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 Abstract 

The challenge of oral formulations, containing drugs that show pH-dependent solubility, is to 

increase the dissolution rate in different media that simulate the gastrointestinal conditions, to 

guarantee their availability for absorption. In this work, some dosage forms containing poorly 

soluble drugs (diclofenac sodium, ketoprofen and meloxicam) are evaluated in different media: 

pH 1.0 (simulating fasted state), pH 4.5 buffer (simulating fed state), deionised water and phos-

phate buffer pH 6.8 or pH 7.5. These last buffers are required by the U.S. Pharmacopoeia mo-

nographs. The results obtained in sink and non-sink conditions could show possible critical 

quality attributes of the drugs and these properties are highly significant for a Quality by Design 

(QbD) approach. Completely different performances were obtained in the four dissolution me-

dia by the products considered. This approach could be useful for the predictive analytics, for 

the critical risk assessment and control during production, for the design and the development of 

new drugs in QbD approach. 

Keywords: Quality by Design (QbD), Dissolution rate, solid dosage form(s), Solubility, US 

Pharmacopoeia (USP).  

 

RESEARCH ARTICLE 

mailto:lauretta.maggi@unipv.it
mailto:paola.perugini@unipv.it
mailto:giorgio.musitelli@unipv.it
mailto:ubaldo.conte@unipv.it
mailto:valeria.friuli@unipv.it


Friuli V. et al. Medical Research Archives, vol. 6, issue 11, November 2018 Page 2 of 13 

Copyright 2018 KEI Journals. All Rights Reserved      http://journals.ke-i.org/index.php/mra 

 1. Introduction 

Quality by Design (QbD) is defined in the 

International Conference on Harmonization 

(ICH) Q8 guideline as “a systematic ap-

proach to development that begins with 

predefined objectives and emphasizes prod-

uct and process understanding and process 

control, based on sound science and quality 

risk management”.
1-2 

The quality of phar-

maceutical products is evaluated during the 

lifecycle of the drug allowing the investiga-

tion of critical process parameters, which 

have an impact on critical quality attributes. 

The entire pharmaceutical product devel-

opment strategy is based upon the Target 

Product Quality Profile (TPQP). This para-

meter determines the design and extent of 

development. TPQP is the performance 

based quality attribute that a product should 

possess in order to meet target product pro-

file.
3-4 

The solubility, the dissolution rate and the 

biopharmaceutical properties of the drugs 

are decisive for choosing the excipients in 

formulation phase, the different dosage 

forms in development processes and for fur-

ther studies of the respective products.
5
 In 

vitro dissolution data can be helpful in the 

evaluation and interpretation of possible 

risks,
6
 especially in the case of immediate 

release and modified release dosage forms 

on the food effects that could influence ga-

strointestinal conditions.
7 

A satisfactory in 

vitro database allows interpreting the phar-

macokinetic properties, to improve the de-

sign studies and to characterize the pharma-

ceutical products.
8-9 

The in vitro models 

should pay attention to pH, ionic strength 

and agitation rate to simulate physiological 

gastrointestinal conditions.
10-11

 In vitro tests 

should be reproducible, reliable and they 

are valuable tools to evaluate the behavior 

of the pharmaceutical products in different 

conditions simulating gastrointestinal tract. 

The performances of the product and the 

different stages of the development process 

are basic features of the application of 

Quality by Design approach.
12-13 

The drug should dissolve in the gastrointes-

tinal fluids before it can be absorbed and 

reach the systemic circulation. Traditional-

ly, the formulations had to satisfy the quali-

ty control tests outlined in product specifi-

cations. In Quality by Testing, the finished 

pharmaceutical products are evaluated in 

sink conditions to test the release of the en-

tire dose and the intra batch reproducibility. 

