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Natural polymers have various advantages, such as being inexpensive, nontoxic,
biocompatible, and biodegradable. Due to these numerous benefits, alginate
microspheres have garnered significant interest as a novel drug delivery system. This
study evaluated the influence of sodium alginate concentration on the properties of
alginate microspheres and investigated the relationship between the rheological
properties and structural characteristics of microspheres. Alginate microspheres were
prepared using a single-step water-in-oil emulsion technique. The emulsion used in this
study consisted of an alginate solution as the water phase, sunflower oil as the oil phase,
and Span 80 as the surfactant. Aceclofenac was employed as the biomacromolecular drug
model. The results showed that as alginate concentration increased, the particle size of
the microspheres also increased due to the higher viscosity of the alginate solution. The
particle size of the alginate microspheres ranged from 32.062 to 475.164 um, with a
spherical shape at all concentrations.The shear-thinning phenomenon is dominant in all
alginate solutions. The Power Law and Hersch Bulkley models provided better fits than
the Casson and Bingham models for the curve fitting of alginate at different
concentrations. The transmittance spectrum of alginate microspheres did not exhibit an
additional peak, according to Fourier transform infrared (FTIR) analysis, which explains
that the alginate only acted as a carrier for the drug, delivering it to the target position
and then degrading without any chemical reaction occurring. The DSC test showed an
increase in the melting point compared to that of the pure drug alone when the drug was
loaded into microspheres, indicating that the drug was incorporated into the polymer
matrix. An increased melting point occurs because the drug is loaded into the
microspheres and confined.

1. INTRODUCTION

microsphere degradation and the drug release profile, particle
size and size distribution are crucial [7].

One of the most commonly used classes of natural polymers
in biological applications is alginate. Alginate is widely used
in biomedical applications, including drug delivery systems,
due to its numerous benefits, such as availability, nontoxicity,
biocompatibility, and biodegradability [1, 2]. Various drugs
can be encapsulated in alginate [3]. Microencapsulation
involves the isolation and preservation of active principles
(such as solids, liquids, or gaseous components) from the
surrounding medium inside microscopic-sized (1 to 1000 um)
shells or particles. Polymeric materials are typically used to
achieve microencapsulation [4].

The technology used to transport the drug to the targeted
body region for release and absorption is known as a drug
delivery system [5]. Given their ability to overcome the
disadvantages of conventional dosage forms, modified release
forms are increasingly replacing traditional dosage forms. One
of the key factors in drug delivery systems that can impact
patient safety during the application phase is particle size. For
example, large particles can obstruct small blood vessels and
cause embolism [6]. Because these characteristics regulate
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Despite the extensive use of alginate in biomedical
applications such as drug delivery, there is a need to
investigate the rheological properties of alginate solutions
(viscosity, shear stress, shear rate), which can provide insights
into the behavior of alginate solutions during the microsphere
preparation process. This study investigated the relationship
between the rheological properties and structural
characteristics of different microspheres (shape, size, size
distribution, surface morphology, drug loading). Drug delivery
technologies have come a long way from conventional routes
like oral tablets and injections to more advanced, controlled,
and targeted drug delivery systems [8]. Novel systems include
liposomes, polymeric nanoparticles, dendrimers, implantable
devices, and microsphere-based formulations. All of these
systems have specific advantages and limitations; for example,
liposomes are extremely biocompatible but may be unstable,
whereas polymeric nanoparticles allow for fine-tuning of
pharmacokinetics but often require elaborate synthesis
methods. Notably, alginate microspheres represent a novel
class of sustained-release systems due to their simple emulsion


https://crossmark.crossref.org/dialog/?doi=10.18280/acsm.490108&domain=pdf

production methods, tunable particle size, high drug-loading
efficiency, natural biocompatibility, and biodegradability. The
advantages of alginate microspheres, which are cost-effective
and perform well as drug delivery systems, present a solution
for a number of existing pharmaceutical delivery issues [9-11].

The extrusion [12], spray-drying method [13], and emulsion
method [14] are the three basic types of alginate microsphere
formulation methods. However, alginate particles with sizes
varying from hundreds of micrometers to millimeters can be
created using the extrusion approach. The spray-drying
procedure requires expensive equipment. Compared to
previous methods, the emulsion process has some benefits,
including the ability to produce microspheres with particle
sizes less than 100 um and minimal equipment costs [15, 16].

In this study, alginate microspheres with and without
aceclofenac were prepared using a single water—oil emulsion
process with appropriate stirring boundary conditions.
Alginate aqueous solution, sunflower oil, Span (80), and
aceclofenac were used as the water, oil surfactant, and drug
model, respectively. The influence of alginate concentration
on the shape, size, and distribution of microspheres was
studied by analyzing their rheological properties and flow
behavior. The loading of sodium alginate microspheres with
the drug was investigated through FTIR and DSC tests.

