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ABSTRACT

Background: Ritonavir is a well-characterized polymorphic compound, and its crystalline form may influence 
pharmaceutical performance, particularly dissolution and stability. Therefore, control of the solid-state form 
during formulation development, manufacturing, and storage is an important consideration for product quality.

Objective: The aim of this study was to investigate the solid-state stability of Ritonavir Form II during the devel-
opment and manufacture of Ritonavir 100 mg film-coated tablets and to evaluate the potential for polymorphic 
transformation during stability storage.

Methods: Ritonavir Form II was characterized by powder X-ray diffraction (PXRD) and differential scanning 
calorimetry (DSC) prior to formulation development. Film-coated tablets were manufactured using a spray gran-
ulation process. The finished product was subjected to long-term, intermediate, and accelerated stability condi-
tions at 25°C/60% RH for 24 months, 30°C/65% RH for 12 months, and 40°C/75% RH for 6 months, respective-
ly. PXRD was used to monitor the crystalline phase, while DSC was used to evaluate changes in thermal behavior.

Results: PXRD patterns of the initial finished product and stability samples showed the characteristic diffraction 
profile of Ritonavir Form II, with no additional diffraction peaks, relevant peak shifts, or broadening indicative of 
a change in crystalline phase. The PXRD profile remained comparable under all investigated storage conditions. 
DSC thermograms obtained before and after 12 months of storage at 30°C/65% RH showed comparable thermal 
behavior, with no additional thermal events associated with polymorphic conversion.

Conclusion: The results demonstrated that Ritonavir Form II was maintained during formulation development, 
spray granulation, tablet manufacture, and the investigated stability periods. No evidence of polymorphic trans-
formation was observed under the applied manufacturing and storage conditions. These findings support the 
robustness of the formulation and manufacturing process with respect to solid-state stability and provide scien-
tific support for the control strategy for polymorphic form in the finished product.
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Introduction
Ritonavir is a protease inhibitor with well-documented polymor-

phic behavior and has been extensively investigated with respect to 
its solid-state properties. Different crystalline forms of Ritonavir have 
been described, and changes in the solid-state form may potentially 
affect important pharmaceutical properties, including dissolution be-
havior, stability, and consequently product performance. Among the 
reported crystalline forms, Ritonavir Form II represents the selected 
polymorphic form used in the development of the present formula-
tion. Because polymorphic transformation may occur during phar-
maceutical processing or storage, preservation of the selected crys-
talline form throughout the product lifecycle is an important aspect 
of pharmaceutical development. Manufacturing processes involving 
exposure to solvents, mechanical stress, moisture, temperature varia-
tions, and drying conditions may potentially influence the solid-state 
characteristics of an active pharmaceutical ingredient (API). 

In particular, spray granulation involves wet processing followed 
by drying and therefore represents a relevant manufacturing step for 
evaluating the potential for solid-state transformation. Accordingly, 
the assessment of polymorphic stability during both manufacturing 
and storage is important for establishing an appropriate control strat-
egy. Powder X-ray diffraction (PXRD) is a primary analytical technique 
for the identification and monitoring of crystalline phases, while dif-
ferential scanning calorimetry (DSC) provides complementary infor-
mation regarding thermal transitions and changes in the solid-state 
structure. The objective of this study was therefore to investigate the 
stability of Ritonavir Form II during formulation development and 
manufacture of Ritonavir 100 mg film-coated tablets and to evaluate 
whether polymorphic transformation occurred during long-term, in-
termediate, and accelerated stability storage.

Materials and Methods
Materials

Ritonavir Form II was used as the API. The formulation consisted 
of microcrystalline cellulose, lactose monohydrate, copovidone, cros-
carmellose sodium, colloidal silicon dioxide, sodium stearyl fumarate, 
and ethanol (96%). A hypromellose-based film coating system was 
used for coating of the compressed tablets. The crystalline form of the 
received Ritonavir API was characterized prior to formulation devel-
opment using PXRD and DSC.

