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Abstract: To prepare a porous cation exchange resin excipient and a verapamil hydrochloride (VH) pulse sustained 

release suspension, and to evaluate its in vitro release and in vivo pharmacokinetics. Porous cation exchange resin was 

prepared using suspension polymerization and sulfonation reaction. A drug-resin complex was formed via impregnation 

and coating, then formulated into a suspension. In vitro release profiles and pharmacokinetics in Sprague-Dawley rats 

were investigated. The custom-made resin complied with the relevant requirements of the United States Pharmacopeia, 

with a 2.6-fold higher surface area and 1.5-fold greater exchange capacity than IRP69. Compared with a conventional 

VH tablet (Tmax 2 h, t1/2 1.407 h), the suspension delayed Tmax to 5 h and extended t1/2 to 4.191 h, exhibiting both enteric 

dissolution and sustained release characteristics. The findings showed that a verapamil hydrochloride pulsatile release 

suspension prepared with custom-made porous cation exchange resin achieved controlled and sustained release, 

potentially improving adherence in cardiovascular therapy by better aligning with disease progression. It is also likely to 

reduce dosing frequency and plasma concentration fluctuations, offering significant clinical value in the personalized 

management of conditions such as hypertension and angina. 
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INTRODUCTION 
 

Ion-exchange resin (IER) is an insoluble reticulated 

polymer compound with active ion-exchange groups. It 

features a three-dimensional framework, where functional 

groups are bound via covalent bonds and exchangeable 

ions are attached through ionic bonds. The resin can form 

a drug-resin complex through ion exchange by interacting 

with drugs of the same charge. Upon entering the human 

body, the drug-resin complex undergoes a reverse process 

to drug loading, in which the complex interacts with ions 

in bodily fluids, replacing and releasing the drug 

(Panraksa et al., 2019). The mechanism relies on the 

formation of ionic interactions between the drug 

molecules and the functional groups on the resin, which 

gradually break down under specific pH conditions, 

particularly in acidic environment. This process, known as 

ion-exchange release, enables a controlled release of the 

drug as ionic bonds are disrupted, allowing the drug to be 

released at a steady rate (Zhang et al., 2022). Previous 

studies have indicated that the structural and ionic 

characteristics of IERs can be tailored to prolong drug 

release, improve therapeutic outcomes a nd reduce dosing 

frequency (Yuan et al., 2023). Consequently, IERs 

provide an effective pathway for sustained-release 

formulations, and matching the dynamic pH conditions of 

the gastrointestinal tract and enhancing patient 

compliance (Li et al., 2021). 

 

IERs are commonly used in oral and non-injectable 

formulations to prolong drug action, stabilize drug release 

and improve bioavailability (Rajesh and Popat, 2017; Qin 

et al., 2016). In recent years, they have been extensively 

studied in the development of new drug delivery systems 

(DDS) and other biomedical applications, with an 

increasing number of DDS containing IERs being 

introduced into the market (Sivaneswari et al., 2015). 

Based on the surface structure of microspheres, IERs can 

be classified into gel and porous types (Gaur et al., 2014). 

The gel-type resin has low cross-linking, and no pore-

forming agent is added during its preparation, whereas the 

porous-type resin has high cross-linking. A porous 

structure is formed by the addition of a pore-forming 

agent during the synthesis of microspheres. Porous IERs 

offer better exchange capacity and faster exchange rates 

compared to gel-type resins, making them more 
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promising for applications in the pharmaceutical field. 

Consequently, research into the preparation of porous 

resins is fast increasing (Zhou et al., 2017). 

 

Hypertension is a common cardiovascular and 

cerebrovascular disease with high mortality and disability 

rates (Yin et al., 2022). The number of hypertensive 

patients has significantly increased, making it 

increasingly important to adopt effective measures for the 

prevention and treatment of this condition (Aronow, 

2020). Studies have shown that the onset of hypertension 

follows a clear circadian rhythm, and the key to managing 

this condition lies in timing the treatment in conjunction 

with circadian rhythm-based medication, which can 

greatly reduce its incidence (Leonova, 2020). Verapamil 

hydrochloride (VH), a voltage-dependent calcium channel 

blocker, is used to treat essential hypertension, angina 

pectoris, and ventricular arrhythmia. The drug has few 

contraindications and is suitable for all degrees of 

hypertension.  
 

However, due to its short biological half-life and limited 

efficacy in treating hypertension, its clinical application is 

restricted (Faisal et al., 2024).To address these issues, 

various sustained-release (SR) formulations have been 

developed to provide more consistent plasma 

concentrations and reduce dosing frequency (Ramu et al., 

2016). Studies have shown that SR verapamil 

preparations, such as matrix tablets and osmotic delivery 

systems, effectively prolong drug release, improve 

efficacy, and reduce side effects (Shaik et al., 2015; 

Mohammed and Babu, 2015). Additionally, an ionic 

gelation method has been used to develop verapamil 

hydrochloride nanoparticles formulated with chitosan and 

sodium alginate, aiming to enhance bioavailability and 

extend drug release (Moeed et al., 2021). IERs are 

particularly promising, as they can form ionic complexes 

with verapamil, and facilitating gradual drug release in 

the gastrointestinal tract through ion exchange processes. 