2. EXPERIMENTAL PART
2.1 Materials used

Pharmaceutical-grade sodium alginate was obtained from
Glenham Life Sciences Technology Co., Ltd. in the United
Kingdom, and aceclofenac was purchased from HiMedia
Laboratories Pvt. Ltd. in India. Sorbitan monooleate (Span
80), sunflower oil, and n-hexane were purchased from Alpha
Chemika Co., Pvt. Ltd. in India, and distilled water was used.

2.2 Preparation and characterization of microspheres

The water-in-oil emulsion method was employed to prepare
alginate microspheres, both with and without drug
encapsulation. Initially, an alginate solution was prepared.
Briefly, sodium alginate was weighed (1%, 2%, and 3% w/v)
and then dissolved in 100 ml of distilled water, which was
stirred at a speed of 600 rpm at 25 °C for 2 hours. Additionally,
1% Span 80 was also weighed, added to the oil phase, and
stirred for 5 minutes. From the prepared solution, 10 ml of
alginate solution (1%, 2%, and 3% w/v) was taken and added
dropwise using a syringe to 50 ml of the oil phase with
magnetic stirring (at 900 rpm and 25°C) for 1 hour. The drug-
free alginate microspheres in the oil phase were filtered,
repeatedly cleaned with n-hexane, and then dried.

By repeating the same procedure to prepare drug-loaded
microspheres, an accurately weighed quantity of aceclofenac
was added and uniformly dispersed into the alginate solution.
The sodium alginate-to-drug ratio was maintained at 9:1
(W/w).

The morphology of the obtained alginate microspheres was
examined under an optical microscope in accordance with
ASTM F728-81 [17], and the microspheres were measured at
60X magnification using a device called the 1280XEQ-
MM300TUSB. Additionally, the morphology was inspected
using atomic force microscopy. Using a cone-plate viscometer
in accordance with ASTM D7395 [18], the viscosity, shear
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thinning, and thickening behaviors, curve fitting, and flow
curves of alginate solutions at 1%, 2%, and 3% w/v were
determined. Size and size distribution were analyzed using
Image] software (version 1.02). Fourier transform infrared
(FTIR) spectrometry (Bruker, Germany, Electrochemical
Department/University of Babylon) and differential scanning
calorimetry (DSC Test) were used to determine the drug
loading of sodium alginate microspheres.

3. RESULTS AND DISCUSSIONS
3.1 Morphology results

3.1.1 Optical result

Alginate microspheres (AMs) shape, size, and size
distribution are critical factors for patient safety during the
application period because these characteristics may affect
microsphere degradation, drug release kinetics, and
therapeutic effectiveness. The alginate concentration is the
most significant factor affecting the shape, particle size, and
distribution of alginate microspheres.
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Particle size (pra)

Figure 1. Morphology of microspheres with a)1% b)2% and
¢) 3% concentration under optical microscope

Figure 1 shows morphology of alginate microspheres at
various concentrations. The resulting microspheres were
spherical at all concentrations. It was also noted that when the
alginate concentration was increased, the particle sizes
increased, as shown in Table 1. The interfacial tension
between the alginate droplets and the oil phase increased with
increasing alginate concentration and viscosity of the alginate
solution. Hence, larger microspheres are formed because at
high viscosity, this corresponds with the findings of other
researchers [19, 20]. The results of the viscosity test showed
that the solution viscosity increased from 151.93 cP to 380.64



cP as the alginate concentration increased, as shown in Table
2.

Measurement of the particle size distribution of alginate at
various concentrations, using ImageJ software, illustrates how
alginate concentration affects the particle size distribution of
alginate  microspheres (AMs). When the alginate
concentrations increase the viscosity increase and lead to the
broadening of particle size distribution.

