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Abstract

Ketoprofen is a Biopharmaceutics Classification System (BCS) class II non-steroidal anti-
inflammatory drug whose therapeutic performance is limited by its poor aqueous solubility,
though complexation with cyclodextrins is a well-established strategy to overcome this
limitation. The aim of this work was to prepare and characterize inclusion complexes of
ketoprofen with HPβCD. Complexes were obtained by the solution (magnetic-stirring)
method at ketoprofen–HPβCD molar ratios of 1:1 and 2:1 and were characterized by Fourier-
transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC), scanning
electron microscopy (SEM) coupled with EDX, and computer-assisted dimensional analysis
and statistics (AutoCAD/MathCAD). The bulk and tapped densities were used to derive
the Carr index and the Hausner ratio, respectively. FT-IR showed attenuation and shifting
of the characteristic C=O, C=C, and –CH bands of ketoprofen and the presence of the
1655 cm−1 band in complexes demonstrates inclusion. DSC revealed a marked reduction of
the ketoprofen melting endotherm, the degree of inclusion reaching 75% (1:1) and 62% (2:1).
SEM and statistical analysis confirm, individualized particles, predominantly 20–100 µm in
perimeter size. The dissolution test showed a faster release of the complexes than in the case
of pure ketoprofen. Therefore, HPβCD forms stable inclusion complexes with ketoprofen
having pharmacotechnical properties suitable for compressed tablets.

Keywords: solubility enhancement; BCS class II drug; host–guest complexation;
amorphization; molar substitution; powder flowability; powder compaction; particle
morphometry; direct compression; dissolution rate

1. Introduction
Ketoprofen drug suspensions are versatile pharmaceutical forms that can be used as

such or can be included in solid pharmaceutical forms for both conventional and sustained
release. From a pharmacotechnical point of view, the particles of drug suspensions must
meet certain flow, compaction, dimensional and shape properties that influence both the
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technological process and bioavailability. All of these properties, as well as the solubility of
the active substance, can be improved by complexation with HPβCD [1].

Ketoprofen is a nonsteroidal anti-inflammatory drug (NSAID) used for the treatment
of pain, inflammation and fever. This drug is part of the class of aryl-propionic acid
derivatives, along with other NSAIDs such as Ibuprofen and Naproxen. Ketoprofen is
known as (RS)-2-(3-benzoylphenyl) propionic acid and its mechanism of action is the
inhibition of cyclooxygenase enzymes (COX-1 and COX-2), reducing the synthesis of
prostaglandins. Ketoprofen contains a substituted biphenyl aromatic nucleus, a ketone
group (benzophenone) that contributes to the aromatic and lipophilic character, a carboxylic
group (-COOH) that is responsible for the weak acidic character and a chiral center at the
α-carbon of the propionic acid (Figure 1). The benzophenone group is linked to the
propionic acid chain. The structural characteristics confer relatively high lipophilicity,
good gastrointestinal absorption and low solubility in water. Regarding polymorphism,
ketoprofen can exist in several crystalline forms, which have different stabilities, different
dissolution rates and different bioavailabilities. This aspect is important in pharmaceutical
formulation. In terms of solubility, ketoprofen is generally classified in class II of the
Biopharmaceutical Classification System (BCS) with high permeability and low solubility.
It is soluble in ethanol, methanol, chloroform, acetone and alkaline solutions. In water, at
room temperature, the solubility is in the order of hundreds of mg/L, being considered
low for pharmaceutical applications. The solubility of ketoprofen, which is a weak acid,
is influenced by pH as follows: at acidic pH the non-ionized form predominates, which
determines low solubility, and at basic pH the ionized form predominates, which ensures
high solubility [2,3].

Figure 1. (A) Generic structure of hydroxypropyl-β-cyclodextrin (HPβCD), where blue labels in-
dicate the variable substitution sites R = H or −CH2CH(OH)CH3. Each hydroxyl position may be
either unsubstituted or hydroxypropyl-substituted; the substitution pattern is partial and variable
and does not indicate simultaneous substitution at all positions. (B) Chemical structure of keto-
profen. (C) Schematic representation of the ketoprofen–HPβCD inclusion complex. The yellow
cavity represents the hydrophobic cavity of HPβCD (the colors are used for visualization purposes
only). Chemical structures were drawn using ChemDraw Ultra version 12.0.2.1076 (CambridgeSoft,
Cambridge, MA, USA).

https://doi.org/10.3390/macromol6030058

https://doi.org/10.3390/macromol6030058


Macromol 2026, 6, 58 3 of 32

Ketoprofen is used for the treatment of rheumatic diseases such as rheumatoid arthritis;
osteoarthritis and ankylosing spondylitis. It is used in the relief of musculoskeletal pain,
postoperative pain, post-traumatic pain and dental pain. In therapy it is also indicated in the
treatment of dysmenorrhea, fever and acute inflammations. Ketoprofen is a versatile drug
that has been formulated in various pharmaceutical forms, such as extended release tablets,
double-layer tablets, cryogels [4–6], topical gels, creams, patches, injectable solutions and
suppositories.

Improving the solubility of ketoprofen is an important topic in pharmaceutical tech-
nology. To improve solubility and bioavailability, various methods have been used such
as salt formation (ketoprofen sodium and ketoprofen lysinate); formation of solid disper-
sions in polymers such as polyvinylpyrrolidone, polyethylene glycol and hydroxypropyl
methylcellulose; micronization; nanonization; inclusion in lipid systems (microemulsions,
nanoemulsions and self-emulsifying systems); and formation of complexes with cyclodex-
trins. Each of these applied processes has certain advantages. Thus, salt formation ensures
increased dissolution rate, faster absorption and a faster onset of the therapeutic effect.
Solid dispersions reduce crystallinity, increase the contact surface, and ensure accelerated
dissolution. Micronization and nanonization increase the specific surface area and increase
the dissolution rate. Lipid systems provide increased bioavailability and improved intesti-
nal absorption. Complexation with cyclodextrins provides increased solubility, reduced
gastric irritation and improved stability [7,8].

For the complexation of ketoprofen with cyclodextrins, the most commonly used
are β-cyclodextrin and hydroxypropyl-β-cyclodextrin. The mechanism of complexation
with cyclodextrins consists in the inclusion of the hydrophobic ketoprofen molecule in
the hydrophilic cavity of the cyclodextrin, which will facilitate dissolution in the aqueous
medium. This approach allows for the obtaining of pharmaceutical forms with faster
dissolution and improved therapeutic efficacy [9].

Hydroxypropyl-β-cyclodextrin (HPβCD) is a semisynthetic derivative of β-cyclodextrin,
obtained by partial substitution of hydroxyl groups with hydroxypropyl groups [4,6].
Due to its high solubility in water and the ability to form inclusion complexes with hy-
drophobic molecules, HPβCD is one of the most widely used pharmaceutical excipients
to improve the solubility, stability and bioavailability of poorly soluble active substances.
HPβCD is derived from β-cyclodextrin, which is composed of seven D-glucopyranose
units linked by α-(1–4) bonds [9].

Structurally, it has a hydrophilic exterior, a relatively hydrophobic interior cav-
ity, and hydroxypropyl groups randomly distributed on the β-cyclodextrin molecules.
Figure 1B represent the structure of HPβCD, made by ChemDraw program, in which all
potentially substitutable hydroxyl positions are represented as OR groups, where R = H or
CH2CH(OH)CH3. Figure 1B explicitly states that each hydroxyl position can remain un-
substituted or carry a hydroxypropyl group and that the substitution pattern is partial,
heterogeneous and variable. This representation reflects the structural heterogeneity of
commercially available HPβCD. By including ketoprofen in its cavity, HPβCD raises the
apparent aqueous concentration of the drug—because the readily water-soluble inclusion
complex dissolves to a greater extent than the uncomplexed crystalline solid—and reduces
its tendency to crystallize. The exact molecular formula depends on the degree of substi-
tution with hydroxypropyl groups. In practice, HPβCD is a mixture of molecules with
different degrees of substitution, so that the average molecular weight can vary between
approximately 1300 and 1600 g/mol, depending on the pharmaceutical product. HPβCD
is much less crystalline than β-cyclodextrin and generally occurs in an amorphous form.
This amphiphilic structure allows the incorporation of lipophilic molecules into its internal
cavity through the formation of inclusion complexes [10,11].
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One of the most important properties of HPβCD is its very high solubility in water.
The exact values depend on the degree of substitution and temperature. HPβCD improves
solubility by forming inclusion complexes, reducing the crystallinity of the active substance,
increasing the dissolution rate, preventing recrystallization, and stabilizing the amorphous
form. The main advantages of HPβCD are its very high solubility in water, low toxicity,
good biological compatibility, increased bioavailability, reduced local irritation, and its
stabilization of photosensitive and oxidizable drugs. Although considered safe, the use
of HPβCD has certain limitations, including a higher production cost than β-cyclodextrin
and the need for high molar ratios for certain drugs [12–14].