For instance, it has been demonstrated that verapamil-

loaded IERs provide a stable release profile, reducing 

plasma concentration fluctuations and lowering the 

incidence of adverse effects associated with peak 

concentrations (Allaboun et al., 2023). At present, most 

research on sustained-release formulations of verapamil 

hydrochloride primarily focuses on adjusting preparation 

methods and materials to achieve more favorable drug 

release profiles or bioavailability. However, there is 

limited research on formulations developed specifically 

based on the treatment characteristics of hypertension. 
 

In this study, medical-grade porous cation exchange resin 

polystyrene sodium sulfonate was prepared using 

suspension polymerization (Rajesh et al., 2015), 

sulfonation reaction (Lei et al., 2014), and other 

processes. Additionally, the self-made porous cation 

exchange resin was used as the sustained-release carrier, 

with verapamil hydrochloride serving as the model drug. 

The pulse-sustained-release suspension of verapamil 

hydrochloride was then prepared using impregnation and 

coating methods. The in vitro release behavior of the resin 

microcapsules and suspension, as well as 

pharmacokinetics in SD rats, were investigated. Our 

research aims to refine drug release kinetics by adjusting 

the resin properties and formulation parameters, thereby 

enhancing therapeutic stability and patient adherence 

compared to existing SR formulations. 
 

MATERIALS AND METHODS 
 

Materials 

Verapamil hydrochloride was obtained from Wuhan 

Dongkangyuan Technology Co., Ltd. (China). Divinyl 

benzene was obtained from Sigma-Aldrich (America). N-

heptane and Cyclohexanol were purchased from Shanghai 

Aladdin Bio-Chem Technology Co., Ltd. (China). 

Dichloromethane and ethanol were purchased from 

Xilong Scientific Co., Ltd. (China). Styrene, Benzoyl 

peroxide, Polyvinyl alcohol and other reagents were 

purchased from Sinopharm Chemical Reagent Co., Ltd. 

(China). 
 

Animals 

Twelve specific-pathogen-free (SPF) Sprague-Dawley 

(SD) rats (200 ± 20 g) of equal sexes were selected and 

purchased from the Experimental Animal Center of 

Jiangsu University. All experimental animals were housed 

at room temperature (25-30oC) under a 12-hour light/dark 

cycle, with adequate ventilation and access to food and 

water ad libitum. The animal studies were performed 

strictly according to the standard protocol approved by 

Jiangsu University Animal Center.  

 

Preparation of porous cation exchange resin 

Synthesis of porous polystyrene microspheres 

Polyvinyl alcohol (PVA) (2.0 g) was placed in a three-

neck flask, and deionized water was added. The mixture 

was heated and stirred until the PVA dissolved, and then 

the sample was lowered to room temperature. A mixture 

of styrene (ST), divinylbenzene (DVB), benzoyl peroxide 

(BPO), and the pore-forming agent’s toluene, n-heptane 

and cyclohexanol were added to the flask after thorough 

mixing. The temperature was raised to 70oC for 3 hours, 

then to 80oC for 5 hours, and finally to 95oC for 2 hours. 

Afterwards, the porous polystyrene microspheres (PS-

DVB porous microspheres) were obtained by filtration 

and separation. The samples were washed several times 

with pure water and methanol. Then the sample was 

extracted with acetone as the solvent in a Soxhlet 

apparatus for 24 hours and dried under vacuum. 

 

Sulfonation and alkali exchange of porous microspheres 

The PS-DVB porous microspheres were placed in a three-

neck flask, and chloroform was added to swell the 

microspheres for 0.5 hour. Concentrated sulfuric acid was 

slowly added to the sample while stirring the mixture. The 
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mixture was thoroughly stirred, and the sulfonation 

reaction was carried out by heating to 60oC for 3 hours. 

After the reaction, the product was transferred to a beaker 

filled with purified water, washed until neutral pH 

condition, and then filtered by suction. The sample was 

washed with acetone several times and dried to obtain PS-

DVB porous sulfonated microspheres (SPS-DVB porous 

microspheres). Ten grams of SPS-DVB porous 

microspheres were weighed into a beaker, and 2-3 drops 

of phenolphthalein indicator were added. The sample was 

then titrated with a 10% NaOH solution as the titrant. 

When the phenolphthalein turned red without fading 

within 60 minutes, the mixture was stirred at room 

temperature for 1 hour. The sample was washed with 

plenty of pure water until becoming neutral and then 

dried. Finally, porous crosslinked polystyrene sodium 

sulfonate cation exchange resin (SPS-DVB-Na porous 

resin) was obtained. 
 

