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Abstract
Compatibility is an important step in pre-formulation studies during the development of solid dosage forms. In the present 
study, we used thermal analysis (differential scanning calorimetry and thermogravimetry), isothermal stress testing followed 
by high-performance liquid chromatography and Fourier transform infrared spectroscopy complemented by two multivari-
ate techniques (hierarchical cluster analysis and principal component analysis) to detect potential incompatibilities between 
kaempferol and commonly used solid dosage form excipients in binary mixtures. The excipients that were studied were 
starch, microcrystalline cellulose, magnesium stearate, hydroxypropylmethylcellulose, lactose, sodium lauryl sulfate and 
polyvinylpyrrolidone. The thermal analyses results indicated interactions occurred between kaempferol and all excipients 
studied except microcrystalline cellulose. However, infrared spectroscopy complemented by multivariate analysis indicated 
compatibility between kaempferol and all excipients. Isothermal stress testing confirmed the absence of significant change in 
the content of kaempferol in the binary mixtures. Our study demonstrates the importance of combining different techniques 
and multivariate data analysis for pre-formulation drug-excipient analysis.
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Introduction

The quality of a pharmaceutical formulation depends not 
only on the choice of active substance and the production 
process, but also on the appropriate selection of excipients 
[1–3]. In the pre-formulation stage of development, the study 
of drug-excipient compatibility is one of the most impor-
tant steps as it enhances the understanding of drug-excipient 
interactions and highlights changes in the physical or chemi-
cal properties of the drug and/or therapeutic response [3–5]. 
Compatibility screening involves the analysis of mixtures of 
the drug with one or more excipients.

Thermoanalytical techniques such as differential scanning 
calorimetry (DSC) and thermogravimetry (TG) are used for 
a quick screening due to their ease of use [6, 7]. Although 
spectroscopic techniques such as Fourier transform infrared 
spectroscopy (FTIR) are also easily conducted, the volumes 
of data that are generated limit their use as interpretation is 
labor intensive. Quantitative assay after isothermal stress 
test (IST) is another tool that is used to detect drug-excipient 
interactions [5, 7, 8].

Chemometrics is currently employed to assist the com-
plex interpretation of a large variety of data, and uses com-
mon mathematical and statistical methods to maximize 
the information that is extracted from chemical data [9]. 
Chemometrics can be used to support many techniques, 
including infrared spectroscopy [10]. Principal component 
analysis (PCA) is a method of multivariate data treatment 
that reduces the dimensionality of data while maintaining 
the variation present in the data group [7, 11]. On the other 
hand, hierarchical cluster analysis (HCA) measures the simi-
larity between samples and classifies them into groups with 
similar spectral characteristics using the Euclidean distance 
[12–14].
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Flavonoids are polyphenolic compounds are synthe-
sized naturally by plants and widely distributed in the 
plant kingdom and contained in common human diet 
[15, 16]. Kaempferol (KPF, 3,5,7-trihydroxy-2-(4-
hydroxyphenyl)-4H-1-benzopyran-4-one, Fig. 1) [17], is 
a flavonoid with a wide range of pharmacological proper-
ties including anti-inflammatory, antibacterial, antiviral, 
antifungal, antiapoptotic and antioxidant properties [18, 
19]. However, the clinical application of KPF is limited 
by its poor water solubility and low bioavailability after 
oral administration [16, 20]. Strategies to increase the 
solubility and bioavailability of KPF in vitro and in vivo 
have been developed [16, 19–25]. Due to the wide range 
of pharmacological properties the kaempferol is an attrac-
tive ingredient for the development of solid dosage forms, 
meaning that this flavonoid can be classified as a drug 
candidate. However, prior to the development of new 
pharmaceutical forms, drug-excipient compatibility stud-
ies must be carried out.

