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PREFACE

Dear Readers, Authors, Reviewers,
Members of the Scientific Committee and Section Editors,

The scientific life enables investigation of numerous phenomena, including 
the  transport processes, which take place on  the  interfacial borders: drug 
carrier–environment of  drug activity. In  the  present issue, we  provide our 
audience three articles which directly involve the polymeric entities as drug 
carriers. Two of these entities are of plantar origin, and may fall in the inter-
est of pharmaceutical industry seeking new natural sources of polymeric drug 
carriers. On the other hand, there is the third article, which deals with highly 
processed polymeric artificial lenses that may act as sophisticated drug carriers. Some new techniques emerge 
and creatively change the landscape of pharmaceutical production. Nowadays, spray drying competes with 
3D printing, and we  present to  our readers a  updated review on  the  state-of-the-art technique employed 
in the field of spray drying as a method which allows for drug loading into polymeric particles.

We are just entering the Christmas Holidays season, and probably the entire free world is curious when and 
how the worldwide empathy and unity will finally resolve the ongoing situation on the territories being so 
close to the eastern border of the European Union, and being so devastated by incomprehensible and appall-
ing actions. The most important wishes should thus include the peace and the social and industrial reactiva-
tion for the people who were injured and excluded from normal life by unfounded and disproportionate acts. 
Therefore, I would like also to offer best Christmas wishes to all friends and readers of our Journal. On behalf 
of the entire Editorial Team of Polymers in Medicine, we wish you good luck and Happy New Year 2023!

Editor-in-Chief
Witold Musiał, Prof., PhD, DSc
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Abstract
Background. The Textus Bioactiv Ag membrane is an active dressing for the treatment of chronic wounds 
such as venous stasis ulcers and burns.

Objectives. Determination of the transport and internal energy conversion properties of the Textus Bioactiv 
Ag membrane using the Kedem–Katchalsky–Peusner model. This model introduces the coefficients Lij 
necessary to calculate the degree of coupling (lij, QL), energy conversion efficiency (eij), dissipated energy 
(S-energy), free energy (F-energy), and internal energy (U-energy).

Materials and methods. The research material was the Textus Bioactiv Ag membrane that is used as an ac-
tive dressing in the treatment of difficult-to-heal wounds, and KCl aqueous solutions. The research methods 
employed Peusner’s formalism of network thermodynamics and Kedem and Katchalsky’s thermodynamics 
of membrane processes. To calculate the Lij coefficients, we used hydraulic conductivity (Lp), diffusion con-
ductivity (ω) and reflection (σ) coefficients to perform experimental measurements in different conditions.

Results. The Lp coefficient for the Textus Bioactiv Ag membrane is nonlinearly dependent on the average 
concentrations of the solutions. In turn, the ω and σ coefficients are nonlinearly dependent on the differences 
in osmotic pressures (∆π). An increase in the ∆π causes the Textus Bioactiv Ag membrane to become more 
permeable and less selective for KCl solutions. The coefficients of Peusner (Lij), couplings (lij, QL), energy 
conversion efficiency (eij), S-energy, F-energy, and U-energy also depend nonlinearly on ∆π. Our results 
showed that for higher concentrations of KCl solutions transported through the Textus Bioactiv Ag membrane, 
the coupling and energy conversion coefficients were greater for larger ∆π up to their maximum values for 
large ∆π. Coupling of the membrane structure with the electrolyte flux through the membrane is observed 
for ∆π greater than 10 kPa.

Conclusions. Textus Bioactiv Ag membrane dressings possess the properties of a solution component 
separator as well as an internal energy converter.

Key words: membrane transport, polymeric membrane, energy conversion, Kedem–Katchalsky–Peusner 
equations, Textus Bioactiv Ag
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Energy conversion in Textus Bioactiv Ag membrane dressings 
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Background

In recent years, due to the development of synthetic 
polymer technology, many types of synthetic membranes 
have found applications in modern medical therapy and 
diagnostics. These membranes act as selectively perme-
able barriers between biological tissues and the environ-
ment (e.g., hemodialyzers and active membrane dressings) 
or between an encapsulated drug and the internal environ-
ment of a living organism (controlled release), etc.1–5 When 
treating difficult-to-heal wounds, such as venous stasis 
ulcers or severe burns, selecting a dressing that is designed 
to maintain a moist environment, suitable temperature 
and pH of the wound is important. Various types of ac-
tive dressings have been used in the treatment of chronic 
wounds.6 Their purpose is to protect nerve fibers from 
excessive stimulation during application and dressing 
changes, as well as protect delicate tissues from mechani-
cal stimuli and external environmental influences to limit 
infections and bacterial contamination.7 One type of these 
active dressings is the Textus Bioactiv Ag membrane dress-
ing.8,9 It is a composite/mixed polymer dressing containing 
thermoplastic polyethylene fibers and Ag zeolites.

According to  the  Kedem–Katchalsky (KK) model, 
the Textus Bioactiv Ag membrane has certain transport 
properties measured with the coefficients of hydraulic 
conductivity (of the solvent), reflection and diffusive con-
ductivity (of the solution).9 This means that the Textus 
Bioactiv Ag membrane can separate appropriate solutions 
of different concentrations and has the property of free 
energy conversion, similarly to Nephrophan or Biopro-
cess membranes.10,11 The total energy of a thermodynamic 

system is the sum of its internal energy (nuclear, chemical 
and thermal) and external energy (connected with gravi-
tational, electromagnetic, electrical field, etc.).12

In both biological and physicochemical membrane sys-
tems, internal energy (U-energy) is mainly chemical energy. 
The internal energy consists of free energy (F-energy) and 
degraded energy (S-energy). The F-energy, also called ex-
ergy, defines the “quality of energy” and the part of the en-
ergy that can be practically used to do work. The S-energy, 
also called anergy, is the passive part of the energy that 
cannot be used practically.13 The conversion of chemical 
energy occurs in 2 stages. In the 1st stage, the F-energy 
is separated from the S-energy. In the 2nd stage, the F-energy 
is converted into useful work.

The biological cell, which functions like a chemody-
namic machine, is the most efficient converter of chemi-
cal energy (U-energy) into useful energy (F-energy). 
The most important activity of this process is converting 
the F-energy contained within the chemical bonds of nu-
trients into high-energy compounds such as adenosine 
triphosphate (ATP).14 At the expense of ATP, mechani-
cal work, osmotic work, electrical work, and biosynthesis 
work are performed. The production of S-energy depends 
on the rate of the biochemical process: the slower the pro-
cess, the greater the efficiency of the cell.15

Transport processes, including membrane transport, 
constitute a group of fundamental phenomena occurring 
at all levels of physicochemical systems.16 The driving 
forces of these transporters are the physical quantities 
of scalar, vector and/or tensor nature, which participate 
in the creation of various types of physical fields that shape 
the field properties of nature. An example of a scalar field 

Streszczenie
Wprowadzenie. Membrana Textus Bioactive Ag to aktywny opatrunek do leczenia ran przewlekłych, takich jak owrzodzenia żylne podudzi i oparzenia.

Cel pracy. Wyznaczenie właściwości transportowych i wewnętrznej konwersji energii w membranie Textus Bioactiv Ag, w oparciu o model Kedem–Katchalskiego–
Peusnera (KKP). Model ten wprowadza współczynniki Lij niezbędne do obliczenia stopnia sprzężenia (lij, QL), sprawności konwersji energii (eij), energii rozproszonej 
(S-energia), energii swobodnej (F-energia) i energii wewnętrznej (U-energia).

Materiały i metody. Badanym materiałem była membrana Textus Bioactive Ag, stosowana jako aktywny opatrunek w terapii trudno gojących się ran, oraz wodne 
roztwory KCl. Metody badawcze to formalizm sieciowej termodynamiki Peusnera oraz termodynamika procesów membranowych Kedem–Katchalsky’ego. Do obli-
czenia współczynników Lij wykorzystaliśmy współczynniki przenikalności hydraulicznej (Lp), przenikalności dyfuzyjnej (ω) i odbicia (σ), zmierzone eksperymentalnie 
w różnych warunkach.

Wyniki. Współczynnik Lp dla membrany Textus Bioactiv jest nieliniowo zależny od średniego stężenia roztworów w membranie. Z kolei współczynniki ω i σ są 
nieliniowo zależne od różnicy ciśnień osmotycznych (∆π). Wzrost ∆π powoduje, że membrana Textus Bioactiv staje się bardziej przepuszczalna i mniej selektywna 
dla roztworów KCl. Współczynniki: Peusnera (Lij), sprzężeń (lij, QL), sprawności konwersji energii (eij) oraz S-energii, F-energii i U-energii również zależą nieliniowo 
od ∆π. Jak wynika z uzyskanych wyników, dla większych stężeń roztworów KCl transportowanych przez membranę Textus Bioactive współczynniki sprzęgania 
i konwersji energii są większe dla większych ∆π, osiągając wartości maksymalne dla dużych wartości ∆π. Sprzężenie struktury membrany ze strumieniem elektrolitu 
transportowanym przez membranę obserwuje się dla ∆π powyżej 10 kPa.

Wnioski. Opatrunek membranowy Textus Bioactive Ag posiada właściwości separatora składników roztworu, jak również wewnętrznego konwertera energii.

Słowa kluczowe: transport membranowy, membrana polimerowa, Textus Bioactiv Ag, równania Kedem–Katchalskiego–Peusnera, konwersja energii
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is the field of concentrations, a vector field is the gravita-
tional field, and a tensor field is the field of internal stresses. 
For a scalar field to formally participate in the creation 
of a thermodynamic force that generates thermodynamic 
flows, the appropriate gradients of scalar quantities such 
as concentration or temperature must be created. The gen-
eration of force results in the performance of work from 
the energy stored in the system.

Mathematical models developed using the framework 
of  Onsager’s linear nonequilibrium thermodynamics 
(LNET) and Peusner’s network thermodynamics (NT)13,17–20 
are convenient tools to study membrane transport proper-
ties. One of the more important ones is the Kedem–Katch-
alsky–Peusner (KKP) model,21–24 which is an extension 
of the KK model.25 The classical KK equations contained 
transport coefficients that characterized the permeation 
of solvents and solutes through a membrane.18,25 These 
coefficients included hydraulic permeability (Lp), reflec-
tion (σ) and solute permeability (ω). Peusner introduced 
L, R, H, and P versions of the KKP equations containing 
Peusner coefficients Lij, Rij, Hij, and Pij (i, j ∈ {1,2, …, n}) into 
the science of membranes and membrane techniques.20 
The Peusner coefficients are a combination of Lp, σ and 
ω coefficients and the average concentration of solutions 
in the membrane (C). The coefficients of coupling (lij, rij, 
hij, pij (i ≠ j)) and energy conversion efficiency ((eij)l, (eij)r, 
(eij)r, (eij)p (i ≠ j)) can be calculated using the Lij, Rij, Hij, 
or Pij coefficients, respectively. In addition, the so-called 
coupling coefficient “Super Q”, which is also a coupling 
measurement, can also be calculated.

In this study, the L model of the KKP form was used 
to evaluate the transport properties of the Textus Bioac-
tiv Ag membrane dressing. The relationships Lp = f(C), 
σ = f(Δπ) and ω = f(Δπ) for KCl aqueous solutions were de-
termined experimentally according to the procedures de-
scribed in previous papers.9,18 The dependencies of Peusner 

(L11, L12, L21, L22), coupling (l12, l21, QL) and energy conver-
sion efficiency ((e12)l, (e21)l) coefficients on osmotic pres-
sure differences (Δπ) were calculated experimentally from 
the measured characteristics of Lp, σ and ω as functions 
of osmotic pressure. Besides, dependencies (ΦS)L = f(Δπ), 
(ΦF)L = f(Δπ) and (ΦU)L = f(Δπ) were calculated. The (ΦS)L 
is the dissipated energy flux (S-energy), (ΦF)L is the free 
energy flux (F-energy) and (ΦU)L is the internal energy 
flux (U-energy).

Materials and methods

Membrane system

Images of the membranous Textus Bioactiv Ag (Biocell 
Gesellschaft fur Biotechnologie GmbH, Engelskirchen, 
Germany) dressing, obtained using a scanning electron 
microscope (SEM; Zeiss Supra 35; Carl Zeiss AG, Jena, 
Germany) are shown in Fig. 1A,B. These images reveal 
2 types of fibers and the mesh that prevents the membrane 
dressing from adhering to the wound.

Textus Bioactiv Ag is a double-layer membrane dress-
ing used to treat wounds of various etiologies.9 It is made 
of 3  types of heterogeneous thermoplastic polymer fi-
bers. The 1st layer contains polyethylene fibers, the core 
of which is hydrophobic and zeolites with silver ions are 
located on the hydrophilic surfaces. The task of the zeolites 
is to keep inactivated Ag+ and/or micronized Ag inside 
a negatively charged polymer cage. This layer also contains 
hydrophilic polyethylene Super Absorbing Polymers (SAP) 
absorption fibers. The task of Ag+ ions and Ag particles 
is to provide permanent and effective bactericidal pro-
tection of treated wounds against secondary infections. 
The 3rd type of polymer fibers is made of polyethylene and 
arranged paralelly to the skin surface, as in the 2nd layer 

Fig. 1. Images of membrane surfaces obtained using a scanning electron microscope (SEM). A. The surface of the Textus Bioactiv Ag membrane 
from the side of the polymer fibers (×1740 magnification). The cross section of the fibers is visible, whose core is hydrophobic and on the hydrophilic 
surface of the fibers zeolites with silver ions next to the SAP fiber are visible; B. The surface of the Textus Bioactiv Ag membrane from the mesh side 
(×94 magnification) with polymer fibers visible in the meshes of the net; C. The single-membrane system

M – membrane; Jv – volume flux; Js – solute flux; Cr and Cl – concentrations of solute separated by membrane; Pr and Pl – hydrostatic pressures.
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of the membrane these create a special mesh that prevents 
the dressing from sticking to the wound. The polymer fi-
bers used in this type of membrane are thermoplastic and 
able to attach to structures (zeolites, AgION™) containing 
silver ions. Depending on the manufacturer, membrane 
dressings are made of various types of fibers (polyethylene, 
polyamide, polypropylene, polyester, polystyrene, etc.). For 
example, in the case of the Textus Bioactiv Ag dressing, 
there are various types of polyethylene fibers, in Atrauman 
Ag dressing– polyamide fibers, and as in the Aquacel Ag 
dressing – sodium carboxymethyl cellulose fibers. The type 
of fibers used is important for determining the properties 
of the dressing. They absorb exudate and increase its vol-
ume, and prevent it from sticking to the wound (polyethyl-
ene). They ensure the correct pH (polyethylene, polyamide) 
or, as in the case of carboxymethyl cellulose, turn into a gel 
when absorbing exudate. The mesh showed in Fig. 1B has 
the characteristics of a non-selective membrane (σ = 0). 
The activation process of the dressing begins after wetting 
the dressing with Ringer’s solution, which contains Na+, K+, 
Ca2+, and Cl− ions in various concentrations, and occurs 
abruptly from zeolites to SAP fibers. Due to the absorp-
tion properties of SAP fibers, the dressing has a very high 
absorption capability (4.2 kg/m2).

It should be mentioned that the surface area available 
to the solution on the grid side (Fig. 1B) is 60.7% smaller 
compared to the opposite side of the membrane (Fig. 1A). 
If  we  denote the  actual membrane surface area by  Ah 
and the membrane surface area on the grid side by Al, 
then Al ≈ 0.61 Ah. Suppose that the Ah is in contact with 
a solution of concentration Ch, and the Al is  in contact 
with a solution of concentration Cl, then we will denote 
the volume flux induced by Δπ by Jvh. In this case, Δπ will 
increase solution volume (ΔVh). If we reverse the location 
of the membrane, we will denote the flux for the same ∆π, 
through the Al by Jvl. In this case, Δπ will result in a so-
lution volume increase of  ΔVl  =  0.61 ΔVh. Given this, 
Jvh = (ΔVh)Ah

−1(Δt)−1 and Jvl = (0.61ΔVh)(0.61Ah)−1(Δt)−1. 
This means that Jvh = Jvl = Jv. This last relationship follows 
the flux continuity law. Similarly, it can be shown that for 
the solute flux, Jsh = Jsl = Js.

Mathematical model

Figure 1C shows a  model of  the  membrane system 
in which the membrane (M) separates 2 homogeneous 
electrolyte solutions with Cr and Cl concentrations (Cr ≥ Cl) 
with hydrostatic pressures of Pr and Pl (Pr > Pl, Pr = Pl 
or Pr < Pl). For binary electrolyte solutions, the KK equa-
tions are as follows18,26 (Equation 1–3):

 
Jv = Lp ∆P − γσRT(Ch − Cl ) + PE

κ Im  (1)

 
Js = γωRT(Ch−Cl) + C–(1−ρ)Jv +

τj
zjνjF

Im (2)

 
Im = −PE Jv +

τjκ
zjνjF

∆μm + κE (3)

where Jv – volume flux; Js – solute flux; Im – electric ion current; 
Lp, σ, PE and ω – coefficients of hydraulic permeability, reflec-
tion, electroosmotic permeability, and solute permeability, 
respectively; ΔP = Pr – Pl – difference of hydrostatic pressure; 
γ – Van ‘t Hoff coefficient; Δπ = RT(Cr – Cl) – differences 
in osmotic pressures (RT – the product of the gas constant 
and the absolute temperature; Δπ = RT(Cr – Cl) are solution 
concentrations, Ch > Cl); γ – Van ‘t Hoff coefficient (1 ≤ γ ≤ 2); 
κ – electrical conductivity; τj, zj, νj – transfer number, valence 
and ion number, respectively; and C = (Ch − Cl)(lnChCl

−1)−1 ≈ 0.5 
(Ch + Cl) – average concentration of the solution.

If we assume that Im = 0 in the system, we obtain equa-
tions analogous to  those for non-electrolyte transport 
(Equation 4,5):

 Jv = LpΔP − LpγσΔπ (4)

 Js = γωΔπ +C(1 − σ)Jv
−  (5)

Therefore, the membrane transport properties are char-
acterized by the hydraulic permeability (Lp), reflection (σ) 
and solute permeability (ω) coefficients, the definitions 
of which can be presented as Lp = (Jv⁄ΔP)Δπ = 0, σ =(ΔP⁄γΔπ)Jv = 0  
and ω = (Js ⁄γΔπ)Jv = 0.

Relatively simple algebraic transformations allow for 
Equation 4,5 to be written in the form (Equation 6,7):

 
Jv = Lp(∆P − γ∆π) + C(1 − σ)γL–

p
∆π
C–

 (6)

 

Js = C(1 − σ)L−

− −
−

p(∆P − γ∆π) +

+ C γω + C(1 − σ)2 γLp
∆π
C

 (7)

The above equations are called transformed KK equa-
tions or the L version of the KKP equations.20,22 Equation 6,7 
written in matrix form containing Peusner coefficients Lij 
(i, j ∈ {1, 2}) take the form of (Equation 8,9):

 

Jv
Js

= [L]
∆P − γ∆π

γ
∆π
C–

 (8)

 

[L] = =
(L11)T (L12)T
(L21)T (L22)T

=
Lp Lp(1 − σ)C–

Lp(1 − σ)C– ωC– + Lp(1 − σ)2C–2

 (9)

Using the definition proposed by Kedem and Caplan,20,27 
the coefficients (Lij)T (i, j ∈ {1, 2} can be used to calculate 
the coupling coefficients l12 and l21 defined by the expres-
sion (Equation 10):
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l12 = l21 =
L12

√L11L22
=

L21
√L11L22

=
Lp(1−σ)2C–

ω+Lp(1−σ)2C–
 (10)

The  value of  the  coefficients l12  =  l21  =  l  is  limited 
by the relation that −1 ≤ l ≤ +1. When l = ±1, the system 
is fully coupled and the processes become single processes. 
When l = 0, the 2 processes are completely unconjugated 
and no energy conversion occurs. The definition proposed 
by Kedem and Caplan27 and Peusner20 can be used to cal-
culate the coefficient of maximum energy conversion ef-
ficiency (Equation 11):

 

(e12)L = (L12)2

L11L22(1 + 1− L12 L21
L11 L22 )2 =

= (e21)L = (L21 )2

L11L22(1 + 1−
L12L21
L11L22 )2

 (11)

When Equation 10 is taken into account with Equation 11 
we obtain (Equation 12):

 

(e21)l =
l212

(1+√1−l12 l21)2
=

(e12)l =
l122

(1+√1−l12 l21)2
==

=
Lp(1−σ)2C

–

ω+Lp (1−σ)2C
– (1+ ωs

ω+L (1−σ)2C– )2
 (12)

The values of the coefficients (e12)l = (e21)l = (emax)l are lim-
ited by the relation that 0 ≤ (emax)l ≤ +1. Peusner proposed 
a QL coupling parameter called “super QL”20 (Equation 13):

 

QL =
2|L12 L21|

4L11L22 −2L12L21
=

l12 l21
2 − l12l21

==
(1− σ)2C–

2ω
Lp

+ (1−σ)2C–

 (13)

The coefficient QL is connected with (e12)l coefficient 
by using the Equation 1415:

 

(e12) l = L21QL

L12(1+√1+QL
2)

=

(e 21)l == L12QL

L21(1+√1+ QL
2 )

 (14)

According to the first law of thermodynamics, in a mem-
brane system, when the membrane separates 2 solutions 

of different concentrations and the transport processes 
have an  isothermal-isochoric character, the  following 
equation is fulfilled (Equation 15):

 (ΦU)L = (ΦF)L + (ΦS)L (15)

where (ΦU)L = A−1 dU⁄dt – flux of internal energy (U-en-
ergy); (ΦF)L = A−1dF⁄dt – flux of free energy (F-energy); 
(ΦS)L = TA−1 diS ⁄dt – flux of dissipation energy (S-energy); 
diS ⁄dt is the rate at which entropy is created in the mem-
brane system by irreversible processes (accumulated en-
tropy flow); and T – absolute temperature. Equation 16 
describes the conversions of U-energy to F-energy (exergy) 
and S-energy (anergy).

For one-membrane systems, (ΦS)L can be written in 
the following form (Equation 16):

 

(ΦS)L = (L11)T
2 + [(L12)T +

(L21 )T](∆P − γ∆π)

(∆P − γ∆π)

γ∆π
C–

++ (L22)T(γ∆π
C– )2 (16)

Transforming the expression (Equation 17):

 
(emax)L =

(ΦF)L
(ΦF)L + (ΦS)L

 (17)

and using Equation 16 we get (Equation 18,19):

 
(ΦF)L =

(emax)L
1−(emax)L

(ΦS)L (18)

 
(ΦU)L = 1

1−(emax)L
(ΦS)L (19)

Methodology for measuring the volume 
and solute fluxes and transport 
parameters

The studies on osmotic volume (Jv) and solute fluxes (Js) 
were carried out using the measuring set described in a pre-
vious paper and presented in Fig. 2.28 It consisted of 2 cy-
lindrical vessels (l and h) with each containing a volume 
of 200 cm3 of aqueous KCl solution, one with a concentration 
in the range of 1÷16 mol/m3 and the other with a constant 
concentration of 1 mol/m3. The solutions in the vessels were 
separated using a Textus Bioactiv Ag membrane dressing 
with an area of A = 1.15 cm2, located in the horizontal plane.