HP-β-CD is one of the most important modern pharmaceutical excipients. Its unique
structure, characterized by a hydrophobic cavity and a hydrophilic exterior, gives it the
ability to form inclusion complexes with many poorly soluble active substances (Figure 2).
Due to its very high water solubility, biocompatibility and low toxicity, HPβCD is widely
used to increase the solubility, stability and bioavailability of drugs, including ketopro-
fen [15–17]. The hydrophobic aromatic moiety of ketoprofen can be accommodated within
the relatively non-polar cavity of HPβCD, where hydrophobic interactions and van der
Waals forces contribute to complex stabilization. The polar carboxylic acid and ketone
groups are expected to remain closer to the hydrophilic rim of the cyclodextrin and may
form hydrogen bonds with the hydroxyl groups of HPβCD [18].

Figure 2. FT-IR spectra of (a) ketoprofen–HPβCD (1:1) physical mixture; (b) ketoprofen–HPβCD
(2:1) physical mixture; (c) ketoprofen; (d) HPβCD; (e) ketoprofen–HPβCD (1:1) complex; and
(f) ketoprofen–HPβCD (2:1) complex.

Most studies in the literature are based on the strict analysis of inclusion complexes
by FT-IR, DSC, SEM and simple dissolution tests. In some articles [19], the formation of
ketoprofen and hydroxypropyl beta cyclodextrin complexes is studied but only for a single
molar ratio of 1:1 using ultrasonic stirring as the preparation method, because this reduces
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the time for complex formation. In our work we used two molar ratios, 1:1 and 2:1, to see
exactly in which case ketoprofen is better included and if the amount of cyclodextrin used
influences the analyzed pharmacotechnical parameters. We did not use ultrasonic stirring
as the preparation method, because it has the disadvantage that particles with a size that is
much too small are obtained, and the obtained powder agglomerates more easily. In our
work, we used the magnetic stirring method to allow particles to form over time and with
a larger size precisely to facilitate the flow of the powder, its compactibility, and to avoid
particle agglomeration, which would completely compromise the preparation of tablets
with a uniform structure. The complexes obtained can be used as such or can be dissolved
and the resulting solution can be administered directly or can be used for soaking, as is
the case with hydrogels [20]. In studies on hydrogels, the emphasis is on analyzing their
behavior, the degree of soaking, and especially on the release of the active substance [20].
In our work, the complexes obtained are analyzed as particles because they will be used
further in modified release tablets where, by association with different solid excipients,
the complexes should not influence the behavior of the powder that will subsequently be
compressed.

Although ketoprofen–cyclodextrin systems, including ketoprofen–HPβCD complexes,
have been reported previously, earlier studies focused mainly on solubility, stability con-
stants, or anti-inflammatory activity and did not couple the physicochemical character-
ization of the complexes with a quantitative, image-based morphometric and pharma-
cotechnical assessment of the resulting powders. The novelty of the present work lies in
combining the conventional spectroscopic and thermal characterization (FT-IR, DSC, SEM-
EDX) with a computer-assisted (AutoCAD/MathCAD Express Prime, software version 3.0)
dimensional and statistical analysis of the individual particles—form factor, elongation,
circularity, compactness and orientation—and with the flow and compaction descriptors
(Carr index, Hausner ratio) that govern the direct-compression behavior, thereby linking
the supramolecular inclusion of ketoprofen in HPβCD to the technological performance
required for compressed tablets.

2. Materials and Methods
2.1. Materials

The ketoprofen (C16H14O3) used in this study was purchased from Bidachem
(Bidachem S.p.A., Bergamo, Italy), one of the world’s leading manufacturers of keto-
profen. This active substance was in the form of a white crystalline powder (purity ≥ 97%,
density 1.2 g/cm3, melting point 94–97 ◦C, molecular weight 254.28 g/mol). Hydrox-
ypropyl beta cyclodextrin (C63H112O42) used as a complexing agent for ketoprofen was
purchased from Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
as a white, amorphous powder (purity ≥ 98.8%, density 1.05–1.40 g/cm3, melting point
275 ◦C, molecular weight 1541.5 g/mol). The average degree of substitution (DS) of the
hydroxypropyl-β-cyclodextrin used was ≈7 hydroxypropyl groups per β-cyclodextrin
torus (molar substitution, MS ≈ 1.0), as derived from its average molecular weight of
1541.5 g/mol relative to that of β-cyclodextrin (1134.99 g/mol). Consistent with the statis-
tical (random) substitution pattern of commercial HPβCD, these groups are distributed
mainly over the secondary rim, with only a minor fraction (≈8–20%) located on the primary
hydroxyls.

2.2. Sample Preparation

The formation of inclusion compounds with cyclodextrins is based on “host–guest”
interactions in which the cyclodextrin acts as host and accepts a guest molecule into its
cavity. Cyclodextrins complex a broad range of guests—including highly water-soluble
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organic molecules and even inorganic salts—and complexation increases the apparent
(total dissolved) concentration of the guest because the inclusion complex is itself more
soluble than the uncomplexed crystalline solid, rather than changing the intrinsic solubility
of the drug molecule. In order to obtain inclusion complexes, the magnetic stirring method
in solution was used, by which solutions of hydroxypropyl β-cyclodextrin were prepared
in a concentration of 1.5% using distilled water, to which the active substance-ketoprofen
was added in two molar ratios, 1:1 and 2:1. Specifically, 1.5 g of HPβCD was dissolved in
100 mL of distilled water (1.5% w/v; ≈0.97 mmol HPβCD), and ketoprofen was added to
reach the 1:1 (0.247 g; 0.97 mmol) and 2:1 (0.494 g; 1.94 mmol) ketoprofen:HPβCD molar
ratios. An MHK-4-3 ceramic stirrer (MHK-4-3 stirring system, MRC Laboratory Equipment,
Harlow, UK) was used as the stirring system (3 positions, stirring speed up to 1600 rpm,
heating capacity up to 50 ◦C). The mixtures were stirred at room temperature for 2 h. For the
case of the experiment in which ketoprofen and HP-β-CD are used in a molar ratio of 1:1, the
dissolution by stirring is complete, rapid and thermodynamically stable. A perfectly clear,
transparent and homogeneous solution is obtained. The aromatic nucleus of ketoprofen
enters the central hydrophobic cavity of HP-β-CD, forming a monomolecular inclusion
complex. As the exterior of HP-β-CD is branched with hydrophilic hydroxypropyl groups,
the entire supramolecular assembly hydrates instantly. Thus, the solubility of ketoprofen
increases when compared with that in pure water. Although it is a clear solution, filtration
is necessary to remove any microscopic impurities. For the case of the experiment in which
ketoprofen and HP-β-CD are used in a molar ratio of 2:1, the system is supersaturated in
active substance, and the dissolution by stirring will be incomplete, resulting in a biphasic
system. A cloudy solution (suspension) is obtained, with fine particles of ketoprofen
that are uniformly dispersed upon stirring and or settle to the bottom of the Berzelius
beaker, in the absence of stirring. Ketoprofen and HP-β-CD mainly form complexes with
1:1 stoichiometry. When the components are added in a 2:1 ratio, exactly half of the amount
of ketoprofen will be taken up and dissolved by inclusion by the available HP-β-CD.
The other half (50%) of the added ketoprofen powder remains uncomplexed. As the free
form of ketoprofen has a very low native solubility in water, it cannot dissolve and remains
in a solid state. This suspension requires filtration to remove the uncomplexed ketoprofen
and any impurities. Each of the two solutions obtained will be individually filled into
capsules and dried in an oven at 50 ◦C until precipitates are obtained (solvent evaporation,
without any antisolvent precipitation or freeze-drying step). The resulting complexes were
stored in brown containers for further characterization.

2.3. Experimental Techniques
2.3.1. FT-IR Spectroscopic Characterization

Fourier transform infrared (FT-IR) spectroscopic analysis was performed on the obtained
samples to investigate the chemical interaction between ketoprofen and 2-hydroxypropyl beta
cyclodextrin. The tests were performed using a Bruker Optics IFS 66 FT-IR spectrometer
(IFS 66 FT-IR spectrometer, Bruker Optics, Billerica, MA, USA) equipped with a liquid
nitrogen-cooled Ge detector (with a spectral resolution of 2 cm−1). An amount of 5 mg
of each powder sample was mixed by trituration in a mortar with 500 mg KBr and then
pressed into a disk shape. The samples were scanned at room temperature and in the
standard range 400–4000 cm−1.

2.3.2. DSC Thermal Characterization

Differential scanning calorimetry (DSC) analysis was performed with DuPont DSC 910
equipment (DSC 910 thermal analyzer with 990701 controller, DuPont Instruments, Hixson,
TN, USA). The apparatus uses argon, and heating was done at approximately 10 ◦C per
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minute, with a flow rate of approximately 35 cc/min. Indium was used to calibrate the
temperature of the device. The melting enthalpy was calculated using the area of the
endothermic peak recorded on the thermograms. The analysis of samples weighing 5 mg
was done over a temperature range between 20 ◦C and 450 ◦C.

