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Abstract 

The interplay between drug and polymer chemistry and its impact on release of the drug from an 

amorphous solid dispersion (ASD) is a relatively underexplored area. Herein, the release rates of 

several drugs of diverse chemistry from hydroxypropyl methyl cellulose acetate succinate 

(HPMCAS)-based ASDs was explored using surface area normalized dissolution. The tendency 

of the drug to form an insoluble complex with HPMCAS was determined through co-

precipitation experiments.  The role of pH and the extent of drug ionization was probed to 

evaluate the role of electrostatic interactions in complex formation. Relationships between the 

extent of complexation and the drug release rate from an ASD were observed whereby the drugs 

could be divided into two groups. Drugs with a low extent of insoluble complex formation with 

HPMCAS tended to be neutral or anionic, and showed reasonable release at pH 6.8 even at 

higher drug loadings. Cationic drugs formed insoluble complexes with HPMCAS and showed 

poor release when formulated as an ASD. Thus, and somewhat counterintuitively, a weakly basic 

drug showed a reduced release rate from an ASD at a bulk solution pH where it was ionized, 

relative to when unionized. The opposite trend was observed in the absence of polymer for neat 

amorphous drug. In conclusion, electrostatic interactions between HPMCAS and lipophilic 

cationic drugs led to insoluble complex formation, which in turn resulted in ASDs with poor 

release performance.   
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1. Introduction  

Amorphous solid dispersion (ASD) formulations are being broadly implemented to address 

solubility challenges of new chemical entities emerging from pharmaceutical development 

pipelines.1–10 An ASD is ideally a molecular mixture of an amorphous drug and a polymer, 

forming a single phase homogeneous blend. The amorphous form of a drug provides a higher 

transient solubility compared to equilibrium crystalline solubility, whereby the presence of a 

polymer of appropriate properties aids crystallization inhibition.11–14 Polymers also improve the 

release rate of the drug from the ASD relative to the release rate of neat amorphous drug, 

specifically for release regimens where both drug and polymer release congruently. This regimen 

is observed if the release of each component is controlled by the polymer, whereby polymers 

typically used in ASDs have higher dissolution rates than poorly soluble drugs. Consequently, 

recent attention has focused on polymer release mechanisms since these, in turn, control drug 

release. For copovidone-based ASDs, a typical “falling-off-a-cliff” release pattern has been 

observed for many systems whereby at lower drug loadings, congruent and rapid release of drug 

and polymer occurs, whereas at higher drug loadings (above the limit of congruency) a drastic 

drop in drug release rate has been noted, and drug and polymer no longer release together.15–20 

Specific drug-polymer interactions such as hydrogen bonding have been implicated in reduced 

release rates at relatively low drug loadings.17,18,21–27 For hydroxypropyl methyl cellulose acetate 

succinate (HPMCAS)-based ASDs, fewer studies addressing release mechanisms are available. 

However, it has been noted for some systems that instead of such a drastic drop, there is a more 

gradual decrease in release rate as a function of drug loading.14,19,28,29  

Enteric polymers such as HPMCAS have been widely studied in the context of coating rupture 

mechanisms,30–37 however, the impact of a molecularly dispersed drug, as in an ASD 



formulation, on HPMCAS dissolution has received much less scrutiny. Given that HPMCAS is 

often the preferred polymer for spray dried ASD formulations,38–41 this knowledge gap should be 

addressed in order to optimize ASD formulations, taking into account the increasing molecular 

diversity of emerging drug candidates. In particular, the role of drug-polymer interactions that 

persist in the presence of aqueous media should be considered in terms of their impact on release 

performance. Notably,  HPMCAS has the potential to form not only hydrogen bonds,42 but also 

ionic interactions with drugs.43 In a previous study from our group,14 it was suggested that the 

poor performance of lumefantrine ASDs with enteric polymers resulted from the formation of 

drug-polymer ionic interactions which in turn led to reduced polymer hydration and dissolution.  

Herein, we explore the hypothesis that lipophilic drug cations lead to reduced HPMCAS 

solubility via formation of an ionic complex, which in turn leads to poor ASD release 

performance at even low drug loadings. In contrast, we hypothesize that anionic or neutral drugs 

have less impact on polymer solubility at comparable drug loadings, and hence can be loaded to 

higher amounts while still achieving release.  Consequently, the objective of this study was to 

demonstrate that the ionization state and charge of the drug play a critical role in release 

performance as a function of drug loading for HPMCAS-based ASDs. We selected a variety of 

model weakly acidic, basic and neutral drugs.  HPMCAS-MF grade, an enteric polymer which 

starts to show increased solubility above pH 5 and dissolution above pH 6 following ionization 

of carboxylic acid functionalities, was used as the model polymer. Importantly, enteric polymers 

such as HPMCAS have been shown to have a decreased pH near the polymer-water interface 

(unstirred water layer) compared to the bulk solution pH as a result of protons liberated during 

ionization of carboxylic-acid groups.34–37,44,45  Therefore, the impact of microenvironmental pH 

on drug-polymer interactions/release also needs to be considered. The extent of insoluble 



complex formation for different drug-HPMCAS combinations was determined at a pH 

corresponding to that estimated at the polymer-solvent interface for the corresponding buffer 

system. Release studies were performed at a bulk pH of 6.8 analyzing both drug and polymer 

release rate. For select systems, release studies were carried out at other (pH 7.5, 9.0) pH values.  

2. Materials 

Indomethacin (IND) and ritonavir (RTV) were purchased from ChemShuttle (Jiangsu, China). 