The aim of this study was, therefore, to evaluate the 
compatibility of KPF with selected excipients commonly 
used in the development of solid dosage forms. The excipi-
ents studied were starch, microcrystalline cellulose, mag-
nesium stearate, hydroxypropylmethylcellulose, lactose, 
sodium lauryl sulfate and polyvinylpyrrolidone; and the 
mixtures were assessed using thermal analysis (DSC and 
TG), IST and spectroscopic techniques (FTIR), the last 
combined with PCA and HCA. To our knowledge, this is 
the first time that such studies have been carried out on 
KPF.

Experimental

Materials

Stocks of KPF (98.18% purity) were purchased from 
ShaanXi HuiKe Botanical (Xi’an, China). The phar-
maceutical excipients were purchased from different 

manufactures: corn starch (STR) from Corn Products 
(São Paulo, Brazil), microcrystalline cellulose 101 (MCC) 
from Minitai Chemical CO., LTD (Taiwan, China), mag-
nesium stearate (MS) from Forlab (Rio de Janeiro, Bra-
zil), hydroxypropylmethylcellulose (HPMC, methocel 
K100) from Colorcon (PA, USA), lactose monohydrate 
M-200 (LAC) from Milkaut (Pcia. de Santa Fé, Argen-
tina), sodium lauryl sulfate (SLS) from CQA (São Paulo, 
Brazil), polyvinylpyrrolidone (PVP) from Vetec (Rio de 
Janeiro, Brazil). Formic Acid 96% and Methanol HPLC 
grade (used for the preparation of the mobile phase) were 
obtained from Tedia (Rio de Janeiro, Brazil). Ultrapure 
water was produced with a Milli-Q system (Millipore, 
Billerica, USA). All other used reagents were of analyti-
cal grade.

Methods

Preparation of KPF–excipient binary mixtures

Mixtures of KPF with each of the seven excipients were 
prepared in 1:1 ratios (w/w KPF/excipient) in glass vials, 
then homogenized by vortexing for 3 min.

Differential scanning calorimetry

The DSC curves of KPF, excipients and binary mixtures 
were obtained using a Shimadzu Calorimeter Model DSC-
60A (Kyoto, Japan) calibrated with an indium standard 
(156.6 ± 0.3 °C). The samples were weighed directly in 
aluminum pans (the mass of samples that were used were 
1–2 mg), sealed and scanned under a dry atmosphere of 
nitrogen (50 mL min−1) with a heating flow rate of 10 °C  min−1 
in the temperature range of 10–400 °C.

Thermogravimetric analysis

Thermogravimetric analysis of KPF alone and the binary 
mixtures was carried out using a Shimadzu Thermogravi-
metric Model TGA-50 (Kyoto, Japan) under a nitrogen 
atmosphere (50 mL min−1) with a heating flow rate of 
10 °C min−1 in the temperature range 23–800 °C. The 
mass of samples that were used were approximately 
10 mg.

Fourier transform infrared spectroscopy

The FTIR spectra of KPF, the excipients and the binary 
mixtures were obtained using a spectrophotometer (Perki-
nElmer, Model BX/RX, Connecticut, USA) in the range 
4000–600  cm−1, with a resolution of 2  cm−1 over 
40 scans.
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Fig. 1  Chemical structure of Kaempferol
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Table 1  General characterization of kaempferol and the excipients used

M.F. Molecular formula
M.M. Molar mass

Samples M.F. Chemical structure Heat changes of kaempferol and excipients

M.M. DSC data References

Kaempferol C15H10O6
286.24

Melt peak, 287.89 °C Melt peak, 285.5 °C [15];

STR (C6H10O5)n
(164.12)n

Dehydration, 65.89 °C
Decomposition, 299.08 °C

Dehydration, 72 °C
Decomposition, 285; 315 °C [3]

MCC (C6H10O5)n; n ≈ 220
(162.141)n

Dehydration, 50.28 °C
Decomposition, 353,98 °C

Dehydration, 50 °C
Decomposition, 315 °C [6]
Dehydration, 53 °C
Decomposition, 332; 357 °C [3]

MS (C18H35O2)2Mg
591.24

Melt peak, 110.85 °C Melt peak, 115 °C [3]