Characterization of porous ion exchange resins 

Fourier transform infrared spectroscopy (FTIR) was used 

to characterize the structure of the IER. The morphology 

and pore structure of the IER were observed using a 

Sigma 300 scanning electron microscope (SEM). The 

particle size distribution of the resin was measured with 

an MS 3000 laser particle size analyzer. The specific 

surface area and pore size distribution were determined 

using nitrogen adsorption-desorption and mercury 

intrusion methods. Sodium content and potassium 

exchange capacity were measured with a ContrAA300 

atomic absorption spectrometer. 
 

Preparation of drug resin complex 

As a common method for drug-resin binding, the static 

drug loading method offers several advantages over the 

dynamic loading method (Liu et al., 2021). Therefore, the 

static drug loading method was used in this study. VH 

(500 mg) was dissolved in 100 mL of purified water to 

obtain a drug solution with a concentration of 5 mg/mL. 

The solution was stirred evenly at 37oC and an equal 

amount of the self-made cation exchange resin was added 

and thoroughly stirred. Samples were periodically 

collected, and the absorbance was measured at 278 nm 

using a UV spectrophotometer. The ion exchange reaction 

reached equilibrium when the drug concentration 

remained stable. The drug formulation was filtered, and 

the unbound drug adsorbed on the resin surface was 

washed away with purified water. The verapamil 

hydrochloride-resin complex (VRC) was obtained by 

drying. The formulae of drug exchange volume (Q) and 

drug utilization ratio (E) of ion exchange resin at different 

time points are as follows: 
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Where C0 represents the initial concentration of VH 

(mg/mL), Ct is the concentration of VH at time t (mg/mL), 

WF denotes the mass of ion exchange resin (mg), V refers 

to the volume of purified water (mL), Qt is the drug load 

at time t (mg/mL), and Q∞ represents the drug load at 

equilibrium (mg/mL). 
 

Impregnation and coating of drug resin complexes 

Impregnation of drug fiber complexes 

When the drug-carrier resin is coated directly, the coated 

microcapsules may swell in the medium or human body, 

leading to rupture of the coating film and a sudden 

release, which can affect drug efficacy and potentially 

cause adverse reactions (Deng et al., 2020). To address 

this, PEG 4000 was used to impregnate the drug-carrier 

resin before coating (Han et al., 2023). The procedure was 

as follows: 2.5 g of PEG 4000 was added to 7.5 mL of 

deionized water to prepare a 25% (W/V) aqueous 

solution. The solution was heated in a 35oC water bath 

until the PEG 4000 fully dissolved, after which the VRC 

was added and stirred for 0.5 hours. The sample was then 

dried, sieved, and the VRC was successfully impregnated. 

 

Preparation of coated microcapsules 

The impregnated VRC was coated using the 

emulsification and solvent evaporation method (Qu et al., 

2019). The inner oil phase consisted of 30 mL of a 

methanol-acetone mixture (1:5), while the outer oil phase 

contained 80 mL of liquid paraffin. Span 80 was used as 

an emulsifier, and PEG 400 served as a dispersant. The 

mixture was stirred at 50oC until the methanol and 

acetone were fully evaporated. The product was then 

washed with petroleum ether and dried. This process 

yielded verapamil hydrochloride resin-coated 

microcapsules (VRC-CM). 

 

Preparation of pulse sustained release suspension 

Glycerol (1 g), Xanthan gum (0.02 g), propylparaben 

(0.012 g), Avicel CL611 (0.6 g), orange essence (0.1 g) 

propylene glycol (1 g) and FD & C Yellow No. 6 (0.002 

g) were added to VRC-CM (equivalent to 240 mg of VH) 

under continuous stirring to obtain 20 mL of verapamil 

hydrochloride pulse sustained release suspension. 

 

Drug release 

Detection wavelength 

An appropriate amount of verapamil hydrochloride and 

resin were weighed and placed into separate volumetric 

flasks, then diluted to volume with purified water. After 

filtration through a 0.45 μm membrane, full-wavelength 

scanning was conducted within the range of 200-400 nm. 
 

In vitro release conditions 

To determine the optimal ionic environment, the release 

of the drug-resin complex was evaluated in NaCl, KCl, 

HCl, and deionized water media. Additionally, the effects 

of different NaCl concentrations (0.15 mol/L, 0.5 mol/L, 

and 1.0 mol/L) on drug release were evaluated. 
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Drug release profile of VRC 

The release of VRC was determined in vitro using the 

paddle method as outlined in the fourth section of the 

Chinese Pharmacopoeia (2020 Edition). The release 

conditions were as follows: A temperature of 37oC ± 

0.5oC, 900 mL of 0.15 mol/L NaCl solution as the 

medium, and a rotation speed of 100 rpm. Samples were 

collected at a predetermined time point, with 5 mL taken 

at each time, and the medium was replenished promptly 

after each sampling. The absorbance of the sample was 

measured at 278 nm after the sample was filtered through 

a 0.45 µm membrane, and the amount of release was 

calculated accordingly. Based on an investigation of 

various influencing factors, the optimal release conditions 

for the drug-loaded resin were determined. The evaluation 

method used was the f2 similarity factor method (Xie et 

al., 2015): 
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Where n represents the number of samples, Rt and Tt refer 

to the cumulative drug release of VRC at time t under 

different release conditions, and f2 is the similarity factor. 