A pipette graduated every 1  mm3 (KP) positioned 
in a plane parallel to the plane of the membrane was con-
nected to the vessel (h) containing KCl at concentration Ch. 
The pipette was used to measure the change in volume 
(ΔV) of the solution in the measuring chamber (h). The ves-
sel (l) was connected to a reservoir containing an aqueous 
solution of KCl with a concentration of Cl = 1 mol/m3, 
adjustable in height relative to the pipette. The measure-
ment procedure for Jv and Js was previously described.18,29 
Briefly, increases in the ΔV were measured under con-
ditions of intensive mechanical stirring of the solutions 
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at 500 rpm. The volume flux was directed from the vessel 
with the lower concentration to the vessel with the higher 
concentration of solutions, and the flow of dissolved sub-
stances was in the opposite direction. The measurements 
were carried out at isothermal conditions (T = 295 K).

The volume flux through the surface (A) of the mem-
brane was calculated based on the volume changes (ΔV) 
over time (ΔV) measured in the pipette using the formula 
Jv = (ΔV)A–1(Δt)–1. The fluxes of dissolved substances were 
calculated based on the formula Js = (Vu ∙ dC)A−1(Δt)−1, 
where Vu was the volume of the measuring vessel and dC 
was the change in concentration of the solution measured 
with electrochemical methods.30 The relative error in de-
termining Jv and Js was less than 10%. The values of coef-
ficients coefficients LpT, σT, and ωT were calculated based 
on the formulas LpT = (Jv ⁄ΔP)Ch = Cl, σT = (ΔP⁄Δπ)Jv = 0, and 
ωT = (Js ⁄Δπ)Jv = 0. Based on the characteristics LpT = f(C), 
σT = f(Δπ) and ωT = f(Δπ) presented in Fig. 3–5, the de-
pendencies Lij = (ΦS)L, Ldet = (ΦF)L, lij = (ΦU)L, QL = f(Δπ), 
(eij)l = f(Δπ), (ΦS)R = f(Δπ), (ΦF)R = f(Δπ), and (ΦU)R = f(Δπ) 
were calculated.

Results

Determination of membrane  
transport parameters

Figures 3–5 show the dependencies LpT = f(C), ωT = f(Δπ) 
and σT = f(Δπ) were suitable. In the case of the LpT = f(C) 
characteristic, it was assumed that C ≈ 0.5(Cr + Cl) (Cr = Cl). 
The characteristics shown in these figures are nonlinear. 
From the characteristics presented in Fig. 3, it  follows 
that LpT increases from LpT = 5 × 10−8 m3/Ns (for C = 0, 
pure water) to LpT = 68.5 × 10−8 m3/Ns (C = 8 mol/m3) 

– which is more than a 13-fold increase when concentra-
tions of C changes from 0 mol/m3 to 8 mol/m3).

The hydraulic permeability coefficient for most membranes 
is constant over a wide range of membrane concentrations. 
As can be seen in Fig. 3, this coefficient for the Textus Bioactiv 

Fig. 2. Measuring system

h, l – measuring vessels; N – external solution tank; s – mechanical stirrers; 
M – membrane; K – calibrated pipette; m – magnets; z – plugs.28

Fig. 5. Illustration of dependence σT = f(Δπ) for aqueous KCl solutions

Fig. 4. Illustration of dependence ωT = f(Δπ) for aqueous KCl solutions

Fig. 3. Illustration of dependence LpT = f(C) for aqueous KCl solutions
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Ag membrane is not constant. The coefficient strongly de-
pends on  the  KCl concentration in  the  membrane with 
increasing concentrations in the membrane, especially for 
concentrations above 3 mol/m3 (in the range of 3–6 mol/m3). 
Above 6 mol/m3, this coefficient does not change significantly. 
This causes a problem with the free use of the KK formal-
ism over a wide range of electrolyte concentrations for this 
membrane. The relationship LpT = f(C) clearly shows 3 con-
centration ranges: an almost constant hydraulic permeability 
coefficient (ranges of low and high concentrations of KCl) and 
a transitional range of concentrations with a strong depen-
dence of the LpT coefficient on the concentration in the mem-
brane. This indicates the complex nature of the interaction 
of the Textus Bioactiv Ag membrane with electrolyte so-
lutions (aqueous KCl solutions). The  strong dependence 
of the hydraulic permeability coefficient on the range of con-
centrations in the membrane may indicate possible dynamic 
structural changes in the membrane itself due to the interac-
tion of its structure with electrolyte ions within the solution 
being transported through the membrane.

The  value of  coeff icient ωT increases from 
2.7 × 10−10 mol/Ns (for Δπ = ±0.86 kPa) to 3.0 × 10−10 mol/Ns 
(for Δπ = ±39.22 kPa), which is an 11% increase when the con-
centration of Δπ changes from ±0.86 kPa to ±39.22 kPa 
(Fig. 4). Using the dependencies Δπ = CRTln(Cr/Cl), it can be 
shown that Δπ = ±0.86 kPa corresponds to C = 0.1 mol/m3, 
while Δπ = ±39.22 kPa corresponds to C = 8 mol/m3. This 
indicates a significant change in the conditions of the solu-
tion transported through the membrane at this concentra-
tion range. This means that an increase in KCl concentra-
tions in the Textus Bioactiv Ag membrane significantly 
improves the transport of KCl solutions through the mem-
brane. Similarly to LpT coefficient, the osmotic pressure 
ranges of almost constant value of the coefficient ω can 
be distinguished (low and high osmotic pressures) and 
the osmotic pressure range (10–20 kPa) in which increase 
of osmotic pressure causes an increase in the coefficient ω.

The curve in Fig. 4A shows that σT decreases from 0.09 
(for Δπ = ±0.86 kPa) to 0.005 (for Δπ = ±39.22 kPa) which 
is related to a 18-fold reduction in the reflection coefficient 
when the concentration in the membrane Δπ changes from 
0.86 kPa to 39.22 kPa. This indicates a significant reduction 
in membrane selectivity for KCl solutions with increasing KCl 
concentrations in the membrane. This nonlinear relationship 
of the transport coefficients is caused by swelling of the hy-
drophilic fibers within the membrane and by the hydration 
of K+ ions. These water coatings facilitate membrane trans-
port by reducing the friction between the membrane and 
the substances penetrating it, and are dependent on the con-
centration of the solutions. For this reason, they increase 
the value of LpT and ωT and decrease the value of σT.

The Peusner coefficients (Lij)T

The values L11, L12 = L21 and L22 were calculated us-
ing Equation 9,10. Figures 6A–C show the  nonlinear 

dependencies of (Lij)T = f(Δπ) for the Textus Bioactiv Ag 
membrane when (a) i = j = 1, (b) i = j = 2, and (c) i ≠ j.

The  value of  (L12)T  =  (L21)T increases from 
0.04 × 10−7 m3/Ns (for Δπ = ±0.86 kPa) to 54.5 × 10−7 m3/Ns 
(for Δπ = ±39.22 kPa). The dependence of (L22)T = f(Δπ) 
for the Textus Bioactiv Ag membrane is nonlinear and 
the value of (L22)T increases from 0.04 × 10−6 mol2/m3Ns 

Fig. 6. Illustration of dependencies (A) (Lij)T = f(Δπ) for i = j = 1, (B) i = j = 2, 
and (C) i ≠ j for Textus Bioactiv Ag membrane and aqueous KCl solutions

A

B

C
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(for Δπ  =  ±0.86  kPa) to  41.4  ×  10−6  mol2/m3Ns (for 
Δπ = ±39.22 kPa). For the (Lij)T coefficients for the Textus 
Bioactiv Ag membrane, 2 ranges of Δπ can be determined. 
For Δπ smaller than 10 kPa, the (Lij)T coefficients do not 
change much and are close to 0. Above Δπ = 10 kPa, in-
creasing the osmotic pressure causes a gradual increase 
in the (Lij)T coefficients.

The coefficients lij, (emax)l, and QL  
and fluxes (ΦS)L and (ΦU)L

The  dependencies l12  =  f(Δπ), (emax)l  =  f(Δπ) and 
QL = f(Δπ) for Textus Bioactiv Ag membranes were calcu-
lated based on Equation 11–13 and are presented in Fig. 7. 
As seen in Fig. 7, as the value of |Δπ| increases, the l12 coef-
ficient for Textus Bioactiv Ag membrane fulfills the con-
dition l12 → 1 when |Δπ| → 40 kPa. In turn, as the value 
of |Δπ| increases, the value of QL also increases and fulfills 
the conditions for Textus Bioactiv Ag membrane QL → 1 
when |Δπ| → 40 kPa. This means that the solvent and sol-
ute transport processes are coupled to different degrees. 
Therefore, they act as energy converters. The measure-
ment of energy conversion efficiency is performed using 
the coefficients (emax)l and QL. The curve (3) in Fig. 7 
shows that the dependence (emax)l = f(Δπ) has an identical 
maximum and minimum. For Δπ = –7.9 kPa or +7.9 kPa, 
the coefficient [(emax)l]max = 0.83 and for Δπ = –15.35 kPa 
or +15.35 kPa the coefficient [(emax)l]min = 0.53, respec-
tively. For Δπ > 15.35 kPa and Δπ < −15.35 kPa, the de-
pendence (emax)l = f(Δπ) is of the saturation type. When 
Δπ → –40 kPa or +40 kPa, (emax)l → 0.7. As can be seen 
from Fig. 7, for low KCl osmotic pressures, the coefficient 
values are small and close to 0, which indicates a  lack 
of process coupling in the Textus Bioactiv Ag membrane. 
Increasing the osmotic pressure Δπ on the membrane 
causes a fast increase in coupling coefficients, which may 

indicate the  increasing mutual influence of  the mem-
brane structure and the  electrolyte f lux through 
the  membrane. This coupling, greater for the  higher 
applied electrolyte osmotic pressure, causes the coef-
ficients to establish at a high level for osmotic pressures 
Δπ greater than 10 kPa, which may indicate a strong cou-
pling between membrane structure and electrolyte flux 
through the membrane for high KCl osmotic pressure 
values on the membrane.

The dependencies (ΦS)L = f(Δπ), (ΦF)L = f(Δπ) and (ΦU)
L = f(Δπ) calculated based on Equation 16,18,19 for the Tex-
tus Bioactiv Ag membrane are presented in Fig. 8. The cal-
culations were performed for a fixed difference of hydro-
static pressures ΔP = 40 kPa and different Δπ.

As  for the  coupling coefficients, the  energy fluxes, 
to a small extent, depend on Δπ in the range of small val-
ues of osmotic pressures on the membrane (Δπ < 12 kPa). 
An increase in the osmotic pressure on the membrane 
above this range causes an  increase in  energy fluxes 
on the membrane. In contrast to the coupling coefficients, 
which remain nearly constant at the maximum level of os-
motic pressures on the membrane, the energy fluxes ini-
tially increase strongly (in the range 12 kPa ≤ Δπ ≤ 25 kPa), 
but then increase slower and slower with increases in os-
motic pressures on the membrane. Moreover, in the same 
Δπ intervals, the largest values are reached by (ΦU)L and 
the smallest by (ΦS)L.

It should be emphasized that the coupling coefficients 
and the energy fluxes through the Textus Bioactiv Ag 
membrane do not depend on the direction of applied Δπ 
on  the  membrane. This may indicate a  different rea-
son for the dependence of these coefficients and fluxes 
on the osmotic pressures of electrolytes than the 2-layer 
structure of the membrane. Rather, the reason for these 
effects may be the changes in the structure of the basic 
layer of the membrane itself than in the supporting layer.

Fig. 8. Illustration of dependencies (1) (ΦS)L = f(Δπ), (2) (ΦF)L = f(Δπ), and (3) 
(ΦU)L = f(Δπ) for Textus Bioactiv Ag membranes and aqueous KCl solutions

Fig. 7. Illustration of dependecies (1) l12 = f(Δπ), (2) QL = f(Δπ), and  
(3) (e12)l = (emax)l = f(Δπ) for Textus Bioactiv Ag membranes and aqueous 
KCl solutions
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Discussion

The curves presented in Fig. 3–5 show that the depen-
dencies LpT = f(C), ωT = f(Δπ) and σT = f(Δπ) are nonlin-
ear. The LpT value increases as C values increase. In turn, 
the value of ωT increases with increasing values of ∆π. Con-
trary to LpT and ωT, the value of σT decreases as the value 
of Δπ increases. The courses of these curves indicate that 
the reason for the increase in the values of the LpT and 
ωT coefficients and the decrease in  the value of  the σT 
coefficient with increasing Δπ may be due to the swell-
ing of the membrane fibers. The simultaneous increase 
in  the  volume of  the  membrane leads to  an  increase 
in the amount of free space for the electrolytes in the mem-
brane. It  is possible that the swelling of  the  fibers and 
the loosening of their structure in the membrane can lead 
to an increase in the porosity of the membrane and reduc-
tion in tortuosity of the membrane. This can be called 
the “relaxation” of the Textus Bioactiv Ag membrane struc-
ture under the influence of the electrolyte, and is greater 
for higher electrolyte concentrations in the membrane. 
The process of the membrane structure swelling depends 
on the concentration of KCl in the solutions separated 
by the membrane and in the membrane itself.

Contrary to the Textus Bioactiv Ag membrane, the val-
ues of the coefficients (Lp, ω, σ) of membranes made of re-
generated cellulose (Nephrophan) and bacterial cellulose 
(Biofill) are constant (independent of the concentration 
of solutions separated by the membrane).26,31 The nature 
of the dependence of LpT = f(C), ωT = f(Δπ) and σT = f(Δπ) 
is reflected in the dependencies of the coefficients (Lij)T, 
as shown in Fig. 6, because these coefficients are a combi-
nation of the coefficients LpT, ωT and σT. In turn, the coef-
ficients l12, (emax)l and QL presented in Fig. 7 are a combina-
tion of the coefficients LpT, ωT and σT. Equation 16 shows 
that (ΦS)L, (ΦF)L and (ΦU)L are a combination of the coef-
ficients (L11)T, (L12)T = (L21)T and (L22)T and thus a combina-
tion of LpT, ωT and σT coefficients.

Conclusions

The concentration dependencies of the hydraulic per-
meability (LpT), reflection (σT) and solute permeability 
(ωT) coefficients for Textus Bioactiv Ag membrane are 
nonlinear. Significant changes of these coefficients oc-
cur in the range of KCl concentrations from 2 mol/m3 
to 4 mol/m3. The characteristics of the Peusner coefficients 
(Lij)T = f(Δπ) for the Textus Bioactiv Ag membrane are 
nonlinear. This characteristic feature results in the very 
slow increase of  these coefficients with increasing os-
motic pressures on the membrane in ranges lower than 
10 kPa and the significantly greater increase in values 
above these osmotic pressures. For the Textus Bioactiv 
Ag membrane, the coefficients of coupling l12 = l21, en-
ergy conversion efficiency (e12)l = (e21)l = (emax)l, and QL 

are functions of  the KCl osmotic pressure differences. 
This means that the processes occurring in the system 
containing the Textus Bioactiv Ag membrane are almost 
completely coupled and strong energy conversion interac-
tions occur. For the Textus Bioactiv Ag membrane, the cal-
culated value of free energy production (ΦF)L is many times 
higher than the value of the energy dissipation function 
(ΦS)L (e.g., for Δπ = 44 kPa, (ΦF)L is over 2 times higher than 
(ΦS)L). This means that the Textus Bioactiv Ag membrane 
has the highest energy conversion efficiency. The KKP 
model, by introducing additional coefficients that allow 
one to take into account the energetic analysis of mem-
brane processes, is a useful tool for exploring the trans-
port properties of biomembranes, and extends the scope 
of analysis of processes occurring in the membrane.
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Abstract
Background. Irvingia gabonensis kernel polymer has gained attention in drug delivery systems because 
of its compatibility and degradation under natural and physiological conditions.

Objectives. This study aimed to evaluate Irvingia gabonensis polymer as a matrix system for the controlled 
delivery of ibuprofen in comparison to xanthan gum and hydroxypropylmethylcellulose (HPMC).

Materials and methods. Irvingia gabonensis polymer was extracted using established methods and dried 
using the oven- and freeze-drying methods. Ibuprofen tablets were prepared by direct compression and 
the effects of polymer concentration (10–50%), excipients (lactose, microcrystalline cellulose and dicalcium 
phosphate dihydrate) and polymers (xanthan gum and HPMC) on the mechanical and drug release proper-
ties of the tablets were evaluated. Density measurements and the Heckel and Kawakita equations were 
used to determine the compression properties of the tablets. Friability, crushing strength and the crushing 
strength–friability ratio (CSFR) were used to evaluate the mechanical properties of the tablets, while dis-
solution times were used to evaluate drug release from the matrices. The drug release mechanisms were 
determined by fitting the dissolution data into classic kinetic equations.

Results. Irvingia gabonensis polymer deformed plastically with a fast onset and a high amount of plastic 
deformation compared with xanthan gum and HPMC. This polymer was directly compressible and formed 
intact non-disintegrating tablets; the mechanical and dissolution properties of Irvingia gabonensis polymer 
tablets generally decreased with increasing concentration of ibuprofen. The ranking of dissolution times was 
xanthan gum > freeze-dried Irvingia gabonensis > HPMC > oven-dried Irvingia gabonensis. The addition 
of the excipients improved the mechanical properties of the tablets, aided ibuprofen release, and altered 
the release kinetics, which was largely defined by the Korsmeyer–Peppas model. Increasing the proportion 
of xanthan gum and HPMC in the matrices resulted in a decreased amount of ibuprofen released after 9 h, 
with xanthan gum having a greater effect.

Conclusions. Irvingia gabonensis polymer matrices may be effective in the preparation of controlled release 
tablets, and their right combination with xanthan gum or HPMC could provide a time-independent release 
for longer durations.

Key words: polymer, tablet, compression properties, Irvingia gabonensis, controlled release
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Introduction

Plant polymers have sparked a lot of interest as excipi-
ents in recent years due to their abundance, good bio-
compatibility, non-toxicity and, in some circumstances, 
superior drug release properties compared with synthetic 
polymers.1 Because of their natural origins, they are ap-
pealing and suitable alternatives to the pharmaceutical 
excipients. There will always be a need to develop new 
excipients to meet drug formulation-specific requirements 
and to provide more effective and less expensive alterna-
tives to conventional excipients. Hydrophilic polymers 
have been widely used as a directly compressible polymeric 
matrix for controlled and targeted drug delivery of phar-
maceutical formulations. The direct compression method 
is an economical method for the preparation of matrix 
tablets due to its simple manufacturing process compared 
to other controlled release systems.2,3 Owing to their hy-
drophilic properties, a variety of natural and modified 
polymers, including xanthan gum, alginates, guar gum, 
carrageenan, karaya gum, and khaya gum,1,2,4–6 have been 
successfully used in the preparation of oral controlled 
release matrix tablets. A few of these polymer matrices 
are very effective in offering zero-order time-independent 
drug release kinetics and, in some cases, they have outper-
formed established polymers.

The seeds of Irvingia gabonensis (O’Rorke) Bail (Irving-
iaceae family), also known as African bush mango or wild 
mango, has recently gained much interest. Irvingia gab-
onensis seed contains lipids and polymeric substances; 
the  lipids from its seed are useful as  a  suppository 
base,7 tabletting lubricant8 and sustained release agent9; 
additionally, the mucilage has been used as emulsifying 
and suspending agent,10 polymer for microbead formula-
tions11 and tablet binder.4 When Irvingia gabonensis was 
used as a binding agent in metronidazole tablets, they pos-
sessed lower mechanical strength and slower drug release 
properties than standard gelatin binder.4 Recent studies 
have reported the material and compression properties 
of Irvingia gabonensis kernel polymer.12 The results showed 
that this polymer was directly compressible and formed 
intact non-disintegrating tablets with acceptable crushing 
strength and friability, comparable with standard poly-
mers.12 Irvingia gabonensis kernel polymer provided con-
trolled release of model drugs when used as binding agent 
in metronidazole tablets and polymer for the formulation 
of microbeads, indicating its utility as a controlled release 
polymer.4,11 However, the suitability of Irvingia gabonensis 
polymer as a directly compressible excipient for the for-
mulation of controlled release matrix tablets has not been 
investigated.

Thus, in the present study, Irvingia gabonensis polymer 
was evaluated as a directly compressible controlled release 
excipient in ibuprofen matrix tablets in comparison with 
xanthan gum and hydroxypropylmethylcellulose (HPMC). 

The tablet properties and drug release from the matri-
ces were studied, as well as the effects of drug concentra-
tion, excipient, polymer type, and polymer concentration 
on the release kinetics of the matrix formulations. Drug 
release mechanisms were also investigated to determine 
the effects of formulation excipients and other parameters 
on the drug release characteristics of matrix tablets.

Materials and methods

Materials

The materials used in  the study included: ibuprofen 
(BASF AG, Ludwigshafen, Germany), microcrystalline 
cellulose (MCC; Person Pharmaceuticals Ltd., Backing-
henshire, UK), dibasic calcium phosphate anhydrous, 
dihydrate, dicalcium phosphate (DCP) dihydrate (BDH 
Chemicals Ltd., Poole, UK), directly compressible lactose 
(BDH Chemicals Ltd.), xanthan gum (Myprotein Co., 
Manchester, UK), hydroxypropylmethylcellulose (Ranb-
axy Laboratories Ltd., Gurgaon, India), and Irvingia gab-
onensis mucilage (from Irvingia gabonensis kernel (dika 
nut), bought on the local market at Okolobiri, Nigeria). 
The procedure for the extraction of the polymer has been 
reported elsewhere.4,12

Preparation of matrix tablets  
by direct compression

Ibuprofen–polymer matrix tablets were prepared to con-
tain different concentrations (10% w/w, 20% w/w, 30% w/w, 
and 50% w/w) of  ibuprofen. The  drug–polymer blend 
was mixed in a mixer (VSF 3843C; Forster Equipment 
Co. Ltd., Leicester, UK) for 10 min. Tablets (500 ±10 mg) 
were compressed for 30 s at different predetermined loads 
in a 10.5 mm die, in combination with flat-faced upper and 
lower punches, using a Carver hydraulic hand press (Model 
C; Carver Inc., Menomonee Falls, USA). Before compres-
sion, the die and flat-faced punches were lubricated with 
a 1% w/v dispersion of magnesium stearate in acetone. 
The tablets were then stored in an airtight container over 
silica gel for 24 h to allow elastic recovery and hardening 
to occur. Their weight and dimensions were determined, 
and the relative density of the tablets was calculated.13

The effects of excipient (microcrystalline cellulose, lac-
tose and dicalcium phosphate) and polymers (xanthan 
gum and HPMC) and drug:Irvingia gabonensis:polymer 
ratio (1:3:1, 2:7:1, 2:6:2, 2:5:3, 2:4:4, and 2:0:8) were also 
evaluated.