HPMC C12H2O11R6
R=H or,  CH3 or, 

 CH3CH(OH)CH2
10.000 ̴1.500.00

Dehydration, 56.88 °C
Decomposition, 337.99 °C

Dehydration, 66.22 °C [2]

LAC C12H22O11.H2O
360.31

Dehydration, 147.22 °C
Melt peak, 217.85 °C
Decomposition, 242.34; 

355.20 °C

Dehydration, 152.7 °C
Melt peak, 218.38 °C [8]
Dehydration, 145.00 °C
Melt peak, 215.00 °C [6]

SLS C12H25NaO4S
288.38

Dehydration, 104.42 °C
Melt peak, 190.15 °C
Decomposition, 271.34 °C

Dehydration, 95; 107 °C
Melt peak, 192 °C
Decomposition, 223 °C [3]

PVP (C6H9NO) n
(111.14)n

Melt peak, 73.20 °C
Decomposition, 376.52 °C

Melt peak, 82 °C [6]
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Multivariate analysis

The PCA and HCA analyses were performed using SPSS 
Statistics 22 ® software (IBM Corp. Released 2013) [26]. 
From the FTIR spectra of the samples, a data matrix with 
a size of 15 × 2000 was obtained, where 15 is the number 
of columns (KPF, excipients and their binary mixtures) 
and 2000 is the number of lines (absorbance values of 
samples). All data acquired from the FTIR spectra were 
normalized between the limits of zero and one, corrected 
using the multiple scatter correction method (MSC) and 
Savitzky–Golay method from data centered on the mean 
[7, 12].

Isothermal stress testing

The drug and excipient samples were weighed directly 
in glass vials (n = 3) and mixed using a vortex for 3 min. 
Stressed samples were produced by adding water  
(10% w/w), sealing each vial using a Teflon-lined screw 
cap and storing in a hot air oven at 50 °C. After 3 weeks, 
the samples were diluted appropriately to 5 µg  ml−1 then 
quantitatively analyzed using HPLC and qualitatively 
through assessment of color change. The KPF–excipi-
ent mixtures were stored undiluted in a refrigerator at 
4 °C to serve as controls (control samples) [1, 6]. Anal-
ysis of the KPF–excipient mixtures was performed on 
an HPLC apparatus (Shimadzu LC-10A system, Kyoto, 

Japan) equipped with a model LC-20AT pump, an SPD-
20AV UV–VIS variable wavelength detector, a DGU-
20A5 degasser, a CBM-20A system controller and 
SIL-20A injection valve with a 100 μL loop. The KPF 
sample was analyzed using a  XTerra® RP18 column 
(250 mm × 4.6 mm, 5 μm particle size) (Waters, Milford, 
MA, USA). The mobile phase was a 75:25 (v/v) mixture 
of methanol and 0.1% formic acid in water. The injection 
volume was 20 μL, and the HPLC system was operated 
at an isocratic flow rate of 1.0 mL min−1, with detection 
at 368 nm and temperature of 35 °C [27].

Results and discussion

Thermal analyses

Basic information about the thermal profiles of KPF and 
the excipients is given in Table 1. The thermal profile of 
pure KPF presented a single-step melting process with no 
dehydration step (Fig. 2). The DSC curve showed a sharp 
endothermic peak at 287.89 °C, indicating the melting 
point of KPF, which is in agreement with the litera-
ture [15]. In the TG curve, mass losses relating to KPF 
decomposition were observed in three events: 32.15% 
at 318–324 °C, 39.30% at 450–550 °C and 31.60% at 
780 °C (Fig. 3). Both MS and SLS melted at 100–200 °C; 
LAC melted above 200 °C and STR, MCC, HPMC and 

