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1. Abstract 

Oppositely charged species can form electrostatic interactions in aqueous solution, and these may 

lead to reduced solubility of the interacting components. Herein, insoluble complex formation 

between the lipophilic weakly basic drugs, cinnarizine or loratadine, and the enteric polymer, 

hydroxypropyl methylcellulose acetate succinate (HPMCAS), was studied and used to better 

understand drug and polymer release from their corresponding amorphous solid dispersions 

(ASDs). Surface area normalized release experiments were performed at various pH conditions 

for three different grades of HPMCAS, LF, MF and HF, as well as their ASDs. Both polymer and 

drug release rates were measured for the ASDs. Complexation tendency was evaluated by 

measuring the extent of polymer loss from the aqueous phase in the presence of the drug. Results 

showed that release from ASDs with HPMCAS-LF was less impacted by the presence of a 

cationic form of the drug than ASDs prepared with the HF grade. Furthermore, an increase in 

pH, leading to a reduction in the extent of ionized drug also led to an improvement in release 

rate. These observations provide a baseline to understand the role of drug-polymer electrostatic 

interactions on release from ASDs formulated with HPMCAS. Future studies should focus on 

adding complexity to media conditions by employing simulated intestinal fluids with solubilizing 

components. 
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2. Introduction 

Amorphous solid dispersion (ASD) is an effective formulation strategy to improve the release 

rate and achievable solution concentrations of poorly water soluble new chemical entities 

(NCEs).1–8 The amorphous form of a drug can achieve a higher apparent solubility compared to 

the crystalline form. However, formulation as an ASD by combining with a polymer, rather than 

using the neat amorphous form, is typically necessary. This is due to the instability of the neat 

amorphous drug that arises from its high free energy and tendency to convert to a more stable 

crystalline form.9–14 To exploit the apparent solubility advantage of an amorphous drug, the 

properties of the polymer used to formulate the ASD are critical. The polymer aids in 

crystallization inhibition and also improves the drug release rate.3,15–25 Improvements in drug 

release rate are linked to the higher solubility of the polymer relative to the drug, and hence, 

when the drug release rate is coupled to that of the polymer, drug release is enhanced. Congruent 

release of drug and polymer from the ASD is thus observed when the release is controlled by the 

polymer.15,26–36 Hydroxypropyl methylcellulose acetate succinate (HPMCAS) is a commonly-

used ASD polymer, in particular when the ASD is prepared by spray drying.3,6,37–41 Considering 

the critical role played by the polymer in determining the subsequent ASD performance, a deeper 

understanding of polymer dissolution from ASDs is important.42 In particular, the impact of 

molecularly dispersed drug on polymer release remains a largely unexplored area. Congruent 

release for HPMCAS-based ASDs has been observed for some drug loading regimens,43–45 and 

the critical ionization fraction model has been invoked for conceptual understanding of release 

rates of acidic polymers that are insoluble at low pH.45,46 According to this model, for polymer 

dissolution to commence, it is not necessary for every COOH (or other ionizable) group in the 

entire polymer to ionize. Rather there is a critical fraction of groups that need to ionize before 



dissolution starts, and after reaching this fraction, the rate increases with the extent of ionization 

beyond this fraction. Ionization (to carboxylate ions in the case of HPMCAS) leads to enhanced 

hydration, plasticization, and dilution, allowing for the subsequent dissolution of polymer chains. 

Any hindrance to polymer hydration, e.g. by a hydrophobic drug strongly interacting with the 

carboxylate ion in the ASD can impact its solubility and dissolution rate. Different grades of 

HPMCAS, namely HPMCAS-LF, HPMCAS-MF and HPMCAS-HF have been investigated in 

ASD formulations.4,7,13,14,23,38,39,41,47–54  These studies have centered on evaluating the impact of 

HPMCAS polymer grade on crystallization inhibition, and the formation and properties of the 

drug-rich nanodroplets formed following ASD dissolution. There have been fewer studies 

evaluating the role of HPMCAS grade on release kinetics. Bapat et al.3 recently studied the 

impact of various weak acid, neutral, and weak base drugs on the release performance of ASDs 

with HPMCAS-MF and highlighted the importance of studying drug-polymer interactions. They 

observed that weakly basic drugs that were cationic at the dissolution pH released poorly from 

HPMCAS-MF ASDs, and this was attributed to the formation of hydrophobic ion pairs via 

electrostatic interactions between the drug and polymer leading to a reduction in polymer 

hydration.  

