
Citation: Sun, M.; Guo, M.; He, Z.;

Luo, Y.; He, X.; Huang, C.; Yuan, Y.;

Zhao, Y.; Song, X.; Wang, X.

Enhanced Anti‑Inflammatory

Activity of Tilianin Based on the

Novel Amorphous Nanocrystals.

Pharmaceuticals 2024, 17, 654.

https://doi.org/10.3390/ph17050654

Academic Editors: Serge Mordon and

Guendalina Zuccari

Received: 10 April 2024

Revised: 12 May 2024

Accepted: 13 May 2024

Published: 17 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceuticals

Article

Enhanced Anti‑Inflammatory Activity of Tilianin Based on the
Novel Amorphous Nanocrystals
Min Sun 1,2,† , Mengran Guo 3,†, Zhongshan He 3, Yaoyao Luo 3, Xi He 3, Chuansheng Huang 1, Yong Yuan 1,
Yunli Zhao 1, Xiangrong Song 1,3,* and Xinchun Wang 1,*

1 Department of Pharmacy, First Affiliated Hospital of Shihezi University, Shihezi 832008, China;
sunmin1997@hotmail.com (M.S.); chuansheng_huang@hotmail.com (C.H.);
yuanyong_1967@hotmail.com (Y.Y.); zhaoyunli2024@hotmail.com (Y.Z.)

2 School of Pharmacy, Shihezi University, Shihezi 832008, China
3 Department of Critical Care Medicine, Department of Clinical Pharmacy, State Key Laboratory of

Biotherapy and Cancer Center, West China Hospital, Sichuan University, Chengdu 610000, China;
gmran_2020@hotmail.com (M.G.); zhongshan_he@hotmail.com (Z.H.); lyy7208570@hotmail.com (Y.L.);
xhe@scu.edu.com (X.H.)

* Correspondence: songxr@scu.edu.cn (X.S.); wxccwj@hotmail.com (X.W.)
† The authors contributed equally to this work.

Abstract: Tilianin (Til), a flavonoid glycoside, is well‑known for its therapeutic promise in treating
inflammatory disorders. Its poor water solubility and permeability limit its clinical applicability. In
order to overcome these restrictions, an antisolvent precipitation and ultrasonication technique was
used to prepare amorphous tilianin nanocrystals (Til NCs). We have adjusted the organic solvents,
oil‑to‑water ratio, stabilizer composition, and ultrasonic power and time by combining single‑factor
and central composite design (CCD) methodologies. The features of Til NCs were characterized
using powder X‑ray diffraction (PXRD), scanning calorimetry (DSC), and transmission electron mi‑
croscopy (TEM). Specifically, the optimized Til NCs were needle‑like with a particle size ranging
from 90 to 130 nm. PVA (0.3%, w/v) and TPGS (0.08%, w/v) stabilized them well. For at least two
months, these Til NCs stayed amorphous and showed an impressive stability at 4 ◦C and 25 ◦C. Re‑
markably, Til NCs dissolved almost 20 times faster in simulated intestinal fluid (SIF) than they did in
crude Til. In RAW264.7 cells, Til NCs also showed a better cellular absorption as well as safety and
protective qualities. Til NCs were shown to drastically lower reactive oxygen species (ROS), TNF‑α,
IL‑1β, and IL‑6 in anti‑inflammatory experiments, while increasing IL‑10 levels and encouragingM1
macrophages to adopt the anti‑inflammatory M2 phenotype. Our results highlight the potential of
amorphous Til NCs as a viable approach to improve Til’s anti‑inflammatory effectiveness, solubility,
and dissolving rate.

Keywords: tilianin; nanocrystals; amorphous; macrophage polarization; reactive oxygen species;
anti‑inflammatory

1. Introduction
Til, also known as acacetin‑7‑glucoside, is an active flavonoid glycoside (Figures 1 and

S1) that has been isolated from a number of medicinal plants, including Dracocephalum
moldevica, a plant used in Chinese traditional medicine [1–3]. Numerous biological ac‑
tivities, such as those that are antidiabetic [4], anti‑inflammatory [5], antioxidant [6], and
antidepressant [7], have been documented. Til has additionally been demonstrated to ex‑
hibit cardioprotective [8,9], neuroprotective [10], and antihypertensive properties.

In the past few decades, the outstanding anti‑inflammatory properties of Til have
drawn an increasing amount of attention. Many diseases can develop into inflammatory
states. Macrophages are the predominant immune cell population. The phenotypic and
functional plasticity of macrophages are greatly enhanced by their polarization, and this
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is directly associated with the onset, progression, and outcome of inflammation in vari‑
ous situations. The primary distinction betweenM1 andM2macrophage phenotypes is in
their severe polarization, which places them at a pivotal point in the pathophysiology of
numerous inflammatory illnesses, including enteropathy, hepatitis, pulmonary disorders,
and cardiovascular diseases [11–14]. Thus, we looked into the possibility that Til NCs
could alter macrophage polarization in the current investigation. Specifically, proinflam‑
matory cytokines including TNF‑α, IL‑1β, and IL‑6 are produced and secreted byM1‑type
macrophages in response to various stimuli, such as lipopolysaccharide (LPS) and IFN‑
γ [15,16]. The nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex is
functionally activated by M1 macrophages, resulting in the production of reactive oxygen
species (ROS) that are linked to tissue damage and pathogen clearance [17]. Concurrently,
Th1 and natural killer cells are drawn in by the chemokine receptor ligands that M1‑type
macrophages express. This results in a prolonged inflammatory response that is necessary
for the removal of cellular pathogens [18]. Nonetheless, M2 macrophages’ primary roles
include reducing inflammation, eliminating apoptotic cells and cell debris, and taking part
in tissue fibrosis and repair [19–21]. To counteract the chronic inflammatory response trig‑
gered by M1‑type macrophages, they produce chemokines and secrete anti‑inflammatory
molecules including TNF‑α and IL‑10, which activate functional anti‑inflammatory regu‑
latory pathways [22,23]. Thus, one effective way to reduce inflammation is to control the
phenotypic change in macrophages and the release of inflammatory chemicals.
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Research has demonstrated that Til can raise TNF‑α and IL‑1β mRNA levels in pri‑
mary Ldlr‑/‑ mice’s peritoneal macrophages when they are activated by LPS [24]. Further‑
more, Til has the potential to stop IκB kinase activation as well as the phosphorylation and
degradation of the IκBαprotein, which occurs prior to nuclear factor‑κB (NF‑κB) activation.
Til inhibited the LPS‑inducedmacrophage inflammatory response while producing vascu‑
lar cell adhesion molecule (VSMC) proliferation and migration, as shown by Shen et al.‘s
research [25]. Til also reduced TNF‑α levels. It was also suggested by them that Til’s
anti‑inflammatory action on vascular smooth muscle cells and macrophages was mostly
brought about via inhibiting the TNF‑α/NF‑κB pathway. In a different investigation [26],
Til was shown to have a strong protective effect against LPS‑induced acute lung injury
(ALI) in mice by effectively preventing the condition both in vitro and in vivo. Although
there is strong evidence that Til may effectively block proinflammatory factors in the treat‑
ment of inflammation‑related disorders, little is known about how they affect macrophage
polarization in inflammatory tissues.

Til is a BCS IV medication, and because of its low water permeability and solubility,
it has a low oral bioavailability. Consequently, it is crucial to develop innovative medica‑
tion delivery techniques to increase therapy efficacy. Til‑loaded composite phospholipid
liposomes and Til‑PLGA block copolymer nanoparticles co‑modified with transcription
activators and polyethylene glycol are two methods to enhance the oral uptake of Til [27].
Despite the fact that some carriers function well in vivo, they can have drawbacks such
low drug loading, unstable materials, and possible toxicity.

In recent years, drug nanocrystals composed of drugs and stabilizers have been con‑
sidered one of the most promising nanotechnologies, which can significantly improve the
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dissolution rate and solubility by reducing the particle size to the nanoscale. Nanocrystals
have unique advantages, such as high drug content, high bioavailability, few adverse re‑
actions, and strong adhesion ability to biofilms and tissues [28,29]. It is preferable to the
development of BCS IV pharmaceutical formulations (e.g., Til) [30]. Antisolvent precipita‑
tion is a method of precipitating a compound or substance by controlling the temperature
and the ratio of the solvent mixture. The method usually involves dissolving an insoluble
compound in an organic solvent and then gradually adding another antisolvent. Under
the antisolvent procedure, the insoluble compound will precipitate to form crystals. This
method can be used to prepare compounds of high purity, as well as micro‑nanoparticles.
To control the particle size in this procedure, ultrasonication was subsequently applied to
inhibit the crystal growth by the ultrasonic cavitation effect.

This study aims to develop Til nanocrystals (Til NCs) by an antisolvent precipitation
and ultrasonication method [31–33]. First, the central composite design (CCD) was uti‑
lized to optimize the formulation after a thorough investigation of the formulation’s af‑
fecting elements was conducted using the single‑factor method. Subsequently, the shape
and physicochemical properties of Til NCs were explained. More research was conducted
on the stability and dissolution behavior in vitro. Lastly, we looked into Til NCs’ cellular
absorption, safety, and anti‑inflammatory properties.

