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ABSTRACT

Poor drug solubility is a major problem that hinders the discovery and development of new drugs. There is a need for rapid and inexpensive
techniques for acquiring reliable drug solubility data. In this study, the suitability of laser nephelometry for the determination of solubility
was investigated using ibuprofen, as a model drug of low solubility, and its 2-hydroxypropyl-f-cyclodextrin inclusion complex (ic). This
investigation involved the preparation of ibuprofen-ic-cyclodextrin (1:1) using coprecipitation and characterisation. Thermal analysis and
assessment of molecular vibrations confirmed the existence of the inclusion complex. The shake flask testing method was employed and
carried out in acidic and alkaline media, and solubility data were verified against high-performance liquid chromatography (HPLC). Results
obtained via nephelometry showed relative enhanced solubility of ibuprofen in both acidic (0.565 mg ml) and basic (7.5 mg ml™!) media,
respectively, which was enabled via inclusion complex formation. Relative to nephelometry data, HPLC results showed a similar trend with
increased solubility values in acidic (0.454 mg ml™') and basic (201.73 mg ml™!) media, respectively. The application of laser nephelometry

proved to be a quick and relatively cost-effective technique for solubility measurements of the parent drug and its carrier system.
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INTRODUCTION

There is a pressing need to develop new drugs, especially for new
diseases and those that are currently difficult to treat, such as
cancer. The non-judicious use of antibiotics has led to antibiotic
resistance, increasing the need to discover and develop new drugs.!?
Large chemical libraries for hits and leads have been generated via
combinatorial chemistry and automated screening methods.> However,
these approaches based on identifying active biological targets have
resulted in drug candidates that are poorly water-soluble.* A number of
pharmacokinetic parameters are evaluated to understand the behaviour
of lead molecules during drug discovery and development.> Most
importantly, these parameters are used to select candidates with ideal
physical characteristics that could be developed into drugs.® Amongst
the physicochemical based criteria, aqueous solubility is important as
it can direct drug absorption, contribute to bioavailability” and is a key
parameter used in the developmental process to categorise lead active
pharmaceutical ingredients (API’s) according to the Biopharmaceutics
Classification System (BSC).® Furthermore, almost 50% of newly
discovered leads taken to the pre-formulation stages have poor aqueous
solubility and low oral bioavailability.*-'* Moreover, an increasing
number of compounds in the pipeline are representative of BSC Class
IT that possess high permeability coupled with low solubility!! It is
therefore important for formulation scientists to devise techniques that
could improve drug solubility.

The complexation of BCS class II drugs with cyclodextrins
are well documented.’>* Cyclodextrins are relatively safe
natural oligosaccharides. These oligosaccharides are formed by
transglycosylation during the process of starch degradation.'®
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Cyclodextrins are characterised by an inner lipophilic cavity with an
outer hydrophilic surface that enables the preparation of inclusion
complexes with several reported lipophilic drug molecules.!®
Consequently, solubility measurements are also required during drug
development and pre-formulation.

Owing to its importance, solubility must be determined early during
drug discovery and development process. High-performance liquid
chromatography (HPLC) is a conventional method to determine drug
solubility.’-1* However, this method is expensive, labour intensive, and
requires highly skilled personnel.?® Alternative methods for acquiring
drug solubility data that allow for rapid analysis to reduce the possibility
of formulation failure and wastage of resources are required.?!-?

Laser nephelometry has been reported as one of the alternative
techniques that can determine drug solubility.?*? A nephelometer
works on the principle that the intensity of light of scattered particles
in suspension is indirectly used to calculate the number or the
concentration of the particles in solution.?® Despite its proposed
advantages over currently used techniques, limited information has been
reported about screening the solubility of drugs with a nephelometer.
Further, no literature could be identified that quantified increased drug
solubility due to cyclodextrin complexation using laser nephelometry.

