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Abstract: Lipid-based nanoparticles (LBNs) are a new type of nanoparticulate drug delivery system, 

which have been gradually shown broad prospects in pulmonary drug delivery systems. However, 

the main disadvantage of these LBNs for inhalable drugs with limited lipophilicity is the low en-

capsulation capacity. Herein, this study anticipates establishing a technology platform to improve 

the loading capacity of low lipophilicity drugs in LBNs, for the therapy of lung diseases. A proof-

of-concept was carried out using Beclomethasone dipropionate (BDP) as a model drug. BDP was 

conjugated with stearic acid (SA), a kind of the lipid matrix for LBN. The conjugate was character-

ized and the interactions between the conjugate and SA were investigated by molecular dynamics 

simulation. It is expected that the drug loading capacity of weak-lipophilic drugs in LBN can be 

increased by establishing the technology platform, and the application of LBNs in pulmonary de-

livery can be broadened.  

Keywords: lipid-based nanoparticles; beclomethasone dipropionate; stearic acid; pulmonary ad-

ministration  

 

1. Introduction 

Recently, nanoparticulate sustained release systems like lipid-based nanoparticles 

(LBNs) have been attracting increasing interest. LBNs are drug delivery systems based on 

surfactants-stabilized lipid matrices, including solid lipid nanoparticle (SLN), nanostruc-

tured lipid carriers (NLC), polymer-lipid hybrid nanoparticle (PLN) and liposome, etc. 

LBNs are versatile systems, and the application of LBN in the pulmonary drug delivery 

region has gradually shown broad prospects. 

In pulmonary administration, the irritation of the drug delivery system to the respir-

atory tract should always be considered during the formulation design. LBNs are com-

posed of highly biocompatible lipid materials, which can significantly reduce the irrita-

tion to the respiratory tract [1]. This allows LBNs to fit the pulmonary drug delivery sys-

tem well [2]. At the same time, because the frequency of pulmonary drug administration 

greatly affects the patient compliance, reducing the administration frequency through 

sustained-release technology has become an important research hotspot. From this stand 

point, as LBNs have an outstanding sustained-release effect [3], they enable to reduce the 

frequency administration, resulting in improved patient compliance, which is essential in 

the pulmonary administration therapy [4]. These attributes account for the popularity of 

LBNs in the field of pulmonary drug delivery.  

However, there remain an important hurdle for the wider application of LBNs in 

pulmonary delivery. Many active pharmaceutical ingredients for pulmonary disease 

treatment are of low lipophilicity, including ambroxol hydrochloride, terbutaline sulfate 
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salbutamol sulfate and beclomethasone dipropionate (BDP). These low lipophilic drugs 

will show low encapsulation capacity in LBNs that consists of lipid materials [5], due to 

‘Like dissolves like’ principles. This in turns causes that the dosage should be raised or 

the dosing frequency should be increased. In this case, the aim of improving patient com-

pliance cannot be achieved. 

In response to this problem, this study anticipated establishing a technology platform 

that is for improving the loading capacity of drugs with low lipophilicity in LBNs, for 

pulmonary administration. A preliminary proof-of-concept study was carried out using 

BDP as a model drug. 

In order to improve the loading capacity of BDP in LBNs, in this study, proper mod-

ification of BDP was performed based on the “Like dissolves like” principle. Stearic acid 

(SA) is one of the generally used lipid matrices for LBN, which has the advantages of good 

biocompatibility. A recent study even shows that elevated production of the anti-inflam-

matory cytokine interleukin-10 (IL-10) has been detected in stearic acid-treated hepato-

cytes [6], which implies that stearic acid is capable of the alleviation of inflammation. The 

modification by SA will expect low mucosal irritation and no toxic side effects in pulmo-

nary delivery. 

