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Indomethacin (IND) is a non-steroidal 
antiinflammatory agent with antiinflammatory, 
analgesic and antipyretic activity. Its pharmacological 
effect is thought to be mediated through the inhibition 
of the enzyme cyclooxygenase (COX), which is 
responsible for catalysing the rate-limiting step 
in prostaglandin synthesis[1,2]. However, IND is 
relatively versatile, and further studies have pointed 
to the potential use in cancer prevention therapy. 
Some studies have reported activity on melanoma 
and non-melanoma skin cancers in animal and  
in vitro studies[3]. Clinical studies have found that 
topical or oral non-steroidal antiinflammatory drugs 
may lead to the regression of skin neoplasms[4]. A 
recent work reported that prostaglandin E2 (PGE2) 
is secreted by resistant tumour cells and inhibition of 
PGE2 production by IND eliminated the macrophage 
suppression factor from the supernatant and sensitized 
resistant tumour cells to macrophage cytotoxicity[5]. 
This study emphasized the important role of tumour-
secreted PGE2 in escaping macrophage surveillance, 
and justifies the use of COX inhibitors as an adjuvant 
for improving tumour immunotherapy.

IND is classified as class II due to its poor solubility and 
high permeability[6]. According to the Biopharmaceutics 

Classification System, a drug compound is poorly 
soluble if the highest dose strength is not soluble in 
250 ml aqueous media over the pH range at 37°[7]. 
Over 40 % of active pharmaceutical ingredients in 
development pipelines are poorly water-soluble drugs, 
which limit the formulation approaches and their 
clinical application and marketability due to their low 
dissolution and bioavailability[8].

Various formulation techniques have been developed 
to enhance the water solubility of IND, such as salt 
formation[9], microemulsions[10], nanosuspensions[11], 
polymeric micelles[12], nanoemulsions[13], 
microspheres[14], particle size reduction[15], 
cyclodextrins[16], prodrug formation[17], solid-lipid 
nanoparticle[18] and solid dispersion, which is considered 
one of the most successful strategies to improve the 
dissolution profile of poorly soluble drugs. The term 
solid dispersion refers to the dispersion of one or more 
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active ingredients in an inert carrier or matrix in the 
solid state[19]. Low-substituted hydroxypropylcellulose 
(L-HPC)[20] and sodium dodecyl sulphate (SDS)[21] have 
been used by several researchers as carriers to obtain 
solid dispersions of poorly soluble drugs. L-HPC, as 
an inert carrier, has properties as a disintegrant[22], and 
also improves the wettability and dispersibility of solid 
dispersions, which may influence the drug’s dissolution 
behaviour[23-25]. SDS is an anionic surfactant that 
enhances drug wetting[21]. The objective of the present 
study was to evaluate the feasibility of L-HPC in 
altering the crystalline property of IND and enhancing 
its dissolution rate by preparing solid dispersions using 
a freeze-drying method.

MATERIALS AND METHODS 

IND was supplied by Fagron Iberica SAU, Spain. SDS 
was supplied by Fischer Scientific, England. L-HPC 
was supplied by Shin-Etsu®, Tokyo, Japan. All other 
chemical reagents were of pharmaceutical grade or 
higher. 

Preparation of formulations: 

IND solid dispersions were prepared using the freeze-
drying method using L-HPC as a carrier[26]. Solid 
dispersions were prepared with ratios of IND-SDS-
L-HPC, 1:0.06:0; 1:0.12:0; 1:0.12:5; 1:0.12:10 and 
1:0.12:20 (w/w/w). The required amounts of IND 
and L-HPC were co-dissolved in 20 ml of solution 
with 0.125 mg/ml of SDS, except for SD-1:0.06:0, 
which was co-dissolved in 20 ml of solution with of 
0.075 mg/ml of SDS, in a pH 8.4 buffer (prepared as 
described in the United States Pharmacopeia). The 
samples were then frozen at –40° for at least 24 h and 
freeze-dried using a Liolabar 7 (Telstat Inc., Madrid, 
Spain). They were loaded on the freeze-dryer shelf at 
5°. After thermal equilibration, the shelf temperature 
was lowered to –40° and the product was maintained at 
this temperature for 2 h. The system was then evacuated 
to a pressure of 0.04 mbar and the shelf temperature 
was adjusted to –35° and maintained for 4 h, before 
being raised to –20° (2 h). After the freeze-drying 
process, each formulation was ground and sieved to 
obtain a particle size fraction of 0.125-0.500 mm[26]; 
the vials were capped within 5 min and stored at room 
temperature (22-24°) in a desiccator containing silica 
gel. The physical mixture (PM) containing an IND-
SDS-L-HPC ratio of 1:0.12:20 (w/w/w) was prepared 
by manually mixing the appropriate amount of IND 
with particle size fractions of 0.125-0.500 mm and 

carrier in a ceramic bowl using a polymeric spatula. 
SD-0:0.12:0 was obtained by the same preparation 
method as for the solid dispersions but without IND.