If they do not meet the acceptance criteria 

for approved, are discarded. The products 

are discarded until the root causes of failure 

are understood and addressed or FDA ap-

proves supplements to revise the accep-

tance criteria to pass the previously failed 

batches.
14 

Continuous controls in different phases of 

the development of drugs could ensure the 

“real time” quality; understanding the fail-

ures allows to improve “step by step” the 

quality of the obtained products in each 

stage.
15

 Non-sink conditions could let know 

the critical attributes of the drugs and gen-

erally minimize the impact on the finished 

pharmaceutical product.
16-17-18

 The dosage 

forms should be evaluated in conditions si-

mulating the gastro-intestinal tract since the 

understanding of the in vitro behavior of the 

drugs reduces the times of the development, 

increases the robustness of the process, im-

proves the performance of the pharmaceuti-
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cal products and could reduce the clinical 

trials.
19-20

 

The actives chosen for this evaluation are 

Non-Steroidal Anti-Inflammatory Drug 

(NSAID) that show pH-dependent solubili-

ty, as showed in literature (Table 1): keto-

profen (pKa=4.45), diclofenac sodium 

(pKa=4.15) and meloxicam (pKa=4.08).  

Table 1. Solubility (mg/ml) of diclofenac sodium, ketoprofen and meloxicam in hydrochloric so-

lution pH 1.0/1.2, pH 4.5/5.0 buffer, pH 6.8/7.0 buffer and in water.  

Solubility in different media (mg/ml) 

Drugs pH 1.0(25)/1.2(21, 23) pH 4.5(21, 23)/5.0(25)  pH 6.8(21, 23)/7.0(25)  water 

Diclofenac Sodium 1.2·10-3 (21)* 3.6·10-3 (21)* 6.7·10-1 (21)* 1.78 (22)* 

Ketoprofen 1.3·10-1 (23)** 4.9·10-1 (23)** 40.76 (23)** 1.0·10-2 (24)* 

Meloxicam 8.6·10-3 (25)* 2.13·10-3 (25)* 26.6 (25)* 4.4·10-3 (26)* 

*solubility values at 25 °C; **solubility values at 37 °C. 

These drugs are available in different oral 

dosage forms: Immediate Release (IR), Ex-

tended Release (ER) and Delayed Release 

(DR). The low solubility of these actives in 

different media could influence their ab-

sorption through the Gastro-Intestinal (GI) 

tract, while a proper formulation could limit 

the critical attributes of the active sub-

stance. The administration of these anti-

inflammatory dosage forms is recommend-

ed during or after the meals (as specified in 

the package leaflet), for this reason, we eva-

luate them also in a medium that simulates 

the fed state which pH is within the values 

of 3.0 and 6.8 (pH 4.5 is used as reference).  

In this research IR, ER, and DR dosage 

forms (both branded and generic) of the 

three drugs are evaluated, all products are 

commercially available. The aim of the 

present paper is to test these pharmaceutical 

products, in different media: pH 1.0, to si-

mulate fasted state, pH 4.5 buffer, to simu-

late fed state, deionised water and pH 6.8 or 

pH 7.5 buffer (as reported in the Pharmaco-

poeia monography) to evaluate the possible 

critical issues of the formulations. 

The USP Official Monographs of these ac-

tives/dosage forms reported the specifica-

tions of the in vitro dissolution tests in sink 

conditions, to actually test the release of the 

entire drug dose and to verify the results re-

producibility as for a final quality control 

protocol. The dissolution profiles obtained 

in sink conditions will be compared to those 

obtained in non-sink conditions (pH 1.0, pH 

4.5 and water) for a more realistic compre-

hension of the drugs/dosage forms perfor-

mances in more critical conditions that may 

simulate the in vivo environment.  

