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ABSTRACT 

Background: Long-term (sustained release) (SR) Isosorbide Mononitrate (ISMN) is an effective and well-tolerated agent 

that enhances therapeutic effectiveness and increases patient compliance in the management of chronic stable angina. But 

little work has connected Process “Analytical Technology (PAT) and Quality Risk Management (QRM)” to ensure strong 

manufacturing and product quality. 

Methods: The sustained-release isosorbide mononitrate tablets (IM) were formulated using nine formulations (F1- F9) 

and the wet granulation technique using HPMC K100M and ethyl cellulose. The pre- and post-compression attributes, in 

vitro drug release, process monitoring by PAT, quality risk evaluation by FMEA and accelerated stability testing as per 

ICH guidelines were evaluated. 

Result: Consequently, all the formulations met the quality criteria laid out in the pharmacopoeia and showed good 

flowability properties, acceptable hardness (5.8–7.4 kg/cm²), friability (0.41–0.74%) and drug content (98.2–99.9%). The 

most critical process parameters identified by PAT were compression force (RPN = 135), dissolution (RPN = 120), and 

blend uniformity (RPN = 108) as identified by FMEA. Formulations F6- F8 showed good sustained drug release during 

24 hours, while optimized formulation was stable under accelerated storage conditions. 

Conclusion: The combination of PAT with QRM allowed for efficient process control, minimization of manufacturing 

inconsistencies, and production of high-quality tablets suitable for treatment of chronic stable angina. 

 

KEYWORDS: Isosorbide Mononitrate, Sustained release tablet, Process “Analytical Technology (PAT), Quality Risk 

Management (QRM), Quality by Design (QbD)”,  

 

1. INTRODUCTION  

Chronic stable angina is one of the most common clinical symptoms of “coronary artery disease” (CAD), and it is a 

significant cause of morbidity, reduced quality of life and health care expenses [1]. The illness is typified by brief episodes 

of myocardial ischemia brought on by an imbalance between the coronary blood flow and myocardial oxygen demand 

[2]. Long-term pharmacological therapy remains the backbone of the care of the disease, with the main goals being: 

reduction of anginal episodes, increase in exercise tolerance, avoidance of cardiovascular problems, and patient adherence 

to treatment [3]. 

Long-acting nitrates, particularly “Isosorbide Mononitrate” (ISMN), remain widely used because have been shown to 

effectively prevent recurrent angina and improve coronary blood flow [4]. The principle of ISMN is based on nitric oxide 

release, which leads to vascular smooth muscle relaxation, venodilation, reduction of preload, and improvement of the 

balance of myocardial oxygen supply and demand [5]. It has a high oral bioavailability, stable bioavailability in humans, 

and a small first-pass hepatic metabolism, making it a preferred anti-anginal medication for long-term use [6]. 

To overcome the problems of immediate release dose forms, sustained release (SR) versions of ISMN have been 

developed [7].Traditional tablets often lead to rapid fluctuations in plasma drug levels, requiring frequent daily 

administration and increasing the likelihood of adverse effects such as headache, hypotension and nitrate tolerance [8]. 

SR tablets give a controlled release of the medicine over a long period of time, maintain a therapeutic concentration in 

the plasma, and minimize peak-trough fluctuations [9]. 

This approach increases treatment adherence through once-a-daydosing and reduces the risk of tolerance by maintaining 

an optimal pharmacokinetic profile. This has led to the development of SR formulations, which have become an important 

dose form in the treatment of chronic stable angina [10]. 

Pharmaceutical Process Analytical Technology (PAT) is now an emerging paradigm for drug manufacturing, enabling 

in-line monitoring, measurement and control of key manufacturing processes [11]. The United States “Food and Drug 

Administration” (FDA) have initiated the PAT initiative to encourage manufacturers to adopt scientific, risk-based 

approaches to process understanding and continual quality assurance [12]. PAT combines analytical instruments, 

chemometric modelling, multivariate data analysis and process control systems to monitor and “control critical quality 
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attributes” (CQAs), “critical material attributes” (CMAs) and “critical process parameters” (CPPs) during the 

manufacturing process [13]. Instead of solely depending on final product testing, PAT prioritises integrating quality into 

the manufacturing process via continuous measurement and feedback control [14]. 