A comparative solubility analysis of laser nephelometer and
HPLC was performed in this study for ibuprofen, a BSC class II,
non-steroidal anti-inflammatory drug and its 2-hydroxypropyl-p-
cyclodextrin (HPBCD) complex to investigate the applicability of
laser nephelometry in determining drug solubility.

METHODS

Materials

Ibuprofen (>98), HPRCD (Lot number 090M0140V), reagents, and buffer
salts were of analytical grade and were procured from Sigma-Aldrich.
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Synthesis of ibuprofen -ic- HPBCD

Initially, the HPBCD solution was prepared (6.65 g; 20 ml water)
and heated at 75 °C (10 min) to ensure complete dissolution. A
coprecipitation method was then adapted for the study and involved
the dropwise addition of ibuprofen solution (1.0 g; 2.5 ml acetone) to
a stirring solution of HPBCD (6.65 g; 20 ml water), and after which
the solutions were stirred vigorously, at 75 °C until complete solvent
evaporation.’® The resulting powder was then screened through a
212 um aperture sieve (Labotec test sieve, Johannesburg, South
Africa) and stored in an amber glass bottle at 25 °C for further analysis.

Physical mixture of ibuprofen and HPBCD

A mortar was charged with 1:1 ibuprofen: HPBCD and mixed using a
pestle for 10 mins. The resulting physical mixture was sieved through
a 212 pm screen and remixed. It was stored in an amber glass bottle at
25 °C for further analysis.

Characterisation

Four samples were characterised: neat ibuprofen, ibuprofen-HPBCD
complex, physical mixture and neat HPBCD. Differential Scanning
Calorimetry (DSC) studies were recorded on a Shimadzu 60-A model
calorimeter (Shimadzu, Kyoto, Japan). The samples (2-5 mg) were
heated from 20 to 500 °C at 10 °C min~! under constant nitrogen flow
in aluminium pans. Thermograms were referenced against an empty
aluminium pan. Infrared spectra (4000 to 550 cm™') were acquired
on the Alpha-P Bruker FTIR spectrometer (Bruker OPTIK GmbH,
Ettlingen, Germany) mounted with an ATR diamond crystal and
analysed using OPUS 6.5 software.

Assessment of solubility via nephelometric methods

Solubility was determined using a nephelometer (BMG LABTECH
NEPHELOstar Galaxy, Ortenburg, Germany) as per the method
established by Bevan and Lloyd. 2 Two methods were derived for the
measurement of solubility of the drug and the inclusion complex after
serial dilution. Based on previous reports?-?7, a low solubility method
was employed for neat ibuprofen diluted solutions, while a modified
high solubility method 2® was employed for the complex (ibuprofen
-ic- HPBCD).

A working stock solution of ibuprofen (30 mg ml-%; 100% DMSO)
was prepared and sonicated for 25 mins. The stock solution was then
serially diluted with pure DMSO and PBS (pH 7.4) in a Costar” 96-
Well plate to generate concentrations for the nephelometric graphs
in the range of 30-0.15 mg ml%. A stock solution (10 mgml! 1%
DMSO/PBS) was prepared for the complex. Serial dilution was
performed to generate concentrations ranging from 10-0.01 mg ml.
The resulting diluted solutions were analysed at ambient temperature,
and nephelometric readings were taken every 1.5 hours over 24 hours.

Assessment of solubility via HPLC methods
Ibuprofen and complex in acidic medium

For each sample, ibuprofen (200 mg) and the complex (400 mg)
were weighed, and 4 ml of PBS (pH 2.5) was pipetted into the flask.
The resulting suspensions were then shaken for 48 hours at 25+2 °C
at 120 rpm until saturation was achieved. After that, samples were
subjected to filtration using a 0.45 pm MS® nylon syringe filter and
then analysed.

Ibuprofen and complex in alkaline medium

A similar method was employed as per the analysis in the acidic
medium, with the exception that ibuprofen (200 mg) and complex
(1000 mg) were respectively weighed and 4 ml (0.1M PBS; pH 7.4)
was pipetted into the flask to form the suspensions.

