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Abstract

Excipients selection in multidrug formulations
development

Madeleine Artursson

The increased demand of formulations containing more than one drug
require improved understanding of the solution evolving from such
systems and the effect of included excipients on their solubility
and dissolution behaviors.

In this study, the solution behavior of structurally related drugs
(dihydropyridines) combined with indapamide was explored. In
addition, the origin of solubility differences between the drugs
was investigated by determining their solubility and thermal
properties. The concentration of the drugs from supersaturated
solutions generated by antisolvent addition was measured in buffer
and excipients.

There were distinct differences between the physiochemical
properties and solubility values of the dihydropyridines, explained
by the additive effect of their hydrophobicity and strength of
crystal lattice. Indapamide’s solubility was decreased by the same
extent when combined with either of the dihydropyridines. The
dihydropyridines varied in their behavior. Nifedipine maintained
same supersaturation level until the amount of indapamide added
exceeded 400 mikrogram/ml and then its solubility increased by 2-
folds and was maintained. There was no change in the concentration 
of felodipine until the amount of added indapamide exceeded its
amorphous solubility, where a decrease was seen in felodipine’s
solubility.

There was a clear differential solubilization effect of felodipine
and indapamide by the excipients. The cyclodextrins was used in
indapamide and felodipine combination because the relative
solubility improvement of indapamide. 

The study demonstrates the complexity of the solution behavior of 
multidrug combinations. This doesn’t only involve drugs formulated 
together in one formulation but could involve medicine formulated 
with various excipients and administrated at the same time.
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Popular science summary  

In recent times, there is a great interest of Fixed Dose Combinations (FDCs), in which multiple 

drugs can be combined into for example a single tablet. FDCs are encouraging because of 

several advantages that could offer simplification of the dosage management and reduce the pill 

burden. Thought it is a topic of great interest, the studies focused on the formulation and 

solution behaviors of the FDCs are small in numbers. Indeed, the importance of study FDCs 

can be extended for patient that needs to take several medicines at the same time in the treatment 

of a chronic disease like cardiovascular disease, HIV, malaria, tuberculosis, cancer, diabetes, 

respiratory diseases etc. Although FDCs are very interesting and can lead to simplifications for 

the patients, there are limited medicinal products on the market containing combination of 

drugs. Two pharmaceuticals on the market is Kaletra® and Vytorin® for treating HIV and 

cardiovascular disease respectively.  

 

In a solid dosage form, such as a tablet, can the drug be in its crystalline or amorphous form. 

The amorphous form has higher solubility than the crystalline but it suffers stability challenges 

and tends to crystallize during manufacturing or storages. This is because of the greater stability 

of the crystalline form.  However, medicinal products without any excipients are rarely 

manufactured. The excipients in the pharmaceutical can have many roles like aiding solubility 

and stability of the drug/drugs. The use of excipients is important when it comes to stabilization 

of the amorphous form of a drug and the drug-excipient combination can be called amorphous 

solid dispersion (ASD).  

 

In this study, model drugs of calcium channel blockers (nifedipine, felodipine and cilnidipine) 

were combined with indapamide. This is a standard prescribed combination in the treatment of 

hypertension, a cardiovascular disease. The three calcium channel blockers belong to the same 

class called dihydropyridines and have structures alike each other. The properties of these 

structural related drugs and their solution behaviors were investigated in this work. It was 

investigated in which extent the amorphous solubility (the solubility of the amorphous form) of 

the drugs in aqueous solution was affected when they were combined with indapamide.  Our 

results showed that even though the dihydropyridines have similar structures, they have 

different amorphous solubility which originates from the slight differences in the chemical 

structure and this is affected by the hydrophobicity of the drugs. 

 

All of the dihydropyridines affected the amorphous solubility of indapamide in the same extent, 

by lowering it about 50%, but the behavior of the amorphous solubility of the dihydropyridines 

was not affected in the same way. Felodipines solubility was unaffected until the concentration 

of indapamide was above 1000 µg/ml where the solubility of felodipine decreased. The case 

was the opposite for nifedipine where the amorphous solubility increased by 2-fold when the 

concentration of indapamide were above 400 µg/ml. This result indicated that the reason of the 

changes in amorphous solubility can not only be caused by the differences in the chemical 

structures of the dihydropyridines alone but is also influenced by other factors. Indapamide and 

felodipine were used to evaluate the impact of excipients on the crystalline solubility (the 

solubility of the crystalline from) and two cyclodextrins were used to investigate the impact of 

excipients on the amorphous solubility of indapamide in a combination with felodipine. The 

results showed that excipients solubilize the drugs differentially. 

  

Formulation scientists should be aware of solution behavior during combinations by selecting 

the optimum excipient for drugs commonly administered together. This finding suggest that 

more studies are needed to develop the understanding of multidrug formulations given together 
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in same formulation or separately. The authorities should be further controlling the impact of 

excipients on the drug solution behavior of medicines prescribed in combinations. 
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1. INTRODUCTION 
The interest of developing pharmaceuticals with more than one active pharmaceutical 

ingredient (API) in formulations also known as fixed dose combinations (FDC) has increased 

over the years [1, 2]. The growing interest in FDCs originates from the simplicity of dosage 

management, reduced pill burden, and generating line extensions for patents. Also, a better 

treatment may be achieved by the administration of a combination of drugs. The use of FDCs 

are especially helpful in the treatment of infectious diseases, cancer, diabetes, cardiovascular 

diseases and respiratory diseases [3]. The World Health Organization especially acknowledges 

the use of FDCs for treating HIV, malaria and tuberculosis. Examples of medicines which 

contains of two drugs are the HIV medicine Kaletra® (ritonavir and lopinavir), cardiovascular 

disease medicine Vytorin® (ezetimibe and simvastatin) and respiratory disease medicine 

Berodual® (ipratropium and fenoterol). In order to better formulate multidrug combinations, 

drug solubility and supersaturation from multidrug combinations needs to be further studied. 

