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Abstract

Binary co-amorphous systems, as solid dispersions of an active pharmaceutical ingredient with low molecular weight excipi-
ents, improve solubility, physical stability, and bioavailability relative to crystalline forms. This study aimed to enhance the sol-
ubility and dissolution of furosemide by developing a binary amorphous solid dispersion (BASD) and formulating it into gran-
ules for pediatric administration via a straw. Furosemide was blended with hydroxy methylcellulose E6, polyvinylpyrrolidone
K30 (PVP), or Soluplus® in a 1:2 ratio using solvent evaporation, and the best formulation was produced via wet granulation.
The furosemide-loaded BASD-PVP K30 (Formula F) demonstrated superior FTIR, DSC, and XRPD profiles. In vitro release
testing showed that over 87.18% of furosemide was liberated within 120 minutes in a water solution containing 0.1% Tween
80. Moreover, the granules of Formula F9 exhibited excellent flow, disintegrated within 5-6 seconds, and released 79.86% of
furosemide within four hours in a two-step dissolution study (0.1 N HCl and pH 6.8 phosphate buffer). Stability testing over
three months revealed no perceptible changes in appearance or drug content. These findings support the effectiveness of BASD
granules in enhancing furosemide dissolution and their potential for pediatric administration.
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Introduction Diuretics have been utilized in heart failure for decades

and continue to be the cornerstone of modern heart fail-
Pediatric heart failure constitutes a significant source of ure care. Loop diuretics are the preferred diuretic and have
morbidity and mortality in children (Masarone etal. 2017).  received a class I recommendation from clinical guidelines
Congestion and fluid retention are characteristic features  for alleviating congestion symptoms (Wu et al. 2024).
of decompensated heart failure and the primary cause Furosemide, as a loop diuretic, is a first-line thera-
of the hospitalization of individuals with this condition. py for acute heart failure, including pediatric patients
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(Abraham et al. 2021; Biegus et al. 2023). It primarily
works by inhibiting the Na*/K*/2CIl" cotransporter in
the thick ascending limb of the Loop of Henle in the
kidneys, which leads to a reduction in the symptoms of
excessive fluid accumulation, enhances the resolution
of pulmonary congestion, and relieves dyspnea (Eid et
al. 2021; McMahon and Chawla 2021). The main in-
dication in pediatrics is to reduce excessive fluid re-
tention and restore proper sodium chloride and water
balance for those with chronic heart failure (Lava et al.
2023). Various loop diuretics have distinct pharmaco-
logical characteristics and pharmacokinetic profiles.
When administered orally, loop diuretics are absorbed
from the gastrointestinal tract, exhibiting varying de-
grees of bioavailability depending on the specific drug.
Furosemide has variable absorption and, on average,
a reduced bioavailability of 50% (Sica 2003). During
acute decompensated heart failure, significant venous
congestion and intestinal edema can further impede
the absorption of loop diuretics (Ikeda et al. 2021).
Thus, enhancing the oral bioavailability of furosemide
is a crucial consideration when designing a new oral
dosage form for this medication.

Drug solubilization is a crucial process for the sys-
temic absorption of orally given medicines (Jaafar et al.
2020). Regrettably, a significant proportion of commer-
cial pharmaceuticals (~40%) and those in the research
and development pipeline (~90%) exhibit poor water
solubility, including furosemide (Ku 2008; Babu and
Nangia 2011; Benet et al. 2011). Furosemide is a carbox-
ylic acid derivative with a weak acidity, as indicated by
its pKa value of 3.48. Its solubility in water increases as
the pH level rises, going from 0.18 mg/mL at pH 2.3 to
13.36 mg/mL at pH 10.0 (Koh et al. 2021; Lomba et al.
2023). It has a 1.5-2 hour elimination half-life (Pandey
et al. 2022). Furosemide is classified as a class IV drug
according to the Biopharmaceutical Classification Sys-
tem due to its low solubility in water and limited ability
to pass through cell membranes (poor permeability)
(Van der Merwe 2021). Various approaches improve
the solubility of furosemide. These approaches include
particle size reduction, nanosuspension, surfactants,
salt formation, pH modification, solid dispersion, co-
crystals, amorphous compound formation, and inclu-
sion complexes (Aldahhan and Radhi 2020; Ainurofiq
et al. 2021).

The solubility and dissolution rate of weakly wa-
ter-soluble pharmaceuticals can be effectively enhanced
by manufacturing them as amorphous solid dispersions
(ASDs) (Van Den Mooter 2012; Brough and Williams
III 2013). ASD is a solid dispersion wherein the active
ingredient is included inside an excipient matrix in a
predominantly amorphous state. The amorphous form
of the medication in ASDs is essential for enhancing
its solubility (Newman et al. 2017). In its amorphous
state, the medication needs no energy to disrupt the
crystalline structure. Consequently, in comparison to
the crystalline form, the amorphous form of numerous

poorly water-soluble medicines can attain significantly
greater apparent solubility and considerably enhanced
dissolving rates (Vaka et al. 2014). ASDs are known to
enhance membrane flux due to elevated supersatura-
tion, hence improving bioavailability (Miller et al. 2012;
Newman et al. 2012). ASDs exhibit increased wettabil-
ity owing to the incorporation of hydrophilic polymers
(Vasconcelos et al. 2007).

Solid dispersions are categorized as first, second, or third
generation based on their formulation composition (Tekade
and Yadav 2020). Solid dispersions utilizing crystalline car-
riers represent the first generation (Kim et al. 2011). Their
drug release rate is typically slower than the two generations
of solid dispersions. ASDs are comprised of amorphous
medication and polymer and represent the second gener-
ation (Bindhani and Mohapatra 2018). ASD formulations
may additionally use supplementary excipients, including
extra polymers and/or surfactants, to further improve drug
release and stability. These ASDs are classified as third gen-
eration (Vo et al. 2013). ASD formulations have attracted
considerable interest in academia and industry over the
past decade due to their solubility and dissolution benefits
(Vasconcelos et al. 2016; Jermain et al. 2018).

Hydroxypropylmethylcellulose (HPMC)-E6, polyvin-
ylpyrrolidone (PVP)-K30, and Soluplus® (a graft copoly-
mer consisting of polyvinyl caprolactam, polyvinyl ace-
tate, and polyethylene glycol) are carriers used in ASDs
(Iyer et al. 2021). This approach distributes the active
pharmaceutical ingredient (API) within a carrier com-
pound, often a water-soluble polymer excipient, to create
a multi-component matrix. When the API is dispersed
within the carrier matrix, it is in a higher energy state
than its more stable crystalline form. The solubility and
dissolution rate of the mixed ASD phase are increased
because the API has a larger surface area exposed to
the solvent (Saboo et al. 2021; Walden et al. 2021). The
PVP-K30 was utilized as a carrier to create an innovative
ASD of furosemide (Zhang et al. 2022). The PVP-K30 is
one of the most commonly utilized hydrophilic polymers
in the formulation of ASD because of its capacity to pre-
vent drug crystallization, enhancing the dissolution rate
(dos Santos et al. 2021).

