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Abstract This study investigates the structural dynamics and interactions of the 
Aspirin/Hydroxypropyl-β-Cyclodextrin (ASA/HPCD) complex in various solvents using 
molecular dynamics (MD) simulations. The complex's structural stability, hydrogen bonding, 
and solvent-accessible surface area (SASA) were analyzed using acetone, ethanol, methanol, 
and water as solvents. The simulations revealed solvent-dependent behavior, with water 
displaying the greatest stability due to its strong hydrogen-bonding capability. 
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solvent effect  
 
 
1 Introduction 
 
Acetylsalicylic acid or aspirin is a Nonsteroidal anti-inflammatory drug (NSAID) widely used for 
its anti-inflammatory, analgesic, antipyretic, and antiplatelet effects. However, aspirin exhibits 
limited solubility in water, which impacts its bioavailability and presents formulation 
challenges1–3. 

Beta-cyclodextrin, a cyclic oligosaccharide composed of seven glucose units, can be 
chemically modified by adding hydroxypropyl groups. This modification results in the formation 
of hydroxypropyl-β-cyclodextrin, which exhibits enhanced physicochemical properties4,5. 
Adding hydroxypropyl groups into the molecule enhances its water solubility, accordingly 
assisting as an effective excipient for improving the aqueous solubility of poorly soluble 
drugs6.  Hydroxypropyl-β-cyclodextrin exhibits a lower toxicity profile than other cyclodextrins, 
providing a safer alternative for pharmaceutical formulations7.  

Encapsulating aspirin into hydroxypropyl-β-cyclodextrin leads to an inclusion complex that 
enhances solubility and stability8–10. This complexation can enhance aspirin's therapeutic efficacy 
while allowing more efficient control of its release profile11. Lyophilization is used to form these 
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complexes; however, aspirin's stability varies by method, with specific methods leading to 
significant degradation over time9. 

The complex hydroxypropyl-β-cyclodextrin with aspirin is a fascinating research subject in 
the pharmaceutical industry. This complex has attracted interest due to its potential to enhance 
aspirin's solubility, stability, and bioavailability, a commonly used medication recognized for its 
anti-inflammatory and analgesic effects12–15. Figure 1 shows the structure of 
hydroxypropyl-β-cyclodextrin, aspirin, and complex aspirin/ hydroxypropyl-β-cyclodextrin. The 
complex structure used in this study is the benzene side of aspirin, located on the broad side of the 
rim of hydroxypropyl-β-cyclodextrin. 

Molecular dynamics simulations provide a powerful tool for examining the atomic-level 
interactions between hydroxypropyl-β-cyclodextrin and aspirin, particularly their potential to 
form inclusion complexes that enhance the solubility and stability of aspirin. By modeling the 
structural dynamics of these complexes over time, simulations can identify the most stable 
configurations and reveal how various formulation techniques influence aspirin's stability within 
the hydroxypropyl-β-cyclodextrin cavity. This approach offers valuable insights that can 
streamline the development of pharmaceutical formulations, minimizing the reliance on 
traditional trial-and-error methods and accelerating the optimization process9,16,17. 

 
 
 

Figure 1. Structure of (a) Hydroxypropyl-β-cyclodextrin (HPCD); (b) Aspirin (ASA); (c) 
ASA/HPCD complex 
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This study aims to investigate the structure and stability of the 
hydroxypropyl-β-cyclodextrin and aspirin complex, emphasizing their molecular interactions and 
the influence of solvent effects. The investigation includes various solvents, such as water, 
ethanol, methanol, and acetone, to examine how diverse environments affect the complex's 
behavior and stability. This study offers insights into the solvent-dependent dynamics and 
potential applications of the complex in pharmaceutical formulations. 

 
2 Computational Methods 
 
We performed MD simulation using the NAMD program package18 with the CHARMM36 
force field19–21. The details of the computational conditions for this simulation are in Table 1. 
Our prior research derived the initial configuration of the HPCD and ASA complex22.  

The simulations were carried out in a box measuring 40 × 40 × 60 Å³, defining the space 
where molecules can move. To ensure a continuous system, three-dimensional periodic boundary 
conditions were applied, meaning molecules leaving one side of the box to re-enter from the 
opposite side. Electrostatic interactions between distant atoms were calculated using the 
particle-mesh Ewald (PME) method, with non-bonded interactions limited to a 10 Å cutoff, 
following the parameters in Table 1. The temperature was kept constant at 300 K using a 
Langevin thermostat, and the pressure was maintained at 1 atm. Before starting the primary 
simulation, the system was equilibrated for 1 ns to allow the molecules to reach a stable 
arrangement. After equilibration, each system was simulated for 100 ns to collect data. 