2. Results and Discussion
2.1. Formulation Optimization
2.1.1. Selection of Organic Solvents, Stabilizers, and Process Parameters

The formulation screening results of Til NCs are presented in Figure 2. The type of
organic solvents, ratio of organic phase to water phase, ultrasonic power, ultrasonic time,
and stabilizers were investigated.

The antisolvent precipitation ultrasonic method was used to obtain Til NCs. In the
preparation process, supersaturation induced by organic solvents is critical for controlling
the nucleation process, especially for poorly water‑soluble drugs such as Til. Thus, it is
essential to screen an appropriate organic solvent to achieve higher supersaturation and
induce quicker nucleation, resulting in an ideal crystal particle size [34]. As revealed in
Figure 2A, large particle aggregateswere observedwhen usingDMF, different proportions
of acetone and DMF, and 70% ethanol. However, the solubility of Til in DMF:ethanol (1:1)
was significantly higher than that in other solvents, and DMF:ethanol (1:1) could generate
a nanocrystal with a smaller particle size and PDI, which was beneficial to the stability of
the preparation. Thus, DMF:ethanol (1:1) was the optimal solvent. The addition of ethanol
was supposed to reduce the viscosity of DMF, accelerating the diffusion of the organic
solvent and the nucleation rate. In addition, the ratio of the organic phase to the water
phase also influences the nucleation of drugs. As shown in Figure 2B, a smaller particle
size was obtained when the ratio was 1:20. Ultrasonic power and time are key process
parameters that can promote nucleation by producing acoustic cavitation in solution and
thus shorten the induction time, resulting in a nanocrystal with a uniform particle size
distribution [35]. As shown in Figure 2C,D, with increasing ultrasonic power and time, the
particle size and PDI of the Til NCs gradually decreased, but when the ultrasonic power
and time were further increased, the particle size of the Til NCs tended to increase. The
reason may be that the local generation of heat with increasing ultrasonic power and time
will cause particle agglomeration and aging. Therefore, the optimal ultrasonic power was
120 W, and the ultrasonic time was 30 min.
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Figure 2. The effect of various parameters on particle sizes and PDIs of Til NCs: (A) types of organic
solvent, (B) ratios of organic phase to water phase, (C) ultrasonic power, and (D) ultrasonic time.
(E–H) Particle sizes and PDIs of Til NCs with different spatial stabilizers (F68, F127, PVP K30, and
PVA) for 0 h and 24 h after preparation. (I–L) Particle sizes, PDIs and (M–P) zeta potential of Til
NCs stabilized with different ionic stabilizers (sodium deoxycholate, SDS, TPGS, and CTAB) (n = 3,
mean ± S.D.).
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The stabilizer is a critical component for NCs with the benefit of inhibiting crystal
nucleation and aggregation. The stabilizers can generally be classified into two categories.
One is spatial stabilizers, such as F127, F68, PVP K30, PVA, and other polymer materials
with spatial structures. These kinds of stabilizers can inhibit agglomeration and sedimen‑
tation for nanocrystals by forming hydrophilic films or hydrogen bonds on the surface of
nanocrystals. Another class of stabilizers is ionic stabilizers, such as sodium deoxycholate,
TPGS, SDS, and CTAB, which can maintain the stability of the nanocrystals by providing
sufficient electrostatic repulsion between particles. The screening results of the types and
concentrations of stabilizers are presented in Figure 2E–P. From the results, under identi‑
cal preparation conditions, the particle size and PDI of Til NCswere effectively reduced by
the spatial stabilizer PVP K30 or PVA (Figure 2G,H), while F68 and F127 failed to reduce
the particle size and PDI of Til NCs (Figure 2E,F). In addition, the particle size of NCs sta‑
bilized by PVP K30 changed greatly when stored at room temperature for 24 h (Figure 2G),
indicating that theNCswere unstable. The results of PVA concentration screening showed
that the particle size of Til NCs decreased with increasing PVA concentration. Therefore,
PVAwas chosen as the spatial stabilizer of Til NCs in this study. Furthermore, Figure 2I–L
shows the particle sizes of Til NCs stabilized by different types of ion stabilizers. The ob‑
tained NCs are all approximately 100 nm. As shown in Figure 2M–P, the zeta potential
of Til NCs containing the CTAB stabilizer is negatively charged (Figure 2P), which is not
conducive to drug absorption. In contrast to negatively charged NCs, positively charged
NCs can facilitate mucus attachment [36] and thereby easily penetrate through the mu‑
cus layer. However, sodium deoxycholate is unstable in gastric acid, and SDS produces a
large amount of foam during the preparation process, which affects the experimental re‑
sults. The addition of TPGS reduced the particle size and PDI of the Til NCs. In addition,
TPGS can open tight junctions between epithelial cells, which is beneficial for nanoparti‑
cles to promote cellular absorption through paracellular pathways. It is also an inhibitor of
P‑glycoprotein (P‑gp) efflux, which can reduce drug efflux and improve the oral bioavail‑
ability of drugs [37]. Therefore, we chose PVA and TPGS as the main stabilizers to dom‑
inate the formation process of Til NCs. The effects of PVA and TPGS concentrations on
the particle size and PDI of Til NCs were investigated (Figure 2H,K). It was demonstrated
that with an increase in PVA concentration, the particle size of Til NCs decreased. How‑
ever, when the PVA concentration is high, the particle size of the nanosuspension does
not change much, while the PDI increases. For TPGS, the particle size and PDI of Til NCs
tended to increase with increasing TPGS concentration. According to one interpretation
of these data, the stabilizer masks the hydrophobic region of the nanoparticle and reduces
the amount of free stabilizer in the solution when its concentration is low enough to cover
the entire hydrophobic surface. Nevertheless, redundant stabilizers dissolve more medi‑
cation or form micelles when the concentration of stabilizers rises, which causes particle
aging and instability. PVA and TPGS were chosen for CCD improvement in light of this.

2.1.2. Optimization Using the CCD Method
CCD is a statistical method that uses a multiple quadratic regression equation to fit

the functional relationship between the factors and the response values and finds the op‑
timal process parameters through the variance analysis of the mathematical model. In
this study, a three‑factor, three‑level trial was employed, and 17 baths were taken. Table 1
lists the trial’s setup and outcomes. To lessen systematic errors brought on by outside in‑
fluences, experiments were conducted at random. Using the answer and associated data
from the 17 trials, Design Expert 12 software was utilized to fit linear, two‑factor (2F), and
quadratic models concurrently. As a result, the ideal formula for Til NCs was determined
and predicted using the quadratic equation. The quadratic model’s polynomial regression
equation is as follows:

Y = 104.38 − 2.40X1 − 1.60X2 − 2.00X3 + 0.9250X1X2 + 6.27X1X3 + 3.23X2X3
− 1.78X12 − 8.78X22 + 0.0725X23 (R2 = 0.9264, p < 0.01)
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Table 1. Arrangements and response variables of CCD.

No.
Argument Response Value

X1 (W) X2 (%, w/v) X3 (%, w/v) Y (nm)

1 120 0.3 0.12 93.2
2 120 0.175 0.1 103.4
3 130 0.05 0.1 90.1
4 120 0.3 0.08 93.6
5 130 0.175 0.12 107.3
6 120 0.175 0.1 101.7
7 120 0.175 0.1 106.7
8 120 0.175 0.1 103.8
9 120 0.05 0.12 91.3
10 110 0.175 0.08 110.6
11 120 0.175 0.1 106.4
12 110 0.3 0.1 95.7
13 110 0.05 0.1 99.4
14 130 0.3 0.1 90.1
15 120 0.05 0.08 104.6
16 110 0.175 0.12 96.9
17 130 0.175 0.08 95.9

The primary parameters influencing the particle size of Til NCs were determined by
an analysis of variance (analysis of variance (ANOVA), Table 2): ultrasonic power (X1),
PVA concentration (X2), and TPGS concentration (X3). In the ANOVA, FY = 9.79, which
meant that themodelwasmeaningful, while p = 0.0033, indicating that the response‑surface
model was very significant. The loss of fit term p = 0.1912 indicated that the model fit de‑
gree was good and the model was established. The correlation coefficient R2 was 0.9264,
and the adjustment coefficient R2adj was 0.8317, indicating that the actual value and the
predicted value had a good degree of fit. The test error was small, indicating that the fitted
regression model could be used for the analysis and prediction of the optimal prescription
parameters of Til NCs with certain values and reliability. The F value in Table 1 can judge
the degree of influence of the respective variables on the particle size. The larger the F
value is, the more significant the influence of the independent variable on the particle size.
From Table 2, FX1 = 6.27, FX2 = 2.78, and FX3 = 4.35, indicating that the degree of influence
of each factor on particle size was X1 > X3 > X2. The effect of the quadratic factor X22 on
particle size was extremely significant (p < 0.01).

Table 2. ANOVA in the quadratic model for responses (Y).