Compression properties

The  compression properties of  the  polymers were 
analyzed using Heckel and Kawakita equations.14–18 
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The Heckel equation is used to compute the relationship 
between the relative density of the powder bed during 
compression (D) and the applied pressure (P), which is ex-
pressed as:

 ln [1/(1 − D)] = K P + A, (1)

where K is the slope of the linear part, which is inversely 
proportional to the material’s mean yield pressure (Py); and 
ln means natural logarithm. The intercept (A) was used 
to compute the relative density DA using19:

 DA = 1 − e−A (2)

The relative density DB, which characterizes the phase 
of rearrangement at low pressures, may be calculated using:

 DB = DA – D0 (3)

The degree of volume reduction (C) in the Kawakita lin-
ear model17 is expressed as:

 C = (Vo − Vp)/Vo = a b P/(1 + b P), (4)

where Vo is the initial bulk volume and Vp is the bulk vol-
ume after compression. Equation 5 can be rewritten as:

 P/C = P/a + 1/ab (5)

The constant a defines the minimum porosity of the ma-
terial before compression, whereas b represents its plastic-
ity. The pressure term Pk is obtained by taking the recipro-
cal of b.20

Tablet properties

Tablet crushing strength (CS) was determined with 
a DBK tablet hardness tester (model EHO1; DBK Itru-
ments, Mumbai, India), while the  tablet friability (F) 
was determined with a Thermonik Friability Apparatus 
(model C-FTA 20; Campbell Electronics, Mumbai, India) 
for 4 min at 25 rpm (100 revolutions). All tests were done 
in triplicate.

Disintegration test

The disintegration times of the matrices were determined 
with a  disintegration tester model T-TD20 (Campbell  
Electronics) in distilled water at 37 ±0.5°C.

In vitro dissolution studies

The dissolution test was performed using the USP XXIII 
basket method (model T.DR-6; Kshitij Innovations, Am-
bala, India), with 900 mL media maintained at 37 ±0.5°C 
rotated at 50 rpm. To mimic the GI condition, the media 
contained 0.1 M hydrochloric acid (pH 1.2) for the first 
2 h and Sorensen’s phosphate buffer (pH 7.4) for the rest 
of the experiment. Samples (5 mL) were withdrawn at fixed 
intervals and replaced with fresh media to maintain a sink 

condition. The sample was diluted and ibuprofen release 
was measured using a ultraviolet (UV) spectrophotom-
eter at 222 nm (UV-Visible Spectrophotometer model U.V. 
Pharmaspec 1700E, 23 OCE; Shimadzu Corp., Kyoto, Ja-
pan). All tests were performed in triplicate.

Drug release kinetics

The in vitro drug release data were fitted to zero-or-
der,21–23 first-order,22,23 Higuchi,24 Hixson–Crowell,25,26 and 
Korsmeyer–Peppas27 kinetic equations in order to study 
the mechanism(s) of drug release.

The zero-order equation is as follows21–23:

 Q = Q0 + k0t, (6)

where Q is the amount of drug release at time t; k0 is the ap-
parent dissolution rate constant or  zero-order release 
constant; and Q0 is the initial concentration of the drug 
in the solution resulting from a burst effect.

The first-order equation is as follows22,23:

 ln Q = ln Q0 + k1t, (7)

where k1 is the first order release constant.
The Higuchi equation is as follows24:

 Q = kH t1/2, (8)

where kH is the Higuchi release constant.
The Hixson–Crowell equation is as follows25,26:

 Qo
1/3 – Q1/3 = kst, (9)

where ks is the constant incorporating the surface/volume 
ratio.

The Korsmeyer–Peppas equation is as follows27:

 Qt/Q = kktn, (10)

where kk  is the  release rate constant which considers 
the structural and geometric characteristics of the tablet; 
and n is the diffusional exponent or release exponent, in-
dicative of the drug release mechanism. A value of n = 0.5 
indicates Fickian Diffusion (Higuchi Matrix), 0.5 < n < 1.0 
indicates anomalous (non-Fickian) diffusion, n = 1.0 in-
dicates case II transport (zero-order release), and n > 1.0 
indicates super case II transport.27

Comparing the correlation coefficient values enabled 
the identification of the best fit model(s).

Statistical analyses

To compare the effects of the drug concentration, excipi-
ents and polymers on the mechanical and drug release prop-
erties of the tablets, the analysis of variance (ANOVA) was 
performed using GraphPad Prism v. 4.0 software (Graph-
Pad Software Inc., San Diego, USA). The Tukey–Kramer 
multiple comparison post-test was used and p ≤ 0.05 was 
considered significant.
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Results and discussion

Compression properties  
of ibuprofen matrix tablets

Representative Heckel plots for matrix tablets containing 
20% w/w ibuprofen prepared through direct compression 
are shown in Fig. 1. The Heckel plots generally exhibited 

2  regions or  2  phases of  compression for formulations 
containing Irvingia gabonensis polymer.28 The mean yield 
pressure (Py) was calculated from the regions of the plots 
showing the highest correlation coefficient for linearity, with 
R ≥ 0.990, generally from 84.82 MPa to 169.69 MPa. For-
mulations containing HPMC and xanthan gum displayed 
R ≥ 0.990 at all compression pressures, indicating that the for-
mulations deformed mainly by plastic flow. Representative 

Fig. 1. Heckel plots matrix tablets containing 20% w/w ibuprofen 
prepared through direct compression

HPMC – hydroxypropylmethylcellulose; ln – natural logarithm; D – density.

Fig. 2. Kawakita plots for matrix tablets containing 20% w/w ibuprofen 
prepared through direct compression

HPMC – hydroxypropylmethylcellulose; P/C – pressure/degree of volume 
reduction.

Table 1. Parameters derived from Heckel and Kawakita plots of ibuprofen matrix tablets

Polymer Concentration 
of ibuprofen

Heckel plot Kawakita plot

D0 [g/cm3] Py [MPa] DA [g/cm3] DB [g/cm3] PK [MPa] DI [g/cm3]

Oven-dried 
Irvingia gabonensis

10 0.229 333.33 0.820 0.591 1.638 0.427

20 0.223 384.62 0.860 0.637 1.376 0.412

30 0.214 454.55 0.883 0.669 0.799 0.372

50 0.206 509.09 0.903 0.697 0.254 0.323

Freeze-dried 
Irvingia gabonensis

10 0.234 250.00 0.832 0.598 1.325 0.392

20 0.218 263.16 0.872 0.654 1.152 0.363

30 0.214 333.33 0.890 0.676 1.133 0.350

50 0.210 500.00 0.905 0.695 1.047 0.337

Xanthan  
gum

10 0.254 454.55 0.774 0.520 3.266 0.432

20 0.247 526.32 0.794 0.547 1.808 0.386

30 0.243 526.32 0.898 0.655 1.299 0.373

50 0.237 555.56 0.905 0.668 1.299 0.366

HPMC 10 0.202 370.37 0.801 0.599 0.334 0.293

20 0.199 400.00 0.809 0.610 0.439 0.285

30 0.197 625.00 0.838 0.641 0.399 0.279

50 0.194 666.67 0.840 0.646 0.460 0.270

Do – relative density at loose packing; Py – yield pressure; DA – relative density at zero or low pressure; DB – relative density at rearrangement phase at low 
pressures; Pk – pressure required to reduce the powder bed by 50%; DI – packed initial relative density; HMPC – hydroxymethylpropylcellulose.
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Kawakita plots for the matrix tablets containing 20% w/w 
ibuprofen are presented in Fig. 2 and demonstrate a linear 
correlation at all compression pressures with R2 > 0.999. 
The parameters derived from density measurements and 
the Heckel and Kawakita plots are presented in Table 1.

It was found that the values of D0 and DI decreased with 
increasing concentration of ibuprofen. The rankings for D0 
and DI were found to be xanthan gum > Irvingia gabonen-
sis > HPMC. There was no significant difference between 
the density values for freeze-dried and oven-dried Irvingia 
gabonensis gum, indicating a comparable packing behavior.

In contrast, DA and DB increased as the ibuprofen con-
centration in the formulations increased. The rankings 
of DA and DB were found to be freeze-dried Irvingia gabo-
nensis > oven-dried Irvingia gabonensis > HPMC > xan-
than gum. There was no significant difference between 
the densification behaviors of the Irvingia gabonensis mu-
cilage prepared employing both drying methods.

The Pk and Py are pressure parameters that are inverse 
measures of plasticity.29 The Py relates mainly to the on-
set of plastic deformation, while Pk relates to the amount 
of plastic deformation occurring during the compression 
process.13,16 The Py values of the formulations increased 
with an increase in the concentration of ibuprofen whereas 
Pk generally decreased. This suggested that ibuprofen de-
layed the onset of plastic deformation but increased the to-
tal amount of plastic deformation. Materials that are brittle 
or easily fragmenting are known to have high Py values, 
while those that deform plastically or elastically typically 
exhibit low yield pressure.29–31 Thus, the addition of a non-
polymeric material, such as ibuprofen, reduced the plas-
ticity of  the  materials but increased the  total amount 

of plastic deformation.29 The rankings for the Py values 
for the formulations were found to be HPMC > xanthan 
gum > oven-dried Irvingia gabonensis > freeze-dried Irvin-
gia gabonensis, while the ranking for Pk was found to be 
xanthan gum > oven-dried Irvingia gabonensis > freeze-
dried Irvingia gabonensis > HPMC. Thus, formulations 
containing Irvingia gabonensis polymer exhibited a faster 
onset of plastic deformation than HPMC and xanthan gum, 
and higher amounts of plastic deformation than xanthan 
gum, but lower deformation than HPMC. Formulations 
containing HPMC exhibited the slowest onset of plastic 
deformation while xanthan exhibited the highest amount. 
High plastic deformation has been related to tablets with 
high crushing strength and a greater ability to withstand 
rigorous handling.28

Effect of drug concentration

The mechanical and drug release properties of the ibu-
profen matrices are shown in Table 2. It was found that 
the crushing strength of the matrix tablets decreased with 
increasing concentration of ibuprofen in the matrix tablets, 
while the friability increased. The ranking of the crushing 
strength was found to be HPMC > xanthan gum > freeze-
dried  >  oven-dried Irvingia gabonensis; in  contrast, 
the ranking was reversed for friability. Studies have shown 
that crushing strength assesses the strength of the tab-
let while friability tests assess the weakness of the tablet; 
the greater the crushing strength–friability ratio (CSFR), 
the stronger the tablet.1,13,29 It was determined that tab-
let crushing strength decreased with an increase in drug 
concentration, with the following ranks: HPMC > xanthan 

Table 2. Effect of drug concentration on the mechanical and drug release properties of ibuprofen matrix tablets

Polymer Ibuprofen concentration 
[% w/w] Crushing strength [N] Friability [%] CSFR t25 [h]

Oven-dried 
Irvingia gabonensis

10 15.33 ±0.15 0.87 ±0.00 17.62 3.25

20 10.00 ±0.26 0.94 ±0.03 10.64 2.30

30 8.67 ±0.35 1.06 ±0.07 8.18 1.90

50 7.33 ±0.25 2.79 ±0.47 2.63 1.05

Freeze-dried 
Irvingia gabonensis

10 18.33 ±0.46 0.74 ±0.00 24.47 3.60

20 12.00 ±0.36 0.82 ±0.07 14.63 3.40

30 9.00 ±0.10 0.89 ±0.08 10.11 2.70

50 8.67 ±0.31 1.66 ±0.20 5.22 1.95

Xanthan gum 10 73.67 ±0.56 0.20 ±0.00 368.35 5.75

20 55.66 ±0.97 0.34 ±0.03 163.74 4.20

30 52.33 ±0.38 0.35 ±0.33 149.51 3.90

50 47.00 ±0.89 0.42 ±0.42 111.90 3.65

HPMC 10 91.33 ±0.64 0.00 ±0.00 – 3.70

20 69.68 ±0.25 0.24 ±0.00 290.29 2.70

30 60.00 ±0.40 0.28 ±0.15 214.29 2.25

50 54.69 ±0.42 0.34 ±0.07 160.79 1.80

CSFR – crushing strength–friability ratio; HPMC – hydroxymethylpropylcellulose; t25 – time for 25% drug release.
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gum  >  oven-dried Irvingia gabonensis  >  freeze-dried 
Irvingia gabonensis. Polymers are known to  undergo 
plastic deformation, resulting in  increased solid bond 
formation, which increases the strength of the tablet.32,33 
However, the addition of drugs into the polymer reduces 
the number of solid bonds within the polymer, causing 
a decrease in tablet strength and an increase in friability. 
There were statistically significant differences (p < 0.05) 

in the crushing strength, CSFR and friability values for 
all the polymers. Freeze-dried Irvingia gabonensis kernel 
produced tablets with significantly higher (p < 0.05) crush-
ing strength and CSFR, and lower friability values than 
oven-dried Irvingia gabonensis kernel polymer.

The drug release profiles of ibuprofen tablets contain-
ing different drug concentrations are shown in Fig. 3, and 
the time for 25% drug release (t25) is shown in Table 2. It was 
observed that the dissolution time decreased with an in-
crease in drug concentration in the matrix. The decrease 
in tablet dissolution times could be attributed to the high 
concentration of the drug weakening the matrix lattice, 
which provides a diffusion pathway for matrix erosion/
disintegration.34 The ranking of t25 for the formulation was 
xanthan gum > HPMC > freeze-dried Irvingia gabonen-
sis > oven-dried Irvingia gabonensis. Thus, the formulation 
containing Irvingia gabonensis polymer exhibited a faster 
dissolution rate, while xanthan gum showed the slowest 
dissolution rate.

Drug release kinetics from dosage forms are critical 
in improving the frequency of administration, bioavail-
ability, patient acceptability, and, in many cases, the oc-
currence of harmful or toxic consequences.35 The cor-
relation coefficients obtained from the kinetic equations 
indicating the best fit for each of the models are presented 
in Table 3. The diffusional exponent or release exponent 
(n), obtained from the Korsmeyer–Peppas equation, is in-
dicative of the drug release mechanism.27 The drug release 
parameters derived from the Korsmeyer–Peppas equation 
for the matrices showed super case II drug release kinetics 
with n > 1.0. This indicates that drug release from these 

Table 3. Drug release parameters for ibuprofen matrix tablets obtained from different release models

Polymer
Ibuprofen

concentration
(% w/w)

Zero-order First-order Higuchi Hixson–Crowell Korsemeyer

ko(h−1) R2 k R2 kh R2 k R2 k R2 n

Oven-dried Irvingia 
gabonensis

10 3.74 0.685 0.05 0.855 22.17 0.842 1.33 0.850 0.53 0.882* 1.28

20 3.69 0.722 0.06 0.947* 21.74 0.877 1.16 0.862 0.44 0.882 1.41

30 3.75 0.719 0.08 0.972* 22.14 0.876 1.16 0.868 0.43 0.891 1.43

50 2.94 0.680 0.03 0.764 17.66 0.858 1.03 0.913 0.40 0.939* 1.42

Freeze-dried 
Irvingia gabonensis

10 3.77 0.688 0.04 0.822 22.17 0.833 1.38 0.841 0.57 0.880* 1.21

20 3.83 0.705 0.05 0.875 22.58 0.853 1.36 0.856 0.56 0.890* 1.25

30 3.83 0.711 0.05 0.900 22.67 0.870 1.34 0.889 0.54 0.920* 1.30

50 3.01 0.631 0.03 0.662 18.38 0.823 1.18 0.906 0.48 0.934* 1.32

Xanthan gum 10 2.06 0.843 0.03 0.898 11.81 0.957 1.22 0.968 0.67 0.980* 0.86

20 1.93 0.712 0.01 0.778 11.78 0.910 1.16 0.972* 0.59 0.956 1.03

30 1.96 0.679 0.01 0.740 12.09 0.889 1.12 0.968* 0.56 0.951 1.10

50 1.69 0.690 0.01 0.751 10.38 0.900 0.99 0.968* 0.49 0.937 1.12

HPMC 10 1.91 0.670 0.01 0.713 11.73 0.867 1.01 0.939 0.47 0.952* 1.16

20 1.90 0.466 0.01 0.512 12.79 0.729 1.10 0.891 0.49 0.891* 1.25

30 1.92 0.461 0.01 0.508 13.02 0.725 1.10 0.895 0.48 0.895* 1.28

50 1.55 0.439 0.01 0.477 10.70 0.717 0.10 0.916* 0.47 0.905 1.26

* drug release kinetics with the highest correlation coefficient; HPMC – hydroxymethylpropylcellulose; k0 – the apparent dissolution rate constant or zero-
order release constant; kH – Higuchi constant.

Fig. 3. Dissolution profiles of ibuprofen matrix tablets containing 20% w/w 
drug concentration

HPMC – hydroxymethylpropylcellulose.
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formulations is controlled by more than one process, usu-
ally a combination of diffusion and erosion mechanisms. 
Drug release from hydrophilic matrices, such as HPMC, 
has been attributed to the formation of a strong viscous 
gel when the polymer hydrates in contact with water.32,36

Effect of excipients

Directly compressible excipients have been used 
to change the size of drug tablets and to enhance their 
mechanical characteristics and compression.37 Although 
the mechanical properties of ibuprofen tablets prepared 
with Irvingia gabonensis mucilage were acceptable, the tab-
lets became more friable (friability > 1%) as the drug con-
centration increased.38 Therefore, 3 direct compressible 
excipients, namely MCC, lactose and dicalcium phos-
phate (DCP), were added to the matrix tablet formulation 
in the drug–polymer–excipient at a ratio of 1:3:1. It was 
found that the mechanical and drug release properties 
of the tablets (Table 4) with added excipients were sig-
nificantly (p < 0.001) higher than those without added 
excipients. The crushing strength and CSFR of the for-
mulations increased, while the friability decreased upon 
addition of the excipients. There was a significant differ-
ence (p < 0.001) in the crushing strength, friability and 
CSFR of matrix tablets that contained the excipients and 
of those containing the binary mixtures of ibuprofen–poly-
mer. The ranking of the excipient effect on the crushing 
strength and CSFR was found to be DCP > lactose > MCC. 
The ranking was reversed for friability. Comparing all 
of the polymers, the ranking of excipient effect on crushing 
strength and CSFR was HPMC > xanthan gum > freeze-
dried Irvingia gabonensis > oven-dried Irvingia gabonen-
sis polymer, and it was reversed for friability. Generally, 
the matrix tablets containing the 3 different excipients 
had friability values <1%, and thus had enhanced ability 

to withstand the rigours involved in transport and han-
dling of the formulations.

The addition of the excipients in the matrix tablet formu-
lations facilitated the release of ibuprofen from the tablets. 
Lactose and MCC had lower t25 values than DCP, although 
there was no significant difference (p > 0.05) in the dissolu-
tion time (t25 and t50 – time for 25% and 50 % drug release, 
respectively) in both oven- and freeze-dried Irvingia gabo-
nensis kernel matrices. Lactose is  a water-soluble excipient 
that dissolves upon contact with the dissolution media 
creating a diffusion pathway for the release of the drug. 
On the other hand, MCC, though water-insoluble, may 
have largely acted through its disintegrant property, which 
could facilitate the breakup of the matrix tablet. Collec-
tively, these properties of MCC could increase the dis-
solution rate and thus cause a faster release of the drug.32

Unlike Irvingia gabonensis kernel polymer, xanthan 
gum and HPMC standard polymers containing the ex-
cipients facilitated a slower release of ibuprofen, as shown 
by the higher dissolution times. The t25 values of xanthan 
gum and HPMC matrices that contained the excipients 
were significantly (p < 0.001) higher than the values for 
Irvingia gabonensis kernel matrices with the 3 excipients. 
Hydrophilic polymers such as HPMC have been shown 
to facilitate prolonged drug release from matrix tablets due 
to the formation of a strong viscous gel when the polymer 
hydrates come into contact with an aqueous medium.1,39

The correlation coefficients from the different dissolu-
tion kinetic equations used to determine the drug release 
kinetics are presented in Table 5. The results showed 
that drug release from matrix tablets followed the first-
order and Korsmeyer kinetic models. The mechanism 
of drug release depended on the type of polymer and 
excipient used in the formulation. There appeared to be 
an  interaction between the  polymer and excipients, 
which affected the rate of drug release from the matrix 

Table 4. Effect of excipient on the mechanical and drug release properties of ibuprofen matrix tablets

Polymer Composition 
(drug:polymer:excipient) Crushing strength [N] Friability [%] CSFR t25 [h] t50 [h]

Oven-dried 
Irvingia gabonensis

MCC 41.00 ±0.46 0.40 ±0.05 102.50 0.50 2.20

lactose 45.00 ±0.75 0.36 ±0.04 125.00 0.55 2.40

DCP 51.67 ±0.80 0.35 ±0.03 147.62 0.85 2.80

Freeze-dried 
Irvingia gabonensis

MCC 44.00 ±0.43 0.38 ±0.03 115.79 0.70 3.15

lactose 53.00 ±0.66 0.32 ±0.04 165.63 0.70 3.30

DCP 63.33 ±0.32 0.27 ±0.02 234.57 2.20 3.50

Xanthan gum MCC 73.06 ±0.78 0.21 ±0.14 347.62 4.75 5.67

lactose 78.00 ±0.26 0.18 ±0.02 433.33 4.70 5.67

DCP 83.67 ±0.40 0.14 ±0.06 597.62 4.80 5.85

HPMC MCC 87.33 ±0.85 0.13 ±0.04 671.77 4.30 5.65

lactose 90.20 ±0.76 0.09 ±0.00 1003.67 4.20 5.75

DCP 98.67 ±0.31 0.00 ±0.00 98.67 4.65 5.85

HPMC – hydroxymethylpropylcellulose; CSFR – crushing strength–friability ratio; MCC – microcrystalline cellulose; DCP – dicalcium phosphate; t25 – time for 
25% drug release; t50 – time for 50% drug release.
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tablets.1 The value of release parameters (n) derived from 
the Korsmeyer kinetics model depended on the excipi-
ent. Formulations containing MCC showed the highest 
values and DCP the lowest. The release mechanism was 
generally non-Fickian super case II transport for Irvingia 
gabonensis matrix tablets with n values greater than 1. 
On the other hand, the release from xanthan gum and 
HPMC matrices was found to be anomalous (non-Fickian) 
diffusion. This non-Fickian release mechanism implies 
that drug release is controlled by diffusion or a combina-
tion of diffusion and macromolecular chain relaxation 

mechanisms. The above indicates that the nature and 
type of excipients appeared not to alter the release mecha-
nism of formulations.

