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ABStr Act

This study aimed at preparing and characterizing thymol, euge-
nol, and piperine-loaded poly(D,L-lactic-co-glycolic acid) nano-
particles and evaluating the effect on inflammatory mediators 
secretion and apoptosis in Raw 264.7 macrophage cells. Nano-
particles were produced by the solvent evaporation technique. 
Dynamic light scattering and scanning electron microscopy were 
used to study the physicochemical characteristics. Raw 264.7 
macrophage cells were used as a model for in vitro assays. The 
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium assay was used to determine the cytotoxicity of the 
formulated nanoparticles. An annexin V apoptosis detection kit 
was used to assess apoptosis. Nitric oxide production was deter-
mined using the Griess reagent, and the inflammatory mediators 
level was evaluated with Th1/Th2 cytokine and fluorometric cy-
clooxygenase kits. The loaded nanoparticles showed a particle 
size around 190 nm with a low polydispersity between 0.069 and 
0.104 and a zeta potential between–1.2 and–9.5 mV. Reduced 
cytotoxicity of nanoparticles compared to free molecules against 
Raw 264.7 macrophage cells was observed and seemed to occur 
through a mechanism associated with apoptosis. A decrease in 
cyclooxygenase enzyme activity with an increasing concentration 
was observed. Both free molecules and nanoparticles showed 
their capacity to modulate the inflammatory process mostly by 
inhibiting the investigated inflammatory cytokines. The data pre-
sented in this study indicate that thymol and piperine-loaded 
poly(D,L-lactic-co-glycolic acid nanoparticles could serve as a 
novel anti-inflammatory colloidal drug delivery system with re-
duced toxicity. However, further study should be considered to 
optimize the formulation’s loading capacity and thereby probably 
enhance their bioactivity in treating inflammatory diseases.
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ABBrEviAtioNS

COX cyclooxygenase
EE entrapment efficiency
Eug-NPs eugenol nanoparticles
IFN-γ interferon-gamma
LC loading capacity
LPS lipopolysaccharide
NO nitric oxide
NSAIDs nonsteroidal anti-inflammatory drugs
PDI polydispersity index
Pip-NPs piperine nanoparticles
PLGA poly(D,L-lactic-co-glycolic acid)
PVAL polyvinyl alcohol
Thy-NPs thymol nanoparticles
WST-1  2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium

Introduction
Inflammation is closely linked to cancers, and substantial data has 
shown that over 25 % of all cancer cases are associated with chron-
ic inflammation and other types of unresolved inflammatory pro-
cesses [1]. However, current inflammation and cancer therapies, 
especially NSAIDs and chemotherapy, have been associated with 
various adverse effects. Moreover, in some cases, therapy failure is 
due to the inefficient delivery of drugs to tumor cells or the inflam-
mation site [2]. Therefore, efficient delivery of agents that can sup-
press inflammation-promoted tumors has enormous potential. In 
this regard, natural products are gaining more attention because 
of their advantages of efficiency, safety, and few side effects [3]. 
Recently, major research has focused on the biologically active 
compounds of spices to develop novel potential drugs for several 
ailments, especially, against chronic diseases [4]. Spices have been 
extensively used to enhance or improve food flavor; however, sev-
eral popular herbs and spices are also known to have beneficial ef-
fects for human health. These are mostly attributed to bioactive 
compounds present in their chemical composition [5]. Recently, 
the biologically active compounds of spices have been investigat-
ed for the development of novel potential drugs as medication for 
several ailments, especially against chronic diseases [4]. Indeed, 
thymol, eugenol, and piperine were shown to possess a plethora 
of pharmacological properties including antioxidant, analgesic, an-
tispasmodic, antimicrobial, antiseptic, antitumor, and anti-inflam-
matory activities [6]. Piperine is an alkaloid present in Piper species. 
It has many pharmacological effects and several health benefits, 
especially against chronic diseases, such as anti-inflammatory 
effects and improvement of hepatic steatosis [7]. Studies in  
macrophages documented that the molecular mechanisms of the 
anti-inflammatory effects of eugenol are mediated by the modu-
lation of inflammatory mediators production [8]. The remarkable 
anti-inflammatory effect of thymol is largely attributed to the in-
hibition of inflammatory cytokines and chemokines [9]. Despite 
the excellent therapeutic potential of thymol, eugenol, and piper-