An f2 value of ≥ 50 indicates similar drug release behavior 

under both conditions, whereas an f2 value of ＜50 

indicates different release behaviors between the two 

conditions. 
 

In vivo pharmacokinetic studies 

Dosage regimen 

The 12 SD rats were randomly and equally divided into 

experimental group and control group, with 6 rats per 

group. Twelve hours before drug administration, the rats 

were fasted and then administered the drug via a single 

intragastric dose of 50 mg/kg. The control group received 

ground commercial verapamil hydrochloride tablet 

(SINE), while the experimental group was given a self-

made verapamil hydrochloride pulse-sustained release 

suspension. After administration, 0.3 mL of blood was 

collected from the anterior venous plexus at different 

times (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, and 24 hours). The 

blood samples were placed in centrifuge tubes containing 

sodium heparin and allowed to stand for 30 minutes. 

Following centrifugation at 3700 rpm, the plasma 

supernatant was removed and stored at -20oC for future 

analysis. 
 

Preparation of plasma samples 

An internal standard solution of diltiazem hydrochloride 

(120 μg/mL) and phosphate buffer solution (100 μL, pH 

5.0) were added to 200 μL of the plasma sample and 

mixed for 30 seconds using a vortex mixer. Subsequently, 

4 mL of the extraction solution (n-hexane-isopropanol, 

98:2) was added, followed by vortex mixing for an 

additional 3 minutes. The sample was then centrifuged at 

3700 rpm for 10 minutes, and 3 mL of the supernatant 

was collected. To the supernatant, 200 μL of 0.01 mol/L 

HCl solution was added and vortexed for 3 minutes, 

followed by centrifugation at 3700 rpm for 10 minutes. 

The filtrate was obtained through a 0.45 μm organic filter 

membrane and then injected into HPLC for drug content 

determination. 
 

The chromatographic conditions for plasma sample 

testing were as follows: chromatographic column, 

Diamonsil-C18 (4.6 mm×250 mm, 5 μm, 100 A); mobile 

phase, acetonitrile-water (40:60, with 0.35% triethylamine 

in the water phase and phosphoric acid to adjust the pH to 

4.0); detection wavelength, 278 nm; flow rate, 1.0 

mL/min; injection volume, 20 μL; and column 

temperature, 40oC. 
 

Pharmacokinetic data analysis 

DAS2.0 software was used to model the relationship 

between plasma concentration and time, and the optimal 

compartment model was also determined. Based on the 

fitting results, BAPP software was used to analyze the 

changes in blood drug concentration over time of each SD 

rat in the experimental and control groups. The 

pharmacokinetic parameters for each SD rat were 

calculated, and the average values were obtained. 
 

Pharmacokinetic data analysis 

Data were obtained in triplicates (at least) and expressed 

as mean ± standard deviation (SD). Statistical differences 

between mean values were determined and compared 

using one-way ANOVA with the help of SPSS v-20.0 

(IBM, Armonk, NY, USA). Results with p<0.05 were 

considered statistically significant. 
 

RESULTS 
 

Self-made resin characterization 

FTIR 

The infrared spectrum of self-made cation exchange resin 

was consistent with that of the imported IRP69 resin, and 

the cation exchange resin polystyrene sodium sulfonate 

was successfully synthesized (Fig. 1). 
 

SEM images 

The results of the SEM analysis showed that the resin had 

a good spherical shape, and a uniform pore structure was 

visible on the resin surface at high magnification (Fig. 2). 

 

Pore diameter and specific surface area 

According to the adsorption and desorption curves and 

pore size distribution, the average pore size and specific 

surface area of the resin were 3.545 nm and 2.984 m2/g, 

respectively, as calculated using the BJH and BET 

methods (Fig. 3). 

 

Thermogravimetric characterization 

PS-DVB gel microspheres underwent two decomposition 

processes (Fig. 4a). There was no significant weight loss 

around 100oC, which indicated that the sample contained 

minimal water. The first stage of decomposition occurred 

between 190oC and 270oC, with a mass change of 29.8%, 



Construction and in vitro/ in vivo evaluations of pulse sustained release of verapamil hydrochloride delivery system 