Source
Particle Size (nm)

Sum of Squares df F‑Value p‑Value (prob > F)

Model 647.78 9 9.79 0.0033
X1 46.08 1 6.27 0.0408
X2 20.48 1 2.78 0.1391
X3 32.00 1 4.35 0.0754
X1X2 3.42 1 0.4653 0.5171
X1X3 157.50 1 21.42 0.0024
X2X3 41.60 1 5.66 0.0490
X12 13.30 1 1.81 0.2206
X22 324.40 1 44.11 0.0003
X32 0.0221 1 0.0030 0.9578

Residual 51.48 7
Lack of Fit 33.93 3

2.58 0.1912Pure Error 17.55 4
Cor Total 699.26 16
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When one of the factors is fixed, the optimal values of the other two factors selected to
appear under interactive variation are all around the initially selected zero points, which
proves that the initial conditions for optimization are better in the single‑factor experiment.
The interaction effects of various factors on Til NCs particle size are presented in Figure 3.
The steepness of the response‑surface map reflects the interaction between each factor and
the response value. The steeper the slope of the surface plot is, the more significant the
effect of the interaction between the two factors on the response value, and the smoother
the slope is, the less significant the interaction between the two factors. The more oval
or saddle shape of the contour plot indicates that the interaction between the two factors
is significant, and the more circular shape indicates that the interaction between the two
factors is not significant. In Figure 3A,B, the particle size of Til NCs showed a decreas‑
ing trend with increasing ultrasonic power. In Figure 3B,C, a higher TPGS concentration
resulted in smaller particles for Til NCs. In Figure 3A,C, the particle size increased with
increasing PVA concentration, while when the concentration was over 0.2% (w/v), the par‑
ticle size decreased. The interaction degree of each influencing factor on the particle size
was X1X3 > X2X3 > X1X2, and the interaction between X3 and X1 had the greatest effect on
the particle size of Til NCs.
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The optimal conditions for preparing Til NCs by the antisolvent precipitation ultra‑
sonic method were as follows: The optimal NCs were obtained under an ultrasonic power
of 129.63 W with a PVA concentration of 0.30% (w/v) and a TPGS concentration of 0.08%
(w/v) as stabilizers. The particle size of the Til NCswas 94.27± 1.19 nm, whichwas close to
the predicted value (85.74 nm). This indicated that the model could be used to fit and ana‑
lyze the extraction process with a good optimization effect and stable and reliable results.

2.2. Characterization of Til NCs
2.2.1. Particle Size and Morphology

The particle size and PDI of Til NCs were determined by the dynamic light scattering
method. As shown in Figure 4A,B, the particle size of the freshTilNCswas 94.27 ± 1.19 nm
and the PDI was 0.25 ± 0.04. The PDI value was in the range of 0.3 to 0.5, indicating an
acceptable size distribution of the nanocrystals [38]. The zeta potential is very important
for nanoparticle colloid stability, because it represents an electrostatic barrier to prevent
aggregation and agglomeration of nanoparticles [39]. In this study, the zeta potential for
Til NCs was 10.30± 0.99 mV, suggesting a positive repulsive effect between nanoparticles
and keeping Til NCs stable [40,41]. In addition, Til NCs showed light blue opalescence
(Figure 4D, left). When illuminatedwith a laser, the TilNCs showed a pronounced Tyndall
effect, indicating that it was a colloidal system (Figure 4D, right). The morphology of Til
NCs was observed by transmission electron microscopy. From the image (Figure 4C left),
the crude Til presented micron‑sized rod‑like particles, while Til NCs presented needle‑
like nanoparticles (Figure 4C right).
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Figure 4. Characterization of Til NCs. (A,B) The particle size and zeta potential of postoptimized
Til NCs. (C) TEM images of crude Til and Til NCs (left. Bar = 2 µm, right. Bar = 100 nm). (D) The
appearance of Til NCs dispersed inwaterwith (right) orwithout (left) laser irradiation. (E) The XRPD
patterns for PVA, TPGS, crude Til, and Til NCs. (F) DSC curves of PVA, TPGS, crude Til, and Til NCs.
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2.2.2. Crystalline Characterization
The X‑ray [42] powder diffraction analysis of PVA, TPGS, crude Til, and Til NCs is

shown in Figure 4E. The main characteristic peaks (2θ = 11.97◦, 12.82◦, and 26.00◦) were
found in the diffraction patterns of the crude Til, indicating the crystalline form of Til. The
patterns of PVA and TPGS were not supposed to interfere with crude Til. Til NCs showed
no obvious diffraction peak, indicating that Til NCs were in an amorphous state.

The DSC result profiles of PVA, TPGS, crude Til, and Til NCs are shown in Figure 4F.
PVA’s DSC curve revealed a subtle endothermic peak, which may have resulted from the
material’s partial or progressive crystallization or phase transition process during heating.
TPGS revealed a melting peak at 39 ◦C. The DSC curve of crude Til showed two distinct
endothermic peaks at 166 ◦C and 215 ◦C, as well as an exothermic peak at 204 ◦C. It indi‑
cated that crude Til had a melting point at 166 ◦C for one crystal form. As the temperature
increased, the crystal form of Til transformed to a more stable state at 204 ◦C. This stable
crystal form exhibited amelting point at 215 ◦C. Furthermore, Til degradation happened as
the temperature increased over 225 ◦C. For Til NCs, theDSC curve started to exhibit a fairly
noticeable endothermal peak at roughly 100 ◦C, which might be because the water in the
Til NCs solution system gradually evaporated during the heating process. Interestingly,
no endothermic peak was observed around the equivalent Til melting peak, suggesting
that Til NCs were mostly amorphous. This observation aligns with the XRPD analysis.

2.3. Stability and Saturation Solubility
As shown in Figure 5A,B, the particle size of Til NCs did not change significantly

within 60 d at 25 ◦C and 4 ◦C, proving that Til NCs had a good stability.
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Figure 5. (A,B) Stability study of Til NCs at (A) 4 ◦C and (B) 25 ◦C. The particle size and PDI of Til
NCs were monitored for 60 days. (C) Saturation solubility and (D–F) cumulative release of crude Til
and Til NCs in water, SGF, and SIF (n = 3, mean ± SD).

The saturation solubilities of crude Til and Til NCs are shown in Figure 5C. The sat‑
uration solubility of crude Til in water, SGF, and SIF was 7.20, 8.80, and 10.82 µg/mL at
37 ◦C, respectively. After crude Til was nanosized, the solubility of Til was significantly im‑
proved. Quantitatively, the solubility of Til NCs in water, SGF and SIF was 112.36, 225.31,
and 433.47 µg/mL, respectively. In addition, the saturation solubility of Til NCs in SIF
was approximately twice that of SGF. This may be because the flavonoid structure of its
polyphenolic hydroxyl group ismore conducive to dissolution inmore alkaline conditions.



Pharmaceuticals 2024, 17, 654 10 of 20

2.4. In Vitro Release of Til NCs
The release behavior of Til NCs was studied by dialysis. As shown in Figure 5D, the

dissolution rate of Til NCs was higher than that of crude Til in all three media. In water,
the dissolution rate of crude Til and Til NCs was (1.67 ± 0.10)% and (5.59 ± 0.02)%, re‑
spectively. In SGF and SIF media (Figure 5E,F), the dissolution rate of Til NCs was higher
than that in thewatermedia, possibly resulting from the significant differences in composi‑
tion and properties between water and SGF or SIF. SGF and SIF often contain hydrochloric
acid/phosphoric acid and surfactants to mimic the complex environment of the gastroin‑
testinal tract, which may contribute to the dissolution or dissociation of Til‑NCs, thereby
facilitating drug release [43]. Meanwhile, the dissolution rate of TilNCs in SGF and SIFwas
about 20‑and 22‑fold higher than that of crude Til, respectively. The reasons that Til NCs
could significantly improve the solubility of Til were as follows: (1) the smaller particle
size of Til NCs resulted in a large surface area and short diffusion distance according to the
Noyes–Whitney equation, which facilitated the rapid movement of surface Til molecules
into the medium, and (2) the amorphous feature of Til NCs allowed Til molecules to easily
escape from the particle without breaking lattice energy.

2.5. The Cellular Uptake and Cytotoxicity of Til NCs
The cellular uptake of Til NCs was investigated in RAW264.7 cells. The RAW264.7

cell line is a murine macrophage cell line derived from tumor tissue induced by mouse
leukemia virus. It is widely used in the study of inflammation, immune response, and in‑
fection because of its typical macrophage properties and ability to mimic the function and
response of macrophages in the body. In our study, we selected the RAW264.7 cell line
for macrophage polarization investigation [44–46]. Confocal laser scanning microscopy
(CLSM) was used to investigate the cellular uptake of Til NCs/Cou 6 in RAW264.7 cells.
As indicated by the fluorescence images (Figure 6D,E), the uptake of Til NCs/Cou 6 was
time dependent. To more accurately quantify the uptake of Til NCs/Cou 6, FCMwas used
(Figure 6F,G). The results were consistent with those from CLSM.

Subsequently, we investigated the cytotoxicity of crude Til and Til NCs on RAW264.7
cells. Figure 6A,B shows that the cell viability was over 80% after incubation with crude
Til and Til NCs for 24 h and 48 h, even at a high concentration of 80 µg/mL. This suggested
that Til NCs were safe for RAW264.7 cells.