In Iraq and most countries, the registered oral dos-
age form of furosemide is a 40 mg oral tablet. To obtain
the requisite pediatric dosage, it is essential to pulver-
ize commercially available tablets, combine the powder
with a filler, and make capsules extemporaneously in a
pharmacy. Subsequently, the capsule must be opened
before use and combined with baby food or drink be-
fore administration (Fadda et al. 2024).

Liquid formulations are favored due to their flexible
dosing, enhanced adherence by patients and caregiv-
ers, and greater pharmacy compounding ease (Nunn
and Williams 2005; Cram et al. 2009). Oral liquid for-
mulations containing furosemide are often not recom-
mended for pediatric use due to the vehicle’s elevated
ethanol concentration. For instance, Frusol 20 mg/5
mL oral solution (Rosemont Pharmaceuticals Ltd.; UK)
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comprises 10% ethanol, Impugan 10 mg/mL oral drops
(Actavis Group hf.; Sweden) contain 9.8% ethanol, and
Lasix® liquid 10 mg/mL (Sanofi-Aventis, Germany) has
11.9% ethanol. The utilization of ethanol as an excipi-
ent in pediatric medications fails to meet the standard
criteria for pediatric formulations (Sweetman and Mar-
tindale 2009) and is deemed inappropriate by pediatric
drug committees, regulatory bodies, and published lit-
erature (Salunke et al. 2012; Salunke et al. 2013; Zahalka
et al. 2018) (Mahmood et al. 2022).

To overcome these limitations, this study focuses on
developing a suitable and non-toxic oral dosage form
for pediatric formulations, which stems from the lack of
suitable oral dosage forms for furosemide in this popula-
tion. This study introduces a novel formulation, namely,
binary co-amorphous solid dispersion (BASD) of furo-
semide, which will later be dispersed as granules and
filled into straws. Using BASD enhances the solubility,
stability, and disintegration time of furosemide. Using
straws enhances patient compliance, ensures uniform
dosage, improves the appearance and flavor of the final
product, and increases patient compliance.

Materials and methods

Materials

Furosemide was purchased from Changzhou Yabang
Pharmaceutical Co., Ltd. (China) with a purity of >
99%. PVP-K30 was obtained from HiMedia Laborato-
ries (India). Soluplus® was sourced from BASF Phar-
maceutical Industries (Germany). HPMC-E6 was pur-
chased from Macklin Co., Ltd. (China). Tween 80 was
procured from HiMedia Laboratories (Chemicals) Pvt.
Ltd. (India), and methanol was obtained from Sisco
Research Laboratories Pvt. Ltd. (India). Talc and mag-
nesium stearate were acquired from Alladin Industrial
Co. (Shanghai, China), while mannitol was supplied
by Alpha Chemika (India). Hydrochloric acid (HCI)
was purchased from Thomas Baker (Chemicals) Pvt.
Ltd. (India). Aerosil and crospovidone were sourced
from Shanghai-Ruizheng and Aladdin Chemistry Co.,
Ltd. (China), respectively. Pullulan polysaccharide was
obtained from Aladdin (Shanghai, China). Sodium bi-
carbonate was purchased from Samara Drug Industry
(Iraq), and calcium carbonate was supplied by HiMedia
Laboratories (India). Strawberry coloring and flavor-
ing agents were obtained from Fluka Chemika (Swit-
zerland). All other chemicals and solvents used in this
study were of analytical grade.

Pre-formulation of furosemide

Preparation of physical mixtures

As shown in Table 1, furosemide was mixed in a 1:2 ratio
with either HPMC-E6, PVP-K30, or Soluplus®. The com-
ponents were accurately weighed and thoroughly mixed
in a glass mortar for 10 minutes at room temperature
(25 °C) until a uniform blend was obtained. The prepared
mixtures were stored in desiccators for further analysis
(Alwossabi et al. 2022).

Table 1. Physical mixture formulas.

Formulation A B C
Furosemide 12 mg 12 mg 12 mg
HPMC-E6 24 mg

PVP-K30 24 mg

Soluplus® 24 mg

HPMC: hydroxypropyl methylcellulose; PVP: polyvinylpyrrolidone.

Preparation of solid dispersion formulas

As shown in Table 2, furosemide as a pure active phar-
maceutical ingredient (API) was mixed with HPMC-E®6,
PVP-K30, or Soluplus®, then dissolved in 20 mL of meth-
anol at a 1:2 (drug:polymer) weight ratio.

Table 2. Binary solid dispersion formulas.

Formulation D E F G H
Methanol 20 mL 20 mL 20 mL 20 mL
HPMC-E6 24 mg

PVP-K30 24 mg

soluplus® 24 mg
Furosemide 12 mg 12 mg 12 mg 12 mg 12 mg

SE: solvent evaporation; HPMC: hydroxypropyl methylcellulose;

PVP: polyvinylpyrrolidone.

The solvent was evaporated using a rotating vacuum
evaporator (Buchi Interface I-300 Pro, Germany) at 50 °C
and 150 mbar for 30 minutes to produce a binary amor-
phous solid dispersion (BASD).

The dried material was crushed, sieved to achieve a uni-
form particle size, and further dried in an oven at 40 °C for
24 hours. The resulting ASDs were stored in desiccators
for characterization (Naama et al. 2025).

Percentage yield of the prepared BASD of
furosemide

The percentage yield for each type of BASD was calculated
by comparing the actual weight of the acquired ASD to its
theoretical weight using the following equation (Al-Has-
sani and Al-Khedairy 2021):

Practical mass of the BASD

x 100

Percentage yield =

Drug content of the prepared solid dispersion

Approximately 36 mg of each formula (Tables 1, 2) was
added to 100 mL of deionized water containing 0.1%

Theoretical mass of the polymer and drug utilized in the formulation

Tween 80. The mixture was stirred for 30 minutes at
100 RPM. The resulting solution was filtered using a
0.45 pm filter syringe (filtraTECH, France), diluted with
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deionized water and 0.1% Tween 80, and analyzed by
spectrophotometry (Shimadzu UV-1650PC, Japan) at a
A, of 277 nm (Hatem and Ali 2023; Nser et al. 2023).

Differential scanning calorimetry (DSC)

Furosemide melting points were assessed by DSC (Shi-
madzu 60, Japan) for all formulas (Tables 1, 2) (Ruponen
et al. 2021). The procedure was as follows: 5 mg of each
formula was placed in an aluminum pan and scanned at
increments of 10 °C/min from 10 to 300 °C under a ni-
trogen purge. The thermograms were analyzed using Shi-
madzu TA-60 software (Sabry et al. 2021).

Powder X-ray diffractometry (PXRD)

All formulas (Tables 1, 2) were assessed using PXRD
(XRD6000, Shimadzu, Japan). Patterns were collected
over a 20 range of 5° to 90°, with an operational voltage
of 40 kV and a current of 30 mA for X-ray diffraction
(Kadhim and Rajab 2022).