Hydrogen bond and solvent-accessible surface area (SASA) analyses were performed using 
VMD23 to analyze molecular interactions and solvent exposure. Hydrogen bonds were detected 
based on a donor-acceptor distance of up to 3 Å and an angle of at least 160°, ensuring that only 
strong and well-defined hydrogen bonds were counted24. SASA was calculated using a probe 
radius of 1.4 Å25,26, representing a solvent molecule rolling over the surface of the solute to 
determine its exposure to the solvent. These analyses help understand molecular stability, 
solvation effects, and interactions within the system. 

 

Table 1. Computational condition 
Parameter Identities 

Simulation Program NAMD 
Force field CHARMM36 
Time step Equilibration; 1ns 

Production; 100ns 
Box size 40 x 40 x 60 Å3 

Cutoffs 10 Å 
Temperature Control Langevin thermostat 
Temperature 300 K 
Solvent Acetone (786 molecules) 

Ethanol (990 molecules) 
Methanol (1428 molecules) 
Water (3209 molecules) 
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3 Results and Discussion 

3.1 Root Mean Square Deviation 

For stability analysis of ASA and HPCD molecules, the all-atom root-mean-square deviation 
(RMSD) of ASA and HPCD were plotted using black and red lines, respectively, as shown in 
Figure 2. RMSD was calculated using the initial equilibrated structure as the reference. Figure 2 
shows low RMSD values for all complexes across various solvents, with values consistently 
remaining below 2 Å. Significant structural changes were observed for ASA in acetone, ethanol, 
and methanol, whereas HPCD showed limited structural flexibility, with RMSD values 
consistently ranging from 0.3 to 0.5 Å during the simulations. 

In acetone, ASA revealed low RMSD values (0.2 to 0.5 Å) over the first 15 ns, suggesting a 
conformation comparable to the reference orientation. From 15 to 20 ns, the RMSD showed a 
slight increase, stabilizing briefly before going through a significant increase after 20 ns. The 
RMSD increased from 20 ns until the end of the simulation, resulting in an essential structural 
change in ASA from its reference, with notable steady RMSD fluctuations between 1 and 1.3 Å.   
In ethanol, ASA maintained low RMSD values (0.2 to 0.8 Å) until 35 ns, then gradually 
increased to roughly 1 to 1.2 Å, which remained steady for the following 15 ns. The RMSD 
exhibited minor fluctuations until the end of the simulation. 

Methanol showed distinct fluctuations, characterized by a sudden increase to 1 Å within the 
initial 3 ns, suggesting considerable structural motion. ASA returned to its reference orientation 
over the next 15 ns, with an RMSD ranging from 0.2 to 0.5 Å. Afterward, from around 20 ns 
simulation until the end of the simulation, the ASA structure has gripping structural motion, 
with RMSD fluctuating between 0.2 to 1.4 Å. In contrast to the other solvents, water showed 
remarkable stability, with ASA remaining highly stable throughout the simulation and RMSD 
values consistently low (0.3 to 0.6 Å). 
 

 
Figure 2. RMSD plots of ASA and HPCD during 100 ns MD simulations. The black and red 

lines represent the RMSD of ASA and HPCD, respectively. 
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3.2 Distance between the central of mass of ASA and HPCD 
The stability of the inclusion complex has been carefully investigated through the structural 
deviation of ASA, using all-atom RMSD profiles, as discussed in the previous section. To 
determine the stability of the inclusion complex, we evaluated the distance between the centers 
of mass (CoM) of ASA and HPCD during MD simulations, as shown in Figure 3. RMSD 
indicates structural deviation, whereas CoM distance provides supplementary information 
regarding the positional behavior of ASA with HPCD. 

The CoM distance in water (Figure 3d) remained stable during the simulation, exhibiting 
minor fluctuations around 5–6 Å. This suggests a strong interaction between ASA and HPCD, 
maintaining their association within a stable inclusion complex. The blue area indicates the 
considerable distance the ASA position is inside HPCD. The persistent presence of ASA in the 
blue zone during the simulation, as illustrated in Figure 3d, verifies that ASA was consistently 
enclosed within the HPCD cavity. 

In contrast, acetone (Figure 3a) revealed that ASA initially remains within HPCD during 
the first 10-15 ns. Subsequently, ASA showed separation, with the distance fluctuating 
significantly between 10 and 40 Å, indicating weaker or unstable interactions. This behavior 
corresponds with the observed increase in ASA's RMSD after 15 ns, as ASA moves outside the 
inclusion complex. 

A similar trend was observed in ethanol (Figure 3b). ASA remained within HPCD for 
roughly 30 ns, showing low RMSD values ranging from 0.2 to 0.8 Å. Following a time frame of 
30 ns, ASA dissociated from HPCD, resulting in fluctuating distances and an increase in 
RMSD to approximately 1 to 1.2 Å. This suggests that ASA's structural deviation aligns with its 
positional movement relative to HPCD. 