Formulation and Manufacturing Process

Ritonavir 100 mg film-coated tablets were manufactured using a 
spray granulation process. The manufacturing process comprised the 
following sequential operations:

Spray granulation solution preparation → pre-blending → spray 
granulation → drying → dry sieving → sieving and blending → tablet 
compression → film coating → packaging.

The manufacturing process was selected to provide the required 
physical and pharmaceutical properties of the finished product while 
maintaining the solid-state characteristics of the API.

Powder X-Ray Diffraction Analysis

PXRD was employed for identification of the crystalline form and 
monitoring of potential changes in the solid-state structure of Ritona-
vir. The diffraction pattern of the Ritonavir API was initially charac-
terized to confirm the presence of Form II. The finished product was 
subsequently analyzed at the initial time point and during stabil-
ity studies. Comparative evaluation of diffraction patterns was per-
formed by assessing the characteristic diffraction peaks of Ritonavir 
Form II and evaluating the presence of any additional peaks, relevant 
peak shifts, or changes in peak profile that could indicate a crystalline 
phase transformation or loss of crystallinity.

Differential Scanning Calorimetry

DSC analysis was performed as a complementary technique 
to PXRD for assessment of the thermal behavior of Ritonavir in the 
finished product. The initial finished product and samples stored at 
30°C/65% RH for 12 months were analyzed. The thermograms were 
compared with respect to melting onset, peak temperature, enthalpy 
of fusion, and the presence of additional thermal events that could 
indicate a change in the solid-state form.

Stability Study Design

The finished product was subjected to stability studies under the 
following conditions: [1,2]

•	 Long-term: 25°C/60% RH for 24 months

•	 Intermediate: 30°C/65% RH for 12 months

•	 Accelerated: 40°C/75% RH for 6 months

Samples were evaluated at the initial time point and at the respec-
tive stability intervals. PXRD analysis was performed to monitor the 
crystalline phase throughout the investigated stability periods, while 
DSC analysis was performed on selected samples to provide comple-
mentary evidence regarding solid-state stability.

Results and Discussion
Characterization of Ritonavir Form II

The crystalline form of the received Ritonavir API was charac-
terized prior to formulation development using PXRD and DSC. The 
PXRD pattern was consistent with the characteristic diffraction pro-
file of Ritonavir Form II, confirming the selected crystalline form pri-
or to incorporation into the formulation. This characterization estab-
lished the initial solid-state state of the API and provided a reference 
profile for subsequent assessment of the finished product.
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PXRD Evaluation of the Finished Product

PXRD analysis was performed on Ritonavir 100 mg film-coated 
tablets from scale up batch at the initial time point and following 
storage under long-term, intermediate, and accelerated stability 
conditions. The diffraction pattern obtained from the initial finished 
product was comparable to the reference pattern of Ritonavir Form II. 
The characteristic diffraction peaks were retained following storage 
at 25°C/60% RH for 24 months, 30°C/65% RH for 12 months, and 

40°C/75% RH for 6 months. No additional diffraction peaks attrib-
utable to another crystalline phase were observed. Furthermore, no 
relevant changes in peak position or profile were detected that would 
indicate a polymorphic transformation or substantial loss of crystal-
linity. The comparative PXRD diffractograms are presented in Figure 
1. The preservation of the characteristic Form II diffraction profile fol-
lowing both the manufacturing process and stability storage indicates 
that no detectable crystalline phase transformation occurred under 
the investigated conditions.

Figure 1: Comparative PXRD diffractograms of Ritonavir 100 mg film-coated tablets (Batch No: Scale up) at the initial time point and following 
storage at 25°C/60% RH for 24 months, 30°C/65% RH for 12 months, and 40°C/75% RH for 6 months.

DSC Evaluation

DSC analysis was performed on the initial finished product and 
on samples stored at 30°C/65% RH for 12 months. The initial and 
post-stability thermograms showed comparable thermal behavior. 
No relevant differences were observed in the melting onset tempera-
ture, peak maximum temperature, or enthalpy of fusion. In addition, 

no new endothermic or exothermic events associated with a potential 
polymorphic transformation were detected. The DSC thermograms 
are presented in Figure 2. The comparable thermal profiles before 
and after storage provide complementary evidence to the PXRD find-
ings and further support the preservation of the solid-state charac-
teristics of Ritonavir Form II during the investigated stability period.
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Figure 2: DSC thermograms of Ritonavir 100 mg film-coated tablets (Batch No: Scale up): 
a)	 Initial sample and
b)	 Sample after storage at 30°C/65% RH for 12 months.

