabilizer to protein was found the factor exerting the strongest overall influence on the formulation’s reconstitution time and stability. More specifically, sufficient physical stability and an acceptable reconstitution time could be obtained with a protein to stabilizer weight ratio of at least 1:1.
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1. [bookmark: _diw9xipliare]Introduction
[bookmark: _30j0zll]Therapeutic monoclonal antibodies (mAbs) regularly require drying for stabilization as they may be more prone to physical and chemical degradation in the liquid state. By removal of water, protein mobility is reduced, and degradation pathways slowed down, hence physical and chemical stability of the protein can be improved in the dried state. However, through their hydrogen bonding capacity, water molecules play an active role in protein function, dynamics and stability [25][19]. Therefore, upon removal of water, a protein requires stabilization by excipients to maintain its structural and functional integrity.
Stabilization of the protein in the solid state is reportedly achieved by formation of an amorphous glass matrix [18]. Diffusion and molecular mobility of the protein are significantly reduced, structural changes are delayed, and only minor molecular motions occur. Moreover, replacement of the water molecules by the excipient provides H-bonding between protein and excipient thereby maintaining structural integrity [8]. Maximal H-bonding between the protein and excipient requires for both protein and excipient to be present in the matrix’ amorphous phase [2][4]. Both an amorphous phase matrix and hydrogen bonding are required to stabilize a protein in the solid state. Protein should be dynamically coupled (provided by strong enthalpic interactions - typically through H-bonds) to the bulk regions of a phase-homogeneous matrix with suppressed β-relaxation [12][13][6]. The amount of available free volume in the amorphous matrix has been correlated to protein stability [10]. Addition of low molecular weight excipients such as glycerol and sorbitol to sucrose-based formulations have been reported to stabilize lyophilized protein [10][11][9]. It has been hypothesized that small amounts of such low molecular weight excipients may slow down β-fast relaxation processes, hence stabilizing the protein [11].
Freeze-drying is the most commonly used method for drying protein formulations. The freeze-drying process includes freezing of the protein solution, sublimation of the bulk water at low pressure and thermal desorption to produce a dry cake. However, freeze-drying is a time- and energy-consuming process. Alternatively, protein formulations can be dried using spray-drying, which is a fast, one-step process. It involves the atomization, via a nozzle, of a protein solution into a drying chamber where the protein solution is instantly dried, by a hot air flow, into solid particles. Thus spray-drying will yield a dispersible fine powder, in contrast to a cake in a vial for a freeze-dried product. The powder characteristics such as morphology, density, and powder flow, can be optimized by altering the spray-drying process parameters [5]. Although a protein is subjected to different stresses during either of these drying processes, similar excipients are used for stabilization of the protein in freeze-dried or spray-dried formulations.
Excipients used to stabilize proteins during drying and subsequent storage include sugars, polyols, amino acids (aa) and organic salts [37][24]. Commonly used non-reducing sugars are sucrose and trehalose [22][26]. Size and molecular flexibility determine a sugar’s ability to stabilize proteins in the solid state [35]. [1] tested Gly, Arg, Lys, Leu, His, Phe, Met (1:1 and 2:1 aa to protein w/w ratio) Trp (0.7:1 w/w ratio), Tyr (0.03:1 w/w ratio) in spray-dried formulations for the stabilization of three different proteins (catalase, haemagglutinin, and lysozyme). It was found that those proteins can be effectively stabilized by a combination of Arg and Gly. The amino acids need to be in the amorphous state for effective stabilization of the protein in the dried state. An amorphous amino acid matrix is required for dilution of the protein in this matrix and to allow interactions between the amino acid matrix and the protein. Ile, Leu, and Phe have been found to crystallize, acting as bulking agents rather than stabilizers, even at low aa to sucrose ratios [20]. However, due to the high sugar content there was no observed loss of protein stability.
Amino acids have been screened as low molecular weight additives to sucrose-based protein freeze-drying formulations by Forney-Stevens et al. [17]. Their screening study included 15 amino acids at a ratio of 1:1:0.3 protein:sucrose:amino acid that were compared to (already stable) sucrose only formulations at a ratio of 1:1 protein:sucrose. The addition of amino acids to a sucrose-based freeze-dried formulation, for the given protein:sucrose:amino acid ratio, resulted in an improvement in storage stability. Most amino acids were shown to stabilize sucrose-based formulations to a similar extent as sorbitol. Weak correlations were found between the extent of stabilization and both amino acid molar volume and side-chain charge. Additionally, Arg/sucrose-based protein formulations have been evaluated in freeze-drying [31][33]. In these works, storage stability of a mAb was reported to (slightly) improve in the presence of a low concentration of Arg (in a sucrose-based formulation). In a study evaluating trehalose/amino acid formulations for spray-freeze-drying polyclonal IgG, combinations of trehalose and uncharged, nonpolar amino acids (Leu, Phe, Gly) were found to provide good storage stability, while the combination with Arg or Cys displayed an increase in aggregation and fragmentation [16]. Even though aforementioned and several other studies have investigated different excipients, including sugars and amino acids, as stabilizing excipients during drying and subsequent storage, most of those studies were either for freeze-dried formulations or used model proteins such as lysozyme or catalase. In contrast, the number of studies specific for the formulation of spray-dried mAb powders for reconstitution at high concentration is much more limited. Moreover, few studies have investigated the minimum concentration of a stabilizer or the optimum ratio for a mixture of stabilizers that is required to achieve optimal stability or the fastest reconstitution at high mAb concentration.