Effect of polymers

One method for achieving controlled time-indepen-
dent release is to use a polymer mixture to achieve sus-
tained release over the desired time. If  the 2 polymers 
are carefully chosen and used in appropriate quantities, 
it  should be possible to  create a  polymer system with 

Table 5. Drug release parameters of ibuprofen matrix tablets containing different tablet excipients obtained from different release kinetic models

Polymer Composition 
(drug:polymer:excipient)

Zero-order First-order Higuchi Hixson–Crowell Korsmeyer

ko(h−1) R2 k R2 kh R2 k R2 k R2 n

Oven-dried 
Irvingia 
gabonensis

MCC 3.37 0.785 0.08 0.982 22.37 0.950 1.36 0.988 0.49 0.988* 1.49

lactose 3.47 0.688 0.08 0.946 22.64 0.887 1.36 0.962* 0.49 0.949 1.48

DCP 3.40 0.698 0.08 0.929 23.20 0.888 1.55 0.954* 0.58 0.946 1.34

Freeze-dried 
Irvingia 
gabonensis

MCC 2.77 0.608 0.09 0.941* 17.34 0.828 0.82 0.923 0.26 0.890 1.72

lactose 3.66 0.652 0.11 0.973* 23.61 0.860 1.34 0.938 0.46 0.915 1.52

DCP 3.44 0.519 0.95 0.958* 22.09 0.748 1.19 0.861 0.40 0.851 1.58

Xanthan gum MCC 4.45 0.664 0.06 0.911* 27.93 0.810 2.45 0.872 1.22 0.908 0.60

lactose 4.69 0.614 0.07 0.843* 29.50 0.754 2.51 0.779 1.22 0.813 0.56

DCP 4.58 0.588 0.06 0.739 29.01 0.733 2.49 0.782 1.22 0.827* 0.57

HPMC MCC 4.49 0.625 0.07 0.831 28.46 0.779 2.37 0.877 1.14 0.916* 0.71

lactose 4.45 0.623 0.08 0.874 28.52 0.793 2.25 0.883 1.01 0.913* 0.86

DCP 4.54 0.597 0.06 0.756 28.89 0.749 2.38 0.820 1.12 0.864* 0.78

* drug release kinetics with the highest correlation coefficient; MCC – microcrystalline cellulose; DCP – dicalcium phosphate; k0 – the apparent dissolution 
rate constant or zero-order release constant; kH – Higuchi constant.

Table 6. Effect of polymer on the mechanical and drug release properties of ibuprofen matrix tablets

Polymer
Irvingia 

gabonensis 
polymer

Composition 
(drug:Irvingia 

gabonensis: polymer)

Crushing 
strength [N] Friability [%] CSFR t25 [h] t50 [h] % of drug 

released after 9 h

HPMC oven-dried 
Irvingia 

gabonensis

2:7:1 25.00 ±0.40 0.88 ±0.18 28.41 1.18 4.0 68.96

2:6:2 14.00 ±0.60 4.67 ±0.11 3.00 1.20 4.4 66.16

2:5:3 12.00 ±0.80 4.85 ±0.18 2.47 1.33 6.1 64.95

2:4:4 17.50 ±1.66 1.95 ±0.10 8.97 1.38 6.6 60.93

freeze-dried 
Irvingia 

gabonensis

2:7:1 26.33 ±0.21 0.83 ±0.03 31.73 1.10 4.2 67.99

2:6:2 19.67 ±0.97 1.97 ±0.24 9.98 1.30 5.5 66.04

2:5:3 17.33±0.70 2.19 ±0.25 7.91 1.40 6.4 61.91

2:4:4 18.67 ±0.31 2.03 ±0.04 9.20 1.55 7.3 58.38

Xanthan gum oven-dried 
Irvingia 

gabonensis

2:7:1 17.00 ±0.36 0.76 ±0.00 22.37 1.30 4.4 66.89

2:6:2 12.33 ±0.50 1.33 ±0.14 9.27 1.50 5.4 64.09

2:5:3 8.00 ±0.35 0.78 ±0.02 10.26 1.70 6.5 58.26

2:4:4 14.67 ±0.31 1.80 ±0.17 8.15 1.80 7.2 56.43

freeze-dried 
Irvingia 

gabonensis

2:7:1 18.67 ±0.15 0.27 ±0.07 69.14 1.30 5.3 65.92

2:6:2 13.00 ±0.40 0.56 ±0.00 23.21 1.50 5.7 62.92

2:5:3 10.33 ±0.25 0.43 ±0.01 24.03 1.60 7.0 56.07

2:4:4 15.34 ±0.57 1.04 ±0.03 14.74 1.80 7.8 55.34

CSFR – crushing strength–friability ratio; HPMC – hydroxymethylpropylcellulose; t25 – time for 25% drug release; t50 – time for 50% drug release.
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a time-independent release.1,40 The mechanical and drug 
release properties of ibuprofen tablets prepared with a poly-
mer mixture of Irvin gia gabonensis kernel polymer and 
standard polymers, xanthan gum and HPMC are shown 
in Table 6. The results showed that tablets prepared with 
the drug:Irvingia gabonensis:polymer ratio of 2:7:1 exhib-
ited significantly higher (p < 0.05) mechanical strength 
than those containing higher concentrations of the stan-
dard polymers. Formulations containing HPMC showed 
higher mechanical strength than those containing xanthan 
gum. The amount of ibuprofen released after 9 h ranged 
from 55.34% w/w to 68.96% w/w. Formulations contain-
ing HPMC generally showed a slower drug release. There 
was no significant (p > 0.05) difference in the drug release 
properties of the formulations.

The parameters obtained from the different drug re-
lease kinetic equations (Table 7) showed that the release 
kinetics from the oven-dried Irvingia gabonensis kernel 
polymer with xanthan gum and HPMC generally fol-
lowed the first-order release kinetics, whereas the release 
of ibuprofen from freeze-dried Irvingia gabonensis kernel 
polymer matrices containing HPMC and xanthan gum 
followed the Hixson–Crowell model. The release param-
eters (n) derived from the Korsmeyer kinetics model indi-
cated that the drug release from the matrix was super case 
II, suggesting time-independent release kinetics. Thus, 
the release kinetics of  ibuprofen from the matrix tab-
lets prepared with polymer blends appeared independent 
of the type and concentration of the standard polymer 
in the polymer blend.

Conclusions

Our results suggest that Irvingia gabonensis polymer 
is suitable as a directly compressible excipient for the for-
mulation of ibuprofen tablets, comparable to xanthan gum 
and HPMC. Increasing ibuprofen concentration gener-
ally decreased the mechanical and dissolution properties 
of drug tablets. Inclusion of excipients improved tablet 
mechanical properties, aided ibuprofen release and altered 
the release kinetics, which was largely defined by the Kors-
meyer–Peppas model. Increasing the proportion of xanthan 
gum and HPMC in the matrices resulted in a decreased 
amount of ibuprofen released after 9 h, with xanthan gum 
having the greatest effect. Irvingia gabonensis polymer 
could be effective for the preparation of controlled re-
lease tablets, and the right combination with xanthan gum 
or HPMC could provide a time-independent release for 
longer durations.
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Abstract
Background. Epithelial cells are the first barrier to any microbial invasion. Finding a safe and affordable 
substance to stimulate the innate immune response of epithelial cells is one of the main challenges immu-
nologists and vaccine manufacturers are facing.

Objectives. This study aimed to show the comparative effect of sterile bacterial secretion (SBS) and Pseu-
domonas aeruginosa bacterial cell isolates obtained from burn wound infections on the ability of human 
epithelial cells (HECs) to produce interleukin (IL)-1β and tumor necrosis factor alpha (TNF-α) in vitro.

Materials and methods. The HEC cultures were exposed to P. aeruginosa 8 (Pa 8), Pa 2 and Pa 1 bacterial 
cells (isolated from burn wound infections). The other 3 groups of HECs were exposed to 50 μL of sterile, 
endotoxin-free SBS of Pa 8, Pa 2 and Pa 1. The time course of changes in IL-1β mRNA, TNF-α mRNA, IL-1β, 
and TNF-α was examined.

Results. Moderate (p < 0.05) elevations of IL-1β mRNA in HECs and IL-1β protein in the supernatant of the HEC 
culture were observed following exposure to SBS of Pa 8, Pa 2 and Pa 1 at most time points. High elevation 
(p < 0.05) of IL-1β was seen in the supernatant of the HEC culture that was exposed to bacterial cells (Pa 8, Pa 2 
and Pa 1). Similar results were found when TNF-α mRNA was measured in HECs and TNF-α in the supernatant 
of the HEC cultures after exposure to bacterial cells (Pa 8, Pa 2 and Pa 1) and the SBS of Pa 8, Pa 2 and Pa 1.

Conclusion. This is the first time that the capacity of SBS to generate epithelial cell pro-inflammatory 
cytokines in vitro has been shown. In other words, SBS enhanced a nonspecific immune response, which 
opens the door to the possibility of using SBS from P. aeruginosa as an adjuvant in the future.

Keywords: human epithelial cells (HECs), interleukin-1, Pseudomonas aeruginosa, tumor necrosis factor 
alpha, sterile bacterial secretion (SBS)
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Background

Pseudomonas aeruginosa is a highly prevalent pathogen 
associated with several infectious diseases.1 Infections with 
these bacterial isolates have a wide range of illness severity. 
For the most part, persistent infection with this bacterium 
creates a distinctive phenotype enclosed by a thick alginate 
of capsular polysaccharide.2 This helps the bacteria sur-
vive in the lungs of the host and leads to reduced immune 
responses against P. aeruginosa, which ultimately results 
in severe respiratory tract infections.3

Pseudomonas aeruginosa has a genetic adaptation that 
enables it to persist in the body through its ability to evade 
the immune system and resist antimicrobial agents.4 In ad-
dition, it was found that a number of P. aeruginosa isolates 
have the ability to secrete substances that enable the bacte-
ria to penetrate the first lines of defense of the respiratory 
system.5 Previous studies have shown that the secretions 
of bacterial proteolytic enzymes destroy antimicrobial 
peptides and proteins, which helps the bacteria overcome 
the host’s innate immune system.6 Other studies have con-
firmed the ability of P. aeruginosa to stimulate the innate 
immune system and pro-inflammatory immune system 
through its structural proteins and surface proteins (i.e., 
flagella and pili). Further research has shown that bacterial 
secretions from P. aeruginosa may help stimulate the pro-
inflammatory immune system.7

Epithelial cells are the first barrier in the body in general 
and in the respiratory system in particular. They protect 
the body from exposure to chemicals and microorganisms.7 
These cells work to prevent the entry of pathogenic micro-
organisms that cause respiratory system infections. Several 
previous studies have shown the function of human epithe-
lial cells (HECs) in the mucosal innate response of the im-
mune system through their ability to engulf pathogenic 
microorganisms, as well as secrete mucus substances that 
contribute to reducing the adhesion of microorganisms and 
antibacterial substances.8 Other studies have shown the abil-
ity of these cells to secrete different pro-inflammatory cy-
tokines (interleukin (IL)-1β and IL-6, and tumor necrosis 
factor-alpha (TNF-α)) and chemokines (IL-8) after exposure 
to bacterial cells, which enables the HECs to have a signifi-
cant effect on the pro-inflammatory immune response.9

This study aimed to demonstrate the effect of extracel-
lular secretions from P. aeruginosa in growth medium 
on the ability of epithelial cells to produce pro-inflamma-
tory cytokines in vitro.

Materials and methods

Isolation and identification of bacteria

The standard method developed by Zgair et al. was fol-
lowed.9 Wound swabs were collected from 110 patients suffer-
ing from burn wound infections and treated at the Baghdad 

Teaching Hospital in Baghdad, Iraq. All individuals gave 
written informed consent to participate in the study. The pa-
tients did not receive any antibiotics for 2 days before sample 
collection. The swabs were subjected to an asparagine broth 
enrichment medium to enhance P. aeruginosa growth, and 
incubated for 48 h at 37°C with vigorous shaking at 200 rpm. 
A loopful of bacterial suspension was streaked onto aspara-
gine plates containing 1.5% agar (HiMedia, Mumbai, India) 
and incubated at 37°C until colonies developed.9 A VITEK 
2 DensiCHEK fluorescence instrument system with an ID-
GNB card (bioMérieux, Marcy-l’Étoile, France) was used 
to identify the isolates of P. aeruginosa.10

The  study was conducted following approval from 
the Human Ethical Committee of the University of Bagh-
dad, Iraq (Reference No. HS-212, April 1, 2020).

Preparation of bacterial suspension

Pseudomonas aeruginosa clinical isolates (PAC) isolated 
from infected wounds were grown in Luria−Bertani (LB) 
broth (HiMedia) at 37°C for 18 h. Bacterial cell pellets 
were collected by centrifugation (5000 g for 20 min at 4°C). 
The collected pellets were washed 3 times with phosphate-
buffered saline (PBS) (0.01 M, pH 7.2). The final bacte-
rial counts were adjusted to 2 × 107 colony forming units 
(CFU)/mL with PBS.11

Preparation of sterile bacterial secretion

The PAC and P. aeruginosa environmental isolate (PAE) 
were grown overnight in LB broth at 37°C (18 h). The su-
pernatants of bacterial growth from the LB broth (sterile 
bacterial secretion (SBS)) were obtained by centrifugation 
(5000 g for 20 min at 4°C) and were filtrated using a spe-
cial Merck Millipore filter (MF-Millipore™ Membrane 
Filter, 0.22 µm pore size; Merck Millipore, Waltham, USA). 
The sterility of the supernatants (SBS) was checked by cul-
turing on LB agar plates.

Oral human epithelial cell culture

The HEC samples were obtained from 4 healthy adult do-
nors (2 females and 2 males) aged 30–35 years. The samples 
were collected from the oral mucosa by scratching the in-
ner surface of the mouth with sterile sticks. The collected 
mucus was washed with NaCl (0.15 M, pH 7.1) supple-
mented with 500 U/mL penicillin and 500 μg/mL strepto-
mycin (Life Technologies, Carlsbad, USA) at 100 g (10 min, 
4°C). The final volume was adjusted to 2 mL with NaCl 
(0.15 M, pH 7.1). The epithelial cell suspension was placed 
onto different dilutions of  Percoll (Sigma-Aldrich, St. 
Louis, USA) (30%, 40%, 50%, and 60% of stock isotonic Per-
coll in the final solution). It was determined using a light 
microscope (model DM300; Leica Microsystems, Wetz-
lar, Germany) that the concentration of 40% of the dilute 
yielded the highest percentage of epithelial cells. Zgair’s 



Polim Med. 2022;52(2):77–82 79

standard method was followed to prepare the standard 
cell culture medium of RPMI 1640 (fetal bovine serum 
(FBS); Sigma-Aldrich) with all supplements.12 This me-
dium was used to re-suspend the collected epithelial cell 
layer. The suspension was washed 3 times with the stan-
dard cell culture medium. The number of epithelial cells 
was adjusted to 5 × 105 cells/mL using the culture medium. 
The trypan blue dye exclusion method showed that more 
than 90% of the cells were viable.

Experiment

The standard number of epithelial cells (5 × 105 viable 
cells/mL) was re-cultured under standard cell culture 
conditions.12 The cell cultures were divided into 6 groups 
of cell culture tubes (NuncTM) (pluriSELECT, Leipzig, Ger-
many). Then, 100 μL of 107 CFU/mL of P. aeruginosa 8 
(Pa 8), Pa 6 and Pa 1 were added to culture tubes 1, 2 and 3, 
respectively, while 100 μL of SBS (Pa 8), SBS (Pa 6) and SBS 
(Pa 1) were added to culture tubes 4, 5 and 6, respectively. 
Phosphate-buffered saline was added to the epithelial cell 
culture as the control subgroup.

Levels of IL-1β and TNF-α

In a next step, 200 μL of the supernatants of the tissue 
cultures of different groups were collected at different time 
intervals (0 h, 1 h, 6 h, and 24 h) after stimulation with 
either bacterial cells or bacterial SBS. The collected super-
natants were centrifuged at 600 g for 5 min and filtered 
(MF-Millipore™ Membrane Filter, 0.2 µm). The prepared 
supernatants were stored at −20°C until used for enzyme-
linked immunosorbent assay (ELISA). The levels of pro-
inflammatory cytokines were measured using human 
TNF-α and human IL-1β ELISA kits (Koma Biotech Inc., 
Seoul, South Korea) at a wavelength of 450 nm following 
the manufacturer’s instructions.13

IL-1β and TNF-α mRNA gene expression

Quantitative real-time polymerase chain reaction (RT-
PCR) was performed using the ABI Prism 7700 Sequence 
Detection System (Applied Biosystems, Waltham, USA). 
RNA was isolated and purified from HECs pelleted from 
tissue culture at different time intervals (0 h, 1 h, 6 h, 24 h, 
48 h, and 72 h) following exposure to either bacterial cells 
or bacterial SBS using TRIzol reagent (Thermo Fisher Sci-
entific, Waltham, USA). For cDNA synthesis, 1 µg of total 
RNA was transcribed with TaqMan Reverse Transcription 
Reagent (Thermo Fisher Scientific) using random hexam-
ers. The PCR primers of IL-1β, TNF-α and G3PDH were 
designed, and RT-PCR was performed as described previ-
ously.14–17 Quantitative RT-PCR for IL-1β and TNF-α was 
performed normalized to the copies of GAPDH mRNA 
from the same sample. The experiments were conducted 
in duplicate, and the results were calculated as mean values.

Statistical analyses

Origin 8 software (OriginLab Corporation, Northamp-
ton, USA) was used to perform the statistical analyses. 
The data were expressed as mean ± standard error (M ±SE). 
The differences were evaluated using Student’s t-test and 
one-way analysis of variance (ANOVA). The p-values <0.05 
were considered statistically significant.

Results

Psedomonas aeruginosa isolation  
and identification

Briefly, 110 infected wound samples were collected from 
hospitalized patients. Ten isolates of P. aeruginosa were 
isolated and identified. Isolates of Pa 8, Pa 6 and Pa 1 were 
selected to conduct further experiments, which included 
evaluating the ability of bacterial cells and their SBS to stim-
ulate epithelial cell cultures to produce IL-1β and TNF-α.

Pseudomonas aeruginosa and SBS  
stimulate HECs to produce IL-1β in vitro

The IL-1β levels in  the HEC cultures after exposure 
to bacterial cells of P. aeruginosa (Pa 8, Pa 6 and Pa 1) and 
SBS of P. aeruginosa (Pa 8, Pa 6 and Pa 1) (test groups) and 
the HEC culture exposed to PBS (control group) were mea-
sured at different time intervals. Figure 1 shows the fold 
change in mRNA expression of IL-1β. Significant elevation 
of IL-1β expression was seen as early as 1 h after exposure 
to bacterial cells of P. aeruginosa (Pa 8, Pa 6 and Pa 1) 
and SBS of P. aeruginosa (Pa 8, Pa 6 and Pa 1) compared 
to the IL-1β expression of the control group (HECs ex-
posed to PBS only). The results indicated that the ability 

Fig. 1. Time course of changes in interleukin (IL)-1β mRNA in human 
epithelial cell (HEC) cultures following exposure to Psedomonas aeruginosa 
(Pa 8, Pa 6 and Pa 1), and sterile bacterial secretion (SBS) of Pa 8, Pa 6 and 
Pa 1. Control group: HEC culture exposed to phosphate-buffered saline 
(PBS; 0.1 M, pH 7.2). θ, p < 0.05 compared to control group A, *, p < 0.05 
compared to corresponding SBS
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of bacterial cells to stimulate gene expression was higher 
than the ability of their SBS to stimulate IL-1β expression 
1 h and 6 h post-exposure.

Figure 2 shows the level of IL-1β post-exposure to ei-
ther bacterial cells or bacterial SBS. A significant elevation 
of IL-1β was seen as early as 1 h after exposure to bacterial 
cells of P. aeruginosa (Pa 8, Pa 6 and Pa 1) and SBS of P. ae-
ruginosa (Pa 8, Pa 6 and Pa 1) compared to the IL-1β level 
of the control group (HECs exposed to PBS only) (p < 0.05). 
The results indicated that the IL-1β level in the HEC cul-
ture that was exposed to bacterial cells was higher than 
the IL-1β level post-exposure to bacterial SBS (p < 0.01) 
at all time points. The highest levels of IL-1β were observed 
6 h and 24 h after exposure to bacterial cells. The maxi-
mum concentrations of IL-1β in the HEC culture post-
exposure to SBS were observed 6 h, 24 h and 48 h post-
exposure, with only slight differences related to which 
bacterial strain the SBS was prepared from. The IL-1β 
levels declined over time; the lowest IL-1β level was ob-
served 72 h post-exposure to bacterial cells and their SBS. 
At 72 h, the IL-1β levels in the supernatants of the HEC 
cultures that were exposed to bacterial cells were higher 
(p < 0.05) than the concentrations of IL-1β in the super-
natants of the HEC cultures that were exposed to SBS 
and PBS (control). At 72 h, there was no significant dif-
ference between the concentrations of IL-1β in the HEC 
cultures that were stimulated with SBS and the IL-1β levels 
in the HEC culture that was stimulated with PBS (p > 0.05).

Psedomonas aeruginosa and SBS  
stimulate HECs to produce TNF-α in vitro

Similarly, the TNF-α levels in the oral HEC cultures fol-
lowing exposure to bacterial cells of P. aeruginosa (Pa 8, 
Pa 6 and Pa 1) (test group), SBS of P. aeruginosa (Pa 8, Pa 6 
and Pa 1) (test group) and PBS (control group) at different 

time intervals were measured. Figure 1 shows the fold 
change in TNF-α mRNA expression. A significant rise 
in TNF-α expression was observed as early as 1 h post-ex-
posure to P. aeruginosa bacterial cells (Pa 8, Pa 6 and Pa 1) 
and SBS of P. aeruginosa (Pa 8, Pa 6 and Pa 1) compared 
to the TNF-α expression in the control group (HEC culture 
exposed to PBS only). The results showed that the ability 
of bacterial cells to stimulate TNF-α gene expression was 
higher than the ability of their SBS to stimulate TNF-α 
gene expression 1 h and 6 h post-exposure (Fig. 3).

The TNF-α levels in the HEC cultures following expo-
sure to either bacterial cells or bacterial SBS were evaluated. 
Figure 4 illustrates that significant production of TNF-α was 
seen as early as 1 h after exposure compared to the TNF-α 
level in the control group HEC culture (exposed to PBS only). 

Fig. 4. Time course of changes in tumor necrosis factor alpha (TNF-α) 
in the supernatant of human epithelial cell (HEC) cultures following 
exposure to Psedomonas aeruginosa (Pa 8, Pa 6 and Pa 1) and sterile 
bacterial secretion (SBS) of Pa 8, Pa 6 and Pa 1. Control group: HEC culture 
exposed to phosphate-buffered saline (PBS; 0.1 M, pH 7.2). θ, p < 0.05 
compared to control group A, *, p < 0.05 compared to corresponding SBS

Fig. 3. Time course of changes in tumor necrosis factor alpha (TNF-α) 
mRNA in human epithelial cell (HEC) cultures following exposure 
to Psedomonas aeruginosa (Pa 8, Pa 6 and Pa 1) and sterile bacterial 
secretion (SBS) of Pa 8, Pa 6 and Pa 1. Control group: HEC culture exposed 
to phosphate-buffered saline (PBS; 0.1 M, pH 7.2). θ, p < 0.05 compared 
to control group A, *, p < 0.05 compared to corresponding SBS

Fig. 2. Time course of changes in interleukin (IL)-1β [pg/mL] 
in the supernatant of human epithelial cell (HEC) cultures following 
exposure to Psedomonas aeruginosa (Pa 8, Pa 6 and Pa 1) and sterile 
bacterial secretion (SBS) of Pa 8, Pa 6 and Pa 1. Control group: HEC culture 
exposed to phosphate-buffered saline (PBS; 0.1 M, pH 7.2). θ, p < 0.05 
compared to control group A, *, p < 0.05 compared to corresponding SBS
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At that time point, significant (p < 0.05) elevations of TNF-α 
were found in the HEC cultures stimulated with bacterial 
cells (Pa 8 and Pa 6) compared to the TNF-α levels of the HEC 
cultures exposed to SBS of Pa 8 and Pa 6. The maximum pro-
duction of TNF-α was observed at 6 h; after that, TNF-α levels 
declined dramatically with time. The lowest TNF-α levels 
were seen 72 h post-exposure to either bacterial cells (Pa 8, 
Pa 6, and Pa 1) or their SBS. This study demonstrated that 
P. aeruginosa bacterial cells have a higher ability to stimulate 
HECs to produce TNF-α than their SBS.