– 0.00

– 20.00

– 10.00

0.00

10.00

20.00

KPF KPF

KPF + STR

KPF + MCC

KPF + MS

KPF + HPMC

KPF + LAC

KPF + SLS

KPF + PVP

STR

MCC

MS

HPMC

SLS

LAC

PVP

DSC
mW DSC

mW

– 20.00

– 10.00

0.00

10.00

20.00

100.00 200.00

Temperature/°C

H
ea

t f
lo

w
/m

W

H
ea

t f
lo

w
/m

W

Temperature/°C
300.00 400.00

Endo

Endo

– 0.00 100.00 200.00 300.00 400.00

(a) (b)

Fig. 2  a DSC curves of KPF and the excipients alone; b DSC curves of KPF and binary mixtures at 10–400  °C; heating rate 10  °C  min−1; 
atmosphere of nitrogen, 50 mL min¯1
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PVP began to decompose above 200 °C which led to 
charring.

The heat effects associated with physical or chemical 
changes of a sample can be observed with DSC. The appear-
ance or disappearance of one or more peaks and changes in 
melting temperature when a substance is analyzed as part of 
a mixture are considered indicative of interactions between 
components [8, 10].

The DSC curves obtained in this study revealed KPF 
to have an endothermic melting peak of 285.29 °C in the 
KPF–MCC mixture. This is not significantly different to 
the melting point of KPF alone, which suggests that there 
was no interaction between MCC and KPF. However, DSC 
analysis of all other mixtures indicated that KPF–excipient 
interactions were occurring. In the case of STR and MS, 
the endothermic peak was shifted and the peak size was 
reduced. The HPMC–, LAC–, SLS– and PVP–KPF curves 
showed no endothermic melting peak of KPF, which sug-
gests interaction between them (Fig. 2 and Table 2).

Variations in the shape of TG curves may be considered 
to indicate drug-excipient interactions, but the changes are 
not usually as dramatic as those observed by DSC. Because 
TG curves reveal mass losses which accompany phase tran-
sitions (for example, sublimation and evaporation) that occur 
in analyzed mixtures, it was not possible to confirm whether 
ingredients of the mixtures were compatible (Table 2). Thus, 
it is verified that this technique must be evaluated in con-
junction with other thermal analysis techniques (Fig. 3) [10].

The results of DSC and TG analyses indicated that 
KPF–excipient interactions were occurring in the case of 

STR, MS, HPMC, LAC, SLS and PVP. However, these 
results may be attributed to the high temperatures used 
during the experiment. In these conditions, the excipients 
may melt and influence the solubility of KPF, which can 
interfere with the reading [2]. Due to the potential limita-
tions of thermal techniques, complementary methods of 
analysis were carried out to aid the interpretation of data 
and acquire as much information as possible.

Fourier transform infrared analysis

Among the spectroscopic methods, FTIR has the advan-
tages of requiring only a small amount of sample and 
being less destructive than other methods. It is therefore an 
attractive approach for the analysis of solid dosage forms, 
since the materials are not subjected to thermal or mechan-
ical energies during preparation and solid-state phase 
transformations avoided [3]. Drug-excipient interactions 
can usually be identified by the appearance of new absorp-
tion bands and the broadening and/or alteration of band 
intensities compared with individual component spectra 
[7, 8]. The FTIR spectrum of KPF is shown in Fig. 4, 
the characteristic bands were as follows: (1) a strong and 
wide band at 3319 cm−1 attributed to the four hydroxyls 
(stretching vibration of O–H); (2) a 1654 cm−1 displaced 
carbonyl band due to the inductive effect of the resonance 
of α- and β-unsaturated ketones (C=O); (3) a band at 
1616 cm−1 indicating aromatic compounds (C=C);(4) a 
band at 1508 cm−1 due to benzene ring vibrations; (5) a 
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band at 1371 cm−1 attributed to the C=OH bond and (6) a 
strong band at 1161 cm−1 attributed to the stretching vibra-
tion of C–O [20, 28]. The spectra of the KPF–excipient 
mixtures showed that the characteristic KPF bands were 

practically unchanged (Table 3), indicating that the chemi-
cal structure of KPF remained unchanged (Fig. 5).