To aid in closing this knowledge gap, an extensive selection of amino acids, including Ala, Arg, Gln, Gly, His, Ile, Leu, Lys, Phe, Pro, Ser, Trp, and Val, were evaluated in the present screening study consisting of spray-dried formulations containing either only an amino acid or a combination of sucrose and an amino acid. Formulations were evaluated for their reconstitution time reducing as well as their (physical) stability improving properties. Especially for high concentration mAb formulations, the reconstitution time may become a critical parameter that is most relevant from a patient perspective when the reconstitution time would make up a significant part of the time to administer the mAb. Stability improving properties were evaluated with respect to process stability, following spray-drying, and storage stability, after 4 weeks of storage at 40°C. Increase in aggregation following reconstitution was used as the main indicator of (physical) stability. Aggregation was taken as the primary stability response as it is associated with a decrease in product efficacy and an increased risk of immunogenic responses [23][27][29]. Faster reconstitution and increased stability were observed for spray-dried formulations which contained a basic amino acid (His, Lys, Arg) or a small neutral or polar amino acid (Ala, Pro, Ser). Additionally, reconstitution time reducing and mAb stabilizing properties were evaluated over a wide concentration range of several sugars, and amino acids (including sucrose, trehalose, Arg, Pro, Gly, Ala). Here, an increase in stability was observed for increasing sucrose or trehalose concentrations, as well as for increasing Arg concentration. On the other hand, spray-dried formulations containing Gly, Ala or Pro showed decreasing stability with increasing amino acid concentration.
In previous work, we reported a statistically substantiated comparison between the three basic amino acids regarding their effects on the reconstitution and stability of spray-dried monoclonal antibody (mAb) formulations containing a sugar stabilizer [5]. The statistical models of the study provided evidence that the basic amino acids had both reconstitution time reducing and stability increasing effects when added to a sugar stabilized mAb formulation. Here we expand upon the previous study by comparing the effects of two basic amino acids, Lys and Arg, to those of two neutral amino acids, Gly and Pro using a design of experiments (DoE) approach including a wide range of trehalose and amino acid concentrations. The study also aimed to determine the optimum trehalose/amino acid content required for an optimal protein (physical) stability and shortest reconstitution time. Amino acid and trehalose concentration ranges were varied between 50 - 150 mM and 30 - 120 mM, respectively. This statistically substantiated study involved the preparation of 16 spray-dried formulations per trehalose/amino acid combination for the four investigated amino acids (Arg, Lys, Gly, and Pro), and reference spray-dried formulations with only trehalose (at three different concentrations) as stabilizer. The choice of amino acids was based on the desire of gaining additional insight into the effects of the molecular weight and charge of the amino acid on the responses. A second mAb was used to confirm the findings at the DoE midpoints and thus give an indication of the general applicability of the obtained results. The effect of the varying trehalose/aa concentration on reconstitution time and storage stability (aggregation after 13 weeks at 25°C and 40°C) of the spray-dried mAb formulations was characterized. Our findings have a direct application for improving the development and optimization of spray-dried mAb formulations for reconstitution at high concentration.
2. [bookmark: _quluhhqm5ad7][bookmark: _1jff1cm3ulob]Materials and Methods
2.1 Materials
Two humanized IgG4 monoclonal antibodies (mAb1 and mAb2) from UCB Pharma (Braine l'Alleud, Belgium) were used in this work. The sodium hydroxide stock solution, L-histidine, L-histidine monohydrochloride monohydrate and polysorbate 20 were obtained from Merck (Darmstadt, Germany). Glycine, L-alanine, L-proline, L-valine, L-leucine, L-isoleucine, L-phenylalanine, L-tryptophan, L-glutamine, L-serine, L-arginine monohydrochloride, L-lysine monohydrochloride, sucrose and D(+)-trehalose dihydrate were obtained from Sigma-Aldrich (St. Louis, Missouri, U.S.). Hydrochloric acid stock solutions were obtained from Fisher scientific (Pittsburgh, Pennsylvania, U.S.).
2.2 Spray-dried sample preparation
2.2.1. [bookmark: _4gctok391t2d][bookmark: _427jo8hqie8a]Preparation of formulations for spray-drying
[bookmark: _v0odjso5denm]Amicon Ultra 15mL 30K Centrifugal Filters (Merck Millipore) were used to exchange the mAb’s storage buffer with the new formulation buffers. After the diafilltration step, the solutions were further concentrated or diluted to 50mg/mL in the respective formulation buffer. The concentration of the mAb solutions was measured using UV absorbance at 280nm. The spray-drying feed solutions were spiked with polysorbate 20 (PS 20) to a final concentration of 0.02% or 0.03% w/v PS 20, as indicated.
2.2.2. [bookmark: _48c1del46cx] Spray-drying (SD)
Approximately 20mL (1g of mAb) of feed solution of each evaluated formulation was spray dried using a Büchi B-290 Mini Spray Dryer, equipped with a 0.7 mm two-fluid nozzle, high performance cyclone, small collection vessel and the B-296 Dehumidier (Büchi Labortechnik AG ,Flawil, Switzerland). Process parameters were the same as those used in [5]. Inlet air temperature was set at 120°C (outlet temperature was monitored and ranged between 55-60°C), inlet air flow rate at 580 l/min, nozzle N2 flow rate at 10 l/min and the solution feed rate was set at 3 ml/min.
2.3. [bookmark: _5mb4drlofcmp]Formulation screening
In initial formulation screening experiments different amino acids and sugar and amino acid concentrations were evaluated. Table 1 summarizes the composition of sucrose-based formulations for spray-drying in combination with different amino acids (Gly, Ala, Pro, Ser, Gln, Leu, Ile, Lys, Arg, Phe, Trp). Formulations containing only an amino acid (Gly, Ala, Pro, Ser, Gln, Val, His, Arg, Phe, Trp) in either lactate or histidine buffer are summarized in Table 2. Table 3 and Table 4 summarize, respectively, the concentration ranges of sugar (sucrose or trehalose) and amino acid (Gly, Ala, Pro, Arg) that were investigated.
2.4. Design of experiments
2.4.1. [bookmark: _o0qzwoz9paf6]Formulation robustness design
Table 5 summarizes the factors and factor levels investigated by the full factorial design depicted in Table 6. Runs were carried out in a randomized sequence, generated by the JMP Genomics 11 software package (SAS Institute, Cary, North Carolina, U.S.). For each trehalose/amino acid (Gly, Pro, Lys, and Arg) combination, 16 formulations, including replicates, with varying trehalose (50 – 150mM trehalose) and amino acid concentrations (30-120mM amino acid) were investigated. Additionally, three formulations, two replicates for each formulation, with varying trehalose concentrations (30, 75, 120mM) but without amino acid were evaluated (Table 7).
2.4.2. [bookmark: _4lrfcjaw8kps]Statistical analysis
All statistical analyses were performed using the JMP software package (JMP11.0, SAS Institute Inc.). Models were fitted using the standard least squares method. Each trehalose/amino acid combination was evaluated for the effect of the concentration of trehalose and that specific amino acid. The different trehalose/amino acid combinations from the DoE study were also evaluated together to assess amino acid specific effects. The validity of the resulting models was verified by checking the normality of the studentized residuals’ distributions using a Shapiro-Wilk test for normality as a measure for the goodness of fit. Only high molecular weight species (HMWS) data resulted in valid models. Rh (DLS) and turbidity (A350/600) data did not show a statistically significant effect of trehalose or amino acid concentration. No outliers were omitted from the model.