The various HPMCAS grades have different absolute amounts as well as ratios of succinoyl 

(ionizable and hydrophilic) and acetyl (hydrophobic) groups, with LF having highest extent of 

succinoyl groups whereas HF has highest amount of acetyl groups.13,40,41,49,50,55–58 The impact of 

ionic interactions with lipophilic cationic drugs on ASD release performance is expected to vary 

between the different HPMCAS grades, but has been little explored. Herein, it was hypothesized 

that at equivalent drug loadings, a lipophilic cation would impair the release performance of 



ASDs with the HF grade to a greater extent than those prepared with the MF grade, while the LF 

grade of HPMCAS would result in ASDs with the best performance.  

To test this hypothesis, two drugs, loratadine and cinnarizine, were chosen as model lipophilic, 

weakly basic drugs. Loratadine is partially cationic and cinnarizine is fully cationic at a 

dissolution pH of 6.8. ASDs with HPMCAS, -LF, -MF and -HF grades were prepared with 

loratadine and cinnarizine. Surface-area normalized release studies were performed at two pH 

values to vary the ionization state of the drug.  Potentiometric titration was utilized to quantitate 

the acid content of the different grades. Complexation experiments were performed between 

drugs and with different polymer grades.  

3. Materials 

Loratadine (LOR) was purchased from Attix Pharmaceuticals (Toronto, ON, Canada). 

Cinnarizine (CNZ) was supplied by Alfa Aesar (Ward Hill, MA, USA). Hydroxypropyl methyl 

cellulose acetate succinate (HPMCAS AQOAT-MF, HPMCAS AQOAT-LF, HPMCAS AQOAT-

HF) was supplied by Shin-Etsu (Tokyo, Japan). The structures of LOR, CNZ and HPMCAS are 

shown in Figure 1. Ethanol (EtOH), methanol (MeOH), dichloromethane (DCM), hydrochloric 

acid (HCl), formic acid (FA), acetonitrile (ACN), tetrahydrofuran (THF), sodium hydroxide 

(NaOH), sodium phosphate dibasic anhydrous (Na2HPO4), sodium phosphate monobasic 

monohydrate (NaH2PO4.H2O) were purchased from Fischer Chemicals (Fair Lawn, NJ, USA). 

Buffer compositions are detailed in Table S1.  

 



 

Figure 1. Chemical structures of (a) loratadine (LOR), (b) cinnarizine (CNZ), and (c) 
hydroxypropyl methyl cellulose acetate succinate (HPMCAS) 

 

4. Methods 

4.1. High Performance Liquid Chromatography (HPLC) Analysis of Drugs 

For analysis of both LOR and CNZ, an Ascentis Express (Sigma-Aldrich, St. Louis, MO) 90 Å 

C18 column with dimensions of 15 cm × 4.6 mm and particle size of 5 µm was used. For HPLC 

analysis of LOR, 0.1% TFA in water and ACN in 60:40 v/v was used as the mobile phase at a 1 

mL/min flow rate, with an injection volume of 50 µL and ultraviolet (UV) detection wavelength 

at 210 nm. For CNZ HPLC analysis, 0.1% TFA in water and ACN in 30:70 v/v was used as the 

mobile phase at a 0.5 mL/min flow rate, with an injection volume of 30 µL and UV detection 

wavelength at 251 nm. Calibration curves were prepared in triplicate in the concentration range of 

1-50 µg/mL with an R2 of 0.999. 

 



4.2.  Analysis of HPMCAS 
 
For analysis of HPMCAS concentration from surface normalized dissolution of ASDs, HPLC with 

an evaporative light scattering detector (ELSD) and a Shodex RS pak DS-413 column were used. 

0.1% FA in water and 0.1% FA in ACN was used as the mobile phase with a gradient maintained 

at 0.5 mL/min flow rate, an injection volume of 80 µL and UV detection at 205 nm. A continuous 

flow of high-pressure nitrogen at a rate of 1.5 standard L/min was maintained to the ELSD detector. 

The nebulizer temperature was set to 80 ºC and the evaporator temperature was set to 85 ºC. The 

details of the gradient method are summarized in Table S2. Calibration curves were prepared in 

triplicate in the concentration range of 1-250 µg/mL with an R2 of 0.999. 

For analysis of HPMCAS concentration from complexation experiments, a colorimetric method 

was used. Briefly, 10 µL of phenol (4 g dissolved in 1 mL of water) and 1 mL of sulfuric acid 

were added to 400 µL of sample and vortexed for 5 s. The sample was left for color development 

and the absorbance was collected using a Varian Cary 300 Bio (Varian, Inc., Palo Alto, CA, 

USA) UV-visible spectrophotometer at 490 nm. Calibration curves were prepared over the 

concentration range of 1-100 µg/mL with R2 of 0.999. 

