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Abstract: Non-steroidal anti-inflammatory drugs (NSAIDs) are frequently administered orally with
modified-release formulations. The attainment of modified-release drugs is commonly achieved
through the coprecipitation of the active principle with a biodegradable polymeric carrier in the form
of micro or nanoparticles. In this review, some coprecipitation studies of three highly prescribed
NSAIDs (in particular, ibuprofen, ketoprofen, and diclofenac sodium) have been analyzed. The
techniques employed to micronize the powder, the polymers used, and the main results have been
classified according to the type of release required in different categories, such as delayed, immediate,
prolonged, sustained, and targeted release formulations. Indeed, depending on the pathology to be
treated, it is possible to achieve specific therapeutic objectives, ensuring that the drug is released at
a higher or lower dissolution rate (if compared to conventional drugs) and/or at a different time
and/or in a specific site of action.

Keywords: coprecipitated particles; ibuprofen; ketoprofen; diclofenac sodium; in vitro and in vivo studies

1. Introduction

Pain and swelling are commonly mitigated using anti-inflammatory drugs, divided
into two broad categories: corticosteroids and non-steroidal anti-inflammatory drugs
(NSAIDs). Corticosteroids are steroid hormones produced in the adrenal cortex of verte-
brates or synthetically. They are effective in reducing inflammation, particularly in the
treatment of ocular problems [1], pulmonary diseases [2], and hepatitis [3]; considering
the side effects linked to their administrations, it is recommended to use them in low
doses and for short periods [4]. For these reasons, in the case of not particularly severe
inflammations, patients prefer to use NSAIDs which can be purchased, in most cases,
without a prescription. The mechanism of action of NSAIDs is based on the inhibition
of cyclooxygenase enzymes (COX); pain and inflammation are reduced by restraining
the formation of prostaglandins [5]. It is well known that COX exists as three isoforms:
cyclooxygenase-1 (COX-1) is constitutive, typically expressed in cells and present, for
example, in the endothelium, stomach and kidney; cyclooxygenase-2 (COX-2) is a form
not always functional inside cells, which is induced by proinflammatory cytokines and
endotoxin; cyclooxygenase-3 (COX-3) is believed to be centrally located, although many
of its characteristics and functions remain currently ununderstood [6]. Considerations
concerning the latter form will, therefore, be excluded from this review paper.

Some NSAIDs are COX-1 selective, some are non-selective, and others are COX-2 se-
lective. NSAIDs are extensively used for their analgesic, antipyretic and anti-inflammatory
properties and treat many inflammatory conditions or pain, such as headaches, toothache,
soft tissue injuries, rheumatoid arthritis, osteoarthritis, etc. [7–9]. Recently NSAIDs, in
particular ibuprofen, have been widely used in the home management of non-serious cases
of COVID-19 [10,11], in therapies involving the use of NSAIDs and antioxidant compounds
or vitamin complexes [12–14]. One of the main limitations of the use of NSAIDs is linked
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to their poor water solubility. Indeed, according to the Biopharmaceutical Classification
System (BCS), drugs are classified into four classes based on their solubility and perme-
ability, as represented in Figure 1. Among them, class II drugs are characterized by slow
solubilization, high permeation, and low bioavailability. By optimizing the formulation, the
absorption of BCS class II drugs can be significantly improved; traditional and innovative
methods have been proposed to enhance the bioavailability of these drugs [15]. Among
them, the coprecipitation of the active principal ingredient (API) with a suitable polymer
has been frequently used to enhance the dissolution rate and, therefore, the bioavailability
of the drug [16–18].
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Given the vastness of the topic and considering that many NSAIDs are characterized
by low solubility and high permeability, this review focuses on some BCS class II NSAIDs
frequently prescribed or used by patients. The purpose of this review is linked to the need
for an analysis that allows the identification of possible formulations not still present on
the market, which could complement the already existing ones with reduced side effects.
The formulation of new products could also expand the offer by addressing the problem
that has recently arisen regarding the shortage of some drugs.

2. NSAIDs + Polymer Coprecipitation

Different techniques have been employed to coprecipitate an NSAID with a polymer
carrier. Depending on the application, it is essential to correctly choose the carrier to obtain
the drug’s release at the desired speed and/or to a specific site of action. Indeed, the release
of the active principle strongly depends on the carrier’s affinity with water: hydrophilic
polymers, such as PVP, can be used to enhance the drug dissolution rate; hydrophobic
polymers, such as zein, can be used when a prolonged release is desired; pH-sensitive
polymers, such as Eudragit, can be used for a targeted drug release [19–21]. This review is
organized into subsections dedicated to three widely used NSAIDs; the published papers
are classified as follows: (a) ibuprofen; (b) ketoprofen; (c) diclofenac sodium. In particular,
ibuprofen is a non-selective drug towards COX-1 and COX-2; ketoprofen is COX-1 selective,
whereas diclofenac sodium is COX-2 selective. Furthermore, attention has been focused
on the type of formulations in terms of drug release for these three active ingredients. It is
known that the release of a drug can be controlled by acting on the:

- time of release (for example, delayed, repeated, or pulsatile release drugs);
- dissolution rate (reduction or increase of the dissolution rate, obtaining prolonged or

immediate release formulations);
- place (release in specific regions, e.g., gastrointestinal tract).
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In the literature analysis, a classification was made into delayed, fast, prolonged (or
sustained), controlled, and targeted release formulations. Delayed release occurs when
the drug is released after a latency period. Included in this group are gastro-resistant
tablets, which allow the passage of the drug through the stomach, where gastric juices
could usually destroy the polymer carrier and where the drug release can cause severe
damage. Immediate-release dosage is a mechanism that delivers a drug without delaying
or prolonging dissolution. Prolonged-release pharmaceutical forms are preparations that
slowly release the active principle over time, extending the duration of its effectiveness
compared with a conventional pharmaceutical form. Sustained-release pharmaceutical
forms are preparations that, like the previous ones, slowly release the drug over time, but
compared to them, they release the drug at a predetermined rate maintaining constant API
concentration for a specific time. Targeted release dosage is a mechanism that delivers the
drug to a specific target in the body.

