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Abstract. Recent work has shown that an amorphous drug-polymer salt (ADPS) can be highly 
stable against crystallization under hot and humid conditions (e.g., 40°C/75% RH) and provide 
fast release and that these advantages depend on the degree of salt formation. Here we 
investigate the salt formation between the basic drug lumefantrine (LMF) and several acidic 
polymers: poly(acrylic acid) (PAA), hypromellose phthalate (HPMCP), hypromellose acetate 
succinate (HPMCAS), cellulose acetate phthalate (CAP), Eudragit L100, and Eudragit L100-55.  
Salt formation was performed by “slurry synthesis” where dry components were mixed at room 
temperature in the presence of a small quantity of an organic solvent, which was subsequently 
removed. This method achieved more complete salt formation than the conventional methods of 
hot-melt extrusion and rotary evaporation. The acidic group density of a polymer was determined 
by non-aqueous titration in the same solvent used for slurry synthesis; the degree of LMF 
protonation was determined by X-ray photoelectron spectroscopy (XPS). The polymers studied 
show very different abilities to protonate LMF when compared at a common drug loading, 
following the order PAA > (HPMCAS ~ CAP ~ L100 ~ L100-55) > HPMCAS, but the difference 
largely disappears when the degree of protonation is plotted against the concentration of the 
available acidic groups for reaction. This indicates that the extent of salt formation is mainly 
controlled by the acidic group density and insensitive to the polymer architecture. Our results are 
relevant for selecting the optimal polymer to control the degree of ionization in amorphous solid 
dispersions. 

  



   
 

   
 

Introduction 
The use of an amorphous solid dispersion (ASD) to deliver poorly soluble drugs1,2,3 takes 
advantage of the higher solubility of an amorphous solid relative to its crystals.4,5,6,7 For an ASD, 
the stability against crystallization is essential since crystallization negates its advantages.8,9 In 
this context, salt formation between a drug and a polymer can effectively inhibit crystallization 
under hot and humid conditions.10,11,12,13,14,15 For clofazimine10 and lumefantrine,11 the amorphous 
salts with poly(acrylic acid) also improve release.  

The amorphous formulations of the basic drug lumefantrine (LMF) and the acidic polymer 
poly(acrylic acid) (PAA) have been prepared using several methods16,17 and the results indicate 
a strong dependence of salt formation on the methods used and a direct impact on drug stability 
and release. Using hot-melt extrusion (HME) and rotary evaporation (RE), Song et al. prepared 
amorphous formulations in which the protonated fractions of LMF molecules were 5% and 15%, 
respectively, at 40 wt% drug loading.16 In comparison, a simple slurry-conversion method10,11 
reached 85% protonation at the same drug loading.17 It was found that the more complete 
protonation of LMF led to higher stability against crystallization and more complete release into a 
simulated gastric fluid.17 These results indicate the critical role of process conditions in preparing 
ASDs to control their molecular-level structure and performance.  

In this work, we build on the previous results to investigate the salt formation between LMF and 
a series of acidic polymers. Our two questions are: (1) How does the degree of salt formation 
depend on the polymer structure and properties? and (2) Does the simple slurry method achieve 
more complete salt formation than the alternative methods for the wide range of polymers? LMF 
is our model basic drug because of its importance as a WHO Essential Medicine for the first-line 
treatment of malaria. The low solubility of LMF (BCS Class IV) makes it a candidate for the 
approach of amorphous formulations to enhance bioavailability.18 Since malaria is more prevalent 
in tropical and subtropical countries, product stability under hot and humid conditions is required, 
making drug-polymer salts a potentially useful formulation strategy. The polymers chosen for this 
study include: PAA, Eudragit L100, Eudragit L100-55, hypromellose phthalate (HPMCP), 
cellulose acetate phthalate (CAP), and hypromellose acetate succinate (HPMCAS); see Scheme 
1 for their structures. Among these, PAA, L100, and L100-55 feature a simple carbon backbone 
to which the acidic COOH groups are attached, and the other polymers have a more complex 
carbohydrate backbone and the COOH group is attached to a sidechain (phthalyl group for 
HPMCP and CAP, succinyl group for HPMCAS). The diversity of these polymers helps evaluate 
the role of polymer architecture and acidic group density on salt formation with LMF. We find that 
the acidic group density of a polymer has a controlling effect on the degree of salt formation at a 
given drug loading, while the polymer architecture plays a minor role. Furthermore, the simple 
slurry method achieves significantly more complete salt formation for all the polymers tested than 
the alternative methods of HME, RE, and spray drying (SD). These results are relevant for 
selecting polymers for preparing ASDs and predicting the degree of salt formation and formulation 
performance. 



