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Abstract: The goal of this investigation was to determine the effectiveness of hydrophilic polymers in
preparing a solid dispersion to enhance the solubility and dissolution of poorly water-soluble drugs,
such as curcumin. In order to prepare the solid dispersion, curcumin was uniformly distributed in
the polymeric matrix of polyethylene glycol (PEG 6000), hydroxypropyl methyl cellulose (HPMC
E5), polyvinyl pyrrolidine (PVP K30), and bovine serum albumin (BSA) using the kneading and
solvent evaporation methods. The developed dispersion formulations were characterized for solu-
bility, dissolution, Fourier transform infrared (FTIR), X-ray diffractometry (XRD), scanning electron
microscopy (SEM), and differential scanning calorimetry (DSC). Attaining enhanced physical stability
with solubility is crucial in the selection of suitable polymer types and ratios. The optimized HPMC
E5 and PVP based dispersion displayed 4.3 and 2.8 times greater solubility compared to the pure
drug, respectively. The SEM also showed the optimized HPMC-based dispersion was smoother in
comparison to the PVP-based dispersion. The XRD and DSC validated the successful modification
of the crystal structure of curcumin resulting in the enhancement of its solubility and dissolution.
In conclusion, the HPMC E5 formulation was the optimal candidate to create solid amorphous
dispersions of curcumin, which might be employed as an effective delivery system.

Keywords: curcumin; solid dispersion; polymers; solubility; dissolution

1. Introduction

The most crucial physicochemical factor influencing bioavailability is solubility. Recent
advancements in drug discovery approaches have resulted in a growing number of drugs
with limited aqueous solubility. According to one estimate, nearly forty percent of the
marketed drugs exhibit poor solubility [1]. For this purpose, overcoming poor aqueous
solubility remains among the most researched areas. In an attempt to resolve this issue,
numerous strategies including the size reduction, salt formation, vesicular delivery, and
solid dispersion have been employed [2]. Amongst these, solid dispersion is an effective
strategy, as uniformly dispersing an active constituent in an inert matrix, as well as the
amorphous state of the active constituent, facilitate transient drug solubilization [3].

As carriers, hydrophilic polymers are well known for essentially improving the solu-
bility of hydrophobic drugs. The role of these carriers is to add stability and solubility and
significantly alter the rate of dissolution. Even though a number of polymers have shown
their efficacy in increasing solubility, the efficiency of solid dispersion is heavily dependent
on the carrier used [4]. Hence, the effects of the incorporation of bovine serum albumin
(BSA), PEG 6000, HPMC E5, and PVP K30 were studied in this investigation. The choice
of polymers was made based on their safety, efficacy, and accessibility. All the polymers
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included in the study were generally recommended as safe (Grass), approved by the Food
and Drug Administration (FDA), and easily available.

As the most common protein, BSA has been regarded as soluble, biocompatible, and
an extremely stable excipient. The unique capacity of albumin to produce reversible ligand
complexes is primarily responsible for its solubility enhancing characteristics [5]. Ligands
are typically attached at two binding sites predominantly through both electrostatic and
hydrophobic bonds. Furthermore, the presence of positive charge on these sites also
facilitates anionic bonding [6]. Depending upon the wettability, both polyethylene glycols
and HPMC also aid in improving the solubility of numerous ligands; however, the main
reason behind the higher dissolution and prolonged super saturation of these dispersion
formulations is the shift to an amorphous state and crystallization inhibition [7–9]. Similarly,
for polymers such as PVP, the drug loses it crystal structure and changes to an amorphous
state; however, the concentration of the carrier is decisive in this aspect [10]. Hence, several
different concentration ratios of polymers were optimized. Apart from the aforementioned
mechanisms, decreasing the overall size distribution also accounts for improved solubility.
Even though size reduction can be acquired through different solid dispersion techniques,
the aim of improving dissolution is not achieved by this alone, since dissolution involves
an interplay between the amorphous state and size [11,12].