Wetting property measurement:

The contact angles on the powder compacts were 
measured on a Dataphysics OCA contact angle system 
equipped with a conventional goniometer and a high-
performance video camera controlled by the OCA20 
software provided by the manufacturer. A syringe 
connected to a Teflon capillary with an inner diameter 
of approximately 2 mm was used to supply liquid from 
above to measure the drops. Briefly, 200 mg of sample 
was weighed and compressed using a circular stainless-
steel punch and die assembly (diameter 1 cm) in an 
infrared tablet press (dwell time of 30 s and pressure of 
8 tons). A drop of deionized water (2.5 μl) was placed 
on the compressed plate and the measurement of the 
contact angle was initiated in the dynamic mode. The 
camera captures images with a frame size of 640×480 
pixels at a maximum rate of 60 frames per second. The 
images are analysed using the axisymmetric drop shape 
analysis profile (ADSA-P) to obtain the contact length 
and height of the droplet. Finally, these parameters 
are used to estimate the contact angle of the droplet. 
At least two measurements were made per sample to 
ensure reproducibility. All the measurements were 
made at room temperature.

In vitro dissolution studies:

Dissolution assays of IND powder, SD-1:0.06:0, SD-
1:0.12:0, SD-1:0.12:5, SD-1:0.12:10, SD-1:0.12:20 
and PM-1:0.12:20 were carried out using the DT80 
dissolution system (Erweka GMBH, Germany). 
Initially, the dissolution rate of different formulations 
was studied in simulated gastric fluid without enzyme 
(0.1 N HCl), and the dissolution data showed low 
drug release (less than 12.7 %). Other authors[20] have 
reported that less than 6.2 % of IND was dissolved at 
pH 1.2, hence phosphate buffer of pH 6.8 was used as 
a dissolution medium in this method. Other authors 
have achieved satisfactory results at a similar pH[27]. 
However, at pH 6.8 the drug dissolves so rapidly that 
it is impossible to observe differences between the 
dissolution profiles of the various solid dispersions. 
Dissolution assays were therefore also performed at pH 
4.5 in order to obtain slower dissolution profiles and 
allow the observation of differences in the dissolution 
rates between the different formulations. A USP 
apparatus 2 (paddle) was set up with a rotational speed 
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of 50 rpm and 900 ml of dissolution medium. The 
temperature was maintained at 37.0±0.1° throughout 
the dissolution study. An amount of solid dispersion 
equivalent to 10 mg of IND was introduced into 
the vessel. At predetermined times, a 5 ml sample 
was withdrawn and filtered through a 0.45 µm filter 
(Minisart®). The quantity of IND was determined 
at 266 nm using a UV/Vis 1700 spectrophotometer 
(Shimadzu, Japan).

As the carrier L-HPC, SDS, and the solvent components 
(NaOH, H3BO3 and KCl) do not absorb UV, these do 
not interfere at the chosen wavelength. The cumulative 
amount of IND released from the system was 
determined from the following calibration curves at 
pH 1.2, 6.8 and 4.5, respectively, y=0.0517x+0.0068 
(r2=0.9999), y=0.0526x+0.0166 (r2=0.9993) and 
y=0.0587x+0.0027 (r2=0.9995). The results obtained 
from the dissolution assays of different formulations 
were analysed using one-way analysis of variance 
(ANOVA), followed by Fisher’s least statistical 
difference for multiple comparisons. A p-value of less 
than 0.05 was considered significant. 

Scanning electron microscopy (SEM) studies:

IND powder, SD-0:0.12:0, SD-1:0.12:0, SD-1:0.12:5, 
SD-1:0.12:10, SD-1:0.12:20, PM-1:0.12:20 and 
L-HPC were placed on an aluminium sample mount. 
After coating with a thin layer of gold-palladium, the 
samples were analysed with a Jeol® 6400 SEM. All 
the micrographs were produced by secondary electron 
imaging used for surface morphology identification at 
magnifications of 500× and an accelerating voltage of 
20 kV.