   
 

   
 

 

 

 

Materials & Methods 

Materials. Poly(acrylic acid) (PAA, Carbomer, MW = 450,000 g/mol), cellulose acetate 
phthalate (CAP, MW = 2,500 g/mol), anhydrous potassium hydroxide (KOH), and phenol red were 
purchased from Sigma-Aldrich (St. Louis, MO). Eudragit L100 (MW = 125,000 g/mol) and L100-
55 (MW = 320,000 g/mol) were purchased from Evonik Industries (Essen, Germany).19 
Hypromellose phthalate (HPMCP-55, MW = 45,600 g/mol) and hypromellose acetate succinate 
(HPMCAS-LF, HPMCAS-MF, HPMCAS-HF; MW = 17,000 – 20,000 g/mol) were purchased from 
Shin-Etsu Chemical Company Ltd. (Tokyo, Japan). Lumefantrine was purchased from VWR 
International (Radnor, PA), dichloromethane (ChromAR grade) from Thermo Fisher Scientific 
(Fair Lawn, NJ), and ethanol from Decon Laboratories (King of Prussia, PA). All materials were 
used as received.  

 

Slurry Synthesis. The slurry synthesis of amorphous LMF-polymer salts was adapted 
from the method of Yao et al.11 and conducted at a reduced temperature of 25 °C (from the original 
75 °C). The powders of LMF and a polymer were mixed at a target drug loading (typically 25, 50, 
75 wt% and other values as needed) and a mixed solvent of dichloromethane (DCM) and ethanol 
(1:1 v/v) was added at a solid/liquid ratio of 1:4 (w/w). To prevent gelling of the powder, DCM was 

Scheme 1. Structures of lumefantrine (LMF) and the acidic polymers used for salt 
formation. The polymers fall into two groups: (1) the acrylic/methacrylic group (PAA, 
Eudragit L100 and L100-55), where COOH is attached to the carbon backbone, and (2) 
the cellulosic group, for which COOH is on the sidechain phthalyl group (HPMCP and 
CAP) or succinyl group (HPMCAS). Eudragit L100 and L100-55 are random 
copolymers where the x:y ratio is approximately 1. 



   
 

   
 

added first followed by ethanol. Each 
formulation batch contained 400 mg in 
solid mass. The mixture was stirred 
magnetically at 25 °C for up to 20 min. 
During stirring, the initial free-flowing 
slurry became clear, indicating 
complete dissolution and amorphization 
(Scheme 2). The viscous clear solution 
was dried under vacuum at room 
temperature for 1 day, resulting in a 
glassy, brittle foam. The foam was 
ground in an agate mortar with a pestle 
to a fine powder for further analysis. 

 

Powder X-ray Diffraction. X-ray diffraction was performed with a Bruker D8 Advance X-
ray diffractometer with a Cu Kα source operating at a tube load of 40 kV and 40 mA. A powder 
sample of approximately 10 mg was spread and flattened on a Si (510) zero-background holder 
and scanned between 3° and 40° (2θ) at a step size of 0.02° and a scan rate of 1 s/step. All ASDs 
were confirmed to be amorphous by the absence of crystalline peaks (Fig. S1). 