Curcumin, a lipophilic polyphenol drug obtained from the plant curcuma longa, has
been employed for centuries for its anti-inflammatory, antibacterial, antioxidant, anticancer,
and hypoglycemic effects. Despite the versatile applicability of curcumin, its poor aqueous
solubility imparts numerous limitations in its clinical advancement [13].

In this investigation, different solid dispersion formulations of curcumin and hy-
drophilic polymers were formulated by kneading and solvent evaporation. Both methods
were selected due to their simplicity, cost effectiveness, and ease of scalability. In addition
to polymer selection, the polymer ratio is also a significant aspect of solid dispersion that
can affect the solubility and stability of the curcumin. Therefore, the solubility, crystallinity,
thermal behavior, and release of the solid dispersion were examined in accordance with
the type and amount of the polymeric matrix, which to our knowledge has not been
investigated before.

Hence, the purpose of the study was to develop and explore the effect of PEG 6000,
HPMC E5, PVP K30, and BSA-based curcumin solid dispersion formulation in enhancing
the solubility and dissolution of poorly soluble curcumin. Depending on the type of
polymer kneading and solvent evaporation, the techniques were combined with an amount
of the polymeric carrier, and the physicochemical properties of the prepared formulations
were evaluated using scanning electron microscopy (SEM), Fourier transform infrared
(FTIR), differential scanning calorimetry (DSC), and X-ray powder diffraction (XRD).

2. Materials and Methods
2.1. Materials

Curcumin (≥95% curcuminoids) was purchased from Natural Remedies Pvt Limited,
Bangalore, India. Bovine serum albumin (BSA), polyethylene glycol 6000 (PEG 6000),
hydroxypropylmethyl cellulose E5 (HPMC E5), and polyvinylpyrrolidone K 30 (PVP
K30), were supplied by ISP Technologies Inc. Wayne, NJ, USA). The materials were used
as received.

2.2. Preparation of Solid Dispersions

As indicated in Table 1, the solid dispersion of curcumin and different hydrophilic
polymers, namely BSA, PEG 6000, HPMC E5, and PVP K30, were synthesized in the
following weight ratios of 1:0, 1:1, 1:2, 1:4, and 1:8. Overall, two techniques were employed
in order to form the dispersions.
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Table 1. Curcumin and carriers (PEG 6000, HPMC E5, PVP K30, and BSA) at different ratios.

Code CUR: Polymer Ratio

CUR CUR: No Polymer (1.0:0.0)

CUR: PEG 6000 1:1 CUR: PEG 6000 (1.0:1.0)

CUR: PEG 6000 1:2 CUR: PEG 6000 (1.0:2.0)

CUR: PEG 6000 1:4 CUR: PEG 6000 (1.0:4.0)

CUR: PEG 6000 1:8 CUR: PEG 6000 (1.0:8.0)

CUR: HPMC E5 1:1 CUR: HPMC E5 (1.0:1.0)

CUR: HPMC E5 1:2 CUR: HPMC E5 (1.0:2.0)

CUR: HPMC E5 1:4 CUR: HPMC E5 (1.0:4.0)

CUR: HPMC E5 1:8 CUR: HPMC -E5 (1.0:8.0)

CUR: PVP K30 1:1 CUR: PVP K30 (1.0:1.0)

CUR: PVP K30 1:2 CUR: PVP K30 (1.0:2.0)

CUR: PVP K30 1:4 CUR: PVP K30 (1.0:4.0)

CUR: PVP K30 1:8 CUR: PVP K30 (1.0:8.0)

CUR: BSA 1:1 CUR: BSA (1.0:1.0)

CUR: BSA 1:2 CUR: BSA (1.0:2.0)

CUR: BSA 1:4 CUR: BSA (1.0:4.0)

CUR: BSA 1:8 CUR: BSA (1.0:8.0)

The kneading method consisted of mixing the accurately weighed drug and polymers
followed by kneading in a pestle and mortar for 60 min. The solvent mixture used for
kneading was ethanol and water (1:1). The kneaded mixture was dried in an oven at 45 ◦C
for twenty-four hours, then crushed, sieved, and stored.