Indomethacin methyl ester (INDester) was synthesized as described previously.46 Cilnidipine 

(CIL) was supplied by Euroasia Chemicals Pvt. Ltd. (Mumbai, India). Loratadine (LOR) was 

purchased from Attix Pharmaceuticals (Toronto, ON, Canada). Phenolphthalein (PHPH) and 

clotrimazole (CLO) were supplied by Sigma-Aldrich (St. Louis, MO, USA). Cinnarizine (CNZ) 

was purchased from Alfa Aesar (Ward Hill, MA, USA). Hydroxypropyl methyl cellulose acetate 

succinate (HPMCAS AQOAT-MF) was from Shin-Etsu (Tokyo, Japan). The structures of IND, 

INDester, RTV, LOR, CLO, CIL, CNZ and HPMCAS are shown in Figure 1. Methanol (MeOH), 

dichloromethane (DCM), acetonitrile (ACN), tetrahydrofuran (THF), phenol, sulfuric acid, 

formic acid (FA), sodium hydroxide (NaOH), sodium chloride (NaCl), triethylamine (TEA), 

sodium phosphate dibasic anhydrous (Na2HPO4), and sodium phosphate monobasic monohydrate 

(NaH2PO4.H2O) were purchased from Fisher Chemicals (Fair Lawn, NJ, USA). Glycine was 

purchased from Mallinckrodt Baker Inc. (Kentucky, USA). The composition of various buffer 

solutions is summarized in Table S1.  

 



   

Figure 1. Structures of (a) indomethacin (IND), (b) indomethacin methyl ester (INDester) 
(c) clotrimazole (CLO), (d) loratadine (LOR), (e) ritonavir (RTV), (f) cinnarizine (CNZ), 
(g) phenolphthalein (PHPH), (h) cilnidipine (CIL), (i) hydroxypropyl methyl cellulose 
acetate succinate (HPMCAS). 

 
 

3. Methods 

3.1. Solubility  

3.1.1. Crystal solubility  

Solubility of crystalline drugs was determined after solid-solution equilibration. Briefly, an 

excess amount of crystalline drug was added to 15 mL buffer (pH 6.8, 7.5 or 9.0) in a jacketed 

beaker maintained at 37 °C. The suspension was stirred for 48 hours followed by 

ultracentrifugation in an Optimal-100 XP centrifuge (Beckman Coulter Inc., Brea CA) equipped 

with swinging bucket rotor SW 41 Ti at 35000 rpm for 30 minutes, 37 °C to separate the 

dissolved drug from undissolved particles. The concentration of the dissolved drug was 



determined by reverse phase high performance liquid chromatography (HPLC) using 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. The details of the HPLC quantification methods for all 

model drugs are described in Table S2. The standard curves for all model drugs were prepared in 

triplicate in the concentration range of 0.1- 50 µg/mL with R2 of 0.999. 

 

3.1.2. Amorphous solubility  

Amorphous solubility of LOR and CLO in buffers of different pH (pH 6.8, 7.5 and 9.0) was 

determined by the ultraviolet (UV) extinction method. Briefly, 5 mg/mL stock solution of the 

drug in THF was added to the buffer in a jacketed beaker maintained at 37 °C using a KD 

Scientific Legato 200 Syringe Pump (Holliston, MA) at 50 µL/min for LOR and 10 µL/min for 

CLO. The UV extinction was observed using a SI Photonic UV spectrophotometer (Tucson, 

Arizona) at 450 nm (a non-absorbing wavelength). The concentration at which scattering 

appeared was considered as the amorphous solubility.  

3.2. Preparation of Amorphous Solid Dispersions 

HPMCAS-based amorphous solid dispersions of drugs were prepared by rotary evaporation 

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

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

indomethacin, various drug loadings (DL) of IND: HPMCAS ranging from 5% to 60% w/w were 

prepared by dissolving IND and HPMCAS in 1:2 v/v methanol: dichloromethane followed by 

rotary evaporation to remove the solvent with water bath maintained at 60 °C. For INDester, DLs 

ranging from 5%-60% w/w were prepared by dissolving INDester and HPMCAS in THF 

followed by rotary evaporation with the water bath maintained at 45 °C. For LOR, RTV, CNZ, 



PHPH and CLO, HPMCAS-based ASDs of various drug loadings were prepared by dissolving 

drug and polymer in 1:2 v/v methanol: dichloromethane followed by rotary evaporation at 50 °C. 

Following rotary evaporation, ASDs were dried under vacuum overnight, and then cryomilled 

using a 6750 Freezer/Mill (SPEX SamplePrep, Metuchen, NJ) followed by sieving, retaining the 

particle size fraction, 106-250 µm. The amorphous nature of the ASDs was confirmed with 

powder X-ray diffraction (PXRD) and polarized light microscopy (PLM). 

3.3. Preparation of Amorphous Drugs 

Neat amorphous LOR, RTV and CNZ were prepared by melt quenching. 2 g of each drug was 

heated to 10 °C above the melting point in an oven, rapidly cooled with liquid nitrogen and 

cryomilled. The amorphous nature was confirmed with polarized light microscopy (PLM).  