2. Materials and methods 

2.1. Materials 

Diclofenac sodium was kindly donated by 

Dipharma Francis (Milan, Italy), Ketopro-

fen by Farmalabor (Milan, Italy) and Me-

loxicam by AMSA S.p.A. (Milano, Italy). 
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The dosage forms are bought in a pharma-

cy: Dicloreum® 50 mg (ALFA WASSER-

MAN, Alanno, Italy); Voltaren® 50 mg 

(Novartis Farma S.p.A., Origgio, Italy); 

Diclofenac EG 50 mg (EG S.p.A., Milano, 

Italy); Diclofenac Hexal 50 mg (Sandoz 

S.p.A., Origgio, Italy); Diclofenac Angene-

rico 50 mg (Angenerico S.p.A, Roma, Ita-

ly); Ibifen 50 mg capsules (Istituto Biochi-

mico Italiano Giovanni Lorenzini S.p.A., 

Aprilia, Italy); Orudis® 50 mg and 200 mg 

capsules (Sanofi S.p.A., Milano, Italy); Ke-

toprofene EG 50 mg and 200 mg capsules 

(EG S.p.A., Milano, Italy); Ketoprofene 

DOC 200 mg capsules (DOC Generici 

S.r.l., Milano, Italy); Mobic® 15 mg (Boe-

hringer Pharma GmbH, Ingelheim am 

Rhein, Germany); Meloxicam Mylan Ge-

nerics 15 mg (Mylan S.p.A., Milano, Italy). 

Potassium dihydrogen phosphate are sup-

plied by AppliCHEM PanReac GmbH, 

Germany; sodium hydroxide by Carlo Erba 

Reagents, Italy and hydrochloric acid by 

Sigma Aldrich, USA).  

2.2. Methods 

The dissolution rate of the pure actives and 

the release rate from the different products 

are evaluated in the in vitro dissolution tests 

in different media within a value range 

from 1.0 to 6.8 pH at 37 °C. Furthermore, 

all formulations are tested in in vitro disso-

lution tests reported by the USP official 

monographs, in which the acceptance crite-

ria of the dissolved drug are reported too 

(USP40-NF35) In all cases, the USP Appa-

ratus 2 paddle (Erweka DT-D6, Dusseldorf, 

Germany) is used. The dissolution media 

are prepared according to the section “Rea-

gents, Solutions/Buffer solutions”.
27 

According to the USP monograph “Diclo-

fenac Sodium Delayed Release Tablets”,
28

 

the dosage units are coated with a polymer-

ic film that should not dissolve in an acid 

environment. In this way the drug is not re-

leased in the stomach, where could cause 

side effects. Only when the dosage form 

reaches the small intestine, where the pH is 

higher, the coating can be dissolved and the 

drug liberated. For this reason, a pH-change 

method is prescribed: the tablets of diclofe-

nac sodium are left inside the vessel con-

taining in 900 ml of pH 1.0 solution, with 

paddle rotation speed of 50 rpm, for 2hrs 

and then the tablets are transferred into 

another vessel containing 900 ml of pH 6.8 

buffer, maintained at 37 °C. The acceptance 

criteria reported by the monograph are: in 

the acid stage the percentage of drug dis-

solved should not exceeds 10 % of the dose, 

while after the pH change (pH= 6.8) the 

amount of drug dissolved should be not less 

than 75% in 45 mins. To simulate an ad-

ministration in fed conditions, we modified 

the first phase as follows: the tablets are in-

itially left in 900 ml of pH 4.5 buffer for 4 

hrs and then the pH is adjusted to 6.8.  

The IR formulations containing ketoprofen 

and meloxicam are tested in pH 1.0 hy-

drochloric solution (to simulate fasted 

state), in pH 4.5 buffer (to simulate fed 

state), in deionised water and in pH 7.5 buf-

fer at 37°C. According to the USP mono-

graphs, the IR ketoprofen capsules should 

release not less than 80 % of the dose in 30 

mins (in 1000 ml of pH 7.5 buffer at 50 

rpm)
29

 and the IR meloxicam tablets not 

less than 70 % of the dose in 30 mins (in 

900 ml of the same medium at 75 rpm).
30 
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The extended release (ER) products con-