Using the peak area obtained within the D method, the melting enthalpy (∆H) for
ketoprofen and for the ketoprofen–HPβCD compounds obtained was calculated, according
to the following Equation (1):

∆H =
A

E·m, (1)

where A = peak area (proportional to the energy exchanged by the sample);
E = calibration constant of the instrument (3.89);
m = amount of sample taken in the work (5 mg).
Using the values obtained for the melting energy of the unincorporated ketoprofen,

the percentage of inclusion was calculated for the complexes obtained, considering the
melting energy of the ketoprofen sample as 100%.

2.3.3. Microstructural Characterization

Microscopic analysis of ketoprofen–HPβCD complexes was performed using a Quanta
200 3D scanning electron microscope (Quanta 200 3D SEM, FEI Company, now part of
Thermo Fisher Scientific, Osceola, FL, USA). Before analysis, the powder samples were
glued onto supports and then coated with a thin layer of electrically conductive gold.
The sample supports were inserted into the microscope chamber under a vacuum of
10−6 Torr and bombarded with accelerated electrons at a voltage of 3.5 kV.

2.3.4. Particles Size Analysis

Particle size and shape are decisive for the flow, compaction, and dissolution behavior
of pharmaceutical powders and therefore for the quality of the final solid dosage form.
The SEM micrographs of the complexes were imported into AutoCAD (Autodesk Inc.,
San Rafael, CA, USA), where the contour, projected area, perimeter and orientation angle
of each individual particle were determined. The geometric data were then exported to
MathCAD Prime, version 3.0 (PTC Inc., Boston, MA, USA), in which the shape descriptors
were computed for every particle.

The descriptors used were the form factor (the ratio between the surface area of the
particle and the surface area of a sphere of equal volume); the elongation (the ratio of the
minimum to the maximum diameter, which tends to 1 for spherical particles and towards
0 for highly elongated ones); the circularity (a function of the perimeter and the area, equal
to 1 for a perfect circle and smaller than 1 for irregular profiles); and the compactness
factor (a function of the second polar moment of the particle and a circle of equal area A).
The predominant particle morphology and its deviation from the spherical reference were
estimated from these descriptors [21].

2.3.5. Statistical Analysis of Ketoprofen–HPβCD Complexes

The dimensional parameters of the particles were statistically analyzed using Math-
CAD Prime soft, version 3.0 and the mean values, medians, standard deviations and
asymmetry indices were established on the histograms. To directly compare particle sam-
ples, cumulative curves (or cumulative distribution functionsCDFs) were plotted, which
clearly showed what percentage of the total particles were below a certain size. The in-
fluence of perimeter and area on the circularity of the particles and the influence of the
shape factor and orientation on the compaction factor were simulated as response surfaces.
These two factors are very important in pharmacotechnical analysis, as they most influence
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the flow properties and compaction of a powder when it is intended to be used in solid
pharmaceutical forms such as tablets.

Mathematically, the second-order polynomial regression model that defines the three-
dimensional response surface for experimental data is based on an equation with two
independent variables (X1 and X2) and one dependent variable (Y).

In the context of circularity analysis, the variables are defined as follows:
X1 = particle perimeter (µm);
X2 = particle area (µm2);
Y = estimated circularity (response variable).
In the context of compaction factor analysis, the variables are defined as follows:
X1 = particle orientation (grad);
X2 = particle form factor;
Y = estimated compaction factor (response variable).
The full algebraic form of the second-degree polynomial used to approximate the

surface is Equation (2):

Y = β0 + β1·X1 + β2·X2 + β3·X3 + β4·X4 + β5·X5 + ε, (2)

where we find the following:
β0 is the free term (the intercept), i.e., the theoretical value of Y when both independent

variables are zero;
β1 and β2 are the linear coefficients, which measure the direct and proportional effect

of the perimeter and area, respectively;
β3 and β4 are the quadratic (squared) coefficients. These are responsible for the

curvature of the surface (the “bolus” or “curved slope” effect in the graphs);
β5 is the interaction coefficient (the product of X1 X2), which indicates how the effect

of perimeter on circularity changes as the size of the areas changes;
ε is the residual error (the difference between the experimental red points and the

smoothed surface generated by the algorithm).
It should be noted that Equation (2) is the expanded form of a full second-degree

(quadratic) polynomial in the two independent experimental variables X1 and X2: the terms
X3 = X1

2 and X4 = X2
2 are the quadratic terms and X5 = X1·X2 is the interaction term, so that

β3 and β4 multiply X1
2 and X2

2, and β5 multiplies X1·X2. Each βi is a constant regression
coefficient estimated by least squares (Equation (4)); β5 is therefore a scalar coefficient and
not itself a product of variables. Because X3–X5 are derived from X1 and X2, the design is
intrinsically non-orthogonal, which is handled through the (ZTZ)−1 term.

The linear regression algorithm (by the method of least squares) searches for that
unique combination of values for the parameter vector β that minimizes the sum of the
squares of the residual errors, Σε2.

Matrix-wise, for each data set, the predictor vector X was expanded into a design
matrix Z according to Equation (3):

Z =
[
1 X1 X2 X2

1 X2
2 X1·X2

]
, (3)

The equation is solved by the standard Equation (4):

β = (ZTZ)−1ZTY, (4)

where we find the following:
ZT is the transpose matrix of Z.
This rigid mathematical structure forces the dispersed experimental data to lie on a

continuous and smooth geometric “canvas”, eliminating visual noise and highlighting the
global trend of the samples [22].
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2.3.6. Powder Flowability and Compressibility Analysis

The flow and compaction behavior of the powders were evaluated experimentally
through the bulk (untapped) density and the tapped density, from which the Carr com-
pressibility index and the Hausner ratio were calculated, respectively, according to the
Equations (5) and (6):

Carr index% =
ρtapped − ρbulk

ρtapped
× 100, (5)

Hausner ratio =
ρtapped

ρbulk
, (6)

Lower values of the Carr index and of the Hausner ratio correspond to better flowabil-
ity [23].

2.3.7. In Vitro Dissolution Studies

The dissolution test was performed using the SR 8 Plus Dissolution Test Station
73-100-104 dissolution apparatus (Hanson Research, Chatsworth, CA, USA). The disso-
lution medium was artificial gastric juice prepared from 2 g of sodium chloride, 7 mL of
hydrochloric acid, and 1000 mL of distilled water. The apparatus was set at a working
temperature of 37 ◦C ± 0.5 ◦C and a paddle rotation speed of 100 rpm. Amounts of 100 mg
of each ketoprofen–HPBCD complex, 1:1 and 2:1, were added to different vessels in 900 mL
of dissolution medium with pH 1.2. At regular intervals of 5, 10, 15, 20, 30, 35, 40, 45, 50,
55 and 60 min, one milliliter of sample was taken from the medium. For each milliliter
of sample extracted, the medium was supplemented with another milliliter of freshly
prepared medium to maintain the medium volume. The extracted samples were analyzed
spectrophotometrically at a wavelength of 260 nm [24].

3. Results and Discussion
3.1. Fourier-Transform Infrared Spectroscopy (FT-IR)

Figure 2 shows the FT-IR spectra of ketoprofen, HPβCD and the complexes obtained.
The spectrum of cyclodextrin is characterized by a very broad and intense band in the
3000–3600 cm−1 area (specific to hydroxyl groups) and less intense peaks in the rest of
the spectrum. The spectrum of pure ketoprofen is a much more complex spectrum, with
numerous sharp and intense peaks across the entire wavelength range, especially in the
1000–1800 cm−1 regions, which are its chemical fingerprint. When ketoprofen and hydrox-
ypropyl beta cyclodextrin are physically mixed in a 1:1 molar ratio, the resulting spectrum
is a mathematical combination of the two basic spectra. It can be seen that the spectrum
presents both the broad band from the cyclodextrin and the sharp peaks from ketoprofen,
but at a reduced intensity. For the physical mixture of ketoprofen and hydroxypropyl beta
cyclodextrin in a 2:1 molar ratio, by increasing the amount of ketoprofen the intensity of the
ketoprofen peaks increases. The sharp peaks, characteristic of ketoprofen, become much
more prominent and higher. This is most visible in the fingerprint region (1000–1800 cm−1).
For example, the set of double peaks at ~1700 cm−1 is much better defined. The inten-
sity of the cyclodextrin band, on the other hand, decreases relatively. The broad band at
3400 cm−1, specific to cyclodextrin, is still present, but appears smaller compared with
the ketoprofen peaks, which have increased in intensity. Compared with the spectra of
ketoprofen and 2-hydroxypropyl beta cyclodextrin, for the complexes it is observed that
in the 1550–1750 cm−1 and 2950–3150 cm−1 domains differences appear which are due to
the characteristic groups involved in C=C, C=O and –CH bonds. It is worth mentioning
that the 1659 cm−1 peak disappears and practically lengthens and the 1655 cm−1 peak
appears but reduced in size. The same change occurs in the case of the 3455 cm−1 peak
which moves to 3465 cm−1. The peaks specific to the C=C bonds change at the 1599 cm−1
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level for all of the complexes. The band at 1647 cm−1, which is present in the HPβCD
spectrum, is assigned to adsorbed/crystal water (O–H bending, characteristically appear-
ing in the 1630–1650 cm−1 region) and not to a carbonyl group, as HPβCD contains no
C=O functionality; its attenuation in the complexes reflects the lower water content of
the dried inclusion product, while the drug carbonyl (C=O) band near 1655 cm−1 is the
diagnostic marker of ketoprofen inclusion. The specific –CH bonds are diminished at the
1440 cm−1 and 1003 cm−1 peaks and in the range of 3200–3450 cm−1. The effectiveness of
ketoprofen inclusion in HP-β-CD is demonstrated by the fact that most of the peaks specific
to C=C, C=O and –CH bonds were reduced. The diminished and merged peaks specific to
–CH bonds demonstrate that much more soluble compounds were obtained. Comparable
spectral changes have been reported for ketoprofen–HPβCD 1:1 and ketoprofen–HPβCD
2:1, where the reduction and merging of the drug bands are interpreted as a fingerprint of
encapsulation and of the resulting increase in solubility [25,26].