Fourier transform infrared spectroscopy
(FTIR)

All formulas (Tables 1, 2) were analyzed using FTIR
(Shimadzu 8300, Japan). The FTIR spectra were re-
corded using the KBr disc method and scanned in the
range of 4,000 to 400 nm (Hatem and Ali 2023; Kaoud
et al. 2024; Lateef et al. 2024).

Determination of saturated solubility

The phase solubility method was used to determine the
saturated solubility. An excess amount (50 mg) of furose-
mide from each formula (Tables 1, 2) was agitated in 10
mL of deionized water containing 0.1% Tween 80 at 25 °C
for 72 hours at 200 RPM in screw-capped tubes. The sam-
ples were centrifuged (Hettich, Germany) at 5,000 RPM
for 30 minutes. The resulting solutions were filtered us-
ing 0.45 pm sterile syringe-driven filters and analyzed at
A,... 277 nm using a UV spectrophotometer (Gulsun et al.
2018; Dalal et al. 2021; Pantwalawalkar et al. 2021; Akram
et al. 2022; Maded et al. 2024b).

In vitro dissolution studies

Dissolution studies were conducted using a USP Appara-
tus II (paddle method) at 37 °C (£0.5 °C). Samples from
each formula (Tables 1, 2) were agitated at 50 RPM in 250

Table 3. Composition of the prepared granules.

mL of a dissolution medium composed of deionized wa-
ter and 0.1% Tween 80. All experiments were conducted
in triplicate. At time intervals of 15, 30, 45, 60, and 120
minutes, 5 mL samples were withdrawn through a 0.45
um filter syringe and replaced with an equal volume of
pre-warmed (37 °C) fresh medium. The samples were an-
alyzed at\ 277 nm using a UV spectrophotometer (Bu-
treddy et al. 2021; Nupur et al. 2023; Maded et al. 2024a).

Selection of the best BASD formula

The most effective binary amorphous solid dispersion
(BASD) formulation was selected based on the results of
differential scanning calorimetry (DSC), powder X-ray
diffraction (PXRD), Fourier transform infrared spectros-
copy (FTIR), saturated solubility testing, and in vitro dis-
solution studies. The formulation demonstrating superior
performance across these parameters was chosen for fur-
ther processing into granules.

Field emission-scanning electron microsco-
py (FESEM)

Using gold-coated samples, the FESEM (CARL ZEISS
EVO MA10, Cambridge, UK) analyzed the particle size
and surface morphology of all formulas (Tables 1, 2) (Vaid
and Jindal 2022; Aziz and Sabar 2025).

Formulation of furosemide BASD as
granules

Preparation

The wet granulation method was used to prepare furose-
mide-PVP BASD granules. The furosemide solid disper-
sion, equivalent to 12 mg of furosemide, was weighed and
mixed with super-disintegrants (crospovidone) and Aero-
sil® 1.0%. Calcium carbonate 1.0% was used as a release
booster, and strawberry flavor was added to improve taste
and color. The final blend was diluted with mannitol. The
quantities of each component are shown in Table 3.

The dough mass was prepared by adding 1 mL of distilled
water. The bulk was sieved using a 2 mm sieve (Areej Al-Fu-
rat AFC lab test sieve, Iraq), then dried in an oven at 40 °C
for 30 minutes. Afterward, 6 grams of granules equivalent
to 12 mg of furosemide were hand-loaded into semi-closed,
commercially available plastic straws (Kix straw, Iran) for

Ingredients (mg) F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
BASD 36 36 36 36 36 36 36 36 36 36
Mannitol 5454 5454 5454 5604 5454 5604 5394 5544 5394 5544
Crospovidone 300 (5%) 150 (2.5%) 300 (5%) 150 (2.5%) 300 (5%) 150 (2.5%) 300 (5%) 150 (2.5%)
Pullulan polysaccarides 300 (5%) 300 (5%)
Talk 1% 60 60 60 60 60 60 60 60 60 60
Magnesium stearate 1% 60 60 60 60 60 60 60 60 60 60
Sodium bicarb 1% 60 60 60 60 60
Calcium carbonate 1% 60 60 60 60 60
Flavouring & coloring agent 0.5% 30 30 30 30 30 30 30 30 30 30
Aerosil 1% 60 60 60 60
Total 6g 6g 6g 6g 6g 6g 6g 6g 6g 6g
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oral delivery (190 mm long, 8 mm wide) for children. The
product was stored in aluminum foil with a desiccant in an
airtight container for evaluation (Divya et al. 2020). Fig. 1
illustrates the preparation method.

e
PR

FUR/PVP SOLID DISPERSION Glass with water

Furosemide granules

Preparation of Furosemide granules

Figure 1. Preparation steps of furosemide-BASD granules.

Evaluation of the granules

The angle of repose

The prepared granules flow through the funnel until the
top of the conical pile reaches the tip; the conical pile’s ra-
dius and height are measured. The angle of repose is cal-
culated using the following equation (Miiller et al. 2021):

Tang, = h/r

The variables are the angle of repose (), pile height (h),
and pile radius (r).

Bulk density

Ten grams of granules were inserted into a dry 25 ml grad-
uated cylinder. The granules were gently leveled without
compression and measured for their unsettled volume
(V,), given in g/ml; bulk density was calculated using the
following equation (Pharmacopeia 2018):

M

Py, = v

Where apparent bulk density (P, ), sample weight (M),

and apparent powder volume (Vo).
Tapped density

Ten grams of granules in a 25 ml graduated cylinder were
manually tapped 100 times until they reached a constant
capacity, estimated as the tapped volume. The tapped den-
sity was calculated from the powder blend mass and tapped
volume, as seen in the equation (Pharmacopeia 2018).

P M
tab — T
Vi
Where P, indicates tapped density, M indicates sample
weight, and V, indicates tapped powder volume.

Carr’s index: compressibility index

The flowability can be assessed by comparing the bulk
density before tapping (P, ) and tapped density (P_,).
The proportion of Carr’s index was determined based on
the following equation (Alwan and Ibrahim 2021):

Py — Pouik

tab

Carr’s index = x 100

Haunser’s ratio

Hausner’s ratio is an essential parameter for assessing the
flow characteristics of powders and granules; this can be
computed using the following formula (Mudri¢ et al. 2021):

Haunser’s ratio =
P tab

In vitro dissolution study

The dissolution study was performed under two condi-
tions: in water and in a two-step dissolution medium.
In water, an unconventional test measured drug release
during sipping. A straw containing prepared granules
was immersed in 9 mL of purified water. After disin-
tegration, samples were filtered using 0.45 pm syringe
filters and examined using a UV spectrophotometer at
A, of 276.5 nm (Simsic et al. 2021).

A paddle-equipped dissolution apparatus II was used
to measure granule dissolution in 0.1 N HCI (pH 1.2)
followed by phosphate buffer (pH 6.8) as a two-step
dissolution medium; sink conditions were maintained
throughout the experiment. Experiments were conduct-
ed on Furosemide Oral Solution USP (Furoped?®, SL Sam-
rath, India) and all granule formulations at 37 + 0.5 °C
and 50 RPM agitation rate.