Therefore, BDP was conjugated with SA to be lipid-drug conjugate (LDC) called stea-

ric acid-beclomethasone dipropionate conjugates (SA-BDP). With this method, the inten-

sity of the interactions between the cargo and the lipid matrices are strengthened due to 

the similar structure. By a stronger molecular interaction with the LBNs lipid matrix, the 

encapsulation capacity of BDP in LBNs could be enhanced. This study may provide a po-

tential technology platform to improve the drug encapsulation ability of low lipophilicity 

drugs in LBNs, and broaden the application of LBNs in pulmonary delivery. 

2. Materials and Methods 

2.1. Materials 

Subheadings should be typeset in boldface italics, and capitalize the first letter of the 

first word only. Section number to be in boldface Roman. BDP was purchased from 

YuanYe Bio-Technology Co., Ltd. (Shanghai, China). The silica gel (200~300 mesh) for col-

umn chromatography and silica gel GF254 for thin layer chromatography (TLC) were pur-

chased from Lige Technology Co., Ltd. (Guangzhou, China). Stearoyl chloride, acetonitrile, 

methylene chloride, Boron fluoride ethyl ether, petroleum ether and ethyl acetate were 

purchase from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). 

2.2. Methods 

2.2.1. SA-BDP Preparation 

Synthesis. Figure 1 displayed the synthesis pathway for preparing SA-BDP. All glass 

instruments and pipette tips are dried in a drying oven in advance for 24 h. Precisely 100 

mg of BDP was weighed and dissolved in 4 mL of CH2Cl2/MeCN (50/50, v/v). Then, 100 

μL of stearoyl chloride was added slowly. After complete dissolution, 100 μL of BF3•Et2O 

was added. Keep the reaction liquid and water isolated throughout. Reactions were car-

ried out at 0 °C for 2 h followed by 1 h of room temperature. The reaction was monitored 

with TLC. 
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Figure 1. The synthetic route of SA-BDP. 

Purifications. Solvents were removed under vacuum to complete dryness in a speed-

vacuum dryer. It was then redissolved in 2 mL petroleum ether and ethyl acetate (5:1, v/v). 

Purification was performed using silica gel column chromatography with an elution vol-

ume of 50~70 mL (eluent system: petroleum ether: ethyl acetate  =  5:1, v/v). The separation 

was monitored by TLC analysis. After high vacuum drying, ~30 mg of the product was 

obtained. 

2.2.2. Characterization 

Nuclear magnetic resonance (NMR). 1H-NMR spectra were obtained with a NMR spec-

trometer (Bruker, AVANCE III HD 400 M, Germany) with spectrometer frequency offset 

of the first (observe) channel in 400.1324708 MHz. Spectra were obtained at a temperature 

of 25 °C, using zg30 pulse sequences, 10 μs pulse width, 8196.722 spectral width, and the 

number of sampling points was 65,536. The relaxation duration was 1 s. Number of scans 

was 16. The time domain data were apodized with an exponential window function using 

a line broadening of 0.3 Hz. 
13C-NMR spectra were obtained with a Bruker AVANCE III HD 400 M spectrometer 

with spectrometer frequency offset of the first (observe) channel in 100.6228298 MHz. 

Spectra were obtained at a temperature of 25 °C, using zgpg30 pulse sequences, 10 μs 

pulse width, 23,809.523 spectral width, and the number of sampling points was 65,536. 

The relaxation duration was 2 s. Number of scans was 1024. The time domain data were 

apodized with an exponential window function using a line broadening of 1.0 Hz. 

Fourier Transform Infrared (IR). For FTIR analysis, 2 mg dried BDP/SA-BDP was 

properly mixed with 200 mg potassium bromide (KBr) and compressed to prepare a disc 

of about 3 mm in diameter. FTIR spectroscopy of the disc was recorded FTIR spectrometer 

(Thermo, Nicolet iS10, USA) at room temperature, in the frequency range of 400 to 4000 

cm−1, 32 scans per sample at a resolution of 4 cm−1. 

The X-ray diffraction (XRD). XRD pattern was recorded using an X-ray diffractometer 

(Rigaku, D8, Japan). The experimental parameters of the XRD experiment on the BDP/SA-

BDP were as follows: A copper target (45 kV × 200 mA) was used at room temperature, 2 

× 106 cps of the linear range of the scintillation counter and a step scanning method for 

data collection. Qualitative analysis using Bruker DIFFRAC.EVA V4.3 and refinement us-

ing Bruker DIFFRAC.TOPAS V6.0. 