3.2. Differential Scanning Calorimetry (DSC)

Figure 3 illustrates the results of differential scanning calorimetry (DSC) analysis per-
formed for the individual components and for the ketoprofen–HPβCD complexes obtained
by magnetic stirring. The analysis of the pure components highlights that ketoprofen
exhibits a behavior specific to a crystalline structure, characterized by an endothermic
melting peak at approximately 96 ◦C. In the case of 2-hydroxypropyl β-cyclodextrin, the
DSC curve indicates a thermal effect associated with the melting point located around 278 ◦C.

In the case of the physical mixture of ketoprofen with hydroxypropyl beta cyclodex-
trin in a molar ratio of 1:1, the melting peak of ketoprofen remains present at the same
temperature (~95.5 ◦C), but is significantly reduced in depth, because ketoprofen represents
a small mass fraction in the mixture. In the case of the physical mixture of ketoprofen
with hydroxypropyl beta cyclodextrin in a molar ratio of 2:1, the melting peak at ~95.5 ◦C
is more visible, deeper than that in the 1:1 mixture (because the mass concentration of
ketoprofen increases), but still remains much lower compared with the pure substance
ketoprofen.

The DSC curves of the ketoprofen–HPβCD complexes show an endothermic peak
in the range of 40–130 ◦C, attributed to the elimination of crystalline or adsorbed water.
Residual moisture is associated with temperatures below 110 ◦C, while the water included
in the cyclodextrin cavity is released at temperatures higher than 110 ◦C. For pure keto-
profen, an endothermic peak characteristic of the melting process is observed, located
around the temperature of 96 ◦C. In comparison, in the case of the analyzed complexes, the
endothermic effect associated with the melting of ketoprofen is considerably diminished
or even absent. This change in the thermal profile suggests the existence of interactions
between ketoprofen and HPβCD, confirming the formation of the inclusion complex [26].

The melting enthalpy of the ketoprofen fraction remaining outside the cyclodex-
trin cavity, calculated from the area of the endothermic peak (A ketoprofen = 862.42;
A ketoprofen–HPβCD 1:1 physical mixture = 340.764; A ketoprofen–HPβCD 2:1 physical mixture = 582.333;
A ketoprofen–HPβCD 1:1 complex = A ketoprofen–HPβCD 1:1 complex = 215.50; A ketoprofen–HPβCD 2:1 complex

= 327.53), is summarized in Table 1. For both complexes the values are considerably lower
than that of pure ketoprofen (44.34 J g−1), indicating a strong interaction between ke-
toprofen and HPβCD, so that only a small fraction of the drug remains uncomplexed.
Taking the melting enthalpy of pure ketoprofen as 100%, the degree of inclusion obtained
from the DSC data was 75% for the 1:1 complex and 62% for the 2:1 complex. The loss of
the drug melting peak upon cyclodextrin complexation is a widely accepted criterion for
inclusion-complex formation and partial amorphisation [26].
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Figure 3. DSC thermograms: (a) ketoprofen; (b) HPβCD; (c) ketoprofen–HPβCD 1:1 physical mixture;
(d) ketoprofen–HPβCD 2:1 physical mixture; (e) ketoprofen–HPβCD 1:1 complex; (f) ketoprofen–
HPβCD 2:1 complex.

Table 1. Melting enthalpy (∆H) of ketoprofen, of the ketoprofen–HPβCD physical mixture and
ketoprofen–HPβCD inclusion complexes determined by DSC.

Sample ∆H * (J g−1)

Ketoprofen 44.34
Ketoprofen–HPβCD 1:1 physical mixture 17.52
Ketoprofen–HPβCD 2:1 physical mixture 29.94

Ketoprofen–HPβCD 1:1complex 11.08
Ketoprofen–HPβCD 2:1complex 16.84

* ∆H is the melting enthalpy of the active substance fraction.

3.3. Scanning Electron Microscopy (SEM)

The SEM micrographs of the ketoprofen–HPβCD physical mixtures (1:1 and 2:1) are
shown respectively in Figures 4 and 5. In the case of physical mixtures of ketoprofen
with hydroxypropyl beta cyclodextrin in a molar ratio of 1:1, numerous agglomerations of
particles are observed. This is due to the cyclodextrin which, being in an equal amount to
ketoprofen, tends to agglomerate and stick the particles together.
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Figure 4. SEM micrographs and energy-dispersive X-ray analysis of the ketoprofen–HPβCD 1:1 molar
ratio, physical mixture (the symbol + represents the center of the image and the red square represent
the surface of X-ray analysis).

   

Figure 5. SEM micrographs and energy-dispersive X-ray analysis of the ketoprofen–HPβCD 2:1 molar
ratio, physical mixture (the symbol + represents the center of the image and the red square represent
the surface of X-ray analysis).

In the case of physical mixtures of ketoprofen with hydroxypropyl beta cyclodextrin in
a molar ratio of 2:1, it is observed that the number of agglomerated particles has decreased
and numerous individual polyhedral particles of ketoprofen are observed. This is due
to the increased amount of ketoprofen, which reduces the tendency of cyclodextrin to
agglomerate the particles.

The SEM micrographs of the ketoprofen–HPβCD complexes (1:1 and 2:1) obtained
by magnetic stirring are shown respectively in Figures 6 and 7. All of the structures are
amorphous, which demonstrates that ketoprofen was effectively incorporated into the
cyclodextrin cavity: neither the regular polyhedral crystals characteristic of ketoprofen nor
the spherical particles typical of the cyclodextrin are observed. The complexes appear as
polyhedral particles, elongated or not, with rounded edges, the latter resulting from the
inter-particle friction generated during magnetic stirring.
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Figure 6. SEM micrographs and energy-dispersive X-ray analysis of the ketoprofen–HPβCD inclusion
complexes obtained at the 1:1 molar ratio (the red square represents the surface of X-ray analysis).

  

Figure 7. SEM micrographs and energy-dispersive X-ray analysis of the ketoprofen–HPβCD inclusion
complexes obtained at the 2:1 molar ratio (the symbol + represents the center of the image and the
red square is the surface of X-ray analysis).

The elemental composition was determined by energy-dispersive X-ray analysis for
ketoprofen–HPβCD inclusion complex 1:1 molar ratio (C ≈ 60.56%, O ≈ 39.44%) and
for ketoprofen–HPβCD inclusion complex 2:1 molar ratio (C ≈ 69.46%, O ≈ 30.54%).
The micrographs also reveal a tendency of the smallest particles to aggregate; the large
proportion of particles smaller than 50 µm (≈60%) favors cohesion and the formation
of aggregates [25]. The energy-dispersive X-ray analysis, which detects only carbon and
oxygen and hydrogen, confirms the chemical purity of the product.

3.4. Dimensional Analysis of the Particles

The geometric parameters computed for each particle are summarized in Tables 2 and 3.
The particle area sizes for the ketoprofen–HPβCD inclusion complexes with the 1:1 molar
ratio range between 46 µm2 and 670 µm2 (Table 2), while those for the ketoprofen–HPβCD
inclusion complexes with the 2:1 molar ratio range between 42 µm2 and 755 µm2 (Table 3).
The predominant morphology is that of an irregular parallelepiped; no rounded or spher-
ical particles were observed. Form factor values below 1 and elongation factor values
above 1 confirm the elongated, irregular-parallelepiped shape, while the orientation index
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indicates a similar orientation for the majority of the particles. The absence of dendritic
branches or extensions, together with the common orientation of most particles, suggests
favorable powder flow. The particle-size distribution based on the calculated perimeters
for ketoprofen–HPβCD inclusion complexes with the 1:1 molar ratio (Table 2) is dominated
by values in the 20–94 µm range and for the ketoprofen–HPβCD inclusion complexes with
the 2:1 molar ratio (Table 3) is dominated by values in the 15–81 µm range. Fraction below
50 µm is about ≈60%.