 

X-Ray Photoelectron Spectroscopy (XPS). The details of XPS measurement and data 
analysis have been described previously.20 For a LMF formulation, approximately 3 mg of a 
powder was pressed onto a carbon tape fixed to the XPS sample holder. For pure LMF, 
approximately 1 mg of powder was melted on a glass coverslip and quenched to room 
temperature by contact with an Al block. The samples were stored in a sealed plastic tube filled 
with Drierite before XPS analysis. The high-resolution spectrum of the N atom was used to 
measure the protonated fraction of LMF. For each sample, the spectrum was recorded in 
duplicate in two separate regions. Curve fitting was performed using the program Origin following 
smart baseline subtraction.  

 

Non-aqueous titration. Colorimetric titration was used to measure the COOH density of 
each polymer.21 To be relevant for understanding the drug-polymer reaction, titrations were 
performed in the same organic solvent used for slurry synthesis. Our method is similar to the USP 
analysis for phthalyl content in HPMCP. 12.5 mg of 
each polymer was dissolved in 25 mL of a 1:1 mixture 
of DCM and ethanol. To this solution approximately 1 
mg of the colorimetric indicator phenol red (Scheme 
3) was added and non-aqueous titration was 
performed with a 0.05 M KOH solution in ethanol as 
the titrant and the endpoint identified by the color 
change from yellow to orange.21,22 Each titration was 
performed in duplicate. 

  

Scheme 3. Phenol red as indicator for non-
aqueous acid-base titration. The acidic form 
of the indicator (left) is yellow and the basic 
form (right) pink. 

Scheme 2. Typical progression of the reaction between LMF 
and PAA. The left image shows the initial slurry being 
magnetically stirred. For approximately 5 min, the slurry 
maintains the cloudy appearance and then abruptly clears. 
The three images on the right show the abrupt clearing in 
roughly 15 s. For this preparation, the drug loading was 50 
wt%. Similar progression was observed at other drug loading 
and with other polymers. 



   
 

   
 

Results and Discussion 

Figure 1 shows the typical XPS spectra of the N atom in LMF in formulations with different acidic 
polymers (Scheme 1). For this comparison, the 
drug loading was 50 wt%. These spectra 
allowed determination of the extent of salt 
formation between LMF and the polymer. The 
pure drug shows a single peak at a binding 
energy (BE) of 399 eV, corresponding to the 
unprotonated N atom.23 Upon reaction with an 
acidic polymer, a second peak emerges at a 
higher BE (401.5 eV), corresponding to the 
protonated N atom. At the fixed DL of 50 wt%, 
PAA is the most effective in protonating LMF, 
followed by L100, L100-55, HPMCP, and CAP 
(no strong differentiation between the latter 4 
polymers), and by HPMCAS (three grades). 
Among the three grades of HPMCAS, the ability 
to protonate LMF follows the order LF (highest) 
> MF > HF (lowest). 

 

The degree of protonation (extent of acid-base 
reaction) is given by: 

 

 

 (1) 

 

where AP and AN are the areas of the protonated 
and unprotonated (neutral) nitrogen peaks, 
respectively. We obtain the peak areas by fitting 
each spectrum as a sum of two Gaussian 
functions (red and blue curves in Figure 1). 
Although XPS is a surface-analytical tool, the 
recorded spectra yield information on salt 
formation in the bulk since the material had 
ground to expose internal surfaces and the 
surface enrichment effect was too slow to occur 
on the timescale of our measurement.20 

 
 
  

Figure 1. Typical XPS spectra of the N atom in 
LMF formulated with different acidic polymers. For 
this comparison, drug loading was fixed at 50 wt%. 
The 399 eV peak corresponds to unprotonated N 
and the 401.5 eV peak to protonated N. The areas 
of these peaks areas were used to calculate the 
degree of protonation of LMF (eq. 1). 



