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Effect of Food-Grade Pharmaceutical Excipients 
on Physicochemical Behaviour of Quercetin 
Nanocomposites: Thermal and Non-Thermal Analysis

Sabya Sachi Dasa, Priya Ranjan Prasad Vermab, 
Sandeep Kumar Singhc

Abstract: In this study, the compatibility of Quercetin (QC) 
nanocomposites with some selective food-grade pharmaceuti-
cal excipients was assessed using various thermal (DSC and 
TGA), non-thermal (P-XRD, FT-IR, and RAMAN spectroscopy, 
and FESEM) techniques. All techniques were simultaneously 
used and correlated to detect the QC’s compatibility with the 
selected excipients (CO, CCO, OA, T20, T60, and T80). DSC‑TG 
studies showed that QC-CO and QC-T60 samples exhibited 
irregular degradation patterns, causing the drug’s transfor-
mation from crystalline to amorphous. P-XRD results showed 
that the crystalline behavior of QC was retained in all the sam-
ples. However, the peak intensities were reduced and shifted 
in some samples. The Davg. value for all samples, including pure 
QC, was 26.80-76.07 nm. FT-IR and RAMAN studies demon-
strated that bonds including –C=O stretching, C-C stretching 
(ring A), and -OH bonds (in ring A, B, and C) in pure QC play 
a crucial role in its interaction with excipients. Furthermore, 
the excipients’ effect on QC’s morphology using FESEM showed 
smoothening, fragmentation, and agglomeration of the drug. In 
conclusion, the possible drug-excipient incompatibility can be 
potentially determined with the help of these analytical meth-
ods. The physicochemical studies from this work may provide 
immense knowledge for the researchers and manufacturers in-
volved in quercetin-based pharmaceutical and/or nutraceutical 
formulations. 
Keywords: Analytical characterizations; Drug-excipient Com-
patibility; Nanocomposites; Non-thermal studies; Quercetin; 
Thermal studies.

1. INTRODUCTION

Flavonoids are subtypes of natural polyphenols found as second-
ary metabolites in almost all parts of the plants. Among all flavo-
noids, Quercetin (QC; 3,3′,4′,5,7‐pentahydroxyflavone) is abundant-
ly found in various natural resources, including onion, green leafy 
vegetables, red wine, citrus fruits, cherries, raspberries, and oth-
ers. QC (Fig. 1) is a potent naturally occurring antioxidant and has 
gained huge consideration by scientists and researchers worldwide 
to manage numerous diseases (D’Andrea, 2015; Das, Verma, Kar, 
Singh, 2020). The antioxidant properties of QC have been able to ex-
hibit other therapeutic actions such as anticancer, antiviral, anti-in-
fective, anti-inflammatory, antitumor, neurological disorders, and 
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anti-diabetic (Agrawal, Chakraborty, Dewanjee, 
Arfin, Das, Dey, Moustafa, Mishra, Jafari, Jha, 
Jha, Kumar, 2023; Das, Jha, Jha, Verma, Ashraf, 
Singh, 2023; Das, Sarkar, Chabattula, Verma, 
Nazir, Gupta, Ruokolainen, Kesari, Singh, 2022). 
In addition, QC also exhibits potential cell-pro-
tective activities in heart, liver, kidney, colon, 
and brain disorders or diseases (Bischoff, 2008; 
Das, Hussain, Verma, Imam, Altamimi, Alsheh-
ri, Singh, 2020; Das, Verma, Singh, 2020a). QC 
and its derivatives have exhibited various poten-
tial biological activities. However, it has been re-
ported with two significant issues of low oral bio-
availability (~16.2%) and poor aqueous solubility 
(0.17-7.7 mg/mL), so its clinical applications are 

restricted (Dinesh Kumar, Verma, Singh, 2015; 
Gao, Wang, Wei, Men, Zheng, Zhou, Zheng, Gou, 
Huang, Guo, Huang, Qian, Wei, 2012).

Additionally, QC is a photosensitive moi-
ety and is also sensitive to oxidative degradation 
in the aqueous (alkaline pH) and organic phase, 
which causes instability of QC in the aqueous en-
vironment (Balestrin, Bidone, Bortolin, Moresco, 
Moreira, Teixeira, 2016; Liu, Hu, Lin, Chen, Zhu, 
Hou, Shi, 2013; Makris Rossiter, 2000). These 
limitations have exhibited impending effects in 
establishing efficient and stable QC formulations. 
Addressing and overcoming these limitations at the 
preformulation stage will ensure the robustness of 
product efficiency. 

Figure 1. Molecular structure of Quercetin.

Various food-grade excipients such as lipids, 
oils, surfactants, co-surfactants, and others play a 
significant role and are used as major components 
by the pharmaceutical and food industries. The lip-
ids and oils exhibit numerous desirable qualities 
such as color, odor, texture, arrangement, taste and 
others to the food products (German, 1999). Usu-
ally, the food quality is precisely associated with 
their lipid quality. The lipids present in the food 
products are essential elements of the cell structure 
and cellular membrane functions and have shown 
significant effects on our well-being. Moreover, the 
major cause for deprivation of food quality is relat-
ed to the degradation and variation in the lipids/oils 
(Lillard, 1983). The emulsifying agents, surfactants 

or stabilizing agents have shown diverse function-
ality in the development or establishment of various 
food or food derivatives. Also, certain food-grade 
lipids have been reported to have potential anti-mi-
crobial activities and thus could be used in the food 
industries to detect the microbial load as well as to 
enhance the complete product quality (Singh, Hus-
sain, Kumar Singh, 2020). 