ine, their clinical application is still limited due to high volatility and 
low bioavailability related to poor aqueous solubility upon oral ad-
ministration. Therefore, there is a need for an effective orally  
administered drug delivery system of these anti-inflammatory bi-
omolecules [10]. Encapsulation of hydrophobic drugs in biodegrad-
able polymer nanoparticles has been described as a promising 
approach for delivery with many advantages for bioactive mole-
cules, including improvement of solubility and bioavailability, pro-
tection from toxicity, enhancement of pharmacological activity, 
improvement of stability, sustained delivery, and protection from 
physical and chemical degradation [11]. Among all the biodegrad-
able polymers used as a drug delivery carrier, PLGA has been ex-
plored most for improving the therapeutic effects of hydrophobic 
drugs. Owing to its biocompatibility, PLGA has been FDA approved 
for use in humans for specific applications and has been used in 
clinical trials [12]. PLGA has shown great potential for improving 
the effectiveness for plant-derived bioactive compound delivery 
[10, 13]. Up to now, there are no studies on polymeric encapsula-
tion of thymol, eugenol, and piperine, and their in vitro evaluation 
as an anti-inflammatory formulation. Therefore, in this study, thy-
mol, eugenol, and piperine were encapsulated with PLGA, and their 
in vitro modulatory effects on apoptosis and the level of inflamma-
tory mediators were evaluated in Raw 264.7 macrophage cells.

Results
The diameter of the nanoparticles was between 192 and 187 nm 
(▶table 1). Unloaded nanoparticles showed the smallest mean 
size of 178 nm with a PDI of 0.064 and zeta potential of–2.08 mV. 
The surface morphology of nanoparticles observed by scanning 
electron microscopy indicated a spherical shape with a smooth sur-
face (▶Fig. 1). Regarding the EE and the loading, Pip-NPs showed 
the highest values with 57.39 % EE and an LC of 6.04 %, whereas the 
lowest percentage was obtained with eugenol (EE of 6.94 % and LC 
of 0.65 %) (▶table 1).

To improve the entrapment rates of thymol and eugenol, the 
effect of the addition of sodium chloride (0.05 and 0.1 M) was stud-
ied. ▶table 2 shows that the addition of NaCl 0.05 M to the exter-
nal phase increases the EE from 13.73 to 32.78 % for Thy-NPs.

The effect of compounds and nanoparticles on cell viability in 
RAW 264.7 cells was evaluated by the WST-1 assay. The data pre-
sented in ▶table 3 shows that the RAW 264.7 macrophages via-
bility was slightly affected by thymol, eugenol, and piperine, with 
IC50 values of 55.02 , 46.05, and 9.69 µg/mL, respectively. Although 
encapsulated, thymol showed a slightly toxic effect; the IC50 
(123.68 µg/mL) was almost twofold lower compared to free thy-
mol. No cytotoxicity was observed with unloaded nanoparticles, 
Pip-NPs, and Eug-NPs. Due to the low EE and its low LC, Eug-NPs 
were not investigated in the subsequent biological assays.

The cellular uptake of PLGA nanoparticles by RAW 264.7 mac-
rophages was evaluated by confocal microscopy. ▶Figure 2 shows 
that PLGA nanoparticles were internalized in cells.

Using flow cytometry analysis, the apoptosis-inducing effects 
of nanoparticles and free compounds were investigated in Raw 
264.7 cells. As seen in ▶Fig. 3, apoptotic and necrotic cell popula-
tions increased with nanoparticles or free compound concentra-
tion compared with the untreated or unloaded nanoparticle  
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control cells. The percentage of apoptotic cell population increased 
with concentration except for Pip-NPs, which showed a decrease 
in percentages from 41.42 to 23.66 % at 5 and 10 µg/mL, respec-
tively. At a 5 µg/mL concentration, thymol and Thy-NPs increased 
the apoptotic cell population from 5.99 to 46.11 and 20.94 %, re-
spectively. The dot plots representing the apoptosis-inducing ef-
fect of nanoparticles and free drugs on Raw 264.7 cells are shown 
in Fig. 1S, Supporting information.