taining ketoprofen are evaluated in 1000 ml 

of pH 6.8 buffer, apparatus II, 50 rpm, ac-

cording to USP “Ketoprofen Extended Re-

lease Capsules”,
29

 and the acceptance crite-

ria reported are: the percentage of dissolved 

drug should be between 10 - 25% of the 

dose in 1h; 55 - 80% in 4 hrs and not less 

than 80% of the dose in 8 hrs.
29

 The same 

products were tested also in two different 

pH-change methods. In both methods the 

apparatus and the rpm are the same reported 

by the USP monograph, but the media are 

changed. In the first pH-changes method, 

the capsules are left for 2 hours in 750 ml of 

hydrochloric solution, pH 1.0, for 2hrs (to 

simulate an administration in fasted state) 

and then 200 ml of Na3PO4 0,2M are added 

into the vessel to reach pH of 6.8. In the 

second pH-change method, the first phase 

and time are modified to simulate an ad-

ministration in fed conditions. In fact, the 

products are tested in 950 ml of pH 4.5 buf-

fer for 4hrs and then the pH is adjusted to 

6.8.  

Six replicates are made for each tests. The 

concentrations of the dissolved drug are de-

termined by UV absorbance, on filtered 

portion of the dissolution media. The data 

are processed through a PC software 

(Lambda 25 UV Winlab V6 software) con-

nected to the spectrophotometer (Perkin-

Elmer, Monza, Italy) to obtain the dissolu-

tion profiles.  

The pH was monitored, to evaluate possible 

variation, during all the dissolution tests. 

3. Results 

3.1. pH variation during the dissolution 

test 

The drugs considered show strong pH-

dependent solubility, but, at the same time, 

the presence of the free acid groups of these 

molecules would shift the pH of dissolution 

media especially in deionised water or 

when the buffering capacity of the media is 

low. However, in the different buffers 

tested and in the pH 1.0 solutions, the pH 

values of the media are constant during all 

the dissolution tests (data not reported). The 

salified diclofenac does not influence the 

pH of water (Fig.1), nor does the 15 mg 

dose of meloxicam, probably due to the low 

amount, while ketoprofen shows a decrease 

of the pH value of water from 6.8 ± 0.13 to 

4.8 ± 0.06 in about 120 mins. The same de-

crease is detected during the tests of the IR 

products containing ketoprofen in water 

(see ketoprofen paragraph). Thus, the disso-

lution rate and the maximum amount of 

drug dissolved will be clearly dependent on 

the pH of the medium, and its ability to buf-

fer the NSAID molecules. 
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Figure 1. pH variation during the dissolution test of ketoprofen (50 mg), diclofenac sodium (50 mg) and-

meloxicam (15 mg) in deionised water at 37°C. 

3.2. Diclofenac Sodium 

Only a very small percentage of the 50 mg 

dose of pure diclofenac sodium dissolves in 

4 hrs of dissolution test at pH 1.0. In phos-

phate buffer pH 4.5, initially the drug dis-

solves, but then most of the active precipi-

tates. The re-precipitation of the drugs 

could be associated to supersaturation of 

dissolution medium and this transition 

phase is common for the poorly soluble 

drugs in non-sink conditions.
31-32

 Whereas, 

50 mg of pure diclofenac dissolve in few 

minutes in phosphate buffer pH 6.8 and in 

water (Fig. 2). The obtained results confirm 

that the diclofenac sodium solubility strong-

ly depends on the solution pH. 

 

Figure 2. Dissolution profiles of 50 mg of pure diclofenac sodium in 900 ml of pH 1.0 solution, pH 4.5 

buffer, pH 6.8 buffer and deionised water. 
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The gastro-resistant film coated products, 

containing 50 mg of diclofenac sodium, 

should not release the drug at pH 1.0 (ac-

cording to USP, Diclofenac Sodium De-

layed-Release Tablets). The coating of all 

formulations does not dissolve at pH 1.0 in 

2 hrs: no drug release is detected. While, at 

pH 6.8, second phase of the pH-change me-

thod, about 90-100% of the dose is released 

quickly (Fig. 3a). 