2.5. [bookmark: _8tdzmdeoz3cf]Powder reconstitution time
Samples were reconstituted at 100±10 mg/mL by injecting 900µL of ultra-pure water in a 2mL capacity glass vial containing 100mg mAb (approximately 1mL of reconstituted sample) through the closed vials' septa using a syringe and 18-gauge needle. After water addition, the vial was gently swirled, and shaken to evenly distribute the solvent. Reconstitution time measurement was started when the water was injected and continued until a clear, homogeneous solution or, when insoluble particles were present, a homogeneous dispersion was obtained. All sample reconstitutions and reconstitution time measurements were done by the same analyst to minimize experimental variability.
2.6. [bookmark: _1tdw6a8y1lsf]Size-exclusion chromatography (SEC)
Size-exclusion chromatography (SEC) was used to relatively quantify high molecular weight species (HMWS) in the reconstituted samples. Analysis was performed using an Infinity 1200 series high performance liquid chromatography (HPLC) system (Agilent Technologies, Wasbronn, Germany) equipped with a TSK-GEL G3000SWXL column (5 m, 300 mm x 7.8 mm) (Tosoh Biosciences, Germany) and UV-detector (set at 280nm), using 0.2M Sodium phosphate pH7.0 as mobile phase. The process was run isocratically at ambient temperature, for 15 minutes with a flow rate of 1 ml/min. Peak integration was performed with Empower (Waters Corporation, Milford, Massachusetts, U.S.).
2.7. [bookmark: _s3e09gwjdfen]Dynamic light scattering (DLS)
Dynapro Plate Reader and/or Möbius (Wyatt, Santa Barbara, California, U.S.) were used to quantify the fraction of large aggregates (diameter range from 2 nm to 2 µm) present in the reconstituted samples. Prior to the measurement, samples were diluted to 10 mg/mL in buffer (without excipients). Data was recorded at 25.0°C, Processing was done using the Dynamics software, version 7.3.1.15 (Wyatt). Rh was determined with the cumulant fit.
2.8. [bookmark: _qkhupbsbibip]Turbidimetry
Optical density at incident wavelength of 350nm (OD350) and/or 600 nm (OD600) was taken as a measure for the turbidity of reconstituted samples. Measurements were performed using a Spectramax M5 multi-detection microplate reader (Molecular Devices, Sunnyvale, California, U.S.).
2.9. iCE
Charge variants were determined by imaged capillary electrophoresis (iCE3, Protein Simple). Samples were diluted at 0.2mg/mL in a solution containing urea 2M, 0.3% methylcellulose, pharmalyte 3 to 10 and 4.65 and 9.77 pI markers. Samples were analyzed with a first focusing period for 1min at 1500V and a second focusing period for 2min at 3000V. Peak integration was performed with Empower (Waters Corporation, Milford, Massachusetts, U.S.).
2.10. XRPD
Spray-dried powders were analyzed by XRPD (Bruker D8 Advance Cu anode Lynx Eye detector) by a standard method scan from 4.5° to 30°/50° in 2θ, divergence slit 12mm. Reference spectra for trehalose, and different amino acids were determined from the material used for formulation preparation, or, for different polymorphs, compared to spectra available in the database.
3. [bookmark: _mq8ea2ld4sd0]Results and Discussion
3.1. [bookmark: _ap9zhlv4gels]Spray-drying formulations with an amino acid or a combination of sucrose and an amino acid,
3.1.1. Reconstitution time
Faster reconstitution was observed for spray-dried formulations containing a small neutral amino acid or a basic amino acid (Gly, Ala, Pro, Ser, His, Arg) either alone or in combination with sucrose (Fig. 1, Fig. 2). Not surprisingly hydrophobic amino acids (Val, Leu, Phe, Trp) resulted in a slower reconstitution of the spray-dried powder. Overall reconstitution time (RT) was reduced by increasing excipient concentration (Fig. 3 and Fig. 4). Especially formulations with Arg showed a notably faster reconstitution than formulations with Gly, Pro or Ala.
3.1.2. Stability
Spray-dried formulations were evaluated for their process (following spray-drying) and storage (after 4 weeks storage at 40°C) stability. Basic amino acids provided the highest stability, while larger, hydrophobic amino acids did not provide sufficient stability either during the drying process or on storage (Fig. 5, Fig. 6, Fig. 7, Fig. 8). Ser also showed good stability in combination with sucrose, especially in a histidine buffer. All spray-dried powders containing a mAb, sucrose and an amino acid were shown to be amorphous upon spray-drying (Supporting Information).
Higher stability was obtained by increasing the sucrose or trehalose concentrations (Fig. 9, Fig. 10). The only amino acid that was able to provide higher stability with increasing concentration, comparable to a sugar, was Arg. Spray-dried formulations containing increasing concentrations of Gly, Ala, or Pro showed decreasing stability (Fig. 11, Fig. 12).
3.2. Trehalose/amino acid concentration range DoE
3.2.1. Reconstitution time
Spray-dried powders were reconstituted at 100mg/mL of mAb, twice the mAb concentration present in the initial feed solutions. At the initial time point, reconstitution was performed in triplicate for all formulations except for those containing Arg, of which only two replicates were reconstituted. No evolution in RT was observed over the different time points of the stability study, therefore, the mean reconstitution time, spanning all timepoints, was calculated. Statistical analysis (JMP) was performed over all measurements and timepoints. The effect of trehalose and amino acid concentrations on the RT was evaluated using a separate response surface model for each trehalose/amino acid combination (Fig. 13).
For formulations consisting of a combination of trehalose and Arg, at lower excipient concentration, the RT was determined by adding up the effects of each stabilizer. At higher excipient concentrations the effect of including an additional stabilizer was shown to diminish. At high trehalose concentration the concentration of Arg showed to have little effect on the RT, while at high Arg concentration the concentration of trehalose showed to have little effect on the RT (Fig. 13). Similar effects, but to a lesser extent, were observed for trehalose-Lys formulations. For a given trehalose concentration the Pro or Gly concentration showed to have no effect on the RT.
The effect of the different amino acids on the reconstitution time was compared in a statistical analysis of all trehalose-amino acid combinations (combination of four times the DoE, one for each aa, and two times the trehalose reference formulations) (Fig. 14). Analysis revealed that the main contributor to the reduction in reconstitution time was the trehalose concentration. Of the investigated amino acids, only Arg showed to further decrease the RT compared to trehalose formulations. While Lys and Pro did not show a marked effect on the reconstitution time, formulations containing Gly showed an increase in reconstitution time.
