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a b s t r a c t

Nanomedicine preparation is a promising approach for the effective utilization of natural bioactive prod-

ucts. However, the successful fortification of natural products into nanocarriers in a host-guest manner

remains a great challenge. Here, a 96-WP TFH/TM strategy integrating 96-well plate mediated thin-film

hydration, turbidity measurement, stability evaluation, and relative quantification, was proposed to screen

host-guest complexes. As a proof-of-concept, biomimetic bile acid-lecithin nanomicelles (BA-L NMs) were

used as nanocarriers and 51 natural products were assayed for guest molecules. Muscone came out as

the fit-for-purpose candidate to produce stable NMs, namely M-NMs. Following spectroscopic characteri-

zation and molecular dynamics calculation, hydrophobic interactions, hydrogen bonding, and salt bridges

were demonstrated as the primary correlations amongst taurocholic acid, lecithin, and muscone. M-NMs

exhibited significant in vitro and in vivo anti-inflammation features. Together, we developed a 96-WP

TFH/TM strategy to achieve high-throughput host-guest complex screening, facilitating the development

of natural product nanomicelles.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Natural products are a valuable source of lead compounds and

potential drug candidates due to their diverse chemical structures

and great biological activities [1,2]. However, a number of natural

products suffer from poor solubility and low bioavailability, exten-

sively dampening their applications and investigations [3]. Hith-

erto, nanocarriers occupy a hotspot in drug delivery field [4–8].

The sub-100nm particles can significantly enhance the stability

and solubility of pharmaceutical compounds. These characteristics

not only promote efficient cellular internalization but also extend

circulatory half-life, thereby enhancing both bioavailability and

safety [9]. Several successes have been reached for natural prod-

ucts delivery using nanocarriers, such as liposomes for ammonium

glycyrrhizate skin delivery [10]. However, the existing nanoparticle

exploration strategies rely heavily on trial-and-error approaches or

empirical optimization. Because the carrying capacity and stability

of nanocarriers are determined by the host-guest molecule interac-

tions [11], extensive screening, optimization, and stability investi-

gation, successively, are extremely important. Conventional screen-
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ing workflows are typically driven by the observation of nanopar-

ticles through Tyndall effect detection or size measurement by dy-

namic light scattering (DLS). Upon confirmation of their presence,

subsequent steps usually involve isolating the nanoparticles and

characterizing their morphology, component composition, stability,

and so forth [12]. However, these methods are limited to sequen-

tial sample analysis, leading to low throughput and requiring rela-

tively large sample volumes (0.5–1mL). More advanced techniques,

such as scanning electron microscope (SEM) or other electron mi-

croscopes can be used directly to observe the presence of nanopar-

ticles [13]. Nuclear magnetic resonance (NMR) spectroscopy also

provides a method to investigate guest loading [11]. Native mass

spectrometry (nMS) has emerged as a promising technique for mi-

celle and nanodisc characterization [14,15], providing simultaneous

structural identification and quantitative analysis of nanoparticles.

However, these methods require expensive equipment, resulting in

high costs and not user-friendly. Although in silico approaches ex-

actly facilitate rapid screening of the self-assembly ability of candi-

date drug molecules through outputting theoretical results [16,17],

the complexity of reality surpasses computational predictions. The

development of a high-throughput, cost-effective, and user-friendly

host-guest molecule screening method is of utmost urgency.
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Scheme 1. Schematic workflow of the 96-well plate-based screening platform for host-guest molecular interactions. The integrated procedure involves four sequential

phases: (1) 96-well plate-based thin-film hydration (96-WP TFH), including dissolution of bile acid, lecithin, and hydrophobic natural products in organic solvent, solvent

evaporation to form thin films, and hydration with aqueous solvent; (2) turbidity measurement at 750nm using a microplate reader; (3) stability evaluation by measuring

turbidity at different time points as well as multiple temperature levels; (4) relatively quantitative measurements by LC–MS or GC–MS.

During lead natural products screening, the utilization of

96-well plates (96wp) extensively occurs because of the high-

throughput and user-friendly advantages. Hence, the implementa-

tion of the widely popular method for nanomicelles (NMs) or lipo-

somes preparation, thin-film hydration in 96wp, should be feasible

and theoretically convenient to complete the screening task. How-

ever, assessing the formation of NMs with conventional methods

may be challenging due to the difficulty in observing the Tyndall

effect or measuring nanoparticle size via DLS in a 96-well plate.

The final step of 96wp assays generally involves the absorption

wavelength determination using a microplate reader, and fortu-

nately, such step enables convenient turbidity measurements. The

turbidity of the solution, commonly deployed as an indicator for

nanoparticle aggregation, can offer a quantitative reflection of the

concentration or particle size of the suspended particulate mat-

ter. In general, greater turbidity values correspond to larger par-

ticle sizes or higher concentrations, and vice versa [18]. Theoreti-

cally, the turbidity of hydrophobic drugs will be significantly re-

duced when they are solubilized and encapsulated in nanocarriers

compared to being dispersed in aqueous medium. Therefore, the

host-guest complex screening might be accomplished via 96wp as-

says.