Previous studies have shown that elevated levels of LPS and IFN‑γ are major risk fac‑
tors for the development of chronic inflammatory diseases, which could induce cell death.
To evaluate the protective ability of Til NCs, the viability of RAW264.7 cells stimulated
with LPS and IFN‑γ was tested after treatment with Til NCs. As shown in Figure 6C, for
the control group, the induction of LPS and IFN‑γ reduced the viability of RAW264.7 cells.
Cell viability increased in a dose‑dependent manner with increasing Til concentration, al‑
though there was no significant difference between crude Til and Til NCs. This indicates
that Til has a cytoprotective ability in anti‑inflammatory treatment.

2.6. Study of Macrophage Polarization
In this study, we analyzed the effect of Til NCs on LPS‑ and IFN‑γ‑induced

macrophage polarization by analyzing the proportions of M1 macrophages and M2
macrophages and the M1/M2 ratio after treatment with Til NCs by FCM. A schematic dia‑
gram is shown in Figure 7A, and the results are shown in Figure 7B,C. The percentages of
CD86‑ and CD206‑ positive cells in themodel groupwere 41.20± 1.24% and 11.04± 2.10%,
respectively. These results suggested that LPS and IFN‑γ could promote the polarization
ofmacrophages to theM1 type. After treatmentwith crude Til and Til NCs, although there
was no significant difference in CD86‑labeled M1 macrophages (Figure 7D), the mean flu‑
orescence intensity of CD206, a marker of M2 macrophages, was significantly increased
(p < 0.05, p < 0.001) (Figure 7E). Themean fluorescence intensity (MFI) of CD206 for Til NCs
was approximately 2‑fold higher than that of crude Til, indicating that Til NCs showed a
superior ability to promote macrophages from the M1 type to the M2 type. Similarly, in
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the overall M1 (F4/80+CD86+)/M2 (F4/80+CD206+) numerical plot (Figure 7F), the crude Til
group and Til NCs group sequentially decreased the M1/M2 ratio compared to the model
group, indicating the progressive dominance of anti‑inflammatory M2 in this polarized
system. Taken together, Til treatment selectively promoted M2‑type macrophages, with
Til NCs exhibiting better effects.
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Figure 6. Time‑dependent cellular uptake of Til NCs/Cou 6 by RAW264.7 cells. The cells were in‑
cubated with Til NCs for different periods (0.5 h, 1 h, 2 h, 4 h, and 6 h) and evaluated with CLSM
and FCM. (A) Fluorescence images of CLSM with nuclei stained with DAPI (blue). (B) Quantitative
fluorescence intensity data for CLSM. (C) Representative FCM graphs and (D) quantified MFI data
of FCM. Cytotoxicity and cytoprotective evaluation of crude Til and Til NCs. (E,F) Cell viability of
RAW264.7 cells after incubation with various concentrations of crude Til and Til NCs for 24 h and
48 h. (G) Cell viability of RAW 264.7 cells co‑treated with LPS (100 ng/mL) and IFN‑γ (20 ng/mL) and
Til preparation at different concentrations from 5 to 20 µg/mL (the scale bar is 20 µm. n = 3, * p < 0.05,
** p < 0.01, and *** p < 0.001).
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Figure 7. Polarization study of macrophages treated with crude Til and Til NCs in vitro.
(A) Schematic representation of the macrophage polarization model. (B,C) FCMwas used to investi‑
gate the effect of crude Til and Til NCs on the polarization of stimulated RAW264.7 cells. CD86 and
CD206 were used as biomarkers of M1 macrophages and M2 macrophages, respectively. (D–F) Sta‑
tistical analysis of the expression of CD86, CD206, andM1/M2 after treatment with crude Til and Til
NCs. The results are expressed as themeans± SD. n = 3, A one‑wayANOVA test ofmultiple compar‑
isons followed by Dunnett’s post hoc test was used in all analyses (* p < 0.05, ** p < 0.01, *** p < 0.001,
ns, not significant).

2.7. Anti‑ROS and Anti‑Inflammatory Factor Study
Overproduction of ROS is frequently linked to M1‑type macrophage activation and

activity. Thus, ROS generation can be enhanced by LPS‑ and IFN‑γ‑generated M1‑type
macrophages [47–49]. To investigate the ROS level in RAW264.7 cells treatedwith LPS and
IFN‑γ, the dichlorodihydrofluorescein diacetate (DCFH‑DA) method was used, and the
data were analyzed with Flow Jo software 10.8.1. As shown in Figure 8A, the model group
showed high bright green fluorescence, indicating a high level of ROS. Compared with the
model group, the fluorescence intensity decreased with the treatment of crude Til, and a
negligible fluorescence signal was found when Til NCs were added. Quantitative analysis
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of the fluorescence density (Figure 8B) showed that Til NCs significantly (p < 0.01) reduced
ROS levels in inflammatorymacrophages comparedwith crude Til, whichmeant that ROS
weremore scavenged by Til NCs. In addition to detecting ROS generation in inflammatory
macrophages after Til NCs treatment using CLSM, we used FCM for further experimental
verification. As shown in Figure 8C,D, LPS‑ and IFN‑γ‑induced macrophages exhibited
significantly increased intracellular ROS production and the MFI of ROS compared with
the negative control group (p < 0.001). The results were similar to the CLSM results, where
ROS levels were significantly reduced after Til NCs’ treatment.
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Figure 8. The ability of crude Til and Til NCs to inhibit ROS and inflammatory factor generation
in induced RAW264.7 cells. (A,B) Representative fluorescence images showing intracellular ROS
generation in RAW264.7 cells treated with various formulations. ROS were stained with DCF‑DA
(green). Scale bar = 20µm. (C,D) Representative FCMprofiles and quantitative results of intracellular
ROS generation after different treatments. (E) The effects of crude Til and Til NCs treatment on the
expression of TNF‑α, IL‑1β, IL‑6, and IL‑10. Data are expressed as the mean± S.D. n = 3, A one‑way
ANOVA test of multiple comparisons followed by Dunnett’s post hoc test was used in all analyses
(* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).



Pharmaceuticals 2024, 17, 654 14 of 20

To further investigatewhether TilNCs inhibitedLPS‑ and IFN‑γ‑inducedmacrophage
secretion of more proinflammatory cytokines, we analyzed the supernatants of treated
macrophages by ELISA (Figure 8E). The expression of TNF‑α, IL‑1β, IL‑6, and IL‑10 was
tested. Compared with the control group, LPS and IFN‑γ (model) significantly increased
the levels of TNF‑α (539.23 pg/mL), IL‑6 (190.93 pg/mL), and IL‑1β (397.50 pg/mL) and
significantly decreased IL‑10 (93.03 pg/mL). Next, we treated LPS‑ and IFN‑γ‑induced
RAW 264.7 cells with crude Til and Til NCs. As shown, these induced proinflammatory
cytokines were significantly inhibited by Til NCs compared to the crude Til group. Specifi‑
cally, Til NCs significantly (p < 0.01) inhibited TNF‑α (421.50 pg/mL), IL‑1β (271.70 pg/mL),
and IL‑6 (124.70 pg/mL). In addition, we further investigated the IL‑10 level in M1
macrophages. As expected, Til NCs can significantly (p < 0.01) increase the expression
of IL‑10 (135.70 pg/mL) in induced macrophages, even more than crude Til, which may
be attributed to the high dissolution rate and saturation effect of nanocrystals, as well as
the cellular uptake with intact nanoparticles. Thus, Til NCs are a potent strategy for selec‑
tively modulating macrophage polarization and reducing the overproduction of ROS and
proinflammatory cytokines.

3. Materials and Methods
3.1. Materials

Til (purity > 98%)was procured from the State Key Laboratory of Biotherapy, Sichuan
University. The Til standard substance (purity > 98%) was purchased from Chengdu Yirui
Biotechnology Co., Ltd. (Chengdu, China). Sodium dodecyl sulfate (SDS) and sodium
deoxycholate were purchased from Tianjin Yongda Chemical Reagent Co., Ltd. (Tianjin,
China). TPGSwas purchased from SahnChemical TechnologyCo., Ltd. (Shanghai, China).
Poloxamer 188 (F68) and Poloxamer 407 (F127) were obtained from BASF (China) Co.,
Ltd., (Shanghai, China). PVA was purchased from Japan Kuraray Co., Ltd., Osaka, Japan.
Polyvinylpyrrolidone K30 (PVP K30) was purchased from Tianjin Bodi Chemical Co., Ltd.
(Tianjin, China). Cetyltrimethylammoniumbromide (CTAB)was purchased fromChengdu
Rongze Local Chemical Co., Ltd. (Chengdu, China). N,N‑Dimethylformamide (DMF)was
obtained from Shandong Jinmei Riyue Chemical Co., Ltd. (Qingdao, China). Simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF) (LEAGENE®, CZ0200). Cell Count‑
ing Kit‑8 (CCK‑8) was purchased from DOJINDO Molecular Technologies. Coumarin 6
(Cou 6) was obtained from J&K Scientific Co., Ltd. (Beijing, China). Dialysis bags (molec‑
ular weight cutoff 3500) were purchased from Mbra‑Cel®, Viskase, Lombard, IL, USA.
Chromatographic grade formic acid, methanol, absolute ethanol, acetone, and acetonitrile
were obtained from Tianjin Union Science and Technology Co., Ltd. (Tianjin, China). All
reagents and chemicals used were of analytical or chromatographic grade.