X-ray powder diffraction (XRPD): crystal structure 
characterization: 

The structure of the material was characterized by 
means of conventional θ-2θ powder X-ray diffraction 
with Cu-kα radiation (Philips X’Pert-MPD) in several 
of the samples (IND powder, SD-1:0.12:0, SD-
1:0.12:10, SD-1:0.12:20, PM-1:0.12:20 and L-HPC) in 
the study at room temperature. The 5-35° 2θ range was 
scanned at a 0.04° step size and 1 s time per step in all 
cases. Approximately 20 mg of sample was dispersed 
on a zero-background Si sample holder, taking care 
was not to introduce a preferential orientation of the 
crystals.

Differential scanning calorimetry (DSC):

The thermal behaviour of the pure IND; SD-1:0.12:0, 

SD-1:0.12:10, SD-1:0.12:20, PM-1:0.12:20 and 
L-HPC was characterized by means of DSC analysis. 
DSC thermograms were obtained with an automatic 
thermal analyser system (Mettler Toledo TC15, TA 
controller). Temperature was calibrated using the 
indium calibration reference standard (transition point: 
156.60°). Samples of about 2 mg were accurately 
weighed into aluminium pans, then hermetically sealed 
with aluminium lids and heated from 30 to 220° at a 
heating rate of 10°/min under constant purging of dry 
nitrogen for 20 ml/min. An empty pan, sealed in the 
same way as the sample, was used as a reference.

RESULTS AND DISCUSSION

The deionized water contact angle was measured on SD 
tablets (SD-1:0.12:0; SD-1:0.12:5 and SD-1:0.12:20), 
a PM tablet (PM-1:0.12:20) and a tablet of compacted 
pure drug. Surface roughness and potential polymer 
swelling are known to potentially influence wetting 
behaviour[28]. As can be seen in fig. 1, the water contact 
angle on the tablets gradually decreased between 1 s and 
4 s. The IND tablet had the highest water contact angle 
(107±2° after 1 s), which was attributed to the stronger 
hydrophobicity of IND; while the PM produced much 
smaller contact angle values (39±2° after 1 s), probably 
due to its composition L-HPC and SDS, which increases 
its wettability. The solid dispersion SD-1:0.12:20 had 
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Fig. 1: Contact angle of water on IND, physical mixture and 
solid dispersions
Contact angle of water on a. IND, b. PM-1:0.12:20, c. SD-
1:0.12:0, d. SD-1:0.12:5 and e. SD-1:0.12:20. ND indicate that 
angle not determined
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the smallest contact angle (15±2° after 1 s), much less 
than the PM with the same IND:L-HPC ratio, which 
may be due to an increase in the wettability of the 
formulation after the lyophilization process. It was 
also observed that the solid dispersion without carrier, 
SD-1:0.12:0, has a contact angle of over SD-1: 0.12:5; 
this difference becomes greater as the L-HPC loading 
in the formulation increases (SD-1: 0.12:20), which 
may be due to the hydrophilicity of L-HPC. In view 
of these results, it can be concluded that L-HPC has a 
significant influence on the wettability of the samples.

The use of acidic medium (pH 1.2), and two intestinal 
media (pH 4.5 and pH 6.8, respectively) is proposed to 
evaluate the differences in the dissolution rate of various 
IND formulations. These media have been used by 
different authors to compare various drug formulations 
that present substantial changes in solubility during 
their gastro-intestinal transit[29-31]. 