3.4. Analysis of Polymer Concentration 

3.4.1. HPLC analysis 

The concentration of HPMCAS following ASD dissolution was analyzed by HPLC using a 

Shodex RS pak DS-413 column. A gradient method was developed, and polymer was detected 

using an evaporative light scattering detector (ELSD). The mobile phases consisted of 0.1% 

formic acid in water and 0.1% formic acid in acetonitrile, the injection volume was 80 µL and 

the flow rate was 0.5 mL/min. A continuous flow of high-pressure liquid nitrogen at a rate of 1.5 

standard L/min minute was required for the ELSD detector. The nebulizer temperature was 

maintained at 80 ºC and the evaporator temperature was maintained at 85 ºC. Standard curves 

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

3.4.2. Colorimetric analysis 

HPMCAS in the supernatant was also analyzed by colorimetric analysis for the complexation 

experiments using a Varian Cary 300 Bio (Varian, Inc., Palo Alto, CA, USA) UV-visible 



spectrophotometer. Briefly 10 µL of phenol solution (4 g in 1 mL of ultrapure water) was added 

to 400 µL of sample and vortexed for 5 s. Next, 1 mL of sulfuric acid was added, and samples 

were left for 1 h for color development, followed by measurement of the absorbance at 490 nm. 

Standard curves were prepared for the concentration range of 1-100 µg/mL with R2 of 0.999. 

3.5. Surface Area Normalized Dissolution  

An intrinsic dissolution rate (IDR) Wood’s apparatus (Agilent Technologies, Santa Clara, CA) 

was used to perform surface area normalized dissolution experiments on neat amorphous drug, 

neat polymer and ASDs whereby only one surface of the compact was exposed to buffer solution 

in a jacketed beaker maintained at 37 ºC. Briefly, 100 mg of the sample was weighed and 

compressed in an 8 mm die (surface area of 0.5 cm2) using a Carver press (Carver, Wabash, IN) 

at 1500 psi for one minute. The die was then attached to a spindle rotating at 100 rpm and 

immersed in a water bath containing buffer maintained at 37 °C. The dissolution experiment was 

performed for 1 hour with samples taken at 5, 10, 15, 20, 25, 30, 40 and 60 minutes. The 

sampled volume was replenished with fresh buffer. The samples were then analyzed by HPLC 

for drug and polymer using the aforementioned methods. The normalized release rate of the drug 

and polymer is calculated from equation 1.  

𝑅𝑅 =  𝑘𝑘 × 𝑉𝑉
𝑆𝑆 × 𝑥𝑥

                                            (eq. 1) 

where 𝑘𝑘 is the slope of the regression line, 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 each component. 

3.6. X-ray Photoelectron Spectroscopy (XPS) 

Reference compacts of neat CNZ, neat HPMCAS and sample compacts of 25% DL CNZ: 

HPMCAS-based ASDs before and after partial dissolution were manually ejected. These 



compacts were dried overnight under vacuum, and their surface composition was analyzed using 

XPS. A Kratos Axis Ultra DLD spectrophotometer (Kratos Analytical Inc., Manchester, UK) was 

used to obtain XPS data using monochromatic A1 Kɑ radiation (1486.6 eV) at constant pass 

energy (PE) of 20 and 160 eV for high-resolution and survey spectra acquisition, respectively. A 

commercial Kratos charge neutralizer was used to neutralize the surface charge of the non-

conducting tablet surface during data acquisition and to obtain better resolution. The instrument 

resolution for a PE of 20 eV is about 0.35 eV. Binding energy (BE) values refer to the Fermi 

level and the BE scale was calibrated using Au 4f7/2 = 84.0 eV and Cu 2p3/2 = 932.67 eV. 

Compacts were placed on a stainless-steel sample holder bar using a double-sided sticking Cu 

tape with the surface of interest facing upwards. CasaXPS software was used to analyze the XPS 

data. The charge correction was applied prior to data analysis by setting the C-C component of 

the C 1s peak at BE of 284.8 eV. The atomic concentrations of the elements in the near-surface 

region (~ 10 nm) was estimated after Shirley or Tougaard background subtraction. Curve fitting 

was performed using Gaussian/Lorentzian peak shape (the protonated N 1s component) and the 

peak obtained from the reference compound (the N 1s peak of cinnarizine). 3-5 spots were 

measured on each sample. The N 1s peaks of neat CNZ, CNZ: HPMCAS 25% DL before and 

after partial dissolution (40-45 minutes) were analyzed and compared to determine the relative 

percentage protonation.  

3.7. Drug-Polymer Complexation  

Drug-polymer insoluble complex formation was evaluated to determine the extent of interaction 

between the drug and polymer. Three sets of stock solutions were prepared in THF, one 

containing neat drug, the second containing neat polymer at a concentration of 52.5 mg/mL and 

the third containing defined stoichiometric ratios of drug and polymer (polymer concentration 



was fixed as 52.5 mg/mL), calculated as number of moles of drug per mole of HPMCAS 

succinoyl groups, where the molar substitution of HPMCAS-MF with respect to succinoyl 

groups has been reported previously.14  

As an initial control experiment, neat drug was added to the medium. When a small aliquot of a 

concentrated stock solution of neat CNZ was added to agitated pH 6.0 50 mM phosphate buffer 

to create a concentration of 460 µg/mL, the solution became turbid. After centrifugation, the 

pellet was assayed, and consisted of drug. In contrast, when a small aliquot of concentrated stock 

solution of neat HPMCAS was added to pH 6.0 50 mM phosphate buffer to create concentration 

of 1 mg/mL, it completely dissolved and resulted in clear buffer solution, where no pellet was 

formed following centrifugation. When CNZ and HPMCAS were coadded to pH 6.0 50 mM 

phosphate buffer, a precipitate was observed that could be pelleted by ultracentrifugation. This 

precipitate was then analyzed by HPLC or colorimetry to determine the presence and amount of 