3.2. Methods
3.2.1. Preparation of Til NCs

Til NCs were prepared using an antisolvent precipitation ultrasonication
method [31–33]. In brief, crude Til was completely dissolved in DMF:ethanol (1:1). The
Til solution was rapidly injected into an aqueous solution containing different stabilizers
(F68, F127, PVP K30, PVA, sodium deoxycholate, SDS, TPGS, or CTAB). The mixture was
subjected to ultrasonication at 130 W for 25 min in an ice bath. Finally, a transparent blue
opalescent colloidal solution was obtained. Ultimately, dialysis was used to remove the
organic solvent.

The Cou 6 labeled Til NCs (Til NCs/Cou 6) were obtained using a similar
method [50,51]. Til and an appropriate amount of Cou 6weremixed in a DMF and ethanol
(1:1, v/v) solvent. The remaining procedures were the same as those in the preparation of
the Til NCs method described above. The original Til NCs/Cou 6 suspension was cen‑
trifugated at 15,000 rpm for 15 min and resuspended with deionized water to remove the
residual Cou 6. After three centrifugation–resuspension cycles, the Til NCs/Cou 6 samples
were eventually acquired.
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3.2.2. Formulation Optimization of Til NCs
The preparation factors, such as stabilizer type, stabilizer content, ultrasound power,

and ultrasound time, were screened using the single‑factor technique (Table 3). Three im‑
portant variables were found in this study: TPGS concentration, PVA concentration, and
ultrasound power. Subsequently, Til nanoparticle formulation and process parameters
were further optimized using CCD utilizing Design‑Expert software (Version 12, Stat‑Ease
Inc., Minneapolis, MN). CCD is a statistical technique that fits the functional relationship
between each factor and the response value using the multiple quadratic regression equa‑
tion. The mathematical model’s variance analysis is then used to determine the ideal pro‑
cess parameters. The three primary variables (X1 being ultrasonic power, X2 being PVA
concentration, and X3 being TPGS concentration) were identified as the critical process
parameters influencing Til NCs’ particle size (Y). The factors and their levels are listed in
Table 4. To lessen systematic errors brought on by outside influences, the studies were
conducted at random.

Table 3. Single‑factor test table of Til NCs.

Factor Value

Organic solvent DMF, AC:DMF (1:1, 2:1), EtOH:DMF (1:1, 2:1), 70% EtOH
Oil–water phase ratio 1:2, 1:5, 1:10, 1:20, 1:30
Ultrasonic power (W) 100, 110, 120, 130, 140, 150, 160
Ultrasonic time (min) 5, 10, 15, 20, 25, 30, 35
Spatial stabilizer PVP K30, PVA, F68, F127

Content of spatial stabilizer (%, w/v) 0.1, 0.2, 0.3, 0.4, 0.5
Ion stabilizer sodium deoxycholate, SDS, TPGS, CTAB

Content of ion stabilizer (%, w/v) 0.050, 0.075, 0.100, 0.150, 0.200

Table 4. Independent factors and responses in the CCD.

Element
Level

Low (−1) Middle (0) High (+1)

X1, Ultrasonic power (W) 110 120 130
X2, PVA concentration (%, w/v) 0.05 0.175 0.3
X3, TPGS concentration (%, w/v) 0.08 0.1 0.12

Dependent Variables Goal
Y, Particle size (nm) Minimize

3.3. Characterization of Til NCs
The particle size distribution and zeta potential of Til NCs were determined using a

Malvern Zeta Nanosizer (Zetasizer Nano ZS90; Malvern Instruments Ltd., Malvern, UK).
Each sample was measured in triplicate at room temperature. The morphology was as‑
sessed using transmission electron microscopy (TEM) (JEM‑1400PLUS, JEOL Ltd., Tokyo,
Japan) after negative staining. The crystal form of Til NCs was analyzed by powder X‑ray
diffraction (PXRD) (Rigaku Ultima IV, Osaka, Japan) and differential scanning calorimetry
(DSC) (TA Q20, METTLER TOLEDO, Viskase, Lombard, IL, USA).

3.4. Stability and Saturation Solubility of Til NCs
The particle size and PDI of Til NCs were tracked while the storage stability of the

material was investigated at two different temperatures (25 ◦C and 4 ◦C). In the meantime,
by introducing an excess of Til NCs, the saturated solubility of Til NCs in water, SGF, and
SIF was examined. The samples underwent a 24 h shake‑test at 37 ◦C, a 10 min centrifuga‑
tion at 13,000 rpm, and a filtering process via 0.45 µmmicroporous membranes before the
drug concentrations were ascertained using HPLC.
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3.5. In Vitro Release
Using the dialysis diffusion method, the in vitro drug release behavior of Til NCs in

variousmediums at 37 ◦Cwas ascertained. In a shaker (Julabo, SW23, Seelbach, Germany),
Til NCs and crude Til (1 mg/mL, 1 mL) were placed in individual dialysis bags (molecular
weight cutoff 3500) and exposed to 50 mL of water, SGF (pH 1.2, containing 0.5% (v/v)
Tween 80, 0.32% (w/v) pepsin), or SIF (pH 6.8, 0.5% (v/v) Tween 80, 1% (w/v) trypsin) at
37 ◦C and gently shaken (100 rpm). One milliliter of the external liquid was taken out
at predetermined intervals and replaced with the same volume of brand‑new medium
(37 ◦C). Samples were centrifuged at 12,000 rpm for 10 min, and the Til concentration was
determined using HPLC.

3.6. Cell Culture
The Cell Resource Bank of the Chinese Academy of Sciences (Shanghai, China) pro‑

vided the RAW264.7 cell line. High‑glucose DMEM medium (Invitrogen, San Diego, CA,
USA) was supplemented with 10% fetal bovine serum (FBS; Gibco, San Diego, CA, USA)
and 1% penicillin and streptomycin (HyClone, San Diego, CA, USA).

3.7. Cellular Uptake
To assess the cellular uptake of the Til NCs. We used CLSM (LSM880, Carl Zeiss, Hei‑

delberg, Germany) to further investigate the efficiency of Til NCs’ uptake by RAW264.7
cells. In brief, RAW264.7 cells were seeded in a confocal well (size 15 mm) at a density of
1 × 104 cells/well and incubated for 24 h. After stimulation with LPS and IFN‑γ, 100 µL of
Til NCs/Cou 6 was added and incubated for different times. The cells were then washed,
fixed with fixation buffer (BioLegend®, San Diego, CA, USA, B382280), and stained with
DAPI. The cells were then rinsed twice with PBS and visualized under CLSM. Moreover,
RAW264.7 cells were seeded onto 24‑well plates (1 × 105 cells/well) and incubated
overnight.

To evaluate the Til NCs’ cellular uptake, we employed CLSM (LSM880, Carl Zeiss,
Germany) to look at the effectiveness of RAW264.7 cells’ uptake of Til NCs. To sum up,
1 × 104 cells/confocal well (size 15 mm)was seededwith RAW264.7 cells, and the well was
incubated for 24 h. Following the application of LPS and IFN‑γ activation, 100 µL of Til
NCs/Cou 6 was introduced and incubated at varying periods. The cells were subsequently
stainedwithDAPI, fixedwith fixation buffer (BioLegend®, B382280), and rinsed. After two
PBS rinses, the cells were examined under CLSM. Further, 1 × 105 RAW264.7 cells were
planted into each well of a 24‑well plate, and the plates were left overnight to incubate. For
a whole day, LPS (100 ng/mL) and IFN‑γ (20 ng/mL) were used to activate RAW264.7 cells.
Next, 100 µL of Til NCs/Cou 6 (100 ng/mL of Cou 6) was introduced and the mixture was
co‑cultured at 37 ◦C. After that, PBS was used twice to wash the cells. Then, Til NC uptake
was measured using FCM (NovoCyteTM, ACEA Biosciences, Inc., Beijing, China).

3.8. Cytotoxicity Analysis
RAW264.7 cells were applied to assess the toxicity of the Til NCs using a CCK‑8 as‑

say. The cells were seeded in 96‑well plates at a density of 1 × 104 cells/well and cultured
for 24 h in a 5% CO2 incubator (HERAcell 150, Thermo Fisher Scientific, Inc., Waltham,
MA, USA). After removing the culture medium, the cells were incubated with Til NCs
and crude Til. Then, after incubation for 24 h and 48 h, the samples were tested using the
CCK‑8 kit reagent. In addition, LPS and IFN‑γ are the two major triggers of macrophage
inflammation, which not only induce the formation of inflammatory cells but also reduce
cell activity. Therefore, the protective ability of Til NCs against LPS and IFN‑γ was also
evaluated. CCK‑8 was used to detect the effect on cell viability after drug induction. The
absorbance at 450 nm was then used to calculate the optical density (OD) values using
a microplate reader (Biotek, Winooski, VT, USA). There were six duplicate analyses of
each sample.



Pharmaceuticals 2024, 17, 654 17 of 20

3.9. Macrophage Polarization Analysis
M1/M2 polarization of RAW264.7 cells was detected by FCM. In short, the cells were

seeded in 24‑well plates at a density of 1 × 105 cells/mL in triplicate. The cells were stimu‑
lated with LPS and IFN‑γ, the old medium was discarded, and different groups of drugs
were added (Til, 20 µg/mL). After 12 h of incubation, the cells were gently aspirated into a
flow tube, washed with PBS, and sequentially stained for 30 min at 4 ◦C in the dark with
FITC‑labeled anti‑murine F4/80 antibody, PE‑labeled anti‑murine CD86, and APC‑labeled
anti‑murine CD206. After that, the cells were washed, resuspended, and detected by FCM.
The results were analyzed with Flow Jo software (Tree star, Chico, CA, USA).