Apart from this, the oxidation of edible oils rich 
in PUFA (polyunsaturated fatty acids) is one of the 
most vital concerns of food industries as it direct-
ly impacts the flavor, nutrition, safety and storage 
issues (Kiokias, Gordon, Oreopoulou, 2017). It is 
very important to notice that various unsaturated 
lipids present in food or food by-products are highly 
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affected by lipid oxidation that causes reduced nu-
tritional quality, shelf-life, and functionality. Usual-
ly, antioxidants, either natural or synthetic, are used 
to overcome this issue. The antioxidants either pro-
long the onset of oxidation or reduce the rate of lipid 
oxidation. Moreover, natural antioxidants (eg: quer-
cetin-model antioxidant drug) can be used in place 
of synthetic antioxidants, due to their reported toxic 
effects, in food industries (Fuentes, Arias-Sante, 
Atala, Pastene, Kogan, Speisky, 2020; Garcia-Men-
doza, Espinosa-Pardo, Savoire, Harscoat-Schiavo, 
Cansell, Subra-Paternault, 2021; Li S., Yan, Guan, 
Huang, 2020). 

The preformulation studies provide essential 
information about the crucial parameters such as 
physicochemical stability, solubility, and permea-
bility of the drugs and excipients used in formula-
tions (Das, Verma, Singh, 2020b). In this context, 
drug-excipient interaction studies play a vital role in 
selecting excipients and establishing a stable formu-
lation system. Moreover, interactions between the 
drug and excipient/s could cause significant modi-
fications in the drug’s stability and bioavailability. 
They thus could improve the therapeutic efficacy 
of the incorporated drug or bioactive (Das, Verma, 
Sekarbabu, Mohanty, Pattnaik, Ruokolainen, Kesa-
ri, Singh, 2023; Verma Garg, 2005). Olejniczak and 
Potrzebowski reported that QC exists both in the 
crystalline and anhydrous forms and stated that the 
hydration water molecules present in the QC mole-
cule’s crystal lattices highly influenced its molecu-
lar geometry (Olejniczak Potrzebowski, 2004). The 
physicochemical stability of the hydrophobic drugs 
highly depends upon the moisture temperature, pH, 
and other environmental factors. The process of hy-
dration or dehydration may cause phase transitions 
(anhydrous to crystalline or vice-versa), instability 
and alterations in the physicochemical properties 
of hydrophobic drugs (Borghetti, Lula, Sinisterra, 
Bassani, 2009; Zhang, Law, Schmitt, Qiu, 2004).

Chemical interactions of excipients with the 
drug could degrade the drug’s molecularity, where-
as excipients’ physical interactions with the drug 
could affect its solubility, dosing uniformity, and 
dissolution rate (Crowley Martini, 2001). The 
drug-excipient compatibility studies, being a part 
of pre-formulation studies, are very important for 
selecting excipients because they can interact both 
physically and chemically with the drug moiety and 
impact the stability of formulations (Bruni, Amici, 
Berbenni, Marini, Orlandi, 2002). Moreover, in-
compatibilities due to excipients such as oils/lipids 

and surfactants could affect the physicochemical 
properties, stability, and therapeutic efficacy of the 
drug and dosage form (Das, Verma, Singh, 2020b). 
Therefore, identifying probable incompatibilities 
between drug/s and various excipients at the pre-
liminary phase helps develop and establish a stable 
formulation system or dosage forms (Thumma Rep-
ka, 2009). 

Characterizing techniques such as differential 
scanning calorimetry (DSC), thermogravimetric 
analysis (TGA), powder X-ray powder diffraction 
(P-XRD), Fourier transform infrared (FT-IR) spec-
troscopy, Raman spectroscopy, and Field emis-
sion scanning electron microscopy (FESEM), are 
used for the drug-excipient compatibility studies 
(Bruni, Amici, Berbenni, Marini, Orlandi, 2002; 
Wyttenbach, Birringer, Alsenz, Kuentz, 2005). 
As per the reported literature, corn oil (Schoener, 
Zhang, Lv, Weiss, McClements, 2019), coconut 
oil (Alkhatib, Alyamani, Abdu, 2020), oleic acid 
(Barkat Ali, 2011; Gallelli, Cione, Serra, Leo, Ci-
traro, Matricardi, Di Meo, Bisceglia, Caroleo, Ba-
sile, Gallelli, 2020), tween 20 (Anarjan Tan, 2013; 
Khalid, Kobayashi, Neves, Uemura, Nakajima, 
Nabetani, 2016), tween 60 (Anarjan Tan, 2013; 
Hemati, Haghiralsadat, Yazdian, Jafari, Moradi, 
Malekpour-Dehkordi, 2019), and tween 80 (Liu, 
Kobayashi, Russo, Li, Plevy, Gambling, Carson, 
Mumper, 2013; Sedaghat Doost, Kassozi, Groo-
taert, Claeys, Dewettinck, Van Camp, Van der 
Meeren, 2019) have exhibited significant role for 
the establishment of various drug delivery systems. 
Moreover, the various food-grade excipients used 
in this study, including corn oil (Dupont, White, 
Carpenter, Schaefer, Meydani, Elson, Woods, Gor-
bach, 1990), coconut oil (Seneviratne, Hapuarach-
chI, Ekanayake, 2009), oleic acid (Sales-Campos, 
Reis de Souza, Crema Peghini, Santana da Silva, 
Ribeiro Cardoso, 2013), tween 20 (Teo, Goh, Wen, 
Oey, Ko, Kwak, Lee, 2016), tween 60 (Basiri, Ra-
jabzadeh, Bostan, 2017) and tween 80 (Chassaing, 
Koren, Goodrich, Poole, Srinivasan, Ley, Gewirtz, 
2015) have showed potential applications in food 
industries for the development and establishment 
of diverse food-products or by-products. There-
fore, it becomes necessary for the researchers to 
monitor the significant effects of food-grade ex-
cipients over quercetin, a potential natural antiox-
idant, to establish stable and high-quality pharma-
ceutical, nutraceutical and cosmeceutical products. 
The physicochemical properties of these excipients 
have been summarized in Table 1.
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Table 1. Physico-chemical properties and major applications 
of excipients used in the compatibility studies. (*NA: Not applicable).