HPMCAS. Given that HPMCAS is soluble in the buffer at this pH, its presence in the precipitate 

indicates formation of an insoluble complex with the drug. The precipitate was confirmed to be 

amorphous using PLM. Next, a series of drugs were evaluated at select drug: polymer ratios and 

at pH 6.0. The percent of polymer complexed was determined using the following equation: 

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

) × 100                  (eq. 2) 

The final concentration of organic solvent in the buffer was 10-20 µL/mL. The final polymer 

concentration in the buffer ranged between 0.5-1.0 mg/mL, far below its solubility of 5 mg/mL at 

pH 6.47 Unless otherwise noted, the complexation studies were performed at pH 6.0 in order to 

mimic the pH at the HPMCAS gel layer-bulk solution interface. The pH at the gel-solution 

interface is lower than the bulk solution pH due to the release of protons following HPMCAS 

ionization, and for a 50 mM pH 6.8 phosphate buffer system the gel layer has been estimated as 



pH 6.046 and is therefore the relevant pH to evaluate possible complexation in terms of its impact 

on release rate. Selected complexation studies were also performed at other pH values in the case 

of LOR in order to study the impact of drug ionization extent on complexation.  

4. Results 
 

4.1. Solubility  

The equilibrium solubilities of crystalline and amorphous model drugs are summarized in Table 

1.  

Table 1. Crystal and amorphous solubilities of model drugs at various pH conditions. Mean 
values ± standard deviation where n=3. Some values were taken from the literature and the 
reference is given as a superscript. 

 pH IND INDester RTV LOR CLO CNZ PHPH CIL 
Crystal 

solubility 
(µg/mL) 

6.8 459 ± 
1046 

0.6 ±  
0.146 

1.3 ±  
0.248 

1.8 ± 
0.1  

0.80 ± 
0.06 

2.1  
± 0.0649 

ND 0.05 ± 
0.016 

7.5    1.4 ± 
0.1 

    

9.0     0.40 ± 
0.02 

   

Amorphous 
solubility 
(µg/mL) 

6.8  3.8 ±  
0.446 

18.8 ± 
0.0748 

9.0 ± 
0.1 

9.00 ± 
0.06 

12.0  
± 0.250 

200 ± 
2018 

0.6 ± 
0.116 

7.5    7.6 ± 
0.1 

    

9.0     5.2 ± 
0.1 

   

 

4.2. Surface Area Normalized Dissolution  

4.2.1. Weakly Acidic (WA) and Neutral Drugs 

Figure 2 shows normalized release rates of HPMCAS-based ASDs of IND, a weakly acidic drug 

with a pKa of 4.5,51 at various drug loadings in 50 mM pH 6.8 phosphate buffer. Drug and polymer 

release at similar normalized release rates indicates that the release was controlled by the polymer. 

A similar plot for INDester-HPMCAS ASDs is shown in Figure 3. Both ASDs showed a decreased 



polymer release rate in comparison to the neat polymer, where the polymer release rate became 

slower with increasing drug loadings. From a comparison of the data in Figures 2 and 3, it is 

apparent that IND showed a higher normalized release rate compared to INDester when comparing 

equivalent drug loadings and thus had less impact on the release rate of HPMCAS. Release rate 

data for PHPH at a single drug loading is summarized in the Table S3. 

 

 

Figure 2.  Normalized release rates of various drug loadings of IND: HPMCAS ASDs. 
Error bars represent standard deviations, n = 3. 10 and 50% DL results are taken from 
Bapat et al.46 

 



 

Figure 3. Normalized release rates of various drug loadings of INDester: HPMCAS ASDs. 
Error bars represent standard deviations, n = 3. 10 and 50% DL results are taken from 
Bapat et al.46 

 
 

4.2.2. Weakly Basic Drugs (WB) 

Weakly basic drugs were classified into three categories based on the extent of ionization at a 

dissolution pH of 6.8. Table 2 summarizes the three categories along with the pKa’s.  

Table 2. Classification of weakly basic drugs based on extent of ionization and literature 
pKa values 

Predominantly 
unionized 

Partially ionized Predominantly 
ionized 

Ritonavir (RTV)  Loratadine (LOR)  Clotrimazole (CLO)  Cinnarizine (CNZ)  
pKa = 2.652 pKa = 5.253 pKa = 5.953 pKa = 8.454 

 

The normalized release rates of 25% DL ASDs of RTV, LOR, CLO and CNZ are shown in 

Figure 4, and release rates for select ASDs of different drug loadings are summarized in Table S3 

The surface area normalized dissolution experiments for WB ASDs were performed at two pH 



values for LOR and CLO, one where the drug is partially ionized and one where it is 

predominantly unionized, to assess the impact of ionization extent. For RTV: HPMCAS ASD, 

the surface area normalized dissolution experiment was performed only at pH 6.8 where RTV is 

predominantly unionized. Experiments couldn’t be performed at a pH where this compound is 

ionized (< pH 2) since HPMCAS is insoluble at low pH. For CNZ, given its relatively high pKa, 

this compound is predominantly ionized at all physiologically relevant pH values. For LOR: 

HPMCAS ASD, the dissolution experiment was performed at pH 6.8 where LOR is partially 

ionized and at pH 7.5 where LOR is predominantly unionized. Similarly, for CLO: HPMCAS 

ASD, the dissolution experiment was performed at pH 6.8 (partial ionization) and at pH 9.0 

(predominantly unionized). The lower release of neat polymer in pH 9.0 glycine: NaOH buffer 

corresponded to its lower buffer capacity at the dissolving interface compared to the bulk 

solution showing the impact of pKa of buffer (pKa = 9.0) with respect to surface pH (the tablet 

didn’t form a gel layer when dissolving in 50 mM pH 9.0 glycine: NaOH buffer indicating the 

surface pH was lower than 5.5) .  