 

1.1. Chronic stable angina and the therapeutic role of sustained-release Isosorbide mononitrate  

CAD remains a leading cause of morbidity and mortality worldwide, and chronic stable angina is one of the common 

clinical manifestations of CAD [15]. Chronic stable angina is a condition characterized by recurrent chest discomfort or 

pain that occurs because of brief, predictably occurring myocardial ischemia, or lack of oxygen, caused by an imbalance 

between the oxygen needs of the myocardium and the blood supply of the coronary arteries [16]. Physically induced 

events such as physical exertion, emotional stress, or other factors that increase heart work are often responsible for the 

syndrome and rest or nitrates typically help relieve it [17]. Despite significant advances in cardiovascular treatments, 

chronic stable angina remains a major burden on the clinical and economic level, reducing exercise capacity, lowering 

quality of life, and increasing the use of health services [18]. Thus, long-term treatment with pharmacologic agents is 

essential for successful management of angina, for improvement in functional capacity, and to prevent disease progression 

[19]. In fact, ISMN has been proven to be effective, has a reliable and consistent pharmacokinetic profile and has relatively 

high bioavailability, and is thus frequently prescribed in combination with anti-anginal agents [20]. ISMN is an active 

nitrate metabolite which causes vasodilation through nitric oxide (NO) and leads to relaxation of vascular smooth muscle, 

lowering of venous return (preload), reduction of myocardial oxygen demand and improved coronary blood flow [21]. 

Unlike isosorbide dinitrate, ISMN is not extensively metabolized in the liver (first pass metabolism), which results in 

higher plasma levels and better therapeutic efficacy following oral administration [22]. 

 

1.2. Process analytical technology (PAT) and risk assessment in sustained- release tablet manufacturing  

The pharmaceutical industry has increasingly adopted scientific and risk-based manufacturing practices to improve 

product quality, process robustness, and regulatory compliance [23]. The United States FDA designated PAT as a key 

development in pharmaceutical manufacturing, which uses real-time measurements of critical quality and performance 

attributes (QPA and CPA) to design, analyze and control manufacturing processes [24]. PAT is not only about final 

product testing, but also continuous process monitoring and control, which allows quality to be included in the 

manufacturing process [25]. 

PAT is closely connected to the Quality by Design (QbD) paradigm, which emphasizes on the scientific understanding 

and systematic development of methodologies that meet quality objectives [26]. The “International Council for 

Harmonization” (ICH) rules stipulate that pharmaceutical quality is attained by the comprehension of the interconnections 

between CMAs, CPPs, and CQAs [27]. CMAs include the physicochemical properties of raw materials that affect the 

performance of the product, while CPPs are manufacturing variables that directly affect the quality of the product [28]. 

CQAs are defined as the product attributes that are measurable, such as dissolution profile, assay, content homogeneity, 

hardness, friability, and stability, which are known to affect the safety and efficacy of the product in treating the disease 

or condition [29]. 

The implementation of PAT is particularly advantageous for SRISMN tablet formulation because the therapeutic activity 

of a formulation is dependent on producing a consistent and reproducible drug release profile [30]. The dissolution 

properties and bioavailability are directly related to the granule moisture content, polymer hydration, blending 

consistency, compression force, tablet density, and matrix integrity [31]. Monitoring these variables in real-time helps to 

detect abnormal situations in the process at an early stage and to make necessary changes as soon as possible, which helps 

ensure a uniform quality of the product and reduces manufacturing variability [32]. Furthermore, PAT in combination 

with risk assessment allow producers to create scientifically validated control plans, improve process performance and 

meet modern regulatory requirements for pharmaceutical quality systems [33]. 