Following the results from previous work the DoE was set-up using molar concentrations of trehalose and amino acid [5]. A plot of RT versus trehalose/amino acid molar concentration is shown in Fig. 15. However, only when RT is evaluated against the weight ratio of total stabilizer to mAb, a general trend becomes apparent with reduced RT with increasing stabilizer to mAb ratio (Fig. 16, Fig. 17). Additionally, RT was evaluated for a second model mAb (mAb2) for formulations composed of the center point concentrations of the DoE i.e. 75mM trehalose and 100mM. RT for mAb2 followed the same trend as mAb1, as shown in Fig. 18.
3.3. [bookmark: _ijhpeopa2amy]Stability
Solid state stability of the mAb formulations was evaluated after 13weeks of storage at 25 and 40°C using three aggregation focused responses: HMWS by SEC, Rh (cumulant fit) by DLS, and turbidity (A350). Aggregation rates were calculated by linear regression and used for statistical analysis. Aggregation rates were evaluated in a response surface model (Fig. 19, Fig. 20).
Overall storage stability was affected by trehalose and amino acid concentration in the same way as RT. Within the investigated concentration ranges, the effect of trehalose and Arg concentrations on the aggregation rate were additive, until a “threshold” concentration was reached above which further stabilizer addition had little effect. For formulations containing a combination of trehalose and one of the other three investigated amino acids (Gly, Pro, Lys), stability was mainly affected by the trehalose concentration. Moreover, with increasing trehalose concentration the effect of adding an amino acid diminished. Within the investigated concentration ranges, the amino acid concentration did not show a significant effect on aggregation rate, except for Lys, which showed a destabilizing effect at higher concentration. Especially for low trehalose and high Lys concentration a higher aggregation rate was observed (Fig. 21).
Certain formulations exhibited discoloration over the course of their storage. Those formulations also displayed a change in their respective charge variants profiles (Supporting Information). An increase in APG was specifically observed for formulations with lower trehalose and higher aa concentrations (Supporting Information). Most spray-dried powders were shown to have maintained their amorphous state over the course of the stability study, except for formulations with low trehalose and high Lys or Gly contents (e.g. F14, F16). These formulations showed (partial) crystallization of one of the excipients (supporting information), and were also identified as outlier with reduced stability, compared to other formulations. For some of these samples, partial crystallization of trehalose was observed. Furthermore, a formulation containing low trehalose and high Arg content showed (partial) crystallization of one of the excipients.
[bookmark: _gjdgxs]A general trend became apparent when the rate of increase in HMWS was plotted against the weight ratio of stabilizer to mAb instead of the molar concentration (Fig. 22, Fig. 23). Overall, a higher weight ratio of stabilizer (trehalose and amino acid) to mAb resulted in an improved stability. Up to a weight ratio of about 1 to 1 (stabilizer to mAb w/w), additional stabilizer significantly improved stability. A similar trend was observed for turbidity, where a decrease in turbidity corresponded with increasing trehalose and Arg concentrations and an increase in turbidity with increasing concentration of amino acid for the three other amino acids (supporting information). Although absolute aggregation rates for mAb2 were lower than for mAb1, stability followed the same trend with respect to trehalose and aa to mAb weight ratio (Fig. 24).
3.4. Discussion
In previous work we have shown that spray-dried formulations containing a combination of sugar (sucrose, trehalose) and one or more basic amino acids, have reconstitution time reducing and stability increasing properties. Here we show that it is in fact the sugar and not the amino acid that is generally the most important component in a spray-dried formulation providing reconstitution time reducing and stability increasing properties. When present in a sugar-free formulation, only Arg was shown to possess reconstitution time reducing and stability increasing properties comparable to these of the tested sugars. Interestingly, when added to a sugar containing formulation, other basic or small neutral amino acids were shown to contribute to the stability of the spray-dried formulation as well by incorporation in the glassy sugar matrix.
A DoE approach was used to determine the trehalose/amino acid content required for an optimal protein stability and shortest reconstitution time. The effects of two basic amino acids, Lys and Arg, was compared to those of two neutral amino acids, Gly and Pro. The DoE included a wide range of trehalose (30 - 120 mM) and amino acid (50 - 150 mM) concentrations. However, a general trend only became apparent when reconstitution time and stability were analyzed with respect to the weight ratios, rather than the molar concentration ratios, of stabilizers to protein. The results clearly showed that both reconstitution time and stability seem to be defined by the stabilizer to mAb weight ratio, with, not unexpectedly, an improved stability and reduced reconstitution time with increasing stabilizer to mAb weight ratio. A weight ratio of at least 1 to 1 of stabilizer to mAb was required to provide sufficient stability and an acceptable reconstitution time.
Improved stabilization with increasing sugar-to-protein ratio was also found for freeze-dried formulations. For these formulations, it has been hypothesized that the majority of the improvements occur up to the point where the H-bonding sites on the protein surface are titrated by the sugar in the formulation [14][15]. Reductions in aggregation and improvements in the conservation of the native-like solid state protein structure were observed when increasing the sucrose or trehalose concentration from 0 to a molar ratio of approximately 500:1 sugar to protein, i.e. a 1.14:1 weight ratio [3]. At this concentration there would be enough sugar present to occupy the available hydrogen bonding sites on the surface of the protein. Additionally, an increasing amount of sugar will also contribute to the dilution of the protein in the glassy matrix, which is characterized by restricted molecular mobility (or suppressed β-relaxation) with reduced protein-protein interactions [3].
It has been argued that the total mass of stabilizer correlates to the volume of the amorphous matrix and reflects the number of potential H-binding sites (at least for molecules with similar H-bonding capacity). The surface area to volume ratio for proteins – high Mw proteins such as mAbs usually have a smaller surface to volume ratio – mainly dominates the number of hydrogen bonding sites on the protein surface. Hence it would be expected that, compared to that for a low molecular weight protein, for high molecular weight protein the same level of occupation of hydrogen binding sites can be attained at a lower ratio of stabilizer to protein [9]. Overall hydrogen binding capacity of a sugar like trehalose or sucrose is insufficient to completely replace the hydrogen binding capacity of water. But excipients can also bind the protein via other interactions, such as CH- interactions for sugars and electrostatic and cation- interactions for amino acids. 