There are a number of strategies to use when formulating multidrug combinations such as salts, 

cocrystal and amorphous solid dispersion (ASD). Among these is the ASD an attractive 

technology with several advantages of which will be discussed in this work.  

Pharmaceutical solids can exist in crystalline or amorphous forms [4], where the crystalline 

form is considered to be thermodynamically stable and can be characterized by the presence of 

three-dimensional long-range order, unlike the amorphous form which only exhibits a short-

range order. The amorphous form is thermodynamically unstable and tend to crystallize to the 

stable crystalline form. Despite being unstable, the amorphous form has higher solubility 

compared to the crystalline form, making it suitable to use in the formulation. Amorphous 

formulations have been investigated for their potential to overcome solubility-limited drug 

delivery [1]. The amorphous solubility of the drug is related to the maximum amount of the 

drug that can be dissolved at a molecular level in aqueous media, sometimes called the free 

drug, available for absorption. If the amorphous solubility is exceeded, liquid-liquid phase 

separation (LLPS) occurs [1, 5, 6], which previously has been reported for several drugs [7, 8, 

9, 10]. In the LLPS state there is a metastable equilibrium between the free drug in solution 

(drug-poor phase) and a non-crystalline, water saturated, drug-rich phase [1, 11]. The 

understanding of the formation of LLPS led to a possibility to estimate and measure the 

maximum achievable concentration of the amorphous formulation. This in turn have a big 

impact when designing amorphous formulations. The amorphous solubility can be determined 

by several techniques, including UV-visible extinction measurements, dynamic light scattering 

(DLS), fluorescence spectroscopy and solution NMR [12].  

To overcome the instability of the amorphous material and make use of its solubility advantage, 

the material is frequently stabilized by excipients, often polymers. The combination of drug and 

stabilizing excipient is commonly referred to as an amorphous solid dispersion (ASD) in which 

the drug is dispersed in its amorphous form within a polymer matrix [13]. The polymer in the 

ASD is also used to (i) provide enhanced aqueous dissolution and oral bioavailability, and to 

(ii) maintain supersaturation in the solution by preventing crystallization [14].  ASDs containing 

multiple drugs were considered to be an approach to improve the dissolution and solubility of 

the drugs. It was also suggested that the combination of small molecule drugs would inhibit the 

crystallization of both drugs in solid and solution state [15], and to enhance the dissolution of 

the combined drugs [15].  However, other studies contradicted the previous findings showing 

that drug combinations negatively impacted the supersaturation of both drugs and their free 

drug concentrations [1, 16, 17]. 
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The combination of drugs 

consequently led to a decrease in 

the membrane transport of both 

drugs across the intestinal 

membrane. It was demonstrated 

that a decrease in the free drug 

concentration of the drug-drug 

combination occurs if both drugs 

are unionizable and miscible at 

the studied conditions, see 

Scheme 1A [17]. The decrease in 

solubility was related to the ratio 

of each drug in the precipitate, 

existing in a metastable 

equilibrium with the solution. 

Another case was reported where one of the drugs was in the ionizable state and the other drug 

in the nonionaizble state at the studied condition. No effect of reduced supersaturation was 

found for both drugs, see Scheme 1B. With these findings of different combination behaviours 

and big interest in FDCs, further studies on multidrug combinations of different therapeutical 

classes of drugs are needed because previous studies mainly discussed anti-HIV drugs.  

Drugs are typically formulated with different types of excipients. The excipients could have 

different application in the formulation to improve drug performance and manufacturability. 

The dissolution rate and supersaturation of ASDs can be increased by the addition of 

solubilizing agents [13, 18], or complexing agents [14] in the formulation which is shown in 

different studies [13, 14, 18].  Indeed, effect of excipients on the solubility have recently been 

study but its effect on the solubility on drugs in multidrug formulation has not been discussed. 

The aim of this study was to investigate the supersaturation and solution behavior of 

combinations of the structurally related compounds from the dihydropyridine class; felodipine 

(FDN), cilnidipine (CLD) and nifedipine (NIF) with the thiazide-like diuretic, indapamide 

(IPM). The impact of crystalline and chemical structural changes between the dihydropyridine 

compounds on the solubility of the single compounds was investigated. The maximum 

achievable concentrations of the drugs alone and in combinations were studied to investigate 

the solution behavior of this type of combination. Finally, the impact of excipients was 

evaluated by an excipient screening experiment for the IPM-FDN combination. 

 

  

 

 

 

 

 

 

 

A                                             B 

 

Scheme 1. Schematic presentation of the phase behavior of a drug () 

in presence of an increasing concentration of either (A) drug A, an 

unionizable drug () or (B) drug B, an ionizable drug () in aqueous 

solution [17].  
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2. EXPERIMENTAL 
2.1. Materials and reagents 
Felodipine (FDN) was sent as a kind gift from AstraZeneca (Mölndal, Sweden) and indapamide 

(IPM) was sent as a kind gift from Recipharm AB (Italy). Cilnidipine (CLD) was obtained from 

AK Scientific (Union City, CA, US) and nifedipine (NIF) from Sigma-Aldrich (Stockholm, 

Sweden).  

Hydroxypropylmethylcellulose acetate succinate (HPMCAS) was obtained from Shin-Etsu 

(Tokyo, Japan). (2-hydroxy propyl)- β-cyclodextrin was obtained from Sigma-Aldrich 

(Stockholm, Sweden). (2-hydroxy) propyl-γ-cyclodextrin, α-cyclodextrin and Dexolve-7 were 

obtained from Cyclolab (Budapest, Hungary). Tween 80 and d-α-Tocopheryl polyethylene 

glycol 1000 succinate (TPGS) were obtained from Sigma-Aldrich (Stockholm, Sweden). 