Here, a strategy integrating thin-film hydration, turbidity mea-

surement, stability evaluation, and relative quantification in 96wp,

was proposed to screen host-guest complexation. As a proof-of-

concept, biomimetic bile acid-lecithin nanomicelles (BA-L NMs)

bearing biocompatible and biodegradable merits served as the host

nanocarriers [19,20]. A total of 51 natural bioactive products, en-

compassing flavonoids, alkaloids, coumarins, terpenes, quinonoids,

and others, were evaluated for guest molecules. Muscone, a natu-

ral product featured by the anti-inflammatory property [21,22], as

a representative guest molecule forming stable muscone NMs (M-

NMs) was chosen to in depth explore the interaction mechanisms.

Thereafter, several preliminary investigations were conducted to

evaluate the anti-inflammatory activities of M-NMs for dermal de-

livery. Collectively, the obtained findings are envisioned to demon-

strate the 96wp assays as a promising approach for screening host-

guest molecule interactions and subsequently facilitating the de-

sign of natural product nanomicelles.

The entire workflow was conducted in a 96-well plate by per-

forming four progressive steps: (1) 96wp-based thin-film hydra-

tion (96-WP TFH), briefly, consisting of three successive experi-

ments such as dissolving bile acid (BA), lecithin (L), and hydropho-

bic natural products in organic solvent, evaporating the organic

solvent, and hydrating NMs with aqueous solvent (normal saline

in the current study); (2) turbidity measurement at 750nm using

a microplate reader; (3) stability evaluation by measuring turbid-

ity at different time points as well as multiple temperature lev-

els; and (4) relatively quantitative measurements by LC–MS or GC–

MS (Scheme 1). All 51 hydrophobic natural bioactive products (Ta-

bles S1 and S2 in Supporting information) were screened as guest

molecule candidates to justify the applicability of 96-WP TFH/TM

strategy. Direct dispersion of each candidate in normal saline acted

as the negative control, while BA-L NMs played the role of the

guest molecule-free control. To simultaneously achieve effective

solubilization for hydrophobic guest molecules and to form stable

nanoparticles, the resultant NMs should fulfill the following two

prerequisites. Firstly, the turbidity exhibited a significant decre-

ment compared to the negative control, and nonetheless, being

comparable with that of the natural product-free control. Secondly,

the turbidity value should maintain stable over a relatively long

period at different temperature levels.

We initially attempted to construct NMs through employing the

extensively utilized bile acids and lecithin, such as sodium tauro-

cholate (NaTCA) and yolk lecithin, respectively, at a fixed propor-

tion (BA:L=10:3). Subsequently, we systematically augmented the

amount of hydrophobic guest molecules to assess turbidity [23].

As a result, the addition of BA-L NMs led to a significant turbidity

decrement for resveratrol, isoliquiritigenin, licochalcone A, or mus-

cone, compared to the respective negative control, even reaching a

clear and transparent status (Fig. 1A and Fig. S1 in Supporting in-

formation). Moreover, significant turbidity variation did not occur

for isoliquiritigenin, licochalcone A, or muscone at different tem-

peratures or time points, indicating the successful entry of guest

molecules into the carriers.

The encapsulation of guest molecules in BA-L NMs was fur-

ther validated through relatively quantitative analysis. Four volatile

components, including borneol, menthone, β-elemene, and mus-

cone, were quantitatively analyzed using GC–MS (Table S1), while

others were monitored by LC–MS (Table S2 and Fig. S2 in Sup-

porting information). As a result, BA-L NMs demonstrated the en-

hanced solubilization efficacy, and particularly, more than two-fold

solubility improvement occurred for the high-concentration groups

belonging to 23 bioactive compounds, comprising 11 flavonoids,

3 terpenoids, 3 alkaloids, and 6 other natural products. Notably,

isoliquiritigenin, licochalcone A, and muscone exhibited excellent
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Fig. 1. Host-guest molecule interaction screening with 96wp assays. (A) Turbidity measurements at various concentrations, temperatures, and time points using muscone as

a representative example. (B) Relative quantitation of the solubilizing compound and linear regression (y=107.47x+4.325, R2 =0.987 for muscone). IS1: internal standard 1,

M: muscone, NS: normal saline.

solubility as aforementioned (Fig. 1B and Fig. S3 in Supporting in-

formation). Representatively, muscone was totally insoluble in nor-

mal saline because it was almost undetectable when being dis-

persed in normal saline. However, following the addition of BA-

L NMs, the relative peak areas of muscone exactly showed a

linear increment with the fortified amounts (y=107.47x+4.325,

R2 =0.987), even being comparable with the values of those se-

rial standard solutions (Fig. 1B). Similar results were also observed

for either isoliquiritigenin or licochalcone A (Fig. S3). The natu-

ral products whose turbidity decreased and/or solubility increased

were summarized in Fig. S4 (Supporting information). Moreover,

the well-defined approaches, such as Tyndall effect evaluation and

DLS-based particle size measurement were jointly employed to

consolidate the results. As expected, the results exactly justified

the aforementioned findings (Fig. S5 in Supporting information).