The amorphous matrix is defined by the bulk mass (or volume) of excipients. An equal distribution of protein and amorphous matrix may be required to sufficiently restrict molecular mobility, i.e. to result in suppressed β-relaxations. Size and chemical properties of the excipients will determine the interactions within the amorphous matrix, i.e. among excipients and between protein and excipient molecules. The extent of those interactions will determine, by restriction of local mobility, the stability providing properties of the amorphous matrix. Trehalose’s propensity to form intermolecular hydrogen bonds allows the formation of long-range protein-(water)-hydrogen bond networks, which are essential in establishing a homogeneous glassy matrix with suppressed β-relaxation [13]. Trehalose will provide the necessary bulk for the amorphous matrix to stabilize the protein in the solid state. Within this amorphous sugar matrix, amino acids can be embedded. It has been suggested that the increased stability with the addition of low molecular weight additives, could be a result of reduced free volume [10][11][17]. Overall amino acids could be filling up the free volume between the sugar molecules but cannot, except Arg, on their own form an amorphous matrix with sufficient interactions to provide stability to the protein in the solid state. Here we show that when comparing equal stabilizer to protein weight ratios, the addition of amino acids such as Gly, Pro, and Lys does not significantly improve stability or reduce reconstitution time. Certain amino acids (e.g. small neutral or basic amino acids) can, to some extent, replace/substitute the sugar in the stabilizing amorphous matrix. However, the stability of such a mixed formulation will not be better than a sugar only formulation with a similar ratio of total stabilizer to protein. In a study like the one conducted by Forney-Stevens et al. [17], amino acids were added to a given sugar concentration, therefore the improved stability might have been a result of the increased total stabilizer to protein weight ratio.
[bookmark: _Hlk46846314]In this study we have shown that Arg is the only amino acid able to improve stability and reduce reconstitution time with increasing concentration. Moreover, Arg was shown to be able to replace trehalose as the main stabilizer in a spray-dried formulation. Previously, Arg was found to improve the physical stability of spray-dried BSA significantly [28]. A mixture of Arg and Gly (aa to protein ratio 2:1) has been shown to provide a stabilizing effect for spray-dried catalase, haemagglutinin and lysozyme [1]. Upon freeze-drying of Arg and His antibody formulations the amino acids become (partially) amorphous which allows molecular level interactions between Arg or His and protein [34]. Those interactions were absent between Gly and protein [34]. Charged hydrophilic amino acids, such as Arg, can form strong hydrogen bonds with a protein. Moreover, coupling of the protein to Arg, in the amorphous matrix, is also possible via salt bridges and cation- interactions. Arg can interact with oppositely charged residues on the protein surface and can cover adjacently exposed hydrophobic residues, thereby inhibiting aggregation [30]. Similar mechanisms that provide stability to the protein in the solid state may also determine its solubility and hence the reconstitution time of the spray-dried powder. The effect of Arg on both stability and reconstitution time can be attributed to the specific properties of this amphipathic amino acid side chain, which contains a positively charged guanidium group capable of forming strong salt bridges and extensive H-bonding, and an aliphatic hydrocarbon chain. Arg has been attributed protein solubilizing and aggregation inhibiting properties that could explain its stability improving and reconstitution time reducing effect in spray-dried formulations [7][36]. In this regard, Arg could also exert a specific activity in solution upon reconstitution. The reconstitution time reducing properties of Arg containing spray-dried mAb formulations could in part also be attributed to the viscosity lowering effect of Arg, as reported for mAbs [21]. Overall, it is intriguing that Arg is the only amino acid that shows stability improving and reconstitution time reducing effects in spray-dried formulations.
To unravel the origin of the different stability profiles as observed for the different spray-dried formulations in this study, protein-excipient interactions in the amorphous matrix and solid-state dynamics should be determined [2][8][6][31]. Measurement of relaxation dynamics, and hence mobility, for the different spray-dried formulations could help to understand the mechanisms underlying the improved stabilization with increasing stabilizer to protein weight ratio. Such measurements should also include a comparison of relaxation characteristics for trehalose, Arg, and trehalose/amino acid spray-dried formulations.
4. [bookmark: _7jxcrvb6qmjh]Conclusion
The addition of low molecular weight excipients, such as amino acids, to sugar based spray- or freeze-dried formulations has been suggested to improve the storage stability of proteins in the dried state. Here we show that when comparing equal stabilizer to protein weight ratios, the addition of amino acids such as Gly, Pro, and Lys to trehalose based spray-dried formulations does not significantly improve stability nor reduce the reconstitution time. The only amino acid that showed a significant improvement of stability and reduction in reconstitution time was Arg. Moreover, Arg can possibly completely replace the sugar as the main stabilizer in spray-dried formulations. This poses an intriguing question about the mechanism of stabilization by Arg in the solid state. Although the stability improving and reconstitution time reducing effects of Arg can perhaps also, at least partially, be attributed to the action of the amino acid in solution.
An improvement in stabilization was found with increasing total stabilizer (trehalose and amino acid) to protein ratio, with most of the improvement occurring up to a 1:1 weight ratio. This is likely the point where sufficient stabilizer is present in the formulation to titrate the exposed H-bonding sites on the protein surface or where dilution of the protein in the amorphous matrix, characterized by long-range hydrogen bond networks, leads to reduced protein-protein contacts and restricted molecular mobility.
Our findings have a direct application for formulating mAbs as powders for reconstitution at high concentration. Although being based on data acquired from spray-dried mAb formulations, the conclusions are most likely also transferable to a broader range of freeze-dried or spray freeze-dried protein formulations. A protein to stabilizer (preferably trehalose/Arg) weight ratio of at least 1:1 will be a good starting point for formulation development with a higher chance of yielding both a good physical stability profile and a reduced reconstitution time. 
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Tables