 

Figure 3. Delayed release tablets containing 50 mg of diclofenac sodium in in vitro dissolution test in two 

different stages: pH 1.0 and pH 6.8 as from the U.S. Pharmacopoeia. The dashed line shows the dissolu-

tion specification of the USP (a). Delayed release tablets containing 50 mg of diclofenac sodium in a pH-

change method simulating fed state: pH 4.5 for 4 hs and then pH 6.8 (b). 

The same dosage forms show a completely 

different behavior in pH 4.5 buffer (first 

phase of the modified pH-change method, 

fig. 3b). The coating breaks on the edge of 

the tablets of Diclofenac EG, Hexal and 

Angenerico, while the coating of Voltaren 

and Dicloreum tablets does not dissolve at 

pH 4.5 within 4 hrs of dissolution test. In 

the pH 4.5 buffer, the Diclofenac EG and 

Hexal tablets release about 50% of the dose 

in the first 30 mins and then the dissolved 

drug tends to precipitate. The same happens 

to the Diclofenac Angenerico tablets after a 

lag time of about 30 mins. Finally, for all 

the products tested, the whole dose is dis-

solved completely after the pH-change to 

6.8. 

3.3. Ketoprofen  

The 50 mg dose of pure ketoprofen is so-

luble in the pH 6.8 buffer, in fact, the pla-

teau phase (at 100% of drug dissolved) is 
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reached in few minutes, while the same 

amount of drug takes longer times to dis-

solve in deionised water, in the pH 1.0 hy-

drochloric solution and in the pH 4.5 buffer 

(Fig. 4). 

 

Figure 4. Dissolution profiles of 50 mg of pure ketoprofen in 1000 ml of pH 1.0 solution, deionised water, 

pH 4.5 buffer and pH 6.8 buffer. 

The IR dosage forms, containing 50 mg of 

ketoprofen, show a different behavior de-

pending on the pH and buffers conditions 

(Fig. 5). The three different IR products re-

lease the entire dose only in the pH 7.5 buf-

fer within 1 hr (Fig. 5c). At pH 4.5 (Fig. 5b) 

and in deionised water (Fig. 5c) the entire 

dose is not released in 1 hr. Of course, the 

initial pH value and the buffering capacity 

(regulating pH increase/decrease) of the 

two media are quite different. As reported 

in fig. 1, the pH of water decreases from 6.8 

to about 4.8 in 2hrs, for this reason the dis-

solution rate of this drug is comparable to 

that obtained in the pH 4.5 buffer. Further-

more, at pH 1.0, the dissolution profiles are 

even slower (Fig. 5a).  

 

Figure 5. Three different IR products containing 50 mg of ketoprofen, tested at pH 1.0 (a), at pH 4.5 buf-

fer (b), at pH 7.5, buffer and in deionised water (c). 
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Ketoprofen extended release capsules are 

tested in a pH 6.8 buffer (Fig. 6a), and in 

two different pH-change methods (Fig. 6b). 

The first phases: at pH 1.0 for 2 hrs and at 

pH 4.5 for 4hrs of the two different pH 

change methods, are not shown in figure 

6b, because none of the products considered 

releases any drug in the acid conditions (pH 

1.0 and pH 4.5). At pH 6.8, an extended re-

lease profile is obtained from Orudis cap-

sules. Ketoprofen EG and Ketoprofen DOC 

show slower dissolution rates in all the 

conditions considered. 

 
Figure 6. Dissolution profiles of three different extended release products containing 200 mg of ketopro-

fen. In pH 6.8 buffer, according to the USP method (a), (the black dots indicating the acceptance criteria) 

and in the second phases of two different pH-change methods, (pH 1.0 for 2hrs, not reported, and then pH 

6.8 and pH 4.5 for 4 hrs, not reported, and then pH 6.8) (b). 