Pak. J. Pharm. Sci., Vol.38, No.6, November-December 2025, pp.2206-2220 2210 

which was attributed to the breakdown of small molecular 

monomers, such as porogens. The second decomposition 

stage occurred from 330oC to 450oC, with a mass change 

of 70.11%. This weight loss was caused by the 

decomposition and cleavage of the polymer’s main chain, 

styrene-divinylbenzene. For the PS-DVB porous 

microspheres, the decomposition process occurred in a 

single stage (Fig. 4b). Given that it is a pore-forming 

agent, it can be inferred that the decomposition stage 

between 340oC and 450oC corresponded to the breakdown 

of the main chain of styrene- divinylbenzene. Two weight 

loss stages were also observed in the study (Fig. 4c): The 

dehydration stage and the pyrolysis of the main chain and 

sulfonic groups. During the dehydration stage, weight loss 

was 14.47% between 50oC and 200oC, while the cleavage 

of the main chain and sulfonic groups occurred around 

400oC, resulting in a weight loss of 15.03%. The results 

indicated that the self-made resin contained more high 

temperature-resistant components, suggesting that it 

retained some moisture and exhibited good thermal 

stability. 
 

XRD characterization 

The steamed bread peak appeared at 2θ 19.1°, which 

matched the polystyrene peak in the JCPDS standard card 

(Fig. 5). However, the crystal structure of the PS-DVB 

microspheres remained unchanged before and after 

Soxhlet extraction, indicating that only the porogen was 

removed during extraction and that the crystalline 

structure formed by the polymerization chain was not 

affected. The crystallization peak of the SPS-DVB-Na 

resin was still present, but the intensity of the steamed 

bread peak signal weakened. This observation suggested 

that the sulfonation reaction did not alter the crystal 

structure of the polymer microspheres. 
 

Elemental analysis 

The PS-DVB gel microspheres and porous microspheres 

were composed of carbon (C) and hydrogen (H) before 

and after Soxhlet extraction (Table 1). After extraction, 

the C content slightly increased, while the H content 

slightly decreased. Sulfur (S) was introduced during the 

sulfonation reaction, and the S content in the self-made 

resin increased to 19.89%, compared to 13.15% in the 

original IRP69 resin, which represented a 6.74% increase. 

The results suggested that the porous structure of sodium 

polystyrene sulfonate significantly enhanced its degree of 

sulfonation, leading to the introduction of more sulfonic 

groups during the sulfonation process, which in turn 

produced more exchangeable groups and increased the 

resin’s exchange capacity. 
 

Sodium content and potassium exchange capacity 

An atomic absorption spectrometer was used to determine 

the sodium (Na) and potassium (K) content in the self-

made samples and IRP 69 resin. Deionized water was 

used as a blank solution to adjust the baseline, and 

absorbance was measured at wavelengths of 589 nm and 

769 nm, respectively. The Na content and K exchange 

capacity of the self-made resin were significantly higher 

compared to the imported IRP69 resin (Table 2). The 

exchange capacity of the self-made resin exceeded that of 

the imported resin, and it also demonstrated better drug 

loading performance as a pharmaceutical excipient. 

 

Evaluation of drug resin complex 

To determine the optimal drug loading process for 

preparing the verapamil hydrochloride drug-resin 

complex, the effects of temperature, drug-to-resin ratio, 

and drug concentration were investigated.  
 

The drug loading rate increased as the temperature rose 

from 25oC to 45oC (Fig. 6). However, the drug loading 

quantity (Q) and drug utilization ratio (E) did not 

significantly change when the temperature reached to 

37oC. Thus, the drug loading temperature was set at 37oC. 

Using drug loading and drug utilization as indicators, 

different drug-to-resin ratios were investigated. As shown 

in Fig. 7 and Fig. 8, increasing the drug-to-resin ratio led 

to a rise in drug loading but a decrease in drug utilization 

rate. This was attributed to the resin reaching a saturated 

state and being unable to bind additional drug. Therefore, 

a drug-to-resin ratio of 1:1 was determined to be optimal. 
 

To determine the optimal drug concentration for preparing 

the drug-resin complex, four different concentrations of 

verapamil hydrochloride (1, 3, 5, and 7 mg/mL) were 

tested for the drug loading. The results indicated that drug 

concentration had little impact on the overall drug 

loading; however, both drug loading and drug utilization 

rate were highest at a concentration of 5 mg/mL (Fig. 9). 

Consequently, a drug concentration of 5 mg/mL was 

selected. 

 

The preparation process for the verapamil hydrochloride 

drug-resin complex was established as follows: 50 mL of 

5 mg/mL VH solution, 250 mg of self-made porous ion 

exchange resin, a drug loading temperature of 37oC, and a 

drug loading time of 60 minutes. 
 

In vitro drug release 

In vitro release conditions 

The verapamil hydrochloride resin complex requires an 

ion exchange within the medium to release the drug 

(Daihom et al., 2020), making it essential for the release 

medium to have a certain ionic strength. To 

comprehensively evaluate the release behavior of the 

drug-resin complex and suspensions under various release 

conditions, this study investigated the effects of different 

ion types and concentrations on drug release.  
 

