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Abstract: Poor aqueous solubility limits the therapeutic efficacy of many marketed and investigational
drugs. Synthesis of new drugs with improved solubility is challenging due to time constraint and
expenses involved. Therefore, finding the solubility enhancers for existing drugs is an attractive
and profitable strategy. In this study, PEGylated oleic acid (OA-mPEG5000), a conjugate of oleic acid
and mPEG5000 was synthesized and evaluated as a solubilizer for furosemide. OA-mPEG5000 was
evaluated as a nanocarrier for furosemide by formulating polymersomes. Solubility of furosemide in
milli-Q water and aqueous OA-mPEG5000 solution was determined using shake flask method. At 37 ◦C,
the solubility of furosemide in OA-mPEG5000 (1% w/w) and milli-Q water was 3404.7 ± 254.6 µg/mL
and 1020.2 ± 40.9 µg/mL, respectively. Results showed there was a 3.34-fold increase in solubility of
furosemide in OA-mPEG5000 compared to water at 37 ◦C. At 25 ◦C, there was a 3.31-fold increase
in solubilization of furosemide in OA-mPEG5000 (1% w/w) (90.0 ± 1.45 µg/mL) compared to milli-Q
water (27.2 ± 1.43 µg/mL). Size, polydispersity index and zeta potential of polymersomes ranged
from 85–145.5 nm, 0.187–0.511 and −4.0–12.77 mV, respectively. In-vitro release study revealed a
burst release (71%) within 1 h. Significant enhancement in solubility and formation of polymersomes
suggested that OA-mPEG5000 could be a good solubilizer and nanocarrier for furosemide.

Keywords: oleic acid; mPEG; furosemide; OA-mPEG5000; solubility; polymersomes; BCS class IV;
PEGylated oleic acid

1. Introduction

All active pharmaceutical ingredients (APIs) irrespective of the mode of drug administration
should have at least limited aqueous solubility for therapeutic efficacy as water is the major component
in all body fluids [1]. Poor aqueous solubility of APIs leads to suboptimal patient outcomes due to
poor oral bioavailability and variable pharmacokinetics [2–4]. The maximum amount of a substance
that will dissolve in a given amount of solvent at a specified temperature is known as solubility and is
a characteristic property of a specific solute–solvent combination [2,5,6]. Each API differs in terms of
solubility profile [1,5]. Nearly 40% of drugs in the market and about 90% of molecules in the discovery
pipeline have poor water solubility [7,8]. According to the Biopharmaceutics Classification (BCS)
system, an increasing percentage of drug molecules under development by pharmaceutical industries
can be classified as Class II compounds, compounds with high permeability but poor solubility. Also,
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a significant percentage of molecules under investigation have poor solubility and permeability (BCS
Class IV) [4]. Therefore, improving the solubility of BCS Class II and Class IV APIs can enhance the
therapeutic efficacy, and it is a promising area of research in pharmaceutical industry. Formulation
strategies such as encapsulating powder in capsules and conventional tablets cannot address solubility
and permeability issues [4]. Various solubilization techniques are used to improve the solubility and
bioavailability of poorly soluble drugs. Some of the solubilization techniques include: (i) modifying
pH and salt formation; (ii) conversion into amorphous forms; (iii) making solid dispersions; (iv)
Co-crystallization; (v) polymeric micelles formulation; (vi) solid lipid nanoparticles formulation;
(vii) inclusion complexation; (iii) size reduction and nanonization; (ix) liposomes and pro-liposomes
formulation; and (x) microemulsions and self-emulsifying drug delivery systems formulation [7].

The development of novel formulations for existing drugs is a good strategy for pharmaceutical
industry as the cost associated with drug discovery and development for new molecules is substantially
high [6]. As the majority of the API’s available in the market have solubility issues, filing new
drug applications (NDA) under 505(b)(2) for formulations with rapid dissolution and enhanced
bioavailability is advantageous for the pharmaceutical industry [7,9].