For solvent evaporation, both curcumin and the polymers were individually dissolved
in ethanol and water, respectively. With the aid of a magnetic stirrer, both solutions were
thoroughly stirred on a hot plate for approximately fifteen minutes. In order to evaporate
the solvent, the resultant mixture was first placed in a rotary evaporator, followed by a hot
air oven for twenty-four hours. The obtained dried mass was crushed, sieved, and stored
for further application.

2.3. Solubility Study

In order to check the solubility, a surplus amount of the drug and solid dispersions was
added to distilled water (10 mL) and mixed for approximately 3 min using a vortex mixer.
After mixing, all the samples were placed in shaking water at 25 ◦C ± 2 ◦C and 120 rpm for
3 days. The obtained supernatant was then filtered using a 0.45 µm membrane filter and
analyzed spectrophotometrically (UV-1700, Shimadzu, Japan) [14]. Each experiment was
conducted thrice.

2.4. In Vitro Dissolution Studies

For the dissolution studies, a USP apparatus II or paddle method (PTWS 3CE, Phar-
matest, Germany) was employed with dissolution media consisting of water and a paddle
moving at a velocity of 100 rpm. The temperature of the dissolution media was maintained
at 37.0 ± 0.5 ◦C. Each vessel contained an equal amount of the drug (10 mg) and was
sampled (5 mL) at intervals of 5, 10, 20, 30, 40, 50, and 60 min. Each sample was then
filtered and analyzed using a UV spectrophotometer (UV-1700, Shimadzu, Japan) at a
wavelength of 370 nm. Furthermore, in order to maintain sink conditions, each sample
taken was then substituted with an equal amount of the dissolution media [15].
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2.5. Scanning Electron Microscopy (SEM)

The surface morphology of both the drug and solid dispersions was observed using
scanning electron microscopy (JSM-6480, Tokyo, Japan). Prior to imaging, each sample was
stammered in gold coating.

2.6. Fourier Transform Infrared Spectroscopy (FTIR)

Both the drug and solid dispersion were analyzed by means of a potassium bromide
disk (BRUKER-Tensor II-ALPHA, Bremen, Germany) starting from 400 to 4000 cm−1 for
probable suggestions regarding the structure and functional groups.

2.7. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was measured using a Universal V4.2E TA Instru-
ments (Newcastle, DE, USA). Each sample, consisting of 3 to 10 mg of curcumin, was placed
in an aluminum pan and analyzed from 20 to 400 ◦C under nitrogen flow at a velocity of
10 ◦C/min.

2.8. Powder X-ray Diffraction Study (XRD)

To access the structural information of the solid dispersion, an X-ray diffractometer
(Bruker D-8 Advance, Germany) equipped with a graphite monochromator and Cu-Kα

radiation was used. Each sample was scanned over an array of 5 to 80◦ at a rate of 5◦/min
followed by additions of 0.05◦ at 40 KV and a 30 mA current.

2.9. Statistical Analysis

The data were displayed as the mean ± S.D. All statistical calculations were carried
out using SPSS version 20. IBM, Chicago, IL, USA.