The experimental procedure involved a gastric condi-
tion for 1 hour with 100 mL, followed by intestinal con-
ditions simulated using 200 mL for 3 hours. Samples were
taken at 5, 15, 30, 45, 60, 75, 90, 120, 180, and 240 minutes.
For each time point, 2 mL was withdrawn and replaced
with fresh medium at the same temperature. The samples
were filtered using 0.45 pm filters. UV spectroscopy at 273
nm in 0.1 N HCl and 277 nm in pH 6.8 phosphate buffer
measured furosemide concentrations (Martir et al. 2020).

Disintegration test

Deionized water (9 mL) was used to flush the straw, and
the time required to dissolve the granules inside the straw
was recorded. The endpoint was reached when no gran-
ules remained within the straw (Kiraly et al. 2022).

Evaluation of the best formula
The best formula was evaluated using differential scan-

ning calorimetry (DSC) and Fourier transform infrared
spectroscopy (FTIR).
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Drug content

Six grams of the best formula were added to 100 mL of
deionized water. The mixture was stirred for 30 minutes
at 100 RPM using a magnetic stirrer. Measurements were
taken by spectrophotometry at 276.5 nm after filtering
through a 0.45 um syringe filter and diluting with deion-
ized water (Khalil et al. 2023).

Mass uniformity

Single-dose mass uniformity was tested using the Europe-
an Pharmacopeia 10" edition weighing method. Twenty
granules were randomly selected. Each was weighed using
an electronic balance, and the mean weight was calculated
(European Pharmacopoeia Commission 2019).

Impact of temperature and humidity on the optimum
formula

An accelerated stability study was conducted by storing
the best formulation (sealed in vials with screw caps) un-
der harsh temperature and humidity conditions for three
months. The vials were kept in an incubator and desiccator
at 40 °C and 75% relative humidity (Tong et al. 2022; Muter
and Habeeb 2025). A relative humidity of 75% was achieved
using a desiccator containing saturated sodium chloride
(S'Ari et al. 2021). The appearance and drug content of each
sample were evaluated after one, two, and three months.

Statistical analysis

Analysis was performed using SPSS version 14 and Graph-
Pad Prism 10.4. One-way ANOVA with post hoc Tukey
test was applied to continuous variables. The p-value was
considered significant if < 0.05.

Results and discussion
Percentage yield of the prepared ASD

Calculating the percentage yield of the prepared formula
is crucial for assessing the effectiveness of the prepara-
tion procedure. The yield values from all the generated
BASD formulas ranged from 92% to 99% (95%, 99%,
and 92% in Formulas E, F, and G, respectively). A small
loss occurred during some stages of the formula prepa-
ration or sieving process. The outcome demonstrated the
compatibility of the solvent evaporation process with the
chosen material for this preparation.

Drug content

The drug content of all formulations fell within the range
of 96-99% w/w (98 + 0.99%, 99.41 + 0.61%, and 96.79
£+ 0.29% in Formulas E, E and G, respectively). This
fulfills the specifications outlined by the United States

Pharmacopeia (90-105%) (Pharmacopeia 2018), ensur-
ing negligible furosemide loss during the preparation and
confirming that drug particles are evenly distributed in all
the produced formulations.

Differential scanning calorimetry

The DSC thermal analysis revealed a sharp melting en-
dothermic peak of furosemide at 221 °C, which confirms
the compound’s identity, purity, and crystallinity based on
previously reported data (Shariare et al. 2019; Diniz et al.
2020; Abu-Much et al. 2022). After solvent evaporation,
furosemide exhibited its peak at 220 °C. The melting point
of furosemide, both in its crystalline form and after solvent
evaporation, was approximately 221 °C; this can be attribut-
ed to furosemide’s transformation into another polymorph
during the melting process. Furthermore, the solvent evapo-
ration procedure did not produce a glass transition tempera-
ture (Tg) for furosemide, suggesting that the compound re-
mained in a crystalline state (Sulaiman Hameed et al. 2022).
Upon being mixed with PVP-K30 (Formula B), the physical
mixture exhibited a melting peak at approximately 235 °C.
However, after solvent evaporation (Formula F), the melt-
ing peak disappeared and a broad peak emerged at around
100 °C. This occurrence is likely attributed to the loss of
water from PVP-K30. The absence of a melting peak sug-
gests the formation of an ASD. The DSC analysis of gefitinib
solid dispersion prepared by spray drying using PVP-K30
as a carrier exhibited a broad endothermic peak at 50 °C,
indicating water loss in the sample due to PVP’s high hy-
groscopicity; however, no melting point peak was observed
(Mustafa et al. 2022). When combined with HPMC-E®6, the
physical mixture exhibited a melting peak at approximately
225 °C (Formula A). The DSC curve displayed an endother-
mic peak between 100 °C and 150 °C, attributed to surface
water removal. Subsequently, decomposition occurred at
this temperature. However, when the solvent was evapo-
rated (Formula E), a broad endothermic event (Tg) often
occurred concurrently with a reduced melting peak; this
suggests that not all the drug transitioned to the amorphous
state (partial amorphization) (Kim et al. 2021). When com-
bined with Soluplus®, the melting point peak of furosemide
was absent in both Formulas C and G. This indicates the ex-
istence of an interaction between crystalline furosemide and
Soluplus® and the formation of uniform mixtures and full
amorphization. Apixaban ASD showed similar results when
prepared using Soluplus® (Lee et al. 2023), as seen in Fig. 2.
The physical mixture with these polymers may lead to
the amorphization of furosemide. The polymers can inhibit
crystallization, resulting in an amorphous state that does
not exhibit distinct crystalline peaks in DSC thermograms.
The polymers may interact with furosemide at a molecular
level, disrupting its crystalline structure and promoting a
more amorphous form. This interaction can prevent the for-
mation of crystalline peaks in the thermograms. The melt-
ing temperatures (Tm) of the polymers used (PVP, HPMC,
Soluplus®) are generally lower than that of furosemide. For
example, PVP melts at approximately 150-180 °C, HPMC



Pharmacia 72: 1-19

Pure drug and

physical mixtures Solid dispersion

71 Formula C @9 Formula G
<.l =)
*'| Formula A 1 Formula E
‘T - -
c0
=4 =
E 7| Formula B 1 Formula F
g ] \/\/\ i
=
ot
S =
- |
J Pure drug | FormulaD
=+ -

50 100 150 200 250 50 100 150 200 250

Tempreture (°C) Tempreture (°C)

Figure 2. The DSC thermograms of various formulas.

at around 190-200 °C, and Soluplus® at 70-80 °C; these
temperatures are lower than the melting temperature of
furosemide, which is around 210-220 °C. As a result, the
polymers can melt and form a homogeneous mixture with
furosemide, leading to the absence of crystalline peaks in
the DSC thermograms (Howatson 2012; Haynes 2016).