There are several molecules currently being used in clinics which fall under BCS Class IV.
Examples of BCS class IV drugs include Acetazolamide, amphotericin B, paclitaxel, ritonavir,
and furosemide [10]. Chemically, furosemide is 5-(aminosulfonyl)-4-chloro-2-((2-furanylmethyl)amino)
benzoic acid (Figure 1) [11] and is a loop diuretic used for treating edema associated with cardiovascular
diseases such as heart failure, infarction and hypertension, liver disease, and nephrotic syndrome [11–14].
Reported pKa1 and pKa2 of furosemide are 3.8 (carboxylic acid) and 7.5 (amino) [15], respectively with
log P (n-octanol/water) values of 2.29 [16] and 1.81 [17].
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Literature reports that aqueous solubility of furosemide varies from 0.01825 mg/mL [18] to
0.04 mg/mL [19] and it has extremely variable bioavailability due to its low solubility [20,21].
Despite suboptimal biopharmaceutical properties, furosemide is the most commonly prescribed
diuretic [22]. Several formulations such as solid dispersion [21,23,24], self micro-emulsifying
drug delivery systems, nanosuspension [14,25], micelles [19], solid lipid nanoparticles [26],
polymeric microcontainers [27], and nano-cocrystal [28] have been proposed for enhancing the
dissolution, solubility and bioavailability of furosemide. Among all the formulation strategies,
amphiphilic polymers for the enhancement of solubility is a promising strategy as these polymers
can form nano-carriers. Polymeric micelles were proposed for the first time as possible drug
carriers in 1984 [29]. Since then, they have emerged as promising carriers for poorly water-soluble
drugs [30]. Polymeric micelles from poly (ethylene glycol)-b-poly(e-caprolactone-co-trimethylene
carbonate) [19,31] and diblock copolymers of ethylene oxide and styrene oxide [32] have been
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evaluated as solubilizers for furosemide. There has been continuous effort to explore new polymers and
excipients for enhancing the solubility of furosemide. OA-mPEG5000 is a pegylated oleic acid prepared
by conjugation of oleic acid with monomethoxy polyethylene glycol (mPEG) (MW 5000). This polymer
can form polymersomes and has proven to be a promising nanocarrier for enhancing antibacterial
activity of vancomycin [33]. Due to the 18-fold higher molecular weight of hydrophilic segment (mPEG)
than hydrophobic segment (OA), this polymer can self-assemble in water to form polymersomes [33].
Amphiphilic polymers forming polymersomes could enhance aqueous solubility of poorly soluble
drugs. OA-mPEG5000 polymer was synthesized using a one step process and has been made up of
biocompatible materials such as oleic acid and polyethylene glycol. Despite its interesting properties
such as easy synthesis and non-toxicity to mammalian cells, it has not been studied extensively for
pharmaceutical applications such as drug carrier and solubilizer. Therefore, we evaluated the potential
of recently reported polymer, OA-mPEG5000, as a solubilizer and nanocarrier for furosemide. To the
best of our knowledge, this is the first report on the applicability of OA-mPEG5000 as a solubility
enhancer and polymersome-forming material for furosemide.

2. Materials and Methods

2.1. Materials

Furosemide was purchased from TCI America (Portland, OR, USA) and oleic acid from Alfa
Aesar (Ward Hill, MA, USA). Monomethoxy polyethylene glycol (mPEG) (MW 5000), diethyl ether
and tetrahydrofuran (THF; 99.9% pure) were purchased from Sigma Aldrich (St. Louis, MO,
USA), Fisher Chemicals (Fairlawn, NJ, USA) and Acros Organics (Fairlawn, NJ, USA), respectively.
An in-house Elix water purification system (Millipore Corp., Burlington, MA, USA) was used to obtain
milli-Q water (resistivity: 18.2 MΩ).

2.2. Methods

2.2.1. Synthesis of Pegylated Oleic Acid (OA-mPEG5000)

A literature reported procedure with some minor modifications was followed for the synthesis of
OA-mPEG5000 polymer [33]. OA (16 g, 56.3 mmoL) and mPEG (10 g, 2.0 mmoL) were mixed together
in a 100 mL round bottom flask and heated in an oil bath at 170 ◦C for 5 h under inert atmosphere.
The reaction mixture was allowed to cool to 25 ◦C and was then added to 200 mL cold diethyl ether.
This diethyl layer was centrifuged at 10,000 rpm at 20 ◦C for 20 min and supernatant was decanted to
remove the solvent and excess of oleic acid. Isolated solid was again dispersed in fresh ice-cold diethyl
ether and re-centrifuged. This procedure was repeated three times to ensure complete removal of
unreacted excess oleic acid. Obtained solid white mass was then dried in a vacuum desiccator for 24 h
to obtain OA-mPEG5000 as off-white solid (9.7 g, 91.8%). The conjugate was extensively characterized
using Fourier-transform infrared spectroscopy (FT-IR) and nuclear magnetic resonance (NMR) imaging
(1H and 13C) [33].