The dissolution data showed low release in acidic 
medium (pH 1.2); less than 12.84±0.48 % of IND was 
dissolved from the pure drug at 24 h and only 5.22± 
0.71 % at 120 min. PM-1:0.12:20 had a similar 
dissolution profile, and no statistically significant 
differences were found between the two (fig. 2a). 
The addition of SDS to solid dispersions produced an 
increase in IND dissolution profiles, so SD-1:0.06:0 
and SD-1:0.12:0 showed 28.76±1.18 % and 37.80± 
1.10 % of dissolved IND respectively at 120 min. 
This significant increase in the dissolution rate of the 
solid dispersions with a higher quantity of SDS could 
be attributed to the presence of SDS on the surface of 
the IND particles, as this ratio (IND:SDS 1:0.12) is 
required to produce a quicker interaction between IND 
and the dissolution medium[32]. The IND dissolution 
rate was significantly improved in all the solid 
dispersions at this pH; the amount of IND dissolved 
(SD-1:0.12:0, SD-1:0.12:5, SD-1:0.12:10 and SD-
1:0.12:20) was between 37.80±1.10 and 41.79± 
1.72 % at 120 min, and between 41.67±2.88 and 44.67± 
2.68 % at 24 h, respectively. No significant differences 
were observed among the four solid dispersions at these 
times. However, after short time periods (15 min) in 
this acidic medium, statistically significant differences 
were observed between solid dispersions with higher 
(SD-1:0.12:10, SD-1:0.12:20) and lower (SD-1:0.12:0, 
SD-1:0.12:5) L-HPC loadings. These low dissolution 
percentages in acidic medium had previously been 
observed by other authors, who reported that less than 
6.2 % of IND was dissolved at 24 h[20].

The dissolution profiles of IND powder, the PM-
1:0.12:20, and the different solid dispersions at pH 6.8 
(intestinal medium) are shown in fig. 2b. IND alone 
and PM-1:0.12:20 had the lowest dissolution rates. 
The amounts of IND dissolved from the drug powder 
compared to the amount released from PM-1:0.12:20 
at 5 (25.23±3.05 and 49.75±0.80 %, respectively) 
and at 120 min (76.56±5.60 and 93.90±5.53 %) were 
found to be significantly different. The presence of 
SDS in the PM (PM-1:0.12:20) can be associated to a 
substantial improvement in the dissolution properties 
in comparison to the pure drug, and could also be 
seen in the percentage of IND dissolved from SD-
1:0.06:0 and SD-1:0.12:0. There was a significant 
difference between both formulations at 120 min 
(83.33±1.16 and 90.23±1.28 %, respectively), while 
both finally attained 100 % of drug dissolved at 24 h. 
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Fig. 2: Release profiles of IND formulations at 37° and at 
different pH levels 
Release profiles of IND formulations at 37° at pH levels of a. 1.2, 
b. 6.8,  and c 4.5 IND powder (▬▲▬); SD-1:0.06:0 (▬◊▬); 
SD-1:0.12:0 (▬○▬); SD-1:0.12:5 (▬●▬); SD-1:0.12:10 
(▬×▬); SD-1:0.12:20 (▬■▬) and PM-1:0.12:20 (▬▬)
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SD-1:0.12:0 also showed a high initial burst effect at 
5 min (90.55±1.31 %), which is similar to the amount 
of IND dissolved from the PM-1:0.12:20 at 120 min 
(93.90±5.53 %). This increase in the dissolution rate 
after the lyophilization process could be related to the 
increase in wettability observed in the contact angle 
measurements. The presence of higher amounts of 
L-HPC induces an increase in the quantity of IND 
dissolved from SD-1:0.12:10 and SD-1:0.12:20 at  
5 min (95.21±1.16 and 93.83±2.40 %, respectively) in 
comparison to SD-1:0.12:0 (90.55±1.31 %). Increase 
in the amount of IND dissolved from the solid 
dispersions containing higher amounts of hydrophilic 
carrier (L-HPC) could be attributed to a lowering 
of the surface tension of the medium by L-HPC, 
resulting in improved wetting of the hydrophobic drug 
surface[32,33], according to the results obtained in the 
wettability measurements. At this pH (6.8), all solid 
dispersions showed higher dissolution rates, so when 
using this medium, no significant differences were 
seen between the dissolution profiles for the various 
solid dispersions. Other authors reported similar 
results using a buffer of pH 7.4, and obtained 72.5± 
1.0 % of IND dissolved from their solid dispersions at  
90 min[34]. The use of buffer media with a pH close to the 
IND pKa value (4.5) leads to lower IND solubility[20]. 

Dissolution assays were therefore done at pH 4.5  
(fig. 2c) in order to obtain slower dissolution profiles 
and allow the observation of differences in the 
dissolution rates among the various formulations.