Table 2. Dimensional characteristics of the ketoprofen–HPβCD inclusion complexes obtained at the
1:1 molar ratio, determined by image analysis (table created by the authors based on AutoCAD data).

Particle
No

Parameters

Perimeter (µm) Area * (µm2) Orientation Elongation
Factor

Compactness
Factor

Circularity
Factor Form Factor

εSAE = ±1.5 µm εSAE = ±12.0 µm2 εSAE = ±2.5◦ εSAE = ±0.003 εSAE = ±0.012 εSAE = ±0.020 εSAE = ±0.015

1 22.202 71.707 27.064 1.051 0.341 0.516 0.454
2 39.331 212.682 9.775 1.067 0.322 0.531 0.455
3 63.714 143.416 66.439 0.922 0.282 0.584 0.436
4 59.456 251.219 63.146 1.535 0.194 0.739 0.248
5 25.691 87.317 6.738 1.299 0.296 0.541 0.461
6 37.371 179.512 84.426 1.040 0.363 0.549 0.458
7 29.672 95.121 16.853 1.813 0.258 0.599 0.336
8 43.559 235.609 29.814 1.280 0.306 0.559 0.431
9 54.588 355.609 9.039 1.213 0.249 0.570 0.442

10 59.595 46.439 1.347 1.097 0.296 0.544 0.463
11 66.929 660.975 73.946 0.952 0.351 0.512 0.461
12 21.025 53.658 24.043 1.152 0.294 0.565 0.445
13 45.106 230.731 7.905 1.568 0.296 0.585 0.419
14 71.568 516.097 78.088 1.584 0.273 0.620 0.378
15 40.228 200.975 36.326 1.330 0.314 0.559 0.454
16 22.322 57.560 82.607 1.558 0.302 0.579 0.444
17 25.162 74.146 13.844 1.675 0.252 0.575 0.388
18 65.748 525.365 0.178 1.187 0.318 0.565 0.456
19 94.832 670.731 82.287 1.117 0.250 0.782 0.353
20 36.009 151.707 79.677 1.419 0.307 0.576 0.428

* 2D projected (silhouette) area of the particle, measured from the SEM micrographs and used as a morphometric
size descriptor; this is not the true 3D surface area, which cannot be quantified from a 2D SEM projection without
stereological reconstruction.

Table 3. Dimensional characteristics of the ketoprofen–HPβCD inclusion complexes obtained at the
2:1 molar ratio, determined by image analysis (table created by the authors based on AutoCAD data).

Particle
No

Parameters

Perimeter (µm) Area * (µm2) Orientation Elongation
Factor

Compactness
Factor

Circularity
Factor Form Factor

εSAE = ±1.5 µm εSAE = ±12.0 µm2 εSAE = ±2.5◦ εSAE = ±0.003 εSAE = ±0.012 εSAE = ±0.020 εSAE = ±0.015

1 72.872 388.780 65.948 1.416 0.205 0.728 0.232
2 62.063 55.292 36.109 0.926 0.343 0.532 0.453
3 22.773 69.512 34.532 1.543 0.284 0.581 0.412
4 26.305 85.365 26.354 1.508 0.271 0.560 0.406
5 15.795 33.170 22.572 1.162 0.368 0.540 0.452
6 58.938 427.804 66.151 1.326 0.254 0.561 0.374
7 17.578 42.439 53.591 1.037 0.296 0.531 0.455
8 38.567 198.048 57.107 1.217 0.318 0.539 0.433
9 51.645 328.292 1.689 1.337 0.325 0.561 0.460

10 37.222 180.487 20.865 1.186 0.288 0.545 0.414
11 18.440 46.829 34.983 1.026 0.390 0.530 0.468
12 46.574 310.731 46.493 0.965 0.369 0.520 0.475
13 77.605 755.122 60.327 1.276 0.297 0.556 0.410
14 25.124 79.024 42.967 1.114 0.277 0.556 0.465
15 56.832 221.951 68.249 1.613 0.223 0.751 0.298
16 43.146 219.512 4.617 1.511 0.296 0.573 0.447
17 33.372 139.024 71.478 1.239 0.289 0.557 0.414
18 31.210 128.780 26.755 0.960 0.292 0.541 0.463
19 24.724 71.219 35.181 1.500 0.296 0.577 0.446
20 59.010 269.756 87.131 1.152 0.269 0.707 0.393
21 44.129 240.975 46.844 1.221 0.308 0.560 0.466
22 20.214 57.560 52.595 0.967 0.295 0.524 0.468
23 81.666 483.414 67.035 1.764 0.206 0.731 0.275
24 72.871 388.779 65.946 1.414 0.204 0.726 0.230

* 2D projected (silhouette) area of the particle, measured from the SEM micrographs and used as a morphometric
size descriptor; this is not the true 3D surface area, which cannot be quantified from a 2D SEM projection without
stereological reconstruction.
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In digital image analysis (particle morphogeometry), each measured shape parameter
is subject to residual or absolute instrumental errors, caused by edge pixelation (aliasing) or
binarization thresholds (segmentation). Therefore, for each parameter a standardized abso-
lute error (the sum of absolute errors (SAE)) was calculated, denoted by εSAE, representing
the typical measurement uncertainty [27,28].

3.5. Statistical Analysis of Ketoprofen–HPβCD Complexes

In Figure 8A most particles have a small-to-medium perimeter, clustering in the range
of 20–75 µm. The median value is about 41.89 µm, which means that half of the particles
have a perimeter smaller than this, and half have a larger one. As the perimeter increases
above 45 µm, the number of particles decreases. However, there is a small secondary group
of 5 particles in the range of 58–70 µm.

The standard deviation measures is about 19.673 µm and the skewness index is
0.762 µm, a positive value (>0), which shows that the particle distribution is right-skewed
(or right-skewed/positive skew). Most particles are concentrated in the small size zone
(left), and as the perimeter increases, their number gradually decreases, leaving only a few
larger particles on the far right.

  
(A) (B) 

Figure 8. Distribution of particle perimeter sizes of the obtained complexes: (A) ketoprofen–HPβCD
1:1, (B) ketoprofen–HPβCD 2:1 (histograms created by the authors using PTC Mathcad Express Prime,
version 3.0).

In Figure 8B the mean value of the particle perimeters is 43.278 µm and the median
value is 40.856 µm, which indicates that the data have a balanced distribution. The standard
deviation is 20.604, similar to that of the normal particles in the first batch. The asymmetry
has a value of approximately 0.391 µm, which is a positive but also a small value (below
0.5 µm), so the histogram shows a slight to moderate right asymmetry.

In Figure 9 it is observed that the two curves are close in shape, which confirms that
both samples of ketoprofen–HPBCD complexes have a very similar structural behavior in
terms of perimeter. From the graph it is observed that, in both sets, exactly 50% of the parti-
cles (median) have a perimeter below approximatively 41 µm. As the horizontal distance
between the curves is less than or equal to the adopted instrumental error (±1.5 µm), we
can state with a high degree of confidence that the two samples come from a population
with equivalent perimeter distribution. Modifications or adjustments in the production
process did not alter the fundamental perimeter dimensions of the particles, keeping their
granularity constant [28].
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Figure 9. Comparative graph of the cumulative perimeter curves of the particles of the obtained
complexes (graphical representation with continuous shaded error bands created by the authors
using PTC Mathcad Express Prime, version 3.0).

In Figure 10A, particle area distribution shows that the particles are heavily concen-
trated in the small size range. The first two ranges (between 46.4 µm2 and 251.2 µm2)
contain the majority of the sample particles. There is a single particle in the middle (around
355 µm2), followed by a gap in the distribution and a small final group of larger particles
located between 516 µm2 and 671 µm2. The standard deviation of 195.422 µm2 shows
a fairly large spread and media of 231.134 µm2, which is normal considering the visible
difference between the very small particles and the few large particles on the right of the
graph. A skewness value of 1.114 µm2 indicates a pronounced positive skewness (strong to
the right).

 
(A) (B) 

Figure 10. Distribution of particle area sizes of the obtained complexes: (A) ketoprofen–HPβCD 1:1,
(B) ketoprofen–HPβCD 2:1 (histograms created by the authors using PTC Mathcad Express Prime,
version 3.0).

In Figure 10B the statistical profile of the new sample of areas shows, through the
distribution by intervals, that almost half of the sample is concentrated in the first interval
(between 33.2 µm2 and 153.5 µm2). As the areas increase, the number of particles decreases
uniformly and gradually, forming a classic decreasing profile. There is a single larger isolate
at the right end 755.122 µm2. The mean value is 217.578 µm2 and the median is 189.267 µm2.
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The fact that the mean is larger than the median shows an asymmetric distribution. For the
calculated statistical parameters, the standard deviation is 177.945 µm2 (showing a fairly
consistent variation between the particle sizes in the sample, compared with their average
scale), and the asymmetry index (skewness) records a value of 1.331 µm2, indicating a
pronounced positive asymmetry (accentuated to the right).