   
 

   
 

Figure 2a shows the protonated fraction of LMF as a function of DL in the formulations with the 
different polymers. For each polymer, the % protonation decreases as DL increases. 17 This is 
because at higher DL, more LMF molecules compete for each reaction site on the polymer chain 
at lower probability of success. We observe a large difference between the polymers in their ability 
to protonate LMF. For example, at 50 wt% DL, the degree of protonation is 20% for the reaction 
with HPMCAS-HF and 87% with PAA. At any DL, PAA is either the most effective in protonating 
the drug or ties with CAP. The two polymers with PAA-like structures, L100 and L100-55 (see 
Scheme 1), are significantly less effective than PAA in protonating the drug when compared at 
the same DL. Of the polymers tested, the 
HPMCAS group (three grades) is the least 
effective in protonating the drug at a given DL, 
and within this group, the ranking is LF > MF > 
HF. For the cellulosic polymers, those with 
COOH on a phthalyl group (HPMCP and CAP) 
are more able to protonate than those with 
COOH on a succinyl group (HPMCAS). In 
Figure 2a, the short vertical line on each curve 
indicates the DL at which the drug and the 
polymer’s COOH group have equal molar 
concentrations. This quantity, w0, is calculated 
from the acidic group density of the polymer as 
discussed below. 

 

In Figure 2b, the % protonation values in Figure 
2a are replotted as a function of [COOH]0, the 
COOH concentration in each formulation given 
by: 

 

[COOH]0 = (1 – DL) [COOH]p      (2) 

 

where DL is the wt% of LMF (drug loading) and 
[COOH]p is the COOH density of the polymer 
determined by non-aqueous titration (see 
below). In this format, the scattered data points 
in Figure 2a largely coalesce to a single trend, 
indicating the polymer’s acidic group density 
plays a major role in the degree of salt 
formation while its architecture a minor role. 
Below we first discuss the titration results and 
then return to Figure 2 for further discussion. 

 

Figure 2. (a) Protonated fraction of LMF vs. DL in 
different polymer formulations. The curves are guide 
to the eye. The vertical line on each curve indicates 
the DL, w0, at which LMF and the polymer’s COOH 
have the same molar concentration; see Table 1 for 
the values of w0. (b) Protonated fraction of LMF vs. 
the COOH concentration available for reaction (eq. 
2). 

 



   
 

   
 

Table 1 shows the COOH densities of the polymers determined by non-aqueous titration. From 
the titrant volume at the endpoint (Column 2), the COOH density was calculated (Column 3). The 
titrations were performed in the same organic solvent as used for slurry synthesis (1:1 DCM-
ethanol) rather than the standard medium of water to ensure accurate measurement of accessible 
acidic groups in the reaction medium. This is important as the strength of an acid or base depends 
on its solvent environment.21 For a polymer, the solvent has a strong influence on its conformation 
and accessible reaction sites.24,25 For the polymers tested, PAA has the highest COOH density, 
and the two structurally similar polymers, L100 and L100-55, have lower densities, as expected. 
For the cellulosic polymers, HPMCP and CAP have higher COOH densities than HMPCAS. The 
measured COOH density for PAA, 12.7 (0.09) mmol/g, is reasonably close to the theoretical value 
of 13.9 mmol/g and the small difference could result from deviations from the ideal polymer 
structure (e.g., small degree of crosslinking). Of the three HPMCAS grades, the COOH densities 
follow the order LF > MF > HF and are in quantitative agreement with their succinyl contents.26 
Since the COOH groups in HPMCAS reside on the succinyl sidechain, its density should be 
proportional to the succinyl content. This is indeed observed (Figure 3) and validates our titration 
method to determine the acidic group density in a polymer. 
 

 
Knowing the acidic group density of each polymer, [COOH]p, it is possible to calculate the DL at 
which the drug has the same molar concentration as the COOH group in the polymer: 
 
 w0  = 100 M0 [COOH]p / (1 + M0 [COOH]p)   (3) 
 
where M0 is the molar mass of the drug LMF (528.9 g/mol). The calculated values are given in 
Table 1. These values provide further validation of the titration method. For example, for PAA, w0 
can be calculated from the molar masses of LMF and the AA monomer (72.1 g/mol). The result, 
88 wt %, agrees with the value from titration (87 wt %). The difference could be a result of the 
experimental error and/or deviation of the actual polymer structure from the ideal structure.  