Discussion

This study highlights one of the most important type 
of cells that contribute to the innate immune response. 
In addition to being a major barrier that prevents the entry 
of pathogenic microorganisms, HECs play a pivotal role 
in the primary immune response, as well as in the inflam-
matory immune response and phagocytosis.12 Moreover, 
HECs have a strong ability to produce antibacterial agents 
(antimicrobial peptides) that prevent pathogenic bacteria 
from invading the respiratory system.18

This study involved isolating epithelial cells from healthy 
donors and then culturing them in RPMI medium and ex-
posing them to 3 P. aeruginosa bacterial isolates, as well 
as stimulating them in vitro with SBS from 3 P. aeruginosa 
isolates. The study showed for the first time that secretions 
(SBS) of a bacteria (P. aeruginosa) in growth medium stimu-
lated oral HECs to produce IL-1β and TNF-α. However, 
the ability of SBS to stimulate the epithelial cells to secrete 
pro-inflammatory cytokines was limited and less pro-
nounced than the ability of P. aeruginosa cells to stimulate 
epithelial cells. This supports the notion that bacterial ex-
tracts may be used to stimulate the inflammatory immune 
response and thereby contribute to enhancing the innate im-
mune response against external pathogens nonspecifically.

The ability of P. aeruginosa to stimulate a pro-inflamma-
tory immune response depends on the ability of its surface 
proteins, as well as flagella and pili, to enhance the immune 
response of epithelial cells by stimulating them to pro-
duce pro-inflammatory cytokines.7 The surface recep-
tors of epithelial cells (i.e., Toll-like receptors (TLRs)) have 
a role in stimulating these cells to respond to bacterial cell 
proteins. The TLRs bind to pathogen-associated molecular 
patterns (PAMPs) and thus are one of the pattern recogni-
tion receptors. Toll-like receptor 4 (TLR4) binds to flagel-
lin (the structural protein of flagella), which stimulates 
the cascades of epithelial cell immune responses that ul-
timately produce pro-inflammatory cytokines.8 A similar 
process occurs when epithelial cells are stimulated by other 
proteins and other materials produced during P. aerugi-
nosa growth in vitro. Molecules that are produced or se-
creted from bacterial cells or produced when bacterial cells 
are destroyed, such as nucleic acids and cell membrane 
lipopolysaccharides, and other enzymes that are produced 

by bacterial cells during bacterial growth (PAMPs), activate 
the innate immune system by binding with specific TLRs. 
This activates different pathways to produce different pro-
inflammatory cytokines and ultimately activates the non-
specific immune response against external pathogens.20 
Secretions from bacterial cells in growth medium consist 
of different compounds, and these compounds can stimu-
late epithelial cells to respond to them. A previous study 
reported that both intracellular and extracellular sensing 
play important roles in stimulating the pro-inflammatory 
immune response via activation of macrophages and other 
innate immune response arms. This happens through ac-
tivation of the cellular activation pathway of human cells.21

The results of this study are very interesting, as SBS could 
be used to stimulate the pro-inflammatory immune re-
sponse, which may lead to a specific immune response when 
used with a particular vaccine. The study opens the door 
to the possibility of using SBS as an adjuvant, which would be 
better than using the whole bacterial body because the bac-
terial body can cause severe and prolonged inflammatory 
responses that have negative effects on lung tissue.22 In con-
trast, in this study, SBS stimulated the pro-inflammatory 
immune response in a moderate manner and for a limited 
period, which is what is required to develop a specific im-
mune response when it combines with a particular anti-
gen. This may help improve the immune response against 
high-risk pathogens (viruses and bacteria). Our laboratory 
is conducting several experiments concerning the possibility 
of using this extract to develop a specific immune response 
against pathogens. We have also conducted several experi-
ments to determine the ability of SBS to stimulate a nonspe-
cific and pro-inflammatory immune response in an animal 
model. The positive results we have obtained demonstrate 
that SBS has the ability to stimulate the mucosal innate 
immune response in mouse lungs (data not yet published). 
Several previous studies have highlighted the important 
role of molecules produced during bacterial growth (i.e., 
quorum-sensing bacteria produce and release chemical 
signal molecules called autoinducers). These molecules 
play a central role in biofilm formation and also play a role 
in the regulation of virulence bacterial factors.23 In con-
trast, other studies have shown that nitric oxide produced 
by P. aeruginosa during bacterial growth negatively affected 
biofilm structure, which helped it dispose of biofilm mass.24

Conclusions

It  can be concluded that the  extracellular products 
released in  the growth medium after inoculation with 
P. aeruginosa successfully promoted pro-inflammatory 
cytokine production by HECs in vitro. This phenomenon 
could be implemented by researchers to yield a safe, ef-
fective and affordable pro-inflammatory stimulant that 
could help augment the immune response against external 
pathogens, both specifically and nonspecifically.
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Abstract
Background. Mucilage and pectin are both natural polymers with the advantages of availability and bio-
degradability. Microspheres made from biodegradable polymers can break down naturally after performing 
their tasks.

Objectives. The study aimed to use mucilage and pectin from the leaves of Talinum triangulare (Jacq.) Willd. 
as polymer matrices for the formulation of microspheres, with ibuprofen as the model drug.

Materials and methods. Both polymers were examined under a microscope and evaluated using measure-
ments of viscosity, density, flow properties, swelling power, elemental analysis, Fourier-transform infrared 
spectroscopy (FTIR), and the degree of esterification (DE) for pectin. The microspheres were prepared using 
the ionotropic gelation method and alginate:mucilage/pectin at ratios of 1:1 and 1:2. They were assessed for 
swellability, drug entrapment effectiveness and drug release profile.

Results. The mucilage particles were ovoid while pectin particles were irregularly shaped. Pectin had higher 
particle, bulk and tapped densities than mucilage, while mucilage had a higher swelling power and a better 
flow than pectin. Talinum triangulare pectin is a low-methoxyl pectin with a DE of 7.14%. The FTIR spectra 
showed no interaction between the polymers and ibuprofen. The surface morphology of the microspheres 
without ibuprofen was smooth, while those with ibuprofen revealed a spongy-like mesh. The swelling power 
of the microspheres was higher in phosphate buffer with a pH of 7.2 than in distilled water. The entrapment 
efficiency ranged within 39.57–60.43% w/w, with microspheres containing alginate:mucilage/pectin ratio 
of 1:1 having higher entrapment efficiency. Microspheres with polymer at a ratio of 1:1 provided a longer 
release (>2 h), while microspheres with polymer blend of 1:2 provided an immediate release of ibuprofen.

Conclusions. The polymers of T. triangulare could be used as matrices in microsphere formulations.

Key words: Talinum triangulare, microspheres, polymers, pectins, ibuprofen
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Introduction

Mucilage and pectin are natural polymers used in 
the pharmaceutical and food industries, with the advantages 
of chemical inertness and biodegradability.1,2 While muci-
lages are polysaccharides that produce monosaccharides 
upon hydrolysis as well as sugars such as arabinose and 
galactose, they do not readily dissolve in water, but rather 
form slimy masses.3 Pectin, on the other hand, is mostly 
formed from citrus fruit peels, but is also found in potato 
pulp and cocoa husk. Pectin is a ionic polysaccharide (het-
eropolysaccharide chains form esterified D-galacturonic 
acid (1,4-linked-D-galacturonic acid)) naturally occurring 
in terrestrial plant cell walls, that undergoes chain–chain 
association and produces hydrogels when divalent cations 
are introduced.2,4–8 One crucial factor used to categorize 
the various forms of pectin is the degree of esterification 
(DE), or the proportion of carboxyl groups that are esteri-
fied and present in the structure of the pectin.9 Accord-
ing to Giacomazza et al., high-methoxyl pectin (HMP) 
with DE > 50% is primarily used in  the  food industry 
as a thickening and gelling agent.10 Low-methoxyl pectin 
(LMP), which is typically produced by the de-esterification 
of HMP, exhibits DE < 50%.11

Waterleaf, or Talinum triangulare (Jacq) Willd., belongs 
to the Portulacaceae family. Waterleaf is also known as ta-
linum, Ceylon spinach, Philippine spinach, etc., and locally 
in Nigeria, as Efo Gbure (Yoruba), Mgbolodi (Igbo), Alen-
ruwa (Hausa), and Ebe-dondon (Edo).12 Talinum has about 
40 known species and is particularly abundant in tropical 
Africa, USA and Mexico.13 It is used as an ornamental plant 
in southern Asia and to make vegetable soup in the south-
ern parts of Nigeria and other parts of West and Central 
Africa.14,15 The average annual yield of talinum has contin-
ued to increase as more farmers have begun to plant it.13,16 
Talinum, like most vegetables, has a short life cycle and 
is highly perishable; the shoots may start withering within 
a few hours of harvesting. It has, however, been shown that 
the dried leaves retain most of their nutritive value, even 
when sun-dried.13,17 Talinum triangulare has antitumor, 
anti-inflammatory, antioxidant, and tyrosinase-inhibitory 
properties.18–23 The hypoglycemic and antianemic effects 
of T. triangulare are most pronounced in pregnant women 
and small children.24,25 Waterleaf is also known to be a rich 
source of phenolic antioxidants, vitamin C, sugar, magne-
sium, phosphorus, etc.26

Mucilage and pectin from T. triangulare have been ex-
tracted to determine their quality and nutritional and an-
tioxidant properties, as well as the effect of season on its 
production.15,26,27 However, no studies have investigated 
T. triangulare mucilage and pectin in drug formulation. 
In the present study, mucilage and pectin extracted from 
the leaves of T. triangulare have been used as polymer ma-
trices for the formulation of microspheres, with ibuprofen 
as the model drug.

Materials and methods

Materials

The materials used include: ibuprofen (a gift from Bond 
Chemicals Nig. Ltd., Awe, Nigeria), sodium alginate (S.D. 
Fine Chem, Mumbai, India), zinc chloride (QFC Fine Chem, 
Mumbai, India), acetone (CDH Fine Chemical, New Delhi, 
India), diethyl ether, phosphate buffer (VWR Chemicals, 
Leuven, Belgium), and waterleaf (T. triangulare locally har-
vested from farmlands around the University of Ibadan, 
Nigeria).

Extraction of mucilage  
from Talinum triangulare

Fresh leaves of  T.  triangulare were separated from 
the  stalk, weighed and cleaned with distilled water. 
The juice was extracted manually with a muslin cloth, and 
the mucilage was precipitated with ethanol (96%). Before 
filtering, the precipitated mucilage was cleaned with di-
ethyl ether. After drying in a hot air oven (Laboratory Oven 
TT-9083; Techmel & Techmel, Venaville, USA) at 50°C, 
the mucilage was milled, sieved with a 250-μm mesh sieve 
and stored in a dry container.28

Extraction of pectin  
from Talinum triangulare

The dried leaves of T. triangulare (150 g) were put in 
a 2-liter beaker holding 500 mL of distilled water, and 
the mixture was allowed to boil for 45 min. The mixture 
was filtered using a muslin cloth, and 200 mL of 95% ac-
etone was added to the filtrate in aliquots with continuous 
stirring to allow the pectin to precipitate.29

Particle size and morphology determination

Using an optical microscope (model 312545; Olympus 
Corp., Tokyo, Japan), the mucilage and pectin particle 
sizes of T. triangulare were determined. Under the mi-
croscope, the diameters of 100 different particles were 
measured to calculate the mean projected diameter in me-
ters. The Motic Software (Motic MC2000 Image Capture 
Module; Motic China Group Co., Ltd., Xiamen, China) 
was used to take photomicrographs.

Density determinations

The bulk and tapped densities of the polymers were cal-
culated as described previously by Ajala et al.28 Particle 
densities of the polymers were determined with the liq-
uid pycnometer method using xylene as the displacement 
fluid.
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Hausner ratio and Carr’s index

Hausner ratio was calculated by dividing the initial bulk 
volume by the tapped volume. The tapped volume was deter-
mined by applying 100 taps at a standardized rate of 38 taps 
per min to 5 g of polymer in a graduated cylinder.30

Equation 1 was used to calculate the Carr’s index31:

 
Carr’s index (%) = × 100

(tapped density –
– bulk density)
tapped density

 (1)

Angle of repose

The polymer (5 g) was poured through a funnel into 
an open-ended cylinder positioned on a cone with a 2.8-
cm diameter, and the cylinder was gently lifted vertically 
while the powder formed a mound. The angle of repose 
was calculated using the height (h) and radius (r) measure-
ments (Equation 2):

 
tan(θ) =

h
r  (2)

Swelling power

The polymer (0.5 g) was put into a measuring cylinder 
with a capacity of 10 mL, and the heights were recorded 
(h1). The polymer was mixed with phosphate buffer or dis-
tilled water to the 10 mL mark, and the resulting slurry 
was stirred for 5 min. The sedimentation height (h2) was 
measured after letting the suspension sit for 24 h. Next, 
the swelling power was determined30 (Equation 3):

 
swelling power = v2

v1  (3)

where v1 and v2 are volumes derived from h1 and h2, 
respectively.

Characterization of pectin

The Ranganna’s method was used to compute the equiv-
alent weight of pectin.32 In a 250-mL conical flask, pectin 
(0.5 g), ethanol (5 mL), sodium chloride (1 g), and distilled 
water (100 mL) were combined. This was titrated against 
0.1 N NaOH using phenol red as an indicator. The endpoint 
was indicated by a change in color to purple. The equiva-
lent weight of pectin was calculated using Equation 4, and 
the methoxyl content was determined using the neutral-
ized solution2:

 

equivalent
 weight = weight of sample × 1000

volume of alkali × normality of alkali  (4)

The neutralized solution produced by the titration with 
equivalent weight was mixed with sodium hydroxide 
(25 mL of 0.25 N). After thoroughly stirring the mixture, 

it was allowed to stand at room temperature for 30 min. 
The mixture was then titrated against 0.1 N NaOH using 
25 mL of 0.25-N hydrochloric acid.32 Equation 5 was used 
to determine the methoxyl content of pectin2:

 

methoxyl
 content (%) =

volume of alkali ×
× normality of alkali × 3.1

weight of sample
 (5)

Equation 6 was used to calculate the total anhydrouronic 
acid (AUA) of pectin2:

 
AUA (%) = +176 × 0.1z × 100

w × 1000
176 × 0.1y × 100

w × 1000
 (6),

where the molecular weight of 1 unit of AUA is 176 g, z is 
the titer volume (mL) of NaOH is determined by equiv-
alent weight, and y  is the  titer volume (mL) of  NaOH 
is determined by methoxyl content determination, while 
w is the weight of the pectin sample.

The degree of esterification was calculated from the per-
centage of methoxyl content (MeO) (Equation 5) and % 
AUA (Equation 6) using Equation 7:

 
DE (%) = × 100176 × % MeO

31 × % AUA
 (7)

An atomic absorption spectrophotometer (AAS, Model 
2500; Torontech Inc., Toronto, Canada) was used to evalu-
ate the pectin and mucilage for 10 elements.33

The Fourier-transform infrared spectroscopy (FTIR) 
spectra of dried powders of mucilage, pectin, alginate, and 
ibuprofen, as well as their mixes formed in potassium bro-
mide (KBr) discs, were determined using an FTIR system 
(Spectrum BX 273; PerkinElmer, Waltham, USA), with 
a scanning range of 350–4400 cm−1.

The viscosity of mucilage and pectin blends with sodium 
alginate was evaluated using a viscometer (model RVVDV-II 
+P; Brookfield Engineering Laboratories Inc., Middleboro, 
USA) with a spindle size of 4 at 50 rpm and 100 rpm.

Preparation of microspheres

Ibuprofen-loaded microspheres were created using 
the ionotropic gelation technique. Different batches of so-
dium alginate alone, as well as the polymer blends of differ-
ent concentrations of alginate with mucilage and alginate 
with pectin in ratios 1:1 and 1:2, were prepared. Ibuprofen 
(1 g) was incorporated into various blends at a polymer-to-
drug ratio of 2:1. The microspheres were prepared with 10% 
w/v zinc chloride as the crosslinking agent. The polymer 
mixture was extruded using a 21-G needle and a 5-mL 
syringe at a dropping rate of 2 mL/min and a stirring speed 
of 300 rpm. To begin the curing process, the microspheres 
were immersed in zinc chloride for 10 min. Then, they 
were filtered, rinsed 3 times with distilled water, dried 
at ambient temperature for 24 h, and further dried for 
6 h at 40°C in a hot air oven (laboratory oven TT-9083; 
Techmel & Techmel).
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Evaluation of polymeric microspheres

Scanning electron microscope (SEM) was used to de-
termine the size (diameter) and shape of the polymeric 
microspheres.34 Briefly, microspheres were applied to dou-
ble-sided carbonated adhesive stills affixed to SEM stubs, 
and images were taken at 1 kV with ×5000 magnifica-
tion in a SEM (Zeiss Ultra Plus; Carl Zeiss AG, Jena, Ger-
many). The swelling index of the microspheres was also 
determined.

Ibuprofen-loaded microspheres (50 mg) were crushed 
with a mortar and pestle, and then suspended in a 10 mL 
of phosphate buffer with a pH of 7.2 and filtered after 24 h. 
The phosphate buffer was then used to dilute the filtrate 
before it was examined at 221 nm with a spectrophotom-
eter. The following formula was used to compute the drug 
entrapment efficiency (Equation 8):

 
entrapment (%) = × 100actual drug content

theoretical drug content
 (8)

The paddle method was used in the in vitro dissolution 
tests with rotating at 100 rpm in 900 mL of 7.2 phosphate 
buffer at 37 ±0.5°C; 200 mg of ibuprofen was used as a model. 
Then, at regular intervals, 5-mL samples were removed and 
replaced with an equivalent volume of the new phosphate 
buffer. After the samples were diluted, the amount of ibu-
profen released at 221 nm was measured using a ultravi-
olet-visible (UV/VIS) spectrophotometer (Spectrumlab 
752s UV-VIS spectrophotometer; Wincom Company Ltd., 
Shanghai, China). To determine the mechanism of drug 
release, the dissolution data (i.e., the first 60% of drug re-
lease data) were fitted to the Korsmeyer–Peppas equation 
with DD Solver (Microsoft Excel 2016; Microsoft Corp., 
Redmond, USA).35,36

Results and discussion

Characterization of Talinum triangulare 
mucilage and pectin

The pectin of T. triangulare had a DE of 7.14% w/w, which 
suggests that T. triangulare is a low-methoxyl weight pectin. 
While LMP does not require a lot of sugar or acidity (low 
pH) to gel, it does require the presence of divalent cations.29

The elemental composition of the mucilage and pectin 
of T. triangulare is presented in Table 1. The highest el-
emental content in mucilage was sodium, whereas it was 
potassium in  pectin. Copper, cadmium and lead were 

present in the polymers in minute, permissible quantities. 
According to The World Health Organization/The Food 
and Agriculture Organization of  the  United Nations 
(WHO/FAO), the permissible limits for copper, cadmium 
and lead are 40 mg/kg, 0.2 mg/kg and 0.3 mg/kg, respec-
tively.37 The presence of heavy metals has been previously 
reported in this plant.38

The FTIR spectra shown in Fig. 1 indicate that the spec-
tra for sodium alginate, pectin and mucilage of T. trian-
gulare were distinct from that of  ibuprofen, which had 
characteristic peaks at 1708–1729 cm−1 and 2955 cm−1. 
The polymers showed no interaction with ibuprofen, even 
at the different ratios used, as indicated by the distinct 
fingerprint region (1500–500 cm−1) of ibuprofen showing 
the aromatic ring and isobutyl moiety.39 However, this was 
not the case with sodium alginate − the fingerprint region 
of ibuprofen was not clearly defined.

The mucilage particles were ovoid while pectin par-
ticles were irregularly shaped (Fig. 2) with T. triangulare 
mucilage having a smaller mean particle size than pectin 
(Table 2). Particles with smaller sizes and irregular shapes 
have better cohesiveness compared to oval and spherical 
particles; additionally, large particle sizes reduce cohesive-
ness and prevent particle packing.40

Packing behavior of a powder during various unit opera-
tions is described by its bulk density. The particle, bulk 
and tapped densities of pectin exceeded those of mucilage, 
according to the results shown in Table 2. This indicates 
that greater packing would be achieved with pectin than 
with mucilage, which would be important where shipping 
and packaging or low volume dosage forms are required.

The Hausner ratio and Carr’s index are used to determine 
the flowability and compressibility of powders. A lower 
Carr’s index indicates better flow and less compressibility, 

Table 2. Material properties of Talinum triangulare mucilage and pectin

Polymer 
nature

Particle size
[µm]

Particle density 
[g/cm3]

Bulk density 
[g/cm3]

Tapped density
[g/cm3]

Hausner 
ratio

Carr’s index
[%]

Angle 
of repose (°)

Swelling 
power [%]

Mucilage 85.0 ±33.1 1.288 0.705 0.874 ±0.012 1.239 19.28 49.7 1.16

Pectin 197.0 ±78.3 1.569 0.711 0.882 ±0.014 1.240 19.38 48.0 1.09

Table 1. Elemental properties of Talinum triangulare mucilage and pectin

Elements Mucilage [mg/g] Pectin [mg/g]

Ca 3.5760 7.8800

Fe 0.5332 0.8368

Na 20.3082 50.7970

Mg 17.5200 31.0000

K 10.8234 56.1130

Cd 0.0002 0.0017

Cu 0.0267 0.0823

Cr 0.0097 0.0658

Ni 0.0076 0.0309

Pb 0.0077 0.0623
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Fig. 2. Scanning electron microscope (SEM) 
images of (A) mucilage, (B) pectin polymers and 
(C) ibuprofen

Mag. 250x Mag. 750x

A

B

C

Fig. 1. Fourier-transform infrared spectroscopy (FTIR) spectra of polymers, ibuprofen and microspheres
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while a higher Carr’s index indicates less flow but better 
compression, implying a greater cohesiveness.31 The Haus-
ner ratio is related to the  inter-particle friction: values 
greater than 1.25 signify that the material flow is passable, 
those greater than 1.35 indicate poor flow, while those 
greater than 1.5 indicate cohesiveness.41 Our results show 
that T. triangulare mucilage has a better flowability than 
pectin, possibly due to the shape of the mucilage particles 
compared with the irregularly shaped  pectin particles.

The angle of repose is used to measure the inter-particle 
force as well as the cohesiveness of materials. The rougher 
and more irregular the surface of the particles, the higher 
the angle of repose will be.42 The angle of repose obtained 
for mucilage was higher than that of pectin, although pec-
tin showed lower flow than mucilage.

Swelling power indicates the  ability of  a  substance 
to hold fluid and its absorption behavior. It has generally 
been used to demonstrate differences between various 
types of materials.43 The swelling power of mucilage was 
higher than that of pectin (Table 2).