Excipient Name Chemical Composition HLB Value Major applications 

Corn Oil

Palmittic acid, staeric 
acid, arachidic acid, 
oleic acid, α-linoleic 
acid, linoleic acid

NA*

• Used as oil base for the deve-
lopment of nano/micro-emul-
sions or self-emulsifying 
systems.

• Used in the development of 
food products.

Coconut Oil

Caprylic acid, myristic 
acid, capric acid, lauric 

acid, palmitic acid, 
linoleic acid, stearic 

acid, oleic acid

NA*

• Used as an oil base for the de-
velopment of nano/micro-emul-
sions or self-emulsifying 
systems.

• Used in food and cosmetic 
product development.

Oleic Acid Monounsaturated 
omega-9 fatty acid

1.6 (Barkat 
Ali, 2011)

• Antifoaming agent.
• Used as an emulsifier or solu-

bility enhancer.

Tween 20
(Polysorbate 20)

Polyoxyethylene 
sorbitan monolaurate

16.7 (Anarjan 
Tan, 2013)

• Non-ionic surfactant.
• Emulsifying agent.
• Used in formulating stable 

O/W emulsions.
• Used as blocking agent 

for membrane-based 
immunoassays.

Tween 60
(Polysorbate 60)

Polyoxyethylene 
sorbitan monostearate

14.9 (Anarjan 
Tan, 2013)

• Non-ionic surfactant.
• Emulsifying agent

Tween 80
(Polysorbate 80)

Polyoxyethylene 
sorbitan monooleate

15 (Liu, Kobayashi, 
Russo, Li, Plevy, 

Gambling, Carson, 
Mumper, 2013)

• Non-ionic surfactant.
• Used as an emulsifying agent 

in the development of pharma-
ceutical, cosmeceutical and 
food products.

The present work aims to evaluate the signifi-
cant effects of the selected excipients on Querce-
tin’s nanocomposite physicochemical properties. 
Initially, the solubility studies were done to eval-
uate drug solubility in the selected excipients. The 
excess precipitates collected after solubility studies 
were then evaluated using thermal (DSC and TGA), 
non-thermal (P-XRD, FT-IR and Raman spectros-
copy, and FESEM) methods as demonstrated in 
scheme 1. 

2. EXPERIMENTATION

2.1. Materials

Quercetin (QC), corn oil (CO), oleic Acid (OA) and 
tween 60 (T60) were procured from Sigma Aldrich 
chemicals, USA. Tween 20 (T20) was procured 
from Loba Chemie Pvt. Ltd., India. Tween 80 (T80) 

was procured from Rankem, India. Coconut oil 
(CCO) was obtained from the local market. Water 
was collected from the Milli-Q water distillation 
system (Millipore, MA). 

2.2. Methodology

2.2.1. Solubility studies

The solubility studies were accomplished through 
the shaking water bath method as reported in our 
previously reported work (Das, Verma, Singh, 
2020b). As per the method, an excess amount of 
pure QC ( ̴ 2 g) was added to the selected oils (CO, 
CCO and OA) and surfactants (T20, T60 and T80), 
and were placed in capped vials. Initially, vortexing 
of the capped vials was done for 5-15 min. Using 
a vortex mixture (REMI CM-101, India) for prop-
er blending of the drug-excipient system and later 
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on, the vials were placed in a shaking water bath 
(REMI RSB-12, India) at 37 ± 3 °C. The shaking 
was maintained till saturation and after that, the 
dispersions were transferred into the Eppendorf 
tubes. Then the eppendorf tubes were vortexed, 
centrifuged (Eppendorf AG, Germany) at 11,000 g 
for 20 minutes and finally were filtered using a 
0.45 μm membrane filter (Whatman, USA). Final-
ly, the samples were analyzed with the help of an 
ultraviolet-visible spectrophotometer (UV-1800, 
Shimadzu, Japan). After solubility analysis, all the 
samples (drug-excipient nanocomposites residues) 
were categorized into two groups; Group I: drug-
oil residues (QC-CO, and QC-OA) and Group  II: 
drug-surfactant residues (QC-T20, QC-T60 and 
QC‑T80), and further all the samples were intended 
for compatibility studies (Scheme 1).