Table 1: Screening spray-drying sucrose-amino acid formulations
	
	mAb1 (mg/mL)
	Buffer
	Buffer conc(mM)
	Sucrose conc (mg/mL)
	aa
	aa conc (mM)

	1
	50
	L-histidine/HCl pH5.6
	15
	25.0
	Gly
	100

	2
	
	
	
	
	Ala
	100

	3
	
	
	
	
	Pro
	100

	4
	
	
	
	
	Ser
	100

	5
	
	
	
	
	Gln
	100

	6
	
	
	
	
	Leu
	75a

	7
	
	
	
	
	Ile
	75a

	8
	
	
	
	
	Lys
	100

	9
	
	
	
	
	Arg
	75

	10
	
	
	
	
	Phe
	75a

	11
	
	
	
	
	Trp
	25a


a lower concentration due to solubility of the amino acid


Table 2: Screening spray-drying amino acid formulations
	
	mAb1 (mg/mL)
	Buffer
	Buffer conc (mM)
	aa
	aa conc (mg/mL)
	PS20 (%w/v)

	1
	50
	Na-lactate pH5.0
	15
	Gly
	25.0
	0.03

	2
	
	
	
	Ala
	25.0
	

	3
	
	
	
	Pro
	25.0
	

	4
	
	
	
	Ser
	25.0
	

	5
	
	
	
	Glna
	15.0
	

	6
	
	
	
	Val
	25.0
	

	7
	
	
	
	His
	25.0
	

	8
	
	
	
	Arg
	25.0
	

	9
	
	
	
	Phea
	12.0
	

	10
	
	
	
	Trpa
	5.0
	

	11
	
	L-histidine/HCl pH5.0
	15
	Gly
	25.0
	

	12
	
	
	
	Ala
	25.0
	

	13
	
	
	
	Pro
	25.0
	

	14
	
	
	
	Ser
	25.0
	

	15
	
	
	
	Glna
	15.0
	

	16
	
	
	
	Val
	25.0
	

	17
	
	
	
	His
	25.0
	

	18
	
	
	
	Arg
	25.0
	

	19
	
	
	
	Phea
	12.0
	

	20
	
	
	
	Trpa
	5.0
	


a lower concentration due to lower solubility of the amino acid



Table 3 : Sucrose/Trehalose concentration screening
	
	mAb1 (mg/mL)
	Buffer
	Buffer conc (mM)
	Sugar
	Sugar conc (mg/mL)

	1
	50
	L-histidine/HCl pH5.6
	15
	Sucrose
	5.0

	2
	
	
	
	
	15.0

	3
	
	
	
	
	25.0

	4
	
	
	
	
	40.0

	5
	
	
	
	
	50.0

	6
	
	
	
	
	75.0

	7
	
	
	
	Trehalose
	5.0

	8
	
	
	
	
	15.0

	9
	
	
	
	
	25.0

	10
	
	
	
	
	40.0

	11
	
	
	
	
	50.0

	12
	
	
	
	
	75.0





Table 4 : Amino acid concentration screening
	
	mAb1 (mg/mL)
	Buffer
	Buffer conc (mM)
	aa
	aa conc (mg/mL)
	PS20 (%w/v)

	1
	50
	His/HCl pH5.0
	15
	Arg
	6.3
	0.03

	2
	
	
	
	Arg
	12.5
	0.03

	3
	
	
	
	Arg
	25.0
	0.03

	4
	
	
	
	Arg
	50.0
	0.03

	5
	
	
	
	Pro
	6.3
	0.03

	6
	
	
	
	Pro
	12.5
	0.03

	7
	
	
	
	Pro
	25.0
	0.03

	8
	
	
	
	Pro
	50.0
	0.03

	9
	
	
	
	Gly
	6.3
	0.03

	10
	
	
	
	Gly
	12.5
	0.03

	11
	
	
	
	Gly
	25.0
	0.03

	12
	
	
	
	Gly
	50.0
	0.03

	13
	
	
	
	Ala
	6.3
	0.03

	14
	
	
	
	Ala
	12.5
	0.03

	15
	
	
	
	Ala
	25.0
	0.03

	16
	
	
	
	Ala
	50.0
	0.03





Table 5: Factors and factor levels used in the full factorial design
	Factor
	Role
	Values (mM)

	trehalose
	continuous
	30
	120

	aa (Arg, Lys, Pro, or Gly)
	continuous
	50
	150


with 3 center points and a total of 16 runs, including replicate runs



Table 6: Full factorial design used in formulation evaluation (see Supporting Information for each amino acid separately)
	
	mAb1 (mg/mL)
	His/HCl, pH5.6 (mM)
	Tre (mM)
	aa (mM)
	PS20 (%w/v)

	1
	50
	15
	120
	50
	0.02

	2
	
	
	75
	100
	

	3
	
	
	75
	100
	

	4
	
	
	75
	50
	

	5
	
	
	30
	100
	

	6
	
	
	120
	150
	

	7
	
	
	120
	100
	

	8
	
	
	75
	100
	

	9
	
	
	30
	50
	

	10
	
	
	120
	50
	

	11
	
	
	30
	50
	

	12
	
	
	120
	50
	

	13
	
	
	75
	150
	

	14
	
	
	30
	150
	

	15
	
	
	120
	150
	

	16
	
	
	30
	150
	





Table 7: Formulations, added to the DoE, with only trehalose as stabilizer, without amino acid
	
	mAb1 (mg/mL)
	His/HCl, pH5.6 (mM)
	Tre (mM)
	PS20 (%w/v)

	1
	50
	15
	30
	0.02

	2
	
	
	75
	

	3
	
	
	120
	

	4
	50
	15
	30
	0.02

	5
	
	
	75
	

	6
	
	
	120
	






SUPPORTING INFORMATION: TABLES
Table SI-1: DoE Full Factorial Design, trehalose/Gly
	
	conc (mg/mL)
	His/HCl, pH5.6 (mM)
	Tre (mM)
	Tre (mg/mL)
	Tre/mAb w/w/ratio
	Gly (mM)
	Gly (mg/mL)
	Gly/mAb w/w/ ratio
	Tre+Gly/mAb w/w ratio
	PS 20 (%w/v)

	1
	50
	15
	120
	41.1
	0.82
	50
	3.8
	0.08
	0.90
	0.02

	2
	
	
	75
	25.7
	0.51
	100
	7.5
	0.15
	0.66
	

	3
	
	
	75
	25.7
	0.51
	100
	7.5
	0.15
	0.66
	

	4
	
	
	75
	25.7
	0.51
	50
	3.8
	0.08
	0.59
	

	5
	
	
	30
	10.3
	0.21
	100
	7.5
	0.15
	0.36
	

	6
	
	
	120
	41.1
	0.82
	150
	11.3
	0.23
	1.05
	

	7
	
	
	120
	41.1
	0.82
	100
	7.5
	0.15
	0.97
	

	8
	
	
	75
	25.7
	0.51
	100
	7.5
	0.15
	0.66
	

	9
	
	
	30
	10.3
	0.21
	50
	3.8
	0.08
	0.28
	

	10
	
	
	120
	41.1
	0.82
	50
	3.8
	0.08
	0.90
	

	11
	
	
	30
	10.3
	0.21
	50
	3.8
	0.08
	0.28
	

	12
	
	
	120
	41.1
	0.82
	50
	3.8
	0.08
	0.90
	

	13
	
	
	75
	25.7
	0.51
	150
	11.3
	0.23
	0.74
	

	14
	
	
	30
	10.3
	0.21
	150
	11.3
	0.23
	0.43
	

	15
	
	
	120
	41.1
	0.82
	150
	11.3
	0.23
	1.05
	

	16
	
	
	30
	10.3
	0.21
	150
	11.3
	0.23
	0.43
	





Table SI-2: DoE Full Factorial Design, trehalose/Pro
	
	conc (mg/mL)
	His/HCl, pH5.6 (mM)
	Tre (mM)
	Tre (mg/mL)
	Tre/mAb w/w/ratio
	Pro (mM)
	Pro (mg/mL)
	Pro/mAb w/w/ ratio
	Tre+Pro/mAb w/w ratio
	PS 20 (%w/v)