In Figure 11 the graph compares the cumulative distribution of the areas of the two
sets of particles of the complexes formed. As in the case of the perimeters, the curves
overlap remarkably in the first half. The very steep slope at the beginning (up to around
100–150 µm2) shows the rapid increase in the percentage, demonstrating once again that
the samples are dominated by small-sized particles. Both curves reach the 80% threshold
around 350–390 µm2. Analyzing the profile of the two curves, we observe that both
evolve almost identically, especially in the first half of the samples (particles with small
and medium areas up to 300 µm2). In the area of large particles of 400 µm2 towards
the end of the distribution, the curves begin to separate slightly, but even there, the
horizontal distance between the points tends to remain largely covered by the margins
of the error bars [28]. This close visual correlation demonstrates that both experimental
batches of particles possess an area profile (and implicitly a three-dimensional particle size
distribution) equivalent from a statistical point of view. The powders used in both sets of
tests were efficiently sorted, guaranteeing that macroscopic variations in compaction or
flow are not caused by massive differences in particle size/area, but rather by textural and
orientation factors.

Figure 11. Comparative graph of the cumulative area curves of the particles of the obtained complexes
(graphical representation with continuous shaded error bands created by the authors using PTC
Mathcad Express Prime, version 3.0).

In Figure 12A of the statistical profile of circularity in the interval distribution, a
massive concentration is observed in the center-left area. The interval 0.55–0.60 is the
most populated, gathering more than half of the particle sample. Together with the first
interval, we deduce that 85% of the particles have circularity below 0.60. On the far right
we have a small, isolated group formed by two particles with a much higher circularity
(0.739 and 0.782), which means that they are significantly closer to the shape of a perfect
circle compared with the rest of the sample. The calculated statistical parameters quantified
a mean value of 0.5825 and a median value of 0.5675. The calculated standard deviation
is approximately 0.0666, a small standard deviation, which indicates that, except for the
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two very round particles, the vast majority of the shapes are quite similar to each other in
geometry. The asymmetry index recorded a value of 2.1454, which shows an extremely
strong positive asymmetry to the right.

 
(A) (B) 

Figure 12. Distribution of particle circularity sizes of the obtained complexes: (A) ketoprofen–HPβCD
1:1, (B) ketoprofen–HPβCD 2:1 (histograms created by the authors using PTC Mathcad Express Prime,
version 3.0).

In Figure 12B the statistical profiles of circularity show a main concentration, as in
the previous set, the overwhelming majority of the particles have rather elongated or
irregular shapes. The first two intervals together gather almost 80% of the sample, having
values below 0.60. The most populated interval is the one at the bottom of the graph in the
interval 0.52–0.56. The subgroup of spherical particles is noteworthy, a small distinct group
formed by particles that have a high circularity, ranging between 0.71 and 0.75. These are
the particles closest to a perfectly round shape in this sample. The calculated statistical
parameters recorded a mean value of 0.5870 and a median of 0.5585. The standard deviation
of approximately 0.0763 shows a slightly greater spread of the values compared with the
first set of particles, explained by the presence of particles on the far right. The asymmetry
index with a value of approximately 1.3954 indicates a rightward asymmetry, but the
coefficient is smaller than that of the first sample (2.1454), because the transition to high
values is made through a larger number of particles, decreasing the “isolation” effect of the
graph’s tail [29].

In Figure 13, in order to precisely capture the geometric differences in synthesis or
structural behavior between the two particle samples, we have combined both data sets into
a single cumulative distribution function (CDF) plot. The graph shows a clear decoupling
between the two sets of particles, a clear morphological divergence. The purple curve
shows a much steeper profile in the first half of the interval, reflecting that a large part of
the sample is tightly packed in the circularity range (0.52–0.58). The median of 0.558 of
the second set of the particles indicates that 50% of the ketoprofen–HPBCD 2:1 particles
noticeably deviate from the ideal spherical shape. By comparison, the first set of ketoprofen–
HPBCD 1:1 particles is considerably more rounded.
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Figure 13. Comparative graph of the cumulative circularity curves of the particles of the obtained
complexes (graphical representation with continuous shaded error bands created by the authors
using PTC Mathcad Express Prime, version 3.0).

The major difference is observed towards the end where in the case of the second set
of particles (violet curve) a more pronounced jump appears (where a subgroup of round
particles accumulates in the area 0.71–0.75), while in the first set of particles (red curve)
it stretches a little more to the right, reaching the absolute maximum value of circularity
(0.782). To show the clear dependence between circularity and the two parameters with
which it is calculated, area and perimeter, we chose the representation in the form of
response surfaces.

In Figure 14 for the particles of the 1:1 molar ketoprofen–HPβCD complexes the
response surface has a clear asymmetric dome shape. It is observed that the maximum
circularity (located in the intense yellow area on the ridge) is obtained when the ratio
between area and perimeter is geometrically optimized (medium to large areas of the parti-
cles are correlated with relatively tight perimeters). The rounded particles are represented
like red dots. The edges of the response surface that fall steeply (in blue/purple color)
indicate theoretical areas where the particles become extremely irregular, having a very
large perimeter for a small area.

In Figure 15 for the particles of the 2:1 molar ketoprofen–HPβCD complexes, the
model describes a “curved inclined plane” type surface (or a continuous slope). Since
in this case a larger distribution of rounded particles (red dots) grouped in the upper
area (circularities of 0.71–0.75) was recorded, the peak of maximum stability (yellow area)
extends over a wider range of perimeters. However, the slope drops extremely abruptly in
the back left corner towards the area of particles with very large areas but disproportionate
perimeters.
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Figure 14. Response surface of the dependence of circularity on area and perimeter, simulated for
1:1 molar ketoprofen–HPβCD particles (surface plot created by the authors using PTC Mathcad
Express Prime, version 3.0).

Figure 15. Response surface of the dependence of circularity on area and perimeter, simulated for
2:1 molar ketoprofen–HPβCD particles (surface plot created by the authors using PTC Mathcad
Express Prime, version 3.0).

In Figure 16A the largest groups of particles in the first two intervals are located in
the range 0.92–1.22. An elongation value close to 1.0 indicates isometric particles (where
the length and width are relatively equal, such as spherical or square shapes). Half of the
particle sample tends towards this symmetry. The graph shows a bimodal distribution
starting with a slight decrease (in the range 1.37–1.52), followed by a new secondary peak
of particles in the area 1.52–1.67. This behavior suggests that the particle sample is bimodal,
being formed by a mixture of two types of populations: compact/round particles and
clearly elongated particles (elongation > 1.5). At the right end of the histogram we have
particles that pass the threshold of 1.67 (reaching the maximum value of 1.813). These are
extremely elongated, strongly acicular, filamentous or elliptical particles.
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(A) (B) 

Figure 16. Distribution of particle elongation sizes of the obtained complexes: (A) ketoprofen–HPβCD
1:1, (B) ketoprofen–HPβCD 2:1 (histograms created by the authors using PTC Mathcad Express Prime,
version 3.0).

In Figure 16B a much more uniform particles elongation distribution can be observed
compared with the first set of particles. If the first set had a clear bimodal trend (a gap in
the middle and two separate peaks), the second set of particles is much more homogeneous
and balanced. The particles are distributed quite symmetrically over the entire range of
values, having a stable particle frequency in almost every interval. The mean value is
1.2659, and the median is 1.2300. These values confirm that, on average, the particles
in this sample have a length approximately 23–26% greater than their width (moderate
elliptical/oval shapes). An asymmetry value of 0.3115 indicates a very weak positive
asymmetry (almost symmetrical). This small index mathematically confirms the visual
balance in the histogram, with no disproportionate crowding in one part of the graph.
The standard deviation of 0.2313 shows a controlled spread of shapes, from almost perfectly
round particles (Min = 0.926) to quite long particles (Max = 1.764).

In Figure 17 of the cumulative curve, it can be seen that the green line (particle set
2) rises much more smoothly and steadily, like a diagonal. This clearly demonstrates a
gradual and continuous transition from compact to elongated shapes within the synthesis
or measurement of ketoprofen–HPβCD 1:1, in contrast to the ketoprofen–HPβCD 2:1,
which shows small, steep thresholds caused by the more fragmented mixture of round vs.
elongated particles. The figure shows a parallel evolution and geometric equivalence of
the curves that faithfully follow each other throughout the entire length of the percentage
accumulation process. Interpenetration of the safety intervals occurs at almost every
cumulative percentage level. The actual mathematical distance between the curves at any
point is lower or at most equal to the calculated instrumental error threshold (±0.030).
This certifies from a statistical point of view that there is no significant difference in the
degree of elongation between the two batches. The particles have similar macro-geometric
profiles in terms of axial aspect ratio, eliminating elongation from the list of disturbing
factors that could distort the comparative rheological behavior.