Table 1. COOH densities of polymers determined by non-aqueous titration in the same 
solvent used for slurry synthesis. 

Polymer V KOH  
(µL) 

[COOH]p 
(mmol/g) 

Succinyl 
Content  

(%) 
w0  

(wt %) 

PAA 3183 (24) 12.7 (0.09) - 87 

Eudragit L100-55 1425 (20) 5.70 (0.08) - 75 

Eudragit L100 1328 (8) 5.31 (0.03) - 74 

HPMCP 890 (29) 3.56 (0.04) - 65 

CAP 840 (11) 3.36 (0.04) - 64 

HPMCAS-LF 622 (9) 2.49 (0.03) 14 – 18 57 

HPMCAS-MF 433 (13) 1.73 (0.05) 10 – 14 48 

HPMCAS-HF 277 (14) 1.11 (0.06) 4 – 8 37 

 



   
 

   
 

In Figure 2a, we indicate the w0 value for each polymer 
formulation with a short vertical line. At DL < w0, there 
are enough COOH groups to neutralize all the drug 
molecules; at DL > w0, the opposite is true. The data 
do not indicate any sharp transition as DL traverses w0 
and even when the COOH groups are in excess, it is 
generally impossible to fully protonate the drug. 
 
In Figure 2b, we plot the same data in Figure 2a 
against [COOH]0, the COOH concentration available 
for reaction calculated from the titration results using 
eq. 2. In this format, the scatter seen in Figure 2a 
mostly disappears and the data points cluster around 
a single trend. This indicates that the degree to which 
LMF is protonated is mainly controlled by the COOH 
density of the polymer and is less sensitive to its 
architecture. This conclusion is by no means obvious. 
For example, if we compare the structures of PAA, 
L100 and L100-55 (Scheme 1), we might speculate 
that the larger spacing between COOH groups in L100 
and L100-55 allow these polymers to react more 
efficiently with the drug, leading to higher % 
protonation at the same [COOH]0. But we observe no such effect in Figure 2b (black symbols): 
the three polymers reach approximately the same % protonation at a common [COOH]0 (e.g., 5 
mmol/g). Thus, despite their different architectures, each COOH in these polymers has 
approximately the same reactivity toward LMF. 
 
The trend formed by PAA, L100, and L100-55 appears to smoothly join the data points for 
HPMCAS (3 grades). This further indicates that the polymer’s architecture plays a relatively minor 
role in its reaction with LMF. In PAA, L100, and L100-55, the COOH group is directly attached to 
the polymer’s carbon chain, whereas in HPMCAS, the COOH group is attached to a succinyl side 
chain of a complex cellulose backbone. Despite this difference, each COOH group has a similar 
reactivity toward LMF. Interestingly, relative to this trend, HPMCP and CAP appear to be more 
potent protonators. In these polymers, COOH is attached to a phthalyl sidechain of the cellulose 
backbone. Overall, the main conclusion from Figure 2b is that the polymer’s COOH density has 
a stronger effect on the salt formation with LMF than its architecture. It would be of interest to 
model these systems by molecular simulations to learn how the molecules organize themselves 
to achieve this. 
 
To complete the characterization of our systems, in Figures 4, we show the fraction of the COOH 
groups that are deprotonated in each formulation as a function of DL. This quantity is calculated 
from: 
 

% deprotonation = [LMF]0 (% protonation) / [COOH]0  (4) 
 
where [LMF]0 is the initial concentration of the drug, % protonation is the protonated fraction of 
LMF after reaction, and [COOH]0 is the initial concentration of COOH (eq. 2). For each system, 
increasing the DL increases the % deprotonation of the polymer. These results complement those 
in Figure 2a, which indicate a decrease of the % protonation of the drug with increasing DL. Note 
in Figure 4 that at the same DL, the acrylic/methacrylic polymers (PAA, L100, and L00-55, in black 

 

Figure 3. [COOH]p of each HPMCAS grade 
(LF, MF, or HF) plotted against its succinyl 
content (range indicated as horizontal bar). 
The two quantities are proportional to each 
other, as expected, indicating the titration 
method correctly determines the acidic group 
density. 