2.1. Ibuprofen

Ibuprofen first came to market about 50 years ago. It has a balanced safety profile due
to its non-selectivity between COX-1 and COX-2 [22]. In any case, as well as other NSAIDs,
prolonged use of this active ingredient can damage the upper gastrointestinal tract [23]. For
this reason, it has been frequently coupled with a lipidic or polymeric carrier. In Table 1,
the attempts to process ibuprofen in the presence of a carrier are listed, together with the
technique used to process the NSAID, the morphology obtained, and the main results.

Table 1. Ibuprofen processing. HPH = high pressure homogenization; HSH = high speed homoge-
nization; LNC = lipid nanocapsules; LS = lipospheres; MC = microcapsules; m.d. = mean diameter;
MH = mucoadhesive hydrogels; MPs = microparticles; MT = mucoadhesive tablets; NLC = nanostruc-
tured lipid carriers; NPs = nanoparticles; poly(mPEGMA-co-MAA) = methoxy poly(ethylene glycol)
methacrylate-co-poly(methylacrylic acid) copolymer; SGF = simulated gastric fluid; SIF = simulated
intestinal fluid; SSS = simulated saliva solution.

Morphology Technique Carrier Main Results Reference

Delayed release formulations

MPs Spray-drying Succinylated soy
protein

m.d. = 4 ÷ 8 µm; encapsulation efficiency up to
95%; dependence of the release from the pH,

demonstrating that a delayed release of the API
in the gastrointestinal tract can be obtained

[24]

Immediate release formulations

MC Spray drying Gelatin

m.d. = 6.34 ± 0.57 µm; amount
of NSAID dissolved from gelatin microcapsule

in SGF increased fivefold compared to
ibuprofen powder; enhanced oral

bioavailability demonstrated through in vivo
experiments on rats

[25]

Prolonged release formulations

LNC Phase inversion Triglyceride

m.d. = 45 ÷ 60 nm; in vitro controlled drug
release in SIF within 24 h useful for intravenous

administration; in vivo experiments on rats
demonstrated a prolonged efficiency of LNC

after oral administration

[26]

LS Hot
emulsification

Phospholipon® 90H
and beeswax

m.d. = 137 ÷ 178 µm; entrapment efficiency in
the range 89.4 ÷ 97.9%; analgesic and

anti-inflammatory activities achieved with
prolonged plasma concentration demonstrated

through in vivo experiments on rats

[27]
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Table 1. Cont.

Morphology Technique Carrier Main Results Reference

NPs
Semicontinuous

heterophase
polymerization

Poly(ethyl
cyanoacrylate)

m.d. = 10 ÷ 58 nm; particles with such low
diameters would remain for long periods in the

blood stream because they would be able to
avoid renal removal

[28]

Sustained release formulations

MH with NLC HPH or HSH Carbopol® 980
and polycarbophil

NLC dispersions in the nanometric size range
with low polydispersity index values and

efficient ability for the entrapment of the API;
in vitro release studies in SSS revealed a

sustained release of the drug

[29]

MPs Spray-drying Chitosan/xanthan gum

In vitro release tests in SGF and SIF revealed a
constant drug release rate during 12 h, with

approximately 30% of ibuprofen released, but
with a tendency for further release over a more

extended period

[30]

MT Spray drying
Chitosan and its
half-acetylated

derivative

Drug loading of 41% (close to the theoretical
loading) in the case of chitosan; dissolution

tests performed at pH 2.0 (polymers dissolve,
API poorly soluble) and pH 7.0 (API dissolves
quickly, chitosan insoluble); sustained release of

the API

[31]

NPs Lyophilization
Chitosan-modified
poly(mPEGMA-co-

MAA)

In vitro release profiles in SGF and SIF show
that the API is released in more than 24 h; the

dosing frequency can be reduced. In vivo
experiments on rats showed a good antifebrile

effect

[32]

NPs

Homogenization
of a bulk cubic
phase gel into a
cubic dispersion

Phytantriol/poloxamer
407

m.d. = 238 nm; encapsulation efficiency higher
than 85%; sustained release demonstrated by

in vitro tests in SGF and SIF conditions; in vivo
pharmacokinetic studies in beagle dogs showed
improved absorption of ibuprofen compared to

the pure API’s one

[33]

NPs Nanoprecipitation Starch citrate and
phosphate

m.d. = 616 ÷ 933 nm; sustained delivery up to
24 h demonstrated by in vitro tests performed

at pH 6.8
[34]

Targeted release formulations

MPs Emulsification-
cross-linking Chitosan

m.d. = 326.70 ± 10.43 µm; yield up to 99.2%;
in vitro profiles at SGF and SIF show a targeted

and controlled drug release with a biphasic
pattern

[35]

MPs Spray-drying Soy protein isolate and
acylated soy protein

Yields in the range 70 ÷ 87% and encapsulation
efficiencies higher than 80%; pH-sensitive
release patterns evaluated through in vitro

release tests in SGF and SIF

[36]