After having established the non-toxicity of formulated nano-
particles towards RAW 264.7 cells, their effect on inflammatory 
processes was evaluated by quantifying the concentration of cy-
tokines released in their supernatant, namely, NO, TNF-α, interfer-
on IFN-γ, and interleukins (IL-2, IL-4, IL-6, IL-10) in cells under LPS 
stimulation then compared to that of the free molecule.

The level of NO was measured by the Griess reaction test.  
▶Figure 4 shows that unstimulated macrophages produce a min-
ute amount of NO (0.07 μg/mL), while upon stimulation with LPS, 
the level NO was 1.54 μg/mL.

Unloaded nanoparticles did not show any inhibitory effect. In-
domethacin, used as a positive inhibitory control, showed the low-
est NO concentration (0.43 μg/mL). At 20 µg/mL, the amount of 
NO released by cells treated with free thymol was 0.72 μg/mL, 
whereas Thy-NPs showed higher values (1.18 μg/mL), with a sig-
nificant difference at p < 0.0001. A significant difference was also 
observed between the inhibitory effect of thymol and Thy-NPs at 
5 µg/mL (p < 0.01), 10 µg/mL (p < 0.001), and 20 µg/mL (p <  
0 .0001). After treatment with free piperine and Pip-NPs (5 µg/mL), 
the amount of NO released was 0.55  and 0.75 μg/mL, respectively. 
When compared to the LPS-stimulated and non-treated cells, both 
free piperine and Pip-NPs reduced the production of NO by about 
two folds. However, the inhibitory effect of Pip-NPs compared to 
free piperine was not significantly different. According to the cyto-

toxicity results, the NO inhibitory effect observed at the concen-
trations used could not be attributed to a cytotoxic effect  
(▶table 3).

The BD Cytometric Bead Array Human Th1/Th2 Cytokine Kit II 
was used to quantitatively measure the secretion of IL-2, IL-4, IL-6, 
IL-10, TNF-α, and IFN-γ protein levels in Raw 264.7 macrophage 
cells stimulated with LPS.

As illustrated by ▶Fig. 5, PLGA encapsulated and non-encapsu-
lated piperine induced a decrease in cell production of IFN-γ, TNF-
α, IL-2, and IL-6 cytokines and no reduction of IL-4 and IL-10 cy-
tokines compared with LPS-stimulated and untreated control cells. 
Except for TNF-α and IL-6 (p < 0.0001), no other significant differ-
ence was observed between the inhibitory effect of piperine and 
Pip-NPs on the investigated cytokines. An almost similar trend was 
observed with thymol and Thy-NPs, except for the secretion of IL-2 
and IL-6 for which a significant increase was observed (p < 0.01 and 
p < 0.0001, respectively). Unloaded nanoparticles did not induce 
any change in cytokine secretion, whereas indomethacin used as 
a reference anti-inflammatory drug showed a general decrease in 
all cytokine secretion as expected.

The in vitro COX-1 and COX-2 inhibitory activity of the com-
pounds and nanoparticles was evaluated in Raw 264.7 cells using 
a fluorescence-based COX assay. The results are summarized in 
▶Fig. 6. Incubation of cells with free molecules and drug-loaded 
nanoparticles for 24 h induced the inhibition of COX-1 and COX-2 
enzyme activity in a dose-dependent manner. At the highest con-
centration of the active compound (5 µg/mL), inhibition of COX-1 
activity was shown to be 65.25 µU/mg, 47.17 µU/mg for piperine 
and Pip-NPs, and 65.77 and 64.25 µU/mg for thymol and Thy-NPs. 
At the same concentration, COX-2 showed 34.35 µU/mg, 17.05 µU/
mg for piperine and Pip-NPs, and 28.10 and 27.10 µU/mg for thy-
mol and Thy-NPs. There was a significant difference (p < 0.001) in 
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▶table 1 Characteristics of thymol-, eugenol-, and piperine-loaded nanoparticles (n = 3).