Fig. 2c shows the dissolution profiles of IND powder, 
the PM 1:20 (PM-1:0.12:20) and the various solid 
dispersions (SD-1:0.12:0, SD-1:0.12:5, SD-1:0.12:10, 
and SD-1:0.12:20) at pH 4.5. IND powder and PM-
1:0.12:20 had the poorest dissolution rates in this 
medium. 7.06±0.46 and 20.26±0.80 % of IND were 
dissolved from the pure drug and from PM-1:0.12:20 
respectively at 120 min, and 23.07±2.33 and 29.88± 
1.25 % respectively at 24 h. As occurred at pH 6.8, the 
PM showed a statistically significant improvement in 
the dissolution properties compared to the pure drug at 
120 min. This high amount of drug dissolved from PM-
1:0.12:20 could be due to the presence of SDS in this 
formulation, and to the wetting properties of LHPC, as 
seen in the wettability measurements. 

IND amount dissolved from SD-1:0.12:0 at 120 min 
was 42.84±2.59 %. As occurred at pH 6.8, SD-1:0.12:0 
significantly improves the dissolution properties of 
the IND powder and PM-1:0.12:20. All the solid 
dispersions had substantially better dissolution profiles 

than PM-1:0.12:20, the same as at pH 6.8. Also similar 
to the results at pH 6.8, at pH 4.5 29.01±0.43 % of 
the drug was dissolved from SD-1:0.06:0 after 24 h 
and 41.67±2.88 % of IND from SD-1:0.12:0 after the 
same amount of time. At this pH there is therefore 
a statistically significant increase in the amount of 
IND dissolved from solid dispersions with a higher 
quantity of SDS. Formulations with higher L-HPC 
loadings (SD-1:0.12:10 and SD-1:0.12:20) showed 
a statistically significant increase in their dissolution 
profile compared to formulations with lower L-HPC 
loadings. These results suggested that L-HPC itself 
might act as a weak solubilizer in these formulations, 
and might prevent drug aggregation[35,36]. These results 
provided evidence that all the solid dispersions were 
superior in achieving 100 % dissolution more rapidly 
than the PM, i.e., over 40 % of IND dissolved in the 
1:0.12:10 and 1:0.12:20 solid dispersions at 120 min. 

The addition of small quantities of L-HPC to the solid 
dispersions did not produce any significant increments 
in the percentages of drug dissolved at 120 min 
(42.84±2.59 % from SD-1:0.12:0 and 42.87±3.56 % 
from SD-1:0.12:5, respectively). These small amounts 
of L-HPC might not prevent the agglomeration of IND 
particles during the dissolution process. However, 
solid dispersions with a higher quantity of L-HPC (SD-
1:0.12:10 and SD-1:0.12:20) increased wettability and 
favour a faster dissolution at the initial dissolution times, 
as seen in the contact angle measurements. Thus, at  
5 min the amounts of IND dissolved from SD-1:0.12:5, 
SD-1:0.12:10 and SD-1:0.12:20 were 32.47±2.95, 
45.69±4.26 and 54.01±2.26 %, respectively. 
Statistically significant differences observed among the 
different solid dispersions at this pH could be attributed 
to the poor solubility of the drug in this medium, 
possibly because IND solubility is pH-dependent, at 
a low pH (1.2) it has poor solubility properties, while 
its solubility is greatly increased at a high pH (6.8). 
However, the use of L-HPC in solid dispersions would 
be justified at a duodenal pH of 4.5, critical for IND, 
since it significantly increases the dissolution rate of 
formulations with high L-HPC loadings. These results 
also allow us to consider pH 4.5 as a discriminating 
medium that can be used to distinguish the dissolution 
profiles of our solid dispersions with different amounts 
of L-HPC. The presence of L-HPC reduced the surface 
tension of the medium, resulting in better wetting of 
the hydrophobic drug surface[32,33], according to the 
contact angle measurements. 
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SEM was used to clarify the surface and shape 
characteristics of different samples (IND powder, SD-
0:0.12:0, SD-1:0.12:0, SD-1:0.12:5, SD-1:0.12:10, SD-
1:0.12:20, PM-1:0.12:20 and L-HPC). The IND powder 
presented heterogeneous crystals of different sizes 
with edges (fig. 3a). The original morphology of all the 
components disappeared in the solid dispersions, while 
the SD-1:0.12:0 observed at the same magnification 
(500×) (fig. 3b) had fine crystals covering their surface, 
possibly generated during the lyophilization process. 
SD-0:0.12:0 also presented acicular crystals that can 
be attributed to SDS and phosphate buffer components 
(fig. 3c). In a comparison of the PM-1:0.12:20 
and the solid dispersion SD-1:0.12:20 (fig. 3d) the 
smooth particles of L-HPC (fig. 3e) could easily be 
distinguished from the heterogeneous crystals with 
edges, possibly related to IND, in the PM, but not in 