To further confirm the utility of 96-WP TFH/TM, we assessed

the detection limits and linear correlations between turbidity and

particle size for the micelles corresponding to muscone. The re-

sults demonstrated that even undergoing 16-fold dilution, the tur-

bidity of three distinct samples were still detectable and the de-

tection limit came out as low as 0.5mg/mL (Fig. S6A in Support-

ing information). Moreover, the linear relationships between dilu-

tion ratio and turbidity confirmed that greater concentrations of

nanoparticles exactly corresponded to higher turbidity level. Fur-

ther, we also observed the linear correlations between nanoparti-

cle size and turbidity (Fig. S6B in Supporting information). There-

after, comparisons were conducted for 96-WP TFH/TM against fre-

quently used approaches such as DLS and Tyndall effect measure-

ments (Table S3 in Supporting information). The 96wp assay offers

a high-throughput, cost-effective, and user-friendly screening plat-

form for host-guest complexes with three key advantages. (1) Par-

allel analysis of dozens of samples significantly increases through-

put compared to the traditional methods. The screening of 51 natu-

ral products, encompassing varied formulations and replicated ex-

perimental designs, generated approximately 1 000 testing sam-

ples and merely cost about 20 min using the novel methodology,

whilst DLS only assayed less than ten samples within the equiv-

alent time. (2) The new approach was advantageous at minimiz-

ing sample and solvent consumption (≤100μL vs. about 1000μL

per test for DLS/Tyndall characterization), with further achievable

reductions through applying 384-/1536-well plate assays, exactly

meeting the green chemistry principles. (3) Similar to Tyndall ef-

fect analysis, the 96-WP TFH/TM operation required minimal tech-

nical expertise and was designed with user-friendly feature. This

integrated approach enabled rapid, economical large-scale screen-

ing in addition to maintaining experimental precision, represent-

ing a methodological advancement in molecular interaction stud-

ies. The proportion amongst BA, lecithin, and muscone was op-

timized in a progressive manner using 96wp assays. The results

demonstrated a synergistic decrement in the turbidity of muscone

by BA and lecithin, with an optimal proportion for BA against L

within 15:(5∼15) (Fig. S7 in Supporting information).

Consequently, the above findings suggested that muscone,

isoliquiritigenin and licochalcone A should be the suitable guest

molecules for BA-L NMs, and 96wp assays were a superior ap-

proach for host-guest complex screening and even for formulation

optimization. Due to its exceptional properties as a guest molecule

in the formation of NMs with BA and L and its anti-inflammatory

properties, muscone was selected as a representative for further

investigation.

We preliminarily assessed the synergistic action between BA

and lecithin towards facilitating muscone solubilization. The opti-

mal ratio came out as BA:L:muscone=15:(8–10):(14–18) mmol/L

using 96-WP TFH/TM strategy. The validity of these findings was

further substantiated through measuring the size and polydisper-

sity index (PDI) by DLS analysis (Fig. S8 in Supporting information).

The central composite design (CCD) response surface method was

employed for further optimization to obtain NMs with reduced di-

mensions and enhanced uniformity. The molar concentration of

lecithin (X1) and the theoretical molar concentration of muscone

(X2) were considered as independent variables, while particle size

(Y1) and PDI (Y2) served as the dependent variables (Table S4 in

Supporting information) [24]. The obtained regression equations

were as Y1 = 108.6261 − 21.7760X1 − 0.8626X2 − 0.3850X1X2 +
1.4924X1

2 + 0.1833X2
2 (R2 = 0.9794, F = 66.40, P < 0.0001), in-

dicating statistical significance with a non-significant lack of fit-

ting value (P = 0.1478 > 0.05), and Y2 = 5.9666 − 1.4337X1 +
0.0574X2 + 0.0022X1X2 + 0.0777X1

2 − 0.0015X2
2 (R2 = 0.9521,

F = 27.81, P = 0.0002 < 0.05), suggesting good fitting without

significant lack of fitting value (P = 0.2315 >0.05). These equa-

tions demonstrated excellent fitting and predictive capabilities.

Three-dimensional response surface and contour maps are shown

in Fig. 2A and Fig. S9 (Supporting information), respectively. For

convenient operation, the final optimized ratio for BA:L:muscone

was fixed at 15:9:15mmol/L. Except NaTCA, other commonly uti-

lized BAs including sodium cholate (NaCA), sodium glycine cholate

(NaGCA), sodium glycochenodeoxycholate (NaGCDCA), and sodium

taurodeoxycholate (NaTDCA) were evaluated for the fabrication of

NMs. All BAs were able to form NMs with L and advance muscone

solubility. However, tauro-conjugated BAs demonstrated greater ef-

ficacy (Fig. S10 in Supporting information), possibly attributed to

the appropriate hydrophobicity and size features [25].

According to the optimized formulation, three batches of M-

NMs were prepared in parallel. NMs exhibited a distinct and trans-

parent appearances, with a hydrodynamic size of 11.35±0.66nm

and a relatively narrow size distribution (PDI as 0.147±0.023),

demonstrating that the optimized formulation exhibited great re-

liability (Fig. 2B). M-NMs showed zeta potentials around −20.0mV

3
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Fig. 2. Fabrication and physicochemical characterization of M-NMs. (A) 3D response surface diagram of independent variables formulas of lecithin (L) and muscone (M)

and dependent variables size and PDI. (B) DLS measurement of M-NMs size. Inset: photographic image of M-NMs under daylight. (C) TEM image of M-NMs. Variations of

hydrodynamic sizes and PDI of M-NMs under different NaCl concentrations (D), time points (E), temperatures (F), and pH levels (G). (H) Stability evaluation of M-NMs in

DMEM. (I) Relative residual measurement of muscone after exposure to a continuous stream of air.

in phosphate buffered saline solution, corresponding to excellent

aqueous stability. Transmission electron microscopy (TEM) images

revealed that the micromorphology of M-NMs exhibited a non-

adhesive near-spherical morphology with sizes ramping from 3nm

to 5nm (Fig. 2C). Further, the quantitative results demonstrated

that M-NMs exhibited a drug-loading rate as 13% and encapsula-

tion efficiency as 57%.