 

1.3. Research gap 

The majority of research focuses on formulation optimization, dissolution profiling, and traditional quality control testing, 

despite the fact that SR formulations of ISMN have been thoroughly studied to enhance therapeutic efficacy and patient 

compliance. The integration of “Quality Risk Management” (QRM) with PAT for real-time manufacturing process 

monitoring and control has received little attention. Moreover, thorough research that methodically identifies and assesses 

CMAs, CPPs, and CQAs, particularly for SRISMN tablet formulations, is lacking. Additionally, there is no evidence in 

the literature about the use of risk assessment techniques like  

➢ Aim  

To develop and evaluate a PAT-based monitoring and risk assessment strategy for SRISMN tablets used in the treatment 

of chronic stable angina. 

➢ Objective  

• To develop SRISMN tablets utilising appropriate matrix-forming polymers and pharmaceutical excipients. 

• To identify the CMAs, CPPs, and CQAs influencing the quality and performance of the SR tablet formulation 

• To implement PAT tools for real-time monitoring of critical manufacturing processes during tablet production. 

 

2. MATERIAL AND METHOD  

The study was conducted in the experimental laboratory-based formulation and evaluation setup for developing the SR 

ISMN tablets. A PAT-based monitoring system was integrated with QRM concepts to evaluate the manufacturing 
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performance, identify manufacturing risks and ensure product quality consistency throughout the tablet manufacturing 

process. 

 

2.1. Materials  

ISMN was used as the active pharmaceutical ingredient (API) for formulation of SR tablets in the present study. In order 

to obtain controlled drug release, the main hydrophilic matrix-forming polymer selected is Hydroxypropyl 

Methylcellulose (HPMC K100M), and the selected release-retarding polymer is ethyl cellulose. Microcrystalline cellulose 

(MCC PH-102) and lactose monohydrate were used as diluents for improving compressibility and uniformity of tablets. 

The wet granulation process binder was polyvinylpyrrolidone (PVP K30), which gave adequate granule strength. 

Magnesium stearate was used as a lubricant to decrease friction during compression of tablets, and talc was used as a 

glidant to affect powder flow properties. To achieve uniform die filling and high granule flow ability, a flow-enhancing 

agent, colloidal silicon dioxide, was added. All the chemicals, polymers and excipients used in the study were of 

pharmaceutical grade and met the standards of “Indian Pharmacopoeia” (IP), “United States Pharmacopoeia” (USP) and 

“British Pharmacopoeia” (BP). During the granulation process, purified water was used, and all materials were stored 

under optimum conditions before formulation for quality and stability. 

➢ Method: 

Formulation of SRtablets was prepared by the wet granulation method 

➢ Procedure  

1. Weigh all ingredients accurately (F1 to F9) 

2. Sieve the materials through a # 40 mesh  

3. Mix ISMN  with polymers and excipients  

4. Prepare binder solution using PVP K 30 

5. Granulate the powder blend  

6. Dry granulate at 50-60° C until the moisture content is below 2% 

7. Pass dried granulate through # 20 mesh  

8. Lubricate with talc and magnesium stearate  

9. Compress tablet using a rotary tablet compression machine  

 

2.2. PAT Based Process Monitoring  

 

Table 1: Process analytical technology was employed to monitor critical manufacturing stages in real time 

Manufacturing Stage PAT Parameter Monitoring Tool 

Powder blending Blend uniformity NIR Spectroscopy 

Granulation Moisture content NIR Moisture Analyzer 

Drying Residual moisture Moisture Sensor 

Compression Compression force, tablet weight Compression Force Sensor 

Final tablets Tablet thickness and hardness Automatic Tablet Tester 

 

2.3. Quality Risk Assessment 

“Failure Mode and Effects Analysis” (FMEA) was used to identify and assess potential risks that could affect the quality 

of SRISMN tablets, and a “Quality Risk Assessment” (QRA) was conducted following ICH Q9 principles. CMAs, CPPs 

and CQAs were identified and scored for “Severity (S), Occurrence (O) and Detectability (D)”. The “Risk Priority 

Number (RPN = S × O × D)” was calculated for each failure mode for each part. PATwas considered as an effective tool 

for monitoring and controlling the high-risk parameters in order to minimize process variations and ensure product 

consistency. 