As it is possible to observe from Table 1, in many cases, ibuprofen is contained in lipid
nanoparticles, which can be distinguished into two categories: solid lipid nanoparticles
(SLN), constituted of a solid lipid matrix, and nanostructured lipid carriers (NLC), com-
posed by a blend of a solid lipid and a liquid lipid. The disadvantage of the latter is that,
upon administration, they are rapidly removed from the salivary liquid, as they do not
remain in contact with the oral mucosa for a sufficient time. To avoid this drawback, they
can be incorporated into mucoadhesive preparations, such as the hydrogels proposed by
Marques et al. [29]. As shown in Figure 2, if properly designed, mucoadhesive hydrogels
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allow a sustained release of the active ingredient; gels with free ibuprofen (HG-C free ibu
and HG-P free ibu) released the drug faster in comparison with the gels containing NLC.
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Figure 2. In vitro release profile of ibuprofen from hydrogels with Carbopol® 980 (HGd-CS), hy-
drogels with polycarbophil (HGd-PS), Carbopol® 980 gel with free ibuprofen (HG-C free ibu)
and polycarbophil gel with free ibuprofen (HG-P free ibu). Reprinted with permission from [29].
Copyright© 2017 Elsevier.

Different carriers, such as gelatin, chitosan, soy protein, and some others, have been
used in the literature to protect ibuprofen and tune its release.

The authors have often stressed the importance of the process yield and encapsulation
efficiency to avoid wasting active ingredients. The chosen polymers generally favored the
achievement of sustained releases of the active principle [29,31–34] to reduce the dosing
frequency and the adverse gastrointestinal reactions induced by ibuprofen. In some cases,
in vitro release kinetics were evaluated in simulated gastrointestinal conditions (pH 1.2
and 6.8), and pH-sensitive release patterns were observed.

The different techniques used by the authors allow for obtaining particles with differ-
ent dimensions and distributions. For example, spherical microparticles of quite regular
sizes are obtained through spray drying, as shown in the exemplificative image in Figure 3.
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2.2. Ketoprofen

Ketoprofen is an NSAID with analgesic, anti-inflammatory, and antipyretic properties
synthesized in 1968. It is indicated to relieve mild-to-moderate pain conditions such as
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dental pain, dysmenorrhea, post-operative pain, and chronic problems such as osteoarthritis
and rheumatoid arthritis [37,38]. Adverse events induced by ketoprofen use are headache,
cardiovascular reactions, dermatological issues, gastric and duodenal irritation, ulceration,
and bleeding [39,40]. To reduce the side effects and suitably modulate the release of the
drug, this is associated with a suitable carrier to form a composite system. Similar to what
has already been observed for ibuprofen, different techniques and carriers have been used
to process this active ingredient. The main results are summarized in Table 2.

Table 2. Ketoprofen processing. CDR = cumulative drug release; EE = encapsulation efficiency;
EPI-βCd =β-cyclodextrin-epichlorohydrin polymer; EPI-CMβCd = carboxymethylathed-β-cyclodextrin-
epichlorohydrin polymer; HPMC = hydroxypropyl methylcellulose; MC = microcapsules; m.d. = mean
diameter; MPs = microparticles; NPs = nanoparticles; PAAm-g-LBG = polyacrylamide-g-locust bean
gum; PHB = Poly(3-hydroxybutyrate); PLGA = Poly(lactic-co-glycolic acid); PMMA = poly(methyl
methacrylate); PVP = polyvinylpyrrolidone; PVPVA = poly(vinylpyrrolidone-co-vinyl acetate);
SAS = supercritical antisolvent; SD = solid dispersion; SGF = simulated gastric fluid; SIF = simulated
intestinal fluid; SMA = poly(styrene-co-maleic acid) copolymer.

Morphology Technique Carrier Main Results Reference
Delayed release formulations

Beads Prilling/ionotropic
gelation Zn-alginate

Delayed release of the drug in SIF; able to
control early morning clinical symptoms

following the circadian rhythm of the
proinflammatory mediators

[41]

MPs Ionic gelation
Sericin-alginate
crosslinked with

proanthocyanidin

m.d = 1.36 ÷ 1.47 µm; EE = 91.1%;
gastroresistant particles with a delayed release

in 6 h (in SIF)
[42]

Immediate release formulations

MPs SAS process PVP
m.d. = 2.4 ÷ 3.8 µm; increase in the drug

dissolution rate (evaluated in SGF) of about
4.2 times with respect to the unprocessed API

[43]

MPs Spray-drying Eudragit E + PVP,
PVPVA or HPMC

m.d. = 6.9 ± 2.0 µm; the API release was
much faster compared to a commercially

available product and the dissolution of the
unprocessed drug; verified the stability of the

formulations during storage at
room-temperature

conditions in open vials

[44]

MPs Electrospraying
and spray-drying PVP and PVPVA

Comparing electrospraying spray-drying,
smaller particles were obtained using PVP

(m.d. = 0.79 ± 0.02 µm instead of
1.11 ± 0.08 µm) and bigger particles were

obtained using PVPVA (m.d. = 1.12 ± 0.05 µm
instead of 0.95 ± 0.06 µm); high loadings (up

to 97.4%); fast drug release in SGF

[45]

NPs
Chemical
oxidative

polymerization

Hybrid iron
oxide/polypyrrole

m.d. well below 50 nm; EE equal to 98%;
complete drug release after 3 h;
multifunctional final product

[46]

NPs Co-grinding EPI-βCd or
EPI-CMβCd

m.d. = 300 ÷ 436 nm; EE up to 77%; marked
increase in the drug release rate using

EPI-βCd as the carrier
[47]

NPs Co-lyophilization EPI-βCd or
EPI-CMβCd m.d. = 298÷494 nm; EE up to 58.4% [47]

SD Solvent
evaporation Poloxamer 188

Drug content in the range 83 ÷ 92%;
dissolution rate after 90 min clearly improved

(CDR = 92%) in comparison with the
unprocessed API (CDR = 28%) and the

physical mixture (CDR = 66%)

[48]
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Table 2. Cont.