2.2.2. Compatibility studies

The samples of group I and group II were rinsed 
with MilliQ water for complete removal of excipi-
ents and then centrifuged at 11,000g for 15 minutes. 
Later, all the samples were accumulated in steril-
ized and cleaned eppendorf tubes. These tubes were 
dehydrated and stored in the vacuum oven (NSW 
Pvt. Ltd., India), preserved at 45°C; 600 kPa, till 
further analysis. Moreover, the compatibility stud-
ies of Group I and Group II samples were performed 

using thermal (DSC and TGA) and non-thermal 
(P-XRD, FT-IR and RAMAN spectroscopy, and 
FESEM) methods. 

2.2.2.1. Thermal analysis

Thermal analysis of all the samples, including pure 
QC, Group I and Group II residues were character-
ized using DSC and TG studies. Both the thermal 
analyses (DSC-TG) were accomplished using a si-
multaneous thermal analyzer (NETZSCH STA 449 
F3 Jupiter, Germany). Initially, all the samples were 
weighed in a sterile DSC aluminum pan. Scanning 
of each sample was carried from ambient tempera-
ture to 500 °C with a 10 °C/min heating rate un-
der an inert atmosphere (presence of nitrogen). The 
melting point (°C) and percent (%) mass loss of the 
samples were estimated from the DSC/TG curves 
using Proteus Software. Furthermore, to avoid any 
polymorphic alterations in the samples, neither of 
additional actions including compression, tritura-
tion and melting were implemented.

2.2.2.2. Non-thermal analysis

Non-thermal analysis of all the samples, including 
pure QC, Group I and Group II residues were char-
acterized using P-XRD, FT-IR and Raman spec-
troscopy, and FESEM studies. 

Scheme 1. Schematic representation of steps involved in the procurement of Group I: drug-
oil residues (QC-CO, QC-CCO and QC-OA) and Group II: drug-surfactant residues (QC‑T20, 
QC-T60 and QC-T80) and their evaluation using thermal (DSC and TGA), non‑thermal 
(P-XRD, FT-IR and Raman spectroscopy, and FESEM) methods.
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P-XRD studies of each sample were carried out 
at room temperature (25 ± 2 °C) by using Rigaku 
Smart Lab diffractometer system (Miniflex 600, 
Tokyo, Japan), having radiation (k) = 1.5406Å. Cu 
Kα was used as a source for the production of X-ray 
beams having emission current and system voltage 
of 35 mA and 40 kV, respectively. The samples were 
scanned within a range of 2θ = 5° to 50° at a scan-
ning speed of 0.02°/sec (0.04° of step width and a 
count time of 60 sec.). The P-XRD patterns of each 
sample were refined and assessed using Smart Lab 
Guidance software. Furthermore, the mean particle 
size of the crystalline samples was estimated by 
calculating the FWHM and the Debye Scherrer’s 
equation (equation 1),

D =	 K λ	 (Eq.1)β cos θ

Where, D is the mean crystallite size, K is Scher-
rer’s constant (~0.94), λ is X-ray source wavelength 
(~0.154 nm), β is FWHM (full width at half max-
imum) of the most intense diffraction peak and θ 
is Bragg’s diffraction angle (Kamoun, Gassoumi, 
Kouass, Alhalaili, Vidu, Turki-Kamoun, 2020; Ra-
machandran, Dash, Thamilselvan, Kalpana, Sundar-
arajan, 2020; Tuncer, Bakan, Gocmez, Erdem, 2019).

FT-IR analysis of each sample was achieved us-
ing a Shimadzu 8400S FTIR spectrometer (Shimad-
zu, Japan). The spectra of each sample were noted in 
wavelength range of 4000-400 cm−1 having a spec-
tral resolution of 4 cm−1 and with a scan count of 35. 
All the studies were performed at room temperature 
(25 ± 2 °C). Furthermore, IR Solutions software 
(version 1.21) was used for background deduction, 
baseline rectification, spectra normalization, spectra 
recordings and other significant calculations.

Raman spectral analysis of each sample was 
performed (3 scans) and recorded on Renishaw Ra-
man Invia micro-Raman spectrophotometer at room 
temperature (25 ± 2 °C). Baseline correction and re-
cording of Raman spectrum intensities (peak height) 
were done through WiRE software (version 3.3).

Morphological analysis of all the samples, includ-
ing pure QC, Group I and Group II residues was done 
using FESEM (CARL ZEISS, Sigma 300, Germany) 
studies. The FESEM studies were performed at an 
accelerating voltage of 5 keV. Before analysis, each 
sample was mounted over the aluminum grid with 
the help of a double-sided adhesive tape, coated with 
gold and sputtered to make the grids charged and 
to achieve precise micrographs. The micrographs 

of each sample were acquired with a magnification 
range of 5.00 kX to 50.00 kX using FESEM control 
user interface (ZEISS SmartSEM Touch). 