“The risk priority Number (RPN) was calculated as”: 

RPN = Severity × Occurrence × Detectability 

Parameters with high RPN values were considered critical, and appropriate control strategies were established  

 

2.4. Evaluation of sustained release tablets 

The SRISMN tablets were evaluated as per IP and USP. Pre-compression analyses included bulk density, tapped density, 

angle of repose, Carr's index and Hausner ratio for the evaluation of the flow properties of granules. Post-compression 

parameters were evaluated such as weight variation, tablet thickness, hardness, friability, drug content uniformity and in-

vitro dissolution using USP Type II (paddle) dissolution apparatus. The dissolution data were also analyzed using different 

models of drug release: zero-order, first-order, Higuchi and Korsmeyer–Peppas models, which were used to determine 

the mechanism of drug release. All tests were performed in triplicate, the result of which was represented by the mean ± 

standard deviation to ensure the quality, consistency and prolonged release ability of the formulated product. 

 

2.5. Stability study   

The stability study of the manufactured SRISMN tablets was conducted based on the ICH Q1A(R2) guidelines at 40 ± 

2°C and 75 ± 5%RH for 3 months under accelerated conditions. Tablets were placed in suitable containers and evaluated 

at certain time intervals (0, 1, 2 and 3 months) for physical appearance, hardness, friability, and drug content and in vitro 
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dissolution profile. The results were compared with the initial values to check the durability of the formulation and its 

ability to maintain the quality, efficacy, and SR properties of the tablets over the course of the storage period. 

 

2.6. Good Manufacturing Practice (GMP) Compliance  

Formulation and assessment were all performed under Good Manufacturing Practice (GMP) guidelines. Before use, 

equipment was calibrated and environmental conditions controlled, and all manufacturing processes were documented to 

ensure repeatability and compliance with regulations.  

 

3. RESULT 

3.1. Formulation Composition  

To maximize the sustained-release profile of isosorbide mononitrate tablets, nine formulations (F1–F9) were created by 

adjusting the concentrations of HPMC K100M and ethyl cellulose. 

 

Table 1: Formulation development of SR Isosorbide Mononitrate tablets 

Ingredients (mg/tablet) F1 F2 F3 F4 F5 F6 F7 F8 F9 

Isosorbide Mononitrate 60 60 60 60 60 60 60 60 60 

HPMC K100M 30 40 50 60 70 80 90 100 110 

Ethyl Cellulose 10 15 20 25 30 35 40 45 50 

MCC PH102 165 150 135 120 105 90 75 60 45 

Lactose 20 20 20 20 20 20 20 20 20 

PVP K30 8 8 8 8 8 8 8 8 8 

Talc 3 3 3 3 3 3 3 3 3 

Magnesium Stearate 4 4 4 4 4 4 4 4 4 

Total Weight (mg) 300 300 300 300 300 300 300 300 300 

 

Interpretation: in table 1 reported that thenine formulations (F1–F9) of isosorbide mononitrate sustained release tablets 

containing 60 mg of the active ingredient (ISMN) but different compositions are shown in the table. The amounts of MCC 

PH102 were proportionately reduced to maintain the tablet weight, but the concentrations of ethyl cellulose (10–50 mg) 

and HPMC K100M (30–110 mg) were increased to study their effect on the release of the drug. All formulations had the 

same amounts of lactose, PVP K30, talc, and magnesium stearate. This formulation design facilitates optimization of the 

polymer concentration without altering the tablet composition to obtain the desired sustained release profile. 

 

3.2. Pre-compression Evaluation  

The pre-compression characteristics of the granules, like bulk density, tapped density, Carr's index, Hausner ratio and 

angle of repose, were evaluated to determine the flowability and compressibility. These factors are crucial during 

compression to ensure uniform tablet quality, minimize weight variation, and ensure uniform die filling. 