FT-IR: 2881.45, 1733.27, 1341.51, 1103.23, 958.58, 842.23 cm−1. 0.82 (t; 3H; —CH3), 1.19–1.23 (m;
22H; —CH2—), 1.55 (q; 2H; —CH2CH2COO—), 1.94 (m; 4H; —CH2—CH=CH—CH2—), 2.25 (t;
2H; —CH2CO—), 3.31 (s; 3H; —OCH3), 3.38–3.49 (m; 224H; —OCH2—CH2O—), 3.75 (t; 2H;
—CH2COOCH2CH2—) 4.15 (t; 2H; —CH2COOCCH2—), 5.26 (m; 2H; —CH=CH—). 13C NMR
(CDCl3) δ (ppm): 14.10, 22.65, 24.79, 24.87, 27.15, 29.09, 29.29, 31.84, 59.00, 57.12, 66.89, 70.53, 71.90,
129.73, 173.81 [33].

2.2.2. Solubility Study

Saturation solubility of furosemide in OA-mPEG5000 was determined at 25◦C and 37 ◦C using
a shake flask method. Excess furosemide was mixed with aqueous solution of OA-mPEG5000 (1%
w/w) and kept at constant temperature for 6 days in a shaking water bath rotating at 100 rpm.
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The insolubilized drug was filtered through 0.45 µm membrane filter (Millipore, Burlington, MA, USA),
and the clear liquid obtained was analyzed for furosemide content at a λmax of 277 nm [14] using a
UV-spectrophotometer (Shimadzu UV 1800, Kyoto, Japan). The regression equation for the calibration
curve was y = 0.0573x + 0.0678 with a high R2 value of 0.994. Blank experiments were conducted using
milli-Q water without OA-mPEG5000 to obtain aqueous solubility of furosemide. All measurements
were performed in triplicate.

2.2.3. Formulation of Polymersomes

Polymersomes were formulated to evaluate the ability of OA-mPEG5000 as a nanocarrier for
furosemide, a BCS class IV molecule. Polymersomes were prepared using an o/w emulsion solvent
evaporation method [33]. A solution of furosemide (10 mg) in THF (5 mL) was added dropwise to
the aqueous solution of OA-mPEG5000 (100 mg) in milli-Q water (20 mL) under stirring. The formed
emulsion was stirred for 24 h at room temperature to ensure the complete evaporation of the THF.

2.2.4. Dynamic Light Scattering

Dynamic light scattering technique was used to measure the size, PI and ZP of
furosemide loaded polymersomes. ZP was determined by measuring the electrophoretic mobility.
Polymersomes formulation (200 µL) was diluted in 10 mL of milli-Q water and size; PDI and ZP were
determined using a Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern, UK) equipped with a
laser beam at 633 nm and 173◦ scattering angle.

2.2.5. Determination of Encapsulation Efficiency (%EE)

%EE was determined by using ultrafiltration method using Amicon® Ultra-4 centrifugal filter
tubes (Millipore Corp., USA) of 10 kDa pore size [34–36]. Polymersomes (2 mL) were placed in
ultracentrifugal filter tube and centrifuged at 10,000 rpm for 20 min at 20 ◦C to separate unentrapped
furosemide. The amount of free furosemide in the filtrate was determined using UV spectrophotometer
at 277 nm (Shimadzu UV 1800, Kyoto, Japan). The %EE was calculated using the following equation:

%EE = (weight of furosemide in polymersomes/weight of furosemide added) × 100%

2.2.6. X-ray Diffraction

PANanlytical’s X-ray diffractometer (PANanlytical’s X’pert Pro Tokyo, Japan) equipped with
X’Celerator high speed detector was used to determine crystalline properties of furosemide and
furosemide polymersomes. The samples were placed on an aluminum sample holder and uniformly
packed with a glass slide. CuKα was used as radiation source and operated at 45 kV and 40 mA.
All scans were recorded with a continuous scanning mode over a 2θ range of 5◦ to 70◦.

2.2.7. In Vitro Release Study

The in-vitro furosemide release studies from polymersomes were performed using dialysis bag
technique. Furosemide polymersomes and their respective blanks (2 mL) were loaded in dialysis bags
(pore size: 12,400 MWCO) and dialyzed against PBS of pH 7.4 (30 mL) at 37 ◦C in a shaking water
bath at 100 rpm. Samples (3 mL) were withdrawn from the receiver solution at predetermined time
intervals, and an equal amount of fresh PBS was added to maintain sink conditions. The furosemide
quantity in each sample was measured spectrophotometrically at 277 nm using blank polymersomes
as a reference.
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2.2.8. Statistical Analysis

Data was statistically analyzed using non-parametric t-test using GraphPad Prism® (Graph Pad
Software Inc., Version 5, San Diego, CA, USA). A p-value < 0.05 was considered statistically significant.
All data are presented as mean ± SD.