3. RESULTS AND DISCUSSIONS

3.1. Solubility studies

In our previously published work, we have report-
ed the solubility of QC in some other excipients in-
cluding Capmul MCM, Capmul MCM NF, Capryol 
PGMC, Cremophor RH40, Cremophor ELP and 
Transcutol HP. In this work, we have summarized 
the result of solubility studies of QC in selective 
oils and surfactants in Fig. 2. All the samples were 
performed in triplicates (n=3). It was observed that 
both Group I: drug-oil residues (QC-CO, QC-CCO 
and QC-OA) and Group II: drug-surfactant residues 
(QC-T20, QC-T60 and QC-T80) samples exhibited 
no major changes in their respective absorbance 
(studies through UV-Vis spectroscopy) when com-
pared to pure QC. Furthermore, the solubility of QC 
in selective oils exhibited the pattern OA>CO>CCO 
and in selective surfactants followed the pattern 
T80>T60>T20. 

As per the results availed from the solubility 
studies, QC showed maximum solubility in OA (oil) 
and T80 (surfactant) with the values of 4.24±0.68 
and 76.30±1.90 mg/gm respectively. In previously 
reported works, it has been reported that although 
QC exhibits various pharmacological actions due 
to its solubility issues (poor aqueous soluble), its 
usage is restricted. Thus, these findings can assist 
researchers in exploring more QC by encapsulating 
into specific delivery systems including liposomes, 
emulsions, micelles, solid lipid nanoparticles and 
others (Das, Dubey, Verma, Singh, Singh, 2022; 
Kar S., Das, Kundu, Sahu, Kumar, Kesari, Singh, 
2024; Kar Sweta, Das, Singh, 2023) to improve sol-
ubility leading to improved therapeutic effects.

3.2. Compatibility studies

3.2.1. Thermal Analysis

3.2.1.1. DSC-TG

DSC-TG thermograms of the pure QC, group I 
and group II samples are illustrated and detailed 
in Fig.  3. Further, Table 2 represents the summa-
ry of onset temperature (Tonset) and peak transition 
temperature (Tpeak) for DSC curves of pure QC and 
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various drug-excipient residues. Also, onset tem-
perature (Tonset), endset temperature (Tendset) and per-
cent mass loss (% mass loss) for TG curves of pure 
QC and various drug-excipient residues have been 
detailed in Table 2. DSC curve of pure QC (Fig. 3a) 
presented a broad and weak peak at 105.4 °C due 
to moisture loss. Furthermore, a sharp endothermic 
and a weak exothermic peak at 322.2 °C (degrada-
tion/melting point) and 348.4 °C (decomposition of 
the compound) respectively were observed, earlier 
reported in our work. TG curve showed the deg-
radation events for pure QC within the range of 
77.6-372.3 °C ( ̴ % mass loss of 27.7%). Moreover, 
similar findings were reported in the published lit-
erature (Manta, Papakyriakopoulou, Chountoulesi, 
Diamantis, Spaneas, Vakali, Naziris, Chatziatha-
nasiadou, Andreadelis, Moschovou, Athanasiadou, 
Dallas, Rekkas, Demetzos, Colombo, Banella, 
Javornik, Plavec, Mavromoustakos, Tzakos, Val-
sami, 2020; Vaz, Clementino, Bidone, Villetti, 
Falkembach, Batista, Barros, Sonvico, Dora, 2020; 
Wang, Zou, Liu, Wang, Li, Shen, 2021).

The DSC curve of QC-CCO (Fig. 3c) and QC‑OA 
(Fig. 3d) exhibited similar peak patterns as that of 
pure drugs. The TG curve showed degradation 
events for QC-CCO and QC-OA within the range 
63.8‑401.1°C (mass loss of  ̴43%), and 89.4-381.6 °C 
(mass loss of  ̴33%) respectively. The DSC curve of 
QC-CO (Fig. 3b) presented a thick moisture peak at 
66.9 °C and multiple endothermic peaks at 281.8 °C, 
302.9 °C and 376.1 °C which represented irregular 
degradation pattern of QC, possibly due to some 
chemical interaction with CO. The TG curve showed 
multiple degradation events for QC-CO within the 
range 38.4-404.5°C (mass loss of  ̴ 57%). The DSC 
curve of QC-T20 (Fig. 3e) presented a peak at 70.4 °C 
(moisture loss) and a sharper endothermic peak at 
294.1 °C. Also, an exothermic and an endothermic 
peak was noticed at 321.1°C and 335.9°C respec-
tively. The DSC curve of QC‑T60 (Fig. 3f) exhibited 
broad peaks fragmented at 30.7 °C and 52.6 (insignif-
icant dehydration behavior). The curve exhibited two 
broad endothermic peaks (245.6 and 294.1 °C), and a 
weak endothermic peak (391.8 °C). 

Figure 2. Solubility of quercetin (mg/gm) in excipients 
(oils and surfactants).Each sample was performed in triplicate (n=3).