3. Results and Discussion
3.1. Solubility Studies

The solubility statistics of CUR and its solid dispersions are exhibited in Figure 1. The
incorporation of the hydrophilic polymers resulted in a substantial increase in the solubi-
lization [16]. Overall, the addition of the HPMC E5 resulted in superior solubility closely
followed by the PVP K30. Meanwhile, the BSA and PEG 6000 presented comparatively
reduced solubility values even at higher concentrations (1:8) [17]. These findings confirm
the selection of a polymer to be a key element in enhancing the solubility. Consequently,
only HPMC E5 and PVP K30 were selected for further investigation. Typically, an increase
in the proportion of a hydrophilic polymer is capable of enhancing the solubility of a solid
dispersion; however, in this investigation, the degree of solubility ameliorated only up to
the ratio of 1:4 (drug:polymer), and any additional increase in polymer did not demonstrate
any higher solubility. Thus, the drug polymer solid dispersions at a ratio of 1:8 were not
included in further investigations. Although the amorphous form of HPMC E5 and PVP
K30 polymer-based dispersions is the primary mechanism for improved solubilization, the
inclusion of both hydroxyl and ether groups in the structural makeup of HPMC might have
resulted in further enhanced drug solubility [18,19].

3.2. In Vitro Dissolution Study

The in vitro dissolution kinetics of both the curcumin and prepared HPMC E5 and
PVP K30 solid dispersion are displayed in Figure 2. In comparison to the pure drug, the
rate of the dissolution of curcumin with HPMC E5 and PVP K30 indicated a prominent
increase in the dissolution up to approximately 72 and 57%, respectively, at 60 min. This
was attributed to the improved wettability as well as the dispersibility potential of the CUR
in the solid dispersion prepared by the hydrophilic polymers. The hydrophilic polymers
involved in preparing the dispersion formulations help to increase the wettability and
decrease the surface tension between the lipophilic drug and dissolution medium [20,21]. In
terms of the polymer, the HPMC E5-based dispersions presented higher rates of dissolution
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in comparison to the PVP K30. For the HPMC E5-based dispersion, the main reason for its
enhanced dissolution was assumed to be the crystal inhibition capability of HPMC; since
HPMC, in contrast to PVP, is a stronger precipitation inhibitor, it explains the superior rate
of dissolution [19,22]. Furthermore, since an increase in the hydrophilic polymer resulted
in an increase in the dissolution, the drug/polymer ratios of 1:2 and 1:4 were chosen for
subsequent study. Similarly, the techniques used for the preparation of the solid dispersion
also affected the dissolution rate. In this regard, the dissolution rate of the CUR dispersed
in the PVP K30 matrix by kneading and in the HPMC E5 matrix by the solvent evaporation
techniques was found to be higher.
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3.3. Scanning Electron Microscopy (SEM)

SEM images of the curcumin powder and its solid dispersions with HPMC E5 and PVP
K30 are presented in Figure 3A,B. The CUR exhibited flat broken particles with an irregular
shape, while the pure HPMC appeared as cylindrical-shaped particles (Figure 3(Ab)),
and the PVP consisted of spheres with concave depressions (Figure 3(Bb)). For the solid
dispersions, the CUR was found to be dispersed as well as deposited on the surface of
the hydrophilic polymers. Moreover, the possibility of the disappearance of the original
structure of the CUR in these dispersions also confirmed the change in structure. In
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addition, the smoother surface of the HPMC-based dispersions in comparison to the PVP
was also suggestive of its higher solubility.

Crystals 2022, 12, x FOR PEER REVIEW 7 of 14 
 

 

 
(A) 

 
(B) 

Figure 3. (A). SEM images of pure curcumin (a), HPMC E5 (b), CUR:HPMC E5 1:2 KN (c), CUR: 

HPMC E5 1:4 KN (d), CUR:HPMC E5 1:2 SE (e), and CUR: HPMC E5 1:4 SE (f). (B). SEM images of 
Figure 3. (A). SEM images of pure curcumin (a), HPMC E5 (b), CUR:HPMC E5 1:2 KN (c), CUR:
HPMC E5 1:4 KN (d), CUR:HPMC E5 1:2 SE (e), and CUR: HPMC E5 1:4 SE (f). (B). SEM images of
pure curcumin (a), PVP K30 (b), CUR:PVP K30 1:2 KN (c), CUR:PVP K30 1:4 KN (d), CUR:PVP K30
1:2 SE (e), and CUR:PVP K30 1:4 SE (f).