Instrumentation and chromatographic conditions

Experiments were performed on a Waters™ HPLC system (New
York, USA) comprising of a model 600E System Controller, 717 Plus
Autosampler and 486 Absorbance Detector. The stationary phase
was a reverse-phase Gemini 5 C18 110A (250 x 4.60 mm) column
(Phenomenex, Randburg, South Africa).

For the acidic medium, elution (1 ml/min) with mobile phase (20
mM phosphate buffer; pH 2.5) and acetonitrile (250:750 %v/v) at
230 nm was executed.?? For the alkaline medium, the mobile phase
comprised of 60:40 acetonitrile:0.1M phosphate buffer (pH 7.4) and
isocratic elution (0.8 ml min~') at 260 nm was carried out.** Two runs
were performed on day 0, followed by a single run on days 1 and 3 for
both samples. Solubility was calculated as the average of these runs.
HPLC data were recorded and stored using Clarity software version
5.0.3.180 (DataApex, Kent, United Kingdom). HPLC results obtained
were then analysed from which standard curves were plotted, and
values were expressed as means + SD. The methods were revalidated.

Ibuprofen and complex standard curve preparation

Standard curves were generated by preparing a4 mg ml stock solution
of ibuprofen and its complex in both media (acidic and alkaline) in
acetonitrile. Serial dilutions were then prepared to generate standard
curves ranging from 0.004 to 3.6 mg ml-.

Ibuprofen and complex sample preparation

For ibuprofen, a 1 ml sample (both acidic and alkaline media) was
directly analysed by HPLC. For the complex in the acidic medium,
the sample was diluted to prepare a 50:50 %v/v acetonitrile and
analysed. For the complex in the alkaline medium, 1 ml of the filtrate
was diluted 100 with acetonitrile and analysed by HPLC. Solubility
determinations were performed in triplicate on three different days.

RESULTS AND DISCUSSION

The coprecipitation method was successfully carried out and
yielded ibuprofen-ic-HPBCD (Figure 1A), which was subsequently
characterised by thermal analysis and FTIR spectroscopy. After that,
dissolution experiments were carried out for pristine and complexed
ibuprofen. Figure 1(B-C) shows digital images from the dissolution
experiment of pristine ibuprofen and ibuprofen-ic-HPBCD,
respectively, in acidic media. The observations were indicative of the
poor dissolution of ibuprofen and the complex when dissolved in the
acidic medium (n = 3).

DSC analysis

The thermogram for neat ibuprofen displayed a melting endotherm
at 78 °C, indicative of the inherent crystallinity of the neat drug
(Figure 2A). The complete formation of ibuprofen-ic-HPBCD was
evident by the absence of the characteristic melting endotherm
(Figure 2B). Similar observations have been found for ibuprofen-
ic-HPBCD formulations.?! The thermogram of pristine HPBCD
displayed a broad endotherm indicative of dehydration (Figure 2D). A
similar peak of dehydration was displayed in (Figure 2B). Relative to
Figure 2A, a similar melting endotherm of relatively lower intensity
was depicted for the physical mixture (Figure 2C). This lowering of
the endotherm can be attributed to a dilution effect in the physical
mixture (Figure 2C).

FTIR analysis

The formation of ibuprofen-ic-HPBCD was also confirmed by FTIR
analysis based on the significant shifting and/or signal attenuation.
Figure 3 presents the FTIR spectra of pristine ibuprofen, ibuprofen-
HPBCD complex, physical mixture and pristine HPBCD. Significant
changes were depicted in the 1500-1700 cm™' range (Figure 3).
Relative to the strong C=0O band at 1660 cm™! for the pristine drug
(Figure 3A), Figure 3B displayed the C=O band that was greatly
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Figure 1: A: Illustration of inclusion of ibuprofen within HPBCD to yield ibuprofen-ic-HPBCD, and digital images of dispersions after shaking for 48 hours

(n = 3) for B: Pristine Ibuprofen and C: ibuprofen-ic-HPBCD
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Figure 2: DSC thermograms for A: ibuprofen, B: ibuprofen-ic-HPBCD,
C: physical mixture and D: HPBCD. (Exothermic.)

reduced in intensity and slightly shifted to a higher wavenumber
which supported the formation of ibuprofen-ic-HPPCD.