4.3. Preparation of Amorphous Solid Dispersions 

HPMCAS-based ASDs of loratadine and cinnarizine at 25% drug loading (DL) with different 

grades of HPMCAS (LF, MF, HF) were prepared by rotary evaporation. Briefly, drug and 

polymer were dissolved in 1: 2 v/v methanol and dichloromethane and the solvent was 

evaporated using a rotary evaporator (Hei-VAP Core rotary evaporator, Heidolph Instruments, 

Schwabach, Germany) equipped with an Ecodyst EcoChyll S cooler (Ecodyst, Apex, NC, USA) 

using a water bath maintained at 50 °C. After rotary evaporation, ASDs were kept under vacuum 

overnight to remove excess solvent. ASDs were then cryomilled using a 6750 Freezer/Mill 



(SPEX SamplePrep, Metuchen, NJ) and the ASD powder was passed through sieves, retaining 

the 106-250 µm particle size sieve cut. ASDs were confirmed to be amorphous using powder X-

ray diffraction (PXRD) and polarized light microscopy (PLM). 

4.4. Surface Area Normalized Dissolution Rate Experiments  

Rotating disc, surface area normalized release experiments for neat polymers and ASDs were 

performed using Wood’s apparatus (Agilent Technologies, Santa Clara, CA). Briefly, 100 mg of 

the sample was weighed and added to an 8 mm die, followed by compression using a Carver 

press (Carver, Wabash, IN) at 1500 psi held for one minute. Buffer was added to a jacketed 

beaker connected to a water bath maintained at 37 °C. Only one surface of the die, which was 

attached to the spindle rotating at 100 rpm, was exposed to the buffer. The experiment was 

performed for 60 min with samples taken at 5, 10, 15, 20, 25, 30, 40, 50 and 60 min, followed by 

replenishment with fresh media. The pH of the medium was checked at the end of the experiment 

and was found to be maintained at the target pH ± 0.1. The samples were analyzed using HPLC 

to quantify drug and polymer using methods developed previously.3 The normalized release rate 

was calculated from eq. 1. 

𝑅𝑅 =  𝑘𝑘 × 𝑉𝑉
𝑆𝑆 × 𝑥𝑥

                                            (eq. 1) 

where 𝑘𝑘 is the slope of the regression line of a plot of solution concentration versus time, 𝑉𝑉 is the 

volume of dissolution medium (100 mL), 𝑆𝑆 is the surface area of the die exposed to the 

dissolution medium (0.5 cm2) and 𝑥𝑥 is the weight fraction of the component of interest. 

4.5. Potentiometric Titrations  

The method to perform potentiometric titrations was adapted from Hiew et al.45 Briefly, 

HPMCAS-LF and HPMCAS-HF were dried in an oven at 105 °C for 30 min to remove residual 

water. Oven dried polymers were then stored under vacuum overnight. The dried polymer was 



then weighed, dispersed in HPLC grade ultrapure water and stirred. To dissolve the polymer 

completely, 260 µL of 0.5 M NaOH was added and the solution was stirred for 24 h. The pH of 

the solution was measured using a B10P benchtop pH meter (VWR International, Radnor, PA) 

with a connected SympHony combination pH probe (VWR International, Radnor, PA). 0.1 N 

HCl was added in small increments to generate the titration curves. The pH probe was left in the 

vial for continuous measurement throughout the experiment. The first end point in the titration 

curves represents neutralization of excess NaOH added to the polymer solution. The second end 

point represents precipitation of all of the polymer. The difference between the amount of 0.1 N 

HCl required for first and second end points is directly proportional to the amount of -COOH 

groups present in the polymer. The pKa values for the different polymer grades were considered 

to be indicated as the half neutralization points. End points were calculated by fitting at least five 

equilibration points to a polynomial equation using the curve fitting app in MATLAB (The 

MathWorks, MA). In the plot of second derivative (Δ(ΔpH)/ΔV2) vs volume of the titrant added, 

the point where the second derivative crosses the abscissa was considered as the end point.  