3. Results and Discussion

3.1. Solubility Study

Log solubility of furosemide at 25 ◦C and 37 ◦C in OA-mPEG5000 and milli-Q water are
presented in Figure 2. Furosemide solubility was significantly higher at 37 ◦C compared to 25 ◦C
in both OA-mPEG5000 (1% w/w) and milli-Q water. At 37 ◦C, the solubility of furosemide in
OA-mPEG5000 (1% w/w) and milli-Q water was 3404.7 ± 254.6 µg/mL and 1020.2 ± 40.9 µg/mL,
respectively. These results showed there was a 3.34-fold increase in the solubility of furosemide in
OA-mPEG5000 (1% w/w) solution compared to plain milli-Q water. Results at 25 ◦C showed that
there was a 3.31-fold increase in solubilization of furosemide in OA-mPEG5000 (1% w/w) solution
compared to water as solubilization values for OA-mPEG5000 (1% w/w) and milli-Q water, which were
90.0 ± 1.45 µg/mL and 27.2 ± 1.43 µg/mL, respectively. There was a significant difference (p < 0.05)
between the solubility of furosemide in OA-mPEG5000 (1% w/w) aqueous solution and milli-Q water
at both 25 ◦C and 37 ◦C. Solubilization of furosemide also increased significantly (p < 0.05) both in
milli-Q water and OA-mPEG5000 (1% w/w) solution as the temperature increased from 25 ◦C to
37 ◦C. Literatures reported that the solubility of furosemide in milli-Q water at 25 ◦C and 37 ◦C is
0.6 mg/dL and 0.8 mg/dL, respectively after performing the study for 3–5 days [32]. In our case,
the solubilization of furosemide in milli-Q water at 25 ◦C and 37 ◦C was found to be 2.72 ± 0.14 mg/dL
and 102.02 ± 4.09 mg/dL at the end of 6 days. In another report, the solubility of furosemide in milli-Q
water at room temperature after 24 h was reported to be 0.04 mg/mL (4 mg/dL) [17]. This solubility is
2.25-fold less than the solubility of furosemide in OA-mPEG5000 (9.00 ± 0.14 mg/dL). Overall results of
the solubility study suggest the potential of OA-mPEG5000 as a solubility enhancer of furosemide,
a BCS Class IV drug.

Processes 2019, 7, x FOR PEER REVIEW 5 of 10 

 

3.1. Solubility Study 

Log solubility of furosemide at 25 °C and 37 °C in OA-mPEG5000 and milli-Q water are 
presented in Figure 2. Furosemide solubility was significantly higher at 37 °C compared to 25 °C in 
both OA-mPEG5000 (1% w/w) and milli-Q water. At 37 °C, the solubility of furosemide in OA-
mPEG5000 (1% w/w) and milli-Q water was 3404.7 ± 254.6 µg/mL and 1020.2 ± 40.9 µg/mL, 
respectively. These results showed there was a 3.34-fold increase in the solubility of furosemide in 
OA-mPEG5000 (1% w/w) solution compared to plain milli-Q water. Results at 25 °C showed that 
there was a 3.31-fold increase in solubilization of furosemide in OA-mPEG5000 (1% w/w) solution 
compared to water as solubilization values for OA-mPEG5000 (1% w/w) and milli-Q water, which 
were 90.0 ± 1.45 µg/mL and 27.2 ± 1.43 µg/mL, respectively. There was a significant difference (p < 
0.05) between the solubility of furosemide in OA-mPEG5000 (1% w/w) aqueous solution and milli-Q 
water at both 25 °C and 37 °C. Solubilization of furosemide also increased significantly (p < 0.05) both 
in milli-Q water and OA-mPEG5000 (1% w/w) solution as the temperature increased from 25 °C to 
37 °C. Literatures reported that the solubility of furosemide in milli-Q water at 25 °C and 37 °C is 0.6 
mg/dL and 0.8 mg/dL, respectively after performing the study for 3–5 days [32]. In our case, the 
solubilization of furosemide in milli-Q water at 25 °C and 37 °C was found to be 2.72 ± 0.14 mg/dL 
and 102.02 ± 4.09 mg/dL at the end of 6 days. In another report, the solubility of furosemide in milli-
Q water at room temperature after 24 h was reported to be 0.04 mg/mL (4 mg/dL) [17]. This solubility 
is 2.25-fold less than the solubility of furosemide in OA-mPEG5000 (9.00 ± 0.14 mg/dL). Overall 
results of the solubility study suggest the potential of OA-mPEG5000 as a solubility enhancer of 
furosemide, a BCS Class IV drug. 