Kolliphor ELP from BASF SE (Ludwigshafen, Germany). All model drugs and excipients are 

illustrated in Figure 1.  

The media used in the dissolution experiments was 50 mM phosphate buffer (NaOH, NaCl, 

NaH2PO4∙H2O pH 6.5) with a concentration of 25 µg/ml of HPMCAS. Acetonitrile and 

methanol (HPLC grade) were obtained from CARLO ERBA Reagents (Barcelona, Spain). 

Milli-Q water was used for all aqueous solutions.  

 

2.2. Instruments 
Concentrations determinations was performed by High Performance Liquid Chromatography 

(HPLC) on an Agilent 1100 HPLC system (Agilent Technologies, Santa Clara, CA) equipped 

with a DAD detector. Differential scanning calorimetry (DSC) was performed on TA 

Instruments Q2000 equipped with a refrigerated cooling system and Powder X-ray diffraction 

(PXRD) was performed on Siemens DIFFRAC plus 5.000 powder diffractometer with Cu Kα 

radiation (1.54056 Å). 
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Figure 1. Chemical structures of model drugs and excipients. 
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2.3. Preparation methods 

2.3.1. Preparation of amorphous material 

The amorphous forms of the drugs where done by the use of the anti-solvent method. This is a 

standardize procedure when creating an amorphous form for a drug. The method starts by 

selection of a stabilizing agent in the buffer solution. In this study was a 50 mM phosphate 

buffer with pH 6.5 used and to stabilize the amorphous form was 25 µg/ml HPMCAS added to 

the phosphate buffer. HPMCAS is a commonly used polymer for this purpose and has been 

found to inhibit crystallization of the studied drugs [19]. Individual or combined stock solution 

of the models drugs where done by weighing the obtained (crystalline) powder of the drugs into 

vials and dissolution of the powder with methanol or dimethylacetamide (only for NIF) to the 

required concentrations. Stock solutions where vortexed to ensure all powder was dissolved in 

solution before continue. The buffer solution with HPMCAS was pre-heated in a water bath 

before addition of the stock solution to ensure the temperature was equilibrated when the stock 

solutions of drugs where added.  When the buffer was heated to approximately 37 °C, the stock 

solutions where added until a turbid solution occurred. The turbidity of the solution was used 

as an indication of the formation of an amorphous form. No further techniques where used to 

evaluate the solid state of the drugs in the solution within this study.     

2.3.2. Multidrug preparation 

Stock solutions of 120 mg/ml of IPM, 8.7 mg/ml of FDN, 20 mg/ml of CLD and 60 mg/ml of 

NIF were prepared, both as alone stocks and combinations of IPM and the dihydropyridines. 

The stock solutions of IPM, FDN and CLD was performed in methanol and NIF in 

dimethylacetamide (DMA) due to dissolution problems in methanol. 40 µl of either of the 

individual or combined stock solutions were added to 4 ml buffer to ensure a 10.9x times higher 

concentration than the previously measured individual amorphous solubility. The turbidity of 

the samples was evaluated as described above. The samples were placed in a water bath at 37°C 

and stirred continuously for 20 min. The supernatant was separated from excess solid after 20 

min by centrifugation at 13 000 rpm in Heraeus Biofuge 13 Centrifuge for 15 min. The samples 

were diluted with a mixture of 1:1 water:acetonitrile to optimum concentration relative to the 

standard curve when needed. The concentration of the supernatant was thereafter determined 

by HPLC. The multidrug formulations were performed in replicates of six.    

2.3.3. Preparation of solutions with excipients  

The crystalline solubility of IPM and FDN was evaluated 

in the presence of seven different excipients, found in 

Table 1 with their corresponding concentrations. The 

excipients were pre-dissolved in buffer solution containing 

25 µg/ml HPMCAS. The drugs where weighed in the vials 

(2-7 mg) and then was 2 ml of the buffer solution with 

excipients added. The excess solid was monitored to make 

sure of a solid and solution equilibrium for the drug in the 

solution. The samples were stirred for 24 hours only at 37 

°C. 1-2 ml of the solutions was put into centrifugation 

tubes and centrifuged for 15 minutes. The supernatant was 

diluted if needed. The determination of crystalline 

solubility in presents of excipients was performed in replicates of three.   

 

The amorphous solubility was measured for IPM alone and in combination with FDN with 

addition of α- and β-CD. In this case was the concentration of the excipients as described before 

and the buffer solution containing excipients was equilibrated in a water bath before the drugs 

Table 1. Table of used excipients and their 

individual concentrations in buffer solution 

containing 25 µg/ml HPMCAS.  

Excipient Concentration 

α-cyclodextrin 4% 

β-cyclodextrin 10% 

γ-cyclodextrin 10% 

Dexolve 10% 

Tween 80 0.5% 

Kolliphor ELP 10% 

TPGS 5 mg/mL 
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was added from the methanolic solutions, the reason for that is described previously. A 

combined stock solution of IPM and FDN with concentrations of 550 mg/ml and 40 mg/ml 

respectively was prepared. A stock solution of 550 mg/ml IPM was also prepared for evaluation 

of the impact of FDN in the combination together with excipients. 20 µl of stock solutions was 

added to 2 ml buffer solution with excipients. The turbidity of the solution was closely 

monitored as described above. The solution was stirred for 20 min in a water bath before 1-2 

ml was taken from the turbid solution and centrifuged for 15 minutes. The supernatant was 

diluted to if needed. The excipients screening was performed in replicates of three.   
 

2.4. Solubility determinations methods 

2.4.1. Crystalline solubility determinations 

The equilibrium solubility was measured by adding excess amount of solids (2-7 mg) to 

phosphate buffer. The excess solid was monitored. Samples were placed in a water bath at 37°C 

and stirred continuously. The supernatant was separated from excess solid after 48 hours by 

centrifugation at 13 000 rpm in Heraeus Biofuge 13 Centrifuge for 15 min. The samples were 

diluted with 1:1 acetonitrile:water v/v whenever is was needed. The concentration of the 

supernatant was thereafter determined by HPLC as described below. The crystalline solubility 

measurements were performed in replicates of six.  