Upon hydration with solutions containing different concentra-

tion levels of NaCl, both the size and size distribution decreased

when NaCl concentration kept growing until 0.5mol/L (Fig. 2D).

The fortification of NaCl to aqueous NMs resulted in a time-

dependent turbidity decrement, and a steady status was reached

after approximately 120min using 0.05mol/L NaCl (Fig. S11 in

Supporting information). This tendency was further consolidated

at different NaCl concentration levels. When NaCl concentration

reached at 0.1mol/L, the solution immediately transferred from

milky to clear status, indicating that NaCl effectively inhibited floc-

culation of M-NMs (Fig. S12 in Supporting information). Conse-

quently, the stability of M-NMs could be dramatically impacted by

NaCl concentration, and NMs were hydrated using 0.5mol/L NaCl

solution to advance stability.

The stability of NMs is extremely important for the clinical ap-

plications [26]. Following evaluations, significant change in term of

either hydrodynamic size or size distribution within 7-day incuba-

tion was failed to occur, indicating the high-level stability feature

for M-NMs (Fig. 2E). Furthermore, M-NMs exhibited remarkable

stability within a wide temperature span from –20 °C to 60 °C;
however, the structures were destroyed after a 2-h incubation at

90 °C (Fig. 2F). The stability was further evaluated under the sim-

ulated human status via varying pH values and incubation times

in Dulbecco’s modified eagle medium (DMEM) solution [27]. As a

result, under both acidic conditions (pH 1 and 4) and mild alka-

line conditions (pH 10), moderate increment was observed for ei-

ther hydrodynamic size or size distribution. However, within the

alkaline environment, the size was dramatically increased (Fig. 2G),

indicating that M-NMs were instable in such strong alkali environ-

ment. To avoid the influence from DMEM solution, we assessed the

relative remnant (RR, %) of muscone for M-NMs, through deploy-

ing the sample, namely M-Tween-80 solution that was prepared

by dissolving muscone in water in the presence of Tween-80, as

the control. As a consequence, RR (%) values for M-NMs showed a

slight decrement upon incubation time, whereas RR (%) values for

M-Tween-80 solution significantly decreased gradually within two

hours, indicating the significant stability for M-NMs (Fig. 2H). Ad-

ditionally, owing to the volatility property for muscone, we com-

pared RR (%) values amongst M-NMs, M-Tween-80 solution, and

muscone-H2O dispersion after the exposure to streaming air. The

results suggested that both M-NMs and M-Tween-80 were signif-

icantly superior to muscone-H2O dispersion during the initial six

hours; thereafter, only M-NMs dramatically inhibited the volatiliza-

tion of muscone (Fig. 2I). Overall, the great stability of M-NMs

demonstrated the potential as a promising nanomedicine.

To investigate the molecular interactions amongst BA, lecithin,

and muscone, as well as to reveal the self-assembly mecha-

nisms of M-NMs, several spectroscopic and spectrometric assays

together with molecular dynamics (MD) simulation were con-

ducted. Because lecithin sourced from egg yolk is a complex mix-

ture of various phosphatidylcholine species, we thereby employed

1-palmitoyl-2-oleoyl-sn–glycero–3-phosphocholine (POPC) that is a

typical species in lecithin to simplify the relevant evaluations. As

shown in Fig. S13A (Supporting information), NaTCA structurally

possesses hydroxyl groups orienting towards the concave side (α
plane) of the carbon framework, nonetheless, exhibiting a hy-

drophobic convex side (β plane). Obviously, the structure was quite

4
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different from the conventional surfactant bearing a hydrophobic

tail and hydrophilic head groups, and was different from muscone

exhibiting a hydrophobic scaffold as well.

TEM and DLS measurement results also demonstrated that it

was appropriate to employ POPC as a representative for lecithin

(Fig. S13B in Supporting information). UV–vis spectrum exhibited

only terminal absorption peak for BA. Upon the addition of lecithin

ranging from 0mmol/L to 9mmol/L, a red shift was observed;

however, none such shift was observed for the further addition

(Fig. S13C in Supporting information). Moreover, the further in-

crement of muscone was failed to initiate any spectra shift when

maintaining the proportion of NaTCA:POPC at 15:9 (mmol/L), in-

dicating that muscone did not significantly impact the structure

of BA-L NMs. FT-IR assay revealed that M-NMs exhibited similar

structural features with monomer molecules (Fig. S13D in Sup-

porting information). However, due to the absence of distinctive

characteristic peaks, UV–vis and FT-IR spectral information was not

able to provide pronounced clues for the molecular interactions

within M-NMs.
1H NMR and NOESY spectroscopic assays were then

performed to gain more structural insights into M-NMs

[28,29]. Concerning NaTCA, the chemical shifts of H-18 (from

0.627 to 0.617ppm, �δ = −0.010ppm), H-19 (from 0.832

to 0.812ppm, �δ =−0.020ppm), and H-7α (from 3.810 to

3.793ppm, �δ =−0.017ppm) were significantly reduced, while

the chemical shift growth occurring for H-21 (from 0.930 to

0.960ppm, �δ =0.030ppm) and H-26 (from 3.008 to 3.016ppm,

�δ =0.008ppm) indicated the chemical environment change (Fig.