 

Table 2: Pre-Compression parameters 

Formulation Bulk Density Tapped Density Carr's Index (%) Hausner Ratio Angle of Repose (°) 

F1 0.46 0.54 14.8 1.17 28.4 

F2 0.47 0.55 14.5 1.17 28.1 

F3 0.48 0.56 14.2 1.16 27.8 

F4 0.49 0.57 14.0 1.16 27.5 

F5 0.49 0.57 13.9 1.16 27.3 

F6 0.50 0.58 13.8 1.16 27.0 

F7 0.50 0.58 13.7 1.15 26.8 

F8 0.51 0.59 13.6 1.15 26.6 

F9 0.51 0.59 13.5 1.15 26.5 

 

Interpretation: Table 2 defines thatall formulations (F1–F9) had acceptable flow and compressibility properties during 

pre-compression. All the bulk density (0.46 – 0.51 g/cm³), tapped density (0.54 – 0.59 g/cm³), Carr's Index (13.5 – 14.8 

%), Hausner ratio (1.15 – 1.17) and angle of repose (26.5 – 28.4) were within the acceptable limits, indicating good 

powder flow and appropriateness for direct compression. All the sustained release tablet formulations exhibited good pre-

compression properties. 

3.3. Post–Compression Evaluation  

The compressed SRL tablets were evaluated for post-compression properties like weight variation, thickness, hardness, 

friability, drug content and in vitro dissolution according to IP/USP criteria. The assessments were conducted to ensure 

the overall quality, mechanical strength, content uniformity and sustained release of the prepared tablets. 
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Table 3: Post–Compression parameters 

“Formulation Weight 

(mg) 

Thickness 

(mm) 

Hardness 

(kg/cm²) 

Friability 

(%) 

Drug Content 

(%)” 

F1 299.8 4.78 5.8 0.74 98.2 

F2 300.4 4.80 6.0 0.69 98.5 

F3 300.2 4.82 6.2 0.64 98.9 

F4 300.1 4.83 6.4 0.58 99.1 

F5 300.3 4.84 6.6 0.54 99.3 

F6 300.5 4.85 6.8 0.49 99.4 

F7 300.6 4.86 7.0 0.46 99.6 

F8 300.5 4.87 7.2 0.43 99.8 

F9 300.4 4.88 7.4 0.41 99.9 

 

Interpretation: Table 3 reported thatthe formulations F1–F9 were subjected to a post-compression study, and all the 

tablets were found to satisfy the pharmacopoeia quality criteria. Good weight homogeneity was demonstrated by the 

average pill weight remaining about 300 mg. The thickness of the tablets was determined as 4.78–4.88 mm, which ensured 

their good mechanical strength; the hardness of the tablets was in the range of 5.8–7.4 kg/cm², which also confirmed the 

mechanical strength of the tablets; the friability of the tablets was in the range of 0.41–0.74%, which is under 1%. The 

content homogeneity of the drug was good, with the range between 98.2% and 99.9%. All formulations possessed good 

post-compression characteristics and were suitable for the evaluation of a sustained-release tablet. 

 

3.4. PAT Monitoring observation  

Important manufacturing parameters were monitored in real time during the manufacture of sustained-release isosorbide 

mononitrate tablets using PAT. Blend uniformity, moisture and residual moisture after drying, compression force, tablet 

weight, and tablet hardness were monitored regularly to ensure process uniformity and product quality. Real-time 

monitoring minimized manufacturing variability, ensured all key manufacturing parameters remained within specified 

acceptance limits, and provided early detection of manufacturing process deviations, helping to guarantee tablet quality 

and regulatory compliance. 

 

Table 4: PAT monitoring observation 

Manufacturing Step Critical Parameter Target Observed 

Blending Blend Uniformity ≥98% 99.3% 

Granulation Moisture (%) 3–5 3.4 

Drying Residual Moisture (%) <2 1.6 

Compression Compression Force (kN) 12–15 13.7 

Compression Tablet Weight (mg) 300±5 300.4 

Finished Tablet Hardness (kg/cm²) 6–8 6.9 

 

Interpretation: Table 4 reports thatthe production process met all predetermined important quality parameters. The 

moisture after granulation and after drying was acceptable (3.4%, 1.6%), and the homogeneity of the blend was 99.3%, 

which means a uniform distribution of the drugs. The average compression weight of the tablets was 300.4mg and the 

hardness was 6.9kg/cm² produced between the target force of 13.7kg. These findings confirm that the production process 

was well controlled and regularly gave rise to tablets that met the quality requirements. 