2.2.3. Molecular Dynamics Simulation 

As the purpose of this work was to enhance BDP encapsulation efficiency in LBNs, 

the molecular dynamics simulation method was used to predict the drug-loading capacity 

of LBNs to SA-BDP. SA-BDP shared a similar structure with SA (the lipid matrices of 

LBNs), and it was anticipated that the interactions between SA-BDP and SA would be 
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significantly stronger than that between BDP and SA. Figure 2 displayed the molecular 

structures of SA and SA-BDP, and the identical alkyl (C18) chain was highlighted. 

.  

Figure 2. The molecular structures of SA and SA-BDP. 

In this study, the electrostatic force and van der Waals force were investigated. The 

reasons were as follows. The electrostatic interaction had a tuning effect on the stability of 

particles in solution and guides the self-assembly of the secondary structure. Van der 

Waals force was a weak interaction that generally existed among all molecules or atoms. 

These two interactions would help to figure out the interactions between SA and SA-BDP, 

and between SA and BDP. Simulations for the electrostatic force and the van der Waals 

force between SA-BDP and SA were carried out using Gromacs-4.6.7 and compared with 

the electrostatic force between BDP and SA. 

All the all-atom MD simulations were based on a GROMOS54a7 force field [7] cre-

ated by ATB [8] and were carried out using the Gromacs-4.6.7 software package [9]. We 

used the relaxed system as a starting configuration. As it is prior to system relaxation MD, 

energy minimization was carried out with a composite protocol of steepest descent using 

termination gradients of 100 kJ/mol·nm. A 10 ns NPT relaxation run at 298K for the equi-

librium MD simulation. The Nose’-Hoover thermostat [10] was used to maintain the equi-

librium temperature at 298 K and periodic boundary conditions were imposed on all three 

dimensions. The Particle Mesh-Ewald method [11,12]was used to compute long-range 

electrostatics within a relative tolerance of 1 × 10−6. A cut-off distance of 1 nm was applied 

to real-space Ewald interactions. The same value was used for van der Waals interactions. 

The LINCS algorithm [9] was applied to constrain bond lengths of hydrogen atoms. A 

leap-frog algorithm [13] was used with a time step of 2 fs. 

3. Results 

Among the numerous lipid materials, SA is one of the most popular materials ap-

plied in sustained release drug delivery [14]. Our goal was to obtain a modified product 

of BDP that had high drug loading capacity if encapsulated in SA-based LBNs. For this 

purpose, BDP was conjugated with SA through a substitution reaction. This modification 

can improve the lipophilicity of the drug and enhance the interaction between the drug 

and the lipid material through structural similarity. 
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3.1. SA-BDP Preparation 

The synthesis of SA-BDP was accomplished in a one-step reaction. This was similar 

to the reaction Radek Gazak et al. completed on silybin [15]. Interestingly, in that study, 

silybin had multiple hydroxyl groups and easily produced by-products, resulting in lower 

purity of the product. While in this study, BDP has only one hydroxyl group, and the 

reaction with SA would exhibit high selectivity and the amount of by-products might be 

neglectable. The yield of the reaction is 14~27% (w/w). Compared with many other LDC 

synthesis methods [16,17], the reaction does not require heating, and has great potential 

in practical applications, particularly for the thermolabile drugs. 

In preliminary study, a variety of separation methods have been considered, like sil-

ica gel column chromatography, dextran gel column, molecular sieve chromatography, 

thin-layer plate separation and extraction. Due to the poor water solubility of the reactants 

and products, and the susceptibility to acid/alkali degradation, the silica gel column chro-

matography separation was chosen. It was a method with high separation ability and easy 

operation, which has been widely used in the pharmaceutical industry [18]. Compared 

with commonly used vacuum distillation, vacuum drying can effectively prevent the drug 

from degradation under heat, remove the solvent more thoroughly, and is easier for trans-

ferring. 