4.6. Complexation Experiments 

Complexation experiments were performed to measure interactions between the model drugs and 

the LF or HF grades of HPMCAS in solution that led to an insoluble precipitate. Briefly, three 

stock solutions were prepared, viz., neat drug dissolved in THF, neat polymer dissolved in THF 

(52.5 mg/mL) and drug: polymer dissolved in THF with the polymer concentration fixed at 52.5 

mg/mL. A small aliquot of each stock solution was then added to pH 6.0 phosphate buffer with 

continuous stirring. The concentration of THF added to buffer ranged from 10-15 µL/mL. The 

drug stock solution was added to the buffer to achieve a concentration above its amorphous 

solubility and the polymer stock solution was added to achieve a concentration of 0.5 mg/mL, 



which is far below its solubility limit of 4-8 mg/mL in pH 6.0 phosphate buffer.43 Additional 

details about the drug and polymer concentrations achieved in each solution during complexation 

experiment are shown in Table 1. When the neat drug stock solution was added to buffer, the 

drug precipitated, forming a turbid solution. This was then centrifuged at 14800 rpm using a 

Sorvall Legend Micro 21R centrifuge (Thermo Scientific, Waltham, MA) to generate a pellet and 

supernatant. The pellet was later assayed to confirm it was comprised of drug. When neat 

HPMCAS stock solution was added to buffer, the polymer dissolved completely and after 

centrifugation no pellet formed. When the third stock solution containing both drug and polymer 

was added to buffer with continuous stirring, the solution turned turbid. The solution was 

centrifuged to generate a pellet and supernatant. The presence of polymer in the pellet indicated 

the formation of an insoluble complex since the equivalent concentration of polymer in the 

absence of drug was soluble. The percent polymer complexed with the drug was calculated by 

measuring the concentration of the polymer in the supernatant using following equation:  

% 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (1 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

) × 100                  (eq. 2) 

Table 1. Details of complexation method at various drug: polymer molar ratios. 

Drug Polymer 
grade 

Drug: 
polymer 
molar ratio 

Amount of -
COOH groups 
(mmol/g) 

Polymer 
concentration 
in solution 
(µg/mL) 

Drug 
concentration 
in solution 
(µg/mL) 

Cinnarizine 
(CNZ)  

LF 0.25:1 

1.52 ± 0.03 

500 

75 

  0.5:1 150 
  0.75:1 225 
  1:1 300  
 HF 0.25:1 

0.76 ± 0.02 

 
  0.5:1  
  0.75:1  
  1:1 150 
Loratadine 
(LOR) 

LF 1:1 1.52 ± 0.03 300 

 HF 1:1 0.76 ± 0.02 150 



 

4.7. Equilibrium Slurry pH Measurement  

Equilibrium surface pH of HPMCAS-LF and HPMCAS-HF suspensions was estimated using the 

slurry pH method developed by Pudipeddi et al.59 Briefly, an excess amount of polymer was 

dispersed in ultrapure water and stirred overnight to prepare a saturated solution. The pH of the 

polymer suspension was measured using a B10P benchtop pH meter (VWR International, 

Radnor, PA) with a connected SympHony combination pH probe (VWR International, Radnor, 

PA). The pH for all slurries equilibrated within 15 minutes indicating the solutions were 

saturated in terms of their pH. The final equilibrated pH value are taken to represents the lowest 

possible surface pH of the polymer during dissolution.  

5. Results 

5.1. Surface Area Normalized Dissolution Rate Experiments 

Figure 2 shows surface area normalized release rates of neat HPMCAS LF, MF and HF grades in 

50 mM pH 6.8 phosphate buffer (Figure 2a) and in 50 mM pH 7.5 phosphate buffer (Figure 2b). 

The intrinsic dissolution rate (IDR) of each grade was higher at pH 7.5 than at pH 6.8. LF 

showed the highest IDR followed by MF and then by HF at both pH conditions. LF IDR was 

approximately three-fold faster than HF at both pH conditions.     

 



 

 
 
Figure 2. Intrinsic dissolution rates of HF, MF and LF grade of HPMCAS in (a) 50 mM pH 
6.8 phosphate buffer, (b) 50 mM pH 7.5 phosphate buffer. Error bars represent standard 
deviations, n = 3. Release rates of HPMCAS-MF in pH 6.8 and pH 7.5 are taken from 
Bapat et al.8  



Figure 3a shows normalized release rates of components from LOR: HPMCAS 25% DL ASDs in 

50 mM pH 6.8 phosphate buffer and Figure 3b shows the corresponding normalized release rates 

at pH 7.5. Drug and polymer released at approximately the same normalized release rate for all 

systems. The release pattern was similar at both pH conditions with the LOR: HPMCAS-LF 

ASD showing the highest normalized release rates of both polymer and drug, followed by LOR: 

HPMCAS-MF and then LOR: HPMCAS-HF ASDs. Comparing between pH conditions, much 

larger differences in release rates between ASDs prepared with different polymer grades were 

seen at pH 6.8 versus at pH 7.5.  The difference in release rates between HF and LF was a factor 

of more than 10 at pH 6.8, and less than a factor of 2 at pH 7.5. The release rate from the LOR: 

HPMCAS-HF ASD was extremely low at pH 6.8 and increased by more than an order of 

magnitude at pH 7.5. In contrast, the corresponding increases were a factor of ~5 for MF ASDs 

and a factor of ~3 for ASDs with the LF grade when comparing equivalent grades across the two 

pH conditions. 