The minor shift depicted for C=0 indicated interactions between
carbonyl groups in ibuprofen and hydroxyl groups in HPBCD
owing to intermolecular hydrogen bonding. These interactions are
in agreement with the studies performed by Nazan and Begum, who
reported similar shifts in ibuprofen peaks due to interaction with
-cyclodextrins.®? A weaker stretching vibration at ~1500 cm™' was
indicative of C=C (phenyl ring) stretching for pristine ibuprofen
(Figure 3A), and similar changes to reduced intensity were observed

for the inclusion complex (Figure 3B), which further supported the
inclusion of ibuprofen within the cavity of HPBCD. In Figure 3D,
broad O-H stretching between 3000 and 3600 cm™' were ascribed to
the hydroxyl moieties on the pristine HPBCD units. Similar molecular
vibrations were expected and observed for the inclusion complex
(Figure 3B). However, due to the overlapping bands in the region of
1000 to 1200 cm™!, there are no characteristics bands that support the
formation of ibuprofen-ic-HPBCD. The FTIR spectrum of the physical
mixture of ibuprofen (Figure 3C) reflects the mixture of ibuprofen and
HPBCD. Overall FTIR analysis confirmed that ibuprofen-ic-HPBCD
was successfully prepared.
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Figure 3: Infrared spectra for A: ibuprofen, B: ibuprofen-ic-HPBCD,
C: ibuprofen cyclodextrin physical mixture and D; HPBCD.
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Determination of solubility using Laser Nephelometry

The solubility of ibuprofen in the acidic medium was 0.055 mg ml-!
over 24 h (Figure 4A and B). In addition, the graph displayed an
erratic pattern in the graphs plotted at different time intervals.

The solubility of the ibuprofen-HPRCD complex was found to
be 0.620 mg ml! (Figure 5). This value on the graph represents
the highest rise in solubility of the drug over 24 h. Figure 6 also
displayed a similar and uniform pattern for graphs plotted at different
time intervals. The unpredictable pattern of the solubility graph for
ibuprofen in the acidic medium is because ibuprofen is an acidic
drug. In the acidic medium, it exhibits poor and erratic solubility.*
In the acidic solution, the ibuprofen molecules remain neutral, and
little ionisation occurs. Moreover, this is supported by the Henderson-
Hasselbach equation, where it has been established that the degree of
ionisation of an acidic drug is dependent on the pH of the dissolution
medium and the pKa of the drug. In the acidic medium, the solubility
of ibuprofen was found to be 0.055 mg ml™! (Figure 5). These values
are in good agreement with the value reported in the literature of 0.056
mg ml™! at 25 °C for ibuprofen.* Moreover, ibuprofen is described as
practically insoluble in water.® The value obtained in this study is <
0.1 mg ml™!, which is in agreement with that assigned by Stegemann
et al. for a drug defined as practically insoluble.!? The solubility of the
complex in acidic medium was 0.62 mg ml ™! (Figure 5A and B), which
indicated a high rise in solubility congruent to the solubility point of
the drug, the point at which the drug precipitates out of solution.?®
This value is higher than that obtained for ibuprofen in the acidic
medium as a result of complexation with cyclodextrin. Complexation
increased the solubility of ibuprofen 12-fold in comparison to the drug
alone. Moreover, complexation increased ibuprofen’s stability, which
is evident by the similar and uniform pattern displayed by the graphs
plotted at different time intervals.’” This further signifies that due to
the increased stability of the ibuprofen by complexation, the same
amount of the drug was dissolving at different time intervals.’
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Figure 4: Nephelometry curves for ibuprofen in the acidic medium. A: 0-6 h
and B: 7.5-24 h