Viscosity is the measure of fluid resistance to flow and 
a measure of the gradual deformation to shear or tensile 
stress.44 The polymer blends exhibited non-Newtonian 
behavior in that their viscosity decreased with increasing 
shear rate for 1:1 blends and increased with increasing 
shear rate for 1:2 blends (Table 3). An increase in the con-
centration of either mucilage or pectin, with or without 
drugs, led to a decrease in  the viscosity of  the blends. 
Polymer blends with drug-containing pectin had higher 
viscosity than those containing mucilage at both ratios. 
There was no difference in the viscosity of the polymer 
blends at a ratio of 1:2 without the drug. Microspheres 
containing sodium alginate alone with or without drugs 
had the highest viscosity.

Properties of ibuprofen microspheres

The photomicrographs of the microspheres showed spher-
ical to ovoid shapes at different ratios, with the microspheres 
with the ratio of 1:1 being more spherical (Fig. 3). This could 

be due to the decreased viscosity displayed at increased poly-
mer concentrations, as compared to the viscosity of algi-
nate. Therefore, increasing the concentration of the mucilage 
or pectin decreased the capacity of the polymer blend to form 
spheres. The surface morphology of the microspheres shown 

Table 3. Viscosity analysis of polymeric blends

Polymer ratio [%] Ibuprofen 
[%]

Viscosity [cP]

Sodium alginate mucilage pectin 50 rpm

100 – – – 19.28 ±7.30

50 50 – – 1.98 ±2.30

50 – 50 – 1.96 ±4.00

34 66 – – 0.62 ±2.30

34 – 66 – 0.62 ±2.30

33 33 – 34 1.70 ±2.80

33 – 33 34 2.40 ±0.00

22 44 – 34 0.42 ±2.80

22 – 44 34 0.74 ±2.80

66 – – 34 24.85 ±8.30

Fig. 3. Photomicrograph of all microspheres (×40 magnification)

Sodium alginate Sodium alginate 
with ibuprofen

Alginate:mucilage 1:1 Alginate:mucilage 1:1 
with ibuprofen

Alginate:pec�n 1:1 Alginate:pec�n 1:1 
with ibuprofen

Alginate:mucilage 1:2 Algiate:mucilage 1:2
with ibuprofen 

Alginate:pec�n 1:2 Alginate:pec�n 1:2
with ibuprofen 
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in Fig. 4 indicates that the microspheres generally had rough 
surfaces, which is in agreement with previous studies.33,45 
Microspheres with polymer ratio of 1:1 showed smoother 
surface morphology. However, upon closer inspection with 
SEM, the surface revealed a spongy-like mesh for micro-
spheres containing ibuprofen, while those without ibuprofen 
remained largely smooth. The microsphere sizes ranged 
within 929.4–1479.9 µm for mucilage and within 952.4–
1652.6 µm for pectin (Table 4). In summary, the pectin-
containing microspheres were generally larger.

Swelling power is described as the ability of the poly-
mer matrix to absorb fluid and form a protective matrix. 
The swelling power (Table 4) of the microspheres was sig-
nificantly higher (p < 0.001) in phosphate buffer at pH of 7.2 

than in distilled water (pH 5.8). This indicated a greater 
absorption of fluid into the microspheres in the alkaline 
medium than in acidic medium, which suggests a greater 
effectiveness of the microspheres in the duodenum than 
in the stomach.46

Entrapment efficiency

Entrapment efficiency is the amount of drug entrapped 
or encapsulated within a matrix; it  is an  important pa-
rameter that describes the ability of  the polymer blend 
or matrix to trap or hold drugs within it. Microspheres 
containing alginate:mucilage/pectin at a ratio of 1:1 had 
a greater entrapment of  ibuprofen compared to a  ratio 

Fig. 4. Scanning electron microscope 
(SEM) images of microsphere surfaces 
of polymer ratios 1:1 without and with drug 
(×5000 magnification)

Alginate:mucilage 1:1 Alginate:mucilage 1:1 with ibuprofen

Alginate:pec
n 1:1 Alginat:pec
n 1:1 with ibuprofen

Table 4. Sizes and swelling index of all microspheres

Polymer ratio [%]
Microsphere size [µm]

Swelling [%]

Sodium alginate mucilage pectin phosphate buffer distilled water

100 – – 1311.9 ±120.3 349.5 ±91.2 2.0 ±0.0

50 50 – 1136.7 ±161.1 396.0 ±73.5 20.0 ±1.4

50 – 50 1276.4 ±269.2 71.0 ±65.0 27.0 ±5.65

34 66 – 1246.5 ±228.4 323.5 ±61.5 35.5 ±3.5

34 – 66 1083.8 ±131.4 51.0 ±0.0 2.5 ±0.7

33 33 – 1208.8 ±161.7 316.0 ±2.8 50.5 ±0.7

33 – 33 1090.4 ±115.4 284.5 ±43.1 24.0 ±2.8

22 44 – 1153.7 ±224.3 263.5 ±21.9 70.5 ±0.7

22 – 44 1400.9 ±251.7 142.0 ±26.8 22.0 ±1.4

66 – – 1518.5 ±122.7 207.6 ±42.6 6.5 ±2.5



O. Akin-Ajani, T. Hassan, O. Odeku. Talinum triangulare in microspheres90

of 1:2 (Table 5), thus indicating that an increase in the con-
centration of either mucilage or pectin did not enhance 
the entrapment of  the drug. The entrapment efficiency 
of the alginate:mucilage/pectin ratio 1:1 was also higher 
than the alginate microspheres alone. Overall, the micro-
spheres had an entrapment efficiency that ranged from 
39.57% to 60.43%.

Release studies

The  dissolution profiles of  ibuprofen microspheres 
shown in  Fig. 5 indicated different release properties 
based on  the  concentration of  the  pectin and muci-
lage present. The  microspheres with a  polymer blend 
of 1:1 had a  longer release, whereas microspheres with 
a polymer blend of 1:2 had an immediate release, with 
the alginate:pectin blend of 1:2 having a  faster release 
than the  alginate:mucilage blend of  1:2. Microspheres 
containing a ratio of 1:1 of alginate:pectin had the slow-
est release rate, probably due to its higher viscosity, and 
a sustained release of over 2 h. All of the ibuprofen-loaded 
microspheres had t50 within the range of 31–68 min and 
t80 within the range of 37–100 min (Table 5), except for 
microspheres containing alginate:pectin at a ratio of 1:1, 
which failed to attain 80% drug release at 120 min. Fitting 
the microsphere dissolution data to the Korsmeyer–Peppas 

equation yielded correlation coefficients R2 ≥ 0.977 and 
n > 0.89. The drug release mechanism for all of the mi-
crospheres, irrespective of polymer or ratio, was the super 
case II transport (relaxation) mechanism.47,48

Conclusions

The  T.  triangulare pectin particles displayed larger 
particle size and greater packing behavior than the mu-
cilage, and were found to  be low in  methoxyl pectin. 
Interestingly, the mucilage particles showed better flow 
and swellability. The FTIR spectra showed no interaction 
of  ibuprofen with the test polymers. Ibuprofen-loaded 
microspheres had significantly greater swelling in an al-
kaline medium. Polymer blends of pectin with ibuprofen 
had higher viscosity, and at a ratio of 1:1 had the slowest 
release of ibuprofen. Ibuprofen-loaded microspheres with 
polymer blends of 1:1 had a longer release of ibuprofen, 
whereas microspheres with polymer blends of 1:2 had im-
mediate release of ibuprofen, even though they were all 
transported by the super case II transport mechanism. 
Therefore, the polymers of T. triangulare have use as ma-
trices in microspheres depending on the type of drug re-
lease required.
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Table 5. Entrapment efficiency and dissolution time of ibuprofen in microspheres

Polymer ratio [%] Shape 
of microsphere Yield [%] Entrapment efficiency

[%]
Dissolution time [min]

Sodium alginate mucilage pectin t50 t80

50 50 – spherical 77.37 55.71 45.0 98.0

50 – 50 spherical 99.67 60.43 66.0 –

34 66 – irregular 69.10 45.94 32.0 66.0
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100 – – spherical 97.93 48.64 68.0 100.0
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Abstract
Background. Temporary prosthesis protects the oral tissues, in addition to providing aesthetic look and 
masticatory function until a definitive prosthesis is manufactured.

Objectives. To evaluate the effect of glaze and 0.12% chlorhexidine (CHX) on the physical and mechanical 
properties of bis-acryl, and to evaluate the antimicrobial efficacy of CHX.

Materials and methods. Eighty specimens of bis-acryl resin were made. Over 40 of them the glaze was 
applied. One specimen with and 1 specimen without glaze were placed in niches of an appliance manufactured 
for each patient. Each of the 20 volunteers received 2 devices. Initially, the volunteers used one device and 
treated it with sucrose for 7 days (control), and later they used the other device and treated it with sucrose 
and CHX for 7 days (test). Color, microhardness, roughness, surface energy, and insoluble extracellular poly-
saccharides (EPS) tests were performed. All results were submitted to the Tukey’s test, with the exception 
of the EPS results, which were submitted to the Student’s t test.

Results. The ΔE00 of the unglazed control group was significantly higher than that of the unglazed test 
group. In all groups, a significant decrease in microhardness occurred over time. At both times, the glaze 
significantly increased the microhardness of the specimens (in all the glazed groups). At the final time, the test 
glaze group showed significantly higher microhardness compared with the control glaze group. Roughness 
in the groups without glaze increased significantly with CHX treatment over time. At both times, the glaze 
generated a significant reduction in roughness in the control and test groups. There was a significant reduction 
in surface energy over time in all groups. In most comparisons, the glazed groups showed significantly higher 
surface energy values compared with the unglazed control group. At the final time point, the unglazed test 
group showed a significantly higher surface energy value than the unglazed control group; and the glazed 
test group showed a significantly higher surface energy value compared with the glazed control group. 
The resins that received CHX had a significantly lower amount of biofilm.

Conclusions. Color values were clinically acceptable in all tested groups. At both time points, the roughness 
values were clinically acceptable only in the glazed groups. Glaze increased the microhardness of the specimens. 
Microhardness and surface energy were reduced over time in all groups. Chlorhexidine can help prevent 
microhardness degradation. Glaze and CHX can increase surface energy. Chlorhexidine reduced the amount 
of bacterial biofilm.

Keywords: bacterial adhesion, surface property, temporary dental restorations, dental biofilm
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Background

Temporary restorations (or provisional prostheses) can 
be used for long periods of time to enable the evaluation 
the results of periodontal and endodontic treatment, and 
during the phases of making a porcelain crown.1,2 They 
have the function of protecting periodontal and dental 
tissues, in addition to restoring chewing, aesthetics and, 
in many cases, phonetics.1 Materials such as acrylic resins 
and bis-acryl resins can be used to manufacture tempo-
rary restorations.1–3 In addition, it  is worth mentioning 
that bis-acryl resins have excellent aesthetics, a relevant 
factor for patients.

Mouthwashes are widely used in the prevention and 
control of caries and periodontal diseases, even without 
a  prescription from a  dentist.3,4 Chlorhexidine (CHX) 
is a widely used mouthwash due to its antimicrobial ac-
tion.3,5 However, it has the potential to stain restorations, 
in addition to affecting other factors such as microhard-
ness, roughness and surface free energy.3,6

Color stability is the property of a material to retain 
its color for a period of  time in a given environment.7 
The color change can be influenced by the surface deg-
radation of the polymeric material, as the degraded areas 
can serve as deposits of pigments present in various sub-
stances, such as CHX.3,7,8 Adequate microhardness is also 
important because it is  related to  the wear resistance 
of the material, which in turn is important for preserv-
ing its surface integrity over time.7 Regarding the surface 
roughness of a material, it  is always recommended that 
it be as small as possible to avoid microbial adhesion.1,9 
A rough surface can facilitate the adhesion of the micro-
bial biofilm due to a larger contact surface.3 In addition 
to roughness, surface energy has an considerable impact 
on bacterial adhesion, as a material with high surface en-
ergy attracts more bacteria to its surface than one with 
low surface energy.1,10 Moreover, surface energy is related 
to the material’s ability to repel or attract water (thus, 
the higher the surface energy value of a material, the more 
water it will attract).3 It is worth mentioning that a mate-
rial that easily attracts water can also absorb it, and this 
can cause degradation of such material over time.3

In the oral cavity, most bacteria can only survive if they 
adhere to  hard surfaces.1 To  reduce biofilm retention 
on the temporary restoration, it must be properly ground 
and polished before installing it on the tooth. Mechanical 
polishing materials (e.g., abrasive burs with different grits) 
are used to increase the smoothness of polymer surfaces, 
thus decreasing bacterial adhesion on them.7 It is note-
worthy that liquid polishing with light curing sealants 
is also available to obtain smooth surface of a provisional 
restoration.7

There is a  lack of studies that evaluate the alteration 
of the properties of bis-acryl resins in situ with and without 
glaze in association with the use of antimicrobial solutions. 
Therefore, the objective of this research was to evaluate 

the influence of glaze and 0.12% CHX on the color, micro-
hardness, roughness, and surface energy of the bis-acryl 
resin. The 2nd objective was to evaluate the antimicrobial 
efficacy of 0.12% CHX. The null hypotheses were that 1) 
the analyzed properties would not be altered by the use 
of 0.12% CHX and glaze application, and that 2) CHX 
would not have anti-biofilm capacity.

Materials and methods

This study was approved by the Ethics Committee for 
Research with Human Beings of  the  Araçatuba Den-
tal School, São Paulo State University, Brazil (process 
No. 71186117-0-0000-5420). Participants received and 
signed an informed consent form. This study also followed 
the guidelines of the Declaration of Helsinki.

Twenty volunteers aged between 18 and 25 years were 
included in this study.3 Inclusion criteria were: good oral 
health; good oral hygiene; and absence of gingivitis, peri-
odontitis, carious lesions, systemic diseases, and diseases 
in the salivary glands.3 In addition, participants who wore 
any type of dental prosthesis, or orthodontic appliances, 
or used medications that may alter salivary flow, were 
excluded.3

Eighty specimens (10 mm in diameter, 2 mm in thick-
ness)3 were made using bis-acryl resin (Protemp 4; 3M ESPE, 
Two Harbors, USA). The preparation of the specimens 
followed the manufacturer’s recommendations. Protemp 
4 is composed of an organic resin system (dimethacry-
late polymer and bis-GMA) and inorganic fillers (zirconia 
silica, fumed silica, silane, and pigments).

The making of the specimens was carried out in metal-
lic matrix according to the method described by Com-
mar et  al.3 After polymerization, the  surfaces of  all 
specimens (n = 80) were polished. This polishing was per-
formed in a semiautomatic polishing machine at a speed 
of 300 rpm under constant irrigation (Ecomet 300PRO; 
Buhler, Lake Bluff, USA). In this equipment, 2 sandpa-
pers were used to polish the specimens (400 and 800 grit 
sandpaper; Buehler).3,7 Each specimen had its thickness 
measured using a digital caliper (500–171-20B; Mitutoyo, 
Tokyo, Japan) to establish the correct dimensions (10 mm 
in diameter, 2 mm in thickness)3.

Half of the specimens (n = 40) were polished with light 
curing glaze (Megadenta, Radeberg, Germany).3,7 The ap-
plication of the glaze was carried out with the aid of a brush 
(KG Brush; KG Sorensen, São Paulo, Brazil).7 After 20 s, 
the glaze layer was photoactivated for 180 s (Strobolux; 
EDG Equipamentos, São Carlos, Brazil).3,7 Thus, the bis-
acryl specimens were divided into 2 groups (without and 
with glaze).

For each volunteer, 2 palatal appliances were made. One 
device was for control condition analysis and the other 
was for test condition analysis. The devices were made 
from chemically activated acrylic resin (Jet; Clássico, São 
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Paulo, Brazil), and each contained 2 niches in the palatal 
region with dimensions of 10 × 2 mm.3 For each device, 
1 unglazed specimen was placed in one niche and 1 glazed 
specimen was placed in the other niche.3 The specimens 
were fixed in  these niches with sticky wax (Kota, São 
Paulo, Brazil), and covered with a plastic mesh, which was 
positioned at a distance of 1 mm from the specimens.3 
These procedures were performed to avoid displacement 
of the specimens from their position.3

Initially, the subjects used the first device with the speci-
mens (control group) for 7 days and applied, with a dropper, 
a drop of 30% sucrose solution on the specimens 6 times 
a day (sucrose diluted in distilled water was made in a com-
pounding pharmacy (Pharmacy Manipullis, Araçatuba, 
Brazil)).3 After applying the solution, each volunteer waited 
5 min before repositioning the device in their oral cavity. 
During this 5-minute period, the device was not rinsed 
and excess solution was not removed from the device.3 
After using the device for 7 days (control group), each 
volunteer did not use any other device for another 7 days 
(“rest period”). Then,  each volunteer started to use their 
other device containing the test group specimens.3 The pe-
riod of use of this other device (test group) was 7 days.3 
A drop of 30% sucrose was dispensed over the specimens 
6 times a day (test group).3 One minute after the 3rd and 
6th sucrose application, the specimens (test group) received 
a drop of 0.12% CHX without dye and alcohol (Pharmacy 
Manipullis).3 Each volunteer then waited 4 min to place 
the device (test group) in their oral cavity.3

The volunteers received guidance on cleaning the palatal 
device with a soft brush and specific toothpaste (Colgate 
Máxima Proteção Anti-cáries; Colgate Brazil, São Paulo, 
Brazil) 3 times a day.3 Volunteers were also instructed how 
to remove the device during meals and clean the oral cav-
ity, and regarding specimen surface treatment protocol.3 
All these procedures were performed with the palatal de-
vice outside the mouth, but with the specimens properly 
positioned in their niches.

All specimens (control and test) were submitted to color 
change, microhardness, roughness, and surface free energy 
tests before and after the in situ period, corresponding 
to 7 days. After this period, biofilm collection was also per-
formed on test and control specimens for subsequent in-
soluble extracellular polysaccharides (EPS) analysis. In all 
analyses, the plastic mesh was removed and the specimens 
were removed from their niches.

The  color stability (ΔE00) test was performed using 
a spectrophotometer (UV-2450; Shimadzu, Kyoto, Japan).3,9 
The ΔE00 was calculated using the CIEDE2000 system and 
the following formula:

ΔE00 = {[ΔL′/(KLSL)]2 + [(ΔC′/(KCSC)]2 
+ [ΔH′/(KHSH)]2 + RT[ΔC′/(KCSC)] x [ΔH′/(KHSH)]}1/2.3,9

The microhardness (Knoop) of the specimens was mea-
sured using a microdurometer (HMV-2T; Shimadzu).3 
Three penetrations with a load of 25 g for 10 s were made 

on  the  surface of  each specimen with 500  μm of  dis-
tance between each penetration.3 The values were re-
corded in Knoop hardness number (KHN). The average 
of the 3 results obtained was calculated.3

Surface roughness was measured in micrometers with 
a profilometer (Mitutoyo SJ-400; Mitutoyo) using the cut-
off of 500 μm for 12 s to obtain average roughness (Ra).3 
One reading was taken over the center of the specimen and 
then 2 more readings were taken to the right and to the left 
of the initial reading.9 Then, the average of the 3 results 
obtained was calculated.

The surface free energy was calculated based on the con-
tact angle.3 Contact angle values were obtained using a go-
niometer (Krüss DSA20E Easy Drop Goniometer; Krüss 
Optronic GmbH, Hamburg, Germany) employing the Ow-
ens–Wendt–Rabel–Kaelble (OWRK) technique.3,11

For EPS analysis, formed dental biofilm was collected 
from all specimens using beveled plastic spatulas.12 
To carry out this test, 1.0 mol/L of NaOH (0.1 mL/10 mg 
dry weight of biofilm) was added to the biofilm precipitate. 
The EPS analysis was performed by the phenol-sulfuric 
method. Thus, 25 μL of 80% phenol and 125 μL of 95.5% 
sulfuric acid were added to the biofilm specimens.12

The values obtained in the analysis of color change were 
evaluated with two-way analysis of variance (ANOVA). 
The values for other tests were submitted to three-way 
repeated measures ANOVA. All results were submitted 
to the Tukey’s test (p < 0.05), with the exception of the EPS 
results, which were submitted to  the  Student’s t-test 
(p < 0.001).

Results

Regarding color evaluation, ANOVA showed that there 
was a statistical significance for the disinfection factor 
(p = 0.013) (Table 1). The ΔE00 value in the unglazed con-
trol group was significantly higher than in the unglazed 
test group (Fig. 1).

Regarding microhardness, ANOVA showed that the glaze  
(p < 0.001) and time (p < 0.001) factors, and the interac-
tion between the glaze and disinfection (p = 0.007) and 
time and disinfection (p = 0.040) were statistically sig-
nificant (Table 2). In all groups (Fig. 2), a statistically sig-
nificant decrease in microhardness was observed over 
time. At each time point (initial and final), the groups 
with the glaze showed a significantly higher microhard-
ness than the groups without the glaze (Fig. 2). At the fi-
nal time point, the test glaze group showed significantly 
higher microhardness compared with the control glaze 
group (Fig. 2).

When analyzing surface roughness, ANOVA showed 
that the interaction between time and glaze factors showed 
statistical significance (p = 0.033) (Table 3). The roughness 
values in the groups without glaze (control and test) in-
creased significantly over time (Fig. 3). In addition, at both 
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time points, the glazed groups showed significantly lower 
roughness than the unglazed ones (Fig. 3).

Regarding surface free energy, ANOVA showed that 
the interaction between time and glaze (p < 0.001) and time 
and disinfection (p = 0.026) were statistically significant 
(Table 4). Figure 4 shows that there was a significant reduc-
tion in surface energy over time in all groups. At the initial 
time point, the glazed control group showed significantly 
higher surface energy value compared with the unglazed 
control group (Fig. 4). At the final time point, the glazed 
groups showed significantly higher surface energy values 
than the unglazed ones (Fig. 4). In addition, at the final 
time point, the unglazed test group showed a significantly 
higher surface energy value than the unglazed control 
group; and the glazed test group showed a significantly 

higher surface energy value compared to the glazed control 
group (Fig. 4).

For the EPS analysis, more biofilm volume was required 
than the glazed and unglazed groups could provide separately, 
so there was no other possibility but to merge the groups with 
and without glaze in order to perform the EPS test. Perhaps 
the time period of 7 days was not enough to form more bio-
film. Thus, resins that received 0.12% CHX treatment had 
a significantly lower amount of biofilm compared with resins 
that did not receive such treatment.

Table 1. Two-way ANOVA of color change of test and control resins with and without glaze

Factors SS df MS F p-value

Glaze 0.043 1 0.043 0.047 0.829

Disinfection 5.836 1 5.836 6.422 0.013*

Glaze × Disinfection 0.933 1 0.933 1.026 0.314

Error 65.433 72 0.909 – –

Total 301.369 76 – – –

* represents statistical significance. ANOVA – analysis of variance; df – degrees of freedom; MS – mean squares; SS – sum of squares

Table 2. Three-way repeated measures ANOVA of microhardness of test and control resins with and without glaze

Factors SS df MS F p-value

Glaze 6961.005 1 6961.005 492.332 <0.001*

Disinfection 26.090 1 26.090 1.845 0.179

Glaze × Disinfection 108.059 1 108.059 7.643 0.007*

Between specimens 1017.996 72 14.139 – –

Time 1238.575 1 1238.575 154.369 <0.001*

Time × Glaze 14.107 1 14.107 1.758 0.189

Time × Disinfection 35.034 1 35.034 4.366 0.040*

Time × Glaze × Disinfection 27.308 1 27.308 3.403 0.069

Intra-specimen 577.692 72 8.023 – –

* represents statistical significance. ANOVA – analysis of variance; df – degrees of freedom; MS – mean squares; SS – sum of squares.