Nanoparticles characteristics

Size (nm) PDi ζ-potential (mV) Entrapment efficiency 
( %)

Drug loading ( %)

Thymol-NPs 192.21 ± 2.82 0.09 –5.39 13.73 ± 3.76 1.51 ± 0.54

Eugenol-NPs 187.15 ± 1.43 0.07 –9.52 6.94 ± 2.65 0.65 ± 0.05

Piperine-NPs 186.39 ± 4.86 0.10 –1.17 57.39 ± 6.34 6.04 ± 1.56

Unloaded-NPs 178.62 ± 2.12 0.06 –2.08 na na

na = not applicable.

a b c

▶Fig. 1 Scanning electron microscope micrographs of (a) Thy-NPs, (b) Eug-NPs, and (c) Pip-NPs ( × 30000).
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COX-1 and COX-2 activity in cells treated with free piperine and Pip-
NPs.

Discussion

This study aimed to formulate and test PLGA nanoparticles loaded 
with the bioactive plant compounds thymol, eugenol, and piper-

ine. From our preliminary study, a drug to polymer ratio of 1:10 
with an aqueous phase of 2 % (w/v) PVAL was shown to produce rel-
atively good particle size with less aggregates, and was therefore 
selected for our study. The nanoparticles were characterized in 
terms of size, surface charge, and EE. A variation in the physical 

characteristic of the PLGA nanoparticles was observed, indicating 
that the compounds were effectively associated with and/or with-
in the PLGA polymeric matrix. The PDI values revealed a homoge-
nous nanoparticle population, which was consistent with the scan-
ning electron microscopy analysis. Their slight water solubility 
could explain the poor EE and the poor LC of thymol and eugenol. 
Thymol and eugenol are soluble in water up to 0.9 and 2.4 mg/mL, 
respectively. These compounds were somehow poorly encapsulat-
ed due to the molecules diffusion from the organic dispersed phase 
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▶table 3 Cytotoxicity of nanoparticles and free compounds on Raw 264.7 
macrophage cells (n = 3).

compounds ic50 (µg/mL) increase fold of ic50

Free 
compound

Nanoparticles

Thymol 55.02 ± 0.12 123.68 ± 0.63 2.2

Eugenol 46.05 ± 2.53  > 200  > 4

Piperine 9.69 ± 2.34  > 100  > 10

Unloaded-NPs -  > 200 -

Paclitaxel 0.65 ± 0.02 - -

Indomethacin  > 200 - -

▶Fig. 2 Cellular uptake of nanoparticles by Raw 264.7 macrophage cells. a Cell F-actin labeled with phalloidin (pink). b Cell nuclei stained with 
Hoechst (blue). c Nanoparticles prepared with DiO (green). d Overlay of the three stainings.

a b

c d

▶table 2 Effect of NaCl concentration in the aqueous phase on entrapment efficiency (EE) and drug loading (DL) of Thy-NPs and Eug-NPs (n = 3).

Nanoparticles Nacl concentration

50 mM 100 mM

EE ( %) DL ( %) EE ( %) DL ( %)