Co
25

 Co
37

 

0

2

4

6

8 OA-mPEG5000 (1% w/w)

Milli-Q water

Temperature (oC)

Lo
g 

so
lu

bi
lit

y 
(μ

g/
m

L)

 
Figure 2. Log solubility of furosemide in OA-mPEG5000 and milli-Q water at 25 °C and 37 °C (n = 3). 

3.2. Dynamic Light Scattering 

After confirming the solubility enhancement of furosemide by OA-mPEG5000, we further 
evaluated the polymersome formation process. For this purpose, the ratio of furosemide to OA-
mPEG5000 used was 1:10. The experiments were performed in 12 replicates and in each case, the size 
of the polymersomes was below 200 nm. In some cases, bimodal distribution was observed. Size, PI 
and ZP for polymersomes ranged from 85–145.5 nm, 0.187–0.511 and −4.0–12.77 mV, respectively. 
Micelles smaller than 100 nm can easily evade the phagocyte scavenging system and thus improve 
the therapeutic efficacy [31,37]. The DLS results obtained suggest that OA-mPEG5000 could be a 
potential drug carrier for furosemide. However, a wide range in size, PI and ZP clearly indicates that 
there is a need for further investigations to obtain optimized polymersome formulation loaded with 
furosemide. No attempts or further formulation development were performed because this was a 

Figure 2. Log solubility of furosemide in OA-mPEG5000 and milli-Q water at 25 ◦C and 37 ◦C (n = 3).

3.2. Dynamic Light Scattering

After confirming the solubility enhancement of furosemide by OA-mPEG5000, we further
evaluated the polymersome formation process. For this purpose, the ratio of furosemide to
OA-mPEG5000 used was 1:10. The experiments were performed in 12 replicates and in each case, the size
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of the polymersomes was below 200 nm. In some cases, bimodal distribution was observed. Size,
PI and ZP for polymersomes ranged from 85–145.5 nm, 0.187–0.511 and −4.0–12.77 mV, respectively.
Micelles smaller than 100 nm can easily evade the phagocyte scavenging system and thus improve
the therapeutic efficacy [31,37]. The DLS results obtained suggest that OA-mPEG5000 could be a
potential drug carrier for furosemide. However, a wide range in size, PI and ZP clearly indicates that
there is a need for further investigations to obtain optimized polymersome formulation loaded with
furosemide. No attempts or further formulation development were performed because this was a
proof-of-concept study to show the applicability of OA-mPEG5000 as a solubility-enhancing excipient
for poorly soluble drugs.

3.3. Entrapment Efficiency

%EE for all the formulations was >95% indicating a higher degree of encapsulation of furosemide
in the polymersomes.

3.4. XRD

Properties such as solubility, dissolution rate, bioavailability, and stability are determined
by studying the crystalline nature of drugs [34,38]. XRD studies were performed to confirm the
transformation of crystalline furosemide to amorphous form. Results showed that pure furosemide
was crystalline in nature with characteristic peaks at 6.18◦, 13.28◦, 21.20◦, and 23.38◦ (Figure 3A),
whereas XRD for furosemide polymersomes showed the absence of characteristic peaks of furosemide.
This confirms that the formulation of polymersomes resulted in the transition of initially poorly soluble
crystalline furosemide to amorphous form (Figure 3B). Amorphous forms of drug molecules exhibit
enhanced solubility, dissolution rate and improved bioavailability compared to the crystalline form.
Therefore, the formulation of furosemide polymersomes resulted in improvement of its solubility and
complemented the solubility results.
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3.5. In-Vitro Release Study

Figure 4 represents the release profile of furosemide from OA-mPEG5000 polymersomes. In the
initial 1st h, 71% of the drug was released from polymersomes. After that, drug released slowed down
and reached 83% after 3 h. These results indicated a burst release pattern OA-mPEG5000 polymersomes.
A similar kind of burst release was observed for triclosan-loaded poly-ε-caprolactone nanoparticles
where drug release after 1 h and 3 h was 76% and 97%, respectively. The authors attributed this burst
release to the superficial drug entrapment [39]. After 3 h, furosemide release from polymersomes
achieved a steady-state pattern.
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