	1
	50
	15
	120
	41.1
	0.82
	50
	5.8
	0.12
	0.94
	0.02

	2
	
	
	75
	25.7
	0.51
	100
	11.5
	0.23
	0.74
	

	3
	
	
	75
	25.7
	0.51
	100
	11.5
	0.23
	0.74
	

	4
	
	
	75
	25.7
	0.51
	50
	5.8
	0.12
	0.63
	

	5
	
	
	30
	10.3
	0.21
	100
	11.5
	0.23
	0.44
	

	6
	
	
	120
	41.1
	0.82
	150
	17.3
	0.35
	1.17
	

	7
	
	
	120
	41.1
	0.82
	100
	11.5
	0.23
	1.05
	

	8
	
	
	75
	25.7
	0.51
	100
	11.5
	0.23
	0.74
	

	9
	
	
	30
	10.3
	0.21
	50
	5.8
	0.12
	0.32
	

	10
	
	
	120
	41.1
	0.82
	50
	5.8
	0.12
	0.94
	

	11
	
	
	30
	10.3
	0.21
	50
	5.8
	0.12
	0.32
	

	12
	
	
	120
	41.1
	0.82
	50
	5.8
	0.12
	0.94
	

	13
	
	
	75
	25.7
	0.51
	150
	17.3
	0.35
	0.86
	

	14
	
	
	30
	10.3
	0.21
	150
	17.3
	0.35
	0.55
	

	15
	
	
	120
	41.1
	0.82
	150
	17.3
	0.35
	1.17
	

	16
	
	
	30
	10.3
	0.21
	150
	17.3
	0.35
	0.55
	







Table SI-3; DoE Full Factorial Design, trehalose/Lys
	
	conc (mg/mL)
	His/HCl, pH5.6 (mM)
	Tre (mM)
	Tre (mg/mL)
	Tre/mAb w/w/ratio
	Lys (mM)
	Lys (mg/mL)
	Lys/mAb w/w/ ratio
	Tre+Lys/mAb w/w ratio
	PS 20 (%w/v)

	1
	50
	15
	120
	41.1
	0.82
	50
	9.1
	0.18
	1.00
	0.02

	2
	
	
	75
	25.7
	0.51
	100
	18.3
	0.37
	0.88
	

	3
	
	
	75
	25.7
	0.51
	100
	18.3
	0.37
	0.88
	

	4
	
	
	75
	25.7
	0.51
	50
	9.1
	0.18
	0.70
	

	5
	
	
	30
	10.3
	0.21
	100
	18.3
	0.37
	0.57
	

	6
	
	
	120
	41.1
	0.82
	150
	27.4
	0.55
	1.37
	

	7
	
	
	120
	41.1
	0.82
	100
	18.3
	0.37
	1.19
	

	8
	
	
	75
	25.7
	0.51
	100
	18.3
	0.37
	0.88
	

	9
	
	
	30
	10.3
	0.21
	50
	9.1
	0.18
	0.39
	

	10
	
	
	120
	41.1
	0.82
	50
	9.1
	0.18
	1.00
	

	11
	
	
	30
	10.3
	0.21
	50
	9.1
	0.18
	0.39
	

	12
	
	
	120
	41.1
	0.82
	50
	9.1
	0.18
	1.00
	

	13
	
	
	75
	25.7
	0.51
	150
	27.4
	0.55
	1.06
	

	14
	
	
	30
	10.3
	0.21
	150
	27.4
	0.55
	0.75
	

	15
	
	
	120
	41.1
	0.82
	150
	27.4
	0.55
	1.37
	

	16
	
	
	30
	10.3
	0.21
	150
	27.4
	0.55
	0.75
	





Table SI-4: DoE Full Factorial Design, trehalose/Arg
	
	conc (mg/mL)
	His/HCl, pH5.6 (mM)
	Tre (mM)
	Tre (mg/mL)
	Tre/mAb w/w/ratio
	Arg (mM)
	Arg (mg/mL)
	Arg/mAb w/w/ ratio
	Tre+Arg/mAb w/w ratio
	PS 20 (%w/v)

	1
	50
	15
	120
	41.1
	0.82
	50
	10.5
	0.21
	1.03
	0.02

	2
	
	
	75
	25.7
	0.51
	100
	21.1
	0.42
	0.93
	

	3
	
	
	75
	25.7
	0.51
	100
	21.1
	0.42
	0.93
	

	4
	
	
	75
	25.7
	0.51
	50
	10.5
	0.21
	0.72
	

	5
	
	
	30
	10.3
	0.21
	100
	21.1
	0.42
	0.63
	

	6
	
	
	120
	41.1
	0.82
	150
	31.6
	0.63
	1.45
	

	7
	
	
	120
	41.1
	0.82
	100
	21.1
	0.42
	1.24
	

	8
	
	
	75
	25.7
	0.51
	100
	21.1
	0.42
	0.93
	

	9
	
	
	30
	10.3
	0.21
	50
	10.5
	0.21
	0.42
	

	10
	
	
	120
	41.1
	0.82
	50
	10.5
	0.21
	1.03
	

	11
	
	
	30
	10.3
	0.21
	50
	10.5
	0.21
	0.42
	

	12
	
	
	120
	41.1
	0.82
	50
	10.5
	0.21
	1.03
	

	13
	
	
	75
	25.7
	0.51
	150
	31.6
	0.63
	1.15
	

	14
	
	
	30
	10.3
	0.21
	150
	31.6
	0.63
	0.84
	

	15
	
	
	120
	41.1
	0.82
	150
	31.6
	0.63
	1.45
	

	16
	
	
	30
	10.3
	0.21
	150
	31.6
	0.63
	0.84
	








Table SI-5: iCE, charge variants at t13w40°C (APG, acidic peak group, BPG, basic peak group)
	