3.10. Assessment of Intracellular ROS Generation
Following treatment, cells were treated for 30 min with DCFH‑DA. The DCFH‑DA

test was used to measure the levels of intracellular ROS, as previously reported [52,53].
Finally, picture acquisition was accomplished using CLSM. By using FCM at a wavelength
of 488 nm, the proportion of ROS‑positive cells was ascertained and analyzed using Flow
Jo software.

3.11. Cytokine Assays
RAW264.7 cells were cultured in 24‑well plates for 24 h at a density of 1× 105 cells/mL.

After receiving a 24 h Til NCs therapy, the cells were stimulated with LPS and IFN‑γ for
a further 24 h. The concentrations of TNF‑α, IL‑6, IL‑1β, and IL‑10 in the cell supernatant
were measured using ELISA kits.

3.12. Analytical Methods
3.12.1. HPLC Analysis

A Waters e2695 HPLC system (Waters Technology Co., Ltd., Shanghai, China) was
used to calculate the amount of Til. Til was detected at a wavelength of 323 nm and sep‑
arated on a Reliasil C18 column (4.6 mm × 250 mm, 5 µm). Acetonitrile and 0.5% formic
acid (25:75) made up the mobile phase, and the temperature of the column was 40 ◦C. The
flow rate was 1.0 mL/min [3].

3.12.2. Statistical Analysis
Every quantitative piece of informationwas presented as the average± standard devi‑

ation (SD) of three or more measurements. When comparing two groups, unpaired t‑tests
were employed, and when comparing several groups, a one‑way analysis of variance was
employed: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

4. Conclusions
In summary, our study has achieved significant success in preparing Til NCs via the

combination of antisolvent precipitation and ultrasonication techniques. Specifically, the
optimal formulation and preparation process of Til NCs were optimized by CCD on the
basis of the single‑factor method regarding of the parameters of organic solvent type, oil‑
to‑water ratio, ultrasonication power and time, and stabilizers type. As a result, the op‑
timal Til NCs was obtained by using a mixed organic solvent of DMF and ethanol (1:1,
v/v) with an oil‑to‑water ratio of 1:20. The NCs were stabilized by PVA (0.30%, w/v) and
TPGS (0.08%, w/v). The ultrasonic power and time were 130 W and 25 min. In addition,
the optimal Til NCs were in amorphous needle‑like nanoparticle with a remarkably small
particle size (94.27 ± 1.19 nm) and a positive charge (10.30 ± 0.99 mV). Notably, Til NCs
exhibited a significantly enhanced water solubility and in vitro dissolution rate compared
to crude Til. This enhancement not only improved the bioavailability of Til but also poten‑
tiated its anti‑inflammatory properties. Specifically, Til NCs demonstrated a robust ability
to promote the transformation of macrophages from the M1 to M2 phenotype by increas‑
ing cellular uptake, inhibiting ROS and proinflammatory cytokines, and promoting the
production of anti‑inflammatory cytokines. In conclusion, our research underscores the
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potential of amorphous Til NCs as a promising therapeutic strategy for the treatment of
inflammatory diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph17050654/s1, Figure S1. The H1NMR detection profile of tilianin.
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decyl sulfate (SDS); simulated gastric fluid (SGF); simulated intestinal fluid (SIF); D‑α‑tocopherol
polyethylene glycol 1000 succinate (TPGS); tumor necrosis factor α (TNF‑α), transmission electron
microscopy (TEM).

References
1. Selenge, E.; Murata, T.; Tanaka, S.; Sasaki, K.; Batkhuu, J.; Yoshizaki, F.Monoterpene glycosides, phenylpropanoids, and acacetin

glycosides from Dracocephalum foetidum. Phytochemistry 2014, 101, 91–100. [CrossRef] [PubMed]
2. Hernández‑Abreu, O.; Torres‑Piedra, M.; García‑Jiménez, S.; Ibarra‑Barajas, M.; Villalobos‑Molina, R.; Montes, S.; Rembao, D.;

Estrada‑Soto, S. Dose‑dependent antihypertensive determination and toxicological studies of tilianin isolated from Agastache
mexicana. J. Ethnopharmacol. 2013, 146, 187–191. [CrossRef] [PubMed]

3. Wei, J.; Cao, P.; Wang, J.; Kang, W. Analysis of tilianin and acacetin in Agastache rugosa by high‑performance liquid chromatog‑
raphy with ionic liquids‑ultrasound based extraction. Chem. Cent. J. 2016, 10, 76. [CrossRef] [PubMed]

4. García‑Díaz, J.A.; Navarrete‑Vázquez, G.; García‑Jiménez, S.; Hidalgo‑Figueroa, S.; Almanza‑Pérez, J.C.; Alarcón‑Aguilar, F.J.;
Gómez‑Zamudio, J.; Cruz, M.; Ibarra‑Barajas, M.; Estrada‑Soto, S. Antidiabetic, antihyperlipidemic and anti‑inflammatory ef‑
fects of tilianin in streptozotocin‑nicotinamide diabetic rats. Biomed. Pharmacother. 2016, 83, 667–675. [CrossRef] [PubMed]

5. Nam, K.; Choi, J.; Seo, Y.; Lee, Y.; Lee, M.; Park, J.; Oh, G. We‑P14:489 Inhibitory effects of tilianin on the expression of inducible
nitric oxide synthase in low density lipoprotein receptor deficiency mice. Exp. Mol. Med. 2006, 7, 455. [CrossRef]

6. Oh, H.M.; Kang, Y.J.; Lee, Y.S.; Park, M.K.; Kim, S.H.; Kim, H.J.; Seo, H.G.; Lee, J.H.; Chang, K.C. Protein kinase G‑dependent
heme oxygenase‑1 induction by Agastache rugosa leaf extract protects RAW264.7 cells from hydrogen peroxide‑induced injury.
J. Ethnopharmacol. 2006, 103, 229–235. [CrossRef] [PubMed]

7. González‑Trujano, M.E.; Ponce‑Muñoz, H.; Hidalgo‑Figueroa, S.; Navarrete‑Vázquez, G.; Estrada‑Soto, S. Depressant effects of
Agastache mexicanamethanol extract and one of major metabolites tilianin. Restor. Neurol. Neurosci. 2015, 33, 683–700. [CrossRef]
[PubMed]

8. Wei, J.; Cao, P.; Wang, J.; Kang, W. Tilianin mediates neuroprotection against ischemic injury by attenuating CaMKII‑dependent
mitochondrion‑mediated apoptosis and MAPK/NF‑kappa B signaling. Life Sci. 2019, 216, 233–245.

https://www.mdpi.com/article/10.3390/ph17050654/s1
https://www.mdpi.com/article/10.3390/ph17050654/s1
https://doi.org/10.1016/j.phytochem.2014.02.007
https://www.ncbi.nlm.nih.gov/pubmed/24582463
https://doi.org/10.1016/j.jep.2012.12.029
https://www.ncbi.nlm.nih.gov/pubmed/23276782
https://doi.org/10.1186/s13065-016-0223-7
https://www.ncbi.nlm.nih.gov/pubmed/27994640
https://doi.org/10.1016/j.biopha.2016.07.023
https://www.ncbi.nlm.nih.gov/pubmed/27470567
https://doi.org/10.1016/S1567-5688(06)81841-6
https://doi.org/10.1016/j.jep.2005.08.030
https://www.ncbi.nlm.nih.gov/pubmed/16185832
https://doi.org/10.1016/S1995-7645(14)60312-6
https://www.ncbi.nlm.nih.gov/pubmed/25902158


Pharmaceuticals 2024, 17, 654 19 of 20

9. Zeng, C.; Jiang, W.; Zheng, R.; He, C.; Li, J.; Xing, J. Cardioprotection of tilianin ameliorates myocardial ischemia‑reperfusion
injury: Role of the apoptotic signaling pathway. PLoS ONE 2018, 13, e0193845. [CrossRef]

10. Gálvez, J.; Estrada‑Reyes, R.; Benítez‑King, G.; Araujo, G.; Orozco, S.; Fernández‑Mas, R.; Almazán, S.; Calixto, E. Involvement of
the GABAergic system in the neuroprotective and sedative effects of acacetin 7‑O‑glucoside in rodents. Restor. Neurol. Neurosci.
2015, 33, 683–700. [CrossRef]

11. Dong, T.; Chen, X.; Xu, H.; Song, Y.; Wang, H.; Gao, Y.; Wang, J.; Du, R.; Lou, H.; Dong, T. Mitochondrial metabolism mediated
macrophage polarization in chronic lung diseases. Pharmacol. Ther. 2022, 239, 108208. [CrossRef]

12. Feng, N.; Liang, L.; Fan, M.; Du, Y.; Chen, C.; Jiang, R.; Yu, D.; Yang, Y.; Zhang, M.; Deng, L.; et al. Treating Autoimmune
Inflammatory Diseases with an siERN1‑Nanoprodrug That Mediates Macrophage Polarization and Blocks Toll‑like Receptor
Signaling. ACS Nano 2021, 15, 15874–15891. [CrossRef] [PubMed]