Powder X-ray diffraction

The P-XRD technique can be employed to evaluate al-
terations in the crystalline structure of a pharmaceutical
compound that undergoes conversion into a solid disper-
sion and precipitates in an amorphous state. This trans-
formation could enhance its solubility and confirm the
findings of the DSC tests.

Pure drug and
physical mixtures

Fig. 3 shows the P-XRD of furosemide in various for-
mulations. The drugs P-XRD patterns showed several
peaks at 20 angles of 6.01°, 12.09°, 18.13°, 18.17°, 22.1°,
24.81°, and 28.65°. These peaks, characterized by their
strong Bragg reflections, confirm the crystalline struc-
ture of furosemide, which has been previously reported
(La Rocca et al. 2022).

PVP and Soluplus® exhibited a halo pattern devoid
of diffraction peaks, suggesting that the polymers uti-
lized were in a non-crystalline condition (Jia et al. 2022;
Saraf et al. 2022). The presence of distinct sharp peaks in
the P-XRD pattern of HPMC-EG6 at 26 angles of 32.51°,
45.62°, and 56.44° indicates its semi-crystalline struc-
ture (Zhang et al. 2021). The furosemide physical mix-
tures with HPMC-E6, PVP-K30, and Soluplus® showed
similar diffraction patterns, with a reduction in the
number of peaks, which most likely indicates a drop in
the drug’s crystallinity. No new peaks or peak displace-
ments were observed, suggesting that no new interac-
tions occurred (dos Santos et al. 2021). The reduction of
Bragg peaks observed during furosemide solvent evap-
oration suggests that the drug may lose crystallinity and
revert to a semi-crystalline state, as previously observed
in a study on azithromycin (Ismael et al. 2020).

The samples obtained by BASDs revealed a lower relative
intensity of the furosemide peaks than the physical mix-
tures, indicating a loss of drug crystallinity in the BASDs.

In the case of BASD with PVP-K30 (Formula F), halo
peaks were observed, which indicate full amorphization
of furosemide due to molecular interaction with the car-
rier. The results confirmed that furosemide had been ef-
fectively distributed in PVP-K30 and transformed into an
amorphous structure. This result is consistent with a pre-
vious study in which quercetin was prepared as an ASD
with PVP-K30 (Febriyenti et al. 2020).

Solid dispersion
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Figure 3. The PXRD patterns of various formulas.
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In BASD with Soluplus® (Formula G), the absence of
clearly defined crystalline peaks, replaced by a wide halo,
indicates that the drug molecules are evenly distributed
at the molecular level within the polymer, i.e., complete
amorphization. This result agrees with a previously re-
ported study (Vasconcelos et al. 2021).

On the other hand, the diffractogram of the furose-
mide-HPMC-E6 BASD exhibited prominent diffraction
peaks, indicating the formulation’s crystalline character-
istics. The produced BASD exhibited distinct diffraction
peaks at 20 angles of 26.61°, 32.31°, and 47.1°, which con-
firm its crystalline structure. These findings suggest that
the presence of HPMC-E6 and its intermolecular interac-
tions—specifically bonding between the individual chains
of the monomer—are responsible for the observed crys-
talline nature, leading to the formation of aggregates and
a significant level of crystallinity (Ravikumar et al. 2022).

Overall, the results of the current study are consistent
with those of DSC and P-XRD.

Fourier transform infrared spectroscopy

The FTIR spectra of pure furosemide powder exhibited dis-
tinctive absorption bands. Stretching peaks for furosemide
were observed at 3396 and 3349 cm™! for NH,, 3280 cm™! for
NH, 1141 cm™ for SO,, and 1670 cm™ for C=0, as shown in
Table 4, Fig. 4. Several previous reports describe a spectral
pattern similar to that of furosemide (Bezerra et al. 2021a;
Li et al. 2021; Hossain et al. 2023; Alshora et al. 2024).

The FTIR spectra of Formulas A, B, and C (physical
mixtures) and Formula E (BASD) showed negligible dif-
ferences, as presented in Table 4, Fig. 4.

After solvent evaporation, the FTIR spectra of Formula
F differed significantly from those of Formula B. The pri-
mary amine peaks shifted from 3396 and 3348 cm™ to 3307
and 3089 cm™!, respectively, while the furosemide NH,
symmetric stretching and carbonyl peaks shifted from
3284 and 1678 cm™ to 2956 and 1676 cm™, respectively.
The stretching mode of S=0 also shifted from 1141 to 1161
cm™, confirming that these functional groups interact with
PVP. The shift in furosemide characteristic peaks suggests
the presence of hydrogen bonding between the compo-
nents of the BASD (furosemide and PVP-K30), as illus-
trated in Table 4, Fig. 4. These findings are consistent with
previous studies involving resveratrol solid dispersions
prepared using Eudragit® E PO, polyethylene glycol 6000,
PVP-K30, and Soluplus®, in which peak shifts and broad-
ening indicated hydrogen bond formation (Yu et al. 2023).

In Formula G, the peak of primary amine shifted from
3396 and 3348 cm™ to 3317 and 3084 cm™. The aromat-
ic NHCH, peak also shifted from 3282 to 2927 cm, the
carbonyl group spectrum grew from 1672 to 1683 cm™,
and the sulfonyl group band increased from 1141 to 1163
cm™, compared to Formula C. The carbonyl group peak
and the sulfonyl group peak exhibit a greater wavenum-
ber (blue shift), suggesting that the carbonyl and sulfonyl
groups of furosemide may participate in the creation of
hydrogen bonding, as seen in Table 4, Fig. 4. Nandi et al.

Table 4. FTIR data of furosemide in all formulations containing furosemide.

Group (cm™)  Pure drug Formula D Formula A Formula E Formula B Formula F Formula C Formula G
SO,NH, 3396; 3349 3396; 3349 3396; 3348 3396; 3348 3396; 3348 3307; 3089 3396; 3348 3317; 3084
AR—NHCH2 3280 3282 3282 3282 3284 2956 3282 2927
C=0 1670 1674 1670 1670 1678 1676 1672 1683
$=0 1141 1141 1141 1141 1141 1161 1141 1163

Pul:e drug and Solid dispersion
physical mixtures
. :
= ! Formula C S \ Formula G
: 1
- U - ]
1
w : w :
— ' — '
_~ : Formula A :
é _ E _ E Formula E
£ =4 N =4 \
() 1
= ' :
e - + Formula B - H
S ! i Formula F
E “ E T W
= . +
(5] - i - '
@ | Pure drug : Formula D
=d | o '
H
) 1
4000 3000 2000 1000 4000 T 3000 2000 1000

Wavelength /cm™

Figure 4. FTIR patterns of various formulas.
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reported a similar observation in simvastatin/Soluplus®
ASD using a single-step, organic solvent-free supercritical
fluid process (Nandi et al. 2021).

Determination of saturated solubility

The solubility of furosemide in water and Tween 80 (0.1%)
was found to be 0.09 mg/ml, consistent with the previous
study (Diniz et al. 2020). Fig. 5 shows that all furosemide
formulations were more soluble than the pure medica-
tion (p-value < 0.05) when saturated with water and 0.1%
Tween 80. HPMC-E6 and PVP-K30 increased solubility
15-fold and 13.5-fold, respectively.