Morphology Technique Carrier Main Results Reference

SD Melting/fusion Eudragit S 100

Drug content in the range 85 ÷ 91%;
pH-dependent dissolution rate after 90 min

clearly improved (CDR = 96%) in comparison
with the unprocessed API (CDR = 28%) and

the physical mixture (CDR = 69%)

[48]

SD
Kneading and

solvent
evaporation

PVP K30
Drug entrapped within the carrier matrix;

increased dissolution rate with respect to that
of the pure drug

[49]

SD Kneading and
melting Mannitol

Drug adsorbed as fine particles on the surface
of the carrier; increased dissolution rate with

respect to that of the pure drug
[49]

Prolonged release formulations

Beads Prilling/ionotropic
gelation

Pectin + Eudragit
S100

EE up to 87%; prolonged release in SIF until
5 h; formulation potentially effective for the
chronotherapy of early morning pathologies

[50]

MPs
Emulsification-

solvent
evaporation

Ethylcellulose and
Eudragit RL 100

m.d. = 149.2 ± 1.25 µm; EE up to 90%;
prolonged drug release for 8 h (91.25% of

the API)
[51]

Particles Ionic gelation Sericin/alginate blend

Improved thermal stability of the drug after
incorporation into the blend; comparison with

a commercially available drug (Enteric
Profenid®) showed a slower release and

higher drug release value, demonstrating
superior results without the use of excipients

[52]

Sustained release formulations

MC Solvent
evaporation

Eudragit RS +
aluminum tristearate

Spherical MC with a diameter smaller with an
increasing amount of aluminum tristearate;

sustained release of ketoprofen
[53]

MPs
Emulsification-

solvent
evaporation

PHB/chitosan
m.d = 31.33 ÷ 40.34 µm; release with a

pronounced burst effect in absence of chitosan;
sustained release of the API using chitosan

[54]

MPs Solvent
evaporation Eudragit RSPO

m.d. = 123 ÷ 310 µm; EE up to 92%; sustained
drug release in correspondence of the

optimized operating conditions
[55]

MPs
Multiple

emulsion-solvent
evaporation

PLGA

Spherical MPs with a m.d. of 47.37 ± 37.5 µm
(in the case of the API) and 53.46 ± 38.4 µm

(when the API was co-loaded with
microRNA-124; initial burst followed by a

sustained release; in vivo demonstration of the
reduction of the inflammation due to

rheumatoid arthritis

[56]

NPs Nanoprecipitation
+ spray drying PMMA Highly monomodal particle in the size range

100 ÷ 210 nm; sustained drug release over 6 h [57]

Particles Drying at 40 ◦C PVP K30 coated with
TiO2

Sustained release of the API for 8 h obtained
by coating the particles with TiO2 (evaluated

in SGF conditions)
[58]

Targeted release formulations

NPs Precipitation SMA
Spherical particles with m.d. varying from a

few tens of nanometers to micrometers;
targeted pH-mediated drug delivery

[59]

Particles Ambient drying
PAAm-g-

LBG/sodium
alginate

m.d. = 857 ÷ 948 µm; targeted delivery of
ketoprofen to small intestine; reduced side
effects such as ulcer formation, erosion of

gastric mucosa, and hemorrhages,
demonstrated through stomach
histopathological studies on rats

[60]
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Depending on the application, different polymers have been used: to obtain an imme-
diate or rapid effect (for example, in the case of headaches), polymers that speed up the
release of the API have been chosen [43,48], to treat inflammatory diseases influenced by
circadian rhythms, the aim of targeting early morning symptoms other polymers have been
selected [41], or to obtain the release in specific areas of the body, polymers such as eudrag-
its which are pH-dependent have been utilized [48]. In other cases, coprecipitated particles
have been obtained, but no dissolution tests were performed. For example, Widyastama
and Kumiati [61] optimized the sonication time and surfactant concentration to obtain
ketoprofen/chitosan/alginate nanoparticles.

In some cases, coupling a polymer with an inorganic material has given rise to the
obtainment of multifunctional products. For example, Attia et al. [46] used an in situ oxida-
tive chemical polymerization of pyrrole coupled with a reduction of ferric chloride in the
presence of ketoprofen (with or without a surfactant). The final product is a multifunctional
system, which could act as a nanocarrier for drug molecules and a contrasting agent.

Ketoprofen was also coupled with microRNAs, post-transcriptional regulators of gene
expression, which are small endogenous non-coding RNAs. Their presence can induce the
improvement of the therapeutic effect of ketoprofen when rheumatoid arthritis is treated.
Indeed, Yu et al. [56] performed in vivo pharmacodynamics experiments using ketoprofen
co-loaded with microRNA-124 into PLGA microspheres (which exemplificative images are
reported in Figure 4), observing that ketoprofen could significantly reduce inflammation of
the joints and microRNA-124 could reduce bone damage. In addition, they had remarkably
advanced activity over the delivery of either microRNA-124 or ketoprofen in suppressing
adjuvant-induced arthritis in rats.
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microparticles. Reprinted with permission from [56]. Copyright© 2018 Elsevier.

In some cases, drugs derived from ketoprofen have been used, such as its lysinated
form. This drug can be used for lung inflammation that often occurs in patients with cystic
fibrosis. Stigliani et al. used co-spray drying by precipitating ketoprofen lysinate with
leucine to obtain microparticles that can reach the deepest airways [62].