In methanol (Figure 3c), ASA dissociated from HPCD at approximately 19 ns. The 
distance increased and fluctuated between 10 and 40 Å, aligning with the dynamic motion 
indicated by the RMSD results. The higher RMSD values for ASA in methanol indicate a less 
stable position than HPCD, consistent with the more significant fluctuations in the distance. 

Figure 3. Distance between CoM of HPCD and CoM of ASA in (a) acetone, (b) ethanol, (c) 
methanol, and (d) water. The blue area indicates the area where ASA is inside the HPCD. 
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Figure 4. Snapshots of MD simulations in acetone, ethanol, methanol, and water at 0, 15, 35, 70, 
and 100 ns. The green molecule is ASA, and the molecule in the central box is HPCD. The red, 

green, and blue arrows in the bottom-left corner represent the x, y, and z coordinates, 
respectively.  
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Figure 4 visually supports the findings by showing snapshots from the MD simulations. In 
acetone, ethanol, and methanol, the ASA molecule moves out of HPCD after 35 ns and stays 
outside until the simulation ends. This matches the trends in Figure 3, where the CoM distance 
indicates ASA’s separation. In contrast, ASA stays inside HPCD for the entire simulation in 
water, confirming that the complex remains stable in this solvent. The agreement between Figures 
3 and 4 suggests that water is most stable in this study, while organic solvents cause ASA to move 
out over time. 
 
3.3 Hydrogen Bonding 

Figure 5 and Table 2 represent the number of hydrogen bonds established within the 
ASA/HPCD complex in the analyzed solvents. Most hydrogen bonds were observed around 
HPCD (red line), with water exhibiting the most significant number due to its natural 
hydrogen-bonding capacity. HPCD can form hydrogen bonds due to its structure, which has 
more hydroxyl groups27. 

A limited number of hydrogen bonds were found in acetone, with a maximum of six bonds 
identified. No hydrogen bonds were formed directly between ASA and acetone. The 
hydrogen bonds between ASA and HPCD were primarily observed in the first 12 ns, suggesting 
structural stability during this timeframe. After 12 ns, hydrogen bonds are expected to form 
between ASA and HPCD due to the interaction of ASA, located outside of HPCD, as indicated 
by the CoM distance results and the increased RMSD of ASA. This suggests that ASA's move 
toward HPCD results in decreased interactions and increased structural deviation. 

Hydrogen bonds were formed between ethanol and ASA, while interactions within the 
ASA/HPCD complex were primarily observed between 5 and 30 ns. The decrease in hydrogen 
bonds after 30 ns corresponds with the separation of ASA from HPCD, as evidenced by the 
CoM distance and RMSD results. Methanol showed a similar pattern, with occasional hydrogen 
bonds forming between methanol and ASA. However, bonds within the ASA/HPCD complex 
were rarely observed.  

Water formed the most significant hydrogen bonds between water and ASA and within the 
ASA/HPCD complex. The hydrogen bonds were consistently observed throughout the 
simulation, enhancing the stable association observed in water. The consistent distance and low 
RMSD highlight the water's capacity to maintain the structural stability of the inclusion 
complex. 

Figure 6 illustrates how hydrogen bonds (shown as red dotted lines inside blue circles) 
connect ASA and HPCD in various solvents. Specifically, oxygen atoms in ASA bond with 
hydroxyl (OH) groups on HPCD’s hydroxypropyl components. This visual supports the data by 
showing how these bonds help stabilize the ASA/HPCD complex. 
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Figure 5. The number of hydrogen bonds of ASA/HPCD complex in the (a) acetone, (b) ethanol, 
(c) methanol, and (d) water. The black, red, and green lines represent the hydrogen bonds of ASA 

with solvents, HPCD with solvents, and ASA with HPCD, respectively. 
 

Figure 6. Snapshots showing hydrogen bonds (red dot line in the blue circles) between ASA 
and HPCD in different solvents: (a) acetone, (b) ethanol, (c) methanol, and (d) water. 

Table 2. The number of total hydrogen bonds of complex ASA/HPCD in the different solvents. 
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Solvent Average Number of 
Hydrogen Bonds 

Standard Deviation of 
Hydrogen Bonds 

Maximum Number 
of Hydrogen Bonds 

Acetone 1.18 1.02 6 
Ethanol 3.32 1.75 11 
Methanol 3.70 1.78 11 
Water 7.72 2.47 16 

 

3.4 Solvent Accessible Surface Area and Radial Distribution Function 
Figure 7 and Table 3 provide the solvent-accessible surface area (SASA) of the ASA/HPCD 
complex over time across various solvents. SASA offers valuable insights regarding the 
complex's exposure to the solvent, enhancing the analyses of RMSD and CoM distance. Notably, 
lower SASA values indicate that ASA remains predominantly encapsulated within the 
hydrophobic HPCD cavity. At the same time, gradual increases in SASA suggest that ASA 
becomes increasingly exposed to the solvent, likely due to partial or complete dissociation from 
HPCD. 