In the alkaline medium, the solubility of ibuprofen was found to be
2.500 mg ml~! (Figure 6A and B). The graphs for solubility measured
at different time intervals displayed a similar pattern with an initial
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Figure 5: Nephelometry curves for ibuprofen complex in the acidic medium.
A:0-6hand B:7.5-24 h

A oo 0 HRS
——

8000 - —e—1.5HRS
= 3 HRS
£ 6000 4 —e—45HRS
2
5 4000
@
~
g 2000
(=%

&%
« 0
o
4
< 2000 {
-4000 -
I
Concentration (mg/ml
6000 | (mg/ml)
B 10000 -
8000 1 — —&
o 6000 —e—6 HRS
£ —e—7.5HRS
2 4000 | —e—22 5 HRS
=]
53 o 24 HRS
E 2000
2
W
S 0 Y . ; . . .
§ 6 12
< 2000

-4000 1

Concentration (mg/ml)
-6000

Figure 6: Nephelometry curves for ibuprofen in alkaline medium. A: 0-4.5 h
and B: 6-24 h



RESEARCH ARTICLE

F Ssengooba, T Marimuthu, El Olivier, PH Demana and YE Choonara 53

S AfrJChem, 2022, 76, 49-55
https://journals.co.za/content/journal/chem/

exponential increase in solubility up to 2.5 mg ml! and a uniform
decrease up to 5 mg ml! for all graphs. The value of ibuprofen obtained
in the alkaline medium is 45 times higher than that of the drug in the
acidic medium, indicating that the solubility of ibuprofen, an acidic
drug is higher in the alkaline medium than in the acidic medium. This
solubility is because, at high pH values (alkaline), a weak acidic drug
such as ibuprofen undergoes deprotonation and is ionised, creating
negative ions responsible for its increased solubility.

The ibuprofen-HPBCD complex in alkaline medium (Figure 7A
and B) graphs over a period of 24 hours displayed straight lines
without any visible increase in solubility. The graphs also displayed
a similar pattern throughout the 24 hours, indicating that the stock
solution’s solubility was >10 mg ml™'. The straight lines without
any visible increase in solubility observed for ibuprofen-HPBCD
complex in alkaline medium (Figure 7) indicate that the solubility
of the ibuprofen complex is greater than the concentration of the
original stock solution (10 mg ml™") used for the study. Considering
ibuprofen is an acidic drug, it displays a high solubility in the alkaline
medium as a result of ionisation. Moreover, complexing it with
HPBCD significantly increased its solubility. Therefore, ionisation
and complexation of ibuprofen are responsible for the synergistic
increase in solubility of ibuprofen in the alkaline medium. The drug
was fully soluble at all concentrations, including the original stock
solution concentration. In order to quantify the solubility of ibuprofen
complex, a stock solution greater than 10 mg ml~! would have to be
prepared. Similarly, Celebioglu et al. reported that the solubility of
ibuprofen increased after complexation with 2-hydroxypropyl beta
cyclodextrin.?!

Determination of solubility via HPLC methods

The samples were analysed in triplicates for the drug and complex
using HPLC. Four runs were performed for each sample (n = 4). The
amount of the dissolved drug was then calculated from the standard
curve using the line equation (Table 1). See supplementary information
for HPLC calibration data.
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Figure 7: Nephelometry curves for ibuprofen complex in alkaline medium.
A: 0-4.5hand B:6-9 h

Table 1: Calculated HPLC solubility values of ibuprofen and complexes in both
media

Drug sample Solubility (mg ml™)
Acidic medium
Ibuprofen 0.010 + 0.04
Complex 0.464
Alkaline medium
Ibuprofen 1.828 + 1.261
Complex 203.56 + 0.76