Thymol-NPs 32.78 ± 6.08 3.78 ± 2.07 3.53 ± 1.34 0.40 ± 1.06

Eugenol-NPs 6.28 ± 3.08 0.68 ± 1.15 1.06 ± 0.31 0.12 ± 0.01

▶Fig. 3 Histograms representing the apoptosis-inducing effect of 
nanoparticles and free drugs on Raw 264.7 cells. Cells were treated 
for 24 h, then annexin V/propidium iodide (PI) staining was per-
formed and analyzed by flow cytometry. Paclitaxel was used as a 
positive control and untreated cells as a negative control.
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into the continuous external aqueous phase during the evapora-
tion step. In this case, the addition of salt to the aqueous external 
phase is one approach to improve drug loading into nanoparticles 
[14]. In our study, the addition of NaCl 0.05 M to the external phase 
led to an increase in EE, which could be attributed to the increased 
osmotic pressure of the external phase by adding salts [15]. How-
ever, increasing salinity to 0.1 M showed no further improvement. 
Instead, a high salt concentration (0.1 M) caused a lower EE than 
0.05 M. This finding was previously described in other studies.  
A decrease in the EE of topotecan-loaded PLGA nanoparticles due 
to high ionic strength has been observed previously and was attrib-
uted to changes in the aqueous solubility of both the drug and the 
organic solvent [16]. The use of NaCl has shown its effect on quick 
polymer precipitation, which leads to a higher EE; however, a high 
concentration delayed polymer precipitation, which in turn de-
creases the EE [17].

RAW 264.7 cells are being described as an appropriate model 
of macrophages. It is a well-established model to evaluate drug 
candidates anti-inflammatory activity, as they produce inflamma-
tory mediators under stimuli [18]. To observe whether compounds 
and nanoparticles had any toxic effects on cells and to select suit-
able concentrations to be used in the subsequent in vitro experi-
ments, we examined the effects of compounds and nanoparticles 
on cell viability in RAW 264.7 cells. Unlike free thymol, eugenol, 
and piperine, which showed cytotoxicity, Pip-NPs did not show an 
obvious cytotoxic effect, which suggests an interesting strategy for 
use without generating cell damage. From the cytotoxicity data, 
concentrations of compounds and nanoparticles below the IC50 
values were selected for further biological assays.

As macrophages, RAW 264.7 cells can perform pinocytosis and 
phagocytosis. They were used to study the cellular inflammatory 
responses to formulated thymol and piperine nanoparticles.  
Results indicate that our nanoparticle diameters ( < 200 nm) were 
adequate for cell phagocytosis. In vitro studies have shown that na-
noparticles having less than 200 nm are efficiently internalized by 
Raw 264.7 macrophages [19]. It has also been reported that the 

size and surface chemistry of nanoparticles influence the cellular 
uptake, and, in particular, PLGA polymer particles have the ability 
to interact with the cell surface to facilitate the uptake [20].

The contribution of NO to trigger apoptosis in macrophages has 
been well established [21]. Therefore, we sought to further analyze 
the apoptosis-inducing effect of nanoparticles compared to free 
molecules. The induction of apoptosis in activated macrophages 
has been recognized as a physiological mechanism that reduces in-
flammatory stress [21, 22]. Our results indicate that the slight cy-
totoxicity of free compounds and nanoparticles against Raw 264.7 
macrophages cells might occur through a mechanism associated 
with apoptosis. Thymol and piperine have been found to alter var-
ious cell lines via an apoptotic mechanism [23, 24].

A balance between pro-and anti-inflammatory cytokines is nec-
essary to maintain homeostasis. Our study indicates that piperine 
and Pip-NPs induce a decrease in proinflammatory cytokines and 
increase anti-inflammatory cytokines. Thymol and Thy-NPs showed 
an opposite effect in the secretion of IL-6. This multiple and some-
times opposite effect of thymol and Thy-NPs on investigated cy-
tokine production is interesting, considering the pleiotropic effect 
of IL-6. Indeed, IL-6 acts as both a proinflammatory and an anti-in-
flammatory cytokine, regulating not only the immune and inflam-
matory response, and also affects hematopoiesis [25]. In this study, 
the general trend of this enzyme activity reduction shows a de-
crease in the two enzymes activity with increasing concentration, 
indicating the anti-inflammatory potential of the formulated nan-
oparticles by regulating COX activity. Overall, both free molecules 
and nanoparticles showed their capacity to modulate the inflam-
matory process mostly by inhibiting the investigated inflammato-
ry mediators. However, nanoparticles showed lower inhibitory po-
tency than the free compounds against both isoenzymes, which 
could be explained by the extended release and action of the en-
capsulated drug.