A further step with respect to in vitro dissolution tests was made by some authors who
also carried out in vivo tests [41,56,60]. In some cases, the powders obtained have also been
tested on animals. For example, Boppana et al. [60] have prepared pH-sensitive interpene-
trated network polyspheres to achieve intestinal targeted delivery of ketoprofen, avoiding
API side effects such as ulcer formation, erosion of gastric mucosa, and hemorrhages. The
authors conducted tests on rats, administering ketoprofen as it is and ketoprofen contained
in the polyspheres. Stomach histopathological studies had shown ulcers (1.97 mm in size),
hemorrhages, prominent mucosal erosion with congestion, edema, and perforations when
ketoprofen alone was administered; on the contrary, in rats administered with pH-sensitive
polyspheres, small ulcers of about 0.11 mm without perforation, congestion, hemorrhages,
and necrosis were noticed. Pictures obtained through a binocular light microscope are
reported in Figure 5. In particular, in Figure 5A, the stomach of control rats with signs of
ulcer/hemorrhages is reported. In contrast, the analyses of the guts of rats treated with
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pristine ketoprofen or ketoprofen contained in pH-sensitive polyspheres are reported in
Figure 5B,C, respectively.
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2.3. Diclofenac Sodium

Diclofenac was patented in 1965 and came into medical use in 1988. It treats pain
and inflammatory diseases, especially arthritis, rheumatoid arthritis, osteoarthritis, dental
pain, menstrual pain, and endometriosis. An additional indication is the treatment of acute
migraines and moderate postoperative or post-traumatic pain. In some cases, it is admin-
istered locally through transdermal delivery [63–65] or through in situ injections [66,67],
but the most common method of administration is the oral one. The side effects that
occur following its oral intake are familiar to those of other NSAIDs. Therefore, it is
generally administered in the form of micrometric or nanometric particles after being cou-
pled to a carrier, which modulates the release of the API limiting damage to the stomach.
Table 3 summarizes the main literature results regarding processing diclofenac sodium
with various techniques.

Table 3. Diclofenac sodium processing. BALB = mouse embryonic fibroblasts; Caco2 = human colon
carcinoma cells; EE = encapsulation efficiency; GIT = gastro-intestinal tract; HPβCd = hydroxypropyl-
β-cyclodextrin; HPMC = hydroxypropyl methylcellulose; m.d. = mean diameter; LAS = liquid an-
tisolvent; MPEG-PCL = methoxypoly(ethylene glycol)-poly(3-caprolactone); MPs = microparticles;
NIPAAm = N-isopropyacrylamide; NPs = nanoparticles; PEG = poly(ethylene glycol); PGA-co-PDL =
Poly(glycerol adipate-co-x-pentadecalactone); PGA-co-PDL-PEGme = poly(ethylene glycol methyl ether)-
Poly(glycerol adipate-co-x-pentadecalactone); PHBCL = poly(3-hydroxybutyrate-co-ε-caprolactone);
PLGA = Poly(lactic-co-glycolic acid); PVA = poly vinyl alcohol; SAS = supercritical antisolvent.

Morphology Technique Carrier Main Results Reference

Delayed release formulations

MPs Spray drying Ethylcellulose or Eudragit
RS30D

m.d. = 16.19 ÷ 35.11 µm using ethyl cellulose
and 14.83 ÷ 40.06 µm using Eudragit RS30D;
EE = 64.7% using ethyl cellulose and 54.0%

using EudragitRS30D; delayed API
dissolution rates, sustaining the release for

several hours

[68]

MPs Emulsification/internal
gelation Sodium alginate

m.d. in the range 200 ÷ 630 µm depending on
the operating conditions; EE up to 96.3%;

in vitro releases performed in SGF and
SIF conditions

[69]

MPs Spray drying Corn starch + pectin
m.d. in the range 5.8 ÷ 7.3 µm; controlled

release of the drug in the lower part of
the GIT

[70]
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Table 3. Cont.

Morphology Technique Carrier Main Results Reference

Immediate release formulations

MPs Solvent evaporation Chitosan + Ethylcellulose m.d. in the range 50 ÷ 70 µm; influence of the
core/coat ratio on the in API in vitro release [71]

Prolonged release formulations

MPs SAS Zein
m.d. in the range 0.31 ÷ 1.31 µm; prolonged

drug release at the optimized
operating conditions

[72]

MPs Solvent deposition PHBCL
m.d. in the range 0.5 ÷ 4.5 µm; absence of

relevant toxicity effects on Caco2 and
BALB mice

[73]

MPs Emulsion
cross-linking Xanthan gum + PVA

m.d. in the range 310.25 ÷ 477.10 µm; EE up
to 82.94%; prolonged drug release

demonstrated through in vivo tests on rabbits
[74]

MPs Single emulsion and
solvent evaporation Ethylcellulose m.d. in the range 10 ÷ 200 µm; EE up to

84.9%; prolonged drug release over 12 h [75]

NPs Single-emulsion
solvent diffusion Eudragit RS100 m.d. = 103 ÷ 170 nm; controlled release of the

API for an extended time [76]

NPs
Template

polymerization and
freeze-drying

Chitosan-poly(methacrylic
acid)

Uniform size in the range 50 ÷ 100 nm; drug
release prolonged over 48 h (promising for

modified release systems development)
[77]

Sustained release formulations

Micelles Solvent diffusion MPEG-PCL

Particles in the range 54.1 ÷ 94.4 nm; in vitro
sustained release (ocular delivery) and good
corneal penetration; in vivo tests on rabbit
eyes demonstrated a good bioavailability

[78]

MPs Drying Cationic guar gum +
xanthan gum

m.d. in the range 294 ÷ 300 µm; EE up to
96.47%; drug release extended beyond 12 h

demonstrated by in vitro release studies;
in vivo studies on rabbits showed the

sustained release of the API

[79]

MPs Radical
copolymerization

NIPAAm and
gelatin

m.d. in the range 80 ÷ 130 µm depending on
the crosslinker amount in the

polymeric networks
[80]