The complex showed an average SASA of 1772.62 Å² in acetone, with significant 
fluctuations. After an initial phase of low SASA during the first 20 ns, the values increased and 
stabilized at approximately 1800 Å², indicating that the complex remains exposed mainly to 
acetone. Weak solvent interactions likely contribute to the observed high SASA and fluctuations, 
which align with the CoM distance and RMSD analyses. 

The complex showed an average SASA of 1710.51 Å² in ethanol, which included significant 
variations. A notable rise in SASA was observed around 20 ns, followed by stabilization near 
1800 Å², suggesting enhanced solvent exposure. The increased solvent accessibility indicates that 
ethanol interacts moderately with the complex, providing a more extended conformation of ASA. 

The complex showed an average SASA of 1770.25 Å² in methanol and a standard deviation 
of 132.72 Å². While the average SASA is comparable to acetone, the higher variability 
underscores inconsistent solvent exposure. A rapid SASA increase during the first 20 ns was 
followed by instability, with periodic fluctuations over time. These results imply that methanol 
provides moderate solvation but less consistent exposure than ethanol or acetone. The elevated 
SASA values and their fluctuations align with CoM distance trends (ASA dissociates from HPCD 
after 19 ns) and RMSD data, suggesting structural instability in methanol. 

ASA showed the lowest and most stable SASA in waters, averaging 1397.40 Å² with 
minimal fluctuations. The compact and stabilized structure of ASA in water is associated with 
low RMSD and stable CoM distance, confirming water's effectiveness in stabilizing ASA. 

Figure 8 shows the RDF data for solvent-solvent interactions, specifically C–C interactions 
for acetone, ethanol, and methanol, and O–O interactions for water. The results highlight the 
structural characteristics of these solvents. Water peaked at around 2.8 Å, indicating its 
significant hydrogen-bonding capacity. This observation is consistent with water having the most 
hydrogen bonds and the lowest SASA. Methanol and ethanol showed peaks of 3.5 to 4.0 Å, 
suggesting moderate structuring attributed to their hydrogen-bonding properties. These findings 
correspond to their higher SASA values and the presence of some hydrogen bonds. Acetone 
showed a broad and low peak in the 4 to 6 Å range, indicating weaker and less 
well-order interactions assigned to its lack of hydrogen bond formation. The minimal hydrogen 
bond formation and the high SASA of acetone also support this. 
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Figure 7. Solvent Accessible Surface area of ASA/HPCD complex in the (a) acetone, (b) 
ethanol, (c) methanol, and (d) water. 

Table 3. Solvent Accessible Surface area value of ASA/HPCD complex 

Solvent Average 
SASA (Å2) 

Standard Deviation of 
SASA (Å2) 

Minimum of 
SASA (Å2) 

Maximum of 
SASA (Å2) 

Acetone 1772.62 145.71 1349.65 1912.99 
Ethanol 1710.51 170.05 1371.73 1903.99 

Methanol 1770.25 132.72 1411.01 1904.8 
Water 1397.40 18.94 1332.41 1523.62 

 
Figure 8. The Radial Distribution Function for solvent-solvent interactions with C-C of acetone 
(black line), C-C of ethanol (red line), C-C of methanol (green line), and O-O of water (blue line). 
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4 Concluding Remark  
 
To understand the solvent effect on the stability of the ASA/HPCD complex, we evaluated 
various solvents, including acetone, ethanol, methanol, and water. This study highlights the 
critical influence of the solvent environment on the structural stability and dynamic behavior of 
the ASA/HPCD complex. Water was identified as the most effective medium among the solvents 
analyzed for promoting the stable inclusion of ASA within the HPCD cavity. A low SASA, 
minimal structural deviations, and consistent molecular interactions evidenced this effectiveness. 
In contrast, acetone, ethanol, and methanol exhibited weaker complex stability, marked by 
pronounced fluctuations and reduced structural coherence. 

The findings provide insights into the solvent-dependent stability of the ASA/HPCD 
complex, underscoring water’s suitability as a preferred medium for cyclodextrin-based 
pharmaceutical formulations. This research aligns with our complementary free energy 
calculations, which confirmed water’s ability to provide the most stable environment for the 
ASA/HPCD complex. Free energy analyses further revealed that water’s strong solvation effects 
primarily contribute to its stabilizing role. 
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