Compound
DSC Curves TG Curves Mass loss 

(%)Tonset (°C) Tpeak(°C) Tonset (°C) Tendset (°C)

Pure QC 297.6 322.2 77.6 372.3 27.7

QC-CO 267.1; 286.5 281.8; 302.9 38.4 404.5 57.2

QC-CCO 298.1 321.9 63.8 401.1 43.5

QC-OA 301.3 322.6 89.4 381.6 33.3

QC-T20 273.1 294.1 46.6 376.6 38.9

QC-T60 211.4; 254.2 245.6; 263.4 5.5 403.4 72.2

QC-T80 268.7 292.9 26.6 359.5 36.7

Table 2. Thermoanalytical data of pure quercetin and quercetin-excipient nanocomposites residues.
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Apart from this, an exothermic peak was ob-
served at 328.7 °C. In this case, the degradation 
and decomposition patterns were inappropriate 
when compared to the thermograms of pure QC. 
The DSC curve of QC-T80 (Fig. 3g) exhibited 
broad peak at 82.7 (moisture loss) and a sharp en-
dothermic peak at 292.9 °C (degradation) that was 
found to be shifted towards the left as compared 
to the DSC curve of pure QC (322.2 °C) Also, 
an exothermic peak was observed at 322.6 °C. 

The TG curve for QC-T20, QC-T60 and QC-T80 
showed product decomposition within the range 
46.6‑376.6  °C (mass loss of ̴ 38%), 5.5-403.4 °C 
(mass loss of ̴ 72%) and 26.6-359.5 °C (mass loss of 
̴ 36%) respectively. The DSC/TG curves of QC-CO 
and QC-T60 samples, as compared to other sam-
ples, showed the degradation and decomposition 
of QC in irregular behavior, and thus the excipient 
might have changed the nature of the drug from 
crystalline to amorphous.

Figure 3. DSC-TG curves of pure QC(a), Group I (drug-oil residues): QC-CO(b), QC-CCO(c), 
QC-OA(d) and Group II (drug-surfactant residues): QC-T20(e), QC-T60(f) and QC-T80(g).

3.2.2. Non-thermal analysis

3.2.2.1. P-XRD analysis

XRD diffractograms of the pure QC, group I and 
group II samples have been shown in Figure 4. In 
our previously published work, we have report-
ed 2Ɵ (degree) values for major intense peaks of 
pure QC. The X-ray patterns of pure QC (Fig. 4a) 
exhibited numerous discrete peaks at 2Ɵ (degree) 
values 10.44°, 14.12°, 17.92°, 24.14°, 26.41°, 28.27° 
and 30.51°, which shows the crystalline nature of 
the pure drug (QC). Moreover, these results were 
found to be identical to the reported literature (Dey, 
Ghosh, Giri, 2020; Kim, 2020; Shi, Fan, Zhang, 
Sun, He, Li, 2020).

The group I (Fig. 4(b-d)) and group II sam-
ples (Fig. 4(e-g)) also showed numerous discrete 
peaks which ensures that all the samples exhibited 
crystalline behavior as that of the pure drug. Most 
of the major peaks in pure QC (Fig. 4a) were re-
tained in group I and group II samples, however the 
peak intensity at 14.12° (pure QC) was reduced in 
QC-OA (Fig. 4b), QC-CCO (Fig. 4c) and QC-CO 
(Fig. 4d). In case of group I and group II samples, 
intensity of peak in pure QC (11.13°) got increased 
and shifted slightly to the higher side. Although the 
intensities of some peaks of the group I and group 
II samples were reduced, the crystalline nature of 
the drug was retained in all the samples. Further-
more, the size of the crystallites was estimated us-
ing Debye Scherrer’s equation, as mentioned above 
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in the methodology section, and the values have 
been reported in Table 3. The average particle size 
(Davg.) of the crystalline samples was within the 
range of 26.80 nm to 76.07 nm. From the results, 
it was observed that QC-CCO exhibited the lowest 
Davg. value (26.80 nm) and QC-T20 exhibited the 

highest Davg. value (76.07). In addition, other an-
alytical studies such as Dynamic Light Scattering 
(DLS) can be performed to support these findings 
to detect the effect of these excipients over the par-
ticle size and surface charge (zeta potential) of the 
crude drug. 

Figure 4. P-XRD diffractograms of pure QC(a), Group I (drug-oil residues): QC-OA(b), QC-CCO(c), 
QC-CO(d), and Group II (drug-surfactant residues): QC-T20(e), QC-T60(f) and QC-T80(g).

3.2.2.2. FT-IR interpretations

The possible intermolecular interactions between 
the drug and excipients could be efficiently deter-
mined with the help of FT-IR studies (Das, Verma, 
Singh, 2020b). The FT-IR spectrum of pure QC, 
Group I and Group II samples have been demon-
strated in Figs 5(a), 5(b-d) and 5(e-g) respective-
ly. The FT-IR spectrum of pure QC exhibited 
characteristic absorption peaks at 3447 cm−1 and 
3391 cm−1 (-OH phenolic stretch), 2925 cm−1 and 
2853 cm−1 (-CH stretch), 1657 cm−1 and 1600 cm−1 
(-C=O stretch), 1513 cm−1 and 1432 cm−1 (-C=C 

stretch), 1370 cm−1 (-OH phenolic bend), 1326 cm−1 
(-CH in-plane bending). The multiple peaks be-
tween 1265-1015 cm−1 were accredited to the –
(C‑O) and –(C-CO-C) stretch. Furthermore, the ab-
sorption bands at 930 cm−1, 826 cm−1 and 713 cm−1 
were accredited to –(CH) out-of-plane bending. 
Moreover, these results were found to be identical 
to the reported literature (Catauro, Papale, Bollino, 
Piccolella, Marciano, Nocera, Pacifico, 2015; Gup-
ta, Kumar, Gupta, Sharma, Verma, Stalin, Chaud-
hari, Das, Singh, Dwivedi, 2016; Han, Tong, Li, 
Yu, Hu, Zhang, Xu, Wang, 2021; Lv, Qi, Zou, Zou, 
Luo, Shao, Tamer, 2019). 
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Figure 5. FT-IR spectra of pure QC(a), Group I (drug-oil residues): QC-CO(b), QC-CCO(c), 
QC-OA(d) and Group II (drug-surfactant residues): QC-T20(e), QC-T60(f) and QC-T80(g).