   
 

   
 

symbols) show lower % deprotonation than the 
cellulosic polymers (red and blue symbols). Within 
the cellulosic polymers, those with the COOH on a 
phthalyl group (CAP and HPMCP) are 
deprotonated to a greater extent at DL > 50% than 
those with the COOH on a succinyl group 
(HPMCAS in three grades). At DL = 75 wt %, 
HPMCP is almost fully deprotonated, while 
HPMCAS-MF is 50% deprotonated. This difference 
is consistent with the view that HPMCP and CAP 
are slightly stronger acids than HPMCAS and with 
their greater protonating power seen in Figure 2b 
near [COOH]0 = 2 mmol/g. 
 
 
 
 
 
Comparison of ASD Manufacturing Methods. 
Several methods have been used to prepare amorphous LMF-polymer formulations, including 
HME,16 SD,16 RE,16,27,13 and slurry conversion (SC).11,17 Table 2 summarizes the attributes of 
these methods and Figure 5 compares the degrees of salt formation reached by them. Among 
these methods, HME does not require any solvent, while the others do. For the solvent-based 
methods, SC uses less solvent (4:1 solvent/solid ratio) than SD and RE (50:1). As for the reaction 
temperature, HME employs a higher temperature (130 °C) than the solvent-based methods (room 
temperature, though reaction can also occur during spray drying at elevated temperature). In the 
drying stage, SD requires a higher temperature than RE and SC and between the latter two 
methods, drying is significantly faster for SC since less solvent must be removed.  
 
Table 2. Comparison of the methods used to prepare amorphous LMF-polymer formulations. 
 

 Hot melt extrusion 
(HME)16 

Spray drying 
(SD)16 

Rotary evaporation 
(RE) 27,16 

Slurry conversion 
(SC)11,17 

Solvent None DCM-methanol 
(1:1) 

DCM-methanol (1:1 
or 8:2), DCM-
ethanol (1:1) 

DCM-ethanol 
(1:1) 

Solvent/solid ratio NA 50:1 50:1 4:1 

Reaction 
temperature 130 °C RT (higher T 

during drying) 
RT (45 °C during 

drying) 
RT default, 75 °C 

also used 

Drying NA 75 °C inlet,      
45 °C outlet 

45 °C under 
vacuum RT under vacuum 

Note. RT: room temperature 

 

Figure 5 compares the % protonation of LMF in polymer formulations prepared by the different 
methods. The PAA and L100-55 systems allow comparison of SC (solid circles) with HME 
(crosses) and we find that HME achieves less complete salt formation than SC, by a factor of 3 – 
18. Similarly, we can use the L100-55, HPMCP, and HPMCAS-MF formulations to evaluate the 
relative performance of SC and SD (open circles). For the L100-55 and HPMCP systems, SD 

 
Figure 4. % deprotonation of the polymer when 
formulated with LMF as a function of DL.  



   
 

   
 

reaches similar degrees of salt formation as SC; for the HPMCAS-MF system, SD significantly 
underperforms SC, yielding no salt formation. Finally, every system in Figure 5 except for L100-
55 allows a comparison of SC with RE (open triangles) and in every case, RE significantly 
underperforms SC, by up to a factor of 2. Overall, these results indicate that SC has the best 
performance for completing the salt formation between LMF and an acidic polymer. Apart from 
this metric, SC has the advantage of lower solvent consumption than SD and RE and lower 
operating temperature than SD, making it a low-cost and green alternative to the current 
manufacturing platforms.  