3A). The occurrences of H-18, H-19, and H-21 on the β plane

of NaTCA (Fig. S13A) served as the pronounced evidence for the

hydrophobic interaction between NaTCA and POPC, which was ex-

actly consistent with previous findings [30–32]. The chemical shift

pattern of the protons in M-NMs did not show significant changes

compared to NaTCA-POPC NMs, except for the alkane chain of

POPC (from 1.196 ppm to 1.209ppm, �δ =0.013ppm), indicating

an obvious interaction between POPC and muscone molecules (Fig.

3A). NOESY analysis further showed the correlations between 2-Ha,

2-Hb, and 15-H2 of muscone with the alkane chain of POPC (Fig.

3B), suggesting significant hydrophobic interactions between POPC

and muscone. However, none additional intramolecular interaction

was observed between POPC and muscone. The similarity of 1H

NMR spectra between NaTCA-POPC NMs and M-NMs was fully

consistent with the findings from UV–vis spectrum comparison.

Above all, muscone did not significantly affect NaTCA-POPC NMs

structure, and we tentatively regarded that M-NMs should inherit

NaTCA-POPC NMs structure.

Electrospray ionization (ESI)-MS usually facilitates the genera-

tion of highly charged molecules and noncovalently bound molec-

ular complexes, thereby enabling the investigation of intermolec-

ular interactions in a comprehensive manner [33,34]. In the low

mass scale (m/z 150–1000), as expected, the signals belonging

to the monomers of muscone ([muscone+H]+, m/z 239.24), TCA

([TCA+H]+, m/z 516.30, [TCA+Na]+, m/z 538.28, and [NaTCA+Na]+,
m/z 560.26), and POPC ([POPC+H]+, m/z 760.58 and [POPC+Na]+,
m/z 782.57) in positive ionization polarity (Fig. S14A in Support-

ing information) and the monomer TCA ([TCA−H]−, m/z 514.28)

in negative ionization polarity were observed (Fig. S14B in Sup-

porting information). Because the abundant signal intensity was

observed for all compounds in the positive ion mode, our atten-

tion was primarily paid onto exploring intermolecular interactions

within a high mass range (m/z 1000−3000) through deploying

positive ionization polarity. The presence of ions corresponding to

the oligomers, including tetramers, pentamers, and even hexam-

ers for TCA were observed, because the hydrogen bonding interac-

tions amongst their monomers facilitated these phenomena [35].

Similar signals were also observed for POPC (Fig. 3C and Fig. S15

in Supporting information). Additionally, higher-order aggregates

were also detected. Taking oligomers at m/z 2080.43 as an exam-

ple, the signal was annotated as TCA and POPC cluster ions af-

ter elemental composition calculation (C110H209N3Na2O23P2S). The

presence of an isotopic signal bearing 0.5Da difference indicated

doubly charged state for the ion cluster (Fig. 3C) [36]. After un-

dergoing collision induced dissociation (CID), some signals cor-

relating to monomers and oligomers such as [TCA+2Na−H]+ at

m/z 560.26, [POPC+Na]+ at m/z 782.57, [2TCA+3Na−2H]+ at m/z

1097.54, [TCA+POPC+2Na−H]+ at m/z 1319.84, and [2PC+Na]+ at

m/z 1542.13 appeared, further demonstrating that the precursor

ion was generated from the ionized complexes of TCA and POPC,

including the singly charged ion ( [TCA+2POPC+2Na−H]+) and the

doubly charged ion ([2TCA+4POPC+4Na−H]2+). Hence, significant
interactions should occur between TCA and POPC. Because electro-

static interactions are intensified and hydrophobic forces are di-

minished during the transformation of micelles from a solution to

a gas phase environment in ion source chamber [37,38], we plau-

sibly hypothesized the existence of additional interactions except

for hydrophobic interaction between NaTCA and POPC. Notably, no

discernible aggregates were observed for muscone in the spectrum,

suggesting that the primary interactions involving muscone and

other molecules were dominated by hydrophobic forces. The quan-

titative measurement results of muscone indicated a great affin-

ity between muscone and lecithin instead of BA, when muscone

was solubilized using both BA and lecithin individually (Fig. S16 in

Supporting information). This phenomenon was attributed to the

hydrophobic alkyl chains of lecithin, in conjunction with other in-

teractions reminiscent of van der Waals forces [39].