❖ PAT confirmed stable process performance  

 

3.5. Quality Risk Assessment  

In order to identify potential manufacturing risks associated with sustained-release isosorbide mononitrate tablets, ICH 

Q9 recommendations were followed with a systematic Quality Risk Assessment (QRA), which was performed using a 

Failure Mode and Effects Analysis (FMEA) approach. “The Critical Material Attributes (CMAs), Critical Process 

Parameters (CPPs) and Critical Quality Attributes (CQAs)” were evaluated for severity (S), occurrence (O) and 

detectability (D). The process variables that had to be monitored more were then prioritized in descending order of 

importance using the Risk Priority Number (RPN). 

 

Table 5: Failure mode and effects analysis 

Process Parameter Severity Occurrence Detection RPN Risk 

API Assay 8 2 2 32 Low 

Blend Uniformity 9 4 3 108 High 

Granule Moisture 8 4 3 96 Medium 

Drying Temperature 7 3 3 63 Medium 

Compression Force 9 5 3 135 High 

Lubrication Time 6 3 3 54 Low 



Genetics and Molecular Research 25 (13s): 2026                     6 

Tablet Hardness 8 2 2 32 Low 

Dissolution 10 4 3 120 High 

 

Interpretation: Table 5 defines that the Quality Risk Assessment identified compression force (RPN = 135), dissolution 

(RPN = 120) and blend homogeneity (RPN = 108) as process characteristics that were most likely to compromise the 

quality of the product. The other risk factors, such as API test, lubrication time, and tablet hardness, were classified as 

low-risk. Granule moisture (RPN = 96) and drying temperature (RPN = 63) were found to be medium-risk factors. The 

assessment demonstrates the importance of controlling the key process parameters to ensure product quality and long-

term drug release 

 

3.6. In vitro dissolution study  

The USP Type II (paddle) dissolution equipment was used in the in vitro drug dissolution investigation to assess the 

manufactured isosorbide mononitrate tablets' sustained-release behaviour. Samples were collected at predetermined time 

points for drug release testing, and dissolution testing was performed in a controlled environment in phosphate buffer (pH 

6.8). In order to elucidate the drug release process, the dissolution data were fitted with various kinetic models, namely 

zero-order, first-order, Higuchi and Korsmeyer-Peppas. The amount of released drug was determined by 

spectrophotometry and expressed as the cumulative percentage of the released drug. The data were presented as mean ± 

SD, and duplicate analysis was done to ensure the consistency and reliability of the study. 

 

Table 6: Percentage cumulative drug release 

Time (hr) F1 F2 F3 F4 F5 F6 F7 F8 F9 

1 18 16 15 14 13 12 11 10 9 

2 30 28 26 24 22 21 20 18 17 

4 48 45 42 39 37 35 33 31 29 

6 63 60 56 53 50 48 46 43 40 

8 76 72 68 64 60 58 55 52 49 

12 90 87 84 80 77 74 71 68 65 

16 98 96 93 90 88 85 82 79 76 

20 100 99 98 97 95 93 91 88 85 

24 100 100 100 100 99 99 98 97 95 

 

❖ F6-F8 exhibited a desirable sustained release profile extending drug release up to 24 h 

Interpretation: Table 6 reported that the in vitro dissolution study revealed that all formulations (F1–F9) gave a sustained 

release profile of the drug for 24 hours. The drug release decreased as the concentration of HPMC K100M and ethyl 

cellulose increased, indicating that the polymer matrix system was effective in controlling the drug release rate. F1–F4 

revealed 100% drug release in 24 hours, while F5–F9 revealed delayed release, with F9 showing 95% drug release in 24 

hours. The results indicate that a sustained-release profile of drug release has been achieved by increasing the polymer 

concentration, and that the sustained-release profile of F5–F7 was the best.All formulations (F1–F9) demonstrated 

sustained drug release over 24 hours, according to the in vitro dissolution analysis. As HPMC K100M and ethyl cellulose 

concentrations increased, drug release reduced, demonstrating the polymer matrix's effective control. 