NO is an important mediator in the persistence of inflammation 
that contributes to its pathogenicity. Excessive production of NO 
by NO synthase has pathological consequences for many organ sys-

2.5

2.0

1.5

Am
ou

nt
 o

f N
O

 re
le

as
e 

(µ
g/

m
L)

Am
ou

nt
 o

f N
O

 re
le

as
e 

(µ
g/

m
L)

1.0

0.5

0.0

2.5

2.0

1.5

1.0

0.5

0.0

LP
S–

LP
S+

LPS+
Concentration (µg/mL)

Thymol Piperine

Pip-NPsThy-NPs

***** *

2 5 10 20
Indo

UL-N
Ps

LP
S–

LP
S+

LPS+
Concentration (µg/mL)

0.5 1 2 5
Indo

UL-N
Ps

LPS– LPS+ Indomethacin Unloaded NPs

▶Fig. 4 Inhibitory effects of nanoparticles and free drugs on Raw 264.7 cells on NO production in LPS-stimulated RAW 264.7 macrophages. 
Cells were stimulated with 100 ng/mL of LPS. Indomethacin (Indo) was tested at 5 µg/mL. Values are the mean of three independent experiments 
in triplicate determinations (n = 3) ± standard deviation. Statistical analysis was performed with Dunnett’s multiple comparisons test using two-
way ANOVA.  * P < 0.05,  *  * p < 0.01,  *  *  * p < 0.001, and  *  *  *  * p < 0.0001 between free drugs and drug-loaded nanoparticles.



Dzoyem JP et al. Thymol and Piperine-Loaded Poly(D,L-lactic-co-glycolic … Planta Med Int Open 2021; 8: e122–e130 | © 2021. The Author(s). e127

1.5 8 000

6 000

4 000

2 000

0

1.0 1.5

1.0

0.5

0.0

0.8

250

200

150

100

50

0

**

***

****

****

0.6

0.4

0.2

0.0

1.0

IF
N

-γ
 (p

g/
m

L)

TN
F-

α 
(p

g/
m

L)

IL
-2

 (p
g/

m
L)

IL
-6

 (p
g/

m
L)

IL
-4

 (p
g/

m
L)

1.5

1.0

0.5

0.0

IL
-1

0 
(p

g/
m

L)

0.5

0.0

LP
S–

LP
S+

Piperin
e

Pip-N
Ps

Indo

UL-N
Ps

Thy-N
Ps

Thym
ol

LP
S–

LP
S+

Piperin
e

Pip-N
Ps

Indo

UL-N
Ps

Thy-N
Ps

Thym
ol

LP
S–

LP
S+

Piperin
e

Pip-N
Ps

Indo

UL-N
Ps

Thy-N
Ps

Thym
ol

LP
S–

LP
S+

Piperin
e

Pip-N
Ps

Indo

UL-N
Ps

Thy-N
Ps

Thym
ol

LP
S–

LP
S+

Piperin
e

Pip-N
Ps

Indo

UL-N
Ps

Thy-N
Ps

Thym
ol

LP
S–

LP
S+

Piperin
e

Pip-N
Ps

Indo

UL-N
Ps

Thy-N
Ps

Thym
ol

▶Fig. 5 Effects of nanoparticles and free drugs on inflammatory cytokines production in Raw 264.7 macrophages. Cells were treated for 24 h with 
20 µg/mL of thymol nanoparticles (Thy-NPs) and free thymol or 5 µg/mL of piperine nanoparticles (Pip-NPs) and free piperine, followed by a quanti-
tative determination of cytokine levels. Indomethacin (Indo) was tested at 5 µg/mL. Values are the mean of one experiment in triplicate 
(n = 3) ± standard deviation. Statistical analysis was performed with Dunnett’s multiple comparisons test using two-way 
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tems of the body, leading to tissue damage, the development of 
inflammation, and inducing cell death [26]. Hence, to control its 
production is a principal role in an anti-inflammatory investigation. 
Treatment with thymol and piperine, as well as their nanoparticle 
formulations, reduced this production in a dose-dependent man-
ner. However, overall, a marked NO inhibitory effect of nanoparti-
cles was observed compared to the free substances in the concen-
tration range investigated.