Table 1. Average particles sizes of microspheres

Alginate Concentrations Average Particle Size (um)

1% 199.829 +32.062
2% 263.247 £38.012
3% 475.164 £45.212

Table 2. Alginate solutions viscosity

Alginate Concentrations
1%
2%
3%

Viscosity (cP)
151.93
221.73
380.64

Topography - Scan forward

Name Value

Area  100.8pm”2
Sa 33.668nm
46.155nm
Sy 409.18nm
Sp 187.05nm
Sv -222.05nm
Sm 81.552pm

Polynomial ft 847nm
[
o

Topography - Scan forward

Value
252nm"2
Sa 57.579nm
105.25nm
Sy 1.395um
Sp 566.13nm
00N} Sv  -828.820m
| Sm 84.73pm

Polynomial fit 679nm
w
o

Topography - Scan forward

Value

10.08nm"2
Sa 98.562nm
Sq 164.3nm
Sy 2531.8nm
Sp 1352.7nm
Sv -1.179m
Sm 84.982pm

3%

Polynomial fit 365nm

Figure 2. 3D image of alginate microspheres at different
concentrations

3.1.2 Atomic force microscopy (AFM) result
AFM provides 3D topographic analysis of the significant
differences in the surface roughness of microspheres prepared
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using alginate solutions at different concentrations, as shown
in Figure 2.

The viscosity of the alginate solution affects the formation
and surface properties of the microspheres. The microspheres
formed from lower viscosity solutions (1% concentration)
exhibited the lowest surface roughness and the smoothest
surface topography, with an average roughness (Sa) of 33.668
nm, a root-mean-square roughness (Sq) of 46.155 nm, and a
maximum peak-to-valley height (Sv) of -222.09 nm. Lower
viscosity allows for a more uniform distribution and smoother
surface during formation. Medium viscosity (2%
concentration) resulted in moderate surface roughness. The
surface was relatively smooth, with an average roughness (Sa)
of 45.994 nm, a root-mean-square roughness (Sq) of 60.325
nm, and a maximum peak-to-valley height (Sv) of 275.25 nm.
Higher viscosity (3% concentration) produced microspheres
with greater surface roughness (Sa and Sq values). The
microspheres displayed the most irregular surface, with
pronounced peaks and valleys, evidencing the highest surface
roughness among the samples, including the highest average
roughness (Sa) of 98.562 nm, root-mean-square roughness
(Sq) of 164.3 nm, and maximum peak-to-valley height (Sv) of
-1,179 nm. This result corresponds to the observation that the
alginate solution at 3% concentration exhibits the highest
viscosity compared to the other concentrations.

3.2 Rheological results

A cone-plate viscometer was used to evaluate the viscosity
of alginate based on the shear rate and concentration. The
results were then fitted to fluid models using rheology
software. Figures 3 and 4 show the relationship between
viscosity and shear rate, as well as shear rate and shear stress
of alginate solutions at various concentrations.

400 1%
—&— 2%
350 4 —a— 3%
300 +
& 250 4
Ch
£ 200 4
o
2
= 150 o
100
50 -
0 e ————
T T T T T T
20 40 60 80 100
Shear rate (s)

Figure 3. Viscosity curve for alginate solutions

The flow behavior demonstrates non-Newtonian flow
(pseudoplastic type). The shear-thinning phenomena dominate
in all alginate solutions due to the alignment of the alginate
chains caused by the velocity gradient. This finding is crucial
because, for instance, the nozzles used in microsphere
manufacturing systems can have a small diameter to manage
the size of the microspheres and ensure that solutions flow
easily. The shear-thinning behavior of the alginate solution
facilitates the flow and thereby enhances the emulsion process
at low viscosity, leading to the formation of smaller
microspheres with a narrow distribution, as shown in the
optical and atomic force microscopy results. For this purpose,



the shear stress, shear rate, and shear viscosity are controlled
in conjunction with the size and distribution of the
microspheres.
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Figure 4. Flow curve for alginate solutions

3.2.1 Mathematical model (Curve fitting)

Curve fitting using non-Newtonian mathematical models
for alginate solution flow curves matches experimental
rheological data such as viscosity, shear stress, and shear rate
with the theoretical models. This process describes the flow
behavior under different shear conditions and allows for the
accurate characterization of polymer solutions, which is
important for optimizing their use in drug delivery systems.
Curve fitting helps in the selection of the appropriate
concentration and composition of the polymer to achieve the
required viscosity and flow behavior. In addition, it prevents
sedimentation and phase separation in suspensions and
emulsions. The shear stress and viscosity data were measured
over a suitable shear rate range using a cone-plate viscometer
to capture complete flow behavior. The shear stress-shear rate
characteristics were analyzed for all concentrations, as shown
in the analysis of the flow curves in Figure 5 and Table 3. The
curve fitting software Rheology app program was used to fit
the experimental data to the selected models. The proposed
program utilizes the Power Law, Herschel-Bulkley, Casson,
and Bingham models. The goodness of fit was calculated using
statistical R? values. A comparison of fits from these models
was conducted to determine which best describes the flow
curve and rheological behavior.