The impact of the crystal structure and the hydrophobicity of the molecules was investigated to 

understand the solubility differences between the structurally related compounds in the 

dihydropyridine class. Both of the factors are independent, but are additive to the crystalline 

solubility value of each compound. Equation 1 [20] describes how the crystal and solvation 

contributes to the free energy of solution: 

𝛥𝐺𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝛥𝐺𝑓𝑢𝑠𝑖𝑜𝑛 + 𝛥𝐺𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 

Solubilization by amorphization eliminates the barrier of fusion from Equation 1. The solvation 

contribution, log γ, that can be calculated from Equation 2 [20]: 

𝑙𝑜𝑔𝜒 = 𝑙𝑜𝑔𝜒𝑖𝑑𝑒𝑎𝑙 – 𝑙𝑜𝑔𝛾     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 

Where χ is the measured aqueous solubility under non-ionizing conditions, χideal is the 

calculated ideal solubility and γ is the activity coefficient of the drug in aqueous solution. The 

term χideal can be calculated using Equation 3 [20]: 

𝑙𝑜𝑔𝜒𝑖𝑑𝑒𝑎𝑙 =
−𝛥𝐻𝑚

2.303 ∗ 𝑅
(

𝑇𝑚 − 𝑇

𝑇𝑚 ∗ 𝑇
)    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 

Where ΔHm is the enthalpy of melting, Tm is the melting temperature, R is the ideal gas constant 

and T is the experimental temperature.  

2.4.2. Amorphous solubility determination 

The amorphous solubility was measured by adding methanolic solutions of IPM, FDN and CLD 

to buffer. For NIF, a dimethylacetamide (DMA) solution was used instead, due to its poor 

solubility in methanol. The additions of drug were made to ensure that the amorphous solubility 

of each drug was exceeded. Samples were placed in a water bath at 37°C and stirred 

continuously for 20 min. The supernatant was separated from excess solid by centrifugation at 

13 000 rpm in Heraeus Biofuge 13 Centrifuge for 15 min. The samples were diluted with 1:1 

acetonitrile:water v/v whenever is was needed. The concentration of the supernatant was 

thereafter determined by HPLC as described below. The amorphous solubility measurements 

were performed in replicates of six.  
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The amorphous solubility, Sa
0, was predicted by using a simple model based on the thermal 

properties and crystalline solubility (Sc) as in Equation 4 [21],  

𝑆𝑎
0 = 𝑆𝑐 exp (

∆𝑆𝑚

𝑅
ln (

𝑇𝑚

𝑇
)) 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 

where ΔSm is the entropy of melting, Tm is the melting temperature, T is the operating 

temperature and R is the ideal gas constant. Equation 4 is based the following two assumptions, 

first; the heat capacity change upon melting is zero and second; the enthalpy of the solution is 

equal to ΔHm.  

 

2.4.3. Concentration titrations of combinations 

Concentration titration experiments of IPM-FDN and IPM-NIF combinations were performed. 

The concentration of the dihydropyridines was constant at 87 µg/ml and 600 µg/ml for FDN 

and NIF respectively. The concentration interval of IPM tested was 500-2000 µg/ml for FDN 

and 0-1500 µg/ml for NIF.  20 µl of the combined stocks with concentrations previously stated 

were added to 2 ml buffer and were placed in a water bath at 37 °C. The supernatant was 

separated and analyzed as described below and samples were diluted if needed. The 

concentration titration of combinations was performed in replicates of three. 

2.5. Analysis methods 

2.5.1. High Performance Liquid Chromatography (HPLC) 

The concentrations of IPM, FDN, CLD and NIF solutions were determined with an Agilent 

1100 HPLC system (Agilent Technologies, Santa Clara, CA) equipped with a DAD detector. 

The column used was an Agilent Eclipse XDB-C18 4.6 mm × 150 mm and the injection volume 

was set to 5 μL. The absorbance of IPM, FDN, CLD and NIF was monitored at 250 nm. 

Analysis was carried out at 30°C column temperature with a flow rate of 1.0 ml/min for all 

model drugs. For IPM, FDN and NIF, the mobile phase used was 52:48 v/v acetonitrile and 

water. For CLD, a gradient elution was used and the mobile phase composition is described in 

Table S1 in the Appendix. Calibration curves were constructed by analyzing serials of stock 

solutions; all four model drugs exhibited good linearity (R2 ≥ 0.99). 

2.5.2. Differential scanning calorimetry (DSC) 

The differential scanning calorimetry can be used to evaluate the solid-state of a drug or a 

formulation. In this case was DSC measurements only performed on the obtained starting 

material to ensure it was in its crystalline form. DSC measurements were carried out on a TA 

Instruments Q2000 equipped with a refrigerated cooling system. The chamber was purged with 

nitrogen at a flow rate of 50 ml/min. The system was calibrated for temperature and enthalpy 

using indium and for heat capacity using sapphire. The thermodynamic parameters were 

calculated using the TA Universal Analysis 2000 software. Samples (1-5 mg) were placed in 

non-hermetic aluminum pans and an empty pan was used as a reference. The melting 

temperature (Tm) and heat of fusion (Hf) were determined using a heating rate of 10 °C/min. 

One sample of each drug was analyzed.  

2.5.3. Powder X-ray diffraction (PXRD) 

The powder X-ray diffraction was used to evaluate the solid-state of the four model drugs 

obtained from the manufactures to ensure that the powders was in the crystalline form. Powders 

of all model drugs were analyzed using a Siemens DIFFRAC plus 5.000 powder diffractometer 

with Cu Kα radiation (1.54056 Å). The tube voltage and current were set to 40 kV and 40 mA 

respectively. The divergence slit and anti-scattering slit was variable for illumination of the 20 

mm area of the samples. All samples were scanned between 5° and 40° 2θ with a 0.02° step 
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size at a speed of 1s/step. The samples were spun at 30 rpm. The instrument was pre-calibrated 

with the use of a silicon standard. One sample of each drug was analyzed.  