 
 
Figure 3. Normalized released rates of LOR: HPMCAS 25:75 w/w ASDs with HF, MF and 
LF grades of HPMCAS in (a) 50 mM pH 6.8 phosphate buffer, (b) 50 mM pH 7.5 
phosphate buffer. Error bars represent standard deviations, n = 3. Normalized release rates 
of LOR: HPMCAS-MF 25:75 w/w in pH 6.8 and pH 7.5 are taken from Bapat et al.8  



Figure 4 shows normalized release rates of drug and polymer from CNZ: HPMCAS-MF and 

CNZ: HPMCAS-LF 25% DL ASDs in 50 mM pH 6.8 phosphate buffer, where it was observed 

that drug and polymer showed approximately the same normalized release rates. Both 

components released from the LF ASD with higher normalized release rates when compared to 

the MF ASD. Release rates increased by a factor of  ~ 9 on changing the polymer in the ASD 

from the MF to the LF grade. The release rate from ASDs prepared with HF was too slow to be 

determined. 

 

 
Figure 4. Normalized released rates of CNZ: HPMCAS 25:75 w/w ASDs with MF and LF 
grades of HPMCAS in 50 mM pH 6.8 phosphate buffer. Error bars represent standard 
deviations, n = 3. Normalized release rate of CNZ: HPMCAS-MF 25:75 in pH 6.8 is taken 
from Bapat et al.8  

A limited set of release experiments was also conducted at low pH conditions and results are 

summarized in Table S3. Release was less than 5% after 60 min from ASDs of either LOR or 

CNZ at a 25% DL, regardless of the grade of HPMCAS used. Furthermore, no evidence of drug 

crystallization was observed over the experimental timeframe. 

 



5.2. Supersaturation Extent of Solutions Generated During Release Experiments 

Table 2 summarizes the solution concentrations achieved after 1 h of release for the various 

dispersions, and also provides information about the amorphous and crystalline solubilities at the 

relevant pH conditions. No drug crystallization was observed for either drug during the release 

experiments during the 1 h experimental period, either in solution, or on the surface of the 

dissolving ASD, which was checked under polarized light microscope at the end of the 

experiment. Furthermore, no solution or surface crystallization was observed for up to 12 hours 

following release from ASDs with MF and HF grades with either drug. Some small crystals were 

observed in the solution after release from the ASD prepared with the LF grade and LOR after 

about 10 hours. These observations provide assurance that the slow release rates observed for 

some systems cannot be attributed to crystallization. 

Table 2. Solution concentration observed after 1 h of release with corresponding crystalline 
and amorphous solubility values. 
ASD pH  Solution 

concentration after 
1 hour (µg/mL) 

Crystalline 
solubility of 
drugs (µg/mL) 

Amorphous 
solubility of 
drugs (µg/mL) 

LOR: HPMCAS-LF pH 6.8 17.6 ± 0.1 1.8 ± 0.13 9.0 ± 0.13 
pH 7.5 59.1 ± 0.2 1.4 ± 0.13 7.6 ± 0.13 

LOR: HPMCAS-MF pH 6.8 7.0 ± 0.1 1.8 ± 0.13 9.0 ± 0.13 
pH 7.5 39.9 ± 0.0 1.4 ± 0.13 7.6 ± 0.13 

LOR: HPMCAS-HF pH 6.8 2.4 ± 0.1 1.8 ± 0.13 9.0 ± 0.13 
pH 7.5 29.2 ± 0.2 1.4 ± 0.13 7.6 ± 0.13 

CNZ: HPMCAS-LF pH 6.8 5.3 ± 0.2 2.1 ± 0.0660 12.0 ± 0.261 
CNZ: HPMCAS-MF pH 6.8 2.7 ± 0.1 2.1 ± 0.0660 12.0 ± 0.261 
CNZ: HPMCAS-HF pH 6.8 0.0 ± 0.0 2.1 ± 0.0660 12.0 ± 0.261 

 



5.3. Potentiometric Titrations 

Figure 5 shows potentiometric titration curves for HPMCAS-LF (Figure 5a) and HPMCAS-HF 

(Figure 5b) after adding small aliquots of 0.1 N HCl to the dissolved polymer solution. Table 3 

summarizes the quantity of -COOH groups and pKa values calculated using the MATLAB 

analysis of the potentiometric titration curves.  