 

Figure 4. Normalized release rates of components from neat HPMCAS and 25% DL ASDs 
of (A) RTV: HPMCAS at pH 6.8, (B) CNZ: HPMCAS at pH 6.8, (C) CLO: HPMCAS at 
various pH values, (D) LOR: HPMCAS at various pH values. Error bars represent 
standard deviations, n = 3.  

 
For all ASDs of HPMCAS with a weakly basic drug, the release rate of the polymer decreased as 

compared to the neat polymer. The ratio of neat HPMCAS release rate to that from the ASD is 

summarized in Figure 5 for the different systems. The largest retardation in polymer release rate 

(highest ratio) at pH 6.8 was observed in the presence of CNZ, which is predominantly ionized, 

where the neat polymer had a 30-fold higher dissolution rate than the polymer in the ASD. The 

next largest impact was seen for LOR and CLO at a pH where they were partially ionized, while 



the lowest impact was observed for RTV. Increasing the pH to decrease the ionization extent of 

LOR and CLO reduced their deleterious impact on HPMCAS release.  

 

Figure 5. Ratio of the normalized release rate of neat HPMCAS: HPMCAS in the ASD at a 
pH where drug is predominantly unionized, partially ionized, or predominantly ionized. 
Error bars represent standard deviations, n = 3. 

To study the impact of ionic strength, the surface area normalized release rates for neat 

HPMCAS and the corresponding 25% DL ASD with LOR were compared in 50 mM and 100 

mM pH 6.8 phosphate buffer (Figure 6). Increasing the buffer salt concentration from 50 mM to 

100 mM improved release of both components from the ASD (factor of ~2.9 improvement) to a 

much larger extent than the increase observed for the neat HPMCAS which was minimal (factor 

of ~1.2 increase).  



 

Figure 6. Normalized release rates of neat HPMCAS and 25% DL of LOR: HPMCAS at 50 
mM and 100 mM pH 6.8 phosphate buffer. Error bars represent standard deviations, n = 3. 

 
Surface area normalized dissolution experiments for neat amorphous LOR were also performed 

at pH 3.0, pH 6.8 and pH 7.5. As shown in Figure 7, amorphous LOR had a higher normalized 

release rate in media where the drug was ionized (pH 3.0) as compared to when it was unionized 

(pH 7.5).  



 

Figure 7. Normalized release rate of neat amorphous loratadine at pH 7.5, 6.8 and 3.0. 
Error bars represent standard deviations, n = 3. 

 

4.3. X-ray Photoelectron Spectroscopy (XPS) 

Figure 8 shows the N 1s peak of neat amorphous CNZ, and the corresponding peak for a 25% 

DL CNZ: HPMCAS ASD before and after a partial dissolution of a compact. No protonation was 

observed in case of the neat CNZ (Figure 8A). However, a shift in the peak shows some extent of 

protonation of the N 1s peak of the CNZ: HPMCAS ASD before dissolution (Figure 8B), which 

persisted after partial dissolution (Figure 8C). The decrease in % protonation after partial 

dissolution is consistent with the observed surface drug enrichment relative to the polymer. The 

percent protonation for each sample, calculated by peak fitting (green curves in Figure 8B, C) is 

listed in Table 3.  



 

Figure 8. N 1s spectrum of (A) Neat CNZ, (B) 25% DL CNZ: HPMCAS-MF (before 
dissolution), (C) 25% DL CNZ: HPMCAS-MF (after partial dissolution at pH 6.8) 

 

Table 3. Percent protonation calculated from N 1s spectra of neat CNZ, 25% DL CNZ: 
HPMCAS-MF before and after dissolution. Mean values ± standard deviation where n=3. 

N 1s spectrum % protonation 

Neat CNZ 0 ± 0 

CNZ: HPMCAS-MF (before dissolution) 20 ± 1 

CNZ: HPMCAS-MF (after dissolution) 11 ± 1 

 

4.4. Analysis of Drug and Polymer in Precipitates  

Precipitates were quantitively analyzed to determine the relative amounts of drug and polymer. 

Figure 9 shows the percent polymer complexed with ionized CNZ in the precipitate for various 

molar ratios of CNZ: COOH content of HPMCAS in pH 6.0 phosphate buffer.  



The polymer-drug complexation increased as molar ratio of drug: polymer COOH groups was 

increased, whereby >90% of the HPMCAS was in the form of an insoluble precipitate at a 1:1 

molar ratio and at a 2:1 molar ratio, ~100% of the polymer formed an insoluble complex with the 

drug. A 1:1 molar ratio of CNZ: COOH content of HPMCAS, corresponds to a ~30% DL ASD. 

A lower ratio of 0.25: 1 CNZ: COOH groups (corresponding to 10% DL CNZ: HPMCAS ASD) 

showed less complexation (~40%).  

 

Figure 9. HPMCAS complexation with CNZ at various molar ratios of CNZ to COOH 
groups of HPMCAS-MF at pH 6.0. Error bars represent standard deviations, n = 3. 