MPs Single emulsion and
spray drying

PEG-PGA-co-PDL-PEG
and

PGA-co-PDL-PEGme

m.d. up to 3.92 ± 0.12 µm; EE up to 60.88%;
initial burst followed by a sustained release

till 24 h (useful for lung delivery)
[81]

MPs LAS Ethylcellulose
Irregular and aggregated particles in the
range 390 ÷ 442 µm; sustained release of

the API
[82]

MPs Spray drying Sweet potato starch m.d. in the range 10.3 ÷ 13.1 µm; EE up to
98.2%; sustained release over a period of 6 h [83]

NPs Crosslinking
precipitation Hydroxyethyl starch

m.d. = 170 ± 5 nm; EE = 72 ± 3%; sustained
drug release for 72 h; the API achieved clinical
therapeutic levels in the blood for up to 120 h,
with minimal accumulation in critical organs

[84]

NPs Nanoprecipitation Eudragit L100

Particles in the range from 87 ± 0.47 nm to
103 ± 0.26 nm; EE up to 99.03%; initial burst

effect followed by a sustained release;
arthritis was induced in rabbits, which were
treated with intraarticular injections of the
API, demonstrating a significant reduction

in swelling

[85]
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Table 3. Cont.

Morphology Technique Carrier Main Results Reference

NPs Emulsification and
solvent evaporation Ethylcellulose m.d. = 226.8 nm; EE up to 49.1%; sustained

release of the API [86]

NPs
Emulsification and
evaporation under
reduced pressure

Eudragit L100 or Eudragit
L100/PLGA

m.d. = 241 ÷ 274 nm; EE up to 62%; initial
burst release followed by a slower sustained
release; release profiles and EE dependent on

the amount of Eudragit in the blend

[87]

Targeted release formulations

NPs Emulsification and
evaporation

HPβCd and/or
EudragitL100

m.d. = 385 ÷ 663 nm; colon-targeted
NPs for transmucosal delivery of the API;

drug permeation through colonic pig mucosa
and Caco2 cell line

[88]

MPs Spray drying Mannitol, maltodextrin or
HPMC

m.d. in the range 1.5 ÷ 6.4 µm depending on
the carrier; pH-dependent drug release to

obtain an intestinal drug delivery
[89]

As already observed in the previous sections, what is immediately noticeable when
looking at Table 3 is the variety of polymeric carriers used to process the active ingredient
(specifically, diclofenac sodium) to control temporal or distributional drug delivery. The
category of polymers that appears to be most used is that of eudragit, which has the
particularity of being pH-dependent, in many cases favoring the dissolution of the active
ingredient in the intestinal tract. It also seems interesting to use poly electrolyte complexes,
constituted by combining two polymers, of which one polymer is positively charged, and
another is negatively charged. For example, Sandeep et al. [79] combined cationic guar gum,
which has a net positive charge because of its trimethyl ammonium groups, with xanthan
gum, with polyanionic properties due to carboxylic groups. These two polymers, despite
their biodegradable character, cannot be used alone in the attainment of controlled-release
formulations as both possess highly acidic or alkaline pH caused by the presence of anionic
or cationic groups. When they react together, a novel poly electrolyte complex can be
prepared to release the API in a controlled manner.

It can also be noted that depending on the techniques and operating conditions used,
both nanoparticles and microparticles are obtained. Considering that the powders obtained
are generally administered in the form of tablets or capsules, no particular advantage is
observed in going down to very small sizes. Microparticles, therefore, could have the
advantage of being easier to handle than nanoparticles. This allows easier recovery of the
micronized material obtained.

3. Conclusions

This review focused on the coprecipitation of three NSAIDs with proper polymeric
carriers to obtain controlled-release drugs. Various techniques and a wide range of polymers
have been used to obtain powders that can be used for different purposes. In the case of
ibuprofen and diclofenac sodium, coprecipitated particles were mainly obtained for the
sustained or prolonged release of the active ingredient using chitosan and its derivatives,
starch, ethyl cellulose, soy proteins, or zein as carriers. Ketoprofen, on the other hand,
has been formulated for different purposes. In some cases, it has been coprecipitated
with PVP (alone or combined with other polymers) or cyclodextrins to obtain rapid-release
formulations; in other cases, delayed-release (with alginate and its derivatives) or sustained-
release (using chitosan or PMMA) formulations were prepared. For all the APIs, it was
also possible to note a wide use of pH-dependent polymers, such as eudragit, which avoid
the dissolution of the active principle inside the stomach, allowing its release at intestinal
pH. Some studies have stopped at the in vitro analysis of the dissolution of the active
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ingredients, while others have gone as far as studying the release with cells in vivo and on
animals (mice or rabbits).
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59. Deák, Á.; Sebők, D.; Csapó, E.; Bérczi, A.; Dékány, I.; Zimányi, L.; Janovák, L. Evaluation of pH-responsive poly(styrene-co-maleic
acid) copolymer nanoparticles for the encapsulation and pH- dependent release of ketoprofen and tocopherol model drugs. Eur.
Polym. J. 2019, 114, 361–368. [CrossRef]

60. Boppana, R.; Yadaorao Raut, S.; Krishna Mohan, G.; Sa, B.; Mutalik, S.; Reddy, K.R.; Das, K.K.; Biradar, M.S.; Kulkarni, R.V.
Novel pH-sensitive interpenetrated network polyspheres of polyacrylamide-g-locust bean gum and sodium alginate for intestinal
targeting of ketoprofen: In vitro and in vivo evaluation. Colloids Surf. B 2019, 180, 362–370. [CrossRef]

61. Widyastama, G.; Kurniati, M. Optimization of Sonication Time and Surfactant Concentration for Chitosan-alginate Coated
Ketoprofen Nanoencapsulation. In Journal of Physics: Conference Series; IOP Publishing: Bristol, UK, 2021; p. 012003.