Table 3. Amount of -COOH groups in polymer and estimated pKa values. Error bars 
represents standard deviation n = 2. HPMCAS-MF values were taken from ref45. 

Polymer Amount of -COOH groups 
(mmol/g) 

pKa 

HPMCAS-LF 1.52 ± 0.03 4.91 ± 0.01 
HPMCAS-MF 1.19 ± 0.0145 4.97 ± 0.0245 
HPMCAS-HF 0.76 ± 0.02 5.06 ± 0.02 

 

 
 
Figure 5. Potentiometric titration curves for (a) HPMCAS-LF, and (b) HPMCAS-HF 

5.4. Complexation Experiments 

Complexation experiments (Table 4) were performed for CNZ and LOR with different grades of 

HPMCAS at various molar ratios of drug-to-polymer -COOH groups, as determined from the 

potentiometric titration curves, at pH 6.0. Figure 6 shows the highest % complexation for 

HPMCAS-HF with CNZ, followed by HPMCAS-MF while the lowest extent of complexation 



was observed for HPMCAS-LF at equivalent molar ratios of CNZ to -COOH polymer groups. 

Figure 7 shows the complexation extents of the three different grades of polymer with LOR at 

1:1 molar ratio of LOR to -COOH polymer groups at various pH conditions. HPMCAS-HF 

showed higher complexation across the entire pH range studied compared to HPMCAS-MF or 

HPMCAS-LF. Table 4 summarizes the molar ratio of drug:COOH polymer groups evaluated, 

their corresponding drug loadings in an ASD and the observed % complexation.  

Table 4. Complexation of weakly basic drugs with various grades of HPMCAS at different 
ratios of drug: COOH groups of the polymer in pH 6.0 phosphate buffera 

Drug Polymer grade Drug: polymer 
molar ratio 

Corresponding 
ASD drug 
loading (%) 

Polymer 
complexation 
(%)  

Cinnarizine 
(CNZ)  

LF 0.25:1 13 30 ± 5 

  0.5:1 22 45 ± 3 
  0.75:1 30 65 ± 4 
  1:1 36 70 ± 6 
  1.5:1 46 85 ±  2 
  2:1 88 95 ± 3 
 HF 0.25:1 7 70 ± 2  
  0.5:1 13 86 ± 6 
  0.75:1 17 98 ± 4 
  1:1 22 99 ± 3 
  1.5:1 30 98 ± 4 
  2:1 36 98 ± 2 
Loratadine 
(LOR) 

LF 1:1 37 50 ± 6 

 HF 1:1 22 95 ± 3 
aMean values ± standard deviation where n =3. 

 



 

Figure 6. HPMCAS complexation extent at various molar ratios of CNZ to the -COOH 
groups of HPMCAS-MF, HPMCAS-LF and HPMCAS-HF in pH 6.0 phosphate buffer. 
Error bars represent standard deviations, n = 3. HPMCAS-MF data taken from Bapat et 
al.3 

 

Figure 7. HPMCAS complexation with LOR in solutions of different pH at a 1:1 molar 
ratio of LOR to -COOH groups of HPMCAS-MF, HPMCAS-LF and HPMCAS-HF. Error 
bars represent standard deviations, n = 3. HPMCAS-MF data taken from Bapat et al.3 



Complexation between LF or MF and CNZ was also evaluated at a slightly lower pH of 5.8 

where the polymer ionization extent is somewhat reduced while still maintaining solubility, and 

the drug is still fully ionized. At pH 5.8, based on a pKa value of 4.9, HPMCAS is expected to be 

89% ionized. Results are summarized in Figure 8 where the extent of complexation is compared 

to results obtained at pH 6.0. It is apparent that when the drug is fully ionized, the extent of 

complexation is increased by a decrease in the polymer ionization extent. This is because the 

polymer solubility is reduced as the extent of polymer ionization is decreased, while the ratio of 

positively charged drug groups to negatively charged polymer groups is increased slightly.   