 

2.6. Statistical analysis  
All experiments were performed in replicates of three or six and the results are reported as the 

mean value ± standard deviations within parentheses. Statistical analysis was performed using 

GraphPad Prism 8. The significant difference was statistically tested using unpaired t-tests of 

the log values of the results of the crystalline and amorphous solubility determinations of FDN 

and IPM, the results of the amorphous solubility changes in combinations for all model drugs 

and the impact of excipients on IPM and FDN. Statistical interpretation of 95% confidence 

interval was used. The goodness-of-fit of linear regression of the analytical standard curves was 

investigated by using coefficient of determination (R2 ≥ 0.99). 

 

3. RESULTS AND DISCUSSION 
3.1. Physiochemical and solid-state analysis of the compounds 
The physiochemical and solid-state properties of the compounds can impact drug solubility and 

formulation ability. Table 2 shows some of the physiochemical properties of the four model 

compounds. Although the calcium channel blocker compound has similar structures (Figure 1) 

their physiochemical and solid-state properties differs. All the dihydropyridines are neutral in 

their ionization but have differences in the pKa values. The LogP values of the dihydropyridine 

compound ranges CLD > FDN > NIF. The logP value is correlated to the hydrophobicity of the 

compound, which will be discussed later on.  The heat of fusion (ΔHf) ranges NIF > CLD > 

FDN and the Tm NIF > FDN > CLD. Both the heat of fusion and melting temperature was 

measured to use in calculations of the ideal solubility and in predictions of the amorphous 

solubility. The fact that NIF has both highest heat of fusion and melting temperature will be 

discussed further on.   

Table 2: Physicochemical properties of the model drugs.  

Drug Pharmacological class Ionization pKa MW (g/mol) log P ΔHf (J/g) Tm (K) 

IPM thiazide-like diuretic weak acid 8.8 365.835 2.1 78.74b 440.77b 

FDN CCB Neutral 5.39 384.259 3.44a 76.00b 416.50b 

CLD CCB Neutral 11.39 492.528  4.10a 84.97b 380.65b 

NIF CCB Neutral 2.2 346.339 1.82a 117.1b 445.27b 

CCB: calcium channel blocker and Tm: melting temperature  
a Results from reference [22]  

b Measured by DSC, see Appendix figures S1-4, one sample analyzed.  

All model drugs received form the manufactures were in crystalline form, confirmed by results 

from DSC and PXRD experiments (Appendix, Figures S1-4). The DSC curves for all model 

drugs displayed a single endothermic peak, attributed to the melting temperature of the 

crystalline drugs. The PXRD illustrated several characteristic peaks at 2θ angles indicating that 

the analyzed powder was in fact in its crystalline form. Only the starting materials were 

evaluated by these two techniques.  
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3.2. Solubility determinations of compounds 
Crystalline and amorphous solubility concentrations of the model drugs are listed in Table 3. 

The solubility advantage of the amorphous solubility over crystalline solubility varied between 

the different compounds, ranging from a 3 to 46 times increase in solubility. The amorphous 

solubility determined was in good agreements with reported values in the literature [19, 22].  

The crystalline solubility values for CLD and NIF in Table 3 are literature values and because 

of that is the statistical analysis only performed on the measurement of IPM and FDN. The 

unpaired t-test for both IPM and FDN showed significant difference between the crystalline 

and amorphous solubility, the exact results can be found in Appendix Table S2.  

Table 3. Table with the measured crystalline and amorphous solubility for the model drugs and literature values. Standard 

deviation reported within parentheses, n = 6.  

a Results from reference [19]  
b Results from reference [22]  

Table 3 also include the predicted amorphous solubility calculated with Equation 4 [21]. The 

model was not successful in predicting the amorphous solubility of all compounds as it 

overestimated the solubility of NIF and IPM, and underestimated the amorphous solubility of 

CLD. The model worked best for the prediction of FDNs amorphous solubility. One of the 

possible reasons for this is that the original model is developed with 25°C experimental 

temperature and these experiment were performed at 37°C. The contribution of this difference 

can be evaluated by just change the input values in Equation 4 [21]. If the temperature for IPM 

is changed to 25°C in Equation 4 the predicted amorphous solubility is 2463 µg/ml which is a 

70% increase. This indicates the large difference only the experimental temperature can give 

rise to on the predicted value using this model.  

Future work on this area could include development of a more robust model for predicting the 

amorphous solubility. To have a good model working in predictions of amorphous solubility 

can help formulation scientist at an early stage of drug formulation to select the drug with the 

amorphous solubility best suitable for the purpose of the formulation. It is also of great 

importance to try to develop a model working for predictions of amorphous solubility in both 

drug-drug combination as well as drug-excipients combinations. To develop one single model 

working for all pharmaceutical classes is probably not possible since the differences in 

amorphous solubility within one class when combined with the same other drug is really 

varying, as seen later in this project.  