13. Yang, J.; Bai, Y.; Shen, S.; Tao, X.; Ma, C.; Fu, B.; Dai, Q.; Wu, J.; Meng, Z.; Sun, Q.; et al. An oral nano‑antioxidant for targeted
treatment of inflammatory bowel disease by regulating macrophage polarization and inhibiting ferroptosis of intestinal cells.
Chem. Eng. J. 2023, 465, 142940. [CrossRef]

14. Wang, S.; Yang, S.; Chen, Y.; Chen, Y.; Li, R.; Han, S.; Kamili, A.; Wu, Y.; Zhang,W.Ginsenoside Rb2AlleviatedAtherosclerosis by
Inhibiting M1 Macrophages Polarization Induced by MicroRNA‑216a. Front. Pharmacol. 2021, 12, 764130. [CrossRef] [PubMed]

15. Orecchioni, M.; Ghosheh, Y.; Pramod, A.B.; Ley, K. Macrophage Polarization: Different Gene Signatures in M1(LPS+) vs. Clas‑
sically and M2(LPS‑) vs. Alternatively Activated Macrophages. Front. Immunol. 2019, 10, 1084. [CrossRef]

16. Müller, E.; Christopoulos, P.F.; Halder, S.; Lunde, A.; Beraki, K.; Speth, M.; Øynebråten, I.; Corthay, A. Toll‑Like Receptor
Ligands and Interferon‑γ Synergize for Induction of Antitumor M1 Macrophages. Front. Immunol. 2017, 8, 1383. [CrossRef]
[PubMed]

17. Murray, P.J. Macrophage Polarization. Annu. Rev. Physiol. 2016, 79, 541. [CrossRef] [PubMed]
18. Shirai, T.; Hilhorst, M.; Harrison, D.G.; Goronzy, J.J.; Weyand, C.M. Macrophages in vascular inflammation—From atheroscle‑

rosis to vasculitis. Autoimmunity 2015, 48, 139–151. [CrossRef]
19. Lafuse, W.P.; Wozniak, D.J.; Rajaram, M.V.S. Role of CardiacMacrophages on Cardiac Inflammation, Fibrosis and Tissue Repair.

Cells 2020, 10, 51. [CrossRef]
20. Kim, S.Y.; Nair, M.G.Macrophages inwound healing: Activation and plasticity. Immunol. Cell Biol. 2019, 97, 258–267. [CrossRef]
21. Sun, K.; Li, Y.‑Y.; Jin, J. A double‑edged sword of immuno‑microenvironment in cardiac homeostasis and injury repair. Signal

Transduct. Target Ther. 2021, 6, 16. [CrossRef]
22. Arabpour, M.; Saghazadeh, A.; Rezaei, N. Anti‑inflammatory and M2 macrophage polarization‑promoting effect of mesenchy‑

mal stem cell‑derived exosomes. Int. Immunopharmacol. 2021, 97, 107823. [CrossRef]
23. Chen, S.; Yang, J.; Wei, Y.; Wei, X. Epigenetic regulation of macrophages: From homeostasis maintenance to host defense. Cell

Mol. Immunol. 2020, 17, 36–49. [CrossRef]
24. Nam, K.‑W.; Kim, J.; Hong, J.‑J.; Choi, J.‑H.; Mar,W.; Cho,M.‑H.; Kim, Y.‑M.; Oh, S.‑R.; Lee, H.‑K.; Nam, K.‑H.; et al. Inhibition of

cytokine‑induced IκB kinase activation as a mechanism contributing to the anti‑atherogenic activity of tilianin in hyperlipidemic
mice. Atherosclerosis 2005, 180, 27–35. [CrossRef]

25. Shen,W.; Anwaier, G.; Cao, Y.; Lian, G.; Chen, C.; Liu, S.; Tuerdi, N.; Qi, R. AtheroprotectiveMechanisms of Tilianin by Inhibiting
Inflammation Through Down‑Regulating NF‑κB Pathway and Foam Cells Formation. Front. Physiol. 2019, 10, 825. [CrossRef]

26. Zhang, Y.; Fu, Z. Acute Lung Injury (ALI): Role of Tilianin in an in‑vitro LPS Induced Alveolar Macrophages Cells and in‑vivo
C57BL/6 Mice Model. J. Environ. Pathol. Toxicol. Oncol. 2020, 39, 335–344. [CrossRef]

27. Zeng, C. Optimization and in vitro evaluation of TAT and PEG co‑modified tilianin‑loaded composite phospholipid liposomes.
Chin. Herb. Med. 2018, 49, 5061–5069.

28. Silva, A.D.A.; Sarcinelli, M.A.; Patricio, B.F.d.C.; Chaves, M.H.d.C.; Lima, L.M.; Parreiras, P.M.; Pinto, P.d.F.; Prado, L.D.; Rocha,
H.V.A. Pharmaceutical development of micro and nanocrystals of a poorly water‑soluble drug: Dissolution rate enhancement
of praziquantel. J. Drug Deliv. Sci. Technol. 2023, 81, 104–260. [CrossRef]

29. Bianchi, M.B.; Zhang, C.; Catlin, E.; Sandri, G.; Calderon, M.; Larraneta, E.; Donnelly, R.F.; Picchio, M.L.; Paredes, A.J. Bioad‑
hesive eutectogels supporting drug nanocrystals for long‑acting delivery to mucosal tissues. Mater. Today Bio 2022, 17, 100471.
[CrossRef]

30. Zingale, E.; Bonaccorso, A.; Carbone, C.; Musumeci, T.; Pignatello, R. Drug Nanocrystals: Focus on Brain Delivery from Thera‑
peutic to Diagnostic Applications. Pharmaceutics 2022, 14, 691. [CrossRef]

31. Guo, M.; Qin, S.; Wang, S.; Sun, M.; Yang, H.; Wang, X.; Fan, P.; Jin, Z. Herbal Medicine Nanocrystals: A Potential Novel
Therapeutic Strategy. Molecules 2023, 28, 6370. [CrossRef] [PubMed]

32. Chen, Q.; Hood, Z.D.; Qiu, J.; Guan, B.; Xia, Y. Continuous Production of Water‑Soluble Nanocrystals through Anti‑Solvent
Precipitation in a Fluidic Device. ChemNanoMat 2019, 5, 1131–1136. [CrossRef]

33. Shaikh, F.; Patel, M.; Patel, V.; Patel, A.; Shinde, G.; Shelke, S.; Pathan, I. Formulation and optimization of cilnidipine loaded
nanosuspension for the enhancement of solubility, dissolution and bioavailability. J. Drug Deliv. Sci. Technol. 2022, 69, 103066.
[CrossRef]

34. Lv, Y.; Wu, W.; Corpstein, C.D.; Li, T.; Lu, Y. Biological and intracellular fates of drug nanocrystals through different delivery
routes: Recent development enabled by bioimaging and PK modeling. Adv. Drug Deliv. Rev. 2022, 188, 114466. [CrossRef]
[PubMed]

https://doi.org/10.1371/journal.pone.0193845
https://doi.org/10.3233/RNN-140486
https://doi.org/10.1016/j.pharmthera.2022.108208
https://doi.org/10.1021/acsnano.1c03726
https://www.ncbi.nlm.nih.gov/pubmed/34586802
https://doi.org/10.1016/j.cej.2023.142940
https://doi.org/10.3389/fphar.2021.764130
https://www.ncbi.nlm.nih.gov/pubmed/35046806
https://doi.org/10.3389/fimmu.2019.01084
https://doi.org/10.3389/fimmu.2017.01383
https://www.ncbi.nlm.nih.gov/pubmed/29123526
https://doi.org/10.1146/annurev-physiol-022516-034339
https://www.ncbi.nlm.nih.gov/pubmed/27813830
https://doi.org/10.3109/08916934.2015.1027815
https://doi.org/10.3390/cells10010051
https://doi.org/10.1111/imcb.12236
https://doi.org/10.1038/s41392-020-00455-6
https://doi.org/10.1016/j.intimp.2021.107823
https://doi.org/10.1038/s41423-019-0315-0
https://doi.org/10.1016/j.atherosclerosis.2004.11.022
https://doi.org/10.3389/fphys.2019.00825
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2020035136
https://doi.org/10.1016/j.jddst.2023.104260
https://doi.org/10.1016/j.mtbio.2022.100471
https://doi.org/10.3390/pharmaceutics14040691
https://doi.org/10.3390/molecules28176370
https://www.ncbi.nlm.nih.gov/pubmed/37687199
https://doi.org/10.1002/cnma.201900338
https://doi.org/10.1016/j.jddst.2021.103066
https://doi.org/10.1016/j.addr.2022.114466
https://www.ncbi.nlm.nih.gov/pubmed/35905948


Pharmaceuticals 2024, 17, 654 20 of 20

35. Yang, H.; Kim, H.; Jung, S.; Seo, H.; Nida, S.K.; Yoo, S.‑Y.; Lee, J. Pharmaceutical Strategies for Stabilizing Drug Nanocrystals.
Curr. Pharm. Des. 2018, 24, 2362–2374. [CrossRef] [PubMed]