Based on the single-factor analysis, the in vitro release 

conditions were established as follows: dissolution 

medium, 0.15 M NaCl aqueous solution; medium volume, 

900mL; dissolution temperature, 37.0oC ± 0.5oC; and 

stirring speed, 50 rpm. 
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Table 1: Elemental content of PS-DVB gel microspheres, porous microspheres, self-made resin and IRP69 resin 

 

Elements 
Content (%) 

PS-DVB gel microspheres PS-DVB porous microspheres self-made resin IRP69 resin 

C 86.06 86.68 38.30 37.70 

H 7.67 7.49 4.14 4.26 

N 0.00 0.00 0.00766 0.00 

S 0.00 0.00 19.89 13.15 

 

Table 2: Na content and K exchange volume measurement of different resins 

 

Sample 
Na content K content 

C (%) C (g/g) 

IRP69 resin 9.506 0.1107 

Self-made resin 14.269 0.1681 

 
 

Fig. 1: Infrared spectra of self-made resin (a) and IRP69 resin (b) 

 

Fig. 2: SEM images of SPS-DVB-Na porous resin 
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Table 3: Pharmacokinetic parameters of commercial tablets and self-made VH suspension 
 

Pharmacokinetic parameter VH tablet Self-made VH suspension 

Tmax (h) 2.00 ± 0.00** 5.00 ± 0.00 

Cmax (μg/mL) 2.23 ± 0.13** 1.10 ± 0.12 

t1/2 (h) 1.41 ± 0.71** 4.19 ± 0.44 

AUC0-24 (μg/mL·h) 5.14 ± 0.30 5.51 ± 1.09 

MRT (h) 5.61 ± 1.44** 12.01 ± 1.31 

Data are presented as mean ± SD (n = 6, **p < 0.01) 
 

 

Fig. 3: The adsorption-desorption curve (a) and pore size distribution diagram (b) of porous sodium polystyrene 

sulfonate 

 

Fig. 4: Thermogravimetric curves of PS-DVB gel microspheres (a), PS-DVB porous microspheres (b) and SPS-DVB-

Na porous resin (c) 

 

Fig. 5: X-ray diffraction patterns of PS-DVB gel microspheres (a), PS-DVB porous microspheres (b) and SPS-DVB-Na 

porous resin (c) 
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Fig. 6: The effect of temperature on drug loading (n=3) 

 

Fig. 7: The effect of drug-resin ratios on drug loading 

(n=3) 

 

Fig. 8: Drug loading and drug utilization rate of different 

drug resin ratios 

 

In vitro release of coated resin 

Prior to coating, the verapamil hydrochloride resin 

complex demonstrated a release of less than 10% in acidic 

medium over a 2-hour period, but showed a rapid release 

in pH 6.8 phosphate buffer solution, which achieved a 

cumulative release of 90% (Fig. 10). The results 

suggested that the coating could slow the release rate of 

the drug-resin complex in the stomach, providing an 

enteric dissolution effect. The f2 factors for the three 

batches of VRC-CM were all above 50, which indicated 

high reproducibility. 

 

Fig. 9: The effect of drug concentration on drug loading 

(n=3) 

 

Fig. 10: In vitro drug release curve of three batches of 

self-made VRC-CM (n=3) 

 

In vitro release of suspension 

In acid medium, the release of the self-made suspension 

did not exceed 10% in the first 2 hours, with a final 

release of 85% (Fig. 11). The calculated f2 factor for the 

self-made suspension was 79, indicating that its release 

behavior was comparable to that of VRC-CM, and 

achieving the expected enteric administration effect. 

 

In vivo pharmacokinetics 

The commercially available VH tablet reached peak 

plasma concentration (Cmax) at 2 hours, while the self-

made VH suspension reached its peak at 5 hours (Fig. 12). 
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The Tmax for the self-made VH suspension was delayed 

from 2 hours to 5 hours. Additionally, the Cmax decreased 

while, the half-life (t1/2) increased, and the mean residence 

time (MRT) was also prolonged, with statistically 

significant differences between the two formulations (p < 

0.01). The area under the concentration-time curve 

(AUC0-24) slightly increased, but the difference was not 

statistically significant (p ≈ 0.60) (Table 3). The relative 

bioavailability of the VH suspension was 107.55% of that 

of the tablets, with a statistically significant difference. 

 

Fig. 11: In vitro drug release curve of self-made VRC-CM 

and suspension (n=3) 

 

Fig. 12: Drug time curve of self-made VH suspension and 

commercial VH conventional tablet in SD rats (n=3) 
 

DISCUSSION 
 

Factors affecting ion exchange resin synthesis 

Dosage of crosslinking agent 

The drug loading capacity of ion exchange resins with 

crosslinking degrees of 10%, 20%, and 40% was 

investigated, and the amount of crosslinking agent 

optimized based on the final drug load (Fig. 13 and 14). 