Drug 
Crystalline solubility  

[µg/ml] 

Amorphous solubility 

[µg/ml] 

Ratio 

Sa/Sc 

Predicted amorphous solubility  

[µg/ml] 

IPM 114 (2.19) 1087.36 (29.8) 9.53 1806.2 

FDN 0.50 (0.00) 7.73 (0.77) 15.46 6.01 

CLD 0.063 (0.00)a 2.90 (0.69) 46.03 0.95 

NIF 5.70 (0.80)b 49.06 (2.20) 2.98 299.5 
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Figure 2 summarizes the contribution 

of the two solubilization barriers to 

the solubility of the dihydropyridine 

drugs. The results originate from the 

use of Equation 2-3 [20]. The 

contribution of the strength of the 

crystal structure is shown in blue and 

the hydrophobicity is represented in 

grey.  Despite the structural 

similarities of FDN, CLD and NIF, 

the compounds have different crystal 

properties as seen in Figure 2. NIF 

has the highest contribution from the 

strength of the crystal structure and 

the lowest hydrophobicity 

contribution. The additive of these 

two factors are illustrated by a higher 

crystalline and amorphous solubility 

for NIF than FDN and CLD. Indeed, the log P value of NIF is lower than both drugs as well 

which can be seen in Figure 2 as NIF has the least amount of grey in the bar. The fact that NIF 

displays the highest crystalline and amorphous solubility values among the drugs within the 

dihydropyridine class is a bit strange since NIF have the highest ΔHf and Tm among the 

dihydropyridines. Why NIF give rise to this behavior is hard to explain but might be an 

indication of solution complexation between both drugs, but this needs to be studied further by 

spectroscopically analysis.  

CLD exhibits low crystal packing contribution (blue) and a high log γ translating to its lowest 

amorphous solubility among the other dihydropyridines. The log P value for CLD is the highest 

and can also be seen in Figure 2 where the grey part of the bar is biggest for CLD.  

So despite the structure a likeness of the dihydropyridines, the solubilization barriers are of 

different sizes. The biggest contribution for NIF comes from the strength of the crystal structure 

and for CLD has the hydrophobicity a greater impact. This shows the importance of considering 

all factors affecting solubility during pre-formulation and formulation development when 

selecting a compound with best formulation properties. Compounds with different crystalline 

structures could have different solubility and this can give rise to problems later on in the 

formulation process. As shown above is the amorphous solubility mainly affected by the 

chemical structure of the compound and here it is shown that compounds with related structures 

have different amorphous solubility.  

A recent study indicated that the atom-type E-state index for -Caa groups and the sum of 

absolute values of pi Fukui (+) indices on carbon atoms were successful in separating 

felodipine, cilnidipine, nifedipine, nimodipine, nisoldipine, and nitrendipine [23]. It was found 

that their crystallization behavior was different based on the two-chemical descriptor indicated 

above. Cilnidipine was predicted to be the slowest crystallizer from the solution and the order 

in slow to high crystallization was as follow cilnidipine < felodipine < nifedipine. Hence, the 

small structural changes allowed the classification of analogues in order of their crystallization 

tendencies. This order is also following their amorphous solubility measured in this study in 

decreasing order. It is very interesting to study the relation between degree of solubilization and 

supersaturation in relation to chemical properties of different compounds and this area needs to 

be further investigated. 

Figure 2. Visual assessment of the solubilization barriers of the 

crystalline form of the model drugs IPM, FDN, CLD and NIF. The bars 

break down to the two independent factors of ideal solubility (blue) and 

activity coefficient (grey). 
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3.3. Solubility determinations of drug combinations 
It has been shown before that the amorphous solubility of FDN do not decrease when the drug 

is combined with IPM [24]. To investigate this further, two other drugs with related structures 

(NIF and CLD) were combined with IPM and their behavior was studied. The same 

experimental conditions were used for the three combinations. Because these drugs have 

different amorphous solubility, the amount of drug added was around 10.9x times higher than 

the amorphous solubility value of each drug i.e. similar degree of supersaturation. The result is 

illustrated in Figure 3. At these set of conditions, the maximum supersaturation achieved for 

IPM was reduced to about 50% of the concentration achieved by the single component, as 

expected.  

 

Figure 3. Illustration of the amorphous solubility of IPM. The grey staple represents the amorphous solubility of IPM alone, 

striped blue IPM in combination with NIF, striped green IPM in combination with FDN and striped purple IPM in combination 

with CLD. The results are shown with the standard deviation as error bars, n = 6.  

The statistical analysis showed significance difference for all, results found in Appendix Table 

S2. This indicates that the IPM amorphous solubility is significant changed by the same extent 

when combined with the three dihydropyridines.  

However, the dihydropyridines behaved differently in combination with IPM, illustrated in 

Figure 4. The amorphous solubility of FDN and CLD in combination with IPM can be thought 

to not have changed at the studied conditions when only comparing the bars in Figure 4. But 

the statistical analysis shows that there is a significance difference for FDN but not for CLD, 

see Appendix Table S2.  For NIF was the amorphous solubility surprisingly increased ~2-fold 

as seen in Figure 4 and this is also shown in the statistical analysis found in Appendix Table S2 

where the results have a significance difference.  
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Figure 4. Illustration of the amorphous solubility of the dihydropyridines. The blue staples illustrate the amorphous solubility 

of NIF alone (solid) and in combination with IPM (striped). The green illustrates the amorphous solubility of FDN alone (solid) 

and in combination with IPM (striped). The purple illustrates the amorphous solubility of CLD alone (solid) and in combination 

with IPM (striped). The results are shown with the standard deviation as error bars, n = 6.  

The difference in behavior between the three dihydropyridines was not expected. The three 

drugs were first of all selected because of their structural similarities and the thought that they 

would effect IPM in the same way. The impact on IPM can be consider to be the same but when 

looking from the other side, the dihydropyridines did not behave in the same way.  While CLD 

is not significantly affected by the addition of IPM is FDN to a small, but significant extent, 

affected and NIF is behaving in an unexpected way by increasing ~2-fold. This result together 

with the one of the difference in the solubilization barriers really shows that although they have 

structural similarities, they do not behave the same in solution.  

 

3.4. Concentration titration of FDN and NIF with IPM 
The solubility of NIF as a function of 

increasing IPM concentrations was further 

investigated to try to figure out why NIF 

has this behavior when combined with 

IPM. The result is illustrated in Figure 5. 