 

Figure 8. Comparison of complexation extent between HPMCAS LF or MF grades and 
CNZ at pH 5.8 and 6.0. Error bars represent standard deviations, n = 3. HPMCAS-MF 
data at pH 6.0 taken from Bapat et al.3 

 
5.5. Equilibrium Surface pH Measurement  

Table 5 represents the final equilibrated pH value for each polymer grade of HPMCAS in a 

saturated solution where this value is taken as the surface pH of undissolved polymer particles in 



water. HPMCAS-LF is the most acidic with the lowest surface pH whereas HPMCAS-HF had 

the highest surface pH value, reflecting their different solubilities.  

 

Table 5. Equilibrium surface pH of neat HPMCAS polymer grades 

Polymer Grade Surface pH  
HPMCAS-LF 4.52 ± 0.04 
HPMCAS-MF 4.61 ± 0.02 
HPMCAS-HF 4.73 ± 0.03 

6. Discussion 
 
Ionic interactions between drugs and polymers have attracted interest for a variety of 

applications.62–68 In the context of amorphous solid dispersions there have been several studies of 

proton transfer from a weakly basic drug to an acidic polymer in the solid ASD after preparation. 

Weuts et al. reported the formation of ionic interactions between polyacrylic acid and loperamide 

as well as loperamide derivatives. Based on extensive characterization, they reported a number 

of potential advantages arising from the interactions, namely an enhanced ASD glass transition 

temperature, improved storage stability against crystallization and rapid drug release.69 This 

initial study has spurred several additional investigations, spanning different drugs and polymers.  

In particular, solid state interactions between lumefantrine and acidic polymers have been widely 

studied by several groups.48,70,71 Other drugs where ionic interactions with acidic polymers have 

been reported in the solid ASD include ciprofloxacin,72 clofazamine,73 gefitinib,48 lapatanib,74 

and ketonconazole.75 

In terms of in vitro delivery performance, it was reported that release of the lipophilic drugs, 

lumefantrine and clozapine was enhanced through salt formation with polyacrylic acid.76  In 

contrast, lumefantrine demonstrated a reduction in release rate from ASDs with enteric polymers 

as a function of drug loading, while release was rapid when formulated with a neutral polymer.45  



The conflict between the release results observed for lumefantrine ASDs formulated with 

polyacrylic acid versus enteric polymers may be related to the overall hydrophilicity of the 

polymer. Polyacrylic acid is soluble across all pH conditions, even when un-ionized. In contrast, 

enteric polymers only become soluble once a critical ionization extent is reached at which the 

polymer strands become sufficiently hydrated to dissolve and release from the matrix. Therefore, 

components molecularly mixed with the polymer that can impede hydration of a critical number 

of ionizable groups are likely to be detrimental for release. This was studied in depth in a recent 

study with HPMCAS-MF ASDs with a number of different lipophilic drugs.3 pH conditions 

leading to mutual ionization of lipophilic weak base drugs and HPMCAS-MF led to reduced 

release rates of components from the ASD, and increased formation of insoluble drug-polymer 

complexes.   

The popularity of HPMCAS as an ASD polymer,77 as well as the increasing interest in 

formulating drug-polymer salts to enhance drug stability against crystallization warrants 

additional investigations of the impact of drug-polymer ionic interactions on release 

performance, extending previous work to consider different HPMCAS grades.  Ideally, the 

improved physical stability to crystallization resulting from salt formation in the ASD can be 

balanced with the reduced release extent observed for pH conditions where mutual ionization 

persists. For the three grades of HPMCAS studied herein, we found that the LF grade shows 

improved release performance when formulated with model weak base lipophilic drugs, relative 

to the MF and HF grades (Figures 3 and 4), for a pH where both components are ionized. Neat 

LF also has a faster dissolution rate than the other HPMCAS grades at pH 6.8 (Figure 2). To 

rationalize these observations, we can utilize observations made by Heller and coworkers in their 

extensive study of partial esters of vinyl acetate-maleic anhydride polymers.78 These are 



hydrophobic polymers that are solubilized by ionization of carboxylic acid groups. The authors 

described these polymers as containing two components, a hydrophobic moiety, and a 

solubilizing group, namely the COOH group. They observed that when the hydrophobic moiety 

became larger, a larger extent of ionization was required to solubilize the polymer, corresponding 

to a higher dissolution pH (pKa remained unchanged with a change in hydrophobic group size). 