3.4. Meloxicam  

The dose of 15 mg of pure meloxicam is 

not dissolved in the pH 1.0 solution, in the 

pH 4.5 buffer and in deionised water, while 

the solubility increases in the pH 7.5 buffer 

(Fig. 7a). The results obtained are in good 

accordance with the solubility values re-

ported in table 1.  

Mobic and Meloxicam Mylan, containing 

15 mg of meloxicam, show comparable be-

havior and intra batch reproducibility in the 

different media, within a pH range from 1.0 

to 7.5 (Fig. 7b). The two products release 

the entire dose in the pH 7.5 buffer in few 

minutes and in water in about 1 h, at a 

slower dissolution rate. Instead, in acid 

conditions, pH 1.0 and pH 4.5, the percen-

tages of drug dissolved is very low. 

4. Discussion and conclusions 

It may happen that physicians patients or 

nurses found differences among medicines 

containing the same drugs in the same do-

sages. This happens because the dosage 

form production, the excipients or the phys-

ical form of the active molecules may influ-

ence to some extent, the in vivo perfor-

mance of the medicine. Even the different 

physiological conditions (food, activity, pa-

thology, moods, time of the day) at the 

moment of the administration may play a 

critical role in absorption, distribution, ef-

fect and metabolism of the drug. The mar-

ket of generic products is based on the as-

sumption that the same dose in the same 

dosage form could lead to the same thera-

peutic effect. This assumption would be 

supported by a limited in vivo bioequiva-
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lence studies on healthy volunteers. Unfor-

tunately, in some cases these studies are not 

able to discriminate among the so many dif-

ferent conditions that may happen in the 

real life. Many studies has been conducted 

to give evidence to the difference between 

biologic and therapeutic equivalence (i.e.: 

orange book for the products marketed in 

the US), but unfortunately, in many other 

countries a lack of awareness of this critical 

issue is still evident. This misleading ap-

proach can causes many troubles particular-

ly when the patient or the physician switch-

es from one product to another. In this 

work, we suggest to apply the quality by 

design approach, not only to optimize the 

industrial production of the dosage form, 

but also to study and give evidence to the 

possible critical issues regarding the admin-

istration of the medicine. In particular in the 

case of the oral administration of drugs 

showing pH-dependent solubility. These 

forms should release the active molecule 

through the gastro-intestinal tract, that ex-

hibits a high variability in terms of pH, and 

the drug should be in the soluble form for a 

proper absorption and thus bioavailability.  

 
Figure 7. Dissolution profiles of 15 mg of pure meloxicam in 900 ml of pH 1.0 solution, deionised water, 

pH 4.5 buffer and pH 7.5 buffer (a) and two different IR products containing 15 mg of meloxicam, tested 

at pH 1.0, pH 4.5, buffer, pH 7.5, buffer and in deionised water (b). 
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From our study, the oral dosage forms con-

taining the three different drugs, characte-

rized by pH-dependent solubility, show 

quite different dissolution profiles in the 

different media and/or pHs tested. These re-

sults, in non-sink conditions, suggest possi-

ble critical issues in safety, efficacy and 

quality related to the particular drugs consi-

dered. The USP monographs request disso-

lution tests in sink conditions, but we sug-

gest that more specific conditions, simulat-

ing the in vivo environment of the G-I tract, 

could be useful to better understand the pe-

culiar behavior of these drug. Keeping in 

mind that both industry and regulatory 

agency perspectives are still evolving in this 

relatively new field,
33

 we want to underline 

that, for some oral dosage forms and/or 

therapy, a QbD approach suggests that the 

choice of the proper dissolution specifica-

tions could be clinically relevant for both 

IR and modified-release products. A deeper 

understanding of the possible critical issues 

through the proper in vitro tests in a QbD 

approach, could improves the development 

process, reduces the times to market, in-

creases the robustness of the formulation, 

reduces the tests for post approval changes 

and thus improve the overall performance 

of the pharmaceutical products. 
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