This study shows the possibility of the delivery of poorly water-
soluble thymol and piperine. Moreover, we demonstrate that in-
corporating thymol and piperine in the PLGA polymer protects from 
toxicity and maintains their inflammatory modulating properties. 
Thus, our findings open a path to new forms of administration of 
bioactive thymol and piperine.

Formulated nanoparticles showed reduced cytotoxicity on RAW 
264.7 macrophage cells compared to the free drugs and an anti-
inflammatory effect by inhibiting cytokines and COX enzyme ac-
tivity. Based on our findings, it could be concluded that thymol and 

piperine-loaded PLGA nanoparticles could serve as a novel colloi-
dal drug delivery system to reduce toxicity. Further study should 
be considered to optimize the formulations loading capacity and 
thereby probably enhance their bioactivity in the treatment of in-
flammatory diseases.

Material and Methods
For all experiments, the concentrations of Thy-NPs and Pip-NPs 
used are the corresponding amounts of entrapped drug calculated 
from drug loading. The concentration of unloaded nanoparticles 
is equivalent to the concentration of loaded nanoparticles provid-
ing the highest concentration of drug used.

Natural product compounds and reagents
Natural products thymol (purity ≥ 98.5 %), eugenol (purity 99 %), 
and piperine (purity ≥ 97 %), 3,3′-dioctadecyloxacarbocyanine per-
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▶Fig. 6 Detection of COX-1 and COX-2 activity in LPS-stimulated Raw 264.7 cells lysate treated with free drugs or drug-loaded nanoparticles. Upper 
panel: thymol preparations; lower panel: piperine preparations. One unit (U) of COX activity is the amount of enzyme that generates 1.0 µmol of resoru-
fin per minute at pH 8.0, 25 °C. Indomethacin (Indo) was tested at 5 µg/mL. Values are the mean of one experiment in triplicate (n = 3) ± standard devia-
tion. Statistical analysis was performed with Dunnett’s multiple comparisons test using two-way ANOVA.  * P < 0.05,  *  * p < 0.01,  *  *  * p < 0.001, 
and  *  *  *  * p < 0.0001 between free drugs and drug-loaded nanoparticles.

chlorate (DiO), Griess reagent, and LPS from Escherichia coli 0111:B4 
as well as dichloromethane were purchased from Sigma-Aldrich. 
Indomethacin (purity ≥ 98 %) was purchased from Sigma-Aldrich. 
Paclitaxel (purity > 97 %) was purchased from Cfm Oskar Tropitzsch. 
PLGA (Resomer RG 503 H, 50:50, Mw 24000–38000) was obtained 
from Boehringer Ingelheim Pharma GmbH&Co. PVAL) (Mowiol 
4–88, 31 kDa) was purchased from Clariant GMBH. WST-1 was ob-
tained from Roche Diagnostics.

Nanoparticle preparation
The single emulsion solvent evaporation technique was used to  
encapsulate compounds with a drug to a polymer ratio of 1:10  
(text 1 S, Supporting information).

Characterization of poly(D,L-lactic-co-glycolic acid) 
nanoparticles
Dynamic light scattering
The nanoparticles were suspended in milli-Q water, then the size 
and PDI were assessed by dynamic light scattering using a Malvern 
Zetasizer ZEN 3000 (Malvern Instruments, Ltd., U.K.). For zeta po-
tential determinations, nanoparticles were dispersed in a NaCl 
10 mM solution prior to the measurement with a zetasizer (Malvern 
Zetasizer Nano series Nano-ZS).

Scanning electron microscopy

The nanoparticles morphology was determined using a scanning 
electron microscope (JSM-7001FA microscope; JEOL). A drop of na-
noparticle suspension in milli-Q water was placed onto stubs and 
dried under vacuum. Then, they were coated with a 15–20 nm layer 
of gold and examined at 5.0 kV emission.