For the 1% alginate concentration, both the Power Law and
Hersch Bulky models showed similar results, with n values of
0.276 and K values of 566.6 and 566.2, respectively, as shown
in Table 3 and Figure 5. The R? values for these models
indicated reasonably good fits, ranging from 0.890539 to
0.896884. The Casson and Bingham models obtained lower R?
values (0.761398 and 0.60796, respectively).

At the 2% alginate concentration, the Power Law and
Hersch Bulky models provided comparable results, with n
values of 0.233 and K values of 368.92 and 368.93,
respectively. The R? values of these models indicated a good
fit, ranging from 0.900399 to 0.900536. The Casson and
Bingham models obtained lower R? values of 0.76895 and
0.612902, respectively.

Finally, at the 3% alginate concentration, the Power Law
and Hersch Bulky models exhibited similar n values (0.202)
and K values of 1146.2. The R? values for these models
differed slightly, ranging from 0.745173 to 0.759359. The
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Casson and Bingham models obtained lower R? values of
0.554674 and 0.345626, respectively. Overall, the Power Law
and Hersch Bulky models provided better fits than the Casson
and Bingham models for the curve fitting of alginate at
different concentrations.
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Figure 5. Models’ analysis by using Rheology App. for
different alginate concentrations

3.3 FTIR result

Fourier transform infrared (FTIR) spectroscopy was used to
investigate the loading of the microspheres with the active
ingredient, aceclofenac. From the FTIR tests, the typical
distinctive bands for a significant functional group of the
empty, pure-drug-loaded, and drug-loaded microspheres can
be identified (Figure 6). The FTIR results shown in Table 4
provide clear evidence that the drug aceclofenac was
effectively loaded into all types of prepared microspheres. A
comparison of the FTIR spectra of the individual components,
i.e., (a) the microspheres and (b) the active ingredient
aceclofenac, with the loaded microspheres (c) shows that the
characteristic peaks of aceclofenac did not change after
successful encapsulation in the microspheres. The distinct
peaks corresponding to aceclofenac included the O-H



stretching at around 3470-3480 c¢cm™!, C-H stretching in the
range of 2924-2940 cm™!, C=0 stretching between 1728-1744
cm’!, and C-H bending around 1442-1458 ¢cm'. The presence
of these characteristic peaks confirmed the successful
incorporation of aceclofenac into the microspheres,
confirming the absence of any chemical interactions between

the polymers and the drug. This indicates that the drug is
physically entrapped in the polymer structure, which is
supported by the absence of new peaks in the spectrum of the
drug-loaded microspheres. This result agrees with researchers
[21-23].

Table 3. Rheological Model comparison for alginate solutions

Alginate Solutions (wt.%)  Power Law Model  Hersch Bulky Model Casson Model Bingham Model
n=0.276 n=0.276
1% K =566.6 K=566.2 Rel.error = 10.457%  Rel.error = 13.551%
Rel.error =6.772 % Rel.error = 6.786 % R?=0.761398 R?=0.60796
R?=0.896884 R%=0.890539
n=0.233 n=0.233
2% K =368.92 K =368.93 Rel.error = 11.963%  Rel.error = 15.531%
Rel.error = 7.788 % Rel.error =7.789 % R%2=0.76895 R2=0.612902
R?=0.900399 R%=0.900536
n=0.202 n=0.202
39, K=1146.2 K=1146.2 Rel.error = 13.702%  Rel.error = 16.746 %
Rel.error =10.046 %  Rel.error = 10.06 % R?=0.554674 R%2=0.345626
R2=0.759359 R%2=10.745173
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Figure 6. FTIR spectrum for: (a) alginate microspheres (b)
aceclofenac drug (c) Microspheres loaded by aceclofenac

Table 4. Characteristic peaks value of FTIR spectra of
alginate microspheres loading drug

Wavenumber Functional Mode of
(cm™) Group Vibration
Aceclofenac
3317.56 O-H stretching
2916.37 C-H stretching
1771.35 C=0 stretching
1450.47 C-H bending
1149.57 C-O stretching
Alginate microspheres
3417.86 O-H stretching
2931.80 C-H stretching
1620.21 C=0 stretching
1419.61 C-H bending
1033.85 C-0 stretching
Alginate microsphere + aceclofenac drug
3479.58 O-H stretching
2939.52 C-H stretching
1728.22 C=0 stretching
1442.75 C-H bending
1157.29 C-0 stretching