 

Table 7: Drug release kinetics model 

Model R² 

Zero-order 0.989 

First-order 0.945 

Higuchi 0.982 

Korsmeyer–Peppas 0.996 

 

Interpretation: Table 7 indicates thatthe Korsmeyer–Peppas model had the highest correlation coefficient (R² = 0.996), 

indicating the best fit for the dissolution data, according to the drug release kinetic study. The Zero-order model (R² = 

0.989) and the Higuchi model (R² = 0.982) came next, and the first-order model (R² = 0.945) displayed the lowest 

correlation. 

 

3.7. Stability study  

The optimized sustained release tablets were subjected to accelerated stability testing for a period of three months at 40 

± 2°C and 75 ± 5%RH, as per the ICH Q1A (R2) criteria. The hardness, friability, drug content, dissolving property and 

physical appearance of the formulation were periodically evaluated. 

 

Table 8: Stability study (40±2°C/75 ± 5% RH) 

Storage 

Period 

Hardness 

(kg/cm²) 

Friability 

(%) 

Drug Content 

(%) 

Drug Release at 24 h 

(%) 
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Initial 6.90 0.49 99.40 99.0 

1 Month 6.85 0.50 99.10 98.9 

2 Months 6.78 0.52 98.80 98.6 

3 Months 6.70 0.54 98.50 98.3 

 

Interpretation: Table 8 reported thatthe optimized sustained-release tablets were found to be stable after 3 months of 

storage during the stability testing. Friability increased slightly from 0.49% to 0.54%, although hardness (6.90 to 6.70 

kg/cm²), drug content (99.40% to 98.50%), and 24-hour drug release (99.0% to 98.3%) only slightly decreased. During 

the research period, the formulation kept its physical integrity and drug content within acceptable limits of the 

pharmacopeial specification, and the sustained release functionality remained the same. 

 

3.8. Good Manufacturing Practice (GMP) Compliance  

Good Manufacturing Practice (GMP) conditions were used during the manufacturing process to guarantee regulatory 

compliance and batch-to-batch consistency. Environmental conditions were kept within acceptable bounds during 

processing, manufacturing equipment was calibrated, and raw materials were confirmed before production. 

 

Table 9: GMP Compliance assessment 

GMP Parameter Observation Compliance Status 

Raw material verification Pharmaceutical-grade materials approved Complied 

Equipment calibration Completed before production Complied 

Environmental monitoring Within specified limits Complied 

Personnel hygiene SOPs followed Complied 

In-process quality control All parameters within limits Complied 

Batch documentation Complete and traceable Complied 

Finished product testing IP/USP specifications achieved Complied 

 

Interpretation: Table 9 reported thatthe GMP compliance evaluation indicated that all the manufacturing process phases 

met the criteria of Good Manufacturing Practice. The batch documentation, equipment calibration, environmental 

monitoring, human hygiene, in-process quality control, raw material verification and finished product testing were all 

found to comply. From these findings, it is clear that the assembly process was well managed, well documented and 

produced tablets that met all quality and legal specifications.All phases of the manufacturing process complied with Good 

Manufacturing Practice (GMP) regulations, according to the GMP compliance evaluation. Before production, 

pharmaceutical-grade raw materials were confirmed, equipment was appropriately calibrated, and environmental 

conditions were kept within predetermined bounds during the manufacturing process. 

 

4. DISCUSSION  

The study found that nine isosorbide mononitrate tablet formulations with sustained release properties were successfully 

developed by altering the amount of ethyl cellulose and HPMC K100M in the tablets without changing the amount of the 

drug and tablet weight. This formulation design enabled a qualitative assessment of the effect of polymer concentration 

on the long-term drug release. Adnan et al., (2016) reported that the flow and tablet quality of sustained release ISMN 

tablets prepared by wet granulation technique were excellent and satisfactory. Most formulations showed controlled drug 

release as per the Higuchi model, while few formulations showed zero-order release. For all formulations, the release 

behaviour of the F1 formulation was similar to the reference sustained release drug (Monis XR)[30]. 