3.2. Characterization 

We report the structural characterization of BDP (as reference) and SA-BDP. The mo-

lecular and crystal structures of both compounds are reported and discussed. 

3.2.1. NMR 

Figure 3A–D displayed the 1H NMR spectra and 13C NMR spectra of BDP and SA-

BDP. The chemical shifts in NMR spectra were listed below. 



Chem. Proc. 2022, 4, x FOR PEER REVIEW 6 of 12 
 

 

 

Figure 3. The 1H-NMR spectra of BDP (A) and SA-BDP (B), and the 13C-NMR of BDP (C) and SA-

BDP (D). 

BDP 1H NMR (400 MHz, Chloroform-d) δ = 7.23 (d, J = 10.1 Hz, 1 H), 6.35 (dd, J = 10.1, 

1.8 Hz, 1 H), 6.10 (s, 1 H), 4.84 (d, J = 16.4 Hz, 1 H), 4.60 (s, 1 H), 4.32 (d, J = 16.4 Hz, 1 H), 

2.83 (dd, J = 14.1, 3.6 Hz, 1 H), 2.78–2.57 (m, 3 H), 2.56–2.34 (m, 5 H), 2.34–2.09 (m, 2 H), 

1.99–1.83 (m, 3 H), 1.75 (m, J = 13.5, 11.7, 5.5 Hz, 1 H), 1.36 (d, J = 7.3 Hz, 3 H), 1.30–1.22 (m, 

1 H), 1.17 (m, J = 7.5, 2.8 Hz, 6 H), 1.01 (s, 3 H). 

BDP 13C NMR (100 MHz, CDCl3): δ = 198.5, 186.6, 174.8, 174.2, 165.9, 152.2, 129.4, 125.0, 

94.3, 82.4, 82.4, 77.2, 75.1, 67.9, 49.9, 48.1, 46.9, 43.4, 36.4, 34.2, 34.2, 30.6, 28.3, 27.5, 27.1, 

24.4, 19.4, 16.9, 8.9, 8.7. 

SA-BDP 1H NMR (400 MHz, Chloroform-d): δ = 6.86 (d, J = 10.1 Hz, 1 H), 6.34 (dd, J = 

10.1, 1.8 Hz, 1 H), 6.11 (s, 1 H), 5.64 (s, 1 H), 4.74 (d, J = 16.4 Hz, 1 H), 4.26 (d, J = 16.3 Hz, 1 

H), 2.78 (dd, J = 14.4, 3.7 Hz, 1 H), 2.62 (m, J = 18.4, 12.6, 12.0, 5.4 Hz, 2 H), 2.52–2.24 (m, 8 

H), 2.16 (q, J = 8.0 Hz, 1 H), 2.03 (dd, J = 14.4, 2.6 Hz, 1 H), 1.91 (m, J = 18.4, 15.4, 5.5 Hz, 2 

H), 1.83–1.58 (m, 4 H), 1.50 (s, 3 H), 1.36 (d, J = 7.4 Hz, 3 H), 1.16 (m, J = 15.4, 7.5 Hz, 6 H), 

0.89 (dd, J = 11.6, 5.3 Hz, 8 H). 

SA-BDP 13C NMR (100 MHz, CDCl3): δ = 198.7, 186.0, 178.6, 174.6, 173.5, 171.8, 164.3, 

150.6, 130.0, 125.4, 94.1, 80.7, 77.2, 74.3, 67.6, 49.0, 47.7, 47.0, 43.1, 35.3, 34.9, 34.3, 33.9, 32.6, 

31.9, 30.7, 29.7, 29.6, 29.6, 29.6, 29.6, 29.4, 29.4, 29.3, 29.2, 29.2, 29.0, 28.3, 27.3, 27.0, 24.7, 

24.4, 24.1, 22.7, 19.3, 16.4, 14.1, 8.9, 8.8. 