Entrapment efficiency and drug loading 
Lyophilized nanoparticles (5 mg) were dissolved in 
dichloromethane and the optical density was measured using a 
UV-Vis absorbance reader (BioTek Instruments, SynergyMx, 
GmbH) at 275, 280, and 341 nm, respectively, for thymol, 
eugenol, and piperine. The amount of drug in the nanoparticles 
was then determined from a previously plotted calibration curve 
in dichloromethane. Drug loading (DL) and drug EE were 
calculated from equations (1) and (2), respectively:

(1) DL ( %) = (Amount of drug in nanoparticles/Amount of nano-
particles) × 100

(2) EE ( %) = (Amount of drug in nanoparticles/Initial amount of 
drug used) × 100

In vitro biological evaluation of nanoparticles
Cell culture conditions and cell viability assay
The Raw 264.7 cells (ATCC) were cultured in DMEM culture media 
supplemented with 10 % fetal calf serum and 1 % antibiotics (100 
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IU/mL penicillin and 100 μL/mL streptomycin) and maintained at 
37 °C in a humidified atmosphere containing 5 % CO2. The WST-1 
assay was used to quantify cell viability as previously described [27].

Cellular uptake study
Raw 264.7 cells were seeded at 2 × 105 cells/mL in µ-slide 8-well 
chamber slides (Ibidi GmbH), and the experiment was performed 
in the dark (text 2S, Supporting information).

Cell apoptosis analysis
Raw 264.7 cells were seeded at 2 × 105 cells/mL into 24-well plates 
and incubated overnight, then treated with different concentra-
tions of nanoparticles or free compounds. Paclitaxel (0.5 µg/mL) 
was included as a positive control. Untreated cells as well as cells 
exposed to unloaded nanoparticles were also included as controls. 
After 24 h, cells were harvested and washed twice with warm PBS. 
The percentage of cells undergoing apoptosis was determined with 
an FITC Annexin V Apoptosis Detection Kit I (BD Biosciences) as per 
the manufacturer’s instructions using a flow cytometer (BD LSR 
Fortessa cell analyzer). Data were analyzed with FCAP Array Soft-
ware v3.0.

Nitric oxide production assay
The murine macrophage cells Raw 264.7 (2 × 105 cells/well in 96 
well plates) were treated with different concentrations of nanopar-
ticles or free compounds. After 24 h, the organic nitrite concentra-
tion in the supernatant was measured as an indicator of NO pro-
duction using the Griess reagent as previously described [28].

Cytokines measurement using cytometric bead array 
analysis activity
Raw 264.7 cells were seeded at 2 × 105 cells/mL in 48-well plates. 
After 24 h, cells were treated with LPS 0.1 μg/mL, then exposed to 
nanoparticles or free compounds. After 24 h of incubation, cell cul-
ture supernatants were collected and examined for IL-2, IL-4, IL-6, 
IL-10, IFN-γ, and TNF-α protein levels by multiplex cytokine array 
analysis performed using a BD Cytometric Bead Array Human Th1/
Th2 Cytokine Kit (BD-Biosciences). The assay was performed ac-
cording to the manufacturer’s instructions, and data were acquired 
on a BD LSR Fortessa cell analyzer flow cytometer. Indomethacin 
(5 µg/mL) was used as a positive control. Untreated cells as well as 
cells exposed to unloaded nanoparticles were also included.

Cyclooxygenase-1 and cyclooxygenase-2 activity
Raw cells were seeded at 2 × 105 cells/mL in a 48-well microplate, 
then treated with different concentrations of nanoparticles or free 
drugs, as well as LPS 0.1 µg/mL. After 24 h, COX-1 and COX-2 activ-
ity assays were performed (text 3S, Supporting information).

Statistical analysis
The data are presented as the mean ± standard deviation (SD) of 
three independent experiments or triplicate (n = 3). Differences be-
tween means of each group were assessed by two-way ANOVA fol-
lowed by Dunnett’s multiple comparisons test using GraphPad 
Prism 8.

Supporting Information
The procedure for nanoparticle preparation, cellular uptake of na-
noparticles by Raw 264.7 cells, the measurement of COX-1 and 
COX-2 activities, as well as the flow cytometry dot plots represent-
ing the apoptosis-inducing effect of nanoparticles and free drugs 
on Raw 264.7 cells are available as Supporting Information.
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