 

The results indicated that the degree of crosslinking 

significantly affected the morphology, particle size, and 

drug-loading capacity of the microspheres. The 

microspheres could not be formed and the product was a 

white emulsion solution after the polymerization when the 

crosslinking degree was lower than 7%. Similar findings 

have been reported, whereby insufficient crosslinking 

resulted in poor microsphere stability due to inadequate 

network formation hindered the formation of spherical 

structures (Rai et al., 2016). At a crosslinking degree of 

10%, although microspheres were formed, surface 

irregularities and cracks were observed (Fig. 13a), 

indicating that low crosslinking may impact structural 

integrity during processes such as Soxhlet extraction and 

sulfonation. Microspheres with a crosslinking degree of 

20% exhibited both good morphology and an acceptable 

particle size distribution (Fig. 13b). This degree of 

crosslinking appeared optimal, and balancing both 

stability and structural integrity, which aligned with 

findings that moderate crosslinking degrees and improved 

microsphere durability without excessively reducing drug 

loading (Mane et al., 2015). At higher crosslinking 

degrees (e.g., 40%), the microspheres maintained good 

morphology but exhibited smaller particle sizes (Fig. 

13c). Drug loading was highest at a crosslinking degree of 

10%, but slightly decreased at 20%, and significantly 

reduced at 40% (Fig. 14). The observation was due to 

tighter binding between microspheres, lower swelling, 

and reduced sulfonation. This inverse relationship 

between crosslinking density and drug loading capacity 

has been similarly noted in other studies (Uddin et al., 

2024). Based on these findings, a 20% crosslinking 

degree was chosen as optimal, with balancing 

morphological integrity and acceptable drug loading. 
 

Dispersant dosage 

PVA solutions of different concentrations (3, 6, and 9 

mg/mL) were selected for investigation. There were 

uneven dispersion of substrates and wide particle size 

distribution of prepared microspheres (Fig. 15a, Fig. 16a) 

when the concentration of dispersant was too low (3 

mg/mL). 
 

Free radical polymerization was less efficient at a 

dispersant concentration of 9 mg/mL, which resulted in 

fewer products and poor sphericity (Fig. 15c, Fig. 16c). 

Excessive dispersant concentration inhibited effective 

monomer interaction and polymer network formation, 

leading to irregular particle shapes and reduced reaction 

efficiency (Yu et al., 2023). However, the particle size 

prepared was more uniform (Fig. 15b, Fig. 16b) when the 

dispersant concentration was at 6 mg/mL. Therefore, 6 

mg/mL PVA aqueous solution was selected as the 

dispersion medium of the reaction. 
 

Dosage of initiator 

The morphology of the microspheres was examined with 

BPO initiator concentrations of 0.5% (Fig. 17a), 1% (Fig. 

17b), and 2% (Fig. 17c) relative to the monomer ST. The 

microspheres exhibited the best shape (Fig. 17b) when the 

BPO concentration was 1% of the monomer. As the BPO 



Wei Mi et al. 

Pak. J. Pharm. Sci., Vol.38, No.6, November-December 2025, pp.2206-2220 2215 

concentration increased, the microspheres surface became 

uneven, and the small ball formations adhered (Fig. 17c), 

which could lead to the ‘detonation’ phenomenon of the 

microspheres (Cong et al., 2018). Therefore, the initiator 

BPO concentration selected for the study was 1% of the 

monomer amount. 

 

Types and dosage of pore-forming agent 

Toluene-n-heptane (HEP)-cyclohexanol (Mansour et al., 

2020), a mixture of good and poor solvents for ST-DVB, 

was selected as a co-porogen. The porogen-to-monomer 

ratio of 1:2(Fig. 18a) and 1:1(Fig. 18b) (m:m) was 

investigated, with toluene, n-heptane, and cyclohexanol 

used in a 2:1:1 (v:v) ratio. 

 

The microspheres prepared using the optimal synthesis 

conditions, and determined through the single-factor 

investigation, exhibited good shape. However, due to the 

small molecular weight of the liquid pore-forming agent, 

the pore size formed was small (Liu et al., 2022a). 

Scanning electron microscopy at low magnification could 

not determine whether the microspheres contained a pore 

structure, so higher magnification was used for 

characterization. 

 

Under higher magnification scanning, the surface 

structure of the microspheres was not clearly defined 

when the amount of pore-forming agent was low (Fig. 

19a). However, when the amount of pore-forming agent 

was equal to the amount of monomer, the surface 

structure became more distinct (Fig. 19b). The pore-

forming agent used was a mixture of good and poor 

solvents, and it was difficult to form a pore structure when 

the amount was low. A loose structure of microspheres 

can increase the specific surface area, enhance the 

average pore size, and improve pore volume. However, an 

excessive amount of pore-forming agent can lead to an 

unstable microsphere structure during sulfonation after 

Soxhlet extraction. Similar findings have been 

documented in previous studies, indicating that 

maintaining structural stability requires an optimal 

concentration of pore-forming agents (Zhuang et al., 

2024). 