 
 
 
 
Table 4. Impact of drug on the extent of HPMCAS-MF complexation at different drug: 
polymer COOH groups molar ratios. Mean values ± standard deviation where n=3. 

Drug Drug:polymer 
molar ratio 

Corresponding 
ASD Drug 
loading (%)  

Polymer 
Complexation (%) 

Indomethacin (IND) 1:1 30 5 ± 2 
2:1 60 8 ± 2 



Indomethacin methyl ester 
(INDester) 

1:1 30 7 ± 2 

Ritonavir (RTV) 0.1:1  10 6 ± 1 
0.4:1 25 11 ± 2 
1:1  47 15 ± 3 

Cilnidipine (CIL) 1:1  40 17 ± 3 
Loratadine (LOR) 0.25:1 10 30 ± 5 

0.55:1 20 47 ± 4 
0.75:1 25 63 ± 2 
1:1 30 70 ± 5 

Phenolphthalein (PHPH)  1:1 27 60 ± 4 
Clotrimazole (CLO) 0.8:1 25 80 ± 3 
Cinnarizine (CNZ) 0.125:1 5 12 ± 3 

0.25:1 10 40 ± 6 
0.75:1 25 83 ± 4 
1:1 30 90 ± 5 

 

For the unionized drugs, RTV, CIL and INDester, and the negatively charged IND, only ~5-17 % 

of the polymer formed an insoluble complex with the drug for a 1:1 molar ratio. The 

ionized/partially ionized cationic drugs (LOR, CNZ and CLO) led to a much higher extent of 

insoluble complex formation, ≥70% for a 1:1 ratio. Interestingly, the unionized compound, 

PHPH, also underwent a high extent of complexation with HPMCAS. 

For LOR, the extent of complexation over the pH range of 5.8-6.5 was monitored, whereby the 

change in the extent of drug ionization is expected to be notable based on a reported pKa value of 

5.2.53  Consistent with the importance of the ionization state of the drug, the complexation curve 

for a 1: 1 molar ratio of LOR:COOH groups shows a steep dependence on bulk solution pH. As 

the pH decreased from pH 7.5 to pH 5.8, the extent of complexation increased. This is consistent 

with a stronger interaction between the cationic form of LOR with the with anionic groups of 

HPMCAS relative to the interaction between polymer and unionized drug. The steepness of % 

complexation curve with pH is also consistent with the expected dependence of the ionization 

reaction with pH, although it is not perfectly predicted based on the reported drug pKa. This is 



not unreasonable given that pKa values are known to vary depending on the local 

microenvironment.55,56  

 

Figure 10. Percentage HPMCAS complexation with LOR at various pH values for 1:1 
molar ratio of LOR: COOH groups of HPMCAS. Error bars represent standard 
deviations, n = 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



5. Discussion 
 
Recent studies suggest a correlation between drug-polymer interactions and ASD release 

performance for copovidone-based ASDs containing lipophilic drugs whereby drug-polymer 

hydrogen bonding interactions led to poor release performance at even modest drug 

loadings.17,18,23 For HPMCAS or other enteric polymers, the impact of drug-polymer interactions 

is largely unknown, and, for these specific polymers, it is also important to consider the potential 

impact of drug-polymer ionic interactions. When considering how drug-polymer interactions can 

impact polymer release, and consequently drug release (since drug and polymer release appear 

co-dependent for the HPMCAS ASDs studied herein, e.g. see Figure 4), it is relevant to briefly 

discuss how glassy polymers dissolve. Following water ingress into the matrix (i.e. hydration), 

plasticization occurs, increasing molecular mobility and ultimately leading to diffusion of the 

hydrated polymer chains into bulk solution if the solvent quality is sufficiently high for polymer 

solubility. For HPMCAS, the protonated polymer interacts to a low extent with water, thus a 

critical extent of ionization is required for the polymer chains to become sufficiently hydrated to 

solubilize, and hence a threshold pH is required before dissolution occurs.  Furthermore, addition 

of a lipophilic drug to a polymer to form an ASD reduces the rate and overall extent of hydration, 

since the drug has a much lower affinity for water than the polymer. Consequently, increasing the 

ASD drug loading is expected to delay the release of ASDs components since the polymer 

dissolution rate will be reduced, as illustrated in Figures 2-3. However, if drug lipophilicity was 

the only factor involved in reducing polymer hydration, then drugs of similar lipophilicity should 

yield similar relationships between release rate and drug loading. Figure 11 shows a comparison 

of release rate versus drug loading (taken from Table S3) for several of the lipophilic drugs 

studied herein which have somewhat comparable Log P values.  It is clear that some drugs are 



more effective at delaying release of components from an ASD than others. Notably, CNZ, which 

is cationic at pH 6.8 is the most detrimental to release, while IND (anionic) and INDester 

(unionized) have lower impact. These observations strongly suggests that drug-polymer 

interactions play a critical role in HPMCAS-based ASD dissolution, in addition to drug 

lipophilicity.  

 

Figure 11. Drug release rates of various HPMCAS-based ASDs as a function of drug 
loading at pH 6.8. Error bars represent standard deviations, n = 3. Log P values are 4.1 
(IND), 4.5 (INDester), 5.7 (RTV), 4.55*(LOR), 5.9* (CNZ). *Values calculated from 
Chemaxon software, version 23.5.0.  

 



 
Figure 12. Relationship between normalized release rates of drug, % complexation and 
drug loading for HPMCAS ASDs with various drugs. The numerical notation by each 
symbol indicates the drug loading at which the drug release rate was measured, and the 
extent of insoluble complex formation was determined at the corresponding polymer: drug 
ratio. Error bars represent standard deviations, n = 3. 
 