HPMC, in particular, contains hydrophilic hy-
droxypropyl groups and methyl groups, which are hy-
drophobic, resulting in a polymer with surface-active
properties (Kayaert and Van den Mooter 2012). HPMC
is useful in delaying the crystallization of amorphous
forms of furosemide during dissolution (Alonzo et al.
2010); this explains the higher solubility of furosemide
in the HPMC formulation (Formula E).

Polyvinylpyrrolidone (PVP) is frequently utilized as
a polymer in amorphous solid dispersions (ASD) owing
to its capacity to create a stable amorphous matrix with
the examined pharmaceuticals (Yu et al. 2018); this can
inhibit the medication from crystallizing, preserving it in
a more soluble amorphous form (Budiman et al. 2022a,
2022b). The amorphous form of medicine typically
demonstrates more solubility than its crystalline equiva-
lent, perhaps enhancing dissolution and absorption in the
gastrointestinal tract (Dengale et al. 2016). PVP serves as
a carrier or matrix for the medication in the ASD, aiding
in the preservation of the drug in a stable and amorphous
state; this is especially advantageous for pharmaceuticals
with limited water solubility (Wlodarski et al. 2018; Mon-
schke and Wagner 2020). These properties of PVP explain
the increase in furosemide solubility in Formula E

Soluplus® is a graft copolymer (an amphiphilic polymer)
consisting of polyethylene glycol (PEG), polyvinyl capro-
lactam, and polyvinyl acetate. Some of its components are
hydrophilic, such as the strongly hydrated PEG segment,

which increases its solubility, while other components are
hydrophobic, including vinyl acetate and vinyl caprolact-
am. This complex relationship was associated with a slight
increase in solubility in Formula G, but it was not as high
as those seen in Formulas E and F (Alopaeus et al. 2019).

Hydrophilic carriers and drug particle adsorption on
their surfaces may explain this action (Tung et al. 2021).
The drug’s solubility increased due to the reduced parti-
cle size and increased solvent-drug interfacial area com-
pared to the pure drug; previous work supports this result
(Malkawi et al. 2022).

In vitro dissolution studies

According to Fig. 6, about 45.80% of pure furosemide dis-
solves within 120 minutes. The physical mixture formulas
based on HPMC-E6 and PVP-K30 (Formulas A and B)
and all solid dispersion formulas (Formulas E, F, and G)
released furosemide more effectively than the pure drug
(p-value < 0.05). Meanwhile, the Soluplus® physical mixture
formula showed a lower release profile than the pure drug.

Solvent evaporation improved the dissolving profile of
furosemide (Formula D), resulting in 84.88% drug solu-
bility after 120 minutes, which was significantly higher
than the pure drug (p-value < 0.05). This enhanced sol-
ubility is attributed to amorphization and/or particle size
reduction and surface area expansion.

The BASD formulas (Formulas E, F, and G) exhibited
dissolution rates of 90.20%, 87.18%, and 79.96% at 120
minutes, respectively. The solid dispersion dissolving rates
followed the descending order: Formula E > Formula F
> Formula G. Their dissolution rates were 1.96, 1.9, and
1.7 times faster, respectively, than that of pure crystalline
furosemide (p-value < 0.05), consistent with a previous
study in which PVP-K17s/nisoldipine ASDs increased
drug release after 120 minutes (Chavan et al. 2020).

The BASD containing HPMC-E6 dissolved faster than
that with PVP-K30. The crystal inhibition property of
HPMC facilitates dissolution in the E6-based dispersion.
HPMC-E6 dissolves more rapidly than PVP because it in-
hibits precipitation more effectively (Ishtiaq et al. 2022).
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Figure 5. Saturated solubility study of furosemide. A. Absolute solubility; B. Fold increase in solubility compared to pure drug.

One-way ANOVA with post hoc Tukey test; data presented as mean + standard deviation.
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Figure 6. Dissolution profile of various formulas.

Multiple mechanisms in Soluplus® also accelerate fu-
rosemide dissolution in solid dispersions. Soluplus®, an
amphiphilic polymer, prevents crystal formation and en-
hances molecular dispersion of furosemide in its amor-
phous state. This increases surface area and wettability,
thereby speeding up aqueous dissolution—consistent
with previous findings (Vasconcelos et al. 2021).

Selection of the best BASD formula

The preferred formulation is the PVP-K30 solid dis-
persion (Formula F) due to its advantageous results
in DSC, XRPD, and FTIR investigations. The ratio-
nale behind selecting Formula F is the conclusive ev-
idence provided by various analytical techniques,

demonstrating that the formula is an amorphous sys-
tem with improved solubility.

Field emission-scanning electron mi-
croscopy (FESEM)

Fig. 7 shows the surface properties of furosemide in
its pure form and in various formulations. In contrast
to pure furosemide (Fig. 7A), which exhibited a rod-
shaped, needle-like crystal structure, Formula F (Fig.
7B) displayed a layered, flaky structure with sharp edges
and no crystalline features. Complexation with PVP-K30
results in polymorphic variations in crystal habit and
transformation to an amorphous state, suggesting the
successful production of an ASD.

MIRA3 TESCAN

SuT- FESEM

3 TESCAN]
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Figure 7. FESEM images of various furosemide formulas in the pre-formulation phase of the study. A. Pure furosemide; B. Formula
F; C. Formula B; D. Pure furosemide at higher magnification, and E. Formula F at higher magnification.
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Fig. 7C shows a physical mixture of spherical excip-
ients and a smooth, layered solid dispersion, supported
by Zhou et al’s solvent evaporation investigation, which
increased luteolin solubility in a PVP solid dispersion
(Zhou et al. 2022).

The solvent evaporation process produces particles with
a narrow size distribution due to a high surface area-to-vol-
ume ratio. Fig. 7D shows that raw furosemide particles had
a mean diameter of 300.99 nm. The formulated BASD (Fig.
7E) further reduced drug particle size to 129.57 nm and
altered the furosemide structure, resulting in a distinct and
consistent morphology. Particle size reduction and chang-
es in particle appearance indicate the effectiveness of the
solvent evaporation method (Shah et al. 2024).

Granules evaluation

Angle of repose

Table 5 presents the angle of repose values for all granule
formulations. According to the European Pharmacopoe-
ia, flow properties improve with a lower angle of repose,
and values between 25° and 35° are generally considered
indicative of good flowability (Buanz 2021). The evaluated
formulations demonstrated good to excellent flow charac-
teristics. Notably, granules of Formulation F9 had a low-
er angle of repose (22.58°) than those of Formulation F1
(31.59°), indicating superior flow properties.