MD simulations were thereafter carried out to illustrate the

self-assembly mechanisms of M-NMs. In brief, TCA, POPC, and

muscone were introduced into a cubic simulation box with di-

mensions of 10nm at a ratio of 20:12:10. Subsequently, the sys-

tem was solvated with water containing NaCl at a concentra-

tion of 0.2mol/L. As depicted in Fig. 4A, spontaneous aggrega-

tion of NaTCA, POPC, and muscone leads to the formation of the

mixed micelles. Notably, muscone and lecithin served as the pri-

mary building blocks within the seed micelle (20ns), while some

NaTCA molecules gradually surrounded the micelles. Additionally,

there were still residual free NaTCA molecules in solution due to

the great water solubility. The dynamic process of self-assembly

is illustrated in Fig. 4A. Furthermore, intermolecular interactions

among M-NMs were also analyzed, and the results revealed not

only hydrophobic interactions but also hydrogen bonds and salt

bridges between NaTCA and POPC contributing to M-NMs com-

plexation (Fig. 4B).

To further validate the intermolecular interactions within M-

NMs, sodium dodecyl sulfate (SDS) and urea were separately in-

troduced into the M-NMs. SDS was used to disrupt hydrophobic

interactions within the complexes, while urea induced competitive

hydrogen bonding [40]. DLS analysis demonstrated a reduction in

size upon the gradual addition of SDS, suggesting the disintegra-

tion of M-NMs (Fig. 4C-i). When the concentration of SDS reached

0.5mol/L, none particle was detected because insufficient scatter-

ing events were resulted from excessively small scattering cross

sections [41]. On the contrary, gradual addition of urea led to an

increment in both size and size distribution range of M-NMs (Fig.

4C-ii), suggesting the occurrence of flocculation. The incorporation

of SDS and urea offered the pronounced clues for the involvement

of hydrophobic interactions and hydrogen bonds, respectively.

Based on the aforementioned studies, we plausibly proposed

self-assembly mechanisms of M-NMs. The details are shown in

Fig. 4D. Overall, the self-assembly process of M-NMs was primarily

driven by diverse noncovalent interactions. The hydrophobic inter-

actions between lecithin, POPC as a representative, and muscone

enabled the formation of lipid oligomers, while intermolecular hy-
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Fig. 3. Spectroscopic properties of M-NMs. (A) 1H NMR spectra of NaTCA, NaTCA+POPC, and M-NMs. (B) NOESY spectra of M-NMs. (C) MS1 spectrum of M-NMs at m/z

2000–3000 and representative MS/MS analyses of polymer at m/z 2080.43.

drogen bonds, salt bridges, and hydrophobic interactions between

BA and lecithin thereafter advanced the assembly of higher-order

mixed aggregates. Subsequently, these aggregates further assem-

bled into uniform near-spherical nano-micelles.

Lipopolysaccharide (LPS)-stimulated cells as the in vitro in-

flammation model and some swelling mice and rats as the in

vivo inflammation models were deployed to estimate the anti-

inflammatory benefits of M-NMs. As depicted in Fig. S17 (Sup-

porting information), nitric oxide (NO) production is significantly

greater (P<0.01) in LPS-stimulated RAW 264.7 cells compared to

untreated cells, indicating the success of modeling. Treatments

with M-NMs at concentration levels of 10, 20, and 30 μmol/mL re-

sulted in a dose-dependent reduction of NO production. The anti-

inflammatory effects of M-Tween-80 solution and BA-L NMs were

also assayed in parallel as controls, and as a result, either M-

Tween-80 solution or BA-L NMs exhibited anti-inflammatory prop-

erties, indicating the pronounced anti-inflammatory potentials of

both muscone and BA [42,43]. However, the anti-inflammatory ef-

fects of M-NMs were dramatically greater than either M-Tween-

80 solution or BA-L NMs. In particular, at a concentration of 30

μmol/mL, M-NMs exhibited greater inhibition of NO production

compared to M-Tween-80 and BA-L NMs with a significant dif-

ference (P<0.01). This improvement in the anti-inflammatory out-

comes of M-NMs on RAW 264.7 cells could be attributed to their

remarkable stability in DMEM (Fig. 2H).

The transdermal route offers localized and controlled release of

medicines, which may result in a consistent blood level profile, re-

duced systemic side effects, and greater patient compliance [44].

Therefore, we utilized pharmacological models on both mouse and

rat to assess the anti-inflammatory performances of M-NMs for

dermal delivery. Xylene-induced ear edema, as a widely utilized

inflammation model, allows the anti-inflammatory activity assess-

ment [45]. After xylene administration, the mice exhibited obvi-

ously inflammatory symptoms, including redness and swelling in

the right ears. As depicted in Fig. S18 (Supporting information),

there is a significant increment in ear edema by 137% (P<0.01).