Figure 12 provides insight into the relationship between insoluble complex formation and ASD 

release properties. The drugs studied fall roughly onto two trendlines when the relationship 

between the normalized release rate of the drug from the ASD and the percentage of insoluble 

drug-polymer complexation for a comparable drug: polymer ratio is examined. Drugs that had a 

low extent of complexation with HPMCAS, even for higher drug: polymer ratios (corresponding 

to a higher drug loading), fall on the left side of the plot. These drugs are anionic (IND) or 

unionized (CIL, INDester, RTV) at the dissolution pH. For these drugs, the diminished release 

rate can likely be attributed mainly to the drug lipophilicity, where reduced release rates are 

observed for higher drug loading ASDs because of a lower extent of hydration. These drugs are 

expected to interact weakly with ionized HPMCAS based on their chemistry, although it is 



interesting that some extent of insoluble complex formation is observed, in particular as the drug: 

polymer ratio is increased. In contrast, LOR, CNZ, CLO and PHPH lie on a second trendline to 

the right of the plot. Drugs in this region of the plot had high extents of complexation with the 

polymer at pH 6.0 and exhibited greatly reduced release rates at even lower drug loadings.  

HPMCAS has a solubility of approximately 5 mg/mL at pH 6.0,47 resulting from extensive 

ionization. In the presence of certain lipophilic drugs, the polymer solubility was reduced at this 

pH due to drug-polymer complexation which led to precipitation. The link between drug-

polymer insoluble complexation formation and the reduced release rates can be rationalized by 

considering the rate controlling step for dissolution of HPMCAS-based ASDs. Previous studies 

have shown the drug release rate from HPMCAS-based dispersions depends on polymer release 

rate.3,11,14,28,46 Thus, if a molecularly dispersed drug results in a decrease in the polymer release 

rate, the drug release rate is, in turn, reduced. We recently postulated based on experimental 

observations that the rate limiting step for HPMCAS dissolution is the polymer solubility at the 

gel-solution interface, which in turn impacts the polymer diffusivity as shown by equation 3. 

𝐽𝐽𝑝𝑝 = 𝐷𝐷𝑝𝑝
𝛿𝛿
𝐶𝐶𝑝𝑝                                                                           (eq. 3) 

 
 Where Jp is the polymer flux, Dp is the polymer diffusion coefficient, Cp is polymer solubility at 

the polymer-solution interface, and δ is the thickness of the boundary layer. HPMCAS solubility 

is a strong function of pH, and we have shown a relationship between the neat polymer release 

rate and the pH at the gel-solution interface, as well as other studies that suggest that equation 3 

explains HPMCAS dissolution behavior.46 Consequently, any factors that impact the polymer 

solubility i.e. insoluble complex formation with a drug are expected to alter polymer dissolution. 



Because drug-polymer interactions modulate HPMCAS solubility, equation 3 can be used to 

partially rationalize the reduced release rates as a function of complexation noted in Figure 12, 

with a reduced rate of hydration due to drug lipophilicity likely also contributing. Reduced 

solubility due to complexation likely largely accounts for the systems falling on the righthand 

side trend line in Figure 12, while lipophilicity is likely the dominant factor for systems falling 

on the left-most trendline.  

It is well known that the aqueous solubility of a molecule can be reduced through complex 

formation with an oppositely charged, amphiphilic molecule.57 Such complexes are often called 

hydrophobic ion pairs, whereby this phenomenon has been widely observed for charged proteins, 

peptides and small molecule drugs paired with amphiphiles such as surfactants.58–62  Further, the 

complexation of an ionic polymer, which is a polyelectrolyte, with an oppositely charged 

amphiphilic molecule to form an insoluble complex has been widely studied.63–65 Thus, the 

anionic surfactant, sodium dodecyl sulfate, led to the precipitation of a cationic cellulose 

polymer.66  In addition to surfactants, polyelectrolyte precipitation has been observed for anionic 

polymers such as dextran sulfate or alginate, and amphiphilic, cationic drugs including 

ciprofloxacin,63 chlorpromazine, amitriptyline and doxepin.67 Finally, we note that ion pairing 

between two oppositely charged polyelectrolytes with precipitation is a widely observed 

phenomenon typically referred to as complex coacervation.68–70   

It is generally recognized that (in aqueous media) there are two contributing forces to the binding 

between oppositely charged polymers and amphiphiles (which ultimately leads to precipitation), 

namely electrostatic attraction and hydrophobic interactions.71 Sundelöf and coworkers have 

performed extensive studies investigating factors that impact the binding of a positively charged, 

amphiphilic drug, to a negatively charged polysaccharide. They noted that the following factors 



impact the binding: 1) drug hydrophobicity; 2) polymer charge density; 3) polymer chain 

flexibility. In addition, pH, ionic strength, and the type of ions present will affect the interactions. 

For the complexation studies conducted herein at pH 6.0, HPMCAS was approximately 96 % 

ionized (assuming a pKa value of 4.914). CNZ was >99 % ionized at this pH, while LOR and 

CLO were 14 and 46 % ionized, respectively, based on the pKa values listed in Table 2. For the 

CNZ-HPMCAS system, both species were thus nearly completely ionized in the hydrated gel 

layer. The ionization largely occurs upon hydration within the gel layer, given the observation 

from XPS (Figure 8 and Table 3) that only approximately 25% of CNZ is ionized in the dry 

ASD. Further, a plateau in complexation was observed at a molar ratio of approximately 1.5 

moles drug: polymer COOH groups. An excess of drug cations beyond the expected 1:1 

stoichiometric ratio typically observed for electrostatically driven complexation likely resulted 

because of the relatively high ionic strength of the medium (ionic strength = 63 mM) and the 

resultant shielding effect of the buffer ions leading to less efficient complex formation. 