Crystals 2022, 12, 1606 7 of 12

3.4. FTIR

Figure 4A,B illustrates the FTIR spectra of the curcumin and its solid dispersions with
HPMC E5 and PVP K30, respectively. The FTIR spectra of curcumin was found to be in
accordance with previous studies [23–25]. The prominent spectrum of curcumin was as
follows: 3589, 1608, and 1259 cm−1. Generally, the stretching region of the hydroxyl group,
O–H was shown at the band range of 3200–3600 cm−1. The band for the carbonyl group
(C=O) appeared at the band range of 1620–1650 cm−1. The sharp peak was noticed for the
carbonyl group in curcumin at 1608 cm−1.
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(f) CUR:PVP K30 1:4 SE.

The spectrum of the pure HPMC E5 showed the characteristic broad absorption band
of the O–H group, which was evident in the range of 3100–3600 cm−1. This was in good
agreement with the published data on the polymer. The FTIR spectrum of the HPMC
E5, shown in Figure 4b, displayed characteristics peaks at 3505, 1525, and 1076 cm−1,
revealing the presence of the hydroxyl group (OH) stretching, the vibration of the hydroxyl
group (OH), and the C–O group stretching, respectively. The spectrum of HPMC E5 was
confirmed through a literature study performed by Akhlaq et al. [26,27].
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There were shift wave numbers of -OH stretching at 3568, 3566, 3574, and 3593 cm−1

for the solid dispersion at 1:2 and 1:4 ratios, respectively. These wavelength shifts were
still within the range of O-H. Moreover, the shift wave numbers of the C=O group of solid
dispersion 1:2 and 1:4 (KN and SE methods) were at 1604 cm−1, 1610 cm−1, 1625 cm−1,
and 1629 cm−1, respectively.

The FTIR spectrum of the pure PVP K30 produced a characteristic absorption band
at 1660 cm−1, which can be attributed to the carbonyl group. The very broad band at
3568 cm−1 was due to the O-H stretching vibrations of the absorbed water. The PVP K30
exhibited an obvious absorption peak near 1273 cm−1, which belonged to the O-H in-plane
bending vibration. The spectrum of the PVP K30 was confirmed through literature studies
performed by Gamal and Ramy (2014) [28,29].

For the SD of the drug with PVP K30, the infrared spectra of the solid dispersions
clearly showed the absorption bands, illustrating the presence of curcumin and PVP K30
(Figure 4B(c–f)). There were shift wave numbers of O-H stretching at 3641, 3657, 3678, and
3620 cm−1 for the solid dispersion at the 1:2 and 1:4 ratios, respectively. This wavelength
shift was still within the range of O-H. Moreover, the shift wave numbers of the C=O group
of the solid dispersion 1:2 and 1:4 (KN and SE methods) were at 1616 cm−1, 1639 cm−1,
1629 cm−1, and 1610 cm−1, respectively.

Thus, there was no new functional group observed, which indicated no chemical
interaction occurred between the curcumin, HPMC E5, and PVP K30 in the solid dispersion
at all ratios. This result was anticipated, since the preparation of the solid dispersion was
not to produce a new substance but to modify the physicochemical properties [30].