the solid dispersion. In contrast, solid dispersions with 
different L-HPC loadings (SD-1:0.12:5, SD-1:0.12:10 
and SD-1:0.12:20) resembled a matrix (figs. 3f, g and 
h, respectively). In these L-HPC solid dispersions, the 
higher the loading of L-HPC, the lower the porosity 
of the matrix. These results demonstrated that IND 
was dispersed homogeneously in the L-HPC polymer 
matrix of the solid dispersions, where it could possibly 
exist in an amorphous form[37]. 

Fig. 4 shows the XRPD patterns of the pure IND 
powder, SD-1:0.12:0, SD-1:0.12:10, SD-1:0.12:20, 
PM-1:0.12:20, PM-1:0.12:5 and L-HPC. IND powder 
has low-intensity values in its diffraction peaks, typical 
of a substance with low crystallinity (see fig. 4). The 
crystal structure of the pure drug with low intensity 
peaks at angles of 11.6°, 17.2°, 19.5°, 21.6° and 29.3° 
(2θ) almost matches polymorph γ, as reported by other 
authors[38]. This low drug crystallinity may be related to 
the heterogeneous shape of its crystals with edges and 
different sizes observed in SEM studies (fig. 3).

HPC is a semi-crystalline polymer with amorphous and 
crystalline domains[20,25]. The XRPD pattern of L-HPC 
(fig. 4) exhibited a characteristic semi-crystalline halo 
diffraction pattern with low intensity values similar 
to pure IND between 19.8° and 28.4° (2θ), and a 
majority diffraction intensity at 20.1° (2θ)[39]. Only 
one formulation excipient, boric acid (used in the 8.4 
buffer), had a crystalline structure, with diffraction 
peaks at angles of 14.7°, 27.7°, 32.29° and 40.3° 
(2θ). In both PMs (PM-1:0.12:5 and PM-1:0.12:20) 
the diffraction peaks of the IND can still be seen at 
diffraction angles of 19.5° and 21.6° (2θ) (figs. 4a 
and b). The intensity of the peaks decreases with 
increasing amounts of L-HPC in the PM (PM-1: 0.12: 
20). A reduction in drug crystallinity of nearly 55 % 
could be seen in PM-1: 0.12:5, and IND crystallinity 
declined by approximately 88 % in the PM with the 
highest amount of LHPC (PM-1:0.12:20). This result 
can be attributed to the dilution effect with higher 
amounts of carrier. As expected, the PM-1: 0.12: 20 
showed higher intensity values for the semi-crystalline 
halo of the carrier (between 19.8° and 28.4° (2θ)). 
The high L-HPC loadings in this PM justified the 
presence of this halo (fig. 4b). Moreover, SD-1:0.12:0 
(fig. 4) showed practically the same peaks at 15.9°, 
28.3°, 32.3° and 40.4° (2θ), related to the boric acid, 
component of pH 8.4 buffer. The diffraction peaks of 
the IND could not be seen in this sample. The absence 
of crystallinity in the IND in this formulation could be 
caused by the freeze-drying process[40]. This decrease 

Fig. 3: SEM images of IND powder, physical mixture and solid 
dispersions
Scanning electron photomicrographs of a. IND powder; b. 
SD-1:0.12:0; c. SD-0:0.12:0; (d) PM-1:0.12:20; (e) L-HPC; 
(f) SD-1:0.12:5; (g) SD-1:0.12:10; (h) SD-1:0.12:20 taken at a 
magnification of 500×
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in crystallinity after the freeze-drying process could be 
related to improvements in the dissolution profiles, as 
observed in the dissolution assays. Solid dispersions 
with different proportions of L-HPC (fig. 4) present a 
similar result to SD-1:0.12:0, and do not show any of 
the peaks attributed to IND.

Both formulations, SD-1:0.12:10 and SD-1:0.12:20, 
presented a semi-crystalline halo diffraction pattern 
from L-HPC, with lower intensities at 20.1° (2θ). 
The lower crystallinity in the halo attributed to the 
carrier for the solid dispersions may confirm that the 
freeze-drying process decreases the crystallinity in 
these formulations. The inferior sensitivity of the 
XRPD method also makes it difficult to determine the 
crystallinity peaks of samples with low-intensity values 
such as IND. Similar results were obtained by other 
authors[41]. DSC studies will be necessary to complete 
these studies on the decline in crystallinity.