Talc (TLC) affects formulations containing crospo-
vidone and Aerosil® super disintegrants. TLC reduces
granule friction and cohesive interactions, thereby low-
ering the angle of repose (Apeji et al. 2022). The angle of
repose further decreased in formulations as the crospo-
vidone content increased from 2.5% to 5%. Moreover,
the inclusion of Aerosil® in the formulations reduced
both the angle of repose and compressibility, confirm-
ing that Aerosil® enhances the flowability of furosemide
powder. The flowability enhancement process involves
the physical separation of host particles caused by the
presence of guest particles adhering to their surface,
which leads to a reduction in cohesion. When inter-
particle cohesiveness is sufficiently diminished, gravita-
tional forces predominate over cohesive forces, marked-
ly improving powder flow (Tadauchi et al. 2022).

Bulk density and tapped density

Formulas F7, F8, F9, and F10, which contain Aerosil®, ex-
hibited higher bulk and tapped densities than the other
formulations, attributable to Aerosil”s superior flow-en-
hancing properties. Table 5 presents the bulk and tapped
density values for each granule formulation based on den-
sity measurements.

Compressibility index (Carr's index) Cl and
Hausner's ratio (HR)

The Carr’s index quantifies powder bridge strength and
stability, while the Hausner ratio evaluates particle fric-
tion. Carr’s index is low when bulk and tapped density
are similar, indicating high granule flowability. Howev-
er, granules with poor flow have high Carr’s index val-
ues, indicating significant variations in bulk density. CI
and HR flowability matched the angle of repose. These
results show that crospovidone and Aerosil® granules
flow better than pullulan polysaccharides. Flow prop-
erties are good, with 5-15% compressibility index val-
ues. Table 5 shows Hausner’s ratio and Carr’s index re-
sults. All granule formulations were measured within
acceptable flow characteristics following the European
Pharmacopoeia (Buanz 2021).

In vitro dissolution study

A) In water.

This study aims to predict formulation behavior in straws
during water intake. The dissolution data for furosemide
are presented in Fig. 8. All of these formulations exhibit-
ed a relatively short drug release time of 1 minute, as the
amount of released furosemide did not exceed 30.98%.

B) In two dissolution steps.

Fig. 9 shows the dissolution rate at different pH values. The
drug release percentage of formulas was initially assessed
in HCI buffer at pH 1.2, which mimics stomach acidity,
and furosemide dissolves more slowly. The results indicat-
ed a relatively lower drug release percentage than Furose-
mide Oral Solution USP (Furoped®, SL Samrath, India),
reaching approximately 50.81% within 60 minutes in F9.

Table 5. Angle of repose, bulk density, tapped density, Carr’s index, Hausner’s ratio, and disintegration time values for each granule

formulation.

Formula Angle of repose Type of flow Bulk density Tapped density Carr’s index Hausner’s ratio Type of flow Disintegration time (sec)

F1 31.59 Good 0.45+0.15 0.51 +0.14
F2 32 Good 0.45+0.12 0.51 £0.16
F3 30.8 Very good  0.46 £ 0.15 0.52+0.12
F4 29.72 Very good  0.45+0.13 0.56 £ 0.12
F5 28.05 Very good  0.45+0.15 0.56 +0.15
F6 28.05 Very good  0.46 + 0.20 0.57 £ 0.15
F7 24.18 Excellent ~ 0.49 +0.20 0.58 £0.12
F8 27.2 Very good  0.49 +0.11 0.58 £0.13
F9 22.58 Excellent ~ 0.51 +0.10 0.59 +£0.11
F10 23.02 Excellent 0.51 £0.13 0.59 £0.11

25% 1.33 Passable 65
22% 1.28 Passable 53
20% 1.25 Fair 24
20% 1.25 Fair 35
15% 1.17 Good 22
15% 1.17 Good 27
15% 1.17 Good 13
15% 1.17 Good 16
11% 1.12 Good 5-6
12% 1.13 Good 10




12 Mohammed-Kadhum MF & Hameed GS: Furosemide-loaded binary amorphous solid dispersion with enhanced solubility

10 4

Cumulative release (%)

T T
0.0 0.2 0.4 0.6 0.8 1.0
Time (min)

Figure 8. Dissolution profile of furosemide granule formulas
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Figure 9. Dissolution profile of furosemide granule formulas in
0.IN HCI (pH 1.2) and phosphate buffer (pH 6.8) at 37 °C.

The lower solubility of furosemide in acidic environments
may explain this. The drug dissolves more slowly in acidic
conditions due to its pH-dependent solubility. Neverthe-
less, furosemide dissolves faster at pH 6.8 due to its higher
solubility in nearly neutral or slightly alkaline conditions.

Drug release is faster (p-value < 0.05) with crospovi-
done (F3 to F6) than with pullulan polysaccharides (F1
and F2), with a maximum of 59.48% in 4 hours for F2;
it is clearly shown that the percentage of drug release is
influenced by both the type and quantity of the super dis-
integrant agent employed. Crospovidone’s rapid water ab-
sorption and swelling facilitate the dissolution of the drug
more effectively than pullulan polysaccharides. This rapid
breakdown accelerates drug release (Bezerra et al. 2021a).

In formulations F7 to F10, the addition of Aerosil asa su-
per disintegrant speeds dissolution (p-value < 0.05). Aero-
sil enhances granule wetting and dispersion, improving
dissolution (Alam et al. 2024). Aerosil’s glidant properties
enhance powder flow and dispersion, thereby accelerating
drug release. Additionally, increased superdisintegrant lev-

els in formulations could enhance drug release. Increased
super disintegrants cause rapid granule disintegration and
drug solubility due to substantial swelling.

Formulations with sodium bicarbonate release furose-
mide faster (p-value < 0.05) than those with calcium car-
bonate. When in contact with water, sodium bicarbonate
acts as a release enhancer by creating carbon dioxide gas.
This gas disintegrates and dissolves quickly due to internal
pressure (Mahmoud et al. 2023).

Thus, the pH of the dissolving medium, type of super
disintegrant, concentration, and release enhancers all af-
fect furosemide dissolution profiles. Excipient selection
is crucial during formulation development to achieve the
desired drug release characteristics. Based on the findings
of this investigation, formulation F9 exhibited the high-
est percentage of furosemide release. This formulation
contained 5% crospovidone, 1% Aerosil®, and 1% sodium
bicarbonate and achieved a drug release rate of 79.86%
within 4 hours. This type of release is similar to Guimaraes
et al’s work, which studied dissolution tests on Singulair®
granules and chewable tablets (Guimardes et al. 2022).

Disintegration time test

Table 5 shows that granule disintegration time was a cru-
cial parameter that varied between formulas. The disinte-
gration time was determined by measuring the duration
for the granules to break down completely; this was con-
firmed by observing a change in the color of the resulting
solution and the absence of any solid particles. Formula F9
disintegrated fastest (5-6 seconds) (p-value < 0.05) due to
its 5% crospovidone and 1% Aerosil® superdisintegrants.