Furthermore, given the high tendency for complexation, even in the presence of additional 

solution ions, it appears unlikely that the drug-HPMCAS insoluble complex would be disrupted 

at biologically relevant ionic strength conditions (also see Figure S1).  

Moving to the partially ionized systems, LOR has a pKa such that the role of drug ionization 

extent on the complexation can be evaluated, while maintaining HPMCAS in its ionized form. 

From Figure 10, it is clear that ionization of LOR is necessary for insoluble complexation with 

HPMCAS. Thus, at a pH >>pKa, complexation was not observed, whereas as pH is decreased 

towards pKa, the extent of complexation increased. It can be concluded that LOR, which lacks 

hydrogen bond donors, mainly interacts with ionized HPMCAS via electrostatic interactions.  

The high extent of complexation observed for a modest theoretical extent of ionization could 



result either from an increased apparent pKa of LOR when bound to the negatively charged 

HPMCAS,72 or cooperatively in binding resulting from hydrophobic interactions.73 The 

importance of considering the gel layer pH rather than the bulk solution pH is also highlighted by 

the LOR-HPMCAS system, as illustrated in Figure 13. While complexation is negligible at a 

bulk solution pH of 6.8, ASD release is substantially compromised at this pH. This can be 

attributed to the much lower gel layer pH,46 where some extent of complexation is possible, 

leading to a reduced polymer dissolution rate. The steep dependence of release rate over the gel 

layer pH range of pH 6.0-6.3 (Figure 13) corresponds to a steep portion of the % complexation 

versus pH curve shown in Figure 10.   

 

Figure 13. Normalized release rate of LOR: HPMCAS 25:75 at various gel layer pH. Error 
bars represent standard deviations, n = 3. 
 
In addition to the cationic drugs, whose impact on HPMCAS solubility can be readily 

rationalized by considering electrostatic interactions with the resultant formation of a 

hydrophobic complex, we note that the neutral compound, PHPH, was quite efficient at forming 

a complex with HPMCAS, as well as reducing the drug release rate, falling on the same trend 



line as the cationic drugs (Figure 12). This observation can be rationalized by considering the 

phenomenon of hydrophobic hydrogen bonding as described by Bernkop-Schnürch and co-

workers.74 They reported that the lipophilic complexes were formed via hydrogen bonding 

between a hydrophilic macromolecular drug and a non-ionic surfactant, observing > 50% 

precipitation efficiency of leuprolide at a pH less than its isoelectric point, in the presence of 

sucrose fatty acid esters. PHPH has been noted to form an insoluble complex with copovidone in 

aqueous solution, likely via hydrogen bond formation.18 The carboxylate ion of HPMCAS 

provides a hydrogen bonding site for interaction with PHPH phenolic groups. In support of this 

conjecture, phenol has been observed to form hydrogen bonding complexes with various 

carboxylate ions (including succinate) in aqueous solution.75  

Turning our attention to the other tested drugs, which had <20% complexation with the polymer, 

it is likely that the increased lipophilicity of the ASD plays a major role in the reduction in drug 

release rate with increasing drug load, as the presence of the drug will decrease the rate and 

extent of hydration of the ASD and hence the polymer. Still, it is interesting that for this group of 

drugs, the release still trends with the extent of complexation, where the drugs which tend to 

form more insoluble complex with the polymer show decreased release rates. From a practical 

perspective, much higher drug loadings can be achieved with these drugs before release rate 

impairment is observed, relative to the (predominantly) cationic drugs that more extensively 

complex with HPMCAS. 

These observations have important implications for polymer choice when formulating an ASD. 

In summary, the chemistry, pKa and Log P of the drug, as well as the buffer capacity, pH and 

ionic strength of the medium (via impact on gel/boundary layer pH), and drug loading are all 

likely determinants of the release rate of components from HPMCAS-based ASDs. Based on our 



observations, weakly basic lipophilic drugs with pKa’s > 5 may lead to poor release from 

HPMCAS-MF ASDs, in particular at drugs loadings that exceed a 1:1 molar ratio of drug cations 

to polymer anionic groups. 

 

6. Conclusions  

When formulating ASDs with HPMCAS and a poorly water-soluble lipophilic drug, the 

chemistry of the drug should be considered in terms of its ability to form interactions with the 

polymer that can persist in an aqueous environment. These interactions are important for the 

release performance of the ASD, and are most relevant for lipophilic, weakly basic drugs that can 

form electrostatic interactions with HPMCAS when both species are mutually ionized. Such 

electrostatic complexes have low solubility, and hence if they are formed in the gel or boundary 

layer following contact of the ASD with buffer, a slow or non-existent dissolution rate will be 

observed. Furthermore, the pH in the boundary layer region is likely to be lower than the bulk 

solution pH, an important consideration when making predictions about drug ionization tendency 

based on the pKa value. In contrast, most neutral or anionic drugs that we studied were found to 

have a lower impact on ASD release performance than cationic drugs, when compared at similar 

drug loadings. Future studies are needed to ascertain if these in vitro observations translate into 

poor in vivo performance. 
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