Although FTIR was an important complementary tech-
nique to DSC and TG, compatibilities were not able to be 
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Fig. 4  FTIR spectrum of pure KPF

Table 3  Values of the bands 
obtained by FTIR of KPF and 
the mixtures carried out

Sample Characteristic FTIR bands/cm−1

O–H C=O C=C aromatic Vibrations of the 
benzene ring

C–OH C–O

KPF 3319.51 1654.96 1616.00 1508.45 1371.77 1161.55
KPF + STR 3319.40 1655.64 1615.47 1509.59 1372.52 1163.50
KPF + MCC 3319.92 1655.91 1616.03 1509.83 1372.95 1164.01
KPF + MS 3318.02 1655.64 1616.00 1509.81 1373.79 1164.05
KPF + HPMC 3319.58 1655.57 1616.07 1509.71 1372.87 1163.88
KPF + LAC 3319.49 1655.73 1616.17 1508.89 1373.76 1164.28
KPF + SLS 3319.89 1655.68 1615.70 1509.45 1372.84 1163.48
KPF + PVP 3320.19 1654.89 1616.10 1509.76 1373.32 1164.19
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fully confirmed by FTIR as the overlap of bands that was 
observed for the mixtures impaired data interpretation. 
Therefore, statistical techniques were required to facilitate 
interpretation of the spectra [7].

Multivariate statistics

Two spec t ra l  reg ions  (3600–2800  cm−1 and 
1800–600 cm−1) were selected for chemometric calcu-
lations. The fingerprint region of 1800–600 cm−1 was 

considered to be the most informative, because this region 
does not contain major absorption bands of the excipients 
and can therefore be used to identify structural changes 
of KPF. The 3600–2800 cm−1 region is complementary 
to the fingerprint region as it indicates the presence of 
O–H, C–H and N–H groups in the molecule. In the case of 
the carbohydrate excipients (starch, microcrystalline cel-
lulose and lactose), band characteristics of the stretching 
deformations of O–H and C-H groups were observed in 
this region [19].
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Fig. 5  Overlapping FTIR spectra of a KPF and excipients; b KPF and binary mixtures
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Drug-excipient compatibility can be assessed from the 
graphical representation of the PCA, based on the distri-
bution of analyzed samples in the bi- or three-dimensional 
plane [12]. In this case, the eigenvalues and variances were 
explained by three main components (PC1, PC2 and PC3) 
for the mixtures studied (Table 4). Using these components 
in the model retains a significant part of the variability, thus, 
a three-dimensional scatter diagram was appropriate to view 
the PCA results. Two distinct clusters, one of the excipients 
and one relating to the mixtures of KPF with every excipient 
and KPF alone, were observed (Fig. 6). The data relating 

to KPF and the mixtures were located in the most positive 
region of PC1. Excipients were distributed more broadly, 
including at the most negative values of PC1, between posi-
tive and negative values of PC2 and at positive values of 
PC3.

The formation of two separate clusters indicates that 
interactions did occur within the mixtures. This separation 
profile occurs because the main functional groups of KPF 
persist in the mixture, but are located closer to the structure 
of KPF than to those of the excipients. Positive interactions 
occur between the substances but do not annul the structural 
properties of each. From these data, we can conclude that the 
substances of the mixtures were compatible.

The HCA analysis was performed to complement PCA 
analysis. This technique groups samples into classes based 
on FTIR transmittance values at certain wave numbers [12]. 
Results are presented as distance coefficients in the form of a 
dendrogram, and compatibility between ingredients is indi-
cated when two clusters are formed [16]. The Euclidean dis-
tance (a measure of dissimilarity) was used to calculate the 
distance coefficients [28]. The dendrogram for KPF and the 
mixtures (Fig. 7) shows two large clusters, one representing 
KPF and the mixtures and one representing the excipients, 

Table 4  Results of PCA calculations for the physical mixtures of 
kaempferol and excipients

Principal 
component

Eigenvalue Variance/% Variance/% (cumu-
lative variance/%)

1 7.551 50.339 50.339
2 1.821 12.143 62.483
3 1.580 10.535 73.018
4 1.061 7.073 80.090
5 0.999 6.600 86.690
6 0.922 6.148 92.838

Fig. 6  Scatterplot of PCA in 
three dimensions. KPF and 
KPF–excipient mixtures and 
excipients
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thus supporting the PCA data and indicating compatibility 
between the constituents of mixtures.