 

At present, it is not well understood why the different manufacturing methods reach different 
degrees of salt formation between LMF and an acidic polymer. The underperformance of HME 
relative to the solution-based methods suggests the need for a solvent in completing the reaction. 
A solvent could be a mass-transfer aide that helps complete salt formation. Given that a liquid 
surfactant is commonly present in HME-prepared ASDs, it is of interest to learn whether the 
addition of a surfactant could promote salt formation. The outperformance of SC over other 
solvent-based methods is more puzzling since they all begin with a homogeneous solution and 
involve the drying of that solution. In SC, the initial solution is more concentrated than in SD and 
RE. A more concentrated solution could facilitate the formation of ion pairs, the principal species 
for ions in an organic solvent,21 since ion pairs tend to dissociate in a dilute solution and revert to 
neutral molecules. This hypothesis can be tested with NMR measurements. It is also possible 
that depending on the drying conditions, the system evolves on different paths before kinetic 
arrest (glass transition), leading to different products. The very different molecular structures of 
the formulations prepared by the different methods account for the large difference in their stability 
and performance.17 Future work is needed to help define the optimal manufacturing methods and 
conditions for high performing ASDs. 

 
Figure 5. Comparison of % protonation of LMF in formulations with different polymers prepared with 
different methods. “Slurry” refers to the slurry conversion (SC) method used in this work. HME: hot melt 
extrusion. SD: spray drying. RE: rotary evaporation. 



   
 

   
 

Conclusions  
This study investigated the salt formation between the basic drug lumefantrine (LMF) and a series 
of acidic polymers based on acrylic/methacrylic and cellulosic backbones (Scheme 1). The 
polymers show very different abilities to protonate LMF when compared at the same drug loading 
(DL) (Figure 2a), but the difference largely disappears when the results are plotted against the 
COOH concentration available for reaction (Figure 2b). This indicates that for the polymers tested, 
the abilities to protonate LMF depend mainly on their acidic group densities and are less sensitive 
to their architectures. For this analysis, the acidic group densities were determined by non-
aqueous titration in the same medium used for slurry synthesis to accurately probe the accessible 
reaction sites. Had the aqueous titration results13 been used in this analysis, data collapse would 
be less complete. Our finding that a polymer’s COOH density outweighs its architecture in 
predicting salt formation with a basic drug is relevant for polymer selection in developing 
amorphous formulations. This conclusion is by no means obvious; it is even counterintuitive for 
PAA, L100, and L100-55 taken as a group, since the wider spacing of COOH groups in L100 and 
L100-55 might suggest higher reactivity with the drug, contrary to the experimental results (Figure 
2b). Future work is warranted to understand why the crowding effect is seemingly unimportant.  

The second part of this work has compared the slurry synthesis used here with three other 
methods for manufacturing amorphous drug-polymer formulations. For LMF reacting with the 6 
polymers, slurry conversion either achieves the most complete salt formation (4 of 6 polymers) or 
ties with spray drying for the first place (2 of 6). Compared to spray drying, slurry conversion has 
lower cost, lower solvent consumption, and lower drying temperature. This encourages further 
development of the method for broader applications as a platform to manufacture amorphous 
solid dispersions. A remarkable result from this comparison is that for a given amorphous 
formulation (with a specific polymer at a specific DL), the internal structures can be vastly different, 
depending on the methods of preparation (Figure 5). The common method of hot-melt extrusion 
consistently yielded the lowest degree of salt formation. Spray drying showed comparable 
performance as slurry conversion for two polymers, but yielded no reaction for a third. Rotary 
evaporation, in principle a similar method to slurry conversion, consistently yielded less complete 
salt formation than slurry conversion. The amorphousness of a multi-component formulation might 
suggest intimate mixing and reaction of its components, but a detailed analysis like the degree of 
protonation can reveal large structural differences, with direct impact on stability and dissolution 
kinetics.17 To obtain a consistent product with a reproducible molecular-level structure, the 
manufacturing process must be carefully chosen and controlled. This task is not unlike the control 
of polymorphism for crystalline materials and requires analytical tools that go beyond the 
amorphous halo of X-ray diffraction.  
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