Fig. 1. Tukey’s test results (p < 0.05). Mean values of color change (ΔE00). 
Different capital letters between the same glaze group (presence 
or absence of glaze) indicate a statistically significant difference Fig. 2. Tukey’s test results (p < 0.05). Mean values of microhardness (Knoop 

hardness number (KHN)). When time points are compared (final compared 
to initial), mean values with the same capital letter do not differ significantly 
in the same glaze and resin group. Within each time point (individually), 
mean values with the same lowercase letter do not differ significantly 
in the same resin group (control or test). At the same time point, (*) 
represents a significant difference between the control group and the test 
group time point the presence or absence of glaze
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Discussion

The tested null hypotheses were rejected since the prop-
erties of the tested material showed changes due to the use 
of 0.12% CHX and glaze. In addition, 0.12% CHX showed 
anti-biofilm capacity on the resin.

Bis-acryl resins have a  heterogeneous chemical com-
position formed by an organic and inorganic matrix and 
a bonding agent.7 The chemical composition of a material 
influences the water sorption (absorption and adsorption) 
and solubility processes that occur with it, causing a ma-
terial, for example, to absorb more water than another.9 

Table 3. Three-way repeated measures ANOVA of roughness of test and control resins with and without glaze

Factors SS df MS F p-value

Glaze 1.883 1 1.883 987.436 <0.001*

Disinfection 0.000 1 0.000 0.064 0.800

Glaze × Disinfection 0.000 1 0.000 0.143 0.707

Between specimens 0.137 72 0.002 – –

Time 0.016 1 0.016 18.576 <0.001*

Time × Glaze 0.004 1 0.004 4.704 0.033*

Time × Disinfection 0.000 1 0.000 0.389 0.535

Time × Glaze × Disinfection 0.001 1 0.001 1.186 0.280

Intra-specimen 0.061 72 0.001 – –

* represents statistical significance. ANOVA – analysis of variance; df – degrees of freedom; MS – mean squares; SS – sum of squares.

Fig. 4. Tukey’s test (p < 0.05). Mean values of surface free energy. When 
time points are compared (final compared to initial), mean values with 
the same capital letter do not differ significantly in the same glaze and 
resin group. Within each time point (individually), mean values with 
the same lowercase letter do not differ significantly in the same resin 
group (control or test). At the same time point, (*) represents a significant 
difference between the control group and the test group regarding 
the presence or absence of glaze

Fig. 3. Tukey’s test (p < 0.05). Mean values of roughness [μm]. When 
time points are compared (final compared to initial), mean values with 
the same capital letter do not differ significantly in the same glaze and 
resin group. Within each time point (individually), mean values with 
the same lowercase letter do not differ significantly in the same resin 
group (control or test). At the same time point, (*) represents a significant 
difference between the control group and the test group regarding 
the presence or absence of glaze

Table 4. Three-way repeated measures ANOVA of surface energy of test and control resins with and without glaze

Factors SS df MS F p-value

Glaze 1451.373 1 1451.373 118.618 <0.001*

Disinfection 166.134 1 166.134 13.578 <0.001*

Glaze × Disinfection 3.508 1 3.508 0.287 0.594

Between specimens 880.971 72 12.236 – –

Time 5693.926 1 5693.926 460.118 <0.001*

Time × Glaze 597.208 1 597.208 48.260 <0.001*

Time × Disinfection 63.844 1 63.844 5.159 0.026*

Time × Glaze × Disinfection 11.011 1 11.011 0.890 0.349

Intra-specimen 890.995 72 12.375 – –

* represents statistical significance. ANOVA – analysis of variance; df – degrees of freedom; MS – mean squares; SS – sum of squares.
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These processes can change the color of the restoration 
(degradation) due to the exit of water with particles and 
chemical compounds from the material, as well as the en-
try of water with particles of different colors and chemi-
cal compounds in the material.7,9 Chlorhexidine has been 
widely used in oral diseases due to its antimicrobial effect; 
despite this, it is worth mentioning that it has the poten-
tial to stain polymers.6,13 However, in this study, the un-
glazed group that received the CHX treatment (without dye) 
showed significantly lower color change values compared 
with the unglazed group that did not receive such treatment 
(Fig. 1). This result may be associated with the influence 
of other extrinsic factors, such as acquired pellicle forma-
tion13 and more intensive deposition of microorganisms 
when CHX was not applied.14 It is worth mentioning that 
a greater amount of biofilm may result in a greater amount 
of its toxins that degrade and, consequently, stain the resin.14 
Despite this, all groups showed clinically acceptable levels 
of ΔE00 (ΔE00 ≤ 2.1; Fig. 1).3,9

Microhardness is related to the wear resistance of materi-
als.7 Microhardness significantly decreased in all groups over 
time (Fig. 2), possibly due to water absorption by the resin, 
which resulted in hydrolytic degradation between the in-
organic particles and the  organic matrix.7 In  addition, 
at the final time point, the glazed test group exhibited sig-
nificantly higher microhardness than the glazed control 
group, probably because 0.12% CHX reduced the amount 
of biofilm on the surface of the resin used, thus decreasing 
the amount of toxins generated by the biofilm and, conse-
quently, helping to prevent the degradation of this material. 
It is worth remembering that the mouthwash used did not 
contain alcohol in its composition; alcohol would prevent 
the recognition of the individual effect of CHX on the spec-
imens, as alcohol can degrade the polymer matrix and cause 
changes in its physical and mechanical properties.3,4

The groups that received the glaze exhibited a signif-
icantly higher microhardness than the groups that did 
not receive it (Fig. 2), presumably because the glaze ap-
plied to the surface layer of the specimens had a higher 
microhardness than the surface of the tested material.7 
As the tip of the microdurometer measures microhard-
ness only on the surface of the specimens, it is likely that 
the reading was taken only on the glaze surface and not 
on the resin.

Adequate surface smoothness is important for a tempo-
rary restorative material because it helps to prevent the ac-
cumulation of biofilm on the material, which consequently 
limits its degradation over time, in addition to preventing 
gingival inflammation.1,9,15 In this study, all specimens 
that received glaze application showed significantly lower 
roughness values compared with specimens that did not 
receive glaze (Fig. 3). This may have happened because 
the  glaze has the  function of  filling microdefects and 
microcracks present on the surface of the resin, which 
may remain even after mechanical polishing of the sur-
face of this material.7 In addition, there was a significant 

increase in roughness over time in all unglazed groups 
– unlike glazed groups, which did not show a significant 
increase in  roughness values over time (Fig. 3). Thus, 
the glaze likely protected the specimen surfaces from be-
ing significantly roughened over time. It is worth noting 
that, due to the greater microhardness (higher wear resis-
tance) of the glaze layer compared with the bis-acryl resin, 
the surface smoothness of this layer was not significantly 
changed over time (Fig. 3).

Bacterial adhesion on the surface of a material is facili-
tated when its surface roughness is greater than 0.2 μm.9,15 
Thus, it is possible to observe that the groups with glaze 
showed clinically acceptable roughness ≤0.05 μm (Fig. 3). 
On  the other hand, all unglazed groups showed clini-
cally unacceptable roughness (>0.2 μm; Fig. 3). Therefore, 
the application of a glaze layer on bis-acryl resin restora-
tions is clinically indicated.

The surface free energy is related to the material’s abil-
ity to repel or attract water.3 At both times, the glazed 
groups had significantly higher surface energy values than 
the unglazed ones (p < 0.05), except for the test conditions 
at initial time (p > 0.05; Fig. 4), probably because the glaze 
has a higher surface energy compared with the bis-acryl 
resin. As previously reported, a material with high surface 
energy attracts more bacteria to its surface than a ma-
terial with low surface energy.1,10 Despite this, at both 
times, the surface roughness was clinically acceptable only 
in the groups with glaze, helping to prevent bacterial adhe-
sion to the surface of the material.9,15 It is worth remember-
ing that the surface energy was significantly reduced over 
time in all groups (Fig. 4). Thus, the application of glaze 
over the bis-acryl resin is indicated.

At the final time point, the test groups showed signifi-
cantly higher surface energy values than their respective 
control groups (Fig. 4). This may be related to the posi-
tive ionic charge present in  CHX,6,13 which can lead 
it to the phosphate groups on the surface of the resin, re-
sulting in an increase in the surface energy of the mate-
rial.3 Thus, although CHX increased the surface energy 
of the tested material due to its deposition on it, CHX is also 
bacteriostatic and bactericidal (factors that prevent the in-
crease in the amount of biofilm).

Oral biofilm is the main etiological factor for the de-
velopment of periodontitis and peri-implantitis.16 Resins 
that received 0.12% CHX treatment had a significantly 
lower amount of biofilm compared to resins that did not 
receive this treatment. This reduction in  the  amount 
of biofilm with CHX treatment can be explained, as CHX 
penetrates the biofilm, altering its formation (bacterio-
static effect) or having a bactericidal effect.16 According 
to Solderer et al., “as the bacterial cell is negatively charged, 
the cationic CHX molecule binds to its surface. The in-
tegrity of the bacterial cell is thus altered in such a way 
that CHX can penetrate its inner cell membrane leading 
to an increase in the permeability of this membrane. This 
results in  leakage phenomena of  low molecular weight 
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components from the bacterial cell. At this point, the an-
timicrobial action is still in the bacteriostatic stage and 
it can be reversed if the CHX is removed and the bacte-
rial cell is able to recover. If CHX treatment is continued, 
this may lead to irreversible damage to the bacterial cell 
(bactericidal effect).”16

The authors of the present study recommend further 
studies of this nature.

Conclusions

Color values were clinically acceptable in  all tested 
groups. At both time points, the roughness values were 
clinically acceptable only in the glazed groups. Glaze in-
creased the microhardness of the specimens. Microhard-
ness and surface energy were reduced over time in all 
groups. Chlorhexidine can help prevent microhardness 
degradation. Glaze and CHX can increase surface energy. 
Chlorhexidine reduced the amount of bacterial biofilm.
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Abstract
In this review, benefits and drawbacks of the process of spray drying and nano spray drying with regard 
to the manufacturing of polymeric particles for pharmaceutical applications are discussed. Spray drying has 
been used for many years in the food, chemical and pharmaceutical industries for converting liquids into solids, 
in order to form products of uniform appearance. The construction of spray dryer enables to atomize the liquid 
into small droplets, which ensures a large surface area for heat and mass transfer, and significantly shortens 
the processing. Each droplet dries to an individual solid microparticle of characteristic features that can be 
tailored by optimizing formulation variables and critical process parameters. Since spray drying technology 
is easy to scale up and can be used for drying almost any drug in a solution or suspension, there are numerous 
examples of products in clinical use, in which this process has been successfully applied to improve drug 
stability, enhance bioavailability or control its release rate. In recent years, nano spray drying technology has 
been proposed as a method for lab-scale manufacturing of nanoparticles. Such an approach is of particular 
interest at early stages of drug development, when a small amount of new chemical entities is available. 
Here, the nebulization technique is used for feed atomization, while laminar gas flow in the drying chamber 
ensures gentle drying conditions. Moreover, electrostatic collectors have gradually replaced cyclone separators, 
ensuring high effectiveness in producing solid nanoparticles, even if a small volume of the sample is processed.

Key words: nano spray drying, spray drying, polymeric particles, microparticles, nanoparticles
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Introduction

Spray drying is  a  well-known industrial technology 
that is  used to  transform liquids into powders.1,2 Due 
to the fact that both aqueous and organic solvents can 
be used for such processing, this technology is suitable 
for combining compounds of different physicochemical 
properties with the aim of enhancing their functionality. 
The opportunity to design the particle size, shape, surface 
roughness, and surface composition of the final product 
by optimizing critical process parameters and formulation 
variables makes spray drying a suitable method of modify-
ing unfavorable properties of both drugs and excipients. 
Importantly, spray drying is a one-step, continuous, cost-
effective, and easy-to-scale process that can be used for 
manufacturing various polymeric drug delivery systems, 
including aseptic formulations.3,4

Advantages of spray drying

Multiple studies provided evidence that upon spray 
drying, it is possible to transform crystalline drugs into 
amorphous microparticles. A reduction of particle size fol-
lowed by an increase of specific surface area, together with 
the modification of the physical form may translate into 
better solubility of the drug in water and, finally, in the en-
hancement of bioavailability.5,6 Hence, the combination 
of drugs with polymers allows for manufacturing complex 
polymeric drug delivery systems that can control drug 
release, which remains stable for a long period of time.7,8 
Furthermore, the preparation of spherical particles may 
improve the flowability of the powder bed, which is an im-
portant factor in compaction or capsules filling.9,10 In turn, 
the porous surface of spray-dried particles may be crucial 

in ensuring compactibility, facilitating mechanical inter-
locking of particles upon compaction and, as a result, ensur-
ing a high mechanical strength of tablets. Importantly, such 
processing can be used even for thermolabile compounds, 
as their exposition to high temperature is very short.3 Thus, 
the spray drying process is used for the encapsulation of la-
bile compounds with the aim of improving their stability 
in contact with water vapor, oxygen, ultraviolet (UV) radia-
tion, incorrect pH, or other incompatible compounds.

Therefore, during the last 2 decades, the spray drying 
process has been used in manufacturing of several drug 
products for both systemic and topical drug delivery. These 
products are mainly administered orally, by inhalation 
or via parenteral route.11,12 Due to the fact that the spray 
drying process is considered one of the most commonly 
used industrial methods of ASD manufacturing, among 
the examples of commercially available spray-dried drug 
products there are formulations loaded with polymeric 
amorphous solid dispersions (ASD), e.g., immunosup-
pressive Prograf (tacrolimus, Astellas Pharma, 1994) and 
Zortress (everolimus, Novartis, 2010).13 Recently, several 
fixed-dose combination drugs with polymeric ASD com-
posed of 2 or 3 active pharmaceutical ingredients (API) 
have also been launched, such as Orkambi (lumacaftor/iva-
caftor, Vertex, 2015), Zepatier (elbasvir/grazoprevir, Merck, 
2016), Trikafta (elexacaftor/tezacaftor/ivacaftor, Vertex, 
2019), and Symdeko (tezacaftor/ivacaftor, Vertex, 2019).14,15 
The spray drying process is also suitable for preparing 
protein formulations, e.g., inhaled insulin powder Exu-
bera (Pfizer Inc./Nektar Therapeutics, 2006) or Afrezza 
(MannKind Corp., 2015), microsphere suspension loaded 
with lanreotide acetate for intramuscular injections So-
matuline (Ipsen, 2013), or a powder fibrin sealant Raplixa 
for topical bleeding control during surgery (fibrinogen/
thrombin, Nova Laboratories, 2016).3,16,17

Streszczenie
W artykule omówiono zalety i wady procesu suszenia rozpyłowego i nanosuszenia rozpyłowego w odniesieniu do wytwarzania cząstek polimerowych do zastosowań 
farmaceutycznych. Suszenie rozpyłowe jest procesem stosowanym od wielu lat w przemyśle spożywczym, chemicznym i farmaceutycznym. Służy do przekształcania 
próbek ciekłych w jednorodne ciała stałe. Konstrukcja suszarki rozpyłowej umożliwia rozpylenie cieczy na drobne krople, co zapewnia dużą powierzchnię suszenia 
i prowadzi do skrócenia tego procesu. Właściwości stałych mikrocząstek można projektować przez optymalizację zmiennych, zależnych od receptury i krytycznych 
parametrów procesu. Ponieważ technologia suszenia rozpyłowego jest łatwa do zastosowania w skali przemysłowej i może być stosowana do suszenia niemal każdej 
substancji leczniczej w postaci roztworu lub zawiesiny, istnieje wiele przykładów zarejestrowanych produktów leczniczych opracowanych przy użyciu tej metody. 
Dzięki zastosowaniu suszenia rozpyłowego możliwe było zwiększenie trwałości i biodostępności lub kontrola szybkości uwalniania wielu substancji leczniczych. 
W ostatnich latach zaproponowano technologię suszenia nanorozpyłowego jako metodę przeznaczoną do wytwarzania stałych nanocząstek w skali laboratoryjnej. 
Takie podejście jest szczególnie interesujące na wczesnych etapach opracowywania nowych leków, gdy są one dostępne w ograniczonej ilości. W tej metodzie technika 
nebulizacji jest wykorzystywana do atomizacji cieczy, natomiast laminarny przepływ gazu w komorze zapewnia łagodne warunki procesu suszenia. Z kolei separatory 
cyklonowe zastąpiono kolektorem elektrostatycznym, co zapewnia wysoką wydajność procesu wytwarzania stałych nanocząstek, nawet w przypadku małych próbek.

Słowa kluczowe: nanosuszenie rozpyłowe, suszenie rozpyłowe, cząstki polimerowe, mikrocząstki, nanocząstki
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Spray drying technology 
in a nutshell

The spray drying process consists of 3 main phases, 
namely atomization, evaporation of the solvent and col-
lection of particles.18 Atomization is the process of turn-
ing a liquid into a fine spray. For this purpose, 3 kinds 
of atomizers can be used, i.e., rotary atomizers, hydraulic 
nozzles or pneumatic nozzles.18 The size of the droplets 
formed is controlled by the type of nozzle, as well as surface 
tension, viscosity and density of the fluid.19 To prepare 
feed solutions water, organic solvents and their mixtures 
are used. Table 1 shows the characteristics of organic sol-
vents that are often utilized in spray drying, while a scheme 
of a spray drier is shown in Fig. 1A. The atomized droplets 
pass through a drying chamber flushed with drying gas. 

The droplet–drying gas contact can be of countercur-
rent, cocurrent or mixed flow type. Cocurrent contact 
systems are widely used for pharmaceutical purposes.20 
Atmospheric air, previously filtered and preheated, is usu-
ally applied as drying gas.2 However, if flammable organic 
solvents are used or compounds are prone to oxidation, 
the air in the drying chamber is replaced by inert gases, i.e., 
nitrogen. In this way, the level of oxygen can be consider-
ably reduced, which limits the risk of chemical degrada-
tion or explosion. In such cases, the drying is carried out 
in tightly close systems (loops), where an aspirator is used 
for the circulation of the inert gas. The vapors of organic 
solvents are condensed in a  refrigerator and collected 
in a closed receiver. The cleaned gas stream is preheated 
and flows back to the spray dryer. It  is worth mention-
ing that modern spray dryers are also equipped with 

Fig. 1. The comparison of a spray dryer (A) 
and a nano spray dryer (B)

Table 1. Characteristics of organic solvents used in spray drying and nano spray drying

Solvent name Methanol Acetone Acetonitrile Ethanol Dichloromethane

Structure CH3OH CH3COCH3 CH3CN CH3CH2OH CH2Cl2

Density at 20°C [g/cm3] 0.792 0.784 0.786 0.789 1.33

Freezing point [°C] −98 −94.8 −45.7 −114 −95

Boiling point [°C] 65 56.1 81.6 78 40

Flammability highly flammable liquid and vapor non-combustible
danger of explosion with: alkali metals, nitric acid, 

aluminum, amines, nitrogen oxides (NOx)
exothermic reaction with: alkaline earth metal, 

metal powder, strong alkali

Auto-ignition temperature [°C] 455 465 524 455 605

Lower (LEL) and upper (UEL) 
explosion limits [vol. %]

5.5–44 2.6–12.8 4.4–16 2.5–13.5 13–22

Solubility in water at RT [g/L] freely soluble freely soluble 1 freely soluble ≈20

Viscosity at RT [mPas] 0.60 0.32 0.39 0.54–0.59 0.43

ICH solvent class 2 3 2 3 2

ICH – International Council for Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use; RT – room temperature.
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dehumidifiers. For water-organic solvents, strict control 
of the drying gas inside the drying chamber ensures robust 
process conditions and uniform product characteristics, 
and prevents the deposition of the product on the walls 
of the drying chamber.21

The size of  the drying chamber determines the dry-
ing time, which is of particular importance for aqueous 
feed solutions. Two types of drying chambers of differ-
ent height-to-diameter ratio (5:1 for tall and 2:1 for small 
chambers) are used.18,22 Since the drying time is longer 
in large chambers than in small chambers, the former are 
recommended for aqueous fluids.1,23

To separate dry solid particles from the air stream, cen-
trifugal separators in the form of cyclone units are com-
monly used. The drying gas enters the cyclone at the top 
and is set in a circular, spiraling motion. In consequence, 
solid particles moving in the gas stream under the influ-
ence of centrifugal force are thrown against the cyclone 
walls and fall down into the receiver, where they are col-
lected. In turn, the exhaust gas is filtered and removed 
from the chamber. Unfortunately, particles can also settle 
on the walls of  the drying chamber or cyclone, reduc-
ing the efficiency of the process. To prevent the product 
from being deposited on the walls and to protect it from 
the mechanical scraping, nonstick coatings and the receiv-
ers of cone-shaped bottoms can be applied.23,24 It should 
be stressed that a significant limitation of cyclone is its 
ina bility to separate particles smaller than 2 μm from dry-
ing gas. If high-performance cyclones are used, particles 
bigger than 1.4 μm can be separated, but if submicrometer 
particles are formed, they are removed from the chamber 
in the exhaust gas.25–27

Optimizing spray drying process

The quality of the spray-dried product is determined 
by critical process parameters and formulation variables. 
Therefore, the application of the quality by design (QbD) 
approach together with process analytical technology 
(PAT) considerably shortens the transfer of this technol-
ogy from the laboratory scale to the production plant.23 
Since there are many parameters that can be controlled 
in such a processing, the relationships between them are 
complex and sometimes difficult to predict. Therefore, 
a risk analysis is often combined with statistical tools 
such as design of experiment (DoE), with the aim to effec-
tively optimize the properties of the spray-dried product, 
e.g., the morphology of particles.28 In general, particles 
obtained in this process can be in the shape of spheres 
with surrounded cores, spheres with empty cores, porous 
solid foams, microparticles consisting of nanoparticles, 
composite shells, nanocomposites, or particles with ir-
regular shapes.29,30 Until now, multiple research stud-
ies have shown that the particle engineering is possible 

by tuning the value of critical process parameters (CPPs) 
to finally meet previously defined critical quality attri-
butes (CQA).31

One of the most important CPPs is the inlet tempera-
ture of the drying gas. In conventional spray driers, it can 
be regulated up to  220°C. High inlet temperature en-
sures a high solvent evaporation rate, which has an im-
pact on the particle formation process and the stability 
of the final product. Particles formed at high tempera-
tures are bigger than those prepared at low temperatures, 
because of the agglomeration of primary microparticles. 
The surface of such particles may also be rough. More-
over, the solvent evaporation rate determines the kinetics 
of nucleation, which is crucial when amorphous forms are 
prepared. If the inlet temperature is too high, the solvent 
evaporates immediately and crystallizing solids may clog 
the nozzle, not to mention the risk of thermal degradation 
of thermally sensitive compounds.23 Yet, it should be noted 
that the transition from the droplet to the particle takes 
milliseconds, which limits the risk of thermal degradation 
of compounds.23