In Figure 18, the histogram (A) of the orientation of ketoprofen–HPβCD particles in a
molar ratio of 1:1 highlights a very interesting feature, a bimodal/polarized behavior at
the extremes. A large group of less oriented particles (in the range 0.17–14.22) and another
large group of well oriented particles (in the range 70.37–84.43) are observed. The middle
area is considerably emptier. Due to this structure with two peaks at the extremes, the
mean is 39.6771, but the median drops to 28.4390. The standard deviation is approximately
32.3100 and this large value confirms the dispersion of the data towards the edges of the
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range (particles oriented completely differently from each other). The skewness coefficient
of approximately 0.2807 indicates a very weak positive skewness.

Figure 17. Comparative graph of the cumulative elongation curves of the particles of the obtained
complexes (graphical representation with continuous shaded error bands created by the authors
using PTC Mathcad Express Prime, version 3.0).

  
(A) (B) 

Figure 18. Distribution of particle orientation: (A) ketoprofen–HPβCD 1:1, (B) ketoprofen–HPβCD
2:1 (histograms created by the authors using PTC Mathcad Express Prime, version 3.0).

In Figure 18, histogram (B), we can observe an almost symmetrical distribution in
which the orientation factor of the ketoprofen–HPβCD 2:1 particles from this sample follows
a very stable and balanced dynamics. The mean value is 45.6467 and the median is 46.6685.
The fact that these two fundamental quantities are almost identical mathematically confirms
a clean geometric balance within the sample. The skewness factor is approximately—0.2687,
a negative value that confirms that the histogram has a slight shift (to the left). Regarding
the clustering of the data, the most populated intervals are those from the medium to
the high values (area 30–44 and 58–72). This shows that the large mass of particles tends
to have a stable angle/orientation factor around the medium-high values. The standard
deviation of approximately 21.8671 measures the degree of dispersion of the orientation
of the particle axes in the analysis space, indicating a normal and uniformly distributed
variability (without anomalies or sudden clusters in a single point).
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Figure 19 shows a clear separation of the behaviors of the two curves. Statistically,
the distance between the two curves in the median area is greater than the instrumental
measurement error (2.5). This validates with certainty that the two sets of particles have
fundamentally and truly different orientation behaviors. The purple curve has a constant,
linear accumulation, indicating a uniform spread of the angles in which the particles are
oriented.

Figure 19. Comparative graph of the cumulative orientation factor curves (graphical representation
with continuous shaded error bands created by the authors using PTC Mathcad Express Prime,
version 3.0).

The orange curve shows that deformed “S” shape (plateau in the middle), demonstrat-
ing a real polarization of the particles towards the extremes (weakly oriented or strongly
oriented).

In Figure 20A, we can see a pronounced negative asymmetry translated by a massive
concentration of the data towards large values. The histogram reveals a strong asymmetry
to the left. Most of the particle shape factor values are crowded into the last econometric
interval, between 0.427 and 0.463. An asymmetry coefficient with a value of −1.9968
indicates an extremely severe negative asymmetry in the extreme left (0.248), which traces
a long “tail” in the graph. As a direct result of the tail on the left, the mean value is pulled
down to 0.4205, while the median remains much higher, at 0.4430. This shift faithfully
reflects the pronounced asymmetry in the system. The standard deviation of 0.0550 is
small, suggesting that, at a basic level, the particle population has a fairly constant and
homogeneous geometry. In a physical sense, the shape factor (often calculated as the ratio
of the projection area to the perimeter) measures the complexity of the irregularities on
the particle’s contour. The fact that 80% of the ketoprofen–HPβCD 1:1 particles are above
the threshold of 0.45 indicates that their shapes are structurally stable, compact and with
relatively smooth or regular edges, not affected by dendritic asperities or severe textural
ramifications.

In Figure 20B, a strong clustering is noticeable in the upper area. As in the previous
case, the overwhelming majority of the particles in this batch are concentrated towards
high values. The most populated interval is the last one (0.435–0.475), which gathers exactly
half of the entire sample of particles. The asymmetry with a value of −1.5145 indicates
a pronounced negative asymmetry (to the left). This long tail on the left side of the
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graph is directly caused by the small group of particles with low values (such as the two
identical particles at 0.232 and the one at 0.275), which deviate from the general behavior
of the batch. Due to the asymmetric tail that pulls the model to the left, the calculated
mean value is 0.4088, while the median (the value in the geometric center of the ordered
series) remains significantly higher, at 0.4395. The standard deviation is approximately
0.0743, which demonstrates that the spread is slightly higher than in the first set where the
standard deviation was 0.055, indicating that the ketoprofen–HPβCD 2:1 particles exhibit a
marginally more pronounced textural variety on the particle contour.

  
(A) (B) 

Figure 20. Distribution of particle form factor: (A) ketoprofen–HPβCD 1:1, (B) ketoprofen–HPβCD
2:1 (histograms created by the authors using PTC Mathcad Express Prime, version 3.0).

If we look at the cumulative graph in Figure 21, the purple line (ketoprofen–HPβCD
1:1) and the orange line (ketoprofen–HPβCD 2:1) follow almost identical trajectories. Both
curves show an extremely steep slope after the 0.40 threshold, rapidly accumulating the
last percentages. This visual overlap confirms an excellent physical reproducibility of the
experiments: both batches of powders are dominated by a population of compact particles,
with minimal roughness on the contour and a stable geometric regularity. The overlap of the
safety ranges occurs over almost the entire steep slope of the graph (area 0.40–0.47). From an
experimental point of view, this massive overlap of the tolerance ranges demonstrates that
the shape differences between the two particle batches are not statistically significant in
the area of maximum population density. The two production/synthesis processes deliver
particles with equivalent outline geometry within the limits of the accepted error.

In Figure 22A, the histogram of the particle compactness factor of ketoprofen–HPβCD
with a 1:1 molar ratio shows a well-defined, almost normal bell-shaped distribution. From a
rheological and physical point of view, this sample looks excellent. The histogram describes
a classical centralized shape, where the vast majority of the data are in the perfect central
range: 0.278–0.307. The mean value is 0.2932, while the median is 0.2960. The extremely
close proximity of these two indicators tells us that the particle sample has a very stable
behavior and a clear central tendency around the value of 0.29. The negative value of
−0.5327 indicates a moderate asymmetry to the left mainly due to the isolated particle with
a minimum value of the packing factor of 0.194, which creates a small “tail” on the left side
of the graph.

The standard deviation indicator has a very low value, approximately 0.0397, math-
ematically confirming that the particles in this batch have extremely tight, constant and
homogeneous compaction properties (without chaotic dispersions).
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Figure 21. Comparative graph of the cumulative form factor curves for the ketoprofen–HPBCD 1:1
and the ketoprofen–HPBCD 2:1 particles (graphical representation with continuous shaded error
bands created by the authors using PTC Mathcad Express Prime, version 3.0).

  
(A) (B) 

Figure 22. Distribution of particle compactness factor sizes of the obtained complexes: (A) ketoprofen–
HPβCD 1:1, (B) ketoprofen–HPβCD 2:1 (histograms created by the authors using PTC Mathcad
Express Prime, version 3.0).

In Figure 22B, a remarkable symmetry can be observed, an almost ideal Gaussian
distribution. This second set of particles of ketoprofen–HPβCD with a 2:1 molar ratio
presents an excellent statistical profile from an experimental point of view. The central peak
is extremely pronounced: exactly half of the particle sample is concentrated in the narrow
range of 0.267–0.298. The value of −0.0105 of the asymmetry is the piece de resistance of
the sample. A coefficient of −0.01 indicates a perfectly symmetrical distribution. The left
and right flanks of the histogram balance mathematically almost to perfection. In full
agreement with perfect symmetry, the mean is 0.2902, and the median is 0.2935. Both ex-
perimental batches of particles demonstrated an incredible physical constancy, fixing their
central tendency around the same value of approximately 0.29. The standard deviation of
approximately 0.0493 remains very small, indicating a high degree of structural uniformity
at the level of the second powder sample, although the dispersion is imperceptibly higher
than in the first set due to the three particles with less compaction (area 0.205). In the study
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of the rheological behavior of powders, the compaction factor (volume or apparent/tamp
density ratio) involves small experimental variations induced by the gravitational settling
mode or by the residual errors of the displacement sensors.

In Figure 23 the cumulative compaction diagram (CDF) with error bars is the most
eloquent argument that both batches of powders behave identically during compaction.
The dark blue curve and the yellow curve intertwine almost perfectly over the entire central
deviation (0.24–0.35). A complete interpenetration of the errors was observed at each
percentage level. Any visual micro-deviation between the two paths is much smaller than
the experimental measurement error (0.012). Although the ketoprofen–HPβCD 2:1 particles
had a different angular (orientation) distribution than the ketoprofen–HPβCD 1:1 particles,
the variation in orientation was not critical enough to alter the final macroscopic property.
Statistically, the overall rearrangement and compaction capacity of both powder samples is
strictly equivalent within laboratory tolerances.

Figure 23. Comparative graph of the cumulative compactness factor curves of the particles of the
obtained complexes (graphical representation with continuous shaded error bands created by the
authors using PTC Mathcad Express Prime, version 3.0).