The main difference between the NMR spectra of BDP and SA-BDP was that after the 

modification of the SA fatty chain, the addition of hydrocarbyl hydrogen significantly re-

duces the original hydrogen intensity, but its position is basically unchanged, which indi-

cates the success of the modification. 
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3.2.2. IR Spectra 

Figure 4A,B summarized the IR spectra of BDP and SA-BDP. 

 

Figure 4. The IR spectra of BDP (A) and SA-BDP (B). 

FT-IR analysis confirmed the presence of characteristic functional groups from BDP. 

The absorption at 3281 cm−1 was clearly due to the stretching vibration of the (–OH) groups, 

Meanwhile, the two absorption bands at 2946 cm−1 were observed, which were assigned 

to the antisymmetric and symmetric stretching vibration of the C-H in methyl or meth-

ylene. The absorption at 3010 cm−1 was due to the stretching vibration of the =C-H, the 

absorptions at 939 cm−1 and 888cm−1 were due to the wagging vibration of the=C-H, the 

absorption at 1753 cm−1 was due to the stretching vibration of the unconjugated C=O 

groups, the absorption at 1731 cm−1 was due to the stretching vibration of the C=O groups, 

the absorptions at 1615 cm−1 and 1659 cm−1 were due to the stretching vibration of the C=C, 

the absorptions at 1451 cm−1 and 1393 cm−1 was due to the bending vibration of the C-H, 

the absorption at 1187 cm−1 was due to the stretching vibration of the C-O in ester group, 

and the absorptions at 1004 cm−1 and 1050 cm−1 were due to the stretching vibration of the 

C-O-C in ester group. 

The similar features in the IR spectra of the SA-BDP also showed the characteristic 

peaks. The two absorption bands at 2918 cm−1 and 2850 cm−1 were observed, which were 

assigned to the antisymmetric and symmetric stretching vibration of the C-H in methyl or 

methylene. The absorptions at 3010 cm−1 was due to the stretching vibration of the =C-H, 

and the absorptions at 1297 cm−1 and 1468 cm−1 were due to the bending vibration of the 

C-H, the absorption at 1701 cm−1 was due to the stretching vibration of the C=O groups, 

the absorption at 1633 cm−1 was due to the stretching vibration of the C=C, the absorption 

at 1176 cm−1 was due to the stretching vibration of the C-O in ester group, the absorption 

at 1074 cm−1 was due to the stretching vibration of the C-O-C in ester group, and the ab-

sorption at 720 cm−1 was due to the wagging vibration of the C-H, which showed there 

were long chain alkyl groups in the sample. 

The main difference between IR spectra of BDP and SA-BDP was the 720 cm−1 peak 

appeared in the SA-BDP spectra, which was due to the wagging vibration of the C-H. This 

showed there were long chain alkyl groups in the sample. 

3.2.3. XRD 

Figure 5A,B showed the XRD spectra of BDP and SA-BDP. BDP showed many char-

acteristics peaks, which indicates that there are many crystal orientations; while SA-BDP 

exhibited fewer characteristics peaks, which means that the crystal orientation is relatively 

simple, indicating that SA-BDP is easier to form a single crystal. This might be attributed 

to the different lattice structures of BDP and SA-BDP. 
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Figure 5. The XRD spectra of BDP (A) and SA-BDP (B). 

Simulated XRD patterns were calculated with Bruker DIFFRAC.TOPAS V6.0 and 

compared with the experimentally observed pattern. Figure 6A,B showed the XRD refine-

ment spectra of BDP and SA-BDP: Fit data (red), test Data (blue) and difference (green). 

The test data is consistent with the fitted data, R-factor of weighted profile (Rwp) < 10%, 

indicating that the crystalline structures of BDP and SA-BDP are consistent with the pre-

diction. 

 

Figure 6. The XRD refinement spectra of BDP (A) and SA-BDP (B): Fit data (red), Test Data (blue), 

Difference (green). 

By far, the differences in the NMR, IR and XRD spectra of BDP and SA-BDP demon-

strated that SA-BDP was successfully synthesized, and the related spectroscopic behav-

iors of SA-BDP were significantly different from BDP. 