Indeed, the solubility of NIF was similar 

to the amorphous solubility of the drug 

alone until the amount of IPM added was 

above 400 µg/ml where the solubility of 

NIF started to increase. Interestingly after 

that point was the solubility of both drugs 

considered to be constant although the 

concentration of IPM continued to be 

increased.  

When comparing Scheme 1A with the findings for NIF is it clear that this drug combination 

does not follow the standard behaviors of two unionizable drugs. These findings need to be 

further investigated to evaluate the reason of this behavior. It has been reported earlies that 
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Figure 5. Concentration of NIF () and IPM () in the 

supernatant during a concentration titration of NIF with IPM. The 

results are showed with the standard deviation as error bars, n = 3.  
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some sort of complexation may occur when two drugs are combined but the specific case of 

IPM and NIF needs further investigations.   

The behavior of NIF was later compared 

with that of FDN where concentration 

dependent experiments were performed. 

Figure 6 shows that the amorphous 

solubility of FDN did not decrease until a 

certain concentration of IPM, similar to 

IPMs amorphous solubility, was 

exceeded. At this point, FDN’s solubility 

started to decrease.   

When comparing the findings of FDN and 

IPM with Scheme 1A is it clear that the 

combination not fully follows the standard 

behavior. If the FDN-IPM combination 

would have the standardized behavior the 

amorphous solubility of FDN should start 

to decrease after the first addition of IPM. In this case starts the decrease in amorphous 

solubility when around 1000 µg/ml of IPM has been added.   

The behavior of this drug with IPM does not follow the general trends observed by other 

researchers and tested in our lab. This results shows the importance of studying different model 

drugs to gain more scientific understanding of different drugs. This knowledge is vital to gain 

to shorten the development of multidrug formulations in the future. 

Because of the difference in changes of the amorphous solubility of NIF and FDN in 

combination with IPM, a concentration dependence of CLD needs to be further investigated to 

see if that combination follows the case of NIF, FDN or neither of those cases. The investigation 

of the behavior of CLD in the presence of increasing concentration of IPM may give some good 

input on effect that IPM have on the solubility and supersaturation of these structurally related 

drugs. It is important to try to explain how the structural difference can lead to different 

behaviors between the drugs when combining them with the same other drug.  

 

3.5. Effect of excipients on the amorphous solubility  
The effect of different excipient on amorphous solubility was studied to find out if a proper 

excipient can differentially impact the solubility of FDN and IPM. The differential solubility 

could be used to counteract the decrease in the amorphous solubility upon combination of drugs 

in formulations.  

The impact of the excipients on the amorphous solubility of both drugs can be understood from 

its impact on the solvation contribution. Therefore, a screening methodology was set in the 

study by simply getting the thermal properties of the drug and its crystalline solubility in the 

pre-dissolved excipients in the solution.  The impact of the different excipients on the 

solubilization of FDN and IPM was studied by the use of Equation 2-3 and the results are 

presented in Figure 7A and B. The statistical analysis showed significance difference of all 

combinations, results listed in Appendix Table S2.  

 

 

Figure 6.  Concentration of FDN () and IPM () in the 

supernatant during a concentration titration of FDN with IPM.  The 

results are showed with the standard deviation as error bars, n = 3. 
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A B 

  
Figure 7. Graphical representation of the effect of different excipients on the crystalline solubility of FDN and IPM. (A) 

illustrates the values belonging to IPM and (B) illustrates the values of FDN. The bars break down to the two independent 

factors, ideal solubility (blue) and activity coefficient (grey). 

The activity coefficient and the excipients efficacy to dissolve the drugs were different for the 

different excipients. The use of excipient was, as expected, always better than the buffer alone 

of solubilization of the drugs. For IPM, Figure 7A, was the solubility enhancement highest for 

β-CD, Dexolve and Kolliphor ELP. The best solubilization achieved for FDN, Figure 7B, was 

by use of the surfactants; Tween 80 and Kolliphor ELP.   

The result of the solubilization of IPM in the presence of α-CD, γ-CD, Tween80 and TPGS is 

surprising since the solubilization is not improved in great extent compared to the drug in pure 

buffer solution. The solubilization improvement of FDN in the presence of Tween80 and γ-CD 

is the opposite compared to the findings of IPM. This may lead to problems if these two 

excipients would be used in a combination of FDN and IPM, because of that the solubilization 

of FDN is significantly improved (compare to pure buffer solution) and the solubility of IPM 

not changes that much, although it is significant different. This may lead to a large concentration 

difference between the two drugs and affect the treatment.  

These findings need to be carefully considered both when formulating a multidrug but even 

more important in the prescription of pills to patients who takes multiple pills at the same time. 

The control of drug to drug interactions is strictly controlled by different authorities all around 

the world but the impact of the excipients is not discussed in the same way. These findings need 

to be further investigated and more excipients and different drug combinations will hopefully 

be investigated in the future.     
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3.6. Impact of excipients on the drug combination 
Based on the results of the excipient 

screening and in case of FDN and 

IPM combinations, two type of 

cyclodextrins (α and β) were 

selected to study their impact on the 

solubility of IPM. These two was 

selected since β-CD showed the best 

solubility improvement for IPM and 

α-CD had a slight effect on both 

FDN and IPM. As expected, the 

relative decrease of the solubility 

concentration of IPM was less in 

presence of β-CD, see Figure 8. 

Interestingly, α-CD had a negative 

effect on the maximum achievable 

concentration of IPM in the 

combination with FDN.  