3.5. Differential Scanning Calorimetry

The DSC curves were obtained to confirm the effect of the temperature on the cur-
cumin formulations. The DSC of the pure curcumin displayed a single endothermic peak
at 188 ◦C with an enthalpy of fusion of 103.5 J/g analogous to the melting point of cur-
cumin. The HPMC E5 showed an endothermic peak at 88 ◦C (Figure 5(Ab)), while the
PVP K30 (Figure 4(Bb)) exhibited two endothermic peaks at 114 and 139 ◦C. The DSC
curves of the curcumin and polymers were in agreement with the previously published
studies [23,31–33]. In terms of the thermal behavior, both the HPMC E5- and PVP K30-
based dispersions overall revealed an endothermic peak of curcumin but with a decline in
the intensity of peaks, a reduction in enthalpy from 103.5 to 6.10 J/g, as well as shifting
of the melting temperature away from the characteristic curcumin peak signifying the
presence of the drug in amorphous form. The intensity of the characteristic peaks obtained
for the HPMC-based dispersion from the solvent evaporation method (Figure 5(Ae,f))
and the PVP-based dispersions from the kneading method (Figure 5(Bc,d)) was markedly
reduced with CUR:PVP 1:4 KN and CUR:HPMC 1:4 SE (Figure 5(A,Bd)) exclusive of any
peak, confirming the uniform distribution as well as the fully amorphous state of curcumin
in the polymeric matrix.

3.6. X-ray Diffraction

The XRD patterns were obtained to validate the molecular structure of the curcumin in
the HPMC/PVP-based dispersions (Figure 6A,B). The pure curcumin exhibited a diffraction
pattern with characteristic sharp peaks between 7 and 27◦ at a value of 2θ implying the
existence of curcumin in crystalline form [24,34]. Meanwhile, the HPMC E5 (Figure 6(Ab))
and PVP K30 (Figure 6(Bb)), being highly amorphous, presented no such peaks [35].
Similarly, the diffractograms of the solid dispersions also displayed a pattern without
any sharp peaks of curcumin confirming the ability of the HPMC- and PVP-based solid
dispersion to change the crystallinity of the curcumin to a slightly crystalline or amorphous
state. Moreover, it is also notable that the sharpness of the peaks declined upon increasing
the CUR–polymer ratio from 1:2 to 1:4 resulting in a more amorphous and less crystalline
lattice. Based on the polymer, this modification from crystalline to amorphous form is a
major component in increasing the solubility as well as the dissolution. These findings also
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confirm the effectiveness of the kneading and solvent evaporation methods in enhancing
the solubility by changing the crystal structure of curcumin to an amorphous form.
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[35]. Similarly, the diffractograms of the solid dispersions also displayed a pattern without 

Figure 5. (A). DSC curves of (a) pure curcumin, (b) HPMC E5, (c) CUR:HPMC E5 1:2KN,
(d) CUR:HPMC E5 1:4 KN, (e) CUR:HPMC E5 1:2 SE, and (f) CUR: HPMC E5 1:4 SE. (B). DSC
curves of (a) pure curcumin, (b) PVP K30, (c) CUR:PVP K30 1:2 KN, (d) CUR:PVP K30 1:4 KN,
(e) CUR:PVP K30 1:2 SE, and (f) CUR:PVP K30 1:4 SE.
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Figure 6. (A). Diffractograms of (a) pure curcumin, (b) HPMC E5, (c) CUR:HPMC E5 1:2 KN, (d) CUR:
HPMC 1:4 KN, (e) CUR:HPMC 1:2 SE, and (f) CUR: HPMC 1:4 SE. (B). Diffractograms of (a) pure
curcumin, (b) PVP K30, (c) CUR:PVP K30 1:2 KN, (d) CUR:PVP K30 1:4 KN, (e) CUR:PVP K30 1:2 SE,
and (f) CUR:PVP K30 1:4 SE.

4. Conclusions

As evidenced by the findings of the physicochemical evaluations, the solid-state
amorphous dispersions consisting of curcumin and hydrophilic polymers, including HPMC
E5 and PVP K30, for enhancing the solubility of curcumin were successfully developed. In
addition to the type, the ratio of the hydrophilic polymers and the method of preparation
also markedly affected the overall solubility, rate of dissolution, and physicochemical
evaluations. In particular, the CUR: HPMC E5 (1:4 SE) and CUR: PVP K30 (1:4 KN)
exhibited higher solubility and dissolution.
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