The solubility of ibuprofen in the acidic medium was 0.010 mg ml-!.
This value is close to that obtained by nephelometry and is similar
to that reported in the literature, which describes ibuprofen as a
practically insoluble drug. The solubility of the complex in the acidic
medium is close to that obtained by nephelometry and indicates
a 46-fold increase in solubility relative to the parent drug owing to
complexation. The solubility of ibuprofen in the alkaline medium
was predictably greater than that obtained in the acidic medium,
indicating that ibuprofen (an acidic drug) would be ionised in the
alkaline medium exhibiting a higher solubility relative to dissolution
in the acidic medium. The solubility value of the complex in alkaline
medium was the highest obtained, indicating a synergistic increase
of ionisation and complexation. This value corresponds to the result
reported by Silberberg. He found the solubility of ibuprofen to have
increased in the alkaline medium as a result of complexation.*

Comparison of nephelometric and HPLC methods

In comparison, there was a general correlation between the results
obtained by nephelometry and HPLC analysis for all drugs (Table 2).
The formation of the inclusion complex led to a significant increase in
the solubility of ibuprofen. Using the trendline equation, the solubility
of ibuprofen and its complex in the acidic medium were 0.010 and
0.464 mg ml-!, respectively. Additionally, the calculated values for
ibuprofen and complex in the alkaline medium were 1.828 and
203.56 mg ml, respectively.

CONCLUSION

Numerous studies documented the application of cyclodextrins
to increase the solubility of ibuprofen. However, limited papers
provide quantified values of this solubility. Moreover, none has been
reported on measuring the solubility of complexed systems utilising
nephelometry. The results obtained from this study indicate that laser
nephelometry provides a rapid, simple and cost-effective method that
could be employed as an alternative method to determine the drug
solubility early in drug development and in pre-formulation stages.

Table 2: Nephelometric and HPLC solubility values for ibuprofen and complex
in both media

Drug sample Nephelon}letry HPLCE ] Expected litera'E?re value
(mg ml-") (mg ml") (mg ml!)

Acidic medium
Ibuprofen 0.055 0.010 0.053%
Complex 0.62 0.464 NR

Alkaline medium
Ibuprofen 2.500 1.828 3.0894
Complex >10 203.56 20280 £0.76

(=93.5% )%

NR = not reported
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SUPPLEMENTARY MATERIAL TO:

Comparison of laser nephelometric and HPLC techniques for efficient determination of
solubility of ibuprofen and its 2-hydroxypropyl-p-cyclodextrin inclusion complex

F Ssengooba, T Marimuthu, EI Olivier, PH Demana and YE Choonara

S Afr J Chem,2022, 76, 49-55
https://doi.org/10.17159/0379-4350/2022/v76a08

1  Determination of solubility via HPLC

Standard curves (Figure 8) for each sample in the concentration range, 0.004 to 3.6 mg/ml for
both acidic and alkaline, were obtained, and the regression value R? was calculated for each

sample.

1.1  Linearity
Using linear regression, the average peak and corresponding concentrations of the external
standards calibration plots (Figure 8) were established. Data (in triplicates) for both methods

were generated from a minimum of seven concentrations in the range of 0.004-3.6 mg/ml.
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Figure S1: Standard curves for the four samples: ibuprofen (A) and complex (B) in acidic

medium; ibuprofen (C) and complex (D) in alkaline media.



1.2 Precision
Precision was assessed by intra-day and inter-day (intermediate precision) repeatability (n =
4). Repeatability was achieved by estimating the corresponding response four times the same

day and on two other days.

1.3 Accuracy
Accuracy was evaluated by comparing the actual solubility values obtained to those stated in
regulated compendiums (United States Pharmacopoeia (USP) and British Pharmacopoeia
(BP). and established literature
1.1.1.  Limit of detection
Limit of detection (LOD) was determined according to ICH guidelines using Eq. (1).

LOD =3.30/S (1)

Where ¢ = standard deviation of the response; and

S = the slope of the standard/calibration curve.

2 HPLC method validation

2.1  Selectivity and specificity
Both methods were specific for determining ibuprofen, as no interfering peaks of cyclodextrin

were observed on the HPLC chromatogram (Figure 10).
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Figure S2: Representative chromatogram for separation of ibuprofen dissolved in acidic

medium.