36. Patel, M.; Desai, A.; Kansara, V.; Vyas, B. Core Shell Lipid‑Polymer Hybrid Nanoparticles for Oral Bioavailability Enhancement
of Ibrutinib via Lymphatic Uptake. AAPS PharmSciTech 2023, 24, 142. [CrossRef] [PubMed]

37. Cavalcante de Freitas, P.G.; Rodrigues Arruda, B.; Araújo Mendes, M.G.; Barroso de Freitas, J.V.; da Silva, M.E.; Sampaio, T.L.;
Petrilli, R.; Eloy, J.O. Resveratrol‑Loaded Polymeric Nanoparticles: The Effects of D‑α‑Tocopheryl Polyethylene Glycol 1000
Succinate (TPGS) on Physicochemical and Biological Properties against Breast Cancer In Vitro and In Vivo. Cancers 2023, 15,
2802. [CrossRef] [PubMed]

38. Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R.
Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems. Pharmaceutics 2018,
10, 57. [CrossRef]

39. Li, H.; Li, M.; Fu, J.; Ao, H.; Wang, W.; Wang, X. Enhancement of oral bioavailability of quercetin by metabolic inhibitory
nanosuspensions compared to conventional nanosuspensions. Drug Deliv. 2021, 28, 1226–1236. [CrossRef]

40. Soisuwan, S.; Teeranachaideekul, V.; Wongrakpanich, A.; Langguth, P.; Junyaprasert, V.B. Impact of uncharged and charged
stabilizers on in vitro drug performances of clarithromycin nanocrystals. Eur. J. Pharm. Biopharm. 2019, 137, 68–76. [CrossRef]

41. Weiss, A.M.; Macke, N.; Zhang, Y.; Calvino, C.; Esser‑Kahn, A.P.; Rowan, S.J. In Vitro and in Vivo Analyses of the Effects of
Source, Length, and Charge on the Cytotoxicity and Immunocompatibility of Cellulose Nanocrystals. ACS Biomater. Sci. Eng.
2021, 7, 1450–1461. [CrossRef]

42. Gil‑González, E.; Perejón, A.; Sánchez‑Jiménez, P.E.; Medina‑Carrasco, S.; Kupčík, J.; Šubrt, J.; Criado, J.M.; Pérez‑Maqueda,
L.A. Crystallization Kinetics of Nanocrystalline Materials by Combined X‑ray Diffraction and Differential Scanning Calorimetry
Experiments. Cryst. Growth Des. 2018, 18, 3107–3116. [CrossRef]

43. Yousefi, M.; Mohammadi, V.G.; Shadnoush, M.; Khorshidian, N.; Mortazavian, A.M. Zingiber officinale essential oil‑loaded
chitosan‑tripolyphosphate nanoparticles: Fabrication, characterization and in‑vitro antioxidant and antibacterial activities. Food
Sci. Technol. Int. 2022, 28, 592–602. [CrossRef]

44. Ji, X.; Song, Z.; He, J.; Guo, S.; Chen, Y.; Wang, H.; Zhang, J.; Xu, X.; Liu, J. NIMA‑related kinase 7 amplifiesNLRP3 inflammasome
pro‑inflammatory signaling in microglia/macrophages and mice models of spinal cord injury. Exp. Cell Res. 2021, 398, 112418.
[CrossRef]

45. Howait, M.; Albassam, A.; Yamada, C.; Sasaki, H.; Bahammam, L.; Azuma, M.M.; Cintra, L.T.A.; Satoskar, A.R.; Yamada, S.;
White, R.; et al. Elevated Expression of Macrophage Migration Inhibitory Factor Promotes Inflammatory Bone Resorption In‑
duced in a Mouse Model of Periradicular Periodontitis. J. Immunol. 2019, 202, 2035–2043. [CrossRef]

46. He, R.; Liu, M.; Zou, Z.; Wang, M.; Wang, Z.; Ju, X.; Hao, G. Anti‑inflammatory activity of peptides derived from millet bran
in vitro and in vivo. Food Funct. 2022, 13, 1881–1889. [CrossRef]

47. Zhou, J.; Liu, W.; Zhao, X.; Xian, Y.; Wu, W.; Zhang, X.; Zhao, N.; Xu, F.; Wang, C. Natural Melanin/Alginate Hydrogels Achieve
Cardiac Repair through ROS Scavenging and Macrophage Polarization. Adv. Sci. 2021, 8, e2100505. [CrossRef]

48. Kou, L.; Huang, H.; Tang, Y.; Sun, M.; Li, Y.; Wu, J.; Zheng, S.; Zhao, X.; Chen, D.; Luo, Z.; et al. Opsonized nanoparticles target
and regulate macrophage polarization for osteoarthritis therapy: A trapping strategy. J. Control. Release Off. J. Control. Release
Soc. 2022, 347, 237–255. [CrossRef]

49. Zhang, J.; Cui, J.; Gao, J.; Zhang, D.; Lin, D.; Lin, J. Polysaccharides of Plantago asiatica enhance antitumor activity via regulating
macrophages to M1‑like phenotype. Biomed. Pharmacother. 2023, 159, 114246. [CrossRef] [PubMed]

50. Li, X.; Zou, Q.; Li, W.; Chen, H. Intracellular Interaction of Hydroxyapatite‑Based Nanocrystals with Uniform Shape and Trace‑
able Fluorescence. Inorg. Chem. 2018, 57, 13739–13748. [CrossRef] [PubMed]

51. Qin, W.; Zhu, L. Anisotropic morphology, formationmechanisms, and fluorescence properties of zirconia nanocrystals. Sci. Rep.
2020, 10, 115–298. [CrossRef] [PubMed]

52. Su, C.H.; Ho, Y.C.; Lee, M.W.; Tseng, C.C.; Lee, S.S.; Hsieh, M.K.; Chen, H.H.; Lee, C.Y.; Wu, S.W.; Kuan, Y.H. 1‑Nitropyrene
Induced Reactive Oxygen Species‑Mediated Apoptosis in Macrophages through AIF Nuclear Translocation and AMPK/Nrf‑
2/HO‑1 Pathway Activation. Oxid. Med. Cell. Longev. 2021, 9, 314–342. [CrossRef] [PubMed]

53. Huang, Y.; Ma, M.; Zhu, X.; Li, M.; Guo, M.; Liu, P.; He, Z.; Fu, Q. Effectiveness of idebenone nanorod formulations in the
treatment of Alzheimer’s disease. Journal of controlled release. Off. J. Control. Release Soc. 2021, 336, 169–180. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au‑
thor(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.

https://doi.org/10.2174/1381612824666180515125247
https://www.ncbi.nlm.nih.gov/pubmed/29766785
https://doi.org/10.1208/s12249-023-02586-9
https://www.ncbi.nlm.nih.gov/pubmed/37353671
https://doi.org/10.3390/cancers15102802
https://www.ncbi.nlm.nih.gov/pubmed/37345140
https://doi.org/10.3390/pharmaceutics10020057
https://doi.org/10.1080/10717544.2021.1927244
https://doi.org/10.1016/j.ejpb.2019.02.004
https://doi.org/10.1021/acsbiomaterials.0c01618
https://doi.org/10.1021/acs.cgd.8b00241
https://doi.org/10.1177/10820132211040917
https://doi.org/10.1016/j.yexcr.2020.112418
https://doi.org/10.4049/jimmunol.1801161
https://doi.org/10.1039/D1FO03711K
https://doi.org/10.1002/advs.202100505
https://doi.org/10.1016/j.jconrel.2022.04.037
https://doi.org/10.1016/j.biopha.2023.114246
https://www.ncbi.nlm.nih.gov/pubmed/36652734
https://doi.org/10.1021/acs.inorgchem.8b02285
https://www.ncbi.nlm.nih.gov/pubmed/30353726
https://doi.org/10.1038/s41598-020-70570-5
https://www.ncbi.nlm.nih.gov/pubmed/32807806
https://doi.org/10.1155/2021/9314342
https://www.ncbi.nlm.nih.gov/pubmed/34336119
https://doi.org/10.1016/j.jconrel.2021.06.024
https://www.ncbi.nlm.nih.gov/pubmed/34157335

	Introduction 
	Results and Discussion 
	Formulation Optimization 
	Selection of Organic Solvents, Stabilizers, and Process Parameters 
	Optimization Using the CCD Method 

	Characterization of Til NCs 
	Particle Size and Morphology 
	Crystalline Characterization 

	Stability and Saturation Solubility 
	In Vitro Release of Til NCs 
	The Cellular Uptake and Cytotoxicity of Til NCs 
	Study of Macrophage Polarization 
	Anti-ROS and Anti-Inflammatory Factor Study 

	Materials and Methods 
	Materials 
	Methods 
	Preparation of Til NCs 
	Formulation Optimization of Til NCs 

	Characterization of Til NCs 
	Stability and Saturation Solubility of Til NCs 
	In Vitro Release 
	Cell Culture 
	Cellular Uptake 
	Cytotoxicity Analysis 
	Macrophage Polarization Analysis 
	Assessment of Intracellular ROS Generation 
	Cytokine Assays 
	Analytical Methods 
	HPLC Analysis 
	Statistical Analysis 


	Conclusions 
	References