	Tre (mM)
	aa (mM)
	APG
	Main
	BPG

	Tre-1
	120
	-
	ND
	ND
	ND

	Tre-2
	75
	-
	56.2
	33.1
	10.7

	Tre-3
	30
	-
	ND
	ND
	ND

	Pro-F1
	120
	50
	ND
	ND
	ND

	Pro-F2
	75
	100
	ND
	ND
	ND

	Pro-F3
	75
	100
	ND
	ND
	ND

	Pro-F4
	75
	50
	ND
	ND
	ND

	Pro-F5
	30
	100
	70.2
	15.6
	14.3

	Pro-F6
	120
	150
	ND
	ND
	ND

	Pro-F7
	120
	100
	62.7
	22.9
	14.4

	Pro-F8
	75
	100
	ND
	ND
	ND

	Pro-F9
	30
	50
	ND
	ND
	ND

	Pro-F10
	120
	50
	58.9
	26.1
	15.0

	Pro-F11
	30
	50
	60.8
	21.9
	17.3

	Pro-F12
	120
	50
	ND
	ND
	ND

	Pro-F13
	75
	150
	61.2
	23.4
	15.4

	Pro-F14
	30
	150
	ND
	ND
	ND

	Pro-F15
	120
	150
	60.3
	24.1
	15.6

	Pro-F16
	30
	150
	65.9
	17.6
	16.6

	Lys-F1
	120
	50
	ND
	ND
	ND

	Lys-F2
	75
	100
	57.0
	23.8
	19.1

	Lys-F3
	75
	100
	ND
	ND
	ND

	Lys-F4
	75
	50
	57.3
	24.1
	18.6

	Lys-F5
	30
	100
	64.4
	19.1
	16.5

	Lys-F6
	120
	150
	ND
	ND
	ND

	Lys-F7
	120
	100
	55.7
	22.2
	22.0

	Lys-F8
	75
	100
	ND
	ND
	ND

	Lys-F9
	30
	50
	ND
	ND
	ND

	Lys-F10
	120
	50
	54.5
	28.2
	17.4

	Lys-F11
	30
	50
	56.1
	22.8
	21.1

	Lys-F12
	120
	50
	ND
	ND
	ND

	Lys-F13
	75
	150
	57.0
	23.3
	19.6

	Lys-F14
	30
	150
	ND
	ND
	ND

	Lys-F15
	120
	150
	52.4
	27.8
	19.8

	Lys-F16
	30
	150
	61.4
	20.3
	18.2









FIGURES
Figure 1: Reconstitution time for sucrose/amino acid formulations (mean and SD of 3 measurements at t0 and 1 measurement at t4w40°C)
[image: ]



Figure 2: Reconstitution time for amino acid formulations in lactate or histidine buffer (mean and SD of 1 measurement at t0 and 1 measurement at t4w40°C, except for Val where RT for t4w40°C was more than 4h and sample was turbid)







Figure 3: Reconstitution time, sucrose and trehalose concentration (mean and SD of 3 measurements at t0 and 1 measurement at t4w40°C)
[image: ]
Figure 4: Reconstitution time, amino acid concentration (mean and SD of 1 measurement at t0 and 1 measurement at t4w40°C)
[image: ]



Figure 5: Process Stability for sucrose/amino acid formulations (ΔHMWS is difference in HMWS between t0 and pre-spray-drying)
[image: ]



Figure 6: Storage Stability for sucrose/amino acid formulations (HMWS_rate is the change in HMWS per week upon storage for 4 weeks at 40°C)
[image: ]








Figure 7: Process stability for amino acid formulations (ΔHMWS is difference in HMWS between t0 and pre-spray-drying)
[image: ]



Figure 8: Storage stability for amino acid formulations (HMWS_rate is the change in HMWS per week upon storage for 4 weeks at 40°C)
[image: ]







Figure 9: Process stability, sugar concentration (ΔHMWS is difference in HMWS between t0 and pre-spray-drying)
[image: ]



Figure 10: Storage stability, sugar concentration (HMWS_rate is the change in HMWS per week upon storage for 4 weeks at 40°C)
[image: ]







Figure 11: Process stability, amino acid concentration (ΔHMWS is difference in HMWS between t0 and pre-spray-drying)
[image: ]



Figure 12: Storage stability, amino acid concentration (HMWS_rate is the change in HMWS per week upon storage for 4 weeks at 40°C)
[image: ]





Figure 13: RT, JMP analysis for each separate amino acid DoE (16 Tre/aa formulations)
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Figure 14: RT, JMP analysis, comparison different amino acids
[image: ]












Figure 15: RT (mean over all timepoints) versus total stabilisstabilizer (=trehalose+aa) molar concentration
[image: ]


Figure 16: RT (mean over all timepoints) vs weight ratio (mass concentration)
[image: ]




Figure 17: RT (mean) vs trehalose and amino acid/mAb weight ratio
[image: ]


Figure 18: RT, mAb1 (square) versus mAb2 (triangle) 
[image: ]





Figure 19: Rate of increase in HMWS, JMP analysis for each separate amino acid DoE
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Figure 20: Rate of increase in HMWS, JMP analysis comparing different amino acids
[image: ]






Figure 21: Rate of increase in HMWS vs total stabilisstabilizer molar concentration (rate and SE as calculated by linear regression over 4 time points at 40°C)
[image: ]


Figure 22: Rate of increase in HMWS vs weight ratio total stab/mAb (rate and SE as calculated by linear regression over 4 time points at 40°C)
[image: ]



Figure 23: Rate of increase in HMWS (at 40°C) plotted against trehalose:mAb and aa:mAb weight ratios
[image: ]


Figure 24: Stability mAb1 (square) vs mAb2 (triangle), rate of increase in HMWS plotted against total stabilizer to mAb (Tre+aa/mAb) weight ratio
[image: ]




SUPPORTING INFORMATION: FIGURES

Figure SI-1: XRPD for sucrose-aa formulations (Table 1)
[image: ]


Figure SI-2: DLS (rate of increase in Rh) after 13 weeks of storage at 40°C
[image: ]


Figure SI-3: Turbidity (rate of increase in A350) after 13 weeks of storage at 40°C
[image: ]




Figure SI-4 : iCE, charge variants (t13w40°C)
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Figure SI-5 XRPD spectra
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Figure SI-6: Rate of increase in HMWS (at 25°C) vs weight ratio total stab/mAb
[image: ]
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