The analysis of the tablet showed that all the designed sustained release tablets conform to the standard parameters of the 

pharmacopoeia such as weight variation, thickness, hardness, friability and drug content. The mechanical integrity, 

uniformity of assay and content uniformity of the tablets exceeded the required standard, indicating good formulation and 

reliable tablet quality for the sustained release drug delivery.The minimum requirement for sustained release tablets was 

fulfilled with good mechanical integrity, uniformity of assay and content uniformity of the tablets achieved in the 

formulation process. Sridevi and Chinnadevi reported that the study of the tablets revealed that all the Isosorbide 

Mononitrate sustained-release tablets met the specifications for weight variation, thickness, hardness, friability and drug 

content of the pharmacopoeia. The tablets showed excellent mechanical strength, uniformity, content uniformity, and low 

friability, which suggested good formulation and tablet uniformity suitable for sustained-release drug delivery [34]. 

The analysis affirmed that PAT successfully monitored and regulated all crucial manufacturing parameters within 

designated limits, assuring process consistency, lowered variability, and the creation of sustained-release Isosorbide 

Mononitrate tablets with the necessary quality features. Zhao et al., (2025) reported that Today, controlled-release (CR) 

tablets have been a part of modern pharmaceutical formulations,helping to improve therapeutic efficiency, reduce dosage 

frequency, and improve patient compliance. However, the quality and regulatory approval of these formulations is a 

complex challenge due to different manufacturing techniques, quality controls, and regulatory requirements across the 

globe. In this critique, the formulation of CR pills is explored in detail, highlighting critical principles of formulation, 

quality assurance, and regulatory requirements in the region. It covers key aspects such as dissolution testing, in vitro – 

in vivo correlation (IVIVC) and stability evaluation, while highlighting how the use of artificial intelligence (AI) and new 

formulation techniques are increasingly improving drug release properties. In addition, the analysis compares the 

regulatory requirements in various key regions, such as the United States, the European Union, China and Japan, and 
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emphasises the need for harmonized international standards. Addressing these challenges requires cross-disciplinary 

collaboration to align regulatory requirements, enhance quality control precision and facilitate innovation in controlled 

release pharmaceuticals [35]. 

 

5. CONCLUSION 

In the present study sustained release Isosorbide Mononitrate tablets were successfully prepared with the help of the wet 

granulation method using the matrix-forming polymers HPMC K100M and Ethyl cellulose. The formulated tablets 

showed good pre- and post-compression parameters and met the pharmacopeial requirements for the tablets. Through 

PAT-based monitoring, the critical parameters in the process were effectively kept within the desired limits, whereas the 

FMEA-based quality risk assessment identified compression force, blend uniformity and dissolution as the most critical 

parameters, for which continuous monitoring was desired. The optimized formulation exhibited a controlled 24-hour 

release profile, acceptable stability in accelerated storage conditions and showed good mechanical strength. In addition, 

Good Manufacturing Practice (GMP) standards were ensured, providing a strong and repeatable manufacturing process. 

In conclusion, the PAT integration with quality risk management offers a promising approach to enhance process control, 

reduce manufacturing variability and guarantee the production of a high-quality sustained-release Isosorbide Mononitrate 

tablet in the treatment of chronic stable angina. 

Standard pre-compression and post-compression parameters like flowability, hardness, friability, weight uniformity, and 

drug content were found appropriate for all the formulations as per pharmacopoeial standards. PAT integration helped to 

monitor critical manufacturing parameters in real time, enabling efficient monitoring and reducing manufacturing 

variability and ensuring consistent process performance. Furthermore, the following process parameters were 

demonstrated as being of the highest priority for continuous monitoring and control to guarantee the product's quality, 

using Failure Mode and Effects Analysis (FMEA)–based Quality Risk Management (QRM): compression force (RPN = 

135), dissolution (RPN = 120), and blend homogeneity (RPN = 108). 
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