However, M-NMs demonstrated a dose-dependent inhibitory ef-

fect on ear edema (10mg/kg: P<0.05; 15mg/kg: P<0.01; and

20mg/kg: P<0.001). Notably, the inhibitory capacity of M-NMs

at a dose of 20mg/kg was comparable with the positive con-

trol namely dexamethasone (DXMS). Furthermore, M-NMs exhib-

ited significantly greater inhibition of edema compared to ei-
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Fig. 4. The self-assembly mechanism of M-NMs. (A) Spontaneous aggregation of a random solution of TCA, POPC, and Muscone into mixed micelles. TCA are shown in

green except for the hydroxyl groups (red), POPC in light pink, and M in orange. (B) Intermolecular interactions in M-NMs featuring hydrogen bonding and salt bridges. (C)

Variations of hydrodynamic sizes and PDI of M-NMs with the addition of SDS (i) and urea (ii). (D) The mechanism underlying the self-assembly of M-NMs. Hydrophobic

interaction, hydrogen bonding, and salt bridge are revealed as the primary correlations amongst taurocholic acid, lecithin, and muscone.

ther M-Tween-80 solution or BA-L NMs, particularly at high dose

(P<0.05), although the latter two also displayed significant anti-

inflammatory activities (Fig. S18). The histopathological assay re-

sults of mouse ears are shown in Fig. S19 (Supporting infor-

mation). In the control group, normal morphology and structure

were observed in the ear tissues; however, inflammatory cell in-

filtration and edema were evident in the model group. On the

other side, treatments with M-Tween-80 solution and BA-L NMs

at high doses merely showed moderate pharmacological effects.

Fortunately, following the M-NMs treatment, both cell infiltration

and ear edema were dramatically alleviated in a dose-dependent

manner.

We also evaluated the anti-inflammatory effects of M-NMs on

acute carrageenan-induced inflammation rats through monitoring

the changes in the perimeter of the right hind paw (Fig. S20A in

Supporting information). Following subcutaneous injection of 1%

carrageenan into the right hind paw, there was a gradual increase

in paw perimeter against time, arriving at the maximal value at

approximately 2h. All groups receiving medication administration

and dexamethasone group that served as the positive control, ex-

hibited the reduced swelling in comparison to the model group.

Rats were sacrificed after 3h for further assays. We measured the

weight of rats’ hind paws to validate our findings (Fig. S20B in Sup-

porting information). Although M-NMs demonstrated a suppressive

effect on paw swelling, the results lacked statistical significance.

This may be attributed to inherent variations within the experi-

mental groups and limited penetration through the thick stratum

corneum of paw skin.

Thereafter, we employed specific markers in serum to further

justify these findings and elucidate the underlying mechanisms in

response to the anti-inflammatory benefits. The anti-inflammatory

effects of the M-NMs were assessed through assaying NO and PGE2

production. As illustrated in Fig. 5A, NO production in the xylene-

induced model group was approximately three times higher than

that of the control group (P<0.01). However, a dose-dependent

reduction in NO production occurred in M-NMs groups (10, 15,

and 20mg/kg). At the highest concentration level, NO production

level was almost comparable with dexamethasone (DXMS). Addi-

tionally, both M-Tween-80 solution and BA-L NMs groups also sup-

pressed NO production; however, statistical significance was ab-

sent. Similar results were observed for PGE2 production as well

(Fig. 5A). In response to exogenous stimulation, theoretically, the

activated macrophages orchestrate a cascade of inflammatory pro-

cesses by upregulating the activity of inducible nitric oxide syn-

thase (iNOS) enzymes for continuous synthesis and release of sub-

stantial amounts of NO Additionally, PGE2, generated by the in-

ducible isoform cyclooxygenase-2 (COX-2), served as a potent in-

flammation mediator. Therefore, modulating the expression levels

of iNOS and COX-2 to maintain physiological levels of NO and PGE2
represented a promising therapeutic strategy for mitigating inflam-

matory conditions [46]. Exactly, our findings demonstrated that

M-NMs effectively attenuated NO and PGE2 production in xylene-

induced mice ear swelling models.

The inhibitory effects of M-NMs on the expression of proin-

flammatory cytokines, including TNF-α, IL-1β , and IL-6, were in-

vestigated using ELISA assays. Fig. 5A indicates that xylene stim-

ulation significantly increases the production of all proinflamma-

tory cytokines when comparing with the control group. However,

M-NMs treatment remarkably inhibited the xylene-induced incre-

ment in these cytokines in a dose-dependent manner. At the high-

est concentration level, M-NMs exhibited the greatest inhibitory

effect on cytokine production, which was significantly superior to

both M-Tween-80 and BA-L NMs groups (P<0.01). These findings
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Fig. 5. Anti-inflammatory effects of M-NMs. (A) Measurement of serum NO levels in mice using the Griess Reagent and ELISA assays for determinations of PGE2, TNF-α,

IL-1β , IL-6, and NF-κB. P<0.05٭٭ vs. control group, ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001 vs. model group. #P<0.05, ##P<0.01 vs. M-NMs high dose group, ns: no significance. (B)

Schematic illustration of the dermal delivery process and the anti-inflammatory mechanism of M-NMs.

suggested that M-NMs exerted an anti-inflammatory effect by reg-

ulating the expression of proinflammatory cytokines.

Proinflammatory cytokines, such as TNF-α, which are primar-

ily produced by macrophages and mast cells, serve as one of the

earliest and most crucial inflammatory mediators. They induce the

expressions of iNOS and COX-2, leading to the production of NO

and PGE2 in turn [47]. While these proinflammatory cytokines acti-

vate numerous signaling pathways, it is widely acknowledged that

NF-κB group of transcription factors plays a determinant role in

inflammation [48]. Activation of NF-κB up-regulates the expres-

sion of proinflammatory cytokine genes including TNF-α, IL-1β ,

and IL-6 [49]. ELISA assays demonstrated a reduction in NF-κB
levels following M-NMs treatment (Fig. 5A). Above all, the anti-

inflammatory effects of M-NMs mainly relied on the regulation

of NF-κB signaling pathway [50,51], and the signaling pathway is

summarized in Fig. 5B.