62. Stigliani, M.; Aquino, R.P.; Del Gaudio, P.; Mencherini, T.; Sansone, F.; Russo, P. Non-steroidal anti-inflammatory drug for
pulmonary administration: Design and investigation of ketoprofen lysinate fine dry powders. Int. J. Pharm. 2013, 448, 198–204.
[CrossRef] [PubMed]

63. Talele, S.; Nikam, P.; Ghosh, B.; Deore, C.; Jaybhave, A.; Jadhav, A. A research article on nanogel as topical promising drug
delivery for diclofenac sodium. Indian J. Pharm. Educ. Res. 2017, 51, S580–S587. [CrossRef]

64. Ghalei, S.; Asadi, H.; Ghalei, B. Zein nanoparticle-embedded electrospun PVA nanofibers as wound dressing for topical delivery
of anti-inflammatory diclofenac. J. Appl. Polym. Sci. 2018, 135, 46643. [CrossRef]

65. Nguyen, C.N.; Nguyen, T.T.T.; Nguyen, H.T.; Tran, T.H. Nanostructured lipid carriers to enhance transdermal delivery and
efficacy of diclofenac. Drug Deliv. Transl. Res. 2017, 7, 664–673. [CrossRef]

66. Küçüktürkmen, B.; Umut Can, Ö.; Bozkir, A. In situ hydrogel formulation for intra-articular application of diclofenac sodium-
loaded polymeric nanoparticles. Turk. J. Pharm. Sci. 2017, 14, 56. [CrossRef]

67. Butoescu, N.; Jordan, O.; Doelker, E. Intra-articular drug delivery systems for the treatment of rheumatic diseases: A review of
the factors influencing their performance. Eur. J. Pharm. Biopharm. 2009, 73, 205–218. [CrossRef]

68. Rattes, A.L.R.; Oliveira, W.P. Spray drying conditions and encapsulating composition effects on formation and properties of
sodium diclofenac microparticles. Powder Technol. 2007, 171, 7–14. [CrossRef]

69. Ahmed, M.M.; El-Rasoul, S.A.; Auda, S.H.; Ibrahim, M.A. Emulsification/internal gelation as a method for preparation of
diclofenac sodium–sodium alginate microparticles. Saudi Pharm. J. 2013, 21, 61–69. [CrossRef]

70. Desai, K.G. Properties of tableted high-amylose corn starch-pectin blend microparticles intended for controlled delivery of
diclofenac sodium. J. Biomater. Appl. 2007, 21, 217–233. [CrossRef]

71. Remunan-Lopez, C.; Lorenzo-Lamosa, M.; Vila-Jato, J.; Alonso, M. Development of new chitosan–cellulose multicore microparti-
cles for controlled drug delivery. Eur. J. Pharm. Biopharm. 1998, 45, 49–56. [CrossRef]

72. Franco, P.; Reverchon, E.; De Marco, I. Zein/diclofenac sodium coprecipitation at micrometric and nanometric range by
supercritical antisolvent processing. J. CO2 Util. 2018, 27, 366–373. [CrossRef]

73. Musumeci, T.; Bonaccorso, A.; Carbone, C.; Impallomeni, G.; Ballistreri, A.; Duskey, J.T.; Puglisi, G.; Pignatello, R. Development
and biocompatibility assessments of poly(3-hydroxybutyrate-co-ε-caprolactone) microparticles for diclofenac sodium delivery. J.
Drug Del. Sci. Tech. 2020, 60, 102081. [CrossRef]

74. Ray, S.; Banerjee, S.; Maiti, S.; Laha, B.; Barik, S.; Sa, B.; Bhattacharyya, U.K. Novel interpenetrating network microspheres of
xanthan gum–poly (vinyl alcohol) for the delivery of diclofenac sodium to the intestine—In vitro and in vivo evaluation. Drug
Deliv. 2010, 17, 508–519. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jsps.2011.12.007
http://doi.org/10.1016/j.jddst.2015.07.017
http://doi.org/10.1016/j.msec.2016.07.010
http://doi.org/10.1016/j.powtec.2018.05.016
http://doi.org/10.1248/cpb.34.2618
http://doi.org/10.1007/s00289-015-1559-1
http://doi.org/10.1080/02652040802224793
http://www.ncbi.nlm.nih.gov/pubmed/18608805
http://doi.org/10.1016/j.ijpharm.2018.09.063
http://www.ncbi.nlm.nih.gov/pubmed/30268854
http://doi.org/10.1016/j.ijpharm.2018.12.031
http://www.ncbi.nlm.nih.gov/pubmed/30586630
http://doi.org/10.18006/2021.9(Spl-2-ICOPMES_2020).S234.S240
http://doi.org/10.1016/j.eurpolymj.2019.03.003
http://doi.org/10.1016/j.colsurfb.2019.04.060
http://doi.org/10.1016/j.ijpharm.2013.03.030
http://www.ncbi.nlm.nih.gov/pubmed/23528281
http://doi.org/10.5530/ijper.51.4s.86
http://doi.org/10.1002/app.46643
http://doi.org/10.1007/s13346-017-0415-2
http://doi.org/10.4274/tjps.84803
http://doi.org/10.1016/j.ejpb.2009.06.009
http://doi.org/10.1016/j.powtec.2006.09.007
http://doi.org/10.1016/j.jsps.2011.08.004
http://doi.org/10.1177/0885328206056771
http://doi.org/10.1016/S0939-6411(97)00122-7
http://doi.org/10.1016/j.jcou.2018.08.015
http://doi.org/10.1016/j.jddst.2020.102081
http://doi.org/10.3109/10717544.2010.483256
http://www.ncbi.nlm.nih.gov/pubmed/20482471


Polymers 2023, 15, 954 15 of 15

75. Deshmukh, R.; Naik, J. Study of formulation variables influencing polymeric microparticles by experimental design. ADMET
DMPK 2014, 2, 63–70.