The starting point in this study was to use the same concentration of the excipients but as seen 

in Table 1 is the concentrations different. This is because of solubility problems of the 

excipients in the dissolution media, phosphate buffer with 25 µg/ml HPMCAS. The 

concentrations listed in Table 1 is the only concentrations tested in this study, leaving room for 

improvements in the future to try different concentration and investigate the impact of 

increasing or decreasing excipient concentrations. Since the use of α-CD gave a negatively 

effect on the amorphous solubility of IPM in the combination with FDN it can be due to the 

amount of excipient was not enough to solubilize both FDN and IPM. The drug-excipient 

interaction between α-CD and FDN might have been favored compared to the interaction 

between α-CD and FDN and the effect on IPM can because of that get the decrease seen in 

Figure 8. This needs to be further investigate together with a wider range of excipients. All of 

the excipients should be used in different contents investigate if it would have a negative or 

positive effect of the excipients on the supersaturation of the compounds.  

This work has hopefully put some light on the unexplored area of the role of excipients in both 

multidrug formulations. But also that this drug-excipient interaction can occur when two drugs 

are administrated at the same time. This is because of the dissolution of tablets taken at the 

same time can be thought to impact each other in the abdominal during the dissolution. Indeed, 

drug-drug interaction is well controlled by authorities but the effect of excipient from one 

medicine on the solution behavior of other drug taken at the same time is rarely discussed. It is 

of great importance to continue to explore these findings and the interactions between drugs 

and excipients to counteract problems that may occur due to both drug-drug interactions and 

drug-excipients interactions. In the future, the regulatory authorities need to work harder to 

include control of the interactions between drug-drug as well as drug-excipients. It is also of 

importance to educate pharmacist and prescribers of the roll the excipients when a patient is 

prescribed multiple dosage forms at the same time.   

Future studies on this area could include investigation of the membrane transport and in vivo 

studies, to see the effect of the resulted supersaturation from the drug/multidrug formulation on 

the actual amount of absorbed drug.  
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4. CONCLUSION 
The overall aim of this study was to investigate supersaturation and solution behavior of 

multidrug formulations. The combinations of three different dihydropyridines drugs together 

with indapamide were selected since it is a standardize prescription of treatment of 

hypertension. The maximum achievable concentration of the model drugs alone and in 

combinations were investigated. The impact of excipients on superstation of drug combination 

was also studied. 

The study demonstrated the differences in the solubility and supersaturation of structurally 

related compounds, the dihydropyridines, in aqueous media. The amorphous solubility 

difference in the model drugs is explained by the change in the hydrophobicity contributions to 

the solubility of the drugs. This information is vital especially in the process of selecting 

compounds for further developments.  

The combination of the dihydropyridines at similar solution conditions including degree of 

supersaturation (around 10.9x times higher than the amorphous solubility) resulted in a 50% 

decrease of IPM’s amorphous solubility. The amorphous solubility FDN and NIF were similar 

to their measured alone concentrations until a certain concentration of IPM had been added to 

the solution. The NIF amorphous solubility concentration was increased by 2-folds when the 

amount of IPM added was above 400 µg/ml. In contrast, FDN amorphous solubility 

concentration was decreased when the amount of IPM added was around 1000 µg/ml.  

The excipients differentially solubilized FDN and IPM. Excipients selected to solubilize the 

drugs differentially can help in avoiding further drop in solubility during combinations.  

In summary, the structural differences seen with the three dihydropyridines resulted in 

hydrophobicity changes that need to be further investigated to better understand the factors 

behind the differences in hydrophobicity between these structurally related drugs. The 

uncommon behavior of the dihydropyridines when combined with IPM suggests that more 

combinations should be tested to further understand the behavior of this complex system. Wider 

range of excipients can be tested as well, and more formulation strategies need to be developed 

to overcome problems seen with multidrug formulations. This work presented provides 

valuable insights during pharmaceutical formulation development stages. 
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Figure S1. Characterization of crystalline Indapamide.   

a) DSC thermogram of crystalline IPM 

 
b)  PXRD patterns of crystalline IPM 
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Figure S2. Characterization of crystalline Felodipine.  

a) DSC thermogram of crystalline FDN 
 

 
b) PXRD patterns of crystalline FDN 
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Figure S3. Characterization of crystalline Cilnidipine.  

a) DSC thermogram of crystalline CLD 

 

b) PXRD patterns of crystalline CLD 
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Figure S4. Characterization of crystalline Nifedipine.  

a) DSC thermogram of crystalline NIF 

 
b) PXRD patterns of crystalline NIF 
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Table S1. HPLC gradient method used to the analysis of CLD.   

Time (min) Eluent mix (%) 

 H2O ACN 

0 

0.2 

3 

7 

8 

0 

10 

90 

90 

10 

10 

90 

90 

10 

10 

 

 

Table S2. Results from the unpaired t-test with 95 % confidence interval.  

Columns P- value Significance* 

A B   

IPM CS IPM AS <0.0001 Yes 

FDN CS FDN AS <0.0001 Yes 

IPM alone IPM-FDN <0.0001 Yes 

IPM alone IPM-CLD <0.0001 Yes 

IPM alone IPM-NIF <0.0001 Yes 

FDN alone FDN-IPM 0.0161 Yes 

CLD alone CLD-IPM 0.3584 No  

NIF alone NIF-IPM <0.0001 Yes 

IPM buffer IPM α-CD <0.0001 Yes 

IPM buffer IPM β-CD <0.0001 Yes 

IPM buffer IPM γ-CD <0.0001 Yes 

IPM buffer IPM Dexolve <0.0001 Yes 

IPM buffer IPM Tween80 <0.0001 Yes 

IPM buffer IPM Kolliphor ELP <0.0001 Yes 

IPM buffer IPM TPGS <0.0001 Yes 

FDN buffer FDN α-CD <0.0001 Yes 

FDN buffer FDN β-CD <0.0001 Yes 

FDN buffer FDN γ-CD <0.0001 Yes 

FDN buffer FDN Dexolve <0.0001 Yes 

FDN buffer FDN Tween80 <0.0001 Yes 

FDN buffer FDN Kolliphor ELP <0.0001 Yes 

FDN buffer FDN TPGS <0.0001 Yes 
* significance difference P < 0.05  
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