3.4 DSC results

DSC was performed to characterize and study the thermal
behaviors of aceclofenac, both as a standalone drug and when
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loaded into microspheres. The DSC curve of aceclofenac is
shown in Figure 7; it indicates its crystalline nature by
exhibiting a single, sharp endothermic peak corresponding to
the melting point of the drug. The endothermic peak in the
DSC curve represents the energy absorbed during melting as
the drug transitions from a solid to a liquid state. The measured
melting point of the drug was found to be 149.42°C, which is
well within the range reported in the literature specification of
149-150°C, confirming the identity and purity of the
aceclofenac powder.
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Figure 7. DSC thermogram of pure aceclofenac drug
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Figure 8. DSC thermogram of alginate microspheres loading
drug



It can be recognized that the DSC curve, as shown in Figure
8, when aceclofenac was loaded into the microspheres,
showed different thermal behavior compared to the pure drug.
Instead of a sharp melting endotherm, the microsphere
formulation exhibited a broad, less distinct thermal transition.
This change in the thermal properties of the drug indicates that
the encapsulation process has resulted in the drug being
uniformly dispersed in the polymer matrix at the molecular
level, which may also be attributed to the fact that the drug is
no longer in its pure crystalline form. It may be present in an
amorphous or partially amorphous state within the polymer
matrix.

This change in the physical state of the drug indicates
physical interactions and disruption of the crystalline structure
rather than the formation of new chemical compounds. The
FTIR data support this interpretation by confirming the
absence of new chemical bonds or interactions between the
drug and polymer. The absence of new FTIR peaks confirms
that the changes observed in the DSC curve are primarily
physical, with no significant chemical reactions having taken
place. This was also confirmed by the FTIR results.

The DSC test showed an increase in the melting point
compared to that of the pure drug alone when the drug was
loaded into microspheres, indicating that the drug was
incorporated into the polymer matrix. The increased melting
point occurs because the drug is loaded into the microspheres
and confined within the polymer matrix. The drug molecules
are dispersed or encapsulated within the microsphere
structure, surrounded by the polymer material. This
confinement restricts the molecular motion of the drug
molecules, trapping them within the polymer matrix and
preventing them from moving freely or undergoing the phase
transition associated with melting. The confinement effect
increases the energy barrier for the drug molecules to
transition from the solid to the liquid state. As a result, the drug
molecules require higher temperatures to overcome
confinement and reach their melting point. This resulted in an
increased melting temperature (Tm) in the drug-loaded
microspheres compared with that of the pure drug. The
confinement effect can be attributed to the physical properties
of the polymer matrix, such as its rigidity and density.

Differential scanning calorimetry (DSC) analysis
demonstrated the thermal transitions that occurred during the
drug encapsulation in a quantitative manner. The DSC curve
of pure aceclofenac showed a sharp endothermic peak at a
melting temperature (Tm) of 149.42°C, and an enthalpy
change (AH) of 69.44 J/g, which was in agreement with its
crystalline state. In comparison, the drug-encapsulated
alginate microspheres exhibited a temperature transition that
was both shifted and broadened (with a higher Tm of
157.32°C) and a greatly reduced AH of 1.12 J/g. These
differences, based on quantitative analysis, indicate that
aceclofenac incorporated in the microspheres is in a molecular
state dispersed within the polymer matrix, which significantly
modifies the energetic barrier to melting compared to the as-
received aceclofenac, due to the confinement effects related to
the alginate microspheres.

4. CONCLUSIONS

The results of this study indicate that the concentration of
the alginate solution strongly influences the shape, size, and
distribution of alginate microspheres. A water—oil emulsion
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technique proved to be an effective, low-cost process for
producing both drug-free and drug-loaded spherical alginate
microspheres. Alginate microspheres ranged in size from
32.062 to 475.164 um. As the viscosity of the alginate solution
increased with higher alginate concentration, the size of the
microspheres also increased. The optimal alginate
concentration was 1% w/v. At that concentration, the
microspheres exhibited a narrow distribution and an average
particle size of 199.829 + 32.062 um, making them suitable
for use in drug delivery systems. Morphological results
indicate that the microspheres were spherical with moderately
rough surfaces. The results also show that shear stress, shear
rate, and shear viscosity clearly control the size and
distribution of the microspheres. The Power Law and
Herschel-Bulkley models provided better fits than the Casson
and Bingham models for the curve fitting of alginate at
different concentrations. FTIR and DSC analyses confirmed
the loading of aceclofenac within the microspheres, with no
indication of chemical bonding between the drug and the
polymer. The drug was physically trapped within the polymer
structure, as evidenced by the absence of new peaks. The
results of this study highlight the potential for using alginate
in controlled drug delivery systems. Future research could
focus on further investigations into the rheological properties
of alginate solutions under different conditions, such as
temperature and pH. In addition, in vivo studies should be
conducted to verify the effectiveness of alginate-based drug
delivery systems.
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