In QC-CO (Fig. 5b), QC-OA (Fig. 5d), QC-T20 
(Fig. 5e), QC-T60 (Fig. 5f) and QC-T80 (Fig. 5g) 
the band intensity between 1744-1726 cm−1 attribut-
ed to carbonyl (–C=O) stretching was increased, 
however, this band was not prominent in pure 
QC (Fig. 5a) due to very less intensity. Moreover, 

the band peaks at 2925 cm−1 and 2853 cm−1 (-CH 
stretching) of the pure QC was not prominent in 
QC-T20 (Fig. 5e) and QC-T80 (Fig. 5g). Fig. 5(b‑g) 
demonstrated that the majority of the distinctive 
peaks of the pure drug (QC) were retained in both 
Group I and II samples. 

Sample 
Name

2Ɵ 
(deg*)

Ɵ 
(deg*)

FWHM(β) 
(deg*)

FWHM(β) 
(rad#) rad# cos (rad#) Davg. 

(nm)

Pure QC 14.12 7.06 0.280 0.005 0.123 0.992 28.62

QC-OA 12.4 6.20 0.263 0.005 0.108 0.994 30.39

QC-CCO 12.38 6.19 0.298 0.005 0.108 0.994 26.80

QC-CO 12.4 6.20 0.232 0.004 0.108 0.994 34.49

QC-T20 8.69 4.35 0.105 0.002 0.076 0.997 76.07

QC-T60 8.7 4.35 0.150 0.003 0.076 0.997 53.10

QC-T80 9.54 4.77 0.153 0.003 0.083 0.997 51.95

Table 3. XRD crystallographic data of pure quercetin 
and quercetin-excipient residues (#rad: radians; *deg: degree).
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3.2.2.3. Raman spectroscopy 
interpretations

Raman spectroscopy is widely used for determining 
the drug-excipient interactions and characterizing 
the physicochemical properties of pharmaceutical 
compounds or complex formations. Additionally, 

as compared to FT-IR or IR spectroscopy, Raman 
spectroscopy is not obstructed by moisture or wa-
ter (Das, Verma, Singh, 2020b; Santos, Gerbino, 
Tymczyszyn, Gomez-Zavaglia, 2015). The Raman 
spectrum of pure QC, Group I and Group II sam-
ples have been demonstrated in Figs 6(a), 6(b-d) and 
6(e‑g) respectively.

Figure 6. Raman spectra of pure QC(a), Group I (drug-oil residues): QC-CO(b), QC-CCO(c), 
QC-OA(d) and Group II (drug-surfactant residues): QC-T20(e), QC-T60(f) and QC-T80(g).

The Raman spectrum of pure QC, earlier report-
ed in our work, exhibited the most intense band (dou-
blet) at 1619 cm−1 and 1612 cm−1 (C2=C3 stretching 
in ring C and C3/C5-OH in-plane bending). Addi-
tionally, pure QC exhibited some other characteris-
tic bands at 1592 cm−1 and 1554 cm−1 (C=O stretch, 
ring B -(C-C) stretch; ring A –(C5‑OH) stretch), 
1447  cm−1 (C7-OH bend and C6-C8-H bend), 
1429  cm−1 (C3/C5-OH bend), 1383  cm−1 (ring A 
-(C3/C5/C7-OH) bend), 1317 cm−1 (ring C –(C3‑OH) 
bend or ring B –(C3′-OH) bend), 1189 cm−1 (C3′-O 
bend), 1123 cm−1 (C3-OH, C3′/C4′-OH and C-C-H 
bend), 842 cm−1 (C-C and C-H stretch), 603 cm−1 and 
523 cm−1 (ring B-C stretch). Also, some less intense 
bands were noticed at 1655  cm−1 (C4=O stretch), 
1514 cm−1 (ring A –(C-C) stretch), 1330 cm−1 (ring 
C –(C3-OH) bend), 1224 cm−1 and 1206 cm−1 (ring B 
–(C4′-OH) bend). These findings were found to be 
similar to the earlier reported works (Das, Verma, 
Singh, 2020b; Qiao, Cao, Yu, Zong, Pu, 2020; Shi, 
Fan, Zhang, Sun, He, Li, 2020). 