Thus, when the ester contained a C2H5 group, only 3% of carboxyl ionization was required for 

polymer solubilization, whereas the critical extent of ionization increased to 91% for a C9H19 

group.  A similar explanation can be applied to the different grades of HPMCAS, where pKa 

values are minimally different between the grades (Table 3). LF has a larger ratio of hydrophilic 

(succinoyl) to hydrophobic (acetate) groups, and consequently requires a lower degree of 

ionization to solubilize, and hence has a lower dissolution pH threshold than the other grades. In 

addition, as shown in Table 3, LF has more ionizable groups per polymer chain than the other 

grades, twice the number per gram of polymer as the HF grade. Therefore, it is fairly 

straightforward to rationalize the lower relative impact of the drug on release rates from the ASD 

formulated with the LF grade versus the HF grade at a given weight fraction of drug. The LF 

grade is both more soluble at pH 6.8 than the HF grade as it has less hydrophobic groups, and for 

a given amount of drug in the ASD (25% DL), it has more carboxylate groups (twice as many as 

the HF grade, Table 3), allowing “spare” carboxylate groups (i.e. those not involved in 

electrostatic interactions with the cationic drug) to contribute to hydration.  The higher solubility 

of the LF grade is reflected by the complexation experiments, where the molar ratio of 

drug:COOH groups of the polymer was kept constant (Figure 6). At a 1:1 ratio, nearly 100% of 

HF forms an insoluble complex with CNZ, while only ~70% of LF is precipitated, suggesting 

that the latter grade is more soluble in the presence of the drug, at a given stoichiometric ratio. 



Similar trends were observed for LOR, although the extent of complexation for LF at pH 6.0 was 

lower than in the case of CNZ (Figure 7). pH 6.0 is a relevant condition to study complex 

formation, as this is the pH at the dissolving ASD surface for a bulk solution pH of 6.8 (and with 

50 mM phosphate buffer).8  Polymer solubility at the interface impacts the polymer diffusion rate 

across the aqueous boundary layer into the bulk aqueous solution, and in turn, the dissolution 

rate. Given that the drug release is coupled to polymer dissolution, as evidenced by the similar 

normalized release rates of the two components, the impact of drug-polymer complexation on 

release rates can be rationalized. This can be exemplified by comparing the release rates of the 

25% DL ASDs at a bulk solution pH of 6.8 with CNZ versus LOR (Figures 3 and 4). For LF, the 

release rate of components from the LOR ASD is higher than from the corresponding CNZ ASD, 

even though the molar ratios of the drug: polymer COOH group are similar. Based on Log P 

values, both drugs are lipophilic; Log P of 5.8 for CNZ and 5.2 for LOR. Thus, the difference in 

release rates can be most likely attributed to the lower extent of complexation of LOR with LF at 

pH 6.0 rather than lipophilicity differences. For example, comparing the complexation extent at a 

1:1 molar ratio from Figures 6 and 7 reveals values of approximately 70% for CNZ and 50% for 

LOR, at pH 6.0. Thus, HPMCAS-LF is more soluble in the presence of LOR than CNZ, and the 

release rate of polymer and drug from the ASD is correspondingly higher. In turn, this difference 

in interaction tendency between LF and CNZ versus LOR can be accounted for, at least partially, 

based on the ionization extent of the two drugs at the ASD surface pH of 6.0; CNZ with a pKa of 

8.479 is essentially completely ionized (>99.9% ionized at pH 6.0), whereas LOR with a pKa of 

5.280 is only partially ionized (~14% ionized at pH 6.0). The importance of ionization is 

illustrated in Figure 7, which shows that the extent of drug-polymer insoluble complex formation 



falls off steeply with an increase in pH as LOR ionization extent is reduced (Figure S1), a trend 

seen for all three polymer grades.     

 

 

7. Conclusions 
 
Release rates of two cationic drugs from ASDs with HPMCAS were found to vary with polymer 

grade as well as with the extent of ionization of the drug. The higher dissolution rate of 

HPMCAS-LF translated to improved drug release from the ASD relative to ASDs formulated 

with HPMCAS-MF or HF. However, the release from the ASD was compromised by drug: 

polymer electrostatic interactions leading to the formation of an insoluble complex, which in turn 

reduced the release rates of drug and polymer. The extent of insoluble complex formation was 

more extensive for HPMCAS-HF versus HPMCAS-LF at any particular drug: polymer COOH 

molar ratio. The extent of insoluble complex formation, and consequently the release rate of the 

ASD components, was also impacted by the extent of drug ionization, and hence the pH of the 

release medium. These observations highlight the convoluted release behavior from ASDs with 

an acidic polymer and a basic drug and provide a baseline for understanding release properties 

under more physiologically relevant conditions. Additional studies are needed to evaluate the 

impact of solubilizing components such as those found in biorelevant simulated intestinal fluids 

on drug: polymer complex formation. 
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