Fig. 5 shows thermograms for pure IND; SD-1:0.12:0, 
SD-1:0.12:10, SD-1:0.12:20, PM-1:0.12:20 and 
L-HPC. IND powder (fig. 5a) has an endothermic 
peak at 160.99° with low crystallinity (116.05 J/g)[42]. 
Fig. 5 shows a small endothermic peak for L-HPC at 
158.31° (onset 157.14°); the low enthalpy of fusion of 
this peak (52.34 mJ/g) was related to its semicrystalline 
structure[43]. Among the other formulation excipients, 
only boric acid, used in the pH 8.4 buffer, had a 
crystalline structure with two endothermic peaks at 
167.22° (minor) and 170.31° (major), in addition 
to characteristic changes in the baseline at higher 
temperatures; while SDS and the other excipients had 
no endothermic peaks characteristic of crystalline 
substances.

Two thermal events occur in PM-1: 0.12: 20 (fig. 5b), 
showing a minor peak at 144.84° and a major peak at 
168.22°. The IND melting peak in the curve for this 
PM underwent a shift to a lower temperature (144.84°), 
while the melting peak for L-HPC and boric acid shifted 
to a higher temperature (168.22°). This dip in the IND 
melting point is a common effect in multicomponent 
mixtures and is considered a positive interaction 
with the L-HPC and other crystalline formulation 
excipients[44-46]. The sharper peak at 168.22° observed 
in PM-1:0.12:20 can be attributed to a combination of 
two of the components in the formulation: the first is 
L-HPC, which may have shifted to higher temperatures 
(from 158.31° to 168.22°)[43]; and the second is boric 
acid, a highly crystalline substance used in the buffer. 
The presence of high amounts of L-HPC produces a 
single endothermic peak at 168° where boric acid is 
included. A similar process of inclusion in a single 
peak has been observed by different authors[47].

In contrast, in the SD-1:0.12:0 thermogram (fig 5c), 
only a slight amorphous halo was observed between 
154-166°, which may be related to a decrease in IND 
crystallinity, possibly due to the lyophilization process. 
No peaks attributed to buffer components were observed 
in this lyophilized sample. IND:SDS:L-HPC solid 
dispersions (SD-1:0.12:10 and SD-1:0.12:20) showed 
both an incipient decrease to lower temperatures and 
also a widening in the amorphous halo (between 126-
162° for SD-1:0.12:10 and 122-158° for SD-1:0.12:20, 
respectively, figs. 5d and e). The onset of the amorphous 
halo of the IND decreases as the proportion of L-HPC 
in the sample increases. These results confirm the 
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Fig. 4: X-ray powder diffraction scans 
(a) PM-1:0.12:5; (b) PM-1:0.12:20; (c) pure IND; (d) SD-1:0.12:0; (e) SD-1:0.12:10; (f) SD-1:0.12:20 and (g) L-HPC 
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existence of a positive interaction between the IND and 
the L-HPC excipient in lyophilized samples.

The amorphous character of IND in the solid dispersions 
observed in the DSC studies confirmed the hypothesis 
that amorphous species of IND are being formed in 
the XRPD studies. Solid dispersions could modify 
drug crystallinity and represent a suitable modification 
for improving its dissolution profiles. These results 
were also confirmed in the dissolution assays, where 
improvements were observed in the dissolution profiles 
of the various solid dispersions compared to the IND 
powder and PM-1:0.12:20. Amorphous substances 
generally have a higher solubility and dissolution rate 
than their corresponding thermodynamically stable 
crystalline forms, as their internal bonding forces are 
weak[48].

In summary, IND:SDS:L-HPC solid dispersions 
improve the dissolution rate of IND. Wettability 
measurements, SEM, XRPD and DSC techniques were 
used to study the reasons for this, and suggest that 
an increase in the IND dissolution rate is caused by 
a reduction in drug crystallinity related to the freeze-
drying process and the amount of L-HPC added to the 
formulations. The addition of a hydrophilic carrier 
altered the surface morphology of the formulations and 
also increased their wetting effect. The formation of a 
less porous L-HPC matrix could be observed by SEM, 
as the proportion of polymer increased. From all of the 
above, it can be deduced that all these factors could 
cause an important increase in the IND dissolution rate. 
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