Isothermal stress testing analysis

After three weeks of storage at 50 or 4 °C, the KPF–excipi-
ent mixtures were qualitatively analyzed to identify color 
changes, and assessed by HPLC to verify the KPF con-
tent. All of the mixtures as well as KPF alone showed a 
small decrease in the intensity of the yellow color except 

KPF–SLS which showed darkening toward a strong yellow 
(Fig. 8). These changes should suggest that there is interac-
tion between the components of the blend. The retention 
times and peak shapes observed by quantitative HPLC 
(Fig. 9) indicated that there were no significant changes in 
the KPF content of any mixture after being submitted to 
the analysis conditions (Fig. 10) and the PDA peak purity 
revealed that the purity of all samples was > 0.999.

The results of thermal, spectroscopic and chemometric 
analyses are collated in Table 5. Apart from the thermal 
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Fig. 7  Dendrogram of HCA in three dimensions showing KPF, KPF–excipient mixtures and excipients
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Fig. 8  Results of qualitatively analysis to identify color changes of KPF and KPF–excipient mixtures before and after 3 weeks of storage. a Sam-
ples analyzes immediately after preparation. b Samples after 3 weeks of storage at 50 °C
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techniques, all methods indicate compatibility between KPF 
and each of the excipients compatibility. However, results 
of DSC and TG should not be dismissed as they can still 
provide useful information, indicating that physicochemi-
cal interactions may have occurred between them during 
sample heating.

Conclusions

The present work aimed to evaluate, yet unexplored, incom-
patibilities between KPF and some of the most used excipi-
ents in solid dosage forms (starch, microcrystalline cellu-
lose, magnesium stearate, hydroxypropylmethylcellulose, 
lactose, sodium lauryl sulfate and polyvinylpyrrolidone) 
using thermal statistical analysis methods, spectroscopic 
and multivariate analysis. Thermal analysis suggested that 
interactions were occurring between KPF and the excipients 
analyzed, except for microcrystalline cellulose. However, 
based on the results of FTIR and the data obtained from 
PCA, HCA and IST analysis, the possibility of KPF–excipi-
ent incompatibility was excluded. The statistical methods of 

Fig. 9  Results of the retention 
times and peak shapes observed 
by quantitative HPLC of KPF 
and KPF–excipient mixtures 
after 3 weeks of storage at 
50 °C
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Fig. 10  Results of HPLC analysis of the KPF and KPF–excipient 
mixtures after 3  weeks of storage. Initial analysis: KPF–excipient 
mixtures analyzed immediately after preparation. Control samples: 
KPF–excipient mixtures without added water and stored at 4  °C for 
3 weeks. Stressed samples: KPF–excipient mixtures with 10% added 
water and stored at 50  °C for 3  weeks. Values expressed as aver-
age ± standard deviation. (a KPF; b KPF–STR; c KPF–MCC; d KPF–
MS; e KPF–HPMC; f KPF–LAC; g KPF–SLS; h KPF–PVP)

Table 5  Interactions between 
kaempferol and excipients based 
on thermal, FTIR spectroscopic 
and multivariate analysis data. 
The ingredients of mixtures are 
compatible (+) or incompatible 
(−)

Excipients TG DSC FTIR HCA PCA IST

STR – – + + + +
MCC + + + + + +
MS – – + + + +
HPMC – – + + + +
LAC – – + + + +
SLS – – + + + +
PVP – – + + + +
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PCA and HCA were valuable tools in the interpretation of 
FTIR spectra. Our study highlights the importance of using 
multiple techniques in pre-formulation studies.
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