In Figure 24 the response surface shows a relatively stable curved saddle pattern.
It is noted that the optimal (highest) values of the compaction factor are located in the
area where the form factor is high (>0.44). The orientation of the particles (black dots)
has a moderate influence; the maximum compaction is obtained at intermediate values
of orientation, suggesting that a partially ordered structural arrangement tends to favor a
denser settling of the powder in this first set of particles.

In Figure 25 for the second set of particles (black dots), the profile changes drastically,
revealing a steep slope in the form of a descending trough. The sudden decrease in the
compaction factor (dark area on the lower left) coincides exactly with particles that have a
very low shape factor (about 0.23). This result provides a clear physical conclusion: when
the shape factor decreases (particles have very irregular, rough or complex contours), the
ability of the powder to compact effectively is drastically reduced, regardless of how the
particles are oriented in the analysis space [29,30].
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Figure 24. Response surface of the dependence of compactness factor on form factor and orientation,
simulated for 1:1 molar ketoprofen–HPβCD particles (surface plot created by the authors using PTC
Mathcad Express Prime, version 3.0).

Figure 25. Response surface of the dependence of compactness factor on form factor and orientation,
simulated for 2:1 molar ketoprofen–HPβCD particles (surface plot created by the authors using PTC
Mathcad Express Prime, version 3.0).

3.6. Pharmacotechnical Properties of the Powders

The bulk and tapped densities, together with the derived Carr index and Hausner
ratio [30,31], are presented in Table 4. The Carr index of the complexes (22.6% for the
1:1 and 24.8% for the 2:1 complex) and the corresponding Hausner ratios (1.28 and 1.33)
are slightly higher than those of pure ketoprofen (19.3% and 1.24), indicating a passable
flow only slightly poorer than pure ketoprofen; this modest reduction is attributable to
the cohesion of the fine fraction (≈60% of particles below 50 µm), which tends to form
aggregates.

The favorable, preferentially oriented particle geometry nevertheless supports accept-
able behavior during direct compression. Taken together, the amorphous character and the
favorable particle geometry are expected to translate into an improved dissolution behavior
and, ultimately, an enhanced bioavailability of ketoprofen [30–34].
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Table 4. Bulk and tapped densities, Carr index, and Hausner ratio of ketoprofen and of the ketoprofen–
HPβCD complexes.

Sample Bulk Density (g mL−1) Tapped Density (g mL−1) Carr Index (%) Hausner Ratio

Ketoprofen * 0.556 0.689 19.3 1.24
Ketoprofen–HPβCD 1:1 0.423 0.547 22.6 1.28
Ketoprofen–HPβCD 2:1 0.534 0.711 24.8 1.33

* Standard substance for comparing complexes.

3.7. The Dissolution Study of the Ketoprofen–HPβCD Complexes

The dissolution results are summarized in Table 5. The determinations were per-
formed in triplicate and the values represented in the table are expressed with the standard
deviation.

Table 5. The dissolution values * of the ketoprofen and its complexes.

Time (minutes) Ketoprofen (%) Ketoprofen–HPβCD
1:1 (%) Ketoprofen–HPβCD 2:1 (%)

0 0 2.3 ± 0.9 1.3 ± 0.7
5 2.5 ± 0.8 14.5 ± 0.8 10.5 ± 0.8
10 3.2 ± 0.9 30.3 ± 0.7 23.3 ± 0.9
15 3.7 ± 0.7 42.5 ± 0.9 35.5 ± 0.8
20 4.1 ± 0.8 53.2 ± 0.7 48.2 ± 0.9
25 4.3 ± 0.6 63.7 ± 0.9 59.7 ± 0.7
30 4.5 ± 0.7 74.1 ± 0.8 68.1 ± 0.8
35 4.7 ± 0.9 79.3 ± 0.7 72.3 ± 0.7
40 5.1 ± 0.8 84.5 ± 0.8 77.5 ± 0.8
45 5.3 ± 0.9 88.7 ± 0.7 82.7 ± 0.9
50 5.5 ± 0.7 90.1 ± 0.6 85.1 ± 0.8
55 5.5 ± 0.7 92.3 ± 0.8 87.3 ± 0.7
60 5.5 ± 0.7 94.5 ± 0.7 91.5 ± 0.7

* Values are expressed as the mean ± SD.

Figure 26 illustrates the comparative profile of the in vitro dissolution kinetics for pure
ketoprofen and its inclusion systems (ketoprofen–HPBCD 1:1 and 2:1), determined over a
period of 60 min.

Figure 26. In vitro dissolution profiles of ketoprofen and its complexes with cyclodextrin at pH 1.2.

A major discrepancy is observed between the profile of the pure active substance
and that of the complexes. Thus, while pure ketoprofen presents an extremely low dis-
solution rate, reaching a maximum of only 5.5% at the end of the monitoring interval,
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the cyclodextrin-modified systems present a massive acceleration of the release process
from the first phases (minute 10). This drastic improvement of the hydrophilic profile is
due to the screening effect exerted by HPBCD. By including the hydrophobic ketoprofen
molecule in the lipophilic cavity of the cyclodextrin, the crystalline structure of the active
principle is destabilized and transferred to an amorphous state, reducing the free energy
of dissolution and facilitating instantaneous hydration [34]. Comparing the two molar
ratios, the 1:1 system demonstrates superior efficiency in the advanced phases, reaching
94.5% release, compared with 91.5% in the case of the 2:1 ratio. This behavior suggests that
the optimal inclusion stoichiometry is monodisperse (1:1), while an excess of complexing
agent (2:1 ratio) can generate a steric barrier or a too dense hydrophilic network, which
slightly slows down the subsequent diffusion of the dissolved molecules.

The standard deviation in the range of 0.6–0.9% confirms a high reproducibility of the
dissolution test. From a statistical point of view, the non-overlapping of the safety intervals
between the profiles of the complexes and that of the pure substance throughout the kinetics
(5–60 min) demonstrates that the solubility improvement is a significant phenomenon.

The seven complementary techniques used in this study converge on the same conclu-
sion: ketoprofen is effectively included in the cavity of HPβCD when the complexes are
prepared by magnetic stirring. This is consistent with the general behavior of cyclodextrins,
whose hydrophobic cavity accommodates lipophilic guest molecules and thereby improves
their apparent aqueous solubility and dissolution rate [34].

4. Conclusions
Ketoprofen–HPβCD inclusion complexes were successfully prepared by the solu-

tion (magnetic-stirring) method at 1:1 and 2:1 molar ratios. FT-IR, DSC and SEM consis-
tently demonstrated the formation of genuine inclusion complexes. The characteristic
infrared bands of ketoprofen were attenuated, and the bands assigned to the C=O, C=C
and –CH groups were shifted, and, in particular, the shift of the ketoprofen carbonyl
band at 1659 cm−1 to 1655 cm−1, the attenuation of the adsorbed-water band at 1647 cm−1

(an HPβCD band, not a carbonyl of the cyclodextrin) and the shift of the band at 3455 cm−1

to 3465 cm−1, indicate that the benzophenone and carboxyl regions of the drug are engaged
in the inclusion process.

The endotherm in the 40–130 ◦C region of ketoprofen was strongly reduced, this
region being associated with water loss. The characteristic melting endotherm of crys-
talline ketoprofen at ≈96 ◦C is strongly attenuated or absent in the complexes. The pro-
nounced decrease of the ketoprofen melting enthalpy, from 44.34 J g−1 for the pure drug to
11.08 J g−1 and 16.84 J g−1 for the 1:1 and 2:1 complexes, respectively, reflects the conver-
sion of crystalline ketoprofen into an amorphous, included form; only a minor crystalline
fraction remains outside the cavity.

The degree of inclusion obtained from the DSC data reached 75% for the 1:1 complex
and 62% for the 2:1 complex. The SEM observations are fully coherent with the thermal
data. The complexes lack both the regular polyhedral habit of crystalline ketoprofen and
the spherical morphology of the cyclodextrin, appearing instead as amorphous, polyhedral
particles with rounded edges produced by inter-particle friction during stirring.

The complexes consist of irregular-parallelepiped particles, predominantly 20–100 µm
in perimeter size, with a preferential orientation and a passable flow suitable for direct com-
pression. By converting crystalline ketoprofen into an amorphous, cyclodextrin-included
form, HPβCD offers a simple and effective route to improve the solubility-related proper-
ties of this poorly soluble drug, providing a sound basis for the subsequent development of
solid oral dosage forms. The dissolution test validates supramolecular complexation tech-

https://doi.org/10.3390/macromol6030058

https://doi.org/10.3390/macromol6030058


Macromol 2026, 6, 58 30 of 32

niques with HPβCD as a successful strategy for overcoming the bioavailability limitations
specific to BCS class II drugs.

The use of AutoCAD in particle sizing along with the statistical processing of data
obtained using MathCAD are innovative methods that ensure the most accurate particle
sizing and correct interpretation of the results.

As the present study focused on the physicochemical and pharmacotechnical charac-
terization of the complexes, the in vitro/in vivo anti-inflammatory evaluation was outside
its scope and is planned as the next stage of this work.
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