Although most of the bands of pure QC 
(Fig. 6a) were retained in both Group I and II sam-
ples (Fig. 6b-g), some irregularities in bands were 
observed. The bands of pure QC at 1429  cm−1, 
1383 cm−1 and 1189 cm−1 corresponding to C3/C5‑OH 
bend, ring A –(C3/C5/C7-OH) bend and C3′-O 
bend, respectively were shifted to lower frequen-
cies in all other samples (represented through red 
dotted lines in Fig. 6). Also, the band intensity of 
pure QC at 1330 cm−1 (ring C –(C3-OH) bend) was 
increased in all samples. However, the band inten-
sity of pure QC at 1514 cm−1 (ring A –(C-C) stretch) 
was decreased in all samples and even disappeared 
in QC‑T80 (Fig. 6i). The occurrence of band shift-
ing and alterations in band intensities could be due 
to intermolecular hydrogen bonding (C7-OH) or 
interactions of excipients with the hydroxy groups 
(-OH) present in QC molecule (Baranovic Segota, 
2018; Borghetti, Lula, Sinisterra, Bassani, 2009; 
Dimitric Markovic, Markovic, Milenkovic, Jer-
emic, 2011; Zdyb Krawczyk, 2016). 
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3.2.2.4. Morphological Analysis: FESEM

FESEM technique is highly applicable for visualiz-
ing very small (in the nanometer range) topograph-
ic particulars over the surface or whole or fraction 
of samples. The FESEM micrograph of pure QC 
(Fig.7a) exhibited a systematic rough crystal habit 
with a long cylindrical flake appearance. Similar 

findings for pure QC were reported in earlier lit-
erature (Das, Verma, Singh, 2020b; Han, Tong, Li, 
Yu, Hu, Zhang, Xu, Wang, 2021; Kakran, Shegokar, 
Sahoo, Shaal, Li, Muller, 2012; Li Y., Gao, Ji, Liu, 
Liu, Yang, Lu, Han, Wang, 2020). The FESEM mi-
crostructures of pure QC, Group I and Group II 
samples have been represented in Fig. 7(a), 7(b-d) 
and 7(e-g) respectively.

Figure 7. FESEM micrographs of pure QC(a), Group I (drug-oil residues): QC-CO(b), QC-CCO(c), 
QC-OA(d) and Group II (drug-surfactant residues): QC-T20(e), QC-T60(f) and QC-T80(g).

In group I samples, the micrograph of QT-
CO (Fig. 7b) exhibited similar patterns to pure 
QC, though the surface of crystals was smoothed 
(red arrows). In the case of QT-CCO (Fig. 7c) and 
QT-OA (Fig. 7d), the surface of drug crystals 
was smoothed (red arrows) and agglomerated, 
also the particles were found to be in a dissolved 
state (red dotted circles). In group II samples, 
the micrographs of QC-T20 (Fig. 7e), QC-T60 
(Fig. 7f) and QC-T80 (Fig. 7g) exhibited a simi-
lar crystal pattern as that of a pure drug (Fig. 7a). 
Moreover, the surface of crystals was smoothed 

(red arrows) and also fragmentation of particles 
(red dotted circles) was noticed in all the three 
samples. However, in the case of QC-T60 high 
level of crystal fragmentation was observed as 
compared QC-T20 and QC-T60. Overall, all the 
samples exhibited similar crystal habits as that 
of pure QC but surface smoothening, agglomera-
tion and fragmentation were observed in samples. 
This shows that the presence of excipient might 
impart a significant impact over the crystal lat-
tice of pure drug and thus affect the solubility 
and bioavailability of QC.
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4. CONCLUSIONS

In this work, the compatibility and stability of pure 
quercetin with various food-grade excipients (CCO, 
CO, OA, T20, T60 and T80) were studied through 
thermal (DSC and TGA), non-thermal (P-XRD, FT‑IR 
and Raman spectroscopy, and FESEM) methods of 
analysis. All the methods were found to be effective 
and reliable for performing the compatibility stud-
ies of pure QC and QC-excipient residues. DSC‑TG 
studies showed that as compared to other excipients, 
CO and T60 exhibited irregular degradation pat-
terns and thus extremely affected the properties of 
the drug leading to transformations from crystalline 
to amorphous nature. P-XRD results showed that the 
peak intensities of some samples were reduced and 
shifted but the crystalline behavior of QC was re-
tained in all the samples. Also, the values of Davg. of 
the crystalline samples were found to be in the range 
of 16.85-76.07 nm, using Debye Scherrer’s equation. 
FTIR interpretations showed that major of the peaks 
(fingerprint regions) were retained in all the samples, 
however, the band intensity between 1744-1726 cm−1 
was increased in almost all samples, probably due to 
–C=O stretching. RAMAN interpretations showed 
that the band intensity of pure QC at 1330 cm−1 (ring 
C –(C3-OH) bend) was increased in all samples. How-
ever, the band intensity of pure QC at 1514 cm−1 (C-C 
stretching of ring A) was decreased in all samples and 
even disappeared in QC-T80. These results conclude 
that –C=O stretch, ring A –(C-C) and -OH bonds can 
play a significant role in maintaining the stability of 
QC. Additionally, the FESEM micrographs concluded 
that the presence of excipients might show significant 
influence over the crystal lattice of QC, thus influenc-
ing its solubility and bioavailability.

These studies are found to be important and play 
a vital role in product development because phase 
transitions resulting from drug-excipient interac-
tions might cause significant alterations in the phys-
icochemical properties of the drug. Moreover, these 
physicochemical properties can act as an important 
source for researchers and manufacturers to accom-
plish in-process control in the development of phar-
maceutical, cosmeceutical and nutraceutical products.
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