 
Fig. 14: The effect of cross-linking degree on the drug 

loading of microspheres 

 

Type and dosage of sulfonating agent 

In this study, concentrated sulfuric acid was selected as 

the sulfonation reagent (Xu et al., 2022), and the degree 

of sulfonation of the final product was determined by 

Table 4: The optimized feed ratio of the first step 
 

Phase Chemical Name Abbreviation Dosage 

Oil phase 

Styrene  ST 13.06 mL 

Divinylbenzene DVB 4.25 mL 

Dibenzoyl peroxide BPO 0.1264 g 

Toluene TOL 7.50 mL 

N-heptane HEP 3.75 mL 

Cyclohexanol COL 3.75 mL 

Water phase 

Polyvinyl alcohol PVA 0.78 g 

Sodium chloride NaCl 0.65 g 

Deionized water ——— 130 mL 
 

 
Fig. 13: The SEM images of microspheres with 10% (a), 20% (b), and 40% (c) crosslinking degree 
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measuring the amount of NaOH consumed in an alkaline 

titration. As the concentration of sulfuric acid increased, 

the degree of sulfonation of the microspheres also 

increased, although the change was not significant (Fig. 

20). Considering the safety and environmental concerns 

associated with the sulfonation reaction, the amount of 

sulfonating agent (mL) was ultimately determined to be 

three times the weight of microspheres (g). 

 

Optimized feeding scheme 

The reaction conditions of polymerization were 

determined by investigating the single factor experiments. 

The final feed quantity is shown in Tables 4 and 5. 

 

In vivo pharmacokinetics 

The sustained-release suspension, after gastric emptying 

into the intestines and exposure to the change in 

environmental pH, triggered a burst release of the enteric 

coating material, which achieved a pulsed release effect 

(Pawar and Varsha, 2018). This burst release occurred 

after the peak concentration due to the slow-release nature 

of the ion-exchange resin. The results aligned with the 

expected pulse slow-release effect (Dasankoppa et al., 

2016), which demonstrated that the plasma drug 

concentration of the self-made suspension was more 

stable, with improved safety and prolonged effective 

action time. However, several limitations of the present 

study should be acknowledged. Thus, the in vivo 

experiment involved a relatively small sample size, which 

may limit the generalizability of the findings. 

Furthermore, long-term stability testing was not 

conducted, which was critical for assessing the sustained-

release formulation’s performance over time. 

 

CONCLUSION 
 

In this study, porous cation exchange resin sodium 

polystyrene sulfonate was prepared through suspension 

polymerization and sulfonation, which resulted in a resin 

with high specific surface area and exchange capacity. 

Table 5: The optimized feed ratio of the second step 
 

Chemical Name Dosage 

Porous PS-DVB microspheres 2.0045 g 

Chloroform 10 mL 

Concentrated sulfuric acid 4 mL 

Deionized water 100 mL 

Acetone 5mL*2 

 

 

Fig. 15: The particle size distribution of microspheres with dispersant concentrations of 3 mg/mL (a), 6 mg/mL (b), and 

9 mg/mL (c) 
 

 
Fig. 16: SEM images of microspheres with dispersant concentrations of 3 mg/mL (a), 6 mg/mL (b), and 9 mg/mL (c) 
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The resin was used as a carrier to prepare VRC, which 

was then impregnated and coated to form a suspension. 

Commercial VH tablets served as the reference. The 

results showed that the relative bioavailability of both 

preparations (commercial tablets and self-made 

suspension) was bioequivalent (Liu et al., 2022b). 

Furthermore, compared to the conventional drug, the self-

made suspension exhibited delayed peak time, increased 

half-life, reduced maximum plasma concentration, 

improved safety, prolonged effective time, and a distinct 

pulse-sustained release effect. 

 

The porous cation exchange resin developed in this study 

demonstrated excellent properties and significant 

 
Fig. 17: SEM images of microspheres prepared with initiator concentrations of 0.5% (a), 1.0% (b), and 2.0% (c) 

 

Fig. 18: SEM images of microspheres with different porogen concentrations and porogen-to-monomer ratios of 1:2 (a) 

and 1:1 (b) 

 

Fig. 19: SEM images of microspheres prepared with different porogen concentrations (reduced size), with porogen-to-

monomer ratios of 1:2 (a) and 1:1 (b) 
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application potential. The pulse-sustained release 

suspension produced using the superior resin as a key 

excipient offered an innovative approach for developing 

verapamil hydrochloride delivery systems, which 

provided new perspectives for formulation strategies. 

Future research should focus on optimizing the 

controlled-release mechanisms to enhance drug release 

profiles and extend therapeutic effects. Additionally, the 

scalability and long-term stability of resin-based delivery 

systems require further exploration, as these factors are 

essential for successful clinical translation. These areas of 

research will be crucial in advancing controlled-release 

drug delivery and improving the therapeutic efficacy of 

sustained-release formulations. 

 

Fig. 20: Investigation of different dosages of sulfonating 

agent 
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