In turn, the outlet temperature of the drying gas can-
not be regulated directly by an operator, because its value 
depends on  solvent vaporization enthalpy, solid load 
in the feed, inlet temperature, and flow rate of the dry-
ing gas. In theory, this is the highest temperature at which 
the compound can be heated without stability concerns. 
For amorphous systems, the outlet temperature should 
not be higher than the temperature of the glass transi-
tion, due to the risk of recrystallization. Furthermore, 
under such conditions, the particles become sticky and 
easily form deposits on the walls of the drying chamber, 
which has a negative impact on the yield.32 The outlet 
temperature influences the level of residual organic sol-
vents or the moisture in the spray-dried product. If  its 
content is too high, an additional drying procedure might 
be necessary. Attention should be paid to spray-dried bio-
molecules, as organic solvents or their mixture with water 
may cause rigidification of their conformation, aggrega-
tion, dehydration, and even damage to their molecular 
structure.17

An important formulation variable that has an impact 
on the product morphology is the viscosity of the feed.33 
In conventional spray drying, the atomization of liquids 
that have viscosity lower than 300 mPas is  possible.30 
The higher the viscosity, the more difficult it is for droplets 
to form, and finally, the more energy is needed for atomiza-
tion. Since the viscosity value is usually related to the solid 
content in the feed, it is estimated that for a proper droplet 
formation, it should be below 30%. Moreover, the grade 
and the concentration of the polymeric carrier are other 
important factors. In turn, adding surfactants to the feed 
reduces the surface tension, leading to a small droplet size. 
The velocity of these droplets is high, and, consequently, 
a wide spray pattern is obtained.1,2,29,33
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Polymeric drug carriers used  
for spray drying

Table 2 presents the examples of polymers used as car-
riers for various drugs in order to prepare micropartic-
ulates in the spray drying process. They are derivatives 
of the following:

– cellulose – hydroxypropylmethylcellulose (HPMC)34, hy-
droxypropylmethylcellulose acetate succinate (HPMCAS)35;

– aminopolysaccharides – chitosan36;
– vinylpyrrolidone –  polyvinylpyrrolidone (PVP),37 

copolymer of  polyvinylpyrrolidone and vinyl acetate 
(PVPVA)38;

– poly(methacylic) acid – Eudragit39;
– poly(vinyl) alcohol (PVA)40,41;
– poly(ethylene oxide) – Macrogols29,42;
– aliphatic polyesters –  poly(lactide) acid (PLA),43 

poly(lactide-co-glycolide acid) (PLGA).44

In recent years, the application of aliphatic polyesters 
to form drug delivery systems in the spray drying tech-
nique has been widely investigated because of the repu-
tation of biocompatible, biodegradable and bioabsorbable 
drug carriers. The Food and Drug Administration (FDA) 
and European Medicines Agency (EMA) have approved 
the use of PLGA in humans in various ratios and mo-
lecular weights.45 Different forms of this polymer can be 
obtained by manipulating the ratio of lactide to glycolide 
during polymerization. The glass transition temperature 
(Tg) of PLGA ranges from 43°C to 55°C and decreases 
as the amount of glycolide increases. The grades with low 
molecular weight and high glycolide content are charac-
terized by high hydrophilicity and amorphousness, which 
reduces the degradation time.46 All aliphatic polyesters 
are prone to hydrolysis in contact with water or water 
vapor. As a result, hydroxycarboxylic acids are formed, 
e.g., PLGA is hydrolyzed to  lactic and glycolic acid.47 
Importantly, the degradation rate of PLGA in vivo can 
be controlled by tuning the physicochemical properties 
of the polymer, i.e., crystallinity, hydrophobicity, copoly-
mer ratio, and molecular weight.46 The results of multiple 
studies provided evidence stating that PLGA are suitable 
for the manufacturing of diverse drug delivery systems 
composed of microparticles formed in the spray drying 
process, as  they are soluble in many organic solvents, 
e.g., chloroform, ethyl acetate, ethyl formate, or dichlo-
romethane (DCM).48 The latter has a low boiling point 
(40°C, Table 1), which facilitates processing and pre-
vents polymer agglomeration at high temperatures.49,50 
The size of PLGA microparticles ranges from 1.3 μm 
to 15 μm, whereas the yield can be up to 75%. The drug 
release rate is mainly governed by the content of individ-
ual monomers in the copolymer.51 When hydrophilic ex-
cipients such as trehalose, sucrose or PVA are combined 
with PLGA, proteins and enzymes can be successfully 
transformed into stable dry powder.48,52,53 Therefore, 
while using PLGA, the development of controlled release 

drugs suitable for various routes of administration, in-
cluding long-acting parenteral drugs, is possible.

Principles of nano spray  
drying technology

In  2009, Büchi Labortechnik AG (Flawil, Switzer-
land) launched the first nano spray drier (B-90) that en-
ables the preparation of nanoparticles (understood here 
as the particles < 1 μm) of a precisely tailored morphol-
ogy and a narrow particle size distribution.54 Importantly, 
such processing can be performed with high efficiency 
(up to 96%) and while using a small amount of the drug 
(10 mg (2.7 g)).16 The construction of a nano spray dryer 
can be compared with that of a conventional spray dryer 
in Fig. 1, while the comparison of  the most important 
features of a spray dryer and a nano spray dryer is pre-
sented in Table 3. Briefly, this technology enables nanosiz-
ing of drugs, their nanoencapsulation, structural change 
(crystalline-to-amorphous transition), or preparing nano 
spray-dried dispersions in matrix-forming excipients.55,56

In contrast to conventional spray dryers, where noz-
zles of various kinds can be used, a nebulizer mounted 
on the spray head is responsible for creating tiny aero-
sol droplets in a nano spray dryer. Importantly, the con-
struction of the nebulizer based on vibrating mesh tech-
nology ensures droplet formation with a high precision 
and reproducibility with regard to its size.57 As a result, 
the particle size distribution of the final product is nar-
row. Essentially, the feed is circulating over the surface 
of a thin, perforated metal plate with laser-drilled holes 
of 4.0 μm, 5.5 μm or 7.0 μm in diameter. Under high-fre-
quency vibrations of a piezoelectric actuator, the spray 
mesh moves rapidly upwards and downwards, ejecting 
droplets through the cylindrical holes into the drying 
chamber (Fig. 1B).30,42 The laminar flow of drying gas di-
rects droplets, and then solid particles, into the lower part 
of the drying chamber, where the latter are electrostatically 
charged in a high electrostatic field, created between a star-
shaped discharge electrode (cathode) and a cylindrical 
collecting electrode (anode).60,61 A high voltage (15–17 kV) 
at the collecting electrode ensures high efficiency of sepa-
ration of submicron particles from the drying (up to 99%), 
even for small samples.16,59,60,62 Interestingly, such a separa-
tion method is gentle and can be used for collecting even 
brittle nanoparticles without destroying them. In the end, 
the dried powder is removed from the surface of the col-
lecting electrode using a scraper.16

Similarly to  the  conventional spray drying process, 
it is possible to adjust the properties of the nano spray-
dried product, optimizing both formulation variables and 
critical process parameters.16,18 In general, the particle size 
of nano spray-dried products ranges between 0.2 μm and 
5 μm. Thus, the manufacturing of nanoparticles or mi-
croparticles is possible. The most important variables 
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that are crucial in particle engineering using a nano spray 
dryer are listed in Table 3. The majority of nano spray-
dried particles are spherical, but they can be wrinkled 

or doughnut-like in shape as well. Their internal structure 
may be hollow, solid or porous. With regard to the feed 
composition, the same solvents can be used as in spray 

Table 2. Examples of polymers used as carriers for preparing spray-dried formulations

Drug and route 
of administration Carrier Drug:carrier 

ratio (w/w) Solvent Process parameters Yield 
[%]

Particle 
size [μm]

Particle 
morphology Advantages

Carbamazepine34 
for oral 
administration

Chitosan 
HPMC

1:1
7:3
9:1

for crude drug: 
ethanol 96%
for samples 
loaded with 

HPMC: ethanol/
water 2:3 (v/v)

for samples 
loaded with 

chitosan: 0.5% 
acetic acid

inlet temperature: 120°C
outlet temperature: 75°C
spray flow rate: 0.25 L/h
air flow rate: 700 N×L/h

~30 ~3 Spherical 
micro-

spheres

drug 
amorphization;

faster drug release 
from chitosan-

HPMC composite 
microparticles 

than those made 
of HPMC;

sustained drug 
release possible

Andrographolide37 
for oral 
administration

PVP 1:2
1:3
1:4

methanol inlet temperature: 60°C
outlet temperature: 45°C

feed rate: 6–8 mL/min
atomization air pressure: 

2 kg/cm2

60–70 2.8–3.6 spherical 
micro-

particles

micronization;
drug 

amorphization;
stabilizing effect 

of hydrogen 
bonds;

5-fold solubility 
increase

Felodipine38 for oral 
administration

PVPVA 1:4 acetone inlet temperature: 
72–184°C

outlet temperature: 
32–61°C

feed rate: 110–188 g/min
atomization air pressure: 

2.11 kg/cm2

cyclone: 10.2 cm 
or 15.2 cm

two-fluid nozzle 
or pressure swirl nozzle

66–90 4–115 intact, 
collapsed 

or fractured 
hollow 
spheres

drug 
amorphization;

flowability 
of amorphous 

solid dispersions 
suitable for 

compaction;
high mechanical 

resistance 
of tablets

Diltiazem39 for oral 
administration

Eudragit 
RS & 

Eudragit 
RL

1:2
1:4
1:8

DCM inlet temperature: 70°C
outlet temperature: 

57–60°C
feed rate: 2–5 mL/min
spray-flow: 700 N×L/h

0.5 mm nozzle

N/A 1–9 smooth 
micro-

spheres

narrow particle size 
distribution;

drug 
amorphization;
high drug load 
results in faster 

release rate

Caffeine 
or progesterone43

PLA for 
progesterone: 

10:90
20:80
35:65
50:50

for caffeine: 
25:75
40:60
60:40
75:25

DCM inlet temperature: 70°C
outlet temperature: 

40–45°C
spray flow: 600 N×L/h

0.5 mm nozzle

N/A <5 micro-
particles 

with proges-
terone: 

spherical; 
those loaded 
with caffeine: 

needle-
shaped

drug micro-
encapsulation;
retarded drug 

release

Vancomycin7 for 
topical ocular 
delivery

PLGA 1:2
1:3
1:4

for drug: water
for polymer: 

DCM

inlet temperature: 
80–85°C

outlet temperature: 
68–70°C

spray rate: ~10 mL/min
0.7 mm nozzle

<55 10.96–11.75 almost 
spherical 
particles 

with smooth 
surface, 
agglo-

merates 
visible

controlled drug 
release;

enhanced 
pharmacokinetic 

parameters of drug 
from aqueous 
suspensions 

of microspheres 
shown in rabbit 

model

DCM – dichloromethane; HPMC – hydroxypropylmethylcellulose; PVP – poly(vinyl)pyrrolidone; PVPVA – poly(vinyl)pyrrolidone/vinyl acetate; 
PLA – poly(lactic) acid; PLGA – poly(D,L-lactide-co-glycolide); N/A – not available.
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drying, yet when organic solvents are used, the outlet 
temperature is higher than that typical of the aqueous 
feed. Taking into account the mechanism of nebulization, 
attention should be paid to the particle size of the solids 
in dispersed feed systems, the solid load and the viscosity 
of this liquid formulation. Only solutions, nanosuspen-
sions or nanoemulsions can be applied in nano spray dry-
ing, because the coarse particles dispersed in suspensions 
would block the mesh of the nebulizer.50,62–65 If the solid 
concentration in the feed increases, the particles of the fi-
nal product become larger, the yield may be higher, and 
at the same time, the feed rate and the process are lon-
ger. Thus, it  is recommended that the optimal viscos-
ity of the feed should be less than 10 mPas. This value 
is twenty times lower than that of the maximal viscos-
ity of the feed suitable for spray drying. If the viscosity 
of the feed is high, doughnut-like particles can form.30,66 
When smooth surface is preferable, the addition of a sur-
factant into the feed can give favorable results, as the re-
duction of the particle size is observed.60,62,63 Similarly, 
organic solvents combined with surfactants promote hol-
low particles.67

In terms of CPPs, slow drying results in more compact 
particles, whereas fast drying generates hollow particles.68 
When the mesh size is increased, the droplet size also in-
creases, and then the particle size of the final product in-
creases as well. Therefore, the application of the mesh with 
the biggest holes (7 μm) requires a higher feed rate during 
processing. A high spray rate intensity results in lower outlet 
temperature, which may be favorable for amorphous drugs. 
However, in such a process, slightly larger particles are 
formed, and their stability can be low. Additionally, when 
the drying gas flow rate increases, the outlet temperature 
increases as well, and the solvent content in the product 
is reduced. Yet, if the humidity of the drying gas is high, 
the moisture level and the outlet temperature increase, and 
the yield may decrease.

Applications of nano spray drying

Throughout the last 2 decades, nano spray drying tech-
nology has been applied for the manufacturing of nanocrys-
tals, amorphous nanoparticles, and amorphous or crystal-
line solid dispersions of various drugs in polymeric, protein 
or carbohydrate carriers (Table 4).56 It is worth mentioning 
that not only nanoparticles, but also microparticles can 
be formed upon such a processing. They can be used for 
systemic or topical drug delivery. Moreover, there are re-
ports stating that combining microparticles formed in con-
ventional spray drying with nanoparticles prepared using 
nano spray drying technology can be an interesting option 
in the development of modern therapies. Thus, multiple 
studies proved that nano spray drying can be a powerful 
method that enables the formation of complex systems des-
tined for oral, inhalation, nasal, intravenous, ophthalmic, 
or dermal administration.16,69,70 Their application can be 
useful in the treatment of pulmonary,71 oncological72 and 
immune diseases,50 as well as mental disorders.73 They 
can help control cerebral vasospasm74 and coat medical 
implants with the aim of making them biocompatible.75,76

Baba and Nishida developed nanocrystals of calpain in-
hibitors that prevent programmed cell apoptosis and can be 
used in the therapy of Alzheimer’s disease and Parkinson’s 
disease.77 Moreover, they reported that an aqueous disper-
sion of these nanocrystals could be applied in the form 
of eye drops for the treatment of Fuchs’ endothelial dystro-
phy of the cornea. To prepare nanocrystals, the ethanolic 
feed solution loaded with 0.05% or 0.5% of the drug was pre-
pared using 3 types of mesh sizes available (4.0 μm, 5.5 μm 
and 7.0 μm), and 2 gas flow rates (100 L/min or 150 L/min). 
The results showed that the particle size of the nanocrys-
tals increased along with an increasing mesh size. Interest-
ingly, the inlet temperature and the high gas flow rate did 
not influence the particle size. The same relationship was 
found for dexamethasone or fluorometholone (Table 4).78 

Table 3. Differences between spray drying and nano spray drying technology with critical process parameters (CPPs) of nano spray drying

Characteristics Spray dryer Nano spray dryer CPPs in nano spray drying

Feed kind solution
suspension
emulsion

solution
nanosuspension
nanoemulsion

•  feed type and composition
•  viscosity max. 10 mPas
•  surface tension
•  sample volume
•  circulation pump rate
•  inlet temperature
•  chamber length
•  drying gas type (air, N2/CO2)
•  drying gas humidity
•  drying gas flow
•  aspirator speed
•  vibration frequency
•  spray rate intensity
•  spray mesh size
•  electric field

Solvents water; organic solvents, water–organic mixtures

Minimal sample volume [mL] 30 2

Maximal drying temperature [ºC] 220 120

Particle size [μm] 2–100 0.2–5

Particle size distribution broad narrow

Drying gas flow turbulent laminar

Nozzle type hydraulic, pneumatic, ultrasonic piezoelectric spray head

Particle separation cyclone high voltage collecting 
electrode (15 kV)

Yield [%] 50–70 70–90

Processing scale lab [g], pilot [kg], industrial [t] lab [g]
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Furthermore, it was stated that when the concentration was 
increased 10 times, the nanocrystals were 2 times larger 
than those prepared with a low-concentrated feed solution.

Harsha et al. prepared mucoadhesive nanospheres with 
vildagliptin, using aminated gelatin to form the matrix.79 
These nanoparticles were developed to improve the oral 
treatment of diabetes by creating a gastroretentive formu-
lation. Both compunds were dissolved in water and the so-
lution of 0.5% was nano spray-dried at 120°C. As a re-
sult, a narrow particle size distribution and a high yield 
(over 80%) were obtained. In vitro drug release studies 
showed a slower release of vildagliptin from the gelatin 
nanoparticles compared to the crude drug. Drug release 
was controlled by diffusion. The results of the wash-off 

test showed that after 8 h, more than 85% of the formula-
tion remained at the application site. These findings were 
confirmed in a rat model where 98.2% of the formula-
tion was retained after 12 h. In addition, these nano-
spheres were stable for 12 months after storage at room 
conditions.

Among polymeric carriers, PLGA are universal matrix-
forming or encapsulating excipients not only in conven-
tional spray drying but also in nano spray drying technol-
ogy (Table 4). They have been used for manufacturing 
of nano spray-dried particles loaded with, e.g., cyclospo-
rine A, dexamethasone,50 nimodipine,74 simvastatin,72 and 
sildenafil.80 Importantly, the majority of these formula-
tions ensure a controlled drug release.

Table 4. Examples of nano spray-dried drugs, protein and polymeric formulations with process parameters

Drug/year Carrier Drug:carrier 
ratio (w/w)

Solid concentration/
solvent/
in feed

Process parameters Particle size 
[μm]

Particle 
morphology

Product 
properties

Calpain 
inhibitors77

2012

– – 0.05%
0.50%

ethanol solution

inlet temperature: 50°C
outlet temperature: 35°C

feed rate: 25 mL/h
frequency: 60 kHz
drying gas: N2/CO2

gas flow rate: 100 L/min 
or 150 L/min

mesh size: 4.0; 5.5; 7.0 μm

0.38–0.85 spherical 
smooth 
surface

nanocrystals

Dexa metha-
sone, Fluoro-
metholone78

2013

– – for dexa metha sone: 
1%

for fluoro metholone: 
0.1%

ethanol solution

inlet temperature: 50°C
outlet temperature: 35°C

feed rate: 25 mL/h
frequency: 60 kHz
drying gas: N2/CO2

gas flow rate: 100 L/min
mesh size: 4.0; 5.5; 7.0 μm

for dexa-
metha sone: 

0.83–1.34
for fluoro-

metholone: 
0.60–0.86

spherical 
shape;

smooth 
surface

nanocrystals;
particle size 

increases with 
increasing mesh 

size and solid 
concentration

Vildagliptin79

2015
Gelatin 1:1 0.5% (0.25% of drug) 

solution in water
inlet temperature: 120°C
outlet temperature: 27°C

gas flow rate: 100–110 L/min
mesh size: 4.0 μm

0.45 spherical 
shape, 

smooth but 
undulated 

surface

mucoadhesive 
nanospheres 

of gastroretentive 
properties

Cyclosporin A, 
Dexa metha-
sone50

2012

PLGA 1:5 0.5–2% of solids 
in DCM and ethanol 

mixture (70:30)

inlet temperature: 29–32°C
outlet temperature: 28–32°C

feed rate: 25 mL/h
frequency: 60 kHz
drying gas: N2/CO2

gas flow rate: 102–132 L/min
spray rate: 50–100%

pressure: 36–51 mbar
mesh size: 4.0; 5.5 μm

0.90–2.23 spherical 
micro- and 

nanoparticles;
narrow 

particle size

cyclosporin A 
molecularly 

dispersed in PLGA;
dexamethasone 

in crystalline form 
dispersed in PLGA

Sildenafil80

2015
PLGA 1:9 1–10% of solids 

in acetone solution
inlet temperature: 45°C

outlet temperature: 25–30°C
frequency: 60 kHz
drying gas: N2/CO2

gas flow rate: 100 L/min
mesh size: 4.0; 5.5 μm

4–11 spherical 
particles, 

agglomerates 
visible

prolonged drug 
delivery to lungs;

mesh size 
and solid load 

determine particle 
size

Simvastatin72

2018
PLGA 1:10 O/W emulsion

O: 0.25% of drug & 
2.5% of PLGA in DCM

W: 1% PVA
aqueous solution
emulsion diluted 

3 times with water 
before processing

N/A apart from the mesh size: 
7.0 μm

0.26 spherical 
particles

polymeric 
nanoparticles 

for breast cancer 
treatment

N/A – not available; DCM – dichloromethane; PLGA – poly(D,L-lactide-co-glycolide); O/W – oil-in-water; PVA – poly(vinyl alcohol).
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An interesting application of PLGA in the nano spray 
drying process was described by Amsalem et al.81 They de-
veloped solid nano-in-nanoparticles (double nano carriers 
in the form of powder) loaded with siRNA. These nanoparti-
cles could be a model platform for systemic delivery of nucleic 
acids. As a rule of thumb, the encapsulation of biomolecules, 
such as siRNA, proteins and peptides, provides the oppor-
tunity to enhance their stability, reduce their toxicity and 
achieve targeted drug delivery (PEGylated surface). In this 
study, smooth surface spherical nanoparticles with particle 
size ranging from 580 nm to 772 nm were prepared with 
the aim to treat genetic disorders. The primary nanopar-
ticles consisted of siRNA-loaded cross-linked human serum 
albumin. They were coated with an organic solution of PLGA 
or PLGA combined with PEG (1:1) during nano spray drying. 
Such an approach enabled co-processing at low temperatures 
(30–60°C). As a result, the activity of siRNA was preserved, 
processing using small amount of siRNA was possible, and 
the yields higher than 60% were achieved. Then, in vitro 
studies confirmed a controlled release of siRNA from solid 
nano-in-nanoparticles for 12 h or 24 h. Finally, cellular safety 
and uptake were also shown for PEGylated nanoparticles.

Conclusions

Spray drying and nano spray drying can be used as comple-
mentary technologies.61 Due to its low efficiency in produc-
ing particles below 2 μm, standard spray drying is incapable 
of producing nanoparticles. In this case, nano spray drying 
allows to achieve submicrometer particle sizes with narrow 
particle size distribution.82 The engineering of the polymeric 
particles is possible by modifying the formulation variables 
and process parameters. Moreover, spray drying yields are typ-
ically maximum 70% and nano spray drying yields are around 
90%, even for small sample volumes. However, it should be 
noted that nano spray drying is difficult to scale up, which 
is not a problem with traditional spray drying. Another ad-
vantage of spray drying is a much higher viscosity of fluids 
that can be used compared to nano spray drying. Among 
dispersed systems, only nanosuspensions or nanoemulsions 
can be processed; otherwise, mesh blockage can occur.

Despite these limitations, several research studies show 
the potential of nano spray drying in the manufacturing 
of polymeric nanoparticles, especially in the field of tar-
geted drug delivery or controlled drug release.
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