3.3. Molecular Dynamics Simulation 

3.3.1. Electrostatic Force 

Figure 7 showed the time evolution of the electrostatic force between two molecules 

in a water system. 
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Figure 7. The electrostatic force between molecules changes with the simulation time of SA-BDP + 

SA (black) and BDP + SA (red). 

It can be seen from Figure 7 that the electrostatic force between the two systems ba-

sically shows a dynamic balance, and the electrostatic forces of the two systems are rela-

tively close. The electrostatic force depends on the size of the dipole moment of the polar 

group, the degree of orientation, the distance between the molecules and the ambient tem-

perature. The strength of the electrostatic force between the lipid matrix and the drug 

before and after modification is around 40 kJ/mol, which may be related to the small di-

pole moment of the lipid matrix and the limited modification of the drug’s dipole moment. 

3.3.2. Van Der Waals Force 

Figure 8 showed how the time evolution of the van der Waals force between two 

molecules in a water system. 
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Figure 8. The Van der Waals force between molecules changes with the simulation time of SA-BDP 

+ SA (black) and BDP + SA (red). 

It can be seen from Figure 8 that the van der Waals interaction force between the two 

systems basically shows a dynamic balance, and the van der Waals interaction force be-

tween the two systems differs greatly. What needs illustration is that the larger the abso-

lute value of electrostatic interaction or van der Waals interaction, the stronger the force. 

Therefore, the total interaction between SA-BDP and SA molecules is stronger than that 

between BDP and SA molecules. The van der Waals force between the modified drug and 

the lipid matrix is almost three times that before the modification. In addition to the prin-

ciple of “Like dissolves like”, this is due to the more dispersed electron cloud distribution 

of the modified drug and the increase in the intermolecular interaction area, which in-

creases the dispersion force. 

In summary, it is theoretically speculated that the electrostatic interaction between 

SA-BDP and SA was similar to that between BDP and SA, but the van der Waals force 

between SA-BDP and SA was stronger than that between BDP and SA. Therefore, SA-BDP 

and SA have stronger intermolecular interactions than BDP and SA. Due to the stronger 

molecular interaction between SA-BDP and SA, it can be predicted that the loading capac-

ity of SA-BDP in LBNs will be desirable. Besides, the burst release effect of SA-BDP loaded 

LBNs might also be reduced. Further researches will verify the real loading situation. 
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4. Discussion 

In order to establish a technology platform to improve the loading capacity of drugs 

with undesirable lipophilicity in LBNs, we explored the feasibility of SA modification us-

ing BDP as a model drug, and finally showed that this modification is feasible and is ex-

pected to improve the loading capacity, a study on nicotine oral delivery also indirectly 

implies it [16]. In the future, we will expand the target drugs to ambroxol hydrochloride, 

terbutaline sulfate and salbutamol sulfate, etc. (these drugs for pulmonary disease therapy 

all have low lipophilicity), as they also contain hydroxyl groups in the molecular structure 

and the similar substitution reaction can be performed. Actually, due to the generality of 

hydroxyl groups in drug molecules, this technology platform possesses high potential for 

application. 

Based on BDP model, this study can not only build a technical platform, but also 

bring potential opportunities for asthma treatment. Because as the first-line treatment for 

asthma [19], the recommended dosage of BDP is 800 μg bid, and long-term prophylactic 

administration is required. A large number of studies have proved that frequent admin-

istration of drugs reduces the patient compliance and thus affects the treatment effect [20-

22]. After improving the loading efficiency of BDP in LBNs, the frequency of administra-

tion can be significantly reduced, and it will directly reduce the impact of long-term treat-

ment on the patient’s quality of life and avoid the psychological burden of the “patient” 

stereotype on the patient. From this perspective, this work may finally improve patient 

compliance and thus have a positive impact on the treatment of asthma. 

Because of the long alkyl chain (C18) structure of SA, the SA-BDP conjugate may even 

be able to self-assemble into a nanocrystalline drug delivery system without relying on 

external lipids [23], and the feasibility of its self-assembly will be explored in the future. 
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