The anti-inflammatory effects of M-NMs were significantly

strengthened when comparing with M-Tween-80 group in both

RAW 264.7 cell experiments and dermal delivery. The improved

anti-inflammatory effects of M-NMs on cells could be attributed

to their exceptional stability in DMEM. Hence, our attention was

forwarded to investigate the enhanced dermal delivery mecha-

nisms of M-NMs. Initially, we compared the particle size be-

tween M-NMs and M-Tween-80 solution. The particle size of M-

Tween-80 solution was approximately 200–300nm, significantly

greater than that of M-NMs (Fig. S21A in Supporting informa-

tion). This smaller size of M-NMs exactly increased the con-

tact area between the skin and muscone, further enhancing the

penetration across the skin. Consequently, skin permeation stud-

ies were conducted for both M-NMs and M-Tween-80 solution.

As shown in Fig. S21B (Supporting information), the permeation

across the skin is continuous and roughly follows a first-order ki-

netic model: Qn =3.9366t+11.372 (R2 =0.9847) for M-NMs, and

Qn =3.0055t+1.5831 (R2 =0.9981) for M-Tween-80 solution. M-

NMs advanced muscone delivery crossing the skin and signifi-

cantly enhanced its permeation compared to M-Tween-80 solution,

which exhibited a cumulative permeation of 61.07 μg/cm2 after

a 12-h incubation, significantly higher than M-Tween-80 solution

group (38.07 μg/cm2). This could be attributed to the small size

of M-NMs facilitating their penetration across the skin surface and

their lipophilic nature promoting retention within the skin tissues

[52]. As a result, the enhanced anti-inflammatory effects of M-

NMs demonstrated their potential as a promising clinical agent for

dermal administration. Transdermal drug delivery involves a com-

plex process where factors beyond particle size, including flexibil-

ity, surface charge, and hydrophobicity, significantly influence per-

meation. Additionally, the penetration pathways of nanomicelles

(intracellular, intercellular, follicular) warrant further investigation

[44,53].

The biosafety of drugs is crucial for the clinical applications. In

order to assess the safety of M-NMs at the prerequisite of ideal

anti-inflammatory performances, we preliminarily conducted cyto-

toxicity assays. Cell Counting Kit-8 (CCK-8) assay was employed

to evaluate in vitro cytotoxicity of M-NMs, M-Tween-80, and BA-

L NMs using RAW 264.7 cells. Following 24-h incubation at con-

centrations being lower than 60 μmol/L, all inhibition rates of

M-NMs, M-Tween-80, and BA-L NMs on RAW 264.7 cells were

<10% (Fig. S22 in Supporting information), indicating their fa-

vorable biosafety properties. However, when the concentrations

were greater than 80 μmol/L, M-NMs exhibited a higher inhibition

rate possibly attributing to muscone-induced cytotoxicity, whereas

BA-L NMs displayed excellent biosafety even at a concentration

as great as 100 μmol/L. Notably, compared to M-Tween-80 so-

lution, the significantly greater cytotoxicity observed for M-NMs

at 100 μmol/L may attribute to the enhanced stability of M-NMs

in DMEM (Fig. 2H). Skin safety assessments including skin irri-

tation, skin sensitization, and photo-toxicity demonstrated favor-

able dermal biocompatibility of muscone [54]. Actually, transder-

mal anti-inflammatory experiments also confirmed that M-NMs

did not induce significant redness, swelling, or allergic reactions,

suggesting their suitability for transdermal delivery. Further inves-

tigations should prioritize comprehensive safety assessments of M-
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NMs, including detailed toxicological profiling and dose-response

analyses.

In summary, we developed 96wp mediated method to

screen host-guest complexes, which owned high-throughput, cost-

effective, and user-friendly advantages. The developed approach

successfully enabled rapid screening of 51 natural products to-

wards the guest molecule for the biomimetic nanocarrier namely

BA-L NMs. As a result, BA-L NMs demonstrated significant potential

towards facilitating the delivery of natural products, particularly

muscone and chalcones. Because of the outstanding pharmacolog-

ical property, muscone was implemented as the guest molecule

of choice for BA-L NMs. After careful formula optimization, the

prepared M-NMs exhibited exceptional stability and dramatically

advanced the solubility of muscone in hydrophilic medium. Di-

verse spectroscopic and spectrometric assays and MD simulations

revealed that hydrophobic interactions, hydrogen bonds, and salt

bridges jointly governed the self-assembly and stability of M-NMs.

Due to the nanomicelle features, M-NMs demonstrated excellent

dermal delivery properties along with enhanced anti-inflammatory

effects on cells and skins, attributing to the significant exposure

improvement of muscone. Future investigations should prioritize

elucidating the mechanism of action, conducting comprehensive

safety assessments, and investigating detailed transdermal delivery

mechanisms of M-NMs. Above all, 96wp mediated strategy is ver-

satile for host-guest molecule screening, accelerating the develop-

ment of natural product nanomicelles.
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