The concentration of superdisintegrants plays a crucial
role in the disintegration process. Higher concentrations
of superdisintegrants typically lead to a more pronounced
and rapid swelling action, decreasing the disintegration
time; this can explain why formulations with increased
concentrations of crospovidone showed reduced dis-
integration time (Berardi et al. 2021). Crospovidone is
known for its high capillary activity and pronounced
hydration capacity, which enables it to absorb water
and swell rapidly. This rapid swelling action disrupts the
granule structure quickly, leading to faster disintegration
(Sutthapitaksakul et al. 2022). In addition, using crospo-
vidone as the only disintegrant did not yield the desired
disintegration qualities of the granules (Purandare et al.
2024). Therefore, the presence of Aerosil® can enhance
the disintegration process by improving the flow proper-
ties and uniform distribution of granules, thus facilitating
quicker access of water to the superdisintegrant.

Additionally, Aerosil® can act as a glidant, reducing
inter-particulate friction and aiding in the rapid break-
down of granules. Sodium bicarbonate acts as an effer-
vescent agent, releasing carbon dioxide gas upon contact
with water. This gas formation creates internal pressure
within the granules, aiding in their rapid breakup. The
effervescent action of sodium bicarbonate accelerates
disintegration, especially when used with superdisinte-
grants like crospovidone and Aerosil®.
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Selection of the best furosemide formula

From the above formulas’ characterization and evalua-
tion results, formula F9 was selected as the best formula
compared with the marketed product. It exhibits a faster
disintegration time of 5-6 seconds, good flowability prop-
erties, and drug release from formula F9, which was found
to have 50% release within 1 hour in acidic media (pH 1.2)
and 79% at 4 hours in phosphate buffer (pH 6.8). There-
fore, formula F9 was selected as the best formula.

Evaluation of the best formula (F9)
Drug content

The drug content in formula F9 was 95.42% + 1.24. The
allowable drug content fluctuation range is 85-115%; this
meets the 10" edition of the European Pharmacopoeia’s
single-dose formulation standards (European Pharmaco-
poeia Commission 2019).

Mass uniformity

In the European Pharmacopoeia 10" edition, the 10%
variation limit was met; only two individuals differed
from the average mass by a percentage, and none by more
than twice that of the individual’s percentage deviation,
which ranged from 3.75 to 7.5%, suggesting that formula
F9 demonstrated a high degree of mass uniformity (Euro-
pean Pharmacopoeia Commission 2019).

Differential scanning calorimetry

Fig. 10A compares DSC images of the best furosemide
granules (Formula F9) and pure furosemide. Furosemide’s
melting point and medication degradation cause an en-
dothermic peak of about 221 °C. The drug’s endothermic
peak was absent from furosemide granules in Formula F9
DSC images due to furosemide solubility and homoge-
neous distribution in the melting polymers. The absence
of the furosemide endothermic peak also shows that the
granules of furosemide are thermally stable. This finding
aligns with a prior investigation (Alshora et al. 2024).

Fourier transform infrared spectroscopy

As seen in Fig. 10B, the FTIR spectra of Formulation F9
granules were compared to those of the physical mixture.
The physical mixture was characterized by furosemide

stretching peaks at 3396 and 3348 cm™ for NH,, 3284 cm™
for NH, 1141 cm™ for SO,, and 1678 cm™! for C=0. The
FTIR spectra of the best formula exhibit distinct peaks at
3398 and 3346 cm™! for NH,, 3288 cm ™! for NH, 1151 cm™
for SO,, and 1668 cm™! for C=0.

The absence of any additional peaks and the presence
of all drug peaks in Formula F9 suggest no interaction
with the excipient. This indicates the excipient’s compati-
bility with furosemide, ensuring that there were no chem-
ical interactions or degradation of furosemide during the
preparation of the granules.

This investigation was correlated with a previous study,
which examined the synthesis and characterization of furo-
semide-loaded sericin/alginate beads. The study found that
the furosemide-loaded formulations and pure furosemide
spectra showed similarity, indicating the drug was compat-
ible with the sericin/alginate blend (Bezerra et al. 2021b).

Field emission-scanning electron microscopy

Fig. 11 shows that furosemide granules have better sur-
face characteristics and a densely packed, spherical con-
figuration that facilitates smooth mobility. Formula F9
had 61.69 nm particles, while the particle size of the pure
drug was 300.99 nm. This finding resembles ibuprofen
co-crystal granules prepared via fluidized bed granulation
(Todaro and Healy 2021).

Impact of temperature and humidity on the
best formula

Crystalline furosemide presents significant challenges
for the pharmaceutical industry due to its inadequate
solubility. Moreover, furosemide is recognized for its in-
stability under harsh storage conditions. It experiences
acid-catalyzed hydrolysis in aqueous solutions, photo-
chemical degradation in the solid phase, and thermal
disintegration at its melting point. Consequently, crys-
talline furosemide appears to be highly susceptible to
deterioration under unsuitable storage or manufacturing
settings (Adrjanowicz et al. 2011).

Formula F9 was sealed in a container and accelerated at
40 °C and 75% relative humidity for three months. During
storage, it remained similar in appearance (Fig. 12). The
initial drug content of Formula F9 was 95.42% + 1.24%,
and after one, two, and three months of storage, it became
95.31% + 1.2, 94.20% = 0.9, and 93.64% + 1.3%, respec-
tively. The stability data showed that furosemide and
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Figure 10. Assessment of pure furosemide and Formula F9 utilizing. A. DSC thermograms and B. FTIR patterns.
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Figure 12. Stability test: the physical appearance of granules (Formula F9).

PVP-K30 drug-polymer interactions encapsulated the
amorphous drug, improving its solubility and stability.
Due to the robustness and adaptability of the solid dis-
persion system, furosemide with PVP solid dispersion
granules showed no significant changes in appearance or
drug content after a 3-month stability trial under extreme
conditions. This finding aligns with another study on the
stability of hot-melt extruded telmisartan solid disper-
sions over 1 month. The samples did not degrade under
accelerated stability conditions of 40 °C/75% relative hu-
midity, and there was no substantial decrease in drug con-
tent; it was approximately equivalent to that at the initial
time (Almotairy et al. 2021).

However, while these findings suggest that the formu-
lation is robust under accelerated conditions, the slight
gradual decrease in drug content leaves open the possi-
bility that, over extended periods or under less controlled
ambient conditions, furosemide might eventually exhibit
instability. In essence, the accelerated study provides en-
couraging evidence for the short- to mid-term stability re-
quired for pediatric formulations. Still, it also underscores
the importance of long-term stability assessments under
real-world storage conditions to confirm the shelf life and
ensure consistent therapeutic efficacy.

Conclusion

This work produced binary solid dispersion formulations
of furosemide with improved solubility. The presence of

PVP-K30 in the solvent-evaporated product creates a
completely amorphous solid dispersed system, which en-
hances the drug dissolution rate due to its miscible nature.
This information can be utilized in future endeavors to
alter furosemide’s physical characteristics and dissolution
rate. In light of this study, the granule formulations con-
taining 12 mg of furosemide were formulated in straws
with ultrafast disintegration time. It was found that F9
formulations (containing 5% crospovidone, 1% Aerosil®,
and 1% sodium bicarbonate) have the best properties.
Overall, the developed granule formulations, filled into
pediatric-friendly dosing devices, can potentially improve
compliance and treatment outcomes for children.
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