Assessment of Solid-State Stability During Manufacturing

The manufacturing process included spray granulation, drying, 
sieving, blending, compression, and film coating. Among these oper-
ations, spray granulation and drying represent potentially relevant 
process steps with respect to changes in the solid-state characteris-
tics of the API due to exposure to solvent, moisture, temperature, and 
subsequent drying. Despite these processing conditions, the PXRD 
profile of the finished product remained consistent with Ritonavir 
Form II. No evidence of formation of another crystalline phase was 
observed following manufacture. These findings indicate that the 
selected formulation composition and manufacturing process were 
suitable for maintaining the crystalline form of Ritonavir during tab-
let manufacture.

Assessment During Stability Storage 

The stability results demonstrated preservation of the charac-
teristic Form II PXRD pattern under long-term, intermediate, and ac-
celerated conditions over the investigated periods. In particular, the 
absence of additional diffraction peaks or relevant changes in the dif-
fraction profile after 24 months at 25°C/60% RH provides evidence 
that no detectable polymorphic conversion occurred under long-term 
storage conditions. Similarly, the results obtained under intermediate 
and accelerated conditions did not indicate a solid-state transforma-
tion. The DSC results obtained after 12 months at 30°C/65% RH were 
consistent with the PXRD findings and did not demonstrate any addi-
tional thermal event suggestive of polymorphic conversion. Overall, 
the complementary PXRD and DSC results indicate that the selected 
formulation and manufacturing process provided an appropriate 
level of control of the solid-state characteristics of Ritonavir Form II 
during the investigated stability periods.

Pharmaceutical Development and Control Strategy Con-
siderations

Polymorphism was considered during pharmaceutical develop-
ment because of the potential impact of changes in crystalline form on 
the quality and performance of the finished product. The combined 
PXRD and DSC assessment demonstrated that no detectable polymor-
phic transformation occurred during the investigated manufacturing 
and storage conditions. The preservation of the Form II crystalline 
profile was further consistent with the acceptable pharmaceutical 
quality attributes observed during stability studies [1,2,3]. From a 
pharmaceutical development perspective, these findings indicate that 
the risk associated with polymorphic transformation was adequately 
controlled by the selected formulation and manufacturing process. 
In accordance with the principles described in ICH Q6A, the need for 
routine control of polymorphic form in the finished product should 
be based on the demonstrated potential for polymorphism to affect 
product quality, performance, or stability. In the present study, no 
evidence of polymorphic transformation was observed during man-
ufacture or the investigated stability periods [4]. Therefore, the find-
ings provide scientific support for the justification of not including 
routine polymorphic form testing as a finished product specification 
parameter, while the solid-state characteristics of the API remain ap-
propriately controlled through the established pharmaceutical devel-
opment and manufacturing control strategy.

Conclusion
The present study investigated the solid-state stability of Ritona-

vir Form II during the development and manufacture of Ritonavir 100 
mg film-coated tablets and during long-term, intermediate, and ac-
celerated stability storage. PXRD analysis demonstrated preservation 
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of the characteristic diffraction profile of Ritonavir Form II following 
spray granulation and throughout the investigated stability periods. 
Complementary DSC analysis showed comparable thermal behavior 
before and after storage, with no additional thermal events indica-
tive of polymorphic conversion. Taken together, the PXRD and DSC 
results provide no evidence of detectable polymorphic transforma-
tion of Ritonavir Form II under the investigated manufacturing and 
storage conditions. The results therefore support the robustness of 
the selected formulation and manufacturing process with respect to 
solid-state stability. The findings also provide scientific support for 
the established control strategy and for the justification that routine 
polymorphic form testing is not required as a finished product spec-
ification parameter, based on the absence of demonstrated impact of 
polymorphic transformation on the quality and stability of the fin-
ished product under the investigated conditions [3,4].
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