76. Barzegar-Jalali, M.; Alaei-Beirami, M.; Javadzadeh, Y.; Mohammadi, G.; Hamidi, A.; Andalib, S.; Adibkia, K. Comparison of
physicochemical characteristics and drug release of diclofenac sodium–eudragit® RS100 nanoparticles and solid dispersions.
Powder Technol. 2012, 219, 211–216. [CrossRef]

77. Duarte Junior, A.P.; Tavares, E.J.M.; Alves, T.V.G.; de Moura, M.R.; da Costa, C.E.F.; Silva Júnior, J.O.C.; Ribeiro Costa, R.M.
Chitosan nanoparticles as a modified diclofenac drug release system. J. Nanoparticle Res. 2017, 19, 274. [CrossRef]

78. Li, X.; Zhang, Z.; Li, J.; Sun, S.; Weng, Y.; Chen, H. Diclofenac/biodegradable polymer micelles for ocular applications. Nanoscale
2012, 4, 4667–4673. [CrossRef]

79. Sandeep, C.; Deb, T.; Moin, A.; Hg, S. Cationic guar gum polyelectrolyte complex micro particles. J. Young Pharm. 2014, 6, 11–19.
[CrossRef]

80. Curcio, M.; Gianfranco Spizzirri, U.; Iemma, F.; Puoci, F.; Cirillo, G.; Parisi, O.I.; Picci, N. Grafted thermo-responsive gelatin
microspheres as delivery systems in triggered drug release. Eur. J. Pharm. Biopharm. 2010, 76, 48–55. [CrossRef]

81. Tawfeek, H.M. Evaluation of PEG and mPEG-co-(PGA-co-PDL) microparticles loaded with sodium diclofenac. Saudi Pharm. J.
2013, 21, 387–397. [CrossRef]

82. Murtaza, G.; Ahmad, M.; Shahnaz, G. Microencapsulation of diclofenac sodium by nonsolvent addition technique. Trop. J. Pharm.
Res. 2010, 9, 187–195. [CrossRef]

83. Liu, C.-S.; Desai, K.G.H.; Meng, X.-H.; Chen, X.-G. Sweet Potato Starch Microparticles as Controlled Drug Release Carriers:
Preparation and In Vitro Drug Release. Dry. Technol. 2007, 25, 689–693. [CrossRef]

84. Narayanan, D.; Pillai, G.J.; Nair, S.V.; Menon, D. Effect of formulation parameters on pharmacokinetics, pharmacodynamics, and
safety of diclofenac nanomedicine. Drug Deliv. Transl. Res. 2019, 9, 867–878. [CrossRef]

85. Wen, X.; Huang, X.; Wu, H. Development of a novel intraarticular injection of diclofenac for the treatment of arthritis: A preclinical
study in the rabbit model. Acta Biochim. Pol. 2021, 68, 71–76. [CrossRef] [PubMed]

86. Badaoui, F.Z.; Bouzid, D. Formulation and Optimization of Diclofenac Sodium Loaded Ethylcellulose Nanoparticles. Braz. J.
Pharm. Sci. 2022, 58, 1–11. [CrossRef]

87. Cetin, M.; Atila, A.; Kadioglu, Y. Formulation and in vitro characterization of Eudragit® L100 and Eudragit® L100-PLGA
nanoparticles containing diclofenac sodium. AAPS PharmSciTech 2010, 11, 1250–1256. [CrossRef]

88. Gavini, E.; Spada, G.; Rassu, G.; Cerri, G.; Brundu, A.; Cossu, M.; Sorrenti, M.; Giunchedi, P. Development of solid nanoparticles
based on hydroxypropyl-β-cyclodextrin aimed for the colonic transmucosal delivery of diclofenac sodium. J. Pharm. Pharmacol.
2011, 63, 472–482. [CrossRef]

89. Meneguin, A.B.; da Silva Barud, H.; Sábio, R.M.; de Sousa, P.Z.; Manieri, K.F.; de Freitas, L.A.P.; Pacheco, G.; Alonso, J.D.; Chorilli,
M. Spray-dried bacterial cellulose nanofibers: A new generation of pharmaceutical excipient intended for intestinal drug delivery.
Carbohydr. Polym. 2020, 249, 116838. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.powtec.2011.12.046
http://doi.org/10.1007/s11051-017-3968-6
http://doi.org/10.1039/c2nr30924f
http://doi.org/10.5530/jyp.2014.4.3
http://doi.org/10.1016/j.ejpb.2010.05.008
http://doi.org/10.1016/j.jsps.2012.11.006
http://doi.org/10.4314/tjpr.v9i2.53709
http://doi.org/10.1080/07373930701290977
http://doi.org/10.1007/s13346-018-00614-x
http://doi.org/10.18388/abp.2020_5401
http://www.ncbi.nlm.nih.gov/pubmed/33480230
http://doi.org/10.1590/s2175-97902022e19586
http://doi.org/10.1208/s12249-010-9489-6
http://doi.org/10.1111/j.2042-7158.2010.01220.x
http://doi.org/10.1016/j.carbpol.2020.116838

	Introduction 
	NSAIDs + Polymer Coprecipitation 
	Ibuprofen 
	Ketoprofen 
	Diclofenac Sodium 

	Conclusions 
	References

